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Surface barrier dominated transport in NbSe,
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Transport current distribution in clean 2H-NbS®ystals is studied by measuring the self-induced magnetic
field across the sample. Beloly most of the current flows at the edges of the crystals due to strong surface
barriers, which are found to dominate the transport properties and the resistive transition. The measured critical
current is determined by the critical current for vortex penetration through the surface barrier rather than by
bulk pinning.[S0163-182@08)51446-4

Vortices in type-1l superconductors have to overcome suref the sensors and parallel to theaxis of the crystal. An ac
face and geometrical barrietSB) in order to exit or pen- transport current, in the range of 1-30 mA at 65 Hz was
etrate into the superconductor. The effect of SB on the magapplied, and the corresponding self-induced magnetic field
netic properties has been extensively studied theoretitdlly. Bac(X) across the crystal was measured by the Hall sensor
In recent years numerous studies have shown that SB domiray. The four-probe resistance of the sample was measured
nate the magnetization behavior in clean crystals of highunder the same conditions using a lock-in amplifier.
temperature superconductfTSO), in particular at elevated There are three main regimes for the flow of the transport
temperature371° Since bulk pinning is strongly reduced by

thermal fluctuations, the relative importance of the SB is : : : : §en30f#
expected to grow with temperatuteAt low temperatures, in 100
contrast, and in lowF, superconductors in general, bulk pin- b
ning is expected to be the main source of hysteretic magne- __ 50}
tization. Recent theoretical works">have suggested that SB Q i
can also significantly modify the transport properties of su- = 0
perconductors. Current distribution measurements in o
Bi,Sr,CaCuylg (BSCCO crystal$*!® have revealed that R
over a wide range of temperatures and fields, the transport 100 F
current indeed flows predominantly at the edges of the crys- [
tals where vortices enter and exit the superconductor. In this 1000
paper we report that SB dominate the transport behavior also

in the low-T. superconductor Nb$SeSB should therefore be 100
of significant importance in a wide range of superconductors
in affecting the transport as well as the magnetic properties.
Since SB compete with bulk pinning in determining the dy-
namics of vortices, SB may become the dominant mecha- 1
nism in materials with low bulk pinning.

High-purity 2H-NbSe crystals with T,=7.2 K were .
grown as described previousl. Several crystals were 5 55 6 65 7 75 8
cleaved and cut into a rectangular strip shape. The data pre- T [K]
sented here are for one of the crystals with dimensions of
1.46 mm() X 0.35 mm) X 0.04 mm@). The features re-
ported below were observed in all the investigated crystr;tls.:O1 T andl,,.=6 mA. At the crossing point of the curves half of

Four pads for electrical contacts of 0.1 mnf with 0.13 0 transport current flows in the bulk and half at the sample edges.
mm separation between pairs were prepared by Ag/Ath; jower temperatures the inverted curves indicate that most of the
evaporation. The crystal was mounted onto an array of 1Qrrent flows at the edges. Vortices are immobile belby (b)
two-dimensional electron gas GaAs/AlGaAs Hall sensorscorresponding four-probe resistance measurement. The resistance
10X 10 um? each with a 1Qum separation. The inset to Fig. drops sharply al ,,, and shows a tail at lower temperature due to

1 shows a schematic top view of the experimental setup. Aveak flux creep. Inset: schematic cross section of the sample
dc magnetic fieldH 4. was applied perpendicular to the plane mounted on an array of 19 Hall sensors.

R(T) Q]
)

FIG. 1. (a) Transport current self-induced fieR},. as measured
by sensors 3 to 18 across the width of a Np$gystal atHy.

0163-1829/98/5@2)/147634)/$15.00 PRB 58 R14 763 ©1998 The American Physical Society



RAPID COMMUNICATIONS

R14 764 Y. PALTIEL et al. PRB 58
200 . . rent flows across the bulk and the other half at the two edges
150F | (@ ——T=49K ] of the sample. AT =T, [See Fig. 1a)] most of the current
o ) ——T=6.8K : e inai
100 | olya uniform ] flows at the crystal edges and the self-field profile inside the
& 50§ i crystal is completely inverted relative to the uniform flow
E 3 E case, as shown in Fig(@ for T=6.8 K. Note that any bulk
g O¢f ] mechanism or finite skin depth effect will resultBy . which
@ 50 a 01T E is either zerdperfect shieldingor positive in the left half of
100 F 8 mA ] the sampldfinite shielding, but it cannot caus8,; to be-
E come negativénegative permeability)). The sign reversal of
150§ 5 10 15 20 B,c is a unique property of the SB. As the temperature is
Sensor # further decreased, the vortices become immobileTferT 4
20 — . . due to the combination of the SB and bulk pinning, resulting
(b) in a vanishingB,; response within the crystal as shown by
the 4.9 K profile in Fig. 2a).
151 ] In Ref. 14 arrays of seven Hall sensors were used, which
?é:' allowed mapping ofB,. typically over only half of the
= 10 . sample width. Here we have extended the arrays to 19 sen-
z sors that provide more detail&},.(x) over the entire sample
05 ] width. This improvement has two significant advantages.
First, we can readily examine both edges of the sample and
0.0 evaluate the symmetry of the current distribution. The sec-

300 ond major advantage is that having 19 valuesBgf field
across the sample is sufficient in order to directly invert the
field distribution into the current distribution. We represent
the sample by 19 current filaments located at about half of
version ofB,. in (a). Above T, the current flows uniformly across the crystal thl'ckness.and equally spaged across th? width.
the crystal(7.6 K profile). At T=T,,,=6.8 K practically all the The currents in the filaments are obtained by inverting the
current flows at the two edges of the sample due to strong SB. AF9<19 matrix that transforms between the current and the
low temperatures the vortices are immobile and the current is disfi€ld values using the Biot-Savart law. FigurébPshows the
tributed in the corresponding self-shielding fott9 K profile). obtained! (x) corresponding to the three field profiles in Fig.
2(a). As expected, abovd . the current flows uniformly
current as described in Ref. 1) Uniform current flow in  across the crystal7.6 K profile). However, belowT, the
the bulk of the sample. In this case, applying the Biot-Savarturrent starts to accumulate at the edges due to the strong
law, the perpendicular component of the self-induced fieldSB. At T=T,,,, practically all the current flows at the two
as measured by the sensors, decreases monotonically frozdges in a form of twa functions with negligible current in
the left edge to the rightb) Surface barrier dominated flow the bulk(6.8 K profile. At low temperatures, 4.9 K profile,
for which most of the current flows at the two edges of thethe vortices become immobile and the current is distributed
crystal in order to drive the vortices over the entry and exitin the corresponding self-shielding fotf!® with a mini-
SB. The resulting self-induced field across the crystal is opmum in the center and a rapid increase near the edges. Note
posite in sign and increases from left to right) Vortex  that the actual current distribution is continuous across the
pinning which prevents vortex motion and results in zerowidth and the thickness of the crystal, and hence our deriva-
self-field inside the sample. The corresponding transport curtion of the discreet current filaments in FigbRis only an
rent, in this case, has a characteristic Meissner distributioapproximation. Yet, this simple analysis clearly visualizes
with a reduced current in the center and enhanced at thihe underlying mechanisms, and in particular the main tran-
edgest’1° sition from a uniform current flow abovE, to SB dominated
Figure Xa) shows an example of the self-induced field flow belowT.. This finding shows that in clean NbSerys-
Bac as a function of temperature &4,.,=0.1T andl,. tals the vortex flow rate is determined by the transmission
=6 mA. For clarity, only the sensors 3 to 18, which are probability through the SB rather than by bulk vortex dy-
under the crystal, are shown. The corresponding resistance iamics. An important experimental implication is that the
shown in Fig. 1b). The observed behavior is very similar to transport measurements in this case reflect the resistive prop-
that reported for BSCCO crystal$ Above T., the current erties of the SB rather than the bulk properties.
flows uniformly as expected, anfl,. decreases monotoni- Another aspect of the SB is its asymmetry with respect to
cally from the left edge of the crystéensor 3to the right  vortex entry and exit.Vortex entry requires a larger force
edge(sensor 18 This behavior is seen more clearly in Fig. than vortex exit. As a result a larger current flows at the
2(a), which showsB,(x) profile for all the sensors at 7.6 K. vortex entry edge in order to maintain the same vortex flow
As the temperature is decreased, the SB sets in immediatetate throughout the sample. The role of the edges is inter-
below T, drawing an increasingly larger fraction of the cur- changed as the direction of the ac current changes, with a
rent to the edges. This gives rise to the observed temperatulager current flowing on the opposite edge of the crystal.
dependence dB,. in Fig. 1(a): a drop inB, just belowT, This mechanism results in a significant local second har-
followed by crossing of the curves and sign reversal at lowemonic self-field signal, as shown in Fig. 3 fét4.=05T
temperatures. At the crossing point, half of the transport curand| ,.=6 mA. Second harmonic is a unique feature of the

0 100 200
X [um]

FIG. 2. (a) ThreeB,(x) profiles at different temperatures taken
from Fig. 1(a). (b) Transport current distributions obtained by in-
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200 ——m@™Mmw——————————————— We now consider the opposite scenario of finite SB with
no bulk pinning,I2=0. Sincel$(T) is related to the critical
field H,(T), it is expected to grow linearly beloW, . There-
fore, upon cooling, a progressively larger fraction of the ap-
plied current should be drawn towards the edges. The corre-
] spondingB,. should drop approximately linearly from a full
ond harmonic positiye_ value afl; down to a full negative value at a char-
X3 acteristic temperature at whidi(T) reached .., and as a
result practically all the applied current flows at the edges. In
— this temperature interval a significant second-harmonic sig-

4 nal should be also present, as explained above. The corre-
sponding resistivity of the sample should decrease gradually
below T, with a sharp drop towards zero at the same char-
. acteristic temperature. The data in Fig. 3 abdvg,, are
fully consistent with this scenario, thus allowing us to iden-
tify Thax @S the characteristic temperature at whigh
3 =13(T).

Now let us examine the behavior beldWw,,, wherel ;.
<13(T) and no vortices can exit or penetrate into the sample
"8 (in absence of thermal activatiprvet, if I'§=O the vortices
can move freelynsidethe sample and change their distribu-
tion according tdB,. imposed by the full ;. flowing on the
edges. Since the edges have already absorbed dl} of
there should be no further change in the current distribution
belowT,,.x, andB,. should remain constant at its full nega-
+13 and B,., the second-harmonic signal, and the resistanceﬂve va_lue[as Observe% '_n BSCCQRQf. 14]_'_On thse other
drop sharply. The narrow dip in the resistanceTgtis the peak and, if a small bulki; is present in a‘?'d'“on td.c’ Bac
effect in NbSe. should drop sharply to zero beloW,,, since vortices be-

come immobile.T,,, in this case corresponds to the tem-
SB due to its asymmetry with respect to the current directionperature at which,, becomes equal to the total critical cur-
Bulk vortex dynamics, in contrast, results only in odd har-rentIC(T)=IE+I§. The pronounced drop @&, at Tyay in
monics, since bulkl-V characteristics are antisymmetric Fig. 3(a) indicates therefore the existence of some finite bulk
with respect to the current. Figure 3 shows that the secontﬁ. The fact thatB,. is practically fully inverted afT .«
harmonic signal, and hence the SB, set in immediately belowhows, however, thatE«lﬁ. Note also that the second-
T concurrently with the resistive drop. The narrow dip in harmonic signal should be absent bel®,,, since no vor-
the resistance af, in Fig. 3 is the common peak effect in tices penetrate through the SB, consistent with the data in
NbSe,*°~** which in our high-purity crystals is extremely Fig. 3(a). B, instead of remaining constant, shows a rapid
narrow|[see also Fig. ()]. Within our experimental resolu- decay belowT,,.,. The tail of B, as well as the weak re-
tion we do not observe substantial changes in current distrisjstive tail belowT . indicate, furthermore, that a small flux
bution in this narrow peak-effect region. creep is present resulting in some finite vortex motion. Note,

In contrast to BSCCO, the thermal activation of VorticeSthat even in this weak creep regirB%c is inverted, Showing
in NbSe is weak due to much lowef, and lower anisot-  that most of the current flows at the edges and vortex dynam-
ropy. We can therefore simplify the description by analyzingjcs is governed by SB. The vortices become fully immobile
the behavior in F|g 3 in terms of bulk and surface barrieron|y at a lower temperatuféd, below which the creep Stops
critical currentsJE andlZ, respectively. Let us first consider within our resolution.
the case of finite bulk pinning with no SB, namdly=0. Finally, we demonstrate here that the above condition,
The bulk critical currenl'g is generally expected to increase that the total critical current, is determined mainly by the
with decreasing temperature, but as long as the applied cueritical current of the SB, holds over the entire investigated
rent is larger thanE(T), the current should flow uniformly range of temperatures and fields. At low temperatures and
across the samplé° As a result,B,. should be positive relatively low current, the vortices are immobile and the cur-
like aboveT,, and there should be no second-harmonic sigrent flows with the characteristic Meissner distribution re-

nal. Whenl®(T) approaches the value of the applied currentsulting in vanishingB,.. In this case one concludes that the
at some characteristic temperatdig, ., vortices stop mov- applied current . is below the total critical currerit;=1¢

ing, andB,. should drop rapidly from the full positive value +1g, but the values of the individual critical currents cannot
to zero as the temperature is further decreased. This scenake¢ determined. In order to gain this important information
is inconsistent with the data in Fig(8: B,. is negative one has to increase the applied current just slightly above the
instead of positive abov&,,,,, and in addition, significant total critical current. In this situation the applied current is
second harmonic is present. Furthermore, befoy,, B,.  Precisely divided between the bulk and the edges according
does drop rapidly, but this drop occurs whig. is negative  to 12 andl$. As a result the vortices are set in motion, and
rather than positive. the correspondin® . signal provides the information on the

18t harmonic
100 |

Bac [MG]
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FIG. 3. First and secon@nultiplied by 3 harmonics oB,. as
measured by sensor (8), and the corresponding resistantg at
H4.=05T and l,.=6 mA. The SB, and hence the second-
harmonic signal, set in immediately belof. At Tpax, lac=1"
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1500 : : : . . . for the various applied currents as described above. The cor-
o : 30mA responding .(T) dependence is shown in the inset. We find
1000 25$A that in all cases wheih, reached ;(T) the corresponding
20mA B, signal is fully inverted as the 6.8 K profile in Fig. @)]
T 500 ]gm indicating that practically all the current flows at the edges,
50 5mA and thatl'@<l§. Thus, in clean crystals of Nbgéhe mea-
o 0 suredl . reflects mainly the critical current of the SB and not
the bulk critical current.
-500 In summary, the distribution of transport current in clean
platelet crystals of 2H-NbSewvas studied by measuring the
-1000 self-induced magnetic field. The use of extended arrays of

4 45 5 55 6 65 7 75 Hall sensors allows for a direct inversion of the self-field
TIK] profile into the current distribution profile across the crystal
FIG. 4. B,, as measured by sensor 3 for varidys between 5 width. Below T the current is found to flow pred(_)minantly
and 30 mA atHy4,=0.3T. As the current is increased vortices at the sample edges du? t.o_strong surface barriers. The SB
become mobile at progressively lower temperatures. The arrowgOVern the apparent resistivity of the crystals. Furthermore,
indicate the temperatures at which the correspondingequals theé measured critical current is determined by the critical
1(T). The negativeB,. values at these temperatures show tat ~ current of the SB barrier rather than by bulk critical current.

<13, Inset: t ture d d f the total critical cut . .
H C_OnZeT emperature dependence of the total crifical cufget We are grateful to A. Wold for the high purity Nbge
dC_ . .
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