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Optical Evidence for the Metallization of Xenon at 132(5) GPa
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We have compressed xenon in a diamond-anvil cell to approximately 200 Gpa. The metallization of
xenon by band-gap closure was investigated by obtaining optical data in both the metallic and insulating
states. In the metallic state, we determined the pressure dependence of the plasma frequency from ab-
sorption data fitted with a free-electron model. In the insulating state, we determined the pressure
dependence of the band gap from absorption data fitted with an indirect-band-gap model. Our optical
data indicate that the insulator-to-metal transition in xenon occurs at 132(5) GPa.

PACS numbers: 71.30.+h, 78.30.Er, 78.40.Kc

The metallization of insulators by band-gap closure at
high pressure has been of interest for more than sixty
years. ' Rare-gas solids, the simplest atomic solids, are
particularly accessible to theoretical investigation. Xe-
non, the rare gas having the lowest predicted metalliza-
tion pressure, is of particular interest experimentally. In
this paper we present the first optical data demonstrating
the insulator-to-metal transition in xenon.

The metallization of xenon has been a controversial
subject for the past decade. Band-structure calculations
for fcc and bcc xenon have predicted metallization
pressures ranging from 82 to 200 GPa. Metallization of
xenon was reported in diamond-indentor experiments by
Nelson and Ruoff at 33 GPa (later revised to greater
than 100 GPa ' ) and by Yakovlev, Timofeev, and Vino-
gradov " at an unspecified pressure. Subsequent
diamond-anvil cell measurements of the energy-band
gap' '-' showed that the gap remains in the ultraviolet
to 55 GPa. Extrapolation of these band-gap measure-
ments suggested metallization at 200 GPa or higher. '

Recently, Jephcoat et al. ' obtained x-ray data on xenon
to 137 GPa in a diamond-anvil cell; there was no visual
evidence for band-gap closure, although the molar
volume was close to that predicted at metallization by
the Herzfeld criterion. '

The objective of the present experiment was to im-
prove understanding of xenon at high pressure by obtain-
ing optical data in the metallic as well as in the insulat-
ing state. The experimental parameters (including
rhenium gasket material, diamond design, and sample
configuration) were a direct application of the principles
for maximizing the pressure obtainable in a soft-sample
experiment given by Moss et al. ' and Moss and Goet-
tel. ' ' In the present experiment, we applied tech-
niques developed at Harvard and by the references cited
above. ""

We loaded high-purity xenon in a slightly modified
Mao-Bell-type diamond-anvil cell with type-Ia dia-
monds, using the cryogenic loading scheme described by

Silvera and Wijngaarden, ' although the cryostat was a
liquid-nitrogen-cooled box. Upon warming to room
temperature, the xenon was at approximately 200 GPa,
due to overestimation of the force required to produce a
given sample pressure. The xenon sample had an area of
190 pm measured in transmitted light and a thickness
of 10(3) pm, estimated from finite-element modeling
and previous experiments. '

Optical data were initially obtained at 200 GPa. Sub-
sequently, the pressure was gradually lowered and opti-
cal data were acquired down to 107 GPa. Pressures
were measured by the ruby-fluorescence method using
the time-resolved detection method developed by Eggert,
Goettel, and Silvera. Ruby pressure measurements
were made in the xenon at 158 GPa and below, using the
quasihydrostatic pressure scale. At higher pressures,
ruby measurements could not be made in the xenon be-
cause of diminished ruby-fluorescence intensity and ab-
sorption in the xenon. To determine xenon pressures
above 158 GPa, radial pressure profiles were measured
across the gasket surface (up to 164 GPa using the
nonhydrostatic ruby scale ) and extrapolated to the xe-
non sample region. The validity of this extrapolation
method was confirmed by the agreement between extra-
polated pressure estimates and direct pressure measure-
ments in the xenon sample at 158 GPa and below.

Pressure measurements in the xenon between 107 and
142 GPa indicated that pressure gradients across the xe-
non sample ranged from 0.5 to 1.0 GPa/pm. At 200
GPa, the radial pressure profiles suggested that the pres-
sure gradient within the xenon sample may have been as
much as twice as large. The quasihydrostatic behavior
of xenon noted at lower pressures' may be due in part
to shear between layers in the mixed-phase regime.
Above 75 GPa, in the hcp phase, xenon should exhibit
the usual increase in yield strength with increasing pres-
sure.

Optical measurements were made using various
sources: a quartz-tungsten-halogen lamp and argon-
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ion, neodymium-doped-yttrium-aluminum-garnet, (Nd-
YAIG), F-center and COq lasers. Several detectors were
used: a silicon diode array, a germanium photodiode,
and laser photodetectors. All data other than the laser
data points were taken with a grating spectrometer.

The results of our absorption and reAectivity measure-
ments are shown in Fig. 1. Infrared absorption data
were collected from the entire xenon sample. Visible ab-
sorption data were collected with a spatial filter which
limited the sampling area to an 8 pm diameter. Absorp-
tion coefficients were corrected for reAections from the
diamond interfaces and for the difference in area be-
tween the xenon and a 275-pm reference pinhole. Ruby
constituted only about 5% of the sample area and thus
did not contribute significantly to the observed absorp-
tion. ReAectivity data, collected at 200 GPa with a 4-
pm-diam sampling area, were referenced to the second
diamond-air interface of a reference diamond and thus
were corrected for air-diamond reflection and diamond
absorption. Nonhydrostatic stress in the xenon sample
could affect the data; absorption and reAectivity data

obtained at 200 GPa with a 4-pm-diam sampling area
showed that effects due to the pressure gradient across
the xenon sample were significant, but small relative to
the differences in absorption at successive pressures [Fig.
1(b)l.

Although diamond at 1 bar is very transparent at the
wavelengths of our measurements, pressure-induced
changes in diamond absorption could conceivably con-
tribute to the observed spectra. If diamond became ab-
sorbing at high pressure, however, we would have ob-
served this absorption in the reAection spectra and this
was not the case. We are confident, therefore, that the
main features observed in the absorption spectra are due
to the xenon.

The F-center and CO2 laser data [Fig. 1(a)] were ob-
tained at 200 GPa with the same technique as the
argon-ion and Nd- YA16 laser data. The concordance of
the argon-ion and Nd-YA10 laser data with the diode-
array and germanium-detector data substantiates the va-
lidity of our laser absorption measurement techniques.
Using the F-center and C02 lasers, no light transmitted
through the xenon was detectable. The lower bounds for
these data [Fig. 1(a)] are conservative and are based on
confidence tests of our measurement techniques, includ-
ing detector sensitivities, noise levels, and spatial align-
ments.

The sharp rise in absorption and reAectivity below
about 1.5 eV (Fig. 1) is characteristic of a classical
free-electron metal near the plasma frequency. We
fitted the real and imaginary parts of the complex dielec-
tric function (a=a~+it. 2) to the absorption data using a
Drude free-electron model, including the scattering re-
laxation time approximation
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I. IG. l. (a) Absorption and reAectivity of metallic xenon at
200 GPa. Note the diAerent vertical scales for the absorption
coefficient and reflectivity data. The two drawn lines were cal-
culated from the fit to the infrared absorption data as de-
scribed in the text. The CO2 and F-center laser absorption
points are detection-limited lower bounds. (b) Absorption data
for xenon in the metallic and insulating states.

The absorption coefficient (u) and the rellectivity (&)
are given by a = (2'/c) k and Q =

~
(W —2.4)/(~

+2.4)
~

. Here, N=n+ik, is the complex index of re-
fraction, 2.4 is the index of refraction of diamond, cop is
the plasma frequency, i is the relaxation time, and eiB is
the real part of the dielectric constant due to higher-
energy interband transitions. Based on our visible
reflectivity data at 200 GPa and the data of Itic and Le
Toullec, we chose a constant value of E~B=4 (i.e.,

nx, =2) for the pressure range of our data in the metal-
lic state.

Fits were obtained for absorption data between 152
and 200 GPa [Table I, Fig. 1(a)]. The lower bounds
from the CO2 and F-center laser measurements [Fig.
1(a)] are consistent with the high absorption coefficients
calculated at these energies. The reAectivity at 200 GPa,
calculated from our fit of the absorption data with no ad-
ditional adjustable parameters, agrees qualitatively with
the observed rise in reAectivity. Near the plasma fre-
quency, the calculated absorption and reAectivity agree
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TABLE I. Compilation of the pressure and volume points at
which optical measurements were made, along with values for
Mp cop T:, and Egap.

Pressure
(Gva)

200(20)
180(15)
171(5)
158(5)
152(5)
142(5)
130(5)
12s(s)
117(5)
lo7(s)

Volume
(cm '/mol)

9.40(30)
9.72 (25)
9.88 (9)

10.12(10)
i o.24(1o)
io.46(»)
10.75 (12)
10.88 (13)
». io(is)
».4i(i6)

(eV)

0.982(21)
0.803 (18)
0.692 (11)
0.572 (8)
0.416(8)

1.84(15)
1.33 (16)
1.11(13)
0.79(13)
0.30 (8)

&ga]
(eV)

~ ~ ~

0.063 (21)
0.325 (20)
1.201(14)
1.212(21)

well with our data. We attribute the divergence between
the fits and the data at higher energies to interband tran-
sition structure which was not considered in our model.

The high-pressure absorption and reAectivity data
(Fig. 1) suggest that the xenon is metallic. Assuming
quadratic electron energy-band shapes and a linear band
shift with volume (for small volume changes), co~ will
shift as (6V) ~", where 6V is the molar volume
difference from the volume at metallization. In Fig. 2(a)
we plot co~ vs V; a linear g fit yields a molar volume of
10.65(18) cm /mol, corresponding to a pressure of
134(7) GPa, at metallization (i.e., co~ goes to zero). We
used a Birch-Murnaghan equation of state for xenon
fitted to the data given by Jephcoat et al. ' with 7.32
GPa for the bulk modulus, 4.47 for the pressure deriva-
tive of the bulk modulus, and a zero-pressure volume of
34.7 cm /mol.

The interpretation of our data on xenon in the metallic
state is substantiated by our absorption measurements in

the insulating state. Our absorption spectra for pres-
sures below 142 GPa display a rise in absorption with in-

creasing energy [Fig. 1(b)] which we interpret as the ab-
sorption edge. The magnitude of this absorption rise is
consistent with that observed at lower pressures for
absorption-edge measurements in the ultraviolet. '

For indirect-band-gap materials, such as xenon, absorp-
tion is expected to be quadratic in energy above the
band-gap energy. The band gaps determined from ex-
trapolation of our visible absorption data are given in

Table I. Assuming again that the bands shift linearly
with volume, a g fit to our data [Fig. 2(a)] yields
10.73(10) cm /mol, 131(4) GPa, at metallization (i.e.,

the band gap goes to zero). Including possible systemat-
ic errors in the zero absorption background level, we ob-
tain 131(10) GPa for the metallization pressure from
these absorption measurements.

We interpret the peak in absorption at 2.05 ev (Fig.
1) as an unidentified interband transition. A similar ab-
sorption feature near 2 eV has also been observed in oth-
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FIG. 2. (a) Linear g fits of the volume dependence of co~~

in the metallic state and the volume dependence of the band
gap in the insulating state. (b) Linear g fit of the integrated
absorption of the absorption feature at 2.05 eV to the —,

'
power

vs molar volume.

er xenon experiments. A possible explanation is that
this transition is due to electrons in the conduction band
or holes in the valence band. In either case this absorp-
tion feature would be a signature of metallization. The
integrated absorption of such a feature would be propor-
tional to the number of free electrons and thus propor-
tional to (hV) ~, assuming linear band shifts with
volume. In Fig. 2(b), we plot the integrated absorption
to the 3 power versus molar volume. A linear g fit in-
dicates that the line strength goes to zero at 10.72(13)
cm /mol, 131(6) GPa, in excellent agreement with the
metallization pressures determined above from the plas-
ma frequency and the absorption edge. Confirmation of
this interpretation requires detailed band-structure cal-
culations.

We have interpreted our visible and infrared optical
data for xenon to obtain three independent determina-
tions of the insulator-to-metal transition in xenon. Com-
bining our three determinations we obtain metallization
at 10.70(12) cm /mol, 132(5) GPa.

The apparent discrepancy between our determination
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of metallization at 132(5) GPa and the absence of visual
evidence for band-gap closure to 137 GPa by Jephcoat et
al. ' is understandable. The absorption edge in xenon,
from our data between 107 and 130 GPa and earlier
measurements at low pressure, ' ' is broad, weak, and
difficult to detect visually. Furthermore, xenon in the
metallic state transmits some light in the visible (partic-
ularly at pressures just above metallization) and there is
not a large visual change near the pressure of metalliza-
tion.

Finally, we note that our determination of the molar
volume of xenon at metallization, 10.70(12) cm /mol, is

slightly larger than that predicted by the Herzfeld cri-
terion, ' 10.2 cm /mol.
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