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Direct evidence for flamentary and channel vortex flow in Pb/In superconducting films
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Filamentary vortex flow in thin P14 at. %In films is revealed by multiple voltage jumps in current-
voltage (V) characteristics below a critical magnetic field much lower than the upper criticalHigldThe
voltage jumps exhibit large counterclockwise hysteresis which diminishes with increasing field leading to
bistable behavior close to the onset of free-flux flow. From the magnetic field and temperature dependence of
the jump heights and currents at which jumps occur we infer that the number of flux lines in each channel or
filament remains constant. In this regime, where the shear modulus of the vortex lattice is negligible, we find
a nearly parabolic dependence of the depinning force on magnetic field, which is a signature of channel vortex
motion.[S0163-1829)50710-9

The vortex dynamics in type-ll superconductors has re-ThelV curves and thus, the channel flow pattern, are found
ceived much attention partly due to its importance for thereproducible even after heating the sample ab®dyeand
technological issue of superconductivity breakdown under aecooling. The dependence of the jumps on magnetic field
transport current, but also because its study has largely coand temperature reveals that the channels or filaments remain
tributed to understanding disorder-driven effects on the voreonstant in size upon small changes of the field, but become
tex lattice. The influence of disorder potential on collectiveunstable with increasing temperature. Tivecharacteristics
effects due to lattice pinning also plays a crucial role in re-exhibit a counterclockwise hysteresis that diminishes as the
lated areas like Wigner-crystal formation in electron gasesfield is increased and eventually changes into a bistable be-
and charge-density wave propagatfom. high-T, supercon-  havior. With increasing magnetic field more and more chan-
ducting materials, phenomena such as vortex-lattice meltingels and filaments are opened up joining into larger streams,
and the transition to a glass phase appear as a consequenceinfil the state of massive vortex motion, i.e., free flux flow is
the interplay between the peculiar vortex-vortex interactiorreached. Our results are in good agreement with the predic-
and the pinning mechanist’ Investigations of the effect of tions of the model of filamentary vortex flotf.In particular,
pinning on the vortex lattice as well as on vortex mofidh  the approximately parabolic magnetic field dependence of
have shown that the flux-flow behavior can be divided intathe threshold depinning force is a fingerprint of channel flow.
two distinct regimes: elastic flow, where disorder is weak Superconducting films of Pb with nominally 14 at. % In
and the vortex structure essentially moves as a whole, andere fabricated by evaporation on glass substrates. The
plastic flow with strong disorder, where the vortex lattice cansample size is 86 mnt with film thicknessesd ranging
be torn. The onset of vortex motion in the two regimes carfrom 60 to 300 nm, as determined using atomic-force mi-
differ substantially in that for plastic flow, vortices can flow croscopy (AFM). The superconducting transition in zero
in filaments or channels with the rest of the structure remainfield is at T,=7.2 K. For transport experiments, Au leads
ing pinned*?®3 were either pressed directly against the sample surface or

A model for vortex flow in the form of filaments and onto pre-evaporated Au contacts. Both methods yielded very
channels has been proposed recéfithf for interpreting ex-  similar results. Current-voltage measurements were per-
perimental results of studies concerning the tearing of théormed with standard four terminal configuration using dc
vortex latticé? and the current induced transition from plas- currents up to 4 A. Experiments were carried out at low
tic to elastic vortex flow!” Time integration of the equation temperatures (2.1 KT<T.=7.2 K) and low magnetic
of motion as well as Monte Carlo techniques were applied tdields (0<B<0.5 T) using a split-coil magnet in combina-
simulate filamentary flow of vortices and the resultingtion with a He-bath cryostat. The measurements were per-
current-voltage I(V) characteristics. Furthermore, disconti- formed mainly with the field perpendicular to the film, while
nuities in IV curves of H-NbSe have been observédl, the current flowed along the film. Different geometries with
which were tentatively ascribed to vortex flow in channels.the field parallel to the film and the current perpendicular and
The channel flow state was found to be metastable and sulparallel to the field were also tested.
ject to strong history effects. Recently, Matsudaall® Although measurements were carried out on several films
showed motion picture recordings of flowing vortices, wherewith different thickness and In composition, here we give
depinning processes of single-row vortex structures and sulvalues of fundamental parameters for the two samples pre-
sequent filamentary and channel motion can clearly be seesented below. The AFM images show that the surface of the

In this paper we report clear evidence for filamentary andilms is clustered with an average cluster size of about 50 to
channel-vortex flow, which is found in multiple voltage 100 nm, thus we take 50 nm as the upper bound for the
jumps in thelV characteristics of P4 at. %In supercon- electronic mean free path. Using this value and the
ducting films in magnetic fields much smaller than the criti- Ginzburg-Landau coherence length of pure P@=x)
cal field B, of the superconducting—normal-state transition.=500 nm (Ref. 20 we estimate {=150 nm for our

0163-1829/99/5A.0)/66244)/$15.00 PRB 59 R6624 ©1999 The American Physical Society



PRB 59 DIRECT EVIDENCE FOR FILAM
30
Pb/In film
. [ 140 nm st mT 23mT
S 42K 26 mT
g 20
2 a
> (a)
(@] 13 mT
_.(E 10 -
©
>
1mT
0 : 1 : T : I : ]
10 [-Pb/In film Au contacts
S
E
D
[0} 5
(@]
8
©
>
0
r 1 N 1 N 1

Current | (A)

FIG. 1. (@) Current-voltage (V) characteristics of a 140-nm-
thick Pb/In sample measured at 4.2 K for different magnetic field
perpendicular to the filmb) Enlarged view of theV curves in the
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jumps. Figure tb) shows this part of théV characteristics

in more detail. Succeeding each jump, a linear dissipation
region can be seen, the differential resistance being approxi-
mately independent of magnetic field. For larger fields, the
jumps become smaller and shift towards lower current val-
ues. In the jump region, the curves show a large counter-
clockwise hysteresis upon cycling the current up and back
down. It becomes narrower as the magnetic field increases
and eventually changes into bistable behavior. These features
are highly reproducible with the jumps occurring at the same
currents even after heating the sample ab®ye Due to
thermal activation of vortices, there is a small nonlinear dis-
sipation rise even before the first jump occurred in the
curves. In contrast, at vanishing fields no kind of dissipation
was detected.

Measurements with the field parallel to the film surface
were performed to rule out possible contact resistance ef-
fects. ThelV curves were taken with the current perpendicu-
lar and parallel to the field. In the perpendicular case, data
exhibited voltage jumps within an overall lower dissipation
level. With the current parallel to the field, however, very
low dissipation and no jumps were observed. This is a con-
sequence of the vanishing Lorentz force for this configura-
tion and confirms that the jumps arise from vortex flow un-
der a transport current.

We interpret the features observed in thecurves at low
magnetic fields in terms of the motion of vortices in the form
of filaments or channels driven by the Lorentz force arising

%rom a transport current. As pointed out in Ref. 16, multiple

jump region. The inset shows a sketch of the sample and contacysOItage jumps followed by linear dissipation regions with

for standard four-point transport measurements.

sampleg?
temperature at different magnetic fields we obt&ig,(T
=0)~150 mT extrapolated to zero temperature. Using th
critical field for pure Pb[B.,(T=0)=80 mT (Ref. 22]

increasing slope are the signature of filamentary vortex mo-
tion. When the shear moduluGgg of the vortex lattice is
small compared to its compression modullls, the tearing

From resistance measurements as a function ofs the vortex structure is favored over a distortion of the

lattice associated with the onset of massive flux flow. Since
&he effective penetration depth is larger than both the
sample thicknessl and the intervortex distance,, our

this gives ax value of around 1.4. Accordingly, the penetra- samples exhibit two-dimensional2D) behavior, which

tion depth\ is of the order of 200 nm and the effective
penetration depttA =2X%/d~500 nm. With an average in-
tervortex spacing ofg=+/¢o/B~200 nm forB=50 mT
and assuming that the pinning rang&is~ ¢, we obtain that
Ry<ag<A.

RepresentativéV characteristics of a 140 nm thick Pb/In
sample for different magnetic fields are shown in Fitp)1

means tha€gs/C,;<1.1° A sudden dissipation increase seen
as a voltage jump in theV characteristic is thus associated
with the depinning of a filament or channel of vortices. Upon
increasing the current, the dissipation rises linearly, indicat-
ing that the number of moving vortices is constant. When the
next channel is set in motion, an additional jump appears in
the IV curve. With increasing magnetic field, the filaments

Data were taken at 4.2 K with the field perpendicular to thedepin at lower currents, since the Lorentz force is larger. The
film, as shown schematically in the inset to Fidb)L For  hysteresis arises because on the downward current ramp the
magnetic fields 23 m¥B<B.,=80 mT we observe the filament flow is stable down to a point below the initial de-
characteristic behavior of a type-Il superconductor: At lowpinning. At larger magnetic fields the hysteretic behavior
currents the transport is almost dissipationless due to vorteixansforms into a bistable one with voltage jumps at fixed
pinning, whereas above a critical current for vortex depin-currents, in which case a filament is depinned, then stopped,
ning massive flux flow sets in and the voltage drop across théhen depinned again and so forth.
sample rises linearly with the transport current. With increas- The dependence of the voltage jumps on temperature in-
ing magnetic fieldB the dissipation onset shifts to lower dicates that filament formation becomes increasingly un-
currents and the differential resistanggin the dissipation stable while approachind.. Figure 2 showslV curves
regime follows the simple relationshig /p,=B/B;,, where taken at constant perpendicular magnetic field and for tem-
pn is the normal-state resistance, as expected for free-flugeratures between 3.7 and 6.6 K. The significant difference
flow.? between curves measured below and above 4.2 K is due to
A striking behavior that cannot be explained within the the fact that, in the former case, the sample is immersed in
Bardeen-Stephen flux flow mod&is observed at low fields liquid He and heat removal is very efficient. Above 4.2 K,
(B<16 mT), where thdV curves exhibit abrupt voltage the resistance values reached after the jumps are approxi-
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FIG. 2. Current-voltage characteristics of a 190-nm-thick Pb/In  FIG. 3. Voltage jump heighAU versus the currert at which
sample taken at different temperatures with a perpendicular maghe jumps occur, as determined from current-voltage characteristics
netic field of 18 mT. Arrows indicate the direction of the current of a 190-nm-thick Pb/In sample with perpendicular field at 4.2 K.
change. Open circles correspond to the sum of the individual jump heights

for thelV curves displaying multiple steps. Solid lines represent fits
mately that of the normal conducting state and the currentto the data using a linear relation. The inset shows origival
voltage curves bend slightly upwards due to sample heatingurves(only upward current ramps

In z_iddition, the downward current fanﬁp_c'efif'y diSplf_in arelationship betweeddU and1*, from which we conclude
series of small steps before the zero-dissipation state is r€€%iat for channel flowN. is a constant
v .

tablished signalizing the breakup of filaments into smaller Furthermore, at some magnetic fields we observe the

ones. i . . . ;
. . . . splitting of a voltage jump into smaller portions which later
The multistep behavior at higher temperatuigee Fig. 2 PIting ge Jump P

: o e in back together. The heights of these portions also vary
can be explained by considering the temperature variation 4 nearly with current but have different slopes; added to-
the shear modulu€gg. It determines how easily a filament ether they roughly fit the data of the main jun(xppen
can be separated from the rest of the vortex lattice, the latt ircles in Fig. 3. Here, the large voltage jump at lower
remaining pinned. Taking into account the temperature de '

) (<5 mT) and higher £10 mT) magnetic fields is associ-
Eneondduelﬂgiacg ggewﬁﬁgitg’:'on depth (Ref. 21 the shear ated with a wide stream of filaments which in the intermedi-

ate field region is subdivided into three smaller channels.
The extrapolations of the linear dependences of the jump

By T\4 heights to lower currents meet at approximately the same
Ceez—z[ —(—) } (1) point on the current axis. This is a strong indication of the
16muokp € existence of a critical magnetic field for which the jump

heights, independent on the size of the filaments, strictly van-
where ¢, is the magnetic-flux quantunug is the vacuum ish. Above this critical field theéV curves exhibit a kink at
permeability, and\g=X\(T=0). Thus, Cgs drops with in- the dissipation onset rather than jumps. Hence, it marks the
creasing temperature. This implies that smaller fractions oborder between filamentary and free-flux flow. This might be
the total number of vortices in the sample are torn off morea manifestation of the vortex-vortex interaction becoming
easily giving rise to the multistep features in hecurves of  stronger with increasing magnetic field, such that at this
Fig. 2. point the shear moduluSg [see Eq.(1)] exceeds a critical

A remarkable result concerns the differential resistance ofalue above which filament formation is not favorable.

the IV characteristics between two successive jumps, which Further insight into the vortex depinning process is ob-
is essentially constant for varying magnetic field. This be-tained by examining the jump currents multiplied by the
havior, which is not expected for massive flux flow, is anrespective magnetic inductioB, the product being a mea-
indication that the number of moving fluxoids in the respec-sure of the threshold depinning forég., exerted on the
tive channel remains unchanged, even when the magneti@rtex lattice. As shown in Fig. 4, with increasing magnetic
field is increased. This can be confirmed by examining thdield Fy.(B) rises from zero and displays a maximum
jump heightsAU. Since the dissipation voltage arising from shortly before the voltage jumps disappear. This behavior is
the motion of a single vortex is proportional to the vortex well described by a parabolic relationskigwlid curve in Fig.
speed, we obtain the total voltagk;so<N, | ¢o, whereN, is  4). Similar results have been obtained for the pinning force
the number of moving vortices in the chanriehe transport ~ density in polycrystalline NbN filmé&* As pointed out in
current andp, the magnetic-flux quantum. The jump heights Ref. 15, this field dependence of the threshold depinning
for different magnetic fields are plotted in Fig. 3 against theforce can be explained in terms of vortex channels flowing
currents|* at which the jumps occurre@he original IV past regions of vortices trapped by pinning centers. This is
curves are shown in the ingefThe data exhibit a linear the case for strong pinning where the depinning force is de-
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15L Pb/In film modulus Cgg, wWhich means that above a criticBl value
190 nm channel flow is superseded by massive vortex motion.
42K In conclusion, we have obtained direct evidence for fila-
mentary and channel-vortex flow in loWw; superconducting
films from voltage jumps iV characteristics at low mag-
netic fields compared tB., . In the filamentary-flow regime,
IV curves exhibit a pronounced counterclockwise hysteresis

% which transforms into bistable behavior for magnetic fields
close to that of the onset of free-flux flow. At low tempera-
§ tures compared td., channel flow is found to proceed with
a constant number of vortices per filament upon small

changes in the magnetic field. At higher temperatures, the
E flow pattern becomes unstable resulting in a larger number of

10

Threshold Force I*xB (A mT)

jump region

P TP SR I I smaller channels that flow individually. Both the magnetic
0 10 20 30 40 50 field dependence of the depinning force and the existence of
Magnetic Field B (mT) a critical field be_yond _Which filamer_lta(y motion is_not ob_-
served are manifestations of the pinning mechanism being

FIG. 4. Threshold depinning fordge,=1*B as a function of governed by vortex-vortex interactions. In this way, we have

the external magnetic fiel for a 190-nm-thick Pb/In sample at 4.2 provided new results of the vortex dynamics in I@w-su-

K. The solid line represents a fit to the data below 30 mT using goerconducting thin films, for which a distortion of the vortex

parabolic relation. lattice in form of filaments is favored against massive flux

flow by intervortex interactions.

termined mainly by vortex-vortex interactions and largely =~ We thank T. Wehnert for the AFM measurements, D.
independent of the pinning potential depdy. Moreover, Dominguez for helpful discussions, and E. H. Brandt for
with increasing fieldF 4., grows in proportion to the shear careful reading of the manuscript.
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