•

.'• . , ' . .

„

•

,„,

»

:•'''••,";•'

I

INIS-mf—8S62

CHARGE AND SPIN DENSITY
IN S-STATE RARE EARTH INTERMETALLIC
COMPOUNDS

HENK DE GRAAF

I

CHARGE AND SPIN DENSITY
IN S-STATE RARE EARTH INTERMETALLIC
COMPOUNDS

CHARGE AND SPIN DENSITY
IN S-STATE RARE EARTH INTERMETALLIC
COMPOUNDS

PROEFSCHRIFT
TER VERKRIJGING VAN DIE GRAAD VAN DOCTOR IN
DE WISKUNDE EN NATUURWETENSCHAPPEN
AAN DE RIJKSUNIVERSITEIT TE LEIDEN,
OP GEZAG VAN DE RECTOR MAGNIFICUS DR. A.A.H. KASSENAAR,
HOOGLERAAR IN DE FACULTEIT DER GENEESKUNDE,
VOLGENS BESLUIT VAN HET
COLLEGE VAN DEKANEN TE VERDEDIGEN OP
WOENSDAG 1 DECEMBER 1982 TE KLOKKE 16.15 UUR

door
HENDRIK DE GRAAF
geboren te Eindhoven in 1950

NKB-offset B.V. - Blelswijk • Leiden

Promotor:

Prof. Dr. W.J. Huiskamp

Referenten:

Prof. Dr. A.R. Miedema
Prof. Dr. J.A. Mydosh

Het in dit proefschrift beschreven onderzoek is tot stand gekomen
in samenwerking met Dr. R.C. Thiel en Dr. K.H.J. Buschow.

This investigation is part of the research program
Fundamenteel Onderzoek der Materie (Foundation for
Matter) and was made possible by financial support
Organisatie voor Zuiver-Wetenschappelijk Onderzoek
for the Advancement of Pure Research).

of the Stichting voor
Fundamental Research on
from the Nederlandse
(Netherlands Organization

Aan Karien

CONTENTS

PREFACE

CHAPTER 1
1.1

THE MOSSBAUER SPECTRUM
11

Mössbauer spectroscopy

13

1.2 tfyperfine interaction
1.2.1

The nuclear level shift

15

1.2.2

Quadrupole interaction

17

1.2.3

Magnetic hyperfine interaction

19

1.3

The Mössbauer spectrum for

Gd and

Eu

20

1.3.1

Transition intensities

21

1.3.2

Isomer shift

24

1.3.3

Quadrupole splitting

26

1.3.4

Magnetic splitting and combined interactions

29

1.4

The Mössbauer lineshape

32

1.4.1

The thin absorber approximation

33

1.4.2

Dispersion and saturation effects

33

1.4.3

Inhomogeneous line broadening

35

1.4.4

Time- and temperature dependence of the hyperfine
parameters

CHAPTER 2

37

EXPERIMENTAL TECHNIQUES

2.1

Introduction

40

2.2

Spectrometer

40

2.3

Cryostats

44

2.4

Detectors

44

2.5

Samples

46

2.6

Sources

47

2.7

Data processing

SO

CHAPTER 3

CHARGE AND SPIN DENSITY

3.1

Introduction

54

3.2

Spin polarization

56

3.2.1
3.3

The exchange hamiltonian

The hyperfine field

61
62

3.3.1

The ionic contribution

62

3.3.2

The self-polarization field

62

3.3.3

The neighbour contribution

64

3.4

Charge density

3.4.1

Miedema's model

CHAPTER 4

67
63

MEASUREMENTS ON GADOL.! ,«UM INTERMETALLIC COMPOUNDS

4.1

Introduction

74

4.2

Experimental results and analysis

75

4.2.1

Rare earth non-transition metal systems

78

4.2.2

Rare earth 3d metal systems

86

4.3

The isomer shift

91

4.3.1

The dilute limit

91

4.3.2

Intermetallic compounds

96

4.4

The hyperfine field

4.4.1

Rare earth non-transition metal systems

4.4.2

Rare earth 3d metal systems

4.5

Conclusion

CHAPTER 5

99
99
105
108

MOLECULAR ORBITAL CALCULATIONS ON INTERMETALLIC COMPOUNDS

5.1

Introduction

111

5.2

The method

112

5.2.1

The periodic potential

114

5.2.2

Orthogonalization

115

5.2.3

The density of states and the charge density at the nucleus

116

5.2.4

Brillouin zone integration

118

5.2.5

Parameterization and computational aspects

119

5.3

Results and discussion

122

5.3.1

Pure metals

125

5.3.2

Intermetallic compounds

131

5.3.3

The wave function at the nucleus

144

5.3.4

Comparison with Miedema's model

148

5.4

Conclusion

CHAPTER 6

MEASUREMENTS ON EuMg

149

AND Eu Mg _

6.1

Introduction

152

6.2

Crystal structure and magnetic properties

152

6.3

Eu Mg

155

6.4

Measurements on EuMg_

: results and interpretation

6.4.1

Experimental results

6.4.2

Discussion

6.5

Isomer shift

6.6

Conclusion

SAMENVATTING

158
159

166

168

CURRICULUM VITAE

170

NAWOORD

171

PREFACE

This thesis deals with a study of the electronic structure of rare earth
intermetallic compounds, in particular the electronic charge and spin density
distribution. These are closely related to the properties of the rare earth
ions, which carry the partly filled 4f shell. Although many studies have been
devoted to rare earth intermetallics, their peculiar properties require a
great deal of further investigation. For instance, very few band structure
computations on this type of compounds have as yet been published.

Various

experimental techniques have become available, which provide information about
the charge and spin distribution, such as neutron scattering, muon spin precession and photo-enunission spectroscopy.
A convenient experimental method for studying the electron density at the
nuclear site of many of the rare earth atoms is the Mössbauer effect, which
has been used in this work. This method utilizes the hyperfine coupling of
atomic nuclei with the electronic charge cloud, such that the nucleus serves
as a probe of the electronic charge 'and spin density in the solid. Although
the nucleus is localized well inside the atom it is possible to draw conclusions with regard to the electronic structure of the delocalized conduction
electrons.
The hyperfine interaction in rare earth compounds usually contains a
contribution from the orbital angular momentum of the 4f electrons, which in
most cases greatly exceeds the contribution from the conduction electrons.
Moreover, the 4f orbital contribution depends on the crystal field interaction.
Although this topic is interesting in its own right, in the present study it
would only complicate the analysis of the results. Therefore we chose to measure the Mössbauer effect in those rare earths where the orbital contribution
is absent, i.e. compounds containing the ions Gd

and Eu

which have a half-

filled 4f shel, with an orbital S-state. These studies can relatively easily
be performed under varying conditions, in particular also as a function of
temperature, which may reveal several other interesting data, e.g. on magnetic
or crystallographic phase transitions.
In chapter 1 we give a survey of the theory of hyperfine interaction as
far as it has a bearing on the Mössbauer effect of

Gd and

Eu. Also some

details of the Mössbauer spectra, which have practical importance, are discussed.

In chapter 2 the experimental set-up is described. Special attention is
payed to the gamma radiation source and gamma detection requirements.
In chapter 3 we introduce the theoretical frame work which will be used
to interpret the measurements.
In chapter 4 the results of the

Gd Mössbauer measurements are presented.

Also we discuss how the results can be understood in terms of the charge and
spin density in rare earth intermetallic compounds.
In order to lend support to the picture emerging from the previous chapter
we compute in chapter 5 the conduction electron band structure of some representative Gd intermetallics with an approximate semi-empirical LCAO method.
The results are compared with those from chapter 4.
Finally, in chapter 6, the

Eu resonance is used to investigate the

temperature dependence of the hyperfine field and line width in the Eu intermetallic compounds Eu Mg.- and EuMg..
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CHAPTER

1

THE MÖSSI1AUER SPECTRUM

1.1 Mössbauer speatrosaopy
Mössbauer spectroscopy has become a standard technique in solid state research, which, in many cases, provides microscopic information that cannot be
obtained in other ways. In this section we shall discuss briefly the basic
principles in order to define some quantities which are of interest.
The Mössbauer effect deals with the emission of gamma radiation by radioactive nuclei and the subsequent resonant absorption by the same nuclide. In
general, a nucleus that emits a gamma quantum will receive a recoil momentum
p=E /c, where c is the speed of light. The associated recoil energy E is reO
R
lated to the energy difference E

between the excited state and the ground

state by
E2
^
2MC 2

ER
R

,

(1.1)

where M is the nuclear mass

-2
-4
This energy is in the range 10 -10
eV. Due to

energy conservation, the photon energy E will be E=E -E_. Similarly, an energy
O K
E=E +E is required for absorption. The emitted gamma rays are monochromatic,
O R
except for a finite width r , related to the average life time T of the excited
state by Heisenberg's uncertainty relation,
r T = h
o
Hence, r

.

(1.2)

can be calculated from the measured half life of the level. Resonant

°
absorption may occur if E

-7
< r . As T

is of the Cider of 10

eV, it is clear

that resonant absorption is negligible in gasses and liquids, where the motion
of the nuclei is not sufficiently impeded to suppress the recoil energy.
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In solids, the decaying and absorbing nuclei are imbedded in a crystal
lattice, and the recoil effect is replaced by the excitation of one or more
phonons. Although the energy needed to excite one phonen can be an order of
magnitude larger than E_ , Lipkin's sum rule says [1] that the average energy
transfer to the lattice by recoil is equal to E . This leads to the occurrence
of nuclear transitions which do not excite phonons. The crucial feature of
these zero-phonon transitions is that they appear as an extremely narrow spike
in the quasi-continuous phonon broadened spectrum of the nuclear gamma line,
having exactly E=E

and width r . Thus, whereas its energy is in the X-ray and

gamma-ray region of the electromagnetic spectrum, the width falls in the
radio frequency range. The fraction of zero-phonon transitions is called the
Mössbauer fraction f, and is given by the Debeye-Waller factor:

exp(- k 2 <x 2 >)

(1.3)

where k=E /he and <x > is the mean square vibration amplitude of the nucleus
in the direction of the emitted or absorbed photon. This expression can be
evaluated, using a suitable description for the lattice vibrations. It has
two important properties: f is temperature dependent and decreases exponentially with the square of E .
For zero-phonon transitions, the resonance condition is rigorously fullfilled if source and absorber have equal E . In general, this will not be the
case, since differences in hyperfine structure lead to energy level shifts in
the absorber nuclei, which are not the same as those in the source nuclei. However, the energy shifts of the nuclear levels due to the perturbation by hyperfine interaction also fall in the radio frequency region, and by using the
Doppler effect, one can match the gamma-photon energy with the energy difference between the excited state and the ground state of the absorber nuclei.
A source moving with velocity v with respect to the absorber shifts the
energy of the photon seen by the absorber by the amount

E-E

- c

(1.4)

the plus sign being defined for source motion towards the absorber. With E-E
o
in the radio frequency region and E some tens of keV, the Ooppler velocity v

12

will be of the order of mm/s. The transmission through the absorber, recorded
as a function of v is called a Mossbauer spectrum; it may display the hyperfinestructure of the nuclear levels.

1.2 Hyperfine interaction
The structure of the absorption spectrum can be explained by the theory of
hyperfine interaction. Extensive surveys of this field exist in the literature
concerned with magnetic resonance (see for instance ref. 2 and 3 ) . In the
following sections, we shall give the basic formulas of the theory and show how
they are applied to the Mossbauer effect. Details can be found in the standard
texts [4,5,6,7,8,9].
The hamiltonian of a nucleus in a solid can be written as

fc represents the bare nucleus and 3Cf

can be considered as a small perturba-

tion due to the electromagnetic interaction with the charges surrounding the
nucleus. As the effects of JC f
between the levels of 3C„, 3Cf

are about 10

times smaller than the distance

is a very small perturbation indeed. ML is de-

termined by the intra-nuclear forces, and is responsible for the nuclear levels
as they are observed in ordinary gamma-ray spectroscopy. The unperturbed nuclear states can be characterised by the quantum numbers of nuclear angular
momentum, as 3C, is rotationally invariant. The decay scheme's of the isotopes
used in this work are shown in figure 1.1. Various other nuclear properties of
interest will be discussed in section 1.3.
The hyperfine interaction term consists of three parts,

The first two terms are of electrostatic nature, while the third term represents the magnetic interaction of the nucleus with the spins and orbital
currents of the surrounding charges.
When making a multipole expansion of the electrostatic interaction between
the nuclear charge density and the charge density of the surroundings, the

13
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'ggEu U,9 years)
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3/2*;105.31keV;tt=1.18ns
"a

5/2*10 keV

Fig. 1.1 Nuclear decay schemes for the isotopes used in this work. Bold
arrows indicate Mb'ssbauer transitions. At the right hand side are shown
respectively: spin, parity, energy and half life time of the level. Also the
multipolarity of the Mo'ssbauer transitions is indicated. Values from ref. [26J.

excited
stare

£.
ground
state
absorber

source

(•)

velocity

«J * E Q - E»

Fig. 1.2 Schematic interpretation of the isomer shift.
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series may be truncated after the second term, i.e. only

the rnonopole term

and the quadrupole term survive. The first one gives rise to X,
to X.
X

X

the second one

reveals itself as the isomer shift of the Mössbauer spectrum, while

partly lifts the degeneracy of the nuclear levels, leading to the quadru-

pole splitting.
A similar procedure can be followed for the magnetic part of the perturbation. In this case, an effective Zeeman interaction, X,

is obtained. The

nuclear magnetic moment couples to a magnetic hyperfine field. X

lifts the

degeneracy of the nuclear levels completely.
All terms in Jf

consist of products of nuclear variables and electronic

V\L. S

variables. For the- isotopes used in our experiments the nuclear factors are
known with sufficient accuracy, which allows us to extract information about
the electronic environment of the nucleus from the experimental hyperfine data.

1.2.1 The nuclear level shift
The spherically symmetric part of the electrostatic potential due to the
electrons affects the nucleus only as far as the electrons penetrate the nuclear volume. This leads to a level shift which depends on the nuclear charge
radius and the electron density at the nuclear site. In general, the nuclear
radius is different for each level, therefore the magnitude of the shift of
the excited state is not equal to the magnitude of the shift of the ground
state. Furthermore the electronic charge density at the nuclear site in the
source will not be the same as in the absorber, when both materials differ.
Consequentlyfthe energy difference between the excited state and the ground
state in the source deviates from the corresponding energy difference in the
absorber, as shown in figure 1.2. A Doppler shift of the emitted gamma ray is
needed to tune the resonance. This shift is called the isomer shift 6, given
in velocity units by

6

=H
3

c e2

I &<r2>Ap'(O) ,
E

(1.7)

o

2
2
2
with &<r > = <r >-<r ,>, the change in the second moment of the nuclear
charge distribution on nuclear excitation. The error caused by the usual
neglect of higher moments can increase to roughly 10% for the heaviest nuclei

15

[10]. Z is the atomic number, Ap'(O) is the difference of the electronic
charge density at the nuclear site, situated at the origin, between the absorber and the source .Ap1(0) can be approximated by
Ap' (0) = S 1 (Z) Ap(O)
with

(1.8)
Ap(O)

= p(O)-p (0)

,

where p (0) and p (0) are the non-relativistic charge densities at the absorber
a
s
and source nuclei respectively. The relativistic Z-dependent enhancement
factor S'(Z) is discussed and tabulated in ref. 9. It generally overestimates
the charge density, but represents correctly the trend across the periodic
table.
The dominant contribution to Ap1(0) in ions comes from the s electrons, as
only for them does the charge density not vanish at the origin. A small contribution comes from p, electrons. This contribution increases with increasing
atomic number. From relativistic Dirac-Fock calculations, it is found that,
when Ap'(O) refers to the difference between two ionic charge states of the
same element, the p^ contribution increases from 1% for a 3d transition metal
ion like Fe, to 15% for a heavy ion like Np. For the rare-earths, it will not
exceed 10%. When comparing isomer shifts for intermetallic compounds with core
states that do not differ noticeably, then the difference in Ap'(O) will be
mainly due to the valence electrons. For the rare-earth series, the pi contribution will then arise from the 6p level, which is expected to have a low
population in the solid since in the ground state of the neutral atom, it is
not populated. In this case, its contribution will be very small. We return
to these questions in chapter 5.
Another relativistic effect which deserves our attention is the second
order Doppler shift. One way to describe the origin of this effect is in terms
of time dilatation, which causes a decrease of the frequency of the gamma ray
emitted by a moving nucleus as seen by a nucleus at rest. The nuclei in a solid
are subjected to thermal lattice vibrations. The corresponding vibrational
velocities are small compared to the speed of light, and the vibration period
of the nucleus is a few orders of magnitude smaller than the lifetime of
the nuclear excited state. The first circumstance allows us to develop the
gamma photon energy up to second order in the nuclear velocity. The second
circumstance tells us that the first order term averages to zero for nuclear

16

vibrations. The second order term leads to a shift of the resonance energy
which is superimposed on the isomer shift. This shift depends on the temperaature difference between source and absorber. If both have equal temperature, the shift still does not vanish in general. For Debye solids at low
temperatures, the second order Doppler shift is given in velocity units by

9

"-§

k n (e - e „ )
B Ds
Da
2 M c

and e

being the Debye temperatures of the source and absorber respecti-

vely, k

(1.9)

is the Boltzmann constant and M is the mass of the vibrating Möss-

bauer atom.
For a difference in Debye temperatures of 100 K and M the mass of a rare
earth atom, eq. (1.9) yields a shift of about 0.01 mm/s. For

Eu measure-

ments, this is an order of magnitude smaller than the experimental accuracy
with which we determine the isomer shift, hence for
For

Eu, A6 is negligible.

Gd, however, the above value of AÖ is of the order of the experimental

accuracy for determination of the level shift. Therefore, if one wants to make
an accurate comparison of the isomer shifts for compounds with strongly differing bonding characteristics, one should consider the difference in Debye temperatures in order to investigate whether a correction for the second order
Doppler shift is necessary. In the present work all compounds, including the
source, are rare earth intermetallics for which the Debye temperature differences will rarely exceed 100 K, thus the error in the measured isomer shift
due to the second order Doppler shift will be very small. The temperature
dependence of A6 at low temperatures is much smaller than the value obtained
with eq.(1.9), and can be neglected.
When the nuclear levels are split, the isomer shift is found from the
centre of gravity of the hyperfine multiplet as compared with zero Doppler
velocity.

1.2.2

Quadrupole •interaction

When a nucleus is not a perfect sphere, e.g. ellipsoidally shaped, its
energy in an electric field with a non-vanishing gradient at the nuclear site,
will be orientation dependent. The deviation from spherical symmetry of the
nucleus is represented by the nuclear quadrupole tensor, which will interact
with the electric field gradient. Both quantities are second rank tensors, and
the interaction energy is given by their inner product. If one fixes the coör-
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dinate axes along the principal directions of the electric field gradient, the
hamiltonian for the quadrupole interaction will depend only on the diagonal
components, JC taking the form
eQV

z

2

2
+ 1 )

(1.10)

In this formula, I represents the nuclear spin quantum number for the state
under consideration, 1 , 1 ,

and I

are the operator for the z-component and

the raising and lowering operators for the nuclear angular momentum. Q is the
quadrupole moment, while V

is the component of the electric field gradient
zz
along the z-axis. n is the asymmetry parameter, defined by
V

xx
V

-V
yy

(1.11)

zz

Usually
|>|v |>|v |, hence 0<n<l, because the electric field
1 one tikes |V
< zz 1 - 1 yy•-• xx1
gradient tensor is traceless.
It has become common practice to divide the sources of the electric field
gradient into n local part and a part arising from sources external to the
atomic region of the Mössbauer atom. In metallic compounds, there are in
general three sources, i.e. a) a non spherical incomplete core shell, b) distant ions, and c) the conduction electrons. The first contribution clearly
belongs to the local part, the second to the external part. For the conduction
electrons the situation is more complex. They

contribute to both parts, as

they penetrate the core to a significant extent, and have a large density in
the interstitial region. In addition, a.11 three contributions are screened by
the core electrons, and the conduction electrons influence this screening
in turn. In particular, compared with the Sternheimer antishielding effect,
the contribution of the distant ions by themselves forms a one percent effect
for medium weight and heavy atoms. The Sternheimer antishielding effect
refers to the polarization of the core electrons by the electric field of
the surrounding ionic charges. This effect leads to an amplification of the
electric field gradient at the nucleus. For the heavy rare earth metals a
typical value of the amplification factor is 250. In the case of Gd, it amounts
to 74 [11]. In these figures, an enhancement due to the conduction electrons
is taken into account.
The Eu
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and Gd

ions have an incomplete 4f shell, which is, however,

half-filled and therefore spherically symmetric. Hence, the above mentioned
local core contribution vanishes.
A recent review of the electric field gradient in non-cubic metals has
been published by Kaufmann and Vianden [12].

1,2.3

Magnetic hyperfine interaction

The magnetic interaction of the nucleus with the surrounding spins and
currents is expressed in terms of an effective Zeeman interaction,

where g

and I are the g-factor and spin of the nuclear level in question.

lj is the nuclear magneton, and H. f the effective magnetic hyperfine field.
Hj_ represents a sum of one-electron operators which can be split into three
parts.

The first term is the Fermi contact field given by

5F

^T fe 2 ii^Ei»

•

The summation runs over all electrons i, having spin s.. n

(1.14)
is the Bohr mag-

neton. The nucleus is assumed to reside at the origin.
The second term in (1.13) takes account of the dipole-dipole interaction
of the nuclear spin with the spins of the surrounding electrons, and is expressed as
s.

= 2

%

3(s..r.)r.

Z{Z

*B

1- " V 1 ~1} '

(1 15)

'

i rL
r.
where r. is the distance between electron i and the nucleus.
The orbital motion of the electrons leads to the third term,

with (. being the orbital angular momentum of electron i.

19

For ions with closed and half-filled shels, the second and third contri3+
2+
butions vanish, hence for the S-state ions Gd
and Eu , H„ and HT are zero.
—U

—JJ

In addition to (1.14), (1.15), and (1.16), there is a direct contribution
to the hyperfine field arising from the dipolar interaction of the nuclear
magnetic moment with the moments of neighbouring magnetic ions. This contribution is much smaller than the terms defined above and consequently of minor
importance. The contribution of the conduction electrons will be discussed in
chapter 3.
For a rare earth ion, the total angular momentum J is a constant of the
motion and, using the Wi.gner-Eckhart theorem, one can replace H. „ inside a
j-manifold by
AJ

which defines the hyperfine coupling constant A. For S-state ions, J is identical with the total ionic spin S.
It should be noted that in the general case, where the magnetic hamiltonian is present together with a quadrupole interaction, we cannot take H, _
along the z-axis if 3C is to be used in the form (1.10). This is because the
direction of H

is fixed by the direction of J, which in general does not

coincide with the principal axes of the electric field gradient, which impose
the form (1.10). Thus, in this case (1.12) has to be evaluated as

JfM = "9 N M N H h f (Ixsin6cos<J> + I sin6sin<(i+ I cos6)

,

(1.18)

where the polar angles S and 4> define the orientation of H, , with respect to
the principal directions of the electric field gradient tensor.
We will return to the point of the evaluation of H. f in solids in chapter 3.

2.3 The Mössbauev spectrum for 1S'5Gd and161Eu
In the next sections we will work out the previous theory with respect to
the Mössbauer resonances of
work are

Eu for

less favourable.
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Gd and

Gd and
Sm for

Eu. The parent isotopes used in this
Eu. Other parents are possible, but

The decay scheme for the

Gd case, presented in figure 1.1, shows

three relatively low lying excited states, which can be used for the observation of the Mössbauer effect. Mainly the 86.5 keV transition has been applied
to the study of solid state properties, since the other two have nuclear
properties, that are not convenient for this purpose. The natural resonance
line shape of the 60.0 keV transition has a very large width of 2T

= 23.5 mm/s

[13], which effectively excludes any resolution of hyperfine structure. Moreover, the multipolarity of this transition is predominantly of Ml nature,
giving a high internal conversion coefficient. As a result, its intensity is
negligible compared to the other two, which both are El transitions.
The properties of the 105 keV transition are more favourable, compared to
the 60.0 keV transition. It has a natural resonance line width of 2V = 2 . 2 2
o
mm/s [13], allowing some resolution of hyperfine structure effects. A disadvantage is, however, the high energy which, in view of eq. (1.3), leads to
a small Mössbauer fraction and hence a small absorption signal.
Considering the Mössbauer fraction and the line width, together with the
other nuclear factors which govern the hyperfine splitting, the 86.5 keV resonance is experimentally the most convenient one, and has been used throughout this work. The relevant nuclear data for this transition are given in
table 1.la.
The Mössbauer transition of

Eu, shown in fig. 1.1, has a much lower

energy of 21.5 keV, and a larger natural abundance. Therefore a higher absorption can be obtained, and the resonance can easily be observed at room temperature, where an absorption of more than 10% can often be reached. This should
be compared to the 86.5 keV resonance of

Gd, which can not be observed at

room temperature and which yields a maximum absorption of a few percent only,
when both source and absorber are at liquid helium temperatures. A drawback
of the 21.5 keV resonance of
as fed by

the

Eu is the low population of the excited state,

Sm parent nucleus. Also the internal conversion coefficient

is high, as a result of the Ml character of the transition and the relatively
low energy. This situation makes a high source activity necessary. The important quantities for the 21.5 keV resonance are listed in table 1.1b.
l.S.l

Transition intensities

When a Mössbauer resonance shows a hyperfine multiplet, it appears in
general that not all separate lines have equal intensity. The intensity of an

21

Table 1.1
Relevant properties of the 86.5 keV transition of
21.5 keV transition of Eu (b).
a.

Gd (a) and the

ref
25

14.8%

natural abundance of isotope

25

E =86.54 keV
o
2V =0.499 mm/s
o
g = -0.206

energy
natural linewidth
g-factors

13
16
13
16
16

6

9

g~ " ° - 1 7 2

Q =0.135 barn

quadrupole moments

6

Q =1.59 barn

13
16

radius

A<r2>= -8.8xlO~3 fm 2

15

maximum resonance cross section

a =3.503xl0" 19 cm 2
o
a=0.41

change in mean square nuclear charge

internal conversion coefficient

9
25

energy conversion: 1 mm/s = 69.80 Mc/s
= 2.887xlO~7 eV

b.

ref
25

47.9%

natural abundance of isotope
energy
natural linewidth
g-factors

quadrupole moments

25

E =21.54 keV
o
2T =1.31 mm/s
o
g e =0.739

16

g =1.386

16

Q =1.48 barn

16

16

6

16

Q =1.14 barn
y

change in mean square nuclear charge
A<r 2 >=20.6xl0~ 3 fm 2

radius
maximum resonance cross section
internal conversion coefficient

a =2.377xl0~
o
a=28.6

energy conversion: 1 mm/s = 17.37 Mc/s
= 7.185xl0~8 eV

22

19

cm

2

15
26
26

individual line is related to the corresponding term in the resonance cross
section (see section 1.4). This term is proportional to the probability of a
transition from a ground state level |g> to an excited state level |e>.
Due to the hyperfine hamiltonian, the unperturbed nuclear levels will be
mixed, and the states |g> and |e> can be represented as

= z
m

|m
1

(1.19)
Z |m

m
m

and m

are the magnetic quantum numbers belonging to the ground state spin

I

and the excited state spin I , respectively.
The transition probability C

amplitude A

is given by the square of the transition

(opy) • The Euler angles a, B, and y specify the direction of the

gamma ray beam with respect to the axes chosen in the crystal. A general expression for the transition amplitude has been given by Ruebenbauer and
Birchall [14], In the case that only El or Ml radiation is present, and
I -I = 1 , their formula simplifies to
eg'
Z <m IgXm |e>
9

L Mil m >

m
g

9

(1.20)
-1M
with M = m -m and L = 1. The rotation matrix elements are defined in [14],
e g
while the Clebsch-Gordan coefficients are taken in the conventional form. The
exponent p is zero if parity change does not occur, whereas p = 1 if it does
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occur. As indicated in fig. 1.1, the El transitions of * Gd have a parity
change, hence p = 1. For the Ml transition of

Eu we have p = 0. For measure-

ments on absorbers in powder form, one samples the sum of many orientations,
and we can write for the transition probability
2"

C

«f

2"

IT

dajdyl'dfisinB

|A

(aBY) | 2

.

(1.21)

This gives for dipolar transitions, parity change or not,
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g
e
g

ge
ge
<I m LMll m ><I m1 LM'II m'>
gg
'ee
gg
'e e

(1.22)
.

From this relation it can be deduced that, for the case that m

and m

are

"good" quantum numbers, the probability is proportional to the square of the
Clebsch-Gordan coefficient. The relative intensities obtained in this case
are listed in table 1.2.

1.3.2 Isomer shift
It is convenient to evaluate the constants in eq.(1.7) for the transitions
used in our experiments on
<5 = 0 A<r2> Ap' (0)

Gd and

.

Eu. We have
(1.23)

2
2
-3
When expressing 6 in mm/s, A<r > in fm and Ap'(O) in atomic units (a , where
a is the Bohr radius), we find
B = 4.5

, for gadolinium;

3 = 17.7

, for europium

.

(1.24)

The relativistic enhancement factors S'(Z), tabulated by Shirley, are
3.68 for Gd and 3.51 for Eu. Today accurate relativistic values of p'(0)
for various atomic and ionic configurations are available, and the older
values of Shirley can be corrected. From the data given in table 4.6 of [9]
we conclude that for Gd and Eu the difference in charge density between the
3+ and 2+ ionic states can be taken as Ap'(O) (R
~ R ] = 40 a , while in
3+
2+
—3
the non-relativistic case we find [15] Ap(O) [Gd
- Gd ] = 12.4 a
and
&p(0) [Eu

- Eu

] = 13.2 a . The renormalized values are then obtained with
o

(1.8) as
S'(Z) = 3.2,

for gadolinium;

S'(Z) = 3.0,

for europium .

(1.25)

It should be emphasized that S'(Z) differs for each atomic shell and the values
given by (1.25) represent an average to be applied to the total charge density
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Table 1.2
Relative intensities obtained with eq.(1.22), normalized to integer values.
It is assumed that \e> = |mg> and \g> = \m >. (a) for 155Gd, (b) for 161Eu.
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at the nucleus. The charge density due to the valence electrons is more enhanced than the above values would suggest, while for the core electrons, the
enhancement tends to be less.
The values of A<r > are given in table 1.1. Note that they have opposite
signs. For gadolinium, a higher charge density at the absorber nucleus means a
smaller isomer shift.
The isomer shift is always determined with respect to a suitable reference
material. Isomer shift reference scales for some commonly used compounds are
shown in figures 1.3 and 1.4. The values for gadolinium compounds fall in the
range from 0.0 mm/s to 0.7 mm/s, with respect to (

Gd) SmPd,. For europium

compounds, we should distinguish between those having a Eu
electrons, and those having a Eu

core, with 7 f

core, with 6 f elections. The difference

of one 4f electron results in a large difference in the screening of the remaining core electrons. Taking the relativistic value of 40 a

for the charge

density difference, we obtain with (1.23)

6[Eu

2+

- Eu

3+
] = -14.5 mm/s

.

This value may be compared with the experimental value 6[EuF_-EuF3]= -13.6 mm/s.
This is quite large, and reflects the large magnitude of A< r^> and B for
europium. Metallic compounds may have a 2+ or a 3+ core. With respect to
(

Eu)SmF_, their isomer shifts vary between -7 mm/s and -12 mm/s for the Eu

case. For the Eu

case, they vary between 0 mm/s and 5 mm/s. Configurations

which can be described as a mixture of Eu
In these cases, the isomer shift falls in

and Eu

are sometimes observed.

the intermediate range.

Isomer shift? for Gd compounds are smaller than those for Eu compounds,
and the resolutjo'i of the spectra is worse. Nevertheless, the values can be
determined with approximately the same relative accuracy, due» to the smaller
line width of Gd spectra.

1.3.3

Quadrupole splitting
3+

Due to the half-filled 4f shell of Gd

2+
and Eu

, the direct core contri-

bution to the electric field gradient vanishes. Consequently the remaining
contribution, which is relatively small, results from the conduction electrons
3+
7
and the surrounding ions in the lattice. For Eu , the groundstate is
F ,
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so J = 0 and the core contribution also vanishes. In special cases, however,
higher J levels can mix into the groundstate, and a local contribution can
occur.
The quadrupole splitting depends furthermore on the values of the quadrupole moments of the nuclear ground- and excited levels. The values used in this
work are listed in table 1.1 For

Gd, various values have been published in

the past, which were recently discussed by Cook and Cashion (13]. He shall
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use the values of Van Steenwijk [16], which agree with those of Cook and Cashion
[13], within experimental error.
Prom table 1.1 we can see that for

Gd, Q

is an order of magnitude

larger than Q e> Taking into account the difference in spin values of the two
nuclear states, we find that the splitting of the ground state is about 30 times
the distance between the quadrupole split levels of the excited state. As a
result, the quadrupole spectrum of

Gd consists of two sets of lines, effect-

ively forming a doublet. This is illustrated in figure 1.5. The distance
between the two components reflects the ground state splitting. Both peaks are
unequally broadened by the excited state splitting. The difference in shape
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between the peaks becomes smaller as n approaches 1, while for n = 1 the
spectrum is symmetric. The areas under the two peaks, however, are always
equal, no matter what the value of nIt is interesting to note that a quadrupole spectrum of this kind can give
in principle both the values V

and n, in contrast to the case of a

Fe

zz
quadrupole doublet. In practice, the doublet is often too ill-resolved to exhibit the excited state splitting clearly. When the doublet is not resolved at
all,

the spectrum may be analysed in terms of two single lines with equal

areas and different line widths.
The quadrupole moments of
ground state moment of

Eu are of the same order of magnitude as the

Gd. Together with the higher values of the nuclear

spins, this leads to a more complicated multiplet, shown in figure 1.6. Due to
the fact that the line width for

Eu is about 3 times the line width of

the quadrupole spectrum will take the form of one

Gd,

asymmetrically broadened

component, with no or very little structure.

1.S.4 Magnetic splitting and combined interactions
As mentioned in section 1.2.3, the ionic contribution to the hyperfine
3+
2+
field for Gd
and Eu
ions consists of the Fermi-contact interaction (1.14)
only. In addition we have the contribution of the polarized conduction electrons, which will be discussed in chapter 3. Both contributions are of the same
order of magnitude, although their signs may differ, and the total hyperfine
field will rarely exceed 40 T. Due to the missing ionic orbital and dipolar
terms, this is small compared to the hyperfine fields that can be observed in
other rare earth compounds. For Eu

, we have J = 0, yielding a non-magnetic

ion with no hyperfine field present. Only when magnetic ions of a different kind
are present as neighbours can we expect a hyperfine field, since the exchange
interaction with these neighbours perturbs the ground state, and will mix the
low lying excited J-levels into the ground state. This can give rise to large
hyperfine fields [17].
The magnetic interaction (1.12) leads to the familiar Zeeman split levels,
illustrated in figures 1.7 and 1.8. The g-values are given in table 1.1. The
values of Van Steenwijk for

Gd, used by us, differ slightly from the values

obtained by Cook and Cashion [13], but this difference of about 1% is well
within the experimental error limits for the determination of the hyperfine
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field. The nuclear g-values of

Gd are rather small compared to those of the

other rare earths. Together with the relatively small hyperfine fields, this
results in a magnetic splitting which is only partly resolved.
155
For a typical hyperfine field of 25 T, the Mössbauer spectrum of
tends over 4 iran/s. The g-factors of
fine field, the
the

Gd ex-

Su are larger, and for the same hyper-

Eu spectrum ranges over 40 mm/s. Although the line width of

Eu transition is also larger, the resolution of

Eu spectra is in

general much better. The intensities of the individual transitions for powder
absorbers can be taken from table 1.2. The resulting spectra are shown schematically in figures 1.7 and 1.8.
•-7/2
.-5(2

5(2

•-ill
• - 1/2
• 1/2
• 311
• ill
•
in

3(2

!,= 5/2

1/2
• 1/2
- 3(2
• 5(2

•-5/?

j\ 23
*

= 3/2
2

12

8

3

7
6

5 6 7 8

11
10

1/2
• 1/2
•3/2

9 1011 12

Fig. 1.7 Zeeman splitting of nualeav
levels of

Gd and corresponding

spectrum. Powder intensities from
table 1.2a.

30

•-3/2

3/2
\

• 1/?

10 1112
\

• 3/2

B K 15
16 17 18

»S1

12 8 1

ISm

WHO

5/2

1713

Fig. 1.8 Zeeman splitting of nuclear
levels of Eu and corresponding
spectrum. Powder intensities from
table 1.2b.

The spectra become considerably more complicated when magnetic splitting
and quadrupole splitting are both present. The hamiltonian that governs the
splitting in this case is the sum of (1.10) and (1.18). In general, the parameters to be determined are the isomer shift, electric field gradient V

,
zz

the asymmetry parameter n, the hyperfine field H. ., and the angles 6 and $
that give the orientation of H. . with respect to the axial system imposed by
the quadrupole hamiltonian. In principle the determination of all these parameters is possible. In practice, however, this is limited by the bad resolution of the spectra.
Sometimes the quadrupole interaction is much smaller than the magnetic
interaction. This occurs more often in the case of

Eu, because of the larger

magnetic splitting. Then one may treat the quadrupole interaction in first
order perturbation theory, using the magnetic interaction as the zeroth order
term. The Zeeman levels are then shifted by the amount
eQV
e
m = 41(21-1) ** (3cos28-l+nsin29cos2<|>) (3m2-I(1+1))

.

(1.26)

As the levels may be characterized by the pure magnetic quantum numbers, the
intensities from table 1.2 still apply. An example of the resulting spectrum
can be found in figure 4.1. It is clear from (1.26) that in this case V

, n,
zz

9 and 4> cannot be determined independently.
For

Gd it occurs more often that the magnetic interaction and the qua-

drupole interaction are of comparable magnitude, and perturbation theory is
not successful. Now one needs the full hyperfine hamiltonian to analyse the
shape of the absorption pattern and to calculate the intensities of the individual unresolved lines, which can only be carried out with the help of the
computer. The parameters that can be determined and their accuracy depend on
the shape and the quality of the measured spectrum, in general, the isomer
shift, the magnitude of the hyperfine field, the electric field gradient, and
the angle 6 can be found most accurately, while n and $, when meaningfull,
are less sensitive to the shape of the spectrum. Usually the angle $ cannot
be determined at all.
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1.4 The Mössbauer lineshape
In order to discuss some more practical problf

,, we need to take a closer

look at the absorption lineshape. The countrate N(v) recorded in the storage
device as a function of the source velocity v is given by the transmission
integral:
00

N(v) = B(V)(1-F +F f S(E,v)T(E)dE)
s a j

.

(1.27)

In this expression we have B(v) for the background, which may depend on v.
F

is the Mössbauer fraction of th
the source, corrected for the detection of
s
non-Mössbauer radiation, given by

F

=of
s

,

(1.28)

s

where a is the fraction of radiation from the Mössbauer iransition in the
total recorded intensity, and f the normal Mössbauer fraction of the source.
s
The factor S(E,v) in the integral represents the energy distribution of the
recoil

free emitted gamma rays and is assumed to have a (normalized) lorentz-

ian dependence on the energy E,
S(E.v) = -|s

^
2
(E-E(v)r + (Ts/2)

*

(1

-29)

r is the full width at half height of the energy distribution. The energy
s
corresponding to the center of the distribution E(v) varies with velocity as
E(v) = E (1+v/c), with E being the energy difference between excited state
s
s
and ground state. The second factor in the integral contains the resonant absorption cross section and the concentration of the Mössbauer isotope in the
absorber. It is usually expressed as
T(E) = exp(-taA(E))

t

(1.30)

being the effective absorber thickness,

t
a
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,

- n o
O

f
cl

.

(1.31)

n is the number of nuclei of the Mössbauer isotope per unit absorber area,
a is the maximum resonant absorption cross section (see table 1.1), and f the
o
a
Mössbauer fraction of the absorber material. The energy dependence of the resonant absorption can be given by

A(E) = IC. 1. (E)
i 1

.

(1.32)

The sum runs over all transitions of the absorbing nucleus. C. corresponds to
the intensities in table 1.2, normalized to
EC. = 1 .

L

(1.33)

i (E) is given by

r +r.
(E

T

i

1

~25oxi

E-E.

withx

1+xf1

(1 34)

i=Fvl '

'

1

The % term has been introduced to take account of dispersion, and we have
allowed the widths r. of the individual transitions to be different. E. is the
transition energy.

1.4.1

The thin absorber approximation

In the case of very thin absorbers we have t « 1 , and we can truncate the
power series expansion of (1.30) after the linear term. Integration of (1.27)
then yields
1-2Ev.
N(v) = B(v) (l->5taFs Z: C ^
^
>'•
y

with

v

i

=

E(v)-E
(r +r.)/2

(1

'35)

i

which is a convenient expression for the analysis of the Mössbauer spectrum.
Note that the full width at half height is now given as r +r..

1.4.2 Dispersion and saturation effects
A phenomenon which can be observed for transitions of El character is the
interference between the internal photo-effect electrons and conversion electrons originating from the resonant absorption process. This effect gives rise
to a term in the lineshape expression (1.35) depending on the interference
amplitude £ . For transitions other than El, it is less important [18]. Theo-
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retical treatments of the interference amplitude have been published by
Peregudov [19] and Trammell and Hannon [20]. For
is 25 = 0.035 [13,20]. For
°

151

Gd, the theoretical value

E u we can put 5 = 0 .
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The relatively small interference term for

Gd introduces a slight asym-

metry in the spectrum, also known as dispersion, since this term causes the
lineshape of each transition to deviate slightly from the well known lorentzian form.
The use of formula (1.35) is valid only when t « l . Often this condition is
cl

not fulfilled, and consequently one should evaluate the original transmission

0.021—>

' ' >—i—'—'—•—L—J

'

Fig. 1.9 Dispersion parameter 25 as a function of the effective absorber
thickness tQ. After ref. [21J.
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integral (1.27), which can be done by numerical methods. It is common practice,
however, to stretch (1.35) somewhat beyond the thin absorber approximation, and
to correct for the absorber thickness effect, called saturation, by allowing
the line width and the dispersion parameter to depend on t . Expressions for
a

this dependence in the case of single line absorbers were derived by West f21]
and Heberle [22]. For the effective dispersion parameter one finds
25 = 25 (1+0.27 t ) ,
O

t<4

Si

,

(1.36)

di

For larger values of t , the behaviour of 25 is shown in figure 1.9.
The line width dependence on t

T = 2T (1+0.135 t )
o
a

,

t<5
a

for lorentzian shaped lines is given by

,

r = 2T (1+0.145 t - 0.0025 t 2 ) , 4 t <10
o
a
a
a
Here it is assumed that V

(1.37)
.

(1.38)

and I*, are both equal to the natural width r . When

si

o

dispersion is present, the dependence of r on 5
t a >4. For
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becomes noticeable, for

Gd, T can still be described by (1.37) and (1.38), within 2%

error.
For thick absorbers, also the intensity ratios for the hyperfine structure
components begin to deviate from the theoretical values, and eventually the
spectrum can no longer be described by eq.(1.35), in which case there is no
way around using eq.(1.27).
1.4.3

Inhomogeneous line broadening

In (1.35) we have different line widths for the source and absorber transitions. The reason for this will be explained.
Firstly, the radioactive

atoms in the source will not all have exactly

the same local environment, due to effects like lattice imperfections, neighbour impurities, unresolved hyperfine structure, etc. The extent of the
resulting environmental broadening of the source line shape depends on the
source preparation. To take care of this broadening, we have r

> r .

Similar arguments hold for the absorber transitions, leading to a distribution of the hyperfine parameters. When the distributions are sufficiently
narrow, we may handle the absorber line broadening in the following way [23].
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Let us assume that each transition in (1.32) is actually composed of a large
number n of slightly different transitions with weight w., due to variation in
the local environment of the Mössbauer atoms. If we neglect the dispersion
term for simplicity, we can write for (1.34)
n
L. (E) = I I w
° k=l

—=-- ,
1+x^

(1.39)

with

r +Y
and
E-E.,
lk
X

ik ~

41

'

Y/2

where y > r
n
E w
k=l

is the same for all lines. Furthermore we have
= 1

.

(1.42)

Next, we approximate eq.(1.39) by a single lorentizian of the form

VE)

=X

i ~~\
1+x.

with
i

F./2
i

Minimization of the energy integrated squared difference between (1.39)
and (1.43) yields in first approximation
n
<E > = Z w E
,
1
k=l * 1 K
T2

= Y2 + 8JT

I

M
i
= I (1-3 -±)
r

with
n
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i

,

(1.45)
(1.46)

,

(1.47)

A distribution of isomer shifts would lead to a constant M.. Often the
broadening is due to a distribution of hyperfine fields to be described by a
continuous distribution function w(H) centered around the average hyperfine
field H. Then
CO

K± =

f dH w(H) (E i (H)-E i (H)) 2

.

(1.49)

— oa

Because w(H) is in general unknown, we shall approximate this by

M.
l

=

3 Ei (H)
, )
{(—
3 !H

H=H

H

6U}

(150)

H

which defines the dimensionless distribution parameter 6 . The use of this
n
formula can easily be incorporated into (1.27) and (1.35) (14J.
1.4.4

Time- and temperature dependence of the hyperfine parameters

In principle, all hyperfine parameters can be time dependent, and there
are many mechanisms which may explain this. Furthermore, the time dependence
usually varies with temperature.
Ignoring special effects and the second order Doppler shift, the isomer
shift can be considered as static and temperature independent. An example
where this may not be the case is given

in chapter 6.

In the case of a half-filled 4f shell, the quadrupole interaction reflects
directly the electric field gradient of the lattice and the conduction electrons. The first contribution can be considered as static and temperature independent, while for the second, a slight temperature dependence can be observed, due to the excitation of conduction electrons at the Fermi level [12].
Most often time dependence is observed in the hyperfine field, due to the
dynamical behaviour of the ionic spin.
The question of how the fluctuating hyperfine parameters influence the
spectrum depends on the time scale of the fluctuations. This time scale
has to be compared to a time scale associated with the Mössbauer measurement.
When the fluctuations are very slow compared to the measuring time, one
observes a static pattern reflecting the degrees of freedom of the electronic
environment. The splitting between the lines of this static pattern determines
the time scale of the Mössbauer experiment. For a fluctuating hyperfine field.
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this turns out to be characterized by the nuclear Larmor precession period. When
we take a splitting of 10 nun/s, the nuclear Larmor period is of the order of
10" 8 s.
If fluctuations take place much faster than the measuring time, one observes one time averaged value of the hyperfine parameter under consideration.
For rare earth intermetallics, the time dependence of the hyperfine field is
dominated by the relaxation of the ionic spin. The corresponding relaxation
time, being of the order of 10

s [3], is shorter than the nuclear Larmor

period, and therefore we find usually one time averaged hyperfine field, which
is zero for paramagnets, and reflects the sublattice magnetization in magnetically ordered solids. The temperature dependence of the sublattice magnetization,
as well as the hyperfine field, can be explained by molecular field theory in
most cases, leading to the well known Brillouin curve for the hyperfine field
in the ordered phase.
In both the slow- and fast fluctuation limit, eq.(1.35) can be used to
describe the line shape. However, when the fluctuation time and the measuring
time are of comparable magnitude eq.(1.32) is not valid, and one has to use a
more involved expression for the energy dependence of the resonant absorption
cross section. This situation requires a much more complicated theory of the
line shape. An extensive discussion of various models that deal with this
problem was given by Hartmann-Boutron [24].
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CHAPTER

2

EXPERIMENTAL TECHNIQUES

2.1 Introduction
All measurements reported in this research were performed with a conventional transmission spectrometer, which will be described briefly in
section 2.2. For more details, the reader is refered to the thesis of Le Fever
[1] and ref. [2].
As all the investigated compounds have magnetic ordering temperatures
below room temperature, it was necessary to cool the absorber down to low
temperatures in order to measure the hyperfine field. Also the small Mössbauer
fractions of the Gd compounds required cooling both source and absorber to
liquid helium temperatures. Descriptions of the cryostats used for this purpose
can be found in refs. [1] and [3]. Some general features are given in section
2.3.
Not only the low absorption and the necessity to cool source and absorber put a heavier demand on spectroscopy with
ventional isotopes like

Fe and

Gd than with more con-

Eu. Also the fact that several Mössbauer

transitions differ in energy by only 20 keV makes it an obligation to pay
attention to the gamma detection system and the source preparation. This is
done in sections 2.4 and 2.6.
Finally, in sections 2.5 and 2.7, remarks are made concerning the absorber preparation and data processing.

2.2 Spectrometer
During the course of the work reported here, the spectrometer has undergone quite some changes. For the first experiments a nuclear data ND 2200
multi channel analyser was used for data accumulation and punched papertape
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for primary data storage. Later a PDP 11/10 minicomputer and a Racal P70
cassette recorder became available. At present, the data collection is carried
out by 4 Intel 8085 microprocessors while the minicomputer is used for control
of the

microprocessors and handling of the experimental data. Floppy disks are

used for primary data storage. Also the measurement control program and the
RSX-11S operating system of the minicomputer are loaded from floppy disk. A
block diagram of the spectrometer system in the present configuration is
given in fig. 2.1.

j

inter- ~ j |
ferometer H i

drive

Fig. 2.1 Block diagram of the Mössbauer spectrometer electronics and of
data acquisition channels.
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The source is moved with an electro-mechanical drive transducer in a
vertical geometry, which is shown in fig. 2.2.

The source is connected to the

transducer by a 80 cm long thin-walled stainless steel push rod, which is inserted into the cryostat and supported at the lower end by a beryllium-copper
leaf spring. With this arrangement, the drive is operated at room temperature
and in the exchange gas space, while the source can be kept at liquid helium
temperatures.
The motion of the drive transducer is controlled by a feedback amplifier,
which uses a triangular

or sin-wave shaped reference signal provided by a

digital wave-form generator. This instrument also provides the multiscaling
start (MSS) and channel advance (CA) signals that drive the microprocessors
synchroniously with the transducer motion. The timing of the system is controlled by a quartz clock. For measurements on Gd, the triangular mode has been
used at a frequency of 10 Hz. For Eu measurements, where larger velocities are
needed, the sine mode is used at 30 Hz.
The choice of the detector is explained in section 2.4. The pulse discrimination and amplification is performed with an ORTEC 490 B linear pulse
amplifier and single channel analyser (SCA). The window of the SCA can be
accurately positioned with the help of an ORTEC 441 count rate meter.
The relation between channel number and source velocity is determined
with the aid of a Michelson interfero meter [4]. One of the mirrors is connected
to the moving part of the transducer, the other mirror is fixed. A He-Ne laser
serves as a coherent light source. The reflected beams give rise to an interference pattern. As one of the mirrors moves, the interference fringes advance
across a photo diode, causing light-dark variations at the photo diode. The
resulting oscillations are amplified and converted to pulses, which fit the
input requirements of the microprocessors. The pulses are registered in the
memory of the microprocessor (usually 512 channels) as if we deal with a Mössbauer spectrum. The count rate in a particular channel is proportional to
the corresponding velocity. Knowing the total measuring time (10 minutes) and
the laser wavelength (X = 6328 X ) , the velocity can be calculated from the
channel content. Dead time effects were found to be negligible in all parts
of this set up. Occasionally the calibration method was checked with a
F

spectrum of ^2°3

in the case of nign

velocities needed for

Fe

Eu and with a

spectrum of GdCs 2 NaCl g in the case of Gd spectra. The hyperfine parameters
of these compounds are known [5,3]. Good agreement with the expected values was
always found.
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Figure 2.2 shows that the interferometer is built inside the drive system,
which is very convenient and stable. The interferometer had to be adjusted
only once, and the laser is operated in the exchange gas space at pressures
lower than 5 millitorr, in order to prevent discharges in the He exchange gas
which would damage the high tension parts of the electric circuits. For dismounting the drive assembly can be pulled up by means of steel cables. This
operation also disconnects the electrical contacts. After dismounting, one
can change source or absorber.
For some Eu measurements, another drive transducer and other cryostats
were used. The drive was then used in a horizontal geometry outside the
cryostat [1].

Fig. 2.2 Drive section with interferometer.
1: Laser tube
2: Beam splitter incorporating
fixed mirror
3: Photo diode
4: Counter weight plus
moving mirror
5: Leaf springs
6: Coil support
7: Magnet pole pieces
8: Drive rod
9: Electric contacts
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2.3 Cryostats
Three cryostats were available for our experiments. All Gd measurements
were performed with the cryostat described by Van Steenwijk [3] and Hanley [6],
except for the modification in the drive system mentioned in the previous
section. The cryostat consists of a stainless steel heliiim dewar consuming
10 ( liquid helium in 3 days. Inserted in the liquid helium bath is the copper
can of the exchange gas space containing an inner He vessel of 0.6 e which
can be filled from the main bath. The vapour pressure in the inner vessel can
be reduced by means of a charcoal absorption pump immersed in the main helium
bath. In this manner, temperatures down to 0.8 K could be reached. The absorber
holder is clamped to the inner vessel and is accessible from the outside via
the exchange gas space by means of a long rod. In order to remove the absorber,
the rod is screwed into the absorber holder and pulled up.
For temperature measurement, a Ge resistance thermometer was mounted on
top of the inner He vessel. A manganin heater wire, wound around the inner He
vessel allows one to raise the absorber temperature up to about 80 K when the
vessel is empty and the exchange gas space is evacuated. The temperature is
controlled by a four terminal a.c. resistence bridge operated at 35 Hz in
conjunction with a feedback system connected to the heater.
The bottom of the cryostat is equiped with mylar windows, which allow
passage of the gamma revs. The detector is placed underneath the cryostat.
For measurements on Eu, two other cryostats were used when temperatures
above 80 K were required. Both are of the cold finger type, with mylar windows
in the tail section [1], For one of them the absorber could be cooled down to
liquid helium temperature. In both cryostats the drive is outside the cryostat
and the source at room temperature.

2.4

Detectors
Several detectors were used in order to obtain an optimal selection of the

Mössbauer gamma counts. For the detection of gamma rays near 100 keV, in the
early experiments, a 3 mm Nal(Tl) scintillation detector (Harshaw) was used.
For

Eu spectroscopy this detector proved to be very suitable. It can also

be used for Gd spectroscopy, but, the resolution of the 86.5 keV line is poor

44

(see fig. 2.3), and consequently, the absorption depth is not optimal, leading
to long counting times (see table 2.1). Also some 105.3 keV gamma ray intensity
falls in the window of the SCA set at

the 86.5 keV resonance, which can

affect the spectrum.
An improvement in resolution was obtained with the use of a Ge(Li) detector (Harshaw), which had a considerable efficiency for unwanted high energy
gamma rays, which saturated the pulse amplifier. Therefore it was desirable to

01

c

105.3 keV

151

>Gd
1231 KeV

43 KeV

VJ
100
energy (keV)

150

Fig. 2.3 Gamma spectra of Gd source II under measuring conditions (high
count rate), a: 3 mm NaI(T€) detector, b: intrinsic Ge detector.

45

,r~\

Table 2.1
Some characteristics of gamma detectors and sources used for the observation
of the 86.5 keV resonance of Gd.
detector

percent
absorption

count rate
per channel
(in 512 channels)

time needed
to obtain
R = 50

1.4%

600/min

2 weeks

2.0%

500/min

1 week

2.2%

4000/min

24 hours

(source I)
Ge(Li)
(source I)
intrinsic Ge
(source II)

work with a thinner detector crystal. This was accomplished with the acquisition of a planar intrinsic Ge detector HPP32 (Harshaw), which had an active
surface area of 1200 mm

and a 7 nun thick crystal. The efficiency for gamma

rays in the region near 100 keV is about 80%, whereas for energies above a few
hundred keV the efficiency falls below 10%. Additional advantages of this
detector are the adequate resolution and efficiency at low energies, enabling
us to obtain good quality

Eu spectra. Furthermore it can be allowed to warm

up to room temperature when not in use, while the Ge(Li) detector has always
to be maintained at liquid nitrogen temperature. With the intrinsic Ge
detector, good resolution is obtained for Gd work, see fig. 2.3.

2.5

Samples
The Gd samples were prepared by arc melting from 99.9% pure starting

materials. Vacuum annealing was performed by wrapping the sample in Ta foil,
which was sealed into an evacuated quartz tube. The Eu-Mg compounds (discussed
in chapter 6) were prepared by sealing the appropriate amounts of Eu and Mg into a molybdenum container and heating in vacuum for 1 hour at 900 °C, so that
reaction could take place. After this treatment, vacuum annealing was performed.
The obtained ingots were ground to a particle size not exceeding «0.1 mm.
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X-ray diffraction with CuKa radiation served to identify the composition and
structure and to check whether the samples were single phase, which was usually
found to be the case. Identification of the X-ray reflections was made by
means of the structural data compiled in ref. [7,8].
The absorber consists of a brass ring covered on both sides by aluminum
foil. The absorber material was immersed in Apiezon N vacuum grease, to provide a good thermal contact, and filled the flat cylindrical space in the
2
ring. The absorber area is 1.54 cm .
The amount of absorber material is determined by the desired value of
the effective thickness parameter t , which is defined by eq.(1.31), and which
Cl

can be estimated as follows: the Mössbauer fraction, f , for low temperatures
is given in the Debye model by
E
R
= exp(- 3/2 r^r-)
k 9
B D

f
3

where E

,

(2.1)

is the recoil energy, k

Boltzmann's constant, and 8

the Debye

temperature of the material. Typical values for Gd are E_/k_ = 290 K and
155
2
9 =200 K (Gd metal), giving f =0.1. The number of
Gd nuclei per cm in the
D
a
absorber can be expressed as

n

_
g N a
" 1000 M A

(2

'

-2)

where g is the total amount of absorber material (in m g ) , N is Avogadro's
number, a is the (fractional) isotopic abundance, M is the molecular weight per
Gd atom, and A is the absorber area (in cm ) . Typical values of g and M are
respectively 400 mg and 300

g. With the value of a

from table 1.1, we find

for the thickness, using eq.(1.31), t =2.7. In the case of the Eu measurements,
t

is greater, due to the larger Mössbauer fraction.

cl

2.6

Sources
Sources of various compositions have been used for

Gd spectroscopy [9].

Among the most frequently used ones are the sources having Pd as a host matrix
with the radioactive Sm atoms imbedded as an impurity. Another popular source
material, making use of the Sm-Pd system, is furnished by the cubic intermetallic compound SaPdy

Two sources of the last type were employed for our
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Gd measurements. The first source (source I) was prepared by Van Steenwijk [3],
by neutron irradiation of SmPd, containing the natural composition of Sm isotopes. The second source (source II) was prepared in a similar way, now using
154
700 mg SmPd, enriched in
Sm to 97.7%. The irradiation took place at the
14
ECN reactor in Petten, during one week in a thermal neutron flux of 2x10
neutrons per second per cm . The following reaction gives the desired Mössbauer
activity
154
155
6 155„ 0 1 5 5 ^
Sm+n->
Sm -^
Eu-i-*Gd

(2.3)

Half a year after irradiation, the activity of the short lived reaction products had decayed sufficiently for the source to be manageable. The activity of
source II was ^20 i C i .
The irradiated sample consisted of semi-circular shaped platelets of
0.5 mm thickness. These platelets were glued into an aluminum source holder
(figure 2.4) with GE7031 varnish. The source holder was sealed with a thin
aluminum cover, screwed onto the holder and fixed with cyanolite.
Gamma spectra of source I and source II, covering a large energy region,
are shown in figures 2.5a and 2.5b. It can be seen that source I gives rise to
much more unwanted high energy radiation than source II. The relative lack of
high energy gamma intensity in source II reduces the Compton background near
86.5 keV. This results in a slight increase in absorption signal obtained with
source II (see table 2.1), for which also the better resolution of the intrinsic
Ge"detector is partly responsible. Moreover, source I contains a strong peak
154
at 123.1 keV due to
Gd, which results from the reaction
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High pesolution gamma spectra of source I (a) and source II (b).

(2.4)
This reaction is important if natural Sm is used, which contains 26.6%
154
and only 22.6% Sm.

152
Sm
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The quality of the sources is further determined by the line width of
the measured spectra. In order to investigate this point spectra were taken
from GdNaCs Cl

and GdZn with both sources. It turned out that the line width

of the spectra measured with source II was about 10% larger in both cases than
the width obtained with source I. All other hyperfine parameters were reproduced within the error limits. A fit with the transmission integral (eq.(1.27))
enables one to estimate the source width r . Assuming r.=0.25 mm/s, we obtained
r =0.36 mm/s for source I and r =0.40 mm/s for source II. The larger width of
S

5

source II means a somewhat poorer resolution. In practice, however, this caused
no trouble.
The most important advantage of source II is the high intensity of the
Mossbauer gamma transition. For good quality Mossbauer spectra, one wants a
signal to noise ratio of at least 50. The noise, defined as the standard
deviation in the background, is given by the square root of the channel content
n, whereas the signal, defined as the maximum absorption depth, is given as a
constant fraction a of n. The signal to noise ratio R then comes out as
R = o /n

.

(2.5)

Taking a typical value of a=0.02 and R=50, we find a background level of
6
6x10 counts. With the count rates given in table 2.1, one easily verifies
that it takes a week to obtain the desired R with source I, while for source II
one day is sufficient.
For the Eu measurements a commercially obtained SmF_ source of 300 m Ci
was used, giving a width of 2.78 mm/s for a EuF, spectrum. About 2.0 mm/s is
due to the source width r .
s

2.7 Data processing
Figure 2.1 shows that the PDP 11/10 has an on-line connection, via the
DECNET system, with the PDP 11/45 multiproject computer of the laboratory, which
in turn can be utilized as a remote job entry station for the AMDAHL/IBM
system of the central computing centre of the university. Moreover, the DECNET
system allowscommunication with the PDP 11/70 of the computing centre. This
interconnection of computer systems greatly facilitates the processing of the
measured data.
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The spectra and velocity calibrations, stored on floppy disk, are sent to
the PDP 11/45 for storage on permanent disk. If necessary, editing of the data
can be performed on this computer. Next, the data are used as input for the
analysing programs which run on the AMDAHL/IBM system. The output is received
at the PDP 11/45 and can be inspected on the graphics terminal and printed.
In addition, the plotting facilities of the computing centre are used. After
analysis, the data are transferred to the AMDAHL/IBM computer and eventually
stored permanently on magnetic tape. Due to the symmetry of the drive wave
form, each measurement yields two spectra, which are mirror images of each
other. These two spectra are analysed separately, and the obtained hyperfine
data are averaged.
Two standard programs are used for the analysis. Both use the result of
the velocity calibration in the form of the coefficients of a fifth degree
polynomial or Fourier series. The polynomial is fitted to the velocity data
and used for triangular velocity variation. The Fourier series is used for
the sine wave motion. The first program fits a polynomial for the background
(usually second degree) plus a sum of lorentzian lines (with dispersion) to
the data. The coefficients of the background polynomial, the areas, positions,
and line widths of the separate lorentzians, and also the effective dispersion
parameter, can be left as fitting parameters. In order to reduce the number
of degrees of freedom, relations between the fitting parameters are specified
by means of matrices. For the intensities, the theoretical values from table
1.2 are used, resulting in one independent parameter for the total intensity.
The positions are related to three independent parameters, which correspond to
the isomer shift, the hyperfine field, and the first order formula for the
groundstate splitting (eq.(1.26))in case of quadrupole interaction. Usually the
width of all lines was taken to be equal.
In view of what has been said in section 1.3.4 this program is rather
limited. The case in which the quadrupole interaction is of the order of the
magnetic splitting can not be dealt with in a straight-forward way. In such
situations, we use the general Mössbauer fitting program (GMFP) of Ruebenbauer
and Birchall [10]. This program uses the full hyperfine hamiltonian and all
parameters occurring in this hamiltonian can be fitted, at least in principle.
With GMFP also transmission integral fits can be made.
It has been stated before that Gd spectroscopy suffers from an annoying
drawback, which is the poor resolution. In the case that one encounters only
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one hyperfine site, the problem can always be handled one way or another.
However, if several non-equivalent hyperfine sites are present, it is very
difficult to obtain an unambiguous fit, especially if no additional information
on the hyperfine parameters {for instance obtained from crystallographic data)
is available.
In connection with the resolution problem, the question arises whether a
transmission integral fit is necessary to obtain reliable hyperfine parameters.
Most compounds were analysed with the lorentzian approximation and several
compounds also with the transmission integral. When both methods were applied
to the same compound, the resulting hyperfine data did not differ significantly.
However, if there is no local minimum in the lineshape, it is difficult to
determine the linewidth when the lorentzian approximation is used. In these
cases, various fits have been performed with different line widths, which
were kept fixed. The variation in hyperfine data thus obtained has been included in the error limits of the measured quantities. Using the transmission
integral, this uncertainty can be removed in principle, since saturation
effects are taken into account implicitely. One only needs values for r., r ,
and t , which unfortunately are not known very accurately. Moreover, fits to
better resolved spectra with the lorentzian approximation show that, in most
cases, the theoretical intensities for powders are quite adequate, indicating
that saturation is not very important. Another point which should be mentioned
in connection with the lorentzian approximation is that there is a strong
correlation between the effective dispersion £, the isomer shift, and the slope
of the background (see also [11]).In cases where this causes trouble, £ can be
estimated with the help of figure 1.9, and kept fixed in the analysis. Besides,
the curvature in the background may be presumed symmetric, and is very small,
since in most eases small velocity amplitudes are used, introducing only a small
error. Again, the transmission integral handles this problem in a rigorous
way, but also this method is not free from ambiguities and correlation between
fitting parameters (for instance between t
ct

and F ) . Alltogether, the advantages
S

of the transmission integral are clear when r , r,, and t are known accurately.
s
x
a
However, the lorentzian approximation can also be used with sufficient confidence.
For powder spectra, the same conclusion was reached by Cook and Cashion [12].
Occasionally it was necessary to introduce a distribution of hyperfine
fields in order to obtain a good fit to the data. GMFP deals with this problem
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by means of the theory from section 1.4.3. In the other program it was assumed
that the distribution function w(H), from eq.(1.49), has a lorentzian shape.
In this case, one can approximate the line width as being proportional to the
distance of the line from the centre of the spectrum (assuming pure magnetic
splitting), which introduces one additional fitting parameter for the line width.
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CHAPTER

3

CHARGE AND SPIN DENSITY

S.I Introduction
The hyperfine parameters obtained from the Mössbauer spectra, which are
of major concern to us in this work, are the isomer shift and the hyperfine
field. Hence, the purpose of this chapter is to clarify the electronic structure of rare earth intermetallic compounds in relation to the isomer shift and
the magnetic hyperfine interaction.
A common viewpoint for metals is based on the notion of ionic cores imbedded in a sea of conduction electrons. The ionic cores consist of the nuclei
of the atoms that constitute the solid, plus the inner core electrons, which
can be described by atomic-like, localized wave functions. The conduction electrons are made up from the outer valence electrons of the atoms. They behave
in an itinerant way, leading to energy bands. Since the separation of the
electrons is to a certain extent artificial, these two systems are not independent, and besides, one may ask which electrons belong to the conduction
electron system and which to the cores. This problem is particularly clear
for the rare earths. Generally one describes the configuration of a rare earth
atom in terms of a xenon core plus valence electrons in the 4f, 5d, and 6s
shells. The Sd and 6s electrons are easily ionized and have a relatively
diffuse charge density, so they will go into the conduction band. The 4f electrons, however, are highly localized inside the atom and shielded from external
charges by the 5s and 5p shells of the xenon core. In this respect, the 4f
electrons clearly belong to the core. Their energy, however, is fairly high,
and may fall in the conduction band region, and in this respect they can be
considered as valence electrons. If considered as band electrons, the 4f shell
gives rise to a very narrow energy band, which hardly perturbs the conduction
electron band structure. Moreover, the ionic multiplet structure of the partial-
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ly filled 4f shell, which reflects the strong correlation in the 4f shell, still
makes sense in the solid, even in a metal. It is this strong correlation which

x

is very difficult to describe in terms of a one-electron band structure approach,
even with the sophisticated methods that exist nowadays. Although at present
attempts are being made to include the 4f electrons in the band structure [1],
we shall regard the 4f electrons as core electrons [2,3].
Having made a separation into core electrons and conduction electrons, we
can also separate the hyperfine field and the isomer shift into two parts, one
resulting from the ion, and the other one resulting from the conduction elec3+
2+
and Eu .
8

trons. The rare earth studies in this work deal with the ions Gd
3+
Also Eu

occurs. The first two have a half-filled 4f shell and an

S_.„

ground state with zero orbital angular momentum, whereas the last one has a
non-magnetic ground state and will not be considered any further. We recall
that the magnetic hyperfine interaction is separable in an orbital term,
Fermi-contact term and a dipolar term. For S-state ions (L=0) the only term
which does not varish in the expression for the hyperfine field, eq.(1.13), is
the Fermi-contact field H .
For the conduction electrons, the orbital and dipolar contributions are
not necessarily zero. In general, the origin of these contributions can be
attributed to an anisotropic exchange interaction of the 4f electrons with the
5d-like conduction electrons, and the spin-orbit coupling in the 5d-like conduction bands. For S-state ions, the exchange interaction is isotropic and
does not induce any contribution to H_ and H_. The spin-orbit coupling, however,
L
u
may cause the spin to "drag along" some orbital angular momentum. Any orbital
effects should show up in the conduction electron magnetic moment and g-factor.
Some evidence for orbital effects is found from NMR studies [4], but for intermetallics containing S-state ions the magnitude is small.
Neglecting any orbital and dipolar effects, we are led to the situation
3+
2+
that the hyperfine field for Gd

and Eu

intermetallics is entirely deter-

mined by the Fermi-contact field due to the core and conduction electrons.
These two contributions are not independent and, rigorously speaking, one has
to evaluate H h - for the many-electron ground state of the total solid, including both
core and Pconduction
electrons. Then, eq.(1.14) reduces to
H
(0)

hf = " f ^ B s
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:

Hence, the hyperfine field is proportional to the total electronic spin density
at the nucleus. The spin density at the position r is given as

p (r) = p+(r) - p+(r)
S

~"

™"

,

(3.2)

—

where the spin-up and spin-down densities are defined by
a
a

p (r) =

Z |<|>a(r) | 2
i=l

a = +, +

.

(3.3)

The sum runs over all occupied one-electron states *(r) in the solid. Notice
that we assume different orbitals for different spin states.
The isomer shift is proportional to the total charge density at the
nucleus. For position r this density can now be defined as

p(r) = p+(r) + p+(r)

.

(3.4)

The determination of the isomer shift and the hyperfine field corresponds to
the determination of the total charge and spin density at the nuclear site.
From a theoretical point of view this amounts to applying a suitably chosen
one-electron theory in order to obtain the i>. (r) .
In the next section we shall comment on the general nature of these
solutions, which will expose the major mechanisms of spin-polarization. In
subsequent sections we shall summarize formulas obtained from more phenomenological methods, which can be used to analyse the experimentally obtained
hyperfine field. In section 3.4.1, an empirical theory of the electronic
structure of intermetallic compounds will be described, which will be used
for the interpretation of the measured isomer shifts.

3.2

Spin polarization
In eq.(3.3) it is assumed that we have different orbitals for different

spin states. Furthermore, in ferromagnets, n

will differ from n . A modern

explanation of the behaviour of i|i?(r) can be given in terms of the spin
density functional theory [5,6]. In this theory, it is shown [7], that the
many-electron problem can be replaced by an exactly equivalent set of self-consistent one-electron equations, supplying the functions 4> .(r). This was first
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realized for the non-spin polarized case. Generalizations to the spin-polarized case have been made later [8]. The one-electron equations contain an exchange-correlation potential which is not well known. It is common practice
to take a local potential derived from free electron gas results. The resulting
self-consistent field equations have been sucessfully implemented in band
structure calculations. A recent survey of this subject is given by Koelling
16]. We shall focus our attention on the exchange part, and neglect the smaller
correlation term. Then, the one-electron equations can be written in the
following form

{-kV2 + V (p) + V (p°)}*° = E ° 1>°. ,
C

3C

X

1

a = t, + .

(3.5)

A

The first term represents the kinetic energy. V (p) is the Coulomb potential
energy of an electron in the electric field resulting from the nuclei and the
total electronic charge density p. The third term, V (p ) , is the local

ex-

change potential, given by

V x (p a ) = -{f p a ( r ) } 1 / 3

.

(3.6)

The equations (3.5) are the same as those used in the spin-polarized Xo method
of Slater [9], with a = 2/3.
In the following we shall concentrate on the spin density at the nucleus
of an S-state rare earth ion caused by the exchange interaction of the electrons with the 4f shell of the ion, i.e. the self-polarization contribution
to the hyperfine field. In magnetically ordered compounds, the 4f shell is
fully polarized, and the spins of all 4f electrons point in the same direction,
say up. For a ferromagnetic ordering, the spin-up and spin-down densities can
then be decomposed as
+
p

=

+
"core

•
p

=

p

•
core

+ P

+

p

t
4f

+

p

t
ce
(3

•
ce

*7)

From these equations we see that the spin-up density in the region of the 4f
shell is much larger than the spin-down density. From the negative sign of the
exchange potential V , we see that the total potential V
5»

C

+ V

for spin-up
X
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electrons will be much lower than the potential for the spin-down electrons in
this region. The result is that the energy levels e. will be lowered with
respect to the c., and that the spin-up electrons will be pulled into the
region of the high spin density of the 4f shell. Since the 4f density is
located deeply inside the atom, not all the core electrons are affected by
this process in the same way. Also, with regard to the hyperfine field, we
note that only s-type core electrons and 6s-like band electrons contribute to
the spin density at the nucleus. Hence we need to consider only s-type core
electrons. The main part of the charge density of the 4s and 5s electrons is
outside the 4f shell. Pulling their spin-up density inward increases p (0).
The maximum radial density of the 4f shell is located outside the maxima of
the Is to 3s densities, thus pulling their spin-up density outward, which decreases p (0). Inspection of table 3.1 shows that the latter effect is larger,
s
so the net spin density at the nucleus will be negative i.e. opposite to the
spin density of the 4f shell. The 6s-like spin-up conduction electrons are
pulled inward, and therefore contribute positively to p (0).

Table 3.1
2+
Contributions of the s-shell core electrons in Eu to the hyperfine field (in
Tesla), obtained from a self-consistent, spin-polarized and semi-relativistic
LMTO calculation on Chevrel compounds (from ref. [41]).

1 s

-12.0

2 s

-55.5

3 s

-625.0

4 s

+27.0

5 s

+630.5

Thus far we have considered the direct polarization of the core electrons and the conduction electrons. In second order

approximation, this re-

sult must be corrected, since the induced spin density in the conduction band
couples back to the core electrons. Especially the 5d-like conduction electrons
are fairly localized, and therefore have a relatively high density, which is
polarized by the 4f moment, thus contributing to V . Moreover, the density
of states at the Fermi level can be dominated by the 5d-like electrons. As a
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result, any repopulation effects caused by the lowering of the e. levels with
respect to the e. levels will give an additional contribution to the 5d-like
conduction electron spin density. The description given here corresponds to
the situation in ferromagnetic gadolinium metal, and is calculated in detail
by Harmon and Freeman [10]. The radial 5d-like densities are shown in figure
3.1. The 6s-like density is more diffuse, and contributes less to V . The
5d-like spin-up density contributes to V , lowering the total spin-up potential
near the 5d maximum, and pulls all spin-up core electrons outward. The result
is that it will counteract the polarization of the 4s and 5s shell due to the
4f moment, and enhance the polarization of the inner shells. Hence, the polarization of the 5d electrons contributes negatively to the spin density at the
nucleus, i.e. opposing the direct 6s-like contribution. In a similar way, the
6s-like electrons experience an additional polarization due to the 5d-like spin
density.
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Fig. Z.I Spin-up and spin-down radial densities of id-like electrons at the
Fermi level in Gd, after ref. [10].

The last contribution to be mentioned is that of the 4f spins of neighbouring ions. It is known that the polarization produced by a 4f moment may
spread out in an oscillatory way, the nature of which is difficult to predict
in the present model in a general way {but see section 3.3.3). The contribution
may be of either sign, and is generally smaller in magnitude than the above
mentioned effects, at least in compounds which are not too rich in rare earths,
and which do not contain other magnetic species like transition metal atoms
carrying magnetic moments.
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Although the discussion given above emphasizes ferromagnetic ordering,
the self-polarization field in antiferromagnets can be explained by the same
mechanisms, except for the conduction electron repopulation effect, which is
absent for antiferromagnets because the spin-up and spin-down densities are
equal and opposite. Instead, for antiferromagnets, one has a tendency towards
splittings within the spin-up and spin-down bands. This as a result of the
periodic spin-dependent potential causing a tendency to form band gaps in the
same way as band gaps are produced at the Brillouin zone boundaries due to
diffraction of plane waves by the normal periodic potential in the nearlyfree electron theory. The splittings may result in a lowering of the density
of states at the Fermi level compared to the paramagnetic situation.
Finally we should say a few words about the sign of the hyperfine field.
This sign is usually defined with respect to an externally applied magnetic
field that aligns the 4f moments parallel to the field, thereby forcing the
4f spin in the opposite direction. From eq.(3.1) we conclude that H. „ is
nt
negative if the spin density at the nucleus is positive. Thus, if the ionic
spin and p (0) have opposite signs (as is the case when the core polarization
dominates), H

is opposite to the external field, and by definition has a

negative sign. This is illustrated in figure 3.2.
In summary, we have to take into account the following contributions
to the hyperfine field:
1. the direct core polarization (negative).
2. the direct 6s-like conduction electron contribution (positive).
3. the indirect core polarization via the induced 5d moment of the conduction
electrons (negative).
4. the polarization due to the magnetic moments of neighbouring atoms (negative
or positive).

PJO)

A*4f

t t
i I
H

hf
s4f
Fig. 3.2 Mutual directions of various quantities involved in the determination
of the sign of the hyperfine field, ü,„. H , is an external magnetic field.
vaf. represents the 4f magnetic moment, and S.„ is the 4f spin. P„(0) is the
spin density at the nucleus.
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3.2.1 The exchange hamiltonian
In the previous section, the exchange interaction was approximated by a
local potential used in electronic structure calculations to make the exchange
problem tractable. The real exchange interaction, however, is a non-local
effect to be described by a non-local hamiltonian. Making the core-conduction
electron separation, this operator can be obtained for S-state ions in a
rigorous way. We consider the inner core electrons as belonging to a free ion
carrying the 4f moment, and treat the conduction electrons in a paramagnetic
band scheme, which is very much transition metal-like for the pure rare earths.
Then, the exchange interaction between the ionic spin and the conduction
electrons is given by

l

J

n ( i ) S»-Si

<3'8)

•

i.n
The index n runs over the rare earth ions, i runs over the conduction electrons. The exi
exchange operator J (1), acting on conduction electron 1, can be
expressed as:
3

Jn(l) = 1 / 7 EZ f dr22X ff
m=-3

(r22) ^T x f (£-) ,
12
m,n

(3.9)

Tti,n

where the sum runs over the 7 degenerate 4f orbital wave functions on ion n.
P- 2 represents the permutation operator for electrons 1 and 2. The matrixelements of this operator between conduction electron wave functions $.. and
i|i.. , , with band indices i and j and k-vectors k and k' respectively, are
jk
the exchange integrals J (jk',ik), written as

J (jk'.ik) = <jk'|Jn(l)|ik>

= 1/7 I
m=-3
Treating X

f d £ l |dr 2 ** k ,(r ,X; <r 2)7 i- Xf
-

m,n

12

^^(r,).

(3.10)

m,n

as a perturbation, one can account for band splitting and polar-

ization effects [11]. However, for most purposes, X

given above is too com-

plicated, and instead of the exchange operator J (i) one uses an exchange
parameter J, which measures the average strength of the exchange effects. The
hamiltonian representing the exchange interaction between a 4f moment and a

61

conduction electron is then written as

X
ex

= -J S.s
- -

,

(3.11)

depending on spin operators only.

3.3 The hyperfine field
In line with the core-conduction electron separation, one decomposes the
hyperfine field into an ionic contribution, H.

, and one resulting from the

polarization of the conduction electrons.In the latter contribution ,one usually distinguish.s between the effect of the 4f moment of the Mössbauer atom
itself, leading to the self-polarization field, H

, and the effect of neigh-

bouring magnetic moments, giving H . Accordingly, we have

H.c = H.
+ H
+ H
nf
ion
sp
n

3.3.1

.

(3.12)

The ionic contribution .

As explained in section 3.1, H.

results from the exchange polarization

of the core electrons by the 4f moment. It is given by equation 1.17. Theoretical studies of the spin density in the rare earth ions have been made by
Watson and Freeman [12] (see also ref. [41]), and the experimental values are
known from measurements of the hyperfine field of S-state ions in ionic in3+
2+
sulators. The values for Gd

and Eu

are -33.2 T [13] and -34.0 T [14] res-

pectively. In general it is accepted that the ionic value can be taken to be
constant for all intermetallics (see for instance [15]). For insulators however, ESR studies do show a slight dependence of H.

on the composition [16].

3.3.2 The self-polarization field
On the basis of eq.(3.11), a simple model can be developed, which accounts
for the magnitude of the self-polarization field [17,26]. If the action of the
local moment on the conduction electrons can be described in terms of a uniform effective exchange field, we have

62

gp

B Hex S z = J < V S z

(3

'

- 13)

with <S > = 3.5 for the S-state rare earth ions. Or,
z
H

J<S >
—
gpB

=
ex

.

(3.14)

The response of the conduction electrons is related to the spin susceptibility
by
m = XH

,

(3.15)

where m is the magnetic moment, which is proportional to the conduction electron
spin density p , given by

B

Z

(3.16)

As to the exchange of the local moment with the conduction electrons, we may
distinguish between 6s-like and 5d-like conduction electrons, leading to J
and J,- respectively. Then we find from (3.14) and (3.15) for the magnitude
at
of the induced moments
J

m

s

=

sfxs
gnB

<S >

,

(3.17)

™ d = - § ^ <SZ> •

(3.18)

Taking for x the Pauli spin susceptibilities, we have

*S = Ï ^4 W

(3 19)

'

*d= \ *24 ^ j '

'

(3 20)

-

D (E.) and D,(Ef) are the partial density of states (per 4f moment, per energy
unit) at the Fermi level of 6s-type and 5d-type electrons. Now, if we assume
that the direct 6s-contact field is proportional to m , and the indirect core
polarization due to the induced 5d-moment proportional to m,, we have
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H

= A(Z)m
sp

s

- a, m.
d d

.

(3.21)

A(Z) and a, are positive proportionality constants. The minus sign appears because the direct contribution and the core polarization have opposite signs.
Campbell has tabulated A(Z) for various values of the atomic number Z [18].
A(Gd) and A(Eu) are respectively 390 T/y

[19] and 375 T/n D [20]. For a

we

have approximately a =0.1 A(Z) [21].
It is important to notice that if both J , and J „ are positive, the direct
contribution is positive and the core polarization is negative. As a rule,
one can say that the band wave-functions are atomic-like in the core region,
so the 4f-conduction electron exchange integrals will resemble those of the
atomic case. The atomic 4f-5d and 4f-6s exchange integrals are positive [22],
leading to values of J

and J,, in the solid which are found to be positive

in most cases.
It has been pointed out, however, that interband mixing and hybridization
effects can give negative contributions to the exchange parameters [22,23,24,
25]. Another mechanism that can be important is the polarization of the 6slike electrons by the 5d-like electrons, which tends to enhance the direct
6s contribution. These points show that the present model should be used with
caution. As will be shown in chapter 4 a straightforward application may easily
lead to a misinterpretation of the hyperfine field.

3.3.3

The neighbour contribution

The contribution to the hyperfine field from neighbouring magnetic
moments has been extensively studied by NMR techniques [4]. Experimentally,
H

can be obtained by doping the compounds with non-magnetic atoms and study-

ing the hyperfine field at the impurity nucleus directly, or by measuring the
concentration dependence of the rare earth hyperfine field in series like
(R. N ) X (where R is the rare earth and N is a non-magnetic element with a
1-x x n m
rare earth-like valence shell, for instance La, Lu,

or

y ) and extrapolating

to zero impurity concentration.
The interest for this part of the hyperfine field derives from the close
relation between the neighbour contribution and the interaction between the
rare earth moments, which determines the macroscopic magnetic properties of the
compounds. Treating the indirect exchange coupling between the 4f moments in

64

the molecular field theory, we can write for the Curie temperature of ferromagnets [20]

T

c " £ ° £ ' < 8 > (Jsfms
D

D

+ J

dfmd' •

Z

For the transferred hyperfine field we have again [20]

H n =A(Z)m s - a d m d

.

(3.23)

The transferred conduction electron magnetic moments m

and m, should not be
S

u

confused with those from section 3.3.2, which are due to the self-polarization.
These formulas have been used in the explanation of the sign of H

for

ferromagnetic Gd and Eu intermetallics [19,20]. It was found that compounds
with high T
H

(i.e. with strong magnetic interactions) mostly have negative

values, caused by strong 5d character of the conduction electrons, where-

as compounds with low T

have positive H

values, due to predominance of s, p

character at the rare earth site. The magnitude of the hyperfine fields in the
first case is predicted to be approximately 0.1 of that of the latter case,
which corresponds to the relation a, * 0.1 A(Z).
In the case that the exchange between the 4f moments is mediated by
free electron-like s,p bands, it is usually assumed that the RKKY theory is
valid. This theory leads to a spin polarization which spreads in an oscillatory fashion from the neighbouring rare earth site, giving a value at the
central rare earth atom at the origin of [20]
9lIp2j

== gg
m
m

sf

* T Ï
s *B

<S<S > Z F
ZZ

f

<

2

W

•

'3.24)

R•

with the RKKY function defined by
4
F(x) = (x cosx - sinx)/x

,

(3.25)

which is shown in figure 3.3. The sum runs over the neighbouring 4f moments at
a distance R.. E. is the Fermi energy and k

the Fermi wave vector, p is the

conduction electron per atom ratio.
This formula is based on several severe approximations, in particular the
assumption of a spherical Fermi surface and a

6-function form of the 4f moment
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-4

Fig. 3.3

The RKKY function F(x).

on the neighbours. The 6-function form is the opposite extreme of the uniform
exchange field approximation used in the previous section for the self-polarization field. Due to the 6-function, F(x) diverges at the neighbour sites,
hence explanations of the effect of close nearest neighbours in terms of
(3.24) are suspect. For these neighbours, the direct exchange between the
polarized 5d moments seems to be a more appropriate mechanism [28]. For more
distant neighbours one may expect (3.24) to give sensible results. There have
been many attempts to overcome the difficulties of the theory by modifying the
simple model in one way or another [29]. A recent discussion of the adequacy
of the RKKY theory in relation to the magnetic properties of rare earth intermetallics has been given by Buschow [30].
Another contribution from the neighbour spins, already mentioned in section
1.2.3, is the direct magnetic dipole field, which can be evaluated straightforwardly if one knows the crystal structure of the compound. The

magnitude of

this term rarely exceeds 1 T, and is zero for sites of cubic symmetry. In an
accurate determination of the polarization contribution, a correction due to
the dipole field should be taken into account.
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3.4

Charge density
It is known experimentally that, in general, the isomer shift in the

ordered phase is not noticeably different from that in the paramagnetic phase.
This shows that the charge density at the nucleus can be sufficiently well
explained without spin polarization. Thus, we can write

p(0) = p. (0) + p (0)
ion
ce

(3.26)

with
n

p
Ce

(0) = 2

2
t |*. (0) |
1
i=l

(3.27)

where i runs over the occupied conduction electron wave functions. The factor 2
takes account of the filling of each orbital state with 2 electrons according
to the Pauli principle. Although we have made the core-conduction electron
separation, the question still remians as to what extent the screening effect
of the conduction electrons influences the core electron charge density. In 3d
transition metals, for instance, it is known that the outer core electrons are
strongly screened by the d electrons which take part in chemical bonding.
Therefore, any change in population of the d electrons has an important
effect on the core contribution. Comparing this situation with the role played
by the 4f electrons in the rare earth intermetallics, we see that for most
elements they form a stable shell, which does not take part in bonding processes, hence their shielding effect can be considered constant in most cases. The
5d-like and, to a lesser extent, also the 6s-like conduction electrons also
screen the core electrons. Since the maximum of their radial charge density is
outside the core region, the influence is expected to be much less compared to
the effect in the transition metals. In fact, there is ample evidence that it
is a good approximation to consider the core contribution as constant , at
least for rare earths with tripositive ions. Eu may form an exception in this
respect. An extensive study of the isomer shifts of rare earth compounds by
Cashion et al. [31] has shown that the isomer shifts of different Mössbauer
isotopes measured in similar compounds display

a linear proportionality

quite well. From their correlation plots they conclude that the isomer shift
of the trifluoride gives a good representation of the core contribution in
covalent compounds as well as metals with a tripositive core. In Eu metal, the
core charge is 2+, and Cashion et al. find a significant deviation of the
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isomer shift of this core from that of EuF_. This may be due to the instability
2+
of the 4f shell in Eu . Since the screening effect of the 4f.shell is strong,
promotion of a small fraction of 4f electrons to the conduction band can yield
a substantial increase of the

Eu isomer shift. As the 4f levels of Eu

are

rather close to the Fermi level [32], such a mechanism does not seem unlikely.
In a few cases, the contribution of the conduction electrons is calculated
theoretically from band wave functions. Corrections for the core distortion
turned out to be negligible [33,34].
In the next section we give the basic ideas of an empirical theory due to
Miedema and Van der Woude [35], which accounts for the isomer shift in intermetallic compounds. A band theoretical description of p

(0) is postponed to

chapter 5.

3.4.1 Miedema 's model
In the past few years, Miedema and co-workers have developed a view on
alloys which was highly successful in explaining heat effects occurring in
alloy formation [36]. In particular the heat of formation of intermetallic
compounds was well accounted for. As the theory deals with electronic rearrangement processes, it has recently become clear [35], that also the study
of Mössbauer isomer shifts can benefit from Miedema's model. The basic assumption is that many considerations that apply to the situation when two macroscopic pieces of metal are brought into contact remain valid for suitably defined "atoms in the metallic state". An alloy or intermetallic compound is
thought to be built up of atomic cells, the electron density being kept unchanged as the cell is removed from the pure metal. Energy considerations
are made in terms of contact interactions that take place at the interface
between dissimilar atoms.
There are two important terms, with opposite sign, that determine the
energy effects. The first one results from the equalization of the chemical
potential in the alloy. This leads to a net charge transfer between the two
metals. Charge will flow to places of lower potential energy, until the resulting dipole layer compensates the potential difference. The potential difference is expressed in terms of the difference, A$ , of two quantities, denoted
*
*
*
by $ and <J> and pertaining to the metals A and B. Thus, the $ parameters
A

13

determine the charge transfer, and can be considered as representing electronegativities. By this process, the energy of the system is lowered.
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A positive contribution comes from the elimination of the charge density
difference, An

, at the interface. In the first instance, the charge density

at the cell boundary, n

, corresponds to that in the pure metal. For metals A

and B, n
and n
will differ. Since, in the alloy, the charge density is conws
ws
tinuous, the charge density within each cell is changed such as to make the
mismatch at the interface vanish, which requires energy. Two mechanisms have
been proposed by which the elimination of the density mismatch takes place. In
the first mechanism, suggested by Alonso and Girifalco [37], the cell with the
larger density expands and the cell with the lower density shrinks, until the
densities at the interface are equal. The total number of electrons in each
cell is kept constant. Recently it was shown [35,38] that this procedure leads
to inconsistencies, and that accordingly, the process of equalizing n
of
WS
dissimilar nearest neighbour atomic cells cannot be simulated by a volume
change of cells prepared from the pure metals. Another mechanism for equalizing
n

values is that of changing the electronic configuration of the conduction

electrons. For instance, in transition metals and rare earths, the density of
d electrons at the cell boundary is smaller than the density of s electrons.
By changing the population of the s- and d-like conduction electrons within
the cell, the density at the boundary will change. This also leads to a positive contribution to the energy, and volume effects can be neglected. This mechanism seems to be in agreement with recent results of self-consistent band
calculations, and was successfully used by Van der Woude and Miedema for the
interpretation of isomer shifts in transition metal alloys [35,38].
In an intermetallic compound AB , sufficiently rich in the metal B, so
that A atoms are surrounded by B atoms only, the heat of formation can be expressed in the model described above as [36]
* 2
1/3 o
AH = -P O (A* ) + Q o <An w ^ r - R

,

(3.28)

where P , Q Q , and R are positive constants. Analogous to this formula. Miedema
and Van der Woude postulated the following simple expression [35] for the isomer
shift of isotope A in the compound AB , 6 , in the limit of large n

C

"P' ' V V

+

O' (nws-nws)/nws + Rl •

<3'29>

P', Q' and R' are constants similar to those in (3.28), to be determined
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empirically. The first term represents the charge transfer mechanism, the
second term takes account of the repopulation effects, and the third parameter
is non-zero only if metals are involved with conduction electrons having substantial p character. Considering

Fe isomer shifts, the success of such a for-

mula was demonstrated by Van der Woude [39].
For intermetallics not dilute in the Mössbauer atoms, it is assumed that
the isomer shifts scale linearly wi-h the coordination fraction, fg, as

«* =

(3.30)

<

The coordination fraction is an important quantity, which represents the
contact area of the A atom with B atoms. In the macroscopic atom model the
interface determines the physical properties, therefore the contact area
determines to what extent the above described mechanisms can be active. The
behaviour of the coordination fraction as a function of the surface concentration, C S , of the metal B is shown in figure 3.4. It is an empirical re5
lationship obtained from heat of formation results [40] .
This relation is plausible in view of the consideration that in ordered compounds

0.2

0.4

0.6

0.6

Fig. S.4 The coordination fraction, f%>of A-atoms surrounded by B-atoms, as
a function of the surface concentration, C?, of B-atoms (drawn line).
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the contact area between dissimilar atoms will be larger than the statistical
value in random alloys, related to C"!. The curve in fig. 3.4 can be approxio

mated by
f

B

= C

B(1

+ 8(C

ACB)2)

(3

'

'31)

A
It can be seen that f stays close to unity up to concentrations of 30 at.% of
A
s
A. In solid solutions, f is equal to C , which is defined by
B
B

c v2/3
•
C

and C

are the atomic fractions of metalsA and B. V

sponding molar volumes. If V

and V

are the corre-

is greater than V , the surface concentration

C

expresses that an A atom has a greater contact area with B-atoms than would
B
have been obtained with the atomic fraction C_. It is clear from (3.32) that
B
for V.=VTJ we have C_ = C_.
AD
B
B
A remark has to be made concerning the systems to which the formulas
summarized above apply. When dealing with dilute solid solutions, relation
;'.,
1

(3.29) can not be used directly, as in this case

the volume difference between

host and solute atoms introduces internal strain into the crystal. The experimentally observed isomer shifts have to be corrected first for the elastic
volume mismatch, before (3.29) can be employed. In ordered compounds, the free
energy is lowered by the optimal choice of the number and configuration of
dissimilar neighbours, and no

elastic energy effects due to size mismatch

occur.
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CHAPTER

4

MEASUREMENTS ON GADOLINIUM INTERMETALLIC COMPOUNDS
4.1

Introduction
The study of charge transfer effects accompanying the formation of alloys

is an interesting subject. The details of the mechanisms involved are still
controversial, and are the subject of several current investigations. On the
theoretical side this is related to the circumstance that a reliable determination of the charge density in alloys is rather involved. From an experimental point of view the interpretation of the results of the measurements in
terms of charge transfer effects is hampered by a paucity of adequate models
which relate the data to the electronic structure of alloys. Among the techniques used to measure charge transfer effects the Mössbauer effect is a well
known and powerful method.
In order to elucidate the underlying principles of the charge transfer
a systematic study of isomer shifts is almost indispensible. In this respect
it appears that (as far as metallic systems are concerned) up till now only
for certain transition metals (notably Fe and Au) there is enough experimental
information available, making a systematic study feasible. Charge transfer in
rare earth alloys has been much less extensively investigated, although the
rare earths have several advantages, in particular the core contribution to
the isomer shift is less sensitive to rearrangements of the valence electrons
than is the case in 3d transition metals. This facilitates the interpretation
of the results. In the present work we chose the Mössbauer effect of

Gd,

because gadolinium has a stable 3+ core and a half-filled 4f shell, with
the advantage of the absence of complicating effects like varying valences
or intermediate valence phenomena and crystal field effects.
In several of the previous investigations concerning dilute alloys of
transition metals, the Mössbauer atoms were studied as radioactive impurities
in transition metal hosts which served as sources in transmission experiments[l].
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This means that for each alloy a new source has to be prepared, which concomitantly requires the facilities to handle radioactive samples. In particular
when many samples are to be measured this approach is less convenient for Gd
spectroscopy since rather strong sources are needed to obtain good statistics
in the spectra. Furthermore, compared to intermetallic compounds, the local
environment of the Mössbauer atom is less well defined for implanted atoms
in dilute alloys. Also volume corrections to the measured isomer shift have
to be considered since the impurity atoms are squeezed in the host lattice,
which introduces local strain effects in the crystal.
For intermetallic compounds one does not have these complicating factors.
Most of these compounds, however, are not dilute in the Mössbauer element,
which has to be considered as a disadvantage, since the charge transfer
effects appear to be largest in dilute alloys [2].
In the present chapter we have investigated a representative class of
binary compounds. Since the transition metal atoms may carry magnetic moments,
one usually distinguishes rare earth transition metal systems from rare earth
non-transition metal systems, as far as their magnetic behaviour is concerned. Accordingly, we shall divide the measured compounds in these two
classes. This distinction is also useful when discussing the Gd isomer shifts
and hyperfine fields.
After a description of the compounds and the analysis of the measured
spectra in section 4.2 the isomer shifts and hyperfine fields will be discussed in section 4.3 and 4.4. We shall not discuss the magnetic properties
and crystal structures in detail, since comprehensive review papers have
appeared on this subject. We refer, in particular to Buschow [3,4,5] and
volume 2 of the "Handbook on the Physics and Chemistry of Rare Earths" [6],
and references in these works.

4.2

Experimental results and analysis
For each compound spectra have been taken at various temperatures. A meas-

urement at 4.2 K was always made, while spectra at higher temperatures were
also taken, preferrably above the ordering temperature. This was only feasible
when the ordering temperature was below approximately 50 K, since the Mössbauer
fraction above this temperature becomes too small to obtain an acceptable
signal to noise ratio within a reasonable time.
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Pure Gd serves as a reference material. The hexagonal close-packed metal
orders ferromagnetically at 293 K {vol. 1 of [6]). A spectrum taken at 4.2 K
is shown in fig. 4.1. The full line through the data points is the result of
a computer fit with two subspectra, a spectrum with 12 lines and a doublet
originating from a T-15% Gd O. contamination. Actually the spectrum of Gd O_
consists of two doublets [7J, but inclusion of a second doublet neither
improved the fit, nor altered the hyperfine parameters of the metal spectrum.
The isomer shift of the doublet is 0.55 mm/s, the splitting between the lines
is 2.1 mm/s and the line width 1.75 mm/s. The subspectrum with 12 lines represents the metal and shows a magnetic splitting together with a quadrupole
interaction, which could be handled with first order perturbation theory (see
section 1.3.4). The hyperfine field and isomer shift are included in table 4.1.
The quadrupole splitting of the ground state was determined using eq.(1.26).
Due to the hexagonal symmetry we can take n=0, which gives
,3cos 9-1,
(
>

(4.1)

The direction of H. , coincides with the direction of the magnetic moment,
hi
which a t 4.2 K is found (vol. 1 of ref [6]) to make an angle o f 30° with the
V/cm , which is in
c-axis. Using Q from table 1.1, this yields V = 1.1x10
~"
zz
good agreement with previous estimates [ 7 ] .

1

100 -

1

flll'l

A 1
Gd

!99-

metal

4.2 K

\ A

/V

f1

98
1

I

-4

I

1

I

-2

o

1

k

1

2

VELOCITY

Fig. 4.1

Mo'ssbauer spectrum of Gd metal at 4.2 K. The curve through the

data points represents a computer fit with two subspectra. The positions and
intensities of the individual lines are indicated by the positions and lengths,
of the vertical lines.
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Table 4.1
Hyperfine parameters obtained at 4.2 K on Gd non-transition metals.
The isomer shift is given with respect to SmPd,.
)

6 (nun/s)

QS(AeJ

0.17(5)

zz

e

(10 17 v/cm 2 )

.

(degrees)
32P)

1.1(4)

r
(nun/s)
0.73

Gd
GdMg 2

0.00(1)
0.28(1)

33.0(1.0)
24.3(0.5)

0. 30(10)
-

GdMg 3

0.46(3)

11.0(2.0)

-

0.92

Gd 5 Mg 2 4

0.40(2)

18.0(0.5)

-

0.80

GdZn

0.26(1)

41.0(0.3)

-

0.67

GdZn 2

0.37(2)

28.5(0.5)

-1 .68(3)

Gd

0.62(1)

25.0(0.3)

-

-0.06(6)

0.65 d)
d)
0.72

0.63(1)

28.6(0.3)

-

0.14(1)

0.60'

0.35(5)

20.4(2.0)

1. 54(3)

5.6(1)

-1.49

52

0.70

GdAl

0.33(1)

18.5(0.3)

2. 12(1)

7.68(4)

-0.58(2)

63(5)

0.75

Gd in

0.02(5)
0.50(5)

20.0(1.0)
20.0(1.0)

-

0.80

0.53(5)

22.0(3.0)

-

1.00

Gdln 3

0.60(1)

23.7(0.5)

-

0.62

GdSn

0.58(2)

22.1(0.5)

-

0.67

GdPb,

0.56(1)

23.0(1.0)

2Zni7

GdZn

i2
Gd 3 Al 2

c :)

2

Gd 2 ln 3

C :)

0.75

6.1(1)

a) Quadrupole splitting of groundstate in first order perturbation theory.
b) This value is kept fixed in the analysis.
c) These values have to be considered as an estimate.
d) These compounds are measured with source I, the others with source II.

1.0(1)

0(5)

d)

•d)

0.80

0.72

d)
d)

4.2.1 Rare earth non-transition metal systems
The results obtained on the measured compounds, formed by combining Gd
with Zn, In, Al, Pb, Sn and Mg, are compiled in table 4.1. We shall successively discuss the data in these systems.
Gd-Zn compounds

Four compounds have been investigated. GdZn becomes ferro-

magnetically ordered below T =268 K. The crystal structure is simple cubic
(CsCl-type, see fig. 4.2). A spectrum, taken at 4.2 K and shown in fig. 4.3,
shows one of the largest magnetic splittings obtained for Gd compounds. The
value of ft is in good agreement with that derived earlier by means of
NMR [8].
GdZn

is orthorhombic (CeCu.-type) and orders antiferromagnetically at

T =68 K. The shape of the spectrum, shown in fig. 4.4, results from a relatively large quadrupole splitting, requiring diagonalization of the full hyper-

Fig1. 4.2 The CsCl structure. Open
•circles: Cs, filled circles: Cl.

VtLMITY

Fig. 4.3 Mb'ssbauer spectrum of GdZn.
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fine hamiltonian in the fitting procedure. In principle 24 lines may appear.
In most cases the intensity of several of them is negligible.
The compound Gd-Znj

has arhombohedral structure (Th Zn.-type) and

orders antiferroznagnetically at T =10 K. The spectra obtained at temperatures
above and below T

are shown in fig. 4.5. In the spectrum at 4.2 K a small

quadrupole splitting, can be discerned, which can be handled with perturbation
theory. Above T

one finds (fig. 4.5) an unresolved quadrupole structure,

which cannot be fitted with a single line. Instead we used the two main quadrupole components (see fig. 1.5), each represented by one single line with
different line widths, but equal areas (see section 1.3.3).
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A similar situation exists in GdZn..

which has a body centered tetragonal

structure of the ThMn-.-type, shown in fig. 4.6. The compound orders antiferromagnetically at T

a= 16 K. The hyperfine parameters do not differ much

from those of Gd Zn.. . Spectra are shown in fig. 4.7.

Fig. 4.6

Fig. 4.7
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The ThMn79

structure. Open circles: Th, filled circles: Mn.

Mössbauer speotra of

at 20 K and 4.2 K.

Fig. 4.8

Mössbauer

spectrum of Gd„In.

VELOCITY

Gd-In compounds

IM/sl

Gd In has a hexagonal structure (Ni_In-type). At 4.2 K the

compound is magnetically ordered and shows an unresolved splitting. A fit
with one pure magnetically split subspectrum is possible. The linewidth that
we obtained was 1.16 mm/s, which is rather large. The crystal structure indicates two inequivalent crystallographic sites for the Gd atoms, which suggests
the use of two subspectra. Since there was no evidence for a distribution of
hyperfine fields a fit with two subspectra was made (shown in fig. 4.8), keeping the hyperfine fields equal for both sites. The parameters pertaining to
this fit are given in table 4.1. The hyperfine field (20 T) did not differ
much from the value obtained from the fit with a single subspectrum (18.5 T ) .
Obviously, these parameters are not without ambiguity, especially because
quadrupole effects have been neglected.

Fig. 4.9

The AuCu, structure. Open

circles: Au, filled circles: Cu.
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Fig. 4.10
Mössbauev
spectrum of Gdln„.
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The crystal structure and magnetic properties of Gd In

are not yet known,

while the shape of the spectrum is similar to that of Gd In. An approximate
fit with one subspectrum was made, resulting in a large line width. The values
for this compound listed in table 4.1 have to be considered as estimates.
The compound Gdln 3 has the simple cubic AuCu,-type structure, shown in
fig.

4.9 and becomes magnetically ordered at T =42-48 K. The spectrum shown

in fig. 4.10 is fitted with one subspectrum, without quadrupole interaction.
Gd-Al compounds

Two compounds were measured. GdAl is orthorhombic (DyAl-type)

and orders antiferromagnetically at T =42 K. The spectrum in fig. 4.11 shows
two major components indicating a large quadrupole splitting. One subspectrum
can fit the measured results, although the fit is not perfect in the regions
close to 2 mm/s and -0.5 mm/s.
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Gd Al. has a complicated crystal structure (tetragonal of the Zr.Al-type), with three inequivalent sites for the Gd atoms [9]. The compound orders
magnetically at Tc=275-290 K. A fit with one subspectrum is shown in fig. 4.12.
Attempts to include more subspectra gave no improvement. The values listed in
table 4.1 for this compound have to be considered as estimates of the average
of three subspectra.
Gd-Pb and GdSn
GdPb

compounds

Each system is represented by one compound, i.e.

and GdSn,, both having the AuCu. structure (fig. 4.9). The spectra are

similar to the one measured on Gdln 3 , as are the magnetic properties and hyperfine parameters. The spectrum of GdSn, is shown in fig. 4.13.

Fig. 4.13
Mössbauer
spectrum of GdSn,.
vtLOCirr (••/•)
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Gd-Mg compounds

GdMg_ has the cubic Laves phase structure of the MgC^-type,

shown in fig. 4.14a.The Bravais lattice is face centered cubic. The compound
orders ferromagnetically at T =100 K. No quadrupole interaction was observed.
The spectrum is shown in fig. 4.14b.
Two other compounds were measured, i.e. GdMg, and Gd,.Mg

. GdMg 3 shows

a very broad spectrum (fig. 4.15) below as well as above the Néel temperature
of 16 K. The shoulders seem too broad to be entirely attributable to a subspectrum of Gd 0,. It is not unlikely that disorder in the lattice (which is
of the cubic Fe.Al-type) and deviations from stochiometry also contribute to the
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98
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Fig. 4.14

a: The MgCuj-type Laves phase structure. Open circles: Mg, filled

circles: Cu. b: Mössbauer spectrum of GdMg„.
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intensity in the wings, since the magnetic properties are rather sensitive to
changes in composition f10]. Moreover, there is evidence of short range order
above T

[10], which may lead to relaxation effects. The analysis with a broad

single line and a magnetically split central peak yields a rather small hyperfine field at 4.2 K.
The crystallographic and magnetic properties of GdJAg . are incompletely
known. A fit with one magnetically split subspectrum to the data at 4.2 K is
shown in fig. 4.16. Some line broadening due to a distribution of hyperfine
fields had to be included.

vtiocm I»/>I

Fig. 4.15

Fig. 4.16
speatrum of

Mössbauer spectra of GdMg- at 20 K and 4.2 K.

Mössbauer
Gd^Mg^.
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4.2.2

Rare earth Sd metal systems

For compounds measured in the Gd-Cu, Gd-Ni and Gd-Mn series, the results
obtained at 4.2 K are compiled in table 4.2.

Table 4.2
Hyperfine parameters obtained at 4.2 K on Gd Sd metal systems. The isomev
shift is given with respect to SmPd,.
ZZ

..

6(mm/s)

|H hf (T,|

0.04(1)
0.11(2)

14.5(1.0)
19.2(1.0)

0.20(1)

17.5(0.5)

GdCu e

0.28(2)

27.5(0.7)

GdCu,

0.29(1)

28.3(0.5)

0.07(2)

28.0(1.0)

0.06(1)

22.6(0.5)

0.20(2)

30.0(1.5)

GdCu

GdNi

"

•

*

(mm/s)

ZZ

_

+0.96(12)
-0.66(6)
-1.62(6}
1.26(6)
1.44(6)
0.66(6)
-1.80(12)

H

_

+3.5(4)
-2.4(2)
-5.9(2)
4.6(2)
5.2(2)
2.4(2)
-6.5(4)

e

n

(10 17 V/cm 2 )

-

0 .5-1.0
0.4
0
0
0
0
0

(degrees)
-

90(20)

r

(mm/s)
0.7-0.9
0.70

-

0.75

49(3)
175(10)

0.75

60(3)
11(3)
67(8)

0.75

0.90

0.75
0.75

a) Upper values correspond to the fit shown in fig. 4.17a, the lower ones
correspond to fig. 4.17b.

Gd-Cu compounds

GdCu is a somewhat "pathological" case. The compound is

formed in the cubic CsCl structure at room temperature and at 250 K undergoes
a crystallographic phase transition to a non-cubic phase, probably of an
orthorhombic FeB-like type [11]. The transition is accompanied by lattice disorder and shows hysteresis effects over a large temperature region. Also strain
and surface effects play a role. The crystallographic nature at low temperatures
therefore depends strongly on the preparation and thermal history of the sample.
A spectrum obtained on GdCu, which was crushed into powder at room temperature, is shown in fig. 4.17a. It could be fitted with a purely magnetic splitting, including inhomogeneous line broadening, which is due to the crushing
process. Van Dongen et al. [12] studied the formation of the non-cubic structure
when the sample was crushed under liquid nitrogen. A spectrum corresponding to
this treatment is shown in fig. 4.17b. Two shoulders at -1.5 mm/s and +1.5 mm/s
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into powder at room temperature (a), and under liquid nitrogen (b).

are visible, and a fit with one purely magnetically split spectrum is not
feasible. The fit shown in fig. 4.17b represents one subspectrum including
quadrupole interaction and gives a larger isomer shift than obtained from
fig. 4.17a. Notice that in spite of the quadrupole splitting, the spectrum is
quite symmetric. It is likely that the first spectrum which is similar to the
spectrum obtained by Ross and Sigalas [13], is dominated by the CsCl structure.
In the second spectrum probably both phases are present, the non-cubic phase
being predominant.
In fig. 4.18 two spectra of GdCu_ are shown. Due to the smaller hyperfine
field (11.8 + 0.5 T) the spectrum at 30 K shows a more pronounced asymmetry
compared to the spectrum taken at 4.2 K. The compound orders antiferromagnetically at 41 K and has the orthorhombic CeCu 2 structure.
At 4.2 K we measured on GdCu,. the spectrum shown in fig. 4.19a. The hyperfine parameters listed in table 4.2 are in good agreement with those of Seh et
al. [14]. The crystal structure at 4.2 K is supposedly of the hexagonal
CaCu,_-type (shown in fig. 4.20). Buschow [4] reports a Neel temperature of
25 K. At 30 K, however, we found a spectrum (shown in fig. 4.19b), that was
totally different from the one at 4.2 K, but still indicating strong magnetic
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order. The guadrupole splitting had almost disappeared and the hyperfine field
had increased from 27.5 T to 40.0 T. Spectra taken in the intermediate range
are shown in fig. 4.19c and indicate a gradual change in phase. No hysteresis
effects could be observed. Between 14 K and 25 K the low- and high-temperature
phases coexist. The fraction low-temperature phase is plotted in fig. 4.21,
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Fig. 4.18 Mössbauer spectra of GdCu*.
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Fig. 4.20 The CaCu^ structure. Open circles: Ca, filled circles: Cu.
together with the variation in hyperfine field. The isomer shift of the two
phases are the same within experimental error. Within each phase also the quadrupole interaction is found to be constant. The phase transition is presumably
of crystallographic nature. The high temperature phase (T.30.0 K) may resemble
the cubic AuBe^-type structure since in the middle of the rare earth series
the structure reported for the RCu_ compounds changes from CaCu^-type to
AuBe 5 ~type, GdCu 5 being a borderline case [4J.

50 •

30

Fig. 4.21

Temperature dependence of the two hyperfine fields in GdCuc (a),
o

and the fraction of the low temperature phase (b).
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The magnetic properties and crystal structure of GdCu ? are not known. A
good fit to the data shown in fig. 4.22 could be obtained with a relatively
large line width.

Fig. 4.22 Mössbauer
spectrum of

Gd-Ni and Gd-Mn compounds

The compounds measured in the Gd-Ni series are

Gd-Ni and GdNi. Both have an orthorhombic structure. Gd 3 Ni is of the Fe C-type
and GdNi of the CrB-type. Gd-Ni is an antiferromagnet with T =100 K, while
GdNi is a ferromagnet with T =72 K. With one subspectrum good fits to the data
were obtained as shown in fig. 4.23.
(fig.

GdMn

has the ThMn., -type structure

4.6). The spectrum is shown in fig. 4.23.
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Fig. 4.23 Mössbauer spectra
obtained on GdJIi, GdNi and
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4.3 The isomer shift
For ease of survey the measured isomer shifts and hyperfine fields have
been compiled in table 4.3, together with values reported earlier in the
literature. The isomer shifts are given relative to our SmPd- sources. Since
we found the isomer shift of Gd metal to be zero within experimental accuracy,
the values in table 4.3 can also be regarded as being given relative to Gd
metal.

4.5.1

The dilute limit

Adapting the model of Miedema and Van der Woude [15] to the

Gd isomer

shift in compounds where Gd is combined with a second metal M, one finds for
eq.(3.29)

it

'it

We recall that $ , A
H

Gu

CZf\

M

and n

, n

WS

represent the electro-negativities and
WS

electron densities at the Wigner-Seitz cell boundaries of the appropriate pure
metals (cf. section 3.4.1). 6„,

represents the

Gd isomer shift (relative

Ga

to Gd metal) in an unstrained dilute system, where each Gd atom is surrounded
by M atoms only. Within a given class of related materials such as Gd compounds,
the quantities P 1 , Q' and R' can be regarded as constants.
In deriving the first term of eq.(4.2) it is assumed that there exists a
linear relationship between the variation in the number of electrons (s and d
combined) per Gd atom and the decrease in the s electron density at the Gd
nucleus. Also, it is assumed that the charge transfer relative to pure Gd metal,
for a given Gd atom exclusively surrounded by dissimilar neighbours, is pro*
*
portional to the electronegativity difference * - $ ,, where the electronega*
M
Gd
tivity $_.
(equal to 3.20 V) is smaller than that of the M component. Values
Gd
*
of $ corresponding to the various Gd-M compounds investigated are listed in
M
table 4.4
The sign of the coefficient Q' follows from the notion that the electron
density mismatch in transition metal alloys is removed by means of intra-atomic
d+s electron transfer. For our purposes Gd can be regarded as a transition
metal. Since the s electrons reside predominantly in the outside regions of the
atomic cell, conversion of d-type electrons into s-type implies an increase
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Table 4.3
Isomer shifts with respect to SmPd?, and hyperfine fields for various Gd
intermetallia compounds. Signs without parentheses have been measured. The
other signs are explained in the text.
6(mm/s)
Gd
GdZn
GdZn2
Gd2Zni7
GdZn22
Gd3Al2
GdAl
GdAl 2
GdAl 3
Gd2ln
Gd2ln3
Gdln3
GdPb3
GdMg2
GdMg3
GdsMg24
GdMn2
Gd6Mn23
GdMn12
GdFe2
GdFe3
Gd2Fei7
GdCo2
GdCo3
GdCo5
Gd2Coi7
Gd3Ni
GdNi
GdNi 2
GdNi 3
GdNi 5
Gd2Ni17
b)
GdCu
GdCu2

GdCus
GdCU7

0.00(1)
0.26(1)
0.37(2)
0.62(1)
0.63(1)
0.35(5)
0.33(1)
0.44(1)
0.52(1)
0.02(5)
^.50(5)
0.53(5)
0.60(1)
0.58(2)
0.56(1)
0.28(1)
0.46(3,
0.40(2)
0.101(10)
0.134(10)
0.20(2)
0.061(10)
0.256(10)
l
0.061(10)
0.26(1)
0.037(10)
0.064(10)
t
0.216(10)
0.24(1)
0.24(1)
0.07(2)
0.06(1)
0.002(10)
0.202(10,
*0.055(10)
0.27(1)
0.24(1)
0.28(1)
,0.04(1)
0.11(2)
0.20(1)
0.28(2)
0.29(1)

H hf (T)
-33.0(1.0)
-41.0(0.3)
(-)28.5(0.5)
(-)25.0(0.3)
(-)28.6(0.3)
(-)20.4(2.0)
{-,18.5(0.3)
-20.5(2.0)
(-,22.5(2.0)
20.0(1.0)
( M
~ 20.0(1.0)
(-)22.0(3.0)
(-)23.7(0.5)
(-)22.1(0.5)
(-)23.0(1.0)
-24.3(0.5)
(-)ll.0(2.0)
(-)18.0(0.5)
(-,10.1(0.1)
(+)29.1(0.5)
(+,30.0(15)
+43.48(0.06)
22.4(0.2)
1 M
39.9(0.1)
+21.0(1.0)
+3.5(0.3)
11.7(0.4,
1
"4.7(0.3,
(+,5.0(1.0)
(+)7.0(1.0)
(-,28.0(1.0,
-22.6(0.5)
-12.0(0.5,
13.8(0.2,
l U
~ 8.0(0.3)
-25.2(0.5)
(-)27.0(2.0)
(-)ll.5(2.0)
14.5(1.0)
19.2(1.0)
(-)17.5(0.5)
-27.5(0.7)
(-)28.3(0.5,

reference
a
a
a
a
a

a
a
7
7
a
a
a
a

a
a
a
a
39
39
a
39
39
38
39
39
38
38

a
a
39
39
38
38
a

a
a
a

a) Present work
b) Upper values correspond to the fit shown in fig. 4.17a, the lower
ones correspond to fig. 4.17b.
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in n

M
n

. When alloying Gd with other metals an increase in n

ws

w

will occur since

§d

, listed for other metals in table 4.4, is greater than n

= 1.77. It can

be argued that these considerations imply that P' and Q' will be of opposite
sign. If M is not a transition metal, the expression for 6 , contains a third
Gd
contribution R'. This third contribution is associated with the hybridization
of the 5d band with the s,p band of the M component [15].
We will now try to estimate the relative strength of the three contributions to the isomer shift (eq. 4.2) in the Gd compounds investigated. In
order to obtain the infinite dilute limit 6 m * X , we have plotted the isomer
Gd
shift values in the various compounds Gd
M versus the corresponding coordi_,
l—x x
nation fractions f , defined in section 3.4.1.
Gd
Results of isomer shift versus f
plots for M = Al, In and Cu are shown
M
in fig. 4.24. In all these cases the plots are linear, as expected on the basis
of eq.(3.3O). The values of {
found by extrapolation to f =1 are listed in
Gd
H
table 4.4. The Gd-Zn and Gd-Mg compounds shown in fig. 4.24 deviate from linear
Gd
behaviour. For the Gd-Zn compounds an unambigous extrapolation to f =1 is
M
still possible, since the two compounds Gd Zn
and GdZn
are very close to
the dilute limit. A reasonable estimate offiJUf34for the Gd-Mg compound? can be
Gd
obtained by extrapolation of the average isomer shift of GdMg and Gd^Mg
to

. Gd
06

• Gd

-Cu
-Zn

b

"

A

X.

/

s
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*

Fig. 4.24
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Isomer shift &„, versus

for a) M=Al, In, b) for M-Zn, Cu,
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Table 4.4
Or

Electronegativities ($ ) and electron densities at the atomic cell boundaries
(n ) for various M metals, as obtained in the model of Miedema et at. [15].
ws
For a definition of P', Q' and R' term contributions to the isomer shift in
the dilute limit 6_,

see text.

An
Gd M.
x 1-x

ws

n

R1

.max
Gd

.max
«Gd

6

ws

M=Mn

4.45

4.17

0.34

-0.15

0.19

0.20

Fe

4.93

5.54

0.47

-0.23

0.24

0.26

Co

5.10

5.36

0.51

-0.22

0.29

0.25

Ni

5.20

5.35

0.54

-0.22

0.32

0.29

Cu

4.55

3.18

0.36

-0.09

0.27

0.29

M=A1

4.20

2.69

0.27

-0.06

0.34

0.55

0.55

In

3.90

1.60

0.19

+0.01

0.43

0.63

0.63

0.43

0.64

0.64
0.60

Zn

4.10

2.30

0.24

-0.03

Sn

4.15

1.91

0.26

-0.01

0.35

0.60

Pb

4.10

1.52

0.24

+0.02

0.32

0.58

0.58

Mg

3.45

1.60

0.07

+0.01

0.34

0.42

0.42

•Gd-Mn
*Gd-Fe

•

-

03

A

Gd- C o
Gd- Ni

h

b

-

02 •o

01

->*
i

—i—

02

01

06

08
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M

/1J

Fig. 4.25

Isomer shift 6-, versus / ^

for a) M=Mn, Fe and b) Co, Ni. The

dashed lines represent the linear relation expressed by eq. (3.30). The solid
lines are guides to the eye.
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ff d =l. The s|ü*x values thus obtained are listed in table 4.4. For GdSn, and GdPb,
M
Gd
3
3
Gd
the coordination fractions are close t.o f.. =1 and the extrapolated values of
s

„j
GQ

M
have also baen included in table 4.4.

The isomer shifts for compounds in which Gd is combined with a 3d metal
are depicted in fig. 4.25. It is
these
compounds
do not
to
As
will
be discussed
ingive
more rise
detail
6„, seen
and that
f„
Gu
M
a lineartherelationship
betweenof6 theand
f
below,
crystal structure
compounds
RM (C15-MgCu -type), and to some
extent also that of the compounds RM- (PuNi--type), behave extraordinarily with
respect to the d electron charge flow associated with the hybridization of
the 5d and 3d bands. An additional negative contribution to the isomer shift is
present here. Consequently, the strong rise of 6_, with f„ occurring in the
Gd
range f, >0.6 is due to crystallographic complication, making the slope of the
M
Gd
curves too steep for extrapolation to f =1. Guided by the results obtained
N
on the previous compounds, we have estimated 6 '

by drawing a line through

the origin (pure Gd metal) and the isrner shift value of the compound richest
in M (Gd P e 1 7 and GdMn 12 ) or the average isomer shift value corresponding
to the two compounds richest in M (GdCo5, Gd Co

and GdNi., Gd-Ni-..) . The

values obtained as the intercepts of these straight lines with the right hand
vertical axis are taken as a measure of 6„, . Fortunately the f
values of the
, Ga
M
M-rich compounds are rather close to f =1, so that the derived « , values
M
Gd
are rather insensitive to the extrapolation procedure. These values are included in table 4.4.
In the first five systems in table 4.4 (M=Cu,Ni,Co,Fe,Mn), the R'-term
in eq.(4.2) is absent. The corresponding 6 . values have been used to estimate P' and Q', following the procedure of Miedema and Van der Woude [15].
The calculated values of 6_. correspond to the empirical relation
*
Gd
(emp)
0.27 A<|> Gd- 0.11 An /n
+ R'
ws ws

(4.3)

Since P' and Q' are also expected to hold for alloys of Gd with non-transition
metals, the unknown R' values of the last six systems in table 4.4 (M=Al, In,
Zn, Sn, Pb, Mg) have been determined by matching eq.(4.3) to 6max
fi/, (exp). The
Gd

R' values are included in table 4.4.
If the assumption made by Miedema and Van der Woude [15] that an electro*
negativity difference A$ =1 corresponds to a charge transfer of 0.5 s electron
also holds for the present compounds, the results of our analysis expressed
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in eq.(4.3) mean that removal of one s electron from Gd atoms corresponds to
an isomer shift change of +0.54 mm/s. The values listed for P'A<)>

in table 4.4

therefore suggest that, in the dilute limit, the Gd atom transfers about one
s electron per Gd atom to the 3d atoms Ni, Co or Fe, and less than one s electron to Mn and Cu.
The d electrons are known to screen the s electrons from the nuclei, and
hence contribute with opposite sign to the isomer shift. On the assumption that
the removal of one 5d electron leads to an isozner shift change of approximately
-0.54 mm/s, the values listed for Q' An /n
in table 4.4 correspond to an
ws ws
intra-atomic d+s conversion of 0.2 electron per Gd in the case of M=Ni, Co, and
Fe and even less in the case of M=Cu or Mn.
It can furthermore be deduced from the results shown in table 4.4 that in
the compounds of Gd with metals of comparatively low electronegativity (M=A1,
In, Z n ) , charge transfer is less than in the 3d compounds, while intra-atomic
d+s conversion can be neglected. An important term here is the R' contribution.
As mentioned above, the R' term takes account of the effect of hybridization of
the 5d band with the s,p bands of the M component. One may visualize the effect
of the hybridization on the isomer shift as arising through a broadening of the
5d band [15] which, in the case of a nearly empty d shell, is accompanied by
an increased 5d character. This leads to a positive contribution to the isomer
shift. The origin of this effect will be discussed in more detail in chapter 5.
*
The $ and n
values of Gd and Mg are very similar, consequently the
WS
contribution of the charge transfer and density mismatch terms to & . is
Gu
rather small (being 0.07 mm/s, cf. table 4.4). In the dilute limit the isomer
shift is about 0.42 mm/s, leading to a contribution of the R'-term of 0.34 mm/s.
This value falls in the range of the values found for the p-metal systems,
which is surprising, since the hybridization of the p electrons with the 5d
band of Gd is expected to be less important in Gd-Mg compounds. The discussion
of the behaviour of Gd-Mg compounds will be pursued in the next section.
4.3.2 Intermetallio compounds
Since in Miedema's model the isomer shifts are expected to scale with
f , one may easily derive the relative contributions to 6
of the s and d
H
GQ
electrons in a given compound by multiplying the values of the three contributions, P', Q' and R', listed in table 4.4, with the appropriate f
value.
M
We mentioned already above that the compounds GdM. and GdM- (M=3d atom) do not
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behave according to these expectations (see fig. 4.25). This anomalous behaviour needs further discussion.
Without assuming a specific model to describe the isomer shift in the
present intermetallic compounds, the fact that the isomer shift in GdNi- is
virtually the same as the isomer shift in Gd metal should not be interpreted
as due to the absence of charge transfer. Such an interpretation would be in
conflict with the large volume contraction observed upon compound formation.
We have calculated the volume contraction for a selected number of compounds
by using the lattice constants listed in the reviews of Buschow [3,4]. The
results are shown in fig. 4.26. Here AV is the difference between the unit
cell volume V derived from the lattice constants and the volume V that would
m
have been obtained if the atoms in the unit cell had adopted their normal

0

0.2

O.V 0.6 0.8 1.0

Fig. 4.26 Concentration dependence of the relative volume contraction
LV/Vm (explained
(explained in the text) occurring in various series of intermetallic
compounds of Gd.

volume. It can be seen from the results shown in fig. 4.26 that the volume
contraction in GdNi

is substantially larger than for instance in GdAl,. The

latter compound is not found to exhibit an anomalously low 6 ^ value (see
fig. 4.24a). The alternative left therefore is an explanation whereby the s
electron charge transfer in GdNi. (increasing the isomer shift) is largely
compensated by intra-atomic d+s conversion (decreasing the isomer shift). The
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net result can be looked upon as charge transfer from Gd to Ni comprising
about equal parts of s and d electrons. The question as to why the d+s conversion (or the participation of d electron charge transfer) is larger in
GdNi„ than would correspond to the dilute limit is still open to discussion.
The experimental results, which have shown that there is no difference
in isomer shift between GdNi_ (GdCo_) and Gd metal, disagree with model calculations made by Watson and Bennett [1G]. For C15-type compounds like GdNi
(YNi.), Watson and Bennett assume the presence of d electron charge transfer
occurring in a direction (Ni+Gd) opposite to that of the s electron charge
transfer (Gd+Ni). Since both types of charge transfer are expected to lead
to a positive contribution to the isomer shift, the overall effect would be a
strong increase of <S

relative to Gd metal. This is clearly not observed.

Finally we note that the arguments presented above for explaining the
low value of the isomer shift in GdNi_ also hold, though to a lesser extent in
the cases of GdCo_ and GdFe_. The fact that the compounds GdNi,, GdCo, and
GdFe

also give rise to comparatively low values for the isomer shift (fig.

4.25) is understandable, since the value used for these compounds is a weighted
average of the contributions of the two crystallographically non-equivalent
Gd sites. One of these sites has a surrounding not much different from Gd in
the CIS-type structure of GdM ; the other site resembles closely the Gd site in
the CaCu -type structure of GdM

[17]. These features can also be seen by inspec-

tion of the isomer shift data in table 4.3.
As pointed out in the previous section the R' term of the Gd-Mg compounds
is larger than expected, leading to a comparatively too large 5 . value. Here
we have a situation opposite to that in GdNi,, where the isomer shift is comparatively too small. Indeed, the Gd-Mg compounds also behave anomalously in
a crystallographic sense, i.e. lattice contraction is virtually absent. The
lattice constant of GdMg_, which has the cubic Laves phase structure, for
instance,is 10% larger than that of GdAl_. The result of the relatively large
separation between the Gd atoms is a smaller overlap of the 5d atomic orbitals
and consequently a stronger localization of the 5d electrons, which would
lead to a more effective screening of the s electrons and hence to comparatively large isomer shifts for the Gd-Mg compounds. This interpretation is consistent with the magnetic behaviour of GdMg
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(see section 4.4.1, and ref. [42]).

4.4 The hyperfine field
In table 4.3 we have listed our measured hyperfine fields. Also included
are values reported earlier in the literature for other Gd compounds.
In the rare earth non-transition metal systems,the non-rare earth element
does not carry a magnetic moment, whereas in the rare earth 3d metal systems
the narrow 3d band is being filled, which creates the possibility of magnetic
moments on the transition metal atoms. The 3d moment has far-reaching consequences for the hyperfine field.

4.4.1 Rape earth non-transition metal systems
The sign of the hyperfine field was defined in section 3.2 to be positive
if it was parallel to the 4f magnetic moment. In a Mössbauer experiment it is
generally impossible to establish this sign without the application of an external magnetic field. The hyperfine fields of the rare earth non-transition
metal systems listed in table 4.3, however, are all believed to be negative for
the following reasons.
Using eq.(3.12), and H.
of H

= 25 T we have H

then H
H

+ H

= -33.2 T, one can show that for a typical value
= +58.2 T, if H._ is positive. If H

is negative,

>58.2 T. In the work of Dormann et al. [18,19,20] negative values of

are associated with a dominating Campbell-like 5d-5d interaction [21] and

high ordering temperatures (> 100 K ) . In the case that the interaction between
the 4f moments is mediated by s,p-like conduction electrons, the ordering
temperature is expected to be lower (< 100 K) and H

to be positive, its mag-

nitude not exceeding about 20 T. In the latter case we obtain,for H, _ * + 25 T,
nf
a value of about +38 T for the self-polarization field. These high values for
H sp are unrealistic. In those cases were Hn and Hsp have been measured [19,20,
lit
22,23], the values of H

were found to be positive and below about 20 T. In

fact, in most cases its magnitude is found to be fairly moderate, ranging
from 5 T to 10 T. The assumption H ,<0 leads to values of H

of the right

order of magnitude.
Compounds which are dilute in the rare earth will have low ordering
temperatures. In these cases, one expects H
tains moderate positive values for H

to be small. Then also, one ob-

if H._ is assumed to be negative. As

an example one has GdZn 12 - Assuming H. = -28.6 T and H
H

* 0, we find

i

a= +4.6 T.

'
it

sp

' 1
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The magnitude of the hyperfine fields listed in table 4.3 are of the same
order of magnitude as those obtained on Eu intermetallics [24,25]. Also for
this rare earth, H.- was found to be negative, with a H

contribution ranging

from +5 T to +10 T. This indicates that the interactions are very similar to
those in the Gd compounds. The moderate values of H

can be explained as a

result of the partial cancellation of the 5d and 6s contributions in eq.(3.21).
Even in compounds that are rather dilute in Gd, the 5d contribution does not
have to be negligible, as will be shown in the next chapter.
For Eu compounds, large H
sp

values were found in Eu(+20 T ) , EuAl_<+13.5 T)
2

and EuCu_(+13.5 T) [24,25]. Table 4.5 shows that Gd metal and GdAl
show rather large H

also

values. In the theory of section 3.3.2, this would mean

a large contribution from the polarization of the 6s electrons relative to the
core polarization due to the polarized 5d electrons. We can go into the origin
of H

in Gd metal in somewhat more detail, since the pure metal has been

thoroughly investigated theoretically ([26,27,28,29,30], and chapter 5 ) . Combining eq.(3.17) through (3.21), taking the conduction electron g-factor as
g=2 and the numerical values of the other quantities as in section 3.3.2, one
obtains for the self polarization field

Table 4.5
Decomposition of several Gd hyperfine fields.
H h f (T,

H. (T)
ion

H s p (T)

H 4 f (T)
n

Gd

-33.0

-33.2

+16.2

-16.0

-

41

GdZn

-41.0

-33.2

+5.4

-13.2

8

GdZn 1 2

-28.6

-33.2

+4.6

* 0

GdAl 2

-20.5

-33.2

+19.6

-6.9

-

34

GdPe 2

+43.5

-33.2

+9 .8

+66 .9

a

Gd

+4 .0

+50 .2

24

n

(T)

reference

a

2Fe17
GdCo 2

+21.0

-33.2

+3.5

-33.2

+22.4

-2.1

+16 .4

36

GdNi

-22.6

-33.2

+1.6

+9.0

* 0

40

GdNi 2

-12.0

-33.2

+15.1

+6.1

% 0

40

GdCu.

-27.5

-33.2

+8.7

-3.0

-

24

a) Presant work.
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Fig. 4.27 Schematic representation of the density of states of Gd metal in
the paramagnetic state (a) and ferromagnetic state (b). The arrows indicate
spin-up and spin-down electrons. The shaded area represents the uncompensated
states.
A(2)<SZ>MB

(4.4)

sp

For Gd one has A(Z)<S >y /g = 683 Tesla. This expression leaves the exchange
parameters and the density of states at the Fermi level to be determined.
From the theoretical studies it follows that the conduction band is dominated by the 5d-like electrons, the wave functions near the Fermi level being
almost entirely of 5d character. A few percent 6s character may be present.
In the paramagnetic phase, the Fermi level falls in a peak of the density of
states, see fig. 4.27a. Assuming complete 5d character of the wave functions
at E f , we find D,(Ef) % 2.0 electrons/Gd-atom eV [30]. In the ferromagnetic
region the density of states is about half as large, due to the repopulation
effect (fig. 4.27b). One may still assume that in this case D (E_) is not
5

i

larger than 0.1 D (E ) . Using D.(Ef) a 10 D (Ef) and the assumption of
Dormann et al. that J _ » J,_ [19], we obtain H
* 0, in sharp contradiction
sf
df
sp
to the experimental value. Harmon and Freeman [28] have calculated the exchange
integral (eq.(3.10)), using APW functions for the conduction electrons. They
found J,f * 2.5 J

for the average exchange integral. In our definition of J

(eq.(3.11)) this amounts to J

= 0.06 eV and J,f = 0.16 eV. These values

make the situation even worse, leading to a negative self-polarization field.
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Instead of abandoning the uniform polarization model as being too simple
for the explanation of the Gd hyperfine field, we want to invoke anothar
mechanism, which was already briefly mentioned in section 3.2, i.e. the additional polarization of the 6s-like electrons by the 5d-like spin density.
The saturation moment of Gd metal in the ferromagnetic state is 7.63 vi_,
X5

7 n of which is due to the 7 unpaired 4f electrons of the core, leaving
B
0.53 Hn

for

tne

conduction electrons [28]. The origin of the conduction

electron contribution is the repopulation effect (fig. 4.27b). Since the
bands are split, the spin-up states at the Fermi level are no longer compensated
by similar spin-down states. The uncompensated states near E. in Gd all have
more than 90% d character, and the uncompensated spin density is primarily
located near the Gd atom, i.e. near the maximum in the atomic 5d density. In
the interstitial region, the spin density is negative, which is concluded from
neutron diffraction studies as well [27]. This is explained in terms of the
radial exchange shift of the wave functions of the compensated spin-up electrons relative to those of the spin-down electrons. The s,d and f components
of the radial density in Gd metal are shown in fig. 4.28. Comparing this figure

1.4

Fig. 4.28 Typical radial electron densities in Gd metal, decomposed into
4f, 5d and 6s contributions, after ref. [30J.
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with fig. 3.1, one sees that the 6s-type density, which is primarily located
in the interstitial region, is affected by the polarized 5d density in a
twofold way. The spin-up 6s density is pulled closer towards the nucleus, the
spin-down 6s density is pulled further into the interstitial region. Clearly
this causes an enhancement of the radial splitting of the 6s-like wave function
in addition to the polarization due to the 4f moment.
In order to estimate the magnitude of the s-d exchange interaction required
to produce the enhancement, we represent the polarization of the 6s electrons
by the 5d electrons in terms of a uniform exchange field H

in a similar manner

as had been done in section 3.3.2
J ,<s >.
sd z d
g J
>B

=
d

(

J , is an effective parameter measuring the s-d
polarization Am

Am

s

= x

exchange. The induced 6s

becomes

s Hd

(4

'

' 6)

Using eq.(3.16) we find

Am
s

= a m,
d

,

(4.7)

with
a =

2 ^

Adding Am

to m
5

H

(4>8>

'
in eq.(3.21)

one obtains

S

= A(z)(ms+(a-0.1)md)

.

(4.9)

If we take for m, the experimental value 0.63 (j_, we get with eqs.(3.18),(3.20)
and J

=0.15 eV for the density of states D (Ef)=2.4 electrons/atom eV, which

agrees well with the paramagnetic D,(Ef)-2 electrons/atom eV, quoted above.
Using the H

value from table 4.5 and D (E_)=0.1 D. (E f ), one obtains from

eq.(4.9) a value

a =s 0.13, which agrees with the coefficient used by Gomes

et al. [31] for 3d metals. With eq.(4.8) one finds that J , is roughly an
order of magnitude larger than the d-f exchange,i.e. 1-2 eV.
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Two other compounds listed in table 4.5 show some extreme features.
GdZn has a large negative hyperfine field and GdAl_ has a large self-polarization field. The situation in GdZn is similar to chat in Gd metal. This compound is a ferromagnet with high ordering temperature (T =268 K ) , indicating
that the indirect coupling between the 4f moments is mediated by the 5d electrons. The conduction electron moment of 0.3 \x [32] is less than in the pure
metal. The Fermi level also falls in a peak of the density of states, which is
mainly of 5d character (see chapter 5 ) . H

is large and negative. All these

properties are the same as in Gd metal, although somewhat less pronounced.
Therefore the small H

value of+5.4 T is surprising. We conclude that the

influence of the 5d electrons compared to the 6s electrons is much larger in
this compound than in the pure rare earth metal. Since the conduction electron
moment is smaller, the enhancement effect is expected to be smaller. Moreover,
J

f

may be smaller, which is a result of the hybridization of the Gd 6s or-

bitals with the Zn 4s functions in the low energy regions of the conduction
band. This reduces the 6s character of the conduction electrons. One can consider this to be the same effect as has been suggested by Nowik et al, [33]
and Van Steenwijk [24] to account for a correlation between the
isomer shift and H

. Since the isomer shift of GdZn is about half the
sp
value of Gd metal, one may assume J f (GdZn) * % J _(Gd). These arguments
can lead to H

<10 T in GdZn.
sp

In GdAl^ H

is larger than 10 T. The compound is also a ferromagnet

with a still lower T

* 175 K and conduction electron moment (0.2 \i f32J).

The role of the 5d electrons is smaller, which agrees with the smaller magnitude of H

and the smaller magnitude of H.„ at the non-magnetic site. The

density of states at the Fermi level is taken in ref. [43] as D,(Ef) = 8 D (Ef)
for LaAl . For this compound the Fermi level does not fall in a strong peak
of the density of states [35]. In conclusion, the contribution of the 5d electrons is less than in GdZn, while the reduction of J , is of the same order,
as indicated by the isomer shifts. These considerations may account for a
larger H
Sp

in GdAl, than observed in GdZn.
«&

The ferromagnet GdMg, orders at T =100 K, and has an excess conduction
electron moment of 0.23 \x [4], which indicates a strong 5d character at
the Fermi level leading to a relatively large contribution of the 5d electrons to the self-polarization field of about 8.6 T [42]. This behaviour can
be explained as being the result of the absence of lattice contraction
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(cf. section 4.3.2). The smaller overlap of the 5d atomic orbitals leads to a
relatively narrow 5d band with a high density of states at the Fermi level [42].

4.4.2

Rave earth

3d metal systems

The trend in the hyperfine fields in the Gd 3d metal systems is closely
related to the magnetic behaviour of the compounds. Therefore we shall give the
general characteristics of the magnetic properties of the R-M compounds, with
R being a rare earth and M=Fe, Co, Ni. The R-Mn compounds are more complicated.
Three types of magnetic interactions can be discerned, i.e. the R-R,
R-M and M-M interactions. To some extent the magnetic behaviour of the R-M
compounds reflects the magnetic coupling in the pure transition metals. In
these metals the Fermi level is situated in the 3d band in Fe, Co and Ni. In
Cu the 3d band is filled and has dropped below the Fermi level. The 3d band
filling is accompanied by band splitting and ferromagnetism. We shall not
discuss the nature of the magnetic moments. Here, it is sufficient to note that
many phenomena can be explained from a localized moment picture [3].
The 3d moments formed at the transition metal atoms are, however less
strongly localized than the 4f moments on the rare earth atoms. The magnitude
of the moments decreases in the order Fe(2.22 p ) , Co(1.71 n ) , Ni(0.62 |i ) .
ö
B
B
The magnetic interactions within the M sublattice in the intermetallic
compounds can be studied by replacing the rare earth atoms by a similar nonmagnetic sublattice, for instance Y. It is found that the 3d moment decreases
with increasing Y concentration. Y-Fe compounds order ferromagnetically. The
Y-Co compounds show ferromagnetism only for compounds richer in Co than YCo_.
The Y-Ni compounds show only an appreciable 3d moment for compounds richer in
Ni than YNig.
Replacing the Y sublattice by Gd turns on the R-M interactions, which
have the effect of enhancing the 3d magnetism and transition metal moment.
In GdCo

the Gd atoms even induce a magnetic moment on the Co atoms, whereas

YCo_ is a (strong) paramagnet. Furthermore it is important to know that the 4f
spin moment couples antiparallel to the 3d spin moment. In addition we have
the R-R interactions which

will be similar to that in the rare earth non-

transition metal compounds.
The transferred hyperfine field in these compounds has to be decomposed
further into
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H
n
H

= H4f + H3d
n
n

(4.10)

is the hyperfine field due to the transition metal neighbours. H

is the contribution from the other Gd atoms. The next question that arises
concerns the sign of H

. This sign is expected to be positive on the following
n

grounds.
Due to the anti-parallel coupling of the 4f and 3d spins, the spin density of the 3d shell is opposite to the 4f spin density. Following the arguments
in section 3.2 this enhances the radial splitting between the 6s-like spin-up
and spin-down density, which increases the spin density on the rare earth
nucleus. The 5d density will be less affected by the 3d moment since its density extends less far into the interstitial region and will be more confined to
the rare earth 4f moment. It must be emphasized that these considerations
hold for the nearest neighbours in the first place. More distant atoms can
give a negative contribution, which may arise from an RKKY-like polarization
of the s,p-like electrons (eq.(3.24))..The nearest neighbour contribution,
however, usually dominates [20].
We are now in a position to explain the trend in the hyperfine fields
going through the R-M systems in the sequence Gd-Ni, Gd-Co, Gd-Fe. The average
moment on the Ni sublattice in the Gd-Ni compounds is small. The largest
3d moment is found in Gd_Ni _, being 0.3 n per Ni atom. This is too small for
H
to overcome the net negative
value from the other contributions in H. ,.
3
n
hf
Consequently, the compounds with the largest Ni moments and ordering temperatures are expected to have the smallest magnitude of H. f . This is indeed observed. The largest Ni moments are present in GdNi, (0.15 u ) and Gd_Ni._.
Inspection of table 4.3 shows that these compounds also show the smallest
magnitude of H

f.

In the Gd-Co compounds the H

contribution approximately compensates the

other contributions leading to hyperfine fields of rather small magnitudes
(< 10 T ) . The field of GdCo_ is known to be positive [36]. The other values
are likely to be positive on the basis of correlation with hyperfine fields
in isomorphous Oy compounds [39].
The field of GdFe, is known to be positive [37]. Also Gd Fe.. has a positive H

[24,38]. Since the average magnetic moment on Fe in the Gd-Fe compounds

does not vary much we can safely assign also a positive value to the hyperfine
fields in GdFe,. Clearly the hyperfine fields in the Gd-Fe system are domi-
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nated by the strong 3d magnetism leading to large positive H
The behaviour of the Gd-Mn system is more complicated. H

contributions.
in GdMn. was

assigned a negative value on the basis of correlation with the Dy-hyperfine
field in DyMn, 139]. The H

in Gd Mn , is positive if the Gd and Mn moments

couple antiferromagnetically and the total Mn moment exceeds the Gd moment
[39], The antiparallel Gd-Mn coupling is not definitely proven, however [31.
Considering these uncertainties and the lack of information on the magnetic
properties of GdMn..., the sign of H, . in this compound can not be predicted.
For a few R-M compounds listed in table 4.5 a more detailed decomposition
4f
of H._ could be obtained. H „ of GdNi_ and GdNi was studied by Dormann and
3d
Buschow [40]. Assuming H
* 0 the values in table 4.5 follow from eq.(3.12)
and (4.10). The pseudo-binary system Gd Y
X

Co. was investigated by NMR and
4. ™ X

£•

Mössbauer effect by Arif et al. [36]. From their data we derived the values
in table 4.5. The H n

value of G d 2 F e 1 ? was obtained by Van Steenwijk et al. [38]

using the formula

r

(4.11)

R stands for the ratio between the 3d transition metal moments in a Gd-3d
compound and its isostructural Y-3d counterpart. A(Gd) and A(Y) denote the
hyperfine structure coupling constants of valence s electrons for Gd and Y
respectively.

H

(Y) is the Y hyperfine field,which is only due to the 3d

neighbours. Applying eq.(4.11) to the YFe
H

3d

n

and GdFe

data [3] one obtains

in GdFe. listed in table 4.5. (A(Gd)/A(Y) = 2.32, R=1.45, H 3d (Y)=22 T ) .
2
n
The positive H
fields in GdNi and GdNi,. led Dorinann et al. [18] to
n
2

state the predominance of the coupling by 6s-type electrons. The small H
value in GdNi, however, indicates a considerable core polarization contribution
by the 3d electrons. A 5d contribution may also explain the enhanced conduction
electron moment (0.3 n_) in this compound. Caution has to be exercised, however, since the Ni moment may not be exactly zero, which would obscure the
picture [40], A coupling of the Gd atom with its environment mediated by 6slike electrons is correct in GdNi. as indicated by the large H
GdCo. shows a large H

value. Also

. The large 6s contribution in both compounds is in

agreement with the isomer shift results which indicate an increased intraatomic d+s transfer due to the lattice contraction mentioned in section 4.3.2.
The small magnitude of H

4f in GdCo_ is due to cancellation of the contribution
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from nearest neighbours and more distant lantanide atoms [36]

4.S

Conclusion
The Mössbauer measurements on Gd intermetallic compounds reported in this

chapter revealed a crystallographic phase transition in GdCu^ at about 20 K.
The composition dependence of the isomer shifts has been analysed in
terms of Miedema's model. From the values of the dilute limit of the isomer
shifts, found by extrapolation, details of the charge-transfer mechanism
associated with the compound formation were obtained. When Gd is combined
with Cu or a 3d metal, the s electron charge transfer away from Gd is dominant.
This charge transfer is accompanied by some intra-atomic d-»-s conversion so
that, as a net result, one has a transfer of charge from the Gd to the 3d
atoms comprising about 0.8 s electrons and 0.2 d electrons per Gd atom (in the
dilute limit). When Gd is combined with s,p metals like M=Al, In, Zn, Sn or
Pb, s electrons of Gd are transferred to M (about 0.5 electrons per Gd atom
in the dilute limit). In the dilute limit the isomer shift is about twice as
large as the isomer shift of the Gd-3d metal systems, which is attributed to
hybridization effects between the 5d electrons of Gd and the p electrons of
the partner metals M. In Miedema's model the charge transfer (per Gd atom)
occurring in the actual compounds is derived from the dilute limit values by
multiplication with the corresponding values of the coordination fraction
f

. The anomalous behaviour of the Gd-Mg compounds and the cubic Laves phase

compounds of Gd and 3d metals is interpreted in terms of anomalous lattice
contraction effects.
The self-polarization contribution to the hyperfine fields in Gd non-transition metal compounds has been discussed. In ferromagnetic compounds with
strong 5d character the importance of an enhancement of the 6s contribution
by the 5d electrons is emphasized. The net value of the self-polarization
field is a rather delicate balance between the positive 6s contribution and
the negative contribution due to the core polarization by the 5d electrons.
The behaviour of the hyperfine fields in Gd-3d metal compounds has been
related to the magnetic properties of these compounds, in particular to the
magnitude of the magnetic moments on the 3d metal atoms.
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CHAPTER

5

MOLECULAR ORBITAL CALCULATIONS ON INTERMETALLIC COMPOUNDS

5. .7 Introduction
Although many band structure calculations have been made on the pure rare
earths and their intermetallic compounds, the character of the wavefunction
at the nuclear site has been studied only in

very

few cases. As regards the

isomer shift, for instance, the charge density p(0) at the Mössbauer nucleus
has been calculated theoretically only in Eu- [1] and Dy-metal [2] and in the

:

intermetallics DyZn, DyCu and DyRh [3].

'

The importance of the band structure for the interpretation of isomer

!•

shifts and hyperfine fields has already been emphasized in the previous chapters. The relative population of the s, p, and d subbands are essential in the
application of the macroscopic atom model of Miedema and Van der Woude, and
with respect to the hyperfine field the density of states at the Fermi level is
an important quantity. Knowledge of the character of the conduction band wave
functions, especially near the nucleus of the Mössbauer atom, is therefore of
considerable intrest.
As the application of Miedema's model shows, the trend in the isomer shifts
depends on rather coarse features of the compounds. Hence one may expect that
an explanation in terms of a comparatively simple microscopic theory can already shed light upon the mechanisms which govern the hyperfine parameters,
especially the isomer shift. More accurate band structure theories would be
able to provide more detailed knowledge about the hyperfine parameters of the
various compounds, but they would require much more elaborate computational
efforts. In practice one would, therefore, be restricted to the investigation

i

of a limited number of compounds with relatively simple crystal structures.

j

With these matters in mind, we have undertaken the calculation of the para-

i

magnetic band structure of a relatively large number of representative Gd-inter-

y
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metallics in an approximate and semi-empirical way, with the aim of relating
the character of the conduction band wave functions to the trend in the measured parameters.

5.2

The method
The calculations reported here are based on the extended Hiiokel theory

(EHT), which is a semi-empirical molecular orbital (MO) theory, employing the
linear combination of atomic orbitals (LCAO) approximation. In MOLCAO theory,
the one-electron wave functions (MO's) introduced in eqs.(3.3) and (3.27) are
approximated as

•i

=

Z X

i c ii

"

(5>1)

j
The X' «ire the atomic orbitals (AO's), which form a fixed basis of functions
localized on the atoms in the crystal. The expansion coefficients c.. are to
be determined. In EHT one only considers valence electrons, consequently the
basis is restricted to the valence electron AO's of the atoms. The core electrons together with the nuclei are considered as effective charges.
The EHT is a well known quantum chemical method for the calculation of
the electronic structure of molecules and has often been used for the interpretation of hyperfine data obtained in ESR and Mössbauer spectroscopy [4,5,6].
It is also used in solid state physics, especially in the field of semiconductors [7,8,9]. The applications to metallic systems [10,11,12] are fewer in
number. One of the reasons for this is that the LCAO approximation gives a poor
description of plane wave-like conduction electron wave functions [13]. Near
the nuclei, however, the conduction electrons behave atomic-like. Therefore,
in the atomic region, the LCAO approximation is adequate. Moreover, the isomer
shift and hyperfine field depend on the charge- and spin density at the nuclear
site. In this respect an expansion of the wave functions in a metal in terms
of atomic orbitals is quite convenient.
In EHT the one-electron equations (cf. eq,(3.5)) take the form

h

*i

=

e

i'"i

'

(5

'2)

where h represents an effective one-electron hamiltonian. Spin polarization is
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not taken into account. Introduction of the LCAO approximation (eq.(5.1)) re
sults in the secular equation
(H - e.jjpc^ = 0

.

(5.3)

The overlap matrix S is defined by

S

ij

= <X

i|Xj>

(5

'

' 4)

The overlap integrals S,. are calculated using

X.(r) = R n , ( r ) S e m O , « )

,-

(5.5)

S, is a real linear combination of spherical harmonics and for R „ one takes
em
ne
node-less Sla-ar type orbitals (STO's), representing the outer part of the AO.
For s and p orbitals, single zeta STO's are used,

where N
„
%

is a normalization constant,
- (2C) n+i5
" / (2n)!

(5

*

- 7)

For d orbitals, double-zeta STO's are preferred

R

<r) = c.N

r ^ V ' l 1 + c-N

r

rnVC2r

.

(5.8)

In most applications, the contraction coefficients c and the exponents ; are
taken from the literature, although sometimes the exponents are adjusted to
change the spatial extent of the AO's.
The matrix elements of the Hiickel matrix H are given by

The effective one-electron operator h is not explicitly specified but defined
by its matrix elements H.. as
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which is known as the Wolfsberg-Helmholz relation, k is an empirical constant
usually taken between 1.5 and 3.0. Several other forms for H.. are sometimes
used [7,12,14]. The diagonal elements are approximated as

H±i

= -a i -e i q-Y i q 2

.

(5.11)

o. is the valence state ionization energy (VSIE) of the atomic orbital x - <3 is
the charge on the atom on which X. is centred. The two last terms describe the
charge dependence of H... q is usually defined as Mulliken's gross charge [16],
but other definitions are possible 117]. In addition, corrections due to charges
on the surrounding atoms should be made [14,15]. a., 0., and Y- are usually obtained from empirically determined atomic energy levels.
Solving eq.(5.3) yields the MO energies e. and the expansion coefficients
c.. of i>. with energy e.. Since q can only be determined if all occupied i>.
are known, a self-consistent solution of eq.(5.3) is required.

5.2.1

The periodic potential
All the investigated systems have a well defined periodic crystal struc-

ture. An AO centred on an atom in a unit cell specified by a lattice translation vector t can be denoted as X. , with X

(r) = X.

(r-t). The index i

now runs over the AO's centred on the atoms in the central unit cell corresponding to t = 0. If we impose periodic boundary conditions on the crystal we can
project out of every AO in the central unit cell a Bloch orbital X.

labeled

by the index i and a k-vector in the first Brillouin zone (BZ)

x

ik - 7S *

ei

-"" x it

(5

'

-12)

N is the number of unit cells in the crystal. These functions are not normalized and non-orthogonal.
Due to the basis transformation { X . } + { x k ) one can decompose eq.(5.3)
into one secular problem for each k-vector in the first BZ.

(H(k) - ei(k)S(k))ci(k) = 0
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,

k e first BZ

.

(5.13)

The k-vector dependent overlap- and Hiickel matrices are given by

S (k) = £ e 1 -'- S (t)
t

(5.14)

H (k) = 2 e 1 -"- H (t)
t

(5.15)

with
(5.16)

(5.17)

These matrix elements are evaluated as (5.4) and (5.9). Since S..(t) and H..(t)
decrease with increasing magnitude of t, it is possible to restrict the summations in (5.14) and (5.15) to a limited number of unit cells surrounding the
central unit cell.
Solving (5.13) yields the energy bands e. (k) and the expansion coefficients c .. (k) of the k-vector dependent MO's <|i

with energy e. (k) , which are

now defined as

ik
S.2.2

= S X., c . v(k)
:i 3k

(5.18)

Orthogonalization
The secular problem (5.13) is solved by transforming it into a standard

eigenvalue problem, which can be solved on the computer with the help of a
suitable diagonalization routine. In band theory one often uses the Cholesky
decomposition [12]. In this work, however, we prefer the symmetrical orthogonalization due to Löwdin [18]. The standard eigenvalue problem then reads

= 0

(5.19)

with
-ic
H'(k) =

-I*

§ Mk)H(k)S M

I is the unit matrix, and the square of the matrix §

(5.20)

(k) equals the inverse of

!'*

the overlap matrix S(k). The original expansion coefficients are obtained from
the c!(k) with

4
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c i (k) = s ' ^ k j c ^ k )

.

(5.21)

The eigenvectors c!(k) represent the MO's \|i.. on a basis of orthogonal Bloch
orbitals X'

given by

The X' are localized on the same centre as the original X

and have the same

symmetry, but they are mutually orthogonal, whereas the original X.
It has been shown by Carlson and Keller [19] that the X'

are not.

resemble the X.

as

closely as possible (in a least squares sense). An orthogonal basis of the kind
described here is implicitly assumed in the often used Slater-Koster LCAO
method (20]. Since the X!

contain contributions from AO's centred on neigh-

bouring atoms, the c!(k) are less suited for the evaluation of the wave function near the nuclei. For this purpose the original coefficients are expected
to yield better results.

5.2.Z

The density of states and the charge density at the nucleus
The density of states (DOS) per unit cell is defined as

D(E) = 2

Z 5(E-e.(k))/N
X
k,i
"

.

(5.23)

The total number of conduction electrons per unit cell is determined by
Ef

•"ƒ

D(E)dE

.

(5.24)

The local DOS corresponding to the pth AO in the central unit cell can be defined with respect to the orthogonal basis (5.22) as

D'(E) = 2
p

Z |c' (k)|26(E-e.(k))/N
pl
x
k.i
~
"

,

(5.25)

with
D(E) « t D M E )
P P

.

(5.26)

Analogously, we define a local DOS with respect to the non-orthogonal basis by
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E |c i (k)| 2 6(E- Ei (k))/N
k,i

O (E) = 2

(5.27)

.

Summing D (E) over p does not yield the total DOS in this case.
Integration of the local DOS for the orthogonal basis up to the Fermi
level yields the number of electrons per unit cell with the character of the
pth AO in the central unit cell, i.e. the Löwdin population n',

J Dp

n
n

p

-co

= 2

E
|c'.(k)|2/N
pi
,lS,i
e i (k)<E f

,

(5.28)

with
n = 2 n'
P P

.

(5.29)

Similarly, one obtains for the non-orthogonal case the net population n ,
P
n
P

= 2

I
,>S,i

|c

(k)|2/N

.

(5.30)

P

V(k)<E f
Summation of n

over p does not give the total number of conduction electrons

per unit cell.
The contribution of the conduction electrons to the charge density at
the nucleus is given by (3.27), which, after substitution of (5.18), leads to

p

(0, = 2

t
k,i
{

I c*(k)c
p.q H
*

(k)X* (0)X (0)
**-

.

(5.31)

e. (k)<E
X

—

™" X

•'

Substituting (5.12) and retaining only the diagonal terms pertaining to the
Mössbauer atom yields

p
ce

(0) =

i'|2

J

p

k,i
{

|c
pi

(k)|2)|X
P

(0)|2/N

.

(5.32)

^~°

;

e.(k)<E_

;'

The sum over p now runs only over the valence AO's of the Mössbauer atom. Comparison of (5.32) with (5.30) shows that

~i
|

f
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P ce (0) = V

np|Xp£=o(O)|

(5.33)

.

Since only the 6s orbital will be important, we have

P

(5.34)

ce(0)

Since X c (0) is constant, p
OS

(0) is expected to be proportional to n c .
OS

CS

5.2.4 Brillouin zone integration
The determination of the populations n

and n' requires the knowledge

of the local DOS. Also the total DOS is of interest. This poses the problem of
the evaluation of the sum over all k-vectors in the first BZ, occurring in
(5.23), (5.25) and (5.27). For symmetry reasons, the summation is usually restricted to the irreducible part of the first BZ (IBZ). Furthermore, the summation can be converted into an integration over a surface of constant energy
[21].

This integration is handled with the "tetrahedron" method [22,23] in the

following way. The IBZ is partitioned into a large number of tetrahedra, which
fill the IBZ completely. Summing the contributions of the individual tetrahedra
for all energy bands yields

A(E)

(5.35)
i tet

with
g(k)
d(E)

r

dS

(5.36)

is the volume of the first BZ divided by the volume of the IBZ, and ft is the

unit cell volume. Considering the ith energy band, one has E(k)=e.(k). The
denominator in the integrand represents the magnitude of the energy gradient at
the surface element dS. Taking g(k)=|c

±(k)|

leads to A(E)=D (E). with

g(k)=|c'.(k)| 2 one obtaines A(E)=D'(E), and setting g(k)=l yields A(E)=D(E).
The secular problem, eq.(5.13), is solved for the k-vectors at the corners
of the tetrahedrons. Using the resulting values of E(k) and g(k) the contribution of one tetrahedron can be calculated analytically by linear interpolation.
Denoting E(k) and g(k) at the corners as E o # E , E^, E. and g Q , g,, g , g
such a way that E
ing formulas
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in

< E^ < E2 < E^, the result can be summarized by the follow-

fo(E)
d(E)

=

< fQ(E)

(

- f1(E)

EQ < E <

f,(E)

E

j

El

Ex < E < E 2
,

(5.37)

< E < E
i. —

-

J

i

with

VE»=VEI(Vr

E

r^r] •

v - 0,1,3 ,

and
(E-E >
h„(E)
= 3 V
0

<ErV < W
(E-E )

hn (E) = 3 V 7TT-

(E

(

VV '

2

2 ~ E 1 ) ( E 3~ E l'

'

2

(E-E )
h,(E)
(E) = 3 V
_
_
3
(E3 E Q )(E 3 -E 1 )(E 3 -E 2 )

,

where V is the volume of the tetrahedron.

£.2.5

Parameterization and computational aspects
The basis sets are composed of the 6s, 6p, and 5d orbitals on Gd, the

appropriate s,p and d orbitals on the transition metals, and s, and p orbitals
on the non-transition metals. Although the p orbitals are not occupied in the
free rare earths, transition metals, and Zn, their inclusion in the calculations is necessary to obtain realistic energy bands.
The width of the bands is strongly dependent on the extension of the AO's
and the Wolfsberg-Helmholz constant in eq.(5.10), whereas the position on the
energy scale largely depends on the VSIE's. The parameters used for Gd were
obtained in the following way. The Hartree-Fock 5d function is less extended
than the 6s and 6p functions and does not vary as much with the atomic configuration, as shown in fig.5.1. A least squares fit of (5.8) to the outer part
of the numerical Hartree-Fock function yielded the exponents and coefficients
in table 5.1. The 5d band width agreed with the results of Dimmock and Freeman
[24], if the Wolfsberg-Helmholz constant was taken as k = 1.75. Least squares
fitting of (5.6) to the numerical 6s and 6p Hartree-Fock AO's and taking
k = 1.75, yielded an excessively large band width for the s,p bands. Therefore
the exponents of the 6s and 6p orbitals were adjusted in such a way that the
s,p bands resembled the (nearly) free electron bands as closely as possible
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05
<H
03
0.2
01

Fig. 5.1 Outer» part of the atomic Hartree-Fock wave functions for the
valence electrons of Gd.
l:Sd, from [Xe] 4f?5d16s16p1
2:5d, from [Xe] 4f?5d16s2
3:6s, from [Xe] 4f7Sd16s16p1
4:6s, from [Xe] 4f?5d16s2
5:6p, from [Xe] 4f?5d16s16p1
2
2
22
P (r) is defined by P (r)=r R -,(r). The maximum of the 4f function comes
at 0.56 a.u.
(with k=1.75). The resulting values are listed in table 5.1. With these values
the maxima in the s- and p-STO's come at approximately half the nearest neighbour distance. The VSIB's for the ground state configuration of the neutral
atom were used. They were determined as differences-in "average energies of
configuration" [25], which were obtained from tables of atomic energy levels,
compiled by Martin et al. [26]. We have adjusted the VSIB of the 6p orbital in
order to obtain agreement with the Dimmock and Freeman results [24]. (The value
obtained from the atomic energy levels was 4.69 eV.) The results can be found
in table S.I. In addition, the parameters 6 i and y. in (5.11) were determined
to be 6(6s)=4.81 eV, B(6p>«3.52 eV, B(5d)=6.17 eV, y(6s)=0.84 eV, Y(6p)«0.78
eV, and Y(5d)*=0.39 eV.
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Table S.I
Atomic orbital parameters used in the EHT calculations.
element
Gd

Zn
Al
Pb

Cu

Ni

orbital

VSIE(eV)

STO
-1,
exponent(a.u. )

reference d)

6s

6.37

1.80

this work

6p

3.70

1.75

this work

5d

6.12

4s

9.39

1.65

12

4p

5.35

1.60

12

3s

11.26

1.70

27

3p

5.93

1.40

27

6s

15.59

2.70

28

6p

7.42

2.20

28

4s

7.72

1.80

15

4p

3.91

1.80

15

3d

10.64

4s

6.97

1.90

11

4p

3.34

1.90

11

3d

8.38

2.955/1.537 a)

5.95/2.30 b)

5.75/2.00 c)

this work

15

11

a) contraction coefficients: 0.6156/0.5149 (this work)
b) contraction coefficients: 0.5933/0.5744 (ref. 29)
c) contraction coefficients: 0.5683/0.6292 (ref. 29)
d) the reference refers to the VSIE.

In all subsequent calculations the value k=1.75 was used. The VSIE's for
the other elements were obtained from the'literature (see table 5.1), or determined in a similar manner as for Gd metal. The exponents of the s and p
orbitals were adjusted such that the s,p bands "mimic" those obtained with
more sophisticated methods. The d orbitals of the transition metals were taken
from the literature [29] and not modified. The calculations on the intermetallic compounds were performed with the parameters as determined for the elements, without additional adjustments.
For construction of S(k)and H(k), one has to sum over the unit cells
according to (5.14) and (5.15). In order to test the convergence of these
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summations, the overlap integrals were calculated first for many unit cells
surrounding the central cell, with only one s orbital on the atoms. If S. . (t)
was smaller than a preset

threshold value (typically 0.00001), all overlap

integrals between the two atoms considered

were set equal to zero in the sub-

sequent complete calculation. In this way we could also determine how many
and which unit cells had to be included in the summations. Care had to be
taken to include sufficient unit cells, since insufficient convergence may
lead to an overlap matrix which is not positive definite for certain regions
in the IBZ. In this case, the Löwdin orthogonalization fails.
The overlap integrals were calculated analytically using Roothaan's
method [30], The secular problem was solved using a routine for the diagonalization of complex hermitian matrices from the NAG library [31] as implemented
on the AMDAHL/IBM system.

5.3 Results and discussion
Before presenting the results, some general remarks can be made. Firstly,
all calculations were performed with the ncn-selfconsistent EHT, i.e. setting
q=0 in eq.(5.11)'.Some consequences of this approach will be discussed in
section 5.3.4. Secondly, the relative positions of the one-electron energies
may be in error by more than 1 eV. The accuracy of the absolute positions
of the bands may be even larger. In the present context, however, the absolute
position is of minor interest.
The calculated populations n

and n' are listed in table 5.2. The accuracy

limits indicated in this table are due to the finite integration meshes used
in the tetrahedron method and in the integration of the (local) DOS up to the
Fermi level. It is seen that the d band populations suffer from the largest
errors, which is understandable in view of the sharp peaks in the corresponding
local DOS. The Fermi energies and DOS at E . are listed in table 5.3. The
ratios of these values within one compound are more reliable than the values
themselves.
In the next section, the calculations on the pure metals will be presented.
The intermetallic compounds will be treated in section 5.3.2, while in subsequent sections the consequences for the wave function at the nucleus will be
discussed.
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Table 5.2
Atomic orbital net (n ) and Lo'wdin (n') populations (in electrons per atom).
The numbers in parentheses represent accuracy limits and are
discussed in the text.

]Löwdin population

net population

Gd

Gd

partner meta]

d

s

P

d

s

P

d

-

P
-

-

0 .57(1)

0.44(1)

1 .99(3)

-

-

—

-

0.56(1)

0.45(1)

-

-

-

-

0.68(1)

1 -32(1)

-

-

-

1.31(1)

0.98(1)

-

-

-

-

1.27(1)

1 .73(1)

-

-

-

-

1.99(2)

1.45(2)

-

-

-

-

1.89(2)

2 .11(2)

-

Cu

-

-

-

0.47(2)

0.10(2)

9. 86(5)

-

-

-

0.60(2)

0 .54(2)

9 86(5)

Ni

-

-

-

0.39(2)

0.06(2)

9 02(5)

-

-

-

0.54(2)

0 .42(2)

9 04(5)

GdZn

0 .23(1)

0 .05(1)

1 .17(3)

0.85(1)

0.47(1)

-

0 .49(1)

0.64(1)

2 .01(3)

0.78(1)

1 .08(1)

-

GdZn* 2

0 .11(2)

0 .16(2)

1 .28(10) 0.56(2)

0.44(2)

-

0 .33(2)

0.61(2)

2 .18(10) 0.66(2)

1 .33(2)

-

GdAl 2

0 .18(2)

0 .09(2)

1 .35(10) 1.23(5)

0.78(5)

-

0 .40(2)

0.73(10

2 .37(10) 1.21(5)

1 .54(5)

-

GdPb 3

0 .10(2) 0 .08(2)

1 .13(10) 1.81(5)

1.63(5)

-

0 .41(2)

0.75(2)

2 .02(10) 1.66(5)

2 .28(5)

-

GdCu

0 .31(1)

0 .04(1) 1 .09(10) 0.62(1)

0.06(1)

10.0(2)

0 .50(1)

0.51(1)

1 .88(10) 0.73(1)

0 .38(1)

10.0(2)

0 .27(2)

0 .09(2)

0.05(2)

9 .15(10)

0 .44(2)

0.61(2)

1 .75(10) 0.55(2)

0 .36(2)

9 .13(10)

s

P

d

s

Gd

0 .37(1)

0 .04(1)

1 .28(3)

Zn

-

-

Al

-

Pb

GdNi_

5

0 .97(10) 0.42(2)

The quoted populations for Ni and Zn in GdNi

and GdZn

are averages for two,

respectively three, crystallographically inequivalent partner metal sites.
Ul

pal ner metal

Table 5.3
Fermi energies (in eV) and local DOS at the Fermi level (in states per eV
per atom). The last column gives the total DOS at the Fermi level (in states
per eV per formula unit). In GdNic and GdZn,o the partner metal local DOS
Lij

O

ars the averages over two, respectively three, crystallographically inequivalent
sites.
non-orthogonal basis
Gd
1E

£ (eV)

s

P

l

orthogonal basis (D'(Ef))

(D

p(Ef
]partner metaJ
5

Gd

-7.19

0.04

0.10

Zn

-6.96

-

-

0 .03

Al

-4.96

-

-

Pb

-6.74

-

Cu

-6.68

Ni

-7.14

GdZn

-7.25

0.00

0.07

GdZn

-7.10

0.01

-6.97

GdPb 3

partner meta]

Gd
d

s

d

s

d

total

-

3.03

0. 30

-

0. 35

0.09

0. 24

-

0. 33

-

0.03

0.48

-

0. 51

-

-

0.08

0. 24

0.02

0 34

-

-

0.04

0.06

3.70

3 80

2. 64

0.00

1.04

-

4 21

0.10

0. 77

0.01

0. 29

-

4 .48

0.01

0.15

1. 32

0.01

0.25

-

2 .00

-

0.06

0.06

0.82

0.03

0. 38

-

2 .17

0 .19

0. 16

0.25

0.44

3.2

0.02

0.86

0.12

4.89

0 .02

2. 72

0.06

0.05

0.48

0.07

0. 10

2. 24

12.64

]P

P

-

-

0.05

0.53

0 .20

-

-

-

-

0.05

0 .16

0 .27

-

-

-

-

-

0 .07

0 .48

-

-

-

-

-

0 .08

0 .07

0. 04

-

-

-

0 .04

0 .01

4. 40

-

1 83

0 .00

0 .54

-

0.00 * 0.53

0.01

0 .60

0 .01

0 .17

-

0.01

0.01

0.04

1 .08

0 .01

0 .20

-

-6.69

0.04

0.05

0 .74

0 .06

0 .39

GdCu

-7.13

0.20

0.06

2 .16

0 .03

GdNi 5

-7.11

0.06

0.01

0 .38

0 .07

12
GdAl 2

1.80

-

2. 45

P
-

5.3.1 Pure metals
Gd and Zn

The primitive unit cell of these two hcp-metals contains two

atoms at the positions (a/3/6, 0, c/4) and (-a/3/6, 0, -c/4). The lattice
constants of Gd are a = 3.63 & and c = 5.80 A [13]. The summations in eq.(5.14)
and (5.15) have been carried out over 38 unit cells for this metal. The first
BZ and IBZ corresponding to the hexagonal Bravais lattice are shown in fig.
5.2.

The e.(k) curves along major symmetry directions are shown in fig. 5.3,

and the total and local DOS in fig. 5.4. The secular problem is solved for
288 k-vectors in the IBZ corresponding to 1029 tetrahedra.
The band structure is in fair agreement with the APW calculation of
Dimmock and Freeman [24]. Also the DOS agrees with the results of more accurate
calculations [32], It can be seen that the first band at the point r is rather
flat. This feature is observed in almost all calculations. Often even a local
maximum was found. The region between -8 and -10 eV has mainly free electron
character, the wave function being composed predominantly of the 6s AO's

-4

y

-5
-6

>
-7

-e
-9

-10

M

Fig. 5.2 First BZ of the hexagonal Fig. 5.3 Bandstruoture of Gd along
lattice. The indicated symmetry
various high symmetry directions in the
points mark the corners of the IBZ. first BZ (cf. fig. 5.2).
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-3

•10

g-. 5.4

Total ancf local 005 of Gd, a: D (E), b: D'(E).

(see fig. 5.4). One would therefore expect a more or less parabolic shape of the
first band near r. That this is not found, is not due to the LCAO approximation,
but to the use of the Wolfsberg-Helmholz relation (eq. (5.10)). This relation
is less suited for the representation of the kinetic energy part of H... Increasing the parameter k, which is a scaling factor for H. ., may serve to increase the curvature of the first band, hence to boost up the energy to correct
behaviour. This, however, increases the band widths, so that simultaneously
one has to use more contracted AO's. It can be shown that, if the kinetic energy is calculated exactly and the Wolfsberg-Helmholz relation is only applied to
the potential energy part of H.. (in the spirit of an LCAO method due to Harris
et al. [33]) the effect disappears. In the DOS, a peak is found at the
low energy band edge, which is due to the flatness and has to be considered as
an artefact of the method.
The 5d band ranges from -3 eV up to -8 eV. As is clear from fig. 5.4, it
occupies a considerable portion of the DOS below the Fermi level. It is not
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surprising therefore to find large populations for the 5d electrons in table
5.2, at the expense of the populations of 6s and 6p electrons. The configuration of a Gd atom in the metal can be derived from the Lb'wdin populations n'
as being approximately 5d 2 6s

6p

, which should be compared with the free

atom configuration 5d 6s . The transfer of one s electron to the d band and
about 0.5 s electron to the p band is a typical band effect also exhibited by
the 3d transition metals [34]. A similar configuration as found in Gd metal can
be expected for the other heavy rare earth metals [32,35]. A preliminary calculation, which we carried out on Eu metal, yielded the configuration 5d
be compared with 6s

6s , to

for the free atom. Such a result was already suggested by

Shirley [36]. From the APW calculation of Das and Ray [2] one can conclude that
the density at the Dy nucleus in the metal corresponds with one atomic 6s electron.
In Contradistinction to the Löwdin population, the net population of the
6p electrons almost vanishes, which indicates that the 6p contribution to the
charge density at the nucleus can be neglected.
The lattice constants of Zn were taken as a = 2.66 ft and c = 4.95 A" [13].
The summations in eq. 5.14 and 5.15 were carried out over 46 unit cells. The
same mesh as for Gd was used for the Brillouin zone integration. The band structure and corresponding DOS results are shown in figs. 5.5 and 5.6. The values
listed in table 5.2 show a considerable population of the 4p levels. In the
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Fig. 5.5 Bandstrv.Qtv.ve of Zn.
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-15

-1

Fig. 5.6 Total and local DOS of Zn, a: D (E), b: D (E).
P
P
metal, there are even more 4p electrons than 4s electrons, while in the free
atom, the 4p level is not populated.
Al and Pb

The primitive unit cell of fee Al and Pb contains one atom. The

lattice constants are a = 4.05 & for Al and a = 4.95 & for Pb [13]. The summations in eq.(5.14) and (5.15) were carried out over 55 unit cells. The first BZ
and IB2 of the fee structure are shown in fig. 5.7. The band structure of Al
along major symmetry directions is shown in fig. 5.8 and the DOS in fig. 5.9.
Due to the complicated shape of the IBZ, the integration was carried out in
four steps, following the prescription of Freeman et al. [37]. A total of 161
k-vectors was used comprising 500 tetrahedra in eq.(5.35). The agreement with
the bands of Singhal and Callaway [38] is quite good, except for the splitting
between the first and second level at L, which is too large in our calculation.
The DOS of Pb, shown in fig. 5.10, and band structure agreed well with the
EHT calculation of Breeze [28]. In fee Pb, the 6s orbitals are rather localized
and the corresponding energy is lower than in the previous cases. Consequently
a gap is produced between the 6s and £p band. As far as the angular momentum
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Fig. 6.7 First BZ of the foa lattice.
The high symmetry points mark the IBZ.

Fig. 5.8 Bandstructure of Al.
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Fig. 5.10 Total and local DOS of Pb, a: D(E), b: D'(E).

decomposition is concerned, the electronic configuration of Pb in the metal is
very much the same as that in the free atom.
Cu and Ni

The lattice constants of fee Cu and Ni were taken as respect-

ively a = 3.61 & and a = 3.50 & [13]. The other parameters were set as in the
previous fee cases. The band structure of Ni closely resembles that of Fassaert
et al. [11]. A reasonable description of the 3d band is obtained, as shown by
the DOS in fig. 5.11. The Löwdin populations for Ni in table 5.2 indicate a
conduction electron configuration of approximately 3d

4s *

4p ' , which should

be compared with 3d 8 4 s 2 for the free atom and 3 d 8 " 6 1 4 s 0 ' 6 5 4 p 0 ' 7 4 for metallic Ni as obtained by Wakoh and Yamashita [39].
The DOS of Cu has a narrower 3d band, which has dropped well below the
Fermi level. The configuration of Cu in the free atom is 3d
metal it is estimated to be 3d

4s '

width is somewhat underestimated.
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Fig. 5.11 Total and local DOS of Ni, a: D (E), b: D'(E).

5.3.2 Intermetallio compounds
GdZn and GdCu

Two compounds with the CsCl structure (fig. 4.2) were

treated, i.e. GdZn and GdCu. The primitive unit cell of the simple cubic lattice
contains two atoms at the positions (0,0,0) and (a/2, a/2, a/2). The lattice

Fig. 5.12 First BZ and IBZ of the simple cubic lattice.
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constants

are a = 3.602 A for GdZn and a = 3.503 A for GdCu [40]. In the summa-

tions of eqs.(5.14) and (5.15), 33 unit cells were taken into account. The first
BZ and IBZ of the simple cubic lattice are shown in fig. 5.12. The secular problem was solved for 219 k-vectors in the IBZ corresponding to 729 tetrahedra.
The energy bands and DOS are shown in figs. 5.13 and 5.14 for GdZn and in figs.
5.15 and 5.16 for GdCu.
It may be expected that the general features of the electronic structure
of these compounds resemble those of the compounds YZn, YCu, DyZn, and DyCu,
for which APW calculations are available. Comparison of our band structure and
DOS with those calculated by Belakhovsky et al. for YCu, YZn [41], DyZn, and
DyCu [42] shows the close resemblance. Also the results of the self-consistent
APW calculations of Hasegawa and Yanase on YZn [43] and Belakhovsky and Ray on
DyZn [44] are very similar.
The salient difference between GdZn and GdCu is the Cu 3d band at about
10.6 eV in GdCu. The very narrow 3d band in GdZn has dropped below the conduction band, and is irrelevant for the present study. In our results, the position
of the Cu 3d band is probably somewhat too low and the width too narrow. By
changing the VSIE of the 3d AO's from 10.6 eV to 10.0 eV, the 3d band shifts to
higher energies. This did not alter the populations of the other orbitals significantly. The occupied part of the DOS of GdZn contains three peaks, the
Fermi level falling in the third one, which has a very strong 5d character. A
similar situation exists in GdCu, where the second and third peak have merged

r

X

Fig. 5.23 Bandstruature of GdZn.
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M

into one. In table 5.3 it is seen that the Gd 6s DOS of GdCu is remarkably
large, whereas the Gd 6s DOS of GdZn is virtually zero. Comparing figs. 5.14
and 5.16 one sees that the Fermi level in GdCu falls in a strong peak of the 6s
DOS, while it falls just beyond the peak in GdZn for which the 6s DOS is very
low.

This result is caused by the merging of the second and third peak, which

are separate in GdZn, combined with the fact that GdZn has one more electron
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M
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Fig. 8.14 Total and local DOS of GdZn, left: D (E), right: D'(E). The arrowheads indicate the position of the Fermi level.
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per unit cell. The peak in the 6s DOS is related to the flat region of the
second band at r in GdZn and corresponding band in GdCu (see figs. 5.13 and
5.15). Considering eq.3.21, there should be a large difference in selfpolarization field for GdZn and GdCu. Indeed, the difference between the
hyperfine fields in these two compounds is very large and the self-polarization
field of GdZn is very small (cf. tables 4.3 and 4.5, and the discussion in
section 4.4.1). We note the larger contribution of the Zn 4p slectrons to the
DOS in GdZn as compared with the 4p contribution in GdCu, which has important
consequences for the isomer shift, as will be discussed in section 5.3.3.

Fig. 5.IS Bandstruoture of GdCu.

In APW calculations, the angular momentum character of the conduction electrons is sometimes specified only for the region of space lying within the muffin-tin spheres. The remaining charge is located in the interstitial region of
constant potential. In the present calculations, the total net population of the
atoms is less Chan the total Löwdin population of the atoms. The charge corresponding to the difference is located in the overlap region between the atoms.
In table 5.4 we have compared our net populations with the character of the
electrons in the APW spheres for the corresponding Dy compounds. It is seen
that the s and d populations agree quite closely. The 6p population of Gd is
much smaller in the present calculations.
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Table 6,4
Comparison of the LCAO net populations of GdZn, GdCu and GdPb- with the
angular momentum character of the electrons in the muffin-tin spheres, obtained
from APW calculations on DyZn[4B], DyCu[42j and

LaSnj46j.

Gd

Zn

Dy

Zn

s

0.23

0.85

0.23

0.89

p
d

0.05

0.47

0.23

0.63

1.17

-

1.01

-

Gd

Cu

Dy

Cu

s

0.31

0.62

0.29

0.76

P

0.04

0.06

0.25

0.46

d

1.09

0.98

9.46

10.0

Gd

Pb

La

Sn

s

0.10

1.81

0.13

1.58

P

0.08

1.63

0.28

1.74

d

1.13

-

1.06

-

GdPb

Another Gd compound with the simple cubic lattice is GdPb,. It has

The AuCu -structure

(fig. 4.9) with four atoms in the primitive cell at the

positions (0,0,0) for Gd and (a/2, a/2, 0 ) , (a/2, 0, a/2) and (0, a/2, a/2) for
the partner element. The lattice constant is a = 4.824 A [40]. Other variables
were chosen as in the previous simple cubic cases. The band structure and DOS
are shown in figs. 5.17 and 5.18. It is seen that the Pb 6s states are split off
from the major conduction band, as in pure Pb. The energy gap, however, is probably too large in the present calculation. The local DOS shows that the upper
part of the conduction band below E f is composed predominantly of Pb 6p and
Gd 5d states, which are strongly hybridized. Apart from the La 4f band, our
results are similar to those published for LaSn. [45,46], which is in agreement
with the close similarity of the hyperfine parameters of GdPb, and GdSn., presented in the previous chapter. The populations within the muffin-tin spheres
obtained from the APW calculations of Hasegawa [46] are compared with our net
populations in table 5.4. Again, a rather close correspondence exists, except
for the rare earth 6p states.
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The compound GdAl, has the cubic Laves phase structure (fig. 4.14) ,

with an fee Bravais lattice. The primitive unit cell contains two formula units
comprising 6 atoms taken at the positions (0,0,0) and (a/4, a/4, a/4) for Gd
and (5a/8, 3a/8, 3a/8), (3a/8, 5a/8, 3a/8), (3a/8, 3a/8, 5a/8), and (5a/8, 5a/8,
5a/8) for the Al atoms. The lattice constant was a = 7.9 & [40]. In the summations of eqs.(5.14) and (5.15), 43 unit cells were taken into account. The mesh
for the Brillouin zone integration was the same as for the pure fee metals. The
band structure and DOS are shown in figs. 5.19 and 5.20. The results are similar
to those obtained on LaAl_ by Hasegawa and Yanase [47J. It is seen that a gap
is produced between a region with predominantly Al 3s states and the rest of
the conduction band. The width of the gap is probably overestimated, as it was
for GdPb 3 . The part above the gap consists primarily of Al 3p states which are
strongly hybridized with the Gd 5d states. The Fermi level falls in a relatively small peak of predominantly 5d character.
ic

The hexagonal CaCu^ structure (fig. 4.20) of GdNi,. contains six

atoms in the unit cell. The Gd atom was chosen at (0,0,0), the Ni atoms at
(a//3, 0, 0 ) , (2a//3, 0, 0 ) , (a/3/2, 0, c/2), (a/3/4, a/4, c/2), and (a/3/4,
-a/4, c/2). The lattice constants are a = 4.906 A and_c = 3.968 & [40]. The
summations in eqs.(5.14) and (5.15) were carried out over 28 unit cells. The
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5.18 Total and local DOS of GdPbs, left: Dp(E), right: D^(E).
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Fig. 5.19 Bandstpuotuve of GdAl..

tetrahedron method was used for a mesh of 126 k-vectors in the IBZ corresponding
with 375 tetrahedra. The nature of the bands is similar to that of SmCo- and
GdCo 5 [48] and also EuCu 5 f49]. Also the shape of the DOS, shown in fig. 5.21,
resembles the results in the previous calculations. It can be seen that the DOS
is strongly dominated by the Ni 3d band, which is almost completely filled. The
Gd 5d states are found primarily above the Fermi level, forming a broad band
which is strongly hybridized with the Ni 4p and 3d levels. Notice that the 3d
DOS above E_ is still considerable. A similar behaviour of the 5d band was
found by Van Steenwijk in EuCu 5 [49].
GdZn-s
GdZn 1 2

Finally we present the results for the rather complicated system

(fig. 4.6). The body centred tetragonal lattice contains 13 atoms in the

primitive unit cell, taken at the positions (0,0,0) for Gd and (0.34a, 0, 0 ) ,
(0,
0,

0.34a, 0 ) , (-0.34a, 0, 0 ) , (0.22a, 0,

0.5c), (0, 0.22a, 0.5c), (-0.22a,

0.5c), (0, -0.22a, 0.5c), (0.25a, 0.25a, 0.25c), (-0.25a, 0.25a, 0.25c),

(-0.25a, -0.25a, 0.25c) and (0.25a, -0.25a, 0.25c) for the Zn atoms. The lattice
constants are a = 8.898 A and c = 5.210 A [40]. The summations of eqs.(5.14)
and (5.15) were carried out over 15 unit cells. In order to check the convergence, a second calculation was performed with a different choice for the basis
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Fig. 6.23 Bandstructure of

atoms in the unit cell. The difference between the results of the two calculations became larger, the higher the energy. From about 2 eV above E_ up to
higher energies, the results did not reproduce. On the other hand, below E. the
results were essentially the same, so that the populations are sufficiently
reliable. The first BZ of the bet lattice is shown in fig. 5.22. Due to its
complicated shape, the IBZ was divided in three smaller tetrahedra, as shown
in fig. 5.22, to each of which the tetrahedron method was applied separately.
A total of 126 k-vectors and 375 micro-tetrahedra was involved. The band structure and DOS are shown in figs. 5.23 and 5.24. The DOS is dominated by the Zn
orbitals, which is understandable, since the system is rather dilute in Gd.
Moreover, if we disregard the small peaks, we see that the total DOS and the
local DOS for the Zn AO's resemble those for the pure Zn metal, despite the
different arrangement of the Zn atoms in the crystals. This is also reflected
in the populations of the Zn AO's. The results in table 5.2 and 5.3 show that
also in this dilute system, the contribution of the Gd 5d states to the AO populations and to the DOS at E. is not negligible.
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Fig. 5.24 Total and local DOS of GdZnir

left: Dp(E), right: D^
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5.3.3 The wave function at the nucleus
According to eq.(5.34), the charge density at the nucleus should be proportional to the net population of the 6s AO. Thus, the experimentally measured isomer shifts should be proportional to n

. Fig. 5.25 shows that a good

correlation with both the n and n' populations is indeed obtained.
P
P ^
Using (1.23) with (1.8) and (5.34), we have tried to estimate the value of
X (0) from the slope of the straight line corresponding to the net population.
-3
We found that the result (13 a.u. ) is approximately two times larger than the
non-relativistic neutral atom value (4.6 a.u.

[50], 6.4 a.u.

[36]). If one

takes into account the relativistic enhancement factor (eq.(1.25)), the same
discrepancy exists with the relativistic value (19.9 a.u.

[51]). Although a

close agreement certainly may not be expected, our results seem to underestimate the charge density at the Gd nucleus.
Several comments on this result can be made. Firstly, in the derivation
of (5.34), all cross terms occurring in eq.(5.31) were neglected. Although from
molecular applications of EHT this is known to be often a rather good approximation [5], their inclusion may raise p (0). Secondly, since in EHT the core
ce
orbitals are not considered,a correction is usually made for their distortion
due to shielding effects and overlap with orbitals at neighbouring atoms, the
so-called potential and overlap distortions [5,6]. The fact that an approximately linear relation exists between the isomer shift and n c shows that the
os
combined effect of these distortions is the same in all compounds. Moreover,
it is seen in fig. 5.25 that the isomer shift of GdF_ fits in rather well with
the calculated results. This indicates that the deviation of p
(0) from that
oore
3+
of the Gd

ion value is small, which could be expected, regarding the discus-

sion in section 3.4. A third point concerns the mutual shielding of the conduction electrons. The value of X

(0) depends on the valence electron configura-

DS

tion, being smaller the larger the 5d population. Consequently, taking the same
2
X, (0) for all compounds would not be justified. Yet, table 5.2 shows that the
2
5d populations are remarkably constant, indicating that variations in X c (0)
OS
due to differences in shielding by the 5d electrons are small. The actual amount
of shielding is rather difficult to estimate by comparison with free atom charge
densities, since neither the net populations nor the Löwdin populations are adequately represented by valence electron configurations of the free atom. To give
an impression of the shielding effects, we have listed in table 5.5 some nonrelativistic free atom Hartree-Pock values of X , (0),from which one may con2
elude that the Xfi (0) to be used in eq.(5.34) does not vary widely with the
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Fig-. 5.25 T/ze net populations (n : filled circles) and Lb'wdin populations
(n': open circles) of the Gd 6s AO as a function of the isomer shift. For
GdF, it is assumed that there are no 6s electrons on Gd.
conduction electron configuration. Furthermore, the free atom wave functions
appear to be unsuitable to represent the conduction electron AO's in the present type of calculations. The AO's always have to be contracted relative to
2
the free atom situation. This increases \ (0). The 6s STO used in the present
bs
calculations is intended to represent the outer part of a complete 6s AO, and
is not orthogonal to the s-type core orbitals, while its value at the nucleus

Table 5.5
.-..2

B'on-relativistic free atom Hartree-Fock values of'X„ (O), for various
configurations of Gd and Eu.
X 2 (0) ( a . a." 3 )

ref.

X ? (0) (a .u ." 3 )

ref.

3 .918

52

Eu(4f 7 5d 1 6s 1 ) : 3 102

53

: 4 .589

50

Eu(4f 7 6s 2 )

: 3. 798

52

Gd(4f 7 5d 1 6 s 1 6P1» - 5 .097

53

Eu(4f 6s 6p ) : 4. 269

53

Gd(4f 8 6s 2 )
Gd(4f75d1 6 s 2 )
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is zero. Using the full double-zeta Roothaan-Hartree-Fock orbitals of McLean
and McLean [54], we have orthogonalized the single-zeta 6s STO to the core
orbitals by the Gram -Schmidt process to obtain a proper 6s AO. With the
starting coefficients of the numerical Hartree-Fock orbitals of Mann [50], this
function gives a charge density at the nucleus of 9.8 a.u.

, which is in better

agreement with the estimate from the slope of the lines in fig. 5.25 than the
free atom 6s densities.
The DOS results show that in most cases the major contribution to the
population of the 6s AO is derived from the low energy part of the conduction
band below the d bands. In this region, the Gd 6s states are hybridized with
the s states of the partner atoms. The amount of mixing is basically a result
of the combination of an electronegativity effect and a delocalization effect.
In MO theory, this can be qualitatively explained with the following simplified
model. Consider a diatomic molecule AB, composed of two atoms A and B, each
with one electron in an s-type AO, $ and • respectively. The bonding MO of
A
B
the molecule containing the two electrons is written as
(5.38)

If we neglect overlap, the populations of the AO's in the MO become n =2c
n =2c , with n +n =2. The coefficients c
difference between the AO energies e
and c

lS

and c

are mainly determined by the

and e , see fig. 5.26, the ratio of c

being roughly proportional to |e -e |

quently n <n

and

A

o

. If e >e_, then c,<c_, COnSOA

13

A

B

and charge flows from A to B. The relation between the AO energies

and electronegativity is embodied in Mulliken's definition [55]. For the explanation of the delocalization (or dilution) effect we consider a regular poly-

Fig. 5.26 MO level scheme of a simple diatomic molecule, a: homonuclear case,
b: hetronualeap case.
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hedron with n of the B atoms at the corners and the A atom in the centre. From
the AO's on the B atoms, a group orbital <)>' can be constructed, belonging to
a

the totally symmetric representation of the point group of the polyhedron

fB

= 4>B +
1

<5-39>

+ 4>B
n

The bonding MO with the lowest energy in the cluster will now take the same
form as eq.(5.38), with <j> replaced by <)>'

• = c n «a + cR(«t»R +
A A
B Bx
Since

+•„ )
Bn

•

(5.40)

Zc.=l, it follows that, if e =e , then c =l//n+l and n =2/(n+l), and if
i 1

A

B

A

A

e >e then n <2/(n+l). Thus, n necessarily becomes smaller, the larger n and
A 6
A
A
the larger the difference e -e .

We have considered here only the MO with the

lowest energy. Although in principle the higher bonding orbitals in the cluster
as well as in the solid can have a stronger Gd 6s character, which would partly
compensate the delocalization, it seems plausible that the trend of an
increasing

Gd isomer shift with increasing dilution can be qualitatively

related to the predominance of the above mentioned delocalization effects. Thus,
this mechanism explains that the population of the 6s AO in GdZn 1 ? (20 nearest
neighbours) is much smaller than in GdZn (8 nearest neighbours), and that in
the compounds formed with the p metals, the low-lying non-rare earth s band
contains only a slight admixture of the Gd 6s states.
But this is not the whole story. The hybridization of the Gd states with
the p states of the partner element also plays an important role. In the 3d
metals and the metallic rare earths, we find the VSIE's of the p orbitals
lying roughly between 3 and 4 eV, and there is only a small mixing with the
occupied MO's. In Zn, the VSIE of the 4p AO has risen above 5 eV, and in the
p metals, the value is still higher. This leads to a stronger hybridization
with the states below E-, to a large extent at the expense of the Gd 6s states.
The difference is particularly clear in the 4p local DOS of GdZn and GdCu,
fig. 5.14 and 5.16. In fact, a calculation for GdCu with the VSIE of the 4p AO

;

replaced by that of Zn, brings the Gd 6s population close to the value for GdZn,
despite the smaller difference in energy between the 6s and 4s AO's in GdCu.
In GdAl_ and GdPb_, the region between the gap and E . consists of Gd 5d states

j
i'
[

which are strongly hybridized with the p states of the partner metal, while the

•'

lower part of the band is almost entirely composed of the partner metal s states.
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Consequently the Gd 6s levels are practically "pushed" out of the bonding region.
These considerations account for the large isoraer shifts found in the Gd-nontransition metal compounds as compared with the Gd-3d metal compounds.

5.3.4

Comparison with Miedema's model

The results of the isomer shifts in terms of Miedema's model, discussed
in chapter 4, shows that only in GdNi^ (which can be considered to represent
the "dilute limit" of the Gd-Ni system) the charge transfer is large, i.e.
one electron from each Gd atom to the Ni atoms, while for all other compounds
investigated in the present chapter, the charge transfer is less than 0.5 electron. Also the d+s conversion is largest for GdNi 5 , comprising roughly 0.2 d
electron per Gd atom. In the other compounds, d+s conversion is smaller than
0.1 electron or can be neglected. Furthermore, from table 4.4 we see that in
the dilute limit the isomer shifts of the compounds with non-transition metals
are approximately two times as large as those of the 3d metal compounds. The
excess is represented by the R' term in eq.(3.29).
By summing the Löwdin populations for each atom, the charges on the atoms
can be estimated from the present calculations. It can be concluded that in all
cases, except that of GdNi-, there is a slight transfer of charge to the Gd
atoms. For GdNi

the transfer from the Gd atom is about 0.2 electron. Obviously,

there is a large difference between the results of the present calculations and
those of Miedema's model. This is not surprising since the charges depend somewhat on the method of subdividing the lattice in atomic cells [17], but more
important is that the magnitudes of the charges obtained with the non-iterative
EHT are unreliable, because the charge dependence of the matrix elements (eq.
(5.11)) is not taken into account. It is well known that this may lead to unrealistic charge build up on the atoms [10,56]. Recent iterative EHT calculations on transition metal silicides [10] also show a smaller charge transfer,
than predicted by Miedema's model. This indicates that even if the charge dependence is considered, it is not certain that the charges will come out as
large as in Miedema's model. Nevertheless, the results for GdNi- point to an
increased transfer of charge from the Gd atom relative to the other compounds.
The d-*s conversion should lead to a lowering of the population of the 5d
states in GdNi-. It is seen in table 5.2 that a lower 5d population is indeed
found in GdNi- for both the net and Löwdin population. In addition, the 3d populations of Ni are slightly increased. This result is caused by a depression of
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the local DOS of the 5d electrons below E f , in favour of the 3d DOS. It depends
on the d-level separation in much the same way as explained for the s electrons
in the previous section, and must be considered as an electronegativity effect,
which is also responsible for the charge transfer between the 3d and 5d bands.
The consequences of the interaction between d bands in alloys was recently
discussed by Williams et al. [57] and Pettifor [58], while d band repulsion
effects were studied by Moruzzi et al. [59].
The R' term is visualized as a broadening of the 5d band, due to the hybridization with the partner metal p states, which should lead to an increased
5d density at the expense of the density at the nucleus. A broadening of the
5d band relative to the unhybridized 5d band in the same compound is certainly
present. The peak in the local 5d DOS of GdPb, is reminiscent of the unhybridized 5d band [45]. Although the p electrons of the partner metal do have a great
influence on the 6s population, as explained in the previous section, no evidence is found, however, for an increased 5d population, within the accuracy of
the present calculations.

5.4 Conclusion
The quantitative results of semi-empirical calculations are always hampered
by some arbitrariness since the input variables depend on experimental
information. Therefore, also in our calculations the quantitative results may
vary somewhat with the parameterization. However, the following qualitative
conclusions are expected to remain valid.
There is an approximately linear relation between the Gd 6s population
and the measured isomer shift, indicating that the contribution of the Gd

ion

to the isomer shift stays constant to a good approximation.
The influence of the dilution effect is reflected in the composition of
the calculated electronic wave functions and can be qualitatively explained
with a simple model based on considerations of delocalization.
The influence of the partner metal p electrons on the Gd 6s population is
clearly demonstrated and is related to a lowering of the atomic p levels in
the s,p metals and Zn relative to the 3d transition metals and rare earth

This

effect increases the contribution of the p states in the DOS which hybridize
strongly with the Gd 5d states at the expense of the Gd 6s states.
The results of the HO calculations are in keeping with those of Miedena's
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model, at least within the limited overlap of the two theoretical methods
of interpretation.
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CHAPTER

6

MEASUREMENTS ON EuMg5 AND Eu 2 Mg 1 7

6.1

Introduction
In this chapter we shall report on results of experimental studies of the

magnetic properties and Eu hyperfine fields in Eu 2 Mg.

and EuHg 5 . We investi-

gated these compounds for several reasons.
In previous work it was found that the Gd hyperfine field in Gd.Ni 1 7 (isostructural with Eu 2 Mg 1 7 ) differs appreciably between the two crystallographically non-equivalent rare earth sites [1]. This was tentatively attributed to a
difference in conduction electron polarization originating from a difference in
the number of rare earth nearest neighbours. This effect should also be present
in Eu_Mg 1 7 and be more easily studied in the latter compound, since the strong
3d electron magnetism predominating in Gd_Ni.._ is absent in Eu_Mg._.
A second reason for studying the above mentioned compounds lies in earlier
work of Van Steenwijk and Buschow [2], who found that the charge density at the
nuclear site of the Eu atom depends mainly on the number of coordinating atoms
of the partner metal in the alloy. In order to check the validity of this relation for Eu-Mg compounds, the isomer shifts of Eu.Mg.

and EuMg. were measured.

These compounds were the only Eu-Mg compounds not studied thus far with the
151„
Eu resonance.
EuMg_ has a unique crystal structure, which, as we shall see further, has
consequences for the magnetic properties of this compound. In the Mössbauer
spectra line broadening is observed, which will be discussed in section 6.4.2
in relation to the crystal structure.
6.2

Crystal structure and magnetic properties
The results of X-ray diffraction measurements on Eu.Mg._ and EuMg 5 are

listed in table 6.1. Our lattice constants of EuMg. (3] are slightly larger
than those found by Miihlpfordt [4]. The crystal structure of Eu.Mg _ is of
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Fig. 6.1

Crystal structure of EuMg,-. Large circles: Eu, small circles: Mg.

The numbers indicate inequivalent Mg sites, a: Half the hexagonal unit cell
(a,a,%c). b: Eu triangle in a cage of Mg neighbours.

the well known hexagonal Th_Ni,, -type, which is discussed in ref. [5]. EuMg
has a unique structure, reported by Miihlpfordt [4], which we will consider here
in detail.
4
The lattice is hexagonal and the space group is P63/mmc-Dgh. The primitive
unit cell contains 6 formula units. Half the unit cell is shown in fig. 6.1a.
It is seen that the Eu atoms are present in clusters, each cluster forming a
triangle. The distance between the Eu atoms in a cluster is 4.32 K, while the
shortest distance between two Eu atoms in different clusters is 6.09 K. Fig.
6.1b shows how a Eu triangle is surrounded by Mg atoms. One Eu atom has 14 Mg
nearest neighbours. The Mg atoms occur at five inequivalent sites, as indicated in fig. 6.1. The structure has several peculiar features. Firstly, the
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Table 6.1
Crystallographic and magnetic data of some Eu-Mg compounds. The data on
^
were taken from ref. [6], Lattice constants ave denoted by a and c. The magnetic ordering temperatures (T„) and the absolute value of the hyperfine fields
(S,J and isomer shifts (5) were derived from the Mössbauer effect experiments. The Curie-Weiss constants (e ) and effective moments (\i „J were derived
from magnetic measurements [ 3 ].
compound

structure a,c(&)

T

Th Ni

7.9 + 0.1

a=10.02

M<K>

e

< K)

-20

V

8.66

H

hf*T)

21.5+0.5

c=10.328
EuMgc

EuMgq

a=10.498

S(mm/s)

-11.1+0.1
-11.2+0.1

7.8 + 0.1

4

8.23

19.6+0.3

-10.2+0.1

19

8.52

16.1+0.3

-9.02+0.04

c=10.830
EuMg,

MgZn 2

a=6.344

30

c=10.258

Eu-Eu distance within the cluster is significantly larger than the nearest
neighbour distance in Eu metal, which is 3.97 &, while for an isolated Eu
triangle one would expect an even smaller value. Secondly, the Eu-Mg distance
for the Mg atoms on the corners of the unit cell (denoted by 1 in fig. 6.1) is
remarkably large compared to the Eu-Mg distance of the other Mg sites, which is
about 3.7 A. Values close to 3.7 A for the Eu-Mg distance are also found in
EuMg. and Eu.Mg. .
By varying the position of the Mg(l) atom with 0.1c, the Eu-Mg distance
is reduced to a more favourable value of 3.89 A, while the Mg-Mg distances are
still acceptable. From the electron density of the Mg(l) atoms as deduced from
X-ray reflection data, Miihlpfort found that the Mg(l) atoms acually occur at
the positions (0,0,0) and (0,0,+ 0.1c), with distribution probabilities 0.5 and
0.25 respectively. It could not be concluded, however, whether this distribution is static, or whether the Mg(l) atom is mobile in the region between
(0,0,-0.1c) and (0,0,+0.1c), leading to a smeared out charge density.
Magnetic ordering in Eu.Mg.. and EuMg

occurs at low temperatures (*> 8 K)

and is probably antiferromagnetic. In the paramagnetic regime Curie-Weiss be-
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separate lorentzians in the two subspeetra. The total intensities of the two
subspeatra are taken to contribute equally to the total intensity (drawn line).

haviour is observed [3] down to about 20 K, the corresponding effective moments

2+

The values of u -- and the
eff
Curie-Weiss constants (G ) are listed in table 6.1. We have included in this
P
table some data obtained on EuMg, [6], EuMg orders antiferromagnetically at
6x1

) being close to the free ion value of Eu

30 K. The increase in 6 with Eu content in<
indicates that the ferromagnetic conP
tributions become gradually more important.

i
6.3

EuJtg17;

results and interpretation

Several Mössbauer spectra of Eu.Mg

were taken in the magnetically order-

ed region. Two representative spectra are shown in fig. 6.2. It is seen that
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%

TIKI

Fig. 6.3 Hypevfine fields as a function of temperature in Eujig^y. The
meaning of the dashed line A' is explained in the text. Drawn lines are guides
to the eye for the two sites A and B.

the intensity of the outer two main components in fig. 6.2b is much lower than
in fig. 6.2a. For fitting the data, two different subspectra were required,
in agreement with the occurrence of two crystallographically non-equivalent
Eu sites in this compound. Details concerning the positions and intensities
of the individual lines can be found in section 1.3.4. The isomer shifts corresponding to these subspectra are listed in table 6.1. No quadrupole splitting was observed. The two sets of H _(T) values have been plotted in fig. 6.3.
From this plot the ordering temperature (7.9 K) was derived. No fit with a
Brillouin function could be obtained. The value of H..(0) = 21.5 T was derived
from the spectrum at T = 0.86 K. Both subspectra lead to the same H.
this temperature. The occurrence of two H

value at

values is already noticeable at

1.25 K. It is seen that at higher temperatures marked differences arise. Furthermore, in the range above 1.5 K there is a considerable line broadening of
the subspectrum corresponding to the lower set of hyperfine field values. The
lines of the other subspectrum did not appear to be broadened up to about 5 K.
Above this temperature a small line broadening was observed in the ordered
phase, whereas in the paramagnetic phase no line broadening was seen. Several
single line spectra taken just above T„ and at room temperature, yielded a
line width of 2.6 nun/s, which is equal to the width found below 1.25 K.
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The observation of two different subspectra of equal intensity in Eu-Mg._
is in accordance with the occurrence of two crystallographically inequivalent
Eu sites. These sites, designated in Wyckoff notation by 2(b) and 2(d), have
equal occupation numbers. A schematic representation of the Th Ni

structure

is given in fig. 6.4. It is seen that the 2(b)-type sites occur in rows (in
the c direction) in such a manner that the Eu atoms occupying these sites
have a Eu nearest-neighbour atom at a distance ^c both in the upward and in the
downward direction. These Eu nearest-neighbour atoms are absent when Eu atoms
occupy the 2(d) sites. Both 12u sites have in common the presence of Eu nearest
neighbours in the a and b directions. Here, the nearest-neighbour distance is

8
8
a,b

Fig. 6.4

Schematic representation of the hexagonal Th0Ni1^-type

structure

of
a//3 = 5.785 %., which is significantly larger than the nearest neighbour distance in the c direction,\c = 5.164 A. If one assumes, for instance, that the
simple RKKY approach (eq.(3.24), including a k

reduction factor of not more

than 10% [14]) is valid in this magnetically dilute compound, one can show
that the contribution of a neighbour atom at %c is roughly equal to the contribution of a neighbour atom at a//3, but opposite in sign. It will be clear
that the absence of the {+ %c) nearest-neighbour pair in the case of the d site
has important consequences with respect to the molecular field and the hyperfine field pertaining to this site. Therefore, it is not surprising that the
Hj_(T) curves show considerable differences. Since we are unable to make an
unambiguous assignment of each of the H _(T) curves to either of the two sites,
we shall refer to site A as belonging to curve A and to site B in the case of
curve B.

;

The hyperfine field at the sites A and B can be decomposed into two con-

A

tributions which are proportional to the A sublattice magnetization H, and the
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3

I

r •.

B sublattice magnetization M , respectively.

H

hf " C 1 M A

+ C

2MB

H

hf = C 3 M B

+ C

4MA

'
*

(6

-1}

(6

'2)

The constants C. and C, take into account the core polarization and that part
of the conduction electron polarization that is due to the Eu moments forming
part of the same sublattice (including the self-polarization terra). The remaining part of the conduction electron polarization, reflecting the transferred hyperfine field due to Eu atoms residing on the other sublattice, is represented by means of the constants C_ and C.. Empirical evidence for rare earth
compounds shows that C. and C, are much larger than C_ and C.. If one makes
the reasonable assumption that the temperature dependence of M (T) is roughly
the same as that shown by curve B in fig. 6.3, then curve A represents the
sum of the contribution C n M , indicated by the broken line (A')# and a contribution C_M , which is equal to about 15% of the values given by curve B.
The interpretation of the temperature dependence of the hyperfine field
at site B presents rather more difficulty. The peculiar temperature dependence
of curve B suggests that magnetic ordering of the Eu moments at this site takes
place at temperatures below about 3 K, where the hyperfine field is seen to
rise steeply. Above this temperature the B sublattice magnetization is evidently much smaller. Very likely it reflects the B sublattice magnetization in the
molecular field due to the magnetically ordered A site moments {i.e. M = M ) .
Presumably the polarization is accompanied by relaxation effects leading to
line broadening in the B sublattice.
Unfortunately the presence of large error bars prevents us from giving
more than a qualitative description, but our results clearly show that the
tendency of the Eu moments to order magnetically is relatively weak at one of
the two Eu sites. Presumably this latter site is the 2(b) site where, in the
RKKY model, there is a large cancellation of the nearest-neighbour contributions .

6.4 Measurements on EuMg~
Hössbauer spectra of EuMg 5 were measured over the entire temperature
region from 1 K up to room temperature. Although long range magnetic order
sets in at 7.8 K, line broadening is observed in the paramagnetic phase up
to room temperature.
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Fig. 6.5
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Mössbauer spectra of EuMg„ taken at various temperatures in the

magnetically ordered phase. The separate lorentzians are drawn. Their sum is
'•he full curve, which has been fitted to the data points.

6.4.1

Experimental results
In the ordered region, the data could be fitted with one magnetically

split subspectrum, as shown in fig. 6.5. Details concerning the hyperfine
interaction hamiltonian and analysis can be found in sections 1.3.4 and 2.7.
No quadrupole splitting could be detected. The hyperfine field as a function
of temperature was fitted with a Brillouin function corresponding to S=7/2.
This fit (shown in fig. 6.6) enabled us to determine the hyperfine field at
T = 0 K to be 19.6 T. Also the ordering termperature of 7.8 K could be derived.
Above T , a single line spectrum was observed. In the entire region from 1 K
up to room temperature the isomer shift (listed in table 6.1) stayed constant.
In the paramagnetic phase, the line width just above T , (about 5 mm/s)
was much larger than the width found at room temperature, (2.7 mm/s). In
order to follow the decrease of the line width with increasing temperature,
many spectra were taken in the intermediate region. The results are shown in
fig. 6.7a. It is seen that in the region from T

to 15 K the line width drops

from 5 mm/s to 4 mm/s, while for higher temperatures it decreases very gradually to the room temperature value of 2.7 mm/s.
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T/TN

Fig. 6.6 Reduced hyperfine field versus reduced temperature for EuMg^. The
curve represents a Brillouin function with S-7/2.

In the ordered phase, line broadening was also observed. In the fits to
the magnetically split spectra, we have taken the width of an individual line
to be proportional to the position of that line, measured from the centre of
the spectrum. The average line width per spectrum is plotted in fig. 6.7b. Below 2.5 K no line broadening was found, the width of all lines of the spectrum
being essentially the same as the width found at room temperature.
In addition to the Mössbauer effect experiments the magnetization was
measured at 4.2 K in pulsed magnetic fields up to 10 T. The results, plotted
in fig. 6.8, give evidence for a shallow maximum in the derivative of the
magnetization at about 3 T. The solid line represents a fit with a three
spin cluster model and will be discussed in the next section.

6.4.2

Discussion
The temperature

dependence of the hyperfine field in EuMg,., which re-

flects the spontaneous sublattice magnetization, can be well described by molecular field theory. This is a rather common feature of rare earth intermetallic
compounds. However, the line width exhibits an unexpected temperature dependence. We shall first consider the region below 20 K.
It is often difficult to give an unambiguous interpretation of line
broadening effects occurring near the magnetic ordering temperature. In the
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Fig. 6. 7 Temperature dependence of the line width in EuMg.. a: up to room
temperature, b: up to 25 K. Full circles: widths of single line spectra. Open
circles: average widths in magnetically split spectra.
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Fig. 6.8 Magnetization of EuMg^ at 4.2 K as a function of applied field. The
drawn line represents a fit with a three-spin cluster model.
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easiest explanations one assumes that the hyperfine field exhibits an inhomogenety distribution. In EuMg. this distribution might result from a spread
in Neel temperatures, due to variations in composition, which would then probably be associated with a random occupation of the (0,0,0) and (0,0, + 0.1c)
sites by the Mg(l) atoms. For the interpretation of the peak in the line width
near Tfj the required width of a distribution of ordering temperatures can be
estimated to be about 0.5 T , which is extremely large for an intermetallic
compound, being of the order of the widths found in amorphous solids [71.
An alternative explanation of the line broadening near T

is offered by

spin relaxation, resulting from short range order effects. It is well
known that, when approaching the ordering temperature from the high temperature
side, the exchange interaction between the spins leads to a progressive correlation in spin motions, leading to a slowing down of the dynamics of the spin
system near T . Although usually short range order effects are not observable,
or occur only in a very narrow temperature range near the ordering temperature,
the line broadening observed in EuMg 5 in the region of 3 to 15 K might be

0
Velocity (mms' 1 )

50

-50

0
Velocity! mms'11

50

Fig. 6.9 Simulated
Eu Mo'ssbauer spectra, a: calculated for uniaxial relaxation of the hyperfine field (SO T), b: claculated for spherical relaxation
of the hyperfine field (SO T). Relaxation frequencies in MHz. The isomer shift
is taken to be zero and the resonance width (T in eq.(6.4)) is taken as 3.10 rm/s.
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attributed to relaxation effects.
If the autocorrelation time, T , associated with the flipping of a single
spin falls within the time window 10

-10

s, set by the Larmor frequency,

w_ , relaxation effects can be observed. If the correlation time is either at
-1
-1
the fast fluctuation side (T « U > T
) or at the slow fluctuation side (t » « _
) ,
c
L
c
L
the relaxation effects appear as line broadening. In the intermediate region
severe deviations from the lorentzian approximation can occur. The precise
shape of the spectrum in this region is strongly dependent on the type of relaxation process involved.
Above T

the average hyperfine field vanishes and it is reasonable to
-1
. In this

assume that in this region the spin dynamics is fast compared to w

case the line broadening will be proportional to the autocorrelation time of
the electronic spin of the Mössbauer atom [8,9], Below T

the average hyper-

fine field follows a Brillouin function, reflecting the sublattice magnetization. This indicates that thermal equilibrium between the electronic states is
maintained by fast ( « 1 0

s) relaxation processes. The short range order

effects, however, persist below T M , still leading to line broadening. Although
in our analysis the lorentzian approximation is employed, it is not safe to
derive the correlation time of the fluctuations directly from the line width,
as in the paramagnetic phase. To illustrate this point we have shown in fig.
6.9 two computed series of spectra, simulated with two different relaxation
models. Both fj.g

»s cover the entire range of relevant relaxation frequencies.

The model of figure 6.9a assumes a random reversal of the hyperfine field,
leading to an adiabatic modulation of the resonance frequency. It is the adaptation of the Kubo-Andersen theory of motional narrowing to the Mössbauer effect
[10,11]. This model has often

been applicable in the case of highly aniso-

tropic electronic states, or uniaxial superparamagnetic relaxation of the
spontaneous magnetization. A characteristic feature of this model is the rapid
collapse of the intensity of the outer lines of the spectrum

with increasing

relaxation frequency. Comparison of fig. 6.9a with fig. 6.5 shows that this
model cannot explain the observed shape of our spectra below T M . This should
2+
not be surprising since Eu
is an S-state ion, for which one cannot expect
a strong orbital anisotropy.
In fig. 6.9b it is assumed that the hyperfine field was allowed to fluctuate in a spherically symmetric manifold of degenerate states. In this model
the line shape takes a relatively simple form [7,12].
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I(w)

= constant x

(*(W)/(1-X«(Ü>) ))

,

(6.3)

where X is the relaxation rate, i.e. the inverse of the autocorrelation time
of the electronic spin, and
Cm

4>((d) =

Z

m ,m *i
g' e

qme

• •• ?

•

mm
eg

:

.

(6.4)

The summation is over all nuclear transitions with energies <% j,. between
states with magnetic quantum numbers m
g
Cm m

and m . The transition probabilities
e

are those of table 1.2. Although we have made no detailed attempt to

fit eq.(6.3) to the measured spectra, comparison of fig. 6.9b with fig. 6.5
shows the close similarity between the simulated line shapes and our spectral
data, suggesting the applicability of the spherical relaxation model.
It may be worth-while to point out the correspondence between the present
results and those of Litterst et al. [7] obtained on the pseudobinary system
Eu,
X™X

Gd S. At the composition x=0.5, spin-glass behaviour is found. In the
X

ordered region, the temperature dependence of the average hyperfine field
approximately follows the molecular field theory, while spherical relaxation
is observed down to temperatures lower than half the magnetic transition
temperature, with relaxation rates going down to 10

s

. This is the lower

limit of the frequency window, imposed by the Larmor frequency. In this spinglass system the slowing down of the spin relaxation has been attributed
to frustrated magnetic order, arising from an incompatible combination of ferromagnetic and antiferromagnetic exchange interactions.
In order to investigate the exchange interactions in EuMg_ in more detail,
the magnetization was measured at 4.2K in a pulsed magnetic field up to 10T.
The shallow maximum in the derivative of the magnetization with respect to the
external field cannot be explained with molecular field theory alone, since the
derivative of the Brillouin function with respect to the applied field de- .
creases monotonically, with increasing field. Instead a model employing a
cluster of three spins in a molecular field shall be used to fit the
magnetization curve. The hamiltonian for a cluster in a magnetic field can be
written as
3C= - 2 J ( S r S 2 + S r S 3 + S 2 . S 3 ) + gM B (S l 2 +S 2 2 +S 3 z )H

.

(6.5)

He assume Heisenberg exchange for spins with S=7/2. The energy levels of the
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system are given by [13]
E = -J[S'(S'+1) - 3S(S+D] + gpD m' H
o

(6.6)

s

In this expression S' denotes the total spin quantum number of the cluster,
and m^S'.S'-l,
,-S'. S' can take the values ^,3/2,... ,21/2. The magnetis
zation, based on eq.(6.6), is fitted to the experimental points, resulting
in the solid line in fig. 6.8. For the exchange parameter we f ound j/k = -0.25K,
o
i.e. antiferromagnetic exchange between the atoms in the cluster. It is seen
in fig. 6.8, that the three-spin cluster model indeed gives a maximum in the
derivative of the magnetization.
The Curie-Weiss constants (6 ) listed in table 6.1 give a moderately
positive value of 6 = +4 K for EuMg,., indicating the presence of ferromagnetic
exchange interactions between the clusters. If the inter-cluster interaction is
incompatible with the antiferromagnetic intra-cluster interaction then this
would be a source of frustration, explaining a slowing down of the spin
relaxation rate.
In fig. 6.7a it is seen that the line width above 20 K stays relatively
large (> 3.5 mm/s) up to liquid nitrogen temperature and then decreases gradually to 2.7 mm/s at room temperature. Magnetic effects are absent in this
temperature region and the line broadening reflects a distribution of isomer
shifts, which could be due to a slight variation of the charge density at the
Eu nuclei with the position of the Mg(l) atoms. Considering a suggestion of
Miihlpfordt [4] the temperature dependence may be related to an increasing
mobility of the Mg(l) atoms in the region (0,0,-0.1c) to (0,0,+0.1c) along the
c-axis, leading to motional narrowing.
There is one further point to be noted: there is a difference of more than
25% between the line width at 1 K and 20 K. Neither a "simple" distribution of
ordering temperatures, nor magnetic relaxation effects can explain this result.
The interpretation may require a crystallographic rearrangement of the Mg(l)
atoms, possibly related to the onset of magnetic order at T .

6.S Isomev shifts
The isomer shift is a measure of the s electron charge density present
at the Eu site. It has been proposed before [1] that the isomer shift is largely determined by charge transfer from the Eu atom to the partner atom, leading
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to a correlation between the isomer shift and the number

of partner atoms sur-

rounding a given Eu atom. In fig. 6.10 we have plotted the isomer shift measured in the three Eu-Mg compounds whose existence has so far been reported.
For comparison the value in pure Eu metal has also been plotted. It can be
seen that there is indeed a strong correlation between the isomer shift and
the number of non-Eu nearest neighbours.

Fig. 6.10 Isomer shifts versus number of non-magnetio nearest-neighbour atoms
in various Eu-Mg compounds, including Eu metal.
6.6 Conclusion
The compounds Eu Mg,. and EuMg_ exhibit several interesting properties.
151
From the
Eu Mössbauer spectra of Eu„Mg
below the ordering temperature of
7.9 K two hyperfine fields have been found, corresponding to two crystallographically inequivalent Eu sites. Magnetic ordering at one of the two Eu
sites occurs at a temperature much lower than the ordering temperature corresponding to the other Eu site.
The average hyperfine field in EuMg 5 follows the molecular field theory.
Line boradening has been found in the entire temperature range from 2.5 K to
room temperature. Near the ordering temperature of 7.8 K the line broadening
can be interpreted in terms of short range order effects, leading to spherical
relaxation. Although a distribution of ordering temperatures cannot be entirely
ruled out the data are more plausibly explained by the presence of short range
order. This interpretation is supported by magnetization measurements in high
magnetic fields which could be semi-quantitatively explained with an anti ferromagnetic three-spin cluster model.
The decreasing isomer shift in the sequence Eu metal, EuMg,, EuMg 5 ,
Eu.Hg.- is interpreted in terms of increasing charge transfer from Eu to Mg.
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SAMENVATTING

In dit proefschrift wordt een studie beschreven van de elektronenstruktuur van binaire Intermetallische verbindingen van de zeldzame-aard elementen
gadolinium en europium met 3d-overgangsmetalen en niet-overgangsmetalen. Deze
verbindingen behoren tot de klasse van de geordende legeringen. Informatie
over de elektronenstruktuur kan verkregen worden door het bepalen van de
ladings- en spindichtheidsverdeling in deze verbindingen. Deze werd gemeten ter
plaatse van de atoomkern van het zeldzame-aard atoom, met behulp van het Mössbauer effekt van de isotopen

Gd en

Eu. Hierbij maakt men gebruik van de

hyperfijn-wisselwerking tussen de kern en zijn omringende ladingswolk. Om de
storende invloed van het baanimpulsmoment van de gedeeltelijk gevulde 4f-schil
van de zeldzame-aarden op de hyperfijn-interaktie te vermijden hebben wij ons
beperkt tot Gd en Eu met een half gevulde 4f-schil met een totaal baanimpulsmoment gelijk aan nul. De voor de elektronenstruktuur relevante parameters van
de hyperfijn-interaktie, die uit de Mössbauer spektra afgeleid kunnen worden
zijn de isomere verschuiving en het effektieve magnetische hyperfijnveld. Deze
twee grootheden zijn evenredig met, respektievelijk, de ladingsdichtheid en
de spindichtheid ter plaatse van de kern.
Wij waren voornamelijk geïnteresseerd in de elektronenstruktuur van de
geleidingselektronen. De bijdrage van deze elektronen aan de hyperfijn parameters kan goed bestudeerd worden in Gd-intermetallische verbindingen, omdat
in deze verbindingen de bijdrage van de binnenste schillen ("core") van Gd
nauwelijks varieert met de samenstelling.
Het is gebleken dat de isomere verschuiving in verbindingen van Gd met
niet-overgangsmetalen in het algemeen groter is dan in verbindingen met 3dovergangsmetalen. In de limiet van kleine Gd-koncentraties verhouden deze zich
ongeveer als 2:1. Dit resultaat kan verklaard worden met een empirisch model
dat ontwikkeld werd door Miedema en medewerkers. Toepassing van dit model op
onze metingen laat zien dat een aanzienlijke ladingsoverdracht plaats vindt
naar de 3d-elementen wanneer Gd gelegeerd wordt met Fe, Co of Ni. Deze ladingsoverdracht gaat gepaard met een konversie van de 5d-elektronen van Gd naar
6s-elektronen. Bij de verbindingen met niet-overgangsmetalen is dit in veel
mindere mate het geval.
Een ander aspekt van de elektronenstruktuur is de spindichtheid van de
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geleidingselektronen. Ter plaatse van de kern wordt deze in belangrijke mate
bepaald door de exchange-polarisatie ten gevolge van de half gevulde 4f-schil,
die een groot magnetisch moment heeft. Het is gebleken dat de bijdrage hiervan aan het hyperfijnveld, de zogenaamde zelf-polarisatie, de som is van twee
elkaar nagenoeg kompenserende effekten, te weten de direkte polarisatie van
de 6s-elektronen en de indirekte "core"-polarisatie door de 5d-elektronen.
Bovendien zijn duidelijke aanwijzingen gevonden voor een indirekte polarisatie
van de 6s-elektronen door de 5d-elektronen. Verder wordt bij verbindingen van
Gd met 3d-overgangsmetalen de grootte van het magnetisch moment van de 3d-schil
weerspiegeld in het hyperfijnveld op de Gd kern.
Ter ondersteuning van de voorgaande konklusies hebben wij "molecular
orbital" (MO) berekeningen uitgevoerd aan enkele intermetallische verbindingen
met behulp van de "extended Hückel" theorie. Deze eenvoudige LCAO methode werd
in het begin van de jaren zestig ontwikkeld door Hoffmann en heeft sindsdien
in de chemie veel kwalitatieve gegevens over de elektronenstruktuur van molekulen opgeleverd. Zoals in hoofdstuk 5 wordt aangetoond, kan met behulp van
deze rekenmethode ook het algemene karakter van de bandenstruktuur van intermetallische verbindingen goed beschreven worden. Dit blijkt onder andere uit
een nagenoeg lineair verband dat gevonden werd tussen de berekende geleidingselektronladingsdichtheid op de Gd-kern en de experimenteel gevonden isomere
verschuiving. De LCAO berekeningen laten ook zien, dat de p-elektronen van het
partner metaal een belangrijke rol spelen. De bovengenoemde verhouding 2:1 voor
de isomere verschuiving hangt hiermee samen.
In hoofdstuk 6 worden

Ku Mössbauer metingen beschreven aan twee Eu-Mg

verbindingen. In Eu2Mg.._ ordenen de Eu-atomen op de twee inequivalente kristallografische plaatsen

bij

verschillende temperaturen. EuMg_ heeft een unieke

kristalstruktuur met als meest karakteristieke eigenschap dat Eu in klusters
van drie atomen voorkomt, hetgeen in metalen een zeldzaam verschijnsel is. In
de Mössbauer spektra treedt lijnverbreding op die verklaard kan worden door
korte-drachts-orde effekten. Deze interpretatie wordt gesteund door magnetisatie metingen.
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STELLINGEN
1. Bij de interpretatie van het twee-fasen gebied in stoichiometrisch

FeS moet

rekening worden gehouden met niet-lineaire excitaties.
R.C. Thiel, thesis Groningen 1969.

2. De veronderstelling van Buschow et al., dat waterstof atomen die geabsorbeerd
worden in zeldzame-aard-intermetallische verbindingen, zich groeperen rond
het zeldzame-aard atoom, wordt ondersteund door de waarden van de isomere
verschuiving voor de zeldzame-aard-kern in de hydrides.
K.H.J. Busohow, R.L. Cohen, K.W. West, J. Appl. Phys. 48_ (1977) 5289.
3. De suggestie van Heygster et al.,dat het thermochroisme in (CH^NH_)„CuCl. het
gevolg is van een anomale uitzetting van het kristalrooster, wordt niet door
hun metingen gestaafd.
G. Heygster, W. Kleemann, Physiea 89B_ (1977) 165.

4. Bij de veronderstelling van Nowik et al. en Van Steenwijk, dat er voor zeldzame-aard intermetallische verbindingen een korrelatie zou bestaan tussen de
isomere verschuiving en de zelf-polarisatie bijdrage aan het hyperfijnveld
op de zeldzame-aardkern, wordt ten onrechte de rol van de susceptibiliteit
van de geleidingselektronen verwaarloosd.
I. Nowik, B.D. Dunlap, J.H. Werniak, Phys. Rev. Sö (1973) 238;
F.J. van Steenwijk, thesis Leiden 1976.
54
5. Teneinde de bruikbaarheid vast te stellen van

MnFe als radioaktieve thermo-

meter voor temperaturen lager dan 5 mK dient de invloed van de preparaatdikte
en van de Mn-koncentratie nader onderzocht te worden.
H.E. Keus, thesis Leiden 1981.
6. De juistheid van de extended-Hückel bandstruktuur van YZn, zoals berekend door
Breeze en Perkins, is aan twijfel onderhevig.
A. Breeze, P.G. Perkins, J. Phys. F: Metal Phys. 5_ (1975) 255.

7. De bewering van Das en Ray,dat de ladingsdichtheid op de Dy-kern in Dy-metaal
vrijwel gelijk is aan die in het vrije Dy-atoom,is onjuist.
K.C. Das, D.K. Ray, Solid State Commun. 9_ (1971) 1961.

8. Het verdwijnen van de spin-glas fase in AuMn, AuFe en PtMn bij hogere koncentraties kan toegeschreven worden aan de chemische klontering of anti-klontering van de magnetische verontreinigingen in de edelmetaal-matrix.

A.F.J. Morgownik, J.A. Mydosh, Proceedings of the International Conference on Magnetism, Kyoto, 1982.
9. In verband met het grote nut van de groepentheorie in de kwantummechanika
is het opvallend, dat veel auteurs de irreducibiliteitseigenschap van de
toestandsvektorruimtes, die behoren bij de eigenwaarden van de hamiltoniaan,
op een onbevredigende wijze introduceren.

bijv.: F.A. Cotton, Chemical applications of group theory, Wiley Interscience, New York, 1971;
M. Tinkham, Group theory and quantum mechanics, McGraw-Hill, New York,
1964.

10. Het verschijnsel wetenschapswinkel verdient een betere ondersteuning, gezien
de grote kloof tussen de mogelijkheden, die het bedrijfsleven en de overheid
enerzijds en burgergroeperingen anderzijds hebben tot een beroep op de
wetenschap.

H. de Graaf

1 december 1982

