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A theoretical analysis based on a numerical solution of the coupled time-dependent Ginzburg-Landau and
heat dissipation equations shows a strong dependence of the critical currents on the applied magnetic field in
a mesoscopic square with attached contacts. In agreement with experiment we found hysteresis which are
caused by a strong heat dissipation in the sample at currents close to the depairing Ginzburg-Landau current
and/or the dynamics of the superconducting condensate. The theoretically obtained nonmonotonous depen-
dence of the switching currerifrom superconducting to the resistive sjate the applied magnetic field,
arising from the changes in the vorticity, agrees quantitatively with the experimental data. Our results show that
heat dissipation leads to an increase of the hysteresis in the current-voltage characteristic and hence masks the
actual dynamics of the superconducting condensate.
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l. INTRODUCTION vortices?) was proposed which, in our opinion, is the
“bridge” between slow vortex motion and the fast phase slip

After the discovery of the steplike features in the current-line regime. Furthermore, in Ref. 14 the experimental obser-
voltage characteristics of superconducting whiskarsl the  vation of quantum phase slips was claimed.
explanation of this effect through the nucleation of phase slip In this paper we present experimental results on the
center$? this phenomenon attracted a lot of attention fromcurrent-voltage characteristics of a mesoscopic supercon-
several experimental and theoretical grofgmse Refs. 4 and ducting square with leads. In this geometry, the contacts play
5 for reviews. This effect is a consequence of the nontrivial & crucial role(see Fig. 1 because the current density is maxi-
dynamics of the superconducting condensate and the norm&lal in them. Therefore we cannot consider those contacts in
quasiparticles near the phase slip cehfetDuring the phase equilibrium. This is essentially different from previous work
slip process the gap goes periodically in time to zero in on&n superconducting film or bridge attached to “massive” su-
point along the sample and it creates an excess of quasipa¥erconducting “banks” where it was possible to assume the
ticles (electronlike and holelikenear this region. Due to the contacts in equilibrium. At low magnetic fields phase slip
relatively large time of relaxation of nonequilibrium quasi- centers will appear in our sample in the narrowest places,
particles in the superconductor they may diffuse on a diswhere the current density is maximal. Because of inevitable
tance much larger than the coherence leritith size of sup- heat dissipation the sample can transit locally to the normal
pression of the gapf It results in the existence of a nonzero State(for weak heat transfgor to the superconducting resis-
electrical field (as a response to the gradient of chemicaltive state(for strong heat transfgrIn both cases the-V
potential of nonequilibrium quasiparticleand a finite time-
dependent voltage drop near the phase slip center. Unfortu-
nately, strong heat dissipation masks this effect at tempera-
tures far from the critical temperatdr&,. which prohibited
the study of this effect in full details.

Recently, this subject was revisited because new experi-
mental techniques were developed which made it possible to
prepare samples with low resistahdge., diminishing the
heating effects at low temperatuyesr by using pulsed
techniques$:® The existence of phase slip centers or lines was
confirmed in high-temperature superconductaasd they
were found to lead to S-shapdelV characteristics in the
voltage driven regimé? Recently phase slip lines were di-
rectly observett in low temperature superconducting stripes.
In Refs. 12 and 13 a new type of vortex dynamiss called FIG. 1. SEM micrograph of an Al square with lateral dimension
vortex channelling® or the appearance of “kinematical” of 2 um.
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FIG. 2. (Color onling MeasureddV/dl as a function of the dc current &) woH=0 mT, (b) ugH=3.2 mT,(c) ugH=4.2 mT, and(d)
moH=5 mT measured af=1.100 K. The full black and dashed blue lines are for increasing and decreasing current, respectively.

characteristics are hysteretic due to heat dissipation and/@ppearance of a sharp peak, this is not observed for positive
the dynamics of the superconducting condensate. Additionalurrents. This can be explained by our measuring technique
complications come from the effect of the magnetic fieldand by the observed hysteretic behavior. When the transition
induced currents in the square on the phase slip process @igcurs, the sample remains in the resistive state even when
the contacts. This makes our system different and to ouglecreasing slightly the current so that the measured ac volt-

knowledge this situation was not studied before either exagde Will either reflect the nonresistive or the resistive state,
perimentally or theoretically. but not the transition. Above 1.2 mT, when the first vortex

The paper is organized as follows. In Sec. Il we presen?mers the sample, the transition to the resistive state is pre-
our experimental results and in Sec. Ill we give their inter-C8ded by a small increase of the differential resistdsee

pretation on the basis of a solution of the time-dependenfid: 2P)]. The shape of this part strongly depends on the

Ginzburg-Landau equations coupled with the equation forOrticity of the sample suggesting a dissipation caused by
heat dissipation. Our conclusions are given in Sec. V. vortex motion. At high magnetic fieldsee arrows in Fig.
2(b)], small symmetric features are observed at high positive

and negative currents.
Il. EXPERIMENT In order to study the magnetic field dependence in more
details a contour plot of the differential resistance is shown
In Fig. 1 a SEM micrograph of our superconductingin Fig. 3 as a function of the dc current and the magnetic
square made from Al using-beam lithography is shown. fie|d. The uniform gray(blue) areas at the left and the right
The coherence length determined from a macroscopic cQorrespond to the normal state and the white area in the
evaporated sample was found t04¢6) =156 nm. The thick-  mjiddle to the nonresistive state. Oscillations are observed for
ness was 39 nm found from AFM and from x-ray measurethe transition to the resistive state for positive currents with
ments. Wedge shaped contacts with an opening angle of cusps each time the vorticity is changeste arrows in Fig.
=15 were used. This shape was used to minimize the effec§(b)]. The dissipation caused by vortex motion, which was
of the contacts on the superconducting properties of th@lready discussed, can also be seen from the contour plot
square'>10 [light gray (green area in Fig. 3 The dissipation is only
The experimental-V characteristics are obtained by su- gbserved for a finite vorticity. At the transition from vorticity
perimposing a small ac curref@.1 #A rms) to a dc current | =1 to L=2 at uyH=2.05 mT, the onset of the dissipation
l¢ The ac differential resistance is measured with a EG&Gseems to be continuous, but the dissipation increases more
PAR 124A lock-in amplifier. The dc current is swept from rapidly with increasing current when increasing the vorticity
negative to positive value. In order to ensure that the samplgs can also be seen from Figbp
is in the normal state a high dc current is sent through the Beginning at +2.5 mT small symmetric features are seen
sample prior to the current sweep. Such sweeps are repeatgd high currenfwhite (light blue) lines and the dark gray
for different magnetic fields. (dark blug area in Figs. @) and 3b)]. These features are
In Fig. 2 the differential resistancaéV/dl(l4) is shown visible up to #20 mT and can thus not be arising from the
for four values of the magnetic fields. A clear hysteretic be-square since the square has a critical fig}g=6 mT. It can
havior is observed. When starting in the normal state an@nly be generated by the contacts which have a higher criti-
decreasing the current, the sample remains in a resistive statal field since a superconducting/normal boundary with a
up to low currents. This resistive state is not the normal stateharp angle increases the critical fiéld?8
anymore since a nonconstant differential resistance is ob- Above +4.5 mT no hysteretic behavior is seen. All these
served. When starting from the superconducting state anfatures are perfectly reproduced on a different sample and
gradually increasing the current a nonresistive state is obare not dependent on the measuring conditi@veeep rate,
served up to high currents. Contrary to the transition seen amplitude of ac current, temperatiurd@he same behavior is
negative currents, a sharp transition from the nonresistive teeen when fixing the applied dc current and sweeping the
the normal state is measured. While in the negative part thmagnetic field: when the square is in the normal state, the
transition to the nonresistive state is accompanied by theample remains in a resistive state up to low magnetic fields
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u (a N +72f9|t/f|2)l//

T Aue\at T2
=(V-iA) 2+ (1-T- |4y, (1)

where the parameter=27=Ay/% is the product of the inelas-
tic collision time 7 for electron-phonon scattering ang,
=4kgT.uY?/ 7 is the value of the gap &=0 which follows
from Gor’kov's derivatioR® of the Ginzburg-Landau equa-
tions.

This equation should be supplemented with the equation
for the electrostatic potential

Ag=div(Im[y (V=iA)y]), (2)

which is nothing else than the condition for the conservation
of the total current in the sample, i.e., dw0. In Egs.(1)
and (2) all the physical quantitiesorder parameterys
=|y|€?, vector potentialA and electrostatical potentia)

are measured in dimensionless units: temperature in units of
the critical temperaturd, the vector potentiaA and the
momentum of the superconducting condengateV ¢—-A

are scaled in unitd,/[27£(0)] (wheredy is the quantum of
magnetic fluy, the order parameter in units df, and the
coordinates are in units of the coherence lengti®)
=(8kg T,/ mhD) Y2 In these units the magnetic field is scaled
with He,=®y/27£(0)2 and the current density with,
=0l 2e75(0)€(0). Time is scaled in units of the Ginzburg-
Landau relaxation timeg (0)=##/8kgT.u, the electrostatic
potential(¢) is in units of pg=%/2e7.(0) (o, is the normal-
state conductivity, an® is the diffusion constant The pa-
rameteru is equal to 5.79 in accordance with Ref. 19 and we
usedy=40. We putA=(Hx,0,0) in Egs.(1) and(2) because
we limit ourselves to the case when the effect of the self-
induced magnetic field is negligible. This is valid in the ex-

dv/di (Q)

HH (mT)

| (A) perimental situation because the width of the sample is much
10.00 15.00 o0 G0 less than the characteristic length=\(0)?/d; (d; is the
avidi @) ' thickness of the sample

Strictly speaking Eq(1) is valid only very close to the
FIG. 3. (Color online (a) Measured differential resistance criical temperature (see estl_mates for different low-
dV/dl as a function of the dc current for different magnetic fields tempfratur? SUpercon,d,UCtors in Ref).2&or gxample for
measured aT=1.100 K. The curves for nonzero field are shifted PUlk “clean” Al thi validity of Eq.(1) was derived only for
for clarity. A color map surface is given for comparison with. (b) ~ the rangeAT~10" K nearT.. However our Al samples are
Contour plot of the differential resistand®/dI as a function of dc  IN the “dirty” limit due to the small value of the mean path
current and magnetic field measuredTat1.100 K for low mag- length €. As follows from Refs. 22 and 23 the relation be-
netic fields. The arrows indicate the points where the vorticitytween current density, the absolute value of the order pa-
changes. rameter|y| and the momentunp are quite close to the
Ginzburg-Landau relatioj=p(1-p? =|#|°p even whenT
_ ) - _ —0 for such samples. Besides, when we turn on the mag-
while when starting from the nonresistive state and increaspetic field and/or the transport current the density of states of
ing the magnetic field the resistive state is reached only &}y asiparticles differs from the Bardeen-Schriffer-Cooper
higher magnetic fields. dependené and can become gaplé$$° for high enough
magnetic fields and/or transport currents. In this case Hq.
should be valid at any temperatufe< T, because they were
lll. THEORY actually derived in the gapless limiwith y=0)?% or for
small value of the gap\(T) <kgT..1°
To understand the experimental results we studied the The actual value of for Al should be about TDbecause
current-voltage characteristics of two-dimensional superconthe time =~ 1078 s is quite large in this material. However,
ductors using the generalized time-dependent Ginzburgthe use of such a large value is important if we intend to
Landau(TDGL) equatiord® comparequantitativelythe theoretical and experimental val-
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C the sample parametefsvidth of the square and the ratio
I . H between the value of the current density in the contacts and
— @ in the squark We chose our parameters in such a way that it
C—ax 1A ALCEX— optimizes the calculation timésmall value ofC.;) and we
B B considered cases of large, intermediate and small value of the
coefficienth. In dimensionless unifghe same as Eql)] Eq.

(3) may be written as follows
FIG. 4. Model geometry. Between poings and B phase slip
centers appear & <H,. In point C we trace out the dependence ’\“ﬂ T 2 T
of |¢] on the magnetic fieldsee text below and Fig.)5 Cerr at KetAT+Jn = h(T=To), 4)

ues for the critical current. As will be shown below there Where CeffZ(Dsgs/derCf)Tc‘Tn/TGL(O)JS, Ketr=(Dks/ dy
exist two critical currents which we call fir$t; and second +k;)Tcoy/ §2(O)j§, h=hT.o,/ dfjé and the temperature is mea-
I, critical currents. The first critical current is the current atsured in units ofT,. If D.C./d; <C; andDk/d; <k; we can
which the sample goes to the nonresistive state and its valugse the Wiedemann-Franz law as an estimateCioand k;
strongly depends on the value of the parametén case of gnd we obtain for’C\efJf: 3/48=0.65 and fK\lef: 741482
strong heat dissipation—see text beJowhe second critical ~( 06 at a temperature close To. These values should be
current has the meaning of the current at which the supeigonsidered only as a very rough estimate for the real magni-
conducting state becomes unstable and it could be detefydes because normally the following inequalities are valid:
mined from a stability analysis of the stationary Ginzburg-p c_/d,> C; andDk/d;> k. Because of the uncertainty in

Landau equations. It implies that the currépt does not  the actual values of, andks we used the following values:

depend on they value which is the main reason why we are = _ - . . _
able to find quantitative agreement between theory and ex(—:e”_o'03 (to optimize calculation timk Ke(=0.06, andh

= 3 H

periment for the position of the cusps in the(H) depen- =2X 10‘~ (which corr.esponds. almost to full heat reTovaI at
dence(see below T:O.Sg), h=2x10"* (intermediate heat removyaknd h=2

In our theoretical model we considered the geometry deX 10 (weak heat removg® and a bath temperature @
picted in Fig. 4 which simulates the real experimental=0-9- We checked that our results only weakly depend
samples. To simplify our model we used linear contacts inon our choice ofCq¢s and K. As a boundary condition to
stead of the wedge shaped contacts used in the experimeiq. (4) we take VT|,=0 which means that heat is mainly
The main difference between them is that for wedge shapetitansferred to the substrate. Only at the boundary between
contacts the order parameter is more suppressed in point A tite normal metal and the superconductor we used boundary
low magnetic fields because the current density in this regiogonditions with fixed temperatur@ys=T,. The healing

is maximal(see Fig. 1 In order to inject the current in our |ength is equal to\,~ 11£ (T=0.9T,) for h=2x 10°% and is
system we used normal metal-superconductor boundary CORpmparable to the size of the sample.

ditions at the end of the leads, i.¢;=0 and -V ¢=]. At the Although in our numerical calculations we used units nor-
other boundaries we used the usual insulator-superconductgfyjized afT=0 we will discuss here mainly the situation for
boundary conditions{(i V-A)y|,=0 and V ¢|,=0. a bath temperature d,=0.9T,. Therefore, it is more conve-

We also took into account the change of the local temyjent to express the different quantities in units normalized at
perature in the sample in the resistive state by adding thg=T, For example, undeH,, we meanH,, (T=0.9T,).

heat diffusion equation to Eqsl) and(2) First we studied the behavior of our model geometry
5T sample in an applied magnetic field with zero transport cur-

Corr— = KorAT + dfjﬁ/crn —h(T-Ty), (3) rent. In Fig. 5 we present the dependence of the free energy

at of the square and the value of the order parameter in the

center of the edgé.e., at pointC in Fig. 4) as a function of

whereT, is the bath temperatur€e=(DCs+diCy) is the  the magnetic field. It turned out that for the chosen param-
effective heat capacityes=(Deks+diky) is the effective heat  eters(width of the square is $and the size of the wires is
conductivity coefficient, and the heat transfer coefficiant 24¢x ¢ which are close to experimental values with
=ks/Dg governs the heat removal from the sample. Here we=0.333 um andH.,=2.95 mT) no single quantum vortex
used a model for the temperature distribution in thin superstate exists in the square and only surface superconductivity
conducting films discussed in details in Ref. 27 & C;,  nucleates, i.e., the giant vortex state is presentHat
ks, ki are the heat capacity and the heat conductivity of the>0.8H.,. Superconductivity vanishes in the superconducting
substrate(subscripts) and film or samplegsubscriptf), re-  square atH=2.71H., which is much larger than the third
spectively. In this model it is assumed that the thickness oritical field He=1.6H,, of a flat infinite surface, which is a
the substrate and the fil@s+d; is much smaller than the consequence of the shape and finite size of our system. By
healing lengthA=VKesi/h> Dg+d;. this value the vorticity in the system is equal to 10 and su-

If heat removal is strong enoudlarge value for the co- perconductivity may survive in the contacts up to much
efficienth) we can neglect the effects due to the local changéigher values of the magnetic field.
of the temperature. In the opposite case the results will quan- What will occur when we switch the transport current on?
titatively depend on the ratio between the healing length andlet us consider first the situation when the heat removal is
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00 1.0 At higher magnetic fields the vortex flow regime starts at
=10 I=1,(H). At fields close toH" this regime switches to the
02t 0.8 ;b phase slip process near the contdsee Fig. €c)] while at
I fields higher tharH" with further increase of the current it
— 04| los =) switches to the phase slip line regime in the sqliarenore
i - E exactly a line along which the vortices move very tastsee
% 06 /=1 . Fig. 6(d)]. It occurs because the order parameter is strongly
o | ﬂ“ suppressed in the square by the magnetic field while in the
contacts its influence is less pronounced due to the small
osr o 02 = width of the contacts. The voltage exhibits a jump at the
transition from slow flux flow to the phase slip line or center
1.0 : : . gy | .0 regime. The largeH the smaller this jump in the voltagé.
00 05 10 H/H1'5 20 25 The actual value oH", at which this change in the mecha-

2 nism of destruction of superconducting staté at.,(H) oc-
curs, depends on the width of the contact. The narrower the
FIG. 5. Calculated dependenc_e of the free enéegyhe ground contactspthe higher the field at which flux flow in the square
statg and the order parameter in the center of the edge of the ; .
superconducting square. starts before the phase slip process occurs in the contacts.
We should note here that the position of the phase slip line
quite good and the temperature of the sample is equal to tH8 the contacts depends on the applied magnetic field. When
bath temperature. Then up to some magnetic fiéld(H" the order parameter at the edge of the square decreases, the
=0.9H,, for our parametejsthe transition to the resistive Phase slip center approaches the square and vice versa. For
state from the superconducting state occurs via the appedhe case of wedge contacts we do not expect such a behavior
ance of phase slip centers in the contdste Figs. @) and  because in this case the order parameter is more suppressed
6(b)]. Currentl , at which this occurs slightly depends on the around the narrowest point where the current density is
applied field because the order parameter in the square dgx@ximal.
pends onH (see Fig. 5 due to the induced screening cur-  In Fig. 7 we present the-V characteristics calculated for
rents. Via proximity effects the variation in the order param-different values of the magnetic field. For low magnetic
eter in the square influences the order parameter in thfields and large heat transfer coefficignthe hysteresis in
contacts and hence the critical current for nucleation of thehe 1-V characteristics is an internal property of the phase
phase slip centers. slip process:”13At the currentl;(H) the sample goes to the
. superconducting nonresistive state from the phase slip re-
H=0.0 I=0‘4J0dw gime at fields less than some critical vald€ or from the
(@ flux flow regime for higher fields. The actual value of the
—— S — field H™ depends on the value of the coefficientand the
!“l - RN Al width of the contac{see the above discussion for figt).
phase‘slipcenter/lme With increasingy, the minimal current at which the phase
. slip process is still possible, decreases and hence the field
H=0.67H, 1=0.35jdW H™ increases, because the current at which the flux flow
phase slip center/line £ (b) starts in the sample does not depend on the relaxation times
—~ : of the superconducting condensate.
(T T The magnetic field effects the hysteresis through the local
vortex . . ; L.
~ A — suppression of the order parametdihis is the main origin
. of the decreasing and finally the disappearance of the hyster-
H=1.2 ch I:0-26J0dw esis at the transition from the superconducting state or slow
fast vortex flow vortex  (¢) vortex flow regime to the phase slip regime at high magnetic
does not move fields. Another effect of the magnetic field is the slow in-
crease of ; at low magnetic fields. The reason for this is the
same as was found in Ref. 13—the nonuniform current den-
sity distribution in the contacts due to the applied magnetic
field.
When the heat removal is not effective, then thé char-
acteristics have a different shape at low and intermediate
magnetic fields. In Fig. 7 we present our results for two

relatively small values of the heat transfer coefficianit
low and intermediate magnetic fields the whole sample goes

FIG. 6. Snapshots of the order parameter distributitark color |n_to the normal statgwith T>T. or T.< TC) _at the _curr_ent
corresponds to the maximal value ¥f and gray to the minimal I=1c2(H) pecause of the !arge heat dissipation which is con-
oné in a superconducting square with attached leads at differerff€Cted with the phase slip process. The value of that critical
magnetic fields andi>1,(H). current is the same for any heat transfer coeffickedue to

fast vortex flow

fﬁhase slii linef ﬁ
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FIG. 7. Current-voltage characteristics of the superconducting
square with contacts calculated for different heat removal coeffi- FIG. _8' Calculated o_Iependence of the temperatl_Jre_of the super-
. ~ L . . conducting square at different currents and magnetic fields. Results
cientsh and magnetic fields. Current is normalized by the value, ~

jodw, whered andw are the lead thickness and width, respectively. for h:ZX, 107 are not presented due to quite small changess
than 1% in the temperature.

the absence of heat dissipation in the “pure”

state.

When we decrease the current, the temperature in th
sample can become less thBn(see Fig. 8 while the sample
will not go into the superconducting state because at thi
temperature the current in the sample is too high in order th

§uperconductivity can sustain it. Only When.t_he temperature .. \4e of the variation ofl, with H (the theory predicts
in the sample becomes less than some critical temperatu grger values and in the value of this critical current. We

T<Te (VNVh'Ch depends on the value of the heat transfer Obelieve that this disagreement originates mainly from the dif-
efficient h) then SUperCOﬂdUCtiVity starts to nucleate in theference in the real Shape of the attached Con(m 1) and
square in places where the current density is minimebr  the contacts used in our mod@lig. 4). In the experimental
the corners of the squareFor this current, magnetic field, case there is a voltage lead which “strengthen” the supercon-
bath temperature and in the absence of local heating, the ﬂ%c“ng property near the narrowest pcﬂm it was shown in
flow or phase slip processes are impossilsiee Fig. 7 for  the quasi-one-dimensional limit in Ref. R@nd actually
high value ofh) and the sample should go to the supercon-shifts the position of the phase slip center further from the
ducting state. But due to heat dissipation the actual temperaquare. Therefore, the effect of the variation of the order
ture of the sample is still larger thafy (see Fig. 8 Conse- parameter in the squalevith applied field should be less
guently the sample is in the resistive state with a resistancpronounced on the phase slip process in the contacts. Varia-
less than the normal one. The range of currents for whiclions in|., become stronger di=H., when the resistive
such a process is possible depends on many parameters. Fegime starts from the vortex flow regime in the square and
example, it increases with increasing magnetic field and dehence the effect of a change in the vorticity is more “visible.”
creasing heat transfer coefficient. We interpret the black right line in Fig. 3 as the line cor-
At high magnetic fields the critical currentg andl; are  responding to the transition from the vortex flow to the phase
quite small and even in the case of weak heat removal thelip line regime induced by increasing current at which a
I-V characteristics resemble the ones with strong heat rgump in the heat dissipation occurs. Because the heat re-
moval at low currentgFig. 7(c)] due to weak heatinfsee  moval is not effective, the square will become normal. Oth-
Fig. 8(¢)]. erwise, it will be in the superconducting resistive state with a
And finally in Fig. 9 we present the dependence of theresistance close to the normal one. Here we would like to
currentsl, andl.; on the applied magnetic field for strong stress the following. In aluminum the decay length of the

superconductlngnd weak heat removal. There is a good quantitative agree-
ment between the position of the cusps in the experimental
Snd the theoretical dependencied gfH). We explain these
cusps by abrupt changes in the vorticity and hence sharp
hanges in the order parameter distribut{ieae Fig. 5. The
ain difference between theory and experiment is in the am-
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I(nA) due to heat dissipation or/and due to “intrinsic” hysteresis
connected with the existence of phase slip lines or centers.
We believe that in our measurements we have both types of
4 hysteresis which are responsible for the observed effects. At
low magnetic fields the sample enters the normal state due to
g the appearance of the phase slip process and a strong heat
dissipation at the critical current,. Because of a discrete
§ change of the vorticity in the superconducting square the
order parameter changes abruptly at some values of H and it
] leads to cusps in the dependencd gfH). At higher fields,
instead of a high dissipative phase slip process, we have slow
vortex motion and heat dissipation results in a weak effect on
the I -V characteristics fof=1,(H).

When we decrease the currdat fixed value of the mag-

. i . ) ) netic field the sample goes first from the normal to the su-
04 -03 -02 -01 00 01 02 03 04 perconducting resistive statéeft black line in Fig. 3 and
I/(]'odW) then slow vo_rte_x flow starts in the_supercond_ucting stap

high magnetic fieldsor the phase slip process in the contacts

FIG. 9. Calculated dependence of the critical currégtandl,; (@t low magnetic fielil Because the temperature of the
(for h=2x 10" andh=2x 10°5) on the applied magnetic field,, samp[e may be higher than the bath temper.ature, the current,
and |l coincide forH=3.9 mT (1.3H,,) at strong heat transfer &t Which the sample goes to the nonresistive state, may be

(h=2x 103 and forH=4.6 mT (1.564,) at weak heat transfer smaller thanl ., even if the reS|st|vg st.ate.starts as a yortgx

flow. So actually we “need” heat dissipation to explain this

(ﬁ:2>< 107%). There exists a honmonotonous behavior both in theeffect

lo(H) andl.(H) dependencies which is connected with a change . .
in the vorticity in the superconducting square. One of the main results of our paper is that we shbw

a self-consistent solution of the time-dependent Ginzburg-
charge imbalancd or, in other words, the region where the Landau equation and the heat diffusion equatitirat heat
normal current density is finite near the phase slip céser dissipation does not necessarily lead to the destruction of
quite largé® Aq=50 um. The size of our sample is much superconductivitas it was supposed in a recent papéin
less thanAQ So in this case it is QUIte difficult to d|St|ngU|Sh order to exp'ain recent experiments on MoGe f||(rBee ref-

between the normal and the superconducting resistive staigences thereji In these samples the value of the coeffi-

because the differential resistance would be the same anq nth i ite small due to the small val f the normal
equal to the normal onesee Ref. 30 in Ref.)7 cie S quite small due 1o the small value of the norma

With decreasing currertin absolute valugwe cross the conductivity and both critical currentg; andl, are rath.er'
left black line (Fig. 3 and at low magnetic fields almost large because of _the absence of the external magnetlc field.
immediately enter the zero resistance state. Actually, the cut? 9éneral, the situation may be more complicated when
rently, even increases a little. The same increase.otan  heating does not destroy superconductivity. In such a case,
be reproduced theoretically if we assume that these transfléating leads to additional complexity in the dynamics of the
tions occur due to the decay of the phase slip process in th@Perconducting condensate due to the local heating of the
contacts at strong heat removake Fig. 9. sample. _ _ .

A comparison with the experiment also shows that with Another result is, that by comparing the experimental and
increasingH we cross the left black line and do not enter thetheoreticall (H) dependence we may distinguf$tbetween
zero resistance state. Thus we are probably in the vortex floffie giant vortex and the single quantum vortex state which
state but with the sample temperature larger than the bat@ppear in the sample. It allows, in principle, to study experi-
temperature. The Samp|e can be in the resistive state up ﬂjentally the transformation between these two different con-
lower currents than it can be at the bath temperataee figurations as a function of the shape, size of the sample, and
Figs. 7 and 8 for small heat transfer coefficient external magnetic field.

At very high fields dissipation is not very important at
currents close to the critical onés | (H)=I:(H) (due to
their small valug¢ and besides there is no “internal” hyster- ACKNOWLEDGMENTS
esis due to the phase slip process. As a result there is no
hysteresis in the current when the nonzero resistance state This work was supported by the Belgian Science Policy,
appears and when a fast change in the resistance occurs BOA (University of Antwerp, the Research Fund K. U. Leu-
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