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Energy-dispersive x-ray diffraction studies have been made on BaTe to 410 kbar. It under-
goes a first-order phase transition from the sodium chloride structure to the cesium chloride
structure at 48 kbar. P( V} data were obtained over the entire range. Optical studies indicat-
ed by extrapolation that metallization will occur for V/Vo —0.65 while resistivity studies
show directly that band-overlap metallization occurs at V/ V0=0.65 and P =200 kbar. The
resistivity of the semimetallic phase is 600 p, 0 cm at 300 K; the resistivity of the semimetal-
lic phase varies linearly with temperature between 200 and 300 K.

PACS numbers: 71.30.+h, 62.50.+p, 64.70.Kb

The pressure-induced metallization of xenon by
Nelson and Ruoff' generated great interest in the
study of xenon and in the possible metallization of
other closed-shell systems. It was subsequently
shown by workers from the same group that the
pressure actually presented in the indentor-anvil
system was very much greater than that stated ear-
lier.

The metallization of members of the isoelectronic
series of barium telluride, cesium iodide, and xe-
non are of great current interest. 3 The band gaps in
these insulating materials are expected to decrease
as the pressure increases (or as the volume de-
creases), until finally band overlap occurs. 34 Of
these three materials, it is expected that barium tel-
luride will exhibit band overlap at the lowest pres-
sure. 5

In the present study, lattice parameter, optical ab-
sorption edge, and resistivity measurements were
made as a function of pressure. A sixteen-sided an-
vil tip with a diameter of 640 p, m was used with a
stainless steel gasket with a 150-JM,m-diam hole ob-
tained by drilling the pre-indented gasket. Ruby
was used to measure the pressure based on a linear
scale. 6 The sample had purity greater than 99.5%
but required extensive hydrogen treatment to re-
move a second phase. Sample preparation and the
placement of the sample in the gasket are described
elsewhere. Initially (after Hz treatment) BaTe ap-
peared yellow with a lattice parameter of
7.005 + 0.01 A.

Equation-of-state studies were made using energy
dispersive x-ray diffraction techniques in the Cor-
nell High Energy Synchrotron Source with pro-
panol as the pressure medium. BaTe underwent a
phase transition from the sodium chloride type
structure to the cesium chloride type structure at
48+3 kbar; optical studies were used along with
diffraction experiments to help define this pressure.
The cesium chloride structure then persisted to the
highest pressure used, 410 kbar. In many cases,
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FIG. 1. Volume fraction vs pressure for BaTe at 296
K. The data for the NaC1 phase were obtained in the first
experiment by one of us (T.A.G.) and unfortunately this
low-pressure range was not studied further. The data for
the high-pressure phase comes from later experiments
and is considered accurate.

seven or eight diffraction peaks of the high-
pressure phase were present. The reduced volume
versus pressure curve is shown in Fig. 1. The data
were fitted by a first-order Birch equation of state.
This involves Bo and Bo which are the bulk
modulus at zero pressure and the first pressure
derivative of the bulk modulus at zero pressure.
When fitting the data for the cesium chloride phase,
there are three parameters, Bo, Bo, and Vo(CsC1);
in this case Vo(CsCl) is the fitted volume of the
cesium chloride phase at zero pressure. We obtain
Vo(CsC1) =0.907 Vo. Table I shows Bo and Bo for
each phase. The volume changes at the transition
are also shown in Table I. Unless otherwise stated,
Vo will subsequently correspond to the zero-
pressure volume in the original NaCl phase.

Optical absorption was studied as a function of
wavelength to obtain absorption edges. In these
studies no pressure medium was used. There was,
therefore, some pressure gradient across the sam-
ple, but judging from the color variation at a given
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TABLE I. Transition and equation-of-state data for the NaC1 and CsC1 phases of BaTe
at 296 K.

Compound P, (kbar) [5 V/ V(NaCl) ] a, (kbar)

BaTe(NaC1)
BaTe(CsC1)

48+3 0.132 294 + 2'
275 +9b

7.4 +0.2'
4.6 +0.66b

'Ref. 9. Based on Vo(CsC1) = 0.907VO.
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FIG. 2. Absorption edge vs volume fraction at 296 K.
The solid line is fitted to Eq. (4).
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pressure in BaSe, which we have also studied, this
was not large. The optical data were obtained over
the entire sample cross section. For the wavelength
region of 0.4-1.1 p, m a silicon diode or GaAs pho-
tomultiplier tube was used as a detector while for
longer wavelengths, cooled PbS or PbSe photocon-
ductive detectors were used. A tungsten light
source was used in these experiments. Absorption
edge values were estimated by a linear extrapolation
of the higher energy end of the optical-density-
versus-energy plots to zero optical density. The
results of these studies combined with the x-ray
studies are sho~n in Fig. 2. We have assumed that
the absorption edge corresponds to the energy band
gap. The theoretical results of Carlsson and Wil-
kins'a show curvature in the Eg vs V/Va curves
with the slope increasing as Eg 0. The solid
curve was obtained as follows: We assumed that
the Lorentz-Lorenz equation

(n'- i)/(n'+2) = Z/ V

applies and that the molar refraction 8 does not
vary with the molar volume, V, or pressure; here n

is the refractive index. Since n ~ as V V,
the metallization volume, it follows that 8 = V

n2Eg(eV) = D, (3)

where D=21.1+2.4. This relation with D as an
adjustable parameter was combined with Eq. (2) to
obtain

Eg = D ( V —V~)/ ( V+ 2 V~) . (4)

This was fitted to the experimental data including
the point at V= Vo,

" resulting in a value of
D = 22.7 eV and V / Va=0.655. A straight-line fit
gave V / Vs= 0.643. From these results, it appears
that the band gap goes to zero in the neighborhood
of V/Va-0. 65. Extrapolations are always dan-
gerous (even small ones) so extrapolation of optical
measurements, even for smaller band gaps than
measured here, must be taken only as one indica-
tion of when band-gap closure may possibly occur.
Electrical resistivity measurements are needed to
clarify the issue.

Four electrical leads were sputtered to the face of
one diamond. These leads were extended up the
sides of the diamond, where wires were attached.
Electrical insulation mas provided by a modification
of the method used elsewhere. ' A mixture of
A1203 and NaCl was used as the electrical insulation
barrier between this tip and a metal girdle produced
by punching out the flat center region of a 500-p, rn-
thick preindented stainless-steel gasket. This corn-
pressed composite also serves as the gasket material
between the diamonds. A circular hole in this com-
posite insulator contains the sample. See Fig. 3.
The sample is a circular disc with, effectively, four
leads attached at the edges (although there is a
small overlap). Van der Pauw's method'3 of four-
probe measurement on a disc of uniform thickness
was used to obtain the resistivity when metallization
had occurred. It is believed that this is the first ap-

and that

(n 1)/—(n2+2) = V~/ V

We then used an empirical relation due to Ruoff"
who noted that the closed-shell systems consisting
of the alkali halides, the alkaline chalcogenides, and
the rare-gas solids closely obey the relation
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FIG. 3. (a& Schematic of resistivity arrangement. Each of the four electrical leads s utt
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into the sample region which is shown by the dashed circle

n on o t e tip. b Electrode configuration on the ti .ip. The leads extend just slightly

plication of van der Pauw's method to measure
resistivity in the diamond anvil cell. This makes
possible resistivity measurements on samples, e.g. ,
which are not solids when the experiment begins,
or are not solid bars of fixed geometry when the ex-
periment begins or which change their dimensions
when the experiment is performed. The samplpe
hickness at pressure must be known. A paper on

the details of the electrode and gasket fabrication is
in preparation.

During the present experiment the cross-
sectional area, A, of the sample was measured.
Upon completion of the experiment, the area is

thic
again measured at atmospheric pressure th th

ickness of the sample at atmospheric pressure, tf,
is carefully measured. From t, A and th P(V)
lat'a ion shown in Fig. 1, the actual thickness at a
given pressure (or fractional volume) can be com-
puted. From this and the appropriate measure-
rnents of currents and potential differences, as re-
quired by van der Pauw's technique, the resistivity
at rnetallization was obtained. Figure 4 shows the
results of log(resistance) versus fractional volume
for one experiment. Three separate experiments
were performed, with a new sample in each case,
with extremely close results in the three cases. In
all cases the experiments were carried to 300 kbar
or above; in one experiment the studies were made
to 495 kbar. Metallization occurs at V/ V
=065+Ool (.01 ~which corresponds to a pressure of

a 0

200 + 166 kbar); using the methods described previ-
ously, we find that the resistivity at metallizytion is
p~=600 p, Q cm. Taking into account random er-
rors, possible errors in measuring the thickness tf
and the areas and errors in the P( V) relation, and

possible errors introduced by the fact that our leads
are not attached exactly along the vertical walls of
the circular sample disc, we conclude that our abso-
lute experimental error is less than 100 0

e volume fraction at rnetallization is in good
agreement with that found in our earlier two-lead
resistance measurement'4). The temperature varia-
tion of the resistivity was studied between 140 d
300 K. The resistivity divided by the resistivity at

~ ~ ~ ~ ~

an

296 K of the metal was found to increase linearly
with temperature with a coefficient of 0.002/K for
pressures above the transition pressures.
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FIG. 4. Electrical resistance vs volume fraction at 296
K. The smallest volume fraction shown in this experi-
ment corresponds to a pressure of 304 kbar. The resis-
tivity or the metallic phase computed from van der
Pauw's equations and table is 600 p, O cm.

491



VOLUME 53, NUMBER 5 PHYSICAL REVIEW LETTERS 30 JULY 1984

TABLE II. Values of V/ Vo for band overlap. The corresponding pressures in kiiobars

(from our experimental equations of state) are shown in parentheses.

Compound

BaTe

Optical

—0.65(200)

Resistivity

0.65 (200)

Theory'

0.74(90)

Herzfeld

0.623 (249)

'See Ref. 10. See Ref. 15.

Our results for band overlap are shown in Table
II. BaTe exhibits band overlap metallization at a
volume fraction of 0.65 and a pressure of 200 kbar.
Also shown are the values computed by Carlsson
and Wilkins' and, finally, the values computed
from the Herzfeld (dielectric model) criterion for
metallization. ' The theoretical calculations' give
overlap at a much higher volume fraction (or lower
pressure) than the values obtained from the experi-
ment; however, the latter are near to the values ob-
tained from the Herzfeld criterion. The metalliza-
tion of BaTe described here is the first case of
metallization in a closed-shell system (rare-gas
solids, alkali halides, alkaline chalcogenides) for
which the pressure and volume at which metalliza-
tion occurs are accurately known. The actual over-
lap process occurs without any observed change in
crystal structure.
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