
Ic/74/69
• p-t-M- ' • • •• IM'EMAL REPORT

R E - F E I R t - -- -•• (Limited distribution)

-;?; International Atomic Energy Agency

..,--• ^'V and

"•'.''.United Nations Educational Scientific and Cultural Organization

INTERNATIONAL CENTRE FOR THEORETICAL PHYSICS

LATTICE DYNAMICAL INVESTIGATION OF MO'SSBAUER RESONANCE

STRENGTH AND THERMAL ENERGY SHIFT FOR 23.87 keV
119

GAMMA-RAY OF Sn 7 IN IRON LATTICE *

S.S. Nandwani **

International Centre for Theoretical Physics, Trieste,
Italy.

ABSTRACT

Recently measured Mossbauer fraction and gamma-ray energy shift
119

for 23.87 keV gamma-ray of Sn doped in iron lattice are analysed

in the framework of Mannheim theory for impurity lattice dynamics and

using the experimentally measured phonon frequency distribution function

for the host lattice. The force constant change due to impurity, A/A,

which gives a good fi't to the measured Mossbauer fraction turns out to

he 0.4 in contrast to 1.0 reported by Price. By intereomparing the

two above-mentioned measured quantities, an important parameter - absolute

zero-point mean square velocity" related to the critical temperature of
119the superconductor is deduced. Zero-point kinetic energy of Sn in

iron is also evaluated. Finally, by comparing these quantities with the

correspond:

is studied.

corresponding quantities for Pe^ in iron, the effect of heavy impurity
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I, INTRODUCTION

It is well known that Mosstauer spectroacopy ' can give direct

information on the dynamical properties of the resonant atom if the

strength of the resonant absorption and peak displacement are measured as a

function of temperature /. The first is related to the mean square
2 2

displacement <x y , and the second to the mean square velocity <V ^ , of

the resonant atom. Here it may "be mentioned that Mossbauer spectroscopy

has an advantage over the neutron scattering technique as far as the

dynamics of the impurity is concerned. The neutrons are sensitive mainly

to the host lattice, the phonon spectrum of which is only very slightly

perturbed "by the introduction of the impurity, whereas, the Mossbauer effect

of the impurity itself is sensitive only to the phonon spectrum of the

impurity which can be weighted very differently from that of the host. Since

an impurity atom will affect the lattice dynamics of the host,due to change

of the Bass and change of the coupling constant, the measurement of the

above-mentioned quantities on comparing with the theoretical model for the

impurity ; ' can yield the value of the change of the coupling constant

due to the presence of the impurity ^~ '. By subtracting the second-order

Doppler contribution to the total measured energy shift,one can study the

temperature dependence of isomeric shift or s-electron density at the

nucleus 14> ' 1 5 \

Recently, Price ' has studied the temperature dependence of hyperfine

interaction at Sn * nuclei in iron at temperatures between 4.2 and 972°K

using Mossbauer spectroscopy. Employing the Debye spectrum for the host

lattice, they have shown that the tin ion vibrates as an isotopic impurity

in the iron matrix. In view of the availability of the measured phonon

spectrum for iron, it was decided to re-estimate the force constant change

using the Mannheim expression ' for <[ x \. Here it may'be pointed out that

"because of the approximations involved in Mannheim's model ', this can give

only a rough estimate of force constant change V/\ due to the impurity;

this paper is written under this res^rv^tion^ _ .

By combining the experimentally measured energy shift (6E(T)) and

Mossbauer fraction f(T) at various temperatures, absolute root mean square

aero-point velocity, is deduced 1^. Zero-point motion (-jr)ZP Produces a

sizeable second-order Doppler shift in the gamma ray energy, e.g., for

molecular solids Hazony * baa shown that this temperature-independent term
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la comparable to the isomer shifts. The zero-point kinetic energy which
expresses the internal energy of tin in iron host crystal at 0% is also

derived. An important quantity - ratio of the expectation of the mean

square velocity to the mean square displacement within the lattice near zero

temperature - which is related to critical temperature in superconductivity '

is also studied.

Finally, it was decided to compare these with the corresponding

quantities for the pure iron lattice so that the effect of heavy impurities

on various parameters could "be studied.

II. THEORY

The probability of the recoi l less yreiy emission ,'f1 j from a nucleus

"bound in a mono-atomic cubic crystal i s given "by

f(T) - exp(-K2 < x 2 ^ ) (1)

<̂ x > i s the mean square displacement of the emitting nucleus along the
direction of gamma ray emission and K a 2it/X i s the gamma-ray wave number.

The second experimentally measured quantity 5E , the t o t a l central
17)shift of the gamma ray energy, oan be written as . , .

-a- (2)

vhere (SE ) is the isomer shift (IS) of the source with respect to% 's—a

the absorber and (6E2I)) and (6E ) are the second-order Doppler (SOD)
s a

shift of the source and absorber atoms,respectively. The IS of the

energy levels of the absorber with respect to the source is a result of the

different electrostatic interactions of these nuclei -with the field of the
surrounding electrons. On the basis of a simple model, the IS in non-

20)
relativistio approximation is given by '

where R and R are the nuclear radi i of the excited and ground s ta tes
eand \TU (D)\ and |tf (0)1 are the to t a l s-electron densit ies at the

absorber and emitting nuclei . On the other hand,energy shift due to the

SOD effect whioh can equivalently be considered as ar is ing from the

change in the mass of the emitting l a t t i c e due to the loss of a photon having
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a r«lativistio mass equivalent to jjj/o ie given "by
211 22

(4)

where <̂ v y is the mean square velocity of the resonant nucleus. It

is these \x f and <CV / which depend on the lattice spectrum and, in

terms of this, are given by

(5)

(6)

where M' is the mass of the impurity atom and GT(a>) is the dynamic

response function for the impurity atom. For calculating this we
91

shall make use of the Mannheim theory, ' which employs symmetry properties

of the "body-centered (and face-centered) cubic lattices and assumes harmonic

central forces, limited to nearest neighbour interaction between the

impurities and the host. In the absence of the localized or resonance inpurity

modes, Gj(w) is defined as ;

4

L "" J (7)
Q_((*>) is the phonon frequency distribution function for the host lattice

and . . _ „ 1.

^ ) - , - -I ' • . ( 8 )
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For a given Ĝ fto) and a specified impurity mass the only -unknown

parameter appearing in the above equation is the force constant ratio A1/A

and can be adjusted for optimal fit to the experimental data.

Regarding the second aspect of the problem,viz. the estimation of zero-

point motion, we shall consider Eq..(2). Here it is important to point out

that in the experimental study of Price ' the source* BaSn 0-, was

kept at room temperature and was moved relative to the absorber, consisting

of approximately lwt$ tin (enriched to 84$ "sn) in iron, which was kept

stationary. The temperature of the absorber was varied between 4.2 and

972 K, Thus (SE ) can be taken as constant independent of the

temperature of the absorber. Writing Eq., (2) in terms which have more

meaning experimentally and separating the zero-point (ZP) velocity and the

temperature-dependent contribution to the second-order Doppler term,

where Sv .is the first-order Doppler shift necessary to compensate for the

energy shift due to the mechanism indicated ty the subscript. Using Eqs, (l)

and (4), Eq. (9) can be written as

where S(T) - 55 *£

turns out to be constant (nearly independent) at high temperature. Thus,

assuming IS to be temperature independent, the slope of Jtnf(T) versus

—•- . determines S(ao) at high temperature. Combining the measured

S(oo) with ^-r^—I calculated from the theoretical model (Eqs. (5)~(8)) one

can calculate S(0) and hence
j

f(0), by

Once S(0) i s known, then
ZP

can be calculated, from the measured recoil-free fraction
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I I I . CALCULATIONS

Using Eqs. (5)> (7) and (8) we have calculated f(T) over a

temperature range 4.2 - 1000 K for various values of V/A • The

calculation was done in the harmonic approximation since i t has "been shown in

our ear l ier communication that anharmonicity i s very small in the case of

iron la t t i ce ' ' . Th-e phonon spectra for host l a t t i ce GTT(OO) was
24)taken from the work of Minkiewicz et al« . • Calculated results for

f(T)/f(T - 4.2) are plotted in Fig. 1 along with the experimental

measurements of a(T)/a(T = 4.2) "by Price. ' a(T) represents the area

under the resonance absorption curves at temperature T and is assumed to

be proportional to the strength of resonance absorption f(T)i It is seen

clearly that \'/X => °«4 fits the experimental data very well. In fact

the discrepancy at low temperature can be removed "by incorporating the

magnetic effects to the measured phonon frequencies as has "been done in our

earlier work ' and is not of muck use to include here. Our value of

X'/X. - 0,4 is in contrast with the value 1.0 predicted by Price on the

basis of Debye theory.

Fig. 2 shows the variation of calculated inf versus ((5S )/E) at

various temperatures for X'/X a 0.4 giving S(T) = inf (T)/(SE / E ) to be

0.1490 and 0.1963 x 10 at low (T = 4.2-K) and high temperatures giving

S(0)/s(oo) = 0.7590. Pig. 3 shows a similar curve, but from the

experimentally measured quantities. The measured energy shifts at constant

pressure were converted to constant volume through the standard thermodynamic

relation (Eq..(l3)» Ref. 16), Here we have plotted the relative values

of f(T) as these are the only values available and,in fact,it has been
17 )shown ' that it is not even necessary to know the absolute measurements

of f(T) in order to determine S(oo). The dotted line 'through the

experimental points is the least square fit according to Eq..(lO). The

slope of this line, which gives S(<x>), turns out to be 0.1998 x 10 , and the

interoept IS

f/^M {b\ « -10-7944

TS OTi

giving (Sv ) s - a + (5v )g ftt RT - 1.620 8 mm/sec.

Thus i f the energy shift due to SOD effect for the Sn atom in BaSnO.

(souroe) at room temperature i s calculated separately, the change in the IS
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(hence s-electron density) between source and absorber can easily be

calculated.

Now combining the obtained S(oo) with S(0)/s(oo) obtained

theoretically, one has

IS

f^£> =. 0-0017 xio" (12)

S(o)

o
mean square velocity of the resonant atom at OK

zero-point velocity

zero-point displacement

14.1246 x 107 cm2/sec2 ,

1-1885 x 104 cm/sec , and (14)

~' SLn

0- 0.0284 x 10 cm.

Finally, zero-point kinetic energy of Sn in iron lattice »-§M

- O.OO878 eV.

(15)

(16)

IV. DISCUSSION AUD CONCLUSIONS

119119Firstly, we have shown that for Sn in iron, the force constant

change V/\ is 0.4 , which suggests weak binding for the impurity, i.e. the Sn

atom in iron lattice is weakly bound in comparison with the iron atom it-

self. Secondly, we have calculated various dynamical properties by combining

resonance strength and energy shift at various temperatures. To make some

qualitative remarks regarding the effect of heavy impurity we compare the

corresponding quantities for Fe doped in iron lattice ('. The results

are summarized in Table I. The important quantity which we should like to

compare is the effect of heavy impurity on f<jl*> > /<((O )> 1 gp , ae ̂ Tom ̂ Q

result of McMillan's work ' the. decrease in this quantity corresponds to an

increase in the critical temperature of the superconductor (although the
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de ta i l ed understanding of the superconduct ivi ty would depend upon the

superconduoting coherence length and upon the physical extent of the

parameter [<(&} ^ / ^W y g-™ associa ted with the heavy impur i ty ) .

We find from the Table tha t t h i s i s decreased by the addit ion of heavy

r l W r limpurity and r < ^ > / < « ^ l &"Wr<(^>/<^"1>lPe-P# Is 0.4152
L -I 2P / L J2P

Fina l ly we s h a l l c a l cu l a t e the increase in the i n t e r n a l energy at

0°K,which r e s u l t s from the a l loy ing of t i n atoms to iron l a t t i c e and i s

given "by the difference of the zero-point k i n e t i c energy between iron and

solu te t i n atoms. From the l a s t row of Table I t h i s tu rns out to "be

0.01134 eV.
57 ' 197

A s imi la r ca l cu la t ion of the systems Fe in gold and Au in
gold can be made to study the effec t of l i g h t impuri ty.
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TABLE I

Parameter

1. Experimental
S(oo) i 10"13

2. Theoretical

x 10-24

ZP

5. v^p x 10 , cm/sec

6. x ^ x 10 , cm

7. ZP kinet ic
energy, eV

in iron

0.1998

0.7590

584.7953

0.7847

I.I885

0.0284

0.00878

Fe57 in iron 1 7 ^

0.0328

0.6990

1408.4507

3.76

2.60

0.0393

0.02012

- 1 0 -



PICHJHE CAPTIONS

1 Temperature dependent Mosstauer fraction of 23*87 keV y-rays

of Sn in iron lattice for different values of \l/"X. along

with the experimental values ' .

Variation of calculated &n f(T) versus energy shift due to

SOD effect,
8E?

at various temperatures.

Variation of measured An. j_f(T)/f(4.2)j versus total energy

shift (5E /E ) at various temperatures ' .
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