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Anharmonicity effects on the extended x-ray-absorption fine structure (EXAFS) of 3-Agl have
been studied within the temperature range 77-410 K through the cumulant analysis of the first-
shell contribution. The distributions of I-Ag distances and the corresponding pair potentials have
been reconstructed directly from cumulants. The shape of the EXAFS pair potential is temperature
independent, while its equilibrium position shifts to lower values with increasing temperature. The
I-Ag thermal expansion is influenced not only by the EXAFS pair-potential anharmonicity but also
by its shift, so that AC, is not equal to the ratio C3/2C;. Thermal expansion measured by EXAFS
is significantly larger than the one measured by diffraction; the difference is due to vibrational
motion normal to the I-Ag bond direction, responsible also for peculiar correlation effects on the
mean square relative displacement (MSRD). The distribution of I-Ag distances sampled by EXAFS
is consistent not only with the excluded-volume model but also with vibrational models leading to
strong distortions of the first-shell tetrahedral cage. Harmonic and anharmonic contributions to the

I-Ag MSRD have been singled out, the anharmonic fraction amounting to 20% at 300 K.

I. INTRODUCTION

Thermal and static disorder affect the amplitude and
phase of the extended x-ray-absorption fine structure
(EXAFS). The standard formula for EXAFS analysis,
within the one-electron single-scattering harmonic ap-
proximation, accounts for disorder by one amplitude-
damping parameter for each coordination shell, the EX-
AFS Debye-Waller factor exp(—2k?0?)." When the har-
monic approximation breaks down, the standard EX-
AFS formula can lead to errors in the determination of
the structural and thermal parameters.?:3 This happens
when studying systems with relatively low Debye tem-
peratures or with large static disorder. Also in systems
with relatively high Debye temperatures, however, while
the first-shell signal can be analyzed within the harmonic
approximation, the outer-shell signals can be affected by
anharmonicity.*

The treatment of anharmonicity in EXAFS can be
done by the cumulant method.® Basically, the EXAFS
signal is expanded as a series of cumulants of the dis-
tribution of interatomic distances. Even and odd cu-
mulants determine the amplitude and phase of EXAFS,
respectively. The second cumulant is the variance o2 of
the distribution, the mean-square relative displacement
(MSRD) considered also in harmonic approximation.”
Higher-order cumulants characterize the shape of the dis-
tribution: They are zero for Gaussian distributions. The
cumulant analysis of EXAFS can be utilized to check the
relevance of anharmonicity and the applicability of the
standard formula.® More appealing is the possibility of
obtaining quantitative information on the structural and
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thermal properties of anharmonic systems. If the cu-
mulant series is fastly convergent, the leading cumulants
(typically the first four) can be determined from EXAFS
with reasonable accuracy. Their knowledge allows one to
reconstruct the low-k missing part of the signal and the
distance distribution.®°

The standard EXAFS formula contains three param-
eters for each coordination shell (interatomic distance,
coordination number, and Debye-Waller factor) whose
structural interpretation is immediate. Assigning a di-
rect structural meaning also to EXAFS cumulants of an-
harmonic systems is by far less immediate.

EXAFS analysis gives the cumulants C; of an effective
distribution of distances, which differ from the cumu-
lants of the real distribution. This difference, growing
with disorder, is generally taken into account for the first
cumulant, but has not yet been quantified for higher-
order cumulants.

The temperature dependence of the first cumulant C;
gives information on the thermal expansion of solids. To
this purpose the ratio C5/2C; is sometimes considered
equivalent to (and even more accurate than) ACy;'h12
this assumption should, however, be checked against the
difference between the crystal potential and pair poten-
tial sampled by EXAFS.'® Moreover, C; is an average
of interatomic distances, and is in principle different
from the crystallographic distance between average in-
teratomic positions.!* The determination of thermal ex-
pansion from EXAFS could then be biased by large vi-
brational motions.

Cumulants can be expressed as a power series of tem-
perature, with the coefficients depending on the force
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constants of the EXAFS pair potential.!®> To leading or-
der, C, is linear in 7T (high-temperature harmonic ap-
proximation), Cs is quadratic, and Cj is cubic. A T?
and T2 behavior is generally assumed for C3 and C4 in
the literature.'® The negligibility of higher-order terms
depends on the nature of the actual interatomic poten-
tial.

In particular, the anharmonic deviation of the second
cumulant C; from Einstein-like behavior (linear at high
temperatures) (Ref. 6) cannot easily be determined by
direct inspection of the plot of C; versus temperature.?
Its evaluation and subtraction is, however, necessary to
achieve accurate comparisons of the EXAFS MSRD with
harmonic calculations. The difference between the EX-
AFS MSRD and the uncorrelated atomic mean-square
displacements (MSD) obtainable from diffraction!? is the
displacement correlation function (DCF):” The ability
to reproduce the DCF is a test for phonon eigenvectors
obtained from vibrational dynamics models or ab initio
calculations.”

The aim of the present paper is to show how an ac-
curate cumulant analysis of EXAFS spectra allows, if
proper convergence properties are met, the characteriza-
tion of the local structure and dynamics of anharmonic
systems, not only through reconstruction of the distance
distributions, but also separately studying the tempera-
ture dependence of each cumulant. To this purpose (-
Agl is particularly well suited: It exhibits anharmonicity
already at relatively low temperatures!® and its thermal
expansion coefficient has a rather peculiar behavior;'? be-
sides, a thorough EXAFS study has already been done
based on the optimization of a realistic excluded-volume
structural model.2® The effectiveness of the cumulant
method for studying the distance distributions in 8-Agl
was demonstrated in a previous paper.'?

We present here EXAFS measurements at the Lz edge
of iodine in 8-Agl from 77 to 410 K and the analysis of the
first-shell signal (distance I-Ag) by the cumulant method.
We have reconstructed from experimental cumulants the
distributions of distances and (in the classical limit) the
EXAFS pair potentials. The temperature dependence of
cumulants has then been correlated to the pair potential.
The procedure is exclusively based on experimental data
(including the estimate of the convergence of cumulant
series); it has allowed us to single out the anharmonic
contributions to the MSRD, to study the relationship
between the the thermal expansion and anharmonicity
of the EXAFS pair potential, and to evidence the dif-
ference between thermal expansion measured by EXAFS
and by diffraction. The comparison with the analysis
of Ag K EXAFS (Ref. 10) has permitted us to quanti-
tatively assess the uncertainty of the cumulant method
and to critically reconsider some previous results.

By separately considering the temperature dependence
of cumulants and its relationship with vibrational dy-
namics, new insights have been gained on the structural
interpretation of EXAFS data for Agl with respect to the
excluded-volume model.

This paper is organized as follows. Section II contains
a synthetic account of EXAFS measurements and data
analysis. In Sec. III the procedure utilized to recon-

struct the distance distributions, the EXAFS pair po-
tentials, and the temperature dependence of cumulants
is described and critically analyzed. Section IV is dedi-
cated to conclusions.

II. EXAFS MEASUREMENTS
AND DATA ANALYSIS

For the purpose of the present work we made a new set
of measurements at the L3 edge of iodine in the temper-
ature range 77-410 K. The procedure of sample prepa-
ration has been described elsewhere.?:22 EXAFS mea-
surements were done at the PWA-BX1 beam line of the
Frascati Laboratories. The electron energy, maximum
current, and wiggler magnetic field were 1.5 GeV, 60 mA,
and 1.6 T, respectively. The monochromator was a sili-
con channel-cut crystal with (111) reflecting faces. The
signal was monitored by argon-filled ionization chambers.
The overall energy resolution was estimated to be about
0.8 V. The sample was mounted on the cold finger of a
liquid-nitrogen cryostat; the temperature was controlled
up to 410 K by a thermoresistance with an estimated
accuracy of + 2 K.

A relative calibration of the energy scales of all spectra
was achieved to within 0.1 eV. The values of the photo-
electron wave vector k were calculated with respect to an
energy origin Fy set at the maximum of the first deriva-
tive of each spectrum. The EXAFS function was de-
termined as x(k) = [n(k) — pu1(k)]/po(k), where pu(k) is
the experimental absorption coefficient, p;(k) a spline
polynomial best fitting the average behavior of u(k), and
to(k) a smooth Victoreen-like function with absolute val-
ues normalized to the absorption jump of each spectrum.
The experimental kx(k) functions at 77, 300, and 410 K
are shown in Fig. 1.

The moduli of Fourier transforms of the kx(k) sig-
nals are shown in Fig. 2 for selected temperatures. The
bimodal shape of the first-shell contribution, extending
from 1.2 to 3.5 A, is due to the resonant behavior of the
complex backscattering amplitude of silver. The contri-
bution of the first shell (four silver atoms at 2.82 A) was
singled out by Fourier back transform: The dotted lines
in Fig. 2 represent asymmetric Hanning windows specif-
ically tailored to the peak shapes.

The phases ®(k) and amplitudes A(k) were separately
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FIG.1. EXAFS oscillations kx(k) at the L3 edge of iodine

in B-Agl at 77, 300, and 410 K.
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FIG. 2. Fourier transforms of the I L3 EXAFS in 8-Agl

at 77, 300, and 410 K. The kx(k) signal was limited to the
k range 2.3-8 A~ by a square window. The dotted lines
represent the first-shell back-transform window.

analyzed taking the 77 K signal as (harmonic) reference
and truncating the cumulant expansion at the fourth-
order term:

o, (k) — ®,.(k) =2kAC; — §k3C’3,

(1)
As(k) _
A (k)

In —2k?AC; + §k404,

where k is the photoelectron wave vector and s and r refer
to signals at temperatures T' > 77 K and T = 77 K, re-
spectively (Fig. 3). The inflections at about 6 A~* reflect
the resonant behavior of the backscattering amplitude of
silver (relatively slight absolute uncertainties are ampli-
fied by the procedure of subtraction of phases). When
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FIG. 3. Phase difference (a) and logarithm of amplitude
ratio (b) of the first-shell EXAF'S signals of Agl at 300 and 77
K (solid lines). The dashed lines are best fitting polynomials
according to Eq. (1).
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analyzing Ag K EXAFS (Ref. 10) smooth phase differ-
ences and amplitude ratios were obtained by subtracting
the amplitude and phase shift from the experimental sig-
nal before the Fourier transform (Lee-Beni method;23)
no significant differences were, however, found with the
cumulants obtained through the standard procedure. In
the present case, due to the shortness of the k range,
the Lee-Beni procedure led to difficulties in the Fourier
filtering procedure, and the standard procedure was con-
sidered more reliable. The anomalous behavior below
4 A-1, particularly evident in the phase difference as a
crossing of the zero line, could not be modified by slight
variations of the energy origin Ey,. This behavior ap-
peared to be mainly determined by the choice of the
back-transform window (dotted lines in Fig. 2), limited
to the main first-shell peak:1? Neglecting broader features
in the r space affects the low-k part of the EXAFS sig-
nal. Tests on EXAFS functions simulated from model
distributions of distances have, however, shown that the
enlargement of the back-transform window, while leading
to apparently more reasonable behaviors of low-k phase
differences, gives a larger discrepancy between the poly-
nomial coefficients C; obtained from EXAFS and actual
cumulants of the original model distributions.!® On the
grounds of these tests, we chose to maintain the narrow
back-transform window and consider only the range k >
4 A1 in the procedure of fitting phases and amplitudes
by Eq. (1) to obtain the polynomial coefficients C; (Fig.
3). Neglecting the low-k signal also minimizes the possi-
ble error in phase analysis due to an inexact evaluation of
the absolute energy origin F.%10 The reliability of this
choice is a posterior: confirmed by the comparison with
the results from Ag K-edge EXAFS (see below). The
derivation of Egs. (1), the underlying approximations,
and the justification for assuming the 77 K reference as
harmonic have been extensively discussed in Ref. 10.

The shortness of the effective k range of I Ly EX-
AFS raises the question of the possible undetermina-
tion of the parameters. Our analysis gets four cumu-
lants C;, i = 1,...,4, from EXAFS; the separate analy-
sis of phases and amplitudes avoids the correlation be-
tween the pairs of even and odd cumulants. For I L3
EXAFS, taking into account that the phase analysis has
been done for k > 4 A1, the most conservative estimate
of the number of relevant independent data points®2* is
N; =2 Ak Ar/m ~ 6.

The cumulants obtained from the present analysis of I
L3 EXAFS are shown in Fig. 4 as diamonds and listed
in Table I. The error bars have been determined by us-
ing different windows and k weighting in the Fourier fil-
tering procedure and by allowing a relative shift of the
energy origin AEy within + 0.5 eV. To obtain absolute
values of the second cumulant Cy we utilized the stan-
dard procedure of fitting the slope of experimental points
by an Einstein model and then upward shifting the ex-
perimental points to match the theoretical curve. This
procedure is somewhat arbitrary, in view of the expected
anharmonicity effects on Cs; it gives, however, the best
estimate of C, at this stage of analysis. Its merit will
be verified a posteriori, after anharmonic contributions
have been evaluated. The Einstein frequency obtained
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FIG. 4. Cumulants of the effective distributions of first-
shell I-Ag distances in Agl: from analysis of I L3 EXAFS (di-
amonds, present work); from analysis of Ag K EXAFS within
the k range 2.5-16.5 A~ (circles, Ref. 10); from analysis of
Ag K EXAFS limited to kmax = 10 A™? (triangles).

from the present caumulant analysis (2.61 THz) is slightly
lower than the one obtained from the previous harmonic
analysis of I Ly EXAFS (2.65 THz).2? This is not surpris-
ing, since harmonic analysis underestimates the MSRD’s
when anharmonic effects are present.

The previous cumulant analysis of Ag K EXAFS
(Ref. 10) was done in the whole available k range 2.5
16.5 A~! at all temperatures; the resulting cumulants
are shown as circles in Fig. 4. The regular tempera-
ture dependence of cumulants is broken above 300 K.
A reduction of the k interval in fitting the phase differ-

TABLE I

ences and amplitude ratios did not appreciably modify
this anomalous behavior. A satisfactory agreement with
1 L3 results has now been obtained also above 300 K by
reducing to kmax=10 A~1 the analyzed range of Ag K
EXAFS already from the Fourier transform window (tri-
angles in Fig. 4). This suggests that the reduction with
temperature of the convergence interval of the cumulant
series has to be taken into account in EXAFS analysis
already at the Fourier transform stage. The diamonds
and triangles in Fig. 4 have been obtained from differ-
ent samples, synchrotron radiation facilities, absorption
edges, and data reduction procedures. Their differences,
together with the error bars, allow us to estimate the
overall uncertainty of cumulants.

III. RESULTS AND DISCUSSION

The polyomial coefficients C; obtained from Eqgs. (1)
and shown as diamonds in Fig. 4 exhibit a regu-
lar temperature dependence; in particular C3 and C,
can be reasonably fitted by T2 and T curves, respec-
tively. We assume, as a working hypothesis to be
confirmed a posteriori, that within the I Lz EXAFS
range (k < 8 A1) the cumulant series of the distribu-
tion of I-Ag distances is convergent and only the first
four cumulants are significative. As a consequence, the
EXAFS polynomial coefficients C; are good estimates of
the cumulants of the effective distribution of distances
P(r) = p(r)exp(—2r/X)/r2, where p(r) is the real dis-
tribution and A the photoelectron mean free path.®

A. Distribution of distances

Once the leading cumulants are known, the EXAFS
signal can be extrapolated to & = 0 and Fourier trans-
formed to obtain the effective distribution of distances
P(r,)).° In Fig. 5 the real distributions of Ag-I distances
reconstructed from cumulants at 300 and 370 are shown
as solid lines. A k-independent mean free path A=7 A
was considered; no significative variations were found by
varying A from 4 to 10 A. The X (k) function was built
within the k intervals —8 to 8 and —10 to 10 A~! from
the I L3 and Ag K cumulants, respectively; no relevant
differences were found in the distributions. The dashed

Cumulants of the effective distributions of I-Ag distances from the analysis of I L3

EXAFS. The 77 K data have been used as a harmonic reference. Absolute values of the MSRD C,
have been obtained by fitting an Einstein model to the slope of experimental AC, data.

T (K) AC; (1072 4) C, (1072 A?) C; (1072 A3) Cq (107% &%)
7 0.0 0.47 0.0 0.0

150 -0.7 + 5.7 0.83 =+ 0.05 0.2 + 0.2 0.7 + 0.4
200 -1.1 + 4.7 1.12  +0.03 0.3 +0.1 1.2 + 0.1
250 3.1 + 4.6 1.36  + 0.04 0.55 =+ 0.13 1.0 + 0.2
300 6.7 + 4.4 1.63 4 0.01 0.79 £ 0.15 2.1 + 0.3
330 7.8 + 3.8 171 +0.01 1.03 =+ 0.11 2.0 + 0.3
360 6.7 +4.6 2.00 =+ 0.01 0.87 £ 0.15 3.4 + 0.2
390 3.7 + 4.1 2.00 &+ 0.03 0.98 =+ 0.16 2.6 + 0.5
410 6.5 + 5.7 2.17 £ 0.05 1.18  +0.25 3.4 + 0.4
420 1.5 + 8.9 2.23 =+ 0.05 1.15 =+ 0.34 3.7 + 0.6
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FIG. 5. Real distributions of I-Ag interatomic distances
reconstructed from EXAFS cumulants at 300 and 370 K (solid
lines). Also shown are the distributions of the excluded-
volume model (dashed lines, Ref. 20) and the distributions
calculated through molecular dynamics simulations (dotted
lines, Ref. 26).

lines in Fig. 5 are the distributions of the excluded-
volume model with parameters optimized by Hayes et
al.2® through a real-space analysis of Ag K EXAFS of
Agl, Fourier transformed within the k range from 3.1 to
11 A=, The agreement between the EXAFS-based dis-
tributions confirms that the working hypothesis on the
convergence of the cumulant series is valid and that the
cumulant method can be confidently utilized to get the
distributions of distances in a model-independent way.

The superiority of the splice method with respect to
the cumulant method for largely disordered systems has
been recently demonstrated by tests on exponentially
skewed distributions.?® In the present case of Agl, the
cumulant method without splicing is correctly working
within the considered k range. In Ref. 10 it was shown
that distributions of apparently similar shape, such as the
excluded-volume and the exponentially skewed ones, can
be characterized by very different convergence properties
of the cumulant series.

The dotted lines in Fig. 5 have been obtained from
molecular dynamics (MD) simulations2® utilizing the pair
potentials optimized by Parrinello et al. to reproduce
the 8 to a phase transition in Agl.?” The discrepancy

TABLE II.

between EXAFS and MD distributions is similar to that
found in a phase?® and can be attributed to the inade-
quacy of the interaction potential utilized in MD simu-
lations to fully reproduce the correlation of vibrational
motion of silver and iodine ions.?12®

The procedure outlined above allows the reconstruc-
tion of the real distribution of distances once the cumu-
lants of the effective distribution and the photoelectron
mean free path are known. We will now investigate the
connection between the cumulants o) of the real distri-
bution and the cumulants C; of the effective distribution.
It is commonly assumed in the literature that the differ-
ences between the cumulants of order higher than 1 of
the two distributions are negligible. This assumption re-
lies on the similarity between the moments of the two
distributions® or on calculations based on series expan-
sion approximations.® The only non-negligible difference
is considered to be the one between the first-order cumu-
lants (average interatomic distances), for which®15:8

(2) (1)
R L

o) A

A difference smaller by a factor of 2 was recently
suggested by Ishii on the basis of an independent
calculation.2?®

To check the validity of these assumptions, we made
a direct numerical computation of the first four cumu-
lants on several model distributions with position, shape,
and width comparable with those of Agl at and above
room temperature: an exponentially skewed distribu-
tion Bexp[—B(r — Ry)], with B = 10,15,20 A~*® and
excluded-volume model for T' = 300, 370 K.2° The results
are summarized in Table II as percent differences between
the effective cumulants C; and the real ones 0@, The rel-
ative differences grow with growing cumulant order from
about 5-8 % for C, to about 15-20% for C4, the cumu-
lants of the effective distributions being generally lower
than those of the real ones. As for the first-order cu-
mulants, a good agreement is found with Eq. (2) (last
column in Table II).

These conclusions show that the differences between
cumulants of the real and effective distributions are not a
priori negligible and increase with the extent of disorder.
A direct check on the distributions reconstructed from

Percent differences between the first four cumulants of effective and real model

distributions, C; and o(¥, respectively. Three exponentially skewed B exp[—B(r — Ro)] and two
excluded-volume (EV) distributions centered at Ro=2.82 A have been considered, with different
parameters B and temperatures T, respectively, and a photoelectron mean free path A = 7 A. The
last column reports the percent discrepancy between the values of C; — o calculated in two ways:
(a) by obtaining both C; and o‘V) from the corresponding distributions, (b) by obtaining C; from
the cumulants 0¥ and o(® of the real distribution through Eq. (2).

Distribution i=1 i=2 i=3 i=4 8[C1 — o]
Skewed B=20 -0.25 -2.9 -12.8 -16.5 3
Skewed B=15 -0.3 -5.4 -16 -21 3
Skewed B=10 -0.4 -10 -23 -28.9 8
EV T = 300 -0.4 -5 -5.6 +20 3
EV T = 370 -0.6 -7.6 -9 +11 4
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the EXAFS of Agl was not possible at this stage because
of the errors in computing cumulants due to the side lobes
introduced by the Fourier transform procedure. A more
accurate, although less direct, check will be made below.

B. EXAFS pair potential

In a classical approximation, say, above the Debye tem-
perature (which for Agl is about 150 K), the real distri-
bution of interatomic distances may be expressed as a
canonical average:

[ eBVer) dpe e—BVi(r)
plr) = J e BV(rrt) dr dr* - J e BVE(™) dr’ (3)

where r is the distance between absorber and backscat-
terer atoms and r* indicates the remaining 3N —1 coordi-
nates necessary to describe the positions of the IV atoms
of the crystal. A similar relation holds also for the effec-
tive distribution of distances P(r,A). The pair potential
VE(r) depends on the statistically averaged behavior of
all the atoms in the crystal and can in principle exhibit
temperature dependence.!?

By inverting Eq. (3), the pair potentials Vg have been
calculated at different temperatures for both the effec-
tive and real distributions of I-Ag distances reconstructed
from EXAFS cumulants. The resulting curves are shown
in Figs. 6(a) and 6(b). The shape of the potential Vj is,
to a large extent, temperature independent. The varia-

(ev)

EXAFS PAIR POTENTIAL

1 1 "

24 28 3.2

R (A)

FIG. 6. EXAFS pair potentials of the effective (a) and real
(b) distributions of I-Ag distances from EXAFS cumulants at
various temperatures. Panel (c) shows the pair potentials
of the distributions calculated through molecular dynamics
simulations.

tion of the shape of the distance distributions p(r) with
temperature can then be accounted for by thermal dis-
order under an anharmonic potential. The equilibrium
distance (minimum of the potential Vg) shifts towards
lower values when increasing the temperature. This shift
is larger for the effective than for the real distributions
[triangles in Figs. 7(a) and 7(b), respectively]. A simi-
lar shift of the equilibrium position affects also the pair
potentials obtained through Eq. (3) from the MD distri-
butions [Fig. 6(c)]. This means that the shift reflects the
peculiar properties of the interaction potentials in Agl,
and cannot be attributed to artifacts in the EXAFS data
reduction procedure.

The second- and higher-order cumulants only depend
on the shape of the pair potential. Their temperature
dependence should then exhibit the behavior expected
for temperature-independent anharmonic pair potentials.
The temperature dependence of the first cumulant, say,
the average interatomic distance, reflects instead two
joint effects: the anharmonicity of the pair potential and
the shift of its equilibrium position.

C. Temperature dependence of cumulants

The cumulants C; of a distribution can be expanded
(always in classical approximation) as a power series of

temperature:3°
5C, = —02 v3/2 +--, (4a)
Cy = o5 + o5 (3 —7a/2) +-++, (4b)
Cs = —odvs +---, (4¢c)
Cy = Ug (37:3‘_’)’4) o (4d)

o2 and the 1, are directly connected to the force con-
stants of the pair potential Vg:

45 (a) ) ‘,,/"'/ )
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- al ., ]
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< - ’;—’}’ ii { { 4
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FIG. 7. Temperature dependence of average I-Ag inter-
atomic distances for the effective (a) and real (b) distribu-
tions. The triangles represent the shifts of the equilibrium
positions of the EXAFS pair potentials. The dashed lines
correspond to the expansion due to potential anharmonicity.
The diamonds are the values AC; obtained from EXAFS in
panel (a), and the values Ao‘'), calculated through Eq. (2),
in panel (b).



52 ANHARMONICITY EFFECTS ON THE EXTENDED X-RAY-... 155

_0"V(u) [/8%*V(u) s _ 0%V (u)
T = oun / Ou2 '’ % = KBT/ ou? ’
(5)

where u is the deviation from equilibrium and partial
derivatives are calculated for v = 0. 6C; in Eq. (4a) is
the variation in C; due to the potential anharmonicity;
it does not include the contribution of the potential shift
observed in the present case of Agl.

For a harmonic potential, v, = 0 for n > 2, C; linearly
depends on temperature, and C3 and C, are zero. The
effect of anharmonicity is, to first order, the presence of
an additional term proportional to T2 in the expression
of Cy and the proportionality of C3 and C; to second
and third powers of T', respectively. Higher-order terms
in Egs. (4) can be non-negligible for strongly anharmonic
potentials and/or for high temperatures.

From the pair potentials of Figs. 6(a) and 6(b) we
calculated the force constants and the temperature de-
pendence of cumulants through Eqs. (4). The results
of this procedure are shown in Fig. 8 for the second,
third, and fourth cumulants (the first cumulant will be
considered below). The discrepancy between cumulants
of effective and real distributions (solid and dashed lines,
respectively) is consistent with the results of our previous
analysis on model distributions (Table IT). The diamonds
in Fig. 8 are the original experimental cumulants C; of
the effective distribution.

c, (107 A%)

C,(10°A%)

c.(10*AY
»

FIG. 8. Temperature dependence of second, third, and
fourth cumulants. The diamonds represent the cumulants
C; of the effective distributions obtained from EXAFS as in
Fig. 4. The lines have been calculated from the force con-
stants of the EXAFS potential through Egs. (4): Solid lines
refer to effective distributions, dashed lines to real distribu-
tions. For the second cumulant (MSRD) also the first-order
harmonic contribution is shown, represented by the Einstein
model corresponding to the classical behavior at high temper-
atures (dash-dotted line for the effective distributions, dotted
line for the real distributions).

The harmonic and first-order anharmonic contribu-
tions to the second cumulant (proportional to T’ and T2,
respectively) have been singled out. The linear harmonic
contribution of the classical approximation has been re-
placed in Fig. 8 by the corresponding Einstein model
(dash-dotted and dotted lines for effective and real dis-
tributions, respectively). The anharmonic contribution
is not negligible: It amounts to about 20% of the to-
tal MSRD at 300 K, and is comparable with the an-
harmonic contribution estimated for CuBr by Tranquada
and Ingalls.’® A satisfactory agreement is found between
the curve calculated for the effective distribution and the
original experimental cumulants C; (solid line and dia-
monds in Fig. 8, respectively). This suggests that the
use of a harmonic model to estimate the absolute values
C, during data analysis did not produce appreciable er-
rors. The Einstein frequency 2.61 THz best fitting the
slope of experimental points has, however, little physical
meaning, in view of the non-negligible anharmonic con-
tribution. The right Einstein frequency to be used when
comparing EXAFS results with harmonic force-constant
models should be derived from the harmonic contribution
to the second cumulant of the real distribution (dotted
line in Fig. 8); in the present case it amounts to 2.9 THz.

As for the third and fourth cumulants, their temper-
ature dependence is reasonably well reproduced by the
first-order terms of Egs. (4).

D. Thermal expansion and vibrational dynamics

Let us now consider the temperature dependence of the
I-Ag distance. In Fig. 7 the triangles represent the shifts
of the EXAFS pair potentials Vg of both (a) effective
and (b) real distributions. The dashed lines represent
the variations dC; of the interatomic distance induced
by the anharmonicity of Vg and calculated through Eq.
(4a). The diamonds are the experimental values AC)
of the effective distributions in Fig. 7(a), and the corre-
sponding values Ao (1) of the real distributions calculated
through Eq. (2) in Fig. 7(b). For both distributions the
diamonds correspond, with good approximation, to the
sum of the potential shift (triangles) and the expansion
due to anharmonicity (dashed lines). This indirectly con-
firms the validity of Eq. (2) for our experimental data.

The thermal variation of interatomic distance in sev-
eral compounds has recently been estimated from EX-
AFS through the ratio C3/2C5.'112 This procedure is
not applicable in the case of Agl. The ratio C3/2C, is
equal (to a first approximation) to §C; of Eq. (4a); it
then does not take into account the observed potential
shift, which significantly contributes to the interatomic
distance monitored by EXAFS in Agl. It would be inter-
esting to check whether this temperature dependence of
the EXAFS pair potential is present or relevant only in
Agl or is shared also by other systems.

A further discussion concerns the difference between
EXAFS results and crystallographic thermal expansion.
The diamonds in Fig. 7(b), representing the variations
of the mean values of the I-Ag distance distributions, ex-
hibit a progressive growth with temperature of the order
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of 0.01 A over 200 K. The thermal expansion coefficient
of Agl is, however, negative below 300 K: The corre-
sponding variation in Ag-I distance between 100 and 300
K is negligible within 5 x 10~% A.1® Recently Yoshiasa
et al. made single-crystal x-ray-diffraction (XRD) mea-
surements on Agl between 123 and 413 K;'® the resulting
Ag-I distance, averaged over the three basal and one api-
cal distances within the nearest-neighbors tetrahedron, is
constant in temperature to within 0.002 A.

The observed discrepancy between EXAFS and diffrac-
tion can be explained as follows. While diffraction
measures the distance between the centers of the ther-
mal ellipsoids, EXAFS measures a canonical average
of instantaeous distances; the two values may differ
substantially.!* Let R be the distance between the cen-
ters of the thermal ellipsoids. The instantaneous inter-
atomic distance r can be expanded in a power series of
the thermal displacements iy and # of the absorber and

backscatterer atoms:”3!

(A'U,J_)z

=R+ A ABuL)
" Au+ R

+oeee, (6)

where Au = R- (i; — o) is the radial component of the
relative atomic instantaneous displacement and Au, is
the corresponding transverse component. The canonical
average (Auy) is zero and (r) differs from R, to leading
order, by ((Au,)?)/2R.

The canonical average ((Au))?) is the MSRD of the
distribution of distances.” Like ((Aw)?), also ((Au,)?)
is sensitive to the correlation of motion of absorber and
backscatterer atoms. The correlation function can, how-
ever, be different in radial and transverse directions.32
An accurate evaluation of ((Awu))?) and ((Aur)?) in a
harmonic approximation would require full knowledge of
the eigenfrequencies and eigenvectors of the dynamical
matrix over all the Brillouin zone (BZ).”2! An order-of-
magnitude evaluation has been attempted for Agl uti-
lizing the eigenvectors calculated at the center of BZ
by Cazzanelli et al.:3® The value ((Awj)?) is in satis-
factory agreement with the MSRD determined from EX-
AFS; ((Auy)?) is about 10 times larger than ((Aw)?), its
value being consistent with the apparent increase of Ag-I
distances observed by EXAFS with respect to diffraction.

The most relevant contributions are given by the low-
frequency optical modes, which distort the first-shell
tetrahedral cage, driving the three basal atoms in phase
and the apical atom out of phase with respect to the cen-
tral atom. The out-of-phase motion, normal to the I-Ag
bond direction, is responsible not only for the apparent
increase of interatomic distance, but also for the very dif-
ferent temperature dependences observed for the MSRD
of the first- and second-shell distances,?! since it strongly
affects the I- MSRD but is substantially ininfluent on the
I-Ag MSRD. Otherwise stated, the relatively large dis-
tortion of the tetrahedral cage induced by low-frequency
optical modes does not contribute to the width of the dis-
tribution of I-Ag distances measured by EXAFS, Fig. 5.
The distribution is then compatible not only with a liq-
uidlike excluded-volume model,2® which can explain the
strong I-Ag correlation only in terms of long-wavelength

acoustic phonons, but also with more complex dynamical
models.

IV. CONCLUSIONS

In this work we have studied the effects of anharmonic-
ity on the distribution of first-shell distances in Agl. To
this aim, a cumulant analysis of temperature-dependent
EXAFS at the L3 edge of iodine in 3-Agl has been done.
Some results of a previous analysis made at the Ag K
edge!'® have been confirmed with enhanced accuracy and
results have been obtained concerning the physical sig-
nificance of EXAFS cumulants for anharmonic systems.

The distributions of I-Ag interatomic distances and the
corresponding pair potentials have been obtained up to
the phase-transition temperature (420 K) directly from
experimental EXAFS spectra. The only additional as-
sumption was the fast convergence of the cumulant se-
ries within the considered EXAF'S range; the validity of
this assumption was justified by the regular temperature
dependence of cumulants.

The anharmonic shape of the EXAFS pair potential
is largely temperature independent while its equilibrium
position shifts to lower values when the temperature is
increased. The thermal variation of the interatomic dis-
tance measured by EXAFS depends on the superposition
of these two contrasting effects: increase due to anhar-
monicity and decrease due to potential shift. The ratio
C3/2C5, which depends only on the potential shape, is
not adequate to account for thermal expansion in Agl.
This suggests that further work should be done to clar-
ify the relationship between the crystal potential and
EXAFS pair potential.

A non-negligible difference has been found between
the thermal variation of I-Ag distances measured by
EXAFS and diffraction. Such a difference is in principle
expected as a consequence of atomic vibrations normal
to the bond direction. In the case of Agl the effect can
be attributed to low-frequency optical modes which are
responsible also for the peculiar difference of first- and
second-shell MSRD’s. The strong correlation of motion
of iodine and silver nearest-neighbor ions is consistent not
only with an excluded-volume model, but also with more
realistic vibrational models featuring a strong distortion
of the tetrahedral first-shell cage.

The harmonic and anharmonic contributions to the
MSRD have been singled out on the basis of experimen-
tal data. This procedure will allow a more accurate com-
parison between EXAFS results and MSRD calculated
through harmonic vibrational models.

The temperature dependences of the third and fourth
cumulants have been shown to follow T2 and T3 first-
order behaviors, respectively. This result gives the order
of magnitude of anharmonicity and can be considered
a check of the self-consistency of the procedure of data
analysis.

The results of the present work, besides enlightening
some peculiarities of Agl, suggest that a careful utiliza-
tion of the cumulant analysis of EXAFS could give accu-
rate structural and dynamical information on other sys-
tems affected by kinds and degrees of disorder similar to
that of Agl.
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