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Orientational pinning and transverse voltage: Simulations and experiments
in square Josephson junction arrays
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~Received 14 January 2000!

We study the dependence of the transport properties of square Josephson Junction arrays with the direction
of the applied dc current, both experimentally and numerically. We present computational simulations of
current–voltage curves at finite temperatures for a single vortex in an array ofL3L junctions (Ha2/F05 f
51/L2), and experimental measurements in 10031000 arrays under a low magnetic field corresponding to
f '0.02. We find that the transverse voltage vanishes only in the directions of maximum symmetry of the
square lattice: the@10# and@01# direction~parallel bias! and the@11# direction~diagonal bias!. For orientations
different from the symmetry directions, we find a finite transverse voltage that depends strongly on the angle
f of the current. We find that vortex motion is pinned in the@10# direction (f50), meaning that the voltage
response is insensitive to small changes in the orientation of the current nearf50. We call this phenomenon
orientational pinning. This leads to a finite transverse critical current for a bias atf50 and to a transverse
voltage for a bias atfÞ0. On the other hand, for diagonal bias in the@11# direction the behavior is highly
unstable against small variations off, leading to a rapid change from zero transverse voltage to a large
transverse voltage within a few degrees. This last behavior is in good agreement with our measurements in
arrays with a quasidiagonal current drive.
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I. INTRODUCTION

The interaction between the periodicity of vortex lattic
~VL’s ! and periodic pinning potentials in superconducto
has raised a great interest both in equilibrium systems1–9 and
in driven nonequilibrium systems.10–13 Several techniques
have been used to artificially fabricate periodic pinning
superconducting samples: thickness modulated films,1 wire
networks,2 Josephson junction arrays,3,4 magnetic dot
arrays,5 submicron hole lattices,6 and pinning induced by
Bitter decoration.7

The ground states of these systems, which result from
competition between the vortex–vortex and the vorte
pinning interactions, can be either commensurate or inc
mensurate vortex structures depending on the vo
density.1,9,14 These commensurability effects in the grou
state vortex configurations lead to enhanced critical curre
and resistance minima for the ‘‘matching’’ and for the ‘‘fra
tional’’ ~submatching! vortex densities where the VL i
strongly pinned. At finite temperatures, it has been sho
numerically that there are both a depinning and a melt
transition, which can occur either sequentially or simul
neously depending on the magnetic field.8

Very recently, the physics of driven vortices under pe
odic pinning has been studied numerically both at z
temperature10,11and at finite temperatures.12,13At T50 there
is a complex variety of dynamic phases.10 At finite T there
are two dynamic transitions when increasing temperatur
high drives: there is first a transverse depinning and seco
melting transition of the moving vortex lattice.12

Most of the effects of periodic pinning that have be
studied are related to commensurability phenomena and
breaking of translational symmetry in these systems. L
studied is the effect of the breaking of rotational symmetry
PRB 620163-1829/2000/62~6!/4096~9!/$15.00
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periodic pinning potentials, in particular, regarding transp
properties. One question of interest is how the motion
vortices changes when the direction of the driving curren
varied. If there is rotational symmetry, the vortex motion a
voltage response should be insensitive to the choice of
direction of the current. However, it is clear that in a period
pinning potential the dynamics may depend on the direct
of the current. For example, in square Josephson junc
arrays~JJA’s! it has been found experimentally that the e
istence of fractional giant Shapiro steps~FGGS’s! depends
on the orientation of the current bias. When the JJA is driv
in the @11# direction the FGGS are absent, while they a
very large when the drive is in the@10# direction.15 Another
example of more recent interest is the phenomenon of tra
verse critical current in superconductors with pinning.16 It
has been found numerically that for a VL driven with a hig
current there is a transverse critical current when an a
tional small bias is applied in the perpendicul
direction.10–12 Furthermore, when the transverse bias is
creased it is possible to have a rich behavior with a Dev
staircase in the transverse voltage.11 However, there has no
been experimental measurements of the existence of tr
verse voltages and transverse pinning effects.

In this paper we will study in detail both numerically an
experimentally the breaking of rotational invariance
square JJA. In this case, the discrete lattice of Joseph
junctions induces a periodic egg-carton potential for the m
tion of vortices.4 Here we will study how the voltage re
sponse depends on the angle of the current with respe
the lattice directions of the square JJA. We will show bo
numerically and experimentally that there are preferred
rections for vortex motion for which there is orientation
pinning. This leads to an anomalous transverse voltage w
vortices are driven in directions different from the symme
4096 ©2000 The American Physical Society
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directions. An analogous effect of a transverse voltage du
the guided motion of vortices has been observed experim
tally in YBCO superconductors with twin boundaries.17 An-
other related case is the intrinsic breaking of rotational sy
metry of d-wave superconductivity, which causes an ang
dependent transverse voltage for large currents, which
been studied theoretically in Ref. 18. Here we will show t
differences and similarities of the square JJA with the
problems.

The paper is organized as follows. In Sec. II we pres
the model equations for the dynamics of the JJA, which w
be solved in the numerical simulations. In Sec. III we d
scribe the experimental details of the JJA used in the m
surements. In Sec. IV we will present our results for both
simulations and for the experiments. In particular, we w
present experiments corresponding to the orientation
which the effect of a transverse voltage is maximum. Fina
in Sec. V we will compare our results with other simil
effects and discuss future directions of study.

II. THEORETICAL MODEL

We study the dynamics of JJA using the resistive
shunted junction~RSJ! model for the junctions of the squar
network.19–22In this case, the current flowing in the junctio
between two superconducting islands in a JJA is modele
the sum of the Josephson supercurrent and the normal
rent:

I m~n!5I 0sinum~n!1
F0

2pcRN

]um~n!

]t
1hm~n,t !, ~1!

where I 0 is the critical current of the junction between th
sitesn and n1m in a square lattice@n5(nx ,ny),m5 x̂,ŷ#,
RN is the normal state resistance, and

um~n!5u~n1m!2u~n!2Am~n!5Dmu~n!2Am~n! ~2!

is the gauge invariant phase difference with

Am~n!5
2p

F0
E

na

(n1m)a

A•dl. ~3!

The thermal noise fluctuationshm have correlations

^hm~n,t !hm8~n8,t8!&5
2kT

RN
dm,m8dn,n8d~ t2t8!. ~4!

In the presence of an external magnetic fieldH we have

Dm3Am~n!5Ax~n!2Ax~n1y!1Ay~n1x!2Ay~n!52p f ,
(5)

wheref 5Ha2/F0 anda is the array lattice spacing. We tak
periodic boundary conditions~p.b.c’s! in both directions in
the presence of an external currentI5(I x ,I y) in arrays with
L3L junctions.23 The vector potential is taken as

Am~n,t !5Am
0 ~n!2am~ t !, ~6!

where in the Landau gaugeAx
0(n)522p f ny , Ay

0(n)50,
andam(t) allows for total voltage fluctuations under period
boundary conditions. In this gauge the p.b.c. for the pha
are12,23
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u~nx1L,ny!5u~nx ,ny! , ~7!

u~nx ,ny1L !5u~nx ,ny!22p f Lnx .

The condition of a total current flowing in thex andy direc-
tions

I x5
1

L2 F(
n

I 0sinux~n!1hx~n,t !G1
\

2eRN

dax

dt
,

I y5
1

L2 F(
n

I 0sinuy~n!1hy~n,t !G1
\

2eRN

day

dt
~8!

determines the dynamics ofam(t).23 We also consider loca
conservation of current

Dm•I m~n!5(
m

I m~n!2I m~n2m!50. ~9!

After Eqs. ~1!, ~8!, and ~9! we obtain the following set of
dynamical equations for the phases;12,23

Dm
2 ]u~n!

]t
52Dm•@Sm~n!1hm~n,t !#, ~10!

]am

]t
5I m2

1

L2 (
n

@Sm~n!1hm~n,t !#, ~11!

where

Sm~n!5sin@Dmu~n!2Am
0 ~n!2am#, ~12!

we have normalized currents byI 0, time by tJ
52pcRNI 0 /F0, temperature byI 0F0/2pkB , and the dis-
crete Laplacian is

Dm
2 u~n!5u~n1 x̂!1u~n2 x̂!1u~n1 ŷ!

1u~n2 ŷ!24u~n!. ~13!

The Langevin dynamical equations~10!–~11! are solved
with a second order Runge–Kutta–Helfand–Greenside a
rithm with time stepDt50.1tJ and integration time 5000tJ
after a transient of 2000tJ . The discrete Laplacian is in
verted with a fast Fourier1tridiagonalization algorithm as in
Ref. 22. We calculate the time average of the total voltage

Vx5^vx~ t !&5^dax~ t !/dt&,

Vy5^vy~ t !&5^day~ t !/dt&, ~14!

with voltages normalized byRNI 0.
We study the JJA under a magnetic field corresponding

a single vortex in the array,f 51/L2, and system sizes ofL
3L junctions, withL532,64. We apply a currentI at an
anglef with respect to the@10# lattice direction

I x5I cosf ,

I y5I sinf. ~15!

We define the longitudinal voltage as the voltage in the
rection of the applied current
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4098 PRB 62V. I. MARCONI et al.
Vl5Vxcosf1Vysinf, ~16!

and the transverse voltage

Vt52Vxsinf1Vycosf. ~17!

From the voltage response, we define the transverse ang

tanu t5Vt /Vl ~18!

and the voltage angle as

tanuv5Vy /Vx , ~19!

i.e., u t5uv2f, ~see Fig. 1!. When the vortices move in th
direction perpendicular to the current, there is no transve
voltage, thereforeu t50 anduv5f.

III. EXPERIMENTAL SETUP

We measured current–voltage~I–V! characteristics of
square proximity–effect Pb/Cu/Pb Josephson arrays with
current applied in different directions.

The samples consist of 2500-Å-thick cross-shaped Pb
lands on top of a continuous 2500-Å-thick copper film. Co
per, and subsequently lead, were thermally evaporated on
silicon substrate within the same evaporator. An array
100031000 lead islands were defined by photolithograp
patterning followed by an Ar ion etching. The cell parame
of the resulting array was 10mm with junctions 2-mm wide
and a separation of 1mm. A second photolithography ste
was used to define a 1310 mm2 strip with current and volt-
age ~longitudinal and transversal! contacts. This mask wa

FIG. 1. ~Top! Schematic representation of a square Joseph
junction array, the crosses indicate Josephson junctions.~Bottom!
Definition of angles with respect to thex and y axis of the array.
The vector of applied currentI5(I x ,I y) forms an anglef respect
to the x axis. The vector of electric fieldE5(Vx ,Vy) forms an
angleuv with respect to thex-axis and an angleu t with respect to
the currentI .
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manually aligned in the@10# and@11# directions for different
samples.

The six-terminal measurements were made using a
gramable dc current source and a two channel nanovoltm
~HP 34420A!, with each channel measuring the longitudin
and transversal voltage, respectively. The arrays w
coooled up to 1.25 K in a pumped4He cryostat shielded by
m-metal. A superconducting solenoid was used to null
remaining ambient magnetic field ('15 mG), and apply
fields to the sample. The typical periodic-in-field response
the resistance was observed extending in a large numbe
periods, which was used to determine the frustration app
to the sample.

IV. RESULTS

A. Breaking of rotational invariance: model predictions

The square lattice has two directions of maximum sy
metry: the@10# and the@11# directions~and the ones obtaine
from them byp/2 rotations!, which correspond to the direc
tions of reflection symmetry. When the current bias is in t
@10# direction, the angle of the current isf50, and we call
it a ‘‘parallel’’ bias. When the current bias is in the@11#
direction, the angle of the current isf5p/4545°, and we
call it a ‘‘diagonal’’ bias.

In the case of the parallel bias we find both experime
tally and numerically that the transverse voltage is zero~in
agreement with the reflection symmetry!. This corresponds
to vortex motion in the direction perpendicular to the curre
(u t50). Shown in Fig. 2 are the experimental results ofu t as
a function of the applied current, for a JJA with the curre
fed in the@10# direction. This measurement was taken for
frustration of f 50.02, and for a reduced temperaturet
50.12, although similar results were obtained for differe
frustrations and temperatures.

In the I–V curve for the longitudinal voltage we find nu
merically a critical current corresponding to the single vort
depinningI c

[10]50.1,4 as shown in Fig. 3~a!. Above I c it is
possible to distinguish three regimes in the numeri
results:20,21 ~A! a single vortex regime for 0.1,I ,0.85,
where the I–V is quasilinear and dissipation is caused

n

FIG. 2. Experimental voltage angle as a function of the appl
current for a square JJA, withf 51/25 andt50.12. The current was
applied in the@10# direction ~parallel bias!.
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PRB 62 4099ORIENTATIONAL PINNING AND TRANSVERSE . . .
vortex motion; ~B! an intermediate crossover regime f
0.85,I ,1.0; and~C! a resistive regime forI .1.0, where
dissipation is caused by the ohmic shunt resistance and
I–V curve is linear. The vortex regimeA can be described
by the dynamics of a single collective degree of freedom:
overdamped particle moving in the periodic egg-car
potential,4,20 although with a nonlinear viscosity.21 The resis-
tive regimeC is also very simple; it can be represented
the behavior of a single junction at large currents,um(n,t)
'(2eRN /\)I mt1dm(n,t). The crossover regimeB is char-
acterized by a complex collective dynamics with an interp
of the vortex degree of freedom with spin waves excitatio
and at finite temperatures there is also a steep increas
vortex–antivortex excitations in this regime.

In the case of the perfect diagonal bias, which is o
attainable in the numerical model, we obtain similar resu
as in the parallel bias case. The transverse voltage is zero
therefore the vortex moves perpendicular to the currentu t
50). In agreement with the prediction of Halsey,14 the nu-
merical I–V curve for Vl has a critical current ofI c

[11]

5A2I c
[10]50.1414. The onset of the resistive regimeC is

also multiplied by a factor ofA2, while the crossover regim
B starts at nearly the same current as in the parallel bias c
see Fig. 3~b!.

For orientations different than the symmetry direction
we always find both numerically and experimentally a fin
transverse voltage. In order to see this, we show our num
cal study of the voltage response when varying the orie
tion f of the drive while keeping fixed the amplitudeI of the
current. In Fig. 4~a! we plot the transverse angleu t
5arctan(Vt /Vl) as a function of the angle of the currentf.
We find thatu t vanishes only in the maximum symmet

FIG. 3. Current–voltage characteristics atT50 for Josephson
junction arrays withf 51/L2 andL564 obtained from simulations
~a! for the parallel bias casef50; ~b! for the diagonal bias cas
f5p/4. Currents are normalized byI 0 and voltages byRNI 0
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directions corresponding to anglesf50,645°,690°, . . . ,
as discussed before. Furthermore, we see that for orienta
nearf50, the transverse angle basically follows the curre
angle:u t'2f. This is an indication that vortex motion i
pinned in the lattice direction@10#, since Vy'0, meaning
that the voltage angle isuv'0. Whenever the voltage re
sponse is insensitive to small changes in the orientation
the current, we will call this phenomenonorientational pin-
ning. On the other hand, nearf545° the transverse angl
changes rapidly. We show in Figs. 4~b! and 4~c! the behavior
of u t for different currents and temperatures. Theu t vs f
curves become smoother aroundf545° for increasing cur-
rent as well as for increasingT. At the same time, the mag
nitude of the transverse angle decreases when increasin
current forI @1, or when increasingT.

A more direct evidence of the breaking of rotational sy
metry can be seen in the parametric curves ofVy(f) vs
Vx(f). In Fig. 5 we plot the values obtained numerically f
the voltagesVy andVx when varying the orientational angl
f for different values of the current amplitudeI and the
temperature. In the case of rotational symmetry we sho
have a perfect circle. In the set of plots of Fig. 5~a!–5~c!, the
current amplitude is fixed and the temperature is varied
Fig. 5~a! we haveI 50.2, near the onset of single vorte
motion in the regimeA. In this case most of the points ar
either on the axisVx50 or on the axisVy50, indicating
strong orientational pinning in the lattice directions@10# or
@01#. When increasingT the orientational pinning decrease

FIG. 4. Simulation results of the behavior of the transve
angleu t5arctan(Vt /Vl) vs the angle of the currentf: ~a! T50.01
and I 50.6; ~b! T50.01 andI 51.2;~c! T50.05 and different cur-
rents.
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4100 PRB 62V. I. MARCONI et al.
and the length of the ‘‘horns’’ in thex andy axis decreases
Figure 5~b! corresponds toI 50.6 , near the end of regimeA
when the vortex is moving fast. In this case the horns h
disappeared and orientational pinning is lost. However,
breaking of rotational symmetry is still present in the st
shaped curves that we find at lowT. The dip at 45° in the
stars is because in this direction the voltages are minim
since the critical current is maximum in this case,I c

[11]

50.1A2. When increasing the temperature, the stars ten
the circular shape of rotational invariance. The parame
curves in the crossover regimeB also have star shaped b
havior at low T which tends to circles when increasingT.
Above the onset of the resistive regimeC the ‘‘horned’’
curves reappear@Fig. 5~c!#. In this case the orientational pin
ning corresponds to the locking of ohmic dissipation in t
junctions in one of the lattice directions, either@10# or @01#.
Once again, when increasingT the horned structure shrinks
and the curves evolve continuously from square to circu
shapes.

The variation with current of the rotational paramet
curves for a fixed temperature is shown in the numer
results of Figs. 5~d!–5~f!. At a low temperature,T50.05, we
clearly see the horned structure of the curves for almos
the currents and even for large currents the circular cur

FIG. 5. Simulation results of the parametric curv
Vy(f) vs Vx(f); ~a! I 50.2, for ~going outwards from the center!
T50,T50.01, and T50.05; ~b! I 50.6 for T50.3,T50.5,T
50.6,T51.0, andT51.4; ~c! I 51.2 for T50,T50.05,T50.1,T
50.3, andT51.0; ~d! T50.05 for~going outwards from the center!
I 51.0,I 51.2,I 51.4, and I 51.6; ~e! T50.2 for I 51.0,I 51.2,I
51.4, andI 51.6; ~f! T51.0 for I 50.2,I 50.4,I 50.6, andI 50.8.
e
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have horns@see Fig. 5~d!#. At an intermediate temperature
T50.2, there are still some signatures of the orientatio
pinning @Fig. 5~e!#, while for T51.2 all the curves are
smooth and rounded with a slightly square shape@Fig. 5~f!#.

B. Orientational pinning near the †10‡ direction:
Simulations and experiments

The orientational pinning characterizes the breaking
rotational symmetry in square arrays at low temperatures
we have seen in the previous section. When the JJA is dr
in any of the ‘‘parallel’’ directions,f50°,90°,180°, or 270°
both vortex motion and dissipation are pinned along th
directions. When the current is rotated a small angle,
example from the@10# direction, the dissipation remain
pinned along the@10# direction (Vx5” 0, Vy50). This effect
causes a finite transverse voltage, measured with respe
the direction of the currentVt'2Vxsinf and a transverse
angleu t52f. The orientational pinning is lost at a give
critical anglefc which depends on temperature and curre
As we can see in Fig. 4~a!, for very low T and for certain
values of the current, the critical angle can reach values v
close to 45°. This leads to a large transverse voltage in ar
driven near the@11# direction as we will discuss later in Sec
IV C.

Let us analyze now the behavior of the critical angle
orientational depinningfc . This can be studied numericall
by looking at the angle of the voltage with respect to the@10#
direction, uv5arctan(Vy /Vx). For f,fc we have orienta-
tional pinning and thereforeuv50, while forf.fc we have
uv5” 0. Therefore, the onset of a finiteuv defines the critical
anglefc . In Fig. 6 we plot the numerically obtaineduv as a
function of f for different currents and temperatures. The

FIG. 6. Orientational pinning nearf50. Simulation results of
voltage angleuv5arctan(Vy /Vx) vs f for different temperatures and
~a! I 50.6; ~b! I 51.2.
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are two cases of interest: for a current in the single vor
regimeA @Fig. 6~a!# and for a current in the resistive regim
C @Fig. 6~b!#. We find that in both cases there is clearly
finite fc which decreases with temperature. In the case of
single vortex regimeA, we see thatfc tends to vanish at a
crossover temperature corresponding to the energy scal
vortex depinning,4 Tpin;DEpin'0.2. The notion of ‘‘trans-
verse critical current’’I c,tr has been introduced recently
the theoretical work by Giamarchi and Le Doussal for driv
vortex lattices in random pinning.16 When a vortex structure
is moving fast, it can still be pinned in the transverse dir
tion. After applying a current in the direction perpendicu
to the drive, a finite transverse critical current may exist
T50. In the case of periodic pinning, a finiteI c,tr was also
proposed due to conmensurability effects.16 In particular, in
the periodic egg-carton pinning of Josephson junction arr
it was found numerically in Ref. 12 thatI c,tr is finite in a
wide range of temperatures for a system driven in the@10#
direction. Here we see that due to the orientational pinnin
transverse critical current is finite only when the JJA
driven either in the@10# or @01# directions. In any other cas
it will be zero. Moreover, the critical angle in regimeA can
be interpreted as corresponding to a transverse critical
rent I c,tr5Isinfc for a vortex driven by a longitudinal curren
I l5I cosfc .

In Fig. 6~b! we see that for a current in the resistive r
gime C there is also a critical angle for the onset of tran
verse ohmic dissipation. In this casefc tends to vanish at a
higher temperature above the Kosterlitz–Thouless transi
TKT'0.9.

The other lattice symmetry direction of interest corr
sponds to the case of ‘‘diagonal’’ bias, i.e., the@11# direc-
tions of f545°,135°,225°, and 315°. In this case, we ha
shown previously that the transverse voltage also vanis
In agreement with this, we see both in Fig. 6~a! and 6~b! that
all the curves cross in the point (f,uv)5~45°,45°!, which
corresponds tou t5uv2f50. However, there is no orienta
tional pinning in the@11# direction. On the contrary, in this
direction any small deviation in the orientation of the curre
can cause a fast increase of the transverse voltage. In ord
show this effect, we study numerically the ‘‘diagonal volta
angle,’’ which is measured with respect to 45°:uv8
5arctan(Vy2Vx)/(Vy1Vx) 5uv2p/4, as a function of the
deviation from the@11# direction,Df5f2p/4, ~see Fig. 7!.
We find that, in contrast to the case of Fig. 6, a small dev
tion from the symmetry direction leads to a large change
the voltage angle for any current and temperature. T
shows that the@11# direction is highly unstable against sma
changes in the orientation of the current, leading to
anomalously large transverse voltage.

C. Transverse voltage near the†11‡ direction:
Simulations and experiments

In Fig. 8~a! we show our experimental voltage–curre
characteristics for an array of 10031000 junctions at a low
temperatureT51.25 K and at a low magnetic field. Th
current is applied nominally in the@11# direction, but a small
misalignment is possible in the setup of electrical conta
thereforef545°65°. We see that for low currents there is
very large value of the transverse voltageVt , which is nearly
x

e
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-
n
is

n

s,

of the same magnitude as the longitudinal voltageVl . The
transverse voltage is maximum at a characteristic currentI m .
Above I m , Vt decreases with increasing current whileVl
increases. It is remarkable that these results are very diffe
from the I–V curve obtained numerically in Fig. 3, whe
Vt50 at f545°. However, if we assume a misalignment
a few degrees with respect to the@11# direction we can re-
produce the experimental results. In Fig. 8~b! we show the
I–V curves obtained numerically forf540° andT50.02.
We see that for low currentsVt is close toVl : Vt&Vl ,
similar to the experiment, and laterVt has a maximum at a
currentI m'1/cosf'1.3. This corresponds to the current f
which the junctions in thex direction become critical (I x
51). The range of currents we can measure experiment
is limited to regimesB andC, since we cannot fully acces
regimeA of single vortex motion due to the small voltage
involved in this case. Of course, in the simulations we c
study the full range of currents, which is shown in Fig. 8~c!.
Here we see that near the vortex depinning current the tr
verse voltage is also very close toVl in a small range of
currents, then when increasingI they separate first inside
regimeA, and later in regimeB the transverse voltage ap
proaches the longitudinal voltage again.

As we saw in Fig. 4 the highest transverse voltage can
obtained for orientations nearf545o. Therefore a slight
misalignment of the array from the@11# direction is useful
for studying the behavior of the transverse voltage both
perimentally and numerically as a function of current a
temperature.

In Fig. 9 we show the dependence ofu t with current for
different temperatures. The experimental results are show
Fig. 9~a! where we find thatu t first increases with current, i
reaches a maximum valueu t

max(T),45°, and then for large

FIG. 7. Voltage angle with respect to the@11# direction uv8
5arctan(Vy2Vx)/(Vy1Vx) 5uv2p/4 vs f2p/4 obtained numeri-
cally for different temperatures and~a! I 50.6; ~b! I 51.2.
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currentsu t tends to zero. In Fig. 9~b! we show that simula-
tions with the RSJ model withf540° reproduce this behav
ior. Here we see that the maximum of the transverse ang
reached inside regimeB well before the onset of the resistiv
regime. We also find that, when going deep into regimeC, u t
decreases with current:u t→0 for I @I m . In Fig. 9~c! we
show that a similar behavior is obtained for other values of
close to 45°. We also observe here the full range of curre
We see that at the critical current the transverse angleu t first
has a maximum, then it decreases rapidly in a small rang
currents after which, for most of regimeA, u t increases with
I before reaching a second maximum value in the crosso
regimeB. This shows that there are two regimes where
effect of anomalous transverse voltage is maximum: near
vortex depinning current, due to orientational pinning of vo
tex motion; and near the Josephson junction critical curr
due to the orientational ‘‘pinning’’ of ohmic dissipation. Re
gretfully, we cannot measure the small voltages of the l
current regime, therefore we were not able to observe exp
mentally the first maximum ofu t .

In Fig. 10 we analyze the behavior of the transverse an
as a function of temperature. We plot the value ofu t for a
current near the maximum value of the transverse voltag
low T. We observe experimentally thatu t decreases with
temperature and in particular it has a sharp decreaseT
'1.5 K, as we show in Fig. 10~a!. On the other hand, in the
simulation results we see a smooth decrease ofu t with tem-
perature@Fig. 10~b!#. The transverse angle becomes smal

FIG. 8. ~a! Experimental results of longitudinal and transver
voltage for a current near the@11# direction f545°65 at T
51.25K; ~b! Longitudinal and transverse voltage obtained nume
cally for f540° atT50.02\I 0/2ekB ; ~c! Idem ~b! for an extended
current range.
is
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the depinning crossover temperatureTpin'0.2. The fact that
our experimental results show a sharper decrease with
perature than the simulations is possibly due to vortex c
lective effects. The simulation results presented here are
cused in the motion of a single vortex in the periodic pinni
of a square JJA. The vortex collective effects, which have
be studied for fieldsf .1/L2, will be discussed elsewhere.24

-

FIG. 9. ~a! Experimental results of transverse angleu t vs current
for f545°65 at different temperatures;~b! Numerical results ofu t

vs I for f540°; ~c! u t vs I at T50.02 for differentf and full range
of currents. Experimental temperatures are in Kelvin, simulat
temperatures are in units of\I 0/2ekB .

FIG. 10. ~a! Experimental results of transverse angle vsT for
f545°65 and I 5300mA; ~b! Numerical results ofu t vs T for
f540° andI 50.85.
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V. DISCUSSION

In the egg-carton potential of a square JJA there are
ning barriers for vortex motion in all the directions. Th
direction with the lowest pinning barrier is the@10# direction.
Therefore the strong orientational pinning we find here is
the direction of the lowest pinning for motion, i.e., the dire
tion of easy flow for vortices. The presence of a strong o
entational pinning leads to a large transverse voltage w
the systems is driven away from the favorable direction
the existence of a critical angle and to a transverse crit
current. On the other hand, the@11# direction is the direction
of the largest barrier for vortex motion in the egg-cart
potential. In this case, the behavior is highly unstable aga
small variations in the angle of the drive, leading to a ra
change from zero transverse voltage to a large transv
voltage within a few degrees. Any misalignement of t
current/voltage contacts as well as disorder in the juncti
critical currents24 can lead to a large transverse voltage
arrays with a diagonal bias. This explains the transverse v
age observed in our experimental measurements in
driven near the diagonal@11# orientation.

An analogous effect of orientational pinning has also be
seen in experiments on YBCO superconductors with tw
boundaries.17 In this case, due to the correlated nature of
disorder, the direction for easy flow is the direction of t
twins. A similar effect of horns in the parametric voltag
curves are therefore observed in the direction correspon
to the twins. Also transport measurements show a la
transverse voltage when the sample is driven at an angle
respect to the twin.

It is interesting to compare it with the angle-depend
transverse voltage calculated ford-wave superconductors.18

Also in this case, the transverse voltage vanishes only in
@10# and @11# directions. However theu t vs f curves are
smooth in this case, since tanu t} sin 4f.18 This is because
there is no pinning and the transverse voltage is caused
by the intrinsic nature of thed-wave ground state. On th
other hand, the breaking of rotational symmetry studied h
is induced by the pinning potential, and it results in no
smooth responses like ‘‘horned’’ parametric voltage curv
critical angles, transverse critical currents, etc.

In superconductors with a square array of pinning cent
typically the pins are of circular shape and the size of
pins is much smaller than the distance between pinn
sites.9–11 In this case, the pinning barriers that vortices fi
for motion are the same in many directions. Therefore i
possible to have orientational pinning in many of the squ
lattice symmetry directions. This explains the rich structu
of a Devil’s staircase observed recently in the simulations
Reichhardt and Nori, where each plateau corresponds to
entational pinning in each of the several possible directi
for orientational pinning. This interesting behavior is n
possible in JJA, however, since the egg-carton pinning
tential corresponds to the situation of square-shaped pin
centers with the pin size equal to the interpin distance. In
case the only possible directions for orientational pinning
the @10# and @01#, as we have seen here.

It is worth noting that many experiments in JJA in th
past have been done in samples with a diagonal bias.
example, van Wees, van der Zant, and Mooij25 have ob-
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served the existence of a transverse voltage in their meas
ments, which was unexplained. From our finding that
@11# direction is unstable against changes in the angle of
bias, we conclude that any small deviation in the direction
the flow of current, either due to tiny fabrication defects
the busbars or to disorder in the critical currents of t
junctions,24 may explain their observation. Also Chen, Del
ing, Haviland, and Claeson26 have reported a transvers
angle in measurements in JJA driven in the diagonal dir
tion. In their case the effect is antisymmetric against
change in the direction of the magnetic field. Since tra
verse voltages due to the instability of the@11# direction are
even with the direction of the magnetic field, their observ
tion cannot be explained from our results. This means t
they have a Hall effect, possibly due to quantum fluctuatio
However, they report that their transverse voltage also ha
component that was even with the magnetic field~which was
discounted in their computation of the Hall angle!. This par-
ticular spurious contribution can also be attributed to a sm
deviation in the direction of the bias or to disorder effec
From this we conclude that in order to study the Hall effe
in JJA the most convenient choice would be a current bia
the @10# direction where the effect of transverse voltages
small deviations in the bias or disorder is minimum.

When this work was completed, new studies on the eff
of the orientation of the bias in driven square JJA have
peared. Fisher, Stroud, and Janin27 have studied some of th
effects of the direction of current in a fully frustrated JJ
( f 51/2) at T50. In their case a transverse critical critic
current and the dynamics as a function ofI x andI y has been
described. Their results are in part complementary to
work with a single vortex (f 51/L2). Yoon, Choi and Kim28

find differences in the I–V characteristics of JJA atf 50
when comparing the parallel current bias with the diago
current bias. Their results are in agreement with our Fig
results.

In this paper we have considered the dynamics of a sin
vortex in a square JJA. We were able to characterize in de
the orientational pinning and breaking of rotational symm
try in this case. Furthermore, with the results of the R
numerical calculation we were able to reproduce and in
pret most of our experimental measurements for a quas
agonal bias. It remains for the future to study the behavio
a driven VL when the current is rotated, since the VL al
has its own periodicity and symmetry directions. As we s
recently in Ref. 12, a moving vortex lattice in a JJA sho
different dynamical phases as a function of temperature
current. Therefore we expect that the characteristics of
breaking of rotational invariance, orientational pinning, a
transverse voltages will depend on the dynamical phase
der consideration as well as on the disorder in the Joseph
couplings.24
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