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SUPERCONDUCTIVITY IN TlBiTe, : A I.OW CARRIER DENSITY (III-V) VI, COMPOUND

R. A. Hein and E. M. Swiggard
Naval Research Laboratory, Washington, D. C. 20390

(Received 4 November 1969)

Superconductivity has been found to occur in samples of TlaiTe& with nominal carrier
densities of approximately 6 x 10 holes per cm3. The superconducting transition tem-
perature is 0.14 K and the upper critical magnetic field at the absolute zero of temper-
ature is 10 Oe. Replacing Bi with Sb produces the compound TlSbTe2 which remains
normal down to 0.015'K.

In 1964, Cohen theoretically predicted that suit-
able heavily doped semiconductors should become
superconductors at low, but experimentally at-
tainable, temperatures. ' A series of experiments
designed to check this prediction quickly led to
the discoveries that two P-type degenerate semi-
conductors, GeTe and SnTe, and one n-type,
SrTiO„are superconductors. ' The superconduct-
ing transition temperature T, of these compounds
is a function of carrier density and lies in the
range 0.03-0.5'K for carrier densities in the
range 10' -10"cm

During the five years which have passed since
the above results were obtained, no new low car-
rier density (i.e., &10"cm ') superconductor
has been found that does not contain one of the
above three compounds. '

This fact leads one to conclude that supercon-
ductivity among degenerate semiconductors is
indeed a rare phenomenon. We believe that our
discovery of superconductivity in the T18iTe,
system is evidence that superconductivity among
degenerate semiconductors is probably as wide-
spread a phenomenon as originally envisioned. '

Cohen" has elucidated those normal-state pa-
rameters such as high carrier densities, large
effective mass, many-valley band structure, ete.
which are important for the occurrence of super-
conductivity in degenerate semiconductors and
semimetals. He also emphasized that the actual
calculation of expected superconducting proper-
ties from normal-state properties "is limited by
the fact that the normal-state properties must
be known very well. " Thus, by and large, one
is essentially left to his own intuition, or that of
his colleagues, as to what materials he should
investigate for the occurrence of superconductiv-
ity.

T1BiTe, and TISbTe, have a room-temperature
structure which is a rhombohedral distortion of
the NaCl strucutre. Mazelsky and Lubell' re-
ported that T1BiTe, has a positive Hall coefficient
lying in the range 0.30-0.35 cm3/C. These facts
are partly responsible for the suggestion' that
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FIG. 1. Temperature dependence of X', the in-phase
component, and y~, the out-of-phase component of the
ac magnetic susceptibility with the sample in a resid-
ual magnetic field of 0.01 Oe.

these ternary (III-V)VI~ compounds might behave,
as far as superconductivity is concerned, in a
manner analogous to the IV-VI compounds GeTe
and SnTe.

Samples of TlSbTe, and TlBiTe, were prepared
from a melt in a manner described elsewhere. '
Temperatures between 1.2 and 0.015'K were pro-
duced by the magnetic cooling method utilizing
potassium chrome alum as the coolant salt. The
experimental arrangement of salt and sample has
been previously described in detail. '

Superconductivity was detected from measure-
ments of the magnetic susceptibility of the sam-
ple as a function of the absolute temperature.
Data were obtained by an ac mutual-induetance
technique' utilizing a modified Hartshorn-type
bridge' operated at a frequency of 27 Hz using
a 0.01-0e measuring field.

Our initial observation of superconductivity in
TlBiTe, was made on a rectangular bar 3x 3X 10
mm eut from the grown ingot by a diamond cutoff
wheel. Figure 1 contains plots of y' and y", the
in-phase and out-of-phase components of the ac
magnetic susceptibility, as functions of the abso-
lute temperature. These data were obtained in a
residual magnetic field of 10 Oe. Our experi-
mental definition of the zero-field transition tem-
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perature T, is depicted in the figure. A subse-
quent experiment on a larger section of the ingot
yielded a broader transition, -0.1 K wide, indica-
ting that the ingot was not strictly homogenous.
Weak-field Hall data obtained at 4.2 K on samples
subsequently cut from the larger section yield
nominal carl ler-density values p* of (6.2 + 0.1)
x 10" cm '. Bydefinitionp*=1/B, ewhere R,
is the weak-field Hall coefficient and e is the
electronic char ge.

Critical magnetic-field data were obtained by
balancing the ac mutual-inductance bridge with
the sample in the superconducting state and then
recording the bridge output as the sample is sub-
jected to an increasing dc magnetic field. For a
given temperature, H, (midpoint) is defined as
that value of magnetic field which, for increas-
mg values of H, produces a y' value midway be-
tween the superconducting and normal-state val-
ues. H, (completion) is the value of H at which
y' first becomes independent of 8 for increasing
values of B.

By performing a series of such field "sweeps"
at different sample temperatures one obtains
critical magnetic field. data as shown in Fig. 2.
These data show that H„(0) is approximately 10
Qe.

A value of 10 Oe for H„(0) is rather low for a
sample with a T, of 0.14'K; see Table I. Qne
reason for this may be the fact that TlBiTe, has
a much lower electrical resistivity than either
GeTe or SnTe. This could lead to a smaller val-
ue for ~(T,), the Ginzburg-Landau parameter,
which for alloys is approximately given by the
well-known formula

z(TO) =—v'(T, ) = 7.6x 103y''2p(T )

In this equation y is the coefficient of the linear
term in the specific heat expressed in erg jcm'
and p is the normal-state resistivity in 0 cm. If
y does not change drastically as we pass from
the IV-VI compounds to the (III-V)VI, compounds,
then we see that K for TlBiTe, would be at least
eight times smaller than the GeTe values and at
least five times smaller than the SnTe values.
Such considerations lead one to expect that ~ for
T1BiTe, has a value near unity.

The paucity of published data regarding the
normal -state properties of Tl BiTe, preclude s
any comparison between Cohen's theory and ex-
periment. The riormal-state' data for the low-
temperature electrical resistivity of T1BiTe,
suggest that this material is more likely to be a
semimetal than a degenerate semiconductor.
Geller" has proposed a model to explain the oc-
currence of superconductivity and semiconductiv-
ity in intermetallic compounds with the NaC1
structure. A value of 0.14'K for To for a sample
with a p* of 6x10"per cm'is too high to agree
with the published T, vs p* curve of Geller.

The discovery th" t TIBiTe, is a low carrier
density superconductor has, we feel, more sig-
nificance than just adding another material to the
ever-growing list of superconductors. The low-
temperature studies of R, and p (T), which this
work engendered, have shown that the normal-
state properties of this compound are distinctly
different from those of the Vf -VI compounds such
as SnTe and PbTe. This raises questions about

Table I. Selected super Conducting semiconductors.
I'* is the nominal carrier density, To is the supercon-
ducting transition temperature, H&2(0) is the extrapo-
lated value for the upper critical magnetic field, p4 2 K
is the normal-state resistivity at 4.2'K, and w {To) is
the derived value of the Ginsburg-Landau parameter.
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FIG. 2. Critical magnetic field curves of TlaiTe2
with a P* of (6.2+O. l) &&10 ~ per cm3.
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the true carrier density in T1BiTe, and its rela-
tionship to T, . Furthermore, the three sets""
of normal-state measurements on TIBiTe, cited
do not agree with one another. This could be due
to variations in stoiehiometry, but it might also
reveal the presence of an order-disorder phe-
nomenon' which controls the properties of TlBiTe,
in its normal and superconducting states.

The value of TO=0. 14'K for p*=6.2&10 cm
is almost an order of magnitude larger than what
this carrier concentration would be expected to
produce in SnTe. While this value for T, is also
at variance with the reported data for GeTe, for
which the T;vs-p* data decrease rapidly for p*
values less than 12 & 10', it suggests, albeit
weakly, that the low carrier density samples of
QeTe be re-examined using grown rather than
sinter ed samples.

Clearly, further work is needed before one can
pass judgement on the applicability of the many-
valley model of Cohen' or the "ionic-type" model
of Geller. " Both models have been invoked to
predict superconductivity in low carrier density

compounds of the NaC1 structure.
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Measurements of the angular correlation of annihilation radiation from oriented sin-
gle crystals of V3Si are reported, exhibiting marked anisotropies. These anisotropies
are interpreted as hole pockets in the Fermi surface and are compared with the predic-
tions of the linear chain model.

In this Letter we report the first experimental
results relating to the Fermi surface of V~Si, a
high-temperature superconductor (T, = 1 t'K).
V,Si has a. P-W crystal structure as do all known

superconductors with high T, (Nb, Sn, Nb, Al,
etc.). It was suggested' that the high T, as well
as other anomalous properties' may be due to
the linear chain structure of the vanadium and
niobium atoms in such a lattice, producing pla-
nar Fermi surfaces perpendicular to the (100)
directions of the chains. An augmented plane
wave (APW) calculation for V,X compounds was
carried out by Mattheiss, ' while the linear chain
model was studied in detail in a series of papers
by Friedel, Labbe, and Harisid. 4 The effect of

interchain interactions has recently been investi-
gated, ' indicating that highly planar sections of
the Fermi surface can persist ("tom out" planes).
To date, no standard Fermi surface measure-
ments (as de Haas-van Alphen, etc. ) have been
performed on high-T, materials. Kohn suggest-
ed some time ago that the predicted planar Fer-
mi surface could be observed by positron-annihi-
lation techniques. Such an experiment on V,Si
was reported by Mihalisin and Parks, ' who failed
to observe any anisotropy in the angular-correla-
tion curves.

If positron annihilation in a metal is treated in
the independent-particle approximation, ' the
probability that the two annihilation photons carry


