VoLUME 32, NUMBER 7

PHYSICAL REVIEW LETTERS

18 FEBRUARY 1974

between RRS and hot luminescence has been re-
cently elucidated by Shen.?*

We are grateful to Professor D. Trivich and
Professor Y. Petroff for providing the Cu,O crys-
tals used in our experiment and to Professor L.
Falicov for many enlightening discussions. This
research was performed under asupices of the
U. S. Atomic Energy Commission.

*Present address: Thomas J. Watson Research Cen-
ter, P. O. Box 218, Yorktown Heights, N.Y. 10598.
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Pseudo-One-Dimensional Conductor—Plastically Deformed CdS+
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Extraordinary anisotropy (108 and unusual temperature dependence of the electrical
conductivity have been observed in plastically deformed CdS. These features are attribut-
ed to metallic-type conductivity along a pseudo-one-dimensional system consisting of ar-
rays of dislocations. The observed temperature dependence of the conductivity is consis-
tent with a Peierls-type metal-semiconductor transition at 125 K.

Extraordinary anisotropy and unusual tempera-
ture dependence of the electrical conductivity of
plastically deformed single crystals of CdS (hex-
agonal) are reported. The observed features are
attributed to metallic-type conductivity in a
pseudo-one-dimensional system consisting of ar-
rays of dislocations. This interpretation of the
experimental results is related to earlier work?
in which the general problem of electronic energy
states of dislocations in compound semiconduc-
tors was discussed in some detail.
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The experiments are carried out on single crys-
tals of CdS with a room-temperature (298 K) elec-
trical conductivity (in the dark) of ~107¢ (2 cm)™;
the concentration and type of impurities are not
known. Specimens in the shape of rectangular
parallelepipeds are prepared with approximate
dimensions 3x4 x5 mm? along directions desig-
nated respectively by x, y, and z. The longest
(2) and intermediate (y) directions are parallel,
respectively, to the [2130] and [0001] crystallo-
graphic directions. These specimens are de-
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formed plastically by means of a static compres-
sive load parallel to the x (shortest) dimension.
The deformation is carried out at ~600°C for
about 20 min, under an atmosphere of helium.!
The samples used for the conductivity measure-
ments described below were deformed to a total
strain of 25%. The deformation (compression)
along the x direction resulted in an elongation
parallel to the z ([2130]) direction, with no mea-
surable change along the y ((0001]}) direction.
These features, and evidence obtained from x-
ray diffraction studies following deformation,

are consistent with glide on the (1100) plane along
the [1120] direction. It follows from these crys-
tallographic characteristics that the deformation
process is expected to result in an increase in
the density of screw dislocations parallel to a
direction within ~ 10° of the z direction, and an
increase in the density of edge dislocations paral-
lel to the y direction.

After deformation the dc electrical conductivity
of the specimens was measured as a function of
temperature, along all three directions x, v, z,
using indium contacts and a Keithley electrome-
ter, model 610A. The minimum and maximum
resistances that could be conveniently measured
with this arrangement are ~1 and ~ 10'° Q, res-
pectively. Many of the measurements were
checked over a range 10% of applied current and
for possible effects of reversing the current di-
rection—no measurable dependence of the resis-
tance on current or on polarity was found. The
temperature range covered in these measure-
ments is ~20 to 298 K. A total of three samples
prepared in the manner described above were test-
ed. As far as the magnitude of the conductivities
is concerned, the results are reproducible to with-
in better than a factor of 2, which is essentially
the uncertainty in the actual area of the indium
contacts. The general features of the tempera-
ture dependence of the conductivity along the z
direction (see further details below) are repro-
ducible to within a few percent.

The main features of the experimentally ob-
served conductivity, following plastic deforma-
tion, are as follows:

(1) The conductivity along the z (longest) direc-
tion has changed to ~3 (2 cm)™! at room temper-
ature.

(2) The conductivity, at room temperature,
along the x and v directions is ~107¢ ( cm) ™.

(3) The effect of the deformation has thus
brought about an anisotropy in excess of 10° at
room temperature.
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FIG. 1. Electrical conductivity along the z direction
(see text) of plastically deformed CdS (25% plastic
strain), as a function of temperature.

(4) In the z direction, the conductivity displays
the temperature dependence shown in Fig. 1. The
conductivity first increases with decreasing tem-
perature, reaches a maximum at 125 K, then
decreases exponentially (see Fig. 2).

(5) In the x and y directions the conductivity
decreases monotonically and at 125 K (the tem-
perature of the conductivity maximum along the
z direction) it reaches a value of ~10°8 ( cm)"%,
Thus, at 125 K the anisotropy is in excess of 108,

(6) Along the z direction, the conductivity o
varies with temperature, in the range 298 to 125
K, as 77" withn=0.315+0.01. Below ~100 K the
conductivity decreases exponentially with de-
creasing temperature [0=0,exp(- A /kyT)| with
A=210+5 K in units of kg (A=0.018 eV) (Fig. 2).

Among the observations listed above, the high
conductivity [3-5 (€2 cm)™}], by itself, could be
accounted for in terms of a high concentration
of impurities; however, the extraordinary anisot-
ropy in the conductivity seems to rule out this
interpretation. It is proposed, therefore, that
CdS deformed in the manner described acquires
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FIG. 2. Log conductivity as a function of 100/T for
the data of Fig. 1. The slope of the straight line cor-
responds to an energy in units of ky of 210 K (0.018 eV).

the characteristics of a pseudo-one-dimensional
system. From the geometric features discussed,
a high density of screw-type dislocations is ex-
pected to occur in a direction nearly parallel to
the z direction, while edge-type dislocations are
expected to be parallel to the y (low-conductivity)
direction. The high conductivity is attributed,
therefore, to conduction along screw dislocations
thought of as pseudolinear chains with partially
filled electronic energy bands.! Although no
mechanism is suggested for the observed oo T
for T>125 K, the temperature dependence of the
conductivity o is not inconsistent with the above
interpretation. In particular, the exponential
decrease of ¢ with temperature below ~100 K is
suggestive of a Peierls-type transition.? It may
be noted, in this connection, that if the tempera-
ture at which the maximum in conductivity oc-
curs, i.e., 125K, is identified as the transition
temperature T, its relation to the observed gap
A of 210 K is

=0.3

kBTC~O.6A.

A theoretical relation between T, and the gap pa-
rameter A, at 7=0 K, for the Peierls transition,
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is®

kBTczo. 5T7A.

An evaluation of the proposed conductivity along
screw dislocations, o, is difficult because of
the large uncertainty in the dislocation density.
An order-of-magnitude estimate, based on an as-
sumed screw dislocation density of 10%° lines/cm?
of cross section and an effective dislocation ra-
dius of 5X1078 cm, gives

0p,~10°% (2 cm) ",

which is comparable to “good” metallic conduc-
tors. Furthermore, on the assumption that there
is an electron concentration in the dislocations

of ~10%°/cm3, one obtains an electron mean free
path along the dislocations of /~1075 cm. This

is the average spacing of edge dislocations inter-
secting the screw dislocations, on the assump-
tion that the density of both types of dislocations
in the deformed crystal is the same. These inter-
sections can be thought of, therefore, as the dom-
inant scattering centers for the moving electrons.
While these estimates of 0, and I do not consti-
tute any more than supporting evidence for the
proposed model, it is emphasized that they are
based on highly plausible features of the physi-
cal system.

With regard to what might constitute a suitable,
periodic “lattice” distortion required for the pro-
posed Peierls transition, it is noted that screw
dislocations with the Burgers vector along the
¢! 150) direction in CdS can split into pairs of par-
tial dislocations. The periodicities along the dis-
location lines characteristic of the partial dislo-
cations are different from that corresponding to
the whole dislocation. In particular, a transition
from partial dislocations at high temperature to
whole dislocations at low temperatures would be
accompanied by an increase of the period along
the dislocations, with a corresponding decvease
of the period in reciprocal space. The details of
the energetics of such a change, with particular
reference to the temperature dependence of the
energy of stacking faults involved in dislocation
splitting, are now being examined.

Finally, it is noted that the temperature depen-
dence of the conductivity along the z direction
(Fig. 1) is qualitatively similar to that usually
observed in tetrathiofulvalinium tetracyanoquino-
dimethane (TTF-TCNQ) (i.e., in the absence of
the occasionally observed divergence) and iden-
tified with pseudo-one-dimensional transport.*
Whether dislocations in semiconductors are can-
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didates for pseudo-one-dimensional superconduc-
tors is not clear, but it is a tempting, if remote,
possibility.

The author thanks Mr. N. Pitula for help with
the preparation and deformation of the crystals.
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Results on the critical temperature of the eight-vertex model in any dimension are
combined with the Griffiths inequalities for correlations in Ising ferromagnets to yield
relations between critical exponents of eight-vertex models of differing dimensionality.
Then Baxter’s exact results for the two-dimensional, eight-vertex model are able to
yield information on the three-dimensional exponents of these models. As in the planar
eight-vertex models, the exponents in all dimensions probably vary continuously with

the energy parameters.

Within recent years, there has been a renewed
and intensive study of lattice models for hydro-
gen-bonded crystals. This sudden interest has
several explanations: realization of the need both
experimentally and theoretically to study more
diverse behavior than that of magnetic systems
and Ising models, and recent spectacular advanc-
es in producing exact solutions to nontrivial mod-
els. Exact solutions began with Lieb’s calcula-
tion of the entropy of two-dimensional (2D) ice’;
then there followed solutions by Lieb and by the
author for 2D ferroelectrics constrained by the
“ice rule,”? and culminated in Baxter’s solution
for the 2D, eight-vertex problem.® The state of
the art is now such that these hydrogen-bonded
models include as a special case Onsager’s orig-
inal solution of the 2D Ising problem.* A sepa-
rate line of development has produced the solu-
tion of the 2D ice-rule model in an arbitrary 2D
electric field.®

Undoubtedly the full implication of these exact
solutions for our general understanding of criti-
cal phenomena is not yet understood. The orig-
inal peculiar properties of the 2D ice-rule mod-
els were dismissed as artefacts of the ice rule it-

self. Then Baxter was able to violate the ice rule
with the 2D, eight-vertex model, and he found
the critical exponents to vary continuously with
the interaction strengths. This was quite unex-
pected and, on the face of it, would seem to con-
tradict “universality,”® or “naive universality”
as one would now say. Kadanoff and Wegner’ of-
fered an explanation for the 2D, eight-vertex
model, within the context of scaling theory, which
allowed for variation of critical exponents, and it
is the author’s understanding that the modern re-
normalization-group approach is able to encom-
pass such previously exotic behavior; however,
such behavior is not expected to be the norm.

In a recent Letter® I determined the critical
temperature 7. for the eight-vertex model in any
dimension. In this Letter I combine these results
with certain powerful inequalities first due to
Griffiths,® and then generalized by Kelly and Sher-
man,'° to yield rigorous inequalities relating cri-
tical exponents of eight-vertex models of differ-
ing dimensionality. The results are strong evi-
dence for continuously varying exponents for the
eight-vertex model in any dimension; this is dis-
cussed at the end of the Letter.
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