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We have probed the differential resistance in 2H-NbSe2 single crystals at very low currents. For fields
applied perpendicular to the sample and in the rangeBc2,B,(1.6–1.7)Bc2, the differential resistance is
Ohmic but well below the usual normal-state differential resistance observed at high currents. This deviation
from the normal-state differential resistance is ascribed to surface superconductivity on the lateral surfaces.
@S0163-1829~96!06433-8#

The cores of the vortices in a type-II superconductor over-
lap at the second upper critical fieldBc2. Below Bc2, the
electric resistance results from the motion of the vortices
under the effect of the Lorentz force. AboveBc2 the resis-
tance is the one of the normal state. However, deviations
from the normal-state resistance aboveBc2 can appear in a
superconductor for two intrinsic reasons:~1! the boundary
conditions at the surface can favor the existence of supercon-
ductivity within a sheath of thicknessj, wherej is the co-
herence length, for fields below a third critical fieldBc3 ~sur-
face superconductivity!;1 ~2! the excess conductivity
attributable to superconducting pairs created by thermal fluc-
tuations~paraconductivity!.2

We were able to probe the transport properties of high
quality 2H-NbSe2 single crystals with current densities or-
ders of magnitude lower than used up to now. In this low
current regime and for fields applied perpendicular to the
sample we detected an Ohmic resistance below the usual
normal-state resistance in the rangeBc2,B,(1.6–1.7)Bc2.
In low-Tc superconductors the critical fluctuation region is
extremely small, and paraconductivity has to be discarded as
explanation of our results. We shall conclude that the data
are compatible with a surface superconductivity picture in
which the current flows partially along the lateral surfaces of
the sample. Our model brings evidence that surface super-
conductivity exits for 2H-NbSe2, and that the flow of very
weak currents in layered superconductors can be complex,
giving rise sometimes to surprising effects.

Our samples were 2H-NbSe2 crystals of very large di-
mensions, grown according to the methods described in Ref.
3. These kinds of crystals are usually used for small angle
neutron scattering experiments,4 and are of high quality. The
main sample was a regular parallelepiped with length of 16
mm, width of 5.2 mm, and thickness~along thec axis! of 0.6
mm. Samples of the same batch, but less regular, were also
used. Voltage and current contacts, in two different geo-
metrical configurations, were placed on the upper face of the
sample (a-b face!, by evaporating a gold layer with gold
wires then attached with indium-gallium solder. One con-
figuration is the classical four-point contact, in which four
parallel gold strips completely traverse the upper face. The
other is a Corbino geometry, in which the current is injected
into a central dot and collected by a rectangular gold frame
along the edges of the upper surface~see inset of Fig. 1!. The
results shown in this paper were obtained with the applied

field perpendicular (ic) or parallel ('c) to thec axis of the
crystal. We used low current densities, between 1 mA/cm2

and 35 A/cm2. For the main sample, the resistive transition
temperature in zero field isTc57.36 K. The transition is
very sharp, typicallyDTc /Tc'0.5%. We have measured
Tc at different ac currents, and there is no indication of a
current dependence ofTc . The critical current density is
Jc'10 A/cm2 in perpendicular field at a field of 1 T and a
temperature of 4.2 K. We report differential resistance mea-
surements. In the technique, the differential resistance is
measured by superimposing an ac current~33 Hz! on top of
the dc current and the response at the ac frequency is mea-
sured with a phase-sensitive detector.

FIG. 1. The differential resistanceR versus the fieldB, at 4.2 K,
for different dc and ac currents. The curves are shifted along the
vertical axis for clarity.Rn

ic(B) is the normal-state resistance. The
second critical field is aboutBc2

ic52.26 T. At high dc current den-
sity a typical flux-flow resistanceRf f

ic(B)}B is observed below
Bc2

ic interrupted by a double peak effect. For very low current den-
sities superconductivity is observed aboveBc2

ic and below
Bn

ic'3.5 T ~see text for details!. Inset: the configuration of voltage
and current contacts used~Corbino configuration!.

PHYSICAL REVIEW B 1 SEPTEMBER 1996-IVOLUME 54, NUMBER 9

540163-1829/96/54~9!/6583~4!/$10.00 6583 © 1996 The American Physical Society



Shown in Fig. 1 is the differential resistance~notedR) at
a fixed temperature of 4.2 K versus applied field, for differ-
ent dc and ac currents, measured in the Corbino geometry.
The field is perpendicular to the sample (ic). This figure
shows the effect of changing the current amplitude over
many orders of magnitude. Before discussing our results ob-
tained at very low current densities, let us describe the usual
behavior observed at high current densities, for example, the
curve obtained atJdc530 A/cm2 and Jac520 mA/cm2,
noted ~30,20! in Fig. 1. This result is essentially similar to
recently published transport data on 2H-NbSe2,

5,6 but our dc
current density is still comparatively low. By decreasing the
field from a high value, the resistanceR is the normal-state
resistanceRn

ic which is found to decrease slowly with the
field according to a linear lawRn

ic(B)5Rn0
ic 1Kn

icB, with
Rn0

ic 521mV @which corresponds to a conductivity along the
layer of sn52.93105 (V cm! 21# andKn

ic51.5 mV/T. At
about 2.26 T, the resistanceR deviates fromRn

ic(B). At the
same field, magnetization measurements on samples of the
same batch show the onset of diamagnetism. Therefore we
identify this field asBc2

ic . Decreasing the field below 2.26 T,
the resistance follows the empirical expressionRf f

ic5BKf f
ic ,

with Kf f
ic5Rn

ic(Bc2
ic )/Bc2

ic'10.9V/T. This is the characteris-
tic flux-flow resistance in the mixed-state. It is produced by
the dissipative motion of vortex lines subject to the Bardeen-
Stephen viscous drag.7 The observed resistanceR below 2.26
T deviates fromRf f

ic(B) at about 2.14 and 2.04 T, indicating
a sharp double ‘‘peak effect.’’8 A double peak effect is ob-
served in all thick samples. We will not discuss the peak
effect in this paper, but notice that at high current the sharp
minima tend to disappear in an asymmetric manner. The ob-
served resistanceR deviates fromRf f

ic(B) also when the field
reaches a low level@aboutB50.23 T for the high current
under question~30,20!# whereR goes rapidly to zero. This
indicates that the vortex-line motion is stopped by the bulk
pinning, and the used dc current density~30 A/cm2) coin-
cides with the critical current density atB50.23 T and
T54.2 K. At even higher current densities than shown in
Fig. 1, the zero-field critical current is overcome and the
resistance follows the empirical flux-flow lawRf f

ic(B) down
to B50 T.

A completely different behavior appears, however, in the
very low current regime, for example,Jac510 mA/cm2 and
Jdc50, noted~0,10! in Fig. 1. Measurements in this regime
reveal superconductivity effects aboveBc2

ic . Now the devia-
tion from the normal-state resistance occurs at about 3.5 T,
well aboveBc2

ic . For low currents the field at which the de-
viation occurs is independent of the current~see Fig. 2 be-
low!, so we can use this field as criterion to define a ‘‘criti-
cal’’ field, noted Bn

ic . We have to stress that there is no
change in the magnetization at this field. By decreasing the
field below 3.5 T, the observed resistanceR is below the
resistance observed in the high current regime. At about 2.26
T, that is atBc2

ic , the resistance drops to zero.
Figure 2 shows measurements obtained at very small cur-

rents in more detail. The inset of Fig. 2 shows the differential
resistanceR versus the applied dc current at the same tem-
perature of 4.2 K and a field of 2.5 T, for increasing and

decreasing dc current. There is no hysteresis in theR-I
curve. These data show that for low enough currents the
resistance betweenBn

ic andBc2
ic is independent of the current

and below the normal-state resistance. This Ohmic resistance
in the low-current regime has not been previously observed,
although an inspection of some published data in thin
2H-NbSe2 crystals does show a current-dependent deviation
from the normal-state resistance well aboveBc2 in the same
perpendicular field orientation@for example, see Fig. 3 in
Ref. 5 and Fig. 3~a! in Ref. 6#.

FIG. 2. The differential resistanceR versus the fieldB, at 4.2 K,
for small current densities. The response is linear betweenBc2

ic and
Bn

ic . At Bc2
ic a drop of the resistance is observed. Inset: The differ-

ential resistanceR versus the dc current density, showing the tran-
sition from a low-current Ohmic resistanceRl j

ic to the~high-current!
normal-state resistanceRn

ic .

FIG. 3. Bc2 andBn versus the temperature for perpendicular and
parallel field. Considerable imprecision exists in determiningBn

'c .
The anisotropy isBc2

'c/Bc2
ic'3.3, and one obtains the ratio

Bn
ic/Bc2

ic'1.6–1.7. The zero field transition temperature is
Tc57.36 K and the transition widthDTc50.05 K. Data are fitted
by lines; the parameters are indicated in the figure.
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Results shown in Figs. 1 and 2 are obtained in the
Corbino configuration. When the four-point contact configu-
ration is used, differences appear only in the low current
regime aboveBc2

ic . In particular one detects the Ohmic be-
havior but the differential resistance goes to zero atBc2

ic , and
the drop is absent. The role of the contact configuration will
become clear in the discussion.

A last experimental point concerns the results of investi-
gations in parallel field ('c). In this orientation and in the
high current regime we observe the usual normal-state resis-
tance aboveBc2

'c and the flux-flow resistance, interrupted by
a double peak effect, belowBc2

'c . However, in contrast to
perpendicular field, for parallel field in the low current re-
gime the deviation from the normal-state resistance occurs
only at about 1.2Bc2

'c . Moreover, an Ohmic resistance and
the drop, as in Fig. 2, have not been observed, and the de-
termination ofBn

'c is approximate. Data for the two orienta-
tions are summarized in Fig. 3, which shows the fieldsBc2
andBn in theB-T diagram. The second upper critical fields
coincide with the ones reported in the literature.6,8–10 The
measured anisotropy in the second critical field at 4.2 K is
Bc2

'c/Bc2
ic'3.3 which is also accordance with the values ob-

served by other authors. The ratio ofBn and the second
critical fields isBn

'c/Bc2
'c.1.2 andBn

ic/Bc2
ic'1.6–1.7.

Up to now we have intentionally adopted a neutral pre-
sentation of our results. We shall construct below a model of
surface superconductivity consistent with our data. But, first,
we will show how our data cannot be explained by sample
inhomogeneities or by fluctuation effects. There are two in-
dications that sample inhomogeneities can be excluded:~1!
we measure a single zero-field critical temperature over all
the range of available currents;~2! there is no change in
magnetization aboveBc2. Moreover, previous studies of
similar samples have shown that they are high-quality homo-
geneous crystals.3,4 Paraconductivity can also be excluded.
The region of critical fluctuations is determined by the
Ginzburg numberGi5@Tc /Hc

2(0)«j3(0)#2/2.11 The width
of the critical region is uTc2Tu,TcGi'731023 K in
2H-NbSe2. We have to conclude that paraconductivitycan-
not explainthe deviation from the normal-state resistance of
up to 1.7Bc2 that we observe, as well as the less pronounced
deviations observed by other authors.5,6,12

The observed ratioBn
ic/Bc2

ic of about 1.7, as well as the
general behavior of our measurements aboveBn

ic suggest
surface superconductivity.1,13 A supporting element is that
magnetization measurements do not revealBn , only the on-
set of diamagnetism atBc2 is observed. This supports surface
superconductivity because the superconducting current on
the surface cannot screen the applied field, as shown for
example, by Abrikosov.14 But there is a strong theoretical
limitation which seems in contrast to our data: the angular
dependence ofBc3(u), whereu is the angle between the field
direction and the surface, is such thatBc3(0)51.69Bc2 for
parallel fields, and diminishes toBc3(p/2)5Bc2 for perpen-
dicular fields.15,16 Surface superconductivity does not exist
for perpendicular fields and we have to conclude that the
current flow has to find a path along the lateral surfaces of
our samples, that is along faces parallel to thec axis.

With this point of view one can estimate17 the total resis-
tance taking into account a ‘‘bulk path’’ with a normal resis-

tivity rn in parallel to a ‘‘surface path’’ with a surface resis-
tivity rs . Considering a homogeneous surface
superconducting sheath with a resistivityrs(J) which is
strongly nonlinear near a field-dependent surface critical cur-
rent densityJc(B) ~as is usual in explaining transport experi-
ments on surface superconductivity!, one can explain the
current-dependent deviation from the normal-state resis-
tance, but not thefield-dependent Ohmicbehavior that we
observe at very low current density in all the range of fields
Bc2,B,(1.6–1.7)Bc2, and certainly not the drop atBc2

ic .
However, a more realistic model should consider the sur-

face superconducting sheath on the lateral faces asinhomo-
geneous.We expect the surface superconducting sheath to
develop a ‘‘pattern’’ of normal and superconducting regions
related to the local angle between the applied field and the
surface, according to the angular dependence ofBc3(u) ~see,
for example, in Ref. 18!. As the field is decreased, an in-
creasing fraction of the surface comes into favorable condi-
tion for the nucleation of surface superconductivity. In the
limit of very small current densities, the fraction 0<p<1 of
superconducting and normal regions on the surface depends
on the applied field only. In particular at the second upper
critical field p(Bc2)51, and near the third critical field
p(Bc3) is the fraction of the surface exactly parallel to the
applied field. The total resistance can be crudely estimated
considering a circuit formed by a series of bulk elements
with normal-state resistivity, intercalated by elements with a
bulk path in parallel to a surface path.19 The total resistance
is then approximatelyRtot'Rn@12p(11r )21#, where
r'rsh/rnj0, andh is the thickness of the sample. At low
current, in each surface superconducting region one has
rs(J)50, and the total resistance,Rtot'Rn(12p)<Rn , is
Ohmic. The field dependence of this Ohmic resistance results
from the field dependence ofp(B), that is from the angular
dependence ofBc3(u) and the detailed distribution of the
local angle between the field direction and the surface. By
increasing the current, the current starts to destroy part of the
superconducting regions on the surface, andp depends now
on the current as well as on the field. At sufficiently high
currents the entire surface is in the normal state,p50 and
Rtot'Rn . Notice that just aboveBc2

ic the low-current Ohmic
resistance can be either equal to or different from zero. When
it is different from zero, it indicates that the current crosses
some part of the sample for which there is no alternative
superconducting surface path aboveBc2

ic ~i.e., p,1). This
situation arises, in particular, when the current is required to
flow over the flat uppera-b surface in perpendicular field,
for example, from the dot to the frame in the Corbino contact
geometry. As a consequence the drop observed atBc2

ic in
Figs. 1 and 2 is an artifact related to the particular contact
configuration. This artifact, however, supports our model.
Roughly speaking, a low current in the Corbino geometry
prefers to flow along the lateral surfaces until it reaches the
point of smallest distance between the frame and the central
dot, which minimizes dissipation.

The model is quite satisfactory for perpendicular fields,
but it remains for us to understand why in parallel fields we
have not succeeded in observing a deviation from the
normal-state resistance above more than'1.2Bc2

'c even at
very low current densities. This is surprising at first sight
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since the largea-b surface is expected to be very flat, the
surface superconducting sheath to be very homogeneous, and
the nucleation of superconductivity to occur over most of the
surface very close to 1.69Bc2. The natural explanation is that
the surface critical current densityJc , which enters in the
nonlinear surface resistivityrs(J), is much smallerfor the
a-b faces than for the lateral faces parallel to thec axis. As
a consequence a vanishing surface resistivity cannot be at-
tained even with the lower current density used. The origin
of the surface critical current is quite a controversial matter.
One point of view associatesJc with the pinning of surface
vortices.16,20 If the surface vortices are pinned by imperfec-
tions on the surface so that they cannot move, current flow in
the superconducting surface sheath will then be subjected to
a vanishing resistance. At a sufficient driving current, above
Jc , the surface vortices become unpinned and move, giving
rise to dissipation. In this picture one has to conclude that the

largea-b surface of the layered 2H-NbSe2 sample is flatter
and cleaner than lateral faces, which is reasonable.

In conclusion, we have shown that the surface supercon-
ducting picture can explain our data. In order to do that, we
had to construct a model involving the flow of current on the
lateral surfaces, across a pattern of normal and superconduct-
ing regions. This pattern results form the distribution of the
local angle between the surface and the direction of the ap-
plied field. Our analysis provides evidence that surface su-
perconductivity exists in the 2H-NbSe2 compound. It shows
also the complicated scenario which can appear at low cur-
rent in layered superconductors, sometimes giving rise to
effects which can easily been misinterpreted.
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