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X-ray-absorption fine-structure (XAFS) data of RbBr, RbCl, and KBr at 30 K and 125 K were
measured and analyzed. An ionized-atom multiple-scattering calculation and a correlated Debye
model were used for fitting the theory used in the FEFF5 computer code to data. The modifications
of FEFF5 necessary to obtain good fits to the data are discussed. The results demonstrate the
domination of single-scattering and focusing paths in XAFS and the determination of vibrational
information through at least 10 A around the center atom. Numerical calculations were performed to
analyze the cause of the difference found between the forward-scattering amplitudes of Rb* and Br~
focusing atoms. The second and third cumulants were determined of the first and second neighbors
and were used to calculate the temperature dependence of the thermal-expansion coefficient including
quantum effects at low temperature. Agreement with macroscopic thermal-expansion measurements

was found.

I. INTRODUCTION

The x-ray-absorption fine-structure (XAF'S) technique
has been applied for about 20 years to determine the
partial pair correlation function of atoms in both crys-
talline and noncrystalline samples. It has the advantage
of directly observing the local structure around specific
atoms. The local structure is probed by the photoelec-
trons excited from those atoms absorbing the x rays. For
the first few neighbors, the photoelectron contribution
to the XAFS is dominated by single scattering (SS). Be-
cause of the relative simplicity with which this SS can
be interpreted, most of the applications of XAFS to date
have concentrated on determining the local structure of
the first neighbors.

With development of an accurate theory and its com-
puter code!>? FEFF5 that can include multiple-scattering
(MS) effects with great efficiency, the use of XAFS to
determine structure information beyond the first or sec-
ond neighbors has become very feasible. One way FEFF5
attains this efficiency is to presort the MS paths, and to
retain only those that are significant. Combining FEFF5
with a routine that fits in R space instead of k space the
total path length is limited by the maximum R value to
be fitted, which then limits the paths required to an easily
manageable number. This combination reduces the com-
puting requirements dramatically so that the structural
parameters can be rapidly determined using just micro-
computers. Some of the potential of the applications this
opens up has been illustrated using a less accurate theory
to investigate the local structure about the Nb atom in
K(Ta,;_,Nb;)O3 both below and above the ferroelectric
transition.® Preliminary results on ferroelectric PbTiO3
have recently also been reported*'® using FEFF5. Both
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these analyses show that the local distortions that cause
the electric dipole moments in the ferroelectric state per-
sist in the paraelectric phase; i.e., the average structure
as determined by diffraction is quite different than the
actual local structure.

In this paper we perform a detailed investigation and
evaluation of FEFF5 for analyzing the XAFS of the ionic
salts RbBr, KBr, RbCl. We find that the ionized-atom
potentials of FEFFs, with suitable corrections, are quite
adequate to permit the determination of accurate struc-
tural information in these salts. In particular, accurate
thermal vibration information is obtained out to the sev-
enth nearest neighbor. It should be emphasized that
if the structure is unknown XAFS can typically refine
the structure only up to about four neighboring shells of
atoms,® but in the case discussed here the crystal struc-
ture (i.e., the average structure) is known and then some
further structural information can be ascertained out to
larger distances. These salts, particularly RbBr, have
significant anharmonicity in their vibrations, even below
room temperature. The XAFS analysis accurately quan-
tifies this anharmonicity and shows good agreement be-
tween the atomic scale measurements and macroscopic
thermal expansion.

An outline of the paper is as follows. In Sec. II the
experimental details are presented. Sections III and IV
discuss details of fitting the theory to the measurements.
The results of the fits are presented in Sec. V. A discus-
sion of the atomic characteristics that are most important
in causing enhancement of the forward-scattering ampli-
tude in Rb and Br is presented in Sec. VI, while the analy-
ses of thermal expansion from atomic scale measurements
are discussed in Sec. VII. Section VIII emphasizes some
physical constraints that must be satisfied by the XAFS
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analysis. A summary and conclusion are presented in

Sec. IX.

II. EXPERIMENT

The samples used in this work were all powders. High
purity (99.9% or better) materials of RbBr, KBr, and
RbCl were supplied by Alfa (Johnson Matthey). All
these materials are very hygroscopic; therefore, the raw
chemicals were first heated to 393 K for an hour to remove
any moisture and then the sample preparation was per-
formed using a dry box. While in the dry box the samples
were sealed in a vacuum tight cell with kapton windows
and indium seals. The sealed samples were stored in a
vacuumed desiccator until use.

Care was taken to ensure high quality XAFS measure-
ments. To avoid the sample thickness effect,” it is re-
quired that the following condition be satisfied (for con-
centrated materials):

Apx <1,

where Apz is the edge step. The corresponding max-
imum thicknesses for RbBr, KBr, and RbCl are 50 um
(both Rb and Br edge), 44 pm (Br edge), and 50 um (Rb
edge), respectively.

It is also important that the size of the particles be
smaller than one absorption length in the material,®
pd < 1, where d is the particle size and p is the total
absorption coefficient. Thus, d should be smaller than
p~ 1. For the materials used in this work, d < 25 pm.
The particle size of the commercial raw materials was too
large and nonuniform, and a grinding and sieving treat-
ment through 400 mesh in the dry box was done. After
this treatment the resultant powder was rubbed on to
Scotch tape, and the excess powder was removed. It was
found that 14-20 layers of tape were required to obtain
a total Auz =~ 1. Under these conditions the thickness
effect distortions are expected to be negligible.”

The XAFS measurements were performed on beam-
line X-11A at NSLS using a double crystal (111) silicon
monochromator. Due to the high anharmonicity of these
materials, low temperature measurements were necessary
and they were taken using a Displex refrigeration system.
The higher x-ray harmonics were minimized by detuning
the double crystal monochromator to 75% of the maxi-
mum.

III. BACKGROUND SUBTRACTION

A new background-subtraction method® was used for
the data processing. It uses as a criterion of good back-
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ground removal the optimization of the low r portion of
the XAF'S, Fourier transformed to r space. The normal-
ized XAFS so obtained is

p(k) — po(k)

k)= ——F—-+-",
x(%) Apo(0)

where k is the wave number, p(k) is the measured ab-

sorption, po(k) is the background, and A (0) is the edge
jump.

(1)

Table I shows the values of parameters we used in the
background subtraction. It contains an Ey, which is a
variable determined by the fit, and fixed input values of
kmin and kmax, the lowest and highest limits of k, Ak, the
region where the window function is reduced to zero with
a Hanning function variation, rmyin, and r1, the r range of
the first peak, within which the theoretical x;;, function
is fitted to data, and k* the weighting parameter.

An accurate background function, corresponding to
the absorption of an isolated atom, should reveal the
presence of any multielectron excitations,'?:'* known as
shake-up or shake-off processes. The reasonableness of
this background-subtraction method is illustrated by the
fact that it is consistent with such structure in our back-
ground functions for the Rb and Br edges of RbBr (Fig.
1). One can estimate the multielectron transition energy
using the Z + 1 rule (see, e.g., Ref. 11), which states that
the excitation energy required to eject a second outer
shell core level electron from an x-ray-absorbing atom
with atomic number Z is equal to the binding energy of
the same shell of an atom with atomic number Z+1. We
therefore can estimate the energy of multielectron tran-
sitions in Br and Rb atoms from the binding energies
of Kr and Sr, respectively. The binding energy of the
3d state in Kr and Sr is 95 and 135 eV,'2 respectively,
which predicts the onset of the two-electron excitation of
the 1s and 3d states to occur at those energies past the
K edge for Br and Rb. Comparing these energies, shown
by the arrows in Fig. 1, with the Rb and Br edge back-
ground functions of RbBr we can note that structure in
the background functions corresponds to the 1s and 3d
two-electron excitation energies.

IV. FITTING THEORY TO DATA

The XAFS data processing starts with the values of
the average structure of the material which includes atom
positions and types up to 10 A around the core hole. The
lattice of RbBr, RbCl, and KBr at low temperature and
normal pressure is a NaCl structure. Theoretical XAFS
functions xsn(k) were calculated for each material using
the known structure.

Our FEFF5 analysis is based on the curved-wave MS

TABLE 1. Background-subtraction parameters for RbBr, RbCl, and KBr.

Salt T (K) Eo (€V) Kkmin (A7) kmax (A7) Ak (A™Y) rmin (A) 1 (A) k¥

RbBr (Rb edge) 30 15239 1.8 15.6 0.05 2 1 %
RbBr (Br edge) 30 13499 1.9 15.6 0.2 2 4 k
RbBr (Rb edge) 125 15240 1.8 15.6 0.2 2 4 k
RbCI (Rb edge) 30 15237 1.8 15.6 0.2 1.7 4 k
KBr (BI‘ edge) 30 13500 1.8 15.6 0.05 1.6 3 k
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FIG. 1. The extracted XAFS background for the Rb and
Br K edges of RbBr. Arrows indicate the energy of 1s,3d
two-electron excitations.

XAFS formula? for an N-leg (N > 2) path I with scat-
terers at R, R,,...,Ry:

2 ei(Pl +p2+-+pn+281)
e

Xr(k) =Im SO —a?k2/2

P1P2 " PN
x Tr MFN ... F2F1!, (2)

Here p; = kE(R; — R;_1),k = y/2m(E — E,), E, is the
photon energy, é; is the phase shift at the absorbing atom,
F? is the scattering matrix at site ¢, M is the [ = 1
termination matrix, S2 is a many-body reduction factor,
and o2 is the mean-square variation in total path length.

The fitting of a theoretical XAFS function to the ex-
perimental signal is done in r space and usually may be
performed relatively easy for the first single-scattering
path. The fitting algorithm of the computer code
FEFFIT!? is based on a standard nonlinear least squares
technique which minimizes the difference between the
Fourier transformed XAFS signal and the theoretically
summed paths of Eq. (2). To avoid unnecessary com-
putations, not all possible paths are retained, only the
significant ones. The default presorting criterion for re-
taining a path is that the amplitude of the contribution of
a given path, estimated in the plane wave approximation,
is above 2.5% of the first shell amplitude. The number of
independent parameters which may be determined with
XAFS is limited by N, the number of relevant indepen-
dent data points,

N~ 2AkAR, 3)
™
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where Ak and AR are, respectively, the ranges in k and
R space over which the data are fitted.

Table IT contains Kmin, Kmax, "min, "max, and weighting
parameter k£, which were used for the Fourier transform
of x(k) to r space; N, the number of relevant independent
points in the fitting range; and P, the number of fitting
parameters used.

In our case the following parameters of each path were
either fixed or allowed to vary: AFEr [shift of the energy
origin in expression for k in Eq. (2)], S2 (passive electrons
reduction factor),'4 and the first three cumulants!#1® in
the k expansion of phase and amplitude of Eq. (2) for
the first two shells and the first two cumulants for the
rest of the shells. The first cumulant is AR (linear phase
shift), second is 02 (Debye-Waller factor), and third is
¢®) (cubic phase shift).

Among the parameters of x1(k), found from the fit to
the first path, is S2 which is averaged for a given center
atom over all samples and then fixed for all further paths.
The values of S2 are fixed to be 0.98 for the Rb edge data
(RbBr: SZ = 1.00; RbCl: S2 = 0.96) and 0.91 for the Br
edge (RbBr: S2 = 0.89; KBr: S2 = 0.93).

The next parameter, AR;, the shift of an average bond
distance from the crystal structure value, is a measure of
either noise in the data or errors in FEFF5. It can be
used also when the bond distance may change under a
phase transition or thermal expansion (contraction). In
our case we usually assumed that the AR; for each shell
is related by the crystal structure to changes in the lattice
constant Aa which decreases the number of independent
parameters to only 1. The lattice parameters of the al-
kali halides for the theoretical XAFS calculation were cor-
rected to low temperatures by thermal-expansion data.®
The AR; (and, hence, AR; for all paths involved) was
found to be zero when the fit was optimized. All AR;
were then fixed to zero. If FEFF5 were perfect or there
were no noise, that would be the end of the story. How-
ever, if FEFF5 theory had errors or there were noise, then
this may be reflected by AR; not really varying as the
crystal structure predicts. We checked this in some cases
and indeed obtained a better fit of theory to the data by
varying each AR; (¢ # 1) independently. The values of
such AR; were = 0.01 A, which gives an uncertainty for
AR; of £0.01 A.

In order to optimize the fit of theory to the data we
also varied o? for each path. The initial guess for o?
is taken from values calculated by the correlated Debye
model and fitted by varying AEr . The final values of
o2 are found by next making them variables and fixing
AFErp. The results were close to the initial guess values,
giving confidence in them.

TABLE II. Fitting ranges for RbBr, RbCl, and KBr.

Salt T (K)  kmin (A7) kmax (A7) Tmin (A)  Tmax (A) &k N P

RbBr (Rb edge) 30 2.5 12 2 10 k 48 14
RbBr (Br edge) 30 2.8 11 2 10 k 41 11
RbBr (Rb edge) 125 3 11 2 10 k 40 14
RbCI (Rb edge) 30 2.5 11 2 8 E 32 14
KBr (Br edge) 30 2.8 11 2 10 k 41 16
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V. FIT RESULTS

Figure 2(a) gives the result of the preliminary fit given
by the correlated Debye model to data of RbBr at 30 K
(for Rb edge data), only AFE, being varied. The poor
quality of this preliminary fit at large r will be discussed
later since it gives interesting physics, and we will show
how it can be improved by considering the analysis of
KBr and RbCl data. Figures 2(b) and 2(c) show the
results of a final fit obtained by FEFF5 to experimental
data of RbBr at 30 K and 125 K, respectively. In all
cases, the R-space transform is with a k& weighting of 1
and the k range as listed in Table II. We discuss the fit
for the 30 K data since the 125 K data were fitted in the
same way with the same paths.

The first peak (2.5-3.5 A) corresponds to the near-
est neighbor single-scattering (SS) path ¢ - INN — ¢,
where c is central atom (Rb, absorber) and 1NN is the
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FIG. 2. (a) Fourier transformed Rb edge XAFS functions
of RbBr data at 30 K and theoretical fit using correlated
Debye model with overall AEj used. Final fit of FEFF5 theory
to data at (b) 30 K and (c) 125 K by varying o7: dashed line,
experiment; solid line, theory.

11 (vl 11

0.00

o IIIIIIII‘IIIIIIIIITI

A. I FRENKEL, E. A. STERN, M. QIAN, AND M. NEWVILLE 48

first nearest neighbor (Br). The Debye-Waller factor
of this path, o2, determined from the fit, is equal to
(5.5 + 0.4) x 1073 A2, while the initial guess of this
value, obtained from the correlated Debye model, is
5.3 x 10~2 A2, The error in o2 is obtained from the vari-
ations given by either fitting theory to two independent
measurements at the same temperature, or 0.5x10~3 A2,
whichever is larger. The latter value is our estimate of
systematic errors.

The next peak (2.5-3.5 A) is contributed mostly by
the second nearest neighbor 2NN SS path ¢ — 2NN — c.
It has contributions also from the distribution at larger
values of R than the first peak and from smaller R values,
corresponding to third nearest neighbor 3NN SS path
¢ — 3NN — ¢, centered at 5 A.

The analysis in the higher r range, especially in 5.5—
10 A, tests the reliability of FEFF5 in that range. The
simple cubic lattice of our salts turned out to have
only 13 significant paths out of the total hundreds of
thousands of possible paths with half path length <
10 A. All the other paths are found to be insignificantly
small. The significant paths are only SS and collinear
focusing paths, both double-scattering (DS) and triple-
scattering (TS) ones. This result is consistent with previ-
ous experiments!'” and theory.!® Forward scatterings en-
hance the collinear DS and TS paths. On the other hand,
many of the triangular double-scattering and rectangu-
lar triple-scattering paths are negligibly small because of
the right angle between the initial and final legs of most
of these paths.!” In particular, the two peaks (Fig. 2)
within 5.5-7 A are dominated by the focusing paths: DS
path ¢ =& INN — 4NN — ¢ (and its time reversal path),
TS path ¢ - 1INN — 4NN — 1NN — ¢, and SS path
¢ — 4NN — ¢, where 4NN is the fourth nearest neigh-
bor. As a result of the fit we obtained [and it follows
from the Eq. (2) as well], the focusing TS path makes a
larger contribution to x(R) than DS since it has two con-
tributions from the forward-scattering matrix F*. As was
also determined from the fit, the dominant components
of %(R) within 7-8.5 A are two SS paths ¢ — 5NN — ¢
and ¢ = 6NN — ¢, while the last investigated range
8.5-10 A is dominated by the focusing paths: DS path
¢ — 2NN — 7NN — ¢ (and its time reversal path),
TS path ¢ - 2NN — 7NN — 2NN — ¢, and SS path
c— TNN — c.

Not all the adjustable variables of the Debye-Waller
factors, o2, are independent; namely, the following rela-
tion holds to a good approximation: o3g = o5 = odg
for the corresponding DS, TS, and SS paths, with the
same half path length (Tables III-VII). The initial guess
for the Debye-Waller factors of the MS paths was based
on predicted values by the correlated Debye model.

Since our analysis includes all possible significant inter-
actions between absorber and all its seven nearest neigh-
bors we may conclude that the XAFS function x(k) can
be adequately fitted for RbBr up to 10 A by only employ-
ing SS and focusing paths. This result is in agreement
with the suggestion in Ref. 17.

We found AEr to be an extremely important variable
in our fit process. Using ionized-atom potentials in FEFF5
for the positive ion gives a sufficiently good approxima-
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tion for the shift of the energy origin of a positive ion
relative to a remote negative ion energy origin. We found
that it was not necessary to use a negative ion potential
for the negative ion because this would just change the
relative Ey shift, which is a variable parameter anyways.
However, we found that it was necessary to add an addi-
tional AETr to all of those paths that include scattering
from first nearest neighbor. The physics of why this is
necessary is that the core hole potential, if it is not well
shielded (as expected in these salts), strongly perturbs
the potential at its first neighbor site from approximate
spherical symmetry. The muffin-tin potential, as FEFF5
assumes, would then be a bad approximation for this
case, as well as having a different average value than the
other shells. The AEr necessary to correct this aspect of
FEFFS5 is =~ 2.0 eV for the first shell SS and smaller for the
MS paths that include the first shell. We find that the
phase correction, introduced by this AEr is big enough
to significantly affect the fit.
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In order to demonstrate the effect of this correction we
will present the results of fit calculated with the stan-
dard procedure (a single AE, overall) and the modi-
fied method (different A Er for paths containing nearest
neighbors).

Figures 3 and 4 present fits of FEFF5 theory to 30
K data of KBr (Br edge) and RbCl (Rb edge), respec-
tively. They demonstrate the influence of the different
AEr shifts, discussed above. Figures 3, 4(a), and 4(b)
for both materials show the standard procedure (adjust-
ing of AEjy overall) and the modified fitting algorithm
(different A Er shifts), respectively, applied to fit the cor-
related Debye model to the data. Figures 3(c) and 4(c)
give the final fit. In these two cases we find we need two
more paths than in RbBr. Together with the same SS,
focusing DS and TS paths used for RbBr we required
also two other types of the DS and TS paths which have
significant influence within 7.5-8 A for both materials.
These are the DS path ¢ - INN — INN’ — ¢ and the
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FIG. 4. Fourier transformed Rb edge XAFS functions of
RbCl at 30 K: fitting of theory (correlated Debye model, solid
line) to data (dashed line) by (a) adjusting AEo overall and
(b) using AEr for every path containing nearest neighbors;
(c) final fit of FEFF5 theory to data by varying o7.
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TABLE III. Path parameters of RbBr (Rb edge, 30 K)
xth(k) for correlated Debye model (CDM) calculation and
final fit; two left columns indicate path and half path length.
Subscripts f and v indicate whether the given value was fixed
in fitting process or allowed to vary, respectively.
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TABLE V. Path parameters of RbBr (Rb edge, 125 K)
xth(k) for correlated Debye model (CDM) calculation and
final fit; two left columns indicate path and half path length.
Subscripts f and v indicate whether the given value was fixed
in fitting process or allowed to vary, respectively.

Path AEr (eV) g% (1072 A?) Path AEr (eV) a? (1072 A2)
Type R (A) CDM Final it CDM Final fit Type R (A) CDM Final it CDM Final fit
SS 3.41 1.3, 1.3¢ 0.53 0.55, +=0.05 SS 341 1.0, 1.0¢ 1.32 1.05, £0.05
SS 4.82 -2.2, -2.2¢ 0.68 0.71, +=0.05 SS 4.82 -2.2, -2.2¢ 1.74 1.58, £0.05
SS  5.90 -2.2, -2.2¢ 0.74 1.06, £+ 0.05 SS 5.90 -2.2, -2.2¢ 1.95 1.92, £0.05
SS 6.81 -2.2, -2.2¢ 0.71 0.81, £0.05 SS 6.81 -2.2, -2.2¢ 1.92 1.92, £0.05
DS(Foc.: INN) 6.81 -1.1, -1.1; 0.71 0.81,+0.05 DS(Foc.: INN) 6.81 -2.1, -2.1; 1.92 1.92,+0.05
TS(Foc.: INN) 6.81 -1.0, -1.0; 0.71 0.81,+0.05 TS(Foc.: INN) 6.81 -2.3, -23; 1.92 192,005
SS 7.61 -2.2, -2.25 0.73 2.02, = 0.05 SS 7.61 -2.2, -2.2¢ 2.00 4.80, £0.05
SS  8.34 -2.2, -2.2¢ 0.71 1.0, £0.1 SS 8.34 -2.2, -2.25 1.96 2.10, +£0.05

TS path ¢ = INN — ¢ —» 1NN’ — ¢, where 1NN and
1NN’ are the first nearest neighbors on opposite sides of
the center atom. To decrease the number of fit variables
we set 0lg = 04g = 202, where o7 is the Debye-Waller
factor of the 1NN bond.

It is seen from Figs. 3(a) and 4(a) that the biggest
discrepancies between fit and data for the standard pro-
cedure are within 6-7.5 A for KBr data and within 5.5-7
A for RbCI data. We find that the poor fits in these
ranges are caused by four collinear MS paths, containing
the first neighbor scattering which contributes in these
ranges. By adding variable AFEr values to these paths
the fit is improved in the region of interest as shown by
Figs. 3(b) and 4(b).

Tables III, IV, V, VI, and VII present path parameters
determined by our fits for RbBr (Rb edge, 30 K), RbBr
(Br edge, 30 K), RbBr (Rb edge, 125 K), RbCl (Rb edge,
30 K), and KBr (Br edge, 30 K), respectively. The focus-
ing (intervening) atom of the collinear DS and TS paths
is shown in parentheses. The Br edge data of RbBr at
125 K were not analyzed past the first peak in r space
since the two XAF'S measurements were very noisy in the
higher r range and the parameters of the paths, starting
with the second (Br-Br bond), could not be determined
with any accuracy.

The results are given both for the correlated Debye
model (CDM) calculation (left column for each param-
eter) and for the final fit (right column) with ¢2 as a

TABLE IV. Path parameters of RbBr (Br edge, 30 K)
xtn(k) for correlated Debye model (CDM) calculation and
final fit; two left columns indicate path and half path length.
Subscripts f and v indicate whether the given value was fixed
in fitting process or allowed to vary, respectively.

Path AEr (eV) a? (1072 A2)

Type R (A) CDM Final it CDM  Final fit
SS 341 6.9, 6.95 0.53 0.54, £0.05
SS 4.82 4.8, 4.85 0.73 0.73, £0.05

SS 590 4.8, 4.8¢ 0.74 1.1, £0.1
SS 6.81 4.8, 4.8¢ 0.76 0.77, +£0.05
DS(Foc.: INN) 6.81 53, 5.3; 076 0.77,+0.05
TS(Foc.: 1INN) 6.81 5.3+ 5.35 0.76 0.77, £ 0.05

variable of the fit starting with values chosen from the
CDM calculation.

VI. COLLINEAR SCATTERING AMPLITUDE
OF Rb AND Br

In order to analyze the nature of the enhancement of
forward-scattering paths, various calculations with FEFF5
were performed. We compared two DS focusing paths:
Rb-Br-Rb (P;) and Br-Rb-Br (P), where absorber and
backscattering atoms are, respectively, Rb and Br and
the forward-scattering atoms are the reverse. From the
similarity of their electronic configurations (both Rb and
Br deviate by one electron from the Kr structure and
have close atomic numbers: Zgp, = 35,Zp, = 37) one
could expect similar scattering properties of both atoms
with respect to photoelectron wave and, hence, simi-
lar k dependences of total scattering amplitude for both
paths. However, Fig. 5 shows a significant difference be-
tween two DS collinear scattering amplitudes, Fp, and
Fp, for the paths P, and Ps, respectively. These dif-
ferences are larger than just the percentage change of Z
between the Br and Rb atoms. Amplitudes of Fp, and
Fp, of Fig. 5 were calculated in the neutral atom model

TABLE VI. Path parameters of RbCl (30 K) x¢n(k) for
correlated Debye model (CDM) calculation and final fit; two
left columns indicate path and half path length. Subscripts
f and v indicate whether the given value was fixed in fitting
process or allowed to vary, respectively.

Path AEr (eV)

o? (1072A%)

Type R (A) CDM Final fit CDM  Final fit
SS 3.27 2.2, 2.2¢ 0.71 0.55, £ 0.05
SS 4.62 -0.3, -0.3¢ 0.52 0.40, £0.05
SS 5.66 -0.3, -0.35 0.94 0.55, £0.05
SS 6.54 -0.3, -0.3¢ 0.54 0.44, £0.05
DS(Foc.: ¢) 6.54 -0.6, -0.65 1.30 1.1, £0.1
TS(Foc.: ¢) 6.54 1.8, 1.85 1.30 1.1, =+0.1
DS(Foc.: INN) 6.54 1.4, 1.4; 054 0.44, +0.05
TS(Foc.: 1INN) 6.54 1.6, 1.6¢ 0.54 0.44, £0.05
SS 731 -0.3, -0.3¢ 0.92 1.20, =0.05
SS 8.01 -0.3, -0.3¢ 0.54 0.80, £0.05




48 MULTIPLE-SCATTERING X-RAY-ABSORPTION FINE- . ..

TABLE VII. Path parameters of KBr (Br edge, 30 K)
xth(k) for correlated Debye model (CDM) calculation and
final fit; two left columns indicate path and half path length.
Subscripts f and v indicate whether the given value was fixed
in fitting process or allowed to vary, respectively.

Path AEr (eV) o? (1072 A?)

Type R (A) CDM Final it CDM  Final fit
SS 3.27 20, 20; 064 061,+0.05
SS 4.62 1.6, 1.6; 0.54 0.51,+0.05
SS 566 1.6, 1.6 0.87 0.87,+0.05
SS 6.53 1.6, 1.6; 0.56 0.57, % 0.05

DS(Foc.: ¢) 6.53 1.6, 1.6; 115 1.2,+0.1

TS(Foc.: ¢) 6.53 1.6, 1.6; 1.15 1.2, +0.1
DS(Foc.: INN) 6.53 2.3, 23; 0.56 0.57,=+0.05
TS(Foc.: 1INN) 6.53 1.2, 1.2¢ 0.56 0.57, & 0.05
SS 7.30 1.6, 1.6; 0.85 0.85,=+0.05
SS 8.00 1.6, 1.6; 0.55 0.55,=+0.05

where all atoms are neutral. To understand the large
difference, numerical experiments were performed to de-
termine what are the most important factors to cause
the difference between scattering amplitudes. First the
Rb atoms were ionized in P; and compared in Fig. 6(a)
with the original case Fig. 5 of neutral Rb atoms. Figure
6(b) shows the result for P, when the Rb atom is ionized
as compared to the result when it is neutral. There is a
change, but the change is smaller than the total change
between P; and P, as shown in Fig. 5.

The total collinear scattering amplitude has contribu-
tions from both the forward-scattering amplitude of the
focusing atom (1NN) and the backscattering amplitude
of 4NN. Thus, it is incorrect to determine the forward-
scattering amplitudes of the focusing Br and Rb atoms
based on the calculation of the total amplitudes of paths
Rb-Br-Rb and Br-Rb-Br since these paths have different
backscatterers. We, however, may fix the backscatter-
ing atoms and calculate two imaginary paths: Rb-Rb-
Rb and Br-Br-Br with FEFF5, using neutral atoms in all
cases. The pairs of paths (a) Br-Rb-Br, Br-Br-Br and
(b) Rb-Br-Rb, Rb-Rb-Rb have the same backscattering

4
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= AN — __ Rb-Br-Rb
2 B L — Br—Rb—Br
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B i S
1 \\\‘ / \\\\
ol 1 | L
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k (A1)
FIG. 5. Collinear scattering amplitude of DS focusing

paths Rb-Br-Rb (solid line) and Br-Rb-Br (dashed line).
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FIG. 6. Comparison of collinear scattering amplitudes of
(a) Rb-Br-Rb and (b) Br-Rb-Br paths, as calculated from
ionized atom model (dashed line) and neutral atom model
(solid line).

atom and differ only in the type of focusing atom, allow-
ing us to compare forward-scattering amplitudes from
FEFF5. The results [Figs. 7(a) and 7(b)] demonstrate
that in both cases when Rb was at the location of the
focusing atom (solid lines) the collinear scattering ampli-
tudes and, therefore, forward-scattering amplitudes were
larger than those (dashed lines) of paths, containing Br
as a focusing atom by an amount comparable to the dif-
ference found between P; and P, shown in Fig. 5. Since
this change was not much affected whether the Rb was
ionized or not, the enhanced increase in the focusing ap-
pears to be produced by the increased density of the Rb
core compared to the negative Br ion, even though they
have the same number of electrons.

VII. THERMAL-EXPANSION COEFFICIENT

In this section we apply the cumulant expansion
method for determination of the thermal-expansion co-
efficient of RbBr. Stern et al.'*!° found that within
the classical limit T > ©p (Debye temperature), anhar-
monicity of atomic vibrations for Pb can be treated as
a small perturbation and the linear thermal-expansion
coefficient may be determined from the ratio

- 2R0T0'2, ( )

a
where ¢ is the third cumulant, o2 is the Debye-Waller
factor, and R, is the average interatomic distance. A
similar result has been derived for the thermal expansion
of surface atoms.2°



12 456

0 I 1 1

0 5 10 15 20
k (&Y
3 (b)
{4:/ o Rb—Rb—Rb
Rb—Br—Rb

F(0)]

FIG. 7. Enhancement of F(0) for the paths containing Rb
(solid) and Br (dash) as the forward-scattering atom. Ab-
sorber and backscattering atoms are the same and are Br (a)
and Rb (b).

The second neighbor distance is the lattice constant
of the RbBr crystal and its expansion should coincide
with the expansion of the macroscopic sample. The first
neighbor distance also should expand with the same « as
the macroscopic value since the crystal retains its sym-
metry as it expands. Substituting the values of ¢(®) and
o? determined by XAFS (Table VIII) for the Rb-Br dis-
tance (first nearest neighbor, Ry = 3.41 A) and Rb-Rb
distance (second neighbor, Ry = 4.82 A) at 125 K into
Eq. (4) we find for the Rb edge data o = (2.9+0.3) x10~°
K1 and @ = (3.1 £0.3) x 1073 K}, respectively. As
obtained from the Br edge data of RbBr at 125 K (Ta-
ble VIII, Rb-Br bond) a = (2.7 £ 0.4) x 107> K~1. The
error bars are obtained using two different scans at any
one temperature and third cumulant was found from the
fit to each of them independently. Being close to the
Debye temperature (©p = 136 K for RbBr), T = 125
K is high enough for the classical limit to be valid and
thus agreement is expected between a calculated from
the classical Eq. (4) and macroscopic experimental ones'®
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(¢ =3.0x10"° K1, T =125 K). However the classical
model cannot be used for the 30 K data and quantum
corrections are needed. It has been shown?! that for an
anharmonic oscillator, including quantum effects,

c® 3z(1+ 2)In(1/2)

= RoTo? (1 —2)(14+ 10z + 22)’

(5)

— _hw . .
where z = e 8T | w is oscillation frequency, and kp is
Boltzmann constant. At very low temperatures w can be
found from the formula?! for the zero point motion:

2o P
2uw’

IR

o (6)
where the reduced mass p = 1/(1/M; + 1/M;). Ta-
ble VIII contains the values of w obtained for different
bonds. At high temperature the values for w were calcu-
lated independently using the classical formulal42!

(7)

Substituting the values of low temperature cumulants
0% and c(Ls) (Table VIII) into Eq. (5) we obtain for the
Rb-Br and Rb—Rb bonds (Rb edge data), at T' = 30 K,
a=(1.14£0.6)x10"° K~! and @ = (1.5+0.6)x1075 K1,
respectively. The values for a found from the cumulants
determined from the fit to the Br edge data (Table VIII)
at 30 K for the Rb—Br and Br-Br bonds are consistent
with the above Rb edge values: o = (1.0 £ 0.6) x 10~°
K™! and o = (1.3 £ 0.6) x 107° K1, respectively. The
experimental value!® @ = 1.0 x 10~° K~ ! at T = 30 K.

Thus, the thermal-expansion coefficient as determined
from XAFS cumulants satisfies macroscopic values in
both the classical and quantum limits.

VIII. PHYSICAL CONSISTENCY OF THE
RESULTS

The correctness of the results of the data analysis of
several alkali halides (RbBr, RbCl, and KBr) at 30 K
and 125 K can be checked by verifying that they satisfy
consistency requirements imposed by the physics of the
structure characteristics of the materials.

First, as it is predicted theoretically, the many-body
relaxation factor S2 [see Eq. (2)] is dependent only on
the center atom and XAFS measurements of the different

TABLE VIII. Cumulants for the Rb—Br, Rb—Rb, and Br-Br bonds in RbBr from XAFS experi-

ment at 30 K and 125 K.

T (K)  Absorber Bond  w (10'® Hz) o2 (1072 A%) ® (107 A% o« (107°K™Y)
30 Rb Rb-Br 1.4 0.55 &= 0.05 0.3 4+0.2 1.1 +£0.6
30 Rb Rb-Rb 1.2 0.71 4 0.05 0.5+0.2 1.5+ 0.6
30 Br Rb-Br 1.4 0.54 = 0.05 0.2+ 0.1 1.0+ 0.6
30 Br Br-Br 1.1 0.73 + 0.05 0.4 £ 0.2 1.340.6
125 Rb Rb-Br 1.5 1.05 £+ 0.05 2.6 0.3 2.94+0.3
125 Rb Rb-Rb 1.2 1.58 £ 0.05 6.5 + 0.2 3.1+0.3
125 Br Rb-Br 1.6 1.00 £+ 0.05 2.3+04 2.74+04
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materials with the same absorbing atom should provide
the same value of S2. Indeed, in Sec. IV we report the
close values of SZ for Rb edge data. The S2 values of the
Br edge data are also found to be close to each other.

Second, the distribution of the relative displacements
of any pair of atoms should be the same, regardless of
which atom is the center atom. For example, in RbBr
XAFS measurements about the Rb K edge and about
the Br K edge should give the same R, 02, and ¢(® for all
Rb-Br distances, in particular, the first and third neigh-
bors. Indeed, the final fit (Tables I1I and IV) provides o2
of c—-1INN and ¢-3NN bonds to be the same for Br edge
and Rb edge data. Table VIII shows that the values of
¢® for the shortest Rb—Br bond are within uncertainties
for both the Rb edge and Br edge data of RbBr at both
low and high temperatures.

Third, since the structure of the alkali halides expands
uniformly with temperature, the thermal-expansion co-
efficient & must be the same for all pairs of atoms. As
discussed in the previus section, this is the case for the
first two nearest neighbors.

Fourth, the variation of o2 should follow that expected
for a harmonic oscillator at low temperatures, with a
temperature dependence consistent with its zero point
motion. In our case, we obtain excellent agreement with
an Einstein oscillator as attested to the fact that the os-
cillation frequencies obtained independently at low and
high temperatures with Egs. (6) and (7), respectively,
are found to be equal within the error bars. For the
Rb-Rb bond we get w = (1.0 £+ 0.1) x 10*® Hz at 30 K
and w = (1.2 £0.1) x 10'3 Hz at 125 K. For the Rb-Br
bond we obtain w = (1.4 +0.1) x 10'3 Hz (both from the
Rb and Br edge data) at 30 K, w = (1.5 +£ 0.1) x 103
Hz, and w = (1.6 £ 0.1) x 103 Hz at 125 K (Rb and Br
edge data, respectively).

Fifth, in the collinear scattering case, where the in-
tervening atom is a first nearest neighbor, this atom, to
a good approximation, does not affect the o? of these
paths and they have the same values as the SS path of
the same length. We set that condition and assigned the
same o2 to the collinear DS (Foc.: 1NN) and TS (Foc.:
1NN) paths and decreased the number of variable pa-
rameters in the fit process. The notation in parentheses
above indicates that the intervening (focusing) atom is a
INN. In the other collinear scattering paths DS (Foc.: c)
and TS (Foc.: ¢), where the intervening atom is a cen-
ter atom, the o2 of these paths was set to twice the o?
value of the 1NN bond. Our excellent fit attested to the
correctness of these conditions.

IX. SUMMARY AND CONCLUSIONS

Methods of XAFS data analysis were tested against
XAFS measurements of RbBr, RbCl, and KBr at 30 K
and 125 K.

An accurate background-subtraction method revealed
the 1s,3d two-electron photoexcitation as a step struc-
ture to the background function at the expected energy
above the edge.

The multiple-scattering XAFS theory used in the com-
puter code FEFF5, based on a curved-wave calculation of

12 457

the photoelectron propagator, required several correction
parameters, namely, an SZ (= 0.8-1.0) normalization to
correct for the passive electrons, an overall F, shift of
the order of 1 eV to correct the Fermi energy, and an
additional AFEy shift of the order of 1 eV to all of the
paths containing the first shell atoms to correct for the
inadequacy of the muffin-tin potential at the first shell.
With these corrections FEFF5 allowed us to extend the
determination of accurate thermal disorder information
up to 10 A from the central atom. Second and third cu-
mulants were determined for the first two neighbors and
used to calculate thermal-expansion coefficients for RbBr
at both 30 K and 125 K, using the quantum anharmonic
Einstein model. Excellent agreement with macroscopic
measurements of this coefficient was found.

It should be emphasized that the ability to obtain
structural thermal disorder information to 10 A or be-
yond is possible only because the average structure is
known. If the average structure is not known, then to
obtain this information plus the disorder about the aver-
age is possible only to about the first four neighbors.®

In the case of the NaCl structures we investigated
we found that the only important scattering paths
were single-scattering ones and the only those multiple-
scattering paths that are collinear. This result is not
a general one but is a consequence of the K edge and
of that special feature of the NaCl structure where the
bonds to the first neighbors to the center atom are per-
pendicular to one another. Under such circumstances, in
double scattering among the first neighbors to the cen-
ter atom, the emitted p wave does not overlap with the
final p wave since they are oriented perpendicular to one
another.!” Normally, this double scattering is expected

. to be the largest noncollinear multiple-scattering contri-

bution, but because of the geometry just discussed, its
contribution is zero. The other feature that tends to de-
crease all the other multiple-scattering contributions is
the comparatively large lattice constant.”

The influence of the focusing atom on the double
collinear scattering amplitude was investigated by nu-
merical calculations. The replacement of Rb by Br in
the focusing atom site produced a larger increase in
the forward-scattering amplitude than just the relative
change in their Z values. Since this change was not much
affected whether the Rb was ionized or not, the enhanced
increase in the focusing appears to be produced by the
increased density of the Rb core.
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