
PHYSICAL REVIEW B VOLUME 48, NUMBER 17 1 NOVEMBER 1993-I

Multiple-scattering x-ray-absorption fine-structure analysis
and thermal expansion of alkali halides
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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 6tting the theory used in the FEFF5 computer code to data. The modi6cations
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 coefBcient including
quantum e8'ects at low temperature. Agreement with macroscopic thermal-expansion measurements
was found.

I. INTRODUCTION

The x-ray-absorption fine-structure (XAFS) 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 eKciency, the use of XAFS to
determine structure ia.formation beyond the first or sec-
ond neighbors has become very feasible. One way FEFF5
attains this efIiciency is to presort the MS paths, and to
retain only those that are significant. Combining FEFF5
with a routine that fits in B space instead of A: space the
total path length is limited by the maximum B 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(Tai Nb )Os both below and above the ferroelectric
transition. Preliminary results on ferroelectric PbTi03
have recently also been reported using FEFF5. Both

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 FEFF5„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 its 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%%uo 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 eAect, it is re-
quired that the following condition be satisfied (for con-
centrated materials):

A@x&1,
where Lpx is the edge step. The corresponding max-
imum thicknesses for RbBr, KBr, and RbCl are 50 pm
(both Rb and Br edge), 44 ym (Br edge), and 50 pm (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 coeKcient. Thus, d should be smaller than
p . 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 Apx 1. Under these conditions the thickness
e8'ect distortions are expected to be negligible.

The XAFS measurements were performed on beam-
line X-11A at NSLS using a double crystal (ill) 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-

ground removal the optimization of the low r portion of
the XAFS, Fourier transformed to r space. The normal-
ized XAFS so obtained is

p(k) —po (k)
Ago (0)

where k is the wave number, p(k) is the measured ab-
sorption, po(k) is the background, and

Ago�(0)

is the edge
jump.

Table I shows the values of parameters we used in the
background subtraction. It contains an Eo, which is a
variable determined by the fit, and fixed input values of
k;„and k „,the lowest and highest limits of k, Lk, the
region where the window function is reduced to zero with
a Hanning function variation, r;„,and r~, the r range of
the first peak, within which the theoretical yah 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-oB 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, 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 18 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 y&h(k) were calculated for each material using
the known structure.

Our FEFF5 analysis is based on the curved-wave MS

Salt T (K) Eo (eV) k;„(A. ')
RbBr (Rb edge) 30 15239 1.8
RbBr (Br edge) 30 13499 1.9
RbBr (Rb edge) 125 15240 1.8
RbCI (Rb edge) 30 15237 1.8

KBr (Br edge) 30 13500 1.8

k .„(A-')
15.6
15.6
15.6
15.6
15.6

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

~k (A.-') . ;. (A) ., (A)
0.05 2 4 A:

0.2 2 k
0.2 2 k
0.2 1.7 4 k
0.05 16 3 k
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PhotoelectI-on energy (eV)
FIG. 1. The extracted XAFS background for the Rb and

Br K edges of RbBr. Arrows indicate the energy of 18, 3d
two-electron excitations.

XAFS formula2 for an N-leg (N & 2) path I' with scat-
terers at B.i, R2, . . . , R~..

p~(&&+P2+" '+PAL+26] )
yz'(k) = Im So

pip2. pw

x Tr Mr~. -.r'r'. (2)

Here p; = k(R,; —R,, i), k = /2m, (E —Eo), Eo is the
photon energy, b~ is the phase shift at the absorbing atom,
E is the scattering matrix at site i, M is the l = 1
termination matrix, So is a many-body reduction factor,
and o 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 di8'erence 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 jo 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 = —LkAB,
2

where Lk and AB are, respectively, the ranges in k and
B space over which the data are fitted.

Table II contains k;„,A;, r;„,r, and weighting
parameter k, which were used for the Fourier transform
of y(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: AEr [shift of the energy
origin in expression for k in Eq. (2)], So (passive electrons
reduction factor), and the first three cumulantsi4 i 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 AB (linear phase
shift), second is cr (Debye-Wailer factor), and third is
c(s) (cubic phase shift).

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

The next parameter, LB;, 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 LB, 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 ARi (and, hence, AB, for all paths involved) was
found to be zero when the fit was optimized. All LA,.
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 rejected by AB; 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 AA, (i g 1) independently. The values of
such AB, 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 0., for each path. The initial guess for o,
is taken from values calculated by the correlated Debye
model and fitted by varying LEz . The final values of
o., are found by next making them variables and fixing
AEz. The results were close to the initial guess values,
giving confidence in them.

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

Salt
RbBr (Rb edge)
RbBr (Br edge)
RbBr (Rb edge)
RbCl (Rb edge)

KBr (Br edge)

T (K)
30
30
125
30
30

k,„(A-')
2.5
2.8
3

2.5
2.8

k .„(A-')
12
11
ll
ll
11

&min

2

2
2
2
2

rmB, 3c

10
10
10
8
10

N
48
41
40
32
41

P
14
11
14
14
16
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V. FIT RESULTS
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re iminary fit at lar e r wig
ves in cresting ph sics a

e improved by considerin

1 of fi l fi bo tained by FEFF5 to

ha f'and 125 K res e
-space transform is with a k

dth k 1 tdas is e in Table I
ata since the 125 K data w

same way with th e same paths.
a a were Gtted in the

The first peak (2.5—3.5 A.) corres ands
hbo i 1—

ra a om (Rb, absorber) and 1NN is the

0.15 (a)

~ 0.10

0.05

0.00
0 10

0.15

0.05
l~

0.00
0

R (A
10

O. OB

0.06

0.04

O. OP

0.00

( )
F&G. 2. ~a~~ F~a~~ Fourier transformed Rb ed e

of RbBr data at 30 K
e edge XAFS functions

and theoretical fit
Debye model with llovera AEo used. Final

using correlated

to data at (b) 30 K a d (

ina 6t of FEFF5 theoreory

experiment; solid l theor
y varying cr,. : dashed line,

first nearest neighb (B b -W ll for r. The D
o, etermined from them the fit, is equal to

1 b d f
while the initial

el d D bye od l
. The error in o is obtaine

b thy ei er Btting theor to tw

which
a e same tern

ic ever is larger. The 1

mperature, or 0.5x10

systematic errors.
e atter value is ouour estimate of

The next peak (2.5—3.5 A) is contribut
the second neare t hb
It has contribut'

es neig or 2NN SS a
ri u ions a so from the distr'

values of R than the 6
e is ri ution at larger

an e rst peak and from sm
o di to thid t

1 b 1 f
only 13 significant th

a ice o our salts turnede out to have

thousands of 'bl
n pa s out of the te otal hundreds of

10 A. . All the othe
possi e paths withi half path length

e o er paths are found to be '

small. The signific t
o e insignificantly

gni cant paths are onl S

scattering (TS) ones. Th'ones. is result is consist
7 d h

hance the colline DS
s an t eory. Forward s
ear an TS aths.

scatterings en-

p s. n the other hand,
e riangu ar double-scatterin and.

1 rt ipl — tt n th
th ht 1 b t

ering pat s are ne li ibl

g e e ween the initial and
f h h i7 I

within 5.5—7 A.

n particular the
are dominated by the fo

, the two peaks (Fi . 2)lg.

path c m 1NN + 4NN
y e ocusing paths: DS

TS h 1NN
~ c and its tim

—+ 4NN ~ 1NN ~ c
)

c ~ 4NN + c, where 4NN
'

~ c, and SS path

bor. As a result of the t we o
c, w ere 4NN is the fourth n

&
o [ ohio ~

q. as well], the focusin TS

tributions from the fo d
ion o y B than DS since ice it has two con-

e orward-scatterin m
also determined from th 6
of (B) th 7— A.

TS th 2NN

Not all t e adjustable variables of
factors, o are d

ia es o the Debye-Wailer

, , are in ependent; namel ty,
o a goo approximation: o = o

th p d-gDS TS p

h Db -Wll
eng ables III—VII .
a er actors of the MS at

d'td 1 b h y mod l.ues y t e correlated Deb
na ysis inc u es all ossibl

actions between b
p

'
e significant inter-

en a sor er and all its seven n
bors we may conclude th

i s seven nearest neigh-

be adequately fitted for RbBr
in g SS and focusing path Th

e or rupto 10k. b only y employ-

with the suggest'
g pa s. This result is

'

s ion in e . 17.
is in agreement

p to be an extremel imWe found AE
6t o Uess. sing ionized-atom po

i ive ion gives a sufFicientln y goo approxima-



48 MULTIPLE-SCATTERING X-G X-RAY-ABSORPTION FINE- ~ ~ ~ 12 453

tion for the shift of the ener or'
o n energy origin. We found

tio
--- - f-nd h

ways.

"'l~E ll f those paths that inclu
hb Th

th t th
s ie de as expected

po entia, if it is not w ll

pp o is
ag

z necessar to
ant e

F . or e first shell SSF5 is 2.0 eV for th
y correct this aspect f

has
u e t e first shel

r e

p ase correction int d
s ell. We find that th

o significantly afFect the fit
is Ej- is big enough

In order to demonstra
present the results of fit c i

ure a single LE
i e stan-

( erent AE f
e modi-

neighbors .
p for paths contaaining nearest

Figures 3 and 4 present fits of I
ata of KBr (Br ed e

EFF5 theory to 30

in of
s ow the standard

relate
pp

p

ese are t
l.~

— or both
N ~ 1NN' —+ c and the

0.25

0.20

0.15

0.00

0.25

0.20

0.15

0.10

&~ 0.05

0.00

0.25

0
R (A

R (A)

10

10

O. P5

0.20

0.15

0.10

'~ o.o5

0.00
0

0.30

0.25

0.20

0.15

0.10
'~ o.o5 =

0.00
0

0.25

R (A)

(b)

0.20

0.15

~ 0.1D

i~ 0.05

0.00

( )
FIG. 3. Fourier transformedF o Br edge XAFS

: fitting of theory
functions of

d (d hdl' ibe) y (a) adjusting AE
z or every path contain

0 overall and

(c) final fit of FEFF h5 theory to data b
containing nearest ne hb

a a y varying ~2

0.20

0.15

0.10

r~ 0.05

0.00
0

( )

FIG. 4. Fouourier transformed
RbClat 30K: f t ting of theory correlated

med Rb edge XAFS functions of

li ) tod t (d hdli b
z or every path containin

o overall and

(c) final fit of FEFF5 th eo to d t b
containing nearest nei hb

a y varying o, .



12 4S4 A. I. FRENKEL, E. A. STERN, M. QIAN, AND M. NEWVILLE

TABLE III. Path parameters of RbBr (Rb edge, 30 K)
y&h(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 6tting process or allowed to vary, respectively.

TABLE V. Path parameters of RbBr (Rb edge, 125 K)
yth(k) for correlated Debye model (CDM) calculation and
6nal 6t; two left columns indicate path and half path length.
Subscripts f and e indicate whether the given value was fixed
in Gtting process or allowed to vary, respectively.

Path
Type

SS
SS
SS
SS

DS(Foc.: 1NN)
TS(Foc.: 1NN)

SS
SS

~ (A)
3.41
4.82
5.90
6.81
6.81
6.81
7.61
8.34

1.3„
-2.2
-22
-2.2
-1.1„
-1.0
-22
-22

1 ~ 3f
2.2 f

-2.2f
2 ~ 2f
1 ~ 1f

-]..0f
2 ~ 2f
2 ~ 2f

AEr (eV)
CDM Final fit

2 (]0—2 g2)
CDM Final fit
0.53 0.55„+0.05
0.68 0.71„+0.05
0.74 1.06„+0.05
0.71 0.81„+0.05
0.71 0.81„+0.05
0.71 0.81„+0.05
0.73 2.02„+0.05
0.71 1.0„+0.1

Path
Type

SS
SS
SS
SS

DS(Foc.: 1NN)
TS(Foc.: 1NN)

SS
SS

a (A)
3.41
4.82
5.90
6.81
6.81
6.81
7.61
8.34

1.0„
-22
-22
-22
-2 ~ 1
-23
-2-2
-2.2

1.0f
2 ~ 2f
2 ~ 2f

-2.2f
2 ~ 1f
2'.3f

-2.2f
2 ~ 2f

AEr (eV)
CDM Final Bt

(72

CDM
1.32
1.74
1.95
1.92
1.92
1.92
2.00
1.96

(10 A )
Final fit

1.05 + 0.05
1.58„+0.05
1.92„+0.05
1.92 + 0.05
1.92„+0.05
1.92„+0.05
4.80„+0.05
2.10„+0.05

TABLE IV. Path parameters of RbBr (Br edge, 30 K)
yah(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 Gtting process or allowed to vary, respectively.

Path
Type

SS
SS
SS
SS

DS(Foc.: 1NN)
TS(Foc.: 1NN)

a (A)
3.41
4.82
5.90
6.81
6.81
6.81

EEr (eV)
CDM Final fit
6.9„6.9f
4.8„4.8f
4.8„4.8f
4.8„4.8f
5.3„5.3f
5.3 5.3f

02
CDM
0.53
0.73
0.74
0.76
0.76
0.76

(10 A )
Final fit

0.54„+0.05
0.73 + 0.05
1.1„+0.1

0.77„+0.05
0.77„+0.05
0.77„+0.05

TS path c —+ 1NN ~ c ~ 1NN' ~ c, where 1NN and
1NN' are the erst nearest neighbors on opposite sides of
the center atom. To decrease the number of fit variables
we set o Ds ——o&s ——2o z, where o i is the Debye-Wailer
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 RbCl data. We find that the poor fits in these r
ranges are caused by four collinear MS paths, containing
the first neighbor scattering which contributes in these
ranges. By adding variable LEz values to these paths
the Bt 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 XAFS 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 coluinn for each param-
eter) and for the final fit (right column) with o., as a

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

VI. COLLINEAR SCATTERING AMPLITUDE
OF Rb AND Br

TABLE VI. Path parameters of RbCl (30 K) yth(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
Type

SS
SS
SS
SS

DS(Foc.: c)
TS(Foc.: c)

DS(Foc.: 1NN)
TS(Foc.: 1NN)

SS
SS

R (A)
3.27
4.62
5.66
6.54
6.54
6.54
6.54
6.54
7.31
8.01

AEr (eV)
CDM Final fit
22
-0.3
-0.3„
-0.3„
-0.6„
1.8„
1.4„
1.6„
-0.3
-0.3

2 ~ 2f
-0.3f
-0.3f
-0.3f
-0.6f
1.8f
1.4f
1.6f
-0.3f
-0.3f

0-2

CDM
0.71
0.52
0.94
0.54
1.30
1.30
0.54
0.54
0.92
0.54

(10 A )
Final Bt

0.55„+0.05
0.40„+0.05
0.55„+0.05
0.44„+0.05
1.1 + 0.1
1.1„+0.1

0.44„+0.05
0.44„+0.05
1.20 + 0.05
0.80„+0.05

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 (Pi) and Br-Rb-Br (P2), 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: ZRb = 35, ZB, = 37) one
could expect similar scattering properties of both atoms
with respect to photoelectron wave and, hence, simi-
lar A; dependences of total scattering amplitude for both
paths. However, Fig. 5 shows a significant difference be-
tween two DS collinear scattering amplitudes, I"I, and
I"I, for the paths Pq and Pq, respectively. These dif-
ferences are larger than just the percentage change of Z
between the Br and Rb atoms. Amplitudes of FI, and
FI, of Fig. 5 were calculated in the neutral atom model
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(n = 3.0 x 10 K, 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(l + z)ln(1/z)
HoTa(1-—z)(1+ 10z+ z2) '

0
0

I t & ! & t I I

5 10 15 where z = e "~, w is oscillation frequency, and k@ is
Boltzmann constant. At very low temperatures w can be
found from the formula for the zero point motion:

2

2p(d
(6)

where the reduced mass p = 1/(1/Mi + 1/M2); 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 formula

10 15

k (A')
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 o, as
the macroscopic value since the crystal retains its sym-
metry as it expands. Substituting the values of c~ ~ and
a determined by XAFS (Table VIII) for the Rb—Br dis-
tance (first nearest neighbor, Bq ——3.41 A) and Rb—Rb
distance (second neighbor, Bo ——4.82 A.) at 125 K into
Eq. (4) we find for the Rb edge data n = (2.9+0.3) x 10
K i and n = (3.1 + 0.3) x 10 K, respectively. As
obtained from the Br edge data of RbBr at 125 K (Ta-
ble VIII, Rb—Br bond) n = (2.7+0.4) x 10 s K i. 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 (OD = 136 K for RbBr), T = 125
K is high enough for the classical limit to be valid and
thus agreement is expected between o. calculated from
the classical Eq. (4) and macroscopic experimental ones

k~r
CT

P,(d
(7)

Substituting the values of low temperature cumulants
a.

& and c& (Table VIII) into Eq. (5) we obtain for the
Rb—Br and Rb—Rb bonds (Rb edge data), at T = 30 K,
n = (1.1+0.6) x10 s K i and n = (1.5+0.6) x10 s K
respectively. The values for o. 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: n = (1.0 6 0.6) x 10
K i and n = (1.3 + 0.6) x 10 s K, respectively. The
experimental value o. = 1.0 x 10 K at T = 30 K.

Thus, the thermal-expansion coeKcient 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 So2 [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)

30

30
125
125
125

Absorber
Rb
Rb
Br
Br
Rb
Rb
Br

Bond
Rb—Br
Rb—Rb
Rb—Br
Br—Br
Rb—Br
Rb—Rb
Rb—Br

(u (10 Hz)
1.4
1.2
1.4
1.1
1.5
1.2
1.6

' (10-' A.')
0.55 + 0.05
0.71 + 0.05
0.54 + 0.05
0.73 + 0.05
1.05 + 0.05
1.58 + 0.05
1.00 + 0.05

c" (10-' A.')
0.3 + 0.2
0.5 + 0.2
0.2 + 0.1
0.4 + 0.2
2.6 + 0.3
6.5 + 0.2
2.3 + 0.4

n(10 K )
1.1 + 0.6
1.5 + 0.6
1.0 + 0.6
1.3 + 0.6
2.9 + 0.3
3.1 + 0.3
2.7 + 0.4
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materials with the same absorbing atom should provide
the same value of Sp Indeed, in Sec. IV we report the
close values of So for Rb edge data. The So 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 B, 0, and t"~ ~ for all
Rb—Br distances, in particular, the first and third neigh-
bors. Indeed, the final fit (Tables III and IV) provides o
of c—1NN and t"—3NN bonds to be the same for Br edge
and Rb edge data. Table VIII shows that the values of
c~ ~ 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 o. 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 0 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 Eqs. (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 10i Hz at 125 K. For the Rb—Br
bond we obtain w = (1.4+0.1) x 10 Hz (both from the
Rb and Br edge data) at 30 K, u = (1.5 + 0.1) x 10i
Hz, and cu = (1.6 + 0.1) x 10 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 0 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 o 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
1NN. In the other collinear scattering paths DS (Foc.: c)
and TS (Foc.: c), where the intervening atom is a cen-
ter atom, the u2 of these paths was set to twice the o.

z

value of the 1NN bond. Our excellent fit attested to the
correctness of these conditions.

the photoelectron propagator, required several correction
parameters, namely, an Soz (= 0.8—1.0) normalization to
correct for the passive electrons, an overall Eo shift of
the order of 1 eV to correct the Fermi energy, and an
additional LEO 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 FEFI"5 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 infIuence 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.

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 18, 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 I EFF5, based on a curved-wave calculation of
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