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Anharmonic interatomic potentials of octahedral Pt-halogen complexes studied
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The temperature dependence oflRt- and | K-edge extended x-ray-absorption fine-structure spectra of
octahedrally coordinated A3~ (X=Cl, Br, and ) complexes has experimentally been investigated not only
for the first-nearest-neighbdNN) shells but for higher NN ones. The second- and third-order cumulants of a
radial distribution function in the octahedral system have been evaluated quantum mechanically by employing
the interatomic potential including the third-order force constants. The experimentally obtained second-order
cumulants agree with the values expected by the vibrational data and the third-order cumulants have success-
fully given the anharmonic force constants. Contribution of the bending motions to the cumulants of higher NN
shells is discussed in detdl50163-18286)04934-X]

I. INTRODUCTION temperature dependence of EXAFS spectra. On the contrary,
for all the other point-group systems, generally speaking, the
Extended x-ray-absorption fine-structuUteXAFS) spec- bending motions should be taken into account beyond the
troscopy has widely been utilized for structure analysis infirst-NN shell. It has not yet been investigated whether the
various fields of scienceEXAFS contains information on bending anharmonicity is important to describe the cumu-
local structures around x-ray-absorbing atoms, and usualllants, although this should be an essential problem for further
gives coordination numbers and interatomic distances. Re#nderstanding of EXAFS spectroscopy.
cently thermal motions have also become an attractive sub- In the present study, we have carried out quantum statis-
ject, which are given in higher-order moments of radial dis-tical calculations to derive the cumulants of the octahedrally
tribution functions. In order to treat asymmetric radial coordinated system including the third-order anharmonicity
distribution functions due to anharmonicity, the cumulant-in the interatomic potential. We have measured and analyzed
expansion techniqdenas been exploited as the most practi-the temperature dependence ofLRt- and | K-edge EXAFS
cal method and has extensively been used in moderately dispectra of a P§ complex not only for the first-NN shell but
ordered systems for bulkand surface materiafsThe next for the second- and third-NN ones. We have also investi-
step for further understanding of the disorder problem is tayated PtL,-edge EXAFS of other octahedral Pt halogen
know direct relationship between the interatomic potentiaicomplexes of PtG™ and PtBE~ for comparative discussion.
and the cumulants. Recently Rabasd Frenkekt al® have ~ We will finally conclude whether only the stretching motion
derived quantum-mechanical formulas including third-orderis necessary or the bending motion is also important to yield
anharmonicity for a simple diatomic system, while Miyanagaproper cumulants.
and Fujikawd have extended the theory to a one- In Sec. Il of this work, we briefly describe the experimen-
dimensional infinite chain including the third- and fourth- tal details on EXAFS and far-infrared spectroscopic mea-
order cumulants. surements. Section Il deals with the vibrational analysis to
In our previous stud§},we have derived the formulas of give the second-order force constants within the harmonic
the cumulants for a linear triatomic system and analyzed thapproximation, and the evaluation of the cumulants using the
temperature-dependent EXAFS spectra of diatomig Bnd  third-order anharmonic potential by applying the first-order
linear triatomic HgBj§, HgCL,, AuBr, , and CuBg . The an-  perturbation theory of thermal averages. Section IV gives the
harmonic interatomic potentials have subsequently been deesults and discussion of the EXAFS analysis for the static
termined from the obtained cumulants, and it has been enstructure analysis as well as the temperature dependence.
phasized that the many-atom treatment is essentiallpection V summarizes the concluding remarks.
important to describe the thermal motions especially for the
higher nearest-neighbdNN) shells which have no chemical
bonds with the x-ray-absorbing atom. In the linear molecular
systems, the bending vibrational motion does not contribute Temperature dependence of Bf,-edge EXAFS spectra
to the cumulants within the first-order approximation, be-of K,;PtCk, K,PtBrg, and KPtlg was investigated at BL-10B
cause the displacement vector for the bending motion is pefRef. 9 of the Photon Factory in the National Laboratory for
pendicular to any bond direction. Since one should take acHigh Energy Physic§KEK-PF, the ring energy of 2.5 GeV
count of only the stretching motions in the linear moleculesand the stored ring current of 350—250 javhile | K-edge
this yields significant simplification for the description of EXAFS of K,Ptl; was taken at BL-7QRef. 10 of KEK-PF

Il. EXPERIMENT
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with the operating ring energy of 3.0 GeV and the storededge. The sample temperature was monitored by an electric
current of 170-150 mA. All the EXAFS spectra were re- resistance of a Si diode placed closely to the sample disk.
corded with the transmission mode using &%$1) channel- Because of a lack of vibrational spectra of the2Ptbys-

cut (BL10B) or double-crysta(BL7C) monochromator. lon- tem, we have carried out the measurements of a far infrared
ization chambers were employed for the measurements apectrum of KPtls. The spectrum was recorded in a similar
intensities of incidentl() and transmittedl() x rays, which  manner described previoudly.

were filled with N, and Ar, respectively, for the Rt -edge

EXAFS. In the case of K-edge EXAFS, we used Ar and Kr

gases forl, and | ionization chambers, respectively. Data ll. THEORY

acquisition periods were 1 s/point for Bf, edge and 2
s/point for | K-edge EXAFS.

Commercially available KPtCl, K,PiBrg, and KPtlg
were used without further purification. The samples were Prior to the calculation of the cumulants, one has to de-
diluted with boron nitride, pressed to make disks with a di-termine the nonperturbed eigenvalues and eigenfunctions
ameter of 12 mm, and cooled down to the temperatures usingithin the framework of harmonic oscillators. Here we as-
a closed-cycle refrigerator. Measurement temperafliraee ~ sume an octahedral systdvhiXg with atomic masseM and
listed in Figs. 2, 4, and 5 described below. The absorptiorm for central atomM and terminal atonX, respectively. To
jumps at the edges were less than 1.5 for all the samplesplve the dynamical matrix, we use the simple Urey-Bradley
implying fewer effects of higher harmonics in the presentforce field* whoseG andF matrices for each symmetry can
ring energy of 2.5 GeV for Pt, edge or 3.0 GeV for K be given a¥

A. Dynamical matrix calculation

Ag: G(Arg)=pug, F(A)=K+4F,
Ey: G(Eg)=up, F(Eg)=K+0.7F,
2pupat up —4uat
—4ppt  2(4pptpp)T
Fag: G(Fag)=4up7®, F(Fag)=r5(H+0.55F),

Fou: G(Fa)=2ugr, F(Fp,)+r3(H+0.55F), (1)

K+1.8F 0.9rqF

Fi,: G(F,)=
t G(Fu) 0.9roF  r(H+0.55F))"

, F(F)=

where up=1/M, ug=1/m, 7=1/ry, andr, is the equilib- force constants are summarized in Table Il discussed below,
rium M-X distanceK, F, andH are the second-order force and the obtained normal coordina@ewill be used to calcu-
constants foM-X stretching X-X' interaction, anK-M-X"  late the cumulants.
bending modes. The basis set for the ab®Fe matrices is
the internal symmetric coordinat®, which is given by a
unitary transformation of the original internal vectotsof _ _
the M-X distance displacementsAf,) and the X-M-X' Let us evalyate the f|_rst- to third-order cgmulants _for the
angle displacements ¢A ¢,,,), the dimension of the internal SYystem m_cludmg_the thlrd_-order anharmomc potential. We
coordinateX or S being 18 including 3 rotational freedoms. Wil describe the interatomic potenti# in terms ofQ such
Since vibrational spectra directly give the eigenvalues ofhat
the GF matrix, one can obtain the force constaKtsF and

B. Cumulant evaluation

H, and the normal coordinat@ which is given by the linear 1 22
combination ofX as V= Zzp: ©pQp p;q:sr @pqrQpQaQr ®)
X=eQ ) where the first term corresponds to the harmonic potential

(wp is the pth normal vibrational frequengyand the second
term can be regarded as a perturbed Hamiltortin in
which aq, is the third-order force constant.

In order to evaluate the second-order cumul&@@ys one
can use the harmonic approximation because the odd-order
terms do not contribute to the even-order moments within the
first-order perturbation theory. The thermal average of
QiQ; is known to be simply given as

where e is the transformation matrix. Raman and infrared
spectroscopic data of P€1and PtBE~ can be referred to in
the literature’®> while the infrared spectrum of Bfl was
measured in this study. The resonance frequencies f@r Ptl
were found at 185.5 and 84.9 ¢ The former is assigned
to the antisymmetric stretching modé; () and the latter to
the bending modef(,). Because the Raman data of 3tl
are not available, we use the present EXAFS results of 514z 147

AC, for the first-NN Pt-I shell described below, in order to (QiQi)=— L8 = 0P 5, (4)
calculate the force constaris F, andH. The results of the 2w 1=z M1z Y
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where? is the Planck constant divided byr2 5;; the Kro- 6002 1+7 1+7
, . 2. . . . (3 __"1"”q i q
necker’s delta functiong; is the zero-point vibrational am- Qiii par= o 1—z 1—z." 11
plitude of theithe mode, and;= exd —%w, /ksT] (kg the ! ! a
Boltzmann constant and@l the temperatupe All the other elements vanish in E¢). For the first-order

The first- and third-order cumulantS; and C; can be cumulantC;, which is defined as the thermal average of the
calculated using the first-order perturbation formula of ther-distance displacement with respect to the equilibrium dis-
mal average&® The third-power momentQ;Q;Qy) is given  tance(the potential minimum (Q;) is similary given as
as

L5 g <Qi>:p<2q<r QY par s (12)
<QiQJQk>_Z_O v Za=r 5 En—En o L
whereQ; '/, gives nonzero values when=q=r =i
><<n|QinQk|n,><n’|_a’pququQr|n> 4
qu _Soilta (13
:p<2q<r Qi parcpar- (5) WP e 1=z
) » ) and whenp=i, q=r#i, orr=i, p=qg#i,
whereZ, is the partition function of the nonperturbed sys-
tem, andg, the eigenvalue of the nonperturbed statelhe 20202 1+7
state n contains 15 vibrational quantum numbers Qi(,lp)qsf 1_—q (14)
=(nq,n,, ... ,nyg) in the octahedral system, some of the @i %

levels being energetically degenerated. Although the analytia|| the other elements vanish in E¢L2).
cal calculation ofQ®® is a tedious task, one can classify Using these elemenf&gs. (6)—(11), (13) and (14)], one

three different cases as follows. Fb¥j#k, whenp=i,  can numerically evaluat€; and C; for any NN shell. For
g=]j, andr=Kk, one obtains a nonzero value as this purpose, one should define the third-order force con-
5 2 2 stants in Eq(3). In the case of the octahedral system, let us
Q¥ 20700k [ 1-zizjz¢ assume the anharmonic perturbed Hamiltonian as
ijk.par (1_Zi)(1_2j)(1'zk) ﬁ(wi-i-wj-i—wk)

Zk_zizj H’:_EI K3Ar|3—% F3’|mnAr|ArmA|’n

* fi(wi+w;—wy)

Zj_ZiZk N Zi_ZjZk

N =2 Ha(roA ¢im)°, (15
ﬁ(wi—wj+wk)'ﬁ(—wi+wj+wk) "

. (6)

whereK;, F3, andHj are the third-order force constants.

The first and third terms correspond to the anharmonicity due
to the stretching and bending motions, respectively. The sec-
ond one is the cross term between the stretching motions,

Becausei,j and k are mutable with each other, the same

expression is valid foQ(}) .. etc. Fori #j=Kk, three cases

give nonzero values as in Eq§)—(9): whenp=i,q=r=]j

orr=1.p=q=1, while the cross terms containing the bending motions are all
20?04 (1-2)(1+67, +Zi2) peglected. Although sevefal typesof mllght exist depend-
i<J.3J.>pqr: J , ing onl, m, andn, we will afterward give some assump-
’ (1=z)(1-z) ho; tions to fit the experimental data. Using=eQ, the force
2(1—ziz-2 2(zi—z-2) con§tantapq, in Eq. (3) can be obtained. _
+ ! ! , (7) Finally one can evaluate the cumulants. For instance, the
i(wi+20)  A(-o0it+20) first- to third-order cumulants for the second-NNX shell

whenp=q=r=i, are given as

600! 1+z 1+z,
Q= ’ ®
WA fiw; 1-z 1-7z'

C,= %% <Arlm>'

and whenp=i, q=r#i, #j, orr=i, p=q#i, #]

Co=3%2 (Arn—Cp?= 35> (Ard), (16
20'i20j20'g 1+z 1+2z, 2 12% ((Arjp=Cy) 12%< im) (16)

(3
RUTRX 1-7 1z, ©

For i=j=k, two cases show nonzero values: whes q ngﬁ% ((Arp—Cyp)3)= ﬁ% (Arp)=3C,Cy,

where
20° 11+ 382+ 1127

QY o= ho.  (1=2)2 (10

A+ Arg+roAdy

(17)
and whenp=i, q=r#i, #j orr=i, p=q#i, #j, m 2
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FIG. 1. (a8 L,-edge EXAFS oscillation func-
tion k2x(k) of K,PtCk at 25 K (long-dashed
line) and 300 K(short-dashex together with the
FEFFecalculation at 25 K(solid); (b) PtL,,-edge
k?x (k) of K,PtBrg at 71 K (long-dashepiand 300
K (short-dashedwith the calculation at 71 K
(solid); (c) Pt Ly,-edgek?®x(k)of K,Ptlg at 38 K
(long-dashegand 300 K(short-dashedwith the
calculation at 38 K(solid); (d) | K-edgek®y(k)
of K,Ptly at 50 K (long-dashefl and 300 K
(short-dashed with the calculation at 50 K

(solid).

Ky (K)

Kx(K)

2 4 6 8 10 12 14 18 2 4 6 8 10 12
Wave number k(A Wave number k(A"

SinceAr,, Ar,, andA ¢, are expressed bg and Q, nu- o . _
merical values ofC;, C,,andC; are obtained straightfor- K:Ptlg are shown in Fig. 1, including the temperature depen-

wardly using Eqs(4)—(15). Note that although the octahe- dence and the theoretical calculations described below.
dral system is assumed here, these expressions in(Bgs. [In all the spectra, the amplitude reduction at higher tempera-

(14) are completely general for any molecular structure andures can clearly be seen especially at Higtegions due to
one should rewrite only final expressions as H3§)—(17). the enhancement of thermal vibration at higher temperatures.

These formulas are employed for the following analysis of The EXAFS functions were subsequently Fourier trans-
the temperature dependence of the experimental EXAF&rmed into r space (each Akgy employed is given in
spectra. Table I, these being depicted in Fig. 2. In all thelLRt-edge
EXAFS two features are found; dominant peaks appearing
at~1.9-2.5 A can be assigned to the first-NNXPtX=Cl,
Br, or 1) single-scattering patfcoordination numbeN=6)
A. Structure analysis and Wgak features appearing att—5 A_ to the multiple-_
' scattering paths. As we have already discussed in the linear
The EXAFS oscillation functionk"y(k) was obtained triatomic system§, no single-scattering paths within the
with well-established procedures: pre- and postedge backtXs unit can be expected around 4-5 A, and the weak
ground subtractions and subsequent normalization with théeature should thus correspond only to the multiple-
absorption coefficients given in the literatdré The Pt scattering paths, in which several kinds of Y2Pt-X'-Pt
L,,-edge EXAFS functionsk®y (k) of K,PtCl andk?x(k) paths are possible. Dominant contribution is found in
of K,PtBrg and KPtls, and the IK-edge functiork?y(k) of  the collinear X-Pt-X’ cases since these paths contain

IV. RESULTS OF EXAFS AND DISCUSSION

TABLE |. Results of structural analysis of the EXAFS data of BfGIPtBr3~, and Ptl§~ using theo-
retical standards given Iserra R denotes the distance given by the crystallographic data, vRilés the
distance determined by the present EXAFS data. The crystallographic data §f BtBmot available in the
literature.C, was calculated from the vibrational data. Error bars includes both the experimental and fitting
errors, but do not include accuracy of the theoretical standards.

Sample Edge TK  Pair AKgr ARy Ak S3 R(@A) RgA) C, (AY

PtICE~ Pti, 25 PtCl 3.0-13.7 1.65-2.35 4.0-135 Q%3 2.316 2.3185) 0.00165

PtBr%’ Pti, 71 Pt-Br 2.9-14.7 1.80-2.60 4.0-145 @30 2.4725) 0.001 36
Pt-Br-Pt 2.9-14.7 4.10-5.10 5.0-13.0 11® 4.9325) 0.002 31

Pt~ PtL,, 38 Pt-1 2.9-16.0 1.95-2.80 4.0-16.0 Q™3 2.67F 2.6735 0.001 34
Pt-I-Pt 2.9-16.0 4.70-5.40 4.0-16.0 10® 5.34¢ 5.3515) 0.002 04

Pt~ I-K 50 I-Pt  3.4-16.7 1.90-2,85 4.0-16.0 1(10) 2.67% 2.6675) 0.001 36
-1 3.4-16.7 3.10-3.80 4.0-16.0 1(D) 3.78% 3.7735) 0.003 69

I-Pt-l  3.4-16.7 4.60-5.40 4.0-16.0 1(20) 5.34¢ 5.33§5) 0.002 11

%Reference 16.
bReference 17.
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(e

FIG. 2. Fourier transforms corresponding to
Fig. 1. (8 K,PtCl (PtL,,) at 25 K (long-
dashefl 201 K (short-dashedand 300 K(dot-
ted, together with thererFe calculation(solid);
A (b) K,PtBrg (Pt ;) at 71 K (long-dashey 147
AR N K (dotted, 201 K (dot-dasheyj 257 K (dotted,
and 305 K(short-dashedwith the FEFF6 calcula-
12 ' ] tion (solid); (c) K,Ptlg (PtL,,) at 38 K (long-
(d) dashedl 205 K (dotted, and 300 K (short-
] dashed with the FEFFe calculation (solid); (d)
1 K,Ptlg (I-K) at 50 K (long-dashej 130 K (dot-
ted), 190 K (dot-dashey 250 K (dotted, and 300
K (short-dashed with the FerFre calculation

(solid).

(arb. units)
S =~ N W A OO N @ ©

Fourier Transform

08 r

06

0.4

0.2 r

L )"~ B N &) B > B S = o)

s o 1 2 3 4 5 o
Distance R (A) Distance R (A)

the focusing forward-scattering effect with Pt, while the A refinement of the interatomic distance was subse-
other less important paths include the Pt scattering angles ofuently carried out by means of the single-shell curve-fitting
90° or 180°. Although the Fourier transform concerning lanalysis ink space. After the inverse Fourier transformation
K-edge EXAFS of P§~ [Fig. 2(d)] shows more complicated of the shell of interest, the extract&ly(k) was fitted using
features, the assignments can be done rather straightfaihe backscattering amplitude and the phase shift derived by
wardly; the first peak at-2.5 A corresponds to the first-NN the presenterrécalculation. TheARy, andAkg, ranges em-
I-Pt shell(N=1), the second peak at3.5 A to the second ployed are tabulated in Table I. Here only three fitting pa-
NN I-I shell (N=4), and the third peak at-5.1 A to the rameters ofs3, R, andAE, were employedC, was fixed to
I-Pt-1 shell. Here we can neglect the double-scattering conthe values given by the vibrational analysishile the num-
tribution corresponding to the triangular I-PHIpath where  per of independent data points estimated by the well-known
the I-Pt and Pt-l directions are perpendicular to each other.formula of N;=2AkAR/x+ 1 should be sufficiently larger
Similarly to the PiL,,-edge EXAFS, the observed third peak for all the shells analyzed. Note that here we have allowed
should contain mainly the collinear cases as thellsingle- 2 variation depending on each shell, which was inhibited in
scatteringlatoms |, Pt, and'llocate collinearly, the I-Pt-I-I  the FEFF simulation depicted in Figs. 1 and 2. Conclusively
double scatteringonce forward scattering with Pand the  we found excellent agreement with the crystallographic dis-
I-Pt-I'-Pt-l triple scattering(twice forward scattering with tances not only for the first but for higher NN shells, as
PY. Most features in Figs.(2) and 2d) are accompanied by shown in Table I, indicating high reliability of theerr cal-
the side lobes due to nonlinelrdependence of the phase cylation.
shifts typical for heavy scatterers at Pt and I. One should, however, be careful to a possible superposi-
In order to obtain structural parameters and also to verifition of thep— s transition in the Pt.,,-edge EXAFS analy-
the reliability of the present theoretical standards, calculasjs sincererrsincludes only the majop—d component. In
tions were performed using theerFs program packag€  order to estimate the effect of the—s transition, we have
This calculation requires only two undetermined parametergyaluated both the—s and p—d component by changing
to reproduce EXAFS spectra, which @gandAE,. AEyis  the absorber phase shifts given in therrs code. It was
the shift of the edge energy which has tentatively been chofound that although the phases are noticeably different be-
sen at the inflection point of the experimental data, 8¢5 tween each other, the amplitude of the-s component is
the intrinsic reduction factor of the EXAFS function. The too small to analyze since the ratio of the transition intensity
interatomic distanceR were taken from the crystallographic (1,_s/1,_.4) has been assumed to a common value of 6.02.
datd®!"and the mean-square relative displaceméntsvere  From the curve-fitting analysis including the two compo-
calculated from the harmonic vibrational analysis describedents we have found no meaningful differences in the results
below. C; was neglected for simplicity. Since crystallo- (the first-NN distance and coordination number differ only
graphic data of PtBy were not available, we usd®lalso as by 0.001 A and 1%, respectivélyWe can conclusively re-
a fitting parameter. Figures 1 and 2 include the results of thenark that the above analysis taking account of onlyphed
FEFF6 calculations for the lowest temperature of the corre-component is sufficient for the present discussion. It is also
sponding experimental spectrum. Agreements between theoted that in the present study we have measured both the
experimental and theoretical spectra are found to be excePtL,,- and IK-edge EXAFS for P§~ and have obtained the
lent. identical results(see Table | and also Fig. 5 and Table Il
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-0.05 I and solid line for calculated dgtand for the first-NN Pt-Br shell of
o1l PtBr2~ (open circles and dashed liné=or the experimentally ob-
he tainedC, and C3,the calculated values at the lowest temperatures
05 L L (25 K for PtCE™ and 71 K for PtB§") are added.
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Wave number k(A" . L .
the single-shell contributions. For the'l{pair, we have ne-

FIG. 3. Filteredk?y(k)of | K-edge EXAFS for(a) the first-NN glected multiple-scattering contributions such as a triangular

I-Pt shell, (b) the second-NN I-| shell, antt) the third-NN I-Pt-I  -Pt-I'-l path (ZIPtI’=90°), as mentioned above. For the
shell, at temperatures of 50 (¢olid), 130 K (long-dashey 190 Kk third-NN I-Pt-I'-Pt-I shell, all the paths except the
(short-dashex 250 K (dotted, and 300 K(dot-dashel /£ IPtl'=180° cases have been neglected. Since these three
collinear componentssingle-, double-, and triple-scattering
given below, this justifying the omission of thp—s com-  |-Pt-I" pathg show exactly the same cumulafiteie can per-
ponent in the polarization-averageg,-edge EXAFS. form the single-shell analysis similarly to the first-NN analy-

sis. C, and C; of the first-NN PtX shells in PtC}~ and
PtBrZ~ are plotted in Fig. 4 and the results of the first- to
third-NN shells of P~ are depicted in Fig. 5, where the
The temperature dependence of the EXAFS spectra wasalculated values discussed below are also given. In Figs. 4
subsequently analyzed by means of the amplitude-ratio angind 5, the calculate@, and C; values at the lowest tem-
phase-difference methods or the curve-fitting method. In thi@erature were added to the experimentally obtaih€d and
analysis, we employed the lowest-temperature data as enxC;, to yield the absolute values at higher temperatures. The
pirical standards, and therefore we can estimate the differtemperature dependence &R is so small as the error bar,
ence of the second- and third-order cumulants between thend is omitted because of less reliability for quantitative dis-
lowest and higher temperatures. ThA&g; and Aky ranges  cussion of the interatomic potential.
were basically the same as in the above structure analysis,
and the fitting parameters ateR, AC,, andAC;. Since the
temperature-dependent analysis requires higher quality of the
data than the distance estimation, we have consequently suc- The analysis ofC, can be performed with the harmonic
ceeded only in the analysis of the first-NN shells in the Ptapproximation. For PtGl and PtBE, K, F, andH have
L,,-edge EXAFS and the first- to third-NN shells in the | been given by the vibrational data and we can straightfor-
K-edge EXAFS, all of which show intense EXAFS oscilla- wardly evaluateC, for the first-NN Pt-Cl or Pt-Br shell. As
tions up to sufficiently higtk regions. shown in Fig. 4a), the experimental data given by EXAFS
The filteredk?y (k) for the first- to third-NN shells in the agrees quite well with the expected values, indicating that
| K-edge EXAFS of KPtlg are shown in Fig. 3. One can find C, is correctly provided with the harmonic interatomic po-
the amplitude reduction at higher temperatures, which origitential determined by the vibrational data. Fo Rtbecause
nates from the enhancement@©j§. The phase delay is also of lack of a Raman spectrum we have only two IR frequen-
found especially for the second-NN shfflig. 3b)], which  cies, implying one more experimental datum required. Here
is associated wittC5. In the analysis of the second- and we have employedC, for the first-NN I-Pt shell, which is
third-NN shells of the IK-edge EXAFS, we also assumed dependent ol andF. These three experimental data lead to

B. Analysis of temperature dependence

C. Force constants
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— force constantH in the calculation.C, at 300 K is thus
sl @ M estimated to be 1.6910 2 A2, which is by 15% larger than
' A the value of 1.4%10 2 A? obtained by the appropriate
analysis includingH. C, of the first-NN shell also changes
by 2% due to the coupling of thie,,, stretching and bending
modes, whileC, of the third-NN shell does not vary at all.
These results imply that the contribution of the bending
mode plays a minor role even for the second-NN I-I shell
where the bending mode directly affects.

For the determination of the anharmonic potential param-
eters, let us first neglect the cross terms concerning
F3.From the first-NN PX shells, one can determirn€; in
the absence oF; because the bending anharmonicity
does not affect the first-NN shell. The obtained values are
tabulated in Table Il. Although in the cases of FChand
PtBrZ~ one cannot includ&; because of a lack of the other
NN information, the analysis of F4T can be performed us-
ing C5 of the third-NN I-Pt-I shell. It might be quite impor-
tant to takeF 5 into account since in the analysis of the vi-
brational data the harmonic force constdnat plays an
essentially important role. Actually in the absence of Ehe

FIG. 5. Temperature dependence@f andC; for the first-NN cqntribution theCs values of the first-NN .I_Pt and the
I-Pt (solid line), the second-NN I-long-dashel and the third-NN third-NN [-Pt-I shells are not consistent with each other;

I-Pt-1 (short-dashexshells. Data points with error bars correspond C3 Of the third-NN shell was found to be by as much as
to the experimental data given by thelR§- and IK-edge EXAFS ~ ~40% underesu_mated assumiig=0. In orde_r to obtain
analyses. For the experimentally obtain@g and Cs, the calcu- F3, We should give some assumptionf®f, which has ba-
lated values at the lowest temperatu(@8 K for PtL,, and 50 K  sically four different types in the octahedral system. Here we
for | K) are added in order to compare the calculated lines. have tried two possibilities; first aif; values are assumed to
be the same, and secoRd,, (I #m#n) is neglected and

the harmonic force constants, as given in Table II. In the casE'€ otherF; values are assumed to be the same. These two
of | K-edge EXAFS, we can also discuSs of the second- assumptions do not exhibit noticeable difference in the bend-

and third-NN shells. For the second-NN I-I shells, Figa)5 ing cpntribution discussgd below and we will thus hereafter
shows excellent agreement between the experimental arf§ention the results only in the case that all Fyevalues are
calculated values, while the calculation for the third-NN €dual to each other. On that condition, as given n Table I,
I-Pt-I shell is found to underestimat@, slightly. Although ~ ©N€ can consequegtly estimatg =2.5(3) (mdyn/A') and
this might be within the error bars, the slight deviation wouldF3=1-1(2) (mdyn/A%) from Cj of the first- and third-NN
arise from somewhat poor approximation of 8€ matrix  Shells of P Since the resultark, value was slightly
in Eq. (1), in which several kinds of cross terms are de-modified comparing t;=2.2 (mdyn/A?) obtained in the
scribed using only one paramefer analysis of the first-NN shell assum|Eg=O, thesg previous

In order to discuss the contribution of the bending motionvalues should be regarded as effective ones. Figure 5 shows
to C, of the second-NN I-I shell, let us neglect the bending@!So theC; curves of the first- and third-NN shells calculated
including F3.

With the assumption oKs;and F; obtained aboveH ; is

0 50 100 150 200 250 300 350
Temperature T (K)

TABLE Il. Second- and third-order force constants of . .
PtBZ~, and P . The second-order constants, F and%fl—? immediately calculated fron€; of the second-NN I-I shell

(mdyn/A unit§ were determined by the vibrational spectra. For as 0.0212) (m_(dyn/Az). As _ment'oned above, the second-NN
Pt2”, since the Raman data are not available, we used the If! Shell contains information oK, F5, andH;. When we
frequencies and the EXAFS results &€, for the firstNN Pt-I  heglectHs and take onlyKs and F3 into account for the
shell to determine the constants. The third-order constégts,,  Second-NN I-I shell, th€; value at 300 K is estimated to be
andH, (mdyn/A2 units) were given by the present EXAFS analysis. 0.454x1072 A% which is by 19% smaller than the appropri-
For the determination oK5 of PtCE™ and PtBE , F;=0 was ate value of 0.56210 2 A2, Note thatC; of the first- and

assumed, while for P4T both results are given. third-NN shells are not at all dependent BHy. The present
results imply that the anharmonicity of the I-I shell originates
Harmonic Anharmonic mainly from the stretching modé~81%) and partly from

the bending vibration, this being a similar conclusion to the

Sample K F H Ks Fs Hs C, case(~85%).

PtCE~ 1.829 0.148 0.0938 3# (0.0

PtBr%_ 1.485 0.138 0.0291 3@ (0.0? V. CONCLUSIONS
Pti2~ 1.00 020 0.019 23 (0.02 ) )
100 020 0019 2B 112 0.0212) We have derived the formulas to give cumulants deter-

mined by EXAFS, assuming the third-order anharmonic po-
3, is neglected. tential with a general form. Although we have investigated
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the octahedral system here, these formulas can basically meodes and found that for both, and C5, the bending vi-
applied to any molecular structure. In the BD&ystem stud-  brations concerningd and H; play minor roles and the
ied, C, agrees with the values expected from the vibrationaktretching modes are more important.

data not only for the first-NN shells but for the second- and
third-NN coordinations. The third-order Rtstretching force
constantK; have successfully been determined fr@x of

the first-NN PtX shells, if we neglect the cross terms con-
cerningF 5. From the IK-edge EXAFS analysis of T, we The present authors gratefully acknowledge K. Koba-
have also obtained information on the anharmonicity of theyashi, H. Hamamatsu, S. Takenaka, and O. Endo for their
second- and third-NN shell€; of the third-NN I-PT-1 shell  help during the EXAFS measurements. We are also grateful
indicated that the force constarRg should be included, con- to the Photon Factory staffs, Professor M. Nomura and Dr.
sequently leading to th&; and F; values. The resultant N. Usami, who are in charge of Beamlines 7C and 10B. This
K value is slightly modified. For the second-NN I-I shell in work was carried out under the approval of Photon Factory
Ptl2~, we have discussed the contribution of the bendingProgram Advisory CommitteéPF-PAC No. 94G226
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