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SUPERCONDUCTING DIAMAGNETISM OF TaSe 3 AND NbSe 3
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Cornell University, Ithaca, N.Y. 14853
AB STRACT
The superconducting transitions of the highly anisotropic
metals TaSe 3 and NbSe 3 were investigated using SQUID magnetometers.
The observed diamagnetic susceptibility showed similar unusual field
and temperature dependences for both materials.
In particular, the
susceptibility of the samples in low fields increased greatly at
temperatures far below the transition temperature of the material
(as indicated by the onset of temperature dependent diamagnetism
and the upper limit of flux trapping). The measurements suggest the
presence of a second transition at low temperatures where small
superconducting regions of the sample become coupled throughout
larger volumes.
INTRODUCTION
Compounds of tantalum and niobium with the chalcogens S, Se,
and Te are of interest because the metal ions of these compounds are
coupled much more strongly in one or two dimensions than in the remaining dimension(s).
Tantalum triselenide and niobium triselenide
are of particular interest because they show highly anisotropic
metallic conduction to low temperatures.
In addition, NbSe 3 shows
two distinct charge density wave transitions I (at 144 and 59 K)
while TaSe 3 shows none, even though the materials have similar
structures.
There is confusion in the literature as to whether or not (or
in what way) these compounds become superconducting.
TaSe 3 has been
reported to become superconducting around 2.2K on the basis of resistance and critical field measurements. 2,3 However, many, if not
all, of the samples examined exhibited non-zero resistance to the
lowest temperatures reached, and the report of superconductivity is
in conflict with the reported absence of a diamagnetic transition in
TaSe3.4
In NbSe 3 two low temperature resistive anomalies have been reported. 5 The first is centered at approximately 2 K, the second at
about .25 K. Again the possible superconductive nature of these
transitions is obscured by the observation of non-zero resistance to
the lowest temperatures obtained. Magnetic studies of NbSe 3 have
been reported 4 which indicate that no diamagnetic transition occurs
in this material until pressures in excess of .5 Kbar are applied. 6
Finally there has been a recent report 7 of a sharp resistive drop at
about 1.5 K in NbSe 3 which has been alloyed with 5% TaSe 3. While a
residual resistance apparently remained below this transition, on
the basis of critical field studies this alloy material was labeled
an anisotropic three-dimensional superconductor.
In this paper we describe the results of high resolution magne0094-243X/80/580207-0951.S0
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tization measurements of TaSe 3 and NbSe 3 in the temperature range of
the low temperature resistive anomalies.
In the case of NbSe 3 resistive measurements have also been made as a function of temperature, magnetic field and current density. Diamagnetism associated
with these anomalies has been observed which clearly is due to the
existence of superconducting long range order within these materials.
However, the nature of these transitions is not in accord with that
of bulk homogeneous superconductors.
In the first section of this paper the materials and samples
are described, and the experiments are briefly explained.
The
second section presents observations of the diamagnetic transitions
in the two materials.
In the third section mechanisms are suggested
which could accuunt for the unusual diamagnetism.
SAMPLES AND EXPERIMENTAL TECHNIQUES
Tantalum and niobium triselenides are grown by heating stoichiometric amounts of the elements in an evacuated quartz tube for several weeks. 8 The materials form long, fine fibers (millimeters long
and tens of micrometers cross-dimension) in which the long dimension
coincides with the direction of high conductivity (crystallographic
b-axis).
Structural determinations show that the compounds can be
thought of as chains of the metal ions (each at the center of a triangular prism defined by six half selenium atoms) linked most strongly along the fiber axis. The unit cell of TaSe 3 contains 9 four such
chains while that of NbSe 3 contains six. I0 The compounds are expected to be highly anisotropic in the plane perpendicular to the b
direction.
The TaSe 3 examined here was grown by W. Fisher. The composition was checked by x-ray diffraction for the presence of TaSe 2 and
none was found. Under an optical microscope the material appeared
as small clusters (0.5 to 3 mm diameter) of randomly oriented interpenetrating fine needles and striated ribbons. These crystals
varied from 0.i to 3 mm length, with cross-dimensions from I to 20
micrometers.
The ends of the ribbons were generally split. About
i00 mg of this material was loosely assembled in a volume approximately 1.5 x 3 x 8 mm. In analyzing the data the magnetization was
referred to the sample volume, and no filling fraction correction
was applied.
Three samples of NbSe 3 were prepared from material grown in
this lab to investigate the effect of changing the sample morphology.
The material as grown appeared similar to TaSe 3 under an optical
microscope: clumps of randomly oriented long narrow ribbon-like
crystals. Under an electron microscope these ribbons appeared to be
composed of fibers on the order of several hundred angstroms wide:
crystal ends were always frayed into these smaller fibers. From
this material three samples were made:
Sample A: 94 mg of the material as-grown, loosely assembled into a
volume 3 x 4 x i0 mm.
Sample B: 90 rag of the material compacted using an hydraulic press
to form a cylinder 3 nun long x 2.5 mm diameter.
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Sample C:

135 mg of similarly compacted material, but the fibrous
NbSe 3 was etched in dilute H2S04, rinsed, and dried
before compaction.
The magnetic susceptibilities of these samples were measured
using SQUID magnetometers in two separate cryostats, one cooled with
a 3He pot, the other by a dilution refrigerator. The static magnetization, Mdc, was measured by sweeping temperature in constant magnetic field H; the static susceptibility is defined as Mdc/Ho The
temperature and field dependent ac susceptibility 7~c was determined by measuring the magnetization response to a small ac field
(~2mOe at 0.08 Hz) applied parallel to the static field with a
separate small solenoid.
Conventional four probe low frequency ac resistance measurements were made on single ribbons of NbSe 3 as a function of temperature, applied magnetic field, and current density. Although these
samples appear visually and in an SEM to be single crystals the
microscopic morphology has not been fully elucidated. The current
direction in all cases was along the crystallographic b axis (the
high conductivity direction) and magnetic fields up to 40 kOe were
applied parallel to the b axis and to the a* axis.
EXPERIMENTAL RESULTS
The low temperature diamagI
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trapping has been observed in all samples.
Flux trapping is shown
in Fig. 2 for one of the NbSe 3 samples, where it is seen to persist
to above 2 K. Such flux trapping is proof of the existence of long
range phase coherence and hence of the existence of superconductivity
in NbSe 3 .
As the temperature is decreased the susceptibility continues
to increase (with positive curvature in the X vs T plots) to temperatures far below the onset temperature.
This continuous increase
in susceptibility correlates well with the continuous decrease in
resistivity reported in NbSe 3 (Fig. 3). Low temperature measurements have not been reported for TaSe 3. Figure 3 also shows that
the size and temperature dependence of the susceptibility depends
on the morphology of the sample. The corresponding curve for the
sample of etched and compacted material is similar in shape to that
of sample B, but ~dc is larger and shows some indication of beginning to level o u t f o r T < i00 mK (Figure 4).
The temperature dependence of the ac susceptibility is very
similar to that of 7~c in TaSe 3 (Figs. 5 and 7), and in the several
samples of NbSe 3 (Figures 4 and 6). However, X
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~ c in the as-grown sample. The sample of TaSe 3 (not shown) behaved much as the corresponding (as-grown) sample of NbSe3o
The inset to Fig. i0 shows the typical p(T) behavior.
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dependence of the resistivity at a fixed temperature of 1.4 K.
There is a well defined transition to normal state behavior at a
field of 200 Oe applied perpendicular to the current. The corresponding transition is at a field of order I0 kOe for the parallel
field, and is much broader.
It should be emphasized that all these measurements were made
using currents less than 500 nA in samples of about 10 -5 cm 2 crosssection (i.e. current densities less than 5 x 10-2A/cm2)o
Nonlinear I-V characteristics are observed for current densities in
excess of i0 -I A/cm 2 (i.e. i ~ ) .
DISCUSSION
The onset of temperature dependent diamagnetism with the
resistivity drop near 2.5 K indicates a superconducting transition
in both Ta~e 3 and NbSe 3 at this temperature.
This is made certain
by the observation of flux trapping in all samples. However, the
temperature and field dependence of the susceptibility cannot be
explained simply in terms of a superconducting transition near 2.5K.
While the non-constancy of the dc susceptibility in weak fields and
the difference between the ac and dc susceptibilities could be interpreted as extreme type II behavior, such an interpretation would
explain neither the positive curvature of X vs T nor the strong
increase of X at temperatures far below the superconducting transition temperature.
The observations are suggestive of a transition in which separate small regions of dimension much smaller than the superconduting penetration depth are individually superconducting below about
2.5 K and become coupled over much larger regions when the thermal
energy kBT becomes less than the coupling energy between regions°
Two possibilities are coupling between portions of a single crystal
and coupling between the small crystals which make up the sample.
Yamamoto 3 has suggested on the basis of critical field anisotropy measurements that a crystal of TaSe 3 is best thought of as
consisting of uncoupled thin layers parallel to the bc plane. The
crystallography of NbSe 3 suggests that it might also be considered
to have a planar structure.
While critical field measurements have
not yet been completed on NbSe 3 the preliminary measurements reported above indicate an anistropy similar in character to that found
by Yamamoto in TaSe 3 but even more extreme. This severe anisotropy
sugges~ that two transitions could occur in a single crystal: first,
one where the planes would become (individually) superconducting,
and second, a lower temperature transition when the weak Josephsonlike coupling between the 2-d planes is strong enough to overcome
thermal fluctuations.
Thus the low temperature transition is a
transition from 2-d to 3-d superconducting behavior in the crystal.
Such a transition would be of the paracoherent-coherent variety
suggested by Deutscher et al. II
In the case of the diamagnetic measurements a similar argument
also gives the possibility of two transitions in a sample of many
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weakly coupled crystals. In this model the first transition occurs
when individual crystals become superconducting, the second when the
inter-crystal superconducting coupling becomes established. While
this second possibility cannot be ruled out, its likelihood is diminished by the requirement that the penetration depth of these
materials must be very large, greater than I0 ~m, in order to explain
the small diamagnetism near the first resistive anomaly. This latter
explanation also does not account for the non-zero residual resistance routinely observed in these materials.
While not conclusive, the experimental evidence tends to
support the concept of weakly coupled 2-d superconducting planes
within the TaSe 3 and NbSe 3 crystals. If so, the inter-phase coupling
is much weaker than that normally found in the dichalcogenides with
the 3-d ordering here occurring far below T c. Thus these materials
may well be the best examples available of 2-d superconductivity.
Further work on these materials is in progress.
This research was supported by the National Science Foundation
under grant number DMR77-09879 and by NSF through the Cornell
University Materials Science Center, grant number DMR76-81083.
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