PHYSICAL REVIEW B

VOLUME 22, NUMBER 8

15 OCTOBER 1980

Extended x-ray absorption fine-structure determinations of coordination numbers: Limitations

P. Eisenberger
Bell Laboratories, Murray Hill, New Jersey 07974

B. Lengeler
Institut fiir Festkorperforschung, Kernforschungsanlage Jiilich, 5170 Jiilich, Federal Republic of Germany
(Received 7 February 1980)

Comparisons are made between measured extended x-ray absorption fine-structure (EXAFS) amplitudes for
nearest- and more-distant-neighbor coordination shells in a wide variety of known compounds at both room
temperature and 77 K. The comparisons reveal a significant sensitivity -of the amplitudes to the chemical
environment and non-Gaussian disorder. The observed changes can cause significant errors in the empirical
determinations of coordination numbers. The absence of the possibility of a quantitative theoretical calculation of
the EXAFS amplitude leads to the conclusion that coordination numbers can be determined most accurately by the
use of a chemically and structurally similar model measured at low temperature.

The extended x-ray absorption fine-structure
(EXAFS) technique is thought to have the pos-
sibility of determining in unknown compounds the
bond lengths,! coordination number,? chemical
type,® and, by use of polarization properties, the
coordination geometry.* In short, a complete
local structural determination is in principle pos-
sible. Only the first and last have been demon-
strated in a general way. In this work we will
evaluate the ability of the EXAFS technique to
determine the second and third structural proper-
ties. The focus will be upon situations of known
chemical constituents where only bond lengths
and coordination numbers are desired, but the
discussion will include the case of completely
unknown structures.

It is now widely accepted that the EXAFS tech-
nique can determine to an accuracy of 0.02 A the
bond lengths in unknown materials by both em-
pirical' and theoretical approaches.® The power
of the technique is significantly attributable to
the independence of the determination on chemi-
cal environment, the so-called chemical trans-
ferability of the scattering phase shifts.! How-
ever, recently it has been shown® that an asym-
metric pair-distribution function between the cen-
tral absorbing atom and the coordination shell
of interest can introduce significant errors in the
distance determinations. However, a perturba-
tive-type corrective procedure has been de-
veloped® to correct for the case of small asym-
metries. For large asymmetries a modelingap-
proach is required’ and therefore for those cases
EXAFS has lost its ability to directly determine
interatomic distances.

In spite of the use of EXAFS amplitudes to
specify coordination numbers in systems with
known constituents?® or to identify both the chem-
ical constituents and coordination numbers in

unknown chemical environments,® no systematic
study has been performed to evaluate the ac-
curacy of those determinations.

In this study a large number of simple known
structures were measured both at room tempera -
ture and at 77 K. Systems with the same ab-
sorbing atom and scattering atom pairs in the
same coordination shells are compared as a
function of the temperature and the chemical
environment. In addition, the amplitudes are
compared for materials with the same crystal
structure and the same scattering atom but dif-
ferent transition-metal absorbing atoms. It will
be shown that the simple and predictive EXAFS
formalism cannot account for the observed
changes. A complete and model-dependent for-
malism certainly has enough degrees of freedom
to explain the observed changes but has in the
process lost its predictive ability. The conclu-
sion is reached that only the use of a chemical
similar system as a model, ideally the sample
itself, or a limited model-dependent fitting pro-
cedure can be successfully used to accurately
determine coordination numbers and chemical
constituents.

In Sec. I is developed the theoretical expres-
sion for the EXAFS amplitudes, including the -
evolution from the simplistic initial expressions
to the current complex version. In Sec. II are
described the experimental technique and data-
analysis procedures. In Sec. III the experimental
results are presented and, finally, in Sec. IV is
presented a discussion of the conclusion of this
work.

1. EXAFS FORMALISM
The formula to describe the EXAFS for an

. s-p transition in an absorbing atom A, surrounded

by a coordination shell of N; atoms B, with a
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Gaussian pair-distribution function characterized
by the standard deviation 0,5 is given by

xk)=- 52 %

1)

In Eq. (1) & is the wave vector of ejected electron,
745 is the average distance between atoms A and
B, fg(k, m) is elastic backscattering amplitude of
atoms B, and ¢, is the total of twice the ab-
sorbing atom A and backscattering atom B phase
shifts. It is assumed in Eq. (1) that the sample
contains no long-range orientational order.

Equation (1) although frequently used is still
recognized to contain several oversimplifications.
As recently described,® if the pair correlation
function g45(7) is not symmetric, Eq. (1) takes
the form

N ' _
X(k) ===3 Bk fB(ky ")[SZAB(k’ 7AB! T)
7 AB
+A%p (R, V45, T)]llz
X sin[2k7 o5 + P 4 (k)
+ 2 (8,745, D], 2)
AB
where

~ AR, 7 ap, T)
k,7ap, T)=tan 1 TAB AR
;.;( y7an T) Sap(k, 745, T)

and

— * g(7ag, %, T) cos(2kx)dx
SAB(k”"AB,T)=f §ap; 5. 1) (

(1+x/74p) ’

> v [T 8(Z4p, %, T) sin(2kx)dx
Ann(k, T4z, T)= - (A +%/7ap ) )

and
T-r=x.

Note that in Eq. (2) the simple separation between
amplitude and phase which existed in Eq. (1) no
longer exists. The implications of this for dis-
tance determinations were previously discussed.®
The impact of Eq. (2) on coordination-number de-
terminations will be discussed shortly.

Equation (2) still does not account for the effect
of inelastic processes. There are four types of
inelastic processes which diminish the size of
the EXAFS amplitude. The first is caused by
multiple excitations. Except in special circum-
stances, multiple excitations are thought to have
a broad spectrum which will wash out the EXAFS
signal. As shown by several authors®?® this loss
can be related to the overlap between the ground-
state and excited-state many-body wave functions.

No_ (b, 1) e °AB sin(2k7 45 + G 1) .

In principle, one must add the amplitudes for the
various loss processes which have the same final
state of the many-body system and then must
square the sum to obtain the loss in intensity of
the EXAFS. We will ignore this complication for
our phenomenological EXAFS formula. We denote
the losses upon excitation by E¥(k), where 0

< E¥(k) < 1, and where the superscript M indicates
a possible dependence upon the medium in which
atom A is embedded.

The other losses correspond to processes in
which the emitted photoelectron excites other
electrons or plasmons in moving through the
charge associated with atom A, L¥(k), the charge
associated with atom B, L¥(k), and the charge
associated with the rest of the medium L¥*(k,7,5).
Here again LY(k), LA(k), and L(k,7,5) have k-
dependent values between zero and one.

It would be tempting to express the product
LY(RYLA(R)LY(k,745) by an exponential decay
e 7as™¥  However, for nearest-neighbor co-
ordination shells the gedanken experiment of tak-
ing a molecule and separating the atoms would
not result in increased losses nor justify a change
in A(®) if the charges were fixed. On the other
hand, for more distant shells one might expect
that L¥(k, 7,5) would have an exponential decay of
the form given above. One other comment de-
serves mentioning concerning these losses. The
losses are dominated by the weakly bound con-
duction and valence electrons which are sensitive
to the chemical environment, while the phase

‘shifts are dominated by the strongly bound elec-

trons which are chemically insensitive. Thus
one might expect that ¢,5 and f (&, m) would be
transferable except possibly for the first-row
elements, while

TL%B(k’ 7AB) =Lg(k)Lg(k)LM(k, 743); (3)

and possibly E¥(k) would not be transferable.
Thus finally one has for the complete phenom-
enological formula for the EXAFS amplitude

N —
| x(®)] = #A;Je‘fa(k, ME4 (k)T LY5(k, 7 a5)

X [SZAB(k’ 7‘AB’ T) +A2AB (k,?AB, T)]L/z .. (4)

II. EXPERIMENTAL TECHNIQUE

The measurements reported in this work were
made at the Standard Synchrotron Radiation Lab-
oratory on the focussed beamline with the mirror
adjusted to reduce the vertical acceptance in order
to improve the energy resolution by a factor of 2.
The combination of the use of a mirror and a (111)
crystal made higher harmonics negligible. The
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samples were measured in transmission with the
thicknesses chosen to correspond to an attenuation
of e2 above the absorption edge. The samples
were mounted on aluminum holders which could

be quickly inserted into either a room-tempera-
ture mount or a nitrogen-cooled mount. The
mounts were serially located in the beam path

so that one could switch from one holder to another
without introducing any systematic errors. The

In of the ratio of the incident to the transmitted
intensity as a function of photon energy is ob-
tained in the standard way® and a representative
example is plotted in Fig. 1. The data jump at

the edge is determined and the smooth background
is removed. The EXAFS signal so determined is
multiplied by either &% or k® depending upon the
atomic number of the backscattering atom B and
divided by a function characteristic of atomic
absorption cross section.’® The resultant x(k)
versus k is shown in Fig. 2. x(k) is Fourier trans-
formed with the magnitude of the transform de-
picted in Fig. 3 along with the filter function which
is used to isolate a particular coordination shell.
A complex back-Fourier transform of the filtered
signal is then taken with the amplitude and phase
obtained as previously described® and shown in
Fig. 4(a) and 4(b).

The phase and amplitudes obtained as described
above were then used for a variety of compar-
isons. The phases were used to check phase
transferability by using the total phase 2k7 ,,
+¢45+ 2 ap(k, 745, T) and known 7, from one
system to determine 7} in another system which
has the same absorbing atom A and scattering
atom B. This also included comparisons between
the same material at room temperature and 77 K,
as shown in Fig. 5. The fitting procedure to ob-
tain the best 7, ; has been described elsewhere."®
Here we only note that the use of a variable 2 scale
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FIG. 1. Transmission spectrum of copper metal at
77 K (<) and RT (---).
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FIG. 2. E’x(k) for copper metal at 77 K.

(i.e., variable threshold energy) provides a cer-
tain degree of compensation for chemical-bonding
variations. Such compensation is not available
for chemically induced variation in the amplitude.
We also note that ¢ 5+ 45(k, 745, T) is only
approximately 10% of the total phase and thus a
10% error in their determination will only cause a
1% error in 7,5. However, 10% changes in

f (&, m), S,g, and A, will directly cause a 10%
change in the coordination number Ny.

In analyzing the amplitudes to test for trans-
ferability, one must make certain simplifying
assumptions in order to hope to have a generally
applicable approach. The procedure adopted for
evaluating amplitude transferability in the well-
characterized systems studied here is the one
originally suggested by Stern et al.? If one in-
correctly assumes that fz (¢, 7), E¥ (), L4 (k,7, )
are transferable for systems having the same
absorbing atom A and scattering atom B in the
same coordination shell, and thatS,5(k, 7ap, T)
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FIG. 3. Fourier transform of k3x(k) for copper metal
at 77 K. The filters shown separate out the first and
third shells, respectively.
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FILTERED DATA

PHASE SHIFT (RADIANS)

k(A
FIG. 4. (a) Filter k3 (k) of the first shell of copper
metal at 77 K. Envelope is the amplitude of °x(2). (b)
Total phase of £x(k) of the first shell of copper metal
at 77 K.

e AB'D and A 5k, 745, T) =0, then

IX (k)l N B'VZAB 2
= |p —LB_24 o2 P )
lanz(k) ! N,p7 %45 +2k%(05 45 — 02 45) (5)

Therefore, if one plots the In of the ratio of the
amplitudes versus k2, then the intercept at k=0,
I, can be used to determine the coordination
number in system one N, , if the coordination

FILTERED k3x (k)

k(&)™
FIG. 5. Filtered £°x(k) and amplitude of £*x(k) for
copper metal at 77 K (=) and RT (---).

number of system two N,z is known, and if 7, 45
and 7,,5 are known. The experimentally deter-
mined value N, is given by

5y =(In", )—M{—;@ 6)

The error in coordination-number determination
is then given by

AN =N%3 -N5. (7
While the percentage error is given by
E
AN%=<N-L———1-B N B) 100. (8)
NlB

The intercept /,  is obtained by making a best
linear fit to the plot of In| x, (k)/x, (k)| versus

k®. Due to the expected breakdown of the EXAFS
formalism at low & and signal-to-noise and filter
effects at high %, the linear fit was made over a
limited region of the data. The region typically
spanned from k=4 A to 11 A1,

The accuracy of that determination is obtained
by determining linear fits which have roughly
twice the deviation of the best fit and using the
I,, from those fits to find new AN and new AN%.
Examples of such fits are shown in Fig. 6(a). The
accuracy of the determination of AN% will be de-
noted by + AE% where

AE%=(AN%), - (AN%),, (©)

where BF stands for best fit and subscript 2 for
the fit with about twice the deviation. The same
Cu sample was measured twice with each run in-
dependently analyzed. The two amplitude func-
tions were indistinguishable. Thus we conclude
that the data analysis does not significantly con-
tribute to AE%.
Of course, in principle, Eq. (4) would yield

P Nig72an , 1y S0k 1)
(k) N,57345 Jop(k, m)
+1n EfIATL}‘AE (R, fms)
Eg’ATLzAB (R, 7548)
S2, LA2, )i/2

which obviously has many possible sources for
producing AN and AN%. The systems chosen for
this study are intended to separate out the relative
contributions of the various factors.

For the experimental results which follow, we
have tried to minimize various systematic efforts
which would bias the data. In the area of data
analysis, we have been completely successful.

We have attempted to minimize and keep constant
the finite energy-resolution corrections.!® Sample
integrity was verified by the matching of the ob-
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FIG. 6. (a) Inx;(2)/X, (%) as a function of % with (1)
being first shell of copper at 77 K and (2) being first
shell of copper at RT. The middle straight lines repre-
sent the best fit and is used to determine I, with the
other two on either side being used to determine AN.
The vertical lines represent the region over which the
fit is made. (b) lnx;(#)/X; as a function of %% with (1)
being third shell of copper at 77 K and (2) being third
shell of copper at RT.

served shells in the EXAFS Fourier transform
with the known distances. However, the possibility
does exist in a study of this size that isolated er-
rors may have been made and therefore we en-
courage anyone interested in a particular system
to repeat the measurement for his own use.

III. EXPERIMENTAL RESULTS

There are four general types of comparisons
that have been made using the data from the over
twenty simple compounds measured in this study.
They are the following: (1) Distance determina-
tions using the experimentally determined phase
systems with the same absorbing atom A and scat-
tering atom B. (2) Nearest-neighbor and next-
nearest-neighbor coordination-number determina-
tions using the room-~temperature amplitude as
the model | x, (k)| and the 77 K amplitude in the
same sample as the unknown |X,(2)|. (3) Nearest-
neighbor and more distant coordination-number
determinations among pairs of substances which
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have the same absorbing atom A and same chem-
ical type of atom B in the same coordination shell.
All these comparisons are made using the low-
temperature data. (4) Nearest-neighbor coordina-
tion-number determinations among pairs of sys-
tems which have the same scattering atoms B but
different absorbing atoms A and the same crystal
structure. Again, all comparisons are made using
77 K data.

Before describing the results of the four studies,
it would be helpful to present the goals of each
study. Study (1) has as its main purpose the ver-
ification that the family of systems chosen for this
study do possess sufficient phase transferability
to allow distance determinations to be made ac-
curately. This means that both the pair-distribu-
tion function g,5(7) and the chemical environment
are sufficiently regular that correct distances can
be determined.® It also serves as an independent
check for the presence of any systematic errors
in the data. Study (2) is intended to evaluate the
impact in these well-characterized systems of
non-Gaussian and/or nonsymmetric disorder in
coordination-number determinations. Study (3)
is made at low temperature to remove the prob-
lems encountered in study (2) (i.e., a Gaussian
should be a good approximation at 77 K) and has
as its goal the evaluation of the impact of f (&, )
and TL"(k,7,5) on coordination-number determina-
tions. Finally, study (4) is intended to evaluate
the sensitivity of E,(k) and L,() to the atomic
number of atom A and therefore indirectly the
chemical sensitivity of those factors.

Study (1) involved the use of the empirically de-
termined phases to determine interatomic dis-
tances. Over a hundred such determinations were
made. The results of the testing of phase trans-
ferability and the resultant distance determinations
in all the systems studied here are in complete
accord with all previous studies. Namely, the
distances determined using one AB system as a
model for the whole family of AB systems resulted
in distance determinations to accuracy of better
than 0.02 A for all low-temperature measure-
ments, except for KMnO, where the distance
disagreed by +0.08 A from the x-ray deter-
mined value.'! This included the case of in-
sulators as well as metals and of comparing the
same system at 77 K and room temperature.
These results clearly show that, except possibly
for the previously discussed case, none of the
systems studied have large enough non-Gaussian
or nonsymmetric disorders to require a correc-
tive procedure to obtain the correct distances to
0.02-A accuracy. Secondly, it demonstrates, of
course, that chemical transferability is a valid
concept to about 1% accuracy for distance deter-
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minations. This in turn means that on the order
of 10%, ¢,p itself is chemically transferable.

The results of the temperature study, study (2),
are broken up into two parts, nearest neighbors
and more distant coordination shells. The values
obtained for AN, AN%, and %E for a representa-
tive group of systems are shown for the two cases
in Tables I and II. A representative example of
the data obtained for these two cases is shown in
Figs. 5, 6(a), and 6(b). The trend is immediately
obvious. If there is a significant error in coordin-
ation-number determination, it is that the room-
temperature amplitude is too small or, of course,
that the low-temperature result is too large. On
the basis of Eq. (2), the first interpretation ap-
pears more likely for reasons we will now dis-
cuss. First, we assume that at 77 K, e 2*°% is
a good representation (certainly relative to room
temperature) of the Fourier transform of the pair
correlation function. At room temperature, how-
ever, one has some small but finite non-Gaussian
nonsymmetric disorder caused by the small-»
hardness of the potential and the larger-» soft-
ness of the potential.® Thus at room temperature
(RT) one might expect that

[57(k) + A% (k)2 2 g™24%* (a +y B,,k“”) .o

Here a<1 due to the loss of the high-disorder
large-» part of the distribution which has decayed
already by k=4 A~!. 2 nB,E*™! represents the
increasingly significant contribution (relative to
the Gaussian part) of the sharp part of the pair
distribution to the amplitude at high 2. The In of
ratio of the 77 K to the RT data, then, has the
following characteristics assuming for the mo-

TABLE I. Nearest-neighbor amplitude-temperature
transferability results. AN, AN%, and AE% are defined
by Egs. (7), (8), and (9), respectively.

ment that 7., =7yt

X(k)
X2(%)
Thus two effects cause NZ, to be too large. At
k=0, instead of giving zero, the result is —Ina
which, since a<1, means that the In™* (7, ) is
greater than 1. Second, the slope at high % be-
comes less steep than expected on the basis of

a simple Gaussian. This also increases the em-
pirical value determined for I, by the fitting pro-
cedure used in this study. Thus both effects cause
NZ to be greater than the true coordination num-
ber. Their absolute contributions are hard to
evaluate. A clue, however, to their relative con-
tribution is provided by the larger errors ob-
served for the distant-neighbor shells. This
would suggest that it is the loss of contribution of
the broad non-Gaussian part of the distribution,
a<1, which is dominant. For that shell correla-
tions are reduced and g(r) would be expected to
have long tails and no significant sharp component.
This latter interpretation is also consistent with
the accurate distance determinations. Since the
broad part does not contribute in the region in
which the phases are used for distance determina-
tions (i.e., #<4 A1), they would not affect those
determinations. One further point deserves men-
tioning. As seen experimentally and predicted

by Eq. (5), there is in many cases a significant
region of intermediate £ where a good straight

line exists and the change in the Gaussian part of
the pair correlation function can be evaluated. The
model developed here to rationalize our observa-
tions further suggests that two systems which have
the same 0,5 for their Gaussian components might
have other components whose character and size
might be significantly different. Such a situation

In

=+2k%(0% . — 0% k) = Ina+ ) B, k2!,
RT

TABLE II. Amplitude-temperature transferability
results for more distant shells. AN, AN%, and AE%

AN AN% AE% are defined by Eqs. (7), (8), and (9), respectively.

KsFe(CN)g -0.18 -3 +3 Shell AN ANY% AE%
K;Fe(CN)g -0.18 -3 +3

Ferrocene +0.9 +9 +2 MnO 2 0 0 +3
MnO 0 0 +10 CoO 2 +0.6 +10 +2
MnO, +0.4 +6 +4 NiO 2 0 0 +3
NiO 0 0 +3 ZnO 2 +1 +8 +3
Cu,O +0.04 +2 +3 NiF, 3 +1 +12 +3
CoS +0.4 +6 £5 NiSi, 2 +2.4 +20 +5
CoS, +0.2 +3 +5 CoS, 2 +0.4 +3 +3
NiS, +0.12 +2 +3 Nis, 2 +1.8 +15 +5
CuCl +0.8 +20 +5 Ni 3 +0.9 +15 +5
Cu +2 +14 +3 Cu 3 +2.4 +40 +5
Ni +1 +9 +3 Cu,O 2 +5 +35 +5
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would adversely affect empirical coordination-
number determinations.

The lesson learned from this study is that for
amplitude determinations one should make mea-
surements at low temperature. Otherwise errors
as large as 10% can be made in coordination-
number determinations for nearest neighbor or
20% for more distant neighbors.

The comparison of low-temperature amplitudes
between different systems with the same absorb-
ing atom A and same atom B in either the nearest-
neighbor or more distant coordination shells,
study (3), is of course the most direct test of
chemical transferability. The results of those
comparisons are shown for the nearest-neighbor
case in Table III and for the distant-neighbor case
in Table IV.

There are two trends in the data in Table III.
The first trend is that when atom B is a first-row
element, amplitude transferability is poorer. The
second trend is that the presence of other chem-
ically dissimilar atoms in systems with the same
nearest neighbor AB pair also adversely affects
amplitude transferability. An example of the
combined effect of both factors is shown in Fig. 7.
Note for this figure and succeeding ones that to
facilitate direct comparisons of amplitudes, the
x(k) data have been renormalized by multiplying
by 7%p and dividing by N5. Thus the normalized
amplitudes are per scattering atom at a unit dis-
tance. For Fig. 7 one can see the similarity of the
shapes for K,Fe(CN), and K,Fe(CN); but the
differences with ferrocene. The effect of the dif-
ferent shapes on coordination-number determina-
tions is illustrated in Fig. 8. A similar effect
holds for the series MnO, MnO,, and KMnO,,
with KMnO, again being very different in shape.
An example of the opposite case, same chemical
constituents, and a second-row element is shown

TABLE III. Amplitude-transferability results for
nearest neighbors in systems with the same type ab-
sorbing atom A and scattering atom B. AR is the dif-
ference in interatomic distance between the model and
the “unknown”. AN, AN%, and AE% are defined by Egs.
(7), (8), and (9), respectively.

Model Unknown AR AN AN%  AE%
K;Fe(CN); K;Fe(CN); 0 —0.48 -8 +2
Ferrocene K,;Fe(CN); +0.14 +0.6 +10 +4
K3Fe(CN); Ferrocene —0.14 1.6 ~16 +4
MnO MnO, +0.34 +0.06 1 +5
KMnO,* MnO, —0.34 +2.7  +45 10
MnO KMnQ, * 0.68 1.2 -30 +10
Cu,0 CuO 0.03 0.4 10 +5
CoS CoS, -0.01 0.2 3 +3
CuCl CuCl, —0.01 -0.12 -3 +2
Ni;Y Ni -0.06 0.12 1 +3
NigPr Ni -0.06 1.7 14 +10
NisY NisPr 0 +0.69 16 +10

in Figs. 9 and 10. The regularity of the normalized
amplitude shapes in Fig. 9 is obvious and the ac-
curacy of the resulting amplitude transferability

is shown in Fig. 10. It can also be observed from
Figs. 8 and 10 that the amplitudes have a signif-
icant variation with chemical changes in the low-k
region. What is slightly surprising is that these
effects seem to extend out to k=5—6 A"! in many
cases. Inclusion of lower-% data for coordination-
number determinations could result in serious
errors. This of course is also a contributing
factor to the amplitude difficulties with low-
atomic-number scatterers where the f(, 7) drops
off so quickly that one usually has information that
extends only out to 10 A1, At first glance the
sensitivity of the first-row element would also
appear to be a reasonable trend since they have the
highest percentage of chemically sensitive elec-

TABLE IV. Amplitude-transferability results for more distant shells in systems with the
same absorbing atom A and scattering atom B in the shell being studied. AR is the differ-
ence in interatomic distance between the model and the “unknown”. AN, AN%, and AE% are

defined by Egs. (7), (8), and (9), respectively.

Model Shell Unknown Shell AR AN AN% AE%
NiSi, 2 NiS, 2 -0.19 —5.40 —55 20
NiS, 2 Ni - 3 —0.40 96 +400 100
NiSi, 2 NiF, 2 +0.19 +1.28 +16 15
NiF, 3 NiO 2 +0.13 2 +16 10
MnF, 2 MnO, 2 +0.40 —2.40 -30 5
MnF, 2 MnO 2 +0.68 0 0 7
MnO 2 MnO, 2 ~0.28 —2.6 -33 5
CoO 2 CoF, 2 ~0.66 -1 —12 5
CoS, 2 CoF, 2 +0.23 +10 +123 20
CoS, 2 CoO 2 +0.89 +17 +150 10
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FIG. 7. The first shell of K;Fe(CN)g (-), K3Fe(CN)g
(---), and ferrocene (+++) all at 77 K. Normalization
achieved by multiplying k°x(%) by # %5 and dividing by
Ng.

trons. Only the two 1s electrons can be considered
to be chemically insensitive, though even they are
more deeply bound in atoms with higher atomic
numbers. This line of reasoning would suggest
that f (e, m) itself is not transferable, a point
somewhat refuted by the transferability of ¢,p.

It was previously mentioned, however, that ¢,z
would be considerably less transferable if the
threshold energy were not allowed to vary. This
variation of the choice of threshold has a much
more significant effect on distance determination
when B is a first-row element because then the
EXAFS intensity does not go out to high k2 because
of the just discussed relatively rapid falloff of
f(k, m) for the low-Z elements. Also, one should
remember that the high-% data play the dominant
role in distance determination while the low-% data
are more important for the coordination-number
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FIG. 8. Inx;(k)/xy() as a function of %* with (1) being
the normalized first shell of ferrocene at 77 K and (2)
being the normalized first shell of K3Fe(CN)g at 77 K.
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FIG. 9. Normalized amplitude Ex (k) for CoS, (-) and
CoS (---), respectively. Normalization achieved by
multiplying £3x (%) by 73 p and dividing by N g.

determination. This is because the distance is
found by the determination of a slope while the
coordination number is determined by the value of
the intercept at 2 =0. The value of a slope for a
line passing through the origin is most influenced
by the high-Z part of the line while the value of an
intercept is more sensitive to the low-k part of a
line. Of course the low-% data are more affected
by the weakly bound chemically sensitive electrons
than the high-%£ data where one is essentially getting
only contributions from the tightly bound core
electrons. This discussion should not be con-
fused to mean that the whole effect is due to

f(k, ), but rather that it may cause the distinc-
tion observed in this limited study for the first

low elements. The sensitivity to the presence of
other chemically dissimilar atoms clearly impli-
cates LY(k,7,5) as céntributing to the lack of
transferability.
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FIG. 10. Inx;(2)/x; () as a function & with (1) being
the normalized first shell of CoS, at 77 K and (2) being
the normalized first shell of CoS at 77 K.
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The fact that TLY(k,7,5), itself, is also not
transferable is more clearly shown in Table IV
where the results of chemical transferability for
the more distant-neighbor coordination shells
are shown. Clearly very large deviations are ob-
served for the cases studied, all of which are for
when both A and B are transition metals. f (&, )
should be transferable for these systems and since
they were measured at 77 K the distribution func-
tion should be Gaussian. There is also a notable
absence of a trend with the atomic number of the
nearest-neighbor coordination shell suggesting
as expected that it is the loosely bound electrons
which affect the losses. All this suggests
TL*(k,7,5) as the cause of the lack of transfer-
ability.

The effect of TL¥(%,7,5) on the amplitude shapes
is illustrated in Fig. 11 and on coordination-
number determinations in Fig. 12. The absence of
a systematic trend between the sign of AN and AR
in Table IV for any series of results involving the
same atoms (i.e., Ni-Ni, etc.) clearly demon-
strates that TL*(k,7,5) cannot be represented
by the simple form e 2748/4®  Onpe cannot rule
out the functional form ¢~#48/ *(® where both

745 and A¥(%) can vary from one system to another.

However, as discussed previously there is no
reason to believe that TL¥(k,7,5) is better de-
scribed by such a functional form than others with
the same number of independent parameters. The
results in Tables III and IV taken together also:
suggest that it is LY(%,7,5) and not L¥ () and
L¥(%) which is causing the dominant variation.
The major trend supporting this conclusion is
the significantly worse results obtained for the
distant shells relative to the nearest-neighbor
case. However, the contributions cannot and
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FIG. 11. Normalized amplitudes of £%x () for the sec-
ond shell of CoO (~), CoF, (---), and CoS, (+++) all at
'77 K. Normalization achieved by multiplying &¥x (&) by
74 ‘4p and dividing by N 5.
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FIG. 12. Inxy(k)/Xy(k) as a function of &% with (1) being
the normalized second shell of CoF, at 77 K and (2) be-
ing the normalized second shell of CoS, at 77 K.

need not be quantitatively separated for this
study.

The conclusions we derive from study (3) are
that chemical-amplitude transferability is most
reliable for the case of high-Z nearest neighbors
in compounds with identical chemical constituents.
For those cases it is better than 10%. We also
observed that it can be appreciably worse, 30%
for first-row nearest neighbors in chemically
dissimilar substances, and as large as factors
of 2 for more distant neighbors, even after some
first-order correction for the distance difference.
One has also observed that f (&, 7) and T L4, (%, 7 45)
vary with chemical environment.

The results of study (4) involving materials with
the same crystal structure and number and chem-
ical type of scattering atoms but a different tran-
sition-metal-absorbing central atom is shown in
Table V. The effect of the different central atoms
and consequently different valence-charge distribu-
tions on the amplitudes is shown in Fig. 13. The
lack of any systematic trend with the atomic num-

TABLE V. Amplitude-transferability results for
nearest neighbors in systems with the same crystal
structure and same scattering atom B but different ab-
sorbing atoms A, AR is the difference in distance be-
tween the model and the ‘unknown”. AN, AN%, and
AE% are defined by Eqs. (7), (8), and (9), respectively.

Models Unknown AR AN AN% AE%
CoO NiO 0.05 3.9 65 +10
MnO NiO 0.14 0.3 5 +5
MnO CoO 0.09 —2.71  —45 +10
CoF, NiF, 0.04 +1.5 25 +5
MnF, NiF, = 011 +1.0 17 +5
MnF, CoF, 0.07 3.0 -5 +5
CoS, NiS, -0.08 =1.0 -17 +5
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ber of atom A in various structural series studied
suggests that it is the differences in bonding which
are causing the dominant variation. The variation
of E¥(2) and L, (k) indicated in this study seems to
be at least as great as that found in the previous
study. Again it is impossible on the basis of this
study to separate out the effects of E4(k) and
LAR).

Even prior to this study one would probably not
have believed that EXAFS amplitudes could be
used for chemical identification among neighbor-
ing elements, but one might have been tempted
to say they could be used to distinguish between
neighboring rows. The first belief is strongly
supported by Fig. 14 in which the normalized
first-shell amplitudes for NiF, and NiO are shown
to be as similar as for those materials with the
same AB pair which are depicted in Fig. 7. The
second belief was based primarily on the distinctly
different range and shape of f (&, 7) for atoms with
significantly different atomic numbers. This be-
lief is supported by this study for nearest neigh-
bors as shown by Fig. 15 in which the nearest-
neighbor amplitudes for NiS, and Ni metal are
shown. The only exception to this could arise if
g(7) for the case of a high-atomic-number atom B
was very broad, then it might look within the vari-
ations that exist in the shapes of the first-row
atoms like a first-row atom. Also the results
shown in Figs. 11 and 16 when compared with
those of Fig. 15 indicate that even in highly
ordered systems a similar effect can occur for
the more distant shells due to distortions in shape
caused by TL¥(%, 7 45).

IV. DISCUSSION

The presence of many factors in the amplitude
expression for the EXAFS amplitude, each of
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FIG. 13. Normalized amplitude of £*x (%) for the first
shells at 77 K of NiF, (-), MnFy(--~), and CoF, (+++).
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FIG. 14. Normalized amplitudes of £%x (k) for the first
shell at 77 K of NiF; (-) and NiO (~--).

which has the potential of chemical sensitivity,
should in itself be regarded as a warning signal
in the use of EXAFS for coordination-number de-
terminations. The studies reported here show
that most of the factors do, in fact, vary in

going from one chemical system to another. This
has explicitly been shown to be the case for
SAB(kyT'ABy T)s AAB(kyT’AB’ T)’ fB(k’ 7[)’ E‘A!(k)v and
TLY5(k,745). Since these factors depend upon the
chemical environment, it is certainly impossible
to calculate them for an unknown system, and
even extremely difficult to calculate them for a
known chemical system. A notable exception to
this might be simple molecules.!? In the absence
of explicit calculations, one might be tempted to
derive a functional form for each factor and then
fit the observed amplitude to determine both the
coefficients of those functional forms and the co-

T
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FIG. 15. Amplitude of £®x(k) for first shell at 77 K
of Ni metal (-) and NiS, (---). The NiS, normalized am-
plitude was multiplied by 3.4 to make it the same size
as the normalized amplitude of Ni.
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NORMALIZED AMPLITUDES OF k> X (k)
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FIG. 16. Normalized amplitudes of E3x (k) for the sec-
ond shells at 77 K of CoF, (=), MrnFy (---), and NiF,
(+++).

ordination number. There are several problems
with the above approach. The first is that, for
k>5A"1 it is likely that E4(k) is a constant and
thus at best one could determine the product
NgE, (k). Secondly, one would expect significant
correlations to exist between NzE 4 (k) and varia-
tions allowed within the functional form for the
product

I (&, ﬂ)TL:B (b, 74p)[S%nk, Tap, T) +A%s (R, 7 45, T)]llz .

Finally, there is the difficulty that with finite
k range, resolution, and signal-to-noise, the
number of independent parameters that the EXAFS
amplitude can uniquely determine is severely
limited.!® The functional description of the various
factors would more than likely require more pa-
rameters than can be determined uniquely from
the data.

This leaves models as the most likely approach.
Our work suggests that, even if one measures
EXAFS at low temperatures, the requirements on
the chemical similarity of the model become in-
creasingly more stringent as one considers the
cases of heavy-atom nearest-neighbor, first-row

nearest-neighbor, and next-nearest-neighbor co-
ordinations. With care, nearest-neighbor coordina-
tions can be determined to better than 10% and
next-nearest neighbors to 40%. The above does
not mean that the determination cannot be more
accurate, but it does mean that because of the
complexity of the phenomena which contribute to
the amplitude, the possibility exists that there is
a significant systematic error. This danger ob-
viously becomes greater the less one knows about
the chemical state of the system being studied.
An example of such a case is the use of bulk
samples as models for surface EXAFS. This
already has been recognized to have given prob-
lems with nearest-neighbor coordination-number
determinations. The cause of the problem was
attributed to the variation in TLY;(k,7,5).!* The
solution to that problem decided on by workers
in the field is to use the polarization dependence
together with a limited number of geometrical
alternatives to determine the site and, therefore,
the coordination number. Using the system it-
self as the model obviously will minimize all the
difficulties discussed in this work. Others” have
used similar approaches to study the changing
properties of a system. Such studies are likely
to be the most reliable for coordination-number
determinations. As examples they indicate that
the conclusions of this work must be tempered
by the realization that many studies will be able
to successfully determine the desired structural
features without direct utilization of amplitude
transferability.
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