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X-Ray Absorption at High Pressure
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x sin[2kR, . +25,.(k)].

Initial measurements are reported on the extended x-ray-absorption fine structure
(EXAFS) of the Fe E edge in Fe82 to 64 kbar and FeF2 to 21 kbar. %'ith this new tech-
nique the Fe-Fe spacings are directly observed to vary in accordance with high-pressure
x-ray diffraction measurements of the corresponding lattice parameters. In contrast,
the Fe-S spacing in pyrite is found to be much less compressible, Pressure reduction of
the mean-square deviations in the iron-ligand bond lengths are also given.

Pressure, as a fundamental thermodynamic we chose to use the high intensity of the new fo-
variable, has long been of importance in studying cused beam apparatus, available at SSRL for
phases of matter. Much of the current high-pres- x-ray energies below 10 keV. It is estimated
sure research is particularly directed toward that our effective photon count was -10'jsec with
the production and study of new phases' (e.g. , a bandwidth of = 6 eV. Approximately 10 min
superconductor s, superhard materials, lower were required for a single spectrum, several of
mantle structures, and metallic hydrogen). Typi- which were obtained at each pressure.
cal methods used in conjunction with high pres- X-ray absorption spectra of FeS, and FeF, at
sures have been electrical resistance, x-ray and 21 kbar are shown in Fig. 1(a) and the back-
neutron diffraction, as well as optical, Moss- ground-corrected EXAFS, converted to wave num-
bauer, and magnetic resonance spectroscopy. ber by the standard method, ' in Fig. 1(b). To a

Here we report the first x-ray absorption spec- good approximation the EXAFS may be expressed
troscopy at high pressures, and stress the utility as"
of the extended x-ray-absorption fine structure (k) =Q (V /kR ')(f (k)iexp(-2v 'k')
(EXAFS) that characteristically appear s within j j j
about 100 eV above an x-ray absorption edge. ' 4

In this Letter we present high-pressure measure-
ments on bond compressibilities and atomic spac-
ings in FeS, and FeF,. While these crystalline
substances could also have been studied by single-
crystal x-ray diffraction' or neutron diffraction'
it is important to note that the present technique
could be applied equally well to liquids, or to
amorphous materials like glasses, polymers,
etc. , at high pressure. Thus we demonstrate a
technique with wide applicability for study of the
effect of pressure on the chemical bond.

In the present experiments high pressure was
generated by the modified Bridgman-anvil me-
thod. ' The sample, a thin uniform film, approxi-
mately 0.3 mm&0. 7 mm, was mounted in a gasket
of boron and lithium hydride. The sample area
was thus parallel to the anvil axis but perpendicu-
lar to the collimated x-ray beam. Pressure cali-
bration was based upon fixed-point electrical re-
sistance discontinuities of bismuth samples in
separate runs, but with identical geometry. The
EXAFS experiments were all performed at room
temperature at the Stanford synchrotron radia-
tion laboratory (SSRL). Because of small sample
size and relatively high attenuation of the x rays
by the pressure-cell gasket (FeK edge = 7 keV),
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FIG. 2. (a) Fractional change in the atomic spacings
as a function of pressure compared with x-ray diffrac-
tion results from the unit-cell dimensions from Refs.
6 and 7 (dashed lines). (b) Pressure-induced changes
in the mean-square deviation of the nearest-neighbor
bond lengths in FeF2 and FeS2. Solid lines indicate the
trend of the data.
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FIG. 1. (a) Fe Z-'edge x-ray absorption coefficient
of FeS, and FeF, at 21 kbar. (b) The EXAFS from
(a) plotted as a function of the photoelectron wave num-
ber. (c) Solid curve, magnitude of the Fourier trans-
form of the 21-kbar data of (b). Broken curves, data
at other pressures.

by a single coordinate, in addition to the lattice
parameters. The results for the Fe-Fe bond dis-
tances in both materials compare well with those
deduced from powder x-ray diffraction measure-
ments of the corresponding lattice parameters. "

Of more interest here, however, are the near-
est-neighbor Fe-S and Fe-F distances, which as
seen above are not required to scale with the
unit cell, as are the Fe-Fe spacings. In Fig. 2(a)
it is evident that the pyrite Fe-S bond is consider-
ably less compressible than the unit-cell edge,
reflecting strong covalent character. Conver sely,
in order to preserve the cubic symmetry, this
behavior implies that the S-S molecular bond
contracts at a rate which is roughly an order of
magnitude greater than that of the unit-cell edge,
approaching the high bond compressibility of pure
sulfur itself. Thus, in our measurement de-
scribed here, the determination of the Fe-Fe and
Fe-S distances gives a complete description of

the pyrite structure's pressure dependence. Com-
plete information of this type at high pressures
can also be obtained from single-crystal x-ray
diffraction' or time-of-flight neutron diffraction'
studies. However, the EXAFS method can, in
principle, be extended to the much higher pres-
sure regions enjoyed by x-ray powder diffraction
work (which generally only yields high-pressure
lattice parameters), and is not limited to crystal-
line substances.

In the case of FeF„ there are two nearest-
neighbor Fe-F distances. These differ by -0.1
A and are presently unresolved in Fig. 1(c).
(Experimental difficulties prevented us going to
higher pressures. ) However we note that this
unresolved first-shell peak height increases with
pressure while its width decreases. There exists
a method4 for analyzing such changes in a peak
in the radial distribution function by comparing
samples under different conditions (e.g. , tempera-
ture pressure, crystal modification, etc.). That
technique is to plot the logarithm of the ratio of
the inverse Fourier transforms of the peak of
interest under the various conditions. When plot-
ted versus &' the slope gives the difference in
the mean-square deviations ~o' for the atom pair
contributing to the peak.

The above procedure has been applied to the
first-shell peaks for both compounds [Fig. 2(b)].
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As in Fig. 2(a), the estimated errors are a result
of uncertainties inherent in the transform pro-
cedure plus uncertainties in measuring the above
slope. The decrease in e' observed for FeF, is
roughly twice that expected if the parameter u

specifying the intracellular F position remains
constant. Neutron diffraction results indicate
such to be the case in the similar material NiF, ."
Thus although a decrease in the static disorder
contributes partially to &a in FeF„ thermal dis-
order undoubtedly contributes as well. " In the
case of FeS, the observed decrease in &o' must
be entirely due to decreased thermal disorder
since there is one near-neighbor bond length.
In both cases the measurements are in reason-
able agreement with crude estimates based upon
the Debye- Qruneisen approximation.

In the above discussion we have focused on
structural information from the EXAFS part of
the x-ray absorption spectrum. The near-edge
portion of the x-ray absorption spectrum (within
50 eV of the edge) contains information on the
local electronic structure, namely the character
pf the lowest unoccupied single-particle and ex-
citonic states. The pressure dependence of these
near-edge regions will be reported elsewhere.
Because of their nature, the interpretation is
necessarily less straightforward than the EXAFS
results presented above. Pressure-induced
changes in the near-edge region are best ob-
served with the finer resolution in the near-edge
region are best observed with the finer resolution
(= l eV) available with SSRL's other EXAFS beam
lines.

In this preliminary x-ray absorption spectros-
copy at high pressures we have found new infor-
mation about materials even though they were al-
ready rather well characterized. Clearly similar
experiments with liquids, amorphous or biologi. -
cal samples, and new high-pressure-induced
phases, as well as with normal solids, will yield
a wealth of new information. The technique is
relatively simple and will undoubtedly see exten-
sive use as more sources of continuous, intense
x rays, such as synchrotron radiation facilities,

become available.
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"By varying the temperature one may, in principle,

isolate this thermal disorder.
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