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The equation of state and optical absorption of condensed Xe have been measured in a diamond-anvil
cell up to 172 GPa. Pressures were determined by use of the ruby-fluorescence technique or from the
equation of state of the Re gasket used to confine the sample. Xe transformed to an hcp structure be-
tween 70 and 90 GPa that remained stable to 172 GPa. At 150 GPa we observed sudden changes in ab-
sorption and reflection spectra of Xe that we attribute, on the basis of electron band calculations, to the

onset of metallization.
PACS numbers: 71.30.+h, 62.50.+p, 78.30.Hv

In this paper we present evidence for the appearance
of metallic Xe at 150 GPa. The pressure-induced trans-
formation of condensed Xe from insulator to metal has
long been the subject of intense interest.!™ Herzfeld'
first predicted such a transition at a volume of 10.2
cm?/mol, where the molar volume of Xe would become
equal to its gas-phase molar refractivity. Electron
band-structure calculations® have shown that transition
of Xe to the metallic state at high pressure is due to
crossing of the empty 54 conduction and full 5p valence
bands, and that the insulating gap for volumes less than
30 cm®/mol is indirect. Subsequent calculations* pro-
duced an equation of state (EOS) and predicted the
insulator-metal transition to occur, via band overlap, in
the range from 11 to 9 cm?3/mol, corresponding to pres-
sures from 130 to more than 200 GPa. Recently, Goet-
tel et al.® have measured an ir reflection spectrum of Xe
at an estimated pressure of 230 GPa and used it to esti-
mate metallization of Xe at 190 GPa.’

Structural studies of Xe using x-ray techniques have
shown that Xe freezes in an fcc structure that has been
reported to remain stable at room temperature up to a
maximum pressure of between 23 and 55 GPa.®® Re-
cently, Jephcoat et al.’ reported phase transitions in Xe
at 14 GPa from fcc to an intermediate, close-packed
phase, and at 75 GPa, to an hcp structure that remained
stable to 137 GPa. Their measured EOS was found to
be in close agreement with theory.* Transition of the
heavy rare-gas solids to the hcp phase prior to metalliza-
tion was also predicted theoretically.®

Optical absorption studies of Xe have been reported
by Syassen'® and Asaumi, Mori, and Kondo!' at pres-
sures up to 44 and 55 GPa, respectively. Both attributed
weak uv absorption below the diamond absorption edge
to interband transitions across the indirect insulating
gap. Their findings, which show a decrease in the band
gap with increasing pressure, are consistent with theoret-
ical predictions,* and extrapolate to gap closure in the vi-
cinity of 10 cm?3/mol.

In this Letter we describe the results of high-pressure
optical absorption, ir reflection, and x-ray diffraction ex-
periments on solid Xe using the diamond-anvil cell
(DAC). Pressures were generated in Xe using “mega-
bar” DAC’s with either single- or double-beveled dia-
mond anvils.'? Both type-I and type-Ila diamonds were
used in a series of experiments employing various anvil
designs. Bevel angles as well as the flat and culet dimen-
sions were varied to optimize the pressure performance.

Gaskets were made of 250-um-thick Re, which we
selected on the basis of our earlier calculations and ex-
periments that indicated superior performance with
high-yield-strength gasket materials in the DAC.'? Gas-
kets were preindented to a thickness of 15 to 20 um and
a 50-um-diam hole was drilled to form the sample
chamber. A small amount of ruby powder (< 3-um-
diam grain size) was placed on the culet of the cylinder
diamond for pressure calibration.!®> Samples generally
contained less than 10% ruby. The gasket-diamond in-
terface was lightly dusted with fine ruby powder, which
yields steeper pressure profiles across the gasket in tests
made on gaskets alone,'? and with CsI as a sample ma-
terial,'* which ultimately resulted in higher pressures in
the sample chamber for a given load.

Xe samples were loaded in the DAC by condensing
gas on the tip of the diamond anvils and remotely closing
the cell to trap the liquid (observed visually) in the sam-
ple chamber. Once a sample was sealed in a DAC, the
cell was warmed to room temperature.

Absorption spectra were measured between 1.3 and
5.0 eV at Lawrence Livermore National Laboratory us-
ing an optical system similar to that described else-
where.!® Single-beam transmission spectra were mea-
sured using a 75-W-Xe-arc source and reflecting uv or
visible achromatic optics for imaging. A Spex model
1702 #-m spectrometer with 1800-grooves/mm grating
and GaAs photomultiplier tube detector was used to col-
lect the optical data. Transmission spectra were collect-
ed and normalized to a spectrum measured in the sample

669



VOLUME 62, NUMBER 6

PHYSICAL REVIEW LETTERS

6 FEBRUARY 1989

at low pressure. Reference spectra were collected
through a pinhole placed at the sample position before
and after each sample spectrum to compensate for small
changes in lamp intensity and spectral character over
time. The area of the sample illuminated was 15 um in
diameter.

ir reflection spectra were collected in the range 0.5 to
1.5 eV at the Xe-diamond interface from 50 to 160 GPa.
The details of our experimental technique are described
in Ref. 16.

X-ray data were collected at the Cornell High Energy
Synchrotron Source bending-magnet white-beam station
using energy-dispersive x-ray diffraction techniques. De-
tails of the technique and apparatus are published else-
where.!” Diffraction data were used to obtain the EOS
of Xe to 172 GPa and to measure pressures within the
sample when ruby fluorescence was masked by fluores-
cence in the diamond anvils, typically between 120 and
150 GPa in these experiments. X-ray pressures were
determined from the EOS of the Re gasket.

This experiment is the first in which the EOS of a ma-
terial in a DAC has been measured using the gasket as
the calibrant. This is difficult because the two materials
are in contact only along the xenon-rhenium interface
and because of the presence of pressure gradients in both
materials. We constructed the EOS by using Xe
diffraction lines taken with the collimator at the sample-
gasket interface and Re diffraction lines from spectra
taken with the collimator centered 5-10 um from the
center of the sample. This method, although not as
satisfying or as straightforward as an internal standard,
minimizes the effect of large pressure gradients, and the
resulting data, shown in Fig. 1, are in good agreement
with the work of Jephcoat et al.® These measured pres-
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FIG. 1. The measured highﬁressure equation-of-state of

Xe.
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sures are also in reasonable agreement (about 3%-5%)
with theory.* By fitting our data with the Birch first-
order EOS,'® we obtained the parameters Bo=10.17
GPa and B(=4.03, which can be used without extrapo-
lation between 111 and 172 GPa. The zero-pressure
volume (V) used was 34.7 cm>/mol, which is the 4-K
value used by Refs. 4 and 9.

Pressure measurements with the ruby-fluorescence
technique were made using the 457.9-nm line of an
argon-ion laser focused to a 5-um diameter. Pressures
based on x-ray measurements were collected with a
5%20-um? sampling area. This enabled us to carefully
characterize the pressure distribution within the sample
chamber. Pressures determined from x-ray data ob-
tained at 5-um intervals varied by less than 12 GPa in
Xe at a peak pressure of 160 GPa. The sample was ap-
proximately 70 um long and 40 um wide. Xe appears to
be a weaker solid than isoelectronic CsI at comparable
pressures based on the larger pressure gradient supported
by CsI under similar conditions.'¢ In fact, the pressure
in the center of the sample is 30 GPa lower than the
maximum pressure in the gasket.

Diffraction and optical absorption data were collected
from a sample during unloading from a peak pressure of
172 GPa. At 172 GPa Xe is hcp and shows no evidence
for the onset of any crystallographic phase transitions.
The intermediate phase appeared between 90 and 70
GPa, which was one increment of unloading. The details
of x-ray studies of the hcp and intermediate phases will
be described in detail elsewhere. '’

Optical absorption measurements, made at pressures
up to 172 GPa, are shown in Fig. 2. ir reflectivity spec-
tra to 160 GPa are shown in Fig. 3. Two important
features should be noted: (1) Above 150 GPa a
significant increase in absorption (Fig. 2) and reflectivity
(Fig. 3) takes place at the lowest photon energies studied
(1.3 and 0.5 eV, respectively); and (2) near 150 GPa a
new absorption peak appears at 2.0 eV that is pressure
insensitive and increases in prominence with increasing
pressure. On the basis of linear muffin-tin orbital?°
band-structure calculations,?' we interpret both features
as arising from the metallization of hcp Xe. The first is
the expected low-energy Drude absorption due to intra-
band transitions. The latter is a new feature that we be-
lieve to arise from interband transitions in hcp metallic
Xe.

Metallization in hcp Xe occurs via closure of the in-
direct gap I'y;” — K, shown in Fig. 4. As the Fermi level
drops below the top of the 5, valence band, empty states
are provided near I' that we believe are responsible for
the 2-eV absorption peak seen in Fig. 2(a). In hcp Xe,
unlike fcc, the top of the 5p valence band is split into two
subbands, near I'; and I's on the one hand, and I's" on
the other hand, separated by about 2 eV. We identify
the absorption peak with this ==2-eV splitting.
Specifically, the transition from I's" to hole states at ¢
is direct and allowed both by parity selection and a 4%
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FIG. 2. (a),(b) Xe absorbance {log[({o/I,) (R,/R0)1} vs en-
ergy (eV), where Iy is the transmission spectrum of Xe at Py
(30 GPa), I, is the transmission spectrum of Xe at pressure,
R, is the reference spectrum collected at pressure, and Ry is
the reference spectrum collected at Po. Pressures are indicated
for each spectrum in GPa. 1 indicates spectrum collected on
loading, | indicates spectrum collected on unloading. Absor-
bance falls below zero at high energies during unloading be-
cause the sample of Iy is thicker than at I,. (b) Low-pressure
spectra plotted on an expanded vertical scale. % indicates spec-
tra collected through type-Ila diamond anvils.

admixture of d character at and near I's . Although we
have not calculated the transition probabilities, the
valence bands are quite parallel, which leads to a large
density of states that would account for the intense 2-eV
peak. Calculations were made at several densities to ver-
ify the near pressure independence of this transition. An
inspection of the band structure fails to show any other
transition that can lead to a relatively pressure-
insensitive 2-eV absorption and also account for the
abrupt appearance of this feature as would suggest in-
volvement of hole or electron pockets created by metalli-
zation. Both criteria rule out transitions from the
valence to the conduction band. Phonon-assisted excita-
tions to M " from the electron pocket at K, will also be
pressure dependent as a result of the low density of states
between K> and M| and the consequent rapid rise of the
Fermi level in the conduction band after metallization.
By contrast, the Fermi level moves slowly into the
valence band after metallization due to the large density
of states at the top of that band.

A careful inspection of the absorption spectra (Fig. 2)
actually shows a very small shift in the = 2-eV peak to
higher energies with increasing pressure of the order
0.002 to 0.003 eV/GPa. At 172 GPa the peak position is
2.05 eV. This observation is in agreement with the
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FIG. 3. ir reflectivity (%) vs pressure for xenon at 150 and
160 GPa. At pressures below 150 GPa, reflectivities were less
than 0.25%.

band-theory prediction that with increasing pressure, the
position of the lower states of the split valence band de-
crease in energy relative to the Fermi level. This leads to
a predicted increase in the absorption peak energy with
pressure at the rate of 0.003 eV/GPa, in excellent agree-
ment with experiment. Estimates of the plasma frequen-
cy obtained from our band calculations show that the
electron density is small, so that the sample is expected
to be transparent over the pressure range investigated,
which is consistent with our observations. It is important
to note that we have made identical optical absorption
measurements on a sample of H; in type-I diamond an-
vils up to 200 GPa and have observed no absorption
below the diamond edge, indicating that our measure-
ments indeed represent absorption in xenon.

The metallic character of Xe above 150 GPa is further
supported by the ir reflectivity spectra shown in Fig. 3.
The first appearance of detectable reflectivity at 150
GPa, and the overall low reflectivity and the factor-of-2
increase in reflectivity from 1.5 to 0.7 eV at 160 GPa are
consistent with a low-carrier-density metal.

At pressures below 150 GPa, in contrast to our results
at higher pressure, we observe weak absorption that may
be evidence of the indirect interband transition between
I' and K. This transition should be decreasing in energy
with increasing pressure. The low-pressure spectra be-
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FIG. 4. Electron band structure of hcp Xe at 11.1 cm?/mol
(1.2 Mbar), near calculated metallization.
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tween 73 and 125 GPa show some weak absorption
below the diamond edge in both type-I and type-Ila dia-
monds [Fig. 2(b)]. Whether this is caused by absorption
across the indirect gap in Xe or is stress-induced absorp-
tion in the diamonds cannot be determined with our ex-
perimental technique.?? Previous studies concluded that
weak absorption such as we find in our measurements is
the result of excitations across the indirect gap. If that is
so, then the indirect gap may be below 1.3 eV at 130
GPa, as evidenced by the criteria of these earlier
works. %' Wolford and Bradley’s?* work on III-V com-
pounds in the DAC has demonstrated that the intensity
of absorption across the indirect gap can be several or-
ders of magnitude weaker than that across a direct gap.

The transformation of Xe to a metallic state near 150
GPa has been inferred using band theory to interpret op-
tical absorption and reflection data. At metallization,
the volume is 10.2 cm?/mol, which is the volume predict-
ed by Herzfeld in 1927.

We thank S. Duclos, S. Desgreniers, and the Cornell
High Energy Synchrotron Source staff for their help.
R.R. thanks A. Jephcoat, D. Mao, R. Hemley, L. Ming,
and D. Schiferl for earlier attempts at x-ray measure-
ments of the high-pressure Xe sample. M.R. and
A.K.M. acknowledge stimulating conversations with I.
Silvera, N. Winter, and D. Liberman regarding interpre-
tation of optical spectra. K.E.B. thanks the National
Science Foundation for support through the Cornell Ma-
terials Science Center. This work was performed under
the auspices of the U.S. Department of Energy, Office of
Basic Energy Sciences, by the Lawrence Livermore Na-
tional Laboratory under Contract No. W-7405-ENG-48.

K. Herzfeld, Phys. Rev. 29, 701 (1927).

2M. Ross, Phys. Rev. 171, 777 (1968).

3M. Ross, J. Chem. Phys. 56, 4651 (1972).

4M. Ross and A. K. McMahan, Phys. Rev. B 21, 1658

672

(1980).

SK. Goettel, J. Eggert, 1. Silvera, and W. Moss, to be pub-
lished.

6D. Schiferl, R. L. Mills, and L. E. Trimmer, Solid State
Commun. 46, 783 (1983).

7A. N. Zisman, 1. V. Alexandrov, and S. M. Stishov, Phys.
Rev. B 32, 484 (1985).

8K. Asaumi, Phys. Rev. B 29, 7026 (1984).

9A. P. Jephcoat, H. K. Mao, L. W. Finger, D. E. Cox, R. J.
Hemley, and C. S. Zha, Phys. Rev. Lett. 59, 2670 (1987).

10K, Syassen, Phys. Rev. B 25, 6548 (1982).

K. Asaumi, T. Mori, and Y. Kondo, Phys. Rev. Lett. 49,
837 (1982).

12W. C. Moss, J. O. Hallquist, R. Reichlin, K. A. Goettel,
and S. Martin, Appl. Phys. Lett. 48, 1258 (1986).

3H. K. Mao, J. Xu, and P. U. Bell, J. Geophys. Res. 91,
4673 (1986).

14R. Reichlin and S. Martin, unpublished result.

I5SK. Syassen and R. Sonnenshein, Rev. Sci. Instrum. 53, 644
(1982).

16R. Reichlin, M. Ross, S. Martin, and K. A. Goettel, Phys.
Rev. Lett. 56, 2858 (1986).

7K. E. Brister, Y. K. Vohra, and A. L. Ruoff, Rev. Sci.
Insrum. 57, 2560 (1986).

18F . Birch, J. Geophys. Res. 83, 1257 (1978).

19K. Brister, Ph.D. thesis, Cornell University, 1989 (unpub-
lished).

200, K. Andersen, Phys. Rev. B 12, 3060 (1975); H. L.
Skriver, The LMTO Method (Springer-Verlag, Berlin, 1984).

2IThe calculations assumed the von Barth-Hedin exchange-
correlation potential, included the combined correction term,
and retained all relativistic effects except spin orbit. Although
the spin-orbit interaction will split the I's” and I's" levels, those
states between allowed transitions should be shifted equally,
preserving the main absorption feature near 2 eV.

22Ring fracturing of beveled anvils during unloading pre-
cludes making calibration experiments on that exact pair of di-
amonds with a nonabsorbing sample such as LiF before or
after the Xe experiment, as others have done at low pressure
(Refs. 10 and 11).

23p. J. Wolford and J. A. Bradley, Solid State Commun. 53,
1069 (1985).



