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Thin superconducting films can exhibit negative magnetoresistance when an_dn-plahe external
magnetic field is aligned parallel with the transport current. We explain this effect as due to
appearance of parallel vortices in the plain of the film at the first critical magnetic field H.1 which
leads to an enhancement of the superconducting properties and impedes the.motion of the current
induced perpendicular vortices. Our theoretical results are based on a“numerical solution of the

time-dependent and stationary 3D Ginzburg-Landau equations.

PACS numbers: 74.25.F-,; 74.40.Gh

It is well-known that thin superconducting films with
width 26 < w < A = 2)X2/d (£ is the coherence length,
A is the London penetration depth) and thickness 2¢ <
d < X may exhibit a nonmonotonous dependence of the
critical current I, and resistance R on an external mag-
netic field H when it is perpendicular to the transpert
current I. This effect was predicted by Shmidt in 1969
[1] for thin film with thickness d 2 2¢ placed inyparal-
lel magnetic field (magnetic field in plane of the“ilm).
Shmidt noted, that the entrance of the vortex chainpto
the film prevents the penetration of the next vortices and
results in an enhancement of the critical current. Sub-
sequently, it was found [2, 3] that the entramnce of the
second and next vortex chains leads to the appearance
of additional maxima in the I,(H) curve! The effect is
similar to the oscillations of Igin theixJosephson junction
when Josephson vortices enters the junction one by one
with increasing externalnagnetic field (so called Fraun-
hofer oscillations). Inthis ease the entrance of the vortex
chain in the thin film qualitatively plays the same role as
the entrance of a single vortex in the Josephson junction
[4].

Because the critical current oscillates as function of
the magnetic field/one can also expect, that the resis-
tance of the film (at fixed current) also oscillate. Such
oscillations’were theoretically found in narrow thin films
in Ref. [5]yin the regime of permanent vortex flow (us-
ing time-dependent Ginzburg-Landau equation) and in
Ref. [4] in the regime of thermoactivated vortex hopping
(using the calculated field dependent energy barrier for
vortex entrance).

Experimentally, nonmonotonous dependence of I.(H)
was observed for thin films both in parallel [6, 7] and

in perpendicular (to the plane of the film) [8, 9] mag-
netic\fieldsywhich was orthogonal to the transport cur-
rentz==Oscillations of the magnetoresistance (which could
be related to vortex motion in the presence of the vortex
chaing[4]) was observed only in the perpendicular geom-
étry in several works [5, 10-15]. Relation of these exper-
iments with the theoretical predictions is confirmed by
the correct prediction of the position of the dip in I.(H)
at H = Hyg;, (according to the theory Hgip ~ Po/wé
or Hgip ~ ®¢/d¢ [1-3, 9] for perpendicular and parallel
geometries, respectively) and the position of the peak in
R(H) at Hpeak = Hcl [4] (Hcl ~ (I’O/w2 or Hcl ~ (I)()/dQ
(16, 17]).
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FIG. 1: Sketch of the studied geometry. The resistance ap-
pears due to motion of current induced perpendicular vortices.

Here we show theoretically that very similar oscilla-
tions of the magnetoresistance appear even if the exter-
nal magnetic field is applied parallel to the transport cur-
rent (see Fig. 1). In such a geometry one cannot expect
that the magnetic field induced vortices are moved by the



applied current. Instead, the resistance is now realized
by the motion of current induced perpendicular vortices
(see Fig. 1) which are nucleated at the edges if current
exceeds I.(H) or which may appear in the film due to
thermo-fluctuations for I < I.(H). Parallel magnetic
field creates parallel vortices in the film and it changes
the condition for the appearance of the perpendicular
vortices and their motion.

To support the above idea we performed numerical
simulations of the vortex dynamics within the frame-
work of 3D time-dependent Ginzburg-Landau equation
(for details of the calculations see Ref. [18]). In Fig.
2 we present the dependence of the time-averaged volt-
age (found at fixed current, which is larger than I.(H)
at H > 0.1H.) on the parallel magnetic field. The re-
sistive state is realized via the entrance and motion of
the perpendicular vortices (see bottom panels in Fig. 2).
At H 2 0.45H. parallel vortices exist in the film (see
panels 2-4) and when their density is relatively low they
impede the motion of perpendicular vortices (voltage de-
creases). At large fields (H 2 0.8H.) the density of
parallel vortices becomes so large that the order param-
eter is strongly suppressed such that the perpendicular
vortices move more easily (voltage increases).
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FIG. 2: Dependence of the/voltage (top panel) on the parallel
magnetic field/in the film with thickness d = 4¢, width w =
32¢ and length L = 64£. The voltage is normalized in units
of Vo = c<I>opn/87r2)\.£ (P is the magnetic flux quantum, A
is the Londenypenetration depth and p, is the normal state
resistivity Jy'the’magnetic field is in units of the second critical
field H.o and the current is equal to 52 % of the depairing
current. At the bottom panels we present 3D snapshots of
the dynamics of the superconducting order parameter at the
different magnetic fields marked by numbers in the top panel.

Above calculations predict negative magnetoresistance
when applied current is larger than I.(H). But what

will happen when I < I.(H)? We assume that the
finite resistance at low currents I < I.(H) could be
connected with thermo-activated vortex entry and R ~
exp(—dF(H)/kpT) where §F(H) is a field dependent
energy barrier for perpendicular vortex entry. To find
0F (H) we use the 3D stationary Ginzburg-Landau equa-
tion and the numerical method from Ref. [19] for finding
saddle point states. At all magnetic fields and for I — 0
the maximal energy barrier corresponds to a perpendic-
ular vortex sitting in the center of the film. In Fig. 3 we
present calculated field dependence of the energy barrier
0F. One can see that at H > 0.45H 5 the energy barrier
increases, which indicates an enhancement of the super-
conducting properties in the space between the parallel
vortices. At larger fields the inefeased number of vor-
tices in the chain already canmot)compensate the pair-
breaking effect of screening‘currents and §F decreases
with increasing H. In the“experiment it should result in
an increasing fluctuationsinduced finite resistance.

Above we consideréd two limiting cases: I > I.(H)
and I < I.(H). In"bothicases the magnetoresistance is
negative at fields H 2 Hg . Therefore, we believe that
at intermediate.currents the magnetoresistance also will
be negative in-thewsame field range.
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FIG. 3: Field-dependent energy barrier for perpendicular vor-
tex hopping to the center of the film. The barrier is scaled
in units of Fy = ®3d/16m*\?. The geometrical parameters of
the film are the same as in Fig. 2.

Recently [20], the magnetoresistance of MoGe thin film
(with d = 50nm) in parallel magnetic field was studied
but no signs of negative R(H) were found. In such a
thin film He. ~ 1.4®9¢/d*> ~ 11.6kOe (using results of
calculations in Ginzburg-Landau theory with d =3 — 5¢
- see Fig. 8 in Ref. [4]) which is close to the maximal
field used in that work.

In a very recent experiment [21] a two times thicker
MoGe film (d = 100nm) was studied and negative mag-
netoresistance was observed in the temperature interval
T =58 —5.95K near T, ~ 6.1K. Note that the effect
was absent at T = 6K when the thickness of the film
approached 2£(T) (£(0) = 6nm in this experiment). The
position of the peak at Hpeqr ~ 3.2kOe in R(H) curve
varied weakly with temperature and this value is close to
the first critical field H.; ~ 3.2kOe¢ for films with thick-
ness 3 — 5¢€.



A more close quantitative comparison of theory and ex-
periment is difficult because of limitations of the time de-
pendent Ginzburg-Landau equation that gives only qual-
itatively correct result for the voltage (resistance) even
at T~ T,.. The calculations of 0 F are done only in the
limit I < I.(H) while in the experiment of Ref. [21] the
current could approach I.(H) (in this case F — 0).

To conclude, we showed theoretically that a magnetic
field aligned parallel with the transport current may pro-
vide both positive and negative magnetoresistance in thin
superconducting film with thickness exceeding > 2¢(T).
Positive magnetoresistance comes from the pair-breaking
effect of the screening current, while negative magnetore-
sistance is connected with the existence of parallel vor-

tices in the film. The presence of these vortices changes
the entrance and the motion of the perpendicular vortices
leading to a decreasing magnetoresistance at fields close
to H.. Our theory is able to explain qualitatively re-
cent experimental results [21] without assumption about
existence of defects inside the superconducting film [21].
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