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Dielectric Anomalies in Solid Methane at Low Temperatures and High Pressures™
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Measurement of the static dielectric constant of solid methane crystals grown at high
pressures show several anomalous regions. One set is associated with the well-known
solid-solid phase transitions, while another is suggestive of ferroelectric behavior.

Both normal methane and the deuterated spe-
cies exhibit a series of solid-solid phase transi-
tions below about 30 K.* The various phases have
been the subject of extensive investigations, both
in theory and experiment, and the transitions are
generally described in terms of orientational or-
dering of the methane tetrahedra on the crystal-
line fcc lattice.?'* Both the higher (a-B) and low-
er (B-y) temperature transitions are recognizable
in the deuterated methanes for crystal densities
along the vapor-pressure curve. However, for
light methane, the 8-y transition appears only at
pressures above 0,15 kbar,*® indicating that the
existence of the phase is density dependent. Fur-
thermore, the data of Stevenson® suggest the pos-
sibility of a fourth phase, 6, which exists only at
very high densities.

We wish to report a portion of the results ob-
tained while studying the static dielectric con-
stant (€,) and the solid-solid phase diagram of
dense solid methane. Three sets of anomalies in
the dielectric constant were observed. The first
two were associated with the two well-known low-
temperature phase changes, while the third oc-
cured at densities comparable to those of Steven-
son’s 6 phase. A discussion of this latter anomaly
follows a brief description of the experiment.

Determination of €, for solid methane at high
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pressures and low temperatures was accomplished
using sample-preparation and capacitance-mea-
suring techniques developed in this laboratory.’
In this method, the crystalline sample is grown
from the melt at high pressures, filling a guard-
ed, coaxial capacitor in which the pressure cell
serves as the outer electrode and a cylindrical
conductor within the cell forms the inner elec-
trode. This technique provides dense polycrys-
talline samples that are relatively strain free
and chemically pure., Measurements are made
along pseudoisochores, with corrections neces-
sary only for thermal expansion and elastic de-
formation of the cell. Eight crystals were grown
at points along the melting curve ranging from
3.4 kbar and 159 K to 9.8 kbar and 252 K, corre-
sponding to densities between 0.537 g/cm® and
0.590 g/cm®.2 All of the crystals showed anoma-
lies in €, upon crossing the a-8, B-y, and a-y
phase lines. Such irregularities make a good
probe for determining the P-T phase diagram,
and the results will be published later. Here, at-
tention is centered on the two highest-density
crystals (P, =8.89 kbar, T,=240.8 K, p,=0.584
g/cm®; and P,=9.81 kbar, T,=252.5K, p,
=0.590 g/cm?®), which exhibited a further and
more interesting anomaly at low temperature.
Figure 1 shows representative data for the
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FIG. 1. Static dielectric constant versus temperature
for a methane crystal with melting density 0.584 g/cm?.
Each symbol represents data taken with both increas-
ing and decreasing temperature. Data near the a-y
transition were not taken during cycle 3. See text for
discussion of cycles.

0.584-g/cm?® crystal. The three symbols repre-
sent cycles in temperature from 50 to 14 to 50 K,
each cycle lasting about 48 h and with data taken
on both warming and cooling. The temperature
of 14 K was the minimum attainable with the pres-
ent cryogenics. The circles in Fig. 1 show behav-
ior in the y phase typical of all of the other (low-
density) crystals; €, versus T is flat and repro-
ducible upon warming or cooling in that phase.
However, upon cooling to the a-y transition from
50 K during the second cycle (squares in Fig. 1),
only a small decrease in €, is seen at the transi-
tion and the expected y phase dependence of €, on
T is not present. Instead, €, increases with de-
creasing temperature, first linearly and then,
for T<~22 K, follows a curve fitted closely by a
C(T -T,) " form. The third cycle (triangles in
Fig. 1) shows no decrease upon cooling through
the a-y transition and again follows a C(T - T,) ™
form, although displaced from that of the second
cycle. In the 0.590-g/cm? crystal (Fig. 2), no
typical y-phase behavior appeared, and cycling
through the a-y transition produced results simi-
lar to those above. An additional feature can be
seen in Fig. 2 near 14 K. The C(T - T,.) ™! behav-
ior was interrupted and €, began to decrease.
This change was reproducible as temperature
was cycled several times between 14 and 16 K.
For T <22 K the data for each run may be fitted
to a few parts in 10* by a Curie-Weiss form ¢,
=€, +C(T -T,) '. Such a temperature dependence
is highly suggestive of the electric ordering in a
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FIG. 2. Static dielectric constant versus temperature
for a methane crystal with melting density 0.590 g/cm?.
Each symbol represents data taken with both increas-
ing and decreasing temperature.

ferroelectric or antiferroelectric (FE or AFE)
transition. In the more usual FE behavior, the
constant €, is not required since the anomalous
permittivity is several orders of magnitude larg-
er than the permittivity in the paraelectric phase.
In this case, however, the permittivity changes
by less than 1% throughout the anomalous region.
Efforts to observe hysteresis in the switching of
the polarization vector were not successful as a
result of electric breakdown of the stressed leads
into the pressure vessel. No attempt was made
to detect a permanent polarization.

Although the crystal structure in the y phase is
not certain, all suggested structures are noncen-
trosymmetric and thus, according to Aizu,° the
crystal may form an FE phase. In this case, the
most likely mechanism for a transition to an
electrically polarized state is the softening of a
lattice vibrational mode, probably the one asso-
ciated with the v, mode of the methane molecule,'®
This mode has the lowest frequency among the vi-
brational modes, is infrared active, and, if a
D, crystal symmetry is assumed,!! allows an
antiparallel alignment of the permanent dipoles
resulting from the condensation of v, mode pho-
nons at ¢ =0. Such a structure could be associat-
ed with an AFE phase which interrupts the Curie-
Weiss region in the 0.590-g/cm? crystal, dis-
cussed above.

These results are being supplemented by fur-
ther experiments on the methane system and sug-
gest the possible generality of such behavior in
other systems having similar molecular struc-
tures, e.g.,, CD,, CF,, and CCl,. If this is in
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fact the case, this class of materials forms a new

and interesting addition to the list of ferroelec-
trics.
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Core Excitons and the Soft-X-Ray Threshold of Silicon*
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The photoabsorption coefficient in crystalline Si is computed in the 100-eV region (Lyp,
Lyqp) on the basis of core excitons, using an adaptation of the effective-mass theory, The
line shape is in good agreement with experiment, and, using experimental evidence from
the phosphorus impurity in Si as to the central-cell correction, we find the absolute value

to be compatible with experiment,

The absorption spectrum of semiconductors in
the extreme ultraviolet and soft-x-ray region
has recently been investigated in detail using
synchrotron radiation as a continuum source.’

In particular, very high-resolution measure-
ments of the Lyy, yy; absorption threshold of crys-
talline silicon have been performed.>»® The in-
adequacy of the one-electron theory to reproduce
the sharp rise in absorption at the threshold en-
ergy, even if account is taken of the k dependence
of momentum matrix elements,* has been pointed
out, as well as the need for a theoretical inves-
tigation including the effect of the electron-hole
interaction.3™®

The purpose of the present Letter is to carry
out an analysis of the role of Coulomb interac-
tions at this soft-x-ray threshold; we believe
that, despite the various simplifications used in
the following, the present calculation provides
evidence for important excitonic effects in core
electron transitions to the conduction band.
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Absorption transitions from the 2p levels in Si
begin at about 100 eV. A simple picture of the
final state of a transition from a 2p core state
can be obtained by starting with a description of
the ground state of the crystal in terms of anti-
symmetrized localized atomic wave functions
for the core electrons (equivalent to Bloch func-
tions, since the shells are filled), and of the usu-
al Bloch representation for the valence electrons.

When an impinging photon removes one of the
2p electrons, the corresponding hole is a very
localized and “heavy” positive charge, which,
far from the origin, appears to be pointlike. If
we neglect, as is customary in semiconductors,®”
exchange effects in comparison with the Coulomb
term in the electron-hole interaction, the situa-
tion is, except in a region very close to the ex-
cited atom, similar to a donor-impurity prob-
lem, in which an extra nuclear charge is intro-
duced into the crystal. One can therefore use an
effective-mass approximation for the excited



