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High-pressure properties of krypton were investigated by energy-dispersive extended x-ray ab-
sorption fine-structure spectroscopy in a diamond anvil cell at room temperature. The equation of
state agrees very well with x-ray diffraction data. The pressure dependence of the Debye-Wailer
factor was determined and compared with calculations using pair potentials. The analysis of the x-
ray absorption near-edge structure part of the spectrum shows the possibility of measuring the pres-
sure in bubbles of krypton implanted in metallic matrices.

INTRODUCTION

Because of the spherical electronic shells of their con-
stituent atoms rare-gas solids (RGS) are the best candi-
dates for use in comparing experimental results with
theoretical predictions using various interaction poten-
tials. The study of RGS is also interesting for a better
understanding of giant planets of the solar system.

Among optical techniques currently used to study ma-
terials at high density, only a few are applicable to RGS,
which generally crystallize in a face-centered-cubic (fcc)
structure and are Raman and infrared inactive. X-ray
diffraction' and Brillouin scattering are the most
commonly used techniques in studying RGS; Brillouin
scattering determines the elastic constants and x-ray
diffraction leads to the equation of state (EOS).

X-ray absorption spectroscopy (XAS), particularly the
extended x-ray absorption fine-structure (EXAFS) spec-
troscopy, gives information about the interatomic dis-
tances and their mean-square deviation (Debye-Wailer
factor) as well as the coordination number. XAS has
been shown to be sensitive to pressure, ' giving infor-
mation about equations of state, local compressibility,
and the pressure dependence of the Debye-Wailer factor.

The aim of this paper is to present XAS results ob-
tained on solid krypton up to 20 GPa and to compare the
EOS obtained from the EXAFS results with the EOS ob-
tained from x-ray diffraction.

The pressure dependence of the x-ray absorption near-
edge structure (XANES) has also a great interest for the
understanding of XAS data obtained on krypton bubbles
implanted in metallic matrices.

EXPERIMENT

The experiments were carried out at the energy disper-
sive XAS port at Laboratoire Pour 1'Utisation du Ray-
onnement Electromagnetique (LURE) (Orsay, France).

The characteristics of the spectrometer are described else-
where. ' ' For high-pressure experiments, the main ad-
vantages of this setup are as follows.

(i) The beam is focused. The focus size was about 1

mm with the triangle shaped crystal, and less than 500
pm for the newly cut crystal which achieved a shape
close to the optimized ellipsoid.

(ii) The entire spectrum is obtained at once in a short
time (about 1 s) which makes the alignment much easier.

(iii) There is no mechanical movement, so that the cru-
cial alignment of the pressure cell with respect to the
sample which is 200 pm in diameter is maintained. The
high-pressure cell was a classical Block and Piermarini'
diamond anvil cell, cryogenically loaded with krypton.
The pressure was measured outside the hutch, using the
power-of-five-law ruby-fluorescence scale. 16

In this experiment the x-ray beam goes through the di-
amond anvils. Using this geometry, any type of diamond
anvil cell can be used, with a stainless steel or Inconel
gasket. The main disadvantage is that one may obtain
some extra absorptionlike peaks, so-called "glitches, "due
to Bragg rejections by the monocrystalline anvils. ' A
Bragg reAection deviates photons of a given energy out of
the beam path which consequently do not fall on the
detector resulting in extra localized absorptionlike peaks
in the spectra. The extra peaks may strongly perturb the
EXAFS or XANES spectra. A motor-driven stage is
used in order to rotate the cell and thus shift the diamond
Bragg peaks as far away as possible from the absorption
edge of interest (with the dispersive mode, the whole
spectrum is obtained at once, which makes this adjust-
ment easier).

We measured the absorption spectrum of solid krypton
at the krypton IC edge (14385 eV). It takes 3.5 s to col-
lect the 1024 data of one spectrum. In order to improve
the signal-to-noise ratio, 160 spectra were added togeth-
er. If we include the measurement of the fixed-pattern
signal which can be subtracted because of its stability
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FIG. 1. Absorption spectrum at 9.5 GPa after regular pro-
cessing. The usable energy is about 150 eV above the edge.
Due to the high value of the lattice parameter, there are five os-
cillations in that energy range.

with respect to time, the real data collection time is dou-
bled. Thus the overall time used to record one spectrum
is 20 min.

The readout of the photodiode array gives a signal per
pixel. It is necessary to assign an energy value for each
pixel. In order to get this energy calibration of the col-
lected spectra, measurements of known standards are
made and compared to data collected using step-by-step
scans. The standard spectra contain energy scales de-
rived from knowledge of the absolute values of the Bragg
angle. For this experiment, the energy calibration of the
photodiode array has been carried out by the measure-
ment of the spectra of a Au-Cu sample at the Au I.1

edge.
Because of the small size of the krypton sample in the

diamond anvil cell (P-200 pm), only a part of the beam
(P —1 mm) is usable. This reduces the energy range
available to 150 eV above the absorption edge for this ex-
periment. The threshold energy is taken at the inQection
point of the edge (Fig. 1).

electron mean free path, o. the mean-square displace-
ment between the absorbing atom and the jth back-
scattering atom (the so-called Debye-Wailer factor) and
%~(k) the total phase shift due to the backscattering and
absorbing atoms.

The photoelectron wave vector k is given by

k =A' '[2m (E —Eo)]' (2)

KRYPTON

where E is the energy of the incident x-ray photon and
Eo the threshold energy. Those expressions mean that
the essential function of the photon is to create a photo-
electron from one krypton atom. Then, the spherical
electronic wave is partly backscattered by the neighbors
and the final state of the dipolar transition is essentially a
superposition of the outgoing wave and the backcoming
wavelets, resulting in interferences. When the kinetic en-
ergy of the photoelectron is small, the mean free path is
much longer. Thus, more than a single scattering may be
necessary to achieve a good description of the final state;
it is the XANES range which is approximatively limited
to 50 eV above the absorption edge.

The g(k) is extracted by substracting the base line ob-
tained by a smoothing method and is shown, for example,
at 9.5 GPa, in Fig. 2. To get information in the R space,
a Fourier transform of the k "y(k) data must be made. In
the present case, we used n =1. We must point out that
in this experiment we have not been able to collect data
over a wide energy range compared to that which is used
in a regular experiment. However, the number of oscilla-
tions of our spectra is large enough to get a very
significant signal. For each pressure, we took care to use
the same window for the Fourier-transform procedure.
The Fourier transform spectrum at 9.5 GPa is shown in
Fig. 3. The large peak around 3.5 A is the contribution
of the shell of the 12 first neighbors.

RESULTS AND DISCUSSION

The oscillatory part of the absorption coefficient for a
cubic crystal is given by

P Po

Po

where po is the atomiclike cross section and p the mea-
sured one.

Using the one electron, single-scattering approxima-
tion

y(k)= —g ~f (k, m)~ sin[2k R +%.(k)]
J J

—2o. k —2R . /A, .(k)Xe ' e
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where % is the number of neighbor atoms at a distance

R, , ~fj(k, m)~ the backscattering amplitude, A, (k) the
FIG. 2. EXAFS oscillations at 9.5 GPa as a function of the

energy distance from the threshold energy.
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demonstrated by Eisenberger and Brown on pure zinc.
The harmonic analysis of the thermal motion becomes
inaccurate and it is no longer possible to restrict the real
distribution to its two momenta (order 1, average dis-
tance; order 2, Debye-Wailer factor). EXAFS imposes
even more constraints than difTraction data because of
the 1/R geometrical factor and the e inelastic factor
in the overall amplitude which reshape the real distribu-
tion.

EXAFS data allow the determination of only a change
in the Debye-Wailer factor. The classical method is to
take the zero-pressure room-temperature value as a refer-
ence. Since, under this condition, krypton is a gas, the
change in the Debye-Wailer factor was measured using
15.7 GPa as a starting point.

The thermal contribution to the Debye-Wailer factor
o., is determined by the mean-square displacernent of the
central absorbing atom relative to its neighbors,

10 20
PRESSURE (GPa)

FIG. 7. Experimental (stars) and calculated (points) Debye-
Waller factor. Reference for the experiments is taken at
P = 15.7 GPa. All the experimental points are then shifted by a
constant value (see text).

ing and to the weak van der Waals interatomic potential:
1.5 CrPa above melting, the mean-square displacement
corresponds to an amplitude of about 10% of the first-
neighbor distance.

It should be noticed here that the calculations are done
using true pair potentials; ( u ) is not sensitive to many

~,'=&(u; —u, ) R;, &,

where u; is the displacement from the equilibrium posi-
tion of the atom i and R;. is a unit vector in the direction
ij, the bracket indicating the thermal average. Using the
self-consistent harmonic theory plus a cubic anharmonic
term, ' Loubeyre calculated the mean displacernent am-
plitude of the phonons in krypton as a function of the
pressure, using Aziz s Hartree-Fock plus dispersion-pair
potential. Results of these calculations are shown in
Fig. 7 (points).

In order to compare these calculations with experi-
ment, and because the experimental value is only a rela-
tive value, a constant value of 0.0069 A (calculated value
of IT at 15.7 Cxpa) was added to the experimental results
(stars in Fig. 7). The comparison shows the remarkable
agreement between the shifted experimental values and
calculated results. The very fast variation of cr with
pressure at low pressure relates to the approach of rnelt-
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FIG. 8. Position of the second peak of the XANES part of
the spectrum (origin of the energy is taken at the threshold en-
ergy) as a function of pressure. Dashed line is only a guide for
the eyes.
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body forces. It does not mean that all the properties of
solid krypton may be reproduced with pair potentials; it
has been shown, that both equation of state and elastic
properties cannot be simultaneously reproduced with a
unique pair potential. It is necessary to introduce three-
body exchange interactions.

Another remarkable feature appears in the spectra of
Fig. 5; the near-edge part of the absorption spectra shows
a double-peak structure. The peak at the right-hand side
of the white line exists even at low pressure where the
Debye-Wailer factor is important enough to smear out
the EXAFS oscillations above 40 eV. Its position in ener-

gy is pressure dependent (Fig. 8) and, within the precision
of the measurements, varies linearly with the lattice pa-
rameter. Our set of data provides useful information for
deducing the density of the krypton bubbles formed after
implantation in metals. If the effective pressure in-
side the bubbles is less than 2.5 GPa at room tempera-
ture, x-ray diffraction will probably give no information,
because of the thermal motion of the atoms. Information
about the pressure and the density can be obtained by the
analysis of the XANES spectrum.

CONCLUSION

Solid krypton has been studied as a function of pres-
sure in a diamond anvil cell by x-ray absorption spectros-

copy in the dispersive mode. The analysis of the EXAFS
part of the spectrum (i) gives an equation of state in good
agreement with previous x-ray diffraction measurements,
and (ii) allows one to compute the pressure dependence of
the Debye-Wailer factor. This coeKcient decreases by a
factor 3 when the pressure is increased by 10 GPa. The
high value of o. at low pressure explains why no EXAFS
oscillations nor an x-ray diffraction peak were observed
below 2 GPa.

Finally, the analysis of the XANES part of the spec-
trum shows the possibility of measuring pressure in bub-
bles of krypton implanted metals.
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