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EXAFS: New Horizons in
Structure Determinations

P. Eisenberger and B. M. Kincaid

As early as the 1930’s, it had been ob-
served that the absorption cross section
in the x-ray regime had a complex struc-
ture as a function of energy extending as
far as 1000 electron volts above an ab-
sorption threshold (/). These measure-
ments were made by using a low-power
conventional x-ray tube, a dispersive
Bragg spectrometer, and film as a detec-

perimental advances the measurements
were difficult and time-consuming be-
cause of the low power of the x-ray
source. This limited the application of
the technique to highly concentrated sys-
tems and also inhibited the systematic
study of the phenomenon that was nec-
essary to turn the semiquantitative inter-
pretations into quantitative evaluations.

Summary. Although the phenomena of extended x-ray absorption fine structure
(EXAFS) were observed as early as the 1930’s, EXAFS has only recently, with the
utilization of synchrotron radiation, been transformed into a powerful structural tech-
nigue. The theory and experimental practice of the technique are described and illus-
trated with data on germanium. Applications to systems as diverse as hemoglobin,
polymer-bound catalysts, ions in solution, amorphous solids, and adsorbate atoms on
surfaces are reviewed. With the recent approval of funding for new, more powerful
dedicated synchrotron sources, the future holds the possibility of a virtual revolution in

structure determinations.

tor. After some correct and incorrect
speculation concerning the origin of this
extended x-ray absorption fine structure
(EXAFS), the field remained essentially
dormant through the 1950’s. In the late
1960’s the measurements were revived
(2), this time using modern counting and
automation techniques. The previous in-
terpretation (3-9) of the structure as aris-
ing from the backscattering of the
ejected photoelectron from the atoms
near the absorbing site was strongly sup-
ported. The idea that this phenomenon
might be used as local structural probe
was born. However, even with the ex-
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In 1972 the bremsstrahlung radiation
produced by a conventional x-ray tube
was replaced in the experiments by syn-
chrotron radiation produced by high-en-
ergy storage rings (6-8). The increase in
flux of approximately 10° to 10 provided
by the Stanford storage ring SPEAR sig-
naled the beginning of a virtual revolu-
tion in the quantitative understanding of
EXAFS (9-12). In the last 3 years
EXAFS has been successfully applied to
determining the structural arrangement
of as few as 10'3 atoms on a single-crystal
surface and of complex, dilute, and dis-
ordered systems that were previously in-
accessible. These studies have spanned
the scientific disciplines of biology,
chemistry, and solid-state and surface
science. In this article we summarize the
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current quantitative understanding of
EXAFS and describe how the measure-
ments are made. We then give some rep-
resentative examples of the successful
applications of this technique to the
study of structural problems in these
fields.

Theory, Experiment, and Analysis

X-rays are absorbed by matter primar-
ily through the photoelectric effect. Fig-
ure la shows that photoelectric absorp-
tion occurs when a bound electron, in
this case in the K shell, is excited to a
continuum state by an incident photon of
energy E = fiw, where # is Planck’s con-
stant divided by 27 and w is the frequen-
cy of the photon. The final electron has
the energy fiw — Ex, where Ey is the K
shell binding energy. For photon
energies less than Ejx this excitation is
not possible, so that if one makes a trans-
mission measurement with x-rays, as il-
lustrated in Fig. 1b, and measures the ab-
sorption coefficient w as a function of
photon energy, a sharp rise or edge is ob-
served at the K shell threshold energy.
Since each element has its own unique
Eg, it is possible to study one kind of
atom in the presence of many others by
tuning the x-ray energy to the proper ab-
sorption edge.

Figure 2 is a diagram of an experimen-
tal setup at the SPEAR storage ring de-
signed to use synchrotron radiation to
measure x-ray absorption. It consists of
a condensing mirror, a parallel crystal
monochromator, and a pair of ion cham-
bers for measuring the intensity of the in-
cident and transmitted radiation, I, and
I, as shown in Fig. 1b. The parallel crys-
tal monochromator selects a narrow
band of radiation from the continuous
spectrum produced by the stored elec-
tron beam in the SPEAR ring. By chang-
ing the Bragg angle of reflection in the
monochromator, the output photon ener-
gy may be varied over a wide range, al-
lowing one to study the K edges of ele-
ments from potassium to copper in the
periodic table—that is, from a photon en-
ergy of about 3 to about 9 kiloelectron
volts. Other instruments similar to this
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one cover the larger energy range neces-
sary to reach the K edges of elements up
to iodine, approximately 35 keV, and the
L edges of elements through the end of
the periodic table. Other methods of
measuring EXAFS have been devel-
oped, including the fluorescence meth-
od, in which the fluorescence photons of
the atom of interest are measured as an
indication of absorption rather than the
transmitted flux. This removes the back-
ground absorption of the other constitu-
ents in dilute systems. In another varia-
tion one observes the Auger electrons
produced when atoms that have ab-
sorbed a photon relax. This has proved
very successful in surface studies in a
vacuum.

In simple monatomic systems such as
krypton gas, the absorption coefficient
decreases monotonically above the K
edge, consistent with the theory of pho-
toabsorption, as can be seen in Fig. 3.
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For a diatomic gas such as bromine
(Br,), however, sinusoidal oscillations
are observed. These are the EXAFS os-
cillations, which are due to a final-state
interference effect involving scattering of
the outgoing photoelectron from the
neighboring atoms, as shown schemati-
cally in Fig. 4, a and b. In Fig. 4a the
absorption of a photon by a germanium
atom in a crystal of germanium is shown.
For simplicity, only the four nearest
neighbors are shown. The outgoing elec-
tron is shown as a spherical wave, whose
wavelength N\, = 27/k depends on the
energy of the electron, Aw — E,, accord-
ing to the formula

k= ( 2m(ﬁa;lz— Ey) )”2 (1)

where E, is the threshoid energy and m is
the mass of the electron. The scattered
wave from the near neighbors overlaps
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Fig. 1. (a) Schematic representation of the transition from a core state with binding energy Ex to
a state with a hole left behind and a photoelectron with energy Aw — Ej. (b) Schematic depiction
of the attenuation of a beam of photons as they pass through a medium with absorption coeffi-
cient u and thickness ¢.
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Fig. 2. The radiation emitted by the circulating electrons is collected by a toroidal mirror and
monochromatized by a Bragg crystal spectrometer. The incident intensity is measured by ion
chamber 1 and the transmitted beam by ion chamber 2. The energy of the beam is changed by
changing the angle that the monochromator crystal makes with incident beam. A typical flux is
10'° photons per second per electron volt in an area of 3 square millimeters.
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the absorption site, the K shell, and can
interfere constructively or destructively,
depending on the total phase shift experi-
enced by the electron. This phase shift
depends, in turn, on the distance be-
tween atoms, the wavelength of the elec-
tron and hence the incident photon ener-
gy, and the propagation of the electron
between the absorbing site and the scat-
tering atom. Figure 4b shows the change
in the wave pattern that occurs when a
lower-energy photon is absorbed. The
electron wavelength is increased, chang-
ing the total phase shift and hence the
amount of interference. Much theoreti-
cal work has gone into quantifying this
simple picture of EXAFS (10-12). The
generally accepted formula for EXAFS
in a system with many interatomic dis-
tances is

=Ny,
X = 3 T

e 205~ sin [2kR; + 8;k)]  (2)

Here x(k) is the fractional modulation of
the absorption coefficient due to EXAFS
interference; that is

Ap
ky = —%
x(k) s

where u, is the absorption coefficient
without EXAFS—that is, for an isolated
atom with no neighbors; N; is the num-
ber of scattering atoms at distance Rj;
| filk, )| is the electron scattering ampli-
tude in the backward direction for the jth
atom; e~2i%* is a Debye-Waller factor
due to thermal vibrations or static dis-
order with root-mean-square fluctuation
o;; e 8 is a term accounting for the loss
of photoelectrons to inelastic scattering
processes, A being the inverse mean free
path; and sin [2kR; + §;(k)] is the sinus-
oidal interference term, §;(k) being the
phase shift function.

Obviously EXAFS spectra contain a
large amount of information about the
material being studied. The problem in
analyzing EXAFS data is to ‘‘peel the
onion’’ of Eq. 2 and extract the values of
R;, 8,(k), N;, and so on. The steps in this
process are outlined in Figs. 5, 6, 7, 8a,
and 8b. Figure 5 shows the absorption
spectrum of crystalline germanium at
100 K. The structure of germanium is
well known; here it serves only as an ex-
ample of how the analysis works. The
sharp rise at about 11 keV is the K edge,
and the random-looking modulations
above the edge are due to the EXAFS
sine waves from several shells of neigh-
boring atoms adding together. The first
step in the analysis of EXAFS data is ex-
tracting x(k) from the absorption coeffi-
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cient data, u(E). Since w,(E) is in general
unknown, we use just the smooth part of
w(E) as w, and the remaining wiggly part
as Au. Furthermore, since the sharp rise
in w(E) at the edge does not necessarily
correspond to the threshold energy for
EXAFS (nor to Eg, for that matter),
there is some ambiguity concerning the
choice of E,, and hence the definition of
k (Eq. 1) and therefore the phase shift
8;(k) are also ambiguous. This problem is
resolved by making E, a variable param-
eter in later stages of the analysis, as will
be discussed later.

Figure 6 shows the EXAFS modula-
tion after converting from Aw to k and re-
moving the smooth w, background. In
addition, the resulting x(k) curve has
been mutliplied by &%. This &® factor can-
cels one power of £ in Eq. 2 and in addi-
tion roughly compensates for the 1/k?
behavior of | fi(k,m)| at large values of k.
This has the effect of weighting the
EXAFS oscillations more or less uni-
formly over a range of k& starting at about
k = 4 A1, corresponding to a photoelec-
tron energy of about 60 eV above the
edge. This weighting ensures that chem-
ical effects on the EXAFS information
will be minimized, since their effect on
electrons with a kinetic energy greater
than 60 eV will be small. At this stage of
the analysis it is possible to try to use
curve-fitting techniques to extract infor-
mation from the data. In general, how-
ever, this is a difficult task because of the
large number of parameters to be varied
and the correlations among the parame-
ters, which are difficult to avoid.

Therefore, the next step in the analysis
is a Fourier transform. This isolates the
contributions of the different shells of
neighbors and allows us to use filtering
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1 Fig. 3 (left). Energy-dependent absorption of Kr gas (no EXAFS)
compared with the spectrum of diatomic Br,, which has EXAFS
superimposed. On the ordinate X is the thickness of the samples.
T Fig. 4 (right). The sinusoidal EXAFS pattern can be understood as
the changing interference pattern between the outgoing wave and the

scattered wave at the absorbing site with the changing photoelectron
wavelength (energy). In (a) the wavelength is such that the inter-
ference is constructive, while in (b), at a different electron wave-
length, the interference is destructive.

techniques to study each shell separate-
ly. Figure 7 shows the magnitude of the
Fourier transform of the curve in Fig. 6.
The large peak is the contribution from
the first shell of neighbors in germa-
nium—four atoms at a distance of 2.45
A. The Fourier transform peaks at a
lower distance because of the effect of
the phase shift §,(k). Several other small-
er peaks that are visible above the noise
correspond to more distant neighbors,
but the signal-to-noise ratio is not as
good as for the first shell. The dashed
line in Fig. 7 is a smooth filter window
function that is applied to the Fourier
transform of x(k) to isolate the EXAFS
from the first shell. The inverse trans-
form is then done, producing the solid
curve in Fig. 8a. Notice that all the high-
er-frequency variations have been fil-
tered out, and that we are left with a
well-behaved sine wave. The Fourier
transform also has the ability to decom-
pose the sine wave into a unique ampli-
tude and phase function. The amplitude
is the dashed line in Fig. 8a, and the
phase function is shown in Fig. 8b.
Hence, we are able to extract the am-
plitude and phase of a single term in Eq.
2. The phase function contains a term
2kR; and a term &;(k). If 8;(k) were
known, we could determine the distance
R; very accurately by simple subtraction.
Of course, the value of R; is known for
germanium, so we can subtract 2kR;
from the empirically determined phase
shift and get an empirical 8;(k). Further-
more, if 8;(k) is truly independent of
chemical environment, as was suggested
earlier, we can use this empirical §;(k) to
determine the distance Ry in a system
with an unknown structure containing
pairs of germanium atoms. In this com-

parison, E, must be a variable parameter
adjusted to achieve the best fit of the
phase shift of the model system to that of
the unknown system. This is the idea of
chemical transferability of phase shifts
(9), a concept that has been successfully
applied to a large class of materials and
has been used to determine distances to
0.01 A or better. Notice that this proce-
dure does not separate §;(k) into parts
corresponding to the absorbing atom and
the scattering atom. All we can get from
EXAFS measurements is the sum of the
two, the total §;(k) for a pair of atoms, in
this case two germanium atoms. Very
accurate theoretical work has been done
to calculate m(k), the phase shift of the
absorbing atom, and arg[fj(k,m)], the
phase shift of the scattering atom, but a
comparison with experiment checks only
the total, §;(k) (12).

The amplitude function produced by
the Fourier transform filtering analysis
has information about the number of
nearest neighbors, the kind of atoms in-
volved, the amount of disorder, and the
electron mean free path. In systems
where the first shell of neighbors has two
or more kinds of atoms at slightly dif-
ferent distances, and where the Fourier
transform technique cannot resolve the
different species, curve fitting of the fil-
tered data (Fig. 8a), which includes fit-
ting the amplitude function, has been
used successfully to determine dis-
tances, again to about 0.01 A (I3). The
curve-fitting problem is still complicated
by the number of parameters to be deter-
mined, but at least the Fourier transform
filtering method reduces the number
somewhat, as well as reducing the noise
and the contributions from other un-
wanted shells. :
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Biology

The structural problems confronting
the biologist are truly immense. How-
ever, many of the large interesting bio-
logical molecules have a unique heavy
atom that plays a significant role in the
functioning of the molecule. These two
features make EXAFS a very attractive
technique for studying the structure-
function relationship in large metal-
loproteins (/4). Besides being very com-
plex structurally many of these systems
cannot be crystallized and therefore x-
ray diffraction studies are difficult or im-
possible; even in the systems that can be
crystallized, there is always the concern
that the crystallized form may not be
identical to the biologically active form.
Being sensitive to short-range order in
atomic arrangements rather than long-
range crystalline order, EXAFS can be
used equally well for systems in solution
and in crystalline form. Furthermore,
even if x-ray diffraction can be done, one
must determine the positions of all the
atoms. The strength of the EXAFS tech-
nique is that it can focus on one region in
a large molecule (that is, around the
heavy atom). If that region is where the
structure-function relationship is cen-
tered, the structural information ob-
tained will be more accurate than that
given by an x-ray diffraction study of the
whole structure. Two of the many appli-
cations of EXAFS to metalloproteins
that illustrate this very clearly are the
studies of rubredoxin and hemoglobin.

In 1972 Jensen and co-workers (15, 16)
performed an x-ray diffraction study of
rubredoxin in which they determined the
structure of the iron-sulfur protein of
molecular weight 8000. A significant fea-
ture of their structural determination was
that the iron atom was surrounded by
four sulfurs with an average bond length
of 2.24 A, but with one bond an anoma-
lously short 2.05 A. It was argued that
this short bond was appreciably strained
by the protein and thus could be in-
volved in a mechanism by which the pro-
tein affected the redox potential and thus
the electron transfer function of the
molecule. Several EXAFS studies were
performed on oxidized and reduced
rubredoxin (/7-20), and several iron-sul-
fur model systems of lower molecular
weights. Initially transmission tech-
niques were used (/7-19), but eventually
greater accuracy was obtained with fluo-
rescence techniques (20). The initial
transmission studies (/7, 18) ruled out a
spread in distances as large as that pro-
posed by Jensen and co-workers, since
no beat indicating such a spread was ob-
served in the EXAFS pattern. Studies of
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the model systems, which had a small
spread in the iron-sulfur distances,
showed that the average distance could
be determined to = 0.015 A and the ab-
solute value of the spread in distances to
about =+ 0.05 A. Fluorescence EXAFS
studies of oxidized and reduced rubre-
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Fig. 5. Absorption spectrum of powdered
crystalline germanium. The complex oscilla-
tory structure is due to the presence of many
different sinusoidal frequencies (distances),
each corresponding to a different shell of
neighboring germanium atoms.
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Fig. 6. An E, has been chosen, a smooth back-
ground has been subtracted from the spec-
trum in Fig. S, and the result, after division by
the smooth background, has been multiplied
by k* to generate k*y(k) as a function of k,
which is given by Eq. 1.
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doxin in the crystalline and solution
forms showed a 0.06-A change on re-
duction (2.26 to 2.32 A). In addition, by
using various analytical procedures (20),
it was shown that the spread in the iron-
sulfur distances in oxidized rubredoxin
was 0.04 = 0.05 A. The spread due to
thermal vibrations is approximately 0.05
A, so there is no indication that there is
an anomalously short iron-sulfur bond
that is energetically (functionally) signifi-
cant. Subsequent x-ray diffraction re-
sults (21) considerably reduced the
spread in iron-sulfur distances from 0.25
t0 0.10 A. Thus, within the experimental
uncertainties, the two techniques now
agree.

Hemoglobin has been extensively
studied by many techniques, including x-
ray diffraction (22). It is a protein with
four iron atoms per molecule, with each
iron being bonded to the planar porphy-
rin structure as well as an axial histidine
nitrogen and a sixth ligand, oxygen, in
the oxy form. Those studies have at-
tempted to identify the structural cause
of the switch in hemoglobin from the
low- to the high-oxygen-affinity state as
well as to characterize the structural dif-
ferences between the two states. The af-
finity change is responsible for the long-
recognized cooperativity of oxygen bind-
ing that is exhibited by hemoglobin.
Since the four neighboring iron subunits
in hemoglobin are separated by 35 A, it
is difficult to imagine how the binding of
oxygen at one site could affect the oxy-
gen affinity of an iron atom at a neighbor-
ing site. Initial models for this effect
were formulated on the basis of the pio-
neering x-ray diffraction work of Perutz
(23). That work identified a 0.75-A mo-
tion of the iron atom into the porphyrin
plane on oxygen binding. This large ini-
tial displacement of the iron atom from
the porphyrin plane was thought to ex-
plain the low initial affinity for oxygen
(that is, it was hard for the oxygen to get
to the iron atom). The large motion on
oxygen binding was thought to act like a
plunger which could change the struc-
ture at a neighboring iron site and thus
switch it from low to high affinity. Initial
fluorescence EXAFS studies (24) of he-
moglobin were performed in both normal
hemoglobin and Kempsey hemoglobin, a
mutant form that is always in the high-
affinity state. They showed that both
forms had the same average iron-nitro-
gen in-plane distance within 0.01 A.
Thus, here again, as in rubredoxin, spec-
ulation that a localized strain near a spe-
cial atom was responsible for the func-
tion of the protein proved incorrect.

A subsequent study of hemoglobin
(25) and smaller iron porphyrin model
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systems evaluated the average distance
between the iron atom and the porphyrin
ring nitrogens. This required special
methods of data analysis in which the
nearest-neighbor shell was first isolated
and the contribution of the axial ligands
was then removed. The results were 1.98
A for oxyhemoglobin and 2.05 A for
normal and Kempsey deoxyhemoglobin.
The results for the lower-molecular-
weight model systems were in agreement
with the x-ray diffraction results. In par-
ticular, the results for the ‘‘picket fence”’
porphyrins, which also reversibly bind
oxygen, were in agreement with the x-
ray diffraction results and showed the
same distances as in hemoglobin. A 0.75-
A motion of the iron atom would have
required a 0.14-A change in the distance
between an iron atom and a porphyrin ni-
trogen if the porphyrin ring itself did not
change. The smallness of the observed
iron-porphyrin nitrogen distance in de-
oxyhemoglobin may be partially attribut-
able to the fact that the extra electron
bound in the Fe?* state does not, as origi-
nally thought (23), go with the iron atom,
but is distributed around the resonant
porphyrin structure and thus does not
significantly increase the size of the iron
atom. Furthermore, studies of other
high-spin Fe?* porphyrin systems show
that the porphyrin ring is not rigid but ac-
tually changes in size and buckles in re-
sponse to the strain of a change in radius
of the central metal ion (26). The 0.07-A
observed change in iron porphyrin to-
gether with the data from the model sys-
tems enables one to place a limit of
0.2+93 A on the iron displacement from
the porphyrin nitrogens on oxygen bind-
ing. Thus, as a result of EXAFS studies
it is now suggested that the distortion as-
sociated with oxygen removal is not a
single large iron displacement, but in-
stead also involves a significant dis-
tortion of the porphyrin ring itself. Fur-
ther studies on the more distant shells
are needed to evaluate this distortion in
detail.

The hemoglobin and rubredoxin stud-
ies are just two examples of a large body
of research on large biological mole-
cules. Another example is a very am-
bitious study of the nitrogen fixation en-
zyme, nitrogenase. One of the proteins
in nitrogenase contains both iron and
molybdenum, and it has now been deter-
mined that the environment of the mo-
lybdenum atom is probably an iron-sul-
fur cluster 27). Investigations of hemo-
cyanin and cytochrome P-450, in particu-
lar for metal-metal interactions and
calcium-binding and -containing pro-
teins, have also been begun. There has
been an interesting preliminary study of
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the binding of the potential anticancer
drugs cis- and trans-Pt(amine),Cl, to
DNA (28). The nature of the bonding has
been determined, although attempts to
distinguish between effective and inef-
fective drugs have been unsuccessful to
date.

Chemistry

Many of the structural questions of im-
portance in chemistry involve systems
that cannot be crystallized, and there-
fore structural determinations by non-
EXAFS techniques are very difficult.
Heterogeneous catalysts, supported cata-
lysts, solutions, and chemically unstable
metal clusters are some examples. Here
again, it is frequently the case that a spe-
cific heavy atom can be identified with
the function of the system and thus it can
be readily studied by the EXAFS tech-
nique.

Heterogeneous catalysts have been
most extensively studied (I3, 29-31),
both because of their potential tech-
nological importance and because of the
difficulty of obtaining structural informa-
tion by other means. A representative
study was that of Wilkinson’s catalyst
(13), chlorotris(triphenylphosphine)rho-
dium[(Ph3P);RhCI], which has been sug-
gested as a hydrogenation catalyst, with
polystyrene cross-linked with divinyl-
benzene as a supporting medium. The
structure of the free catalyst has been de-
termined by x-ray diffraction (32), but
any attempt to determine the polymer-
bound structure would be severely com-
plicated by the large scattering from the
supporting medium and the lack of crys-
tallinity. Chemical studies had shown
that on binding to a polymer with a low
degree of cross-linking, two phosphorus
atoms were released and there was a sig-

nificant reduction in the catalytic activi-
ty. EXAFS studies of the rhodium atom
were performed with both the free cata-
lyst and the catalyst bound to a 2 percent
cross-linked polymer. Since the nearest
neighbors of rhodium in the free catalyst
are one chlorine atom, two phosphorus
atoms at one bond distance, and another
phosphorus atom (opposite the chlorine)
at a shorter distance, it would not be ade-
quate to determine just the average near-
est-neighbor distance. Therefore, in this
case, the observed EXAFS spectrum, af-
ter Fourier transform filtering, was fitted
by a model with three types of bonds, us-
ing the Rh-P and Rh-Cl scattering ampli-
tudes and phase shifts from model sys-
tems and theoretical calculations.

This left nine free parameters, three
coordination numbers, three bond dis-
tances, and three Debye-Waller factors
to be determined by the fitting proce-
dure. The results for the free catalyst
agreed with the x-ray results in both
coordination numbers and bond dis-
tances. The bond distances in ang-
stroms, determined by EXAFS (and x-
ray diffraction) were: Rh-Cl, 2.35 (2.38);
Rh-P,, 2.23 (2.21); and Rh-P,, 2.35
(2.33). The EXAFS pattern for the poly-
mer-bound catalyst was dramatically dif-
ferent and showed that the ratio of phos-
phorus to chlorine nearest neighbors had
changed from 3:1 to 2:2. More de-
tailed analysis showed a loss of the two
longer phosphorus bonds (in agreement
with chemical observations of the loss of
two phosphorus bonds per bound mole-
cule), which were replaced by a shorter
Rh-P bond of length 2.16 A. The two
chlorine atoms were found to have bond
distances of 2.33 A and the remaining
phosphorus was unchanged at 2.23 A.
More importantly, the presence of two
chlorine atoms in the Rh(I) system clear-
ly indicated that dimerization had oc-

1445



curred and that the chlorine atoms bridge
two rhodium atoms, which are probably
in turn attached to the polymer by the
short Rh-P bond. This dimerization
would explain the observed reduction in
catalytic activity. A subsequent study of
the bromine form of Wilkinson’s catalyst
(30), in which the EXAFS structure of
both rhodium and bromine was mea-
sured as a function of the amount of
cross-linking, showed that by 20 percent
cross-linking the structure was back to
the high-activity monomeric form. These
findings suggest that if there is a trade-off
of catalytic activity as a function of
cross-linking between a reduction in di-
mer formation and a decrease in free vol-
ume, then there is probably some opti-
mum degree of cross-linking between 2
and 20 percent.

The initial application of EXAFS to-

solution chemistry was on a simple dilute
solution of CuBr, in water (33). The dis-
tances from the Cu?* and Br~ ions to
their respective first hydration spheres
were determined. In the 0.01 molar con-
centration region in which EXAFS mea-
surements can be made, x-ray scattering
experiments would be virtually impos-
sible because of the large scattering
background of the solvent.

The distance to the first hydration
sphere in a dilute solution is only a small
part of the information obtained by this
technique. Studies have already been
performed in which the hydration, in-
cluding hydration number, was studied
as a function of the concentration of so-
lute (34). At intermediate concentrations
more distant hydration spheres were ob-
served (35), and at high concentrations
cluster molecules formed (34). A surpris-
ing feature of these studies was the rela-
tively low concentration at which cluster
molecules formed that were similar in
structure to the solid hydrated salt.

The study (36) of the chemically un-
stable one electron metal-metal bonded
cobalt dimer  [(C;H;)CoP(CgHjs),13%,
which has a one-electron metal-metal
bond, is a fine example of the ability of
EXAFS to provide structural informa-
tion that would otherwise be unattain-
able. In addition to determining the
structure of the Co-Co dimer, this study
provided the first opportunity to deter-
mine the effect of oxidation in a metal
cluster when the electron removed was
from a metal-metal bonding orbital. Pre-
viously, such systems could not be stud-
ied because the chemical instability
made crystal growth impossible. The
EXAFS spectrum before and after oxi-
dation showed that the mean squared rel-
ative displacement of the metal-metal
bond had increased by a factor of 3 after
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oxidation. A simple model indicated that
the force constant had decreased by a
factor of 3 on oxidation. Studies of the
bond lengths, however, revealed only a
0.08-A increase, which strongly sug-
gested the presence of significant steric
hindrances. The chemically stable sys-
tems previously studied had all shown a
stiffening and a decrease in bond length
on oxidation because in those systems
antibonding electrons were removed.

Solids and Surfaces

Structural characterizations of or-
dered solids can be obtained by x-ray,
neutron, or electron diffraction. Ordered
surface layers can be studied by low-en-
ergy electron diffraction (LEED), but
with great interpretational difficulties.
With alloys, amorphous solids, glasses,
impurities on solids, and adsorbates on
surfaces, however, only very simple sys-
tems can be characterized, and even
then with extreme difficulty and limited
accuracy. The ability of EXAFS to de-
termine the local structure around a spe-
cific atom is extremely useful in the
study of multicomponent alloys and
amorphous solids as well as dilute im-
purities and atoms on a surface. In multi-
component systems, the ability to study
one component at a time greatly sim-
plifies the analysis (37, 38). For dilute im-
purities or adsorbed species on a sur-
face, the ability to isolate the absorption
signal of the atom of interest by using flu-
orescence (20) or Auger (39) detection
greatly enhances the sensitivity of the
technique to the structure of interest.

EXAFS studies of highly disordered
systems have suffered from the lack of a
detailed understanding of the amplitude
of the EXAFS signal. In addition, it is
difficult to evaluate the implications of
the absence of low-k information on the
radial distribution function determined
from EXAFS data obtained in a limited
range of values of k. Finally, there is
some reason for concern (40) that the
amplitude of the EXAFS signal may be
dependent on the other inelastic ex-
citation channels that are available. For
example, the same atom measured in a
metal or an insulator may have different
EXAFS amplitudes. In highly disordered
systems, which have a skewed radial dis-
tribution function, the absence of useful
low-k data will distort the radial distribu-
tion function determined from the data in
such a way as to emphasize the sharper
parts of the distribution over the more
slowly varying parts.

While many investigators have com-
mented on these difficulties, a study of

the simple solids silver and zinc has
clearly demonstrated their impact (41).
The same study also showed that the lin-
ear polarization of the synchrotron beam
could be used to obtain angular as well as
radial information. By rotating the zinc
crystal so that either the ¢ or the a axis
was parallel to the direction of x-ray po-
larization, it was possible to observe the
shorter Zn-Zn distance along the a direc-
tion or the 10 percent longer bond along
the ¢ direction (42). So, in principle, fora
single-crystal sample one can determine
the geometry as well as the radial distri-
bution function.

The problems described above have
probably affected some of the quan-
titative determinations based on EXAFS
studies of highly disordered systems,
and may in fact limit the usefulness of
the EXAFS technique for the study of
these systems. However, interesting re-
sults are still obtainable.

Various other glassy, amorphous, and
dilute-impurity systems have been stud-
ied by EXAFS (43). However, these are
basically preliminary studies and will not
be discussed in detail.

Like fluorescence detection of
EXAFS, the Auger electron detection
scheme has been very valuable in en-
hancing the sensitivity for dilute species
(39). It has made it possible to measure
the EXAFS spectrum of a single atomic
layer on a crystal surface. As in fluores-
cence work, each atom is characterized
by specific Auger energies. Thus, by set-
ting the Auger electron detector at the
energy of the desired species, one can
determine the absorption spectrum by
measuring the Auger intensity as a func-
tion of the energy of the incident photon
beam. This procedure has been success-
fully implemented in a study of iodine
atoms adsorbed on a silver [II1] surface.
At monolayer coverages (about 10
atoms in the beam) the signal observed
was sufficient to measure a usable spec-
trum in about S hours (44). In addition to
determining the average I-Ag bond dis-
tance, it is possible to determine the po-
sition of the adsorbed atom with respect
to the surface by measuring the spectrum
with the polarization of the photon beam
both perpendicular and parallel to the
crystal surface. The development of this
technique as a structural probe should be
of great help in understanding surface
phenomena.

Adsorbed molecules on graphite sur-
faces have also been studied by EXAFS
45). Transmission methods can be used
since a large fraction of the atoms in the
graphite samples used are on a ‘‘sur-
face.”” Studies of Br, adsorbed on gra-
foil, a form of expanded graphite, have
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revealed interesting structural changes
as a function of surface coverage (46).
The application of EXAFS to solids
and surfaces is probably at this time the
least developed use of the technique.
This is because of the difficulties men-
tioned above and the extensive array of
other structural techniques that have
been developed in solid state physics.
However, indications are that a signifi-
cant increase in research in these areas is
beginning, probably because of a grow-
ing appreciation that EXAFS can make a
unique addition to the array of standard
structural tools used to study solids.

Conclusions

The breadth and the potential of the
EXAFS technique should be clearly ap-
parent even from this short review. This
is in spite of the fact that the first experi-
ments with synchrotron radiation were
completed in 1972. The breadth of this
technique and the other unique uses of
synchrotron radiation for photoemis-
sion, scattering studies, and microscopy
have prompted the approval this year of
$40 million in funding for dedicated syn-
chrotron radiation sources in the United
States. The growth in this country is
matched by significant growth in En-
gland, France, Germany, Italy, Russia,
and Japan. This growth promises more
than an expansion of the existing capa-
bility. In newly designed storage rings
dedicated to synchrotron radiation re-
search (as opposed to high-energy phys-
ics) the brightness of the emitted syn-
chrotron radiation is enhanced by factors
of 10? to 10°. Beams as intense as 10'®
photons per second per electron volt or 1
watt per electron volt may be possible
when wiggler devices are used (¢7); with
such intense beams the technique might
be extended to naturally occurring con-
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centrations in living organisms—107° to
10~% molar. With the development of par-
allel detection schemes, measurements
on more concentrated systems may be
made in milliseconds; this would make it
possible to follow a chemical reaction in
real time.

The localization of resources and ex-
perimental capability at a few centralized
institutions is, of course, a new experi-
ence for the chemical, biological, and
solid state communities. However, if the
psychological and sociological state of
these sciences adapts as rapidly as the
technology, the next decade should see a
great increase in the structural informa-
tion available to increase our under-
standing of physical, biological, and
chemical phenomena.
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