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The temperature dependence of PtL III - and I K-edge extended x-ray-absorption fine-structure spectra of
octahedrally coordinated PtX6

22(X5Cl, Br, and I! complexes has experimentally been investigated not only
for the first-nearest-neighbor~NN! 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 detail.@S0163-1829~96!04934-X#

I. INTRODUCTION

Extended x-ray-absorption fine-structure~EXAFS! spec-
troscopy has widely been utilized for structure analysis in
various fields of science.1 EXAFS contains information on
local structures around x-ray-absorbing atoms, and usually
gives coordination numbers and interatomic distances. Re-
cently thermal motions have also become an attractive sub-
ject, which are given in higher-order moments of radial dis-
tribution functions. In order to treat asymmetric radial
distribution functions due to anharmonicity, the cumulant-
expansion technique2 has been exploited as the most practi-
cal method and has extensively been used in moderately dis-
ordered systems for bulk3 and surface materials.4 The next
step for further understanding of the disorder problem is to
know direct relationship between the interatomic potential
and the cumulants. Recently Rabus5 and Frenkelet al.6 have
derived quantum-mechanical formulas including third-order
anharmonicity for a simple diatomic system, while Miyanaga
and Fujikawa7 have extended the theory to a one-
dimensional infinite chain including the third- and fourth-
order cumulants.

In our previous study,8 we have derived the formulas of
the cumulants for a linear triatomic system and analyzed the
temperature-dependent EXAFS spectra of diatomic Br2, and
linear triatomic HgBr2, HgCl2, AuBr2

2 , and CuBr2
2 . The an-

harmonic interatomic potentials have subsequently been de-
termined from the obtained cumulants, and it has been em-
phasized that the many-atom treatment is essentially
important to describe the thermal motions especially for the
higher nearest-neighbor~NN! shells which have no chemical
bonds with the x-ray-absorbing atom. In the linear molecular
systems, the bending vibrational motion does not contribute
to the cumulants within the first-order approximation, be-
cause the displacement vector for the bending motion is per-
pendicular to any bond direction. Since one should take ac-
count of only the stretching motions in the linear molecules,
this yields significant simplification for the description of

temperature dependence of EXAFS spectra. On the contrary,
for all the other point-group systems, generally speaking, the
bending motions should be taken into account beyond the
first-NN shell. It has not yet been investigated whether the
bending anharmonicity is important to describe the cumu-
lants, although this should be an essential problem for further
understanding of EXAFS spectroscopy.

In the present study, we have carried out quantum statis-
tical calculations to derive the cumulants of the octahedrally
coordinated system including the third-order anharmonicity
in the interatomic potential. We have measured and analyzed
the temperature dependence of PtL III - and IK-edge EXAFS
spectra of a PtI6

22 complex not only for the first-NN shell but
for the second- and third-NN ones. We have also investi-
gated PtL III -edge EXAFS of other octahedral Pt halogen
complexes of PtCl6

22 and PtBr6
22 for comparative discussion.

We will finally conclude whether only the stretching motion
is necessary or the bending motion is also important to yield
proper cumulants.

In Sec. II of this work, we briefly describe the experimen-
tal details on EXAFS and far-infrared spectroscopic mea-
surements. Section III deals with the vibrational analysis to
give the second-order force constants within the harmonic
approximation, and the evaluation of the cumulants using the
third-order anharmonic potential by applying the first-order
perturbation theory of thermal averages. Section IV gives the
results and discussion of the EXAFS analysis for the static
structure analysis as well as the temperature dependence.
Section V summarizes the concluding remarks.

II. EXPERIMENT

Temperature dependence of PtL III -edge EXAFS spectra
of K2PtCl6, K2PtBr6, and K2PtI6 was investigated at BL-10B
~Ref. 9! of the Photon Factory in the National Laboratory for
High Energy Physics~KEK-PF, the ring energy of 2.5 GeV
and the stored ring current of 350–250 mA!, while I K-edge
EXAFS of K2PtI6 was taken at BL-7C~Ref. 10! of KEK-PF
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with the operating ring energy of 3.0 GeV and the stored
current of 170–150 mA. All the EXAFS spectra were re-
corded with the transmission mode using a Si~311! channel-
cut ~BL10B! or double-crystal~BL7C! monochromator. Ion-
ization chambers were employed for the measurements of
intensities of incident (I 0) and transmitted (I ) x rays, which
were filled with N2 and Ar, respectively, for the PtL III -edge
EXAFS. In the case of IK-edge EXAFS, we used Ar and Kr
gases forI 0 and I ionization chambers, respectively. Data
acquisition periods were 1 s/point for PtL III edge and 2
s/point for IK-edge EXAFS.

Commercially available K2PtCl6, K2PtBr6, and K2PtI6
were used without further purification. The samples were
diluted with boron nitride, pressed to make disks with a di-
ameter of 12 mm, and cooled down to the temperatures using
a closed-cycle refrigerator. Measurement temperaturesT are
listed in Figs. 2, 4, and 5 described below. The absorption
jumps at the edges were less than 1.5 for all the samples,
implying fewer effects of higher harmonics in the present
ring energy of 2.5 GeV for PtL III edge or 3.0 GeV for IK

edge. The sample temperature was monitored by an electric
resistance of a Si diode placed closely to the sample disk.

Because of a lack of vibrational spectra of the PtI6
22 sys-

tem, we have carried out the measurements of a far infrared
spectrum of K2PtI6. The spectrum was recorded in a similar
manner described previously.8

III. THEORY

A. Dynamical matrix calculation

Prior to the calculation of the cumulants, one has to de-
termine the nonperturbed eigenvalues and eigenfunctions
within the framework of harmonic oscillators. Here we as-
sume an octahedral systemMX6 with atomic massesM and
m for central atomM and terminal atomX, respectively. To
solve the dynamical matrix, we use the simple Urey-Bradley
force field,11 whoseG andF matrices for each symmetry can
be given as12

A1g : G~A1g!5mB , F~A1g!5K14F,

Eg : G~Eg!5mB , F~Eg!5K10.7F,

F1u : G~F1u!5S 2mA1mB 24mAt

24mAt 2~4mA1mB!t2D , F~F1u!5S K11.8F 0.9r 0F

0.9r 0F r 0
2~H10.55F !

D ,
F2g : G~F2g!54mBt2, F~F2g!5r 0

2~H10.55F !,

F2u : G~F2u!52mBt2, F~F2u!1r 0
2~H10.55F !, ~1!

wheremA51/M , mB51/m, t51/r 0 , and r 0 is the equilib-
rium M -X distance.K, F, andH are the second-order force
constants forM -X stretching,X-X8 interaction, andX-M -X8
bending modes. The basis set for the aboveGF matrices is
the internal symmetric coordinateS, which is given by a
unitary transformation of the original internal vectorsX of
the M -X distance displacements (Dr l) and theX-M -X8
angle displacements (r 0Df lm), the dimension of the internal
coordinateX or S being 18 including 3 rotational freedoms.

Since vibrational spectra directly give the eigenvalues of
theGF matrix, one can obtain the force constantsK, F and
H, and the normal coordinateQ which is given by the linear
combination ofX as

X5eQ, ~2!

where e is the transformation matrix. Raman and infrared
spectroscopic data of PtCl6

22 and PtBr6
22 can be referred to in

the literature,13 while the infrared spectrum of PtI6
22 was

measured in this study. The resonance frequencies for PtI6
22

were found at 185.5 and 84.9 cm21. The former is assigned
to the antisymmetric stretching mode (f 1u) and the latter to
the bending mode (f 1u). Because the Raman data of PtI6

22

are not available, we use the present EXAFS results of
DC2 for the first-NN Pt-I shell described below, in order to
calculate the force constantsK, F, andH. The results of the

force constants are summarized in Table II discussed below,
and the obtained normal coordinateQ will be used to calcu-
late the cumulants.

B. Cumulant evaluation

Let us evaluate the first- to third-order cumulants for the
system including the third-order anharmonic potential. We
will describe the interatomic potentialV in terms ofQ such
that

V5 1
2(

p
vp
2Qp

22 (
p<q<r

apqrQpQqQr , ~3!

where the first term corresponds to the harmonic potential
(vp is thepth normal vibrational frequency! and the second
term can be regarded as a perturbed HamiltonianH8, in
which apqr is the third-order force constant.

In order to evaluate the second-order cumulantsC2 , 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
QiQj is known to be simply given as

^QiQj&5
\

2v i

11zi
12zi

d i j5s i
211zi
12zi

d i j , ~4!
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where\ is the Planck constant divided by 2p, d i j the Kro-
necker’s delta function,s i

2 is the zero-point vibrational am-
plitude of the i the mode, andzi5 exp@2\vi /kBT# (kB the
Boltzmann constant andT the temperature!.

The first- and third-order cumulantsC1 and C3 can be
calculated using the first-order perturbation formula of ther-
mal averages.6,8 The third-power moment̂QiQjQk& is given
as

^QiQjQk&5
1

Z0
(

p<q<r
(
n,n8

zn2zn8

En2En8

3^nuQiQjQkun8&^n8u2apqrQpQqQr un&

5 (
p<q<r

Qi jk ,pqr
~3! apqr , ~5!

whereZ0 is the partition function of the nonperturbed sys-
tem, andEn the eigenvalue of the nonperturbed staten. The
state n contains 15 vibrational quantum numbersn
5(n1 ,n2 , . . . ,n15) in the octahedral system, some of the
levels being energetically degenerated. Although the analyti-
cal calculation ofQ(3) is a tedious task, one can classify
three different cases as follows. ForiÞ jÞk, when p5 i ,
q5 j , andr5k, one obtains a nonzero value as

Qi jk ,pqr
~3! 5

2s i
2s j

2sk
2

~12zi !~12zj !~1-zk!
H 12zizjzk
\~v i1v j1vk!

1
zk2zizj

\~v i1v j2vk!

1
zj2zizk

\~v i2v j1vk!
1

zi2zjzk
\~2v i1v j1vk!

J , ~6!

Becausei , j and k are mutable with each other, the same
expression is valid forQjik ,pqr

(3) , etc. ForiÞ j5k, three cases
give nonzero values as in Eqs.~7!–~9!: whenp5 i ,q5r5 j
or r5 i ,p5q5 j ,

Qi j j ,pqr
~3! 5

2s i
2s j

4

~12zi !~12zj !
2 H ~12zi !~116zi1zi

2!

\v i

1
2~12zizj

2!

\~v i12v j !
1

2~zi2zj
2!

\~2v i12v j !
J , ~7!

whenp5q5r5 i ,

Qi j j ,pqr
~3! 5

6s i
2s j

4

\v i

11zi
12zi

11zj
12zj

, ~8!

and whenp5 i , q5rÞ i , Þ j , or r5 i , p5qÞ i , Þ j

Qi j j ,pqr
~3! 5

2s i
2s j

2sq
2

\v i

11zj
12zj

11zq
12zq

. ~9!

For i5 j5k, two cases show nonzero values: whenp5q
5r5 i

Qiii ,pqr
~3! 5

2s i
6

\v i

11138zi111zi
2

~12zi !
2 , ~10!

and whenp5 i , q5rÞ i , Þ j or r5 i , p5qÞ i , Þ j ,

Qiii ,pqr
~3! 5

6s i
4sq

2

\v i

11zi
12zi

11zq
12zq

. ~11!

All the other elements vanish in Eq.~5!. For the first-order
cumulantC1 , which is defined as the thermal average of the
distance displacement with respect to the equilibrium dis-
tance~the potential minimum!, ^Qi& is similary given as

^Qi&5 (
p<q<r

Qi ,pqr
~1! apqr , ~12!

whereQi ,pqr
(1) gives nonzero values whenp5q5r5 i

Qi ,pqr
~1! 5

6s i
4

\v i

11zi
12zi

, ~13!

and whenp5 i , q5rÞ i , or r5 i , p5qÞ i ,

Qi ,pqr
~1! 5

2s i
2sq

2

\v i

11zq
12zq

. ~14!

All the other elements vanish in Eq.~12!.
Using these elements@Eqs. ~6!–~11!, ~13! and ~14!#, one

can numerically evaluateC1 andC3 for any NN shell. For
this purpose, one should define the third-order force con-
stants in Eq.~3!. In the case of the octahedral system, let us
assume the anharmonic perturbed Hamiltonian as

H852(
l
K3Dr l

32(
lmn

F3,lmnDr lDrmDr n

2(
lm

H3~r 0Df lm!3, ~15!

whereK3 , F3 , andH3 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,
while the cross terms containing the bending motions are all
neglected. Although several types ofF3 might exist depend-
ing on l , m, andn, we will afterward give some assump-
tions to fit the experimental data. UsingX5eQ, the force
constantapqr in Eq. ~3! can be obtained.

Finally one can evaluate the cumulants. For instance, the
first- to third-order cumulants for the second-NNX-X shell
are given as

C15
1
12(

lm
^Dr lm&,

C25
1
12(

lm
^~Dr lm2C1!

2&> 1
12(

lm
^Dr lm

2 &, ~16!

C35
1
12(

lm
^~Dr lm2C1!

3&> 1
12(

lm
^Dr lm

3 &23C1C2 ,

where

Dhm5
Dr l1Drm1r 0Df lm

A2
. ~17!
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SinceDr l , Drm , andDf lm are expressed bye andQ, nu-
merical values ofC1 , C2 ,andC3 are obtained straightfor-
wardly using Eqs.~4!–~15!. Note that although the octahe-
dral system is assumed here, these expressions in Eqs.~3!–
~14! are completely general for any molecular structure and
one should rewrite only final expressions as Eqs.~15!–~17!.
These formulas are employed for the following analysis of
the temperature dependence of the experimental EXAFS
spectra.

IV. RESULTS OF EXAFS AND DISCUSSION

A. Structure analysis

The EXAFS oscillation functionknx(k) was obtained
with well-established procedures: pre- and postedge back-
ground subtractions and subsequent normalization with the
absorption coefficients given in the literature.1,14 The Pt
L III -edge EXAFS functions,k3x(k) of K2PtCl6 andk

2x(k)
of K2PtBr6 and K2PtI6, and the IK-edge functionk

2x(k) of

K2PtI6 are shown in Fig. 1, including the temperature depen-
dence and the theoretical calculations described below.
In all the spectra, the amplitude reduction at higher tempera-
tures can clearly be seen especially at highk regions due to
the enhancement of thermal vibration at higher temperatures.

The EXAFS functions were subsequently Fourier trans-
formed into r space ~each DkFT employed is given in
Table I, these being depicted in Fig. 2. In all the PtL III -edge
EXAFS two features are found; dominant peaks appearing
at;1.9–2.5 Å can be assigned to the first-NN Pt-X ~X5Cl,
Br, or I! single-scattering path~coordination numberN56!
and weak features appearing at;4–5 Å to the multiple-
scattering paths. As we have already discussed in the linear
triatomic systems,8 no single-scattering paths within the
PtX6 unit can be expected around 4–5 Å, and the weak
feature should thus correspond only to the multiple-
scattering paths, in which several kinds of Pt-X-Pt-X8-Pt
paths are possible. Dominant contribution is found in
the collinear X-Pt-X8 cases since these paths contain

FIG. 1. ~a! L III -edge EXAFS oscillation func-
tion k2x(k) of K2PtCl6 at 25 K ~long-dashed
line! and 300 K~short-dashed!, together with the
FEFF6calculation at 25 K~solid!; ~b! Pt L III -edge
k2x(k) of K2PtBr6 at 71 K~long-dashed! and 300
K ~short-dashed! with the calculation at 71 K
~solid!; ~c! Pt L III -edgek

2x(k)of K2PtI6 at 38 K
~long-dashed! and 300 K~short-dashed! with the
calculation at 38 K~solid!; ~d! I K-edgek2x(k)
of K2PtI6 at 50 K ~long-dashed! and 300 K
~short-dashed! with the calculation at 50 K
~solid!.

TABLE I. Results of structural analysis of the EXAFS data of PtCl6
22 , PtBr6

22 , and PtI/6
22 using theo-

retical standards given byFEFF6. R denotes the distance given by the crystallographic data, whileRex is the
distance determined by the present EXAFS data. The crystallographic data of PtBr6

22 are not available in the
literature.C2 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 T K Pair DkFT DRfit Dkfit S0
2 R ~Å! REX~Å! C2 ~Å2!

PtCl6
22 Pt-L III 25 Pt-Cl 3.0–13.7 1.65–2.35 4.0–13.5 0.93~5! 2.316a 2.318~5! 0.001 65

PtBr6
22 Pt-L III 71 Pt-Br 2.9–14.7 1.80–2.60 4.0–14.5 0.90~5! 2.472~5! 0.001 36

Pt-Br-Pt 2.9–14.7 4.10–5.10 5.0–13.0 1.04~10! 4.932~5! 0.002 31
PtI6

22 Pt-L III 38 Pt-I 2.9–16.0 1.95–2.80 4.0–16.0 0.93~5! 2.673b 2.673~5! 0.001 34
Pt-I-Pt 2.9–16.0 4.70–5.40 4.0–16.0 1.08~10! 5.346b 5.351~5! 0.002 04

PtI6
22 I-K 50 I-Pt 3.4–16.7 1.90–2,85 4.0–16.0 1.12~10! 2.673b 2.667~5! 0.001 36

I-I 3.4–16.7 3.10–3.80 4.0–16.0 1.01~10! 3.780b 3.773~5! 0.003 69
I-Pt-I 3.4–16.7 4.60–5.40 4.0–16.0 1.21~10! 5.346b 5.338~5! 0.002 11

aReference 16.
bReference 17.
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the focusing forward-scattering effect with Pt, while the
other less important paths include the Pt scattering angles of
90° or 180°. Although the Fourier transform concerning I
K-edge EXAFS of PtI6

22 @Fig. 2~d!# shows more complicated
features, the assignments can be done rather straightfor-
wardly; the first peak at;2.5 Å corresponds to the first-NN
I-Pt shell ~N51!, the second peak at;3.5 Å to the second
NN I-I shell ~N54!, and the third peak at;5.1 Å to the
I-Pt-I shell. Here we can neglect the double-scattering con-
tribution corresponding to the triangular I-Pt-I8-I path where
the I-Pt and Pt-I8 directions are perpendicular to each other.
Similarly to the PtL III -edge EXAFS, the observed third peak
should contain mainly the collinear cases as the I-I8-I single-
scattering~atoms I, Pt, and I8 locate collinearly!, the I-Pt-I8-I
double scattering~once forward scattering with Pt! and the
I-Pt-I8-Pt-I triple scattering~twice forward scattering with
Pt!. Most features in Figs. 2~c! and 2~d! are accompanied by
the side lobes due to nonlineark dependence of the phase
shifts typical for heavy scatterers at Pt and I.

In order to obtain structural parameters and also to verify
the reliability of the present theoretical standards, calcula-
tions were performed using theFEFF6 program package.15

This calculation requires only two undetermined parameters
to reproduce EXAFS spectra, which areS0

2 andDE0 . DE0 is
the shift of the edge energy which has tentatively been cho-
sen at the inflection point of the experimental data, andS0

2 is
the intrinsic reduction factor of the EXAFS function. The
interatomic distancesR were taken from the crystallographic
data16,17and the mean-square relative displacementsC2 were
calculated from the harmonic vibrational analysis described
below. C3 was neglected for simplicity. Since crystallo-
graphic data of PtBr6

22 were not available, we usedR also as
a fitting parameter. Figures 1 and 2 include the results of the
FEFF6 calculations for the lowest temperature of the corre-
sponding experimental spectrum. Agreements between the
experimental and theoretical spectra are found to be excel-
lent.

A refinement of the interatomic distance was subse-
quently carried out by means of the single-shell curve-fitting
analysis ink space. After the inverse Fourier transformation
of the shell of interest, the extractedknx(k) was fitted using
the backscattering amplitude and the phase shift derived by
the presentFEFF6calculation. TheDRfit andDkfit ranges em-
ployed are tabulated in Table I. Here only three fitting pa-
rameters ofS0

2, R, andDE0 were employed (C2 was fixed to
the values given by the vibrational analysis!, while the num-
ber of independent data points estimated by the well-known
formula of NI52DkDR/p11 should be sufficiently larger
for all the shells analyzed. Note that here we have allowed
S0
2 variation depending on each shell, which was inhibited in
the FEFF simulation depicted in Figs. 1 and 2. Conclusively
we found excellent agreement with the crystallographic dis-
tances not only for the first but for higher NN shells, as
shown in Table I, indicating high reliability of theFEFF cal-
culation.

One should, however, be careful to a possible superposi-
tion of thep→s transition in the PtL III -edge EXAFS analy-
sis sinceFEFF6includes only the majorp→d component. In
order to estimate the effect of thep→s transition, we have
evaluated both thep→s andp→d component by changing
the absorber phase shifts given in theFEFF6 code. It was
found that although the phases are noticeably different be-
tween each other, the amplitude of thep→s component is
too small to analyze since the ratio of the transition intensity
(I p→s /I p→d) has been assumed to a common value of 0.02.

1

From the curve-fitting analysis including the two compo-
nents we have found no meaningful differences in the results
~the first-NN distance and coordination number differ only
by 0.001 Å and 1%, respectively!. We can conclusively re-
mark that the above analysis taking account of only thep→d
component is sufficient for the present discussion. It is also
noted that in the present study we have measured both the
PtL III - and IK-edge EXAFS for PtI6

22 and have obtained the
identical results~see Table I and also Fig. 5 and Table II

FIG. 2. Fourier transforms corresponding to
Fig. 1. ~a! K2PtCl6 ~Pt-L III ! at 25 K ~long-
dashed!, 201 K ~short-dashed! and 300 K~dot-
ted!, together with theFEFF6 calculation~solid!;
~b! K2PtBr6 ~Pt-L III ! at 71 K ~long-dashed!, 147
K ~dotted!, 201 K ~dot-dashed!, 257 K ~dotted!,
and 305 K~short-dashed! with the FEFF6calcula-
tion ~solid!; ~c! K2PtI6 ~Pt-L III ! at 38 K ~long-
dashed!, 205 K ~dotted!, and 300 K ~short-
dashed! with the FEFF6 calculation ~solid!; ~d!
K2PtI6 ~I-K ! at 50 K ~long-dashed!, 130 K ~dot-
ted!, 190 K ~dot-dashed!, 250 K ~dotted!, and 300
K ~short-dashed! with the FEFF6 calculation
~solid!.
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given below!, this justifying the omission of thep→s com-
ponent in the polarization-averagedL III -edge EXAFS.

B. Analysis of temperature dependence

The temperature dependence of the EXAFS spectra was
subsequently analyzed by means of the amplitude-ratio and
phase-difference methods or the curve-fitting method. In this
analysis, we employed the lowest-temperature data as em-
pirical standards, and therefore we can estimate the differ-
ence of the second- and third-order cumulants between the
lowest and higher temperatures. TheDRfit andDkfit ranges
were basically the same as in the above structure analysis,
and the fitting parameters areDR, DC2 , andDC3 . Since the
temperature-dependent analysis requires higher quality of the
data than the distance estimation, we have consequently suc-
ceeded only in the analysis of the first-NN shells in the Pt
L III -edge EXAFS and the first- to third-NN shells in the I
K-edge EXAFS, all of which show intense EXAFS oscilla-
tions up to sufficiently highk regions.

The filteredk2x(k) for the first- to third-NN shells in the
I K-edge EXAFS of K2PtI6 are shown in Fig. 3. One can find
the amplitude reduction at higher temperatures, which origi-
nates from the enhancement ofC2 . The phase delay is also
found especially for the second-NN shell@Fig. 3~b!#, which
is associated withC3 . In the analysis of the second- and
third-NN shells of the IK-edge EXAFS, we also assumed

the single-shell contributions. For the I-I8 pair, we have ne-
glected multiple-scattering contributions such as a triangular
I-Pt-I8-I path ~/IPtI8590°!, as mentioned above. For the
third-NN I-Pt-I8-Pt-I shell, all the paths except the
/IPtI85180° cases have been neglected. Since these three
collinear components~single-, double-, and triple-scattering
I-Pt-I8 paths! show exactly the same cumulants,8 we can per-
form the single-shell analysis similarly to the first-NN analy-
sis. C2 and C3 of the first-NN Pt-X shells in PtCl6

22 and
PtBr6

22 are plotted in Fig. 4 and the results of the first- to
third-NN shells of PtI6

22 are depicted in Fig. 5, where the
calculated values discussed below are also given. In Figs. 4
and 5, the calculatedC2 andC3 values at the lowest tem-
perature were added to the experimentally obtainedDC2 and
DC3 to yield the absolute values at higher temperatures. The
temperature dependence ofDR is so small as the error bar,
and is omitted because of less reliability for quantitative dis-
cussion of the interatomic potential.

C. Force constants

The analysis ofC2 can be performed with the harmonic
approximation. For PtCl6

22 and PtBr6
22 , K, F, andH have

been given by the vibrational data and we can straightfor-
wardly evaluateC2 for the first-NN Pt-Cl or Pt-Br shell. As
shown in Fig. 4~a!, the experimental data given by EXAFS
agrees quite well with the expected values, indicating that
C2 is correctly provided with the harmonic interatomic po-
tential determined by the vibrational data. For Pt6

22 , because
of lack of a Raman spectrum we have only two IR frequen-
cies, implying one more experimental datum required. Here
we have employedC2 for the first-NN I-Pt shell, which is
dependent onK andF. These three experimental data lead to

FIG. 3. Filteredk2x(k)of I K-edge EXAFS for~a! the first-NN
I-Pt shell, ~b! the second-NN I-I shell, and~c! the third-NN I-Pt-I
shell, at temperatures of 50 K~solid!, 130 K ~long-dashed!, 190 K
~short-dashed!, 250 K ~dotted!, and 300 K~dot-dashed!.

FIG. 4. Temperature dependence of~a! C2 and ~b! C3 for the
first-NN Pt-Cl shell of PtCl6

22 ~solid circles for experimental data
and solid line for calculated data! and for the first-NN Pt-Br shell of
PtBr6

22 ~open circles and dashed line!. For the experimentally ob-
tainedC2 andC3 ,the calculated values at the lowest temperatures
~25 K for PtCl6

22 and 71 K for PtBr6
22! are added.
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the harmonic force constants, as given in Table II. In the case
of I K-edge EXAFS, we can also discussC2 of the second-
and third-NN shells. For the second-NN I-I shells, Fig. 5~a!
shows excellent agreement between the experimental and
calculated values, while the calculation for the third-NN
I-Pt-I shell is found to underestimateC2 slightly. Although
this might be within the error bars, the slight deviation would
arise from somewhat poor approximation of theGF matrix
in Eq. ~1!, in which several kinds of cross terms are de-
scribed using only one parameterF.

In order to discuss the contribution of the bending motion
to C2 of the second-NN I-I shell, let us neglect the bending

force constantH in the calculation.C2 at 300 K is thus
estimated to be 1.6931022 Å2, which is by 15% larger than
the value of 1.4731022 Å2, obtained by the appropriate
analysis includingH. C2 of the first-NN shell also changes
by 2% due to the coupling of theF1u stretching and bending
modes, whileC2 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 Pt-X shells, one can determineK3 in
the absence ofF3 because the bending anharmonicityH3
does not affect the first-NN shell. The obtained values are
tabulated in Table II. Although in the cases of PtCl6

22 and
PtBr6

22 one cannot includeF3 because of a lack of the other
NN information, the analysis of PtI6

22 can be performed us-
ing C3 of the third-NN I-Pt-I shell. It might be quite impor-
tant to takeF3 into account since in the analysis of the vi-
brational data the harmonic force constantF plays an
essentially important role. Actually in the absence of theF
contribution theC3 values of the first-NN I-Pt and the
third-NN I-Pt-I shells are not consistent with each other;
C3 of the third-NN shell was found to be by as much as
;40% underestimated assumingF350. In order to obtain
F3 , we should give some assumption ofF3 , which has ba-
sically four different types in the octahedral system. Here we
have tried two possibilities; first allF3 values are assumed to
be the same, and secondF3,lmn ( lÞmÞn) is neglected and
the otherF3 values are assumed to be the same. These two
assumptions do not exhibit noticeable difference in the bend-
ing contribution discussed below and we will thus hereafter
mention the results only in the case that all theF3 values are
equal to each other. On that condition, as given in Table II,
one can consequently estimateK352.5(3) ~mdyn/Å2! and
F351.1(2) ~mdyn/Å2! from C3 of the first- and third-NN
shells of PtI6

22 . Since the resultantK3 value was slightly
modified comparing toK352.2 ~mdyn/Å.2! obtained in the
analysis of the first-NN shell assumingF350, these previous
values should be regarded as effective ones. Figure 5 shows
also theC3 curves of the first- and third-NN shells calculated
includingF3 .

With the assumption ofK3andF3 obtained above,H3 is
immediately calculated fromC3 of the second-NN I-I shell
as 0.021~2! ~mdyn/Å2!. As mentioned above, the second-NN
I-I shell contains information onK3 , F3 , andH3 . When we
neglectH3 and take onlyK3 and F3 into account for the
second-NN I-I shell, theC3 value at 300 K is estimated to be
0.45431023 Å2, which is by 19% smaller than the appropri-
ate value of 0.56231022 Å2. Note thatC3 of the first- and
third-NN shells are not at all dependent onH3 . The present
results imply that the anharmonicity of the I-I shell originates
mainly from the stretching mode~;81%! and partly from
the bending vibration, this being a similar conclusion to the
C2 case~;85%!.

V. CONCLUSIONS

We have derived the formulas to give cumulants deter-
mined by EXAFS, assuming the third-order anharmonic po-
tential with a general form. Although we have investigated

FIG. 5. Temperature dependence ofC2 andC3 for the first-NN
I-Pt ~solid line!, the second-NN I-I~long-dashed!, and the third-NN
I-Pt-I ~short-dashed! shells. Data points with error bars correspond
to the experimental data given by the PtL III - and IK-edge EXAFS
analyses. For the experimentally obtainedC2 andC3 , the calcu-
lated values at the lowest temperatures~38 K for Pt L III and 50 K
for I K! are added in order to compare the calculated lines.

TABLE II. Second- and third-order force constants of PtCl6
22 ,

PtBr6
22 , and PtI6

22 . The second-order constantsK, F, and H
~mdyn/Å units! were determined by the vibrational spectra. For
PtI6

22 , since the Raman data are not available, we used the IR
frequencies and the EXAFS results ofDC2 for the first-NN Pt-I
shell to determine the constants. The third-order constantsK3 ,F3 ,
andH3 ~mdyn/Å2 units! were given by the present EXAFS analysis.
For the determination ofK3 of PtCl6

22 and PtBr6
22 , F350 was

assumed, while for PtI6
22 both results are given.

Harmonic Anharmonic

Sample K F H K3 F3 H3

PtCl6
22 1.829 0.148 0.0938 3.4~7! ~0.0!a

PtBr6
22 1.485 0.138 0.0291 3.7~4! ~0.0!a

PtI6
22 1.00 0.20 0.019 2.2~3! ~0.0!a

1.00 0.20 0.019 2.5~3! 1.1~2! 0.021~2!

aF3 is neglected.

54 6927ANHARMONIC INTERATOMIC POTENTIALS OF . . .



the octahedral system here, these formulas can basically be
applied to any molecular structure. In the PtX6

22 system stud-
ied,C2 agrees with the values expected from the vibrational
data not only for the first-NN shells but for the second- and
third-NN coordinations. The third-order Pt-X stretching force
constantsK3 have successfully been determined fromC3 of
the first-NN Pt-X shells, if we neglect the cross terms con-
cerningF3 . From the IK-edge EXAFS analysis of PtI6

22, we
have also obtained information on the anharmonicity of the
second- and third-NN shells.C3 of the third-NN I-PT-I shell
indicated that the force constantF3 should be included, con-
sequently leading to theK3 and F3 values. The resultant
K3 value is slightly modified. For the second-NN I-I shell in
PtI6

22 , we have discussed the contribution of the bending

modes and found that for bothC2 andC3 , the bending vi-
brations concerningH and H3 play minor roles and the
stretching modes are more important.
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