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INVITED TALKS

NMR STUDIES OF THE STRUCTURE OF NON-METALLIC GLASSES*
P.J. Bray, F. Bucholtz**, A.E. Geissberger, I.A. Harris
Department of Physics, Brown University,
Providence, RI, USA 02912

ABSTRACT

|
\
'

;
|:
i

Boron-11 NMR spectroscopy has been used for 25 years to determine
for borate glasses and crystalline compounds the fractions of
borons in BO, (N.) and BO., (NO configurations, and the fractions
of BO, units having all Bridging(N,g) and one or more non-bridging (N,.) oxygens. Iron lead borate glasses containing up to
15,3 Mo* % Fe2O3 are found to have the iron ions distributed
uniformly throughout the glasses, and the iron oxide influences
the borate network only up to 4,64 Mol % Fe~0,. Recent studies
of glasses in the systems LiX-Li_O-B 2 O 3 where X=F, Cl reveal
that N. is determined solely by Che oxygen available as Li~0 in
these iuperionic conducting glasses. The greater sensitivity of
boron-10 NMR spectra to structural details has now permitted
identification in glasses of structural groupings found in the
crystalline compounds of borate glassforming systems, and quantitative determination of the amount of each unit. Spectra for
alkali borate glasses have permitted construction of quantitative models for these glasses at all compositions. Oxygen-17
NMR spectra for vitreous B-O- and SiO, yield bonding and structural information confirm moaels for these glasses. Silicon-29
NMR spectra for glasses in the system K-O-SiO- show agreement
with the spectra for the crystalline compounds at compositions
for which compounds exist, and differ significantly from compound
to compound.
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INTRODUCTION
Over the past 20 years, nuclear magnetic resonance (NMR) has proved
Invaluable as a technique for determining the mlcrostructural properties of
a variety of glasses. ~

Although the theory and experimental methods

for NMR studies appear elsewhere,1 ' • ' ' '

a brief summary will be pre-

sented here.
In an NMR experiment, radiation (normally, In the radio-frequency range)
Is used to stimulate transitions between nuclear energy levels. The energy
difference between levels corresponding to two nuclear states, labelled by
the quantum numbers m and n, Is given by

AE - <m|H|m> - <n|H|n>

.

(J)

H is the nuclear Hamlltonian operator which can be divided into an. unperturbed
part H and a perturbation term H ,

H - H + H
o
p

(2)

The unperturbed Hamiltonian is the Zeeman Interaction between the nuclear
magnetic moment u and an applied magnetic field ft, as given by

H --v•S

(3)

o
Since u can also be written in terms of the nuclear spin vector t as p • gp f,
where g is the nuclear g-factor and u is the Bohr magneton, the Zeeman Hamiltonian becomes

H

o

This interaction removes the zero-field degeneracy of the nuclear quantum
states and creates a set of energy levels for the system, where the energy
of the m t h state is

E n - < m | H o | m > - - gjMta

.

(5)

Since m ranges from -I to I in integer steps, there exist (21 + I) equally
spaced energy levels as shown in the left-hand side of Fig. 1. The levels
shown correspond to a nucleus with spin I - 3/2, such as

B. Transitions

between adjacent energy levels can be induced only if the energy of the incident radiation, hv , exactly matches the energy difference AE:

hv • AE • gv> H
o
o

.

(6)

v is referred to as the Larmor frequency and Eq. (6) is known as the Bohr
resonance condition. Since the energy levels are equally spaced, only one
resonance frequency is observed in the unperturbed system.
Information on the structural environment of the atom containing the
nucleus under study is contained exclusively in the perturbing Familtonian
H which produces shifts In the energies of the states |m> and, therefore, In
the resonance frequency:

v

res"vo

The perturbing interactions may shift different energy levels by different
amounts and, hence, it is possible for more than one resonance frequency to
be observed, as shown in the right-hand side of Fig. 1. The nature of the

perturbation may be Inferred fro* the Magnitude and algn of the ahifts it
producee in the resonance frequency.
The perturbing Hamlltonlan for nuclei In oxide glasses nay be written
as the sum of three terns:

H

p " %

+ H

Q

+ H

CS

where H_, H_, and H__ refer to the Hamiltonlana of the dipole-dipole, quadrupole, and chemical shift Interactions, respectively.
The dipole-dipole interaction results from the coupling between a nuclear
spin and other spins (nuclear or electronic) in the sample. The net effect of
this interaction is to produce a symmetric distribution of resonance frequencies about v . Both the width and the shape of the distribution depend on the
size of the magnetic moments and their spatial arrangement in the sample.
Gaussian, Lorentzian, and Voight

' ' (convolution of Gaussian and Lorentztan)

broadening shapes may be observed in the MMt spectra of glasses.
If the nucleus has a spin I > 1, than it possesses an electric quadruple
moment which can interact with the electric field gradient (EFG) at the nuclear
site. The field gradient depends strongly on the nature of the chemical bonds,
and on the type and arrangement of ions in the environment of the atom containing the nucleus. Therefore, the quadrupole interaction is a sensitive measure
of short-range bonding and structure.
The resonance frequency for a Zeeman system perturbed by the quadrupole
interaction is given by

(8)

where v 1 Q and V-_ denote, respectively, ftrst-order and second-order perturbation corrections.

The angles 8 and t are the polar angles of the magnetic

field H with respect to the principal axes of the EFG tensor.

Q

, the quad-

rupole coupling constant, is a parameter which measures the strength of the
quadrupole Interaction; the asymmetry parameter n is a measure of the departure
of the EFG tensor from axial symmetry (0 i n i 1); and m denotes transition between Zeeman states |m)> and |m + 1>.
In powdered samples, all possible values of 6 and 4 exist with equal
probability.

A plot of the number of combinations of 6 and $ values which

yield a resonance frequency v
, according to Eq. (9), versus frequency v is
res
referred to as the powder pattern corresponding to the parameters Q , n, and
m.
For nuclei with half-Integral spin I, the "central" transition

(»- - W )

is unshifted in first order while non-zero first-order shifts

v

'
/
l\
exist for the "satellite" transitions Jin +•• m + 1, where m i* - -j 1 .

If

the

quadrupole interaction is laige enough to require second-order corrections,
then the central transition is also shifted.

The presence of second-order

quadrupole broadening indicates that only the central transition will be observable; the response due to the satellite transitions is generally spread
over such a large range of magnetic field as to be practically unobsi vable.
Powder patterns for the central transition of half-integer spin nuclei are
shown in Fig. 2 for the two regimes: n < •j and n * j.

Finally, the dipole

interaction produces a broadening and smoothing of the powder pattern as
shown in Fig. 3.

This figure shows a second-order, central-transition powder

pattern for an I - 3/2 nucleus having n * 0 (dashed line.) and the observed
absorption lineshape showing the effects of dipolar broadening.
A- is given by

The quantity

A

2"<&

The chemical shift interaction originates in the dlanagnetic and secondorder paramagnetic changes of the atonic electron distribution caused by the
applied field. As a result, the magnetic field at the site of the nucleus
can differ from the applied field, and the difference in fields is referred
to as the chemical shift. The correction to the resonance frequency due to
the presence of the chemical-shift interaction can be written

° '*
Here,

0 and • are the polar angles between the applied magnetic field and

the principal axes of the chemical shift tensor; o., o.v and o, are the diagonal elements of the' chemical shift tenosr in its principal axis system which
is chosen such that a. > o 2 > a^.

the powder patterns which result from the

chemical shift Interaction are shown in Fig. 4. The bottom portion of the
figure exhibits the pattern for the axially symmetric case, where C» defined
by

vanishes. The upper portion of the figure depicts the completely asymmetric
case, a i ^ °2^

a

y

Generally, a large number of nuclei in a polycrystalline sample can be
characterized by identical values of the Hamiltonlan parameters: Q

and, n

in the case of quadrupole interactions; Oj, a., and o. in the case of chemical

ri8i
shift interactions.

These nuclei are said to reside in the same crys-

tallographic "site". That is, they are located in positions in the solid
having nearly identical electric and magnetic environments.

It is also

possible for more than one crystallographlcally distinct site to occur in
the same material and, in this case, the resultant powder pattern is the
weighted sum of the powder patterns corresponding to each site.
In a glass, slight distortions in the bonding arrangement of atoms
located in the same type of site will cause slight shifts in the values of
the Hamiltonian parameters from one position to the next. Instead of referring to identical sites with identical Hamiltonian parameters, as in a
polycrystalline material, a site in the glass is characterized by average,
or most probable, parameter values and by a distribution of values about
the average.

f,

Three basic methods are employed to extract information from the exper-

c

imental NMR lineshape (spectrum):
Method A. By analyzing the position and width of an tWR spectrum
which is not broadened by quadrupole effects, information can be
obtained concerning (1) the type of nuclei resonating (determined
using the Zeeman Interaction), and (2) the spatial distribution
of nuclei in the sample (determined using the dipole interaction).

:

Method B. The details of the shape of any feature in a spectrum
broadened by quadrupole or chemical shift interactions can be
analyzed by employing a computer1[19 '201J to produce a simulation

!•'."
?

L
of the experimental lineshape. The simulation corresponds to a
particular set of Hamiltonian parameters and, through trial and
0

error, changes in the parameters are made until gt»od agreement is

>•

obtained between the simulated and the experimental lineihape.
In this way, values of the Hamiltonlan parameters are identified with a site In the glass which gives rise to particular
features In the NHR spectrum. In addition, the simulation can
include the responses from two or more distinct sites and the
fitting procedure allows a determination of the relative.amount
of each site.

Method C. tf the Hamiltonian parameters of two nuclear sites
are sufficiently different so that the NMR responses corresponding to each site can be clearly resolved in the absorption
spectrum, then the area under the absorption response corresponding to each site can be measured. The fraction of nuclei in
each site Is equal to the fractional area under each absorption
response.
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B and 2 0 7 P b MMR characteristics of a series of ten glasses In

the system x F e ^ • y PbO • z B 2 O 3 (0 < x £ 15.3 Mol X, zfy * 3) were inveatigated and analyzed in terms of the structural properties of the borate
network and the distribution of iron atoms In the glaaa Matrix, (fork on
the glasses In this system was prompted by earlier measurements of their
C221
F231
f241
F251
magnetic,1

' semiconducting,1

Broadening of the

' thermal,1

J

and optical1

' properties.

B NMR spectra in theae glasses results from three

mechanisms: 1) dipolar coupling with like (nuclear) spins, which gives
rise to Gaussian, field-independent broadening; 2) dipolar coupling with
unlike (electronic) spins, which produces Lorentzian, field- and susceptibility-dependent broadening; and 3) distribution of the local magnetic
fields due to sample magnetization, which producea Gaussian, field- and
susceptibility-dependent broadening. The simultaneoua presence of Gaussian
and Lorentzian broadening mechanisms reaulta in lineahapea of the Voight
fcype U6.17.26]
Figure 5 shows a

B NMR absorption derivative apectrum typical of

those obtained in the iron lead borate glasses. (Since a modulation technique la used, the first derivative of the abaorptlon apectrum la obtained
experimentally.) The spectrum consists of the superposition of two NMR
reaponaes: a) a narrow, symmetric response centered on the operating frequency v o , due to borons coordinated to four oxygens in a tetrahedral configuration ("4-coordlnated borons"), and b) a wide response with peaks
asymmetrically distributed about v , due to borona coordinated to three
o
oxygena in a planar, trigonal configuration ("3-coordinsted borons").
The results of the room temperature measurements of the peak-to-peak
derivative width of the narrow, 4-coordinated

U

B NMR response are shown

in Fig. 6. Data were taken at applied fields of 5857 G, 10 322 G, and

19 400 G.

The heavy lines drawn through the data points are the predictions

of a model based on the broadening mechanisms described above.

The lines

labelled W_ represent the contributions to the total peak-to-peak llnewidth
which are Gaussian in shape (dipolar coupling with like spins and distribution of local fields due to sample magnetization), while the lines labelled
W, represent the contribution which is Lorentzian in shape (dipolar coupling
Li

with electronic spins).

The model utilizes the following assumptions:

i) the 4-coordinated NMR response has the Voight lineshape; ii) the fieldindependent broadening Is constant over the entire range of samples;
iii) the Fe atoms are distributed uniformly and isotropically throughout the
glass matrix; and iv) the magnetic moment of each Fe atom is equal in magnitude to the average magnetization per iron atom, as determined from sample
magnetic susceptibility and chemical composition measurements.

Close cor-

relation between the model and the experimental values lends strong support
to the model assumptions and suggests that the concentration of B-Fe linkages in the glasses is very small.
The shape of the

B MMR response due to 3-coordinated borons was also

analyzed for each sample.

Except for broadening of the spectra, which in-

creased with Increasing x value (Mol %

Fe.O,), the characteristic shape of

the spectra remained unchanged throughout the sample composition range (see
Fig. 7). Computer simulations of the MMR responses which are in good
agreement with the experimental traces were obtained using the quadrupole
Hamiltonian parameters Q c c - 2.64 MHz and n

• 0.12, with symmetric dis-

tributions in these parameters of widths a n
» 0.18 MHz and a » 0,12.
Qcc
n
These 0^ and n values are identical to those obtained for 3-coordinated
f 121
borons in pure B^O, glass1
which indicates that the borons are located
in symmetric trigonal sites having either all bridging (BO

1O

,) or all non-

-3
bridging (BO,

f91

) oxygens.

The distribution widths, however, are sig-

nificantly larger than the corresponding values obtained for B_0_ glass
which suggests a greater degree of intrasite disorder for 3-coordinated
borons in the iron lead borate glasses.

Furthermore, the observed line-

shapes indicate that no significant (£82) amount of asymmetric trigon-1
—2
ally coordinated borons (B0_
or BO. , ) can be present in these glasses.
207
Measurements of the fraction of 4-coordinated borons (N,),
Pb NMR
chemical shifts, and sample density, as a function of x, display evidence
of two-region behavior, with the break between regions occurring at approximately x - 4.« Hoi

ZFe2Oy

k plot of H., the fraction of 4-coordinated borons, as a function of
x (nolar fraction of Fe.O.) is shown in Fig. 6.
and 4.64 Mt»l t *« 2 °3 !

D

H
4

In region I, between 0

decreases fro* 0.299 to 0.237; 2) the density

Initially decreases and then increases to near its original (x « 0) value;
3) the

2O7

Pb NMR absorption peak (Fig. 9) shifts, initially, to higher

field values and then returns to near its original value.
the

Pb MHX peaks result froa an initial increase, then a decrease, in

the fraction of ionically bonded Pb as the **2°3
The

The shift in

ccmtent

*• increased.

B MMt data in this region are consistent with a model (shown by the

straight line in region I in Fig. 8) in which a reaction between Pe.O. and
4-coordinated §0 ~

units produces 3-coordinated borons with all non-bridging

-3
127 281
oxygens (B0, ) , as found in the compound FcH>_.
' ' The presence of a
small (A 62) amount of asymmetric trigonally coordinated borons is sufficient to compensate the charge of the excess Pb

2-f

cations.

In region II, between 4.64 and 15.3 Mol X F e ^ :

1) H^ remains con-

stant (Fig. 8) at approximately 0.233; 2) the density increases mottotonically; 3) the

207
Pb NMR absorption peak (Fig. 9) shift nonotically to lower

207
fields. The behavior of the

Pb M R peak Indicates that. In this compo-

sition range, the fraction of covalsntly bonded lead atoas Increases with
Increasing *« 2 °3

content<

Th* horizontal straight line drawn through the

region II M, data In Fig. 8 is obtained from a nodel In which the borate
network is affected by Fe.O, only up to the concentration at the region
boundary (4.64 Mol X Fe-0.) an<* is

unch n

« i*d f° r higher F«20' content.

That Is, the fraction of borons in 3- and 4- coordinated configurations
depends on x only for x < 4.64 Mol X F e 2 O 3 5

further

increases in Fe.O.

content up to at least 15.3 Mol X have no observable effect on the borate
network.
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FAST IONIC CONDUCTING GLASSESI29'30*

Room temperature measurements of N,, the fraction of 4-coordinated
borons, were performed on a series of lithlun halogen borate glasses in th«
system x Li Z • (1 - x)B 2 O

(0.2 < x < 0.5 and Z - 0, Cl 2 or F2> in order

to gain information concerning the effect of the halogen species on the
borate network. It has been demonstrated that the addition of significant
concentrations of L1C1 to I lithium borate glass can produce large increases
in the ionic conductivity1

'

J

and, therefore, these glasses hold promise

for providing convenient, durable materials for storage batteries of high
energy density.
^he experimentally obtain N, values are plotted vs R « (Hoi X Li.O)/
<Hol it B-O-) in Fig. 10. The designations LCB and LFB refer to lithium
chloroborate (Li-O-Li.Clj-B.O.) and lithium fluoroborate (Li.O-Li-F.-BjO,)
samples, respectively. The straight line segments shown on the graph were
obtained using a semi-empirical formula for the dependence of M, on It derived for the binary Li.O-B.O, glass system (see next section and Ref. 15).
The excellent agreement between the N, vs. R theory for the binary
Li.O-B.O, system and the experimental points for the two ternary systems
indicates that the addition of L1C1 or LiF does not change the dependence
of M. on R. Since R is determined by the O/B ratio, 0/B - (3 + R)/2,
the agreement between the N, data for the ternary system and the N, data
for the binary system (i.e. Li.O-B.O.) shows that the number of 4coordinated borons is dependent only on the 0/B ratio and is independent
of the concentration of lithium or halogen atoms in the gists.
Further evidence for the dependence of N, only on the 0/B ratio Is
provided by a detailed examination of the 3-coordinated

B NHR response

observed in three LCB samples having R * 0.7, 0.8, and 0.9. These glasses

13

all have the same ratio (Li2Z)/(B2O.j) but the ratio (L12O)/(L12C12) Is different in each case; the R value Increases with Increasing (Li.O)/(Li.Cl_)
ratio.

The theory for the binary lithium borate system predicts a slow

variation of N, with R in this composition range (Fig. 10). In fact, the
difference between the N, values obtained for the R • 0.7 and R - 0.9 samples is only about 10%, which is close to the ± 52 experimental error of
the N, measurement.

Hence, it could be argued that these data points do

not actually follow the predicted straight line segment.

However, while

the theory for the binary system predicts a small change in N, in this region, it also predicts a large change in the fraction N,c of borons in symmetric trigonal BO. units having all bridging oxygens; and in the fraction
N-. of asymmetric BO ~

units having two bridging and one non-bridging oxy-

gen (see Table 1). This behavior is clearly evident in Fig. 11, which
depicts the feature on the left-hand side of the

B NHR response for 3-

coordinated borons (cf. Fig. 5) for the three samples.
tions LCB A/B have the following meaning:

The sample designa-

A = Mol X Li z Z, B = 100(Mol %

Li2Cl2)/(Mol X Li Z). This portion of the spectrum of sample LCB 50/30
contains, predominantly, a single peak due to borons in symmetric neutral
trigonal BO. units (labelled NT at the top of the figure).

As the concen-

tration of Li.Cl. is reduced, the Intensity of the two peaks due to asymmetric charged trigonal BO ~

units (labelled CT in the figure) clearly

increases, in accordance with the prediction of the theory for the binary
system.
Finally, the narrow 4-coordinated

B NMR response for both fluoride

and -hloride containing glasses is identical to the narrow response in the
binary lithium-borate glasses.

So no additional tetrahedral units, such

as B0,F or B0.C1 are present in significant amounts, if at all.

14

Further-

more, the incidence and growth of charged trigonal BO ~
in Ref. 15 fur R > 0.4 in the H
the experimental error limitB.

O-B O

units, as predicted

system, is followed exactly, within

Thus the conversion of the electrically

neutral trigonal B0_ units into tetrahedral BO. and charged trigonal BO ~
units is unaffected by the presence of the lithium halide.

By charge con-

servation, this could occur only if all of the lithium halide enters the
network in-teratitlally, in agreement with the conclusions drawn by previous
' 3 1 * 3 3 ' 3 4 ' with regard to the chlorine ion.
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ALKALI BORATE GLASSES

Both
systems.

B and

B NMR have been used to study the alkali borate glass

B NMR has been used to measure N,,

' the fraction of boron

atoms In 4-coordination (Fig. 12), as a function of R, the ratio of a 1 k.-i 11
oxide to boron oxide in the glass.

Through computer simulations of the

experimental spectra the fraction N_. of 3-coordlnated boron atoms in ;isymmetric charged trigonal units BO ~ and N__, the fraction of 3-coordinated
inatc
5
Jo
136]
borons in symmetric neutral trigonal BO. units, have been determined
using the constraint N, + N-. + N_

« 1 (the total fraction of boron atoms

is 1).
Work performed

using

B NMR has validated the technique of using

computer simulations of the experimental

B NMR spectra to identify in the

glasses the structural groupings (boroxol, tetraborate, diborate, etc.)
found in the crystalline compounds of the glassforming system.
B NMR not only identifies and quantifies BO,, BO_, BO,

That is,

, etc. units in

the glasses, but permits identification and quantification of the larger
structural groupings containing these elenentary units.
the

Figure 13 shows

B experimental results for Na^O-BjO- glasses along with the computer

simulated spectra (the darker line in each case).
feature of the spectra on an expanded scale.

Figure 14 shows one

The excellent agreement be-

tween the experimental spectra and computer simulations (the open circles
in each case) was obtained by adjusting only one parameter (the same parameter for each glass) which determines the weighting to be assigned to the
spectrum for each structural grouping (boroxol, tetraborate, diborate,
etc.).

That is, the spectra in Fig. 14 are computer synthesized from the

spectra obtained from the structural groupings in each crystalline compound.
Krogh-Moe's proposal*

' that the glasses of a system will contain the

structural groupings present In the crystalline compounds of that system is

16

generally followed. The alkali borate glasses contain boroxol, tetraborate,
diborate, metaborate, pyroborate, orthoborate and, in addition, "loose" BO^
units (BO. units not part of any larger grouping). While the trend in the
relative numbers of these groups present as a function of composition follows Krogh-Moe's model, the exact numbers depart somewhat fro* the simplest
version of the model.
The most recent efforts' ' to understand the alkali borate glasses
have focussed on glasses in the Li.O-B^O. glass system. The range of glass
formation is greater for the Li.O-B.O. system, and the ideas presented here
cover the range from R - 0 (pure B.O, glass) to R * 1.86 (65 Mol X LigO).
The glass composition range is divided into three regions. The plot
of the M. data (Fig. 12) very clearly shows three straight line regions.
These three regions were found convenient for the model and the procedure
of fitting the experimental and computer generated spectra. The three regions are: 0 i R < 0.4, 0.4 < R < 0.7, and 0.7 < R < 1.86.
Region I (0 i, R £ 0.4)
The glasses in this region were found to contain boro^ol, tetraborate
and diborate units. A plot (Fig. IS) of the fractions of units (symbols)
present show a correlation with the fractions predicted using the lever
rule (straight lines). The data and model agree with the work of KroghMoe and the model proposed by Tun and Bray1F141 up to R • 0.4. The data
deviate somewhat from the predicted values by exhibiting an overabundance
of boroxol and diborate units. The fraction of diborate units was the single
parameter adjusted to achieve the best fit between the experimental and computer generated spectra.

(This fraction determines the fractions of the

other structural groupings through requirements such as chaige conservation,
agreement of predicted and measured N, values, etc.)

17

Region II (0.4 S R $. 0.7)
The data in this region are significantly different from those predicted by the simple mixing rules (lever rule) of Krogh-Moe.

The basic

premise of Krogh-Moe, that the glasses are mixtures of structural groupings
from the crystalline compounds is still valid.

This premise was used to

formulate a reaction whereby the addition of Li_0 to the glass resulted in
the destruction of tetraborate and diborate units in the proportion 1:2 to
form metaborate units and loose BO, units.

The glasses in this region are

assumed to contain tetraborate, diborate, metaborate and loose BO, units.
Their predicted fractions are indicated by the solid lines in Fig. 16. The
measured fractions (symbols) were again obtained through adjustment of the
fraction of diborate units to achieve the best fit between computed and
experimental spectra.
Region H I (0.7 <; R s 1.86)
The reaction through which tetraborate and diborate units are destroyed
to form metaborate and loose BO. units continues up to R • 1.
these units will be completely exhausted.

At this point,

A new process will then occur.

Yun and Bray determined that above R * 1, the addition of Li.O will lead to
the destruction of metaborate units and loose BO, units to fora both pyroborate units and orthoborate units.

The units present in this region are

tetraborate, diborate, metaborate and loose BO, units, along with pyroborate
and orthoborate units.
(solid lines).

Their predicted fractions are displayed in Fig. 17

The symbols, again, are the experimentally derived fractions

obtained through the best fit of the computer generated spectra to the experimental spectra.

These fits were achieved through adjustment of the

fraction of diborate units for R i 1, and because the diborate units are
exhausted at this point, above R = 1, the fraction of orthoborate units was
adjusted to achieve the best fit.
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SILICATE GLASSES
The 29Si nuclear magnetic resonance spectra for a number of potassium
139]
29
silicate glasses and compounds have been studied.
The Si nucleus has
a natural abundance of only 4.7X and a nuclear spin I - 1/2; it possesses no
nuclear quadrupole moment. Any shifts in the Zeeman energy levels, and
consequent displacement of the NMR response or appearance of structure in
the spectrum, will arise from the chemical shift interaction.
Silicon in glasses and compounds is typically found at the center of
a tetrahedron of 4 oxygen atoms. Each of these tetrahedra may have from
0 to 4 nonbridging oxygen atoms. The spectra for SiO. tetrahedra with 0
or 4 nonbridging oxygens are expected to be symmetric in shape because of
the high degree of symmetry of charge surrounding the nucleus. That is,
the high symmetry will assure that o, * o_ = a. in the chemical shift tensor. This simple symmetric spectrum (recorded as the first derivative of
the absorption curve) is shown in Fig. 18, which is the

29
Si NMR response

from a sample made up to opal fragments. The spectra for SiO, te*" hedra
with 1 or 3 nonbridging oxygens are expected to be those for the case of an
axially symmetric chemical shift because, in each of these cases, the tetrahedra possess a threefold axis of symmetry. The absorption powder pattern
corresponding to an axially symmetric chemical shift was discussed in the
Introduction and appears in the lower portion of Fig. 4. Figure 19 depicts
the first derivative of the powder pattern and the (experimentally observed)
first derivative spectrum including dipolar broadening.

The spectra

fox SiO^ tetrahedra with 2 noubrldging oxygens are expected to be more complex because they possess only twofoJd axes of symmetry. This results in
the powder pattern of the completely asymmetric chemical shift shown in the
top portion of Fig. 4 in the Introduction.

19

The

29
SI NMR spectra for vitreous and crystalline K_0 • 2SiO_ are

shown In Fig. 20. The spectrum for the crystalline material is clearly
that expected for the case of an anisotropic chemical shift with axial
symmetry (Fig. 19). This material is composed of parallel (Si»0-)n
sheets

[411

with one nonbridging oxygen per silicon.

The expected axially

symmetric pattern is in accord with the observed NMR spectrum'.

The spec-

trum for the glass agrees with that for the crystal, but the distribution
of bond angles, etc., in the glass cause distributions in the components
(o.) of the chemical shift tensor and reduces the resolution of the spectrum.
The NMR spectra for vitreous and crystalline K.O • S10 ? are displayed
in Fig. 21.

The SIO, tetrahedra of the metasilicate have, on average, two

ncabridging oxygens.

The threefold axis of symmetry is lost and an aniso-

tropic chemical shift with complete asymmetry is expected (see Fig. 4 in
Introduction).

Since the details of this more complex spectrum are easily

obscured, only the qualitative similarity between the NMR spectra for the
metasilicate glass and crystalline material should be noted.
The spectrum for a glass of composition 21.5 K.O • 78.5 SiCL is displayed in Fig. 22.

This spectrum departs radically from that for materials

in the disilicate and metasilicate regions of composition and it is presumed to be a superposition of two resonances:

one may be a resonance from

SiO, 'tetrahedra with no nonbridging oxygens, while a second may arise from
SiO. tetrahedra with one nonbridging oxygen.

This interpretation is con-

sistent with the silicon-oxygen groupings found in the tetrasilicate compound (SigO.g

units in which half of the silicon atoms are not connected

to nonbridging oxygens).

F421

In fact, the spectrum for this glass (Fig. 22)

is essentially identical to the spectrum for the crystalline compound
K 2 0 • 4SiO2.
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The

29
Si spectra have relatively narrow widths and small structure

separations.

The width of the "well" (Fig. 20) at half-depth can be leiis

than 0.34 G.

The separation between tlie center of the "shoulder" to the

center of the "well" (as in the dlsillcate case, Fig. 20) is only 1.4 G,
which is small compared to previous examples such as

Te (15 G)

' and

207
Pb (35 G ) . Magnetic fields of high homogeneity and stability, and
spectrometers of high stability In frequency, must be used to obtain these
relatively narrow, structured, and weak

29
Si resonances.

However, It is

clear that it is possible, with care, to "fingerprint" the silicon-oxygen
bonding configurations in the crystalline compounds and identify them
(and quantify them) in silicate glasses.
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AND SiO2 GLASS

The

0 NMR spectra from two fundamental oxide glass formers, B^O[12 441

and SiO., have been obtained.

'

i7
Since the natural abundance of *'O

is only 0.037%, conventional NMR techniques are not sufficiently sensitive
to detect a wide-line NMR signal for
isotope.

0 in solids unenriched in the

(The most abundant oxygen nucleus

no NMR response.)

0

0 has no spin and, therefore,

The glasses studied here were fabricated using water

enriched to 40Z or more in the

0 isotope.

For both glasses, lineshapes

displaying second-order quadruple effects are obtained when the

0 NMR

experiment is performed (Figs. 23 and 24). The quadrupole parameters,
which characterize the oxygen sites present in the glasses, were obtained
by computer simulations of the NMR spectra, and these parameters were related to the occupation number and geometry of the oxygen electronic orbitals by a simple Townes and Dailey calculation.
The computer simulation of the B-0.
two distinct oxygen sitet are present:

'

0 NMR spectrum indicates that

a ring oxygen site 0(R), which is

an oxygen atom contained in a boroxol ring, and a connecting oxygen site
f 121
0(C), which is an oxygen that bridges between two boroxol rings
(see
Fig. 25). (These findings are consistent with the findings of x-ray and
Raman spectroscopy, which indicate that B-O- glass consists of a majority
of randomly oriented boroxol rings.

[46 471
'
)

The relative abundance of the

O(R) and the 0(C) sites were found, from their relative weightings in the
computer simulated spectrum, to be between 1.0 and 1.5.

r 121

Since this

ratio is less than 2 (the maximum possible value), there will exist in the
glass a variety of different combinations of BO, triangles linking some of
the boroxol rings.

These connecting triangles will have oxygen sites simi-

lar to the 0(C) sites.
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Thus, the parameters for the 0(C) site

(Q° * 4.69 MHz, an
- 0.10 MHz, n° - 0.S8, o - 0, where an
and a are
cc
Qcc
n
Qcc
n
the standard deviations of the Gaussian distribution of Q
and n values
cc
which best fit the experimental spectrum) obtained from the computer simulation applies to oxygens which 1) connect boroxol rings, and 2) are in BO.
triangles that bridge between some of the boroxol rings.
the 0(R) site (Q°

» 5.75 MHz, aQ

- 0, n° - 0.4, o

The parameters for

- 0.2) apply to oxygen

cc
atoms which are contained in boroxol rings.
The Townes and Dailey calculation of the O(R) bond occupation number
(i.e. the number of electrons associated with the 0(R) bonding orbitals)
from the quadrupole parameters Indicate that the ii bond occupation number of
f 121
the 0(R) is 1.64 electrons.
Since a bond orbital occupation number of
less than two indicates electron sharing, there is some ir-bonding between
the oxygen and the boron atoms within the boroxol ring.

The prediction of

it-bonding within the boroxol ring is consistent with the observation of
boroxol rings in B.O, melts,

since the intra-rinp IT-bonding would

produce a very strong boroxol ring.

A computer simulation of the

0 NMR spectrum from amorphous SiO_,

based on a single site, is in good agreement with the observed spectrum
(see Fig. 23).

' A Townes and Dailey calculation^

' for the oxygen bond

configuration shown in Fig. 26 using the quadrupole parameters of Fig. 23
indicates that ir-bondlng exists between all of the silicon and oxygen atoms
present in the S10, network.

This is consistent with the observation of

shorter Sl-0 bond lengths in amorphous S K X than for a single a Si-0 bond.

'

The Townes and Bailey calculations also give Indications of the distributions In the B-O(C)-B and the Si-O-Sl bond angles in the amorphous
materials (see Figs. 25 and 26). If the distribution in the quadrupole
parameters is assumed to be due to a Gaussian distribution in the bond
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angles, then a standard deviation a
For the B-O-B angle o

- 1.7", and o

of these angles can be determined.
for the Si-O-Si angle is 3° (the

oentr.nl B-O-B angle is either 128.2° or 134.6°, and the central Si-O-Sl
angle is j ^ o U 2 . * * . * 6 . 5 0 ] ) ,

T h e v a l u e o f 0 ^ f o r t n e B_0_B b o n d a n g l e

consistent with the x-ray work of Mozzi and Warren,

but the o

ls

derived

from the NMR data for the Sl-O-Sl bond angle indicates a much narrower
distribution in angle than that derived from the x-ray data.
discrepancy may be due to a real difference In the a
angles of the two materials studied.

This

of the Si-O-Si

The x-ray study used a fused quartz

glass sample while the NMR study was performed on an amorphous precipitate.
Future studies of the

0 NMR lineshapes from crystalline and fused SiO_

should help elucidate the extent to which the Si-O-Si bond angle is distributed in silica.
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Table I
Fraction of borons present in various configurations in the LCB 50 series
glasses as a function of composition. Values for the fraction of borons in
tetrahedral (^-coordinated) BO, units (N.), in symnetric neutral trigonal
BO. units (N._), and in asymnetric charged trigonal BO^"' units (N, A ),
3A7 were
derived from theories for the binary Li-O-B-O. system.*

Sample

R

LCB 50/30

0.7

LCB 50/20
LCB 50/10

3S

H3A

0 .45

0 .30

0.25

0.8

0 .42

0 .20

0.38

0.9

0 .40

0 .10

0.50

N

4

N

*Ref. 15
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2
2
m«

2

m*

2

2
2

Fig.l.

Energy levels arising from the interaction of the nuclear magnetic moment with a magnetic field:
(a) unperturbed Zeeman interaction; (b) perturbation
interaction present. The levels shown are appropriate
for a nucleus such as •*•*!! with spin 1-3/2.

Fig.2.

Powder patterns for the central transition Cm«---<-*|; of
Aalf-integer nuclei in the presence of secondjorder
quadrupole interactiona for two regimes! n < = and

n >4
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J

SECOND-ORDER LINE SHAPE IN POWDERS

9 *
Fig. 3.

Second-order quadrupole broadened powder pattern for the
central transition of a half-integer spin. Dashed line —
no dipolar broadening present. Solid line — dipolar
broadening present

Fig.4.

COMPLETE
ASYMMETRY

Powder pattern resulting
from the present of chemical
shift interactions. The
frequencies shown are defined by
and V.»v flThe anisotropy factor t, is
-1
given by
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to
CO

. .

the

i

Fig.5.

NMR

derivative li»»

esponse

o

t h e

.10.0

Fig.6.

Comparison of the expetimental peak-to-peak width (open
circles with erros bars) and model predictions (solid
line) plotted as a function of sample volume magnetic
susceptibility X for three values of the applied field:
5857 G. 10 322 G. and 19 4OO G. The dashed line is the
total Gaussian broadening W and the alternating dashed
and dotted line is the total Lorentzian broadening ff
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100 kHt

f« • ».O MHl

Fig.7.

3O

B
for
No.
No.
No.

NMR response at 6.O MHz due to 3-coordinated borons
6 iron lead borate samples: No. 2 (O.431 Mol%Fe_O,),
5 (1.08 Mol % Fe2O3), No. 10 (2.18 Mol % Fe O ), *
20 (6.59 Mol % FeJO.), No. 3O (11.6 Mol % Fe 6^) ,
4O (15.3 Mol % Fe O )

O.I -

0.

tig.8.

4.0

8.0
12.0
M o l % F«203

16.0

Experimental N. values as a function of Mol % TejO..
Two-region behaviour, with the break between regions at
4.64 Mol X ?e,0,, is indicated
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9000 h

8995

2
a
8990 h

8985 h

4.0

8.0
Mol

Fig.9.
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12.0

Fe 2 O 3

Position of the peak of the
Pb NHR absorption response
as a function of sample Mo I X FeoO^

0.5 0.4 -

K

0.3 0.2 0.1 -

0.2

0.4

0.6

0.8

R
Fig.lO.
CJ

experimental values of H. in the lithium h*logmn borata glasses versus R~(Mol % hi20)/
(Hoi X *203*' Thm aolid
* i n « » indicate the values of M predicted by a semi-empirical
theory for binary lithium borate glasses

NT

CT

14.19

I4.M

14.13

14.10

V (MHl)

Fig.11.

34

Experimental traces of the left-hand side of the
B
HMR spectrum (cf. Fig. 5) due to trigonally coordinated
borons for the glass samples Z.CB 5O/2O, and LCB 50/30.
The operating frequency is V <*14.1 MHz and the response
due to 4-coordinated borons is off-scale near v . The
intensity of the response due to borons in asymmetric
charged trigonal B0~l units, indicated by CT in the
figure, decreases as the Li^Cl concentration increases

1.0

Fig.12.

t.o

Fraction of borons N. in 4~coordination with oxygens
versus R-(Mol X Li2<>1 /(Hoi X B ^ ;

100 kHz

Fig.13. B
NHR derivative spmctx*
for eight Ma^O-B^Oj glasses smooth lines are superimposed simulated spectra
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Fig.14.

36

Experimental B
NMR spectra displaying feature A of
Fig. 2 on an 'expanded scale. Circles show simulated
spectra

0.8 .

0.6.

0.4.
0.2.

0.4

R
Fig.15m Abundance of structural unitm fox R < 0.4.

OB3,

Ar5, WT\

Hi3-*4
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CM

00

0.6 _

0.4

0.2-

R
Fig.16. Abundance of structural units for 0.4 < R < 1.0.
OD3"D4.^T3,A.T4,

mL4fOn3 ,Olf3 (from Re f. 36)

0.8 .

0.6.

0.4.

0.2.

R
Fig.17. Abundance of structural unit* far R > l.O.

On3,

Dp J ,

-f 03,

0L4.

riom net. 36

OH3.

MP3.
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I GAUSS

I

1

29
Tig.18.

Si NMR spectrum obtained from a collection of fragments of opal

POWDER PATTERN

DERIVATIVE

Fig.19.

40

HMR absorption line shape (powder pattern) exhibiting an
aniaotropic, axially symmetric chemical shift. Upper:
absorption without dipolar broadening. Lowert (solid
line) first derivative/ (dotted line) first derivative
including dipolar broadening

Fig.2O.

Si NMR spectrum for
crystalline and vitreous
K2O-2SiO

Fig.21,

Si NHR spectrum for
vitreous and crystalline

k) yiTRIOUt

I GAUSS
•) VITREOUS

M CKVtTALUNC
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Fig.22.

42

29

Si NMR spectrum for a glass of Mol % composition
21.5 K2O - 78.5

l7

0 NMR in Amorphous SiO5 0 kHz

Q°c = 5.17 MHz , rf= 0.2
ccg = 0.7 MHz

= 0.2

cc

Fig.23.

The
O NHR experimental spectrum and its computer
simulation in amorphous SiO.. The experimental spectrum
is the narrow line and the broad, smooth line is the
computer fit. The central values of 0
and n used for
the simulation, as well as the atandara deviation of
the Gaussian distributions of the parameters are shown
in the lower portion of the figure
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l7

Fig.24.

0 NMR in Amorphous B2CX

Two superimposed experimental 17 O spectra from B.O, and its computer simulation
using the following values. Site 1: 0° =4.69 MHz, $Q
=O.1Q MHz, n°=O.5S, O^O.
Site 2: Q%C=5.7S MHz, O 0 "0.0, T\°-0.%, 0 -0.2. Weighting factor of (Site 1) /
cc
n
cc
(i
2)12
(Site
2)=1.2

i
Fig.25.

Boroxol model for B,0, glass. The label O refers to the
oxygen 0 bonds and the label H refers to the nonbridging
oxygen lone pair orbitals. The ir bonds are perpendicular
to the page and are not shown. The B-O-B bond angle is
labelled a. The principal axes for O(R) are given, with
the exception of the z axis for O(C) and the x axis for
O(R), both of which are perpendicular to the page

Fig.26.

Steric picture of the oxygen site in amorphous SiO..
The bonding orbitals are labelled 0 and it. The nonoonding lone pair is labelled %.
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AMORPHJSATION OF SOLIDS BY ION IMPLANTATION
G. Carter, W.A. Grant
Department of Electrical Engineering, University of Salford
Salford M5 4WT UK

ABSTRACT
Ion implantation of many solids frequently results in phase
changes to a greater or lesser extent. The nature and extent of
the phase change depends upon the implant species and energy and
the substrate material, crystallography and temperature. In circumstances where the rate of energy deposition density by an individual projectile is of order or larger than a typical thermodynamic parameter of the solid, e.g. the atomic heat of melting,
it appears that dynamic amorphisation of a local volume of the
solid occurs. This volume may subsequently reorder towards a
partly recrystallised region under thermal, chemical and stress
relaxation driving forces, but alternatively if these latter are
weak the zone may remain amorphised. Under low energy deposition
density conditions it appears that any amorphisation which occurs
is the result of collective impact processes in which point
and/or extended defects and/or implanted impurity concentrations
continuously increase until catastrophic phase change to amorphisation occurs.
Experimental evidence for these processes is discussed and physical and mathematical models summarised.

INTRODUCTION
Many solids may now be formed in, or transformed to, the
amorphous state via a variety of techniques which essentially involve rapid quenching of atomic motion into a stable or metastable static random phase. In recent years these techniques have
been supplemented by the ion implantation method in which energetic projectiles bombard a crystalline solid and generate dynamic atomic recoils (interstitials) and a superthermal vacancy
concentxation. If the local density of such defects, when generated either by a single projectile or by impact of successive
projectiles in a local volume, increases to critical values, such
volumes may be regarded as dynamically random or amorphous.
Further if such volumes are inhibited from reordering, statically
49

stable amorphous zones may result. As the number density of such
zones increases with increasing ion irradiation they may accrete
and overlap to form continuous amorphous layers of thickness of
the same order as the depth of ion penetration.
Ion irradiation induced amorphisation has been most widely
studied and documented with semiconductor substrates but recently
increasing attention is being devoted to metallic substrates and
particularly alloys and metalloid systems. Despite this quite
detailed investigation however the fundamental atomic processes
in both the generation phase of the dynamic randomisation and
the subsequent atomic motion quenching remain unclear. It is the
purpose of the present review to discuss current understanding
of ion induced recoil processes resulting from individual projectiles and from collective interactions resulting from many
projectiles. An attempt will also be made to analyse the quenchI
'•

ing or stabilisation component of the amorphousness generation
and to indicate how this may be influenced by quasi thermal,
hydrodynamic or mechanical and chemical forces.

:

The processes will be discussed in terms of experimental
evidence which supports their operation and it may be noted that
such evidence derives from techniques discussed at length in
these proceedings, from other atomic scale resolution methods
such as transmission electron microscopy, field ion microscopy

[

and a variety of radiation and particle scattering or diffraction
techniques, together with secondary techniques which rely on

'

measurements of a physical property change to indicate the presence of an amorphous phase. It should, however, be carefully
noted that no technique is, as yet, capable of monitoring the
dynamic randomisation process associated with ion implantation
since such processes are isolated in space, to dimensions of the
order of 5 100 nm and in time to the order of £ 10~

s.

All

that can be measured dynamically are those atoms which escape or
are sputtered from the surface and the majority of the evidence
for processes occurring during the dynamic phase must be in'•

ferred from observations following both the generation and

;'

quenching phases.
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Atomlc displacement and cascade generation processes
When an energetic projectile ion enters a solid it slows
down and loses energy by two distinct and, generally only weakly
coupled processes. These processes are (1) elastic energy transfer from projectiles to complete substrate atoms (both regarded
as point centres of mass and force) and (2) inelastic energy
transfer to the electronic systems of both projectile and target
atoms. In the first process potential and kinetic energy are interchanged but their sun remains constant, in the second process
energy is stored and dissipated. Taken together and as separable
processes, the total rate of energy loss of a projectile may be
written,
dE
dE
to = " dx"
dx
where the subscripts n and e refer to nuclear (or elastic) processes and electronic (or inelastic) processes respectively. Both
experimental measurements and rather accurate theoretical predictions of gj L e have been made for a wide variety of projectile
and target atom species and a wide range of projectile energies
and several data compilations exist [1,2]. It turns out that to a
very acceptable approximation, both energy loss processes can be
universally scaled with respect to projectile and target atom
masses (H) and atomic numbers (ZJ. This results fro* the early
recognition by Lindhard et al. [3] of the universal scaling properties of the potential and force lawa between atons. Conse-"
dE
quently ^ is more frequently stated in terms of its scaled

equivalent 4j~
where
e = E
and

aM,
j-2

M

(2a)

M

'5 — ± — ~

(2b)

In the case of inelastic energy loss processes an adjustable
parameter k is introduced to obtain best fit between theory and
experiment since the former is less exact than in the case of
elastic energy loss processes.
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The forms of 4^
dp

are displayed in Fig. 1 and with
e
this figure and the scaling parameters of equations (2a) and (2b)
the corresponding energy loss rates for all combinations of projectile and target can be determined. Fig. 1 reveals that in
general for e values £ 1.0 the elastic energy loss rate exceeds
the inelastic energy loss rate and at very small e values is
totally dominant. In terms of actual parameters of.ion mass and
energy this is interpreted as indicating that for medium and
heavy atomic mass projectiles (M. ~ 20 AMU) elastic loss processes dominate for projectile energies in the range from zero
up to some tens or hundreds of keV whilst for lighter projectiles/
elastic loss processes only dominate in the low keV regime.
In solid targets all atoms are bound to nearest and more
distant neighbours via balancing forces of attraction and repulsion/ the nature of which depend upon the composition and structure of the target. If during passage through the solid the projectile can transfer sufficient energy to a target atom to dissociate local atomic bonds the target atom may be displaced as a
dynamic recoiling interstitial, leaving behind a free vacancy^.
Since projectile velocities are large, collision times are short
(^ 10~
s) and the displacement event is qilasi-adiabatic and
decoupled from the thermodynamic influence of the surrounding
solid atoms. The energy required to produce the Frenkel pair
(dynamic interstitial plus vacancy) is thus generally substantially larger than that required thermostatically and is usually
in the region Z. 10 eV/defect pair. This threshold energy E d is a
single collision displacement energy since it is defined as
occuring in the absence of neighbouring displacement processes,
and is substrate material, structure and orientation dependent [4].
As a result of the collision of a projectile with a target atom
there will be a probability of transferring energy T to the target atom which will be a function of projectile mass and energy,
target atom mass and the impact parameter for the collision. This
impact parameter, p, is the distance of closest approach of projectile and target atom if the trajectory of the former were
undeviated and the target atom did not recoil in the collision.
In a solid target p can range from zero (headon collision) to
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?<
f
j[
\
jf

i

p - D/_ where D is a mean Interatomic nearest neighbour spacing.
The energy transfer probability thus becomes a ratio of differential to total collision cross sections since all collisions with
impact parameter in the range p->p+6p lead to energy transfers in
the range T-*T+6T. Thus, approximately, the probability of energy
transfer in the range
d(n 2 )

(3)
since impact paraters p £ D/~ are excluded.
The energy transfer T will range from a maximum T = aE,
m
4M,M2
where 0 =
^ and E is the projectile energy, in a head-on
(M1+M2)'i
collision (p = o) to a minimum T_ for impact parameters p - D/_.
This minimum energy transfer T L can be calculated [4] by assumption of an appropriate interatomic force law and knowledge of M-,
M of E and p.
2
Since the differential cross section d(np ) increases with
increasing p lower energy transfers will be more favoured than
higher energy transfers so that the average energy transfer will
be much lower than aE. If in any collision T > E, then the dynamic Frenkel pair production process described earlier will
operate so that as the projectile slows down by transferring
energy to target atoms a sequence of dynamic recoiling target
atoms will be generated. Some, if not many, collisions, for large
p values will result in T < E, and although energy will be lost
by the projectile, recoil discplacements will not occur, but the
struck target atom will be energised and may be thought of as
possessing a temporarily increased thermal vibration amplitude
or increased atomic temperatures.
The mean energy loss per collision follows from equation (3)
as
foE
2
T d(np^)

JT

T

=

L

(4)
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and the rate of energy loss per unit projectile path length is
thus given by
aE
2
dE
= - NT —- = -N ( Tda(T)
(5)
dx n
T

where da(T) is written for
One can also describe
travels between collisions
arbitrary selected value E

L

2
d(np ).
a mean free path which the projectile
with energy transfer greater than some
. This mean free path X is given by

aE

A s - i } da(T)
E

(6)

s

In general both -r-l and X_ can be calculated once an interatomic
oxin
s
jforce law is assumed and indeed the gr/_ curve of Fig. 1 was derived in this way although T L was replaced by zero since a random
gas target model (for which p can extend to infinity) was assumed.
The important correlation between equations (5) and (6) is
that as the elastic energy loss rate increases so does the mean
free path between collision events exceeding some prescribed
energy transfer decrease. The importance of this correlation will
be discussed shortly but we will temporarily digress to discuss
inelastic loss processes and thence be enabled to define the
limits of this review.
Clearly from Fig. l inelastic loss processes dominate at
high p (and thus projectile energy E) values although these also
decrease above certain rather well defined energies [3]. Inelastic loss processes transfer energy to the electronic systems of
target atoms and since these electrons are much lighter than
their associated atoms they will generally exit from the collision process rather rapidly. Moreover because of the mass mismatch the times for any atomic energisation or excitation to
reach equilibrium with the electronic system will be rather long.
Thus any description of atomic excitation in terms of temperature
should not include the behaviour of the electronic system which
will be, initially, at a very different effective temperature.
In most solids the electronic excitation will be manifested by
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electron emission, radiation emission following quantum relaxation and more slowly via electron-phonon process. In general
such processes, will not perturb the atomic state of the target.
In insulators, including for example alkali halides, and frozen
gases, however where collisions dynamically eject electrons,
localised residual charge may persist and give rise to coulombic
repulsion between neighbouring ionised atoms. If this Coulombic
repulsion exceeds atomic binding forces then atomic motion may
result and lattice imperfections ensue. Such processes should be
dE
is large (such that \ is small and of
more efficient when -rthe order of atomic spacings) so that nearest neighbours are
ionised but even when dE
is small the production of localised
e
charge in some insulating materials can lead to atomic motion
whilst in semiconductors the possibility of creating charged defects by combination of nuclear and electronic processes may lead
to very different migration processes to those of uncharged defects. Although such processes are of great important they will
not be further discussed here since several excellent reviews of
defect production associated with electronic mechanisms have been
published recently [5,6,7,8]. The present review is thus concerned with good electrical conductors and in this sense we may
include semiconductors since electronic relaxation times are
generally short.
Returning now to the topic of elastic collisionally induced
atomic displacement we can conveniently define two regions. The
first is where A. is particularised to A.,, the mean free path for
displacement collisions, and it is required that X. » D. From
che arguments presented earlier such processes occur most favourably for lighter projectiles except at very low energies and for
heavier projectiles where g—
is relatively small. For such
heavier projectiles particularisation of Fig. l shows that either
the projectile energy must be very low or rather high such that
g— values are much less than the peak value. We will consider
only reasonably energetic light (~ 5 keV) and rather energetic
medium (~ 50 keV) and very energetic heavy (H 100 keV) projectiles.
In this regime dynamic recoils are created rather infrequently and well separated spatially along the projectile path.
55

During each collision the recoil will be displaced and the projectile scattered through angles depending, inter alia, upon the
mass ratio of projectile (M.) to target atoms (M?) . For M.. < M«
considerable projectile deflection occurs whereas for M, » M,
the projectile trajectory is near linear. Thus for light projectiles on heavier substrates displaced recoils will occupy a
relatively large volume with dimensions transverse to the initial
direction of projectile motion similar to those parallel to the
motion. For heavy projectiles or light substrates displaced recoils will be generated along the linear projectile trajectory.
dE I
Although the mean energy transfer is low in this -3— regime a
substantial fraction of the recoils will possess energies » E,
and will recoil Into their surrounding, equal mass, neighbouring
substrate atoms. Partly because of atomic mass equality and because of their lower energies these recoils will be expected, in
a rather short distance, to generate a further displacement event,
and, depending upon the initial energy of the first (or primary)
recoil, both the primary and secondary recoils may go on to create higher generations of recoils. In this description since
collisions are between moving and stationary atoms the growing
avalanche of dynamic recoils is known as a linear cascade. Such
cascades will be dynamically of highest density of moving recoils
along the projectile path and of decreasing density away from
this path. As recoils slow down such that they can no longer
generate defect pairs, or indeed move dynamically through the
solid, they behave similarly to a very low energy incident projectile and dissipate their residual energy to their neighbours,
i.e. a local quasi heating occurs. Such local quasi-heating will
also occur throughout the whole volume encompassed by the recoil
cascade since many (indeed the majority) of collisions will be
subthreshold displacement energy events. As all recoils come to
rest therefore it may be argued that the whole collision volume
has been heated. Both the slowing.down time of the incident projectile before it loses all energy and stops and the slowing
down time of the slowest moving recoils are of order 10** -1O~
•

t

seconds and so the dynamic heating of the collision volume is
concluded in a time only of the order of a few lattice vibration
periods. It may be argued therefore that each linear cascade has
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associated with it a thermal spike component, a concept considered by Seitz and Koehler [9] and Brinkman [10,11,18] for
lower energy recoils and recently reconsidered by Sigmund [12,13,
14] and others [15,16,17,7]. We will consider this process in
more detail later.
Since, in the linear cascade regime, collisions are spatially isolated and of low density (relative to the atomic density)
it is plausible and rather accurate to describe the process by a
linearised Boltzmann transport equation. Such theory has been
developed to describe very successfully the spatial distributions
of slowed down projectiles [18,19], the spatial distribution of
energy deposited in atomic motion [18,19], and concomitantly the
number and spatial distribution of dynamic Frenkel pair production [19,20], and the sputtering or atomic ejection from solids [21]
resulting from atomic recoils generated at and near the free surface. Comparisons with experiment have been reviewed recently [7].
Several results from the point of view of the present review are
noteworthy. These are that (1) the total number of point defect
pairs generated by each projectile of energy E

averaged over

many events is given by
O.42E v

(El

<7a>

v - —17-^-

where v(E ) is the fraction of the energy of the projectile dissipated in elastic collision processes. (2) The spatial distribution of energy deposited per unit volume in elastic collision
processes is of a Gaussian form given by
E

OV ( VY
fAx
(AX
X )

ex

(Y
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(7b)
I
5
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Where x, y, and z are spatial coordinates parallel (x) and trans
verse (y and z) to the initial direction of projectile motion.
_

r 1/2

The parameters x, (Ax ) '

etc. are mean and standard devia-

tion of the profile and can be determined following assumption
of interatomic force laws. In the useful [18-21] power law approximation V(r) = C^r""1/"1 to the exact potential the distance
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parameters (e.g. x) scale with E^ m where for rather energetic
1
collisions m - 1/2, for less energetic collisions m = -j and for
slow recoils anu projectiles m-*0.
The total cascade volume thus scales with E o m and the mean
m
energy per atom § v in the cascade as E v(E ).E ~^m - E
. Thus
as projectile energy increases the mean energy per atom in the
cascade first increases, reaches a maximum and then decreases as
the effective power of m increases.
Such treatments refer to average cascades whereas individual
cascades may be very different. The correlation between average
and individual cascades may be deduced theoretically, [22] or determined via computer simulation of cascade processes [23]. Such
calculations show that individual cascades are generally more
energy dense than average cascades by a factor of ~ 1.3-+3 depending upon mass ratio M, : M, and energy E .
The important consequence of equation (7b) however is that
8 may be deduced for a variety of projectile-solid combinations
and compared with some characteristic energy of the solid. Thus
Sigmund [12,13] and Thompson [7,24,25] have suggested that when
8 is of the same order as a characteristic thermodynamic energy
of the solid, sufficient local energy is deposited so that phase
change processes may assume importance. Another way of stating
this is that when deposited energy densities are compared to
thermodynamic energies per atom the recoil collision densities
are consequently so large that the collisions occur largely between moving, atoms and the events form a collective motion. Thus
the condition 8 ~ U where U is a thermodynamic energy represents
a limit to the applicability of linear cascade theory. Sigmund [12,13]
calculated 0 from linear cascade theory and suggested that non
linearity would be most apparent in heavy ion-heavy solid interactions at energies around 100 keV. Thompson and his colleagues [7,
24,25] made similar calculations to attempt explanation of experimental measurements of the defect production rate N,* due to
a range of ion species implants into several semiconductor substrates (notably Si) at low temperature where it was found that
heavy atomic and polyatomic projectiles gave values of N,* exceeding the prediction of equation (7a) by more than an order of
magnitude. It was found that measured N,* values exceeded pre56

dieted N * values when 8 , was of the order (but often substand
v
tially less) than the atomic heat of melting U m>
In the same spirit Thompson et al. [7,26,27,28] compare
elegant measurements of sputtering yield of Ag, Au and Pt with
values predicted by linear cascade theory [21] when using rather
energetic (10-150 keV) heavy ion and polyatomic ion species and
again concluded that when the near surface energy deposition
density was of similar order to the atomic heat of sublimation
U , the linear cascade approach drastically underestimated sputtering yields. In particular it was observed that yield scaledwith surface deposited energy FD,(0) to the third power whereas
linear cascade theory predicts a linear interdependence.
In view of this apparent correspondence of a dynamically
deposited, few collision, energy density with a thermodynamic
material energy density it is tempting to suggest that a high
density cascade, or energy spike as it is now described [12],
may be modelled in terms of a localised 'atomic* (but not electronic) temperature excursion of the solid. As a consequence it
is then possible to estimate rate and time integrated rate processes which are thermodynamically energy activated and occur
during the production and subsequent thermal transport quenching
of the spike. Such approaches may be relevant to phase change
phenomena such as order-disorder processes and quasi-thermal surface evaporation. Thompson and Nelson [16] and Nelson [29] considered that a thermal component was important in their studies
of sputtering, Kelly [15] generalised the theoretical modelling
with an improved description of the energy deposition function
(equation 7b) and further refinements to the theory have been
added by Vineyard [30], Carter [31], Carter and Cruz [32],
Sigmund and Claussen [14], Sanders [33] and Johson and Evatt [34]
who allowed for 'temperature* dependent thermal transport not ineluded in earlier studies [15,16,30]. The overall effect of such
non linear thermal transport is to extend the lifetime of the
thermal spike and thus enhance the 'thermal sputtering' component
and reasonable agreement with measured parametric dependence of
heavy ion sputtering has been achieved [7,14]. Dangers of too
detailed comparison have been carefully appraised by Thompson [7,
28] who has summarised a number of intervening experimental artefacts.
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Thus the effectiveness and indeed the validity of a quasi
equilibrium energy spike must be regarded as unproven and whilst
it may, to first order, describe the energy distribution following recoil generation it does not attempt to describe the momentum or mass redistribution. Such analysis can and has [35,36]
been made in the linear cascade framework for average cascades
and via computer simulation techniques [23,37,38]. The general
result of such calculations is that the centroids and deviation
of the positions at which dynamic interstitials come to rest and
the vacancy population left behind are not identical. Essentially
the vacancies are concentrated near the centre of the cascade and
the interstitials towards the periphery of the core in all three
coordinates (x,y and z ) . It may be noted that in this context
sputtering represents the backward flux of dynamic recoil interstitials. This spatial separation of interstitials and vacancies
is evident for even the most dilute (i.e. lowest energy density)
cascades but increases with increasing energy deposition density
so that the cascade volume increasingly becomes atomically depleted near its centre and enriched at the periphery. In the case
of light projectiles the enrichment-depletion is less evident
than for heavier projectiles in which the process is more localised around the linear projectile track. The enrichment and depletion ratios are also expected to be more important with heavy
target atoms with even heavier projectiles. Computer simulations [37] reveal the dynamic generation of polyvacancies particularly near the cascade centre.
Such effects are entirely understable on the basis of the
earlier energy transfer considerations where it was shown that
large impact parameter and low energy transfer processes dominate. For large impact parameter collisions the recoil momentum
is directed preferentially transverse to the projectile direction
thus forcing a radially outwards intersitial flow. Such effects
may be further enhanced in crystalline solids where energy and
momentum transport are preferentially coordinated along close
and near close packed atomic rows by focussing events [39,40],
Such events are

essentially low energy processes and since the

majority of recoils is at low energy they can lead to substantial interstitial-vacancy separation over distances of a few to ten
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atomic distances. They are expected to be of greater importance
in close packed solid structures (heavy metals) than in less
closely packed semiconductors (e.g. Si).
The picture of the cascade at low energy densities thus
emerges at a vacancy rich central region and an interstitial
rich mantle incorporated within a quasi heated volume. Both the
core will contain interstitials and the outer region will contain
vacancies however and so there will be somewhat inverse concentration gradients for the two species radially from the cascade
centre. This is the starting condition for subsequent defect and
atomic motion. This emerging model of the cascade leads rather
naturally into the second regime of high energy loss rates of the
projectile and a rather different picture of the collision events

dE -=-.- displacement
and description of the energy spike. When -3—
ax n
events occur at every interatomic spacing with, as outlined
above, net radial recoil motion. Under such circumstances the
next recoil collisions will also be with nearest neighbours and
one can envisage a collective outward flow of energy and particularly mass from the projectile track. Brinkman [10,11] described such processes as displacement spikes and suggested that
the result of such events would be an almost totally vacancy enriched core surrounded dynamically by a highly pressurised and
increased density mantle of interstitials. Because of the net
collective, if not totally wave front coordinated nature of the
recoil flow, Carter [41,42] has recently suggested that the process may be considered to be a spatially localised quasishock
event. Whatever the precise physical description of such spikes
they cannot be fully described by thermodynamic concepts of temperature alone since pressure and density will vary exceptionally
also. The spike is thus more like a very localised hydrodynamic
rather than a thermodynamic event. One cannot really go very much
further than this qualitative description at present however
since quantification o€ hydrodynamic processes in the solid state
and involving very few atoms is uncertain. The arguments given by
Brinkman [10,11], Carter [42,42] and others [43,44,45] are essentially only semiquantitative whilst at the same time computer
modelling of these events seems currently unlikely since many
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collective interactions must be included in a Molecular dynamics
code of the type [46] used rather successfully in lower energy
events where many fewer atoms need be considered.
Despite the subtle differences of quasi thermodynamic and
quasi hydrodynamic approaches it is interesting to note that they
essentially lead to similar criteria for the breakdown of linear
cascade and the onset of displacement spike phenomena respectively.
Thus a crude approximation to 8 , assuming a cylindrical
cascade of length equivalent to the mean projectile range x and
2
—o
(transverse radius) of Ay* is given by
(8)
N nAy

2

x

where N is the atomic density.
dE
Now E (E ) may be approximated by -rov
n
density by D .
Thus

K •The criterion for linear cascade breakdown, 8
written as
dE
dx" n

x and the atomic

(9)

> U , thus may be
(1O)

The linear transverse dimensions of the cascade will generally,
for heavy projectiles, be some tens of atomic distances and thus
the criterion for linear cascade breakdown becomes
dE
dx

(ID

Brinkman [1O-12] suggested that the onset of displacement spikes
should occur when X^ - Vt, which requires, as indicated earlier,
dE
£ •— but this ensures only that consecutive target atomic
dx n
recoils are themselves displaced rather than going on to generate
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further recoils. A more demanding criterion for displacement
spike onset is thus

i
Where E

is a threshold spike energy much greater than E , and

perhaps that equivalent to ensure that all recoils move with
speeds greater than the speed of elastic wave (sound) propagation in solids [40-44]. In general this requires E

to be 10 to

1OO times as large as E,.
Thus

dx

D

Now characteristic thermodynamic energies of solids (atomic heat
of melting U

and atomic heat of sublimation U ) are of order of

eV's, whereas single collision displacement energies E , are of
order of tens of eV. With these indentifications equations (11) and
(13) become very similar criteria, as they should be since they
both describe the

breakdown and onset of two complementary pro-

cesses. Indeed it is notable that in his analysis of the number
of defects generated per projectile in the displacement spike
regime Brinkman [10,11] suggested that N,* should be given by
d
E v (E )
• j: :t •• i.e. the phase change energy U /atom enters in a natural
*

m

way since whatever the "temperature" and "density" excursions in
the spike, U

is the energy required to essentially change the

phase.
It is also notable that in the high density cascade effects
reviewed by Thompson [7], non linear processes occur in both
radiation damage in semiconductors and sputtering of metals when
dE
•g^ n appropriate to bulk and surface respectively are in the region of £ 100 eV/atomic distance. Such energy loss rates are
particularly probable for polyatomic projectiles, which near a
surface produce highly overlapped cascades from the dissociated
ion fragments. The picture of the dynamic displacement spike thus
emerges of a very rich vacancy core or depleted zone surrounded
by a thin mantle of interstitial rich substrate, i.e. a pressurised shell surrounding a cavity. Physical evidence for this
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state remaining even after any subsequent quenching and atomicreorganisation phase comes from Field Ion [47-48] and Transmission electron microcope 149,50] studies of microscopic cavities
or craters on heavy ion irradiated metal surfaces and of visible
microscopic voids observed via Transmission electron microscopy
in heavy ion irradiated A

[51],

The above considerations only provide insight into the generation phase of displacement cascades and spikes in solids, but
these should be applicable to all solids in which high energy
density deposition nuclear energy loss processes are dominant.
These considerations will apply not only to elemental materials
but also to alloys and compounds although in the latter cases
some details will differ since different fractions of energy will
be given to the different atomic species, generally more energy
being partitioned into lighter atomic components [ 521. Whatever
the material, projectile slowing down creates a defective region
to a lesser or greater extent with vacancies and interstitials
unevenly distributed. The regions may also be regarded as being
thermodynamically hot and perhaps mechanically stressed. The time
scale for this generation phase will be of order 10~

->10

s.

The regions will now start to relax or quench and it is the reorganisation in this subsequent phase which will dictate the
final nature of the local regions.

Cascade collapse and quenching
In the preceding section it has been argued that, within
the firstt 10

— 13

solid, if f|

n

sec or so from the time of ion entry into the
is large, a restricted zone, vacancy rich at the

core and interstltially rich at the periphery and at the same
time thermodynamically 'hot' will be generated. It should also
be noted that, to a first approximation and provided that the
major energy loss and distribution processes are of elastic collisional origin, the form and extent of these zones should be
material 'type' independent but material atomic mass dependent.
Thus the dynamic zone generation should be similar in semiconducting Si and metallic Al and similar in semiconducting Ge and
metallic Fe. Subtle differences may, however, occur between
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similar mass but different structure materials and these would
be associated with the relative propensity for longer range
energy and mass transport via correlated collision sequences
(e.g. focusing and projectile and recoil channelling) which may
cause increased vacancy-interstitial separation and enhanced
stability against recombination.
Given this initial zone status, how does it now relax with
increasing time? The experimental evidence suggests that the relaxation processes are determined by, at least, the following
parameters. The substrate material and type (i.e. semiconductor
or metal), the substrate structure (i.e. f.c.c. or b.c.c), the
impurity level (in an essentially pure substrate) or the alloy
Or compound constituents in a non elemental substrate, possible
the substrate orientation (although this may be of more importance in the zone generation phase) and the substrate temperature.
Not only are the relaxation processes determined by such parameters but also the final 'equilibrium' relaxed forms of the
generated zones are. dictated by these parameters.
As examples of these relationships we may note for semiconductor substrates (for reviews see e.g. [7,53,54]) (1) the rather
commonly observed [5,50,56,57] amorphous zones generated in Si
and Ge (and probably in most III-V semiconductors also) by heavy
ion irradiation at and below room temperature with a 'defect
yield' of close to 1 amorphous zone per incident ion. (2) For
elevated temperature implants of these materials individual dislocations and dislocation networks are formed but not amorphous
zones. (3) For light ion irradiation of these materials at and
below room temperature only simple defects (monovacancies) are
generated by individual projectiles but as projectile fluence
increases these convert progressively to di, tri and polyvacancy
clusters until at high fluence individual highly defected and
probably locally amorphous zones appear. (4) For both light and
heavy ion irradiation of these materials at and below room temperature, as the amorphous zone density increases with increasing
ion fluence; these zones gradually overlap until, finally, a
completely amorphous layer, of thickness equivalent to the depth
of efficient defect production, is produced. There is no evidence to suggest that such zones change their size during con65
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tinued irradiation but upon thermal annealing isolated zones do
contract, 156,57]. (5) The amorphous layer is known to be less
dense [561 than the corresponding crystal and, as a result,
stresses may be set up at amorphous layer-crystal interfaces.
(6) Generally the temperatures required to thermally anneal
isolated amorphous

zones are less than those required to anneal

a completely amorphous layer. (7) The thermal (both furnace and
laser or electron beam) annealing of fully amorphous layers
occurs via a recrystallisation of the amorphous

- underlying

crystal substrate boundary and proceeds outwards to the free
surface [59,601. The regrowth process and rate are however functions of crystal orientation [61,62] (since the recrystallisation
proceeds most effectively on planes of minimum surface energy)
and both the nature and density of any impurities [63,64] .(often
implanted species which created the amorphousness).
For metal substrates, with which much less experimental work
has been performed we may note the following observations:
(1) For pure metals there is no recorded evidence for the generation of amorphous zones or layers but it should be noted that experiments have so far only been conducted at and above room temperature. (2) In a number of pure metals however collapsed
vacancy loops are observed (For reviews see e.g. [65,66]) depending upon material and irradiation conditions. Measurements
of defect yield (observable collapsed loops per incident ion) are
subject to some uncertainty because of glissile loop loss [67] to
surfaces and to problems of imaging in transmission electron
microscopy [68]. In optimum conditions defect yields may be 0.7
[68], or even higher. There are substantial differences between
metals. Thus (3) in Cu, collapsed loops are observed with « 30 keV
self (Cu ) ion and heavier ion irradiation [68-71] but increasing
the substrate temperature to 2O0 °C during irradiation [72,73]
causes a dramatic reduction in defect yield. Alloying [74] the
Cu with different fractions of Al, Ge, Si, Ni, Zn and Be led in
all cases to an increase in defect yield but the form of the collapsed structures was a complex function of alloy species and
concentration. (4) In Mo [75-78) collapsed loops were observed
with 60 keV self ion irradiation at room temperature and the defect yield decreased, rather slowly, with increasing irradiation
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temperature up to 200 °C then more rapidly towards zero at
~575 °C although the mean loop size increased with temperature.
With heavier ions (Xe and W ) no reduction in defect yield was
observed up to irradiation temperatures of 450 °C. Increasing
impurity (substitutional N) content led to a marked reduction in
defect yield (cf. the opposite effect of impurities in Cu), a
result also observed in 50 keV Au + + irradiation of Mo [76].
(5) In a-Fe [67,79] no collapsed loops were observed with
40-240 keV self ion irradiation, but as projectile ion mass was
increased loops were observed with a defect yield increasing with
ion mass whilst the loop size also increased with ion mass.
(6) In Au less detailed studies have been undertaken but, on the
one hand it has been reported [30,81,82] that as projectile mass
is increased the character of the visible damage changes from
interstitial to vacancy loops (and this was associated with increasing mean energy density in the displacement cascades) whilst
Stevanovic and Thompson [51] have observed the generation of
vacancy voids in heavy polyatomic ion irradiated Au.
Other evidence of high energy density cascade effects may be
found in surface damage studies. Thus Thompson and Johar [26-28]
and others [83-85] have observed that the sputtering yields of
Ag, Au and Pt (and Cu in order studies [86]) substantially exceed
the predictions of linear cascade theory [21] particularly when
the values of 9j _ for heavy atomic and polyatomic ions In the
different substrates was large. For normal incidence, in the
non-linear sputtering regime, the sputtering yield was found to
scale with the surface energy deposition density (which is
closely related to fr~) to the third power rather than the first
power which results from linear cascade theory. Attempts to explain this behaviour on a shock wave model [41,42,44,45] have
been only partially successful. Closely allied to the gefleral
sputtering yield measurements are the observations of microscopic
surface craters which accompany high energy deposition density
conditions. These were first reported [47] in heavy ion irradiation studies of Ir in a field ion microscope and have since been
observed [48] via a similar technique in Ho and W substrates. The
crater depth yield is usually fairly low (<0.1) under the irradiation conditions employed but the sise of such craters corre67
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sponds to 10 -+10 substrate atoms/crater. Surface craters have
also been observed via transmission electron microscopy in heavy
ion irradiated Au [49] and, more recently in Mo [50]. In this
latter material crater defect yield and size seems to depend upon
substrate orientation and temperature and both crater parameters
increase with increasing g§ _ for the incident ion (monatomic and
polyatomic species of equal energy per atom were employed).
Some collapsed defect studies have also been made with alloys
for which the major results are (1) for 316 stainless steel irradiated [87] with 40-200 keV Cr ions, collapsed loops and other
extended defects (e.g. stacking fault tetrahedra) were observed
with defect size increasing, but defect yield rather independent
of ion energy. The effect of reducing C in solution, by precipitating it to M_3 C g carbide was, for the lower energies, to reduce defect yield. (2) For ordered Cu-Au, studies [88,89,90] of
5-200 keV Cu implantation have revealed that both disordered
zones and vacancy dislocation loops are produced with s defect
yield of close to unity for the disordered zones over the whole
energy range but dislocation loops only forming at ion energies
>10 keV and with a defect yield increasing to ~0.8 for loops at
200 keV. At energies up to -50 keV the disorder zone diameters
were closely similar to transverse damage dimensions predicted
by linear cascade theory but for higher energies measured diameters were smaller than predictions but subcascade behaviour was
observed where each projectile produced several closely spaced
disordered zones. These studies were explained, at least generally, for the initially ordered alloy by a much greater propensity for the production of replacement collisions (where neighbouring atoms interchange) than displacement events. Although
thermal spike, athermal collapse of vacancy rich regions and
replacement collision sequences along atomic rows were all considered as possibilities to explain the extent of disordering no
decision could be made upon the most probable atomic process.
Some studies have also been performed with C + , N + Ar + and
Cu* irradiation of intially ordered Zr-Al [57]. In all cases,
and with target temperatures ranging from 30 K to 850 K, both
defected regions and disordered or amorphised zones were observed.
With Increasing ion fluence accumulation and overlap of individ68

ual amorphous zone led eventually to formation of an amorphous
layer, with critical fluences required for amorphisation decreasing with increasing ion mass, increasing ion flux density
and decreasing substrate temperature. These latter dependencies
suggested that amorphisation occurred via defect accumulation
processes (c.f. the results for light ion irradiated semiconductors) but that interstitial migration and vacancy recombination
could reduce the amorphisation rate. In the above cases the substrate was itself initially an alloy and effects were studied
essentially for individual cascade events where the presence of
the implant ion would be most unlikely to change the chemistry
of the substrate. There have been other studies with intially
pure metals in which phase change effects have been noted following implantation to high fluences. Thus, in ion irradiated
stainless steel, evidence [91] of a structural change from f.c.c.
to b.c.c. with a high included dislocation density was observed
during increasing fluence irradiation. The phase change effect
ia even more dramatic in Ni (and possibly also F e ) , where after
high fluence B, P, Sb and Dy irradiation of thin foils (and
single crystals in the Dy Ni system [92]) the near surface layer
of the substrate were found to convert to amorphousness [93,94,
95]. The estimated implant concentration required to induce such
amorphisation was in the region of 10-30%. These experiments were
conducted at room temperature but there were indications that for
higher substrate temperature conditions (unspecified temperature)
amorphisation did not occur. Thermal annealing of such layers
produced recrystallisation and second phase precipitation. No
evidence of layer amorphisation occurred with either N i + or A r +
irradiation of Ni.
Given this wide variety of (sometimes conflicting) evidence
what generalities can be deduced? First it seems highly plausible
that the amorphous zones observed in elemental semiconductors
and the collapsed vacancy loops observed in metals are manifestations of the same forms of generated cascades in both types of
material. Amorphous semiconductors are less dense than their
crystalline analogues and it is thus reasonable to postulate
that these amorphous zones and the collapsed loops in metals
reflect the stable restructured residues of the dynamically va69

cancy rich cascade cores. In semiconductors the differences in
the form of defect habit produced by projectiles of different
masses, together with the gradual formation of amorphous zones
with increasing light ion fluence strongly suggests that once a
critical defect (vacancy) density is accumulated locally then
that zone of the material collapses to amorphousness. This model
of a 'critical defect density1 for amorphous zone production was
first suggested by Swanson et al. [95] and later developed by
others [54,97-101], This critical defect density may be generated
in an individual cascade, as with heavy (and polyatomic) ions [2325,54,102] where the cascade core is very vacancy rich or via
local aggregation of point defects by continued lighter ion Irradiation. The 'critical defect density1 model is closely allied
with a 'critical energy deposition density' concept, since, at
least in linear cascade terms, the two are linearly dependent.
Either or both concepts have also been suggested for the formation of collapsed vacancy loops in metals [7,88,89,90].
Although the source of residual extended defects (amorphous
zone or collapsed loops) is very probably identical, the manner
of collapse or restructuring is very much less certain. It may be
envisaged that two mechanisms drive and condition the restructuring. These mechanisms may be regarded as athermal (or spontaneous)
and thermal in origin. Considering thermal processes first it may
be suggested that two spatial (and associated temporal) regimes
are important. Firstly within the confines of the displacement
cascade which, we have argued, is initially thermodynamically
'hot' and then expands and cools, largely by atomic thermal
transport, and secondly beyond this 'artificial* boundary in
unperturbed solid.
Early studies of the ion fluence required to generate layer
amorphousness in Si as a function of ion species, mass, and substrate temperature led to the conclusion [103] that it was the
loss of vacancies from the cascade core into surrounding crystal,
and with a mobility typical of the substrate temperature, that
dictated whether the dynamically disordered zone would collapse
to amorphousness (if the retained vacancy concentration in the
core remained high) or to a recrystallized structure (if the
retained vacancy concentration reduced to low levels). This model
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was subsequently developed to Include vacancy outflow In the
cooling (assumed cylindrical) and expanding cascade core [104].
Both of these models assumed, basically, a minimum vacancy concentration requirement for stabilisation in the amorphous state.
In an alternative model [15,17] no requirements were placed upon
the need for redensification of the cascade core but it was
assumed that this core was dynamically random or amorphous and
in a superheated liquid state. The mode of recrystailization was
then assumed to be one of epitaxial regrowth at the liquid-surrounding crystal boundary in which regrowth did not occur until
the boundary temperature had fallen to the solidus melting temperature T , and continued until the boundary temperature had
fallen to a temperature of crystallization T c which, for semiconductors and insulators tends to be rather high (much greater
than room temperature) but for metals is generally very low (much
less than room temperature). Analysis of this process led to a
general materials related criterion that for amorphous zone retention T c ~ 0.4 T whereas for zone recrystailization T_<0.4 T m .
This criterion*, which is relatively independent of initial energy
deposition density conditions (requiring only that these should
be such that the local liquid phase should be established), fitted
the observations or amorphisation phenomena for that range of
materials (semiconductors and metal oxides) to which it was applied. It is, however, a macroscopic model which relates to
microscopic or atomic phenomena through the association of the
macroscopic temperature of recrystailization T_ with a recrystailization energy per atom of E-,. In turn this recrystailization
energy may be associated with a surface migration energy of
adatoms (from the liquid phase) upon the epitaxial substrate or
with an energy of activation for bond formation and atomic coordination at the substrate. In a later extension of the model
Naguib and Kelly [105] associated, with considerable success, in
a comparison with experimental data, the energy E c with the degree of ionicity in the atomic bonds of the substrate material.
This association is fundamentally important, but perhaps insufficiently inclusive since metals and alloys were not considered, since it recognises the correlation between thermodynamic properties of crystallization temperature and energy and
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the structure and chemistry of the solid. Thus an alternative
view [17] of the correlation would be that high recrystallization energy is associated with the need to form interatomic
bonds of necessary number and direction. In this way the effect
of alloying a metal with appropriate dopants, which generally
somewhat reduces the metallic (i.e. electron sea) nature of the
bonds and enhances the covalency, may be seen to be increasing
the crystallization energy and thus encouraging stabilisation of
the alloy in the amorphous phase. Thus it is quite generally
much easier and possible [106] to form alloys rather than metals
in the amorphous phase via rapid thermal quenching techniques [10].
Indeed this facility for rapid thermal quench stabilisation
of amorphous phases may suggest that the amorphous zones in semiconductors and the vacancy loops in metals may be fully descrlbable in such rapid quench terms. It is doubtful if the analogue
is complete however, for reasons that will shortly become apparent. There is, however, probably a component of rapid thermal
quench as described earlier and in Kelly and Naguib's [15] liquid
zone-surrounding crystal model the amorphousness retention would
be fully describable in rapid thermal quench terms. This model
takes no account of the reduced density (or increased free volume
associated with the enhanced vacancy concentration) however and a
more complete description of the thermal component of the cascade
collapse must take account of both the requirements for vacancy
loss from the cascade and a radially inwards restructuring of the
cascade volume commencing in the amorphous zone-surrounding crystal interface. The vacancy loss process may occur both by recombination with free interstitials in the overall cascade volume
and via vacancy escape into surrounding crystal. Vacancy motion
into surrounding crystal (or ambient temperatures) was considered
to be the rate limiting step for recrystallization by Nelson et
al. [103] whilst Crowder and Morehead [104] considered vacancy
motion in the cooling but expanding cascade to be rate limiting.
It is considered here that Nelson et al's [103] concepts are the
more plausible, without denying vacancy motion in the expanding
thermal zone, since vacancy loss will be rate limited by vacancy
mobility into the large sink of ambient temperature crystal. The
increasing difficulty of amorphising semiconductors [53] with in72

creasing ambient temperature thus becomes understandable because
of the greater ease of vacancy outflow with increasing substrate
temperature. The residual dislocation structures often observed
under such conditions reveal the incomplete vacancy loss but in
addition, indicate that if the solid is hot enough for long
enough, good crystal structure (with included extended defects)
may be recovered. Again this indicates that rapid quench to low
temperatures could be important in the retention of amorphousness.
However it is suggested that the boundary recrystalllzation requirement is of less determinant significance than the vacancy
loss (redensification) requirement. If vacancy loss cannot occur
then, at least in semiconductors, recrystalli^ation cannot occur
either, because of the impossibility of satisfying all bonding
requirements in the cascade, vacancy rich, volume. In the case of
metal substrates, where restoration of an atomically ordered
structure generally requires lower activation energies for atomic
recrystallization since bonding requirements are less stringent,
the favoured collapsed structure will be that which can be
achieved in the vacancy rich state during the quench, representing the minimum energy configuration for the vacancy enriched
state and requiring the minimum activation energy (if any) for
the transition. In the metal systems so far studied this end
state appears to have been reached via an intermediate % <110>
vacancy loop dislocation structure which then restructures to 4[
<111> and a <100> vacancy loop and stacking fault tetrahedra.
In the case of metals alloyed by ion implantation there is
as yet no unequivocal evidence that individual ion impact can
generate amorphous phases directly since in the cases of light
(e.g. B and P ) , intermediate (e.g. Sb) and heavy (e.g. Dy) ions,
amorphization has only been studied when the implant concentration is high (* 10%). It is thus not clear whether it is the
attainment of the appropriate chemical composition alone or
whether once this is reached further (in particular heavy) ions
generate dynamically randomised volumes which during quench retain local amorphousness. It is also possible, in the light ion
irradiation case, that as fluence increases, the dislocation
density increases and is stabilised by the presence of dopant.
It is then further possible that when a critical dislocation
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density is exceeded there is an automatic and catastrophic transition to the glassy or amorphous state as described by a number
of authors as the model of the frozen in liquid state [1O7-1O9].
This behaviour of a critical dislocation density requirement is
not dissimilar to the critical point defect density model for
amorphiaation of semiconductors. Useful studies in this area
would be to implant amorphousness inducing dopants into appropriate metal substrates to concentrations just below those require
for the crystal-amorphous layer transformation and then continue
bombardment with a heavy (non doping but spike generating ion
species) and attempt observation of individual amorphous zones.
In the case of pure metals it would be valuable to conduct heavy
(particularly polyatomic) ion irradiation at very low temperatures in order to determine whether direct impact amorphisation
(rather than vacancy loop structures) can be forced in those
(few) pure metals where amorphisation can be induced by rapid
quench techniques [106].
It was noted earlier that vacancy loss by interstitial recombination may also play a role in the rate determining step for
zone restructuring. This recombination may be thermally activated
or of an athermal origin since in metal substrates it has been
concluded that vacancies and interstitials separated by five to
ten [39,110] atomic distances will rec mbine under their mutually
attractive 'mechanical1 forces induced by their associated lattice
strains. In the core of a liquid phase like spike it is difficult
to conceive 'vacancies' and 'interstitials1 or their recombination but in a 'cooler1 cascade or in the time expanding hot. cascade such entities and their recombination seem feasible.
The mobilities of both defect species will be high whilst
the cascade temperature is large and as a first order approximation to their maximum effective diffusion coefficient the dif-4
2
-1
fusion coefficient of the liquid phase, ~ 10
cm
s , may be
assumed. The mean square defect migration distance during a spike
of thermal lifetime T will be of the order 2x10" T, and thus in
order for the defect migration distance to exceed a few atomic
spacings T should be of order 10
s. Values of t have been
calculated assuming various initial spike geometries ('point,
sphere or cylinder [15,16,17] and thermal diffusivities (typical
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of either a metal or insulator or allowing the diffusivity to be
temperature dependent [14,30-34]). Generally speaking it is difficult to force T to be much greater than 10~
s
(~ 100
atomic vibration times) whatever the assumptions made and thus
defect recombination driven by thermal conditions within the
cascade will be low. Moreover, as described previously, the initial vacancy and interstitial distributions will tend to be
spatially displaced with the peak in the interstitial distribution lying towards the cascade periphery. This interstitial distribution will tend to drive interstitials both inwards along
the concentration gradient to the vacancy rich core and outwards
into surrounding crystal since even at low substrate temperatures
interstitial mobilities are generally high. This latter outflow
mechanism constitutes a loss process which will diminish vacancy
- interstitial recombination. It is thus rather difficult to
characterise, with any precision, the extent of defect recombination by thermal processes in high energy deposition density cascades. Nor is it any easier to predict athermal recombination
processes in such cascades since, because of the unusual spatial
distributions of vacancies and interstitials, the local strain
fields associated with reasonably isolated point defects will be
inapplicable.
When cascade conditions are dilute, such as generated by
li'.ght ions, there is no doubt that like defects can form clusters e.g. the polyvacancy structures observed in light ion irradiated semiconductors which appear to convert to collapsed
amorphous structures when the local vacancy density is sufficiently large. The fact that such structures develop at low temperatures, below temperatures required for vacancy migration,
suggests that the vacancy cluster grow heterogeneously (i.e. by
successive atomic displacements by individual ions at and near
the initial monovacancies) rather than by homogeneous process
involving vacancy thermal transport. Such light ion cascades
will be only warm, rather than hot, but the preceding arguments
taken in toto suggest little thermally induced defect migration
during the spike lifetime.
It has been noted several times already that athermal processes may cause individual defect recombination and indeed may
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be the driving mechanism for zone restructuring. Thus in the case
of collapsed vacancy loops in metals it has been suggested 178)
that the presence of impurities may result in the attenuation of
long range focussing events along close packed crystal rows which
inhibits distant vacancy-interstitial pair formation and thus
enhances loop collapse. The studies with metals are, however, so
incomplete that this mechanism must be considered unproven.
A more probable process for complete zone restructuring appears to be that originally alluded to by Brinkman 110,11] and
later considered by others also [67,74,78] in which the interstitial rich cascade mantle provides an elastic stress gradient
which tends to force interstitials back into the vacancy rich
core and effects a stress driven restructuring. Since this zone
is, at least transiently, hot the analogue of this mechanism is
of high pressure, high temperature recrystallisation. Although
easy to postulate qualitatively, the quantitative description of
such hydrodynamic processes is much more difficult since both the
number of atoms and the time scales involved are so short. Thus
several authors have likened, in different ways, [41-45] the generation phase of the high energy density cascade to a quasi micro
shock phenomenon involving the generation of an outgoing compression wave, and the subsequent cascade collapse to the wave
unloading and a rarefaction wave influx. This concept has been
applied with some limited success (but no more so than alternative
models [14-17] which discuss thermal rather than mass transport
processes in the case of high energy density processes in sputtering) [41-45] and to a more limited extent in bulk radiation damage [42]. Although such treatments probably form the nucleus of
an appropriate "hydro dynamic" theory it seems somewhat doubtful
if they can be developed to give the rather precise agreement
with experiment which occurs in linear cascade regime. The more
appropriate route to take would appear to be full molecular dynamics computer simulations of very dense cascades. Such computations are currently very expensive of computer time and
memory and will probably have to await even more powerful computer system development. It is known however that computer
simulation of dense cascade collapse, assuming initial forms for
the defect distribution, in metals is being coded (this saves a
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very significant fraction of the total simulation) and the results of this type of study should prove very informative about
the details of cascade restructuring.
In summary therefore it must be concluded that present
understanding of cascade collapse is still fragmentary. There
are undoubtedly some components of the restructuring, such as
defect motion, epitaxial growth on the cascade-crystal boundary
which are thermally activated and driven in much the same way as
rapid thermal quench techniques for the formation of amorphous
solids. Indeed it may be, that, as argued earlier, the main differences in the case of ion impact atnorphisation of semiconductors, metals and alloys lie in the different thermal energies of
activation, associated with chemical bond strength and type, for
recrystallisation. It is also important to recognise, however,
that ion implant induced dynamically amorphous zones are of substantially perturbed density (locally reduced at the cascade core
and enhanced at the cascade periphery) relative to either the
liquid or crystal states and that this status must be modified
either by thermal and/or stress driving gradients in order that a
complete recrystallisation can occur. The residual amorphlsed
zones in semiconductors and collapsed vacancy loops in metals indicate that these driving gradients are incompletely efficient.
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Amorphisation by atomic mixing
T

t was noted in the preceding section that amorphisation of
semiconductors may be produced by a continuous accumulation of
point defects generated by high fluences of lighter ions. In the
case of pure metals no entirely analogous situation exists since,
with increasing fluence vacancies and interstitials both recombine to annihilate and cluster to form extended defects including dislocations, voids and, in the presence of occluded, gas,
gas bubbles. Depending upon substrate temperature the point defects will possess different mobilities and in addition to the
point defect interactions described above, the vacancies and interstitials may also trap dissolved solute and impurity atoms in
the metal and transport such atoms to sinks. In this manner long
range atomic redistribution within a metal may occur, the details
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usually depending upon defect generation rate, substrate temperature and dissolved species. Substantial studies of such effects have been reported by Marwick and his colleagues f111-113t
but, to date, no indications of amorphous phase growth have yet
been suggested although second phase generation and both precipitate destruction and generation have been observed. The substrates involved in this type of study are essentially dilute
alloys and, since chemical bonding forces appear to play a crucial
role in the amorphisation process, it is perhaps not surprising
that no evidence of amorphisation has been revealed.
Amorphisation has however been reported in intermetallic
systems which have been physically intermixed by high fluence
ion irradiation. In such studies, referred to by Mayer and his
colleagues [113,114] as microalloying, either a bi-layer of two
metals or an alternating metal multilayer sandwich structure is
irradiated with energetic ions which pass through the layer
structure, depositing energy and creating atomic recoils at and
between the metal interfaces. The effect of this kinematic atomic
transport is to physically intermix the metal components, generally rather uniformly and at composition ratios determined by
the number of atoms of each species initially present in the
layer structure to the depth of efficient recoil generation. This
physical mixing, results from the generation, over high fluence
irradiation levels {generally ~ 10

cm

) of a large number of

displaced atoms (recoils) of relatively low energy, which are
transported over relatively small distances (a few atomic
spacings). The process is, in principle, applicable to all materials combinations and should, and often does, operate at all
temperatures. The process may however be augmented or resisted
by other irradiation induced (e.g. defect generation and migration or radiation assisted diffusion) or non irradiation associated thermodynamic processes (e.g. phase segregation, precipitation etc). Because of these many competing and/or collaborative
processes it is as yet not possible to predict the outcome of
mixing studies and indeed with some metallic combinations the
thermodynamic effects seem to compete with the recoil mixing
processes to attenuate atomic redistribution [111-113,116].
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There are, however, numerous examples of successful metallic intermixing [114,115,117] with the final composition being
well determined from the initial atomic content of the layer
structure although the final atomic structure cannot be so well
prescribed. Thus examples of single and multiphase structures
have been reported and these may be modified by subsequent
thermal annealing. Of more immediate interest however have been
the few observations of amorphous phases which were reported,
for example, after physical atomic mixing at liquid N_ temperature of Au-Co and Au-V multilayer structures. For other intermetallic systems (including Au-Co irradiated at room temperature) crystalline phases result across the whole composition
range, results which have not yet been achieved by rapid thermal
quench techniques nor by direct ion implantation. This latter
may Indeed not be possible if sputtering limits the incorporated
doping concentration level.
Because of the limited data so far available it is not
possible to conclude why the systems discussed above form an
amorphous rather than crystalline matrix, other than to suggest
that for the alloy constituents involved and at the concentrations achieved the chemical bonding energies for recrystallization are such that at the substrate temperature during irradiation, the amorphous phase is stabilised. It should be noted that
the great majority of studies in this area have been performed
with ion masses and energies such that linear cascade processes
operate and cascades are at best 'warm' and never achieve the
spike state discussed throughout this review. In the linear
cascade regime the atomic fraction of recoils set in motion,
averaged over the cascade volume V is given from equation la as
n(E) -

E

v

(14)

d
If the mean square transverse radius of an individual cascade is
<Ay >, then for an incident ion current density J the recoil
frequency is
f/E) = O.42it<Ay2> J Ev(E)
t{E>
E, N V
d

(15)
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or
_ O.42 J Ev(E)
N Ed A
where <Ax> is the mean depth spread of defect generation and it
has been assumed that V - n <Ay >. <Ax>, which for a linear c a s cade with a Gaussian like spatial distribution of recoil generation is valid to within an order of magnitude.
In linear cascade theory it is readily shown [19,20,21] that
the recoils a r e distributed in energy close to an E
spectrum
(i.e. the majority o f recoils are slow) a n d m o v e isotropically.
Thus as a first approximation a m e a n recoil range M E ) o f a few
interatomic spacings can b e assumed whilst more accurate assessments of M E ) can b e deduced from linear cascade transport
theory [ 1 1 8 ] . T h e parameters f(E) and M E ) c a n n o w b e assumed
to provide input parameters to an "effective diffusion approximation" to cascade atomic mixing [119-125]. Although m o r e detailed
full transport calculations have also been undertaken [126-131]
the effective diffusion model is useful since it displays the
role of the important physical parameters in a transparent manner
and moreover, since recoil frequencies a r e large and recoil d i s tances small a diffusion like process is n o t expected t o b e too
seriously in error (see however Reference [132] for some observations o n indiscriminate u s e o f t h e diffusion approximation to
transport p r o c e s s e s ) .
In t h e diffusion approximation t h e effective diffusion
coefficient D is given by the Einstein relation
D = 1/6 X 2 ( E r ) f(E)
OI>

J Ev(E)*2(E 1
D

- 0.07

r
N E

(17)

<Ax>

Again
and

thus

O.O7JA2(Er)
D
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dx"

(18)

A plane interface, undergoing diffuslonal redistribution
2
will broaden
broc
to a Gaussian function of variance a (t) in a time
t, where
o 2 (t) - 2Dt
(19)
Thus the interface broadening in time t will be given by
,
0.14 \2(E )
r
O (t) N Ed
2

dx n

J t

(20)

<K

(21)

or since the ion fluence density * - Jt
a2(«)

= 0.14

-B-BSN E J • axg

2
Thus if physical mixing dominates, the (interface broadening)
should be a linear function of fluence and the elastic energy
loss rate at' the interface. Moreover the broadening should be
temperature independent. Mayer and his colleagues [114,115,117]
have found such predictions to be obeyed, at least in parametric
dependence if not in detailed magnitude agreement for a wide
range of materials interfaces. In addition the amount of inter1/2
mixed material should vary with o, i.e. with * ' and such behaviour has again been observed for certain systems. In other
systems and at higher temperatures the above behaviour is modified
by, presumably, both thermodynamic and other irradiation related
processes. In particular substantially more rapid intermixing has
been observed in the few studies [133] where heavy and polyatomic
ions have been used to generate at least some spike component.
More detailed studies are required however to determine the effects of mixing in individual spikes.
This method of atomic redistribution is, unlike the individual spike process discussed at length here, a cumulative
process. Thus the atomic fraction of recoils set in motion per
cascade is usually rather small (i£ 10 -10 ) in dilute cascades
and in order to obtain at least one displacement per atom
(1 d.p.a.) over the depth of recoil generation ion fluences
* 10
cm
are required. Further, in order to obtain substantial
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intermixing of layers several tens to hundreds of atom layers
thick then equation (21) with appropriate values of the parameters inserted indicates that ion fluence ~ 10
cm
are required. Generally inert gas species are employed because of their
easy production and lack of chemical influence in the substrates.
At such fluence level implanted gas concentrations will generally
be too low (£ 1% atomic fraction) to cause problems' of gas bubble
nucleation. Irradiation with chemical dopant species {including
polyatomic species to generate spike processes) and self ions
could be useful and provide important information on the mixing
process whilst studies with different ion flux densities and at-,
different substrate temperatures may elucidate the mechanisms of
formation of armophousness by such techniques. We remain doubtful,
however, that such mixing processes can be properly described as '
and likened to fast thermal quench techniques as suggested by
Tsaur et al. [114].

CONCLUSIONS
In the preceding review we have outlined the apparently wide
variety of processes which are believed to contribute to ion implantation induced amorphisation of solids. Essentially however
two related processes seem to be responsible. In the first, where
heavy, and particularly polyatomic, ions of intermediate energy
slow down rapidly in a solid and give rise to atomic displacement
recoils at (nearly) every interatomic spacing, a vacancy rich
core and interstitial rich mantle surrounding the ion track is
produced. Subsequent reordering of this zone is dictated by
thermal, stress and chemical driving forces which may all militate
against recrystallisation so that an amorphous region results.
The present of neighbouring sinks which inhibit interstitial inflow,1 interstitial and vacancy mobility and repombination may
also result in a structure stable against recrystallisation. In
this mode the defect density necessary to allow for collapse to
the amorphous state is induced by an individual projectile.
In the second mode, typical of lighter ion irradiation, defect generation is much more dispersed and critical defect con82

centrations are only achieved from the results of numerous projectiles generating point (and simple extended) defects in the
same local zone. Again defect mobility and various loss processes
may assist or retard the achievement of sufficiently high local
defect densities to ensure amorphous collapse. Amorphisation by
atomic mixing of different species in a solid following high
fluence irradiation is not unlike this mode although multiple
atomic relocations are required to homogenise the matrix rather
than to generate high local defect densities in an elemental
solid.
In all cases thermodynamic processes will play some, if not
a dominant role, since whilst the irradiation generates a superthermal defect population, the reorganisation of this population
will be subject to thermodynamic and hydrodynamic influences. To
a very large extent therefore the final state of a target will be
profoundly influenced by both the composition of the target and
its normal thermodynamic structural stability in the presence of
unusually large defect densities. Ion bombardment may thuB be
regarded as a tool for, at least temporarily, producing locally
phase changed regions in solids and in some cases these remain
stable against reordering. Although the qualitative models of
both the disordering and the reordering phases are now becoming
somewhat better clarified detailed mechanism have not been resolved and there is much scope for further experimental and theoretical study, not least of which is the challenging prospect of
direct observation of the dynamic collision cascade and its collective interaction theoretical description.
Finally although there are some similarities with rapid
thermal quench techniques for the production of amorphous materials it is considered that the analogue is not exact since
defect populations in the irradiation environment will be greatly
different.
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Fig. 1. Nuclear and electronic stopping powers in reduced units.
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Thomas-Fermi nuclear stopping power
Electronic stopping power for k = 0.15 and 1.5
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ELECTRIC FIELD GRADIENTS IN AMORPHOUS MATERIALS
Gordon Czjzek
Kernforschungszentrum Karlsruhe
Institut ftlr Angewandte Kernphysik I
D-75OO Karlsruhe, Postfach 3640
Federal Republic of Germany

ABSTRACT
The observation of nuclear quadrupole interactions in amorphous solids provides a unique possibility to obtain information about the angular distribution of local ionic coordinations, complementary to the information about
radial distributions derived from x-ray and neutron diffraction and from
EXAFS measurements. Results of an investigation of the relation between
ionic coordinations and the distribution of the nuclear splitting parameters V M and n are presented. A review is given of recent experimental
work primarily devoted to the problem of atomic coordination by nuclear magnetic resonance, by MSssbauer spectroscopy and by complementary methods sensitive to the distribution of crystalline electric fields.

1. INTRODUCTION
For our understanding of the atomic-scale structure of amorphous
materials and of their stability, the angular distribution of atoms in the
local environment, the chemical short range order (CSRO), is an important
piece of information. Diffraction methods upon which the bulk of our experimental knowledge about the atomic structure of amorphous materials is
based yield information primarily about radial distribution functions. Information about angular atomic distributions can be derived only indirectly.
Similarly, from observations of the extended x-ray absorption fine structure
(EXAFS), only information about radial atomic distances and coordination
numbers for the first few coordination shells can be extracted.
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The drawback of these methods is the fact that the quantities determined experimentally are averages over all orientations of local coordination shells. In contrast, the quadrupole interaction of a nucleus in an
amorphous material is determined by the local symmetry of the environment
,^

around the probe nucleus irrespective of its orientation. This is just the
property required for yielding information about local angular distributions
in supplement to the radial distributions derived from x-ray or neutron
diffraction or from EXAFS.
In principle, this has been recognized some years ago, and several investigations of quadrupole interactions in amorphous materials by NMR [1]

'\

and MSssbauer spectroscopy [2] have been reported. But until recently a
systematic investigation about the statistical aspects of the relation bet-

•'

ween ionic coordinations (the structural distribution) and the distribution
of nuclear energy levels which is necessary for a quantitative evaluation of
the experimental results has been lacking. In the next section I will

•

describe the results of a first attempt to establish the relation between the
structural distribution and the distribution of nuclear levels C3]. In
section 3 a selective review is given of some recent experimental investigations by NMR, by MBssbauer spectroscopy, and by complementary methods de-

<

riving the same type of information from the distribution of crystal-field
splittings of electronic energy levels.

2.

THEORETICAL ASPECTS

The calculation of the electric field gradient (EFG) for a given charge
distribution is straightforward. Difficulties encountered in reproducing
experimental EFG-values for real crystals are due to the limited knowledge
of the true charge distribution. This holds particularly for the conduction
electrons in metals, but to a large degree also for valence electrons in
94

ionic or covalently bonded crystals. In investigations of amorphous materials
we are facing the additional problem of disorder. Signals are obtained from
an ensemble of nuclei embedded in an amorphous solid, each of which experiences some EFG depending upon the local environment. The range of variation of the EFG is of primary interest since it is a measure for the degree
of short range order in the solid. Thus, we have to deal with a statistical
problem: What is the relation between the probability •(•t^jt^) of finding
a nucleus surrounded by a particular charge configuration and the probability
p v

( .,»i) f °r the corresponding splitting parameters.
For a given charge configuration the components V.. of the EFG tensor

(in some arbitrary, fixed coordinate frame) are unambiguously defined, but
many different combinations of values Vj. yield the same values for the
splitting parameters V

and n, corresponding to different orientations of

the principal axes of the EFG tensor. Hence, a structural model - by this
term I mean a specific assumption for the functional form of the distribution
function «(qi;r;i) - can be related directly to a distribution function
P v (V. k ) of the tensor components. The remaining task it the transition from
P (V.. ) to the distribution P(V ZZ n) of the splitting parameters, a special
case of the relation between the distributions of the components and of the
eigenvalues for ensembles of matrices. The adaptation of the general solution
[4] to our special case - eq. (6) of ref. [3] - is straightforward, although
quite laborious.
A general prescription for deriving Py(V.j.) from structural models
expressed by some distribution •(q^jTj) has not been worked out. For a large
class of interesting materials such as. amorphous metals and alloys, oxidic
glasses, and some amorphcis semiconductors, the task is simplified since
these solids are isotropic on the average. Then the function P (V. v ) must be
independent of the choice of the coordinate system. Quite generally, an

invariant function of the conponents of a symmetrical 3 x 3 tensor can be
expressed in terms of 3 independent invariant functions: the trace (which
vanishes for the EFG tensor), the sum of the squares of the tensor components, and the determinant. Thus, for an iaotropic solid P ( V . k ) * F(S,D)
is a function of 2 parameters only which we define by

D - 4. Det {V.k> - V^, • (I The reduced dimension of the parameter space in which the distribution
function is defined simplifies the task of finding the connection between
a structural model and the corresponding EFG distribution. Furthermore, when
the quantities S and D are expressed in terms of the coordinates of the
charges causing the EFG, they are functions of the radial distances r. of the
charges from the probe nucleus and of the bond angles 0.. between pairs of
charges: S » S(q.;r.;9..) and D » D(q.;r.;©..) as given explicitly in
eqs. (12) and (13) in ref. [3]. This emphasizes the sensitivity of the EFG
distribution to the distribution of bond angles, the structural aspect of
primary interest.
The expressions for S and D in terms of bond angles 6.. are also useful
for computing the EFG distribution resulting from specific models for the immediate surroundings of the probe nuclei. For the case of threefold coordination,
an analytical expression for the EFG distribution arising from the first coordination shell was found [3]. For larger coordination numbers we have to rely on
numerical computations, but an analytical solution may be'possible as well.
Certainly, further investigations are needed before these relations can
be exploited for derivations of local atomic structures from experimental data
about EFG distributions. For the model of random atomic packing, however, an
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analytical approximation for the distribution function P ( v M » n ) has been derived which enables us to decide whether a model of this type properly describes the structure of the material studied or whether chemical short range
order is dominant in local atomic coordinations.
The distribution function for the case of random packing is given by the
expression

4
2

"

J

•<l-n2)/a3]x

(I)

V * •<1+n 2 /3)/(2a 2 )]
The essential features of this distribution are illustrated in Fig. I
1
which shows the marginal distribution Q(V
) - f P(V ,n)dn and
V )
ZZ
ZZ
O
" /P ^ V zz' n ^ dV az" T h e f u n c t i ° n p ( v » n ) contains
2 parameters: a deterzz

mines both the average value |v | and the width of the distribution of |v I
%%
zz
3 is a measure of the asymmetry of P(V ,n) with respect to the sign of V ..
ZZ
ZZ
Values for both parameters have been derived in the framework of a pointcharge model.
These parameter values probably are not realistic in view of the shortcomings of the point-charge model. The validity of the functional form for
P(V

,n) given in eq. (I), however, is not limited by the point-charge

model, and we can use this equation to test the adequacy of random packing
models for amorphous materials.
From these results we can derive some general guidelines for optimizing the effectiveness of investigations of amorphous structures employing nuclear quadrupole interactions:
(i) Even for random structures, the width of the distribution of the
absolute values |v I is remarkably small (a useful measurei is the ratio
(<V >- < |v 1|> )
zz
' zz

/ < |v |> which for random structures has a value n<
' zz

0.3). Consequently, experiments with nuclei whose quadrupole splitting is
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determined predominantly by the distribution of |v

I, are not well suited

for structural investigations*
(ii) Although for random structures in general P(-V

,n) " P(V ,n),
zz
zz
we can expect significant probabilities for both signs of V
in contrast
zz
to structures dominated by chemical short range order. Thus, sensitivity
to the s:gn of V

is desirable in experiments aiming at a determination of
ZZ

local structures.
(iii) The most decisive information may be expected from measurements
which are sensitive to the distribution of the asymmetry parameter n.
Furthermore, the distribution of n presumably is less influenced by contributions from conduction and valence electrons than the distribution of
I*

3.

SOME RECENT EXPERIMENTAL RESULTS

In this section results of some recent experimental investigations of
amorphous materials are discussed and, insofar possible, compared with the
results of the theoretical analysis. Rather than intending an exhaustive
review, I have selected experiments whose results seemed to yield
particularly relevant information on the atomic structure of amorphous
materials. The guidelines given at the end of section 2 have been used as
criteria in the selection.
3.1

Nuclear magnetic resonance

Last year, Panissod et al. [5] reported some very interesting results
obtained by NMR with

Ga in amorphous La ,,Ga „» and with

amorphous alloys (Mo ? B 3 , Mo

4flRu 3 2 B 2 Q ,

and Ni

7 g P ]tB o g )

B in several
and in re-

lated crystalline compounds (Mo.B and Ni~B). The NMR spectra (Figs. 2-4)
of the different amorphous alloys differ considerably. A striking similarity.
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however, was found between the spectra of amorphous alloys and those of related crystalline compounds.
In the La-Ga alloy (Fig. 2), the quadrupole interaction is very small.
The authors conclude that the local environment of the Ga ions has nearly
cubic symmetry. There may be a connection between this result and that deduced by Felsch et al. [6] from susceptibility data obtained for a similar
amorphous alloy, Ce

8g Al

j.. The low-temperature susceptibility of this

alloy indicates that the crystal field experienced by the 4f electrons of
Ce must be dominated by terms with 1*4. Crystal field terms of order 2 which
correspond to the EFG seem to be very small or even zero. In contrast, the
susceptibility of an amorphous alloy of composition Ce »Au » had been found
in good agreement with the assumption of a dominant crystal field term of
order 2 f7].
The resonance spectra of

II
B in the other amorphous alloys investigated

by Panissod et al. clearly show the presence of quadrupole interactions. The
spectra of the alloys with Mo (Fig. 3) are best described with the assumption
of small n-values in the range 0 to 0.3. This result is in strict contradiction to the EFG distribution expected for a random structure and it indicates
the existence of pronounced CSRO in the environment of B in these alloys.
For the Ni-P-B alloy, the situation is less clear (Fig. 4). The spectrum
is quite similar to that of

H in crystalline Ni,B (orthorombic structure)

and from this observation the authors infer a similarity of the local atomic
structure in the 2 materials. The parameter values given for this alloy,
n in the range 0.5 to 0.8 and a/ •=•' |v |> A. 0.2 to 0.3 (a is the rms half-width
of the VL. distribution), however, are compatible with the EFG distribution
for a random structure. A determination of the sign of V

would lend
HZ

additional support- towards one of these alternatives. Unfortunately, the
resonance spectra do not yield any information about the sign of V
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Szeftel and Alloul [8], in investigations of amorphous alloys of As
with the chalcogens S, Se, and Te by NMRwith
large quadrupole moment of

75

As, made use of the relatively

As in an experiment specifically designed to

yield information about the distribution of the asymmetry parameter n. The
level scheme corresponding to the conditions chosen by these authors is
shown schematically in Fig. 5. The nuclear ground state has spin 3/2. Under
a pure quadrupole interaction its fourfold degeneracy is partly lifted. The
resulting doublets are split if a magnetic field H is applied. If the magnetic interaction is small compared to the quadrupole interaction (fi, << c O ,
the ratio YH/O. « r(n»9,4) depends only upon n and upon the direction of the
field H in the coordinate system* spanned by the principal axes of the EFG
tensor. For an isotropic sample in a uniform field, all directions occur with
equal probability. For given n and H, this leads to a resonance spectrum for
a range of frequencies flj which can be calculated. The total spectrum observed
corresponds to the folding of the distribution of n-values with these known
functions.
The spectra observed by Szeftel and Alloul are displayed in Fig. 6. For
both As-Te alloys they are well described by a Gaussian distribution of n with
an average value near 0.3 and variance o^0.14. For At-S- and for As-Se.,, a
superposition of two Gaussians was required. The distribution giving the best
fit for As 2 Se 3 is shown in Fig. 7 along with the distribution for a random
structure. The spectrum of amorphous As^S, which yields a distribution P(n)
quite similar to that for As,Se_, also differs considerably from the spectrum
of crystalline AsjS^ which is shown by the chain curve in Fig. 6a. Thus, in
these amorphous materials, there is obviously considerable CSRO - at least in
the environment of As - but the local structure seems to be strongly distorted
compared to that in the crystalline compound of the same composition.
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3.2

Mossbauer spectroacopy

Most investigations-of amorphous materials by Mossbauer spectroscopy were
carried out with

Fe or

Sn. In both cases, the Y~radiation observed origi-

nates from a nuclear transition between states of spin -^ and •=•• The quadrupole
q

splitting for spin -s- is completely determined by the single quantity
A = /S = |v

|*(l+n2/3)

. Some authors have extracted the distribution of

A-values from the spectra observed [9-11]. In all cases, the results obtained
were quite similar to the distribution expected for a random structure. But
the information content of these spectra is not sufficient for the derivation
of detailed conclusions regarding local structures in amorphous materials.
There are a few nuclei which would be very well suited for Mossbauer
studies of amorphous structures (for example
Yb,

Ta, and

Zn,

Ge,

Sb,

I,

Gd,

Np), but working with most of them presents experi-

mental diffculties which are not easily overcome. Presently I can not report
about any investigation of amorphous materials with one of these nuclei.
The most instructive results have been obtained by Friedt et al with
Eu and
E

Au Mossbauer spectra in an amorphous alloy of composition

u o Au , [12]. In Fig. 8 spectra of

'EU taken at 185 K (>T

» 85 K) and

at 4.2 K are shown. The asymmetry of the spectrum obtained at the h'-her
temperature clearly indicates a quadrupole splitting corresponding to a
well-defined positive EFG. The least-squares fit yielded n"0.1+0.1, a value
197
compatible with zero. The MSssbauer spectra of
Au similarly showed a well
defined quadrupole splitting, but corresponding to a negative value of V .
•
ZZ
Again, the experimental data provide rather strong evidence for significant
CSRO.
In contrast, our own Mossbauer spectra of

Gd in amorphous Gd-Ni

alloys [3] could be fitted quite well with the distribution function
P(VZ2,n) derived for a solid with random structure. Examples for these
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spectra are displayed in Fig. 9.

Gd is not one of the very sensitive

nuclear probes: the quadrupole moment of the spin-* •=• ground state is
quite large, but that of the spin- y excited state is too small to observe
a resolved splitting for this state. Thus, from the spectra of paramagnetic
samples we can only extract the distribution of the splitting parameter A
as in the case of

Fe. But in the alloys investigated, the magnetic and the

quadrupole interactions are of comparable magnitude at low temperatures, and
therefore the spectra obtained at 4 K are more sensitive to details of the
EF6 distribution.
The requirement of consistency for the results derived from a series
of spectra taken at 4 K in different applied fields led to rather clear evidence for the existence of both positive and negative values of V
V

>0, good fits were not obtained. With V
z*
zz

: With
zz
< 0 , the fits were drastically

improved, but they resulted in a strong variation of the isomer shift with
the applied field (by nearly O.I mm/sec between field zero and 6 tesla).
Such a field-dependence of the shift would be a rather spectacular result,
but I am strongly inclined to reject it and rather to accept the hypothesis
of both signs for V

which yields both satisfactory fits and a field-^iridezz

pendent value for the shift. Nevertheless, in view of the poor resolution
of

Gd MSssbauer spectra, we cannot claim to have proven that the structure

of the alloys investigated does correspond to a random-packing model.
3.3

Complementary methods; ESR and measurements of properties
{sensitive to crystal fields
The EFG tensor is exactly equivalent to the terms of order 1-2 in the

crystal-field Hamiltonian which describes the interaction between local
electronic states and the' potential caused by surrounding charges. Thus,
although measurements of properties which are sensitive to crystal fields
cannot be classified as nuclear methods, they should be mentioned in the
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present context as they yield information very similar to that derived from
measurements of the nuclear quadrupole splitting. The principal difference,

i

leading to additional complications in the interpretation of the data, is the
presence of higher-order terms (for rare-earth ions up to 1»6) in the crystalfield Hamiltonian. Fert and Campbell [13] were the first ones to emphasise
the influence of the asymmetry parameter n on the magnetic properties of
rare-earth ions in amorphous alloys (these authors have introduced an
asymmetry parameter n_« which is different from the usual definition of n.
The relation between n-.,, and n depends upon the sign of V :
rt
zz
n « +3(n-1)/(n+3) for V,, \ 0). This effect of n is illustrated in Fig. 10
V\* —

ZZ

where the magnetization curve measured for the amorphous alloy
Cu cgLu ATPI O - at I K is compared with curves calculated for several assumptions concerning the distribution of n

114], Fig. 11 shows the dis-

tribution P(n__) which yields the best fit and for comparison the distribution corresponding to a random structure. However, in the evaluation

I

effects due to higher-order terms in the crystal-field Hamiltionian were
completely neglected, and this may not be fully justified.
Detailed information about the distribution of n can be expected from
ESR measurements. An example for an ESR spectrum obtained under experimental conditions similar to th^se in the NMR work by Szeftel and Alloul [8]
is given in Fig. 12 [14]. This spectrum has not yet been evaluated completely, mainly because of the unknown higher-order crystal-field effects. A
comparison of the experimental data with the curve calculated for the case
of a purely planar crystal field (V

>0, n=0) indicates a very small pro-

bability for this case in the amorphous alloy.

103

4.

SUMMARY

The determination of electric field gradients and of their distribution
in amorphous solids by nuclear methods and of the corresponding crystalfield terms by ESR or other methods obviously can provide us with significant information about local atomic structures in amorphous.materials. Some
interesting work along these lines has been performed. The examples quoted,
however, show that the present status calls for further efforts in developing the tools and skills involved, both experimentally and theoretically,
before the potential of these methods can be fully exploited.
Especially for investigations by Mossbauer spectroscopy, the analytical power of the method could be augmented enormously if the problems involved in worktng with some of the difficult high-resolution nuclei could
be mastered. In all cases, studies by nuclear methods should be combined
with the determination of radial distributions by diffraction techniques or
EXAFS since knowledge of the radial distribution is a prerequisite for a
quantitative evaluation of the experimental results in terms of distribution of bond angles.
Similarly, the theoretical considerations concerning the relation between the EFG distribution and th.it of the parameters determining the

local

atomic structure must be expanded and refined before a quantitative evaluation of the experimental results will be possible.

104

ACKNOWLEDGEMENTS
The own work described in this article was done in collaboration with
my colleagues J. Fink, F. G8tz and H. Schmidt, with J.M.D. Coey, Trinity
College, Dublin, and with A. Lienard and J.-P. Rebouillat, CNRS, Grenoble.
I am grateful to the authors of the investigations quoted for instructive
discussions about their experiments and for the permission to use their,
partly unpublished results.

105

) = / P(V

Fig. 1. Marginal distributions Q(V
oo

ZZ

,n^dn and

ZZ

,r\)dV
for random atomic packing.
Continuous
^
curves
zz
correspond
zz
to eg.
histograms
are results of a computer experiment.
R(r\) = ( P(V

106

Experimental

vo

Simulated

2506

6930 G

Fig.

2.

HMR spectrum
of
(from ref.
[5])

Ga in amorphous

( )

Experimental

La

yc.Ga

'75

__
'25

Simulated

100 6

6S90G

11.

Fig. 3. NMR spectra of
B in (a) crystalline Wo,B,
(b) amorphous Mo _B ., (c) amorphous Mo.BRuonB
(from ref. [5 1)

107

Experimental

Simulated

100 G

JK I
6S906

Fig. 4. NMR spectra of
B in (a) crystalline Ni B,
amorphous Ni , D P . .B
(from xef. [5])

H=O

l-j)

(4)

(•!>

O)Q

I
i
Fig. 5. Schematic level scheme for a spin- — nuclear state under
a strong guadrupole interaction and in field zero (left)
and in a weak magnetic field (right)
108

10 r
Fig, 6.

As spectra in amorphous chalcogenides. The chain curve
in (a) shows the power spectrum for crystalline As2S3.
Solid lines are fits vith a Gaussian distribution of n
for AsxTei-x, v^th a superposition of 2 Gaussians for
As^S^ and As2Se3 (from ref. [8])

109

/

unit

Fig. 7. The distribution
P(r\) yielding the
best fit to the 5 As
NMR spectrum of
amorphous As.Se^
shown in Fig. 6 (b)
and P(T\) corresponding to random
atomic packing

1

I fitted
^ —
\
s

arbi

/

\I

/ x * ~ P-lTj) random

/ /

-30

-20

-10

0

V

1

•

1

Q2

0.4

0.6

0.8

10

20

30

velocity (mm/s)
Fig.

110

8. Hossbauer spectra
(from ref. [12])

of

En in amorphous

Eu
'S

Au
'

1.0

1.000
0.998

•

\WflP

1.000

0.998
0.996
+ - H — I — t i l l — t — H — I — t

- 6 - 4 - 2
0
2
Velocity (mm/sac)
Fig.

9. Mtiaabauer spectra

of

5

4

6

Gd in amorphous Gd .Hi

111

- \

. 'i

-.--'-'^

0.6

1L.

T = 1K

M-sat
Cu 50 LuA7 Pr3

P(7|FC) fitted

50
Fig. 1O. Magnetization curve of amorphous Cu 5 o i u 4?Pr ni
measured at 1 K. xs experimental results'. The'
solid lines correspond to the indicated assumptions about the distribution of r\ (from ref.[l4])

112

,

^

nits

i—random

\

\

/

\

""o D
LL

/

t/

i_

arbiti

a.

\
\

VV—fit to

\
|i/(i sat

\
\
\

/

\

/

\

/
/

\ \

\

/

-1

-0.5

0
%c

0.5

Fig. 11. The distribution P(r\ ) yielding the best fit to
the magnetization data of amorphous Cu ~_£u ..Pr
shown in Fig. 1O and P(T\ ) corresponding
packing (from ref.
[14))FC

to

random

113

planar crystal field

experimental
( 2 a t % E r in Cuc0Zr60
4.2K

4
5.5 6
Magnetic field (kG)
Fig.

12. BSR spectrum
for Che case

and
the
of Er in amorphous Cu4o2c6o
n__ = -1 (V >0, n = O) (from ref.

8
spectrum
[14])

calculated

REFERENCES
[1]

A review -:>f early NMR experiments was given by P.C. Taylor,
E.J. Friebele, and M. Rubinstein in Physics of Structurally Disordered
Solids, ed. S.S. Mitra (Plenum, New York, 1976) p.665

[23

For a review of investigations by MBssbauer spectroscopy, see
J.M.D. Coey, J. Phys. (Paris) Colloq. 35 (1974) C6-89

[3]-

G. Czjzek, J. Fink, F. GStz, H. Schmidt, J.M.D. Coey, J.-P. Rebouillat,
and A. Lienard, Phys. Rev. B23 (1981) 2513

[4]

M.L. Mehta, Random Matrices (Academic, New York, 1967)

C5]

P. Panissod, D. Aliaga Guerra, A. Amanou, J. Durand, W.L. Johnson,
W.L. Carter, and S.J. Poon, Phys. Rev. Letters 44_ (1980) 1465

[6]

W. Felsch, S.G. Kushnir, and K. Sarawer, J. Phys. (Paris) Colloq. 41_
(1980) C8-63O

[7]

U. Ernst, W. Felsch and K. Samwer, J. Hagn. Magn. Mater. 15-18 (1980)
1375
J. Szeftel and H. Alloul, Phys. Rev. Letters 42 (1979) 1691

[8]
[9]

R.W. Cochrane, R. Harris, M. Plischke, D. Zobin, and M.J, -uckermann,
Phys. Rev. B5_ (1975) 1969

[10]

M. Eibschiitz, M.E. Lines, and K. Nassau, Phys. Rev. B2± (1980) 3767

[11]

M. Henry, F. Varret, J. Teillet, G. Ferey, 0. Massenet, and
J.M.D. Coey, J. Phys. (Paris) Colloq. 4J^ (1980) C1-279

[12]

J.M. Friedt, M. Maurer, J.P. Sanchez, and J. Durand, to be published
in J. Phys. F: Metal Phys. (1981)

[13]

A. Fert and I.A. Campbell, J. Phys. F: Metal Phys. S (1978) L57

[14]

J.B. Bieri, these de troisieme cycle, Paris 1981 (unpublished)

115

THE LOCAL STRUCTURE OF OXIDE AND METALLIC GLASSES
P.H. Gaskell
University of Cambridge, Cavendish Laboratory, Madingley Road,
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ABSTRACT
On first acquaintance, oxide glasses, amorphous semiconductors and metallic
alloy glasses appear to represent structurally distinct families. The former
range from covalent 'framework' materials with very open structures to mixed
oxides with considerable ionic bonding. Amorphous alloys, on the other hand,
appear to be essentially close-packed, with bonding dominated by delocalised
'metallic* orbitals. There are, nonetheless, definite similarities in the
structural questions appertaining to each class of amorphous solid. For example, the notion of local structural units - a concept generally accepted in
covalent glasses but contentious in amorphous alloys. Where this description
is appropriate, it then becomes necessary to define the method of interconnection and the detailed network topology.
In this paper, an attempt is made to delineate current structural problems in
each class of materials and to present a review of relevant experimental investigations. Structural information is dominated by the results of scattering
studies (neutrons or X-rays), with a recent, growing emphasis being placed on
extraction of partial structure factors and accurate comparison with atomic
models. EXAFS allows a more detailed investigation of the surroundings of
specific atoms, even in complex systems such as oxides and chalcogenides,
Mossbauer and NMR spectroscopy have provided new information on the symmetry
of first-neighbour coordination shells - particularly in metallic systems.
The results of experiment and computer-simulations appear to reinforce the
view that structure in amorphous materials is marked less by its uniformity
than by its variability. It does not seem possible to provide a simple, singular, definition of what constitutes a glass (in terms of random networks,
for example) or why some form more easily than others. But a common set of
principles and parameters is emerging which allow the various structures
adopted by glasses to be investigated, measured and described.

I. INTRODUCTION
The science of glasses and amorphous solids represents a rapidly expanding area of knowledge and investigation. Over the past five to ten years, not
only individual amorphous solids but whole families of new materials have
been discovered. An introduction to a review of this nature requires, therefore, an outline description of the breadth of the subject as a whole,
together with some narrowing down of the scope to focus on a few central
questions.
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l.l Types of amorphous solid
(a) Oxides are, historically, the oldest family of amorphous solids and
are typified by silicates, borates, and phosphates, etc. Much of the definitive research has been concentrated on the amorphous binary oxides, SiO_,
GeO« and

B

2^V

together with isostructural fluorides, e.g. BeF_. In the

original terminology of Warren and Zachariasen, these are the network-forming
oxides - due to the covalent, 3-dimensional connectivity of the lattice.
Glasses containing the more ionic, so-called 'networkmoditying*

oxides, have

been studied especially in the older literature - but due to the greater
complexity of the problem little progress, or even prospect of progress, has
seemed likely until very recently.
(b) Related to the network oxides is a family of hydrogen-bonded glasses
prepared by quenching aqueous solutions. The parent - amorphous water - can
be prepared by slow condensation from the vapour onto helium-cooled substrates. Organic molecular glasses containing - OH groups, such as glycerol,
represent classical hydrogen-bonded systems which have played a significant
part in the development of the understanding of the glass transition.
(c) Chalcogenides. Elemental glasses have been known for some years, for
example amorphous sulphur and selenium and a great deal of research effort
has been devoted to work on the structure of the latter as a result of its
importance in Xerography. Binary sulphides and selenides of As and Ge have
attracted most attention with some emphasis on problems associated with the
structure of non~stoichioraetric phases - a problem which apparently does not
exist to the same extent in oxides and which is discussed later.
(d) Amorphous elemental and compound semiconductors e.g. a-Si, Ge, InAs,
GaAs, represent a family of amorphous solids with many common characteristics.
They can be formed relatively easily by evaporation or sputtering as thin
films with all the microscopic characteristics of glassy solids - diffuse
electron or X-ray diffraction haloes. They cannot be formed by quenching from
the melt as crystallisation intervenes before a glass transition is observed.
For this reason it may be preferable to distinguish them from glasses which
do exhibit a glass transition.
(e) Amorphous metals. Elemental amorphous metals cart be prepared by
evaporation but are relatively unstable and crystallise well below room temperature. Research on these materials has been dominated by studies of binary
and ternary alloys, many of which may be made by quenching from the liquid at
high cooling rates. The thickness is limited in continuous melt quenching by
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the nature of the process but there does not appear to be an upper thickness
limit dictated by the nature of the material. Moreover, although glass transition is frequently not observed due to crystallisation, it seems probable
that this may be a limitation imposed by technique rather than the nature of
the material and that quenching from the melt implies a narrow, supercooled
liquid region with continuously increasing viscosity, and therefore the
universal occurrence of a glass-liquid transition.
(f) Ionic and molecular glasses. There are series of glasses such as the
mixed alkaline earth nitrates or sulphates which can be formed by relatively
slow quenching from the melt. In these materials it seems likely that the
polyatomic anion retains its integrity and symmetry with little network formation so that the term 'molecular' glass is not inappropriate. There are
organic counterparts such as a-CCJl, prepared by very slow condensation from
the vapour onto a helium-cooled substrate.

1.2 Definition of the scale of structural organisation and
identifiable characteristics
The glasses and amorphous solids listed above represent a progression
from open structures with strong directional bonding, well-defined polyatomic
clusters linked to form three-dimensional networks in the oxides and
chalcogenides to close-packed arrangements essentially spherical atoms which
are the amorphous alloys. There are examples of amorphous solids with twodimensional (vitreous carbon) and of course one-dimensional structures such
as amorphous selenium and sulphur. The range of chemical bonding stretches
from strong covalent links in amorphous silicon through mixed ionic-covalent
bonding in silicates, hydrogen-bonded glasses, the almost purely ionic forces
in mixed alkaline earth nitrates to delocalised metallic bonding in the amorphous alloys. The range of structural problems raised by these materials is
correspondingly broad and, at first sight, it seems improbable that linking
concepts can be formulated - apart from broad generalised notions such as the
essential aperiodicity which effectively defines the amorphous state.
Nevertheless, the theme of this review is a search for a broader synthesis of ideas appropriate to each family of glasses. Can we, at least,
define a framework within which the problems can be

cast?

It is convenient to describe structural knowledge according to its
scale. Nearest-neighbour coordination - the number of neighbours, site symmetry, etc. - can be termed local structure with an implicit distance scale
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up to 0.3-0.5 nin. Atom-atom correlations in glasses become essentially random
over distances larger than about 2 ntn, but since composition fluctuations may
not be negligible over this range it is useful to define it as long-range
structure. An intermediate range, 0.5-2.0 nm, represents what can be called
medium-range structure. This is somewhat more difficult to define but within
this range correlations between groups of atoms - local structural units such
as SiO, tetrahedra in silicates - can be defined in terms of the number
within a closed loop - the network topology.
In the above description, we have already used several characteristics
which serve to define the structure, especially over the medium range. It is
useful to state these features explicitly in the form of a list of five distinguishable, but somewhat overlapping, parameters.
The geometrical characteristics of a structure can be represented by the
various moments of internuclear distances or bond angles. The mean, standard
deviation and, to a lesser extent, the skewness of distribution are therefore
important parameters. Geometrical characteristics may be difficult to determine, even over short distances, and rapidly become inaccessible to experiment as the distance increases. It may be possible nonetheless, to obtain information firstly on the local symmetry of an atom and secondly on the
topology of the network, through parameters such as the distribution of ring
sizes, the ratio of straight, branched and closed rings in polymeric glasses
and the extent to which rings and chains are independent or interconnected.
It is less easy to give a general description of positional order. In a polymeric glass this parameter could specify the extent to which segments of
chains have an ordered or random orientational relationship (isotactic,
syndiotactic, or atactic in the language of polymer chemistry). In addition,
there is a need to characterise the extent to which sheets, chains or rings
pack regularly over distances of, say, 1-2 nm. In this sense it might be considered preferable to use the term crystallographic rather than positional
order, since this implies the presence of limited translational symmetry.
However, there is no reason to believe that ordered units need be crystallographic in character and indeed there have been suggestions that a preference for regular but aperiodic packing may represent a fundamental characteristic of the amorphous state.
Compositional order, finally, expresses several aspects of the structure. Over the nearest-neighbour arrangement, compositional order parameters
can specify the extent to which an atom of one species, in a binary alloy,
is surrounded by like or unlike atoms. Methods for estimating compositional
120

short-range order parameters comprise an important part of recent experimental
studies in alloy glasses as discussed below. In glasses where local compositional order has been identified - for example in silicates - compositional
order parameters may extend to the medium-range of structural definition. In
crystalline disilicates the structure consists of a silicon atom surrounded
by three 'bridging' and one 'non-bridging' oxygen - Fig. la. The corresponding
glass could in principle consist of a geometrically irregular arrangement of
such units, Fig. 1b, or of a mixture of silicate groups with one, two or three
non-bridging atoms. The definition of medium-range compositional order requires that the ratio of these groups is specified as well as their spatial
organisation, i.e. the extent to which they are randomly distributed or
spatially localised Fig. lc. Since 'network-modifying' cations such as sodium
or calcium are associated with nonbridging oxygens, the question of random
dispersion or segregation of cations in the silicon-oxygen network is clearly
interlinked.
In the following sections, examples will be presented of investigations
which shed some light on several of the above structural characteristics.
Inevitably, structural investigation by 'nuclear' methods will figure prominently but an attempt will be made to view the importance of these techniques
in relation to complementary data from 'non-nuclear' experiments. We proceed
from examples of simple, monatomic open-packed amorphous solids to the more
complex, polyatomic close-packed solids. Some prominence will be given to
recent contributions to the subject - for a review of earlier material the
reader is referred to articles by Cargill [3], Gaskell [4] and Waseda [5].
Most 'nuclear' techniques are insensitive to medium- and long-range order
however. For example, the insensitivity of the 'total' neutron scattering data
to network topology is demonstrated in Figure 2. This shows the experimental
neutron radial distribution function (RDF) for vitreous silica and computed
functions for several atomic models with radically different ring topologies
[1,2]. The overall similarity between the computed functions is striking differences only appearing in the detail. All give a reasonable representation
of experimental data with discrepancies being confined to the region of the
second neighbour silicon-oxygen distance at 0.4 nm. It has been shown that
this misfit could be the result of a distribution of oxygen bond angles which
is too narrow and may therefore reflect an essential topological inadequacy
V

in these continuous random network models.
Determination of medium-range structure requires more detailed or more
direct information - partial rather than total scattering data, reduction in
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the averaging (and the degradiation) of structural information, retention of
intensity and phase data, etc. For these reasons, this review will be restricted to investigations of local structure in amorphous solids.

2. ELEMENTAL AMORPHOUS SOLIDS - TWO EXAMPLES, CARBON AND GERMANIUM

Carbon
The local structure of most elemental amorphous solids has been established - at least qualitatively. Generally the nearest-neighbour arrangement
is equivalent to that observed in the stable crystalline phase. Some uncertainty exists, still, for amorphous carbon with two possible crystal structures - graphite (trigonal coordination) and diamond (tetrahedral). The
general consensus appears to be that amorphous carbons consist of mixtures
of each of the two types of structure. The plural is necessary in the preceding sentence since amorphous carbons prepared by different routes can exhibit
different characteristics. For example, carbons prepared by evaporation or by
condensation of 10-50 eV ions or by bombardment of vacuum-deposited films by
1 keV to I MeV argon ions or carbons produced from molecular precursors,
while all being amorphous, many have different macroscopic and structural
properties. The possibility exists, therefore, that the ratio of 3- and 4coordinated atoms may vary with preparation conditions. Stenhouse and
Grout [6] have shown that the X-ray scattering from evaporated amorphous
carbon can be simulated by ordered trigonal regions within a tetrahedral
random network. Bewilogua et al. [7] also suggest a mixture model to explain
the (different) diffracted intensities observed in films prepared by condensation of ionised molecular species.

Germanium
Recently, Hetherington et al. [8] have reported neutron scattering to
high values of Q (= 4usin8/A) - 232 nm

. These measurements provide a valu-

able addition to the existing X-ray information on a-Ge which can be considered a prototypical amorphous solid and has, therefore, been the subject
of considerable attention by model builders. The local structure of a-Ge and
Si appears to be substantially tetrahedral as in the crystalline solids. The
evidence is not totally convincing, however, since most of the measurements
by X-ray, electron and neutron diffraction indicate firstneighbour

coordina-

tion numbers which are somewhat less than 4. The evidence of Hetherington et
122

al. should perhaps be given greater weight on the grounds of high real space
resolution: here a coordination number of 3.68 is measured. It is suggested
that the low value indicates the presence of broken bonds surrounding voids
in the vacuum-evaporated material.
Although the local structure is defined (with the qualification noted
above), the medium-range structure of amorphous tetrahedral solids is still
the subject of some debate. Several continuous random network models have
been constructed with different ring statistics and RDFs compared with experiment. Any possible ambiguity which might have arisen from the low Q
value of earlier X-ray data [9] has been removed by the newer neutron measurements. These agree substantially with the previous data, apart from some narrowing of the first peak at 0.245 nm and the presence of minor ripples on the
fourth peak near 0.7 nm. Hetherington et al. [8] have also compared each of
the CRN models with their data Fig. 3 using appropriate broadening functions
to simulate thermal and termination broadening. They find that none of the
models gives an accurate representation of experimental data - many exhibit
too much structure at high-r values and all have an anomalously sharp second
peak at 0.4 nm. This indicates an inadequately broad distribution of Ge bond
angles and it seems unlikely that this is an artefact of the forcefield used
in 'relaxing' these random network structures, and is therefore the result
of an intrinsically incorrect choice of network topology. Similar problemes,
with models for amorphous silica were discussed earlier.
X-ray and electron scattering data provide no indication of essential
topological differences in pure Ge films prepared by different techniques. The
results of Temkin et al. [9] for evaporated films deposited at substrate temperatures (T ) of 150 C and 350 C are essentially equivalent. Differences
are, however, observed by EXAFS. Evangelisti et al. [10] have studied the
structure of amorphous germanium films deposited by evaporation onto {111}
silicon substrates as a function of T , in the range 130-300 °C. At low subs
strate temperatures, the Fourier-transformed EXAFS signal shows evidence of
only the first neighbour peak but for T >I5O °C second- and higher-neighbour
s
shells become discernible. The interesting point is that Evangelisti et al.
believe that the growth in intensity of the second-neighbour peak is a
continuous function of T . They interpret this evidence in terms of a model
in which ordered microstructures at medium range level grow in size as T ins
creases. It is not clear what information could have been extracted by diffraction experiments however: these are not quoted by the authors, so that
the possibility of partial crystallisation by a normal nucleation process
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m
cannot yet be excluded, although this seems somewhat remote. The evidence of
Evangelist! et al. receives some support from high resolution electron microscopic examination of a-Ge films deposited onto rock salt substrates with T
in the range 250-400

C [I]. Some evidence for a continuous transition from

an amorphous phase through multiplytwinned structures to a polycrystalline
aggregate is seen.

3. LOCAL STRUCTURE OF AMORPHOUS ALLOYS - THE TRANSITION METAL-METALLOID
GLASSES
The generalisation implied in the previous section, namely the equivalence of the local structure of amorphous elemental solids and that of a
crystalline phase, can also be defended by evidence in oxide glasses,
chalcogenides and so on. In a polyatomic solid the statement can be applied
most rigorously to the surroundings of the small, 'glass-forming' elements;
i.e. those elements around which other species cluster to form local structural units such as SiO, tetrahedra, BO. triangles, AsSe_ pyramids, etc. In
amorphous metallic alloys, the smaller atoms often appear to stabilise the
structure. This is certainly true of metalloids in transition metal alloys
and the question therefore arises, is the local environment of the metalloid
element similar to that observed in corresponding crystalline phases?

3.! Random and *stereochemically-defined* local structures
The question is intimately connected with the alternative models of the
structure of amorphous metals, i.e. random models on the one hand and what
can be described as stereochemically-defined models on the other.
Dense random packing of hard spheres has, historically, been a most influential notion [11] and much of the structural knowledge of monatomic
liquids and amorphous solids has been interpreted in terms of this concept.
For amorphous polyatomic solids the modification proposed by Polk [12] of
smaller atoms occupying 'Bernal' holes in a dense random packed array of hard
metal atoms can now be seen to be only useful in that chemical segregation of
the metalloid element is thereby ensured. Currently more fashionable, are
computer-generated random packings of two or more types of atoms interacting
according to relatively soft interatomic potentials. Essential features of
models of this type appear to be the following:
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(a) In an alloy M._ N , the smaller atoms, N, are predominantly surrounded by M atoms. This has been demonstrated for Co-P, Pd-Si, Pd-Ge,Fe-B and
Ni-B alloys by Sadoc and Dixmier [13], Fukunaga et al. [14], Hayes et al. [15]
and Lamparter et al. [16] and appears to be a general phenomenon in these
materials.
(b) The arrangement of atoms in local coordination polyhedra is essentially random and dictated by geometrical (radius ratio) and compositional
factors alone. There is no preference, energetic or otherwise, for a particular local symmetry or coordination number, so that the average local geometry
becomes a

function of the radius ratio and the concentration of each species.

This fact has been demonstrated by the soft sphere simulations of Janssen et
al. [17] but is often overlooked.
StereochemicaUy-defined models for amorphous solids proceed on the
assumptions which are common to concepts developed for other types of amorphous solids.
(a) One of the possible local configurations of M and N atoms is preferred on energetic grounds or because the packing conserves space.
(b) This arrangement thus represents the dominant coordination polyhedron
over a wide range of concentration and radius ratios thus the coordination
number of the N species is relatively independent of these quantities.
(c) Differences in structure with concentration and the character of M
and N, the distinction between amorphous and crystalline phases, are described by variations in the way local structural units are interconnected.
(d) Exceptional stability of one type of cluster implies a preference
for this structure in crystals also, leading to potential local structural
equivalence of the crystalline and amorphous phases.
The similarities between the essential concepts of models of this type
for amorphous metals and random network models for silicates is obvious.

3.2 Total and partial distribution functions
The discussion of amorphous germanium in Section 2 has demonstrated that
the problem of discriminating between alternative models by comparing the
RDFs derived from the experimental data and from model structures rests on
detailed differences between each function. The radial distribution function
is extensively averaged over all origin atoms in a macroscopic sample, all
orientations, and over n(n+l)/2 pair correlation functions in an n-atom solid.
In order to establish the local coordination sphere of species N it is obvi-
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a
otisly highly desirable to be able to extract the N-N and N-M correlation
functions p..M (r) and p.,u (r) from the total correlation function P(r) obtained in a neutron or X-ray scattering experiment
P(r) - 4itr2p<r) - 4itr2£i:w..p..(r)
ij LJ XJ

(1)

Where W. . » n.f. (Q)/|<f (Q)>| , f.(Q) is the atomic scattering factor for
atomic i and <f(Q)> • n.f. + n.f. represents the scattering factor of an
average unit of composition.
The quantities p(r), etc. are themselves obtained by Fourier transformation of experimental structure factors, S(Q), S..(Q) obtained from the
measured scattering intensities of neutrons or X-rays.
KQ> - |<f(Q)>|2WW..S..(Q)
lj XJ XJ

(2)

By choosing experiments for which the quantities W.. are sufficiently different, it may be possible to extract the separate pair functions in a binary
alloy.
Examples are the following:
(a) By recording three independent sets of scattering data - a combination of X-ray and polarised and unpolarised neutron scattering - Sadoc and
Dixmier [13] have obtained the three partial pair correlation functions for a
cobalt-phosphorus alloy.
(b) Substitution of one element with different isotopes having large
differences in neutron scattering factors has been used to separate partials
in amorphous copper-zirconium alloys [18]. By mixing isotopes of one element
with positive and negative scattering lengths, it is possible to reduce the
coherent scattering contribution of that element to zero. Consequently a
single particle structure factor and RDF is obtainable by one scattering
measurement (in a binary alloy). An interesting recent example is the investigation by Latnparter et al. [16] on a Ni-B alloy with a zero scattering
contribution from Ni. The B-B correlation function thus obtained shows a split
first peak indicating two distinct first neighbour B-B distances. Moreover,
the correlation function continues to oscillate to 1.5 nm and beyond. The
increased information content compared with that derived from total scattering data is noteworthy, demonstrating the advantages introduced by not
averaging over three partial correlation functions.
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(c) Variation in X-ray atomic scattering factors in the region of an absorption band may be sufficiently large to provide an estimate of partial
correlation functions. Copper-zirconium and nickel-phosphorus alloys have
been examined using this technique by Waseda, Masumoto and Tamaki [19] and
iron-boron alloys by Waseda and Chen [20].
(d) Isomorphous substitution of zirconium by the chemically similar
hafnium atom (which contains more electrons) has been used by Wagner and
Lee [21] to obtain partial functions in nickel zirconium alloys.

;
,-;
;

In all these techniques, reduction of the (considerable) errors in the
derived partials will generally represent a severe experimental problem. Extraction of partial structure factors requires a solution of a set of n(n+l)/2
equations such as equation 2 and relatively small experimental errors in I(Q)

.5

-

or in the weighting factors W.. may produce considerable uncertainties in
Conditioning of the solution has been considered by Edwards et al. [22]

',]

and more recently by Livesey and Gaskell [23]. The latter introduce a figure

'i

of merit, T, such that the maximum error in the derived partial structure

j

factors is a factor T times larger than the experimental errors in I(Q) and

1

.;

the weighting factors. Only if the system is carefully chosed are values of T
sufficiently small to yield accurate partials. For example, in the investiga-

'•'?

tions of Co-P and Cu-Zr alloys noted above, values of T range from 30 to 100.

,|

While the question of accuracy in partial functions required to dis-

J

tinguish competitive candidate models requires further investigation, it seems

*!]

likely that to determine first- and second- neighbour coordination numbers to

:'J,

about 15Z (surely a minimum requirement) the partial structure factor should

;

be obtained with better than 27. accuracy. Consequently, for a figure of

•

merit, T, of 10 (a very favourable case) accuracy better than 0.2% is required
in the measurement of the intensity functions.
Since 0.2% accuracy may be at, or beyond, the limit of all but the most

•

highly endowed neutron scattering projects - especially since high real space

v

resolution also requires measurements to high Q (where the scattering in-

.-.<

tensity is weak) - it is necessary to consider experiments in which neutron

. ,'

and X-ray scattering measurements can be complemented by information gained
by other techniques. More specifically, in order to obtain an answer to the
question posed at the beginning of this section it is necessary to collect
information obtained from a variety of techniques and not necessarily even in

;

relation to the same alloy. In order to build up this 'mosaic', we therefore
analyse relevant data from EXAFS, Mossbauer and NMR techniques, as well as
127

neutron and X-ray scattering, and add this to information obtained by more
indirect routes - the structural chemistry of related crystalline phases and
certain macroscopic properties.
There are two features which may characterise the difference between
random and stereochemically-defined models: a) the constancy or otherwise of
the metalloid first-neighbour coordination shell; b) the possible equivalence
of the local and perhaps medium-range structures of glasses and the corresponding crystalline phases.

3.3 The local coordination shell in transition metal-metalloid alloys
The crystalline borides, carbides, phosphides and silicides of those
transition metals which form glasses (Fe, Co, Ni, Pd) are based on a local
structural unit in the form of a trigonal prism centred on the metalloid Fig. 4. This structure persists over a wide range of compositions; structural
differences are incorporated by the extent to which M-atoms are shared between
neighbouring units through shared triangular faces, edges or corners and (as
in the case of Pd,P) the extent to which trigonal prismatic cavities are
empty. Trigonal prisms are also •. und over a relatively wide range of radius
ratios, p *

RM^R*,

from

P *

O>5

5 (Pd-B) to 0.9 (Pd-Ge). The ideal radius ratio

for a distorted trigonal prism is p = 0.53.

3.4 Nearest-neighbour N-M correlations
(a) There is little evidence for coordination of the metalloid by other
than 9 metal atoms. The distribution functions of Sadoc and Dixraier [13] for
Co-.P.- give P-Co coordination numbers of 9.0 + 0.9 and 8.9 ± 0.5 in Pd_,Si ,.
EXAFS data of Hayes et al. [15] for Pd.Ge indicate a coordination number of
8.6. Waseda and Chen [20], using X-ray anomalous scattering find a coordination number of 6.9 ± 0.8 in Fe-B alloys. However, coordination numbers near 9
are observed in these alloys from an extensive analysis of Mossbauer hyperfine
field distributions by Vincze et al. f24] and also by Dubois [25]. The latter
has obtained the boron coordination number over the range F^ggB., to Fe^B.,.
and only finds serious deviations from a value of 9 at the iron-rich end of
the composition range.
(b) The distribution of N-M distances is very narrow, -indicating welldefined local coordination. The standard deviation, o, for the P-Co distribution 113] is 0.008 nm after termination broadening has been subtracted.
A narrow distribution, O < 0.01 nm, is also observed in amorphous Pd.Ge.
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Similar values have been obtained by Abd-Elraeguid et al. [26] for the Fe-B
distance distribution in iron-boron alloys from the pressure dependence of
the

Fe hyperfine field distribution. These values are comparable with the

distribution of firstneighbour distances

in amorphous silicon and germanium.

(c) The Si-Pd distribution is somewhat broader in Pd o ,Si,,, but this
presumably reflects distortions observed in the trigonal prism which are also
seen in the crystal lattice. Gaskell [27] has shown that the first neighbour
P-Co and Si-Pd distributions have different shapes in the amorphous alloys
and reflect differences seen in the two crystalline phases - Fig. 5.
(d) Panissod et al. [28] have shown that the local symmetry of the metal
atom shell surrounding the

B atoms in M o 7 0 B 3 0 , Mo,_Ru 3 2 B 2 0 is essentially

different from that in Ni-.P.^Bg. The symmetry of the metalloid site is probed
using spin-echo NMR spectra and estimates derived of the quadrupole constant,
V , and asymmetry n- The magnitude of these quantities varies with the local
symmetry and is found to be cylindrical in the case of the molybdenum borides
and 'nonuniaxial'

for the nickel alloy. In each case the local symmetry is

equivalent to that for a crystalline alloy - Ni.B (orthorhombic) for the
Ni-P-B alloy and Mo-B (tetragonal) for the molybdenum borides. The Ni,B lattice is based on packed trigonal prisms (cementite Fe,C lattice) whereas boron
in Mo_B is surrounded by 8 molybdenum atoms at the corner of the square antiprism. However, since the Fe-P structure is also tetragonal, the NMR results
vould be consistent with this type of structure also (and would be favoured
on the grounds discussed here).
(e) For Fe-(P,B) alloys with a B:P ratio less than 0.5 the stable crystalline form is Fe_P otherwise Ti_P. The composition-dependence of the Curie
temperature of both crystalline and amorphous alloys show breaks corresponding to the transition between the two types of structures [29]. These data
suggest that the local (and probably the medium-range) structures of amorphous and crystalline alloys are equivalent.
(f) The density of amorphous transition metal-metalloid glasses over a
wide range of compositions can be explained in terms of a model with metalloids occupying trigonal prismatic sites which are dilated in proportion to
the amount by which the radius ratio exceeds that for an undistorted trigonal
prism (p - 0.53). There is no evidence for any other coordination polyhedron.
The arguments presented above are, of course, individually weak; taken
together they present a case which, if not wholly convincing, demands serious
attention. Until further evidence for or against is adduced it seems reasonable to work with the hypothesis that the structure of amorphous transition
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metal-metalloid alloys over the composition range near the eutectic can be
represented as packed trigonal prisms which are linked in the manner of the
corresponding crystalline phases.

3.5 Compatibility of local and medium-range structures
One further question needs to be settled before the local structure can
be considered to be established: it must be demonstrated that,local units can
be packed together to fill space and reproduce the observed density and
measured neutron and X-ray scattering data. Gaskell has produced a model for
Pd-Si alloys in which trigonal prisms are edgelinked in the manner observed
in the Fe,C cementite structure but with randomly-chosen edges (.Fig. 6). This
model, when relaxed using a Lennard-Jones potential gives a good representation of the observed density, the total structure factor, and RDF and also
the partial correlation functions of Sadoc and Dixmier - fig. 7a. It has also
been shown that this type of interconnection does not give a good representation of the corresponding functions for cobalt-phosphorut and it is possible
to advance arguments to show that a model based on the packing of prisms
around tetrahedra (Fig. 7b) might be more appropriate. If this is so, then
the local and medium-range order may be equivalent in crystalline and amorphous forms.

4. LOCAL STRUCTURE OF AMORPHOUS TRANSITION METAL ALLOYS
A smaller amount of effort has been devoted to amorphous alloys of two
or more transition metals, even though in many ways they present more scientifically interesting questions. A convenient way ox expressing compositional
short-range ordering is i.o express the total structure factor in terms of the
partial structure factors introduced by Bhatia and Thornton [32]. For a binary
alloy:
S(Q) - — j ~ [<b>2SNN(Q)+2(b)-b2)<b>SNC(Q) + (b1-b2)2Scc(Q)]
<b >
where b. etc. are scattering lengths.
Sj_, represents the topological order and S__ the chemical order - the
latter clearly being mere important in this context - for a recent review see
Chieux and Ruppersberg [33]. If there are no distance-correlated compositional fluctuations, then SC_(Q)« x(l-x); otherwise it oscillates around this
value. The .quantity may be Fourier-transformed to:
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sinQrdQ

and 4trr pn~(r) has been termed by Ruppersberg and Egger [34] the radial concentration-correlation function (RCF). This is positive at distances for AA,
BB pairs and negative for preferred AB correlations.
The Warren-Cowley [35] short-range parameters are obtained by integrating
over a shell of radius r, and thickness 2c.

Pcc(r)dr

-

V

E

where N, is the total number of atoms in the ith shell.
At before, the Bhatia-Thornton partials can be obtained by three separate
experiments (in a binary system) but the accuracy to which S_c may be determined is often poor. However, if one elemental component has a negative
scattering length, S_r is obtained with good accuracy and for an optimum
CO
concentration, the sum of the three partials reduces to S__.
Sakata, Covlam and Davies [36] have used the negative scattering length
in titanium to obtain the RCF in a-CuTi alloys. Figure 8a,b shows the X-ray

-I

and neutron scattering respectively with a noticeable 'prepeak* at Q - 19 nm
in the neutron data only. The separation into density and compositional components, S,_, and Srr

{Fig. 8c) indicates that this prepeak is associated with

a maximum in Sc_. The same authors have recently shown that this peak, and
therefore chemical ordering, exists also in the liquid alloys [37]. The RDF
(from X-ray) and RCF are shown in Fig. 8d and e. Since the RCF oscillates
about zero over the region of the first peak this is some evidence for a
preference for like atoms at short distances and unlike pairs at longer distances. This point is confirmed by EXAFS investigations of Raoux et al. [38]
on an alloy of a similar composition, Cu.Ti. They have measured the EXAFS
spectrum at both the copper and titanium K edges, the former being the more
interesting. The first peak of the X-ray derived RDF can be fitted by a sum
of three peaks Fig. 8f which in position, coordination number and breadth,
fit the EXAFS data also.
This investigation reveals the considerable power of combining scattering techniques which give accurate total pair distributions and EXAFS which
gives information on partials.
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In the example above, the investigation was limited in its scope since
the titanium K-edge EXAFS spectrum was relatively featureless due to the
cancellation of oscillations corresponding to Ti-Cu and Ti-Ti distributions.
A more interesting example of the synergistic interplay of EXAFS and scattering data comes from recent work by Sadoc et al. [39] who have studied amorphous Ni.Y and Cu.Zr- by both techniques. Concentrating on the latter material, the EXAFS data was first fitted using a series of single Gaussian
peaks. This provided an inadequate representation and, moreover, some disagreement with X-ray data. The measurements for both copper and zirconium
edges were therefore fitted with a model consisting of a number of split
shells. The Cu-Cu and Zr-Cu distributions obtained by simultaneously fitting
the EXAFS spectra at both edges with the observed X-ray and neutron scattering data [18,40,41] are shown in Fig. 9, together with the distribution observed in Mi |Q Zr- which is considered to be isostructural to Cu.Zr, (for which
atomic coordinates were not known).
Considerable similarities are evident especially in the distribution of
unlike atoms. The detailed results also show evidence for the preferential
clustering of unlike atom pairs in the nearest-neighbour shell. A model based
on the random distribution of copper and zirconium atoms gives poor agreement
with the coordination numbers determined by EXAFS.
In parenthesis it should be mentioned that, while the potential of EXAFS
is high compared to neutron scattering as the previous results indicate - the
method is still underexploited. The reason is the present inadequacy of theory
to treat the low-k data. Effectively, the first three peaks of the (neutron)
structure factor are ignored in EXAFS. The high-k part of the spectrum gives
details principally of the first peaks in real space. Recently, Durham et
al.

[42] have demonstrated that the information content of the near-edge

spectrum is high and can be used to extract information on triplet correlation functions in model clusters.

5. LOCAL STRUCTURES IN OXIDES AMD CHALCOGENIDES

5.1 Investigations by NMR
The extensive series of investigations of the structure of borate
glasses by Bray and co-workers is reported elsewhere in this volume. Briefly,
Bray [43] and Yun and Bray [44] have shown that

B NMR results are capable

of giving precise quantitative data on the fraction of boron atoms existing
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in 4-fold and 3-fold coordination. The distinction can also be made between
boron atoms which are symmetrically, trigonally coordinated by three bridging
or non-bridging oxygens and asymmetric borons with one or two non-bridging
oxygens. It is therefore possible to build up a rather complete picture of the
various groups of atons that are present in borate glasses as a function of
composition and to confirm a general model of Krogh-Moe [45] in which the
various structural groups (also observed in crystalline borates) are connected
in a continuous random network.
In crystalline silicates and aluminosilicates, high resolution 29Si Mflt
studies using high-speed 'magic angle' spinning and proton decoupling has
allowed a discrimination of silicon sites with 0-4 non-bridging oxygens [46].
Similarly, determination of aluminium-silicon ordering in synthetic seolites
- that is, the number of aluminium atoms surrounding a given Si - has been
accomplished (rather clearly) by this technique [47]. Prospects for similar
studies on amorphous silicates and aluminosilicates appear promising therefore .
Rubinstein and Taylor [48] have studied amorphous and crystalline As.S.
and As.Se. by NQR and have confirmed the presence of AsS(Se), pyramidal units.
They have also measured the distribution of the apex bonding angle. More recently Szeftel and Alloul [49] have measured the asymmetry parameter n (ace
paragraph 3.4(d)) in these materials and two arsenic tellurides. They show
that data for the sulphides and selenides are consistent with a majority (two
thirds) of symmetric pyramids of arsenic atoms. These are distinguishable
from the distorted pyramids observed in the crystalline form (orpiment); distortions being the result of edge-sharing between pyramids. However it is
necessary to add a contribution of about 40Z of atoms with very large asymmetry (larger than the distorted atom of orpiment) to give an acceptable fit
to the spectrum. These authors interpret their data in terms of an open
corner-linked random network model rather than one which contains vestigial
orpiment-like sheets of As and S atoms. This conclusion is questioned by
Phillips et al. [50] who propose that the asymmetry parameters, in fact,
support an 'outrigger raft' model for arsenic sulphides and selenides which
is based on coupled fragments of the orpiment structure with some direct S-S
bonding.
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5.2 Mossbauer spectroscopy
Somewhat similar results are obtained by Bresser et al. (5)] who have
found two distinct chalcogenide sites in GeSe.,. The average field gradient
129
I Mossbauer
129
emission spectroscopy by doping glassy Ge(Se,S)_ Te alloys with
Te atoms.
and asymmetry parameter, n, of the EF6 tensor were measured by

The resulting spectra were found to be fitted by a two-site model even in
stoichiometric GeS, and GeSe-* This evidence is interpreted in terms of the
model for GeSe- proposed by Phillips and co-workers [52] in which S and Se
atoms are bonded primarily tetrahedrally to Ge and therefore acting as cornerlinking atoms, but with a fraction of S-S or Se-Se primary bonds.

5.3 Differential anomalous X-ray scattering
Recently Fuoss et al. [53] have extended the potential of anomalous X-ray
scattering techniques for obtaining more detailed information from partial
pair distributions by using monochromatised X-rays from a synchrotron source
to tune to energies near absorption edges where the atomic scattering factors
show relatively large changes. Scattering has been measured at both the Ge and
Se K-shell absorption edges in GeSe and GeSe,. In this way it has been possible to obtain RDFs which are the sum of two rather than three partials. Thus
at the Ge edge, since the Ge scattering factor alone is changing significantly
with energy, the difference between two spectra measured at different energies
provides a weighted sum of Ge-Ge and Ge-Se correlation functions. Differential
RDFs for the two materials are shown in Fig. 10. Coordination numbers obtained
fron these data indicate that GeSe. can be considered as a mixture of germanium predominantly surrounded by four Se atoms, but that in GeSe there is
some evidence for trigonal coordination at both Ge and Se sites. Therefore
the structure is in this regard similar to that observed in crystalline GeSe.
This result supports earlier investigations' by XPX, UPS and Raman spectroscopy
and agrees also with the conclusions of recent model-based calculations of th.e
electron density of states [54].

5.4 Cations in oxide glasses
Several times in this review, it has been established that the local environments of the glass-forming elements appear to be well-defined and correspond to those found in the crystal. In the Warren-Zachariasen model, the
network-modifying atom, e.g. Na, K, Ca, Mg, are thought to occupy cavities in
the network: the cation surroundings therefore being random. The similarity
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between this notion and dense random packing is obvious. Until recently, the
environment of the network-modifying elements has been difficult to examine.
The extensive series of careful investigations by Urnes and co-workers [55]
using isomorphous substitution has allowed some details to be determined and
mean distances from silicon and oxygen to the cation have been established.
The problem is difficult, of course, since in a triatomic glass six partial
distribution functions need to be specified. The potential of a more direct
method has recently been established by Greaves and co-workers [56] by
measuring the EXAFS spectrum with the network-modifying ion as the absorber.
Specifically, the K-shell absorption spectra from Na in several silicates and
borates have been recorded. As an example the distribution function obtained
by Fourier transformation of the data for glassy sodium disilicate is shown
in Figure 11. The mean Na-0 distance, 0.23 nm, and coordination number, 5,
agree with those found in the crystalline disilicate, suggesting (again) that
the local structure is well-defined and not random.

6. CONCLUSION
It is difficult to escape the verdict that the local structure of a
subset of atoms in glasses and amorphous solids is: (a) well-defined, with a
narrow distribution about the mean and (b) equivalent to that found in crystals. This principle appears to hold not only for the classical 'networkforming' atoms in oxides but perhaps also for the network modifiers and
(with more certainty) to the metalloids in transition metal-metalloid glasses.
There is also some evidence that metal-metal glasses are, to some extent,
chemically ordered. Moreover, some have equivalent structures to the crystal
but the underlying structural principles are less clear here. Lastly, the
weight of evidence is now firmly on the side of stereochemically-defined
structures in chalcogenides.
This conclusion raises some problems, however. Why should the local
structure in glassy and crystalline solids be equivalent? For a model in
which order extends into the medium-range of structure, the question raises
no difficulty of course. Locally ordered units up to, say, 2 nm in diameter
would presumably form with a local structure similar to the crystal for
energetic reasons. In covalent glasses - silicates, borates, chalcogenides directional bonding leads to a natural preference for a local organisation
which incorporates tetrahedral and trigonal bonding. He can assume that the
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energy of the structure is minimised by a tetrahedral cluster and the
variability of the bridging oxygen angle in silicates, for instance, indicates only a small variation in energy with network topology.
It is not clear that a similar principle can apply to the amorphous
metsls or to alkaline or alkaline earth cations in oxides. For example, no
obvious scheme of directional bonding will stabilise m trigonal prismatic
arrangement of iron atoms around boron. In the crystalline transition metalmetalloid alloys, it seems that trigonal prismatic coordination represents a
compromise between the requirements of closepacking for the metals and the
need for space to insert metalloids. Dubois has recently re-emphasised this
point and has stressed the importance of this concept for amorphous alloys
also. Consequently it may be that the essential principle underlying the local
structure of amorphous metals is one of conservation of space - and therefore
efficiency of packing (and this principle seems plausible for the oxides
also). It remains to be seen whether a packing principle appropriate for
materials with three-dimensional periodicity can be shown to lead to stable
structures appropriate to the glassy state also.
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I. Possible structures for glasses of (approximately}
disilicate compositions.
A two-dimensional representation of the SiO- _ unit
2 . (3-con5
with three bridging oxygen atoms per silicon
nected).
b) A positionally disordered assembly of such units with
perfect compositional ordering.
c) Spatially segregated regions of 2- and 4- connected
silicon atoms.
d) A random mixture of 1-, 2-, 3- and 4-connected units.
t)

Xn (b-d) the chemical short-range order (measured by the
distribution) O/Si is perfect. Variations in composition
in local regions of relatively large (c) and small (A)
dimensions indicate the .?etu to define compositional
ordering on the scale ol th*t medium-range structure.
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Fig. 2. Comparison of experimental and computed -neutron scattering date for a-SiOy. The lower curve is the experimentally-derived neutron R.D.F., T(r) of Wright and
Sinclair [57], The remaining curves are values calculated
from four random network models and one polytetrahedraI
model (PT). For details see [1-2]
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Fig. 4. Trigonal prismatic packing of transition metal atoms (large circles)
around a metalloid atom. This unit is found in many crystalline
alloys with some variation in edge-sharing as shown for the Fe^C
structure (centre) and Pe^P (right)
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Fig. 5. comparison of the properties of the first-neighbour
metalloid-transition metal distributions in crystalline and amorphous alloys. Bar charts represent the
distribution of first neighbour distances (right-hand
ordinate) in crystalline Pd-Si (Fe,C) and Fe.P lattices
as a function of reduced interatomic distance r/r
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to

Fig. 6. Schematic representation of random trigonal prismatic packing in which neighbouring
units exhibit the type of edge-sharing found in Fe C lattices. Shared edges are
chosed at random thus producing a disordered structure. For clarity only one metal'
loid atom is shown. A 542-atom physical model built in this way and subsequently
energy-minimised has been used to simulate the properties of Pd-Si glasses [3l]

Fig. 7
Partial pair distribution function for
Pd4Si (a) and Co^P (b)
calculated for the
model baaed on random
packing of trigonal
prisms (dotted lines)
compared with the ex- .
perimental data (solid)
lines) of Sadoc and
Dixmier [t3]

10

143

S(Q)

(d)

2 3 4 5 6 7 8 .
Radial distance r in A

S(0)

(b)

6 8

.tnA*4P'

(e)

0 1 2 3 4 5 6 7 8,
Radial distance r in A

5(0)

(f)

25

30
R(A")

Fig. 8. x-ray (a) and neutron structure factors (b) for
a-Cu5gTi42
after Sakata et al. [36]. Separation into Bhatia-Thornton
partials Sm and Sc<, (dotted) is shown in (c). Fourier
transforms of the X-ray data (giving the nucleus-nucleus
correlation function) and of SCC<Q) giving the radial
concentration correlation function are shown in (d) and
(e). Note the oscillation in the latter function aver the
region of the first (X-ray) peak indicates a preference
for like atoms at short distances and unlike atoms at
longer distances. This is confirmed bg EXAFS results (f)
of Raoux et al. [38] which are analysed in terms of a
Cu-Cu peak at 2.53 8, Cu-Ti at 2.77 9. and a Ti-Ti peak at
3.15 %.
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Fig. 9. a) Comparison of the Cu-Cu pair distribution function
in a-Cu Zr2 with the Hi-Ni distribution in c-NiJOZr?
(believed to be isostructurai with the corresponding
crystalline Cu-Zr alloy).
•b) Zr-Cu distribution in the glass compared to the Si-Zr
pair distribution in c-Ni,_Zr_ (after Sadoc et al.
10
7
139)).
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(a)

(b)

Fig. IO. a) Differential anomalous scattering (DAS) for a-GeSe
(a) and a-GeSe3 (b).
b) Radial distribution functions! solid curves give
coordination of Ge atoms while dashed curves give
corresponding data for Selenium (after Fuoss et al.
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The damage and amorphlzatlon of Implanted silicon Is reported.
The results of backscatterlng measurements (RBS) are presented
and compared with results of optical measurements and EPR Investigations. At low implantation temperatures the amount and
depth distribution of damage can be described by the energy
deposited into nuclear processes. If the implantation temperature is increased the damage profiles and the type of defects
are changed by annealing processes. The results for silicon are
compared with those obtained for ion-implanted GaAs. For optical
materials, such as LiNbO, and SiO- there is a pronounced difference between the results from RBS and those from optical investigations. The damage measured by RBS saturates at a relatively low dose whereas the refractive index and other properties (e.g. density, etching rate) still continue to change their
values for higher doses considerably.

1. INTRODUCTION
In the past in a large number of papers the interest in the
investigation of the damage and amorphization mechanisms during
the ion implantation process has been manifested [1-16], Especially in the case of heavy ion implantation the nature of the
produced damage is rather complicated. The wide spectrum of different lattice defects involves simple point defects, small defect complexes, but also heavily damaged clusters or amorphous
regions respectively. These defects are the result of a lot of
interaction processes between the implanted ions and the host
atoms of the crystal, which are determined by the totality of the
implantation parameters. Therefore a description of the damage
and amorphization process and its parameter dependence has to be
connected with simplified model considerations.
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Nuclear methods [17] as Rutherford backscatterlng spectroscopy (RBS) in connection with channeling techniques, nuclear reactions, Mdssbauer spectroscopy, positron annihilation, perturbed angular correlations of nuclear radiations and others
provide a versatile tool concerning the structure and quality
of implanted layers. For the application of implanted solids the
physical properties (electrical, optical, mechanical etc.) have
to be investigated. Information about the optical p'roperties can
be principally obtained by the measurement of transmission and
reflection of light [18] or by ellipsometry [19].
In this paper a comparison of the results of RBS and optical transmission and reflection spectroscopy is given for some
materials (Si, GaAs, SiO 2 , LiNbO,) implanted with ions under
different conditions (ion mass, fluence, temperature).

2. EXPERIMENTAL METHODS
2.1 RBS and channeling
The experimental arrangement is schematically shown in
Fig. l. A well collimated beam of charged particles (He+,p) from
an accelerator is made to bombard a single crystal, which is
mounted on a two- or three-axis goniometer. Particles scattered
from the target atoms under large angles (150-170°) axe detected
by means of a solid-state detector and are energy-analyzed. The
beam current is monitored and integrated to measure the charge.
Secondary electrons are suppressed by a negatively biased Faraday
cup. Typical energy spectra which illustrate the damage In an
ion implanted crystal are shown in fig. 2. The energy scale can
be converted into a depth scale. The random spectrum is obtained
for beam directions which do not coincide with low index axises
or planes of the crystal. When the beam is aligned to an axial
or planar direction the channeling effect reduces the backscattering yield for an undisturbed crystal to about 2-5% (spectrum
X^tt)). In damaged crystals host atoms are in off-lattice positions and cause dechanneling (represented by x R (t)) and direct
backscattering by which the aligned yield Is increased (spectra
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X 2 (t)). Xi(t), x2(fc) a n d X R ^ ) a r e normalized yields (i.e. the
aligned yield divided by the random yield.).
When the disordered atoms are randomly distributed, the
depth distribution of the defect concentration N'(t) can be calculated by an iterative method [20] according to the two beam
model of Bfrfgh [21]:
X 7 (t)-x R (t)

VxR(t)
where

X R (t) = X x (t) + [l-x-^tHPft)

(2)

is the random fraction of the analyzing beam, N is the number
3
and P(t) the probability for the defect

of lattice atoms per cm

induced dechanneling at depth t. P(t) has to be calculated in the
framework of a multiple scattering theory [22,23]. From N 1 (t) the
maximum value of the defect concentration N*

and the total

amount of defects
t
N* = f N'(t)dt

(3)

o
can be obtained.
Generally, it is assumed that amorphization of the crystal
exists when the aligned yield of backscattering spectra comes up
to the random value ("random criterion"). But this criterion
have to be used very carefully because random values for the
aligned yield can be also obtained for polycrystalline layers,
if the size of the crystallites is smaller than the beam diameter, for samples with near order, and for heavily damaged
layers in which the disordered atoms are not randomly distributed
across the channels. The latter was found for the implantation of
very light elements by which a lot of vacancy-like defects are
produced.
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2.2 Optical transmission- and reflection spectroscopy
The generation of defects by ion implantation of solids influences the^r optical constants n - n-ik (n - refractive and
k - absorption index). Thereby the optical transmittance and
reflectance of the implanted layers will be changed and in the
transmission and reflection spectra interferences appear. From
the absorption index k the absorption coefficient K. is obtained
by

i?*

(4)

where A is the wavelength in vacuum.
For a single layer (i.e. n is constant through the implanted
layer) an average absorption coefficient can be calculated from
transmission spectra using the formula for the transmission of
plane-parallel samples [24]. The refractive index can be determined by evaluating the position of interference extrema in
transmission and reflection spectra taking the thickness d of
the implanted layer from other measurements (e.g. energy-rangerelations, RBS results).
In several cases the change of the absorption coefficient
near the band-edge, the near edge-absorption, is representative
for the influence of damage on the optical properties [16 ]. Information about special point defects is obtained if the point
defects cause individual absorption bands (for instance the
divacancy in silicon at A. * 1.8 u m ) . In most cases the assumption of a single plane parallel layer of thickness d and with
average n, in the case of ion implanted samples is much too
simple to solve this problem [7*10,25]. A two layer system considering also the influence of the underlying substrate, in the
case of highly damaged layers gives much better agreement between
calculated and measured spectra [26,27].
A more realistic treatment of implanted layers is the calculation of the transmission- and reflection-spectra in the
framework of a multi-layer-model with different thicknesses d^
and changes An. of the optical constants of the single layers
relative to the bulk material value n [28]. By variation of An.
and d. the measured transmission spectra T(\) and reflection
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spectra R (A.) can be fitted. Typical results for B -implanted
silicon are represented in Fig. 3 and Fig. 4. Fig. 3 shows the
approximation of damage profiles (RBS) by profiles of the optical
constants (step functions) supposing

An(A)

is the maximum change of the complex refractive index.

For high dose implantation An (A.) exhibits the difference between
the optical constants of amorphous and crystalline silicon. The
f. corresponds to the fraction of amorphized silicon in an incompletely amorphized sample. Applying the multi-layer-model and
taking into account the dependence of the refractive index n and
absorption index k on the wavelength, the transmission and reflection spectra were calculated by means of a computer programm.
In Fig. 4 the experimental transmission spectra are compared
with the theoretical curves calculated with the assumption of
identical profiles for An and Ak which correspond to the RBS
profiles (see Fig. 3). From the figure it can be seen that for
the three different fluences (5 x 1 0 1 5 B + cm" 2 , 5 x 1 0 1 4 B + cm" 2
i

14

and 3 x 1O

B

—

«

cm" ) there is a good agreement between the ex-

perimental and theoretical results especially for greater wavelengths. For the lowest implantation fluence near the absorption
edge a noticeable deviation between the curves is found. A better
agreement between theoretical and experimental curves could only
be obtained, if different profiles for An and Ak are assumed.
This may be caused by the effect that for small defect concentrations especially point defects and simple defect clusters are
produced, which have a stronger influence on the absorption index than on the refractive index.

3. APPLICATIONS
3.1 Silicon
For electronic devices silicon is the most important material. Because some of the technological processes for the
production of LSI circuits includes ion implantation, many pa-
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pers deal with the problems of damage and amorphization of silicon.

So we have today the best understanding of the kinematics

of the damage and amorphization processes in case of silicon
crystals.
The amorphization process of silicon can be investigated by
the measurement of the EPR line at g = 2.006 which is considered
to be characteristic of amorphous regions [14,29]. Commonly it is
assumed that the intensity of this EPR line is directly proportional to the amount of amorphous silicon present in the implanted layer [30].
A comparison of the results obtained by RBS, EPR and optical
methods is given in Fig. 5 for the implantation of Ar -ions at
Tj = 80 K and P + -ions at Tj = 300 K. For Tj. = 80 K the EPR results and the maximum values of the defect concentration N'

.

ntcix

measured by RBS, agree very well. So we can assume that in this
case N'

is also essentially determined by the amount of amor-

IuciX

phized silicon in the implanted layer. In the case of higher implantation temperatures (T_ = 300 K) there is a distinct difference between the EPR- and RBS-results. The reason for this will
be considered later.
At first we will discuss the amorphization process at low
implantation temperatures, that means at temperatures where
transformations of defects and defect-clusters do not take place.
In Fig. 6 for B -implantation at T. = 8O K the depth dependence of defect concentrations N"(t) is shown as a function of
fluence n T - A comparison with the corresponding depth distribution of induced change of the refractive index An(t) reveals a
very good agreement for higher fluences. For lower fluences (see
14
-2
for instance n_ = 3 x 10

cm

) tails of An(t) extend to some-

what larger depths. The reason for this tails is not yet completely clear. It is possible that they are caused by elastic
lattice strain.
The principal shape of N'(t) remains nearly the same for increasing fluence until the critical concentration for amorphiza14
-2
tion N'* is reached at nj~6.5 x 10
cm . A further increase of
the fluence yields a broadening of the amorphous layer as well to
the surface as to larger depths. Also in Fig. 6 the depth distribution of the energy deposited into nuclear processes
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d E (t)/dt for 150 keV boron in silicon [31] is drawn in. The
agreement with N*(t) is pretty good for defect concentrations
smaller than N'*. As demonstrated in Fig. 7a it is possible to
exhibit the dependence of the defect concentration N'
on ion
mass and fluence by the total energy deposited into nuclear processes n T x (d E /dt)
. Independent on ion mass amorphization
is obtained at a critical energy density ED* * 5.5 x 10
eV cm" .
Using this value ED* the broadening of amorphous layers with
further increasing fluence (i.e. increasing amount of
n, x (d E /dt)
) can be described by means of its depth dis•X

v

A

ITIctX

tribution as seen in Fig. 7b.
For low implantation temperatures the dissociation of the
defect clusters around the tracks of the individual ions is prevented. In this case we can explain the formation of the amorphous phase within the implanted layer by the overlap of single
defect clusters. A such overlap damage (OD) model was established
by Gibbons [32]. By this model the fraction of amorphized material of the implanted region is given by
A

/ m

A

\k=o

o

(A

n )
Km

k

-An

\

I

/

where A.: medium area damaged by one ion (projected to the
surface)
m: overlap number (m + 1 ions in the same region are
necessary to produce amorphization)
The results obtained Jby means of this model for different
ion species are summarized in Fig. 8. One can see that for a
fixed ion species nearly the same increase of the experimental
values {Fig. 8a, EPR: N e ( n _ ) ; Fig. 8b, RBS: N'

(n_); Fig. 8c,

optical spectra: An m = v (n T )) with fluence is obtained. The exntcix

x

porimental curves can be fitted by model curves having the same
overlap numbers. The good agreement of the EPR, .RBS and optical
values means that as well the damage, measured by N*

, as the

ntcix

change of the refractive index An are essentially caused by the
progressive formation of amorphous regions. But the lateral extent A. of the produced damage regions (Fig. 8a and 8b) i3
always larger than the extent of the "cores" of the damage
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clusters causing essentially the refractive index change (Fig.8c),
Fig. 8b shows that the results of the RBS measurements of B -,
N + -, P + -, Ar + -, A s + - and Sb+-ions can be fitted by OD model
curves with overlap numbers between 2 and 4. The number of ions
which are necessary to form an amorphous region increases with
decreasing masses of the implanted ions. This seems to be a
reasonable result, although the scatter in the data is too large
and the model too simple (no internal structure of 'the damage
cluster) to confirm this.
From the OD model an average diameter d^ corresponding to
the area A. can be estimated. The values are listed in the following table.

m

B

N

4

4

P

Ar

As

Sb

3

3

2

2

65O

700

830

1000

•i

140

dt [8]

13.4

270
18.5

28.8

29.8

32.5

25.7

From these results two important conclusions can be drawn:
1. In the investigated ion mass region amorphization is
always caused by a manifold overlap of damage clusters, that
means for amorphization a predamage is necessary.
2. The diameter of the damage clusters is in the order of
the diameter of damaged regions found by TEM investigations [33J.
Let us now consider the results obtained for ion implantation at higher temperatures, i.e. at temperatures at which the
clusters dissociate and defects are to be transformed during the
implantation process. At which temperature this occurs depends
on the ion mass. For very light ions as boron defect transformations could be found for Tj = 150 K already. So for boron
T_ = 150 K is a "high" temperature, accordingly.
With Increasing implantation temperature the produced defect concentrations are reduced. The reason for this are annealing processes during implantation. As can be seen in Fig. 9 it
is not possible to exhibit the dependence of N m a x on fluence and
ion mass by an universal dependence on the energy deposited into
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nuclear processes. Considering a fixed value of n..(d

E

v/dt)max

in

Fig. 9 in comparison to Tj = 80 K the reduction of defect concentration due to annealing is nearly the same increasing the
temperature to 200 K for B - or to 300 K for Ar -implantation
I respectively, to 300 K for B - or 500 K for Ar -implantation).
Vfr, this we can conclude that the annealing process during ion
--.•:>r".antation at higher temperatures strongly depends on the ion
mass and implantation temperature.
The amorphization process at higher implantation temperatures can be only studied by the EPR method because this is sensitive to the amount of amorphous silicon. The EPR measurements
show that the annealing of damage at higher implantation temperatures yields to a reordering of defects. The results for Sb - and
P+-implantation at Tj = 300 K are plotted in Fig. lo. The best
fits of the data in the framework of the OD model are given by
m = 0, A. = 400 8

for Sb -implantation and m = 1, A. = 75 8

for

P -implantation.
The diminution of the overlap number and the decrease of the
dimension of the damage clusters are in agreement with the outdiffusion model [34]. In the case of Sb -implantation total amorphous clusters are created and for the complete amorphization of
the implanted layer no overlap of damage clusters is necessary.
In case of P -implantation very small cluster "cores" are formed
and amorphization is provided by overlapping of two cluster
"cores".
For the implantation of B -ions at T T = 30O K no trace of
the EPR line with g = 2.OO6 was detectable up to the highest ion
fluence n T = 1 x 1O

cm

Now we will discuss the connection between defects and
physical properties. To get a clear picture we will do that for
one ion species, namely boron.
The results are put together in Fig. 11.
In the case of low implantation temperature (TT = 80 K) the
increase of defect concentration N'

with ion fluence (Fig. lia)

is in good agreement with the increases of refractive index
change An

(Fig. lib) and the concentration of paramagnetic

centres N g (Fig. lie). The line width of the g = 2.006 EPR line
approaches its minimum value for total amorphization (Fig. lie).
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Consequently, the damage to which the channeling technique is
mainly sensitive and also the change of the refractive index
corresponds to the amorphized fraction in the implanted layer.
For completely amorphized layers the physical properties saturate
at: A n V n u n l m p l a n t e d = 0.21, N* = " > " cm"^
At relatively low fluences (~ 10

cm

) point defects are

present (divacancy Fig. 12a, tetravacancy S1-P3 and Si-di-interstitial S1-P6, Fig. 12b). At these fluences there are distinct
changes of the near edge absorption coefficient AK (1.2 \m) and
the electrical sheet resistivity (Fig. 12a and c) .
14
-2
For higher fluences (>10
cm ) the point defects will be
quenched but still there is an increase of the absorption coefficient (Fig. 12a).
In the case of higher implantation temperature we have only
very small values of N _ a x - Because there are no amorphous regions
(g = 2.006 EPR line Is missed), the damage clusters dissociate
completely. Point defects also exists for very high fluences
16
—2
(1 x 10
cm ) . This is connected with an steady increase of the
absorption coefficient. Defect concentrations N'
are detected
max
14
-2
for fluences n_ > 7 x 10

cm

. A t these fluences the quenching

of point defects starts, despite the fact that amorphization
could not be observed. The refractive index change reaches a
value of only 3% even at very high fluences (n^. = 1 x 10

cm" ) .

From the results it can be concluded that the change of
refractive index is strongly correlated with the existence of
amorphous or heavily damaged regions. However, the absorption
coefficient is determined by all the defects existing in the
damaged layers, i.e. by point defects, damage clusters, and
amorphous regions.
3.2 GaAs
The implantation of ions into GaAs generate radiation damage
which also causes changes of optical properties [35,38]. The
circumstances are similar to those for silicon„ The refractive
index is mainly changed by amorphous regions and heavily damaged
clusters and the absorption coefficient is influenced by all
types of defect centres. In amorphized GaAs a change of the re-
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tractive index of about 14% is obtained [27]. For the implantation of light ions an increase of the near edge absorption with
the fluence is found which depends on photon energy exponentially [37]. This is assumed to be connected with an exponential
tail of the density of states in the forbidden band due to radiation defects. Fig. 13 shows RBS spectra taken from N -implanted
GaAs. In the case of room temperature implantation no damage
16
—2
peaks are observed up to a fluence n = 1 x 1O
cm , but the
spectra exhibit a distinct dechanneling behaviour which indicates
the presence of point defects. For the implantation temperature
T_ = 77 K there is an increased dechanneling up to the fluence
14
-2
n T = 1 x 10
cm , a steep increase of the damage peak in a re14
—2
14
—2
gion between 1 x 10
cm
and 3 x 10
cm
and a generation of
14
-2
amorphized layers for fluences greater than 3 x 10
cm
The measurement of the absorption coefficient in dependence
on photon energy ho> can give information about the principal
type of defects. Results for N+-implanted layers [38] are shown
in Fig. 14.
The experimental curves can be fitted by
fiw/E,
K(w) = Cye

x

fto)/E_
z
+ C2e
= K± + *2

(7)

with E. = 0.506 eV and E 2 = 0.164 eV. In the case of room temperature implantation (Tx = 300 K) there is no part due to K,»
therefore we have K = K x (300 K ) . For Tj = 77 K the two parts
contribute to the absorption, K = 1^(77 K) + K 2 (77 K ) . The dependence of K., and K~ on the ion fluence is shown in Fig. 15
(for X = 1 u m ) . It can be concluded that the implantation of N + ions into GaAs gives rise to the formation of two different types
of defects. Point defects are generated both for implantation at
Tj. = 3OO K and for implantation at Tj = 77 K. In the case of low
temperature implantation for n

> 1 0 1 4 cm

amorphous or heavily

damaged clusters are produced by which the point defects are
quenched.
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3.3 S10 2
The formation of defects by ion implantation into S10 2 and
the change of the refractive index connected with it are of great
interest for the production of electronic and integrated optical
devices.
Several studies have shown that the ion implantation into
fused silica yields to a compaction of the material, and in consequence to an increase of the refractive index [39-44]. On the
contrary, the defect formation in crystalline quartz decreases
the refractive index up to nearly the same value as for fused
silica in the high fluence region [43], The decrease of the refractive index in quartz is connected with a decrease of the
density of the implanted layer.
Fig. 16 shows the dependence of the refractive index
(A. = 575 nm) on the energy deposited into nuclear processes for
quartz and fused silica layers. In fused silica the refractive
23
—3
index saturates at a critical energy density of about 3x10 eVcm
24
-3
but in quartz the refractive index decreases up to 2x10
eVcm
As can be seen in Fig. 16 the change of the refractive index in
dependence on ion mass and fluence is completely determined by
the energy deposited into nuclear processes. It seems that for
very high fluences still exists a small difference between the'
refractive indices of fused silica and quartz. This means that
there is still a certain near order in highly damaged quartz
crystals and a random distribution of the SiO.-tetrahedra cannot
be obtained completely. There are also large differences between
the damage profiles and the depth distribution of the refractive
index for higher ion fluences (nj > 2.5 x 1 0 1 4 B + cm" 2 ) [45].
The change of the refractive index of SiO- by ion implantation is mainly caused by structural effects which influence the
density of the material. Point defects and the implanted ions
themselves give no essential contribution to the change of the
refractive index [12]. It is assumed that the change of the refractive index in fused silica is connected with a modification
of the SiO.-tetrahedra ring configuration [46].
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3.4 LiNbO 3
LiNbO 3 crystals are of great Importance for the formation
of Integrated optical elements and devices (waveguide-couplers,
modulators, switches etc). Several authors [15,47-49] have shown
that ion irradiation can be used to modify the refractive index
of LiNbO, and, consequently, to produce waveguide structures in
surface layers.
The concentration of the Nb scattering centers N 1 in the
implanted layer obtained from RBS spectra can be used as a
measure of the total amount of radiation damage. Fig. 17 shows
Nb
N 1 in units of the total concentration, N
of Nb atoms in the
crystal for N + -, 0 + - and Ne+-implantation, respectively. A slow
increase of the damage up to about 20% is to be seen for ion
fluences up to 5 x 1 0 1 4 cm"2 (Ne+) and 1 x 1 0 1 5 cm"2 < N + ) . It is
supposed that in this region the implanted ions generate only
point defects and simple defect conglomerates along their tracks.
A sharp increase of damage was detected for higher fluences.
"Amorphization" of the implanted layer occurs at ion doses of
1 0 1 5 cm"2 (Ne+) and 2 x 1 0 1 5 cm"2 (O+, N + ) , respectively.
Because the main properties as damage and refractive index
change show again a clear dependence on energy deposited into
nuclear processes [48], the circumstances can be discussed for
one ion species. For 0 -implantation the dependence of the volume
expansion AV/V m a x
centration N'/N§

b

(measured by a Talystep), of the defect conand of the change of the refractive index

An/An,„ on ion fluence is compared in fig. is. The volume expansion is not exactly correlated with the change of the concentration of disordered Nb-atoms. This indicates that the individual damage clusters which exist at low ion fluences cannot
cause an essential volume expansion. They are stabilized by
"islands" of undamaged or weakly damaged regions in the implanted
layers. The expansion occurs in a sharp fluence region near the
"amorphization" fluence measured by RBS to be 2 x 10

cm

. It

is supposed that the density change is caused by the "amorphization" process by which the stabilizing effect of the "islands"
is neutralized.
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The change of the refractive index can be divided into some
14
-2
regions. For fluences smaller than nI - 5 x 10
cm
there is a
remarkably high change of the refractive index in the order of
about 30% of the total change, but only a small increase in the
defect concentration. In the fluence range between n,= 5x10
15
-2
and nj. = 2 x 10

cm

cm"

the change of the refractive index in-

creases to about 70% and the RBS results show full "amorphization". The saturation of the change of the refractive index is
16
—2
obtained a t n I = l x l 0
cm
From these results the question arises if it is generally
possible to amorphize LiNbO., crystals completely by ion implantation. To come to a decision the fluence dependence of the ordinary and extraordinary refractive index was measured for a Y-cut.
Fig. 19 gives the results. There are still differences in both
values even at very high fluences (n^ = 2 x 10*

cm" ) .

The results for ion implanted LiNbCU lead to the following
model of radiation induced damage and change of refractive index:
- The defect formation occurs at room temperature in two
steps.
1. Formation of point defects and simple defect conglomer14
—2 +
ates in an ion fluence range up to 5 x 10
cm (0 ) . This is
connected with a change of the refractive index of about 30% due
to the defect induced diminishing of the electronic polarization.
2. Formation of heavily damaged clusters at ion fluences of
15
—2
1 x 10
cm
and more. The clusters cause a very sharp increase
of the volume expansion and the change of refractive index.
- It seems that even at very high ion fluences it is not
possible to amorphize the crystals. The stability of the crystals
against damage is dependent on the orientation. Also in very
highly damaged LiNbO., crystals the Z-direction is preserved. The
reason for this is not clear. An influence of the substrate cannot be excluded.
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4. SUMMARY AND CONCLUSIONS
The ion channeling-backscattering technique offers to be a
powerful method for studying the damage- and amorphization process in ion implanted crystals. The "random criterion" which is
applied for the characterization of amorphous layers has to be
used very carefully because crystal structures in small regions
(compared to the region which is bombarded by the analyzing ion
beam) or near order which can be changed by further ion bombardment (i.e. in SiO 2 ) cannot be detected. In these cases it is very
useful to apply the RBS results with those of other methods, for
example other structure sensitive methods (EPR, TEM, X-ray diffraction etc.) or methods by which physical properties can be
investigated which depend on structure, sensitively. Here we
emphasized the optical methods but other like mechanical (e.g.
volume expansion) or electrical investigations are often applied.
For the analyzed crystals the following essential results
are obtained:
- If defect transformations during the ion implantation
process are prevented the damage and other physical properties
which mainly depend on the defect concentration can be clearly
explained by the energy deposited into nuclear processes.
- For silicon there exists a relatively comprehensive picture about the amorphization process. Amorphization is caused by
the overlap of two and more primary damage clusters each produced
by one ion. At higher temperatures the primary clusters dissociate and in case of implantation of heavy ions (e.g. Sb ) amorphous "cores" arise. The change of the refractive index is mainly
caused by amorphous regions. The change of the absorption coefficient is also influenced by point defects.
- For insulators (SiO,, LiNbO,) the change of the refractive
index is correlated with the change of the density. The absorption coefficient is effected by all kinds of defects. There are
indications that complete amorphization cannot be obtained.
Anisotropic effects still exist at very high fluences (e.g. differences between the ordinary and extraordinary refractive index
in LiNbO 3 ).
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Fig. I. Schematic drawing of the experimental arrangement for
ion channeling-backscattering experiments (RBS)
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Fig. 2. Typical backscattering spectra of light ions (e.g.

1.5 MeV He*) scattered from crystals damaged by ion
implantation
(Xj normalized spectra from the virgin crystal,
\2 normalized spectra from the damaged crystal,
Xfl normalized random fraction of the analyzing beam)
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8. Dependences on ion fluence of
a) concentration Ns of amorphous centres (BPR)
b) defect concentration H^AK (RBS)
c) refractive index change
fitted by amorphization kinetic curves of the overlap
damage model [32]
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Tig. 11. Fluence dependence of defect production and change of
physical properties of silicon layers by B+-lmplantation at different temperatures (Tj « 80t 2OO and 3OO X ).
a) Defect concentration N'x
(RBS). nj* are the critical
fluences for anorphization.
b) Maximum refractive index change A n m a x (maximum of the
depth distribution).
c) Concentration Hg of amorphous centres and width
PP
of the g • 2.006 EPR line
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Flvimnce dependence of defect production and change of
•physical properties of silicon layers by B+-implantation at different temperatures (Tx * 8Oi 2OO and 3OO K)
a) Change of the absorption coefficient Aft at \*t.8 urn
(dlvacancy band) and of the near edge absorption
coefficient LK at X-1.2 g».
b) Concentration M of the paramagnetic defects Si-P6
(di-interstitial) and S1-P3 (tetravacancy).
c) change of the electrical sheet resistivity Pg
related Co the p-valve for unimplanted Si
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POSITRON ANNIHILATION IN AMORPHOUS METALS
P. Hautojarvl and J. Yli-Kauppila
Laboratory of Physics
Helsinki University of Technology
SF-O215O Espoo 15, Finland

ABSTRACT
In this paper, we review recent positron experiments on amorphous
alloys. A general observation Is that crystallization, deformation or Irradiation cause much smaller effects on the annihilation
characteristics that those seen In crystalline metals. It Is concluded that positron annihilation Is strongly affected by defects
and lnhomogenetles Inherently present In the as-recleved state
of the alloys. Various experimental facts support the Idea of
positron trapping. Electron irradiations at low temperatures have
been found to create vacancy-like defects, which are able to trap
positrons. The irradiation-induced defects anneal out already
below room temperature.

1. INTRODUCTION
Positron annihilation has proved to be a valuable technique
for the study of microscopic structure of solids. The annihilation
radiation gives detailed information on the electron density and
momentum distribution in the regions scanned by positrons. Positrons
can exist in a delocalized Bloch-like state or in highly localized
states at lattice defects. Thus information on bulk electronic
properties as well as on defect properties of materials can be
obtained.
The physical picture of positron annihilation in pure crystalline metals, with our without lattice defects, lies on a firm
theoretical and experimental basis (for recent reviews see e.g.
[1-4]). In recent years Increasing attention has been paid to
impure metals and alloys, but still the understanding of the behaviour of positrons especially in concentrated alloys is rather
incomplete. From this point of view amorphous metals, which are
alloys of several constituents but without crystalline order, are
very complicated systems to be studied by positrons. Conclusions
drawn from the existing experiments should not yet be considered
too definitive.
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In the following, the principles of positron annihilation
in metals are very briefly described in Chapter 2. The majority
of positron experiments on amorphous metals deals with the influence of heat treatment and crystallization and the results are
reviewed in Chapter 3. Chapter 4 discusses irradiation effects
and it is mainly based on refs. [5,6]. Finally, a short summary
is given in Chapter 5.

2.

PRINCIPLES OF POSITRON ANNIHILATION

2.1 Experimental Method
When energetic positrons from a radioactive source are injected into a condensed medium they first slow down to thermal
energies in a time of the order of 1 psec. The mean implantation
range varying from 10 to 1000 gm guarantees that the positrons
reach the bulk of the sample material. Finally, after living in
thermal equilibrium, the positron annihilates with an electron
from the surrounding medium dcminantly in to two 511 keV gamma
quanta. The mean lifetime of positrons is characteristic of each
metal and is typically from 100 to 200 psec.
Fig. 1- shows schematically the positron annihilation experiment, where the most commonly used positron isotope Na-22 is applied. The positron emission is followed by the emission of

a

1.28 HeV photon which serves as the signal for the positron birth.
The lifetime of the positron is thus the time delay between the
birth and annihilation gammas. The momentum of the annihilating
electron-positron pair ir transmitted to the annihilation quanta
and it can be detected as a small angle deviation

front colli-

nearity between the two 511 keV photons. The motion of the pair
also causes a Doppler shift to the annihilation radiation. This
is seen in an accurate energy measurement of one of the photons.
The three experimental techniques are shown in Fig. 2. The
lifetime spectrometer is a conventional fast-slow coincidence
system with two scintillation detectors. The time resolution in
positron measurements is typically 250-300 psec (FWHM).
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In the angular correlation measurement the coincidence events
of the two annihilation quanta are counted as a function of the
angle deviation from collinearity. The width of the angular distribution is typically about 10 mrad (0.5°) and therefore the
distance between the two detectors is several meters.
The Doppler-broadening of the 511 keV annihilation radiation
is measured with a Ge(Li) or an intrinsic Ge detector. In principle,
the Doppler-broadening measurement is simple and fast to perform,
since no coincidence is used. In practice, the Doppler-broadening
is relatively small effect and good stability of the system Is
required.
Figa. 3-5 gives some examples on annihilation characteristics
in metals. Experimental lifetime spectra on iron are given in
fig. 3. In a perfect metal positrons have a constant annihilation
rate. The lifetime spectrum is one exponential, the slope of which
gives the mean lifetime value. When the metal is demaged, e.g. by
electron irradiation as in Fig. 3, positrons are trapped by lattice
defects and the lifetime spectrum becomes considerably broader.
The trapping of positrons will be discussed in sec. 2.2.
At the time of the annihilation the positron is thermalized
and its momentum is negligible. The angle deviation between the
two annihilation quanta is thus due to electron momentum and the
angular correlation curve represents the momentum distribution
of annihilated electrons. Two examples are given in Fig. 4. The
angular correlation curves can be devided roughly into two parts.
The inverted parabola is due to annihilations with valence electrons. The broader, Gaussian-shaped component is due to annihilations with core electrons having higher momentum values. The momentum distribution of valence electrons has a cut-off at the
Fermi surface and corresponding momentum value (Gpm c) is directly
obtained from the intersection of the two components. When positrons annihilate from a delocalized state like in defect-free
metal the angular correlation measurements can produce valuable
information on the electron structure (for a short review see
e.g. Berko [7]). The changes in angular correlation curves, especially in defect studies, are often characterized by the counting rate of collinear gamma quanta (peak height parameters H or
N).
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The effect of the Doppler-broadening on the line shape of
the annihilation radiation is shown in Fig. 5. The Doppler shift
is proportional to the mementum component of the annihilating
pair along the flight line of the annihilation gamma. Thus the
line shape measurement gives also the momentum distribution, but
all the details are masked by the poor energy resolution. The
line shape varies from metal to metal and it is also sensitive
to the presence of defects as indicated in Fig. 4. The Doppler
broadening is usually characterized by lineshape parameters like
S» I y , W, I c . The first two are proportional to the pulses in the
central part of the line emphasizing annihilations on valence
electrons, whereas W and I are proportional to the pulses in the
wings of the line emphasizing core electron annihilations.
2.2

Study of lattice defects

In perfect metal thermalized positrons are highly mobile.
They are strongly repelled by positive ions and move in the interstitial regions between the atoms. In spite of the short lifetime, 1O0-2O0 psec, the average diffusion length of positrons
prior annihilation is 1000...2000 &.
The annihilation properties, which in a perfect lattice are
characteristic of each metal, change considerably when lattice
defects are present (see Figs. 3 and 4). This is explained in
terms of positron trapping by crystal imperfections. In defects
where atoms are missing or their density is locally reduced, the
positron-ion repulsion is decreased. Also the redistribution of
electrons causes a negative electrostatic potential at this type
of defects. Thus positrons see defects like vacancies, voids and
dislocations as strongly attractive centers in the crystal and
get localized at them.
At vacancy-like defects the electron density is decreased.
Therefore the lifetime of trapped positrons increases and the
angular correlation curve as well as the annihilation lineshape
becomes more narrow. In the case of monovacancies, the lifetime
increase is 30-60%, and the change in the peak height of the
angular correlation curve as well as in the Doppler parameters
is 5-10%.
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The positron trapping rate is proportional to the defect
concentration. However, the changes
in the measurable annihilation characteristics are highly unlinear with respect to it.
When the number of defects is low enough, no positron gets
trapped before annihilation. At high defect concentrations all
positrons annihilate as trapped and no further changes are obtained by increasing the number of defects; the trapping is
saturated. When free and trapped positrons there exist at the
same time, the lifetime spectrum is complex with two or more exponential components, and the angular correlation curve as well
as Doppler parameters are superpositions of annihilations from
each state of positrons. E.g. in the case of monovacancies,
positrons are sensitive to the vacancy concentration of 10 -10 .
Thus near the melting point of a metal all positrons are trapped.
In deformed metals saturation trapping is achieved when the
degree of deformation is about 15%. A quantitative analysis of
annihilation characteristics in terms of positron trapping rates
and defect concentrations is made using so-called trapping models
(see e.g. ref [3]).
The annihilation characteristics of trapped positrons are
also sensitive to defect configurations. For example, positrons
can reveal vacancy agglomeration and the lifetime gives an eatimate for the size of microvoids. When vacancy clustering occurs
both the lifetime and momentum parameters show a dramatic increase
(for lifetime spectrum in iron, see rig. 3).
The interaction of positrons with lattice defects are both
experimentally and theoretically well understood in pure metals
[8]. Positron technique has been widely used to study especially
the thermodynamic properties of vacancies, radiation damage and
the defect annealing after various treatments. The use of positrons in defect studies of pure metals is get tine, rather routine.
On the contrary, the behaviour of positrons is more complicated in alloys and yet very little is known about it. The mobility of positrons is strongly affected by impurities. Positrons
show also different affinity to different constituents of the
alloy and therefore they may become trapped at impurity clusters
and precipitates. In this case, the lifetime and peak height of
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angular correlation curve may either increase or decrease whereas
in pure metals the trapping always leads to increases in the
parameters.
In the following we shall analyze the positron annihilation
experiments on amorphous alloys using the knowledge and picture
on pure metals. This is a simplification which the reader should
keep in his mind.

3.
3.1

POSITRONS IN AMORPHOUS STATE
The effect of aging and crystallization
Since positrons have turned out to be an excellent tool for

probing lattice defects in crystalline metals, a straightforward
idea is to apply them to amorphous alloys, too. It is natural to
except that crystallization would have a big effect on positron
annihilation, but surprisingly, the changes observed in annihilation characteristics are in general rather small. Examples on
typical lifetime spectra and angular correlation curves in amorphous alloys are given in Figs 6 and 7, respectively.
The first positron experiments on amorphous alloys were
performed by Chen and collaborators [9-14]. The system they mainly
studied was Pdy^ 5Cu6Siifi 5*

Tne

crystallization of the glassy

alloy was found to decrease the lifetime slightly from 169 psec
to 154 psec [9] and in the angular correlation curve only very
small changes were visible [10]. In addition, cold-rolling increased the lifetime in glassy Pdy ? 5CUgSi^g 5 only by 3 psec
while the increase in crystalline Pd is about 50 psec [11]. The
electron irradiation of p d 7 7

5NigSi16 5

at room temperature caused

no observable effect [13,14] .
Doyama et al. [15] measured angular correlation curves on
electro-deposited Ni-P and Co-P alloys and found practically no
difference between glassy and crystalline states. Tanigawa et al.
[16] studied P 3o s i 2O' N 1 »I P 19 an<* C u 5 7 Z r 4 3 a l l ° y s b Y measuring
the positron lifetime and the peak height of the angular correlation curve. Again, the lifetime difference between glassy and
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crystallized state were within 1 psec. During the course of heating the peak height parameters showed interesting modifications
interpreted in terms of metastable phases. The overall changes
were, however, rather small.
Howell and Hopper [17] studied F«4QNi4OP14B6 a l l o v b v positron lifetime measurements and obtained the values of 158 and
152 psec for ^-received and crystallized specimens, respectively.
Hihara et al. [18] performed Doppler measurements on the same
alloy. They found that the lineshape parameter W increased in two
stages below crystallization, but again the overall change in W
was only about 1.5%. Hihara et al. interpreted their results as
the loss of excess free volume.
The early interpretation of the small difference in annihilation characteristics between glassy and crystallized phases
was that the glassy state contains negligible amount of vacancylike defects and grain boundaries. Thus positron experiments would
deny the microcrystalline model. This conclusion has perhaps
been too straightforward and it has based on the assumption that
the crystallized state would be a defect-free reference of an
amorphous alloy. However, in most cases the crystallized state is
strongly heterogeneous. It usually contains several chemically
different crystalline products as well as high concentration of
defect like dislocations, interface and grain boundaries. Thus
the trapping of positrons by defects in crystallized states is
the most probable and the corresponding annihilation characteristics serve rather as references for defects in the alloys. The
similarity between the annihilation characteristics in the glassy
and crystallized state indicates then that the glassy state contains high amount of defects to trap positrons. In the following
we consider this suggestion in more details.
3.2

Positron Trapping in amorphous state

The positron lifetime results have been collected in Table
I. Lifetimes of positrons in pure metals as well as of those
trapped at monovacancies are also included. The latter ones serve
as reference values for positron trapping, since the lifetimes
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at dislocations and grain boundaries are typically almost the same
as at monovacancies. From Table I we can immediately see two
general features demonstrated also by Fig. 6.
(i)
The lifetime values in as-received amorphous states are
always longer than those expected on the basis of the pure
constituents of the alloys, but shorter than those at
metal vacancies.
(ii)

The crystallization decreases only slightly the positron
lifetime but the value still stays at a level which indicates strong positron trapping.

Also the experimental angular correlation curves behave like
the lifetime values in Table I. In amorphous state the curve is
more narrow than in annealed pure metals but broader than in
metals with defects [9,11] (see Fig. 7). As mentioned in sect.
3.1. crystallization has a negligible effect'on the angular correlation.
These facts seem to support the idea that in amorphous alloys
positrons are trapped by some defects. The lifetime spectra from
glassy states are well fitted by only one exponential component
[5/16] i.e. there is no evidence on possible lifetime component
short enough to be attributed to non-trapped positrons. This means
that practically all positrons are trapped and the corresponding
lifetime value is characteristic of the trapping defects or, in
the case of a defect distribution, of the average of the defects.
Since the lifetime values in amorphous alloys are less than those
at metal vacancies one can assume that the defects are some quenched- in cavities, which represent empty volume below o m atomic
size.
Further support on positron trapping in glassy state is given
by many recent experiments. Suzuki et al. [19] pointed out that
the random packing model of hard spheres, which is perhaps the
most successful structure model of amorphous metal, contains inherently a non-negligible amount of large holes able to trap positrons. They performed lifetime and angular correlation measurements on glassy P d 79,6 s i i9 4* A s a crystalline reference they
used a mechanical mixture of Pd,Si and Pd crystal grains, which
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were large enough (0.2 mm) to avoid positron trapping at grain
boundaries. Indeed, in the amorphous' specimen the lifetime was
remarkably higher ( 164 + 3 psec) than in the reference specimen
(142 + 2 psec). Also the angular correlation curve of the amorphous alloy was significantly more narrow than that of the reference specimen. This is in excellent agreement with the idea on
positron trapping in the amorphous state.
Kajcsos et a L [20] found a strong temperature dependence
of the Doppler-broadened annihilation lineshape below room temperature. Fig. 8 shows their results on Fe^B-Q, Fe 7 gMo 2 B 2 0 and
Fe
32 N i 36 C r 14 P 12 B 6* As can be seen the lineshape parameter I y ,
which is the relative fraction of the counts in the narrow central
portion of the annihilation peak, has the same trend in all the
alloys. Below 100 K I is constant, at higher temperatures it increases continuously, followed by a tendency to saturate around
room temperature. This temperature dependence is similar to that
found in crystalline metals containing extended defects like
vacancy agglomerates, loops or voids [21-23] and therefore the
authors have concluded the existence of vacancy-type defects in
glassy phase of the alloys.
Shiotani et al. [24] investigated the electronic structure
of amorphous M g 7 Q Z n 3 o by Compton profile and angular correlation
measurements. A conclusion from the Compton profile analysis was
that the valence electrons behave like free electron gas in simple
metals with the density of two electrons per atom. The angular
correlation curve of annihilation radiation showed the features
typical for positron trapping: the Fermi cut-off was significantly
smeared and the value of the Fermi momentum seemed to be slightly
less than the one corresponding to the bulk electron density. The
interpretation was that positrons are trapped at regions of lowerthan-average electron density. A simplified statistical analysis
gave 0.4 eV for the binding potential of positrons.
Cartier et al. [25] studied a variety of bimetallic alloys
and reported significant positron trapping in all systems. In
addition, they found drastic changes during crystallization attributed to modification in defect structures. Their results on
C u 3 Q Z r 7 0 alloy is shown in Fig.9, which gives the peak height of
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the angular correlation curve as a function cf specimen temperature.
Below crystallization the peak height decreases in heating (A-B),
but during cooling back to room temperature (B-C) it retains almost
the initial value. At crystallization temperature the peak height
increases drastically (other alloys usually show a decrease [10,
15,16,26]) stays at a high level until at 600°C returns to the
precrystallized value. In crystalline metals the increase of
positron parameters (peak lifetime) occurs e.g. when the defect
structure changes from monovacancies to vacancy clusters. The interpretation of the results in Fig. 9 is that during crystallization a new type of defect is formed, which then anneals out at
600°C.
The curves on Gdg 7 Co,, in Fig. lo [25] represent

results on

rare earth-cobalt glasses. During crystallization the peak height
decreases in two steps perhaps due to the loss of defects (A-B).
At 44O°C it turns sharply to a linear increase. The extrapolation indicates that at the melting point T m the peak height would
reach the initial value of the glassy state. Since the alloy near
the melting point certainly contains a high concentration of
defects able to trap positrons, Cartier et al. [25] conclude that
positrons, are trapped in glassy phase and that the defect structure
of the amorphous state is similar to that of crystalline state
close to the melting point.
3.3

Study of crystallization kinetics
In case there exist big difference between annihilation

characteristics of amorphous and crystalline phases, it is possible to investigate the kinetics of the crystallization process
by positrons. This has been done earlier for oxide glasses [27]
and for recrystallieation of deformed metals [28]. As dicussed
above, unfortunately, most amorphous alloys show almost no change
during crystallization. However, Cartier et al. [26] found in
Fe ? gMo 2 B 2 o alloy a very px-onounced decrease in the peak counting
rate of the angular correlation curve. The peak rate parameter as
a function of temperature in F e 3o B 2O a n d F e 7 8 M o 2 B 2 0 i s s n o w n i n
Fig. 11. The FeggB-Q alloy behaves like most glassy metals without
noticeable effect at T , whereas in Fe^gMo^B-Q the decrease in
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the peak rate is comparable to that in crystalline metalB during
defect annealing. Perhaps this indicates that the crystallized
F e 7 g M o 2 B 2 o contains much less defects than the crystallized
Feor.B._. and many other glassy metals. From the change in the peak
counting rate Cartier et al. [26] determined the onset and offset
times (T and T^) of the crystallization process during various
isothermal heat treatments. Their results are shown in rig. 12 is
an Arrhenius plot. Both the onset and offset times have the same
linear dependence indicating that the transition from glassy to
crystalline phase is a first order process with an activation
energy of 3.4 eV.

4.

THE EFFECT OF ELECTRON IRRADIATION

As discussed in the previous chapter, there are many experiments demonstrating that positrons are strongly connected to
the pre-existing defects in as-received amorphous state. Positron
trapping at quenched-in holes was suggested. From this point of
view it is not so surprising that annihilation characteristics in
amorphous alloys have been observed to be unsensitive to room temperature electron irradiation [13,14] or deformation [11,17].
However, Hoser and collaborators have recently succeeded to increase the positron lifetime in several amorphous alloys by
performing 3 HeV electron irradiation at 20 K [5,6]. In the following the results of this work are briefly reviewed.
The effect of the low temperature electron irradiation on
the positron lifetime in F e ao B 2o is. shown in Fig. 13. A clear
increase as a function of the dose is seen and a saturation seems
to occur around 160 psec. The highest lifetime value of 157 + 1
psec is about 15 psec above the value in unirradiated specimen.
An increase of the same order of magnitude was also observed in
P d 8 Q S i 2 O , C u 5 0 T i 5 0 and Fe 4 Q Ni 4 0 P 1 4 Bg. In all cases the measured
lifetime spectra were well characterized by only one exponential
decay component and attempts to fit two lifetime components
failed.
The increase of the positron lifetime implies that electron
irradiation produces vacancy-like defects able to trap positrons.
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If all positrons are trapped already in the as-received amorphous
sampler the lifetime increase means that the average size of the
irradiation-induced defects is larger than that of the pre-existing holes. The assumption of saturation positron trapping in the
as-received state explains why it is not possible to distinguish
any separate lifetime component for positrons trapped at irradiation-induced defects.-e.g. in F e oo B 2O t*ie P o s i t r o n lifetime at these
defects is around 160 psec, which is about the same as at vacancies in iron crystal (170 psec)/ whereas T in the pre-existing
defect was measured to be about 140 psec. The difference between
these values is so small that the two positron states cannot be
separated from each other and consequently only one lifetime is
seen as an average of the two values.
As compared to pure crystalline metals, the irradiation doses
needed to increase the positron lifetime in amorphous alloys are
an order of magnitude higher. Two reasons can be given. Firstly
a considerable amount of positrons is always trapped by the preexisting holes so that there exists a competition between positron
trapping into these holes and into the irradiation-induced defects.
This results in the fact that only a part of the defects are detected by positrons. The second factor is the lack of channeling
and focusing phenomena in amorphous materials. The atoms displaced
by electron collisions cannot move far from their original sites.
Therefore it can be assumed that the damage structure is very
unstable and thus the number of defects still existing at 77 K
is smaller than in crystalline metals.
In all amorphous alloys studied the lifetime values after
electron irradiation reached values almost comparable to those
typical for vacancies in the metallic constituents. Thus it indicates that the effective volume of the irradiation induced
defects: is of the order of one atomic size and the defects created are analogous to monovacancies in crystalline lattice.
Supposing that in irradiated specimen there exist two types
of positron traps, pre-existing holes and irradiation-induced defects, and calculating the positron trapping rate into the latter
defects from the monovacancy parameters of crystalline iron, it
was possible to give a very crude order-of-magnitude estimate for
the concentration of the pre-esting defects: 100-1000 ppm.
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Figs. 14 and 15 represent the recovery behaviour of the
positron lifetime in Pdg o Si 2o » C u 5 o T i 5 O a n d Fe 8O B 2O* Ifc l s s e e n
that T decreases continuously between 77 K and 300 K. No clear
stages typical for crystalline metals are observed. This means
that the stability of the vacancy-like defects created by irradiation is widely dispersed in metallic glasses. Fig. 15 shows that
values very near those measured in the nonirradiated specimens
were detected after heat treatments at about 300 K. It indicates
that practically all vacancy-type defects anneal out below room
temperature and also explains why only faint changes in positron
parameters have been detected in previous studies of electron
Irradiated amorphous metals [13,14]. It is also interesting to
notice that in the case of F e go B 2o t n e P o s i t r o n lifetime values
measured after annealings above room temperature are clearly below
the lifetime in the as-received state of the specimen. In fact,
the final level of T equals to the value detected in crystallized
Fe
8O B 20* T n u 8 t n e r e s ults indicate that the recovery of the radiation damage produced by high-dose electron irradiations seems
to be accompanied by some crystallization phenomena. Indeed, crystalline parts could be seen in X-ray diffraction studies of the
sample after finishing the positron experiments. It is also interesting to notice that, on the contrary to pure iron where positron annihilation studies have revealed the clustering of vacencies at around 220 K [29], no sign of the formation of any big
cavities could be seen during the recovery of the irradiationinduced defects in any studied amorphous alloys.
Fig. 15 presents also the effect of electron irradiation on
crystallized Fe-QB-Q. Again, in spite of a relatively high irradiation dose the increase of x is rather small also in the
crystallized state . In addition, the recovery of T in the crystallized state seems to resemble much to that in the amorphous
state. Both of these effects can be attributed to the fact that
the as-crystallized sample is strongly heterogeneous containing
many positron trapping centers. After irradiation there is a competition between trapping at crystallization-induced and irradiation-induced defects. Further, there are different surroundings
for the irradiation-induced defects making the recovery curves

201

continuous. The similarity of irradiation effects on amorphous and
crystallized state supports well the ides of positron trapping
at quenched-in defects in amorphous state.
Additional information on the recovery behaviour of the radiation damage in iron-based amorphous alloys has been recently obtained by magnetic after-effect measurements [5]. It has been
shown that the defects anneal out very quickly. Between 77 K and
300 X tha mean number of reorientation jumps before defect annealing was never detected to be higher than then. This means that no
long range migration of the irradiation-induced defects can take
place in amorphous alloys. Accordingly, in contrast to many crystalline metals, the annealing curves of the positron lifetime
in Figs. 13 and 14 decrease monotonicaliy showing no sign of any
defect clustering.

5.

COMMMENTS AND CONCLUSIONS

The most remarkable feature of positron annihilation in
amorphous alloys is that the annihilation characteristics seen
to be rather insensitive to the physical state of the alloys.
Crystallization, deformation or irradiation do not cause such big
effects as seen in crystalline metals. Values for the positron
lifetime and for the peak height of the angular correlation are
typically intermediate between those for the well-annealed and
defected metallic constituents of the alloys. Further, the temperature dependence and annealing behaviour of the annihilation
characteristics are similar to those observed in crystalline
metals with defects. Thus it is evident that in amorphous alloys
positrons do not probe the bulk properties but are strongly
affected by the defects or inhomogeneities present in the structure.
An interpretation in analogy with crystalline metals is that positrons are trapped.
What are these traps? Prom the level of the lifetime it is
estimated that the effective free volume in the traps is less
than one atomic volume. Thus they may be small quenched-in cavities
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like Bernal-holes in dense-random-packing model the existence of
which is supported by computer simulations {30]. Also more extended low density regions are potential trapping centers.
When positrons are trapped the next problem is detrapping.
In crystalline metals the binding of positrons with defects is
generally strong enough so that no clear evidence on detrapping
exists. In amorphous alloys the situation could be more favourable
for detrapping. The rather small increase of the annihilation
characteristics above the expected bulk values suggests weak binding. In fact, the temperature dependent Doppler-broadening 120]
could be an indication of detrapping. An ultimate limit of the
detrapping is that no localization of the positron occurs, the
positron jumps from a defect to another its wave function being
strongly enhanced at defect sites. More information on the positron state could be obtained by direct mobility measurements,
which are nowadays possible by slow positron beams.
In crystalline alloy positrons are known to have different
affinity to various components of the alloy. If small clusters
of one type of atoms exists, positrons can get trapped at them.
This is a phenomenon which certainly exists in amorphous alloys
too, and it should not be forgotten in analysing experimental
results.
He conclude that positron annihilation in amorphous alloys
is strongly affected by defects and inhomogeneities inherently
present in as-received state. Various experimental facts give
support to the idea of positron trapping, but the role of detrapping is still open. In favourable cases it is possible to use
positrons e.g. to study crystallization kinetics. The electron
irradiation experiments show that vacancy-like defects are created
at low temperature in various amorphous alloys and positrons are
successfully used to study their annealing.

2O3

Table I
Positron lifetime results in various amorphous alloys.
For comparison the characteristic lifetime values in the
metallic constituents of the alloys are also shown.

Lifetime T (psec)
as-received
crystallized'

Alloy

ref.

Fe

8O B 2O

142 ± 1

135 ±

1

[5]

Ni

81 P 19

166 t 2

165 ± 2

[16]

Pd

8OS12O

155 i 1

Pd 7 7 5 cu 6 si 1 6

5

-

[6]

196 ± 2
166 ± 4

196 ± 2

169 ± 3
173 ± 3

2
167 ± 3

[12]

157 ±

[16]
[19]

[ID

Pd

77.5 N i 6 S i 16.5

167 ± 3

163 ± 3

U3)

Pe

4O N i 40 P 14 B 6

162 ± 1

159 ±

1

[5]

158 ± 3
159 ± 1

153 ± 1
153 ±

1

[17]
[18]

Pe

75P16B6A13

167 ± 3

163 ± 3

[12]

Ni

75P16B6A13

168 ± 3

163 ± 3

[12]

Cu

5OTi5O
Cu5?Zr43

1

175 ± 2

174 ± 2

Metal

bulk

vacancy

Fe
Hi
Pd
Cu

110
110
118
122
152
165

170
160
18O
222
250

Ti
Zr

204

159 ±

[6]
[16]
ref.
[29]
[31]
119]
[32]
[6]J

[33]

No - 2 2
1280 keV
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The positron experiment. Positron from a radioactive isotope like
Na annihilate
in the sample material. Positron lifetime is determined from the time delay between
the brith gamma (1.28 MeV) and the two annihilation quanta. The momentum of the
electron-positron pair is measured as an angle deviation between the two 511 keV
quanta or as a Doppler-shift in the energy of the annihilation radiation
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MOSSBAUER STUDIES OF CRYSTALLIZATION, GLASS TRANSITION AND
STRUCTURAL RELAXATION IN NON - METALLIC AMORPHOUS MATERIALS*
F. Jochen Litter8t
Physik Department der Technischen University MUnchen
D 8046 Garching, Federal Republic of Germany

ABSTRACT
The application of the Mttssbauer effect for the investigation of
structural re-arrangement processes in non-metallic amorphous
materials is discussed on selected examples. Special emphasis is
given to studies of structural dynamics.

INTRODUCTION
Enormous efforts hsve been spent in the research of noncrystalline (nc) materials, especially during the last twenty
years. A lot of investigations were obviously trigg^ sd by ths
wide scope of technologically intriguing properties of substances, like amorphous semiconductors, amorphous mstsls, polymers,
or even simple optical glasses, to name only a few. Oespits ths
besutiful successes in producing and describing the novel msterisls, there still stay unsolved questions concerning the intrinsic metastable nsture of the amorphous state. A critical
discussion, uas given by Anderson [1 ].
A great number of liquids may undergo a relatively distinct
transition to a glwasy efcsta upon undsrceoling, if crystallization can be prevented, because hucleaticn and crystal growth
occur too sluggish. Trsnsport properties, like viscosity, re•Work supported in part by the 'Bundssminitterium ftir Forschung und
Technologic'
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veal a draatic though smooth variation on approaching the glass
tempereture T . Basically glees formation seems to be determined by kinetic aspects, rig.1 gives e sketchy view of the potential energy mountains in conflgurational space envisaged by e
supercooled liquid: Transitions between the valleys are blocked,
when temperature T is lowered below T end inverse viscosity rj"1
end diffusion rate, e.g., reveal a clear drop described roughly
by a very universal law (Uogel [2] or Fulcher |3] law):
*| "1 - const • exp(-A/(T-To))

(1)

T Q is usually a temperature below T . Obviously any conformational change will teke too long to be observed, when T is close
to T . This also implies, that the glassy state reeched on supercooling a liquid is always metestable and its character depends on preparational history. It is still under debete, whether
the experimentally manifested kineticel character of the glass
transition has an underlying thermodynamic phase transition of
second order as inferred from the rapid decrease of configurational excess entropy of the liquid on approaching T

from above

U,5,6 ]. A non-equilibrium thermodynamic description of the
glass transition kinetics is given by Berg end Cooper I?]. The
Importance of a detailed knowledge of the parameters influencing the glass transition and the atructural relaxation behaviour
close to it, is beet visualized in the caaa of polymers. Above
T

they become rubbery or leathery. If a plastic should be hot

mouldabla, this apparently haa to occur above T , below it mey
be herd* Polymers also give direct evidence, that not necessarily ell motional degreea of freedom need to be frozen just below
T . Often "secondary relaxationa* ere traced from mechanical or
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dlelactrlc relaxation balou T - showing that cartain conformational changea ara atill activatad. Thay cauaa "secondary glaaa
transitions11* whan thoy ara frozen ralativa to tha axparimantal
tima scala.
Tha glean transition is not - though sometimes cleimed ganarally charactariatic for tha amorphous stata. Plany nc substances ara obtained e.g. by vapour-quenching onto cooled substrates. Crystallization is prevented by the restricted molecular mobility during condensation, float of these non-glassy amorphous materials crystallize on heating without exhibiting a glaas
transition.
Mostly crystallization of a nc substance is an unwanted
affect, making,'e.g., a clear optical glass opaque; it may be
desired for tha production of hard glass-ceramics, for strengthening the hardness of plastics or Just for yielding optically
pleasant affects in glassy glazes. The questions concerning type
add critical sizes of crystsllizstion nuclei in a cartain nc material, how cryatals grow, whether diffusion or interfacial effects determine tha cryatallization rate, whether phase separation occura, are far from being well understood.
In comparison to the structural studies by X-ray diffraction, meeaurements of transport and mechanical properties of nc
materials, tha PIBssbauar effect is less often epplied. Indeed
most nc materials do not contain a nb'ssbauer resonant atom as
constituent end introducing Mb'sabauer stoms as impurities into
a matrix poses questions about the coupling between impurity
and boat* As diaadvantaga might appear tha sensitivity of the
measured hyperfine interactions (hfi) on the very local structural and electroiiicel properties, whereas the most interesting
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propartias of nc matarlala mostly saam to ba based on long-rang*
cooperative phenomena. But Juat this microscopic vieu reveals as
powerful tool for charactarlzing many aspects underlying the
macroscapically traced phase changes, like the above mentioned.
Lattice dynamical properties can be studied by measuremgnts of
the recoilfrae abaorbad fraction (Fltissbauar-Lamb factor

f)

and from second-order Ooppler shift. From the specific shape of
the hf spectra diffusion and fluctuations of the electrical
field gradient or the magnetic hf field can ba investigated.
In the following several examples it shall ba discussed, how
the Mdssbauer effect can be applied for structural transition
studies in non-metallic amorphous materials. Extensive revieus
of NBssbauer effect studies on non-metallic nc materials can
be found In refs. [8,9,101.

STUDIES OF THE GLASS TRANSITION IN FROZEN ORGANIC LIQUIDS
Numerous Ntiasbauer spectroscopic studies were performed on
frozen - mostly aqueous - solutions doped with compounds container
a 4Q
ing

Fe or

Sn, Here the pioneering and successful efforts by

I. Dezsi, L. Keszthelyi and coworkers 1.11,1?] should be emphasized, which ware devoted to the investigation of the microstructure
and the molecular motions in the frozen glassy state. Apparent
difficultiea of such experiments are connected with phase separation and clustering in frozen salt solutions appearing during
freezing and annealing. From the different hfi parameters of the
various complexes occurring in complsx phase diagrams can ba
clearly distinguished by HBssbauer spectroscopy.
The study of the temperature dependence of f

yields in-

formation on the variation of the mean-square displacement <x )
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of the nttasbauar nuclaua
f • - axp(-2U) - exp(-k 2 «<x 2 > )

(2)

uhara k»i//|", B being the gamma wavelength (0.66 B for

Fe,

14.4 keV). In (2) the Gaueeian approximation for tha space-time
correlation function ia essumed to be velid. For the extraction
of f

from the experimental dete cere must be taken for black-

ness effects

nd non-resonant background recorded in the detect-

or [13] .
5.L. Ruby, P. A. Flinn end couorkera [14,15,16] have carefully studied a series of non-magnetic iron aalts diaaolvad in
aqueous solutions and organic liquids. Fig, 2 shous the variation
of the exponent of f* with tempereture, obtained for ferrocene
diasolved in butylphthalata (Tg-17S K) and o-terphenyl (T -237K)
[16]. Between 80K end the respective glass transitions (determined from differential thermal analysia) tha linear variation
of 2U with T ia aa expected alao for a crystalline aolid with
a vibrational spectrum given by tha Debye model. The distinctly
more rapid increase of tha mean-square displacement ebove T
implies the appeerance of additional low-frequency modes in the
liquid phase, which can be described by a quasi-linear term in
the powerspectrum.
The expected enhancement of diffuaion above T

should be

reflected in a broadening of the resonance linee
A P - 2 n.k 2 «D

(3)

(D ia the diffuaion coefficient). Influences on f are mostly
unobaervable [17,18]. In prexi, 0 should range between 10~ 1 2
end 10

cm2/a for

Fe in order to be detectable under tha

preclueion thet t* ia high enough to have atill a resolvable
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'

raaonanca dip, whan tha line broadening

bacomaa large. Diffusionsi

r

line broadening

of tan may ba maakad by inhomogenaoua broadaning

!

dua to alight diatributlons of iaomar shift or quadrupole interaction in tha nc state. Ralaxational broadaning of tha raaonanca

,;

U n a s may arise dua to a fluctuating alactrical field gradient
with frequencies comparable to tha experimental llnauidth. This
fluctuation might ba cauaad by a random rotation of tha impurity
molecule or only a slight dynamic diatortion of tha complex around
tha Mb'ssbauer atom drivan by the motion of tha surrounding matrix. Still faster fluctuations, however, will laad to an appa-

•

rent decrease of tha observed hf splitting and finally to its
collaps. A lineshape theory combining fast vibration, translational and rotational diffusion was presented by Dattagupta [19],
The broadened spectra of ferrocene in butylphthalata [15] observocl above T

(fig.3) cannot ba interpreted assuming a strong con-

[\

tribution by rotational diffusion. The large broadening at 212K,

I

e»g., would infer already such a high rotational frequency, thet

•

the quadrupols-split pattern should reveal a diatinct reduction

-

of the splitting, which is not found. Fig.4 shows clearly tha
,

slowing down of diffusion on approaching T

from above. For

data evaluation it was assumed, that rotational diffusion is
negligible. No significant line broadening

could be detected for

]••

forrocene in o-terphenyl [16] in the temperature range of only

v

20K studied above T . This result is not unexpected, since NflR
gives diffusion constants of only 10~ 1 4 cm2/* at 250K [20].
A very elegant - though more elaborate - way of studying
thn lattice dynamics of nc materials not containing a ftSssbauar
resonant atom is provided by Raylaigh scattering of resonant
MSssbauer radiation. The method and possible applications have
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been extensively discussed rscsntly by Albanese and Osriu I 21 1
Ths intensity of th« slastically scattered resonant radiation
in • scattering angle 28 yields

A typicel result for supercooled pure propans(i(2)diol, which
we used as scatterer is shown in fig.5

[22]* Again, below T

f* varies like expected for a solid, whereas above T

a rapid

increase of the mean-square displacement from Q.OfSH (160K) to
Q.05 R 2 (23OK) is found.
The above given examples reveal clearly the dynamical differences between the glassy and liquid (resp. supercooled liquid)
state. The continuous variation of f

and j P o n crossing T

should, however, looked at with care. Indeed tin-* glassy state
below T

is metastable and the detection of timely varying con-

formational states is only limited by the experimental time scale.
All first order extensive thermodynsmic variables, like volume
and entropy, decrease continuously upon cooling a liquid through
the supercooled liquid range into the glassy state (fig.6). At
the gless transition, however, they change alope, thus yielding
a step in the second-order thermodynamic quantities, like specific heat* This step - though not very shsrp - .nay be teken as
set-point for T . T

and also the finally reached metastable

state at low T depend critically on the cooling rate as indicated in fig.6. Fast uoolino (branch? in fig.6) results in a glassy
state with a higher degree of frozen-in disorder than slower
cooling (branches 2, 3 ) . In principle, the metastable structure
of glass 1 will tend to transform into a more stable modification (branches 2 ,3) or eventually even to the crystalline state.
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Thia structural ralaxation, houavar, is inhibited by the extremely long ralaxation times far belou T . Upon reheating glass 1
slowly, thia structural re-arrangement may become effective elreedy several degrees belou T ., where the relaxation time becomes comparable with the experimental time of observation. Tha
ralaxation will then lead to lass metastable states-and reach
tha equilibrium liquid curve already at a temperature belou T

1

(aae dashed curve in fig.6). This change is also followed by
enthalpy and entropy and thus gives rise to a small exothermal
cusp on the step seen by differential thermal analysis at T (.23) .
ntissbauar absorption experiments performed [24] on 0.02mole£ Fe
in propane(i,2)diol show a cleer anomaly in f* near T

(fig.7),

if the solutions are quenched fast (~40 K/s) and reheated at a
rate of«O'10~ K/s. The reduction of f'corresponds to an enhancement of <x > of ~0.01 R . Fester heating rates diminish the anomaly
and tha glaaa transition (as checked by differential thermal analysis) la shifted to higher temperatures. A maximum in linewidth
is correlated with the minimum in T*, suggesting that oscillatory
and diffusional motions of the impurity atoms are not independent
during the structural relaxation process.
Tha overall decrease of linewidth from the relatively high
value of 0.S0 mrn/e belou T

to 0.40 mrn/s above T

is explained

by the vanishing of part of the inhomogeneous broadening present
in the glassy state* The slight decrease of the quadrupola splitting-at T is related to a fluctuation in the electrical field
gradient with a frequency of~2*10 fi s — 1 .The smooth veriation of
tha isomer shift and tha nearly identical values of the quadrupola intaraction below and above T

show that tha electronic

structure end the local symmetry around tha impurity ion have
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not changed drastically betwaan the glassy and the supercooled
liquid state.
Upon recooling from above T

with a slow rate of ~ 1 0 ~ K/s

the samples stay in the supercooled liquid phase down to ~ 1 4 0 K.
No anomalies in lineuidth and f* are found. The

described ano-

malies are strongly dependent on time. After heating a fast
quenched sample to about SK below the glass transition temperature observed for constsnt heating, and keeping the sample then
et thie conatant temperature, allows the observation of the
appearance end the vanishing of the anomslies on a tine scale
of hours. Obviously

these facts may easily escape observation

with typical data acquisition times of several hours. Further
heating leads then to the usual decrease of f* in the supercool*
ed liquid. At ~215 K (depending on water content) crystallization leads again to an increase of f

which is followed by a

drastic decreese at *-220 K due to melting.
Especially the time dependence of the described experiments
demonstrstes that irreversible, i.e. non-equilibrium processes
are operating. Macroscopic studies like specific heat measurements
support this view, but cannot clarify the microscopic origins. We
suggest, that the structural re-arrangement is not proceeding
"unidirectionally" in a "homoysiieoijily disordered" state towards
a more stable conformation, but that time-dependent dissipative
structures are formed, i.e. inhomogeneous structures of varying
disorder and energy content [25]. These also space-dependent fluctuations may arise under severe non-equilibrium conditions. The
dissipation of liberated energy during stabilization of one region
may rather be used to increase disorder in a neighbouring instead
of delivering the-heat outside the sample. Oissipative processes
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neve, a.g., been alao auggaatad [26] to ba tha raaaon for tha
uaal known aagragation of polymar Malta into amorphous and partially crystalline ragione upon cooling belou T . Perhepa ona
ahould kaap in mind thaaa - long known - concepts, whan proceeding with tha still unaattlad discussions on tha "microcrystelline"
modals of othar amorphous matarials.

STUDIES OF GLASS> AND SECONDARY TRANSITIONS IN POLYRER5
Tha m*»coruimTy (or/3, y) relaxations" datactad by dlalactric
or mechanical loss or NflR balow tha glaas transition oftan can ba
diractly ralatad to hindarad motions of sidegroups attached to
tha backbone chain, or to apacific motions of tha backbone itsal f [27,26]. Balou tha glaaa transition only thosa cooparativa
motions of larga parts oftha main chain ara frozen, which causa
tha "at relaxation* loaa paak. Notably secondary relaxations were
also found in glasses of molecular liquids, where a definite
assignment of the unfroien degrees of freedom balou T

cannot

ba made, since sidegroups ara not present. Apparently they are
characteristic for a large variety of nc matarials - though not
all [29]. Fig.8 shows the schematic variation of shear modulus G'
with tempereture, aa found for polymers [30]. At T 1 and T_ secondary tranaitione occur. At tha "softening temperature" T
(mechanically dafinad, whereas T

rather is defined by thermo-

dynamlc deta) G* decreases markedly, the degree depending on
cross-linkage, leading to a "leathery" or "rubbery" plateau.
Further increaas of tempe.at ;re finally leads to the fluid phase
• k T 4 5 6 (depending on molecular weight).
IIBasbauer epectroscopy or. F«{fl0 4 ) 2 »6H 2 0 dissolved in poly232

acrylonitrile (PAN), performed by Reich and Michaell [ 31 ], showa,
that f*(T) reveals a rubbery plateau above T , whereas, below T
a strong increaae indicates the usual freezing of motional freedom. Gusakovakaya and couorkers [32,33] studied FeCl~-doped
frozen solutions of monomers. Tiny steps in f* shoued the occurrence of secondary transitions below T .
Ue have studied [34 ) a series of amorphous polymers based
on vinylferrocene (VFc). The ferrocene complex is attached to
the backbone by a single (T-bond. The aim uas to investigate a
possible thermal activation of the mobility of the ferrocene.
Indeed early data on similar polymers by Belov and couorkars I 35 I
indicate, that f

is practically vanishing at 300 K, uhereas

other polymers having ferrocene as crosslink (i.e. bonded at
both pentadienyl rings) appear to have a more rigid lattice.
Fig.9 compares f*(T) found for crystalline VFc and amorphous PolyVFc (PVFc) (molecular weight: 3000). The logarithmic
plot reveals the deviation of the temperature dependence of

f

for PVFc against that of VFc, which can be described in a Oebye
model with a -2

moment of the power spectrum 9_2«(73+4)K. T O

demonstrate this deviation more clearly, we have subtracted
in fig 10 from In f

for PVFc a Debye-like lattice contribution

with 8_2»80K. The thua obtained quantity In f reveals a step
smeared between ~80K and ~13DK. This step is remarkably insensitive to changes in the polymer backbone, as seen from the behaviour of a copolymer of PAN-VFc (molecular weight: 10 4 , content of VFc: 4.1 ut%). Even a swelling of the copulymer by adding solvents like dimethylformamide (DTIF) or dimethylaulfoxide,
which induces a rupture of hydrogen bond crosslinks (vie nitrile
groups of the backbone) yields identical behaviour (fig.10).
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This support* the view, that the step in In f ia ralatad to a
thermally activated motion of tha farrocana aidagroup itsslf.
Tha hf pattarna (fig.11) showing a aingla quadrupola intaractlon
(closa to that of pura farrocana) ravaal incraaaing linsbrsadanlng abova ~60K, which bacomas actually raaolvad for PVFc naar
A.100K. Ue asaign tha apparsnt, only slightly different quadrupola
intaractiona to thraa conformational states, two of which ara
populated on incraaaing temperature by tha activation of tha
farrocana notion - probably of a librational typa. Abova ~130K
only a aingla quadrupola pattarn ia ratainad, tha lirtewidth ia
narrow again. This is axplainad by a fluctuation batwaan tha conformational statss, which has rsachad fraquancias much larger
than tha diffarancaa in quadrupola intaraction for tha thraa
conformational statas. Tha gradual population and tha avolution
of transition fraquanciaa batwaan tha conformational statas
allow to proposa a pictura for thair potential wall structure
(fig. 12). It is aasumed, that tha thermal activation is governed by an Arrhenius law
V - S « * P <-E/kBT)

(S)

with v,«10 Hi aa typical molecular vibration frequency. The data
ara consistent with a barrier height E/kg»1800 K (neglecting
any entropy contributions). The bottom levels of the two activated statas ere on the order of Q/kg<*25 K above the ground atata.
C corresponds to~3.6 keel/mole, which ia typical for tha activation energy of a hindered eide group motion [27].
The decrease of f upon activation of tha hindered motion
een be underetood in this pictura aa arising from the random
phase shifts acting on*tha y-wave train due to tha hopping bet234

ween the different conformational states

|3t, 37,3?]. From the

steps in f aeen in fig. 10, we estimate in this model the distance between the outer potential wells to be d«0.54 8. This
value is also close to that calculated under the simplifying
assumption, that the ferrocene be confined to a three-dimensional square well, giving A.0.46 8 as dimension of the well [ 39 \
Note, that an interpretation of(-In ff)/k

as <x ^does not hold

in the case of anisotropic potential wells [35].
Unfortunately it is not possible to investigate the glass
transition region around 400 K for Pl/Fc and PAN-VFc, since these
compounds undergo degradation at these temperatures. In swollen
polymers, however, T

is depressed by the admixed solvent. This

suppression comes from a higher possibility of a cooperative
rearrangement of the polymer segments driven by the higher mobility of the small diluent molecules

[40]. In Tig. 10 a corre-

aponding drastic increase of -In f for swollen PAN-VFc(+50utjl
0P1F) between 190 and 240 K is seen. Abova 240 K a "rubbery"
plateau is reached indicating, that the motion of the backbone
together with the attached ferrocene is still apacaly limited.
At ""340 K, when the liquid state is reached, the resonance becomes undetectable. For a quantitative understanding of the
break-down of P

near T

a proper theory for the underlying

cooperative micro-brownian motions is still needed* A threedimensional square well picture would yield a widening of apace
for movement of another «*0.5 R.
These experiments have shown the possibilities of giving
microscopic information on thermally activated confornational
changes in polymers. Indeed, Mossbauer spactroscopy does not
trace e.g. the relaxation of the repopulation of metaatable states
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aftar application of external atraaa, but ia sanaltive to tha
fluctuation* batwaan those atatea, which ara raaponaible for tha
macroacopically obaarvad relaxation phanomana.

STUDIES OF RECRYSTALLIZATION IN GLASSES AND VAPOUR-QUENCHED
NC HATERIALS
A battar undarstanding of tha mechanisms of recrystallization of glass ia of obvious inportanca for glaas tachnology.
Various rather successful theories (for a comprehensive description see ref.41,e.g.) for nucleation and growth of crystallites
have been put forward, but nevertheless each glass composition
appears to have its own rules due to complicated phase diagrams
dictating phase separation, which is thought to be essential for
nucleation. Still unclear remains the action of many nucleizers
(like several 10 ppm admixtures of noble metal oxides to an oxide
glass) yielding catalyzed nucleation. Also ferric oxide has revealed es nucleation catalyst in several glasses and thus clearly
cells for investigation by Mo'asbauer spactroscopy.
Several MSssbauer experiments have been reported [ 42,43 ]
monitoring the precipitation of iron oxides from oxide glasses.
Recently Bandyopadhyay and couorkers [44 ] have studied basalt
glass, which is a complicated mixture of oxides, mainly SiO_,
Al-0- and Fe_0_. The glass is obtained by melting and subsequent
cooling of neturel basalt. Reheating above a certain annealing
temperature (~525°C) yields the formation of magnetite crystallites. For quality control of this glass ceramics it is desirable to study this crystallization process. The Flossbauar spectrum meesured at 300 K (fig.13) for the annealed ("blank") glass
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shows a superposition of tuo quadrupole interactions, on* dua to
a ferric and one due to a ferrous phase (probably orthopyroxene),
which is of leas intensity. After annealing at various temperatures up to 700°C for eight hours, basically a decrease of the
quadrupole interaction end a alight increase of isomer shift for
the ferric contribution is traced, which is interpreted with the
increasing symmetry of the coordination around Fe

upon nuclea-

tion and crystal! i/nl. i on. After annealing at 800°C and 900 °C a
broadened magnetic hf spectrum appears, which is assigned to
bulk magnetite. Whereas the ferric contribution for "blank" glaBs
and that annealed at 600°C is thought to arise mainly from more
3+
or less isolated Fe

, it must be assumed that there is a consid-

erable amount of superparainagnetic magnetite present already for
the sample annealed at 650°C. Its contribution to the hf pattern
appears paramagnetic, since the flipping time of the magnetization of these particles in their magnetic anisotropy potentials
is still fast compared to nuclear Larmor precession time
-10

(~10~

s ) . The hf spectra obtained at 4 K (fig. 14) clearly reveal,

that most of this superparamagnetic particles are blocked, the
superparamagnetic contribution to the spectra ia less than 20 %.
Even the hf spectrum of "blank" glass shows a broad background
due to some magnetically blocked clusters at A K, suggesting that
short-range magnetic order is already present in this sample,
probably acting as nuclei for further crystallization. Also the
changes of the macroscopic magnetization on annealing support the
picture of the growing magnetite phase as seen from the Mossbauer
data.
Kim and coworkers

(45 | studied clustering and crystalliza-

tion in BaQ-4B_0_ glasses containing less than 10 mole£FB-0~.
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From tha avolutlon of the auparparamagnetic to the bulk Fe.Ophaaa upon different annealing atagea they could show, that
catalytic nucleation ia triggered by Fe_0-. 'Above 650°C Fe-O.,
clusters, which ware already present in the quenched malt, precipitate from the glaaa forming auperparamagnetic particles with
dimensions less than 50 ft* These in turn serve as crystallization
sites of the crystalline w-Fe.Q- phaaa (particle sizes ~160 8)
obtained after heating to above 650°C. The crystal growth is
proposed to occur epitaxially on the smell clusters. The bssic
advantage of Plb'ssbauer spectroscopic studies of recryatallization
becomes here quite apparent: the possibility to characterize the
onset of nuclaation and crystallization, where other methods are
not yet sensitive.
The kinetics of recryatallization shall be demonstrated in
a more transparent case than encountered in the complicated
mixed oxide glasses. FeF_, FeCl_ and FeBr« can be amorphized by
quenehing a molecular beam onto substrates kept et 4.2 K [46] .
Structure and magnetism of these nc samples depend on the composition of the molecular beam: vapour consisting of tha monomer ic ferrous halidea yields nc magnets with ordering temperatures T M 2 1 K, admixtures of more than about 5—10J< of halide
dimers destroy the magnetic order* Above T , the phase A produced from monomeric vapour shows a characterietic quadrupole inter0%

action of i qQ (30K) renging from 4.6 - 5.4 mm/s for all three
ferrous halides. The phase B, produced in addition to A from
vapours containing partially dimers, gives e distinctly lower
e2qQ(3QK)**3.2 mm/s for FeCl 2 and FeBr 2 . For

FBF2

phase B is not

observed, which can be directly connected with the instability
of the species Tn^T. at tha vapour pressures used for evaporation.
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The crystalline phases C for

TBY^

and FeBr 2 give «2q(j(30K)

FBC12

-5.8, 2.2 and 2.0 rom/s, respectively. Uhen the nc phase ft of
FeCl- or FeBr ? is annealed above ~60 K a gradual growth of phase
6 is found, further annealing yields a transformation of phase B
to the usual crystalline phase C. Fig. 15 give;.' a logarithmic
plot of the relative amount x of phase A versus time for isothermal annealing of FeBr_ at 114 K. Here it uaa assumed, that
phase A and 8 have identical f*. The plot shows, that the transformation from A to B is well described by a first order kinetic
law x

x - exp (-k^t)
uith k,.«*s3.3 10

<*)

•»6 —I
s
as rate constant. In principle one could

determine the thermal actiuation of k1«k • exp(-E A B T ) by traci

o

a

o

ing isothermal anneals at different temperatures. This is not
easily achieved, since already at ~12Q K the gradual growth of
the crystalline phase C is found. The variation of the relative
amount y of phase 8 versus time is plotted in the lower part of
fig. 15 for annealing at 130 K. Phase A was practically not anymore detectable (i.e.^SSJJ) in the used sample. The crystallization roughly follows
y - exp <-k2.t")

(?)

with n- 2.4+0.2 and a rate constant k 2 « 2 . 1 10" 1 3 s" 2 ' 4 . The
kinetic poJer laws involved in (5) and (6) can be understood
with Avrami's theory I 47] of nucleation and crystallization
predicting, that the not yet transformed volume fraction fallows
x* exp (-k*t

) with k and n constant for an isothermal transfor-

mation. If the transformation ii dominated by crystal growth,
n should attain values 1, 2 or 3 depending on the dimensionality
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which control* the growth. If, houaver, nucleation proceeds at
constant rate during crystallization, n should be rather increas•d by one. The first order kinetics of transformation from A to
B indicates a linear grouth of phase B, thus implying the formation of bridge-bonded (^ e ^o) n chains. For nucleation may serve
small amounts of dimers also present in the mainly monomeric
vapour used for preparation of the nc phase A. This is also supported by the fact,that phase B can be directly obtained from
dimeric vapour. The transformation to the crystalline phase C
than proceeds tuo-dimenaionally, probably by the restricting
sample thickness on the order of several microns. The slightly
increased value n«2.4 may be an indication that still a small
part of phase A is transforming to B. Only the formation of phase
B allous the final crystallization to occur at these low temperatures: for nc feF_( which apparently cannot transform to a
"chain phase" B, phase A appears stable even at 300 K, crystallization (A to C) is not achieved below 800 Ki
Again it should be reminded, that also crystallization from
the nc state has to be described by non-equilibrium thermodynamics involving dissipative structures. Indeed, also softening
of the lattice dynamics is observed in the transformation range.
NBssbauer Ra;leigh scattering on crystallizing Sb, Ta and SbjTe[48 ] reveal enhanced mean-square displacements (rising from 0.02
to 0.09 8 ) in the structurally relaxing nc matrices. These meansquare displacements are comparable to those near meU.ing.
The sensitivity of spin-spin relaxation to changes in the
local concentration of paramagnetic ions was used by Plftrup and
coworkers [49 ] to estimate the degree of phase separation in
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^

frozen aqueous ferric salt nnliitiona. They alnn cmrld investigate the influence of glass formers and cooling rates on the kinetics of cryatalllzation.

CONCLUSION
The above given examples shall demonstrate the versatility
of the tfb'ssbauer effect for the investigation nf structural rearrangement phenomena in nc materials. The presentation of data
applying only the 14.4 keV resonance of

Fe is a bit fortuitous.
11Q

A series of other suitable Isotopes like
1 ?9

191

Sn,

197

5b,

* 1 and

I are of advantage for studying re materials. For the further
development, experiments exploring molecular dynamics seem to be
most promising. In the lnu-temperature range, uhere mostly any
dynamics uaa assumed to be frozen, one may detect a variety of
activated motions, which uere overlooked by now, leading to a
more profound understanding of the amorphous state.
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HYPERFINE FIELDS IN METALLIC GLASSES
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We review recent experimental data obtained on hyperfine
fields (hff) in amorphous metallic alloys. He restrict ourselves
to magnetically ordered materials. Both the average value and
the distribution of hff is discussed for three different cases.
First, we summarize the hff data on majority constituents such
as Transition Metals (Fe, Co) and Rare Earth elements (Gd, Bu,
Dy). Secondly, we analyze the hff data on magnetic impurities
(Ni, Co, Mn) diluted in Fe base amorphous ferromagnets (FePb,
FePC). The case of 59 Co diluted or concentrated in amorphous GdCo
alloys is analyzed with some detail. Thirdly, we review the data
on transferred hff on simple metals (Au, Sn) and s-p elements
(P, B) in various amorphous ferromagnets. For those three cases,
the mean hff value is discussed in the light of hff data on both
pure elements and compositionally related crystalline compounds.
The hff distribution is analyzed in relation with the structure
of these amorphous alloys (electronic structure, magnetic structures, atomic-scale or medium-range atomic order?.
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POLARIZED NEUTRON SCATTERING STUDIES ON AMORPHOUS SOLIDS
Jacques Schwelzer
DN/RFG, Centre d'Etudes Nucl6aires, 85X, 38041 Grenoble Cedex
ILL, 156X, 38042 Grenoble Cedex, France

ABSTRACT
Polarized neutrons are particularly suited for measuring magnetic
moments. In the case of amorphous materials they allow the
measurement of the form factors of magnetic metals. But they can
also give, besides the Information on the magnetic properties
themselves, information which is important regarding the nuclear
structure of the glass. For compounds containing magnetic atoms,
the sensitivity of polarized neutron diffraction is such, on the
one hand, that it allows a direct determination of the partial
interference functions. This does not imply varying the composition of the sample or using different isotopes, but simply changing the relative orientation between the sample magnetic moments
and the neutron incoming spin. On the other hand, for magnetic
atoms with a large anisotropy (as rare earths at low temperature),
the local easy direction of the moment is a label for the arrangement of the neighbours around these atoms. The investigation of these easy directions, using polarized neutrons and
polarization analysis, gives information on the glass nuclear
structure which, beyond the usual distance correlations, reaches
the angular correlations of these local axes.

INTRODUCTION
Among the different neutron diffraction methods, polarized
neutrons have been developed [1] to study with a high sensitivity
magnetism in the crystalline state. The results were excellent:
polarized neutron diffraction allowed the determination of
magnetic form factors and spin densities on the atomic scale in
metals, alloys, oxides. It has become the main tool for investigation of magnetic electrons. A refinement of the polarized
neutron technique was achieved by analysing the polarization of
the diffracted beam [2]. This improvement, permitting to separate magnetic form nuclear scattering and to distinguish between
the orientations of the magnetic moments, has a number of applications in crystalline state, and appears as a unique way to
solve ambiguous problems.
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Although neutron diffraction is widely used for structure
investigation of amorphous state the magnetic aspect of neutron
diffraction starts slowly to be taken into account in these materials [3]. The present paper tries to show how polarized
neutrons may be used to investigate the magnetism of amorphous
materials. After recalling the principles of polarized neutrons
(section XI) we shall see that it is possible to determine the
form factor of amorphous metals (section III) and also to take
advantage of magnetic scattering to distinguish between the
partial interference functions of amorphous compounds (section
IV). Finally we shall show how polarization analysis is a possible tool to obtain the magnetic moment directions and then the
existence of angular correlations in highly anlsotropic materials
(section V ) .

PRINCIPLES AND EXPERIMENTS
Polarized neutron diffractometry was first described in
1958 by Nathans et al. [1] (see Fig. la). The monochromatorpolarizer is a magnetic single.domain single crystal. For a
specific Bragg reflection, its cross section is significant for
one spin state and is zero for the other spin state. Usual monochromators are Co g 2 F e 08 f o r r e f * e c t i o n (200) and Heussler
alloy Cu_MnAl for reflection (111). The polarization of the beam
can be reversed by a flipping device, generally a radio frequency
coil. A vertical magnetic field is applied to the sample; guide
fields prevent the beam being depolarized. The measurement cdnsists in recording the diffraction patterns of the sample with
the polarization of the incoming neutron first up, then down,
and to compare the two results. Usually, for single crystals,
one compares for the 2 spin states the intensities of the Bragg
reflections. .
The polarization analysis was proposed in 1969 by MOON et
al. [2]. A third axis was added to the polarized neutron diffractometer with an analyzing crystal, similar to the monochromatbr (Pig. ib). Between the sample and the analyzer a second
flipper may be installed. The polarization of the beam falling
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onto the sample depends on the state of the first flipper* while
the second flipper determines the polarization of the neutrons
which can reach the counter. One can then determine 4 partial
cross sections according to the spin of the neutrons before and
after the scattering process.
For one atom with coherent scattering length b, electronic
moment M and without nuclear spin the corresponding amplitudes
are
0 + + » b + pf H 1
z

u " - b - pf Hi
(1)
pf (I

where *T" is the projection of fi onto the plane perpendicular to
the scattering vector £ and f the associated form factor. The
2
2
—12
quantity p =• ye /me is equal to 0.27 10
cm/tig. The z direction is chosen parallel to the polarization of the neutrons in
the above formula. Therefore, if the neutrons are polarized parallel to the scattering vector, the z component of M-L, i.e. He
is equal to zero. Then nuclear and magnetic scattering are completely separated, nuclear scattering being non spin flip (U + +
and U~~) and magnetic scattering being spin flip (U ** and 0 ~ + ) .
Coming back to the case of polarized neutrons without polarization analysis one has to add for each spin state of the
incoming neutrons the 2 cross sections corresponding at the 2
spin states of the scattered neutrons and one obtains

TBT " b*

+ (pf)2

*^ i2

bpf
bpf

**z

(2)

In the particular but usual case where the polarization of the
beam is vertical and perpendicular to the scattering vector and
where the magnetic moment is aligned along the neutron polarization M £ « M £ » 0, M £ « M, and one is left with the 2 atonic amplitudes corresponding to the 2 possible polarization* of the
U + - b t <Pf)M 1
0" « b - (pf)M J
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POLARIZED NEUTRONS AND FORM FACTOR OF AMORPHOUS MAGNETIC METALS
Polarized neutrons, without polarization analysis, have
been the unique tool to measure magnetic form factors in crystallised metals. It is possible to extend this kind of measurements
and to investigate magnetic form factors of amorphous metals. For
an amorphous metal with magnetic moments parallel to the neutron
polarization and perpendicular to the scattering vector, the
cross sections corresponding to the 2 possible polarizations of
the beams are
^

[b ± pf (K)M] 2 S(K)

(4)

with S(K) the interference function given by

SIX) = 1 + £ j 4nr2[P(r)-l]

si

g r K r dr

(5)

o
where v is the mean atomic volume and P(r) the probability per
unit volume of finding an atom at distance r from another atom.
The difference between the 2 cross sections is then proportional to the magnetic form factor of the metal:

%

%

4 b

Pf(K)M

S(K)

(6)

Such a measurement has been made by Lauriat in the case of iron
excarbonyl [4]. This amorphous iron is obtained by decomposition
of iron pentacarbonyl Fe(CO) 5 under electric discharge [5]. It
is ferromagnetic with a saturation moment 1.98 u D while the a
phase of crystallised Fe corresponds to 2.17 iu. The diffraction
patterns have been recorded at room temperature on the polarized
neutron diffractometer D5 of the ILL with a 17 kOe vertical field
applied to the sample. The diagrams corresponding to the 2 polarizations of the beam are presented in Figure 2 and their difference in Figure 3. The low angle part of this difference,
first large and positive, then negative, corresponds to inhomogeneities in the sample. At higher angles 3 rings are observed, with a shoulder on the second ring. Then the difference
goes to zero and even becomes negative. The quantity Mf(K) is
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obtained by dividing this difference by the quantity 4bS(K), with
S{K) measured by X-rays. The result is represented in Figure 4 as
well as the atomic form factor which was found to fit the data of
crystallized iron [6]. It is clear that the division by S(K)
raises some problems when S(K) varies rapidly; we shall come
back to it. Two conclusions however can be drawn from this figure. First, for sinGA > O.45 8" 1 the curve Mf(K) fits very well
the theoretical form factor of Fe . Particularly, it becomes
negative for sin©/X > 0.86 8" 1 . This indicates that in amorphous
iron, the magnetic electrons have the same radical dependence as
in crystallized iron. Secondly, if one extrapolates the curve
Mf(K) to K=0 one is led to a magnetic moment of 2.25 u Q , larger
than that given by the bulk magnetization (1.98 u B ) • Here also
the situation is very similar to that observed in crystallized
iron, and in crystallized 3d metals in general. It has been interpreted in terms of polarization of conduction electrons: the
neutrons, except in the forward direction where no measurement
is made, are scattered by a localized moment corresponding to the
3d electrons, while bulk magnetization measures the sum of the
localized moment and the moment corresponding to a polarization
of the conduction electrons, which is almost constant between the
atoms. In the 2 cases of Fe, amorphous and crystallized, this
polarization is negative and of the same order of magnitude (see
Table 1 ) .
Table 1
Atomic magnetic moments in crystallized and amorphous iron
Magnetization
Measurement

Neutron
Measurement

Conduction
Electron
Polarization

Crystallized
Fe a

2.17 u B

2.39 u B

-0.22 u B

Amorphous Fe

1.98 U B

2.25 w B

-0.27 u B

The discrepancies found around the first 2 rings of the
amorphous diagram are due to CO impurities. Lauriat has shown
that all the CO molecules formed in the preparation of amorphous
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iron were not evacuated by pumping, some being precipitated Into
the solid and acting probably as glass former. For the X-ray
measurements these molecules are almost Invisible In comparison
to Fe, but it is not the case for neutrons, due to the large diffusion amplitudes of carbon and oxygen. Therefore the difference
^ - - d ~-includes terms of the type b c p f(K)MSp _ c and
b Q pf(K)MSpe_o-where S p e _ c and S p e _ 0 are partial interference
functions between iron and carbon or oxygen atoms.

POLARIZED NEUTRONS AND DETERMINATION OF PARTIAL INTERFERENCE
FUNCTIONS IN AMORPHOUS COMPOUNDS
The last example has shown how polarized neutrons are sensitive to the presence of impurities or, more generally, of other
components in a magnetic amorphous sample. It is therefore tempting to take advantage of it, and to try to deconvolute the different partial interference functions. Deconvolutions have already been done in the past. For a 2 component sample, they need
3 different diagrams. This could be achieved by the use of 3 different types of radiations: X-ray, neutrons and electrons for instance. Or, with neutrons only, by using different isotopes of a
same element with different scattering amplitudes [7]. The problem in that case is the requirement of 3 different samples which
must be chemically completely identical. Bletry first proposed,
in the case of magnetic compounds, to use polarized neutrons [8,
9 ] . The three different diagrams are obtained 1) with polarization up, 2) with polarization down and 3) with the applied magnetic field parallel to the scattering vector, which reduces the
active part tP- of the magnetic moment to zero.

%•= asBcace < V P V K ) V ( V e V K ) V s a e ( K )
<7>

doo

%• - <& W a

b

3

S

a P < K)

with Ca and C p
Q , the concentrations of atoms a and 3 and where the
partial interference functions are given by
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with P a(r), the probability per unit volume of finding an a atom
ap
at a distance r from another 3 atom.
In the case of binary compounds/ the 3 partial functions are
easily deduced from the 3 different cross, sections by

If
(8)
08

«C

This method has been applied to two cases of amorphous cobalt alloys: Co fl2 P > 1 8 by Bletry [8,9] and C o > 8 1 5 B 1 8 5 by
Dubois [10]. These two alloys of the same stoichiometry should
be chemically very close one to the other and the comparison of
the results is interesting. They are both ferromagnets at room
temperature with a saturation magnetization of 91.4 uem/g for
Co 8 2 P 1 8 and 120.1 uem/g for C o > 8 1 5 B > 1 8 5 . The different atomic
amplitudes for the metalloid and for the cobalt, including the
magnetic moment, are reported in Table 2 for different values of
K. The contrast is quite good until K - 6 8~ .
Table 2
Atomic amplituedes in the Co 8 -X

18

alloys investigations

(in 1 0 " 1 2 cm)
Co

b

0. 67

0.51

X

8"1

0. 61

0.36

0. 26

Co " M f
K=0, 5, 10 8"1

-0. 11

0.14

0. 24

K=0, 5, 10

Co .815 B . 185

. 8 2 P . 18

.'

)

0. 71

0. 39

0. 26

-0. 21

0. 11

0. 24

b

b

Co

0.25

0. 25
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The cross sections ^g- and -^- observed for C o # 82 P .18 snA
Co O ,-B 1 O C are reported in Figure 5 and 6 as well as the partial
interference functions worked out through formula (8). Table 3
indicates the position of the maxima of these interference functions. The results are very comparable for the two compounds.
d

TabJe 3
First maxima in the partial interference functions ot
alloys
Co .82P.18
S

CoCo

S

CoX

s

X X

Co

CO

.82 X .18

815B .185

3 .28-1

3 .1

S-i

3 .2 8"!

3 .25

8-i

2.18-1

2 .5 8-1

The important point is the low K value for the first maximum of
metalloid-metalloid interference function. It is characteristic
of a chemical order where 2 metalloids cannot be first neighbours.
In principle the position of the first maximum K m of the interference functions does not yield the distance R between first
neighbours. It is however possible to relate them through a
structural model as done by Bletry [8]

K™

± [7.S - 4.3 {£ - 1)

(9)

where d is the mean atomic diameter. The application of such, a
relation in the case of Co g l 5 B l g 5 is shown in Table 4 as well as
Co-Co distances determined with accuracy by EXAFS and distances
existing in crystallized Co 3 B. The agreement with EXAFS is
satisfactory enough to give confidence. Except for the pair
boron-boron the distances found with neutrons are compatible
with those of the crystal Co 3 B f which emphasizes the fact that
in these amorphous alloys there are no neighbour metalloidmetalloid pairs.
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Table 4
Pair distances obtained by neutrons and EXAFS for amorphous
Co gicB 1 8 5 and existing in crystallized Co^B

R(neutrons 1
Co-Co

2 .54 ± . 0 3

Co-B

2 28 ± . 0 3

8
8

R(Co3 B)

R(EXAFS)
2.56 ± .01

8

1. 9 7 - 2 . 5

3.04

* 3. 6 8

B-B

2. 4 5 - 2 . 8 1

8
8

8

Finally let us note that in both cases the localized moment
found for cobalt is larger than that deduced from bulk magnetization, indicating here also a negative polarization of the conduction electrons.

POLARIZATION ANALYSIS AND DIRECTION CORRELATIONS
Diffusion experiments such as x-rays and neutrons are most
of the time connected with distance correlations. Actually the
Fourier transformation of structure factor S(K) yields pair correlation functions where only the distances are concerned and
not the angles or directions. Magnetic scattering however is
sensitive to the correlation between the magnetic moments through
a scalar product

< J?(R").J?(R+r) >

exp (iKr)

In some cases, where the magnetic moments are strongly bonded to
their easy magnetization axis through a very large magnetocrystalline anisotropy, it is possible to study the correlations
between the easy directions, via the magnetic moments. It is the
case for amorphous rare earth-transition metal alloys (RE)<™) x
which present a particular long range magnetic order called
sperimagnetism [11,12]. This order is dominated by the following
features:
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1. A large and positive TM-TM coupling (1000 K) which leads
to a ferromagnetic alignment of all the transition metal moments.
2. A huge magnetocrystalline anisotropy for the rare earth
at low temperature (with exception for gadolinium which corresponds to an S state). The result of this is that the RE moment
lies at lew temperature along the easy direction and cannot leave
it. Two directions are left for its sense.
3. An intermediate RE-TM coupling (~ 100 K) which is negative between the spin. It is therefore positive between moments
for the first RE series and negative for the second one. This
coupling determines which of the two possible senses the RE
moment chooses (Fig. 7 ) .
4. The RE-RE coupling (~ 10 K) is one order of magnitude
less than the former one and negative.
The existence of correlations between the easy directions
of the rare earth sites was established in ErCo, using polarization analysis [13]. In that experiment performed at 10 K the
polarization direction (Oz) was parallel to the scattering vector
(&), resulting in a complete separation of nuclear and magnetic
scattering: the non spin flip scattering represented the nuclear
correlations, while the spin flip scattering was characteristic
of the components of the moment $r~, w~ which are perpendicular
to the scattering vector. As the magnetic field (Oz), applied
along the scattering vector (K), aligned the cobalt moments, all
the correlations induced by the Er-Co interactions concerned the
component Vr~ and were zero in the experimental arrangement. If
z
there were no correlations between the easy magnetization axes,
as directions and senses of the erbium moments are completely
determined by the easy directions and the coupling with the
cobalt moments, there would be no correlations also between the
projections of the erbium moments onto the plane perpendicular
to Oz. The spin flip scattering should be in that case totally
incoherent and reflects only the K dependence of the erbium form
factor. This was not the case. Figure 8, where are represented
both non spin flip and spin flip scattering shows the existence
of magnetic rings of ferromagnetic character (at the same K
values as the nuclear rings) and of antiferromagnetic character
(between the nuclear rings).
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Considering that the easy directions of neighbour erbium
atoms tend to be parallel, one may understand the existence of
these two types of correlations. According to the value of 6,
the angle between the cobalt moment and the erbium easy direction, two extreme cases may occur:
| and the
1. For small 0, UErCo i
Br

coupling between Er and Co moments dominates the Er-Er interaction. This leads to a ferromagnetic order of the Er moment
(Fig. 9a).
2. For 0 values close to 90°, JErCo^Er'^Co i s v e r y s m a 1 1
and neighbour moments order antiparallel under the influence of
J

ErEr^Er^Er *Flsr* 9jb* * A t intermediate 9 the order is neither
ferromagnetic nor antiferromagnetic.
This polarization neutron study on amorphous ErCo,, using
polarization analysis, clearly showed that the local erbium easy
magnetization axes are correlated in this structure. These easy
magnetization axes are local axes for the erbium sites and reflect the atomic environment around each erbium site. The existence of correlation between these directions contradicts computer calculation based on random close packing of hard spheres
[14,15]. On the other hand, when one considers the different
structures for the crystallized (RE)(TM) , one is struck by the
fact that all these structures can be analyzed into fundamental
units and that they differ mainly by the way these units are
piled up in the structure. One can think that these units are
also present in the amorphous state and that their arrangement
gives rise to some correlations for their 'crystal field axes'.

CONCLUSION
Polarized neutron diffraction is a very sensitive method of
investigating magnetic properties. It is possible to extend to
the amorphous state the magnetic form factor measurements and
reach the radial extension of the magnetic electrons around the
nuclei. However, the polarized neutrons have mainly been used to
investigate structural problems: separation of partial interference functions and determination of direction correlations.
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The magnetic moments In these Investigations were just an Intermedlate tool which allowed the high sensitivity of polarized
neutrons to be used.
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Fig. 1. Schematic view of a polarized neutron diffractometer
(a) without (b) with polarization analysis

to

O

dn
1

11111111111111111 n m i i i i T n i i i i i n t i i i w i i i i i i

«

»

25

30

35

*0 45

SO 55

60

iTiiniiiiTiiiiiiiiiiiiii

65

TO T5 *> »

Diffraction patterns recorded with polarizations
+ and
- for amorphous iron and for the empty container (4)

35

WO

1«8

29

l

§
41
U

s,s
o

•
H
il

0

q

Si
b
"D

sis
sjunoo
271

MfCk)
alculoted form factor CFe++)

t.O.

o.s_

0.

-

0.

0.1

0.2

0.3

O.t

O.S

0.8

0.7

O.t

0.8

sjn
A
Fig. 4. Magnetic atomic-amplitude of amorphous icon (4)

272

1.0

Co

ScoC6«°>

P

.82 :i8
t
n

Sco-P1®
1
n

Ai/T

7

V
Sp. P «Q)
i

0

I

I

I

«

5

*

T

«

*

1

0

-•JH
J
0 1 2 3 4 5 6 7

to
-4

Figr. 5. Amorphous Cog2P

lg

(a) diffraction patterns (b) partial interference functions 18)

Co

.815 B.185

:\

\

2<
1- -

7.

0-1-

10

CO)

0

1 2

3

4

•

Cb)

Fig. 6. Amorphous Co gJSB igs (a) diffraction patterns
(b) partial interference functions (10)

274

G4

c#

7. Magnetic structure of (RB)(TM)X alloys for (a) first
rare earth series (b) gadolinium (c) second rare earth
series (12)
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Fig. 8. Scattering of neutrons by amorphous BrCo3 (a) without
spin slip, (b) with spin flip, (c) as (b) with incoherent nuclear spin removed and corrected for the
erbium form factor (13)
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Fig. 9. Arrangement of the erbium magnetic momenta
according to the value of angle & (a) ferromagnetic, (b) antiferxomagnetic (13)
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MAGNETIC RELAXATION PROPERTIES AND CLUSTERING OF
IRON IONS IN POLYMERS AND GLASSES
I.P. Suzdalev, V.K. Irashennik
Institute of Chemical Physics, Academy of Sciences,
Moscow, USSR, 117334 Vorobjevskoe Shaussee 2b

ABSTRACT
Information on the relaxation Mttssbausr experiments on polymers
and glasses is summarized. Special attention is devoted to the
heterogeneous distribution of iron atoms in host matrices. Three
types of iron clusters are discussed.

The amorphous systems exhibit rather perculiar properties
and are of considerable interest to solid state physicists,
chemists and biologists. The study of metal doped polymeric and
glassy compounds has turned out to be of certain technological
interest too: for example, because of induced changes in the
electronic, mechanical, chemical and magnetic properties due to
the metal embedding. Consequently, a number of important problems
concerning the distribution and binding of metal ions in the host
network arises. The existence of both types of distribution
- homogeneous and heterogeneous - was shown by means of spectroscopic methods. Of special interest is the appearance of aggregations or clusters of transition metal ions with magnetic
interaction. MOssbauer spectroscopy is a very useful tool for
investigating the aggregation and coupling between metal ions
and host matrices.
In most cases tha mair. Mosebauer information is derived
from the. isomer shift, the quadrupole splitting and the recoilfree fraction. Using these parameters one can investigate the
local electronic and structural properties. If the paramagnetic
MOssbauer atoms dominate in the system, the bulk magnetic order
can be obtained by studying the magnetic hyperfine splitting
(mhs) in the M5ssbauer spectrum. But the mhs accours when a
small amount of Mossbauer atoms is sited in the host lattice and
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consequently the bulk magnetic order is absent; this is due to
the slow relaxation rate of electronic spin. Usually we observe
the case of fast relaxation limit, when the relaxation frequency,
i.e. the frequency of jumps between electronic sublevels, is much
higher than the Larrnor precession frequency of the nucleus in the
magnetic field of the electronic shell. Due to the sensitivity of
the nucleus to the average magnetic field an unsplit single or a
quadrupole doublet can be observed. The relaxation mhs appears
not only in the case of an isolated Mttssbauer ion when the spinspin interaction is suppressed by diluting paramagnetic ions and
the relaxation frequency is much lower than the Larmor precession
frequency. Mhs arises also when embedded Mossbauer ions form a
cluster with the magnetic moment fluctuating like a magnetic
moment of one domain ultrafine particle of a ferromagnet below
the ordering temperature (superparamagnetic behaviour). At low
temperature the thermal energy, kT is comparable with the energy
barrier CV presenting spontaneous changing of the magnetization
direction, the fluctuation frequency
• f = f o exp (-CV/kT)
becoming of the same order of magnitude as the Larmor frequency.
Therefore a Mosabauer spectrum with mhs will result. Thus we can
see that the relaxation Mossbauer spectra can indicate both the
well isolated ions and aggregated ions.
Since the first works en this phenomenon in polymeric and
glassy matrices, as well as diamagnetic crystals and frozen
solutions, the MOsebauer methods has been used to study relaxation processes. In this paper we have no intention of reviewing
all works dealing with the relaxation phenomenon in polymers and
glasses. Recently, a number of excellent reviews partially covering this field have appeared [1-5]. In these surveys the correlation between the ordinary Mossbauer parameters (e.g. isomer
shift, quadrupole splitting) and local structure of non-crystalline solids has mainly been established.
Whet we would like to do is to show, giving a few selected
examples, how the relaxation Mossbauer spectra present information on the local environment and indicate the iron clustering
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in the host matrix. The latter is very important for polymers
and glasses.
It is necessary to note that all experiments considered
here have been carried out on iron because among the transition
metals giving rise to relaxation Mossbauer spectra iron is the
easiest to study.
Secondly, the theoretical methods of the simulation of relaxation spectra are beyond the scope of this paper. Mention
should be made here that these methods are mainly based on the
results of Clauser and Blume [6,7], Hartmann-Boutron and
Spanijaard [6], Afanasyev et al. [9,10], Shenoy and Ounlap [11].
In order to understand the influence of the local environment on the resulting paramagnetic relaxation spectrum we write
the total Hamiltonian of the HOssbauer ion as follows:

"tot.

= D t s

z 2-

•*

J

J

j

3 ' 8)

+ i • S •s
+ piij - •! Ki+Di
•

g

n 0n

H

ext '

j

X

Here the various interactions are presented in approximate decreasing order of magnitude: i.e. crystal-field, electronic
Zeeman, magnetic and electric hyperfine, and nuclear Zeeman interactions. S and I are the electronic and nuclear spins, 0 and
B the electronic and nuclear Bohr magneton, respectively. P and
n are the constants of the quadrupole interaction, g and A are
tensors of fine and hyperfine interactions. The crystal field of
the first line is the low symmetry field. It exists in noncrystalline solids, e.g. frozen solutions, polymers and glasses.
The ratio \ = E/D determines the g and A tensors [12,13]. Under
the small external magnetic field the relaxation mhs becomes
clearer and precise computer simulations are possible. The procedures of these simulations are described in [14-17].

281

In so far as tha D and E factors In the crystal field
Hamlltonlan can be described by the nearest arrangement, the
parameter can be estimated using the symmetry, distances and
charges of llgands surrounding the Mttssbauer Ion. On the other
hand we can obtain X from the computer simulated spectra. Thus
we can obtain structure Information from relaxation spectra.
As an example we shall consider the investigation of the
sodium borate glasses. The alkali borate glasses have been extensively studied by different spectroscopic methods. For instance the NHR studies of Bray and co-workers [16,19] and several
recent MBssbauer studies [20-25] are well known. In the Mttssbauer
works no relaxation mhs has been observed except for [25] where
only a qualitative analysis of the relaxation spectra has been
made.
In relaxation spectra for different glasses (e.g. Na-O-B-O,,
PbO-GeO,, Na-O-SiO,, MgO-P-0,.) doped, with iron have been observed.
In these glasses resolved relaxation mhs occurred at low concentrations of iron atoms. It was noted that in Na_0-B 2 0 3 :Fe 2 0 3
only spectra of Fe(III) ions existed, which produced resolved
relaxation mhs in a wide range of concentration and temperature.
In [27] a more detailed investigation of sodium borate
glasses (Na 2 O-2B 2 O 3 $Fe 2 O 3 ) where the concentration of iron varied
from 0.1 to 10 wt. per cent, was carried out.
The HOssbauer spectra obtained at 4.2 K<T<300 K consisted of
a doublet with AE Q = l.l±0.1 mm/s and IS = O.4O±O.O3 mm/s (relat.
a-Fe) and an mhs with H -- = 52.0±0.5 T and IS = 0,36+0.03 mm/s
(relat. a-Fe). At small iron concentrations (x = 0.1 to 1%) the
mhs is predominant in the spectra (Fig. l). When the concentration of iron increases the doublet becomes more intensive than
the mhs structure. It is obvious that the mhs spectra appear due
to slow relaxation rate of isolated Fe
ions homogeneously distributed in the glassy matrix..
The application of a small external magnetic field breaks
the coupling between the electronic and nuclear spins [15] and
the mhs spectra become more resolved. The mhs spectra of rig. 2
obtained under H e x t • 0.065 T were fitted with the model of 3
aextuplets (S, = ±5/::, ±3/2, ±1/2) according to the Hamiltonian

2o2

described above by using the computer simulation model given
in [16]. This computer fit gives \ = O.22±0.02 for every specimen.
The good description of the mhs spectra with one value of X indicates the similarity of the distorted octahedral environment
of Fe
ions and, therefore, the similarity of structural units
in the glassy matrix where Fe + ions act as modifiers.
This is consistent with ESR measurements on Cr(III) in sodium borate glasses [29].
The relative number of non-bridging oxygen atoms is roughly
1.5%. We get this volue by supposing the correlation of nonbridging oxygen atoms with iron atoms which give hyperfine structure. From the thermodynamic point of view it is probable that
the first embedded iron atoms occupy the most distorted sites
near non-bridging oxygen atoms.
In most cases however the embedded metal ions are not distributed homogeneously through the host matrix but form clusters.
The existence of clusters can be proved by various spectroscopic
methods. For instance, in the above-mentioned sodium borate
glasses the bi- and tri-nuclear clusters of iron occur as proved
by ESR and magnetization measurements, whereas the MSssbauer
spectra show only a quadrupole doublet. The decreasing magnetization with iron content is proved by both dimeric and trimeric
states, when the low temperature ESR signal arises only due to
trimeric states. From the comparison of the Mttssbauer data with
ESR and magnetization ones the relative amount of isolated iron
atoms and atoms bound in dimers and trimers was determined at
various iron concentrations.
Metal clustering occurs not only in non-organic materials
but also in metal-containing proteins and polymers with ionizable
side groups irrespective of the low absolute amount of metal ions.
The term "cluster" is very often used in modern physics and
chemistry and it means two or more metal ions with interaction
between them. In our opinion clusters can be classified into the
following three groups:
(1) The clusters containing a few but definite number of
metal ions. Usually it does not exceed 6 or 8. Such clusters
exist in large biological molecules (e.g. enzymes) and synthetic
materials.
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(2) The clusters which consist of small grains, e.g. metal
oxides, precipitated in a host matrix. These systems are heterogeneous compounds with a clear border between grain and host
material.
(3) The term cluster means the regions in non-crystalline
materials which contain an enriched amount of metal ions compared with to the average. This case differs from the previous
one, because this type of cluster includes the structure units
of a host matrix whereas the previous type does not.
We would now like to demonstrate, with the help of some examples from the literature, what type of information about clustering can be obtained from MSssbauer experiments and mainly from
relaxation spectra. Usually, in the first group of clusters the
transition metal ions are coupled by intramolecular exchange interaction. MSssbauer spectroscopy in a high magnetic field is a
very useful technique for investigating the type and magnitude
of the exchange interaction [30].
Thus, in the case of the antiferromagnetic dimeric compound
(Fe salen C l ) 2 where salen is N-N 1 ethylenebis (salicyldiminato)
[31] a small hyperfine field appears in the spectra at an external magnetic field of a few teslas. It should be mentioned that
in the case of one dimeric state the information obtained by
high field MBssbauer spectroscopy is similar to that derived
from susceptibility measurements. In the case of uniform sites
of iron ions the susceptibility measurements give the average
data whereas high field Mttssbauer spectroscopy gives separate
information about each magnetic sites.
For a satisfactory interpretation of high field MOssbauer
spectra however the relaxation phenomenon should be kept in mind.
For instance, HcCann et al. [32] have made a detailed MOssbauer
study of iron (III) porphyrin thiolate complex which had been
prepared as an analogue for cytochrome P-450. The magnetic data,
obtained at low temperatures show the presence of more than one
magnetic site. The Mdssbauer spectra correspond to the case of a
high spin-low spin crossover but not a coupling interaction at
low temperatures. The changes by the magnetic field can be explained by a relaxation process between Kramer's sublevels of
low spin state.
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Interesting changes of the weak complex dimers were observed
by Morup in Fe(NO.)-.9H.0 [33). When a magnetic field is applied,
the unsplit central line becomes broader and a slightly resolved
hyperfine structure with H e ^£ * 50 T appears in H fc = 10 T. This
would imply that the spectra were essentially independent of the
field strength. An explanation of this effect was proposed taking
into account unequal positions of two iron ions connected in
pairs by a screw dyad axis. Since the two dimeric ions Wave different energy splitting in an external field the spin-spin relaxation processes concerning the energy (flip-flop processes)
become forbidden and the mhs arises.
Up to now there have been many Mossbauer works dealing with
natural iron sulphur proteins of their synthetic analogues [5].
These metal protein enzymes contain one, two, four or eight iron
atoms in their active centres and play an important role in
biology. An interesting recent example of the studies on iron
sulphur protein ferredoxin from the bacterium clostridlum pasterianum is the work of Afanasyev et al. [34], This protein contains in its active centre two clusters of four iron atoms and
four sulphur atoms each and is used as an electron carrier in
biological oxidation-reduction processes.
It is well known that the electrons of each cluster can be
described in terms of a common orbital with an effective spin
S = 1/2 for the reduced state and S = 0 for the oxidized one.
Since the distance between the centres of the two paramagnetic
clusters is roughly 12 A* there is a weak interaction between the
clusters. The authors consider the system of the two clusters as
a system of two paramagnetic ions with exchange and dipole-dipole
interactions. It was shown that in an external magnetic field
that the Mossbauer spectra are very sensitive to small differences in the Zeeman interactions of these paramagnetic ions
because a magnetic lowest state arises in the electron level
scheme. (The lowest state in the case of equal ions is nonmagnetic.) From the structure of ferredoxin it follows that the
cubik symmetry of each cluster is slightly distorted in a different way. Therefore a discrepancy appears in the g-factors of
the two clusters and the former theory may be used. The computer
fit spectra at 4.2 K and different magnetic fields are shown in
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rig. 3. The heBt computer fit obtained gives Ag/g « O.O1. So this
study shows that high field MBssbauer spectroscopy is a very sensitive technique for the investigation of slight structure
changes.
The second type of iron clusters is the easiest to study by
means of Mttssbauer spectroscopy. Usually these clusters are
small grains or particles of oxidized iron precipitated in different materials. In most cases the appearance of oxide particles
is unfavourable e.g. as a result of this phenomenon the transparent glasses become unstable and lose their characteristic
optical and mechanical properties. The formation of precipitated
iron particles depends on the concentration of iron and the
technological process of the preparation. For instance, in the
case of borate glasses the superparamagnetic clusters of Fe-O^
were observed in [20] at an iron concentration above 25 wt % in
constrast to [21] where such clusters appeared at 5 wt % of iron
atoms.
The particle size ranged from a few tens of S to 10 8 and
different types of magnetic ordering occurred. For the investigation of superparamagnetic clusters the MOssbauer spectra are recorded at different temperatures and various external magnetic
fields. This allows one to determine the volume and magnetic
moment of the particles. From the saturation magnetization the
magnetic moment of the clusters can be observed too. Since many
cases of crystallite formation in polymers and glasses have already been reviewed on several occasions they will not be covered
widely in this paper. We just want to mention here the work of
Frankel et al. [35] who investigated by MSssbauer spectroscopy
some bacteria which possess magnetic moment due to their content
of iron particles. These authors showed that these crystallite
particles are composed primarily of magnetite (Fe.Oj). These
single domain particles are arranged in a chain along the length
of tha bacterium. Due to the magnetic regions these bacteria may
orientate in the earth's magnetic field.
We would also like to refer here to the new results of [36].
In this work the iron atoms were embedded in polyethylene (PE)
and polytetrafluorethylene (PF) by thermal disintegration of the
iron organic compounds. These metal-polymer compounds possess
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better mechanical and thermal properties (e.g. the temperature
of Segradiation increases). The most interesting property of the
modified PE and PF compounds is that the polymer arrangement of
the magnetic oxidized particles gives rise to spin-glass ordering. A broad maximum in low field magnetization measurements and
a strongly asymmetric hysteresis loop after field cooling have
been observed. These properties are explained by the authors as
a result either of dipole-dipole interaction or the freezing of
.the magnetic moments of particles in a strong anisotropic field.
The most interesting third type clusters are based on macromolecular compounds with many ionizable groups attached to the
polymeric backbone. Using these groups one can get a crosslinked
network by introducing various salts into the polymer chain. In
contrast to the clusters of the second type the metal ions in
the third type clusters form coordination complexes with the
ions of ionizable side groups and hydrocarbon network. Polymers
crosslinked by these comolexes demonstrate new properties, e.g.
thermoreversibility. Much work has been done in the last fifteen
years on the problem of distribution of the salt groups over the
polymeric matrix. Two different distribution models have been
examined. The first model postulated a uniform distribution.
Another model postulated the existence of clusters containing a
large concentration of salt groups. The second model was put
forward mainly by Eiaenberg [37-39] and others [40]. Up to now
by means of different spectroscopic methods (e.g. electron microscopy/ small-angle X-ray and small-angle neutron scattering,
MOssbauer effect) the validity of heterogeneous distribution was
proved.
There are new ideas of collapsing of the crossllngk network
provided by adding salt groups. One of them suggested by
Tanaka [41] considers dissolved polymer in equilibrium with
the hydrogen-ion pressure. The positive metal ions of the salt
congregated around the negative charges in the polymer, thereby
shilding them. Meanwhile the negative chloride ions (in the case
of MCL n salt) neutralize the hydrogen ions in the solution so
that the polymer and the system of dissolved ions become effectively uncoupled. This results in reducing the hydrogen-ion com-
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ponent of the osmotic pressure. Zt 1« interesting to note that
the metal ions have an essential role in the contraction of the
muscles, a process that in some respects is similar to the collapse of a polymer network.
After the above remarks we want not only to show the existence of crosslinking clusters by means of MOssbauer spectroscopy,
but would also like to demonstrate the quantitative parameters
such as size and type of magnetic ordering.
The simplest polymer with an ionizable side group is polyacrylic acid (PAA). The MBssbauer experiments were carried out
on a specimen of PAA with different contents of iron (from 0.1
to 3 wt %) [42]. The spectra show Fe
above 80 K and low spin
Fe
relaxation mhs below 10 K (rig. 4). The comparison of MBssbauer effect data with susceptibility ones allows us to make the
2
conclusion that there is a co-existence of the low spin T, with
6
2
the high spin A, states. The T, state is the lowest and the
distance between these two states depends on the concentration of
iron. The distance decreases with the increase of iron content.
Quantitative analysis shows that the latter can be explained by
the appearance of 3 to 6 nm clusters at high concentration of
3 wt %. Magnetic ordering is not observed at low temperature. It
2
'
seems to be possible due to the isotropic T_ lowest state in
6
comparison to strong anisotropic A. one.
The iron-containing polyvinylpyridine (PVP) in constrast to
iron-doped PAA shows strong magnetic interaction of iron atoms
at any concentration from 0.1 to 3 wt %. The existence of iron
clusters has been observed in [43/44]. The MBssbauer spectra
show a supermagnetic behaviour in the temperature region
5 K<T<20 K (Fig. 5) and from the changing of the superpaiamagnetic fluctuation frequency va the temperature the cluster
volume was estimated to be V - 10 run .
The most interesting feature detected in the low temperature
spectrum was the absence of polarization in an external magnetic
field of 1.43 T (Fig. 6). The missing quadrupole interaction in
the slow relaxation spectrum and* in the susceptibility measurements shows that in our case the speromagnetic spin-glass ar288
rangement is preferable but not the mictomagnetic one. Spero-

magnetic ordering means the random distribution of Fe
spin
over all orientations with a strong short-range antiferromagnetic
correlation [45,46], whereas the micro-magnetic one shows similar
distribution of the magnetic moments of small clusters [47].
He succeeded in getting the PVP with a single site of Fe
ions in the PVP network [44] in contrast to [43] where a few
different positions of Fe + ions in butadiene-styrene-5% PVP were,
observed. In view of this the magnetization in 44 can easily be
simulated. The saturation magnetization measurements correspond
to a Langevln function

4
'

I - MN [ctg (f) - £ ]
with M « /n»5 (Fig. 7). The best fit gives the number of iron
atoms in the cluster as n • 25±5. For a comparison the Brillouin
curve (2) with n • 1 and the magnetization curve of micromagnetic
behaviour [48] are also shown.
It is interesting to note that a speromagnetic structure
forms at higher temperature than that of the HOssbauer spectroscopy (5-10 K ) . It has been proved by the additional ESR signal
observed at 20 K after cooling the specimen in external magnetic
field (rig. 8). For comparison the electron spin resonance signal
at 20 K without field cooling is shown too.

I

It should also be noted that in [42-44] as in [50] where the
Fe (III) superparamagnetic clusters were observed in nation membranes (perfluorosulfonic acid), the size of clusters was roughly
a few nm. This is consistent with the model proposed by Eisenberg [38]. Due to this model the increase of the size of the
cluster is limited by the hydrocarbon chains shielding the core
of the cluster (Fig. 9).
In conclusion we hope to have shown that MOssbauer spectroscopy effectively helps us to study the distribution of transition metal ions in polymers and glasses. He have tried to demonstrate on a few selected examples that Hossbauer relaxation
spectra not only give information on clustering of the Mossbauer
ions but also supply the quantitative data on size, type of magnetic ordering and structural properties. It is necessary to
mention that it is also useful in addition to other methods.
289
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[

New fields of application of the Moasbauer effect in polymers
and glasses are expected. For Instance* the following polymer
systems: polyethylene, polypropylene and others with grafted
metal ions of their surface are extensively studied as catalysts
of polymerization processes [49]. The use of Mossbauer spectroscopy for the Investigation of these systems looks very promising.

The authors wish to express their gratitude to Dr. F.J. Litterst
for helpful cooperation.
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MUON SPIN RELAXATION IN RANDOM SPIN SYSTEMS
Toshimitsu Yamazaki
Department of Physics and Meson Science Laboratory
Faculty of Science, University of Tokyo
7-3-1 Hongo, Bunkyo-ku, Tokyo, Japan

ABSTRACT
The longitudinal relaxation function Gz(t) of u can reflect dynamical characters of local field in a unique way even when the correlation time is longer
than the Larmor period of local field. This method has been applied to studies
of spin dynamics in spin glass systems, revealing sharp but continuous temperature dependence of the correlation time. Its principle and application
are reviewed.

INTRODUCTION
The polarized positive muon can be used to probe local field and its
fluctuation In random spin systems.
% CuMn, the local field Hj

of p

In a typical dilute spin system like 1 at.

is mainly the dipolar field around 100 Oe

from the neighbouring atomic spins, which distributes with a Lorentzian function, while the contact field of p
field [1,2,3].

is substantially smaller than the dipolar

In the conventional muon spin rotation (pSR) method an exter-

nal field Ho is applied perpendicular to the Initial muon spin direction and
Its Larmor precession is observed through the time distribution of the decay
positron as follows,
N(9,t) - No exp(-t/T ) [1 + A • G (t) • cos(6-Uot)]
where T

(1)

- 2.20 psec (muon life time), <o0 - Y u Ho (Yu = 2ir x 13.554 x 10

rad/sec/Oe), and A Is the asymmetry parameter, usually -0.2.
relaxation function

The transverse

G (t) can reflect local-field distribution f(3H) along Ho

in a Fourier transform
Gx(t) - I f (6U)-cos(Yy6Ht)-d(6H)
when the local field is static.

(2)

In a dynamical case the spin relaxation is

retarded (motional narrowing) when the correlation time T
becomes faster than the Larmor period 1/Y 6H.
deduce T

of local field

It Is however, difficult to

from G (t) when 6H is not well known a priori.

Especially, it is

3O1

impossible to obtain T

in a slow modulation scheme Y,.<5HT >1, because G (t)

C

JJ

C

A

becomes the static form and loses sensitivity to T .
So far, most experiments have been done with the transverse-field method.
The work of Murnick et al. [1] on CuMn and AuFe and Nagamine et al. [2] on PdFe
alloys has shown rather sudden increase of local-field broadening with the
decrease of temperature below the freezing point T

of random atomic spins.

o

However, it Is in principle impossible to tell from G (t) whether this broadening
•

x

is of static nature or dynamic.

It is usually believed that the'experiment of

Murnick et al. [1] gave evidence that the order parameter (static field) grows up
as the temperature decreases .below T , but this Is not unique interpretation of
the experiment, and actually, this has turned out to be wrong from later experiments using the longitudinal relaxation method [4-7].
The longitudinal relaxation of u
backward ratio
N (t)

spin can be measured from the forward/

1+A«G

using two counters at forward and backward directions, as shown in Fig. 1.

The

instrumental asymmetry can often be self-calibrated because in magnetic materials
G (t) damps to zero in a certain temperature range.
at TRIUMF by the University of Tokyo group [8-11].

This method was developed
Especially, longitudinal

spin relaxation under zero external field has been studied intensively, as
explained in § 2.

This method was then applied to spin glass systems, and has

proved to be nearly the unique way to study spin dynamics in the transition region,
as described in S 3 and § 4.
Some NMR work has been done on spin glasses, for Instance, Cu NMR in CuMn
[12].

The host NMR is similar to tratraverse-f ield HSR, as Yu&W. is of the same

order as y 6H , though 6H.. is mainly contact field.

MM

However, the NMR work cannot

»

approach the transition region because the relaxation time becomes shorter than
some 10 ysec, causing substantial loss of signal.

Another problem of NMR is the

large external field, which should change the spin dynamics.
ZERO-FIELD RELAXATION IN RANDOMLY ORIENTED LOCAL FIELD
Let us consider a p

spin that feels local field H with polar angle 8 with

respect to the original spin direction z.

The longitudinal component of p

is changed only by the transverse component of local field, H and H .
x
y
evolution is given by
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spin

The time

0 (t) • cos28 4- sln28*cosut

(4)

B

where w - -Y ft. When ft is randomly oriented static field, the average of eq. (4)
leads to
gz(t) -<o e (t)> - j + |<cosut>.

(5)

Now, suppose that the distribution of ft is Gaussian.

Then, the average of eq.

(5) becomes
g?(t) - } + \ <1-A2t2)exp(- \ A2t2>,
where A2/Y

2

(6)

is the mean square value of the local field,

a2 - V <H x 2> " V <H y 2> " V <H « 2> .

(7>

The expression (6) was obtained by Kubo and Toyabe [13], who studied the
stochastic process under zero field.

This function is characterized by the

initial Gaussian damping ~exp(- A 2 t 2 ) followed by a recovery to 1/3, while the
transverse relaxation function under the same circumstances is simply
gx(t) - exp(- \ A 2 t 2 )

(8)

The essential difference between g (t) and g (t) is the "1/3 term" in the latter.
Obviously, with probability of 1/3 the local field takes the z-directibn that
restores the \i

spin forever.

It is also clear that in a dynamic case this 1/3

term should eventually vanish because the u
local field direction.

spin cannot remember the initial

The whole process was studied by Kubo and Toyabe, but

Its importance had not been realized until the first observation of zero-field
relaxation of u

in MnSi

by Uayano et al. [9].

This is the case, where y ,

surrounded by nuclear dipoles, feels randomly oriented field of Gaussian distribution.

The observed relaxation function was well represented by eq. (6).

The observed recovery to "1/3" gave the unique signature chat the tf is frozen
In MnSi at room temperature.

Following this observation, the nuclear dipolar

width under zero field was studied both experimentally and theoretically and
the dynamic process was further studied [10,11].
The stochastic process can be handled by the strong-collision approximation
[14,15].

Here, a random change of local field from ft to ft' with rate V takes

place, in which both H and ft' follow equilibrium field distribution function,
but itf has no relation with ft, namely, complete loss of memory at each collision.
303

The auto-correlation function of local field Is given by
<Hi(O)Hi(t)> - 6 ± t <H*(0)> exp(-vt) .

(9)

Then, the dynamical relaxation function Is given in terms of convolution of such
random processes, as
GB(ty - exp(-vt)[gz(t) + vj*
g2(ti)gi,(t2-ti)g2(t-t2)dt| dt2 + ••• ] . (10)
This sum can be expressed by the Laplace transformation 114,15]

wlth

»
fz(s) - fg z (t)e" 8t dt.

(12)

The result of computation Is presented In Fig. 2.
In the fast modulation region ( A T « 1 ) or in other words "notional narrowing" region, both 6 (t) and G (t) show gradually damping exponential function.
For instance,
G (t) -»-exp(-2A2Tt).

(13)

On the other hand, in the slow modulo-ion region ( A T > 1 ) , 6_(t) approaches its
static limit, whereas G (t) shows .ne "1/3 tail" decaying variously with A T .
What asymptotic form does G_(t) take? This question was answered by Uemura et
z
al. [11). Intuitively, the "1/3 tail" comes from the local-field component along
the original y spin (r axis). At next collision the local field changes suddenly
into three possible directions, of which only the x and y components give rise to
destruction of the memory. Therefore, the damping rate Is 2/3T. One can derive
the same answer from the asymptotic form of the Laplace transform,
which leads to
exp(-|vt) _

(15)

The "1/3 tall" can tell us the correlation time T Irrespective of the
local field strength. This method should be the unique way to provide T in the
slow modulation scheme, for instance, slow diffusion of \i
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ZERO-FIELD RELAXATION IN SPIN GLASS SYSTEMS
As a natural extension we have applied the zero-field method to study spin
dynamics of spin glf.as systems [4-6].

f

This seemed to be the unique way to deduce

local-field modulation time in a very wide range, as shown in Fig. 3, whereas the
transverse-field ySR as well as other methods have very limited time windows'.
Furthermore, it is ideal to study spin glasses without external field.
In contrast to nucle-r dipolar system, the local field in a dilute spin
system follows the Lorentzian distribution [3], and thus, we need a different
expression for g (t) and 6 (t).
z
z
Kubo [16] as follows,

The static relaxation function was derived by

8a(t) - j + |(l-«t)exp(-at)
where a/y

(16)

Is the half width at half maximum of the Lorentzian distribution.

This analytical form was verified by a Monte Carlo simulation of Fiory [17].
Here, again, we have the "1/3 tail" after the exponential decay at the beginning.
This "1/3 tail" should show damping according to eq. (15) In the slow-modulation
scheme.

We can thus examine whether or not the dilute spins are frozen (T-+0")

in so called freezing phase below T , as usually believed.
Fortunately, the y
of Cu [18].

'

location is known to be frozen at an interstitial site

A similar situation is expected for another fee met' ; .±u [19].

This means that the hopping time in typical spin glasses CuMn and AuFe is longer
than 10 ysec in the temperature range of present interest.

Therefore, the field

modulation to be observed is ascribed solely to the spin fluctuation in apin
glasses.
Experimental data on AuFe and CuMn are shown in Fig. 4.
of AuFe (1.0 at. X, T

- 9.1 K) at 4.5 K well below T

The data

shows a nearly static Kubo

function eq. (16) with a - 5.2 1 0.3 psec"1 (a/Yu • 61 Oe).

This value is in

good agreement with that expected for random selection of interstitial sites by
y .

Now, look at the data at 6 K.

Surprisingly enough, the "1/3 tail" is

decaying, corresponding to T ~ 1 ysec.

This Is the unique signature of the fact

that the spins are not frozen but undergo slow modulation.

With increasing

temperature the data become closer to a single exponential function with longer
time constant.

Seemingly, "narrowing" is caused by a faster modulation at

higher temperature.
Here is one Interesting theoretical problem.

;

If we apply the strong-

collision approximation to g,(t) eq. (16), we Immediately notice that the
motional narrowing as seen for the Gaussian distribution should never happen [14].
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This is also clear from the Intuitive viewpoint;- the convolution of exponential
function never Btretches the decay constant.

Usually, the motional narrowing

2

formula exp(- a Tt) is used for the analysis of experimental data, but this does
not hold An the case of Lorentzlan distribution.
have?

Then, what kind of G ft) do we

This problem was studied by Uemura [20].
The essential point is as follows.

The spin modulation causes a lecal-

field modulation only in a limited range depending upon the \i location; the \i
far from the neighbouring spins feels only a weak local field, though its
direction is changed.
valid.

In this sense, the strong-collision approximation is not

It is a "weak collision". . Uemura assumed that each U

undergoes Kubo-

Toyabe type relaxation eq. (10) expressed in terms of the Gaussian width A and
modulation rate V.

Each spatial configuration of p with respect to dilute

spins corresponds to a different value of A.

Then, the relaxation function is

KT

simply the sun of G (t,AjV)
z
G,(t,a,v) 6"<t,4,v) P(A) dA
z
jo z

(17)

with the weight P(A), which 1B selected so that the field distribution becomes
Lorentzian,

f

/

| ^

(18)

With this prescription Uemura calculated G

(t), as shown in Fig. 5.

The case of static field and slow modulation agrees with the Kubo function (16).
The experimental data of AyFe, in which the nuclear dipolar field gives negligible
contribution, were fitted by this function, as shown in Fig. 4, to deduce the spin
correlation time T e .
In the case of CuMn, the G (t) takes interesting shapes because of- the
presence of nuclear dipolar fields H_

from Cu (see Fig. 4).

If the atomic

dipolar field HL. from Mn moments and H. are uncorrelated, the overall relaxation function is expressed by

This is the case at 30 K, where the Mn spin fluctuation is so fast that the Cu
nuclear relaxation time is long enough and that G_

(t) becomes close to unity.

Then, only the Cu nuclear dipolar field plays an Important role.

The observed

G (t) turned out to be simply the static Kubo-Toyabe function with A • 0.36 psec"1,
which is known for pure Cu.
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With decreasing temperature, the correlation time becomes longer and
G

(t) plays a more dominant role, yet keeping the relation (19) above T .

However, in the low temperature region (see the data at 6 K in Fig. 4) the
relation (19) is no more valid.

Because of the presence of a nearly static

atomic dipolar field (T ~ a few Msec), the nuclear dipolar field has no effect
at all (Hj, »R*C ) ; it is absorbed into the larger atomic dipolar field.

A snail

longitudinal field of 30 Oe can decouple H_ in the paramagnetic phase, but not
v*u
in the freezing phase, because already

H.. serves as a decoupling field.

In the

intermediate region we expect a complicated structure, as the Cu relaxation time
becomes shorter, as Indicated by the host NMR experiment [12].
The correlation times T
Fig. 6.

We have obtained T

thus deduced are plotted versus temperature in

in a wide range : more than four decades!

Clearly, it is not the static width, but the correlation time that is changing
with temperature.

We can draw the following conclusions.

i) Rapid but continuous change of T .

T

changes drastically, but rather

continuously.

When we assume the Arrhenius form T

of T

gives E £20kT .

around T

- T exp(E /kT), the slope

When we assume the power law r

in the paramagnetic region, the sharp change of T

« [T/(T-T ) ] n

roughly corresponds to n - 2.

ii) Dynamical scaling. The correlation times for different spin glasses and
concentrations seem to be scaled roughly by T/T .
noted that T

at T

In particular, it is to be

is 10~ sec, which seems to be a characteristic time to any

spin glass.
Hi) Slew modulation in the freezing phase.
correlation time persists to get longer below T
at T ~ 0.5 T .

With decreasing temperature tht
and approaches 10 fJsec region

Beyond this time it becomes exceedingly difficult to obtain T ,

because the field modulation may involve y

hopping and thus the T

obtained may

not necessarily be the spin fluctuation time.
LONGITUDINAL RELAXATION WITH SMALL RXTERNAL FIELD
So far, the zero-field method has revealed dynamical natures of spin glass
systems very successfully.
correlation time T

However, In the analysis we have assumed a single

at each temperature.

a random dilute spin system?

Does T have spatial distribution in

This is a very interesting question.

In order to

clarify this point, and also to examine existing models for spin glasses on
firmer experimental bases, we have further extended the longitudinal relaxation
method to the case of small external field, because the decoupling

capability

of an external field is powerful in distinguishing between static and dynamic
cases.

Of course, here is another problem; does an external field change the
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spin dynamics?
This is by Itself an important problem. We have applied only
• small external field up to 640 Oe, which la large enough to probe the dynamics,
but still small so as to keep the spin glass system less perturbed.
It is well known in NMR [21] that the longitudinal relaxation rate
depends on the external field as follows,

< 20 >

1 + u>V
0

where MQ » YHo. From this field dependence one can deduce the correlation time
t. However, this formula applies to the case of strong collision and motional
narrowing ( A T « 1 ) .
In the present case, i) T takes all possible value
including slow modulation (AT21), and ii) we have to take special care of spin
glasses ("weak collision" case).
Let us consider the static case with an external field Ho. The effective
field is the vector sum of it* and a random local field. Kubo and Toyabe [13]
derived a formula for a Gaussian distribution, and Kubo [16] extended this to a
more general case, as follows,
g.(t) - 1 - 2Q'(t) t
z

cos Wjt
,
Q'(t)
— - + -*- I
]
w 2 t*
u>2
t
t»0

ft
8in<oot' Q'(t'
Q'(t')
1
[
+ 2l
2l dt
dt1
[
]'
1

Jo

J

w't

'

f

(21)

where
f exp(- 7 A 2 £ 2 )
for Gaussian distribution,
2
\
^ exp(-A£)
for Lorenezian distribution.
The static functions for a Lorentzian distribution are calculated [22], as shown
in Fig. 7. It is obvious that the external field decouples the random local
field, and thus g.(t) approaches unity for Uo/a > 20.
Now, the spin-glass relaxation function can be calculated according to the
prescription of Uemura [20]. Namely, for a given external field, we obtain
G (t,A,V) by the strong-collision procedure and then Integrate, as in eq. (17).
In the motional narrowing region we have a field dependence like eq. (20), but
with a different coefficient because of the weak collision.
Longitudinal field measurements were curried out at H o • 0, 40, 80, 160,
320 and 640 Oe by Uemura et al. [7] for 1.1 at. X CuMn (T - 10.8 K ) , which was
the same as used in the previous zero-field experiment. The data are shown in
Fig. 8. Let us see if we can reproduce the data by the theoretical functions
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»
y

assuming seta of single i («l/v__) deduced from the sero-field data.
5
—1
In the freezing phase, at T - 5 K (v__ - 1.5 x 10 sec ) and at T - 8 K
5
-1
(v__ - 5 x 10 sec ) , the data are well represented by the calculated curves.
Zr
This means that the local field is nearly static and thus decoupled by the
longitudinal field.

On the other hand, in the paramagnetic region, at T - 12 K

(vzp - 4 x 10 9 sec"1) and at T - 11 K (vZF - 6 x 10 sec"'), the calculated
curve has no field dependence because the fluctuation is so fast (d)0T « 1 ) .
The experimental data are fairly well reproduced by the curve, but show some
deviation at

larger fields.

This means that the correlation time may have

distribution whose long-time component gives rise to the observed decoupling
effect.

At 10 K (V,_, » 8 x 10

sec' 1 ), the field dependence of the experimental

data is drastically pronounced, while the calculated curves at Ho - 0 and 640 Oe
are nearly degenerate.

In this transition region the data are not reproduced

at all by a "single T " model.
ating

The experimental data suggest that the fluctu-

field coexists with a rather static local field, requiring microscopic

distribution of x

or a complicated auto-correlation function other than eq. (9).

This view may be consistent with the Edwards-Anderson model [23], which
claims the auto-correlation function to be
<S(t)S(0)>/<S(0)2> - (l-Q)exp(-Vt) + Q ,
where 0<Q<l is the order parameter.

Intuitively

(22)
speaking, the constant part

in eq. (22) gives a reduced static field component v^ja , which slows down the
fast damping part in g (t) to

(23)
and enhances the decoupling effect, while the fluctuating component In eq. (22)
gives rise to damping of the "1/3 tail"
t]

.

(a4)

Combination of these two effects may, If not unique, explain the observed G (t)
2

and its large field dependence in the transition region.
Why does this effect take place only in the intermediate region?
paramagnetic region, obviously, Q • 0 .
to be close to unity.

In the

In the freezing region, Q is supposed

In the preceding analysis we have ascribed the slow

damping of the "1/3 tail" to slow modulation, but It is not clear whether or not
we can exclude the damping of T. type due to the transverse fluctuation as
expressed in eq. (24).

The intermediate region is thus a very good domain in
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which tha correlation function (22) is exaained. To clarify thla point,
however, we need aore systeaatic atudlea froa both experimental and theoretical
vlewpointe.
CONCLUDING REMARKS
We heve explored the capability of longitudinal spin relaxation of y at
xero and finite external fields and proved its unique features in studying the
spin dynamics of randoa spin aysteas. The characteristic features of this
aethod are suanarized as follows.
I) Static and dynamic cases can be clearly distinguished, and very wide
range of correlation tiae (10
~ 10~ sec) can be detected, as shown in Fig. 3.
II) Spin dynamics at zero and any external field can be studied,
ill), 100 X signal over the transition region.
In particular, "slow aodulation" la the unique doaain of this aethod, coapared
with other aeana (see, for Instance, Mydosh [24], who discussed various aspects
of different aethods to study the apln dynaalcs).
This aspect will be further applied to other apin glasses. Other types
of slow aodulation, such as gradual structural changes of polyaers and glasses,
slow propagation of defects, etc.
Froa experimental viewpoints it is very important to Measure long-tiae
behavior of u relaxation function as precisely aa possible. , To this aia, a
new pulsed-auon facility BOOM has been built [25], which can be dedicated to
experiments of next generation.
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COUNTER SYSTEM
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The range of correlation times to be determined
by various methods.
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SPIN GLASS RELAXATION FUNCTION
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half maximum of Lorentzian field distribution and v is the modulation
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STUDY OF THE FREE VOLUME IN Fe 5 Co 7 0 Si 1 5 B 1 0 AND
*4O N1 4O P 14 B 6 SYSTEMS BY POSITRON ANNIHILATION

F

Alexander Andreeff, Gerhard Brauer*, Heinz Fiedler**
Sektion Physik, Technische Universitat Dresden,
DDR-8027 Dresden, German Democratic Republic
*Zentralinstitut fUr Kernforschung Rossendorf,
DDR-8051 Dresden, German Democratic Republic
**Zentralinstitut ftlr Festkfirperphysik und Werkstoffforschung Dresden,
DDR-8027 Dresden, German Democratic Republic

ABSTRACT
The amorphous systems Fe 4 o N l 4o p 14 B 6 an<* F e 5 C o 7 0 s i 1 5 B 1 0 have been
investigated in the as-received state as well as after heat-treatment in the temperature range (25 - 450) °C. Both systems show remarkable changes in the S-parametr upon crystallization. For the
latter system an additional influence of impurities on the properties in the amorphous state could be observed.

INTRODUCTION
Recently the investigation of amorphous metals has found increasing interest due to the very promising technological properties and complex fundamental questions connected with these materials [1-3]. Since the power of positron annihilation methods
has become more and more established and demonstrated for the investigation of structural properties in solids (electric structure, defects) they have also been applied for studying amorphous
metals. A review of positron annihilation work on metallic
glasses complemented by an overview on structural models of metallic glasses has been published very recently [4]. The possibility of detecting changes of chemical short range order and the
strong influence of the conditions of sample preparation (i.e.
technological parameters) on measurable positron annihilation
characteristics can be concluded. Regarding the decision between
structural models for amorphous metals, at present no definite
final conclusion from positron annihilation results can be drawn
because of the saturation trapping of positrons in vacancy-like
defects in most metallic glasses.
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EXPERIMENTAL
Metallic glasses < Fe 4 O Ni 4o P 14 B 6' Pe 5 Co 70 S1 15 B lo' w e r e a v a 1 1 "
able In the form of ribbons (15 mm wide SO um thick). Prom the
last system two different glasses were used: one produced from
spectroscopically pure, the second from technically pure material.
For comparison a polycrystalline, well-annealed Fe sample (1000
*C, 24 h, in vacuum) and highly deformed Fe and Ni samples (90 %
thickness reduction by cold-rolling) were used.
By X-ray diffraction it was proved that the metallic glasses
used are really amorphous.
The heat treatment of the samples was carried out for 60 min
in a vacuum (1.33*10
Pa). The temperature was controlled to
±5 K.
The measuring techniques (Doppler-broadening, lifetime) and
data treatment have been described in detail elsewhere [5]. All
measurements were performed at room temperature.

RESULTS AND DISCUSSION
The lifetime results for the as-received samples are given
In Table 1, the Dobbler-broadening results (S-parameter) for the
heat-treated samples are shown in rig. 1.
The lifetime as well as the S-parameters of the as-received
amorphous metals considerably exceed those of pure Fe and Ni, respectively. On the other hand the difference of these values from
those of the highly deformed Fe and Ni is comparatively smaller,
especially for the S-parameters. This indicates that most positrons annihilate at sites where the ratio of annihilations with
non-localized and core electrons is larger than in the crystalline materials (Fe, Ni), but not as large as in a vacancy of
these materials.
In the Fe4QN^4oP14B6 8 v s t e m a n influence of heat-treatment
till 300 *C was measured indicating an increase of the free volume after heat-treatment.
*.
The system Fe 5 Co 7Q Sl 15 B 10 (spectral purity) exhibits practically no Influence of heat-treatment till 300 "c, whereas for
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the same system produced from technical purity materials a slight
decrease of the S-parameter due to the heat-treatment is obvious.
This decrease indicates a starting crystallization, where the impurity atoms seem to act as crystallization germs.
All three systems show a considerable decrease of the S-parameter due to crystallization fo the amorphous metals caused by*
the heat-treatment at 450 °C, i.e. a strong decrease of the free
volume sampled by the positron.

CONCLUSION
An influence of impurities on the properties of
Fe,.Co70Si|5B,0 as seen by positron annihilation has been observed,
but further systematic studies in well-defined systems are necessary to get a general description of positron annihilation in amorphous metals.
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Table 1
Poeltron lifetimes for as-received amorphous alloys
and I O M standards. Errors cltad ara statistical
standard deviations

Material

a) spectroscopic purity
b) technical purity
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(pa)

Reference

160 ± 2

present work

153 ± 2

present work
present work

156 ± 2

re

110

1

[6]

Fe (vacancy)

170

1

[6]

Ni

123 * 4

[71

Ni (vacancy)

190 ± 2

(71
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s-

—•(--}--{—,- -I
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9.0
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component)
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373
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K 773

Fig. J. S'parameter values referring to polycrystalline Fe.
Sfe is the S-parameter of well annealed polycrystalline Fe.
S is the S-parameter of the amorphous metals.
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INVESTIGATIONS ON THE PHASE TRANSITIONS AND TEMPERATURE
BEHAVIOUR OF PTFE BY THE POSITRON LIFETIME TECHNIQUE
Ludwig Breitenhuber, Peter Kindl, Heinz Sormann, Werner Puff
Institute ftir Kernphysik, Technlsche Universityt Graz
A-8O1O Graz, Austria

ABSTRACT
Positron lifetime spectra of the semicrystalllne polymer Polytetrafluoroethylene (PTFE) with high amorphous content are
measured between -190OC and 42O°C and are decomposed into four
annihilation terms. The four positron lifetimes and intensities
reflect, apart from their density-caused temperature dependence,
the structural changes of the polymer at the first and second
order transitions. Above 1OO°C a secondary crystallization can
be clearly observed.

1. INTRODUCTION
Positron annihilation has become an important instrument to
study phase transitions and the temperature behaviour of solid
state materials.
In this paper the semicrystalline polymer Polytetrafluoroethylene (PTFE) has been investigated by means of the positron
lifetime technique in a temperature range from -19O°C up to
42O°C.
The only investigation on PTFE within a large temperature
region comes from Brandt and Spirn [1]. These authors used a
three-term analysis of their spectra and they did not refer to
the phase transitions.
As in our previous papers on positron lifetime measurements
in PTFE [2,3], in this work the spectra have been decomposed
into four components.

327

2. EXPERIMENTAL PROCEDURE AND DATA ANALYSIS
The measurements have been performed using a temperature
stabilized fast-fast coincidence lifetime spectrometer having
a time resolution of 250 ps FHHM (Co-60) energy windows set for
Na-22.
The positron source consisted of about 100 yCi Na-22 in
the form of NaCl between two 1,35 mg/cm Al foils. l*his source
was sandwiched between two polished PTFE discs of 14 mm diameter
and a thickness of 2 mm. This rather strong source was necessary
because of the relatively large distance of the detectors due
to the size of our cryofurnace. The fraction of positron absorbed
in the source was estimated to be 6,4% [4J. The lifetimes and
relative intensities for the source correction were obtained
experimentally.
The PTFE samples were heated to 37O°C for 2 h subsequently
quenched by plunging into iced water. After this thermal treatment the crystallinity as measured by an X-ray diffractometer
was about 50%.
Our temperature scan was started close to -190°C then increasing the temperature, going through the melting point, up
to 42O°C. The temperature of the specimen was controlled by a
gauged NiCr-Ni thermocouple. In the whole region investigated
the accuracy of the temperature was better than + 0,5°C.
For each temperature up to three lifetime spectra have been
measured, each of them with a total area of about 8.10 counts.
The peak-to-background ratio was about 300. As it was shown in
a previous paper [2] the analysis of the PTFE lifetime spectra
has to be carried out with a four term model. The decomposition
of the lifetimes and intensities as well as the parameters of
the resolution curve (two-Gaussian model) was done simultaneously
by using our program POSGAUSS [5] including the source correction. The region of evaluation comprised 580 channels with a
channel width of 55,4 ps.
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3. RESULTS AND DISCUSSION
PTFE Is a polymer which consists of small crystalline regions
(called crystallites) suspended in an amorphous matrix. The crystallinity of such a semicrystalline polymer is sharply influenced
by the temperature treatment. The measurements for this work
were performed by using a quenched material of low crystallinity
(about 5O%).
3.1

Glass Transition
In the lower region of temperature the amorphous portion of
this semicrystalline polymer undergoes a so-called glass II transition changing from a glassy into a rubbery state. This transition has many characteristics of a second! order transition.
Usually, because of its dominance, this transition is associated
with the main glass transition temperature T . On the molecular
scale T may be regarded as a temperature above which cooperative
motions of small sequences of CF_ groups become possible [6,7].
On the determination of T for PTFE, several papers have
been published utilizing the change of various physical properties
at the glass II transition (specific heat [7], coefficient of
expansion f8], nuclear magnetic resonance [9,10], mechanical
[11,9] and dielectric properties [6]), but for PTFE, to our
knowledge, no study of this transition by positron lifetime technique has been published.
Our results of such an investigation (Fig. 1 and 2) show
that in the surroundings of this glass transition marked changes
of the lifetime spectra appear. The most striking alternation
turns up in the longest-lived component (T., I.) which is assigned to the ortho-Positronitin (o-Ps) pick-off annihilation. From
the behaviour of this component the glass transition temperature
T can be determined to about -110°C in fairly good correspondence
with other authors [7,8]. T . is approximately constant below
T . This fact can be ascribed to a constancy of the mean size
of the pre-existing cavities where the Ps atoms get localized.
Above T , T^ increases because of the steeper ascent of the
specific volume and possibly because of the expansion of the
cavities due to the presence of Ps atoms in the now ruberry-like
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amorphous regions [12,13], The complex structure of I. around
T could be explained as followsi the surprising increase of the
positronium sites (I.) with decreasing temperature below T is
due to the difference of the coefficient of expansion in the
amorphous and crystalline regions (<»,_„,,* > a c r v 8 t ' * T n e r e b v »
in the boundary layers between amorphous and crystalline portions,
stress xones appear [14] resulting in an additional creation of
micropores. Above T , this stress, resulting from the difference
of the extension of both regions is now compensated by the rubbery state of the amorphous material. The increase of I. in this
region of temperature could be a combined effect of a temperatureinduced increase of the sites for Ps formation together with the
additional possibility that cavities, which are originally too
small for Ps formation, can be enlarged by the Ps atoms themselves [12,13]. This idea would also be able to explain the more
pronounced increasing tendency of this intensity immediately
above the glass transition temperature.
In the region of this glass transition the lifetime of the
free annihilating positrons (T,) shows a relatively strong increase. This behaviour cannot be related to the strengthened
enlargement of the specific volume above the glass transition
temperature. A possible explanation could be the change in the
mode of oscillation in the amorphous portions of the material for
temperatures above T .
3.2

Crystalline Transition
At 19°C a phase transition of first order occurs that has
to be attributed to the crystalline regions. This transition was
first discovered by Rigby and Bunn [15] in the course of determination of the variation of the specific volume.
At this transition a transformation of the helix structure
of the molecules and consequently of the crystal structure takes
place [16,17]. Below 19°C the repeat unit of the polymer chain
consists of 13 CF 2 groups arranged in six complete turns of a
helix (13g conformation), and the chains form an almost regular
monoclinic or perhaps triclinic structure. Above 19°C the helices
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untwlnt slightly to a 15- conformation forming a hexagonal array.
Ifnm diameter of the molecule and the interaxial distance increase,
leading to an enlargement of the specific volume.
The extent of this phase transition and the value of the
increase of the volume depend both on the quality of the helices
[IB] and on the degree of crystallization. In our case the
thermally quenched specimens show a jump of the specific volume
of about 0*9%.
Hitherto this room temperature transition could not be
observed in a sintered PTFE material by means of the positron
annihilation technique. However, our results demonstrate that by
a careful positron lifetime measurement this phase transition
can be markedly seen. Based on the fact that the Ps formation
probability is much smaller in crystalline than in amorphous regions [3] the fourth component is only slightly affected by the
jump of the volume at 19°C. Merely T 4 shows a small but measurable
leap.
It is very interesting that the Intensity of the third component responds relatively strongly to this transition. Although,
in the last years, a lot of papers has been published concerning
this term [19, 20, 21, 22, 12], at present no definite interpretation of the physical nature of this component can be given,
what complicates the discussion of the role of this component.
However, it does not show a marked dependence of the specific
volume, contrary to the longest-lived component. Obviously the
third component seems to react sensitively to intramolecular alterations.
A further transition of first order in the crystalline
domains at 30°C [23, 16] could not be observed in our quenched
sample.
3.3

Region above Rooir Temperature, Melting Point
In the region between room and melting temperature especially the fourt component is interesting. The moderate increase of
I4 up to about 100°C can be assigned to a temperature-caused
enhancement of the number of the Ps sites.
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At 100°C this intensity begins to diminish monotonously up
to the melting point. This effect is attributed to the onset of
a secondary crystallization at about 100°C in correspondence with
[24]. Because in crystalline regions less Ps is formed [3] an
augmentation of crystallinity must lead to a decrease of I.. The
longest lifetime T. increases due to the temperature-caused enlargement of the cavities, but the influence of both the thermal
vibrations and the secondary crystallization damps this increase.
Whether the strange behaviour of T . in the region of 2OO°C
has anything to do with a second amorphous relaxation (Glass I)
[9] cannot be decided with certainty in the present state of
investigations.
The temperature dependence of T 2 , the lifetime of the free
positrons, corresponds very well with the density characteristic
of the material. Additionally one can realize that the temperature
curve of I 2 seems to be determined by all the other intensities
what gives a further argument to ascribe this second component
to the free annihilation of the positrons.
At 327°C (TH) PTFE shows a first order transition due to
the melting of the crystallites. Above this temperature this
polymer exists in the form of a purely amorphous state. Within
a very narrow temperature interval a drastic enlargement of both
the o-Ps formation (I.) and the o-Ps lifetime ( T 4 ) takes place,
pointing out the existence of distinct Ps formation probabilities
and lifetimes in crystalline and amorphous regions. This phase
transition at T M was extensively discussed in a previous paper
[3J.
The shortest-lived component (T,, 1^) includes certainly
the annihilation of the para-Positronium (p-Ps). The remaining
part is significantly independent of assigning the third component to a Ps state or not. This rest of the first component is
possible due to the annihilation of a short-lived positron bound
state [3].
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ABSTRACT
The 2y-angular correlation distributions of positron annihilation
radiation show systematic variations during the crystallization
of various groups of metallic glasses: metal-metalloid (61), rare
earth-cobalt (G2) and copper-zirconium (titanium) (G3). The variations observed depend on the positron states in the amorphous
alloyJ positron trapping in vacancy-like defects (Gl, G2) trapping
at atomic clusters of one of the alloy components (some of G3)
or annihilation from delocalized states in the amorphous matrix
(some of G3 and Ca 7 QMg3 O ). Positron experiments reveal themselves
as a powerful tool for studies of the crystallization kinetics.

INTRODUCTION
The first investigations of metallic glasses by positron
annihilation techniques were limited to easy glass-formers like
Pd-Cu-Si [1]. With the improvement of preparation techniques
[2], new groups of amorphous alloys became available for positron
studies. In some of these glasses the annihilation characteristics
were interpreted in terms of positron localisations somewhat
similar to those observed in crystalline materials [3, A, 5j. The
positron states and the sites responsible for localization effects
in metallic glasses, however, are subject to discussion [3-7].
We present 2y-angular correlation and peakrate measurements
(counting-rate at zero correlation angle) in more than 20 metallic
glasses. The temperature dependence of the peakrate N is measured
during crystallization. The crystallization kinetics is studied
by measuring the time dependence of the peakrate at various constant temperatures. The combined interpretation of these experiments reveals important information on possible positron states
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in different metallic glasses. The influence of structural
relaxations in the glassy phase on the peakrate is discussed.

EXPERIMENTAL
The angular correlation distributions were measured with
a standard long slit apparatus with an angular resolution of
0,5 mrad (FWHM). For each measurement a 30 pm Cu foil with an
activity of 900 mCi (3,33.10 10 Bq) 6 4 C u was used as a positron
source. The experiments were performed at room temperature under
"•6
""4
*
a

vacuum of 10

torr (1,33.10

Pa). The peakrate N was meas-

ured with a zero angle spectrometer with a resolution of 3,4 mrad
(FWHM). In these experiments a sandwiched source-sample arrangement was used. A carefully annealed 5 gm thick Cu foil (specific
activity 30 Ci/g (1,1.1012 Bq/g)

64

Cu) was sandwiched between

two specimens in which all positrons were stopped (3-6 pieces
of ribbons or splats, 3O-7O gm thick). This sandwich was mounted
directly on a heatable copper sample holder. Great care was taken
to avoid metallurgical or chemical reactions within the sandwich.
The measurements were performed in a vacuum of 10
(1,33.10*

torr

Pa). Annealing procedures at higher temperatures were
—7
—5

performed in quartz tubes in a vacuum of 10
torr (1,33.10
Pa)
or under a protecting gas atmosphere. The annealing time was 3O
min and the samples were cooled down slowly. Various treatments
of the sample surface before measurement had no influence on the
results. The samples used were metallic glasses of the type
METGLAS (Allied Chemical, Morristown) and homemade samples produced by splat cooling (G3) or melt spinning (Gl, G2, Ca^Mg^Q,
Ni 2 4 Zr 7 6 ) under a vacuum of 10~ torr (l,33.1O
Pa) or under a
protecting gas atmosphere [2]. All samples were examined by X-ray
diffraction. Only pure amorphous samples were accepted for measure*
ments if not stated otherwise.
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RELATION BETWEEN ANGULAR CORRELATION DATA AND POSITRON STATES IN
AMORPHOUS AND CRYSTALLINE ALLOYS
We performed many measurements of the complete angular
correlation distributions of metallic glasses after various heat
treatments [3]. In the following, however, to simplify matters
we discuss our results in terms of the peakrate N (height of the
area-normalized distribution). Significant information can be
extracted from this single parameter. Positron localization in
alloys caused by so-called positron affinity effects and/or
atomic cluster formation [8, 9] results in an increase (or decrease) of the peakrate. Trapping of positrons in vacancy-like
defects induces a remarkable increase of the peakrate in most
metals and alloys. Consequently all these effects are detectable
by peakrate measurements. In metallic glasses, however, there
exists so far no description of the nature of defects. Therefore,
the term "vacancy-like defect" is used in a very crude way. It
implies all kinds of cavities which act as postiron traps. These
cavities may be smaller than vacancies in metals.
In Fig. 1 the peakrate of various metallic glasses (dots)
is plotted versus alloy concentration. A significant deviation
from the solid line (interpolation between the values of the
pure metal constituents) is observed in all amorphous alloys. The
peakrates of crystallized alloys, however, are significantly lower
than the values of the metallic glasses and lie close to the solid
line. The differences between crystalline and amorphous alloys are
as large as those between deformed and defect free metals. In
adit ion, in Zr-gNi-. and Gd-Co glasses the peakrate is considerably
higher than that of both pure alloy components. In Fe-Ni glasses
the situation is essentially the same. In Fig. 2 the peakrate
measured at room temperature is plotted versus the annealing
temperature. In the glassy state the peakrate is similar to that
of deformed Fe. The values of annealed samples, however, are
close to that of defect free Fe (Ni) or Fe,B. Similar annealing
experiments in Cu-Zr-glasses show a somewhat different behaviour.
The peakrates of all glasses of this type are similar to that of
pure zirconium. Only a very weak decrease of the peakrate is
observed upon annealing glasses with a high Zr-concentration.
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All these results show that the positron states in most
metallic glasses are considerably different from that in the
crystalline alloys. Positron localization in vacancy-like defects
and/or near one kind of atoms (clusters) certainly account for
the increase of the peakrate in glassy alloys. The largest holes
in the framework of the Bernal model have been proposed as
positron traps in Fe-B [61 and Pd-Si [7] glasses. Similar conclusions have been drawn from electron Irradiation experiments at
low temperatures [5]. In the following section we show that additional information on positron states is obtained by detailed
investigations of the crystallization process.
Depending on the different positron states in the glass
upon crystallization the peakrate N may increase, decrease or
remain constant. In the following, three examples are discussed
in more detail.
1./ In glassy Fe «o B 20 **** P»ak*«t« remains constant during
crystallization, whereas 25O°C above the crystallization temperature a significant decrease is observed (see rig. 2m). This can
be explained in combination with detailed studies of the crystallization reaction by other methods [10]. At T_. the glass transforms to a-Fe and a Fe3B - phase by eutectic crystallization. The
size of the eutectic cells in the crystalline alloy is of the
order of 1 urn. Within the cells the spacing between the a-Fe and
Fe^B lamellas is approximately 100 ft which is short compared to
the positron diffusion length. Grain boundaries are known to be
effective traps for positrons. Thus, most probably all positrons
are trapped by these defects in crystalline F e ^ B ^ . At 7OO°C
the metastable Fe?B compound transforms to a-Fe and Fe2B. In this
new alloy the average size of grains (^ 1 \sm) is large compared
to the positron diffusion length. Therefore most positrons annihilate from Bloch states within the grains and the peakrate decreases to a value expected for a phase mixture of large grains
of a-Fe and Fe.B. Taking all this into account, we explain the
poor sensitivity of the peakrate at T c l as follows. In the amorphous phase all positrons are trapped by quenched vacancy-like
defects which affect the peakrate essentially in the same way as
traps in the crystalline alloy do. Consequently, the decrease of
the amorphous volume fraction during crystallization does not
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affect the peakrate* On the base of similar ideas the results
obtained in glasses of the group 61 (metal-metalloid), G2 (rare
earth-cobalt) as well as Zr 7 gNi 2 4 , Zr 7 gFe 2 2 and Ca 7Q A«- 30 can be
explained.
2./ Fe-B-glasses containing Mo, however, show a significant
decrease of the peakrate at T c l followed by an increase to the
initial value (see Fig. 2b). The texture of the crystalline material is essentially the same as in F e ^ B ^ [11], In addition
the decrease at T c l is controlled by the crystallization kinetics
of the glass [12]. Obviously, the environment of the positron
annihilating within the eutectic cells is considerably different
from that in the amorphous material. Therefore, we conclude that
the valley in the peakrate values in Fe^gMo.B.Q is due to a dixtsct
interaction of the positrons with the Mo-atoms and/or an interaction of the Mo-atoms with the active trapping sites in the crystalline material.
3./ Finally, in Cu-Zr-glassea with a Zr-content above 40%
an increase of the peakrate is observed during crystallisation
(Fig. 3). The peakrate was measured during isochronal heating
and cooling
at a temperature rate of l°C/min. The temperature
program follows the numbers in the figure. The steps observed in
all alloys shift to higher temepratures with increasing stability
(Tp,) of the metallic glasses. In Cu-gZr^, for instance, the
increase at T-^ is as large as that induced by a 5O% deformation
of pure Cu or Zr. In addition the absolute magnitude of the peakrate in amorphous C u 3 Q Z r 7 o was found to be similar to that of the
defect-free crystalline alloy (Fig. 1). This is in sharp contrast
to the observation made in other Zr-rich glasses (Ni^Zr-jg,
F e 2 4 Z r 7 , ) . Taking this into account, the data in Fig. 3 can be
explained as follows. The positron annihilates from a delocaliced
state in the amorphous matrix of glassy Cu^ 0 Zr 7 Q . In the very
heterogeneous crystalline alloy slightly above T-., however, all
positrons are trapped by various kinds of defects (grain-boundaries,
dislocations) produced during crystallization. This is the reason
for the sharp increase (8%) at T c l < At higher temperatures
(<v>500°C) this trapping effect disappears. This might be due to a
further crystallization reaction or a recrystallization process
leading to a more perfect alloy. In Cu^Zr,- and C u 5 Q Z r 5 o the
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-situation is similar although less pronounced. The different
behaviour obsexved in Cu 6 Q Zr 4 0 might be due to the fact that
most positrons are already trapped in the glassy phase. Our results are consistent with positron lifetime and Doppler broadenfrig
experiments in Cu-Zr glasses [4]. Two lifetimes were observed in
these alloys. The shorter one was attributed to bulk annihilations
in the amorphous matrix. As an explanation of the longer lifetime
component positron trapping in atomic clusters is suggested.
Furthermore* evidence for annihilations in the bulk amorphous
matrix was reported for a Ti5OBjOZr^o glass by lifetime experiments
[4]. We investigated the smearing at the Fermi cutoff in the angular correlation distribution of various simple metal glasses. It
is well established that positron localisation results in an
increased smearing at the cutoff. In the case of amorphous
Ca^Mg-Q no indication of positron localization could be found.
This indicates that in some metallic glasses positrons may annihilate from delocalized states similar to the Bloch states in
crystalline alloys.

STRUCTURAL RELAXATION IN THE GLASSY PHASE
Numerous physical properties of most as-quenched metallic
glasses considerably change during heat treatments below the
glass temperature T . The observed changes are interpreted in
terns of Irreversible and reversible structural relaxations in
the amorphous phase [14]. Heat treatments below T reduce the
peakrate of Cu-Zr and Cu-Ti glasses by about 1% only. In all
other glasses temperature induced irreversible changes are even
smaller but measurable. In a recent paper [17] the structural
relaxation in amorphous Fe^oNi<oP..B, was studies in detail. The
effects observed were attributed to the loss of excess free
volume in the as-quenched glass. Since the positrons are localized
in most glasses, the pre-existing positron trapping sites (defects,
clusters) are not or only weakly affected by heat treatments. In
various glasses, however, we observe a fairly large reversible
decrease of the peakrate with increasing sample temperature
(see rig. 4). The thermal expansion coefficient is positive in
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all these glasses [15]. Therefore, this reversible effect is
opposite to the changes induced by thermal expansion. The origin
of this effect is not well understood. Thermal detrapplng from
shallow traps (probably atomic clusters of one alloy component),
an unusual
temperature dependence of the trapping rate or of
the positron wave function may account for this observation. A
further possible explanation is the following. Several experiments
indicate a temperature dependent chemical short range order in
all glasses of rig. 4 [16]. The ordering processes involved occur
by atomic jumps. These jumps may induce significant reversible
changes of those atomic configurations which act as positron
traps. Thereby, the size of clusters as well as the surroundings
of vacancy-like defects may be altered and cause the decrease
of the peakrate observed. Additional experiments are needed to
clear up this phenomenon.

CRYSTALLIZATION KINETICS
In a previous paper [12] we described the first studies on
crystallization kinetics in metallic glasses using positron
annihilation techniques, amorphous F«7gMo_B2_ being an example.
In this glass a very pronounced drop of the peakrate occurs during
crystallization (see Fig. 2b). He used this fact to investigate
the time dependence of the crystallization at various constant
temperatures.
Similar experiments have been carried out in Cu-^ZrcQ. As
can be seen from Fig. 3 two sharp changes of the peakrate occur
near the temperature Tp. and TV,,. At the same temperatures
exothermic peaks in DTA-measurements (differential thermal analysis) indicate the occurrence of two different crystallization
reactions. At T c , an unknown metastable phase is formed within
the amorphous phase. At T c 2 this phase transforms to the stable
nd CuZr [13], This caused us to study the time dependence
of the peakrate at various constant temperatures near T_., and
T
C2' r «*P e c t i v e l v » a s shown in Fig. 5. The time intervals
T
o'Tl*To'Tl' d e f l n e t ne region where positron experiments are
sensitive to the transformations under investigation. In Pi?. 6,
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finally, the time-temperature-transformatlon diagram is constructed from the data of Fig. 5. The crosses represent results from
an isothermal DTA-lnveatigation of the first exothermic peak
at T-. [15]. The nice agreement between the results of such different methods leads to the conclusion that the transformations
observed by positron annihilation techniques are indeed controlled
by the crystallization kinetics.
This work has been supported by the Swiss National Science
Foundation.
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ABSTRACT
The crystallization of F e i _ x B x glasses was investigated in the
12<x<26 concentration range by Mossbauer spectroscopy and differential scanning calorimetry. The kinetics of a-Fe formation
was determined from in-situ Mossbauer spectroscopy while total
crystalline fraction is estimated by measuring the remaining
energy of crystallization after several isothermal heat treatments of different duration. In order to support our conclusion
the decomposition kinetics of the crystalline Fe,B intermetallic
compound to a-Fe and Fe_B was also investigated. The exponents
characteristic to the kinetic processes in the crystallization
and decomposition transformation are determined. The formation
of a-Fe is shown to be long range diffusion controlled in the
whole composition region while the crystallisation of Fe 3 B is
interface limited. Our results indicate the presence of two
separate processes and can not be explained on the basis of a
eutectic mechanism in any composition ranges.

INTRODUCTION
The crystallization of Fe-B glasses has been investigated
in many studies with different experimental methods [1-12].
The most frequently detected crystallization products are
a-Fe and b.c. tetragonal Fe 3 B intermetallic compound [1-6].
Besides that some other intermetallic compounds of Fe and B are
reported: orthorhombic Fe 3 B [9,10], a C r ^ C , structurr (its
supposed equivalent in the present system is Fe,3Bg) [2,3] and
recently a supersaturated solid solution of B in Fe with the
stoichiometry of Fe 4 B is also proposed [11] besides a primitive
tetragonal Fe 3 B structure [12]. While in some cases the unusual
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experimental circumstances (crystallization under pressure or at
rather high temperature) may explain this high structural variety,
in other investigations no apparent explanations can be offered
along this line.
The situation is even more obscure as far as the micromechanism of crystallization is concerned. An eutectic mechanism
of crystallization is suggested around 20 at% B [4) where long
range diffusion is supposed to play only a minor role.
In the present paper we report a detailed study where the
crystallization of Fe-B glasses is investigated in a significant
range of B composition (from 12 to 26 at% B) and between rather
different temperature limits with a combination of MSssbauer
spectroscopy and calorimetry. The main purpose of this study,
where the kinetics of a-Fe formation is compared with the total
crystallization rate, is to detect how the rate limiting step of
the crystallization depends on the boron concentration. In order
to support our conclusion, a similar investigation of a cry-stcllinej+crystalline- solid state transformation, i.e. the decomposition of metastable b.c. tetragonal Fe.jB to the stable
phases, a-Fe + Fe 2 B was also carried out.
As kinetic studies require investigations in an extended
time-temperature scale where rather accurate quantitative estimates of the aboundance of different phases are to be made, it
is hoped that the presented work may decide which phases are
really characteristic to the bulk of the material in a wide range
of experimental parameters.

EXPERIMENTAL
The crystallization rate was determined from the energy
release measured by a Perking-Elmer DSC-2 differential scanning
calorimeter. As some reservations were expressed recently concerning the validity of solid state transformation models under
continuous heating [14] we have decided to undertake some isothermal investigations. The sensistivity of the calorimeter does
not permit an in-situ investigation at temperature where
Mossbauer spectroscopy is usually studied, i.e. for typical
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transformation times in the order of 10 min. Samples were instead
3
4
heat treated iaothermally for different durations (10 -10 min)
in the calorimeter. It was followed by a rapid temperature" change
to a pre-selected hold temperature and finally the remaining
crystallization energy was measured in the dynamic mode. The precision of the enthalpy change measurement under continuous heating condition is adequate for an accurate determination of the
fraction transformed isothermally. This way the advantages of
the isothermal studies (more reliable interpretation) may be
combined with the higher sensitivity of the continuous heating
experiments. It was shown previously for the Fe_ 5 B_ 5 glass [7,8]
and it is shown in this report for the glasses in 19-23 at% B
range that the results, of the very time consuming isothermal
studies are in good agreement with those obtained in dynamic
experiments.
Crystallization was also investigated by recording Mossbauer
spectra in-situ during heat treatment. A conventional constant
acceleration M6"ssbauer spectrometer was used for this study, the
typical recording time for a single spectrum (one point on the
plot of the transformed fraction versus time) is 3OO-7O0 min.
This fact, together with the rather high termal inertia of our
furnace restricts the temperature range to the region where the
typical transformation time is in the order of 10 min. Mossbauer
spectroscopy is most suitable to determine the relative amount
of a-Fe, the outer absorption lines of which are well separated
from the rest of the spectrum. The relative amount of a-Fe was
therefore determined from the peak area by fitting only these
outer lines of the corresponding six-line pattern of o-Fe.
The decomposition of Fe 3 B was also studied by Mossbauer
spectroscopy above its Curie temperature. The spectrum of the
paramagnetic Fe_B was described by a quadrupole doublet, the
spectra of ferromagnetic a-Fe and Fe 2 B are associated with proper
six-line patterns. The relative fractions of a-Fe and Fe»B are
determined from the area of the outer lines of the respective
spectra. It is assumed that they have the same effective f
factor, which assumption does not influence the determination of
the transformed fractions.
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RESULTS AND DISCUSSION
The kinetics of solid state transformations are usually
Interpreted In the excluded volume model of Johnaon-Mehl-Avrami
[13]. Despite of some rough approximations inherent in this model
(especially for the case of continuous heating experiments) our
results can generally be described by the Johnson-Mehl-Avrami
(JMA formula:
C = 1 - exp[(kt)n]
Here C is the transformed fraction, k is the temperature dependent rate function, t is time and n is the characteristic exponent which we want to determine. For the case of a three-dimensional isotropic growth of a fixed number of nuclei there are
two n values of special interest:
n = 3 correspond to the interface limited behaviour, where
the rate limiting step is the addition of a further atom to
the growing particle;
n = 3/2 is,,on the other hand, characteristic to a diffusion
limited behaviour where the rate limiting step is the long
range diffusion of the atoms, i.e. a compositional separation
in the matrix.
In previous publications [7,8] we have shown that the exponent characteristic for the crystallization of Fe- 5 B 2 5 to b.c.
tetragonal Fe,B is n = 2.5-2.8 both, in isothermal and continuous
heating calorimetric experiments. It clearly corresponds to the
former case, i.e. an interface limited crystallization.
In the present work we have Investigated the isothermal
crystallization kinetics by calorimetry also in the 19-23 at% B
concentration range. An illustrative example is shown in Fig. i.
The characteristic exponent determined for this composition
regime, n = 2.1-2.3 is in perfect agreement with previously reported values [5,6] determined from continuous heating experiments and is significantly different both, from the previously
mentioned value characteristic for Fe^B formation and from those
of ot-Fe precipiatation discussed below.
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The crystallization is more complex in the 16-19 at% B concentration range. A very asymmetric single peak is observed in
continuous heating experiments and even a poorly resolved, highly
preparation dependent shoulder can be detected at the lowest B
concentrations. The kinetics of the process cannot be described
by a single exponent in the JMA formula. In isothermal experiments the crystalline fraction can be fitted to the JMA equation
in a limited time interval only and measurements at different
temperatures result in widely different exponents [15]. The same
behaviour is observed in continuous heating experiments [6]; the
apparent JMA exponent does sensitively depend on the heating
rate. This behaviour can be interpreted to be due to the overlap
of two separate processes, the overlap of which can be influenced
by external parameters, i.e. heating rate or temperature.
A double stage crystallization is observed below 15 at% B
concentration. The overlap between the stages makes it difficult
to separate the processes, therefore one cannot determine with
good accuracy the kinetics of the indiviudal steps from bulk
measurements. Despite of this limited resolution, both, caiorimetric measurements and metallographic investigations by optical
microscopy technique points to a characteristic exponent n<2
for the first stage i.e. for a-Fe formation in the amorphous
matrix.
Mossbauer spectroscopy is more suitable than the macroscopic, bulk measurements to determine the kinetics of a-Fe
formation. The fraction of Fe atoms in the a-Fe phase can be determined from the Mossbauer spectrum with an accuracy of 2-5 %.
Illustrative results are presented in Fig. 2. The dependence of
the characteristic exponent on B content is very small as it is
shown by Fig. 3. The results in the whole 12-26 at% B composition range can be summarized as n = 1.3+0.35, indicating diffusion controlled formation of a-Fe. The decomposition of Fe,B
has also been investigated by Mossbauer spectroscopy. The fact
that this decomposition is observed above the Curie point of
this compound and the decomposition products, a-Fe and Fe.B are
ferromagnetic in this temperature region makes possible a relatively high accuracy in the determination of the relative
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fractions. The Mossbauer spectra observed during the decomposition are shown in Fig. 4,while Fig. 5 displays the JMA plot characterlstic to this solid state transformation. As this process
is undoubtedly connected with a compositional separation, i.e.
long range diffusion of atoms, the measured n = 1.4+O.1 does
support our conclusion (based on the measured characteristic exponents) that the a-Fe formation during the crystallization is
also determined by long-range diffusion in the whole investigated range of B content. The significant difference between the
kinetics of a-Fe formation and that of the total crystalline
fraction in the 19-23 at% B concentration range is to be mentioned. It does not support the interpretation of this process
as a single eutectic transformation, but indicates the existence
of two separate processes even in this composition range with an
overlap depending on B content. Due to the existence of two separate processes one could observe some changes of the apparent
JMA exponent with the experimental conditions. As we are rather
close to the stoichiometric composition, this variation - which
is definitely smaller than that of detected around 17 at% B has remained unresolved in the present investigation.
In the course of the present investigation the amount of
different phases was determined quantiatively between 520 and
850 K and between 300 and 10000 minutes on samples from 12 to
26 at% B. Investigating the crystallization no other phases was
observed besides a-Fe and b.c. tetragonal Fe.,B, while in the decomposition studies only the a-Fe and Fe_B phases were detected.
One cannot exclude the presence of any other phases with a
small (<5%) volume fraction, but the systematic dependences
observed in JMA plots can rule out the presence of even an unresolved phase with a significant volume fraction.

CONCLUSION
The kinetic? of a-Fe formation during the crystallization
of Fe-B glasses is long-range diffusion limited in the whole
investigated composition range. This conclusion is also supported
by a similar characteristic exponent observed during the decomposition of Fe^B.
36O

.
y

There Is not any composition range In the single stage crys
tallization region where the evolution of the total crystalline
fraction follows the same kinetics as ot-Fe formation i.e. there
is no indication of a single, eutectic-type process.
In the widest range of experimental parameters reported up
till now we have not found a significant volume fraction of any
phases different from ot-Fe and b.c. tetragonal Fe^B in the crystallization of Fe-B glasses, while a-Fe and Fe.B are the only
phases detectable in the decomposition process.
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Fig.3. Composition dapendence of the characteristic
exponent of a-Fe formation.
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Mdssbauer spectra recorded at three
different moments during the decomposition of b.c. tetragonal Fe.B.
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Fig. 5. JMA plot of the relative fractions during
decomposition at 822 K
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ABSTRACT
An important factor for the application of amorphous metals
i« their crystallisation temperature. B This can be enhanced by
addition of transition metals in Fego 2O* Other properties e.g.
lero magnetostriction, can then be achieved by alloying. In this
paper we investigate the crystallisation mechanism, the phases
produced and the influence of transition metals (T) in
Pa

«0-xV20*

*

INTRODUCTION
Enthusiasm to use amorphous metals for various applications
was damped by some experiments which showed early crystallization
and a loss of the "good" physical properties. For example,
Kopcewlcz et al. [l] crystallised an amorphous sample by applying
a high frequency field. This fact would restrict the use of
amorphous materials in transformers. Investigation of their crystallisation behaviour is now of great technological interest.
Naka et al. [2] have studied the influence of transition metals on
crystallisation temperature in the system Fe._ JT B-rt, where T is
Ti, V, Cr, Mn, Co and Ni. The crystallisation temperature is
enhanced by adding small amounts of the transition metal. In this
paper we use Mossbauer spectroscopy to investigate crystallization
behaviour.

EXPERIMENTAL
Mossbauer measurements were performed at room temperature
with a 3.5 mCi Co in Rh source. To investigate bulk and surface
properties we used electron emission and y-ray transmission
.
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spectroscopy simultaneously. Heat treatments were carried out at
1000 K for 48 h under vacuum better than 10~ Torr. Some Crcontaining samples were analyzed by X-ray diffraction.

RESULTS AMD DISCUSSION
According to Koster et al.13], the system

Fe

stallizes in the following typical reactions:

go_xTxB2o

CI

V~

Ti and V lead to

primary crystallization and Cr, Mn, Co, Ni to eutectic crystalliz
ation.

We investigated samples which crystallized in the course

of a OSC measurement and found two different phases.
identified as a-{Fe,T) and metastable (Fe,T),B.

They were

After additional

heat treatment, the phases transformed into the stable (Fe,T)2B
and a-(Fe,T).

The structures were identified with Mossbauer-

effect measurements.

With this method we were able to detect the

relative fraction of iron in the observed phases by calculating
the relative peak area of the spectra.
stallization of
{Fe

Fe

1-x T x>8O B 2O ^

T

B

8o-x x 2O

(Fe

is as

The formula for the cry-

followS!

1-x T x )+ ( F e 1 - x V 3 B *

2(Fe

1-xV

+

< F e 1-x T x>2 B

The spectra of F e 6o C o 20 B 20 a r e s n o w n i n F i 9« 1• Comparison of the
hyperfine fields and the isomer shifts with known data for Fe-Co-B
alloys [4,5] showed that the outer six-line spectrum in Fig. 1b
could be attributed to a bcc-(Fe1_ Co ) phase. The variation of
the hyperfine fi3ld with Co-content is in agreement with other
measurements in < F e i _ x C o x ) [*]•
The inner three six-line spectra were attributed to tetragonal (Fe,Co)3B. The structure is similar to the tetragonal
Fe3P-type and Ti3P-type which were also found during the crystallization of amorphous Fe g o B_ o [6]. Here, there is ample evidence
that the metastable Fe,B is isostructural to Ti,P. Fe,P and Ti,P
have three different iron sites with equal population. However,
the ratio 1:1:1 can be changed by preferential substitution of the
Fe-atoms by T-atoms.
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When the Co-concentration in Fe a _ .,Co Bori is increased, the
structure of (Fe,Co),B changes to an orthorhombic Fe,C-type on the

i

Co-rich side (Fig. 2 ) . The two Fe-sites in this structure type

'

occur in the ratio of 1:2. In our case, this ratio is changed to
about 1t1 due to preferential substitution of the Fe-atoms by Coatoms.
In the stable state, the spectra show the two equilibrium
phases a-(Fe,T) and (Fe,T)2B. The inner six-line spectrum in Fig.
1c was attributed to the CuAl2-type structure of (Fe,T)2B.
Fe o _ Cr B»_ showed a transition from the ferromagnetic to
OU—X X IM
the paramagnetic state. The metastable phases which were ferromagnetic were identified by X-ray spectroscopy as an a-(Fe,Cr) phase
and a tetragonal (Fe,Cr),B-phaae isostructural to the Ti-jP-type.
The paramagnetic spectra (Fig. 3) were attributed to an a-(Fe,Cr)phaae and a tetragonal (Fe,Cr)3B-phase (AE = O.36 mm/s), isostructural to Fe,P-type.

After additional heat treatment, the paramag-

netic spectra were identified as (Fe,Cr)2B by comparing the guadrupol* splitting (AE • 0.22 mm/s) with known values [7].
Fig. 4 shows the influence of T-metals on the hyperfine
fields.

We conclude from the different behaviour of H. in amor-

phous and crystalline samples that there must be a difference in
the short-range order and electronic structure. The increase of
^

with x in the amorphous state cannot be explained by assuming

a similar short-range order as in the metastable phases since they
show a decrease in H, with increasing x.
Fe Mossbauer spectra of Metglas ® 26O5 A were obtained simultaneously in transmission geometry by measuring y-rays and in
scattering geometry by measuring conversion electrons. The specimens which were prepared by single roller quenching show two different surfaces. One surface which was in contact with the drum
looks rather rough and dull, while the other surface is smooth and
shiny. After heat treatments of 3 and 8.5 h at 634 K, differences
between the electron emission spectra (which reflect only the
properties of surface layers) and the transmission spectra were
371

clearly observed. Extra lines indicating the formation of crystalline phases appear first in the surface spectra. In particular, crystalline phases are first observed at the rough surface
which was in contact with the drum during quenching (Fig. 5a).
The relative fraction of crystalline phases is always larger at
the surface than in the bulk, while the sample is not completely
crystallized. Fig. 6 shows a SEM photograph of the rough surface
of an amorphous sample. One can identify areas of gas bubbles
and areas o* direct contact between ribbon and drum.
Crystallization takes place by nucleation and growth.

The density

of nuclei is probably highest in those regions of the amorphous
sample where the quench rate was drastically reduced due to trapping of gas bubbles.

ACKNOWLEDGEMENTS
We are grateful to Dr. M. Naka for preparing samples and
Dr. B. Malaman and Dr. G. Le CaSr for X-ray analysis.

We have

benefitted from many fruitful discussions with Dr. G. Le Cafir.
This work was supported by the Deutsche Forschungsgemeinschaft.

372

100-

0.9&
. i

I

9

I

I

i

I
I

i i

I

I

I
I

•
I

j
I

I

I

J

1.00- -

2
to

0.99

u»
Q95r

VELOCITY
Fig.l.

[ mm/s)

Room temperature Mossbauer spectra of I
a) Amorphous state: the spectrum was decomposed into
five aubspectra according to the probabilities in
the Berna1-Polk-model.
b) Metastable states heat-treated in the calorimeter
with a heating rate of 2O K/min up to BOO K
c) Stabld state: 48 h at 1000 K

373

VELOCITY I mm/sl
Fig.2.

Room temperature Hossbaucr spectrum of 5'?FeJ __7 ,,^^u.
ideal intensity ratio of the two Fe-sites of 1:2 in the
FejC-type structure is changed to about 1:1 due to preferential substitution

z
o
m

0.90111

-t

-i
VELOCITY

Fig. 3.

374

[mm/s]

Room temperature Hossbauer spectrum of Fe65CrI^B^Qot-pftase shows a statistical distribution of Cr-atoms
bcc-Fe

290

(Fe,_x Cox ) n B^

1

270
250

{Fet.xCox)3B

3
E

amorphous

230
210
Fe

Fig.4.

10

20

.30
.40 .50
.60
concentration x

.70

Hyperfine fields as a function of Co-content in
Measurements at room temperature

.80

.90

Co

(Fei-xCox)soB2o.

1.03
*• *
g 1.02

-V

!§ 1.01

V.

/

§0.98-

bulk

V

a)

A

MO

shtny t i d t

I
«*i

100- *~a
103-

rough tidt

1.02-

; v •.

.*

1.0V

1D
IO0- w ^ ^
O.90H

AAA

096-

/

bulk

Oftr
0.92-

b)

i

1.02-

•• /
/

\ A ?• /

1.0V

V-•wv
*. .

too-***'
6

6

Velocity Imm/fe]
rig.5.
376

t«ap«r«ture ffdasiauer spectra of Matglaa
a n n e a l e d a t 643 K for a) 3 h and b) 0 . 5 A

2605

Fig.6.

Electron micrograph
showing the rough side
of an amorphous sample.
Gas bubbles lead to an
insufficient wetting
of the drum

377

REFERENCES
[1]

M. Kopcewicz, U. Gonser, 11.-G. Wagner, Appl. Phys. 2_3 /198O/1

[2]

M. Naka, U. Gonser, C. G&rlitz, H. Ruppersberg, to be published

[3]

U. KSster, U. Herold, Proc. of RQM III, Metals Society,
London J. /197B/ 281

[4]

C.E. Johnson, M.S. Ridout, T.E. Cranshaw, Proc. Phys. Soc. 81
/1963/ 1o79
~~

[5]

L. Takacs, M.C. Cadeville, I. Vincze, J. Phys. F

[6]

G. Le Ca6r, J.M. Dubois, Phys. Stat. Sol. (a) (54 /1981/ 275

[7]

K.A. Murphy, N. Hershkowltz, Phys. Rev. B 1_ fWlif

:f

378

5 /1975/800

23

MBSSBAUER STUDY OF THE CRYSTALLIZATION OF AMORPHOUS METALS
IN RADIO FREQUENCY MAGNETIC FIELDS
M. Kopcewicz, U. Gonser*, H.-G. Wagner*
Institute of Experimental Physics, Warsaw University,
00-681 Warsaw, Hozastr. 69, Poland
*Pachbereich Angewandte Physik, UniversitSt dee Saarlandes,
D-6600 Saarbrticken, Fed. Rep. Germany

ABSTRACT
It has been observed that some ferromagnetic amorphous metals
crystallize well below their crystallization temperatures when
exposed to radio frequency (rf) magnetic fields [1] • We studied
this process using MOssbauer spectroscopy on three different amorphous metals:
Pe4QNi40B20

(Vitrovac® 0040)

Co55Fe5Ni20(SiB)20

(Vitrovac® 6010)

Co7gFe5BigSi5

(obtained from Prof. Masumoto)

The sample with high magnetostriction (Fe 4 0 Ni 4 Q B 2 0 ) partially crystallized when exposed to rf fields (20.7 and 60.6 MHz) exceeding
7 Oe while the temperature of the sample remained at least 100 K
below the crystallization and Curie temperatures. The amorphous
metal with zero magnetostriction (CogsFeijI^n (SiB)20)» however,
did not crystallize under the influence of rr fields. This suggests that the main cause of crystallization of amorphous metals
in rf fields is magnetostrictively induced vibration. Conversion
electron Mossbauer spectroscopy gave evidence of differences between surface and bulk properties.

INTRODUCTION
The long term stability of ferromagnetic amorphous metals in
alternating magnetic fields is of great importance in view of their
possible applications in magnetic devices, since their favourable
properties deteriorate dramatically on crystallization. Activation
energies determined from high temperature measurements give lifetimes
frim several thousand years to a few decades depending on the operating temperature envisaged. While it is a rather unrealistic proposition to check this through long term studies, it is possible
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at least to attempt to simulate the aging processes by applying
radio frequency (rf) magnetic fields to the ferromagnetic amorphous metals. Using MBssbauer spectfoscopy we have recently observed that some ferromagnetic amorphous metals crystallize well
below their "normal" crystallization temperatures when exposed to
rf magnetic fields ft]. It is the aim of this study to investigate this effect in detail and to find the causes for this rf
induced crystallization.

EXPERIMENTAL
The materials studied were the ferromagnetic amorphous metals
Fe 40 Ni 40 B 20

(Vitrovac* 0040)

Co 55 Pe 5 Ni 20 (SiB) 20 (Vitrovac* 6010)
Co7eFe5B1cSi5

(obtained from Prof. M«sumoto)

as wide ribbons arranged to form MBssbauer absorbers of 20 x 15
mm. They were 40, 33 and 44 urn thick and were used in the aa quenched state. Their crystallization temperatures (determined from
differential scanning calorimetry with heating rates of 20 K/min)
were given as 670 K, 770 K and 770 K. One of the samples (Co55Fe5Ni2«(SiB)20) is a zero magnetostriction material, Co?5F«5B15Si5
shows very low magnetostriction (A, s 1.10~ ) whereas FS^QNI^QBJQ
has a relatively high magnetostriction constant (Ag • 13.5«10~°).
The Curie temperatures are approximately 670 X for Fe 4Q Ni 40 B 20 «
540 K for Co55Fe5Ni20(SiB)20 a n d 6 5 5 K f o r Co 75 Fe 5 B i5 Si 5«
MOssbauer spectra were recorded at room temperature in transmission geometry with applied rf field frequencies of 20.7 and 60.6
MHz. The rf field intensities ranged from 0 - 15 Oe. The samples
were placed as stationary absorbers within the helical coil of the
rf power generator with the rf field in the plane of the sample. The
samples were held in a watercooled sample holder with the option of
additional cooling by liquid N2 (vapour).
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An additional experiment was performed in which a static magnetic field (Ho) ranging from 0 to 50 Oe measured at the sample
was applied simultaneously with an rf field of fixed field
strength (H . * 7.4 Oe) at 41 MHz. This was done by aligning carefully screened Helmholtz coils with the rf field coil so that the
fields were linearly superimposed. The MOssbauer measurements were
performed using constant acceleration spectrometers with
Co in
Rh or
Co in Cr sources.
After exposure to the rf field the samples were placed in a
Y-ray transparent electron counter and conversion electron MBssbauer spectra were recorded simultaneously with transmission spectra. Thus it was possible to compare properties of a surface layer of appox. 500 R with those of the bulk C23»
An infrared pyrometer was used to measure the surface temperature of the samples exposed to the rf field. The accuracy of
this measuremcmt was checked by comparison with thermocouple reading* taken when the rf field was switched off.

RESULTS AND DISCUSSION
When exposed to rf magnetic fields of sufficiently high frequency crystalline soft ferromagnets show Mttssbauer spectra which
narrow progressively with increasing rf field intensity, eventually showing a complete collapse of the magnetic hyperfine splitting P » 0 ' Also, for materials with high magnetostriction sidebands appear £5-7j » which are especially pronounced at lower frequencies (~20 MHz). Since ferromagnetic amorphous metals can have
very low coercivity and anistropy fields their spectra should also show narrowing and rf collapse and - for amorphous ferromagnets with high magnetostriction- sidebands are expected. At
low rf intensities (Hrj S 5 Oe) the onset of narrowing was indeed
observed in the spectra of Fe.-Ni.QB-Q (Fig. 1) and at the lower
frequency (20,7 MHz) sidebands appeared.
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However, as the intensity of the 60.6 MHz rf field is Increased to values around 6 Oe, there is no further narrowing
'Fig. 1, spectrum D) and at still higher rf field intensities
the magnetic hyperfine splitting begins to increase again (Fig.
1, spectrum F ) , Control spectra taken with the rf field switched off after specific values of rf field intensity had been
reached (Fig. 1, spectra A (as quenched), C, E, G) show that
while there are no detectable differences after exposure to low
intensity rf fields (Fig. 1, spectra A and C) changes occur as
compared to the spectrum of the untreated sample once rf fields
larger than 7 Oe have been applied. First there is a drastic reduction in the relative intensity of lines 2 and 5 (Fig. 1,
spectrum E) then new lines appear (Fig. 1, spectrum G ) . This indicates that the sample has partially crystallized due to the
exposure to the rf field. The marked changes in the relative line
intensities indicate that due to changes in the distribution of
internal stresses the spins reorientate perpendicular to the
sample surface. This is presumably caused by the onset of crystallization at the surface of the amorphous sample in regions
too small to be directly detectable by the appearance of new
lines in the transmission spectra (X).
The question which must now be considered is whether the
sample reached temperatures in the vicinity of the crystallization temperature (670 K) at any time during exposure to the rf
field. This was checked in several different ways: the surface
temperature was measured directly as a function of field intensity for 20.7 and 60.6 MHz using an infrared pyrometer. For both
frequencies we observed a surface temperature of about 540 K at
those field intensities where the onset of crystallization had
occurred. Even at the highest rf field intensities applied, the
surface temperature remained about 100 K below the crystallization temperature. If, in addition, nitrogen vapour is used for
sample cooling, this is reduced by another 120 K, without delaying the onset of crystallization as observed by Mossbauer spectroscopy. Since the bulk temperature is not accessible to direct
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measurements, indirect methods must be used to find an upper
limit, for it. This can be done by comparison with MSssbauer
spectra of F e 4 0 N i 4 0 B 2 0 recorded as a function of temperature
Assuming for the moment that the narrowing is entirely of thermal origin, the magnetic hyperfine splittings observed for spectra 1 D and 1 F give bulk temperatures of about 500 K and 56o K
respectively. At these temperatures, crystallization does not
take place as verified by MOssbauer measurements C O • Also the
formation of rf sidebands in the spectra observed when the rf
field was applied (Fig. 1

F) provides independent evidence

that the sample temperature was considerably lower than the Curie point which is roughly equal to the crystallization temperature. This shows that amorphous F e 4 0 N i 4 0 B 2 Q crystallizes well
below its crystallization temperature when exposed to rf fields
of sufficient intensity.
To check the influence of magnetostriction on this rf-induced crystallization, the measurements described above for
Fe

4o N 4o B 20

were

repeated for samples of amorphous C o 5 5 F e 5 -

N i 2 0 ( S i B ) 2 0 and Co 7 5 Fe-B 1 g Si g • The resulting MOssbauer spectra
are shown in Figs, 2 and 3. At 60.6 MHz both samples show the
typical rf-induced narrowing of the magnetic hyperfine splitting
with finally complete collapse at sufficient rf field intensities
as seen with soft crystalline ferromagnets [3,4j. For
this is also observed for 20.7 MHz with no
20

detectable sidebands, which confirms that this sample is of
truly zero magnetostriction. There are absolutely no signs of
crystallization for Co 5 5 Fe 5 Ni2Q(SiB) 2 0 even after exposure to
the highest applied rf field intensities (Fig. 2,f). Comparing
these spectra (Fig. 2) with those of amorphous Co_-Fe g B 1 ,Si 5
(Fig. 3) it becomes clear that the rf-collapse for this second
sample (of low but non-zero magnetostriction) happens at considerably higher rf field intensities. This indicates the existence of higher magnetic anisotropies in this sample. Comparing
spectra 3 F and 3 A, we notice similar changes in relative
line intensities as with amorphous

Fe

4o N i 4u B ?o

fpi9s#

1 F

am

*

1 A) which were attributed to the onset of crystallization. This
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suggests that amorphous Co_-Fe 5 B 15 Sic after exposure to the highest rf field intensities is at the early stage of crystallization
(as before, the temperature was checked and found to be very much
lower than the crystallization temperature). It must be concluded
that the rf-induced crystallization of ferromagnetic amorphous
metals is due to magnetostrictively generated vibrations in the
sample.
Measurements of MSssbauer spectra with the simultaneous application of the rf field H r f and a static magnetic field H Q
confirm that the narrowing of the spectra is due to magnetization fluctuations rather than thermal effects. This can be demonstrated by applying an rf field of sufficient intensity to
bring about the rf-collapse. One then records spectra as a function of the static field H Q keeping the rf field intensity constant. While the static external field is larger than the rf
field (HQ > H j ) , magnetization reversal is suppressed and consequently, no narrowing of spectra is expected. This is observed
for C o 5 5 P e 5 N i 2 0 ( B S i ) 2 0 (see Fig.4 B ) . As the static field H Q
reaches H , and values below it, the spectra begin to narrow
(Fig. 4C, D, E ) , eventually collapsing to a narrow doublet at
sufficiently low static field intensity (Fig. 4 F , G ) .
The application of sufficiently high static fields (H

>

1.5»Hrf) also suppresses the rf-induced crystallization in those
samples where it had been observed after exposure to the rf
field alone (Fe^Ni^-B^o) . This is the result of a redviction
in the magnetostrictively induced vibrations caused by the fact
that part of our field span now coincides with the saturation
regions of the hysteresis loop. As the static field is decreased, the oscillations in the total applied field H Q + H r f
begin to generate appreciable changes in the sample magnetization and hence, magnetostrictive effects again lead to crystallization of the amorphous material as described in detail
above.
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Finally, conversion electron Mossbauer spectra (CEHS)
were taken of all samples after exposure to the rf field to
check the state of their surfaces. This was done because some
amorphous metals start to crystallize at the surface £8}when
heated to the required temperatures. The CEM spectra of the
zero magnetostriction sample Co55Fe,,Ni20 (SiB) -Q showed no difference from the bulk spectra, confirming that there was no
detectable crystallization even at the surface. For Co^-FerB-cSic
there were indications of surface crystallization in the CEM
spectra, confirming our earlier assumption about the significance
of the changes in relative line intensities in the transmission
spectra. As expected, CEM spectra of

Fe

4 n N i 4 O B 2 0 showed substan-

tial crystallization. There were however, qualitative differences from the transmission spectra, suggesting different crystalline phases at the surface. So far it has not been possible
to identify these phases.

CONCLUSIONS
We have shown that rf field induced crystallization in amorphous ferromagnets is caused by magnetostrictively induced vibrations in the samples and is therefore restricted to materials
with non-zero magnetostriction. In amorphous ferromagnets with
high magnetostriction the complete rf-collapse of MSssbauer
spectra cannot be observed and this is because internal stresses
always present in rapidly quenched materials generate magnetic
anlsotropies through magnetoelastic coupling. These anisotropies
suppress the magnetization reversal. In low magnetostriction
amorphous metals, the full rf-collapse of the spectrum appears.
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Mossbauer spectra of
amorphous Fe4oNi4OB2o
in rf fields of 60.6 MHz,
A, C, E, G: no rf field
B: 4.5 Oe, D: 8.2 Oe,
F: 13.6 Oe
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Fig.2.

Mossbauer spectra of amorphous
Co55Fe5Ni20(SiB)2o
in rf fields
of 6O.6 MHz. A, D, F: no rf
field, B: 4.5 Oe, C: 5.9 Oe,
S: 15 Oe
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Mossbauer spectra of amorphous
Co75Fe5BJSSi5
in rf fields of
60.6 MHz.~A,~D,
~ F:
- no rf field,
B: 5.9 Oe, C: 7.5 Oe, E: 15 Oe
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Mdssbauer spectra of amorphous
in rf fields of 41 MHz with constant
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ABSTRACT
Amorphous ribbons of F e 4 O N i 4 o p i 4 B 6 w e r e i n v e s t i 9 a t e d by
Fe
Mossbauer spectroscopy and by a toraional-vibration magnetometer
in dependence on heath treatment at
22O°C, 325°C and 45O°C
for different times. A decrease of the magnetic anisotropy (preference of the ribbon plane) by annealing has been detected.
Differences in the determination of the magnetic anisotropy using
the fit with one sextet or with a distribution function p(H) were
obtained. Aspects of the atomic short-range order in the amorphous state were discussed on the basis of the field distribution functions p(H), of the crystallisation behaviour and of the
results from the torsional-vibration magnetometer measurements.
The short-range order changes by annealing.

INTRODUCTION
A study of the amorphous metallic ferromagnet Fe--Ni.-P..B,
by Mossbauer spectroscopy and the measurement of magnetic rotational hysteresis losses is reported. The sample was prepared
by usual melt-spinning technique. For the investigation of the
annealing and crystallization behaviour the sample was tempered
for different times and temperatures.

SHORT-RANGE ORDER
Mttssbauer spectra were recorded for the as-quenched sample
and the samples annealed at 22O°C for 73 min. and 8 hours as well
as at 325°C foi 1 hour. Fig. 1 shows the hyperfine field distributions p(H) deduced from these spectra using Window's method [1]
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with the additional constraint that p(H) has only positive
values. The p(H) curves are characterized by a main maximum
between 18.7xlO6 and 19.9xlO6 A/m and an additional low field
maximum at about 9.15x10 A/m. The asymmetry of the main maximum
can be attributed to the content of P in the sample [2]. The appearance of the low field maximum in ptH) is in disagreement
with the results in [3] on amorphous F e 4 O N i 4o P 2o-x B x a l l o v s '
In [4] it is pointed out that incorrect values of the relative
line intensities may lead to additional maxima in p{H). To ensure that the low field maxima in our case are not due to systematical errors we varied the relative intensity of the lines
2 and 5, the number of cosine functions and the value of the
maximum hyperfine field in a wide range. The curves presented
in Fig.l were choosen according to the lowest x -value. They are
the smoothest curves obtained in each fit series. I. --values

2

'

•

corresponding to hogher x -values lead to additional maxima.
Their superposition shifts the low field maximum but it does not
vanish in any case. On the other hand the same procedure resulted
in a smooth curve with a single maximum in the case of an amorphous Fe-B alloy. As a further check we fitted the spectra with
an artificially smoothed p(H) distribtuion as shown by the dashed
line in Fig. 1. The x -value increased from 1.21 to 2.03. Therefore we come to the conclusion that the low field maximum is a
physically meaningful feature of our sample.
The temperature treatment of the sample leads to a shift
of the main maximum of p(H) from (18.7 + 0.2)xl0
(19.9 + O.2)xlO

A/m to

A/m, while the low field maximum remains un-

changed. It seems that in the sample two types of short range
order are coexisting, which are in a different way affected by
the temperature treatment. The shift of the hyperfine field of
the main maximum in p(H) may be accounted for by a rearrangement
of atoms as in [5]. If the number of Ni-neighbours of iron decreases the hyperfine field should increase like in the corresponding crystalline alloys [6]. The unchanged low field maximum
may be ascribed to iron atoms with an enhanced number of metalloid neighbours. A short-range order like in Fe,P can explain
the observed mean field value of about 1.15x10° A/m. In crys-
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line Fe,P the hyperfine fields for the two iron sites are
fi fi

6.7x10 A/m and 10.8x10 A/m, respectively [7]. An iron environment with 6 nearest B-neighbours like in FeB which shows also a
corresponding low hyperfine field seems to us less probable.
The existence of two different types of iron neighbourhood
is supported by the results form the rotational hysteresis loss
measurements, where the sample performs free torsional vibrations in a homogneous magnetic field and the mechanical damping
factor B is measured [8]. Fig. 2 shows the field dependence of
Bio/m (with the angular frequency of the vibration w and the sample
mass m) for the as-quenched and the annealed samples. For each
magnetic phase one peak of rotational hysteresis losses in the
coercive field range is observed. The lower one, which is strongly
influenced by annealing, may correspond to the main part of the
amorphous sample. The loss maximum at higher fields, which is due
to another phase with a higher coercivity (or from exchange between the ferromagnetic phase and an antiferromagnetic phase),
remains unchanged by temperature treatmenst up to 36O°C. It could
be ascribed to those, which are responsible for the low field
maximum in the p(H) curves.

MAGNETIC ANISOTROPY
The magnetic anisotropy manifests itself in the intensity
relation between the absorption lines of the Mossbauer spectrum.
For an isotropic sample holds the intensity relation I,:I2:I3=
= 3:2:1. If there is a magnetic anisotropy in the sample the
relative intensity of the lines 2 and 5 I_ can change from 0 to
4 (4 means all magnetic moments are in the sample plane perpendicular to the y-ray). The as-quenched sample shows a magnetic
anisotropy and I 2 is significantly larger than 2. The temperature
treatment destroys this preference of the ribbon plane. For the
evaluation of the MSssbauer spectra we used two different ways.
The spectra were fitted with one strongly line broadened single
sextet or with a hyperfine field distribution function p(H).
Both procedures result in a different value for the realtive intensity I 2 as shown in the table. The tendency of decreasing I 2

393

is the same for both fitting procedures, but for the caae of one
single sextet the isotropic value I 2 » 2.0 will not be reached
Tablet Relative intensity of the MOssbauer absorption
lines 2 and 5 I 2 in dependence on temperature
tratment and fitting procedure

as-quenched
sample

annealed samples
22O°C/73 min. 22O°C/8 h

325°C/1 h

with one
sextet

3.4+0.1

3.1

2.8

2.7

with p(H)

2.6+0.2

2.6

2.0

2.0

We suppose the values giving the best results (x -test) in the
p(H) evaluation to be more reliable. Using only on sextet the
contributions of the lines 1 and 3 at the position of line 2 are
not taken into account in an appropriate manner. The corresponding
I 2 values are therefore too high. The vanishing anisotropy can be
expalined to be due to the stress relaxation by annealing. This
is also the reason for decreasing of the coercivity of the main
part of the amorphous sample. Therefore the low field hysteresis
loss maximum is lowered and also shifted towards lower fields.

CRYSTALLIZATION BEHAVIOUR
In the course of the investigation it was observed that
crystallization of the sample can be achieved in different ways.
An annealing at T = 45O°C for a short time (30 min.) as well as
an annealing at T = 325°C for a long period of about 15 hours
result in a crystalline sample. Both procedures give different
crystalline states as It is indicated by the MBssbauer spectra
of Fig. 3. Annealing at higher temperatures leads to the same
result as reported in [9]. The long time annealing at low temperatures leads to a crystalline state, where the MSssbauer spectrum
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recorded at room temperature shows only a doublet and a sextet
(Fig. 3). This indicates the existence of another second phase
beside the fee Fe-Ni solid solution which has either a lower
Curie temperature or forms very small particles behaving superparamagnetically at room temperature. It is interesting to note/
that the crystallization at low temperatures strongly depends
on the atmosphere. If the annealing was performed
in
argon
atmosphere crystallization took place, while for annealing in
high vacuum for the same time it did not. In this case the crystallization begins only at 400°C (cf. Fig. 2).
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Distribution functions of the hyperfine field
of the amorphous samples before and after
different heat-treatn.ents as obtained from
the Mo'ssbauer spectra. The mean hyperfine field
H is also indicated. The dashed line is an example for a single-maximum p(H) which does r.ot
fit the spectrum (see text)
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Mossbauer spectra of the amorphous
and two crystallised samples. Obviously different heat-treatments give
rise to different order in the crystallized material.
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ABSTRACT
Crystallization process of amorphous Mg-Zn system under
isothermal annealing is studied by positron annihilation, X-ray
diffraction and electrical resistivity measurements. It is found
that the crystallization process consists of two steps. The
first step is cooperative movements of Mg and Zn atoms toward
various polyhedral configurations similar to those in the
MficiZn-n crystal. The second step is formation of grains of the
Mg

51Zn20

crvstal

-

INTRODUCTION
Amorphous Mg-Zn system, being composed of simple divalent
metallic elements, is one of the simplest amorphous alloy systems.
Some structural and physical properties of this system have been
studied by various authors [1-6J.

It was found by Calka et al.

(1] that amorphous Mg-Zn system of near eutectic composition
crystallized to a single phase of "Mg 7 Zn-", the structure of
which was unknown at that time.

Recently Higashi et al. [71

determined the structure and chemical composition of this phase
as M8cjZn2Q with an orthorhombic structure.

In MgciZnoo

most

°^

Zn atoms are located at the centers of the icosahedral coordination polyhedra with coordination number 12 and the rest of Zn
atoms and all Mg atoms except one are located at the centers of
401

various coordination polyhedra with coordination numbers from 11
to IS. The polyhedra are interpenetrated

among

themselves.

If

I

homogeneous irregularity is introduced to this structure, the
Bernal type model amorphous structure might be obtained.

The

crystallization process of amorphous Mg-Zn, studied by Calka et
al. with the differential scanning calorimetry and the transmission electron microscopy by continuous heating consisted of two
steps; the first step was formation of fine and defective grains
of MgrjZn.Q and the second step was recrystallization to more
perfect grains.

Boswell [2] studied amorphous Mg 7 ^Zn 2 6 and

obtained almost the same results as Calka et al.
The aim of the present work is to study in more detail the
crystallization process of the amorphous Mg-Zn system under
isothermal annealing by the positron annihilation, the X-ray
diffraction and the electrical resistivity measurements.

The

i

positrons, being positively charged particles, have strong
affinity to negative perturbing potentials associated with
structural defects and more extended local disorder.

Therefore,

the positron annihilation is a useful technique to study
relaxation and crystallization processes of amorphous alloys.
In the independent particle model, the one dimensional
angular correlation is proportional to an integration of the
electron-positron pair momentum density over planes perpendicular
to a specified direction p, in the momentum space,
occ
. _
x
N(P21 - P(PZ) « //dp x dp y Z |/drfo(r)#p(r)e" P r|* ,
where *_(r) is the wave function of the positron, * a ( O is the
wave function of the electron in the state a.

The total

annihilation probability is proportional to an integration of
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(1)

p(P ) over p , that is, the electron density at the positron,
occ

r-/dpzp(p2)«

E Jdrh a (r)| 2 |* p (r)| 2 .

(2)

The first application of the positron annihilation to studies
of amorphous structures was carried out by Chen and Chuange [8].
Since then a number of works have been carried out on transition
metal-metalloid amorphous systems by various authors.

However,

since the electronic structures of these systems are complicated
and determination of the positron state is even more complicated,
interpretation of experimental results have not been able to go
beyond qualitative speculation.

EXPERIMENTAL PROCEDURES AND RESULTS
The amorphous ribbons of nominal composition Mg7..Zn,0 were
prepared by melt spinning method.

The chemical analysis showed

that the actual composition was Mg,- qZn,- i-

The positron

lifetime was measured by a fast timing coincidence system
recently developed by Bedwell and Paulus [9]. The full width at
half-maximum (FWHM) timing resolution was 252 ps.

The angular

correlations of annihilation radiations were measured by a
parallel slit system.

The geometrical angular resolution was

0.61 milliradians (FWHM).

The X-ray diffraction patterns were

taken using CuKot radiation.
The electrical resistivity change under isothermal annealing
at various temperatures are shown in Fig. 1.

The resistivity

first increased with increasing annealing time, reaching a
maximum, then decreased and levelled off.

The Arrhenius plot of

the time duration (tmav.) for the resistivity to reach its maximum
fTId A
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gives a straight line as shown in Fig. 2. The apparent activation
energy Q, obtained from the slope is 149 k.J/mole.

The Arrhcnius

plot of the time duration (ti/?^ defined as the time measured
from tmax to the time when the resistivity change becomes 50%
of the total change gives a straight line as shown also in Fig. 2.
The apparent activation energy Q2 is 149 kJ/mole. The temperature dependence of the resistivity (TDR) was measured in
temperature range from 78K to 273K.

Fig. 3 shows the TDR measured

at various annealed stages along the curve of the resistivity
change shown in the inset.

The TDR remains negative and

unchanged until the resistivity itself reaches its maximum.
After the resistivity passes over the maximum the TDR starts to
change from negative toward positive.
The X-ray diffraction pattern of the specimen fully annealed
at 358.6K was identified as that of M gc2 Z n 2O

crvsta

l calculated

by Higashi et al. No diffraction peaks other than those of
MgciZn,-. phase were detected.

Under successive isothermal

annealing at 358.6K, only after certain period of incubation the
diffraction peaks became detectable and started to grow.

During

the growth the breadths and relative intensities of the diffrac
tion peaks in the low angle part (28=8°-30°) did not change
appreciably.

The observed relative intensities at the end of

annealing were almost in accord with the calculated ones for the
powder pattern of MgcjZn-g crystal.

This fact indicates that

there is no appreciable preferred orientation of growth with
respect to the specimen surface.

The incubation period

coincides with the t m a v of the resistivity change.

The increase

In El X

of the diffraction peak intensities normalized with respect to
the intensities at the end of annealing and the resistivity
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decrease normalized with respect to the total decrease can be
expressed in a form,

A

C(t) = l-exp[-k(t-to)nJ,
and are shown in Fig. 4.

(3)

The exponent n is close to unity.

During the incubation period there are no traces of the diffraction peaks in the low angle part.

However, the asymmetric broad

first peak becomes higher and sharper with annealing time.

From

close examination of the broad peak a trace of the diffraction
peak corresponding to complex peaks of (512), (521), (215) and
(125) of the MfcciZn2o crystal became detectable in the middle of
the incubation period.
The observed positron lifetimes under successive isothermal
annealing at 358.6K are shown in Fig. 5. The lifetime does not
change with first several annealing treatments then increased
and levelled off.

[

The time at which the lifetime starts to

increase corresponds to the end of the incubation time and the
t___. of the resistivity change.

The angular correlation curves of

fully annealed state at 365K were taken at 300K and 8OK.
curve taken at 300K is shown if Fig. 6.
almost identical to that at 300K.

The

The curve taken at 8OK is

There is a break hear p «0.75

atomic units, however the break is very much smeared.

DISCUSSION
Our previous work of the angular correlation measurements
on the amorphous state of this system indicates that the valence
electrons are free-electron like whereas tho positron is not
free but rather localized in low density dilated regions of
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the amorphous structure |5|. The electronic specific measurements on the amorphous and crystallized states of this system by
Mizutani and Mizoguchi

[6] revealed that the valence electrons

of both amorphous and crystallized states were free-electron
like.

Then, in spite of structural changes the electron system

as a whole may be regarded free-electron like during crystallization.
The present experimental results clearly indicate that the
crystallization process under isothermal annealing consists of
two steps.

In the first step the electrical resistivity increases

with annealing time whereas the TDR remains negative and
unchanged.

This fact can be understood by the Faber-Ziman theory

|10] with the aid of the 2k f value, twice the Fermi wave number,
and the change of the interference function with annealing time.
The 2kj value (2.86A"1) falls slightly above the position of the
°-1

first peak (2.62A

) of the interference function.

The growth of

the first peak of the interference function without shift of its
position causes the resistivity to increase but does not affect
the TDR.

The positron lifetime does not change appreciably in

the first step with annealing time.

This fact indicates that

the structural changes observed in the X-ray diffraction studies
do not produce deeper attractive potentials for the positron than
those in the amorphous state.

The fact that the trace of the

diffraction peak complex of (512) and like indices are observed
in thr incubation period may not be overlooked.

The spacing d

corresponding to this peak is 2.57A and this value happens to be
a value calculated from weighted average of magnesium dfl02 and
zinc dQQ, (Vegard's law in solid solutions).
These experimental facts suggest that the first step is
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cooperative movements of Mg and Zn atoms toward various
polyhedral configurations similar to those in the M g ^ Z n ^
crystal.
It is evident that the second step is formation of the
grains of the Mgr,Zn 20 crystal.

The fact that the positron

lifetime becomes longer when formation of the grains starts
indicates that the site and the extent of localization of the
positron is related to the grain boundaries.

In order to see

the average extent of localization, the angular correlation curves
are analyzed by the one dimensional Fourier transformation method
described in [5]. We assume that the electron system is free
electron like and the positron is localized and the form of the
wave function is given as
* (r) = A e x p C - ^ - ) .
(4)
"
o
Then the one dimensional Fourier transform of eq. (1) becomes
(p€)

cos

The oscillatory term comes from the electron system and the
damping term comes from the localized positron.

By fitting

eq. (5) with the experiment, we can obtain the average extent of
localization r of the positron. . The one dimensional Fourier
transform of the observed angular correlation curve is shown in
Fig, 7 together with the fitted theoretical one. The parameters
Pj. and r

are listed in Table I together with those for the

amorphous state obtained previously in [5]. The positron is more
localized in the crystallized state than in the amorphous state.
From the average extent of localization it is most probable that
the positrons are localized near grain boundaries.
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The values of p£ and i o

in

Amorphous
300K
80K

ro(X)
Pf(A-')

408

Table I

eq (5).

Crystal lized

80K

300K

4.6

6. 2

3.8

4.0

1.42

1.42

1.42

1.42

P(t)/p rt (amorphous)

Mg

67.9 Z n 32.1

1.00
p

\

r

(amorphous ) = 80yflcm

^^^
"

0.95

S t

348.6 K

^

353.3 K
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Fig. 1. The electrical resistivity change under isothermal annealing
at various temperatures indicated on the tail of each curve
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Fig. 4. The diffraction peak intensities and the resistivsty decrease
as a function of annealing time. The annealing temperature is
358.6K. The diffraction peak intensities are normalized with
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decrease with respect to the total decrease. The diffraction
peaks chosen for the intensity measurements are (2OO), (022).
(222), (222) and (4OO).
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5. The positron lifetimes as a function of
annealing time. The annealing
temperafcure is 35B.6K

413

M

«67.9 Zn 32.1
Annealed at 368 K
Measured at 300 K

s2

35

1

**1
2
Momen^im in atomic units
Fig. 6. The angular correlation curve of
the specimen fully annealed at
368K measured at 3OOK
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Experiment

Fig. 7. The one dimensional Fourier transform of the angular correlation curve shown in Fig. 6. The theoretical curve is the fitted
one with the parameters listed in Table I.
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MOSSBAUER SPECTROSCOPY ANALYSIS OF AMORPHOUS METALLIC GLASS
(Fe x Ni 1 _ x ) 8o B 2 o
J. Sitek and F. Gabris
Department of Nuclear Physics and Technics,
Slovak Technical University, Vazovava 5, 880 19 Bratislava
Czechoslovakia

The amorphous metallic glasses (FexNi, )o 0 B 2o ftave b e e n
studied by the means of MSssbauer spectroscopy for the values
of x=0.5, 0.625, 0.75, 0.875 in the temperature range from 77 K
to 723 K. The P(H) function has been determined at all these
temperatures. The crystallisation was followed by the MGssibauer
spectroscopy measurements and the crystallisation products were
identified. The beginning of a significant orientation of the
crystalline phase was recorded at the temperature of 640 K.
From the temperature dependence of the internal magnetic field
the Curie temperature and the relation between the concentration
of Fe and Curie point have been determined. In all cases, the
easy axis of magnetization was more sensitive to the change of
temperature than to the concentration of Fe. In some cases the
influence of tensil stress on the parameters of the MSssbauer
spectra has been studied.
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CRYSTALLIZATION OF AMORPHOUS Co 7 0 . 3 Fe 4 <7 Si 15 B 1O ''
MflSSBAUER SPECTROSCOPY AND X-RAY DIFFRACTION

A

Janusz WOlny", WOjciech Zajac"*, Andrzej Caika***
x

Institute of Physics and Nuclear Techniques,
Academy of Mining and Metallurgy, Cracow, Poland
""institute of Physics, Jaglellonian University, Cracow Poland
"""institute of Materials Sciences and Engeneering,
Technical University, Warsaw, Poland

ABSTRACT
X-ray diffraction and the MSssbauer effect were used to trace
the process of recrystallization of an amorphous alloy:
C
°7O 3 F e 4 7 Si 15 B lO* F l v e s a m P l e s were selected following electrical resistivity measurements. Both methods were complementary
in establishing* transition phases as well as the final composition. Some aspects of deconvoluting distribution of hyperfine
parameters from Mdssbauer spectra are discussed.

INTRODUCTION
It is well known [1-3] that the amorphous COy Q ??&* 7 S i 15 B 10
alloy crystallizes passing two consecutive metastable phases.
The equilibrium state is composed of altogether three phases
involving Co, namely: Co, Co^Si, Co-B [4].
Observation of time dependence of electrical resistivity at
constant temperature provides a good hint on how to describe the
process of crystallization [1]. The solid curves on Fig. 1 and
2 are composed of several hundred experimental points which
clearly Indicate four well defined regions. At first, the resistivity increases to form an apparent maximum, which is observed
also in other reports on crystallization of amorphous alloys. Then,
three regions of almost exactly exponential behaviour appear.
This is checked by inserted plots of - ln(AR/RQ) vs. time. Fig. 2
represents data taken at higher temperature, making the last
region more visible due to the effect of "contraction" of the
time scale.
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For the first two exponential regions, four AR/R Q curves
were taken for different temperatures. Assuming the dependence:
R = R Q + R1'exp(-t/t±)

i = 1,2

relaxation times were determined [1], and since ^

are known to

be exponential functions of inverse temperature, so called
Arrhenius plots were made, i.e. ln(t.) vs. inverse'temperature
(see Fig. 3 and 4). The slope of the Arrhenius plot gives the
activation energy, while ln(t) for infinite temperature defines
so called "frequency factor". The obtained values are given in
the pictures. Although the electrical resistivity measurements
were not the main purpose of this work, the results are reproducible and the value of the activation energy for the first
process is close to that obtained by J. Latuszkiewicz et. al.
(324 kJ/mol) by means of the calorimetric method.

SAMPLE PREPARATION
The glassy metal was prepared by pouring the melted alloy
against a quickly rotating, well cooled drum. In this way a ribbon, 10 mm wide, 20 ym thick and a few meters long was produced.
Five samples were selected for further investigation: the
original alloy, one quenched at the maximum of electrical resistivity, two quenched at the states of most probable completion
of the first and second processes and the final product. More
details concerning the specimens are given below:
I.

- no annealing

II.

- annealed in

714.0 K,

70 mins

III. - annealed in

757.5 K,

180 mins

757.5 K,
1018.0 K,

400 mins
30 mins

IV.
V.

- annealed in
- annealed in

The annealing conditions were carefully established from
the time and temperature dependencies of electrical resistivity.
The samples were then subjected to the X-ray diffraction
spectroscopy and to the Mossbauer effect measurements.
420

X-RAY DIFFRACTION
X rays of the Fe K

origin were filtered and scattered off

the pieces of the ribbons in a step-by-step experiment. The data
were collected: every 0.2° for samples I and II, every 0.1° for
samples III and IV and every 0.05° for sample V. The scattering
angles ranged from 30° to 132 .

THE M&SSBAUER EFFECT
a

*

The

Fe Mossbauer effect was used to trace changes of

hyperfine interactions involving iron nuclei during the process
of crystallization of the amorphous C o ™ i F e 4 7 S *i5 B io*

The

samples were produced in the form directly applicable to the
MSssbauer spectroscopy (lo mm wide ribbon, 20 pm thick). The
spectra were collected in room temperature, using a constant
acceleration sepctrometer of conventional design and a 512 channel
analyser. The investigated ribbon showed a significant spatial
anisotropy of physical properties and the magnetization was very
likely to be parallel to the ribbon direction [2]. Therefore a
weak external magnetic field was applied, perpendicular to the
direction of the gamma quanta, in order to arrange the magnetic
domains.
b.

numerica^analysis

A complete or partial randomness of local environments of
Mossbauer nuclei obviously results in rather complicated, highly
overlapped spectrum. Such a spectrum is a convolution of a "normal" pattern for discrete values of hyperfine parameters with
appropriate distribution functions. In general, these density
functions should be considered independent; and there is a large
number of them (practically for each parameter of hyperfine
Hamiltonian). It is often assumed that only one interaction is
dominant, all others being small perturbations. For amorphous
materials, this assumption is an obvious oversimplification, but
it may be justified by the fact, that the overlapped MOssbauer
421

spectrum does not contain enough information to perform full
deconvolution Of all distribution functions. Sometimes spectroscopists try to simulate "less significant", but still important
distributions by assuming linear dependence between them and the
dominant one. Such procedure may be correct for the pair: magnetic splitting and the isomer shift. A successful attempt to
perform a two dimensional deconvolution was recently made in [5]
for guadrupole splitting constant and the isomer shift. This,
however, cannot be in general applied for a pair containing magnetic interactions owing to the fact, that each discrete value
of H.f usually gives six resonance lines (3/2 •*• 1/2 transition) .
Hence, because of significant overlap, any formal deconvolution
of two independent distribution functions, although mathematically
correct, would be very doubtful for the physicist.
All the described difficulties lead to the conclusion that,
although usually formally unjustified, the procedure of deconvoluting only one distribution function is in many cases the
only possible way of processing the experimental data.
The authors of the present paper are aware of possible
misinterpretation of the M&ssbauer spectra, which might have
resulted from the discussed problems.
The numerical procedure used to obtain P(H) distribution
function was that discussed by Le Caer and Dubois in [6]. Smoothing
criteria were those defined by formula (9) of [6], for r = 2,
but with different Y m coefficients. Additional conditions were
imposed on the solutions, preferring P(H) functions which are
smoothly approaching zero on both sides. Quite like "usual"
smoothing, this was accomplished by appropriate modification of
the "normal" matrix. Such suppressing side oscillations by stronger
smoothness demands for H ^ close to H .
and H
seems justified,
since these regions are mostly affected by numerical instabilities. The spectra were processed on a CDC 6600 machine using a
programme capable of choosing the best deconvolution parameters
(such as bin width, H m i n , H m a y , appropriate smoothing criteria).
"Nonlinear" parameters, i.e. those nonlinearly contributing to
the theoretical spectrum, were adiustsd by a least squares iterative procedure [7], It is beyond "iiibts that in the discussed
spectra the distributions of the guadrupole interactions par422

ameters and of the isomer shift should have been considered. Only
the latter was approximated by assuming linear dependence of the
form:
IS * IS Q + aH h f ,

(1)

whereas the quadrupole interaction effects were treated as
averaging out to zero. The authors have not decided to use S
lineshapes developed by Le Cear and Dubois [6], partially because
of considerable computer time requirements (numerical quadrature
needed for n > t ) , partially because their condition of complete
randomness of quadrupole interactions (required for integral
evaluation) was obviously not fulfilled due to significant magnetic texture effects (cf. ref. [6], p. 1086, para 2 . ) .
Thus the obtained results have only qualitative meaning and
were not further refined since the paper was aimed at observation and recording of changes in physical properties occuring
during crystallization of an amorphous alloy.
The spectra, together with the obtained P(H) curves and
corresponding X-ray diffractograms are presented in Figures 5-14.

DISCUSSION
Both macroscopic (X-ray diffraction) and microscopic (the
Mossbauer effect) methods were used to trace the process of
crystallization of an amorphous C o 7 Q 3 F e 4 7 Si i5 B i<v Their results
are complementary yielding the following!
The first and second samples are fully amorphous and exhibit
large diffusion halo in X-ray diffraction patterns (Fig. 5 and 7).
The corresponding Mossbauer spectra give broad, single peaks in
P(H). The asymmetry of the spectra could be successfully simulated
by the distribution of isomer shifts (cf. [1]). But almost
certain scatter of the parameters contributing to the quadrupole
interactions would probably produce similar asymmetry, if there
were any reliable possibility of calculating them together with
the P(IS) and P(H). This remark applies for all other MSssbauer
423
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spectra shown in this paper.
Sample III produced several weak and broad peaks in X-ray
diffractograms, which might suggest that ct-Co had emerged
(Fig. 9). A new, sharp maximum in P(H) , centered at about 3OO
kOe, strongly confirmed the above (see 18]).
X-ray diffraction spectrum of sample IV indicated that a
new phase appeared, which might be identified as Co-Si.

fc

Finally, the crystallization ends with three Co-containing
phases: Co, Co-Si, and Co,B. This remains in agreement with the
phase equilibrium conditions.
Additional magnetometric measurements were performed for
the fifth sample. They confirmed the existence of a low temperature phase (magnetic), which might be identified as Co-B [9].
The higher (ca 520 K) transition temperature, than in pure
Co~B, is probably caused by Fe atoms substituting for some Co
atoms. Namely, according to [10] and [11] the quoted value of
transition temperature corresponds to an 8 per cent admixture
of Fe in Co_B. Also a local maximum in P(H) curve at about 190 kOe
may be attributed to ca 10 per cent Fe in Co-B.'
It is believed [12], [13] that pure Co-jSi is nonmagnetic in
room temperature which, if Fe atoms were present in Co 2 Si structure, should yield a paramegnetic line in the Mossbauer spectrum.
This, however, is not observed, and we would like to suggest two
possible reasons: either Fe atoms do not substitute for Co in
Co 2 Si (due to instability of Fe 2 Si structure [12], [13]), or, if
not, the possible 6 per cent admixture of Fe in Co-Si causes it
57
to be magnetically ordered with hyperfine field on
Fe nuclei
indistinguishable from that of Fe in Co~B or Co and transition
temperature close to 520 K. The latter version, however, does
not seem likely. The first explanation could be additionally
confirmed by the fact, that according to P(H) curve for sample
V, Fe atoms are more or less equally distributed between Co and
Co 2 B phases and from estimated concentrations of Fe in Co and
Co 2 B, [8], [10], [11] it may be concluded that no Fe atoms are
available for dilution in Co-Si.
Additional magnetic measurements are planned to provide a
more certain solution to that problem.
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Mdssbauer spectrum and the corresponding P(H) curve of
amorphous sample No.I
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Htiaabauer spectrum and the corresponding P(H) curve of
recrystallized sample No.Ill
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Mdssbauer spectrum and the corresponding P(H) curve of
recrystallized sample Ho.V
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MOSSBAUER EFFECT STUDY OF CRYSTALLIZATION
IN Fe-Si-B GLASSES
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•institute for Materials Science and Engineering,
Warsaw Technical University, Poland, 02-524 Warszawa,
Narbutta 85

ABSTRACT
Crystallization of Fe-Si-B glasses obtained by the meltspinning method was investigated. Samples of

Fe

75 S * x B 25-x

ser

*es

alloys were iaothermally annealed under conditions earlier predetermined by differential scanning calorimetry. Products of
crystallization were examined by MOssbauer effect spectroscopy
and X-ray diffraction. The M.E. spectra of all investigated
alloys exhibited the presence of two phases: Fe,B and Fe-Si
phase. The structure of the Fe-Si phase changed with an increase
in Si concentration from 6 to 18 at.%. At low silicon content a
b.c.c. Fe(Si) solid solution was observed and at higher Si concentration an ordered Fe,Si phase appeared. Special attention was
given to the Fe nearest neighbour configuration in the Fe(Si)
solid solution. In this connection, additionally the Fe 8 .Si g B l o
alloy was taken into account, because it exhibited a more pronounced Fe(Si) phase in comparison to Fe-cSigB.g. The relative
intensities of the lines due to Fe atoms in the different environments were estimated by decomposition of the Fe(Si) phase
spectrum into three respective spectra. In this light, the possibility of differentiation between a random and an order solid
solution was discussed.
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HYPERFINE FIELDS AND
MAGNETIC PROPERTIES
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NMR AND MAGNETIC SUSCEPTIBILITY OF
xCuO'(l-x)(2B2O3-K2O) GLASSES
I. Ardelean, M. Coldea, O. Cozar

Faculty of Physics, University of Cluj-Napoca
34OO Cluj-Napoca, Romania
ABSTRACT
The temperature dependence of the magnetic susceptibility and
the quadrupolar effects of xCuO-(1-x)(2B2O3.K2O) glasses
(0<x<20 mol%) were investigated. Both measurements pointed out
that~these glasses are homogeneous up to concentration X£l5 mol%.
From Curie constants it was determined that all copper ions are
in the divalent state. The quadrupolar constants increase with
CuO content and saturate above the limit concentration of homogeneous glasses.
INTRODUCTION
Juza et al. [1] reported magnetic investigations on a series
of copper sodium borate glasses. It has been determined that the
2+
magnetic moment of Cu
ions is a function of the sodium oxide
content in these glasses. Since the publication of this paper,
susceptibility measurements have also been reported in copper
phosphate glasses [2]. The temperature dependence of the magnetic
susceptibility at high temperatures indicated an antiferromagnetic behaviour in these glasses. We have investigated the influence of copper ions in 19TeO_-PbO glass matrix (3J. In this
case, up to 20 mol% CuO we obtained homogeneous glasses and the
copper ions were in the bivalent state, and for the concentra2+
tions £15 mol%, the Cu
ions in the glasses experienced negative
superexchange interactions. This phenomenon has also been reported in other transition-metal oxide glasses [4-7]. Theoretical
calculations [8-JO] have shown that negative exchange interactions can occur in amorphous systems.
In order to obtain further pieces of information on the
magnetic behaviour of copper in oxide glasses, we have investigated the NMR of
B nuclei and magnetic susceptibility of
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xCuO*(1-x)(2B-O,«K2O) glasses with 0<x<20 mol%, maintaining a
constant

B^Oj/K^O ratio*keeping the matrix structure unmodified.

EXPERIMENTAL
First, the glass matrix 2B2O,'K_O was prepared by mixing
-BO, and K-CO, and melting this mixture in a sintered corundum
crucible, using the technique previously reported Lll]. After
cooling, the glass was crushed and the resulting powder mixed
with CuO before final melting at T = 1150°C for 1 h. The structure havo been studied by X-ray analysis and did no reveal any
crystalline phase up to 15 mol% CuO. The glasses with x>15 mol%
present the mixture of amorphous and crystalline phases, which
is correlated with an inhomogeneous colour.
The magnetic ;usceptibility was measured with high sensitivity between 80 K and 400 K, using a Weiss-Forrer type magnetic
balance.
The NMR spectra of
B nuclei were recorded on glass
powders at room temperature in a 9.212 MHz JNM 3H-6O spectrometer,
improved by a broadline attachment JNM - BH-2.
RESULTS AND DISCUSSIONS
The temperature dependence of the reciprocal magnetic susceptibility of the various glasses is presented in Fig. l. For
the glasses with a CuO content £10 mol% the Curie law is observed.
This suggests that copper ions are isolated and no magnetic order
is present. For a CuO content higher than 10 mol%, the reciprocal
magnetic susceptibility obeys a Curie-Weiss law, with a negative
paramagnetic temperature. For a glass with x = 15 mol%, 9 =-28 K.
For this composition, the hig'.i temperature susceptibility data
indicate that the copper ions in the glass experience negative
exchange interactions and are supposed to couple antiferromagnetically below the Neel point. The antiferromagnetic order is
formed only in a short range and may be described by the socalled mictomagnetism [12] or speromagnetism [13].
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The temperature dependence of the reciprocal magnetic susceptibility for the glass with x - 20 mol% CuO has an unusual
form, which may be assigned to a mixture of amorphous and crystalline phases, as is also evidenced from X-ray analysis. As we
shall see, this result is also supported by NMR measurements.
To determine accurately the values of the Curie constants,
C, and atomic magnetic moments, \i, corrections due to the diamagnetism of the glass matrix and Cu were taken into account.
The values of the Curie constants and atomic magnetic moments
are presented in Table 1.
Table 1
Curie constants, atomic magnetic
moments and paramagnetic Curie
temperature for xCuO.(l-x)
(2B2O3-K2O) glasses
X
[mol% CuO]

5
10
15

C

M
[emu/mo1]

V
[U

0.018

1.72
1.73
1.74

0.037
O.O56

0
0
0
-28

The Curie constant, which is proportional to the ion concentration and square of the atomic magnetic moment, varies linearly
with the copper ion concentration. The experimental value obtained
for the magnetic moment y * (1.73 + 0.02)y_ is very close to the
2+~
atomic magnetic moment of the Cu
cations in the free ion state:
U ,, = 1.73u_ [14] in agreement with values obtained for the
B
Cuz+
paramagnetic salts [15] and other copper oxide glasses [3,16,17].
Our results suggest that the copper ions exist in divalent state,
in 2B 2 O 3 *K2O glasses as was also found in copper sodium borate
[1], lead tellurate [3] and phosphate [2] glasses, so that the
antiferromagnetic coupling observed in the glass with x = 15 mol%
CuO is between Cu
ions.
According to the theoretical investigations [18,19] on the
2+
magnetic moment of Cu
complexes in ligand fields of various
2+
symmetries, the Cu

ion in octahedral fields should have a mag-

netic moment of 1.73pQ to 1.90uB, i.e. near the spin-only value
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of 1.73uB- In a tetrahedral environment, a substantially higher
value of 2 . 2 M B should appear. Our experimental value (1.73+0.02)M_
may indicate that the copper ions are present in octahedral coordinations, in agreement with the EPR investigations [11], which
have also indicated that the Cu

ions are in an axially distorted

octahedral coordination'.
The experimental values of the atomic magnetic moments are
2+
*
very close to the free ion values of Cu

cations, implicating

that no significant difference occurs from the initially calculated chemical composition and the copper ions do not form CuO
crystalline precipitates up to 15 mol%. In this way, for the
glasses with x£l5 moll, the copper cations seem to be randomly
distributed in the glass matrix, as it is also shown by X-ray
analysis and EPR measurements [11].
The NMR spectrum of

B nuclei for the glass with x = 15 mol%

CuO is presented in rig. 2. In addition to the broad line due to
the second order quadrupolar effects, a substantial narrow line
1B also present. These two NMR lines are attributed, AS in other
similar glasses [18-24], to the three-coordinated boron {BO,
units) and to the four-coordinated boron (BO. units), respectively.
The experimental NMR spectra for all investigated samples
are of the same type as that found for the 2B 2 O,*X 2 O glass [20].
They have been interpreted by the standard procedure for the case
of a large quadrupolar coupling constant, e2Qq/h and asymmetry
parameter n < 1/3. The experimental values of the quadrupolar
coupling constants for the x C u O ' ( l - x ) ^ B J O ^ K J O ) glasses are
shown in rig. 3. For all samples, the asymmetry parameter range
from 0.26 to 0.28. The obtained experimental values for e2Qq/h
and n for the glass matrix 2B 2 O 3 «X 2 O are very close to that at
determined by Kris et al. [20]. The quadrupolar coupling constant
increase with the CuO content up to 15 moll. From this result we
observe that the quadrupolar coupling constant and consequently
the electric field gradient on the copper sites increases as the
concentration of CuO increases. This means that the glass network
in xCuO (1-x)(2B2O3*X2O) glasses is more distorted that in the
glass matrix 2B 2 O 3 »K 2 O. For concentrations higher than 15 mol%
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CuO, the increase of guadrupolar coupling constant is very small,
tending to an asymptotic value corresponding to 2.673 MHz. This
result suggests that for concentrations >15 mol% CuO all the sites
available for the Cu 2+ cations in the glass matrix are occupied,
therefore the copper ions form the crystalline micropracipitatea
evidenced by X-ray analysis and magnetic susceptibility measurements.
Summarizing the results, one may say that the limit of CuO
content up to which homogeneous glasses are formed in 2B 2 O 3 *K 2 0
matrix, is 15 mol%. The copper ions are in bivalent state with
octahedral coordination and are randomly distributed in these
glasses.
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MOSSBAUER SPECTROSCOPY STUDIES OF AMORPHOUS
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ABSTRACT
Magnetic ordering temperatures and hyperfine spectra at 4.2 K
have been measured for amorphous FexBioo-x(0 < x < 90) made by
sputtering. Magnetic ordering occurs at a percolation-line thresh*
old of x ~38, above which T-, rises sharply with Fe content. T c
reaches amaximum at xzlO and decreases at the Fe-rich side.
The average Fe hyperfine field increases monotonically with Fe
content. It is shown that the hyperfine field distributions of
samples with x < 70 cannot be accounted for by the "quasi-crystalline" model.proposed by Vincze et. al.

INTRODUCTION
While liquid quench techniques are widely used to make amorphous metallic solids, they yield the amorphous state only in a
severely restricted composition range [1]. As a consequence, the
amorphous transition metal (TM)-metalloid (M) systems made by
the various liquid quench methods have compositions near that of
T M Q Q M . Q , the eutectic composition. Hence the available samples
and studies of amorphous TM-M alloys have been predominantly
those near the eutectic compositions [1].
Vapor deposition methods are an alternative and much more
versatile way of making amorphous metallic solids, and in addition can yield a wide range of compositions [2]. Wide and continuously variable compositions allow the structural, magnetic, electric and other properties to be systematically Btudied. Using
sputtering, we have successfully made amorphous binary
Fe

x B 100-x *° < x - 9 0 *' T o o u r ) c n o w l e d g e
position range reported to date.

tnis

is tne

widest com-

*Work supported by the NSF Grant No. DMR79-1O536
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EXPERIMENTAL
Our samples have been made by a high-rate sputtering device
from homogeneous targets made of pure Fe and pure B. Various
substrates (metal, Insulator and polymer) at room temperature
and liquid nitrogen temperature have been used to achieve adhesion. Sputtering rates are typically 0.1 ym/min with Ar as the
sputter gas. Sample thickness ranges from a few pm 'to a few tens
of \im. Conventional
Fe McJssbauer spectroscopy has been used to
make the measurements. The measurements at 4.2 K have been made
with the samples immersed in liquid helium.

RESULTS AND DISCUSSIONS
The magnetic ordering temperature (Tp) of the samples has
been determined from the onset of the magnetic hyperfine interaction. This can be conveniently done by the thermal scan method
[3], which allows a rapid determination of Tpsince only short
counting times are required. This is particularly useful for
samples with x > 55, since prolonged heating at temperatures
near T-,often results in partial crystallization of the sample.
The values of T c of amorphous F e x B iQ0-x a s a function of
Fe content (x) are shown in Fig. 1. Samples with low Fe content
(x < 35) are non-magnetic at 4.2 K. Magnetic ordering takes place
abruptly at the critical concentration of x_ - 38, above which
T c rises sharply. Near x , the rise in T_can be approximately
described by a linear relation
T c ~ b(x - x c )

(1)

with the factor b a 40 K/at. %.
The percolation-like behaviour at x is indeed expected for
a magnetic system where the magnetic species is diluted by the
non-magnetic species [4]. A similar value of x has been observed
in amorphous Fe-Si alloys [5]. However, the value of x z 38 is
higher than the percolation threshold of about x « 15-20 expected
from a random structure assuming a fixed magnetic moment. A possible cause is discussed below.
454

A maximum in T_ is realized near x = 70, above which T r
decreases monotonically. This unusual behaviour, contrary to
common intuition, is nevertheless consistent with results from
liquid-quench samples F e x B i o o - x * 7 2 - x - 8 6 ' ^ 6 ' 7 ^- T n i s apparent
loss of net exchange interactions for samples with increasing Fe
content is probably due to a sensitive distance dependence of the
exchange interactions or invar-like behaviour [7]. It should be
noted that the values of T- for amorphous solidB not only vary
smoothly with composition, but also are rather different from
those of crystalline FeB (Tc = 598 K ) , Fe 2 B (Tc = 1015 K ) , Fe 3 B
(Tc = 820 K) [6] and ct-Fe (Tc = 1042 K) . By extrapolation the
magnetic ordering temperature of amorphous pure Fe is near 3OO K
or below, completely different from that of crystalline Fe metal.
MOssbauer spectra of various samples at 4.2 K are shown in
Fig. 2. The samples with x < 35 are non-magnetic and exhibit only
a quadrupole-split doublet. The samples with x > 40 show magnetic
hyperfine patterns. For some samples, due to substrate effects,
the magnetic moments tilt out of the sample plane at low temperatures. Consequently, the #2 and #5 line intensities are suppressed
(e.g. Fe 55 B 45)» However, a small external magnetic field of about
1 kOe substantially aligns the moments into the sample plane.
The ease with the Fe moments respond to a small field suggests
that these samples are soft ferromagnets.
Recently sputtered samples of Fe-B with small [8,9] and
large [10] concentration ranges have been studied by Mdssbauer
spectroscopy. The spectra of these samples are similar to the
present ones.
The hyperfine field distribution {P(H)} deduced from the
spectra are shown in Fig. 3. For clarity not all the P(H) are
shown. It should be emphasized that as the Fe content is increased,
the P(H) shifts continuously toward large H values. The mean hyperfine field, defined as H
= / P(H) H dH is shown in Fig. 4.
It is clear that the hyperfine splitting (Fig. 2) and H
(Fig. 4) increase monotonically with Fe concentration, despite
the fact that therr is a maximum in T c . It has been shown in
crystalline Fe-B compounds [11] and liquid quench amorphous
alloys [6] near that of F e g 0 B 2 0 t h a t H mean i s t o a 9OO(* approximation proportional to the average Fe moment. Under this assumption,
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k

Fig. 4 indicates that the Fe moment of amorphous F e x B ioo-x
likewise increases with Fe content. It is important to note from
Fig. 4 that H
and thus Fe moment vanish near x = 38, which
is the percolation-like threshold of x = 38 as determined from
the T c measurements. This suggests that the threshold of x c - 38
is caused by the vanishing Fe moment before the topological percolation threshold is reached at a lower Fe concentration.
All the known H values of crystalline FeB, Fe~B, Fe^B and
ot-Fe are shown in Fig. 3 by the vertical lines. The P(H) of the
liquid-quench F e x B i o o - x * 7 2 - x - 8 6 * envelopes the H values of
Fe 3 B, as well as Fe 2 B and a-Fe [6,9]. This observation has led
to the "quasi-crystalline" model proposed by Vincze et al [12].
This model is based on the fact that the P(H) of FexBiQQ^x
(72 < x < 86) can be reasonably described by adjusting three
broad Gaussian distributions around the three H values of Fe-B.
The implications are that short range order is. essentially the
same in crystalline and amorphous solids. Structure disorder
with respect to the crystalline solids is small (* 10 % ) .
However, since there are so many H values from 240 kOe to
342 kOe for crystalline solids, the liquid-quench samples with
72 < x < 86 do not provide a stringent test of the model. A more
crucial test is to examine the P(H) of samples with x less than
70, whose P(H) do not overlap with the crystalline H values. One
such example is shown in fig. 3 for fe.rB.j. Its P(H) peaks at
a value which does not coincide with any crystalline H values.
Its simple shape cannot be reproduced by broad Gaussians around
the crystalline H values either. As mentioned above, the P(H) of
amorphous FexB±Qo-x
shifts continuously as the Fe content is
varied. With the exception of samples near that of F B O Q B - Q , most
of the other samples cannot be accounted for by the "quasi-crystalline" model.

456

NOTES ADDED IN PROOF
Very recently, Buschow et al [13] made amorphous F e x B i 0 0 _ x
films by co-evaporation in the concentration range of 30<x<90.
The concentration dependence of the Fe moment measured at 4.2 K
indeed increases monotonically with x. The Fe moment disappears
at about x = 30.
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ABSTRACT
The hyperfine field distributions were determined from Mossbauer
spectra of FegiZrg taken for 6 K<T<230 K. As in other alloys with
invar behaviour, the distribution consists of a high field peak
and a broad low field tail. Measurements in external magnetic
fields show the ferromagnetic nature of the spin coupling. No
evidence was found of an antiferromagnetic component at low fields.
For Zr-rich alloys, the distribution of quadrupole splitting was
evaluated from the spectra and compared with that found for metastable crystalline alloys. The differences between the two distributions suggest that important changes occur in the short-range
order on crystallization.
INTRODUCTION
Amorphous Z r ioo-x F e x a ^ o v s c a n b e m a d e by meltquenching near
the eutectic compositions x = 90 and x = 24. while there is a
wealth of information about transition metal metalloid glasses,
relatively little is known about amorphous intertransition metal
alloys. Recently, several authors published data on the magnetic
properties [1-5] of amorphous FeZr alloys. Results of Mflssbauer
spectroscopy were used to discuss the problems of charge transfer
and local order in amorphous FeZr [5-7]. There is, however, to
our knowledge no systematic investigation of the hyperfine field
distribution for the ferromagnetic (iron rich) amorphous FeZr
alloys and the data published for the paramagnetic alloys are
either just average values [5] or are based on the study of one
particular composition alone [7]. We present hyperfine field distributions for Fe g i Zr 9 determined by Window's [8] method from
spectra taken between 6 K and 230 K. Measurements in external
magnetic fields show the nature of the spin coupling.
In the second part oi the paper we will show Mossbauer spectra
of four Zr-rich amorphous ZrFe alloys together with the distribu-
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tions of quadrupole splittings found by analyzing the spectra
with a computer program kindly provided by G. Le Caer [9]. These
distributions will be compared with those found for tnetastable
crystalline ZrFe alloys obtained after annealing the amorphous
samples at 770 K and the possible correlation between the shortrange order in the amorphous and metastable crystalline state
will be discussed.
EXPERIMENTAL
Mossbauer experiments were performed using a conventional
constant acceleration type spectrometer with stationary absorbers
(FeZr) and a moving source of
Co in Rh.
The amorphous samples were prepared by meltspinning. The
resulting ribbons were about 0.8 mm wide and approximately 25 tim
thick. The Fe and Zr used to make the alloys were of 99.95% and
99.8% purity, respectively. The samples were checked by X-ray
diffraction. For calorimetric measurements, a differential scanning calorimeter (DSC-2) from Perkin-Elmer was used. Heat-treatments for T>1000 K were carried out in a vacuum furnace
(p <10" 5 Torr).
RESULTS AND DISCUSSION
a) Amorhous Feg,Zrg
Mossbauer spectra of amorphous Fe g ,Zr 9 are shown in Fig. 1
as a function of temperature. Also included are the hyperfine
field distributions, P(H) T , which were determined by computer
analysis of the spectra using Window's method. The best fit to
the experimental data was achieved for a relative intensity ratio
of 3:2.5:1 of the MSssbauer lines which suggests an almost random
distribution of spin orientations in the sample. The shape of
the hyperfine field distribution is very similar to that found
for crystalline invar alloys [10], A broad low field tail startint at H = 0 joins on to a high field maximum in the distribution.
It has been suggested that the low field component is caused by
close packing of Fe atoms (11J. The averaged hyperfine field decreases rapidly as '£ is raised above 6 K. The plot of the reduced
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average hyperfine field H(T
U V Q ) as a function of reduced temperature
=- is much flatter than is the case for a-Pe (Fig. 2). Writing
tfte reduced hyperfine field at low temperatures as

we obtain the following values for B and C:
Table 1
Curie temperature, T c , and coefficients B
a n d Fe
and C for amorphous
9iZr9
Tc/K
Fe

912r9

217

Fe

8OB2O+

685

B/1O -6K-3/2

254 + 5
22

±2

c/10 -8K-5/2

3 + 1
1.4 + .4

Values taken from ref. 12
The large value of B is due to an increase in the density of spin
wave states at long wavelengths, i.e. low energies [13].
To determine the nature of spin coupling and to check suggestions that the invar behaviour of Feg,Zrg should be due to
an antiferromagnetic spin component [2], an external magnetic
field was applied to the sample. Fig. 3 shows spectra taken in
fields of 0, .5, 10, 25 and 50 kOe and the resulting hyperfine
field distributions, P(H). As in the case of crystalline invar
alloys [9], there is no significant change in the shape of P(H)
with increaseing external field. The shift of the high field
maximum to smaller fields with increasing applied magnetic fields
is as clear an indication of ferromangetism as is the reduction
in the intensities of the lines corresponding to Am = 0 transitions. As in FeNiC invar alloys [10], the antiferromagnetically
coupled spins should therefore show up as a low field component
with the spins not aligning with the external fields, i.e. there
should be a group of subspectra with relative intensity ratios
clearly different from 3:0:1. When such a component is included
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i

in the computer analysis of the experimental data, the closeness
of fit deteriorates (measured by the sum of the squared deviations) , which suggests that no antiferromagnetic component is
present in amorphous Fe^Zrn.
The intensity ratio I,/*3 of lines corresponding to Am = 0
transitions to lines due to Am = + 1 transitions shows similar
anomalies at low external fields as observed for amorphous
Fe
8O B 2O 1^4]. They can be explained by the action of the demagnetizing field [15].
After storing the samples at room temperature for several
months, the intensity ratio 12^*3 c n a n 9 e d t o *«9 which indicates
a reorientation of spins towards a more random arrangement.
b) Crystallized Fe g i Zr 9
Amorphous Feg,Zrg was crystallized by annealing at 900 K.
The spectrum of the crystallized sample is shown in Fig. 4. Apart
from a subspectrum corresponding to a-Fe, three more six-line
spectra were used in the fit which were tentatively assigned to
Fe~Zr. The Mdssbauer parameters are given in Table 2.
It has been suggested that Fe,Zr shows Mn-.Th, type structure [16] or Fe3W,C type structure [17]. From the site occupation observed in the Mdssbauer spectrum, it seems that the Mn 2 ,Th g
type structure is not possible for Fe-Zr.

Table 2
Mttssbauer parameters assigned to Fe^Zr
Hyperfine field

Isomer shift +

Occupation

I

241 (3) kOe

-0. 06 (5)mm/s

1

II

224 (3) kOe

-0. 15 <5)mm/s

1

III

180 (3) kOe

-0. 23 (5)mm/s

2

Site

All isomer shifts are given relative to a-Fe
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c) Amorphous

Zr

ioo- x P e x

allovs witn

25<x<29

M5ssbauer spectra of amorphous Z r ioo-x F e x w i t n x ~ 2 5 « 5 » 2'»
28, 29 were fitted with distribution of quadrupole split lines
using a program kindly provided by G. Le CaSr. To obtain a satisfactory fit it was necessary to introduce a linear correlation
between quadrupole splitting and isomer shift as originally suggested by Vincze et al. [7]. The spectra together with the distributions of quadrupole splittings are shown in Fig. 5. It seems
that there are at least three different Fe sites. Both the average quadrupole splitting and the mean isomer shift scale with Zr
concentration. The main McJssbauer parameters for the spectra of
Fig. 5 are given in Table 3.
Table 3
MSssbauer parameters for spectra of
amorphous 2r1rir. JPe M alloys
XUV/—X

X

Alloy composition

AEQ/mm/s/

IS pe /mm/s/

Zr

74.5 Fe 25.5

0.52 (1)

-0.25 (1)

Zr

73 P e 27

0.52 (1)

-0.25 (1)

Zr

72 F e 28

0.51 (1)

-0.24 (1)

0.5

-0.24 (1)

ZrnFe29

d) Crystallized

Zr

ino-x F e x

allo

(1)

Ys

Heat treatment of the amorphous Z r iQ0-x F e x a l l ° y s
them to crystallize first into a metastable phase of unknown
structure and then into the stable Zr^Fe phase. Fig. 6 shows the
Mttssbauer spectra and corresponding quadrupole splitting distributions for the metastable crystallization stage of Zr1/V. Fe
alloys. There are significant changes in the shape of the distribution as well as in its mean values. This suggests to us that
far from it being a "straightforward conclusion" [7], it is in
fact very unlikely that the short-range order in the amorphous
and metastable crystalline alloys is the same. Data for the
spectra of Fig. 6 are given in Table 4.
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Table 4
MOssbauer parameters for spectra of
crystallized Z r i o o _ x F e x alloys
Alloy composition

AlL/mm/s /

IS F e /mm/s/

Zr

74.5 Fe 25.5

0.41

-0.14

Zr

73 P e 27

0.39

-0.13

Zr

72 P e 28

0.39

-0.13

Zr 7 1 Pe 2 9

0.40

-0.14

The crystallization temperatures determined from the DSC measurements with a heating rate of 20 K/min increase slightly with iron
concentration from 662 K for Zr^ 4 5 Fe 25 5 t o 6 6 9 K f o r Z r 7l F e 29*
The stable crystalline phase.? appear after the samples have been
heated to temperatures above 1000 K. The Mdssbauer spectra are
shown in Fig. 7. They were fitted with two quadrupole split lines
with AEQ_ = 0.89 (1) mm/sec and A E Q I I = 0.25 mm/sec. The corresponding isomer shift values were ISj - -0.32 mm/sec and IS.j =
= -0.12 mm/sec. The first dublett was aligned to stable Zr,Fe,
while the second was identified as Z^Fe of NiTi»-type structure
using values given in the literature [7].
CONCLUSIONS
He have discussed the shape, temperature dependence and
change with applied field of the hyperfine field distribution of
amorphous Feg,Zr<j and have shown that there is no antiferromagnetic component present. The crystallization follows the reaction
•*• ot-Fe + Fe-Zr.

Of the two structural models suggested for Fe,Zr, the Fe,W,C
type seems more likely.
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Zr-rich amorphous Z r inn-x F e a l l o ¥ 9 with 25<x<28 were invesgigated by Mossbauer spectroscopy. The significant changes in
the Mosbbauer parameters observed on crystallization make it very
unlikely that the short-range order in the amorphous and metastable state is the same.
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B KNIGHT SHIFT AND LINE WIDTH BEHAVIOUR
OF AMORPHOUS Be-Nb-Zr AND Be-Mo-Zr ALLOYS

k

JUrgen Goebbels, Klaus Ltiders, Herbert C. Freyhardt*,
JOrgen Reichelt*
Institut ftlr Atom- und Festkorperphysik
Freie UniversitHt Berlin, D-IOOO Berlin 33, FRG
Znstitut ftir Metallphysik
Universitat G&ttingen, D-34OO Gttttingen, FRG

ABSTRACT
9
Be NMR investigations are reported for amorphous Be-Nb-Zr and
Be-Ho-Zr alloys with Nb and Mo concentrations from 2.5 to 7 at%.
Line width analysis suggests an enhanced Nb concentration around
the Be sites for the Be-Nb-Zr alloys. The Knight shift increases
with increasing Nb content whereas the concentration dependence
for the No samples shows a minimum. This corresponds to the behaviour of the superconducting transition temperature, also suggesting an increased Nb or Mo concentration near the Be sites.

Nuclear Magnetic Resonance (NMR) is one of the methods for
getting information about the structure and electronic properties
of amorphous alloys [1]. Most of the experiments have been done
Q

on metal-metalloid systems containing P or B. In this paper Be
NMR measurements are reported on several amorphous Be-Nb-Zr and
Be-Mo-Zr alloys together with investigations of the superconducting properties [ 2].
The samples were prepared by rapidly quenching the liquid
alloys from temperatures between 1000 and 1300°C using the meltspinning technique in a helium atmosphere of 1 bar. The compositions of the investigated alloys are: Be,- c Nb Zr £ , e
and
Be.^ 5 M o x Z r 67 5-x *x = 2 ' 5 ' **' ' a t *) • P o r a l * samples the Be content is kept constant. The amorphous structure was confirmed by
X-ray investigations. The superconducting transition temperature
T c , and the Knight shift and the line width of the 9 Be nucleus
were measured.
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Be is a spin 3/2 nucleus and possess a small guadrupole
moment. It is assumed that the quadrupole coupling is of first
order, which means that it does not shift the center of gravity
of the resonance. This assumption is supported by measurements
on the
B nucleus in amorphous alloys by Panissod et al. [3].
They found a quadrupole coupling of first order for
B which
has a quadrupole moment comparable to that Be.
Fig. 1 shows the frequency dependence of the Be NMR line
width. For each composition the line width increases with frequency. This is analogous to results found for the
P resonance
in amorphous alloys [4,5] and indicates a distribution of Knight
shifts. This means that the Be nuclei have different environments
in the amorphous structure. The line width data can be analyzed
by assuming a frequency dependent part and frequency independent
part: S = /(c«f)

+ &2

t5]. The resulting c and 6 2 values are

given in table 1. c is approximately the same for all alloys
whereas &2 varies with composition. It is lowest for the Mo alloys
whereas for the Nb alloys it increases with increasing Nb content.
The square of 6~ i s connected with the second moment by a
factor of 4 due to the Gaussian shape of the signal. Therefore a
comparison with a theoretical expression can be made, using the
Van Vleck expression for the second moment [6,7]. It is assumed
that only the direct dipole-dipole interaction is effective. 6~
values are calculated taking into account the contribution of the
first shell of nearest neighbours surrounding the Be atoras. This
shell consists of 12 atoms corresponding to a close-packed structure. With the further assumption that the composition of the
first shell of nearest neighbours equals that of the entire
sample (including B e ) , the values 6*2 are obtained (Table 1 ) .
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Table 1
NMR line width data of Be,, -TM Zr,.,
alloys (explanation see text}

™x

c

6

#
2
(mT)

(mT)

6

**
2

&

(mT/MHz)

2
(mT)

0.0212

0.32

0.27

0.33

Nbg

0.0193

0.39

O.3O

0.40

Nb ?

0.0191

0.46

0.32

0.44

MOX

0.0195

0.28

0.24

—

Nb

2.5

.

These values are smaller than the measured 5, values. A quadrupolar broadening can be excluded due to the wide distribution
of quadrupole frequencies resulting in an observation of the
central line only. A possible explanation may be an increased
Nb concentration near the Be sites compared with the mean concentration. With the assumption that the Nb concentration near
##
the Be sites is enlarged by a factor of 3 the <S- values are obtained. These values agree fairly well with the measured ones.
Fig. 2 shows superconducting transition temperatures measured
inductively. The curves show a sharp onset to superconductivity
and the intersection of the horizontal line with the extrapolated
upper part of the induction curves was taken as transi j.on temperature T_. The absence of irregularities in the curves indicates that predominantly only one homogeneous phase exists.
Whereas for the Nb samples T increases monotonously with the Nb
concentration a minimum is found for the Mo samples (rig. 3).
g
Fig. 3 also shows the Be Knight shift behaviour. Whereas
the Knight shift of pure Be is negative (-20 ppm) positive values
are obtained for the alloys. Although all Knight shift values are
very small compared with other metals a clear dependence on the
composition is detectable. In the case of the Nb samples the
Knight shift increases monotonously with increasing Nb content
whereas the concentration dependence for the Mo samples shows a
minimum. This behaviour corresponds to that of the transition

481

temperatures shown in the lower part of the figure.
The reason for these corresponding behaviour may be that
both quantities are connected with the density of states N(E_)t
K

T

"T
c

2y w

o B <|Y<0>!2> FS N < V

. ^°
x
**s

p
e X p(

-

(1

104
X-p (1+0.62X)

(1) is the Knight shift equation based on the Fermi contact interaction, and (2) is the McMillan expression for T [8]. For the
calculation of the electron-phonon coupling constant X which is
connected with the density of states <A=N(Ep)<I2>/(M<u>2>)) , a
value of y* « 0.13 and a Debye Temperature of 8D=5O K is used.
From both, T c and K a relative change of N{E p ) can be estimated,
assuming that the other quantities are independent of the composition. In the case of K, the estimated values are larger by a
factor of about 3 for Ho and about 6 for Nb, respectively, compared with the ones obtained from T (Table 2 ) . Obviously this
difference is caused by the enhanced Nb and Mo concentration
near the Be sites also obtained from the h n e width analysis.
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Table 2
Knight shift values K and transition temperatures T . X was calculated using (2).

NtP2.5

™x
K,

%

AK

,

T'

V

0. 0032

X
AA

X'

%.

0 .0046

0.0038
19

T' *

Nb?

Nb5

MO

MO", •<

2.5

0 .0038

0.0034

-11

21

0 .0044
29

3. 26

3.45

3 .56

3 .06

2.92

3 .30

1. 19

1.24

1 .27*

1 .14

1.10

1 .20

4

3

- 4

9
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SPIN TEXTURE DETERMINATION IN RIBBONS OF METALLIC
GLASSES BY MOSSBAUER SPECTF.OSCOPY*
J.M. Greneche, M. Henry, F. Varret
ERA CNRS 682, Faculte des Sciences,
F-72017 Le Mans Cedex, France

MSssbauer Spectroscopy is a well-adapted method to investigate the magnetic properties of metallic glasses. We can determine easily the spin texture
by considering different directions of observation with an unpolarized y-beam
and measuring the line intensities of a magnetic spectrum. For these amorphous
materials, a serious problem arises from the line broadening and usually the
measured line intensities are not really confident. We recently proposed a new
method to measure line intensities using a linear combination of standard
spectra [1]•
Here we present some extensive application of this new method to different ribbons 2826 MB (Allied Chemical) and Fe-P-C alloys in various experimental
conditions.
To express the spin texture function •0(0m,i|;a) an expansion in spherical
harmonics has been proposed by PFANNES and FISCHER [2]. By considering that
the ribbon shape respects mirror symmetry versus 3 perpendicular planes, it is
assumed that J&(6m,i>m) respects l>2h symmetry. Therefore, the number of spherical harmonics can be reduced and 4?(Qjn»'l'm) contains two independent parameters
only. Consequently any function involving two parameters can be used for £>i
for instance, the following Gaussian function which yields simple analytical
expressions for the line intensities

sin'(0-0
)
m0o)
,d> ) • K exp
r -

mm

2o,

where (0O, 4>o) is the easy magnetic axis (either OX, OY, OZ) and OQ, a,., are
r
the independent two parameters.
For the studied materials, the spin texture determinations show that:
(i) magnetic saturation is achieved in very weak fields (a few Oe),
(ii) magnetostriction is positive,
(iii) the spin texture varies according to the part of the ribbon which is observed (middle-edger).
REFERENCES
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[l] J.M. Greneche, M. Henry and F. Varret, Conference of Mossbauer Spectroscopy , Sr inagar, 1981
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•Detailed results will be published in J. Mag. Mag. Mat.

489

EVALUATION OF HYPERFINE FIELD DISTRIBUTIONS
FROM MOSSBAUER SPECTRA USING WINDOW'S FOURIER METHOD*
Hugo Keller
Department of Physics, University of Illinois at Urbana,
Champaign, Urbana, IL. 618O1, USA
+
Department of Physics, University of Ztirich,
8001 Zurich, Switzerland

The Fourier expansion method developed by Window [1] has
been widely used to determine hyperfine field distributions p(H)
from overlapping Mossbauer spectra in amorphous magnetic systems.
This method has been tested on simulated spectra generated with
assumed intrinsic probability distributions p(H) in order to investigate the conditions under which the Fourier method faithfully reproduces the chosen p(H). For a p(H) with a low-field tail,
distorted p(H) curves with spurious peaks and oscillations may
result whenever incorrect parameters characterizing the subspectra are used. The distortions of p(H) also depend on the statistical fluctuations in the background, the number of Fourier coefficients and the cutoff hyperfine field chosen for the analysis.
Even with grossly incorrect parameters, reasonable fits to the
spectra may be obtained. However, if the parameters are chosen
properly the Window method leads to reliable results. In this
case, even a complex p(H), such as a double-peak curve with a
low-field tail, may be resolved. A description of the method and
a detailed discussion of the results will be published elsewhere
[2].
REFERENCES
[1] B. Window, J. Phys., E4 (1971) 401
[2] H. Keller, J. Appl. Phys., 52 (1981) 5268
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MOSSBAUER STUDY OF IRON VANADIUM OXIDE BRONZE e - Fe o # 3 5 V 2 O 5
J6zef Korecki*, Andrzej Polaczek, Marek Pekala
Chemistry Department, Warsaw University, 02-089 Warsaw, Poland
•Department of Solid State Physics, Academy of Mining and
Metallurgy, Cracow, Poland

ABSTRACT
57
' '
The
Fe Mossbauer spectra of the vanadium oxide bronze
6 - Fe 0 3 5 V 2 O 5 recorded between 4 and 524 X reveal below 17 K
the ordered magnetic phase of the spin glass type and the paramagnetic one at higher temperatures. The two observed quadrupole doublets with nearly the same isomer shift but different AE_
3+
values are due to the Fe
ions occuring in two inequivalent
surroundings. Calculations of the electric field gradient (EFG)
show that the lower value of AE. may be ascribed to the distorted
octahedral coordination of the Fe atom whereas the higher value
of AE- is due to the Fe atom in the adjacent site which may be
randomly occupied.

INTRODUCTION
The iron vanadium oxide bronzes (VOB) 8 - Fe V.O, (x 0.33 - 0.38) crystallize in the monoclinic system and their
structure is closely related to that of VgO 1 3 [1,2]. The Fe
atoms occupy the lattice sites which are empty in V,0._ and no
evidence of the Fe substitution on the V sites was found in X-ray
patterns. Not all but only a part of the Fe accessible sites
equal to x/0.67 is occupied. The Fe distribution seems to be
disordered what points to the similarity between VOB and classical amorphous solids. Due to the high resistivity of VOB the
fUCKY interaction between Fe atoms is excluded [3). The nearest
Fe sites are separated by the oxygen atoms located in the middle
of the 3.62 and 3.68 R distances. Thus, the superaxchange interaction via oxygen prefers the antiferromagnetic ordering in
agreement with stronglynegative values of the Weiss parameter
found in the magnetic susceptibility measurements [3,4]. It was
proved that the positional disorder involves the frustration

493

effects in antiferromagnetic lattice and leads to appearance
of the spin glass (SG) phase in the Fe VjO, [SJ. The present
study was undertaken in order to elucidate the electronic structure of VOB and to investigate the local fields acting at the
Fe sites.

EXPERIMENTAL
The bronze 9 - Fe Q 3 5 V 2 O 5 was prepared by a solid state reaction as described previously [3]. The X-ray diffraction patterns reveal a perfect agreement with the results of Galy [1].
The Mossbauer spectra were taken using the
Fe/Cr source with
a conventional constant acceleration spectrometer.

RESULTS
The Mossbauer spectra confirm the transition from the
paramagnetic to the SG phase at T = 17 K. At low temperature
two hyperfine splitted spectra (Fig. l) with almost identical
isomer shifts of 0.60 mm/s (against aFe) are superimposed. The
effective internal magnetic field H , of the stronger spectrum
may be estimated as 525 kOe. H g f of the weaker one is 455 kOe.
The linewidth is about 1.3 mm/s.
In the paramagnetic region (above 17 K) the recorded spectra {Fig. 2) may be satisfactorily fitted to the superposition
of the two quadrupole doublets F e d ) and Fe(2). The doublets
differ very little with regard to the isomer shift values (IS,
—3
- IS, » 15 x 10 .mm/s) but are considerably different in their
quadrupole splittings: AEQ1//\EQ2 = 1.6. The stronger doublet
Fe(2) is symmetric, while F e d ) doublet reveals asymmetric
intensities probably due to the vibrational anisotropy. The
integral intensity ratio for doublets A./A 2 is constant at all
temperatures and equals to ca.3/4.
The calculated Mossbauer spectra parameters for temperature range 78 - 524 K are collected in Tab; 1. The temperature
dependence of IS and AE Q is plotted in Fig. 3. One may see
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that A E Q 2 is temperature independent while A E Q 1 decreases
slightly with temperature. On the other hand, both IS, and IS.
decrease linearly with temperature with the mean rate dIS./dT
•dIS 2 /dT—O54 x 1O~ 3 mm/sK very close to that (-0.55 x 10" 3 nun/sK)
found in V .,Pe 14°! o 6 F 14 [6]. This temperature variation
should be mainly ascribed to the second order Doppler effect.
It is also noteworthy that no discontinuities and /or slope
changes of IS vs i* and AE- vs T plots are observed in the range
340 - 385 K where the 9-bronzes exhibit some magnetic and electric
anomalies.

ELECTRONIC CONFIGURATION OF Fe in VOB
The Mossbauer spectra prove that the Fe atoms in VOB are
3+
6
in the Fe
- S state. Namely, it follows from the empirical
Ouncan-Golding diagram which presents the interrelation between
IS and & E Q for various valency and spin states of iron [7] Fig. 4. Values corresponding to doublets No 1 and 2 are marked
with 0 and 0, respectively. Surprisingly, the Fe
state is in
a contradiction to the commonly accepted opinion that the donor
atoms in bronzes occur in the lowest oxidation st^'e [8].
The fact that the isomer shifts IS 1 « IS 2 i. lcates that all
the Fe atoms in the bronze are identically bounded with their
ligands. We use a simple nonrelativistic approximation for the
interpretation of the isomer shift. Thus we can estimate an
"effective" atomic configuration of Fe atoms in a form
(Ar)3d5 - A 4s x

(1)

Here x represents the a donation of the ligands ( 0 T + M ) " & represents the n - back donation (JIM. T ) . The both effects increase
ty(0) . In the previous work [9] it was proposed that A • O and
then, using Danon calibration, x was evaluated to be 0.32.
However, such an effective electron configuration seems to be
doubtful at present for two reasons:
(a) in all oxide bronzes investigated hitherto the Xinght shift
of the NMR signal of the donor metal was found to be zero;
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recently this was stated also for
Al in the 9 - Al V 2 Og bronze
[10] isostructural with 6 - Pe v^O.. It seems reasonable to extrapolate this conclusion also to the iron bronzes.
(b) On the other hand, the 5 1 V NMR spectra of Al and Fe VOB [11]

»
f

exhibit that the isotopic shift K ± in Fe VOB equal to -0.9% is
by one order of magnitude greater than in the case of Al VOB
(= -0.09%). This effect is certainly due to the partial transfer
of the Fe d electrons to the vanadium 4s orbitals. Therefore the
effective Fe configuration in VOB should be written rather as
(Ar)3d5 "

A

<2>

Assuming x = 0, the values at r = 0 of the Hartree-Fock wave
functions calculated by Watson and Freeman [12] for various configurations of the Fe atom allow us to evaluate roughly A as
about 0.5. It follows that the chemical shift cannot be treated
simply as a function of the population of the Fe 4s orbital, but
rather as the function of the lowered shielding of
Fe nucleus
by the d electrons.

ELECTRIC FIELD GRADIENT
-

The origin of the quadrupole doublets seems to be a puzzling
problem. We try to explain it considering two different types
of the Fe surrounding. The crystallographic data show that the
Fe atom is located in the center of the oxygen octahedron (Fig.5)
which is distorted by the elongation of the Fe-0_ bond by 22%
as compared to the remaining ones. About a half of the Fe atoms
has a modified surrounding when the next Fe atom is placed in
the adjacent octahedron. It will be shown that the observed
quadrupole splittings are consistent with values of the electric
field gradient generated by the both described surroundings.
Thus, the local electric field has in fact the axial symmetry with a quite small rhombohedral deformation. Then the
quadrupole splitting AE Q is related to the electric field gradient (EF6) as follows
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j

zz (l -

AE,

1/2

n2)

(3)

57t
where Q is the electric quadrupole moment of the
Fe nucleus,
asymmetry
parameter
and
V
- EFGr e - proton charge,
ZZ
*\
1.024.
(1 Generally, V,zz
,,, arises from crystal field (CF) , molecular
orbital (MO) and lattice charge distribution (I>) contributions

V

(V)
zz'MO

- R)

zz

(4)

However, the (v)-,-, term vanishes for the Fe 3+ high-spin state
-

Z Z \*t!

S. In fact, a partial transfer of the d
electron to the vanadium 4s orbital via oxygen n bonding {Fig. 5) should produce
a positive MO contribution to EFG at the nucleus. However, at
present the quantitative evaluation of this contribution is impossible due to the lack of reliable data. On the other, hand,
it may be shown that taking into account the lattice gradient
only one obtaines within the simple point charge model [13] quite
reasonable results. The effective gradient is equal to

= (v,J
zz'L

- Yj.

(5)

The lattice gradient acting on the 57,
Fe nucleus site was calculated according to
(V

zz;

-j«i

-3 (3

(6)

where g. is the electric charge of the ligand No i. Values of
(Vzz )_
and AEun calculated for both types of the Fe surrounding
JJ
presented in Tab. 2 are comparable with those observed experimentally for doublets No 1 and 2. The differences are likely due
to the inaccuracy of the ligand positions, ym and Q&. The AE_
of the doublet No 2 is temperature independent as could be
expected for the EFG caused solely by the asymmetric ligand
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distribution. The temperature variation of AE_ of the doublet
No 1 cannot be explained without further investigations.
The point charge model used in the above calculations, when
only the nearest neighbour ligands are considered and their effective charges q. are taken equal to the formal charges, is
obviously a very crude approximation. However, the fact that the
calculated quadrupole splitting ratio AEO./AE__ equal to 1.44
is not very different from that one finds experimentally, equal
to 1.61, may point that the basic concept is valid and that the
(V ) M O contribution is not very significant. Consequently,
evaluation of A from

(v,J
zz>MO

2 _ ^ -3.
7 e <r

(7)

could enable us to determine the x parameter of eq. 2. However,
the lattice contribution to EFG should be known with more precission.
Deviations from the octahedral coordination are evidenced
by the low temperature Mossbauer spectra too. The broadening of
external lines of these spectra (Fig. l) suggests the wide distribution of the internal magnetic fields and the quadrupole
splitting parameters what is characteristic for the amorphous as
well as for the disordered solids like Pe2Ti0e 114] and boroferrites PeMg B 0 5 [IS]. Moreover, the additional broadening of the
symmetric patterns is due to the distribution of the angles between principal axis of EFG and direction of local internal
magnetic fields typical for spin glasses. The more detailed
analysis of the magnetic system considering the isolated and
paired Fe
ions is in progress.
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Table 1
The fitted parameters of the 57Fe MBssbauer effect spectra of 0 - F e Q

doublet "1"

doublet "2"
1

r'/c
C
/C

'

VA2

IS

AE

mm/s

iran/s

mm/s

0.85

0.496

O.69

0.36

0.95

0.75

0.39

0.96

0.394

0.70

0.36

0.94

0.72

1.11

0.38

0.85

O.392

0.69

0.34

0.98

0.73

0.348

1.1O

O.4O

0.86

0.360

O.69

0.36

1.01

0.82

383

0.316

1.11

0.40

0.93

0.327

O.7O

0.39

0.95

0.71

423

0.286

1.10

0.40

0.86

0.299

0.70

0.37

0.99

0.76
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0.269

1.08

0.39

0.88

0.281

O.69

0.35

1.00

0.84

524

0.224

1.09

0.38

0.81

0.242

O.7O

0.34

1.03

0.75

T

IS

K

mn/s

ram/s

mm/s

78

0.481

1.15

0.38

278

0.382

1.13

293

0.377

333

AE

Q

r

V2

l

l

Q

- linewidth FWHM
C' / C " - asymmetry parameter = ratio of the peak amplitudes
A

]/ A 2

~ ratio

of tne

integral intensities of doublets

F

l/2

Table 2
Quadrupole splitting (AEft) and electric field
w
gradient (V,,)
zz

Doublet
exp.
Fed)
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The Duncan-Folding IS-bBQ correlation diagram for iron
in various valency and spin states. Values corresponding
to Fed) and Fe(l) are indicated by the square and the
circle, respectively.
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axis

Fig. 5.
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The distorted octahedral surrounding of the Fe atom in
Q-Fev • V,O C . 1-6 the oxygen atoms, V-vanadium atoms,
7-the nearest neighbour Fe atom or an unoccupied site.
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ABSTRACT
Mean hyperfine fields H and isomer shifts IS obtained from
MSssbauer measurements for rf sputtered (SP) and liquid quenched
(LQ) Fe, B (0.12<x<0.60 for SP and 0.13<x<0.24 for LQ) samples
x

A

x

mm

—•

•—• •—

are compared with values for crystalline a-Fe, Fe,B,Fe2B and FeB.
H and IS for both kind of samples are in_good agreement with
those for the crystalline phases up to x~0.35. For SP films we
observe deviation from this tendency above x>0.35. It seems that
this effect is caused by chemical inhoroogeneities of our films.

INTRODUCTION
Mossbauer investigations for amorphous P e i « x B alloys prepared from the gas phase were discussed previously in two papers
only [1,2]. Schaafsma et al. [1] concluded that the chemical
short-range order of sputtered amorphous Fe, B
(O.O9<x<0.3O)
alloys, characterized via the Fe hyperfine field distribution,
is very similar to that of liquid quenched samples. There is a
tendency for preferred local surroundings of Fe with B, typical
for crystalline Fe 2 B and Fe,B [3]. However, Blum et al. [2], have
shown that for films with 0.50<x<0.60 a significant fraction of
Fe atoms in the amorphous alloys has a local environment differ-*
ing substantially from that in a crystalline FeB.
In this work we supplement our previous investigations [4-7]
of i _ x B x films with Mossbauer effect measurements. Namely, we
measure LQ ribbons with 0.13<x<0.24, and SP films, in a wider
range of composition (0.12<x<0.60).
Fe
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SAMPLE PREPARATION
The films of Fe, Bv were prepared by rf sputtering in argon
atmosphere with a bias voltage applied. During deposition the
technological conditions were as follows:
- background pressure

= 10

Torr
—2

- argon pressure
= 2 x 10 Torr
- cathode current
» 100 mA
- cathode dc bias
= -700 V
- anode dc bias
= -60 V
On a water - cooled holder cleaved NaCl single crystals were
mounted for purpose of diffraction studies [4] in an electron
microscope. Samples deposited on a glass substrate were subsequently studied in electrical transport [6,7] and magnetic [5]
measurements, while those on 12 pm thick Al foil were used in
the Mossbauer investigations. The powder presented target of FeB
was used for sputtering. Composition of the films was changed by
a regular covering of the target surface with pieces of Fe or B
in appropriate proportions. Concentration on individual elements
in a film was determined by microprobe and Augei analysis with
an accuracy of + 5% at. of B. In case of films examined in a
transmission electron microscope, their thickness controlled by
the Alpha-step, was 0.08 pm. Correspondingly, thickness of the
samples for the MQssbauer measurements ranged from 1 ym to 3 nm.
From the diffraction measurements we infer that our films are
amorphous for the concentration range of B 0.12<x<0.60. The liquid
quenched ribbons of 3 mm wide and about 30 pm thick were received
from the General Electric Research Laboratory.

MOSSBAUER MEASUREMENTS
The Mossbauer spectra were recorded using constant acceleration spectrometer with Mera 303 minicomputer for data collecting
and
Co in Cr source. The samples were measured at 293 K and
78 X. Stability of temperature was 0.05 K at 78 K. The Mossbauer
absorbers of LQ samples were made by placing several ribbons
parallel to each other, covering an area of about lcm , and fixed
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at the cryostat sample holder by the copper plate with a centre- hole of diameter 1O mm. For the SP samples 3-5 foils were
stacked to give total film thickness of about 10 ym.
The spectra for LQ Pe. B (0.13<x<0.24) are typical, and similar
to those reported for example by Kemeny et al. [3]. They exhibit
broadened six line patterns, and are usually analysed in terms
of a distribution of magnetic hyperfine fields [3,8,9]. In the
present analysis no attempt was made to get the distributions.
Only average values of hyperfine interaction parameters were
obtained, by fitting six pseudo-lorenzian lines [10] to the
Mossbauer spectra. A representative selection of the spectra at
78 K for SP Fe, V B V (.12<x<.60) samples is shown in Fig. 1. The
most characteristic features of these spectra are:
- the absence of structure. This means that they consist of
strongly broadened and overlapping lines;
- a small intensity of lines 2 and 5;
- the presence of the nonmagnetic component even for the low
boron concentration. It is superimposed on the central lines
(3 and 4) of the magnetic component and its intensity increases as the temperature decreases.
The last point needs some additional explanation. Structureal
analysis by transmissionelectron microscopy [4] indicates that
unannealed SP Fe, B films' show spatial inhomogeneities with
a period in the range 200-400 A , superposed by a fine structure
with a period of 40 to 80 8. The origin of these inhomogeneities
has been not definitely clarified. One of the possible explanations is a presence of compositional fluctuations (Fe and B - rich
clusters respectively).
Introducing the two types of clusters, one can explain the weak
nonmagnetic component as arising from boron rich regions with a
low recoil - free fraction f. As the amount of this "phase" is
small, it does not influence the hyperfine parameters of the
magnetic component (at leastfor x<0.6). However, it has to be
pointed out that the composition of magnetic regions (i.e. rich
in Fe) differs from our microanalysis data. Therefore, the
origin and detailed properties of the boron rich regions are
open to a further discussion.
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RESULTS AND DISCUSSION
The most apparent feature, distinguishing the MSssbauer
spectra of LQ and SP F e i _ x B x » i s a difference in relative intensities of lines 2 and 5 (c. f. Fig. 2).
The values of I- _ for LQ samples corresponded to the preferred
magnetization direction in the film plane. For the SP samples
I, = depend on temperature and concentration; At 78 K magnetization tends to be out of plane for the whole concentration range
0.12<x£0.50. At room temperature, as the concentration increases,
the magnetization vector turns gradually to the plane. A strong
perpendicular anisotropy for SP films may be caused by a columnar
structure and magnetostrictive stresses [11].
The fitted values of the mean quadrupole interaction for all
samples are very close to zero. It seems that the centroid of
the electric field gradient distribution must be at V =0 [10].
In Fig. 3 the mean hyperfine fields for our LQ and SP
Fe, B samples are compared with values of crystalline a-Fe,
Fe?B, Fe~B and FeB. Additionally, the data obtained by Schaafsma
et al. [1] and Blum et al. [2] are plotted. The broken line shows
the trend for the above mentioned crystalline phases. For low
boron concentrations (x<0.35) H decreases almost linearlyas concentration of boron increases, both LQ and SP samples follow the
dependence for crystalline phases. For higher boron concentrations the values of 5 deviate from the expected dependence for
crystalline compounds. Moreover, our points do not agree with
those obtained by Blum et al. [2], The divergencies can be interpreted in terms of the above mentioned compositional inhomogeneities. Differences of our data with those of Blum et al. [2]
are probably due to different sputter conditions.
A similar tendency is observed for the mean values of the isomer
shift (see Fig. 4). For x<0.4 the increase of IS with increasing
concentration of boron implies an increasing transfer of electrons
from B to the 3d-band of Fe. For the higher boron concentration
a picture is not that clear. Our results of IS indicate that
for x~0.5 significant fraction of Fe atoms has the local chemical
surrounding different from that characteristic for crystalline
FeB. This supports the picture of clusterization. Blum et al. [2]
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claim that for SP Fe, B films charge transfer per boron atom
occurs at about the same rate as in quenched alloys up to x~0.5.
We think that this conclusion seems to be premature.
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ELECTRIC FIELD GRADIENT AT S-STATE IONS IN SOME AMORPHOUS
RARE EARTH BASED ALLOYS
M. Maurer, J.M. Friedt and J.P. Sanchez
Centre de Recherches Nucleaires, Laboratoire de Chimie Nucleaire
BP.2O, P-67037 STRASBOURG Cedex

ABSTRACT
The electric field gradient (EFG) acting at nuclei of RE S-state
ions (RE = 1 5 1 E U J l 55 Gd) and at 1 9 7 A u nuclei has been measured
in amorphous (Eui_xybx)8oAu2Of Gd8oAu 2o and EU77.5A122.5 using
MSssbauer spectroscopy. These measurements provide information
about the local ionic charge distributions. The principal component, Vzz, of the EFG acting at the RE nuclei is found to be
large and positive while the asymmetry parameter n is close to
zero. Wishin experimental resolution, neither V z z 's modulus nor
n display significant distributions. A strong compositional and
directional short range order of predominant axial symmetry is
deduced. This conclusion is in disagreement with predictions from
a DRPHS structural model.

INTRODUCTION
Much attention has been paid in the recent past to the possible existence of locally well-ordered structures in metallic
amorphous systems. Apart from usual diffraction techniques, nuclear resonance experiments can be suitably applied, and in particular, Mossbauer spectroscopy has frequently proven successful
in the investigation of short range order (SRO). NHR [2] and PAC

57
[3] have also been successfully applied.
Fe MSssbauer spectroscopy does not permit reliable determination either of the sign
or of the asymmetry parameter of the EFG. Thus, most of the arguments concerning local order have been inferred from the shape
of hyperfine field distribution, giving rise to some controversy
{11. For determination of the sign of V__ and of the distribution
zz
of n, which represent essential information in comparing to computer similations of amorphous properties, other resonant nuclei
with a spin >3/2 have to be u«3;d. Amond these 1 5 1 E u and 1 5 5 G d
are suited for investigating the 'v> and n's distributions.
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As, long as we deal here with atoms whose own electronic contributions to EFG vanish, the two parameters V,,_ and n =
zz
of the EFG
* <|V.,J - |VVV|)/|V I
tensor probe the departure of
neighbouring ionic charges from cubic symmetry.
Theoretical calculations of EFG from first principle are intricate. However, the symmetry and order of magnitude can be estimated from a point charge model, provided that the atomic structure is known. Czjzek et al. [4,5] have attempted calculations of
this type assuming a DRPHS* arrangement. According to these authors
the two most significant features of the EFG's distribution are:
i) a maximum probability for having n close to 1 and ii) a zerocentered V
distribution with a zero probability at V 2 Z = o
(Fief. 1). These characteristics are not significantly dependent
on the coordination number. The aim of the present work is to
measure V__ and n in some relevant cases and to check its compatiZZ

bility with a DRPHS.
EXPERIMENTAL
Amorphous foils (20-50 ym) were prepared in collaboration
[6,7] with J. Durand (LAMSES) from homogeneous eutectic ingots by
splat cooling. Amorphicity was checked by X-rays and crystallization. A Sm o O* source (providing an experimental resonance width
151
of 2.7 mm/s) was used for
Eu experiments; irradiated natural
Pt foil was taken for
Au. The
Gd resonance was measured with
an SmPd, source (W = 0.66 mm/s) in collaboration with K. Tomala
(Cracow, Poland). Thin absorbers were used in all cases.

RESULTS
The results [7] from the fits are collected in Table 1.
spectra in E u 8 0 A u 2 0 and ( E u 7 5 Y b 2 5 ) 8 o

Au

2o

Present a clearly asym-

metrical shape in the paramagnetic state. At first sight, this
already provides evidence for a combination of a large positive
V z z and a small asymmetry parameter. The fitting procedure was
done' starting with several pairs of values for V__ and/or
*Den8e Random Packing of Hard Spheres
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n.

Eu

I

In all cases, n returns to 0.1 + O.I and V
is positive. A very
good fit is achieved with a single set of parameters as indicated
in Table 1. Distributions of these have been tentatively included
but their fitted width approaches zero. Our analysis of Mossbauer
spectra has been confirmed on the whole by a spin echo NMR measurement at 1.5 K [6].
Table 1
Results from Mossbauer spectroscopy in amorphous
Re 8 o Au 2 o and Eu__ 5 ^ 2 2 5* Va ^- ues between
parentheses indicate weights of respective
contributions

SAMPLE

n

T(K)

eqQ (mm/s)

100

+ 15.5

0.1

0.1

151

Eu:Eu 8 0 Au 2 0

151

Eu:(Eu 7 5 Yb 2 5 ) 8 0 Au 2 0

77

+ 15

151

Eu:(Eu 4 2 Yb 5 8 ) g 0 Au 2 0

77

+ 10.5(78%) 0*
- 10.5(22%)

77

+ 13
- 13

i5lEu:Eu

155

77.5A122.5

Gd:Gd 8 0 Au 2 0

197

4.2

+

4.6

(67%) 0
(33%)
0*

Au:Ce 8 0 Au 2 0

4.2

1.6**

197

Au:Eu 8 0 Au 2 0

4.2

-1.3**

197

Au:Gd 8 0 Au 2 o

4.2

-1.9**

* : value constrained in the fit.
** : 1/2 eqQ (1 + n 2 / 3 ) 1 / 2 .
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in the other sample, ( Eu i_ x vb x )8O Au 2O w i t h X = ° " 5 8a n d i n
EiXyy 5 A1 22 5' n i 3 a 9 a i n close to zero and both signs, v z z > 0 and
VMss
_l<0 are present, with more weighted contribution for Vzz
_ > 0 . In
these two analyses, +V__ and -v__ were constrained to the same
ZZ

ZZ

modulus.
The
Gd spectrum could only be measured at 4.2 K, i.e. in
the magnetically ordered state. It has been analyzed for combined
magnetic and guadrupole interactions with a random orientation
between H-* and EFG's axes. Despite the poor resolution of
Gd
spectra, the range of acceptable values for eqQ is narrow:
+4.6 7+ 0.1 mm/s.
151It is remarkable that it compares well with the
7"
EFG acting
at 151Au nucleus. in Euor.Auon.
Au spectra were recorded in E U Q Q A U - Q I GdfloAu,o (magnetically ordered at 4.2 X) and in CeggAu-Q (which is still paramagnetic)
at 4.2 K (Table 1 ) . In the two former systems, fits yield quadrupole splittings with negative signs.
DISCUSSION AND CONCLUSION
We omit here details of the magnetic splittings, which are
discussed elsewhere [6,7]. Experimental V__ and n distribution
ZZ

,

functions are schematically summarized in Fig. 1. It should be
emphasized at this stage that V or n probabilities are not 6
ZZ

functions but that they display some width. However, owing to
the limited spectroscopical resolution, we could not improve the
fits by including significant distributions on these parameters.
Although analytical distributions of V__ and n cannot relizz
ably be extracted from the data, the present results are significant for comparison to predictions from DRPHS calculations.
Indeed, the V__
zz distribution is always definitely asymmetryc for
a given sign and the average modulus of V . falls in the highest
range of values known for crystalline compounds. Moreover, the
small asymmetry parameter at Eu indicates nearly axial symmetry
around RE.
These two features (n a OarelV >> O) mean that the ionic
ZZ

charge distribution around all RE atoms is axial and "cigar
shaped" with its axis along z. Such results are in agreement
with data on liquid Ce [8].
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The negative V

at Au nuclei indicates a completely difzz
ferent symmetry around the "glass former" atoms. As a whole, the
experimental data are in disagreement with those predicted for
a monoatomic random DRPHS. Indeed, whatever hypothesis we select
(i.e. coordination, charge of Eu, Au...) a DRPHS implies an asymmetry parameter averaging in the range from 0.5 to 0.8 and an
almost symmetrical zero-centered V
distribution. The only agreeZZ

ment is that

highly isotropic environments (V__ = 0, n = 0) are
ZZ

very unlikely.
Our results strongly support a local atomic arrangement
resulting from

a random packing, of structural units. We should

emphasize that isomer shifts of Eu and Au, which are sensitive
to changes in distances of nearest neighbours and in degrees of
coordination, also have narrow distributions.
(Eu 1 _The
)Q 0 AU 2 0 (x =
Eu?_in5 A1
5 c a n b e attributed
to
of .58)
both and
signs
V__
for
x Yb xoccurrence
2 2 distribution
ZZ
an increase of disorder: in the first case, a substitution of an
2+
2+
Eu

ion by a smaller Yb

ion will give rise to distortions among

the structural units; in the second case, it can be anticipated
from electronegativity differences that the strength of Eu-Al
interaction is much smaller than that between Eu and Au. Indeed,
according to Miedema's model [9], the ratio of Eu-Al to Eu-Au
interactions is roughly 1/3 to 1/4. Thus, it is clear that the
compositional SRO is much weaker in EuAl.
In conclusion, the present work represents one of the few
contributions to the determination of the sign distribution of
V

and of the magnitude of n in amorphous materials. It provides

qualitative information about local order in some RE based alloys.
A comparison with the orthorhombic crystalline RE-Au compounds
[10] (for which no MOssbauer data are available in the literature
to our knowledge) is hazardous at this stage. EXAFS studies are
in progress in order to clarify the structure of these amorphous
alloys.
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( E U 75 Y b 25)80 A U 20
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zz

•zz distributions
Upper Fig.:
Sketch of V,
as predicted from a DRPHS model [4]/
i5i
Lower Figs.: as measured from
Eu
Mossbauer in several amorphous
alloys.
In all of these cases: O<n<_ 0.2. Scales
are arbitrary.
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LOW-FIELD MUON SPIN RELAXATION STUDIES AS A PROBE OF
SPIN-GLASS DYNAMICS
P.F. Meier
Physik-Institut der UniversitSt Ztirich, Zurich, Switzerland

Recently, muon spin relaxation experiments have been employed to investigate the onset of the spin-glass state in dilute
magnetic alloys. Assuming a random distribution of dipolar fields
produced by magnetic impurities at the positive muon, different
models [1,2] have been used to calculate the influence of the
fluctuations of the spins on the muon spin relaxation function
in zero applied field. These theories are critically examined by
considering the dynamics of the combined RKKY and dipolar interactions between the muon spin and the impurity moments. Calculations of the muon relaxation function are presented which
show that additional information can be obtained from experiments in small longitudinal fields.
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Hartmut Spiering**, Imre Sandor Szttcs, Udo Volland*
Central Research Institute for Physics
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ABSTRACT
Mossbauer spectra of eutectic frozen aqueous solutions of
Fe(cio.) have been measured at 4.2 K in applied longitudinal
magnetic fields up to 5 T. The spectra are interpreted in terms
of a model accounting for the random distribution of the ligand
2+

field at the Fe
ion owing to the amorphousness of the environment. The equilibrium state of the Fe(H 2 O)f + complex is determined by a static Jahn-Teller calculation for T- ®(€+Ta.)
vibronic coupling the minima of the elastic energy terms being
subject to random number generation. The main features of all
spectra can be well reproduced by choosing Ej-(T)=14O cm
and
0 ^ = 1 5 0 cm . .
INTRODUCTION
Frozen aqueous solutions of ferrous salts have been extensively studied by Mtissbauer spectroscopy and other methods [l-sl*
In the liquid state the Fe 2+ ion in most cases is completely
hydrated forming an octahedral Fe(H,,O)g complex. It has been
shown [6] that this unit is also present in frozen solutions even
if the concentration of the ferrous salt is relatively high. If
the cooling rate during freezing is not too low /greater than
about 10" K/s [ 5 ] / the frozen system around the ferrous ion will
be amorphous. Surprisingly, the amorphousness of the frozen solution is not reflected in Mdssbauer spectra if no magnetic field
is applied. The quadrupole split lines of the Fe 2 + ions are
relatively narrow /r=0.4-0.5 mm/s; [ 5 ] /
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still

thny d e v i a t e

from the Lorenty.imi shape t h e i r i n n e r

tails

b e i n g somewhat l o n g e r than the o u t e r o n e s .

1

The effect of the glassy environment of the Fe(ll(>O)^ complex
i.s manifested if Miissbauer spectra at Low temperature in applied
magnetic fields of a few T are measured [**]. Those spectra
resemble those of !•'«( CIO. )o'(>H,,0 [«)] and of other similar crystalline hydrates [ i o ] b u t the resonance lines are much broader. This
suggests that the point symmetry of the Fe" ions is basically
trigonal influenced, however, considerably by the amorphous
environment f s l . Although n .statistical distribution of the
trigonal splitting of the 1'
triplet, could qualitatively reproduce the main characteristics /structure, line positions,
intensities and approximate widths/ of spectra measured in magnetic field there remained considerable discrepancies between
measured and calculated spectra ffil. The main reason for this discrepancy is that the random perturbations of the glassy environment of thp Fe(tl,}0),
complex will not only affect the value of
the trigonal s p l i t t i n g /a trigonal <] is trot ion is energetically
most preferred for this complex owing to the Jnhn-Teller effect
[ i l l / but will obviously also result in a deviation from the
trigonal symmetry. In the present paper we endeavour to gain a
better understanding of the spectra of amorphous eutectie frozen
aqueous solutions- of Fe(dO. )„ in applied longitudinal magnetic
fields up to 5 T at. '*.li K.

I
|

EXPERIMENTAL

To ensure the highest possible glass-forming a b i l i t y without
adding g l a s s former to the s o l u t i o n the concentration of
Fe(C10, ),t'6llJD d i s s o l v e d in water was choosen to be 7.3 mole per
cent corresponding to the e u t e c t i c composilion f 7 J . Samples with
three d i f f e r e n t freezing rates have been prepared. The lowest rate
/ c a . 0 . 3 K / s / was achieved by cooling the sample being in contact
with a liquid nitrogen cooled brass block. A medium rate / c a .
10**K/s/ was ensured by soaking up the solution with n f i l t e r paper
and immersing it. into liquid nitrogen. The sample was prepared of
three f i l t e r paper s h e e t s . To achieve the highest cooling rate
/estimated to be feio' K / s / the solution was injected into a liquid

528

i
'

J Co
'IV» in
1» llh
l»».
nitrogen coolod rotating cylinder. The source was J/
matrix «t '29r> K. Measurements have been performed in a liquid
helium eryostat supplied with a superconducting c o i l . The applied
magnetic field wns parallel to the propagation direction of gamma

r| 11 mi t n .

Spectra of the slowly / o . 3 K/s/ cooled sample are shown on
Fig. 1. ( a ) . The corresponding spectra of the other two samples
did not differ

significantly.

JAHN-TELLER EFFECT OP THE Fe(HgO)g + COMPLEX IN A GLASSY ENVIRONMENT
The ^1) ground s t a t e of the high s p i n Fe

+

i o n i s s p l i t by

the cubic /octahedral/ ligand field of the six water molecules
into an orbital doublet

E and an orbital triplet
S

e

being the new ground state. The
'i

—1 r

i

e

T,,

the latter

^6

E - T_

energy separation i s

"

about 10 cm
M2J« Since ligand field perturbations of lower
symmetry are by about one while spin-orbit coupling i s by about two
orders ofcomplexes
magnitudecan
weaker
ligand field
calculations
ferrous
hexaquo
be generally
restricted
to the for
T o subhexaqi
K
space,
The To t r i p l e t i s s p l i t further by an axial ligand field
into a singlet arid a doublet. A lower symmetry perturbation may
l i f t even the twofold degeneracy. Such low-symmetry ligand fields
2+
are present in most high-spin ferrous complexes Fe
being a
Jahn-Teller ion [ i l ] . The spatial and electronic equilibrium
state of the ferrous hexaquo complex can be determined by solving
the complete static Jahn-Teller problem.
The normal modes of vibrations of the hexaquo complex can be
classified according to the irreducible representations of the
cubic point group 0 h [l'»]: A l g + E g + T 2 g +2T l u +T 2 u .
Since the wave-functions of Tg states are of even parity, f i r s t
order matrix elements of odd normal vibrations / T . and T2 /
vanish. A. distortions are of cubic symmetry and will not, therefore, influence the relative energies of T_ substates. The other
two vibration modes E and Tare coupled to the TfJ electronic
state the complete vibronic wave-functions being their direct
products: Tg ©(E^+T^)
/Vibrational modes are usually denoted
by small greek l e t t e r s / .

£-mode coupling tends to stabilize
529

p

tetragonal while X -node the trigonal distortions [li]«
In the case of J # (S-*-ti) coupling the total Hamiltonian of
the system is

&>£ and OJ% being the frequencies, p&» and "pTv the dimensionless momenta conjugate to the dimensionless coordinates, Qrtl
and (Lpi the diaensionless coordinates of £
and 1» vibrations, respectively [ill* The diaensionless coordinates are defined
/with.the appropriate subscripts/ by

Q* being the vlbrational coordinate while M the effective mass of
the vibrator [ll]. ft»jT is the Jahn-Teller Haniltoniun containing
electronic energy teras. Particulary, for T9(S>*V ) coupling,
if the coordinate axes are the three C. axes of the octahedron,
up to teras linear in the normal coordinates

(3)

Here L & and Lx are the reduced matrix elements for linear £>
and T -aode coupling, respectivelyfll].
The equllibriua states of the coaplex can be calculated by
oaitting the kinetic energy teras in eqn. (1), determining the
eigenvalues E,, Eg, E- of K and ainiaizing the free energy
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For '1=0, K=E1 the latter being the ground state energy. It has
bttfin shown by Van Vleck [15] and by Opick and Pryce [l6] that in
this case the potential surface has 7 minimum points "*> of which
belong to a D^ distortion stabilized by the Jahn-Teller energy

the other 'i minima belonging to a D^ distortion stabilized by

It is an empirical fact also supported by calculations [l7l that
for Fe(H20)|?+ EJtp (X) > E J T ( O prefering a trigonal distortion
of the complex.
The effect of the neighbouring molecules can be taken into
account by shifting the minimum positions of the normal coordinates in the elastic potential terms. Thus, omitting the kinetic
energy, Hamiltonian (l) becomes

With prescribed values of Cfot and Q-xL °ne can again calculate
E l f E 2 , Ej and minimize the free energy F£9")"Ffyei/Hz/Hi;^"tij<Jtii).
It i s reasonable to assume that a glassy environment can be
represented by random vectors <J"*(*|'ei>9'M> fytijCfozffiX*) of Gaussian
distribution. There i s no reason, however, to choose the standard,
deviations of Q"£i
and (fat / O c
and &X , respectively/ to
be equal. If only local properties are concerned i t nay be
justified to compare the glass structure to a snapshot of thermal
vibrations a t a certain effective temperature T , i . e .

y^-y^cap^sykTo

(8)

In principle, Hamiltonian (7) does not contain any further unknown parameters since the vibration frequencies C O t and COt can
be measured by optical spectroscopy while the reduced matrix ele531

monts L t and L *
/ i . e . E JT (£.) anil EjrP(t) » cT. ci|ns. (">)
and ( 6 ) / can be calculated. Unfortunately, no reliable data of
COt and CO* for Fe(H 2 0)| + has been published to the knowledge
of. the authors. Also, the Jahn-Teller energies calculated by
Bersuker [17] clearly contradict to the values of the trigonal
s p l i t t i n g .observed in various ferrous hexaquo complexes [S-IOJ.
To decrease the number of free parameters, however, two further
relations may be used:
( i ) It can be calculated f 1 ' ]
model for d configuration that

i n

terms of a point dipole

where

_
I

3 <
2 p

R being the ligand-ion distance while ^r*"^ and ^r' 1 ^ the
radial moments of the 3d-electron. To estimate R in the frozen
solution we have used crystal structure data for FeSiF »6Ho0 fl
2+
~
suggesting an Fe -HgO distance of 0.21'* nm. The calculated values
<r > =1.390 a.u. and < r > ='J.498 a.u. have been published [19].
Thus, 1^4 =0.30.
(ii) It is an empirical rule [ll] for ionic complexes like
Fe(H 2 0)| + that

To determine the distribution of the five normal coordinates CLti
to CLpj one has to generate random vectors <j° character!xeil by
standard deviations 6g and Of and has to solve the ininimi/,;iI,ion
problem for every single r[O. Using eqns. (S-1l) there remnin Jus I.
3 parameters to be adjusted, e.g. EJT("C) , (Ox mu) 6V .
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Till-: l.IGAND FIELD AND HYPERFINE INTERACTIONS
The llganil f i e l d Hamilton Ian 46 1 i p i s parametrized in the
T,, subspace. In the d i s t o r t e d octahedron the i £ e i g e n s t a t e s of
ft> l i / * = 1 ' 2 ' V c a n b c expanded in terms of the ^» functions
/ j = l , ' J , T / which are l i n e a r combinations of the spherical harmdni.cs
Y™ transforming according to T~ [ 1 3 ] :
)

Xfc

I

J

(12)

The c.. coefficients can be easily calculated by diagonalizAf

"

ing «Lj T as given by eqn. ( 3 ) . Of course, the diagonalization also
gives the corresponding energy eigenvalues.
The total Hamiltonian of the ion with an applied magnetic
field H is given by

where the o r b i t a l momentum .L i s reduced by the covalency parameter
</. , A i s the s p i n - o r b i t coupling constant a n / ^ B the Bohr
magneton.
The e f f e c t i v e magnetic f i e l d a t the nucleus

contains two parameters: H J J =2^U Q K. i" ^ and the Fermi contact
term H [l*>l. / ^ • • • • ^ m denotes quantum-mechanical and thermal
average while O the spin-dipole o p e r a t o r . / The small l a t t i c e
contribution to the EFG i s assumed to be proportional to the valence contribution. The main component of the EFG V and the
asymmetry parameter
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result from the Hamiltonian •&••*e+ALj5 /the dependence of the EFG
on H i s neglected/. The terras of the induced magnetic field in
eqn. (1?) are calculated from the lowest-lying spin quintet. Thus,
apart from the isomer shift, for prescribed values of £°,
Ej T (T)and (Ov four further parameters, v i z . A , C^ , HL and H
determine the Mossbauer spectra in external magnetic f i e l d . The
latter parameters cannot he chosen freely since the evaluation
of the ligand field parameters of the FeOlgO)/1" complex in various
transition metal crystalline hydrates from high field Mossbauer
data [lOJ has shown that A , »C H^ and H are characteristic of
the hexaquo complex i t s e l f / fr> =-95 cm"1, «^ 2 =0.92, HL=-!53 T and
H =-27.5 T/. Consequently, a°, E JT (T) and (Ox determine the
Mb'ssbauer spectrum.
DISCUSSION
The spectra were calculated using a program [8-lo] accounting for a distribution of the ligand field parameters and for
polarization effects [20]. The program has been supplied with
Monte Carlo and free energy minimizing procedures. To simulate one
spectrum 100 sets of £ have been generated. A spectrum generated
with the same values of E J T ( t ) , CA)« and 6% but with other 100
random sets of <j° showed no significant difference. The spectra
calculated with EJT(*C)=1*O cm"" 1 ,Wr=150 cm"1 and 6x =0.00 are
shown on Fig. 1. b . These values correspond to E)I(, I =37.9 cm" ,
1

cm

A*

and &£ =0.38. The value of the bare quadrupole

s p l i t t i n g was established from the H=0 spectrum to be k.6't mm/s
differing s l i g h t l y from 4.33 mm/a which was used in papers [ 9 ] and
[lOj. The measured spectra could be reproduced surprisingly well
having in mind that only four parameters have been adjusted to
describe a l l spectra. It should be admitted, however, that some
discrepancies s t i l l remained. Particularity, the calculated linewidths of the high-field spectra are too small and the fine
structure of the leftmost line in the H=5T spectrum could not lie
reproduced well. On the other hand, a strong support of the model
i s that i t reproduces exactly the lineshape of tic zero-fie 1<1
spectrum. Further, the value of the effective temperature
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T =83 K as calculated from eqn. (8) Is quite reasonable since it
is somewhat below the glass transition temperature T =158 K [7].
The discrepancies nay be due to the following facts:
(i)
the distribution of 3 0 need not be Gaussian;
(ii) EJT(6)» Ej^**). **% a n d c*t may depend on £°;
(iii) eqn. (9) is based on a model calculation;
(ii) ^depends on R and thus on 3°;
(v)
eqn. (ll) describes just an empirical rule which need
not exactly hold true for ferrous frozen solutions;
(vi) eqn. ( 8 ) may be only of approximate accuracy;
(vii) the lattice BPG is generally not proportional to the
valence BFG.

At least some of these reasons could be excluded if reliable
data for E J T ( e ) , E J T ( t ) , cjfc and co Y were available.
CONCLUSIONS
Mossbauer spectra of amorphous frozen aqueous solutions of
ferrous salts measured at low temperature in high external
magnetic fields are extranely informative as regards the local distortions of the hexaquo complex along with the Jahn-Teller
stabilization energies and the frequencies of the normal vibrations. A Monte Carlo calculation based on about 100 subspectra is
able to reproduce the measured spectra with a reasonable accuracy.
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• • • » - * -3 •*<•! 0 1 2 3 1 ) 1 * 1
VELOCITY (mw%|

Measured (a) and calculated (b) H&sabauer spectra of a
eutectic frozen aqueous solution of Fe(ClO4)2 at 4.2 K
in longitudinal applied magnetic field. The calculated
spectra correspond to S (x)*14O cm~ , B
B (m)"37.9 cm~
ui «i5O c»"
" / ui
ui "375
"375 cm"*, O*O.6O, o ~0.38
T
£
T
£
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MAGNETIC HYPERFINE FIELD DISTRIBUTION IN
ANNEALED AMORPHOUS GLASSES
G.I.

Nistor*, Viorica Spanu, S. Mandache,
G. Filoti, V. Florescu

'Faculty of Physics, University of Bucharest,
Bucharest, Romania
Institute of Physics and Technology of Materials,
P.O.Box MG O7, Bucharest, Romania

Glassy ribbon of Fe-B and Fe-C-P have been obtained by
splatcooling method, and annealed between 250 °C and 600 °C.
The Mossbauer spectra measures before and after annealing
showed distinct differences in the linewidths and lineshapes.
In order to fit the spectra with such high diversity of
Mdssbauer lineshapes, a computer program was elaborated. The
program implied both a continuous distribution of the hyperfine
field and an anomaly of the classical Lorentz lineshape, as well
as a correlation between certain parameters of the Mossbauer
spectra. Thus, a description - by a continuous function - of the
hyperfine field distribution was obtained, using up to five magnetic patterns.
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NI MOSSBAUER SPECTROSCOPY IN AMORPHOUS ALLOYS

V. Oestreich*, H. Schmidt*, F. Gotz*, G. Czjzek*,
M. Sostarich**, S. Dey**, P. Deppe**, M. Rosenberg**,
F.E. Luborsky***, J.M.D. Coey****, A. Lienard****,
J.-P. Rebouillat****
•Kernforschungszentrum Karlsruhe GmbH, IAK-I D-75OO
Karlsruhe, Federal Republic of Germany
**Ruhr-Universitat, D-4630 Bochum, Federal Republic of Germany
***General Electric Comp. Res. and Dev. Schenectady, NY 12301,
USA
****Centre national de Recherche Scientifique, F-38041 Grenoble
Cedex, France

Amorphous alloys of metglas type, ( Fe i_ x N *x'8O B 2O'
(0.25 - x - 0.75), prepared by melt-spinning, and Ni-rich
Gd Ni,
alloys (x = 0.2, 0.4), prepared by sputtering, were
investigated by
Ni Mdssbauer spectroscopy in conjunction with
magnetization measurements and Mdssbauer spectroscopy with
Fe
and
Gd, respectively.
The results for the first class of samples confirm that Ni
does contribute to the bulk magnetic moment, at least for Ni
concentrations up to x = 0.75. The
Ni nuclei experience a
broad distribution of magnetic hyperfine fields whose average
is proportional to the bulk moment. The average fields, however,
are substantially smaller than those in crystalline Fe-Ni alloys
of comparable concentrations.
Also in Gd-Ni alloys, a distribution of hyperfine fields
was observed. Measurements in applied fields up to 5 Tesla have
shown that this distribution is centered at a value which is
equal to the Lorentz field. This result confirms that Ni in these
alloys does not carry a magnetic moment. The observed distribution of hyperfine fields can be ascribed to transferred fields
and to dipole fields due to the Gd moments.
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HYPERFINE FIELD, CONCENTRATION AND MAGNETIC ANISOTROPY
DISTRIBUTIONS IN AMORPHOUS CoB, CoP ALLOYS, A NMR STUDY

k

P. Panissod, A. Qachaou, J. Durand,
LMSES, 4 Rue B. Pascal 67070 STRASBOURG, France
and R. Hasegawa
Allied Chemical, Material Research Center, POB 1021.B
Morristown N.J. 07960, USA

ABSTRACT
eg

The Co
NMR spectra In rapidly quenched CoB and electrodeposlted
CoP amorphous alloys exhibit structures which were found to be
very sensitive to the excitation RF field strength. The thorough
study of this effect shows that there exists a domain wall mobility distribution in these samples which is closely related to
concentration fluctuations. The density of "structural defects"
that pin the dws is highest in regions where the average concentration is close to the eutectic composition, while dws move
more freely in regions where the average concentration is higher
or lower than this composition. Regions of eutectic composition
are tentatively identified as zones of highest perpendicular
easy axis anisotropy. The particular role of eutectic composition is emphasized by the concentration dependence of the NMR
signal intensity and the effect of annealing treatment; a phase
separation is suggested for that composition.

INTRODUCTION
NMR measurements allow theoretically the direct observation
of the hyperfine field distribution in ferromagnetic alloys
which in turn can yield information about local environment
distribution. However, one must remember that all the atoms of
the selected element are not equally observed in such experiment: indeed in magnetic materials nuclear levels are not excited directly by the external RF field H, but through a local
effective field H? originating from the rotation of the local
electronic moment due to H 1 and the received signal is mostly
due to the rotating electronic magnetization excited by the
rotating nuclear magnetization [1]. This results in an enhancement factor of both the local excitation field and the received
543

signal which depends on the local electronic susceptibility.
Thus in high anisotropy material only nuclei lying in domain
walls parallel to H. are likely to be excited and give rise to
a NMR signal for the low H,'s {up to 10 Oe) commonly used. For
low anisotropy materials not only the nuclei in dws parallel to
H, but, depending on H, strebgth, also nuclei in other regions
may produce a signal through domain rotation. This is the case of
Transition Metal8o-Metalloid_o-type amorphous ferromagnets which
are known to be intrinsically soft magnetic materials because of
vanishing magnetocrystalline anisotropy and absence of grain
boundaries and dislocations. However, there exists in these
alloys a weak anisotropy perpendicular to the plane of the ribbon/foil shaped samples which has been related to defect type
structures due to concentration fluctuations [2] and/or stress
fluctuations [3]. These "defects" are inhomogeneously distributed
in the samples giving rise to long range inhomogeneous distribution of magnetic anisotropy revealed by the different domain
patterns observed. This will result in a spatial distribution of
enhancement factors of the NMR signal. Consequently, if there
exists any correlation between the density of "defects" and the
local concentration, the shape of the NMR spectra will no more
represent the actual hyperfine field distribution and will depend
on the excitation field strength.
This is the case in CoP (electroduposited) and CoB (rapidly
quenched) amorphous ferromagnets the detailed NMR study of which
we present in this paper.

EXPERIMENTAL
CoB samples were prepared by spin quenching and CoP ones by
electrodeposition. All of the samples studied were found totally
amorphous by X-ray diffraction except c °84 B i6 a n d C o 86 B 14 s a m P * e s
which contained less than 5% crystalline cobalt. NMR spectra
were obtained by zero field spin echo technique in a NMR apparatus using a 1 Watt pulsed oscillator. In the broad band detection system we used (untuned sample coil) the excitation power
corresponds to an estimated rotating RP field Hj_ of 0.15 Oe, a
544

value comparable to the coercive force in similar Co-based
alloys [4]. Measurements were carried out at 4.2 °K.

RESULTS AND DISCUSSION
Most of this work was performed on liquid-quenched Cob
alloys but previous studies [5] and recent experiments we have
done show that electrodeposited CoP alloys exhibit the same behaviour. We shall proceed in three sections. First we focus our
attention to tha dependence of the spectra shape upon the excitation field strength; we show'that they can be separated to
three components corresponding to cobalt atoms in metalloid rich
or metalloid-poor environments lying mostly in regions where the
"defects" density is low and Co atoms with intermediate metalloid
coordination number which, on the contrary, lie mostly in regions
of high "defects" density. Then we describe the effect of annealing treatment which confirms the above conclusions and that
of excitation orientation with respect to the samples plane from
which we suggest that the zones of high defects density have a
higher perpendicular magnetic anisotropy. At last through the
study of the concentration dependence of these effects we7emphasize the particular role of the eutectic composition and we
suggest a tendency to phase separation for that composition.
a) Spectra shape;
The observed NMR spectra are extended for all metalloid
concentrations to the 60-200 MHz for CoB alloys (40-210 MHz for
a-CoP's). It means that local environment of Co atoms always
fluctuates between the same limits though the distribution peaks
at lower frequencies for higher metalloid contents (Fig. l). The
main experimental, fact that appeared through this study was the
strong dependence of the spectra shape upon the H., strength
(Fig. 2). At low H.'s the spectra consist mainly of two lines
peaking at about 90 MHz and 180 MHz for a-CoP alloys, 110 MHz
and 170 MHz for a-CoB alloys. The relative intensities of those
lines depend on metalloid content; the high frequency one is
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maximum for low metalloid content and reciprocally for the low
frequency one. Such result had already been observed by one of
us [J.D. 5] in a-CoP who suggested a phase separation between a
satured P solid solution in amorphous cobalt and a Co,P like
amorphous phase. But controversial results were obtained subsequently by Raj et al. [6] who observed singly peaked spectra for
such a-CoP alloys. Actually this study shows (Fig. 2) that when
increasing the H. a central peak develops for both CoB and CoP
alloys in the 130-140 MHz range while the two side peaks decrease; for high enough H 's the spectra exhibit only one peak.
The dependence of the amplitude of the side peaks and the central
one on H. is presented in Fig. 3. The observed different H, for
the maximum signal on the three lines means that the enhancement
factor is lowest for Co nuclei resonating in the central line:
they lie mostly in regions where the dws are pinned (high defects
density). Conversely Co atoms corresponding to the two side bands
are in regions where the dws move more freely. Such distribution
of dws mobility has been recently observed by a modified SEM
technique [7] in Fe based metallic glasses. Our experiment shows
that such distribution is at least partly associated with concentration fluctuations. More precisely, from the dependence of
the average hyperfine field metalloid content, the two side bands
would indicate that the composition is on the average Co~B Co,Plike or COg_B 1 3 Co 92 Pg-like in zones of low defect density while
the regions of high defect density would correspond (from the
central line position) to 18-2O% average metalloid content, close
to the eutectic composition.
A more quantitative decomposition of the spectra (Fig. 4)
has been performed taking advantage of the different H, dependence, the details of which are given elsewhere [9]. The relative
intensities of the three lines (Fig. 5) were consequently obtained. The concentration dependence of the tvro side peaks intensities closely resembles that of the a-Co and i?-Co_B content
of recrystallized samples, while the contribution of the central
line is approximately constant over the whole studied concentration range. Unfortunately these intensities cannot be related to
the absolute content of each "phase" in the samples since they
depend on experimental observation conditions.
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b) Excitation orientation and annealing treatment effect:

•

To get further information the ribbon shaped CoB samples
were measured in a random orientation with respect to H., (ROS)
or with H.. parallel to the main axis of the ribbon (POS) before
and after an annealing treatment for two hours at 200 °C. Slight
changes were observed in the H. dependence of the .-spectra shape
depending on annealing treatment and excitation orientation, but
the above discussed features were conserved. The major observed
effects concern the overall signal amplitude.

'

For POS the overall intensity is always higher than for ROS:
this is expected since due to shape anisotropy more dws are excited in POS. However this increase of the signal is smaller for
high H. values that favour the central line than for low H 's
that favour the two side lines (Fig. 6) and the relative intensity of the central line is always lower for POS's than for
ROS's. This result suggests that a majority of the Co nuclei
resonating in the central line lie in regions where the magnetization is oriented perpendicular to the plane; they can only be
excited (hardly) through domain rotation for POS's while for
ROS's all the dws orientations are poorly but equally excited.
Correspondingly the two side lines would correspond (on average)
to in-plane magnetization domains.

The effect of annealing treatment for ROS's was also an
overall increase of the signal and again this effect was stronger
(Fig. 7) for low H.'s than for high H 's. This confirms the above
conclusions: during the rather short annealing treatment only
small defects are released decreasing the dws stiffness significantly in regions where defects are not numerous and consequently
increasing the NMR signal originating from Co atoms in those regions while in high defects density regions (with high perpendicular anisotropy) the dws stiffness remains high allowing only
a small increase of the central line.
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For POS no further Increase of the signal was observed after
annealing for low H 's which means that the dws movement Is
nearly saturated In the asquenched state for that orientation.
A small Increase was however still observed for high excitation
strengths.
At this stage we can tentatively assign high pinning centers density and high perpendicular easy axis anisotropy to regions Q£ the sample where the concentration is on average eutecticlike. Very similar conclusions have been suggested by M5ssbauer
study of the magnetic anisotropy in FeB alloys [8]. Two models
have been proposed, based on experimental observations, for the
origin of the pinning centers and perpendicular anisotropy in*
amorphous ferromagnets: Chi and Cargill [2] have proposed that
"columnar" zones of high (or low) cobalt concentration embedded
in low (or high) cobalt concentration surroundings are responsible for the perpendicular anisotropy of electrodeposited CoP
they studied. Our results could then be explained by inhomogeneous agglomerates of such defects in some regions of the samples
which will consequently have an intermediate average concentration and high local perpendicular anisotropy. On the other hand
Kronmiiller [3] has proposed that stresses originating from inhomogeneous quenching rates are responsible for the anisotropy of
rapidly quenched magnetostrictive materials. For negative magnetostriction materials such as the Co based ones, perpendicular
anisotropy would result from in-plane tensile stresses surrounding the last liquid islands to solidify during the quench. It
seems very likely that these last liquid islands have a composition close to the eutectic one due to the very deep liquidus well
of the phase diagram. Thus our results can be reasonably explained in both schemes.
c) Concentration dependence - Role of the eutectic composition:
The results discussed above are qualitatively identical for
all compositions, but the amplitude of the various effects is
very sensitive to the average metalloid content. As shown on
Fig. a, in any excitation condition the signal amplitude per
unit mass exhibits a sharp maximum for the eutectic composition.
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Excitation orientations (Fig. 6) and annealing treatment (figs 7)
effects also show singularities for that concentration, The
maximum signal amplitude at the eutectic compositions means that
the average "defects" density is lower than for other concentrations. This seems rather contradictory with the fact that we
have associated structural defects and regions of eutectic composition. Moreover we know that at the atomic scale the fluctuations of local environment have the same amplitude as for the
other concentrations. Thus we suggest that "defects" acting as
pinning centers for the dws are partially released at the
eutectic composition by some kind of phase separation. Indeed
phase separation seems to occur In a number of amorphous alloys
[10-12]. That the resulting sharper interfaces would not pin the
dws depends on the coherence length and geometry of the demixed
phases.

CONCLUSION
We have shown that in amorphous CoB and CoP alloys concentration fluctuations are at least partly correlated with domain
wall stiffness and perpendicular anisotropy inhomogeneous distributions. The higher perpendicular anisotropy is observed in
regions of the samples with average concentration close to the
eutectic composition. The similarity between rapidly quenched
and electrodeposited samples raises the question whether these
observed properties are intrinsic to the amorphous state or
fabrication technique dependent. A second question that is raised
by this study is the existence of a phase separation in the studied alloys. Actually our results indicate the existence of long
range concentration fluctuations and that zones of intermediate
concentration are associated with some kind of structural defects. These are the conditions that may lead to a splnodal-llke
decomposition. Electronmicroscopy and small angle scattering
could help answering that question.
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Concentration dependence of the centre of gravity of
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ABSTRACT
57
Fe Mossbauer effect measurements have been performed on the
amorphous spin-glass alloy Fe4Ni74SigBi3. Magnetic "hyperfine-split
spectra are found below an average magnetic transition temperature ffsll K, the transition being not sharp but smeared over
several degrees. In the spin-glass phase the hyperfine field H i n t
near saturation has an average value of (230+5) kOe and shows a
distribution P(H) which is zero for H * 140 kOe. The most probable
hyperfine field is found to follow the relation H int (T)-{260 kOe)*
•(1-T/Tf)3 over a large temperature range, with 6 - 0.40. An
external magnetic field strongly affects the spin orientation in
the spin-glass phase. For T > T f and in the presence of an
external field our measurements indicate that superparamagnetic
clusters exist at least up to 77 K, with an average cluster moment
of about 70 tig.

INTRODUCTION
Nickel-based amorphous alloys of the type N1VP, B (x«76-8O,
x y z
y+z • 20-24) show no bulk magnetic order since the Ni concentration is below that needed for ferromagnetism. In these alloys the
substitution of Ni by Fe leads to a sequence of different magnetic
states which proceed (with increasing Fe concentration) from spin-glass behaviour to mictomagnetism and homogeneous ferromagnetic
ordering [1]. Thus low-field susceptibility and specific heat
investigations have shown that amorphous (FeuNi. J i a P u B . ,
x

X—X

/" XJ 9

Fe Ni

x 8O-x P 14 B 6' a n d * Fe x Ni l-x*75 P 16 B 6 A1 3 a l l o v s a t l o w P e con ~
centrations are spin glasses at low temperature [1-4]. It was
found that the magnetic moment in these alloys is not carried by
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individual Fe atoms alone but in addition by magnetic polarization clouds of surrounding Ni atoms [1].
The object of the present study was to obtain information
(via the hyperfine field) on the magnetic properties of an amorphous (dilute) spin-glass system by using the Mdssbauer effect as
a local, microscopic method. Our interest was focused on the
hyperfine-field distribution function P(H) and the temperature
dependence of H. . in the spin-glass phase/ and we looked for
possible magnetic cluster behaviour above the spin-glass freezing
temperature T f .

EXPERIMENTAL
Our amorphous Fe^Ni^^SigB^^ samples were prepared by the
roller-quenching (melt-spinning) technique in the form of ribbons
~ 20 um thick and 1 - 2 mm wide. The iron was 90 % enriched in
Fe in order to increase the resonance absorption. The amorphous
nature of the samples was confirmed by X-ray diffraction.
For the measurements the sample was mounted in the He-gas
filled sample chamber of a variable-temperature bath cryostat.
The sample temperature was measured with an accuracy of + 0.05 K
by using calibrated carbon-glass resistor and was electronically
feedback-controlled by resistance heating. Conventional Mdssbauer
spectroscopy in transmission geometry was used with sources of
Co in rhodium.
The measured spectra were fitted by a computer program similar
to that of Window [5] in order to determine the distribution of
hyperfine fields P(H) and the most probable hyperfine field (peak
in the distribution curve).

RESULTS AND DISCUSSION
a./

Spectra at T < T f

Typical MOssbauer spectra at various temperatures (in zero
external field) are shown in Fig. 1. A magnetic transition temperature of T . s 11 K can be estimated from these spectra. Above T.
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guadrupole-split spectra are observed. At and below Tf line
broadening occurs which develops into a well resolved magnetic
'hyperfine splitting with decreasing T as a result of freezing
of Fe moments in the spin-glass phase. The outer lines of the
six-line spectrum at 2.7 K (top) - where we are near magnetic
saturation - are still relatively brbad Indicating a narrow
hyperfine-field distribution (no noticeable change in spectra at
2.7 K and 1.5 K was observed). For increasing temperature this
distribution broadens and the spectra become less resolved. We
have analyzed these spectra assuming static hyperfine-field
distributions, although spin relaxation effects (which result
In line broadening) might become important as we approach T f in
the spin-glass phase [6].
Fig. 2 shows the hyperfine-field distribution P(H) obtained
from the spectrum at 2.7 X. In order to obtain a best fit we had
to assume a line intensity ratio of 3:2:1 in the basic six-line
spectra indicating a random spin orientation. The shape of P(H)
is similar to the Gaussian distribution of molecular fields adopted In theoretical models of spin-glasses [7,8]. The most probable
hyperfine-field value obtained at 2.7 K (and 1.5 K) is ( 2 3 0 + 5 )
kOe which corresponds to the saturation hyperfine field H_,..
Thus H g a t in our amorphous alloy is remarkably smaller thin that
of dilute Fe in crystalline (pure) Ni which is 2S5 kOe [9].
As can be seen in Fig. 2 the P(H)-curve is zero for hyperfine
fields < 140 kOe. We may conclude that the molecular field also
has a minimum value below which the molecular field distribution
is zero. Such a behaviour of the molecular field distribution was
suggested on theoretical grounds [7, 10, 11].
Since the sharpness of the spin-glass freezing temperature
T f is of importance we have applied the thermal-scan technique
to determine T-. For this purpose the count-rat«», N(v ) , at constant velocity v as well as the count-rate off resonance, N(v K ),
were measured as a function of temperature near T f (v is the peak
velocity at the quadrupole line near zero velocity which is seen
above T f , Fig. l and Fig. 7). The normalized count-rate,
N(V_)/N(v<)0), is plotted versus T in Fig. 3. As can be seen the
spin-glass transition does not occur abruptly at a definite T .
by lowering the temperature but is a gradual process which starts
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at ~ 13 K and extends down to - 10 K. We can find an average
freezing temperature (at the Inflection point) of T f ~ 11 K. Our
result Is similar to that of Wagner [12] for dilute Au Fe.
It was found that the most probable hyperfine-fleld values
(as obtained from the P(H)-curves) whan plotted versus temperature closely follow the relation H i n t (T) = H« afc .(1-T/T f ) e within
a large temperature range (Fig. 4), The fitted curve was obtained
by taking 6 = 0.40 + 0.05 and H^ at = 260 kOe. It is interesting
that the hyperfine field in ferromagnetic amorphous Ni-based alloys
(with higher Fe content) similarly has been described by a critical exponent 6 of 0.4 [13]. This agreement could mean that short-range ferromagnetic interaction is important also at dilute Fe
concentrations in amorphous Ni-based alloys.
In Fig. 5 a comparison is made between the temperature dependence of our measured H. -values (squared most probable hyperfine field) and recent theoretical (Monte Carlo) results for
the Edwards-Anderson order parameter q(T) calculated by Morgenstern
and Binder [ 8 ]. We find reasonable agreement between theoretical •••
and experimental points if we use an exchange interaction para meter J = (8.4 + 0.5) kg.
Application of an external magnetic field strongly influences
the spin orientation in the spin-glass phase. Fig. 6 shows spectra
measured at 4.6 K in the presence of various fields (parallel to
the ydirection). The preferential alignment of the spins parallel to the external field direction is indicated by the decreasing
relative intensity of the intermediate lines number 2 and 5. The
spins align only gradually, and no complete polarization is
achieved at H exfc = 7 T. Our observation is remarkable since crystalline AuFe spin-glass alloys do not show polarization effects
at all [14, 15]. This means that either the local anisotropy field
in our sample is much less than in AuFe, or (more likely) the
local moment in Fe.Ni^SigB.^ which interacts with the applied
field is much larger than in AuFe.
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b./ Spectra at T > T £
Typicel spectra above T f without and In the presence of an
external field are shown In rig. 7 for T - 16.3 K, The fairly
temperature-Independent asymmetric quadrupole-spllt spectrum has
broadened lines with an average splitting AE Q of 0.45 mm/a.
Spectra obtained In external fields Indicate that the effective
field at the nucleus (as measured from the splitting of the outer
lines) is not equ«l to the applied field. This observation means
that fluctuating (superparamagnetic) cluster moment exist above
T. which are aligned by the external field. The broadening of the
outer lines in the external field spectra might be caused by a
distribution of moments (and hyperfine fields) combined with
quadrupole interactions, or possibly by magnetic relaxation effects. These magnetic clusters are found to exist up to at least
77 K. Assuming- (as usual) that the hyperfine field H* . is antiparallel to the external field we have determined H infc from the
most probable effective field values. Our normalized data'points
for H
int /H sat P l o t t e d versus H/T (H - external field, rig. $) can
be well described by a Langevin function yielding H g a t * 240 kOe
and a very large (average) cluster moment of y • 70 ji_ surprisingly
independent of temperature within the range 16.3 K < T < 77 K.
Our value for p should be considered as an upper limit since
interaction between cluster moments has been neglected in the
analysis.
t
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P NMR MEASUREMENTS ON DILUTE Ni-P BASED AMORPHOUS ALLOYS
Lajos Varga*, Kalman Tompa
Central Research Institute for Physics
H-1525 Budapest 114, P.O.B. 49, Hungary

ABSTRACT
Ni75-TM5-P2o dilute alloys were investigated by 3 1 P NMR spectroscopy. The Knight shift and the second moment of the NMR line and
the longitudinal relaxation time were measured for TM = Cu, Fe,
Co, Mn, Cr, V by c.w. and pulsed NMR techniques. The influence of
the 3d alloying element on the electronic structure of amorphous
metal will be discussed.

INTRODUCTION
The Ni-P amorphous alloy is one of the intensively investigated nonmagnetic amorphous systems [1, 2, 3 ] . Despite of this
fact, to our knowledge no experimental data on Ni-P based dilute
alloys with 3d elements are available in the literature. Our previous study on binary Ni-P amorphous systems [4] is extended in
this paper for Ni,cTMcP.,_ and Ni o _ Fe P~rt ternary systems, where
TM stands for any of ti;e 3d elements. We hope,that in these ternary alloys the appearance of atomic magnetic moments and their
low temperature ordering can be investigated clearer than in the
Ni
100-x P x b i n a r y system where the Ni clusters can hardly be
avoided at low P content [4]. At the same time the change of the
number of 3d electrons by alloying with 3d elements influences
also the transport and thermal properties [5].
The aim of this paper is to present the local magnetic properties measured by NMR technique.
Our results on static (6H, K) and dynamic (T,) properties
are still preliminary, which must be extended both theoretically
and experimentally.
*0n leave from the Institute for Welding and Material Testing, Timisoara,
Romania

569

I

.,,

i
^

EXPERIMENTAL
The samples were prepared in our laboratory by melt spinning
technique. Long homogeneous ribbons of 1-3 mm wide and 20-30 urn
thick were obtained. All samples were found to be amorphous using
X-ray diffractometry.
The analysis of composition was performed by atomic absorption spectrometry and wet chemical analysis (Table 1 ) . The P concentration agrees with the nominal value within 1 at% for all
samples.
The magnetization measurements were made in magnetic fields
ranging from 0 to 18.5 kOe using a Foner magnetometer.
The
P NMR measurements were carried out between 77 K and
room temperature using a Bruker SXP 4-100 type spectrometer at
36 MHz and a home built c.w. spectrometer at frequencies 4, 7.5
and 11.5 MHz.

RESULTS
The local fields of the 3d solutes causes an enlargement of
the NMR linewidth. One can expect that the macroscopic magnetization can be scaled with the NMR linewidth in that range where ferromagnetic ordering does not take place.
In Fig. l. the
P NMR linewidth measured at 21.14 kOe versus total magnetization measured at 18.5 kOe is presented. For
magnetizations higher than 1 emu/g the NMR signal was difficult
to detect so no experimental correlation can be made. The linewidth (6H) has two components ae it was reported by Hasegawa et
al. [7]: a large, inhomogeneous one which is field dependent
(k^*Ha) and a small, homogeneous one which is supposed to be
field independent (6H ) :
<6H>2 « (6H O ) 2 + k*«H2

.

For every composition, the linewidth increases continuously with
the applied field H (Fig. 2.). The slope of these curves depends
EL

on the 3d elements, that is on the value of the atomic magnetic
moment introduced by alloying.
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The field independent linewidth (6H ) can be determined in
principle from the intercept of the curves presented on Fig. 2.
Instead of this extrapolation we have used the two-pulse Carr-Purcell echoes. By observing n/2-x-n echoes with various values
of T, we determined the homogeneous part of the second moment,
p-p
M_
, from the slope of the semi-log plot of echo amplitudes
versus T .
P-P
In the case of Ni-P binary system the value of M 2
determined by two-pulse method is systematically lower than the value
obtained from the intercept method. Both experimental values exceed the theoretical value calculated from direct nuclear dipole-dipole interaction by a factor Of two or three [6]. This excess
second moment was attributed to the indirect interactions between
nuclear spins [6]. In addition, we have found a temperature dependence of M, P
which is negligible at high P content (>20 at%)
and increasing at low P concentration (Fig. 3.).
P—P
The temperature and concentration dependence of M 2
may be
correlated with the local magnetization of nickel atoms which is
known to be temperature and concentration dependent. The increase
of local magnetic field lnhomogeneities at low P content wipes out
some of the resonating spins decreasing the effective number of
p—P
like P nuclei and consequently the M_
In the case of Ni-TM-P ternary system Mn and Fe additions
introduce considerable local magnetic field inhomogeneities and
P—P
cause a corresponding decrease of M 2
(Fig. 4a.). The sensitivity of the homogeneous broadening to the magnetization of the
P—P
sample can be followed in Fig. 4b. where M.
versus iron concentration is shown. The magnetization of the sample and the number of like
P nuclei at a given temperature and composition can
also be changed by the strength of the external applied field in
the NMR experiment.
In this case M_
can hardly be called field independent
second moment. To elucidate this fact we have to perform further
measurements at different external fields, temperatures and compositions.
Alloying with 3d elements causes a considerable change of
the Knight shift and of the spin-lattice relaxation time T.
(Fig. 5.). In addition to the band term the magnetic cloud of
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some 3d elements, especially of Mn and Fe has a great contribution to increase the Knight shift and decrease T..
These effects can be seen in Fig. 6. where these two characteristics are shown as a function of iron concentration.
The local magnetic moments give a temperature dependent contribution .to the relaxation rate (Fig. 7.). The Mn and Fe additions influence the relaxation rate already between room and liquid nitrogen temperature. In this temperature range no temperature dependence was resolved for the rest of the alloys.
Presumably it will also be observed at lower temperatures as
it was found for NiPB system around 4.2 K [8].
The temperature dependent contribution to the relaxation
rate increases with the concentration of the magnetic atoms as it
can be observed in Fig. 0.
The Korringa ratio (k) calculated from the temperature independent relaxation rate together with the Knight shift is about 3
for this series of alloy which is far above the theoretical value
of k = 1, when both the Knight shift and nuclear spin lattice relaxation time originate from pure s electrons.
We have found a very peculiar change of the asymmetry of the
P NMR lineshape as the function of the atomic number of solute
element. For alloys, with Cu, Fe, Co, and Mn additions the usual
low field side broadening have been observed which is, as to our
knowledge, the kind of asymmetry noted in the literature. However,
for alloys with Cr and V additions the asymmetry is opposite, the
high field side is broader. The asymmetry of the inhomogeneously
broadened NMR line may be correlated with the distribution of the
local magnetic field caused by magnetic atoms rather than with
the anisotropy of the Knight shift. The magnetic origin of the
usual low field side broadening is indicated in Fig. 9. where a
monoton'ic increase of the asymmetry parameit&r taken from the echo
spectra can be observed in the function of Fe concentration.
The high field side broadening found for Cr and V additions
is new and there is no interpretation at this moment.
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CONCLUSIONS
These preliminary NMR results have revealed substantially
strong effect of Mn and Fe additions and a less influence of the
rest of 3d elements on the magnetic properties of Ni-P based alloys. At present transport and magnetic measurements are in progress in order to connect all these electronic structure dependent
physical properties.

ACKNOWLEDGEMENTS
We would like to thank A. Lovas for preparation of samples,
and K. Z&mbo and M. Kocsis for chemical analyses.
We wish to acknowledge the illuminating discussions with dr.
I. Bakonyi and dr. I. Pocsik. We are Indebted to Mr. P. Banki for
technical assistance.

573

TABLE 1
CHEMICAL COMPOSITION AT%

Nominal: Ni 75 TM5 P20
TM

Ti

V

Cr Mn Fe Co

Analyzed 6.8 45 45 5.6

5.0 48

Cu
5.6

Ni eo J-eK P20
Nominal x

1

Analyzed x 1.07
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Fig. 1.

P NHR linewidth versus magnetization of the sample
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Fig. 2. Linewidth as a function of external applied field,
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