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High-pressure x-ray-diffraction techniques have been used to determine the equation of state of solid xenon
up to 110 kbar at 85 K. The 0-K isotherme is derived from the experimental data within the Debye
approximation. The results indicate that solid Xe is much more compressible than one would expect on the
basis of known pair potentials for free Xe atoms and known many-atom interactions of the Van der Waals
type. The difference in compression energy between the experimental and the predicted pressure-volume
relation amounts to about 30% at 100 kbar. A comparison of the experimental data with bulk properties
calculated from energy-band theory by Trickey et al. yields good agreement. An effective pair potential for
the solid state is derived from the experimental pressure-volume relation.

I. INTRODUCTION

The cohesive energy of rare-gas solids (RGS}
amounts to at most 1.5/p of the atomic ionization
energy. Consequently, the interaction between
atoms of a RGS can be described in first approxi-
mation by pairwise additive central forces. How-
ever, a quantitative model for the cohesive pro-
perties cannot neglect many-atom interactions.
Two different approaches bave been used to calcu-
late the ground-state energy of RGS and its volume
dependence. In an atomic model the potential-en-
ergy function for the motion of the nuclei is deter-
mined in a semiempirical way from experimental
data, quantum-mechanical calculations of the long-
range Van der Waals interactions, and from as-
sumptions on the short-range repulsive forces.
This approach has led to the determination of very
accurate interatomic potentials for rare-gas atoms,
and successfully describes solid-state properties
under near-normal conditions. ' The second, more
fundamental, approach is the calculation of the
ground-state energy within the context of energy-
band theory. '

The various models can be tested experimentally
by measuring the equation of state (EOS) at high
pressures. Moreover, the high-pressure EOS is
a bulk property which yields direct information
on overlap-dependent many-atom interactions.
Since many-body interactions increase from neon
to xenon, we have chosen Xe to study its EOS.

Furthermore, among the RGS Xe is of particular
interest, because it is expected to transform to
the metallic state at the lowest pressure, discard-
ing Rn for obvious reasons. Estimates for the
transition pressure vary between 700 kbar (Ref.
3) and several Mbar. ' The situation here is some-
what similar to the expected insulato'r-metal tran-
sition of solid hydrogen under pressure'. The
knowledge of the EOS of the molecular state is an

essential information for the calculation of the
transition pressure.

Another aspect of the EOS of solid Xe is its re-
lation to the Thomas-Fermi-Dirac (TED) theory.
Xe is the heaviest stable atom with a closed elec-
tron configuration and low binding energy. There-
fore, solid Xe should be the best candidate to be
described by the statistical theory of atoms.

Experimentally, the high-pressure EOS of Xe
has been studied by two different methods: by di-
rect volume measurements up to 20 kbar, "and
by shock compression up to about 500 kbar. ' Pis-
ton-displacement techniques are presently limited
in pressure to some 10 kbar. The problems in-
volved in the shock-wave experiment, e.g. , limited
accuracy and high temperature, make it difficult
to obtain information on the low-temperature iso-
thermal pressure-volume (P- V) relation. The
present work is a first step to extend the EOS
measurements on RGS to higher static pressures
using x-ray diffraction techniques.

The experimental technique for x-ray diffraction
studies at high pressures and low temperatures is
described briefly in Sec. II. The present experi-
mental results for the 85-K isotherm of Xe up to
108 kbar are presented in Sec. III. In Sec. IV we
derive the pressure dependence of the ground-state
energy (T=0 K}, discuss the importance of many-
atom interactions, present an "effective" pair-po-
tential for Xe in the solid state, and, finally, com-
pare the experimental data with the TFD theory.

II. EXPERIMENT

The high-pressure x-ray diffraction technique
used in this study has been described in detail
elsewhere. ' Here, we only recall the basic fea-
tures of the high-pressure cell as shown in Fig.
1. The cell consists of one tungsten-carbide anvil
and one boron-carbide anvil. Both anvils are pre-
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and 108 kbar. Altogether, seven samples were
prepared, two with NaCl andfive withAl as marker
substance. On an average, five different reflec-
tions have been obtained per substance. However,
the number of evaluated lines was sometimes
smaller due to overlap of reflections or inter-
ference with the diffraction pattern of the boron-
carbide anvil.

Experimental lattice parameters for Al and Xe
measured in the high-pressure cell at 1 bar and
85 K agree with values derived from known den-
sities and thermal-expansion coefficients to within
a relative deviation of 2 x 10 ' (for Al: experimen-
tal, 4.0328+0.0015 A; calculated, 4.0335 A,"and
for Xe: experimental, 6.2166+ 0.002 A; calculated
6.2164 A. '

FIG. 1. Schematic drawing of the high-pressure cell.
III. RESULTS

stressed by supporting rings. The inset in Fig. 1
elucidates the details of the pressure cell. The
sample is filled into a small hole (0.4-mm diam
and 0.5-mm depth) within the tip of the boron-car-
bide anvil. By squeezing the two anvils together,
the metal disk starts to deform and a pressure
gradient develops across the metal disk with maxi-
mum pressure in the center just above the sam-
ple. The metal then flows into the sample hole and
pressurizes the sample. X rays pass through the
boron-carbide anvil just below the metal disk. The
scattered radiation is recorded in the plane per-
pendicular to the anvil axis.

The temperature is measured by a Pt resistor
which is directly attached to the tungsten-carbide
anvil. The pressure measurement is based on the
use of a marker substance, in this case either
NaCl or Al. The EOS for both substances is known
at room temperature. "*" Low-temperature P-U
relations are derived from known thermodynamic
properties and an assumption about the volume
dependence of the Gruneisen parameter. The
P-V relations are calculated in the Appendix.

The procedure for sample preparation is as
follows. First, the sample volume in the boron-
carbide anvil is completely filled with the marker
substance. Then a cylindrical hole of 0.1-mm
diam is drilled into the center of the marker sub-

stance. Xenon of 99.99%%d purity is directly con-
densed into this little hole at about 150 K without
being in contact with other gases. Finally, the
precooled high-pressure unit is assembled at 77 K
and transferred into the cryostat. A more detailed
account of the sample preparation procedure is
given elsewhere. "

The x-ray diffraction patterns of fcc xenon were
measured at 85 K under pressures between 1 bar
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FIG. 2. Experimental P-V relation for solid Xe at
85 K. For comparison, the data of Packard and Swen-
son (see Bqf. 6) are included.

The experimental P-V data for solid Xe at 85 K
are shown in Fig. 2. The solid dots refer to mea-
surements with Al as internal-pressure marker
and the solid triangles to data with NaCl as mark-
er. The solid line corresponds to a least-squares
fit of a Keane equation" "to the data points:

P(V) = (BQO/B 2) [(Vo/V) s™—1]
—[B,(B,' —B„')/B„']ln( V,/V) .

Here, Bo and B,' are the isothermal bulk modulus
and its pressure derivative at normal pressure.
B„' is the pressure derivative of the bulk modulus
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TABLE I. Parameters for the Keane equation IEq. (1)]
representing the P-V relations of solid Xe at 85 K, 0 K,
and in the static-lattice limit.

Vo (cm3/mol) B() ~ar) B'0

85 K
OK

Static
lattice

36.17
34.72
34.33

26.5
36.48
38.14

7.69 4.80
6.83 4.80
6.88 4.81

Extrapolated using lattice parameters and thermal-
expansion coefficients given in Refs. 14-16.

From Ref. 14.
Calculated from the 0-K isotherm and Pzp(V).
From Refs. 7 and 19. See text.

at high pressure, and V, is the volume at normal
pressure. The value of Bp depends strongly on
low-pressure data. The piston-displacement data
of Anderson and Swenson' and the ultrasonic re-
sults by Bezuglyi et al."give the same value of
B,= 26.5 kbar at 85 K. Since there are no x-ray
data in the low-pressure region, we adopted this
number as a constant parameter for the least-
squares fit. Results for B„B,', and B„' are listed
in Table I. For comparison, the smoothed P-V
relation from piston cylinder studies by Packard
and Swenson is included in Fig. 2. Their data
show a better agreement with the present x-ray
data than the more recent piston-cylinder results
by Anderson and Swenson. ' The reason for the
difference between the two direct volume measure-
ments is not clear. '

The scatter of the individual data points with re-
spect to the average P-V curve in Fig. 2 is defi-
nitely larger than the systematic error of the x-
ray-diffraction technique. This can be explained
by the nonisostatic pressure conditions in the pres-
ent pressure cell. Lattice-parameter measure-
ments with the incident and diffracted x-ray beam
normal to the direction of the piston motion under-
estimate the relative volume change. "" The de-
viation from the volume change corresponding to a
truly isostatic compression depends on the size of
the uniaxial stress compone it, on the elastic pro-
perties of the material under pressure, on the
(hkf) value of the reflection used to evaluate lattice
parameters, and on the geometry of the pressure
cell. ' The uniaxial stress component varies from
run to run depending on the sample composition.
Also, it is not possible to always use the same set
of reflections for calculating lattice parameters.
Therefore, we find a relatively large scatter of the
data points.

From the above explanation, it also follows that
an average P- V relation measured by the present

technique always shows a systematic error, be-
cause, in general, the structural and elastic pro-
perties of marker and sample are different. The
width of the scatter of the data points around the
average P-V relation gives an estimate of the
maximum systematic error. This statement can
be supported as follows: (i) Test runs in the pres-
ent high-pressure cell with NaC1 as "sample" and
Al as "marker" and vice versa yield agreement of
both P-V relations to within less than + 1.5 kbar
Therefore, both substances "feel" almost the same
pressure, independent of the geometrical arrange-
ment within the pressure cell. (ii) For the Xe
experiment there is no systematic deviation using
NaC1 or Al as a pressure marker, though the
elastic properties of both substances are quite
different.

Taking into account the uncertainty of the EOS
of Al (which is based on the EOS of NaCl), we
estimate that the average P-V curve through the
data points in Fig. 2 has a maximum systematic
error of +4 kbar at 100 kbar with respect to the
NaC1 pressure scale.

IV. DISCUSSION

Starting from the experimental P- V relation,
we will first determine the EOS for the ground
state at 0 K and in the static-lattice limit. Com-
parison with known free-atom Xe-Xe interactions
gives us information on short-range many-atom
effects. We will also compare the experimental
results with energy-band calculations of the P-V
relation. From the volume dependence of the
ground-state energy, we will then derive an "ef-
fective" interatomic pair potential for the solid
state. Finally, we add some remarks on the TFD
theory and on the insulator-metal transition of
solid xenon.

A. Ground-state P-V relation

For the derivation of the ground-state P-V re-
lation we will use some thermodynamic relations,
which are summarized here. briefly.

In the Mie-Gr6neisen approximation the EOS can
be written 4

P(V~ T) = —!BE(V,T)l& Vlr
= Ps„(V')+ y'(V) E„,,(V, T)/V

=P „(V)+P (V)+P „(V,T).
E is the Helmholtz free energy, E„b(V, T) is the
total vibrational energy, y' is a Gruneisen para-
meter, and P«, P», and P» are potential pres-
sure in the static-lattice limit, zero-point pres-
sure and thermal pressure, respectively.
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We assume that y' does not depend on tempera-
ture. In the vibrational formulation of the Mie-
GrQneisen approximation" one identifies y' with
the parameter y defined by the Gruneisen relation

2.0

y =PVB/c„, (3)

where P, B, and c„are the coefficient of volume
thermal expansion, isothermal bulk modulus, and
heat capacity at constant volume, respectively.

In the Debye approximation we find for the zero-
point pressure P~~(v) and the thermal pressure"
P,„(v,T)

P~p(v) = y9Ãk8/8V, (4)

P,„(v,r) = y(war/v)D(8/r), (5)

C5
Xl

1.0—
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CL

LLj

0.5—
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y(v) = —d ln8(V)/d ln V, (6a)

where N/V is the number of atoms per unit volume
and D(8/T) is the Debye function. " The Debye
temperature 8 is related to y by
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8(V) = 8(V,) exp —d V

FIG. 3. Thermal-pressure PTH (at 85 K) and zero-
point pressure Pzp for solid Xe. Error bars are es-
timated.

The actual form of the volume dependence of y is
not known.

Holt and Ross'4 suggest, on the basis of several
model calculations, that a linear relationship

y(v)=y, (v/V. ) y

should be an appropriate approximation for closed-
shell systems. y„ is the limiting value of y at
V-0. We follow Kopyshev' and Holt and Ross,
and assume y„=-,'. The constant y, can be deter-
mined from the known y at V = Vp.

For Xe the specific volume V,(85 K) at 1 bar and
85 K is 36.1V cm'/mol. "" y(V, (85 K)) derived
from thermal-expansion measurements using Eq.
(3) is 2.86." From specific-heat measurements"
we find 8(V,(85 K)) = 5V K. Figure 3 shows the
volume dependence of the thermal pressure
PTs(v, 85 K) calculated according to Eqs. (5)-(V)
using the above values for V,(85 K), y(V, (85 K)),
and 8(v, (85 K)). The thermal pressure at Vo
= V(1 bar, 0 K) = 34.V2 cm'/mol amounts to 1.26
kbar and is in excellent agreement with the pres-
sure calculated from the Keane equation with para-
meters for 85 K given in Table I. This adds some
confidence to the choice of the values for y(v, (85 K))
and 8(v, (85 K)). In the calculation of Pz~(V)—also
shown in Fig. 3—me used the same relatioris for
y(V) and 8(v) in order to keep our model con-
sistent. We have to bear in mind, however, that
in reality y and Q also depend on temperature.
This may cause an estimated error of about 10/0
for the calculated P»(v', }. The value of 8(v', ) = 64

K determined from specific-heat measurements"
coincides with the calculated 8(v) relation.

Errors in PT„and P» are mainly caused by
the uncertainty in the volume dependence of y. We
estimate these errors to be +0.1 kbar for PT„
and +0.3 kbar for P» at 120 kbar. In viem of the
accuracy of the experimental data, the use of a
rather simple model for the volume dependence
of PT„and P» is justified.

We cari now construct the 0-K isotherm and the
P-V relation in the static-lattice limit from the
average P-V relation at 85 K according to Eq. (2).
The corresponding parameters for the Keane
equation are also given in Table I. B,(0 K}=36.5
kbar compares quite well with the extrapolated
bulk moduli 36.1 36.5 and 36.V kbar from re-
spectively, ultrasonic, "piston displacement, '
and inelastic neutron scattering" experiments.
The agreement is less favorable for the value 3V.9
kbar given by Korpium et al." Bp increases
slightly in going from 0 K to the static-lattice
limit. B„essentially stays the same for all three
P-V relations. For the remainder of the discus-
sion me mill concentrate on the 0-K isotherm.

B. Many-body interactions

Interatomic potentials for the ground state of
two rare-gas atoms have been determined quite
accurately in a semiempirical may. ' The potentials
are based on known long-range interactions of the
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FIG. 4. Comparison of experimental and theoretical
P-V relations of solid Xe at 0 K. (Barker, Ref. 31;
Trickey et aE. , Ref. 2.)

Van der Waals type and on a wide range of experi-
mental data like gas transport properties, second
virial coefficients, spectroscopic information on
dimers, and differential scattering cross sections.
In order to determine the depth and the position of
the potential minima, solid-state data, such as
cohesive energy and lattice spacing at normal
pressure, have been used after taking into account
contributions from many-atom Van der Waals in-
teractions. Potentials of this type agree essentially
with @ll strictly two-body experimental informa-
tion and also with condensed-phase data. How-
ever, it was already pointed out" that there exists
a small discrepancy for the cohesive energy of
solid Xe. Nevertheless, the assumption was made
that overlap dependent many-atom interactions can
be neglected for all RGS at normal pressure, "and
that the Barker potential' for Xe should be rea-
sonable to an energy of 3& 10 ' J." The equiva-
lent interatomic spacing in the solid would corre-
spond to pressures of several hundred kilobars.

If the assumption concerning overlap-dependent
many-body interactions is valid, it seems appro-
priate to determine the EOS of Xe from the inter-
atomic potential by including higher-order Van
der Waals terms. The P-V relation for Xe at 0 K
calculated by Barker" using potential X3,"with
third-order DDD, DDQ, DQQ, QQQ, and fourth-
order DDD interactions (D: dipole; Q: quadrupole),
is shown in Fig. 4 together with the "experimental"
0-K isotherm. A comparison between the two P-V
relations reveals that Xe is much more compres-
sible than expected on the basis of the free-atom

Xe-Xe potential. The difference in the energy of
compression amounts to about 30%%ua at 21 cm'/mol
(100 kbar) relative to the experimental EOS. The
absolute numbers are 0.37 and 0.48 eV/atom,
respectively. For comparison, the cohesive
energy at 1 ba, r is 0.164 eV/atom. '2 This means
that the total lattice energy at 21 cm'/mol is lower
by about 17%%uo relative to the Barker EOS. We can
conclude that overzap-dependent many-atom inter-
actions contribute a considerable amount to the
total lattice energy of Xe in the 100 hba-x x&

gion. In view of this result, it seems obvious
that the small discrepancy between the cohesive
energy at 1 bar and the corresponding value de.-
rived from the Barker potential may also result
from short- range many-atom interactions. "

An interpretation of the overlap-dependent in-
teractions can be given either in atomic terms or
in the energy-band picture. An appropriate atomic
model has been discussed by Niebel and Venables"
in their attempt to explain the crystal structure
of RGB. One can adopt their arguments to ex-
plain the additional attractive interaction in com-
pressed Xe. Briefly, the excited-state wave func-
tions of an atom in the crystal overlay considerably
with the neighboring atoms. In a first approxima-
tion this effect can be described by a crystal-field
perturbation.

In fcc Xe the main effect of the crystal field is
to split the degenerate energy levels of the 5d or-
bitals. This is obvious, because the 5d-t„orbi-
tals point towards nearest neighbors, whereas the
5d-e, orbitals point into the space between the
neighbors. This perturbation leads to a decrease
of the energy difference between the first excited
state and the highest valence state. As a conse-
quence, the leading dipole-dipole term of the at-
tractive Van der Waals interaction is expected to
increase in the solid with respect to the free atom
interaction in the gas phase. By applying pres-
sure to the crystal, this effect is enhanced, there-
by adding attractive interaction to the total lattice
energy and increasing the compressibility. A
quantitative calculation of the Van der Waals en-
ergy and its dependence on interatomic spacing
within this localized atomic model of the solid is
expected to account for most of the difference
between the Barker EOS and the present experi-
mental data.

The localized model will become less valid with
increasing overlap of the excited-state wave func-
tions. " A calculation of the Van der Waals inter-
action based on electron-band states and energies
will become more appropriate with increasing
pressure. Within such aband picture the additional
attractive interaction is explained qualitatively in
a similar way. The width of the bands increases
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with decreasing interatomic separation, thereby
lowering the energy gap between the 5p valence
and the 5d excited states. Again one anticipates
an increase of the attractive Van der Waals in-
teraction.

The starting point in the above discussion was
the semiempirical Xe-Xe potential for free atoms.
So far, we considered only the difference between
the Barker EOS andthe experimental0-K isotherm.
Therefore, our interpretation of the experimental
data is still based on atomic terms and has a semi-
empirical character. A more fundamental approach
is the calculation of the total ground-state energy
of Xe from energy-band theory. An attempt of
this type has been reported by Trickey et al.' Us-
ing the APW-Xn- method, they calculated the
volume dependence of the ground-state energy
(0 K). The corresponding I'-V data are included
in Fig. 4. We find a very good agreement between
these theoretical and the present experimental
data. This result supports the conclusion given
by Trickey et al. that the APW-Xo. model may be
a successful approach for first-principle calcula-
tions of the bulk properties also in the case of
RGS. It leads beyorid the scope of the present
work to discuss this point any further. However,
we would like to point out that calculations of this
type may be very appropriate for an extrapolation
of the EOS to smaller volumes and higher pres-
sures.

C. Effective pair potential

Lattice dynamics and thermodynamic properties
of solid Xe depend in various ways on details of the

interatomic potential. From the experimental P- V
relation we can determine an "effective" pairwise
additive potential which includes many atom inter-
actions. We start from an analytical form similar
to the Barker pair potential'. 0:

U(~)=&([A,+A, (r-1)]e'" "' —P ! + ', (8)C] C9
I i

with

r=E/o, i=6, 8, 10

R, q, and o are interatomic separation, depth of
the potential, and position of the potential mini-
mum, respectively. The first term describes the
repulsive part of the potential. The second sum-
mation corresponds to the long-range Van der
Waals terms (DD, DQ, and QQ). For the coeffi-
cients C, we have adopted the recent values given
by Doran. 's The third (x ') term standi for the
DDD interaction. The constant C, is calculated
from the third-order DDD interaction constant and
the corresponding geometric factor for the fcc lat-
tice given in Refs. 35 and 36. The constants A,
and A, are determined through the choice of the
constants C, via the relations U(r=1) =-q and
U'(r= 1)=0. The only adjustable parameters left
are &~ 0'~ and Q.

The total cohesive energy is calculated by sum-
mation over the fcc lattice. By fitting the lattice
sum to the experimental ground-state energy at
0 K [E(V) = —J„",PdV+ E(V,), with E(V,) for the
cohesive energy at normal pressure j, we find the
values of j, o, and 6 as summarized in Table II.
The differences in g, o, and n between the Barker
potential and the present potential. reflect the con-

TABLE II. Comparison of parameters for the pairwise additive interatomic potential of Xe
in the solid state and in the gas phase. Not listed are some additional parameters of the free-
atom Xe-Xe potential (see Bef. 30).

Solid, 0 K Static lattice Free atom ~

E(VO) (10 23 J/atom)
{]023 J)

0' (g)

Ce
C8

Cio
Ce
Ao

Ai

2632
346.22

4.4287
10.2
1.0298
0.3679
0.0621

-0.1042
0.3553

-5.1811

2733 '
360.18

4.4091
10.2
1.0298
0.3679
0.0621

-0.1042
0.3553

-5.1811

2663
389.96

4.3623
12.5
1.0544
0.1660
0.0323

0.2402
-4.8169

Reference 30, potential X2.
Reference 32.
Calculated from Pzp{V) and E{Vo,0 K) =2632 &10 2 J/atom.
Reference 35.
References 35 and 36; see text.
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FIG. 6. Comparison of the experimental P-V relation
of Xe at 0 K with TFD theory.

FIG. 5. Comparison of the free-atom Xe-Xe potential
and the effective pair potential for the solid state.

tributions of many-atom interactions which de-
crease the depth of the solid-state potential, and
shift the position of the potential minimum to a
larger interatomic distance. The strength of the
repulsive interaction given by the value of a is
lower in the solid state, because the overall effect
of the short-mange many-atom interactions is at-
tractive. In order to visualize these differences,
the 0-K potential and the Barker potential are
shown in Fig. 5. For completeness we also list
in Table II the potential parameters correspond-
ing to the static-lattice limit. In going from 0 K
to the static lattice, the depth of the potential in-
creases by 3.5/0. This agrees with the contribu-
tion of the zero-point energy to the total lattice
energy calculated by Chell and Zucker. "

tive accuracy of the TFD EOS improves at higher
pressures. The comparison of the TFD EOS" with
the present experimental data for Xe in Fig. 6
shows, however, an increase in the discrepancies
between the TFD and and experimental data under
pressures in excess of 20 kbar.

Obviously, this discrepancy has a real physical
significance in the case of Xe, where the closed
electronic shells and the large band gap provide
an extra stiffness to the electronic charge distri-
bution of the atoms compared to a TFD model,
which neglects quantum effects completely and,
consequently, imposes weaker restrictions on the
rearrangement of the electronic charge in the solid
under pressure. Therefore, one can expect that
the TFD EOS represents more accurately the
behavior of metallic Xe at very high pressures.
The smaller volume of Xe in this case may be
considered as one of the factors which favor a
first-order phase transition to the metallic state.

D. Comparison with Thomas-Fermi-Dirac theory

The statistical theory of atoms has been used
widely to derive EOS for solids under very high
pressure. "" The TFD theory yields best agree-
ment with experimental P- V relations for the
heavy atoms with closed-shell electronic configu-
ration and low binding energy. For Xe the TFD
theory predicts a pressure of 2 kbar at the ex-
perimental volume under' normal conditions (1
bar, 0 K)." In general, one expects that the rela-

V. CONCLUSION

The results of the present experiment can be
summarized as follows: (i) The P Vrelation for-
solid Xe is represented by a Keane equation with
parameters given in Table I. (ii) Under pressure
many-atom interactions contribute a considerable
amount to the total lattice energy (-17/0 at 100
kbar). The additional attractive interaction can
be explained by a variation of the long-range Van
der Waals forces due to short-range overlap-de-
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pendent effects. (iii) The agreement between a
P-V relation based on energy-band calculations
of the ground-state energy by Trickey et al.' and
the experimental 0-K isotherm is remarkably
good. (iv) An "effective" interatomic pairwise
additional potential for the solid state is derived
which may prove useful in calculations of lattice
dynamics and thermodynamic properties. (v} Due
to the closed-shell structure of Xe, the TFD EOS
is too soft for Xe in the insulating phase, and may
represent more closely the EOS of metallic Xe
under higher pressures.

It is obvious that further high-pressure studies
on solid Xe in a diamond anvil device are ex-
tremely interesting. At a pressure of around
200-500 kbar, the band gap of Xe is expected
to decrease below 5 eV, which is the optical ab-
sorption edge of diamond. At this point, optical
studies of the pressure dependence of the excited
electronic states become possible in addition to
x-ray measurements. Even if the pressure corre-
sponding to the insulator metal transition of Xe is
outside the capability of the diamond anvil techni-
que, optical studies will enable one to estimate
the transition pressure more reliably.
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APPENDIX: LOW-TEMPERATURE EOS OF NaC1 and Al

The room-temperature P-V relation of NaCl
reported by Decker" is used as a pressure stand-
ard. From the isotherm at 298 K we obtain the
P-V relation at low temperature by calculating
the difference in thermal pressure. We assume
a linear relationship for the Volume dependence
of the thermal pressure P-~z(V, T):

P,„(V,T) = P,„(V„T)-DP,„(V„T)(1—V/V, ) .
DP~„(V„T) is the quantity (1/V)[dP~„(V, T)/dV)~
at normal pressure. Values for DP» have been
calculated from known thermodynamic properties
of the NaC1 crystal by Masse. " P~„(V„T}is
taken from the isotherm at 298 K. The difference
in P» between 298 K and 85 K is then given by

n P~„(V)= 5.60 —6:80[1—V/Vo(298 K)] kbar.

TABLE HI. Isothermal-compression data for NaC1 and
Al at 298 and 85 K. The low-temperature isotherms are
used as pressure standards in the present study.

&/Vp NaC1 298 K NaCl 85 K Al 298 K Al 85 K

1.00
0.99
0.98
0.97
0.96
0.95
0.94
0.93
0.92
0.91
0.90
0.89
0.88
0.87
0.86
0.85
0.84
0.83
0.82
0.81
0.80
0.79
0.78
0.77
0.76
0.75

0.00
2.44
5.02
7.76-

10.67
13.76
17.03
20.50
24.19
28.11
32.26
36.66
41.35
46.33
51.61
57.23
63.19
69.54
76.28
83.47
91.11
99.25

107.92
117.15
126.99
137.48

0.00
2.77
5.70
8.80

12.09
15.56
19.25
23.15
27.28
31.64
35.29
41.21
45.42
51.93
57.79
64.02
70.62
77.63
85.07
92.97

101.38
110.31
119.81
129.93
140 ~ 71
151.39

0.00
7.47

15.34
23.64
32.41
41.65
51.40
61.69
72.56
84.02
96.14

108.94
122.45 .

136.75
151.85
167.82

0.00
8.06

16.54
25.46
34.86
44.77
55.20
66.19
77.79
90.02

102.91
116.51
130,87
146.03
162.04
178.96

The room-temperature P-V relation of Al, based
on the EOS of NaCl, is described by a Birch equa-
tion with parameters B,= 72' kbar and Bo 4 3."
The difference in thermal pressure between 298
and 85 K is calculated within the Debye model
[Eq. (5)j. We assume a linear volume dependence
of y which is determined by two values

y( Vo(298 K)) = 2.15 and y(0.9Vo(298 K)) = 1.70 .
The Debye temperature is taken as an adjustable

parameter so that n. P~„at V,(85 K) and 85 K coin-
cides with the value taken from the 298-K iso-
therm. Within the 120- kbar range, the result
can be approximated by a linear relationship:

6P~„(V)= 9.15 —20[1 —V/Vo(298 K) ] kbar

The isotherms of NaCl and Al for the two tem-
peratures 298 and 85 K are tabulated in Table III.
The uncertainty of the low-temperature P-V rela-
tions is estimated to be ~0.5 kbar for NaCl and
+2.0kbar for Al at 100 kbar relative to
Decker's' roam-temperature isotherm of NaCl.
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