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Electron conduction in single crystals of NbSe, has been measured at 4.2 °K in magnetic
fields up to 150 kOe. The upper critical field H,, has been measured as a function of the angle
between the applied field and the layers of the crystal for currents flowing both parallel and
perpendicular to the layers. An effective-mass model based on simple considerations of the
anisotropy of the crystalhasbeenused to obtain a value for the ratio of effective masses for
electron motion parallel and perpendicular to the layers, and thebest value obtained is m,/m,
=0.09+0.01, Transverse-magnetoresistance rotation diagrams have been studied and struct-
ure due to flux flow and flux pinning has been observed.

I. INTRODUCTION

A number of transition-metal dichalcogenides
crystallize in layer structures which show metallic
behavior over a wide temperature range and be-
come superconducting at low temperatures. A
good example of this type of material is NbSe,
which consists of trigonal prismatic Se—Mb—Se
sheets with a packing sequence of either two layers
(2H crystal) or four layers (4H crystal) depending
on the growth conditions.! A discussion of the
two crystal structures and of other transition-
metal dichalcogenides can be found in the com-
prehensive review article by Wilson and Yoffe. 2
Both the two- and four-layer phases are supercon-
ducting with transition temperatures of 7 and
6.3 °K, respectively.!’3

Reported measurements on the resistivity of
single crystals of 2H-NbSe; give room-tempera-
ture resistivities of 1X10™ to1.5x10"*Q cmwith
a drop in resistivity by a factor greater than 10
between room temperature and 4. 2 °K.*® Neither
of these sources reports the observation of any
anisotropic resistivity behavior. Recently, Ed-
wards and Frindt® have carried out a detailed mea-~
surement of the conductivity insingle crystals and
report that the electrical conductivity in the normal
phase just above the superconducting transition
temperature of 7 °K for 2H-NbSe; shows a ratio
10,./0,.= 50, where c is the axis perpendicular to
the layers.

Several investigations of the critical current in
the superconducting phase’® have shown strong
anisotropic behavior in the superconducting char-
acteristics. For example, in low magnetic fields
the critical current may be as much as ten times
larger for fields parallel to the layers as for fields

5

perpendicular to the layers.

Antonova et al.® have studied the magnetization
curves for fields up to 3 kOe and find that aniso-
tropic behavior also exists in the magnetization
with M, /M, =f(H), where f(H) =1 for H<750 Oe and
f(H) <1 for H>'750 Oe. They find a large hysteresis
in the magnetization curves for both field directions
and attribute this to extended defects in the crystals
which serve as pinning centers for flux vortices.

Antonova and co-workers®~!! have also studied the
influence of deviations from stoichiometry on the
physical properties of NbSe,. From their mea-
surements of variations in the transition tempera-
ture with lattice deformation they conclude that the
superconductivity is dependent on the perfection of
the niobium sublattice. This includes the order-
ing of the niobium atoms in one layer as well as
the ordering among the layers.

To date the investigations of the anisotropic be-
havior of the superconducting phase of NbSe, have
centered on the behavior at fields below the second
critical field H,. In the present paper we have ex-
amined the resistive behavior of single crystals
of NbSe, at 4. 2 °K in magnetic fields up to 150kOe
for currents both parallel and perpendicular to the
layers. We have studied the critical field H, by
measuring the resistance transition and we develop a
physical theory to account for the anisotropic be-
havior of H,. We have also examined some other
features which appear at fields above 80 kOe.

II. EXPERIMENTAL PROCEDURE

Single crystals of NbSe, were prepared by the
method of iodine-transport reactions according to
the procedure of Kershaw et al.* Crystals usually
grew in a thin-sheet form, but a number of growths
included crystals with thicknesses of greater than
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FIG. 1. Resistance vs angle of magnetic field with plane of layers for different values of field. (a) NbSe, crystal with J

parallel to layers. (b) NbSe, crystal showing deviation from stoichiometry around 90° along with maxima and minima of

resistance in the flux-flow region. J parallel to layers.

0.7 mm. Samples were prepared by slicing the
crystals into bar-shaped samples with widths of
0.5—1 mm and lengths 5-6 mm. The thickness per-
pendicular to thelayers was in the range 0. 15-0.52
mm, Electrical connections were made with indium
solder. Resistance measurements were made us-
ing the standard four-lead arrangement.

The crystal structure was not analyzed directly,
but the method of preparation should ensure the
growth of the 2H-crystal structure. *° For the
samples measured, 4. 2 °K resistivities ranged
from 6 X 10 to 16 X 10® & cm for currents par-
allel to the layers and approximately 3 X10™* € cm
for currents perpendicular to the layers. Samples
with thick ¢ dimensions tended to have higher cal-
culated resistivities, possibly indicating an uneven
current distribution in the sample. Room tempera-

ture to 4. 2 °K resistance ratios for the crystal in-
vestigated varied from 20 to 65.

Current densities were kept relatively low for
most measurements in order to minimize flux-flow
resistance below H,. Densities on the order of 5
A/cm? and less were typical of those used. Higher
current densities did not affect H , but did make it
more difficult to determine accurately.

HI. MAGNETORESISTANCE MEASUREMENTS

Magnetoresistance rotation diagrams have been
recorded for samples with current flowing both
parallel and perpendicular to the layers. For
fields up to about 80 kOe these rotation diagrams
are characterized by a deep minimum for field di-
rections approaching the orientation parallel to
the layers (H,), while a large dc voltage is observed
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for fields approaching the orientation perpendicular
to the layers (H,). Typical rotation diagrams for
J parallel to the layers are shown in Figs. 1(a)

and 1(b) for various values of the magnetic field.
The rotation curves for J perpendicufar to the
layers show the same general features and no def-
inite differences are observed in the magnetoresis-
tance behavior for J, and J,. However, structure
due to flux flow is observable at lower current
densities in the J, case.

At high fields additional aniotropy is observed
near the H, orientation and this corresponds to a
shallow minimum in the dc resistance, as shown
in the upper curve of Fig. 2. As shown in the set
of curves in Fig. 1(b) considerable structure is
seen in some specimens as the field is rotated
away from the H, position. This corresponds to
flux flow in the superconducting phase and the inter-
mediate maxima and minima would appear to oc-
cur as a consequence of flux pinning. This phenom-
enon is not observed in what we believe to be the
more perfect specimens as shown in the curves of
Fig.1(a). The details of the flux-flow structure
are a sensitive function of the current density and
also appear in the field dependence of resistance
curves measured for the appropriate field orienta-
tions. Structure due to flux flow in NbSe; has also
been observed in measurements of critical currents
as a function of field orientation as reported by

140°

160°  180°

Spiering et al.® and by Antonova etal.® The latter
showed that the structure was enhanced in crys-
tals with deviations from perfect stoichiometry.

The deep minimum which is centered on the H,
orientation of the rotation curves is due to the
superconducting transition which occurs as H
approaches the H, orientation, and the angular
width of this minimum decreases with increase of
the magnetic field applied to the sample. This
behavior is of course consistent with the expecta-
tion that the component of the field perpendicular
to the layers plays the dominant role in quenching
the superconductivity. As shown in Fig, 2, the
minimum becomes narrower and narrower at higher
fields until for fields above about 70 kOe the dc
resistance begins to increase rapidly for H parallel
to the layers. However, sharp structure at the
H, orientation persists up to the highest field of 141
kOe, as shown in the upper curve of Fig. 2.

The field dependence of dc voltage can be used
to determine the approximate critical field for
various orientations of the field with respect to
the layers. Such plots are shown in Fig. 3 for
both H, and H,. The critical field for destruction
of superconductivity is estimated from the resis-
tive transition and is determined by the construction
indicated by the dotted lines in Fig. 3. As can
be seen from Fig. 3 the resistive transition becomes
considerably wider as the field approaches the H,
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FIG. 3. Resistance vs applied magnetic field for fields parallel and perpendicular to the layers of NbSe, crystal. J
parallel to layers.

orientation. For fields well above the critical field
the magnetoresistance approaches a linear depen-
dence on field. A plot of the critical field versus
the angle away from the H, orientation is shown

in Fig. 4 for J both parallel and perpendicular to
the layers. For the H, orientation the critical
fields reach approximately 75 and 65 kOe for J,

and J, , respectively. The dependence of the crit-
ical field on the angle of the applied field with re-
spect to the layers canbe calculated from theoretical
considerations and the data are compared to the
appropriate expressions in Sec. IV.

IV. DISCUSSION AND CONCLUSIONS

The layered superconductors of which NbSe, is
an example show the general behavior expected
for a type-II superconductor with large anisotropies
introduced by the anisotropic nature of the crystal
structure. The main quantitative feature investi-
gated in the present study is the dependence of
the upper critical field H,, on the angle 6, which the
applied magnetic field makes with the layers. We
shall derive from very simple considerations an
expression for the upper critical field of a layered
superconductor and compare the experimental re-
sults with this expression. The model is based on
an effective-mass approximation and allows us to
determine from the experimental data the ratio of
the effective masses for motion of electrons par-

allel and perpendicular to the layers.
In the isotropic case, the upper critical field at
0 °K is given by

Hg=¢o/21E2, @)

where ¢,=hc/2e is the flux associated with a flux-
oid and £ is the coherence length, representing

the scale of variation of the wave function ¢ in

the material, and is the same in all directions in
an isotropic material. In a layered superconductor,
since the overlap of electron wave functions is
larger within the layers than between layers, it is
natural to assume that the electrons have a high ef-
fective mass for motion normal to the layers and a
low effective mass for motion within a layer. Let
the z axis be normal to the layers so that the mass
tensor has the form

m 0 O
mi;= 0 m O y (2)
0 0 M

where M >m.
Since the coherence length ¢ depends on the ef-
fective mass'? as

£oc1l/m'2, (3)

the coherence length also becomes a tensor and
is given by
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tion, Hence one of the two principal coherence

lengths is &.
Let
£,=&; (7
now the coherence length in any direction in the
solid will be given by the length of the vector join-
ing the center of the ellipsoid given by Eqgs. (8) to
the surface of the ellipsoid in that direction:

x=£¢ sinf cos¢ ,
y=£& siné cos¢, 8)

z=€& cosf .
The second principal length £,, which is in a direc-
tion normal to the x axis and in the plane normal to
H, is therefore given by the length of the vector
(0, £ sinb,, €& cosby). (f, is the angle between H
and the plane of the layers.)

Hence we have

E,= £ (sin®,, +€? cos®6,)/?, (9)

Therefore, from (6), (7), and (9), we have
(10)

_ Pq
He(00)= 27£% (sin®6,+ €2 cos?6,)!2

Hli

FIG. 4. Upper critical field H;, vs angle of magnetic
field with a plane of layers for J parallel to layers and

J perpendicular to layers, T =4.2°K.

E 0 O
£y={0 ¢ o0 ), @)
0 0 €&
where
€= (m/M)"2. (5)

Now in order to find the upper critical field of the

layered solid when the magnetic field makes an
angle 6, with the plane of the layers, assuming

that the material remains typeIl for all orientations,
we modify (1) by replacing the area w2 of a circu-
lar ‘fluxoid by an area 7£,£,. This is the cross-sec-
tional'area of an elliptical fluxoid which will be
formed in this case with its cross section in a plane
perpendicular to the magnetic field. £, and &, are

the two principal coherence lengths in this plane.

We therefore have
(6)

Hep= $o/276 & 5.
The cases when 6,=0° and 6;,=90° have been dealt
with by Lawrence and Doniach, '3

Since the maximum coherence length £ is in the
plane of the layers, i.e., the xy plane, one of the

two principal directions will be the line of inter-

section of the plane normal to the magnetic field
with the xy plane, Let us call this the x direc~
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FIG. 5. Experimental curve of H2(8¢)/HZ2(90°),vs anglé

6, of magnetic field with plane of layers for NbSe; crystal
Theoretical curves of f (6,)

with J parallel to layers.
= (sin®6y+ € 2 cos?6,)™! for four values of €2 are also shown.
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or
_ Hep
Hp(6o)= (sin%6, + €% cos?6,)2 (11)
where
H,= ¢y/2mE2 (12)

is the upper critical field normal to the layers and
€2=m/M. The angular dependence given by (11)
is essentially the same as that arrived at by Katz!4:1°
by a more sophisticated approach.

We have fit the experimentally measured curves

COLEMAN, AND BHANDARI 5

for Hy(6,)/H g, to the function of 6, given by (11),
using € as an adjustable parameter. As can be
seen from Figs. 5 and 6 it is possible to get a rea-
sonably good fit by varying only the one parameter.
Figure 5 shows experimental data for a typical
sample with J parallel to the layers. Theoretical
curves for various values of the parameter €? are
also shown in order to give an idea of the sensitivity
of the fit. The best value of €2=m/M is determined
to be 0.09+0.01. Figure 6 shows similar data for
a sample with J perpendicular to the layers and the
best value of €? is estimated to be 0. 10 for this
data. A number of other specimens have also been
compared to f(6,) and give values in the neighbor-
hood of 0. 10, although we have observed some varia-
tion from specimen to specimen with the highest ob-
served value of €2 being 0. 15.

For the present experiments on pure NbSe, the
model appears to fit the data fairly well and is prob-
ably an adequate model of the behavior. However,
as pointed out by Lawrence and Doniach'® such an
effective-mass description 'may break down if the
coherence length perpendicular to the layers be-
comes too small, as might be the case in the inter-
calated layer compounds!®=!® where the layers are
spread much further apart than in the pure material.
It should be quite interesting to obtain similar data
on the intercalated compounds.
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The superconducting transition temperatures and lattice parameters of metastable simple-
cubic alloys (Auy, Pd,)Te,;, with 0=<x=<0,6, obtained by rapid quenching from liquid state, have
been measured as a function of x. As x increases the transition temperature T, goes through
a minimum of 1.6 °K near x=0, 05, and then increases steadily to a maximum of 4.5 °K at

x=0,45,

The lattice parameter shows a slight linear decrease as x increases.

The trans-

verse magnetoresistance for the composition x=0. 2 saturates at a relatively low field (~2kG)

and is unusually large (~0.14),

The initial depression of T, with increasing Pd content can be

interpreted in terms of the information obtained in a previous study of binary Au-Te alloys.
The unusual increase of T, with further increase in the Pd concentration is not well under-

stood.

I. INTRODUCTION

Superconductivity in metastable simple-cubic
alloys (with one atom per unit cell) has been re-
ported previously.!-® It was also pointed out that
all the simple-cubic alloy phases found so far are
superconductors with transition temperatures
ranging from approximately 1 to 7 °K.* These
findings suggest that this rather unusual crystal
structure is favorable for the occurrence of super-
conductivity. Among the simple-cubic alloys, the
Au-Te system has been studied in some detail. '
It has been shown that the anomalies in the varia-
tion of lattice parameter, thermoelectric power,
and superconducting transition temperature (7T,)
with concentration in this alloy system can be
qualitatively explained in terms of a Fermi-sur-
face~Brillouin-zone interaction. A study of the
effect of magnetic-impurity atoms such as Mn and
Fe on the lattice parameter and on the supercon-
ducting transition temperature of the Au-Te alloys
has been published.® The results of this study give
additional support to the electronic band structure
proposed for the simple-cubic Au-Te alloys.®
Furthermore, the results also show that the addi-
tion of Fe or Mn monotonically decreases the super-
conducting transition temperature. The rate of
depression of T, by Fe, however, is about seven
times smaller than that by Mn. This is consistent
with the fact that Mn carries a localized magnetic

moment in the Au-Te alloys while Fe does not.

A preliminary study has shown that Pd can be
substituted for Auin AuTe, alloys, and these alloys
are superconducting. * In view of the fact that the
element Pd is nearly ferromagnetic it seems to be
worthwhile to study the compositional dependence
of T, and the lattice parameter as the Au in AuTe,
is replaced by Pd.

II. EXPERIMENTAL PROCEDURE

The compositions of the alloys investigated are
of the form (Au,_,Pd,)Te,; where 0 sx<0.6. The
alloys were prepared by induction melting of the
appropriate quantities of the constituents (99.999%
pure Te and 99.99% pure Au, Pd)in quartz crucibles
under an argon atmosphere. The weight losses
were found to be less than 0. 2% so the nominal
compositions of the alloys were taken as the actual
ones. The simple-cubic phase was obtained by
liquid quenching at a rate of about 10" °C/sec, using
the “gun” technique.” The structure of each quenched
specimen was checked by taking diffraction patterns
with a Norelco x-ray diffractometer (Cu Ko radia-
tion). The lattice parameters of the simple-cubic
phase were obtained from Debye-Scherrer films
using the Nelson-Riley extrapolation function. The
results of the lattice-parameter measurements are
shown in Fig. 1. It was found that it became in-
creasingly difficult to obtain a single phase for
alloys with x approaching 0.5. In the x-ray dif-



