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An appheation of Willis anharmowe approach has been made to
improvo awthors’ previous caleulations of the Debye-Waller factors
ol face-centred-cubic moetals. The effect ol including anharmonic
terms m the erystal potential has been estimated  Results obtained
compare very well with the cxperimental data in terms of the
Debye-Waller factor temperature parameter,

1. INTRODUCTION

Results of calenlation for the Debye-Waller factors of metals hy Chandra el ol
(1975) agreed satisfuctonly with the experimental observations only upto & certain
temperature and thereattor theovetical values were found to be higher than expen-
mental results  The most likely reagon for {his appeared to be the neglect of
anharmonic elfects sigmficant at hagher temperatures as dictated by Krivoglaz,
& Telhonova (1961), Hulim & Ludwig (1961), Maradadin & Flinn (1963). Cowley
(1963), Kashawase (1965) and Willis (1969)  Wallis has attempted to remove this
difficulty by assuming the Bmstem model for anharmowe thermal motion of
atoms morystal and extended the anharmonic analysis o erystals with vasious
structures The theory las further been applied by Prakash ef al (1973) 1o
investigato the offeet of Tuttice anharmonicity on the Debye-Waller tactors of
metals and has heen found 1o show good agreement with experiments

Tn the present paper. we have followed the Willis approach, whicl is quite
rigorous and simple from the computation point of view, and have studied the
anlurmonic vibrational effoets on the Debye-Waller tactors for face contred eubic
metals copper, silver, aluminium and nickel -

2. TREORY

The effect of thermal motion on the Bragg intensity 18 equivalent to mmdiiply-
ing the scattermg amplitude of each, atom ¢ by the temperature factor (exponent
ol the Dehye-Waller factor W(Q). defined by

7(Q) = exp[—W(Q)] = < expliQu(l)] >

Here u(l) is the displacement of the Ith atom from its equilibrium position and
@ is the scattoring vector (@ = 4 sin 6/A).
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The explicit temperatuwre dependence of the temperatwee lactor [ollowing
the theorotical treatments of Willis as published m the paper ol Prakash ef al
(1973) gives

-— 12l
T(Q) —= oxp [ " KT 2xy,,'1')(1 20K pT L8 )Qﬂ].
2, oy’

or,
B(T) :B"(T)[l | T(zxy,_. 20K )] e
0
where y s the volume oxpansion coofficient, 9, the Gruneisen constant and a,.

Yo e temperatwe independent potential parameters  B(7') s the isotropic
B-factor at temper ature 7', definod by

T(Q) — exp [ -B(T) sm2 ]

A2

and BMTY ds the Jurmowe B-factor at temperature 7', given by
BYT) = 87*kyT e, . (2)

Thus i the harmonic approximation B-values aro proportional to tempera-
{ure, whereas in the anharmonic erystal an extra term appears mn the expression,
which is proportional to the square of temperature.  This term consists of two
parts  one due to thermal expansion and the other due to quartic modifieation
ol the potential and representing the softening of the vilration al large amplitudes

3  CoMPAR1SON WITH EXPERIMENTS

A comparison between the computod results and the experimental values
w made in terms of temperature parameter ¥V given by

(fsin OFlogyo(Tz/To) == ¥ = 0.43(Afsin 2 W, —~2W1) E))

where Ip and I are the measured integrated mtonsities of a certum diffraction
lme at temperature 7' and 7'

The computed values for copper, silver, aluminium and nickel along with
the experimental values aro compared in figures 1 to 4 Curves 4 correspond
to the harmonic theory based on our previous caleulations of Debye-Waller
factor using the extonded de Launay model given by Shukla & Cavallerio (1973).

surves B wore obtained after applying quasi-harmonic corrections to BHT) hy
retaming the thermal expansion torm bub writing yofae® =- 0 in ey (1). Curves €©
presout eq (3) with the anharmonic form of oq (1) and were drawn by choosing
Yologg? in such @ way as to make the anharmonic curves pass through the experi-
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mental points at the highest temperatures, where anharmonicey 1 the greatost.
The harmonic value of parameter 18 obtamed {rom relation (3)
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Fig. |. Temperature variation of Y for copper. Curve A obtained from harmomc; B from
quasi-harmome and (¢ from anharnome caloulations.  Bxpernmental  points :
+ Fliun et al , O Owen & Willvms,
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Fig. 2. Temperature variation of Y for mlver. Curve A obtained from harmonic ; B from
quasi-harmonie and € from anh nic  caleuluti Bxperumental points -
O Buskowits ¢! al.; + Spreadborough & Christian; O Haworth: A Smmerskai.

Copper @ Temperature variation measurements ot the Debye-Waller factor
from X-ray mtensity have beon made by Flinn ¢ al (1961), Owen & Williams
(1947) Tormer authois have made the obscrvations over the temporature
range 4.2 1o 500°K wlule the later have covered the range from room temperature
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293 to 861°K We have choson the cxperimental data of Owen & Williams
for the present comparison. These are plotted m figwe 1 The anhaimonic
curve C' was allowed o pass through the experimental pomt at 785°K as this
givos the best fit. The agreemont of the caleulated valies of ¥ with expernments
is fairly good.

T(°k) —»

Fiyg 3  Tomporature variation of Y for alummium Curve A obtammed Irom harmome;
B fromm quosi-harmonic and C from anharmonic calculations. Expormmental
pomnts : 4 Owen & Williams; O Chipman.
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Fig. 4. Temporaturo variation of ¥ for mekel. Curve A obiamoed from hurmonic; B from
quast-hmmonie and C from anharmonse caleulations. Jxperimentsl ponts :
-+ Smmerska, O Wilson et al.

Silver :  Moasurements of the temporature dependence of the Dobyo-Waller
factors of silver have heen made through X-ray diffraction techniques by Boskovits
et al (1958). Spreadborough & Christian (1959), Haworth (1960) and Smerska
(1961) Tho measuremonts of Haworth extond from room temperature (286°K)
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to 1125°K and can be considerod most exhaustive and reliable. Tor comparison,
we have plotted the values of ¥ deduced from all the workers in figure 2. The
anharmonic curve € was allowed to pass through the experimental points at
T =1125°K  The caleulated valuos show a reasonably satisfactory agreement
with the oxperimental values of all.

Alwminium : Fxpotimental study of the Debye-Waller factor for alumi-
num by X-ray determination has heen made by James ef al (1929), Owen &
Williams (1947), Chiipman (1960). We have chosen the data of Owen & Williams
and Chupman for the vpresent comparicon Those are plotted m fipwre 3 along-
with the theorctical valuos of ¥ obtained by passmg the anharmonic (urve ¢
through the experimental point at 865°K  Thooretical results agroe satisfactorily
with the experimental vahies

Nickel : Experimontal study of temperaturo varation of the X.ray Debye-
characteristic temporature of nickel has heen reportod by Simerska (1962) and
Wilson el al (1966)  Simerska has taken the observation from room temperature
(293°K) to 873°K, while Wilson et al have made over the range 100-520°K and
correlated the data for thermal diffuse scattering and change of lattice parameter
The two measuroments compare favow ably throughout tlie range of theit mea-
surements  Theso are plotted m figwe 4 The anhavmome curve was allowed
to pass the experimontal point at 873°K as this gives the best fit.  The ¢ aleulatod
values agrea reasonably well with the experiments

4. Disouvssion

Ow results show that temporature purameter ¥ obtamoed from the willis
approach for face-contred eubic metals copper, silver, alummium and mickel
provides a roasonable deseription of the ohserved temperature variation of the
intensitios of X-ray reflections  The order of accuracy of Y delivered from the
cxperimontal data of various workers varies from 3 to 8%, in different cases of
measurement s deseribed in their papers

Tn the case of copper and silver thermal expansion accounts for the bulk
of the anharmonic contribution to the Debye-Waller factor. However, thero is
small quartic contribution reprosented by the difference hetween ewrve B and ¢
Whale in case of aluminium and nickel anharmonity is considerable  Conelusivoly
agharmonic effocts are accounted satisfactorily by using the Einstein modol
approach  Howevor 1t requires moro procise oxporimental data for its eritical
appraisul

AOKNOWLEDGMENTS

The authors oxpress their gratitudo to tho Council of Scientific and Indus-
trial Research, Now Deolhi for followships. Thanks are also due to Dr. M. P.



Vibrational anharmonicity of fec metals 787

Hemkar for encouragement and to Prol Vachaspati, Hoad of the Physics Depart-
ment, Allshabad University for providing the research facilities

REFERENCES

Boskovits J., Roilos M., Theodossion A, & Aloxopoulos K. 1968 Acta Cryst. 11, 846
Chandra S, Kharoo H. L. & Hemkar M P. 19756 Nuovo Cvmento 30B 1.

Chipmen D. R. 1920 J. Appl. Phys. 81, 2021.

Cowley R. A. 1963 Adv Phys. 12, 421.

Fhnn P. A,, McManus M. A. & Rayno J A. 1961 Phys Rev 123, 809.

Hahn H. & Ludwig W. 1961 Z, Phys. 161, 404

Haworth C. W. 1960 Phil. Mag. 5, 1229.

James R. W,, Brindlay G. W & Wood R. G 1929 Pror. Koy. Soc. A125, 401.
Koshiwase Y. 19656 J Phys. Soc Japan 20, 320.

Kvivoglaz M. A. & Tokhonova E A. 1961 Sov. Phys Cryst. 6, 399

Maradudin A. A & Flinn P, A, 1963 Phys. Rev. 129, 2529.

Owen 1B, A & Williams R. W 1947 Proc. Roy. Sor. A188, 509

Prukash J., Chandra 8. & Homkar M P. 1973 Ind. J. Pure & Appl Phys. 11, 306.
Shukla M. M. & Cavalhoiro R. 1973 Nuovo Cimenta 16B, 63.

Simerskda M. 1961 Acta Cryst. 14, 1259; 1962 Ozech. J. Phys. B12, 858,
Sproadborough J. & Christian J. W. 1969 Proc. Phys. Soc 74, 609,

Willis B. T. M. 1969 Acta Cryst. A25, 277.

Wilson R, H., Skelion E. F. & Katz J. L. 1966 Acta Cryat. 21, 635,



