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Thermal expansion and anharmonicity of solid Kr studied
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Kr K-edge extended x-ray-absorption fine-structure spectra of solid Kr were measured over the temperature
range of 24—-43 K. The thermal expansion and Debye temperature were obtained by the analysis of the first-,
third-, and fourth-nearest-neighb@iN) Kr-Kr shells. For the third- and fourth-NN shells, the conventional
Gaussian-distribution approximation was found to give the proper thermal expansion. On the other hand, for
the first-NN shell, the cumulant-expansion analysis including the third-order asymmetry of the distribution
function is necessary, although the higher-NN shells are more largely disordered in terms of the mean-square
relative displacements. These results were confirmed by the classical Monte Carlo simulations. Effective
cancellation of the asymmetric contribution was thus clarified for the higher-NN shells. The quantum-statistical
calculations of the first-NN cumulants of Kr clusters were also carried out by varying the cluster size in order
to examine the relationship between the pair potential and observed cumulants, and to justify the employed
Kr-Kr pair potential.[S0163-18207)14917-1

[. INTRODUCTION account for the structural and vibrational properties at high
pressure.

Thermal expansion is one of the direct measures of anhar- This remark given by Di Ciccet al.” is quite interesting,
monicity in molecules and solids. Since the interatomic po-because usually higher-NN shells without direct interactions
tential is generally asymmetric with respect to the potentiabetween the atom pairs show larger disorder. Actually, they
minimum, the average interatomic distance is temperaturéound that the mean-square relative displacement is larger for
dependent and usually increases with a temperature rise bhigher-NN shells than for the first-NN one. If this is com-
cause of a looser barrier at a longer distance side. Extendadonly true, the EXAFS formula can be significantly simpli-
x-ray-absorption fine-structureeXAFS) spectroscopy gives fied and thermal expansion is appropriately estimated with-
information on local thermal expansion and anharmonicityout taking the asymmetry of the radial distribution function
for solids>~*molecules,”” and noncrystalline materiglsw-  into account. In the present study, we have thus investigated
ing to the establishment of the cumulant-expansionEXAFS of solid Kr at low temperature in order to clarify
techniqué® Very recently, the relationship between the their remark by analyzing the first- and higher-NN Kr-Kr
EXAFS cumulants and the anharmonic interatomic potentiabhells. The thermal expansion of solid Kr is large enough to
has also been clarifieth~"°'! including many-atom estimate within the errors of EXAFS in rather a narrow tem-
system3™ 1% and many-body forces’ perature range. The vibrational properties have subsequently

Since thermal expansion originates from anharmonicity obeen simulated using a classical Monte Carlo simulation ac-
a pair potential, it happens to be believed that, when theording to the manner by Di Ciccet al,*® in order to ex-
asymmetric distribution is neglected in the EXAFS analysisplain the present experimental results.
by assuming the Gaussian distribution function, thermal ex- The other purpose in the present study is to carry out
pansion cannot be estimated and the obtained distance @malytical quantum-statistical calculations of the EXAFS cu-
erroneously getting shorter with a temperature Hs@he  mulants of solid Kr. In our previous studies, we have inves-
third-order cumulant which describes the mean-cubic relatigated simple molecules of linear,tetrahedraf, and
tive displacementdegree of asymmetric distributipshould ~ octahedrdl MX,, (n=3,4,6) systems. In such cases, the cu-
be taken into account in order to estimate appropriate temmulants of the first-NN shells are not so different from those
perature dependence of the average distance. Very recentlyiven by assuming a simple two-body Einstein system, since
however, Di Ciccoet al*® have investigated EXAFS spectra there exist chemical bonds only for tié-X pairs without
of solid and liquid Kr under high pressure at room temperadirect X-X interactions. Thus we have paid our attention
ture, and remarked that asymmetry of the distribution funcmainly to higher-NN shells by taking not only the stretching
tions for higher-nearest-neighb@iIN) Kr-Kr shells can be force constants, but also the bending modes into account. On
neglected, while it should be taken into account for thethe other hand, solid Kr shows fcc structure, in which the
first-NN shell. Although this assumption was confirmed byfirst-NN Kr atoms surrounding the centrgd-ray-absorbing
their classical Monte CarléMC) simulations, they did not Kr have also the first-NN interactions with each other. It is
address the finding in detail since their main purpose was tworthwhile investigating the EXAFS cumulants by varying
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the size of Kr clusters. It should also be noted that solid Kr is
a suitable example since its solid-state property is described
within a two-body interatomic potentidmany-body forces
can be ignoredand that a temperature-dependent EXAFS
study of solid Kr has never been reported in spite of funda-
mental noble-gas systems.

The present paper is described in the following sequence.
After experimental details are briefly given in Sec. I, the
EXAFS spectra are analyzed in Sec. Ill mainly to obtain the
temperature dependence of the cumulants. The Debye tem-
perature and the thermal expansion are consequently deter-
mined in this section. Section IV deals with the classical MC
simulations, by which the asymmetry of the radial distribu-
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tion functions of the first- and higher-NN shells is clarified. . 1"
In Sec. V, the analytical quantum-statistical calculations of Wavenumber k(A'1)

the cumulants are described. We will show the cluster-size 6 : .
dependence of the cumulants for the first-NN shell. Section 24 K

VI gives concluding remarks of the present investigation. 5| Solid Kr 4 o5 K (b)

Il. EXPERIMENTAL DETAILS

Kr K-edge EXAFS spectra of solid Kr were measured at
BL-10 B (Ref. 14 of the Photon Factory in the National
Laboratory for High Energy Physiq®EK-PF, the ring op-
eration energy of 2.5 GeV and stored current of 350—250
mA) with the transmission mode using a8 &li1) channel-cut
monochromator. lonization chambers were employed for the
measurement of intensities of incideng) and transmitted
(1) x rays. Data acquisition time w4l s for each data point.

Fourier Transform (arb. units)

Commercially available high-purity Kr gas was condensed Distance R (A)

on an Al foil (15 um) at 24 K. The KrK-edge absorption : :

jump was found to be 0.9. EXAFS spectra were taken at 24,

e ’ 1st NN shell -

4
25, 29, 35, 38, and 43 K. No desorption of Kr was detected 3t
during the EXAFS measurements judging from the edge 2

jump, and abrupt desorption took place at 45 K. Tempera- 3

tures were monitored with a calibrated Si diode attached to E ! A

the Al foil. The accuracy of temperature was estimated to be S 0

less than+ 1 K. o) \i{ V v
[ | 5 A
[0}
=
ir -2t

Ill. EXAFS (1 24, 25, 29,
A. Reduction of experimental data S 35, 38,43 K
In order to extract reliable EXAFS oscillation functions -4 ' : : : ) : ‘

3 4 5 6 7 8 9
k(A7)

x(k) (k is the photoelectron wave numbgethe atomic back-
ground originating from the double-electron excitation pro-
cesses was subtracted from the raw EXAFS spectra accord-
ing to the method proposed by Di Ciccetal™® The FIG. 1. (a) Kr K-edge EXAFS oscillation functionk®y (k) of
background-corrected spectra were analyzed with wellsojig kr at 24, 25, 29, 35, 38, and 43 K, where the contribution of
established procedures: post-edge background subtractigguple-electron excitations were subtractésj; Fourier transforms
using cubic-spline polynomials and subsequent normalizaof (a) using the Fourier range afker=3.2—10.4 A 1; (c) filtered
tion with the absorption coefficients given in the k3y(k) for the first-NN shell using the Fourier ranges &Ky
literature>18 The inflection point of the KK edge at 24 K =32-10.4 A andAR=2.9-4.2 A1,
was tentatively chosen as the edge endtgy The tempera-
ture dependences of the extracted EXAFS oscillation funcpeak emerges at a short-distance region. Since solid Kr
tionsk3y (k) are resultantly shown in Fig.(4). shows a fcc structure, the assignments of the Fourier peaks
The EXAFS functions obtained were subsequently Fou-are straightforward. The first-NN shéttoordination number
rier transformed inta space Akgr=3.2—10.4 A1), these N=12) appears at-3.7 A, while the third-NN N=24) and
being depicted in Fig. (b). The magnitude of the Fourier fourth-NN (N=12) shells are found at6.9 and~7.5 A,
transform is clearly found to decrease with the temperatureespectively. The second-NN shells are not explicitly seen in
rise. It is noted that when the double-electron excitations arthe Fourier transforms even at the lowest temperature of 24
not taken into account for the extraction gfk), a strong K, probably because the coordination number is compara-

Wavenumber
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tively small (N=6) and the mean-square relative displace- 6 —_— :
ment(the EXAFS Debye-Waller factpiis larger than those 51 .
for the other shells. The fourth-NN shell is known to contain Solid Kr 24 K
the multiple-scattering path because of the collinear configu- 41
ration in fcc solids. The filtere®®y (k) for the first-NN shell 37
(Aker=3.2-10.4 At andAR=2.9-4.2 A are depicted in — 2F
Fig. 1(c). One can obviously find the amplitude reduction ; 11t
and phase delay at higher temperatures, which originate from % ol
the enhancements of the mean-square and cubic relative dis- i
placements, respectively. Ay
2 F
B. Analysis of the lowest-temperature data 3
The lowest-temperature data were at first analyzed. In or- '43 4'1 5 é 7 {3 é 1'0 11

der to obtain the scattering amplitudes and phase shifts, we Wavenumber Kk (A
performed FeErFr6é (Ref. 17 calculations of a 6 , ,

Krss (KrKr 15KrgKr,4Kr5) cluster for the temperature of 24
K. Here the interatomic distande was referred to from the
literature!® and the values of the mean-square relative dis-
placemenC, were estimated by assuming the correlated De-
bye model® using the Debye temperatu®p=61K (see
below). The mean-cubic relative displacemedj was ne-
glected. The remaining two variablesﬁ (the intrinsic loss
facton andAE, (edge energy shiftwere roughly optimized
to be 1.35 and-0.8 eV, respectively. AIthougS(z) of 1.35
seems a little too large, this is partly because in the present
experimental spectra the double-electron excitation contribu-
tions were subtracted in advance from the raw spectra. Fig- / . v/ M
ure 2 shows theerFeresults, together with the experimental 0 2 4 6 8 10
data at 24 K. TheeFFs calculation was found to reproduce Distance R (A)
up to the fourth-NN shell fairly well. Especially, as found in
the experimental Fourier transform, the second-NN shell was _— oric3
not seen well also in the theoretical one. The obtained Fou- FlG.‘ 2@ _Kr K-edge EXAFS O.SC'”at'on functio ’.((k) and
rier transform of therEFF6spectrum was Fourier filtered for () INelr Fourier transforms of solid Kr at 24 K obtained by the
. ' . X . FErFFecalculation(dashed ling together with the experimental data.
the shell of interest to derive the scattering amplitudes in a
similar manner to the experimental data.

For the third- and fourth-NN shells, these two contribu-paths were found to be essentially weak and are negligible.
tions were slightly superposed with each other, as seen in thehis implies that the scattering amplitude obtained by the
experimental data of Fig.(B). In order to distinguish these Fourier filtering for the fourth-NN shell is the averaged one
two contributions,FEFF6 calculations were performed sepa- among the three collinear inequivalent paths. This approxi-
rately; for the third-NN shell, the EXAFS function originat- mation is meaningful as long as the dynamical effect of the
ing only from the first- and third-NN shells was first calcu- scattering amplitude is negligibf since theC, andC; val-
lated and then Fourier filtered, while for the fourth-NN shell, ues should be all equal in these three paths.
the EXAFS function originating only from the first- and  The curve-fitting analysis was performed for the first-,
fourth-NN shells was similarly calculated and Fourier fil- third-, and fourth-NN shells. For the first-NN shell, the one-
tered. Although theerFe calculation of the Kr cluster auto- shell analysis can be applied by employing the ranges of
matically yields each backscattering amplitude and phasdker=3.2-10.4 A1, AR=29-42A, and Ak
shift separately, these functions might not directly be com=4—-10 A" (the number of independent data poiri,q
pared with the Fourier-filtered experimental EXAFS spectra~6). For the third- and fourth-NN shells, the two-shell fit-
because of the truncation effects in the Fourier transformating was performed by using the ranges kg
tion. In order to reduce the artificial effects, it seems better to=3.2-10.4 A1, AR=5.8-8.2 A, andAkz=4-10A"1
perform similar treatments of the Fourier and inverse Fourie(N;,4~10). In both fitting procedures we us&j, the inter-
transforms for the theoretical standard as well. atomic distanceR, the edge-energy shitA\E,, andC, as

It is also noted that the fourth-NN shell contains five dif- f|tt|ng parameters_ Sincsg andAEO were allowed to vary
ferent kinds of the scattering path; three of them correspongepending on the shell, the numbers of fitting parameters
to collinear paths [Kr™-Kr-Kr™ - (single ~scattering  were thus 4 and 8 for the analyses of the first- and higher-NN
Kro-Kr'-Kr'V-Kr® (doublg, and KP-Kr'-Kr'V-Kr'-Kr® (triple),  (third- and fourth-NN shells, respectively. The obtained re-
where the x-ray-absorbing Rrthe first-NN Kf, and the  sults are summarized in Table |. The interatomic distances
fourth-NN Kr'" are located collinearly and the remains two  are found to be in excellent agreement with the x-ray ata
consist of twice-backscattering patfir®-Kr'-Kr-Kr'-Kr®  for all the shells, although corrections due @ and Cs
and KP-Kr'-Kro-Kr'-Kr® (triple scattering]. The last two discussed below were neglected in these fittings. As men-

(b)

Fourier Transform (arb. units)
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TABLE I. Structural parameters of the first-, third-, and A(k)=Aq(k)exd —2C,k?+ 2C,k*],
fourth-NN shells of solid Kr at 24 K given byerre (Ref. 17. The
interatomic distanc® in parentheses corresponds to the x-ray dif-
fraction data(Ref. 18, and those foriC, are the calculated ones (I)(k)=2k{ R~ C»
using the correlated Debye modé =61 K). The errors of data

and fits are roughly estimated from the change of the residual fac- . .
tors to be 10-20% fo82, +0.25% forR, and=10% forC,. No whereAy(k) is the temperature-independent part of the am-

4

3 C3k3+¢(k)1 (1)

_J’__
Ra N

ambiguities of the theoretical standards are included. plitude, ¢(k) the total phase shift, andthe mean free path
of the photoelectrortherex =10 A was assumédThe dis-

Shell S5 R (A) C, (1072 A? tanceR,, andith-order cumulant<; are given as thermal
- averages such thaR,=(r), C,=((r—R.)?), Csz=((r

FII’TSt 13 3.9904.0019 1.57(1.76 _ Rav)3>v and C4=((r _ Rav)4>_3C§ () denotes the ther-

Third 1.2 6.9436.9319 1.85(2.19 mal averagg In the equation ofb (k), the correction term of

Fourth 18 8.0128.0037 2.17(2.20 the distanceC,(1/R,,+ 2/\), is slightly different from that

given by Tranquada and Ingdlssince the vibrational mo-
tion perpendicular to the bond direction is also taken into
tioned above, thSS values were again overestimated, partly gccount with the assumption of an isotropic sysfém.
because of the subtraction of the double-electron excitation |n the analysis of the first-NN shell, the 24-K data were
contributions in advance. On the other hand, it is rather Surempk)yed as an empirica| standard. The first-NN distance at
prising that the absolute values G also show good agree- 24 K was assumed to be 4.00186 A, given by x-ray
ment with the correlated Debye model, in spite of the factdiffraction® The Fourier and fitting ranges were identical
that only the temperature dependenceCyf may often be  with the ones described above. Two different fitting methods
meaningful. were applied for the first-NN shell; one is the conventional
harmonic(Gaussiaj approximation(HA) for the radial dis-
tribution function(AC3;=0 andAC,=0), and the other is
the fourth-order cumulant-expansi¢8E) formula® The fit-
The temperature dependence was subsequently analyzqﬁi,g parameters employed weRg, andA C, for the HA, and
In order to discuss small differences of the interatomic diS-Ravv AC,, AC4, andAC, for the CE formula since\E,

tance, let us _he_re carefully define the EXAFS form_ula of aandsg were assumed to be equal to those at 24 K. On the
s!ngle shell within the fourth-order cumulant-expansion teCh'other hand, in the analysis of the third- and fourth-NN shells,
nique as only the HA method was applied, where the number of fit-
ting parameters was &R,, and AC, for each shejland the
x(K)=A(k)sin®(k), ranges were again identical with the above ones. Note that

C. Analysis of the temperature dependence

TABLE Il. Structural parameters of solid Kr. For the first-NN distances, both values obtained by the
fourth-order cumulant-expansid@E) method and the harmonic approximati¢hA) are given. Four details,
see the text. All the errors estimated for data and fits correspond to the relative ones with respect to the
lowest-temperature data.

Distance(A)
AC, AC, AC,

Shell T (K) X-ray CE HA (102A%2) (10%A% (10%A%
First 24 4.0019 (4.002 (4.002 (0.00 (0.00 (0.00

25 4.0026 4.006) 4.0025) 0.055) 0.051) 0.002)

29 4.0055 4.006) 3.9965) 0.265) 0.142) 0.062)

35 4.0106 4.01(6) 3.9945) 0.547) 0.294) 0.297)

38 4.0133 4.016) 3.9955) 0.7410) 0.446) 0.48110)

43 4.0182 4.02(05) 3.9905) 0.91(10) 0.7010) 0.3910)
Third 24 6.9314 (6.93) (0.00

25 6.9326 6.934.0) 0.0910)

29 6.9378 6.9400) 0.3610)

35 6.9465 6.9511.0) 0.7415)

38 6.9513 6.95@.0) 0.9320)

43 6.9598 6.961.0) 1.2220)
Fourth 24 8.0037 (8.009 (0.00

25 8.0051 8.000) 0.0410)

29 8.0111 8.0120) 0.4210)

35 8.0211 8.02210) 0.7515)

38 8.0266 8.020.0) 1.0720)

43 8.0365 8.02(1.0) 1.4320)
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FIG. 4. Radial distribution functiong(R) of solid Kr with re-

FIG. 3. Temperature dependence@fthe mean-square relative spect to the central Kr atom, obtained with the MC simulations for
displacement<C, and (b) the average interatomic distancBg, . the temperatures of 5, 24, 43, and 80(K). corresponds to those for
The EXAFS results are given as points. Fy, the curves evalu- the first-NN shell.
ated by the correlated Debye model assumihg=61 K are de-

icted for the first-NN(solid line), third-NN (long-dashed ling and L .
?ourth-NN (short-dashed lineshells. For thegdistance, the x-ray T—0 limit ®,=71.9 K) (Ref. 23 and also with the x-ray
data (Ref. 18 are plotted as a solid line. The first-NN shell was diffraction data of® =63 K.?
analyzed in two different manners of the fourth-order cumulant-  The temperature dependence of the interatomic distance is
expansion formulgfirst CE, denoted a)) and the conventional subsequently discussed. In the case of the first-NN shell, the
harmonic(Gaussiah approximation(first HA, denoted as#). The  two different analysis method$lA and CB were employed
third-NN (denoted as-) and fourth-NN(denoted a&]) shells were  and are found to provide noticeably different interatomic dis-
analyzed only by the harmonic approximation, and these distancegnces as seen in Table Il and Fig. 3. The HA method gives
are scaled by factors of B and 0.5, respectively. Error bars are apparent contraction of the interatomic distance with a tem-
omitted to avoid complexitysee Table )i perature rise. This effect is well knowhand implies the
importance of the asymmetric distribution due to anharmonic
although we have employed differebE, andS; values for  vipration. When the fourth-order cumulant-expansion
each shell(see the above sectipnno temperature depen- method was appliedthe third-order expansion is sufficient
dence ofAE, and S5 was assumed in order to suppress re-for the distance estimationsuch an apparent contraction
sultant uncertainties fo€, andCs;. was not observed and the resultant distance is well consistent

The analysis results are shown in Table Il and Fig. 3. Fowith that determined by the x-ray diffraction.
the first-NN C,, only the CE results are given. From the In contrast, the HA analysis for the third- and fourth-NN
temperature difference @, for each shell, the Debye tem- shells yielded the proper temperature dependence of the in-
perature®p can be determined by assuming the correlatederatomic distance as found in Table Il and Fig. 3. In Fig. 3,
Debye modet? The first-NN analysis consequently yielded these distances were scaled by factors @ Hnd 0.5 for the
0Op=61+2 K [see Fig. 8], which is also consistent with third- and fourth-NN shells, respectively, to match the
those estimated from the third- and fourth-NN shells. Notefirst-NN distance. Such an appropriate estimations for
that all the curves given by the correlated Debye model wer@igher-NN distances should result from negligibly small val-
obtained with®,=61 K. In Fig. 3, the absolute values of ues ofC;. Effective cancellation of the asymmetric contri-
experimentalC, at 24 K were assumed to be the ones evalu-bution in the radial distribution function is thus experimen-
ated by using the Debye model. The estimated Debye tentally clarified for higher-NN shells. It should also be noted
perature of® =61 K is in good agreement with the calori- that the thermal expansions using the average distances for
metric value of ®;=62 K (around 15 K, while at the all the shells are consistent with those estimated from the
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TABLE Ill. Distances and cumulants at 5, 24, and 43 K, estimated from the MC simulatiéfs.
denotes the average distance, &gl corresponds to the peak distance of the radial distribution function.

Shell T (K) Ry (A) Rumax (A) C, (1072 A? C; (1072 A3)
First 5 3.9834 3.9753 0.238 0.014
24 (4.0019 3.9936 1.095 0.224
43 4.0168 4.0013 2.026 0.812
Second 5 5.6337 5.6352 0.341 —0.004
24 5.6556 5.6551 1.591 —0.104
43 5.6798 5.6846 2.960 —0.287
Third 5 6.8969 6.8967 0.309 —0.001
24 6.9265 6.9265 1.428 0.062
43 6.9511 6.9492 2.704 0.106
Fourth 5 7.9646 7.9641 0.317 0.005
24 7.9977 7.9963 1.472 0.056
43 8.0255 8.0247 2.712 0.088

x-ray diffraction. This implies that local thermal expansion is does not fit the high-pressure EXAFS spectra, this effect was
identical with the long-range one within the present experi-negligibly small for the present low-temperature data under
mental accuracy. vacuum. In each MC step, randomly chosen Kr atoms were
tried to be displaced for 256 timémaximum displacement
IV. MONTE CARLO SIMULATIONS of 0.1 A) and t_he_ lattice constant was pqs_sibly var_igd once
(maximum variation of 0.01 R After sufficient equilibra-
A. Method tion, 10 000 MC steps were conducted to obtain the radial
distribution function around the central Kr atom. The equi-

Di Cicco et al*® have performed the classical MC simu- 915" . . :
b librium first-NN distance at 24 K was resultantly obtained to

lations of solid and liquid Kr under high pressure at room N :
temperature. The present MC simulations have been carri 3.9601 é" which is shorter than the Ilterature_ value of
out in a similar manner. Since the calculations are based ofi-00% 86 A% In order to Peffofm easier comparisons fo_r_
classical mechanics, it is difficult to provide quantitative in- tgmperature—dependent properties, all the_ distance quantiies
formation on vibrational properties at low temperature be-3\Ven by the MC simulations were multiplied by a factor of
cause of the zero-point vibration. Qualitative trends can, nev-1'0105'
ertheless, be discussed especially for thermal expansion. This
is because the temperature range examined experimentally
(24—-43 K is not so low for the quantum effect on thermal
expansion to play a significant role, while the absolute vibra- The radial distribution functiong(R) (R is the distance
tional amplitudeC, is greatly affected by the zero-point vi- with respect to the central Kr atgnobtained are shown in
bration (see also beloyw Fig. 4. Herep(R) implies the probability for the presence of
The closed-system, constant-pressure, and constardatoms in the range oR~R+dR; thus, the integration of
temperature - P-T) MC simulations were examined at the p(R) for the range of the shell of interest directly leads to the
temperatures of =5, 24, 43, and 80 K and the pressure of coordination numberN. The first-, second-, third-, and
P=0Pa. The basic cell employed contains 256 atgats fourth-NN shells appear at~4.0, ~5.7, ~6.9, and
fcc unit cell9, and three-dimensional periodicity was im- ~8.0 A, respectively. This confirms the fcc structure of
posed. The two-body Kr-Kr interatomic potential employedsimulated solid Kr. It is clear that with a temperature rise all
was the one proposed by Barketral?® Although Di Cicco  the contributions are broadened and the peak positions for
et al'® mentioned that the repulsive region of the potentialthe higher-NN shells are shifted to longer distance sides.

B. Results

TABLE IV. Thermal expansion of solid Kr estimated from the MC simulations. The x-ray valRes
18) are also given for comparison.

(Ray—R0)/Ry (107%) (Rmax—Ro)/Ro (107%)
Remark 5K 24 K 43 K 80 K 5K 24 K 43 K 80 K
X-ray —-2.4 (0.0 4.1 15.9
Lattice -3.9 (0.0 35 13.1 -39 0.1 3.6 13.0
First -35 1.1 4.8 17.0 -55 -1.0 1.0 4.7
Second -35 0.4 4.7 135 -3.2 0.3 55 15.7
Third -39 0.4 3.9 13.6 -3.9 0.4 3.7 13.0

Fourth —3.8 0.4 3.8 12.4 —-3.9 0.2 3.7 125
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Figure 4b) describes the first-NN shell; the distribution 4.05 . . . .
function is clearly getting more asymmetric as temperature (a) Kr2,” Kﬂ 3.7
increases. 404 + 7 K9
Table 1l summarizes the average distaf;g, the mode
distanceR,.« (peak position of the radial distribution func- 4.03 |
tion), C,, andCj for the first- to fourth-NN shells. ThE€, -
values for higher-NN shells are larger than those for the T 402y
first-NN shell at any temperature. On the contrary, @ 0:5 401 | : ; . Kr55 |
values are found to be much larger in the first-NN shell than ' ‘
those in higher-NN shells. Although negative valuesGaf 4L ' - ]
for the second-NN shell are not well understood, it should be =
noted that all theC; values for higher-NN shells are much 3.99 R 1
smaller than those for the first-NN shell in spite of larger -~ MC
C,. 3.98 : ' :
Table IV tabulates the thermal expansion estimated by the 0.05 ' ' Kro.” Kri3 |
MC simulations. Here the thermal expansion is defined using (b) K9
two different manners asRi,— Rp)/Rg and Rmax—Ro)/Ro, 0.04 | K ' 43

where R, is temperature independent and is assumed from
the lattice constant at 24 K. The thermal expansion was sepa- ___

rately estimated from the first- to fourth-NN shells. For com- e 0.08 v
parison, the x-ray datfare also shown. The thermal expan- &
sions of the lattice constant estimated by the present MC O o02t
simulations are found to be in good agreement with the x-ray T MC
diffraction data. A small discrepancy & K should originate 00 LT

from the quantum effect of the thermal expansion; in a clas- - T

sical limit, the thermal expansion is proportional to absolute | "

Krb5.

temperaturerl, while in the quantum-mechanical theory the 0
thermal expansion is getting smaller with a temperature de- 5 . 'Kri3
crease and converges to a certain constant atTtheD (c) Kr2 s

limit, 3579 S K9
The thermal expansions using the average distances for all
the shells are consistent with those estimated from the lattice &>
constant, this being consistent with the above EXAFS re- °X 3} Kr43]
sults. The thermal expansion estimated from the mode dis- Z,
tanceRa for the first-NN shell is noticeably smaller than hant
that from the lattice constant because of the anharmonicity of o
the interatomic potential. On the other hand, those for
higher-NN shells are in good accordance with the ones from 1r
the lattice constant. These findings are essentially consistent
with the present EXAFS results and the remark given by Di : = ‘ ,
Cicco et al,'® and confirm that the asymmetric distribution 0 10 20 30 40 50
resulted from the potential anharmonicity should effectively
be compensated in the higher-NN shells. Temperature - T(K)

V. QUANTUM-STATISTICAL CALCULATION _ FIG. 5. Temperature dependencg(a)fthe average interatomic
distanceR,,, (b) mean-square relative displaceme@ts, and(c)
A. Method the mean-cubic relative displacemen@ig for the first-NN Kr-Kr

In order to discuss the thermal properties of solids at lo shell estimated by the quantum-statistical calculations of thg Kr
prop ri3, Krig Kras Krss, Krsg, and Kig; clusters(short-dashed lings

temperature, the q“?‘”t“m effect _mlght be |mportant,_ Wh'Chrhe results of the classical MC simulations of solid(Kkmg-dashed
has not been taken into account in the previous section. Wlﬁ1e) are also given, together with the EXAFS resulpsints with

have performed in the present study the quantum-statistiC@qr harg and the x-ray diffraction datésolid line) for R,,. The
calculations of the EXAFS cumulants of Kr clusters. We will jeqyts ofR,, andC5 for Kr,, are omitted because these are almost

here employ the same adiabatic pair potential as the classicglentical with those of Kg,.
MC simulations. The pair potential(r) can be expanded
around the potential minimum, as the fourth-order polyno- na potential given by Barkeet al?® worked quite well, and
mial: the resultant vzlzues arex,=0.014 86(mg%/n/A), K3
1 =0.011 37(mdyn/A?), «k,=0.006 255(mdyn/A°), and r

0(1)=5ko(f —10)*~ ks(r =ro)*+ ra(r =ro), (2 =4.007 87(A) ?/respecti\;‘ely. For a foIIowi¥1g use of the (p))air
where kg, k3, and x, are the second-, third-, and fourth- potential, however, it would be better to expand the function
order force constants. The linear least-squares fit of the origiwith respect to the average distariRg, instead ofr, due to



55 THERMAL EXPANSION AND ANHARMONICITY OF . .. 11 327

its more accuracy in the perturbation calculatidrigus the 1st NN
pair potential is rewritten as V(r)= E vij(r)
i<j
U(r):%K(,)(r_Rav)2+Ki(r_Rav)_Ké(r_Rav)3 1
[ 22 (1) _ (3)
TR 40 (R, ® 22 Rt 2 A% 2 @ QQQ
where modified force constants can easily be obtained by
comparing Eqgs(2) and(3), namely, + > a:fg,stQquQs, (5
p<qgs<rs<s
ko= Ko~ 6k3C1+12k4Cy, wherew, is the pth normal vibrational frequency associated
with the normal coordinat®, . Here again note thas, and
r_ 2 3 .
k1= KoC1—3k3CT+4k,C, Q, are slightly temperature dependent.
The thermal average of any physical quantity can be
k3=kK3—4K,Cy, (4)  evaluated quantum statistically within the first-order pertur-

o . . bation theory using Eq94)—(6) in Ref. 5.C; can be ob-
where C;=Rq,— T, describes the thermal expansion. NOtetained by solving the following equation approximately:

that the adiabatic potential apparently contains a
temperature-dependent quantities suclCas

Let us here assume that the total poterifél) of the Kr 0=(r- Rav>=§i: el"(Qi)
cluster can simply be given as a sum of the pair potential
taking account of only the first-NN two-body interaction. " 20'i2 D 3 1+z,
When the first-, third-, and fourth-order potential terms are :Ei: € [ T a +3§p: Qipp 1-z,)" (6)

regarded as a perturbed Hamiltonian, a nonperturbed Schro
dinger equation with the harmonic second-order potential isvhereel!) is the coefficients with which the normal coordi-
exactly solved. The total potenti®|(r) is consequently ex- nates are transformed into the initial internal coordinates, and
pressed using the normal coordinatesnperturbed eigen- the leading term o€, is included ina{Y. C, andC; are

functiong Q as calculated as:
|
1+7z 1-2zz Zi— Z; 1 1+z 1+z
= (2(0.0.)\= (22 (2) 52 54 i B | ) (4 2P
C2 % eIJ <QIQJ> 2I e” O-I 1_Zi 242’] el] O-I O-J h(w|+w1) ﬁ(—w,-i—wj) 1_Zi 1_ZJ p aljppo-p 1_Zp,
(7)
cs=i12k e{¥(QiQ;Qu—3C1C,
(3) (3), 2 2 2
e a oloio 1-zzz 2~ Zi Z; Zi—7ZZ Zi—ZiZ
:122 ijk “ijk @i “j“%k i <)<k k i <) i ik i 4k (8)

ijk (1—2,)(1—21)(1—Zk) ﬁ(w,-i—w]-l-wk) h((,()|+(1)J_(1)k) ﬁ((l)|_(1)1+(1)k) ﬁ(—w,-i—w]-i—wk) )

Note that the subscripts of the force constants are mutablér,,, and K-, together with the experimental and the above

for instan(_:eaj(fk)= a.(lsk) 3 afiy =af) , and so forth. C4can  MC ones. The results of K@and Kr, are essentially the same
also be given in a similar manner @;. as those of Ky because of no interaction between the termi-

In the present study, we have examined seyeral 'sizes ®fal Kr atoms, andR,, and C3 of Kr-q are almost identical
Kr clusters of Kg, Krs (linean, Krs (planaj, Krys (including  with those of Kg;. These curves are thus omitted in Fig. 5.
all the first-NN atom Kryg (up to the second NNKry3 (Up  The calculatedR,, at 24 K for the Kg; cluster was obtained
to the third, Krgs (up to the fourth, Krze (up to the fifth, 4 pe 4.0462 A, which is significantly larger than the experi-
and Kpg (up to sixth. In the Krgs cluster, all the firstNN 45 value of 4.001 86 A8 This deviation originates from
atoms are .coordmated completely by 12.atoms. We W'”the neglect of higher-NN attractive interactions. Here the cal-
hereafter discuss the results only of the first-NN shell be-

o . latedR,, values by both quantum-statistic and clas-
cause of a limited size of the present cluster and a neglect o a y 9 ey

higher-NN interaction. Note that no fitting parameters WithSICaI MC methods were thus shifted by adding constants to

the experiments are included in the following results excep atch the expenm_er_1tal valu_e at 24 K. On the other hand,
for the absolute values @,,, C,, andCs at 24 K. » and C; were similarly shifted to match the calculated

ones at 24 K for Kg;.
It is clearly found that the temperature dependence of all
the quantities is getting smaller with an increase in the clus-
Figure 5 shows the calculated results Rf,, C,, and ter size. This is because the neighboring atoms are gradually
C; for the first-NN shell of Kp, Krqiz, Krig Krgs Krss, more coordinated and the vibrational amplitude becomes

B. Results
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suppressed. Although the temperature dependence does mogan-square relative displacements are larger for higher-NN
converge within the cluster size investigated, thg;i€tuster  shells than for the first-NN shell because of larger correlated
may be sufficiently large to discuss the EXAFS cumulants ofmotions for the latter. On the contrary, the mean-cubic rela-
the first-NN shell. We should here note that when the di-tive displacements were revealed to be negligibly small for
atomic Einstein model is applied to obtain the force con-higher-NN shells, while those for the first-NN shell are es-

stants of solids, the resultant values should be just effectiveentially important to estimate an appropriate average inter-
and completely different from those of the pair potential. atomic distance.

The thermal expansion estimated by the present quantum- The present findings should be applicable to other systems
statistical calculation for kg is found to be in excellent for more reliable estimation of the interatomic distance by
agreement with those given by EXAFS, x-ray diffraction, means of EXAFS. It might be believed that the first-NN shell
and the classical MC simulatiori§ig. 5@]. This implies is most reliable for a detailed determination of the inter-
reliability of the present pair potential employed and con-atomic distance owing to dominant contribution in the
firms appropriate estimation of thermal expansion using th&XAFS spectra. It is, however, quite important to take the
classical theory at the temperature range investigated. Adnharmonic contribution into account; otherwise, an apparent
lower temperatures, the classical calculation deviates frorsontraction of the bond length should be inevitalfl@n the
the experiments, while the quantum-statistical results agreesther hand, when higher-NN shells are observed, reliable in-
with those fairly well. teratomic distances are obtainable within the Gaussian ap-

C, and C; were also estimated appropriately by the proximation even in strongly anharmonic materials. Al-
guantum-statistical calculation$igs. 5b) and 5c)]. The though the present study employed two-body interatomic
temperature dependence ©f and C; is reproduced excel- potentials, this finding can be applied to the systems with
lently by the calculations of kg and Kig;. Even in the case strong many-body interactions such as a bending force. This
of Krys (or also of Kgs for C,), the temperature dependence is because, as long as the interatomic distance is discussed,
was significantly overestimated. On the other hand, the claghe bending anharmonicity for the distance is always
sical C, deviates noticeably from the experimental data be-canceled. Care should be taken only of higher-order cumu-
cause of the quantum effect of the zero-point vibration, whildants such a£;.
the slope of the classic&, is in good accordance with the The quantum-statistical analytical calculations of the
experiments, again indicating that the temperature examinefifst-NN cumulants using the Ky cluster were found to be in
in this study is not crucially too low to obtain thermal infor- excellent agreement with the experimental results. This im-
mation of solid Kr by means of the classical theory. plies a high quality of the pair potential employed. We have

examined the cluster-size dependence of the EXAFS cumu-
lants from K, to Krg; and have found that temperature de-
VI. CONCLUSIONS pendence oR,,, C,, andCj; is noticeably suppressed with
) an increase in the cluster size. This is because the first-NN

The Kr K-edge EXAFS spectra of solid Kr were mea- atoms are gradually more frozen due to further coordination
sured and analyzed in order to obtain information on thesf Kr atoms. It should be noted that the diatomic Einstein
thermal expansion and the Debye temperature not only frorgodel, if applied, would result in only an effective potential
the first-NN shell, but from higher-NN shells. The mean- of solid Kr, which completely deviates from the intrinsic pair
square relative displacements for the third- and fourth-NNyotential. The present quantum-statistical calculations have
shells were found to be larger than those for the first-NNgealt with only the first-NN shell and ignored higher-NN
shell. All the shells yielded the Debye temperature of 6linteractions. It might be also important to evaluate the cumu-
+2K. The thermal expansion estimated from the first-,|ants of higher-NN shells by modifying the theory derived by
third-, and fourth-NN shells are in excellent agreement WithFujikawa and Miyanag®>** for further understanding of
the x-ray data. For the first-NN shell, the cumulant-thermal expansion and effective cancellation of asymmetric
expansion analysis was essentially important, while for theyistributions for higher-NN shells.
third- and fourth-NN shells, the conventional Gaussian ap-
proximation successfully gives the proper thermal expansion.

Effective cancellation of anharmonicity should be empha-
sized in the radial distribution _function for higher-NN shells, ACKNOWLEDGMENTS
although the present system is largely disordered.
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tions of solid Kr at low temperature in order to recognize theand K. Kaneyuki for their contribution to the EXAFS mea-
behaviors of the temperature dependence of the EXAFS clsurements and analysis. We are also grateful to Professor M.
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