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A theoretical model is proposed to describe the effect of a nonuniform electric field on the
pinning of magnetic vortices in superconducting films. The model shows that a nonuniform electric
field can create additional energy barriers in the superconductor, which are pinning potentials

for magnetic vortices. The interaction between the superconductor and the field arises

from the spatial nonuniformity of the latter, which can be generated by a nonuniform configuration
of artificial gate electrodes. The possibility of using this effect in structures resembling a
superconducting field-effect transistor with a spatially nonuniform gate is discussed. This method
of probing superconducting films can also be used to clarify the role of surface pinning in
superconducting films. © 1996 American Institute of Physics. [S1063-7761(96)01808-2]

1. INTRODUCTION

For a number of years after the discovery of high-
temperature (high-T',.) superconductivity, there were investi-
gations of the possibility of using an electric field to change
the properties of high-T,. superconducting films (in geom-
etries resembling that of a field-effect transistor, see, e.g.,
Refs. 1 and 2), for example, the resistive state or the value of
the critical field. Applying an electric field to a high-T, su-
perconducting film is an interesting alternative way to create
nonequilibrium states in superconductors, in addition to such
traditional methods as, e.g., injection of a transport current,
applying an external magnetic field, or subjecting it to elec-
tromagnetic radiation (see, e.g., Ref. 3). As mentioned in
Ref. 1, there are two reasons why investigating the effect of
an electric field on a superconductor is so interesting.

1. The carrier concentration in a sample can be changed
in a controlled way without changing the stoichiometry of
the compound. This can be an additional instrument for
studying the mechanism of superconductivity in high-T,
compounds. In general, the action of an electric field on a
film of superconductor is analogous to the action of micro-
wave or optical radiation. An applied electric field acts like
optical radiation® in that it changes the distribution function
and concentration of quasiparticles,* and thus the magnitude
of the superconducting order parameter.

2. When the electric-field-induced changes in the resis-
tivity of the high-T, superconducting film are sufficiently
strong, the effect can be used in applications to create de-
vices resembling field-effect transistors.

In low-temperature superconductors the effect of this
mechanism on the system is very small, due to the high
carrier concentration and hence the strong screening of the
external electric field. Furthermore, in low-temperature su-
perconductors the coherence length £ is quite large. There-
fore, in order to observe the effect of an electric field on the
superconductor it is necessary, on the one hand, to use a film
with thickness d ~ )\, where A is the length over which the
electric field is screened, but, on the other hand, d cannot be
smaller than &, because in this case the film’s superconduct-
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ing properties are usually destroyed. For high-T, materials,
where the concentration of carriers is relatively small com-
pared to that of metals, the screening length of an electric
field is considerably larger: Az~ 10 A, while at the same
time £~10 A, so that k=§&/Ng~ 1.2 Because of this, thin
films of high-T, material can be prepared whose thickness
d is several times £, and an electric field can penetrate such
films appreciably. It is in this connection that there is interest
in studying the action of an electric field on high-T'. super-
conducting films. There has been considerable progress to-
ward this goal (see, e.g., Refs. 1 and 2), largely connected
with successes in the technology of creating high-quality thin
high-T. superconducting films.

In this article a theoretical model is proposed for de-
scribing the effect of a nonuniform electric field on such
superconducting films. In order for an electric field to affect
a superconductor,?> it must change the electrophysical
characteristics of the superconducting film (for example, its
resistivity and critical current j_.). Let us recall that first and
foremost among the resistivity mechanisms in high-T', super-
conducting films (see, e.g., Ref. 6) are the dissipative mecha-
nisms associated with the motion of magnetic vortices® (in
particular, vortices generated by a transport current). In thin
films, the ‘‘washing-out’” factor w/d>1 (where w is the
width of the film and d its thickness), which destroys the
Bean-Livingston barrier to magnetic vortices created by a
transport current even for very small values of the latter.
However, in this case the resistive state does not appear for
small currents, because the vortices that penetrate the film
are pinned® by their interaction with nonuniformities of the
crystal lattice. That is, electrophysical characteristics of a
high-T', superconducting sample such as its critical current
and resistivity are to a considerable degree determined by the
pinning of vortices, i.e., their attachment to points within the
sample due to interaction with nonuniformities. Therefore,
there is interest in investigating various artificial ways to
modify the pinning of vortices. This article will focus on the
way an external electric field affects vortex pinning in a su-
perconducting film.

As a starting point we will use the methodology of Ref.
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10, where it was shown that the presence of an electric field
in the near-surface layer of the superconductor leads to the
appearance of an additional energy barrier (along with the
Bean-Livingston barrier) to the penetration of magnetic vor-
tices into the sample. Our basic idea is that the surface en-
ergy barrier obtained in Ref. 10 is, in essence, a local non-
uniformity for a magnetic vortex. In other words, the free
energy of a magnetic vortex is changed in the presence of an
electric field. Therefore, it is obvious that if the distribution
of electric field in the plane of the superconducting film is
somewhat nonuniform, the free energy of a magnetic vortex
will be different depending on where this vortex is located
(more precisely, on what the magnitude of the electric field is
in the vicinity of the point where the vortex is located). Thus,
a spatially nonuniform electric field should play the role of
an additional pinning potential.

It is clear that the electric field can be nonuniform for
two reasons. First of all, the gate in a traditional field-effect
transistor configuration® need not take the form of a continu-
ous film; it can also have a nonuniform structure (e.g., a
grating, metallic strip, etc.). Secondly, even if the gate is
uniform in the plane of the film, nonuniformity can exist
either in the high-T, film itself (e.g., nonstoichiometry of
composition, interruption of the film continuity), in the di-
electric substrate, and/or in some interlayer between the gate
and the film. Material nonuniformity can also be involved,
e.g., either natural or artificial modulation of the dielectric
permittivity.

For simplicity we will neglect the interaction of vortices,
and consider a single-particle problem as in the classical
theory of creep.’ In order to find the value of the energy
barrier we compute the free energy as in Refs. 10—12, with
the difference that the configuration of fields we will discuss
is somewhat different, namely that of a thin-film field-effect
transistor.?

Note also that in our discussion of the interaction of a
magnetic vortex with the pinning potential created by the
gate electric field we will neglect the presence of edge po-
tential barriers in the superconducting film, such as the Bean-
Livingston and geometric barriers.!* The geometric barrier,
which is associated with the nonuniform distribution of mag-
netic field,'® and the surface Bean-Livingston barrier, whose
role is enhanced in bulk samples, can play a significant role
in determining the conditions for entry of a vortex into the
superconductor. Thus, in Refs. 13 and 14 it was shown that
these energy barriers can determine the hysteresis of the
magnetization in superconducting samples in which the bulk
pinning potential is comparatively small or even absent. It is
clear why the bulk pinning potential must be small in this
case. The fact is that in the most general case the entry of a
vortex into the sample, and its subsequent motion, are sig-
nificantly affected by all the energy barriers: the Bean-
Livingston, geometric, and bulk (structural) pinning potential
barriers, as well as potential barriers discussed in this article.

The behavior of vortices is determined by “‘collisions’’
with all of these barriers. Under different conditions, differ-
ent kinds of energy barriers can play the most important role.
Thus, for example, under the conditions discussed in Refs.
13 and 14, the bulk pinning potential is small and the edge
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energy barriers are of most interest (geometric or Bean-
Livingston, depending on the conditions). The situation we
will discuss here requires that we have effective control over
the motion of vortices via artificial pinning potentials created
by a nonuniform electric field, so that we must ensure that
this pinning potential be the strongest, i.e., that the overall
effect of this potential on the vortex system be no smaller
than the action of the other energy barriers. To satisfy these
conditions in experiment it is obviously necessary to use
films whose structural quality is sufficiently high (so that
structural pinning will not be too strong); the gate of the
field-effect transistor must be made in the form of a large
number of parallel strips (so that there will be many potential
wells). Furthermore, the electric field created by the gate
should be strong (the strength of the pinning potential, as we
will see, is proportional to the magnitude of this field). How-
ever, when the gate electric fields are weak, the strength of
the pinning potential created by this field will be small, and
the motion of vortices will be determined by their interaction
with edge energy barriers and structural pinning potential
barriers.

In this case the gate strips should extend along the direc-
tion of the transport current in the superconducting film (i.e.,
perpendicular to the direction of motion of the vortices). The
geometric configuration of the gate is arranged so that the
potential barriers caused by the gate electric field are a more
serious obstacle to the vortices than barriers from structural
pinning potentials. This is because the structural nonunifor-
mities are usually localized in spaces over scales much
smaller than the size of the film, whereas the strip structure
of the gate creates a quasi-one-dimensional potential relief
for vortices in the superconducting film in the direction of
their motion.

Experimental evidence that the potential created by the
nonuniform electric field affects the vortex system is found
in changes in the resistive state of the superconducting film
as the value of the gate electric field changes.

2. STRUCTURE OF THE MAGNETIC FIELD

Consider the magnetic field structure created by the
transport current in an experiment where a constant electric
field is applied to a thin high-T, superconducting film (see,
e.g., Refs. 1 and 2). For the reasons pointed out above, ex-
periments where the electric field penetrates into the high-
T, superconducting film require that rather thin films be
used. 2 In this case the experimental geometry and
magnetic-field structure are qualitatively similar to the pic-
ture shown in Figs. 1 and 1b. It is obvious that the lines of
force of the magnetic field have maximum curvature at the
edges of the film, as shown in Fig. 1b. Under these condi-
tions the geometric factor w/d plays an important role. Be-
cause of this geometric factor the first critical field is renor-
malized:

H ~H"%d/w,

where H ., is the critical field in the film, H lc"l‘"‘ is the critical
field in a bulk sample. Consequently, the magnetic field pen-
etrates from the edges, and the lines of force of the magnetic
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FIG. 1. a—Schematic illustration of a superconducting field-effect transistor structure. A layer of dielectric is placed between the gate and the superconducting
film, so that the experimental current in the gate circuit is small. b— Sketch of magnetic field lines of force in the transverse cross section AA of a film with
current. The curvature of the lines of force is largest at the edges of the film, which ensures that the entry of magnetic vortices from the edges of the film is

energetically favored (as shown schematically).

field in the vortices are perpendicular to the plane of the film.
The gate used in the experiments of Refs. 1 and 2 was lo-
cated above the film, and its planes were parallel to the film.
Because of this, the electric field was parallel (or antiparallel)
to the induction vector B in the vortices.

These facts clearly show that the magnetic induction
vector B intersects the layer in which the electric field pen-
etrates during the entire motion of the vortex from the edges
to the center of the film. Therefore, even though the effect of
the electric field is a surface effect, it influences the transport
properties (creep) of the magnetic vortices.

It is important to note that this mechanism for electric-
field- induced changes in the vortex pinning potential is not
the same as the mechanism in which the superconducting
properties of the film (for example, the order parameter) are
changed by electric-field-induced changes in the carrier con-
centration. It is well known®®? that the resistivity of a super-
conducting film associated with thermally activated creep de-
pends exponentially on the value of the pinning potential.
Therefore, even rather insignificant changes in the vortex
pinning potential can, in principle, lead to large changes in
the magnitude of the resistance of the critical current.

3. CHANGES IN PINNING POTENTIAL CAUSED BY AN
ELECTRIC FIELD

Following Ref. 10, we next discuss the difference in free
energies of the two states—with and without a vortex—in a
film with an electric field. In this way we determine the value
of the energy barrier for a vortex. Without including anisot-
ropy of the coherence length &, the Ginzburg-Landau free
energy has the form'”

(B—H)? 2ie
G=f [_§7—+VH§(V—_C_A)A

+§|A|4Hd3r, (1)

2
—a|A?

where A is the order parameter, B and H are the magnetic
induction and external magnetic field vectors respectively,
and v is the density of states. Let us assume that the electric
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field is perpendicular to the plane of the film and is directed
along the z axis, while the coordinate axes for x and y lie in
the plane of the film.

In Eq. (1), the presence of the electric field can be taken
into account in the linear approximation'®!! by renormaliz-
ing the value of a:

1 6n
a=71+——, 2
8 no

here we have set 7=(T.—T)/T, (where T, is the critical
temperature at E=0), g is the superconducting pairing con-
stant, nq is the carrier density at E= 0, and én=6n(E) is
the change in carrier density in the near-surface layer due to
the presence of the electric field. In this case, as was noted in
Ref. 10, we assume that the value of A(r) and its change
SA(r) are small.

In our geometry (see Fig. 2), we will assume for sim-
plicity of calculation that the electric field is directed along

Gate

J» Current
B, Vortex

FIG. 2. Structure of the electric field E created by the gate; I, is the scale of
Thomas-Fermi screening (the penetration depth of the field into the film). In
this geometry the electric field vector E is parallel to the magnetic induction
vector in the film B (the field in the vortices). A—Gate, B—Current,
C—Vortex.
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the z axis, and that the characteristic scale of variation of the
field in the xy plane can be larger than the characteristic
scales £, [y, so that

E=E,=E/(x,y,2). (3)
In the Thomas-Fermi approximation we have (see Ref. 10)
onlny=(E/IE*)exp(—z/1y), (4

where E*=41elgny/e. We will assume that in the vortex
A=A(x,y) does not depend on the coordinate z. It should be
noted that (4) is, in fact, the solution to the Poisson equation
(see, e.g., Ref. 15) to first order in the field E.

By analogy with Refs. 10 and 12, we substitute (4) into
Eq. (1) and find the variation of the Ginzburg-Landau func-
tional. Then to first order in E we obtain the following ex-
pression for the potential barrier for a vortex in the electric
field:

E(x,y,z)
AG=~§f d’r y : ———([A(x, )12 = |Ag(=)|?),

)

where Ay(x,y) is the order parameter in the presence of a
vortex for E= 0, and Ay() is the order parameter in the
uniform state of the superconductor, A(Z,(OO)= 7/28.

Taking into account the smoothness of the variation of
E(x,y,z) in x and y, we will assume that

E(x,y,z2)=E exp(—2/ly), (6)

i.e.,, E can be approximately taken outside the integration
sign with respect to x and y. Then

+ o0

ac~-2E (" dej A 2
~T S ER), P L) (|Ao(x,y)|

—[Ag()[*)dx dy. @)

Unlike the corresponding expressions of Ref. 10, in Eq. (7)
the field E and the bracketed  quantity
(|A(x,)|2—|Ao(®)|?) are integrated separately. This is
because in our problem the electric field E(r) and order pa-
rameter A(r) vary mainly along different coordinates: E(r)
along the z axis, and A(r) in the xy plane.

The integral over dz in (7) is calculated as follows:

;;’;E*f f -5

while the remaining integral over dx dy is a number that is
not difficult to estimate.

When the coherence length £ is isotropic in the xy plane,
the order parameter Ay(x,y) is in a cylindrical geometry and
depends only on the distance from the vortex axis. Let us set
the origin of the cylindrical coordinate system on the vortex
axis. Then

dx dy, (8)
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AO(X,)’)

il [‘” Bo(®)

_ Ao(p) 2
Ag()

because the characteristic scale of variation of Ay(p) is
p~&.

Eventually, we obtain the following estimate for the
change in free energy for a vortex in an electric field:

2 2w o
dx dy—>f d(pJ- pdpil
0 0

]=27Tf:p dp S(p/&)~2mE?, )

TVT E
AG= -———lo.f (10)
Bg
This is also the free-energy correction when the vortex
moves through a transverse cross section of the thin super-
conducting film.

When the field E is uniform in the xy plane, we have
AG=const(x,y) and the correction AG leads to a renormal-
ization of the origin from which G is measured. If, however,
the field E is nonuniform in the xy plane, AG depends on
positions and develops a certain potential relief—i.e.,
‘“‘peaks’” and ‘‘valleys’’—which create an additional pinning
potential that depends on the electric field. Furthermore,
AG depends on the carrier concentration n,, i.e., the larger
ng is, the smaller the penetration depth [, of the field into the
sample is and the smaller AG is. In other words, AG is small
when the field is strongly screened.

It is obvious that the total pinning potential is the sum of
the potential formed by lattice inhomogeneities and the po-
tential formed by the variation of the electric field. Whereas
the electric field is concentrated (see Fig. 2) in a layer of
thickness ~1,, the lattice varies throughout the volume.
Therefore, in order for the effect of an electric field in this
model to be significant, the superconducting film should, as a
rule, be rather thin on the scale of /. However, if the film is
sufficiently well characterized and there are a relatively small
number of pinning centers in it, it can be much thicker than
IO'

Equation (10) gives an estimate of the magnitude of the
modulation of the pinning potential by the electric field to
first order in the field E.

Let us first estimate the value of the characteristic field
for a high-T, superconductor:

4arelgng
== (11)
Here I, is the characteristic scale for screenmg the electric
field (see Ref. 10), §~ 10 A=10"7 cm,
nOEnF=p?¢/37r2ﬁ3%1.5- 10%! cm is the carrier concen-
tration (electrons at the Fermi surface), and e~ 20-30 is the
dielectric constant. Then, according to Eq. (11), E*=3- 10*
statvolt/cm~10" V/cm.
Since T/ZB=A3(°°) is the order parameter in the region
far from the core of the vortex, (10) can be written in the
form

2@, L E
AG=?VA010§ E*

Here the density of states is
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n
W(p)~—~1.5%10"8 cm 3K
Ef

Let us assume that 27r/g~ 1; then
AG~v(u)AdEEIE*~10 K-E/E*.

Thus, the following estimate for the change in free energy is
obtained:

E
AG~10 K(m)

In magnetic flux creep, all quantities (for instance, the resis-
tivity) are proportional to exp(—G/T), where G is the pin-
ning potential, then for AG/G<%1 the relative change is
~(10K/T)(E/E*), which, e.g., in fields E~E* at T~ 80 K
gives ~ 10%.

In reality these changes can be even larger if, as in Ref.
10, we take g=1/3. Then 27/g~10' (and not ~ 1, as we
asserted above) and the change in resistivity, critical field,
etc., can be ~ 100 % in fields E~E*.

From this model of the effect of an electric field on a
superconducting film, it is clear that the largest change in the
resistive state of the film can be achieved by modulating its
superconducting properties in the direction of motion of the
magnetic vortices (i.e., perpendicular to the direction of cur-
rent flow). To do this, we can use a gate made, e.g., in the
form of a strip.

4. CHANGE IN PINNING POTENTIAL AND A
SUPERCONDUCTING FIELD-EFFECT TRANSISTOR

In order to illustrate the effect of a nonuniform electric
field on the pinning of vortices and the resistive state of a
superconductor, let us consider the following superconduct-
ing structure along which a transport current flows. We will
assume that the gate is made in the shape of a longitudinal
strip (parallel to the film and the direction of current flow),
whose width is smaller than the film width. Then the poten-
tial arising from the gate electric field (normal to the film
surface) that determines the motion of the vortices has the
shape of a step barrier at the center of the film (for an electric
field of opposite polarity the shape will be a well). The
height of the step U, can easily be estimated from Egs. (10)
and (11). Note that the potential Ug(x) is accompanied by
the ‘‘ordinary’’ pinning potential in the film, and also a cer-
tain viscosity connected with vortex flow;” however, these do
not depend on the value of the gate voltage.

In this section we compute the current-voltage character-
istics of this structure as a function of the potential U, or,
which is the same thing, the gate voltage. It should be noted
that rigorous calculation of the current-voltage characteristics
of a superconducting film, even one that is uniform on the
average, is a rather complicated problem (see, e.g., Ref. 16).
Let us first pause to discuss qualitatively the structure under
study. It is well known that the resistive state of a supercon-
ducting film is associated with the motion of magnetic vor-
tices generated by a transport current at the edges of the film.
At the edges of the film, vortices arise of opposite polarities.
Under the action of the Lorentz force,’ these vortices move
to the center of the film and are annihilated there. When a
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potential barrier U appears in their path whose value is not
small, it will be an obstacle to the vortex motion. And be-
cause the probability for a vortex to ‘‘hop’’ over the barrier
is proportional to exp(— Ug/T), for Ug>1 the dependence
of the ‘‘hopping’’ rate for the vortex over the barrier will be
steep (exponential).

The problem of finding the current and magnetic field
distributions in a thin uniform film has been treated previ-
ously (see, e.g., Ref. 16). Qualitatively, its solution leads to a
current j(x) with a minimum at the center of the film and a
maximum at its edges. The resistive state of such a film is
associated with motion of vortices under the action of the
Lorentz force exerted by the transport current. The Lorentz
force acting on an isolated vortex® equals

¢ | B

3 [‘IBI ’ 12

where ¢, is a flux quantum.

The current density j has its smallest value at the center
of the film (see Ref. 16); therefore, the Lorentz force is a
minimum at this point as well. Consequently, the change in
pinning force in the central part of the film should have the
largest effect on the current-voltage characteristics. Even a
slight change in the pinning can change the latter signifi-
cantly (this fact was noted in Ref. 16). Therefore, it is inter-
esting to consider a structure with a gate in the shape of a
metallic strip located above the film center. We will assume
that the current is rather strong and the film is in its resistive
state, and find rough estimates of the effect of the gate elec-
tric field on the current-voltage characteristics.

In this structure it is obvious that a finite resistance arises
because vortices of different polarity can hop over the barrier
at the center and annihilate there. If this hopping is impos-
sible (e.g., in the limit Uz— ), the vortices cannot annihi-
late, and therefore they cannot move. Some of them will
simply accumulate at the ‘‘banks.’’ However, the probability
of hopping over the potential barrier equals

v=vg exp(—Ug/T), (13)

and Uy in turn depends linearly on the gate field E;, as we
showed previously. Thus, by changing the gate voltage, it is
possible in principle to obtain an exponentially strong modu-
lation of the voltage across the superconducting structure for
sufficiently large values of Ug.

From this point of view, our structure is a prototype of a
new kind of field-effect transistor, in which the gate electric
field creates a narrow region with a barrier to magnetic vor-
tices whose height is regulated by the gate voltage.

4.1. ESTIMATE OF CURRENT-VOLTAGE CHARACTERISTICS

Let us consider a high barrier U such that the hopping
of a vortex over the barrier is an exponentially rare event.
We will assume that in this case the vortices are distributed
rather uniformly at the edges of the film with a certain aver-
age concentration n They cannot annihilate due to the pres-
ence of the infinitely strong potential U at the center of the
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film. Therefore, even if we consider a current that is so
strong that the vortices are driven to the banks, the voltage
V across such a structure will equal zero.

In what follows, in order to obtain a simple estimate we
will assume that the current and vortex concentrations are
distributed uniformly, although in reality the spatial distribu-
tion of carrier concentration and current depends on whether
the film is thick or thin (on a scale of \;), and also on the
amplitude and structure of the pinning potential. Therefore,
the form of these distributions is not universal.

In the case where the cross section of the film is
S=wd (where w is the width of the film, d its thickness), the
average current density equals

j=;1—d.. (14)

The average density of vortices is estimated as follows. Let
us assume that the film is in its Meissner state. Then the lines
of force near the surface approximately match the transverse
contour of the film. As usual,

4
ng-dl=—I.
c

In this case, we have for the field B; at the surface
4l
BSZ(W +d)§ T .

B 2wl
f-;a;;§7~ns¢v”n¢o,

where n is the average concentration in the ‘‘banks,’”’ or
(because w>d)

2l

chow’

(15)

In steady state, a certain distribution of vortices (lattice)
is set up in the banks with an average planar vortex density
~n, so that the average distance between them is [~n~ 2,
Only when a vortex hops from the bank over the barrier will
the entire distribution (all the vortices) shift by a distance
~1, and then once again return to the original state, resulting
in only one vortex moving into the film. Hops at the barrier
are exceptionally rare events, so that the distribution is quasi-
steady-state. Then the flux of vortices in each of the banks is

q,=nv,=nvl=nvy exp(—Ug/T)n" 12
=n"py exp(—Ug/T). (16)

The quasi-steady-state condition implies that this should
also be the flux of vortices in the neighborhood of the barrier
q,, i.e., g,=q,, and therefore that the concentration of vor-
tices in the barrier n, depends on the effective viscosity of
vortex flow in this region.

Thus, the average flux of vortices is determined by Eq.
(16). The electric field E; induced by the motion of the vor-

tices is determined by the general expression’
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E;=BXv/c, (17)

i.e., E; is parallel to the direction of the current j. From (17)
we have

E;=Bv/c=n¢ov/c=(q)do/c.

Thus, the electric field induced across the structure, taking
into account Eq. (16), equals

Finally, taking (15) into account, we obtain the expression
for the electric field due to motion of vortices in the film:

27T¢01 12 UE
Ej‘—“(—cgw—) Vo exp -7 (18)

Thus, we have obtained a completely understandable re-
sult: the current—voltage characteristics depend on the gate
potential exponentially (xexp(— Ug/T)). This is associated
with the exponential probability of overcoming the barrier to
the vortices created by the electric field. As we showed pre-
viously, the order of magnitude of the change connected with
this exponential can be as large as 100% for electric fields
achievable in experiments (E~ 10’ —10% V/cm). Note that
the width of the gate strip does not enter into this solution
(i.e., the shape of the current—voltage characteristics). This is
explained by the approximation we have used: rather than
find the profile of the current distribution or density distribu-
tion, we took a certain average value. Therefore, our result is
only an estimate that illustrates the exponential dependence
of the current-voltage characteristics on the magnitude of the
gate field.

It is clear that the larger this effect is, the more effec-
tively vortices are pinned at the barrier created by the gate
electric field. In order to ensure a large pinning efficiency,
the gate can be made in the form of a series of parallel strips
instead of a single strip (as in the case discussed here). Then
in the course of its motion, a vortex will be successively
“hooked’’ by these strips, causing an effective braking of the
vortex motion through the film.

It should be pointed out that in deriving Eq. (18), we
have in fact ignored the presence of bulk pinning of vortices
at structural nonuniformities. We have assumed that the pin-
ning potential Uy created by the electric field is the most
significant perturbation on the motion of the vortices. If this
is not so (e.g., for films that are thick on the scale /,, in
which structural pinning is always significant), the effect we
have obtained (changes in the current-voltage characteristics)
will obviously be reduced by the ratio of the pinning energy
at irregularities of the electric field to the pinning energy at
structural irregularities. If we assume that the value of the
pinning potential is proportional to the layer thickness in
which the pinning centers are located, the change in current-
voltage characteristics and critical current for a thick film
will be smaller by ~d/l, (where [ is the scale of penetration
of the electric field and d is the film thickness). However,
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even in this case the effect may be significant, due to the
abrupt exponential dependence in Eq. (18).

5. CONCLUSION

In describing the mechanism proposed here for the ac-
tion of an electric field on a superconductor, we have dem-
onstrated that a nonuniform electric field creates an addi-
tional pinning potential for magnetic vortices. It is clear that
in this case the films need not be necessarily single-crystal or
continuous. However, the films should be rather thin. In fact,
the length of a vortex in the film is the same order as its
thickness, and the largest effect should occur when the elec-
tric field acts over a large portion of the vortex. In the oppo-
site case, if the film is thick and the electric field is concen-
trated near the surface, the electric field will bring about only
surface pinning, and the vortex pinning will be determined
by structural nonuniformities in the volume of the film.

The assumptions discussed here can facilitate the study
of spatially nonuniform states created artificially by using a
spatially nonuniform gate profile (e.g., by lithographic meth-
ods). In order to experimentally reveal this mechanism, it
appears to us that a spatially nonuniform gate configuration
must be used, in a geometry similar to that of a field-effect
transistor. This will correspond to an artificially created pin-
ning potential profile, whose strength can be controlled by an
applied voltage. In addition, these structures can be used to
clarify the role of surface pinning in superconducting films.
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DOf course, this is a rather strong assumption; however, it allows us to
obtain the form of the current—voltage characteristics.
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