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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 aray bf junctions Ha?/®,=f
=1/L?), and experimental measurements in ¥A®O0 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: thg10] and[01] direction(parallel biag 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
¢ of the current. We find that vortex motion is pinned in fi€] direction (¢=0), meaning that the voltage
response is insensitive to small changes in the orientation of the currendre@rWe call this phenomenon
orientational pinning. This leads to a finite transverse critical current for a bids=dt and to a transverse
voltage for a bias ath+ 0. On the other hand, for diagonal bias in {i€] direction the behavior is highly
unstable against small variations ¢f 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.

[. INTRODUCTION periodic pinning potentials, in particular, regarding transport
properties. One question of interest is how the motion of

The interaction between the periodicity of vortex latticesvortices changes when the direction of the driving current is
(VL’'s) and periodic pinning potentials in superconductorsvaried. If there is rotational symmetry, the vortex motion and
has raised a great interest both in equilibrium systefend  voltage response should be insensitive to the choice of the
in driven nonequilibrium system$** Several techniques direction of the current. However, it is clear that in a periodic
have been used to artificially fabricate periodic pinning inpinning potential the dynamics may depend on the direction
superconducting samples: thickness modulated filwire  of the current. For example, in square Josephson junction
networks? Josephson junction array$, magnetic dot arrays(JJA’s) it has been found experimentally that the ex-
arrays; submicron hole lattice3,and pinning induced by istence of fractional giant Shapiro steBGGS'9 depends
Bitter decoratior. on the orientation of the current bias. When the JJA is driven

The ground states of these systems, which result from thim the [11] direction the FGGS are absent, while they are
competition between the vortex—vortex and the vortex-very large when the drive is in t{a0] direction!® Another
pinning interactions, can be either commensurate or incomexample of more recent interest is the phenomenon of trans-
mensurate vortex structures depending on the vortexerse critical current in superconductors with pinntfigt
density™?* These commensurability effects in the groundhas been found numerically that for a VL driven with a high
state vortex configurations lead to enhanced critical currentsurrent there is a transverse critical current when an addi-
and resistance minima for the “matching” and for the “frac- tional small bias is applied in the perpendicular
tional” (submatchiny vortex densities where the VL is direction®~'? Furthermore, when the transverse bias is in-
strongly pinned. At finite temperatures, it has been showrtreased it is possible to have a rich behavior with a Devil's
numerically that there are both a depinning and a meltingstaircase in the transverse voltdgddowever, there has not
transition, which can occur either sequentially or simulta-been experimental measurements of the existence of trans-
neously depending on the magnetic fild. verse voltages and transverse pinning effects.

Very recently, the physics of driven vortices under peri- In this paper we will study in detail both numerically and
odic pinning has been studied numerically both at zercgexperimentally the breaking of rotational invariance in
temperatur® ' and at finite temperaturé$®*At T=0 there  square JJA. In this case, the discrete lattice of Josephson
is a complex variety of dynamic phas¥sAt finite T there  junctions induces a periodic egg-carton potential for the mo-
are two dynamic transitions when increasing temperature aton of vortices! Here we will study how the voltage re-
high drives: there is first a transverse depinning and secondsponse depends on the angle of the current with respect to
melting transition of the moving vortex lattic¢é. the lattice directions of the square JJA. We will show both

Most of the effects of periodic pinning that have beennumerically and experimentally that there are preferred di-
studied are related to commensurability phenomena and thections for vortex motion for which there is orientational
breaking of translational symmetry in these systems. Lespinning. This leads to an anomalous transverse voltage when
studied is the effect of the breaking of rotational symmetry invortices are driven in directions different from the symmetry
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directions. An analogous effect of a transverse voltage due to O(ne+L,ny)=0(ny,ny), (7)
the guided motion of vortices has been observed experimen-
tally in YBCO superconductors with twin boundari€sin- 6(ny,ny+L)=6(ny,ny)—27fLny.

other related case is the intrinsic breaking of rotational sym- . . .
metry of d-wave superconductivity, which causes an angle-The condition of a total current flowing in theandy direc-
dependent transverse voltage for large currents, which hdtons

been studied theoretically in Ref. 18. Here we will show the

differences and similarities of the square JJA with these _1 ; h - day
problems. ; x= LZ[zn: loSin6,(n) + 7(n,1) | + 2eRy dt’

The paper is organized as follows. In Sec. Il we present
the model equations for the dynamics of the JJA, which will da
be solved in the numerical simulations. In Sec. lll we de- Iyz—z{E losind,(n) + 7, (n.t) | + 5 d_ty (8)
scribe the experimental details of the JJA used in the mea- L=l n eRy

surements. In Sec. IV we will present our results for both theyetermines the dynamics of,(t).23 We also consider local
simulations and for the experiments. In particular, we will ;onservation of current ”

present experiments corresponding to the orientation for
which the effect of a transverse voltage is maximum. Finally
in Sec. V we will compare our results with other similar Au"u(”):E l(n)=1,(n=u)=0. ©)
effects and discuss future directions of study. a
After Egs. (1), (8), and (9) we obtain the following set of
Il. THEORETICAL MODEL dynamical equations for the phagség?

We study the dynamics of JJA using the resistively , d6(n)
shunted junctiofRSJ model for the junctions of the square o~ Aw[Sum+n,(nn], (10
network!®=%2|n this case, the current flowing in the junction
between two superconducting islands in a JJA is modeled as

the sum of the Josephson supercurrent and the normal cur- %: e iz 2 [S.(N)+7,(n)], (1)
rent: L% "n
L =tgsingy s 2 D
n)=1ysinf,(n)+ =——— 7,(N,1), )

a # 2mcRy  dt . S.(n)=siA,0n) —A%(n) —a,l, (12)
V\{herelo is the cr.itical current of. the junction betwgezn the \we have normalized currents byl,, time by 7
sitesn andn+pu in a square latticgn=(n,,n,),u=Xyl,  =2mwcRyly/®d,, temperature byl P/27wkgs, and the dis-
Ry is the normal state resistance, and crete Laplacian is

0,(n)=0(n+ )= 0(n)—A,(M)=24,0n—A,n) (2) AZ6(n)=6(n+X)+ O(n—X)+ O(n+Y)
is the gauge invariant phase difference with -
gaug P +0(n—y)—46(n). (13)
2 ((n+wpa . ) .
A,(n)= Do A-dl. (3) The Langevin dynamical equation$0)—(11) are solved
0/na with a second order Runge—Kutta—Helfand—Greenside algo-
The thermal noise fluctuationg, have correlations rithm with time stepAt=0.17, and integration time 5009

after a transient of 20G§. The discrete Laplacian is in-
o 2 ) verted with a fast Fourier tridiagonalization algorithm as in
(7N 7, (n",1))= R_N5u,u’5n,n’5(t_t ). (4 Ref. 22. We calculate the time average of the total voltage as

In the presence of an external magnetic fieldve have V= (vy(1))={da,(t)/dt),
A XA L(M)=Ay(n) —Ay(nty) +Ay(n+X) —Ay(n) =2, Vy=(vy(t))=(day(t)/dt), (14)
(5)

with voltages normalized bRyl .
wheref =Ha? ®, andais the array lattice spacing. We take  \we study the JJA under a magnetic field corresponding to
periOdiC bOUndary Condition(:'p.b.C’Q in both directions in a Sing|e vortex in the array‘,: 1/|_2, and system sizes af
the presence of an external currért(l,,ly) in arrays with x| junctions, withL =32,64. We apply a currerit at an
L XL junctions® The vector potential is taken as angle ¢ with respect to thg10] lattice direction

AL (N =A%(n)—a,(1), (6) I,=1cose,

where in the Landau gaugap(n)=—2mfn,, A)(n)=0,
anda,(t) allows for total voltage fluctuations under periodic
boundary conditions. In this gauge the p.b.c. for the phase#/e define the longitudinal voltage as the voltage in the di-
arg2? rection of the applied current

ly=1sing. (15
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FIG. 2. Experimental voltage angle as a function of the applied
current for a square JJA, with=1/25 andr=0.12. The current was
applied in thg[10] direction (parallel bias.

manually aligned in th¢10] and[11] directions for different
X samples.

The six-terminal measurements were made using a pro-
Bramable dc current source and a two channel nanovoltmeter
(HP 34420A, with each channel measuring the longitudinal
and transversal voltage, respectively. The arrays were
coooled up to 1.25 K in a pumpetHe cryostat shielded by
p-metal. A superconducting solenoid was used to null the

FIG. 1. (Top) Schematic representation of a square Josephso
junction array, the crosses indicate Josephson juncti@wttom)
Definition of angles with respect to theandy axis of the array.
The vector of applied current=(l,,l1,) forms an anglep respect
to the x axis. The vector of electric fiel&E=(V,,V,) forms an
angle 6, with respect to the-axis and an angl®; with respect to

the current . remaining ambient magnetic field~15 mG), and apply
fields to the sample. The typical periodic-in-field response in
_ : the resistance was observed extending in a large number of
V,=V,cos¢p+V, sing, 16 . . . i .
I =VxCosg+Vysing (16 periods, which was used to determine the frustration applied
and the transverse voltage to the sample.
Vi=—V,sin¢+V,cose. 17 V. RESULTS

From the voltage response, we define the transverse angle as 5 Breaking of rotational invariance: model predictions

tand,=V,/V, (18) The square lattice has two directions of maximum sym-
metry: the[10] and the[11] directions(and the ones obtained
and the voltage angle as from them byr/2 rotations, which correspond to the direc-

V. 9 tions of reflection symmetry. When the current bias is in the
tand, =Vy/Vy, (19) [10] direction, the angle of the current =0, and we call

i.e., 6,=0,— ¢, (see Fig. 1 When the vortices move in the it & “parallel” bias. When the current bias is in tHé1]
direction perpendicular to the current, there is no transversdirection, the angle of the current = 7/4=45°, and we

voltage, therefored,=0 and6,= ¢. call it a “diagonal” bias.
In the case of the parallel bias we find both experimen-

tally and numerically that the transverse voltage is zZ@mo
agreement with the reflection symmetrnyhis corresponds
We measured current—voltagé-V) characteristics of to vortex motion in the direction perpendicular to the current
square proximity—effect Pb/Cu/Pb Josephson arrays with thed;=0). Shown in Fig. 2 are the experimental result¥ohs
current applied in different directions. a function of the applied current, for a JJA with the current
The samples consist of 2500-A-thick cross-shaped Pb iged in the[10] direction. This measurement was taken for a
lands on top of a continuous 2500-A-thick copper film. Cop-frustration of f=0.02, and for a reduced temperature
per, and subsequently lead, were thermally evaporated onto-a0.12, although similar results were obtained for different
silicon substrate within the same evaporator. An array ofrustrations and temperatures.
1000%x 1000 lead islands were defined by photolithographic In the -V curve for the longitudinal voltage we find nu-
patterning followed by an Ar ion etching. The cell parametermerically a critical current corresponding to the single vortex
of the resulting array was 1@m with junctions 2um wide depinninglf}ol=0.1,4 as shown in Fig. @&). Abovel, it is
and a separation of Am. A second photolithography step possible to distinguish three regimes in the numerical
was used to define a410 mnt strip with current and volt-  results?®?! (A) a single vortex regime for 0<11<0.85,
age (longitudinal and transversatontacts. This mask was where the |-V is quasilinear and dissipation is caused by

Ill. EXPERIMENTAL SETUP



PRB 62 ORIENTATIONAL PINNING AND TRANSVERSE . .. 4099

1 e
o1 S,
- 1: T
10° § | E
A Cc a) 1
10 3 T T T 1 T T | L

6, [deg]

LA N s e e e e
0.0 02 04 06 08 10 12 14 16 1.8 2.0
11,

6, [deg]

FIG. 3. Current—voltage characteristicsTat 0 for Josephson T T T T T 1 T
junction arrays withf = 1/L2 andL =64 obtained from simulations: 0 45 90 135 180
(a) for the parallel bias caseé=0; (b) for the diagonal bias case ¢ [deg]
¢=l4. Currents are normalized By and voltages byRyl

FIG. 4. Simulation results of the behavior of the transverse

vortex motion; (B) an intermediate crossover regime for angle 6,=arctan¥/,/V,) vs the angle of the current: (a) T=0.01
0.85<1<1.0; and(C) a resistive regime fot>1.0, where andl=0.6; (b) T=0.01 andl =1.2;c) T=0.05 and different cur-
dissipation is caused by the ohmic shunt resistance and thents.
-V curve is linear. The vortex regim& can be described
by the dynamics of a single collective degree of freedom: anlirections corresponding to angles=0,=45°,+-90°, ...,
overdamped particle moving in the periodic egg-cartonas discussed before. Furthermore, we see that for orientations
potential;*° although with a nonlinear viscosity.The resis-  near¢=0, the transverse angle basically follows the current
tive regimeC is also very simple; it can be represented byangle: §,~ — ¢. This is an indication that vortex motion is
the behavior of a single junction at large curres(n,t)  pinned in the lattice directiofi10], sinceV,~0, meaning
~(2eRy/f)I ,t+6,(n,t). The crossover regimB is char-  that the voltage angle i8,~0. Whenever the voltage re-
acterized by a complex collective dynamics with an interplaysponse is insensitive to small changes in the orientation of
of the vortex degree of freedom with spin waves excitationsthe current, we will call this phenomenamientational pin-
and at finite temperatures there is also a steep increase fifng. On the other hand, neat=45° the transverse angle
vortex—antivortex excitations in this regime. changes rapidly. We show in Figsbd and 4c¢) the behavior

In the case of the perfect diagonal bias, which is onlyof ¢, for different currents and temperatures. Thevs ¢
attainable in the numerical model, we obtain similar resultscurves become smoother arouge= 45° for increasing cur-
as in the parallel bias case. The transverse voltage is zero apght as well as for increasinfy At the same time, the mag-
therefore the vortex moves perpendicular to the currépt ( nitude of the transverse angle decreases when increasing the
=0). In agreement with the prediction of Hals€\the nu-  current forl >1, or when increasing.
merical 1-V curve forV, has a critical current of [ A more direct evidence of the breaking of rotational sym-
=215%1=0.1414. The onset of the resistive regiGeis  metry can be seen in the parametric curvesVgf¢) vs
also multiplied by a factor of/2, while the crossover regime V,(¢). In Fig. 5 we plot the values obtained numerically for
B starts at nearly the same current as in the parallel bias casiée voltages/, andV, when varying the orientational angle
see Fig. &). ¢ for different values of the current amplitudeand the

For orientations different than the symmetry directions,temperature. In the case of rotational symmetry we should
we always find both numerically and experimentally a finitehave a perfect circle. In the set of plots of Figas-5(c), the
transverse voltage. In order to see this, we show our numerurrent amplitude is fixed and the temperature is varied. In
cal study of the voltage response when varying the orientaFig. 5@ we havel =0.2, near the onset of single vortex
tion ¢ of the drive while keeping fixed the amplituti®f the ~ motion in the regimeA. In this case most of the points are
current. In Fig. 4a) we plot the transverse anglé, either on the axis/,=0 or on the axisV,=0, indicating
=arctany;/V,) as a function of the angle of the currepit  strong orientational pinning in the lattice directiofif] or
We find that 6, vanishes only in the maximum symmetry [01]. When increasing the orientational pinning decreases



4100 V. I. MARCONI et al. PRB 62

12{
57.314 a)

0.6

> 0.0{=k —e—T=0.01 1

S —O0—T=0.02 1

-0.64 O —A—T=0.05
S O 5734 _

A - 573 E ] b —X—T=0.1
1271 d) 1 ® ] ) & ></\ R —e—T=0.2 ]
12 -06 00 06 12 | xﬁ% o —v—T=03 |
| —B—T=0.6 |
VX

. . . . > —0—T=1.2

21 P 1 0.57 R -

R oorey
““1222222«««««««
X

57.144 b)
] ‘< > —o— T=0 g
—%— T=0.02 ]
—A— T=0.05 T
—X— T=0.1
—0—T=0.15 _|
—e—T=02 ]
—1—T=0.25 ]
—v—T=0.3
—a—T=0.4

1 f S Ax®
i

5714

6, [deg]

412 -06 00 06 12

0.4
, 0.57 Y 4 ) E
0.24 L T 1 1 T 1 ' 1
0 10 20 30 40 50 60
>70.01
¢ [deg]

0.2

FIG. 6. Orientational pinning neap=0. Simulation results of
voltage angled, = arctany/, /V,) vs ¢ for different temperatures and
(@ 1=0.6;(b) 1 =1.2.
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have horngsee Fig. &d)]. At an intermediate temperature,
FIG. 5. Simulation results of the parametric curves T=0.2, there are still some signatures of the orientational
Vy(¢) Vs Vy(¢); (8 1=0.2, for(going outwards from the center pinning [Fig. 5(e)], while for T=1.2 all the curves are
T=0T=0.01, and T=0.05; (b) 1=0.6 for T=0.3T=0.5T  smooth and rounded with a slightly square shigfig. 5(f)].
=0.6T=1.0, andT=1.4; (c) I1=1.2 for T=0,T=0.05T=0.1T
=0.3, andT=1.0; (d) T=0.05 for(going outwards from the cenjer
1=1.0]=1.2]=1.4, andl=1.6; (e) T=0.2 for I=1.0]=1.2]
=1.4, andl=1.6; (f) T=1.0 for|=0.2) =0.4) =0.6, andl =0.8.

B. Orientational pinning near the [10] direction:
Simulations and experiments

The orientational pinning characterizes the breaking of
and the length of the “horns” in th& andy axis decreases. rotational symmetry in square arrays at low temperatures, as
Figure §b) corresponds td=0.6 , near the end of regin®e  we have seen in the previous section. When the JJA is driven
when the vortex is moving fast. In this case the horns havén any of the “parallel” directions,$=0°,90°,180°, or 270°
disappeared and orientational pinning is lost. However, thdoth vortex motion and dissipation are pinned along these
breaking of rotational symmetry is still present in the star-directions. When the current is rotated a small angle, for
shaped curves that we find at I6lv The dip at 45° in the example from the[10] direction, the dissipation remains
stars is because in this direction the voltages are minimunpinned along th¢10] direction (V,#0, V,=0). This effect
since the critical current is maximum in this caslél,” causes a finite transverse voltage, measured with respect to
=0.1y2. When increasing the temperature, the stars tend tthe direction of the current,~—V,sing and a transverse
the circular shape of rotational invariance. The parametri@ngle ;= — ¢. The orientational pinning is lost at a given
curves in the crossover regin also have star shaped be- critical angle¢, which depends on temperature and current.
havior at low T which tends to circles when increasify As we can see in Fig.(4), for very low T and for certain
Above the onset of the resistive regin@ the “horned”  values of the current, the critical angle can reach values very
curves reappedfig. 5(c)]. In this case the orientational pin- close to 45°. This leads to a large transverse voltage in arrays
ning corresponds to the locking of ohmic dissipation in thedriven near th¢11] direction as we will discuss later in Sec.
junctions in one of the lattice directions, eitHé0] or [01]. IV C.

Once again, when increasifigthe horned structure shrinks, Let us analyze now the behavior of the critical angle for
and the curves evolve continuously from square to circulaprientational depinning.. This can be studied numerically
shapes. by looking at the angle of the voltage with respect to[the]

The variation with current of the rotational parametric direction, 6,=arctany/,/V,). For $<¢. we have orienta-
curves for a fixed temperature is shown in the numericational pinning and thereforé,=0, while for > ¢. we have
results of Figs. &)—5(f). At a low temperatureT=0.05, we  6,#0. Therefore, the onset of a finitg, defines the critical
clearly see the horned structure of the curves for almost atingle.. In Fig. 6 we plot the numerically obtaingt] as a
the currents and even for large currents the circular curvefinction of ¢ for different currents and temperatures. There
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are two cases of interest: for a current in the single vortex

regimeA [Fig. 6(a)] and for a current in the resistive regime 57.31
C [Fig. 6b)]. We find that in both cases there is clearly a

finite ¢, which decreases with temperature. In the case of the

single vortex regimed, we see thatp, tends to vanish at a _ o

crossover temperature corresponding to the energy scale for 15

vortex depinnind’, Tpin~AEp~0.2. The notion of “trans- 3 0.57 ¥
D

verse critical current”l ;. has been introduced recently in
the theoretical work by Giamarchi and Le Doussal for driven
vortex lattices in random pinning.When a vortex structure 0.08
is moving fast, it can still be pinned in the transverse direc-
tion. After applying a current in the direction perpendicular
to the drive, a finite transverse critical current may exist at
T=0. In the case of periodic pinning, a finitg ;, was also
proposed due to conmensurability effettdn particular, in

the periodic egg-carton pinning of Josephson junction arrays
it was found numerically in Ref. 12 thadt , is finite in a
wide range of temperatures for a system driven in[th@
direction. Here we see that due to the orientational pinning, a 0.57
transverse critical current is finite only when the JJA is

driven either in thd10] or [01] directions. In any other case

it will be zero. Moreover, the critical angle in regindecan

57.31

5.73 48

8, [deg]

be interpreted as corresponding to a transverse critical cur- 0-45° [deg]
rentl = Ising, for a vortex driven by a longitudinal current
[,=1 cosg;. FIG. 7. Voltage angle with respect to thé&1l] direction 6,

In Fig. 6(b) we see that for a current in the resistive re- =arctan¥/,—V/(V,+V,) = 6,— w/4 vs ¢— /4 obtained numeri-
gime C there is also a critical angle for the onset of trans-cally for different temperatures artd) I =0.6; (b) 1 =1.2.
verse ohmic dissipation. In this cagg tends to vanish at a
higher temperature above the Kosterlitz—Thouless transitionf the same magnitude as the longitudinal voltage The
Tr~0.9. transverse voltage is maximum at a characteristic cutggnt

The other lattice symmetry direction of interest corre-Above |,,, V, decreases with increasing current whilg
sponds to the case of “diagonal” bias, i.e., thEl] direc- increases. It is remarkable that these results are very different
tions of $=45°,135°,225°, and 315°. In this case, we havefrom the 1-V curve obtained numerically in Fig. 3, where
shown previously that the transverse voltage also vanishe¥,=0 at $=45°. However, if we assume a misalignment of
In agreement with this, we see both in Figagand b) that  a few degrees with respect to thil] direction we can re-
all the curves cross in the point(6,)=(45°,459, which  produce the experimental results. In FigbBwe show the
corresponds t@,= 6,— ¢=0. However, there is no orienta- |-V curves obtained numerically fo$p=40° andT=0.02.
tional pinning in thef11] direction. On the contrary, in this We see that for low current¥, is close toV,: V.=V,
direction any small deviation in the orientation of the currentsimilar to the experiment, and latsf; has a maximum at a
can cause a fast increase of the transverse voltage. In orderdarrentl ,,~1/cosp~1.3. This corresponds to the current for
show this effect, we study numerically the “diagonal voltagewnhich the junctions in thex direction become critical I(,
angle,” which is measured with respect to 45%, =1). The range of currents we can measure experimentally
=arctan¥,—V/(Vy+V,) =6,—x/4, as a function of the is limited to regimesB andC, since we cannot fully access
deviation from thd 11] direction,A ¢ = ¢ — w/4, (see Fig. 7. regimeA of single vortex motion due to the small voltages
We find that, in contrast to the case of Fig. 6, a small deviainvolved in this case. Of course, in the simulations we can
tion from the symmetry direction leads to a large change irstudy the full range of currents, which is shown in Fi¢c)8
the voltage angle for any current and temperature. Thiglere we see that near the vortex depinning current the trans-
shows that th¢11] direction is highly unstable against small verse voltage is also very close Y4 in a small range of
changes in the orientation of the current, leading to arcurrents, then when increasirigthey separate first inside
anomalously large transverse voltage. regimeA, and later in regimeéB the transverse voltage ap-
proaches the longitudinal voltage again.

As we saw in Fig. 4 the highest transverse voltage can be
obtained for orientations neap=45°. Therefore a slight
misalignment of the array from thiel1] direction is useful

In Fig. 8@ we show our experimental voltage—current for studying the behavior of the transverse voltage both ex-
characteristics for an array of 18@000 junctions at a low perimentally and numerically as a function of current and
temperatureT=1.25 K and at a low magnetic field. The temperature.
current is applied nominally in tHel1] direction, but a small In Fig. 9 we show the dependence @fwith current for
misalignment is possible in the setup of electrical contactsdifferent temperatures. The experimental results are shown in
therefore¢p=45°+5°, We see that for low currents there is a Fig. 9a) where we find that, first increases with current, it
very large value of the transverse voltage which is nearly  reaches a maximum valug"®{T)<45°, and then for large

C. Transverse voltage near thg11] direction:
Simulations and experiments
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voltage for a current near thfll] direction ¢=45°+5 at T ~ temperatures are in units 6 o/2eks .
=1.25K; (b) Longitudinal and transverse voltage obtained numeri-
cally for $=40° atT=0.02%1y/2ekg ; (c) Idem(b) for an extended
current range.

6, [deg]

the depinning crossover temperatdig,~0.2. The fact that

our experimental results show a sharper decrease with tem-
perature than the simulations is possibly due to vortex col-
lective effects. The simulation results presented here are fo-
currentsé, tends to zero. In Fig. ®) we show that simula-  cysed in the motion of a single vortex in the periodic pinning
tions with the RSJ model witkh=40° reproduce this behav- of a square JJA. The vortex collective effects, which have to
ior. Here we see that the maximum of the transverse angle ige studied for field$ > 1/L2, will be discussed elsewhef&.
reached inside regim# well before the onset of the resistive
regime. We also find that, when going deep into regné, ]
decreases with curren#,—0 for I>1,,. In Fig. 9c) we 40 4
show that a similar behavior is obtained for other valueg of -

close to 45°. We also observe here the full range of currents. £ 1
We see that at the critical current the transverse agliest sl X ]
has a maximum, then it decreases rapidly in a small range of I " l
currents after which, for most of reginfg 6, increases with 10 ._. .
| before reaching a second maximum value in the crossover ra) i 1
regimeB. This shows that there are two regimes where the T e 20 24 28
effect of anomalous transverse voltage is maximum: near the TIK]
vortex depinning current, due to orientational pinning of vor- . . .
tex motion; and near the Josephson junction critical current
due to the orientational “pinning” of ohmic dissipation. Re-
gretfully, we cannot measure the small voltages of the low
current regime, therefore we were not able to observe experi-
mentally the first maximum o#; .

In Fig. 10 we analyze the behavior of the transverse angle
as a function of temperature. We plot the valueépffor a
current near the maximum value of the transverse voltage at
low T. We observe experimentally th# decreases with
temperature and in particular it has a sharp decrease at
~1.5 K, as we show in Fig. 16). On the other hand, in the FIG. 10. (@) Experimental results of transverse angleTv$or
simulation results we see a smooth decreasé, oiith tem-  $=45°+5 and1=300uA; (b) Numerical results ofg, vs T for
peraturg Fig. 10b)]. The transverse angle becomes small at¢=40° andl =0.85.

50 v T v T v T

6, [deg]

6, [deg]
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V. DISCUSSION served the existence of a transverse voltage in their measure-

In the egg-carton potential of a square JJA there are pin[r_nents, which was unexplained. From our finding that the

ning barriers for vortex motion in all the directions. The 11] direction is unstable against changes in the angle of the

direction with the lowest pinning barrier is thié0] direction bias, we conclude that any small deviation in the direction of
b 9 .. the flow of current, either due to tiny fabrication defects in

Therefore the strong orientational pinning we find here is in . . o
S L S : the busbars or to disorder in the critical currents of the

the direction of the lowest pinning for motion, i.e., the direc- . Y . : .

tion of easy flow for vortices. The presence of a strong ori-{ﬁncnﬁgf’/ila?;y ae:gl%Tatseér?]ohbasve;\/?:Ogr'tggsc;Ct?ae:s’vzz‘:

entational pinning leads to a large transverse voltage Whezgr?lle in meaéurements in JJA drivenpin the diagonal direc-

the systems is driven away from the favorable direction, toiog In their case the effect is antis mmetricga ainst a

the existence of a critical angle and to a transverse criticatl : Y g

current. On the other hand, thel] direction is the direction change in the direction Of. the r_n_agnetlc f'GIC.j' S|.nce trans-
. o verse voltages due to the instability of tHEL] direction are
of the largest barrier for vortex motion in the egg-carton

even with the direction of the magnetic field, their observa-

potential. In this case, the behavior is highly unstable agains[ . ;
i ) . . . tion cannot be explained from our results. This means that
small variations in the angle of the drive, leading to a rapid

change from zero transverse voltage to a large transverthey have a Hall effect, possibly due to quantum fluctuations.
9 9 g %gowever, they report that their transverse voltage also had a

Currenioltage sontacts a5 well as cisorder i the juncionSOMPONEN that was even with the magreti fsdich vias
9 ] discounted in their computation of the Hall angl&his par-

critical currenté* can lead to a large transverse voltage for,. . Lo .
. : ! : . ticular spurious contribution can also be attributed to a small

arrays with a diagonal bias. This explains the transverse volt; " ~.~ .~ ™" S . :
: . . eviation in the direction of the bias or to disorder effects.

age observed in our experimental measurements in JJ . .

‘ . . . rom this we conclude that in order to study the Hall effect
driven near the diagongl1] orientation. in JJA the most convenient choice would be a current bias in
An analogous effect of orientational pinning has also beerth [10] direct h the effect of t it t
seen in experiments on YBCO superconductors with twin € rection where tne efiect ol transverse vollages a
small deviations in the bias or disorder is minimum.

boundaries! In this case, due to the correlated nature of the . .
disorder, the direction for easy flow is the direction of the When this work was completed, new studies on the effect

twins. A similar effect of horns in the parametric voltage Of the orientation of the bias in driven square JJA have ap-
curves are therefore observed in the direction correspondingéared. Fisher, Stroud, and szﬁma_ve studied some of the
to the twins. Also transport measurements show a larg€ffects of the direction of current in a fully frustrated JJA
transverse voltage when the sample is driven at an angle witlf =1/2) atT=0. In their case a transverse critical critical
respect to the twin. current and the dynamics as a functionl pandl, has been

It is interesting to compare it with the angle-dependentdescribed. Their results are in part complementary to our
transverse voltage calculated fdwave superconductot§.  work with a single vortex {=1/L?). Yoon, Choi and Kirf®
Also in this case, the transverse voltage vanishes only in thind differences in the |-V characteristics of JJA fat0
[10] and[11] directions. However the); vs ¢ curves are when comparing the parallel current bias with the diagonal
smooth in this case, since tayw sin 4¢4.'® This is because current bias. Their results are in agreement with our Fig. 3
there is no pinning and the transverse voltage is caused onpgsylts.
by the intrinsic nature of thel-wave ground state. On the  |n this paper we have considered the dynamics of a single
other hand, the breaking of rotational symmetry studied hergortex in a square JJA. We were able to characterize in detail
is induced by the pinning potential, and it results in non-the orientational pinning and breaking of rotational symme-
smooth responses like “horned” parametric voltage curvestry in this case. Furthermore, with the results of the RSJ
critical angles, transverse critical currents, etc. numerical calculation we were able to reproduce and inter-

In superconductors with a square array of pinning centerspret most of our experimental measurements for a quasidi-
typically the pins are of circular shape and the size of thegonal bias. It remains for the future to study the behavior of
pins is much smaller than the distance between pinning driven VL when the current is rotated, since the VL also
SiteS?_ll In this case, the pinning barriers that vortices find has its own per|od|c|ty and Symmetry directions. As we saw
for motion are the same in many directions. Therefore it i&ecenﬂy in Ref. 12, a moving vortex lattice in a JJA shows
possible to have orientational pinning in many of the squargjifferent dynamical phases as a function of temperature and
lattice symmetry directions. This explains the rich structurecyrrent. Therefore we expect that the characteristics of the
of a Devil's staircase observed recently in the simulations obreaking of rotational invariance, orientational pinning, and
Reichhardt and Nori, where each plateau corresponds to offransverse voltages will depend on the dynamical phase un-

entational pinning in each of the several possible directiongler consideration as well as on the disorder in the Josephson
for orientational pinning. This interesting behavior is not couplings?*

possible in JJA, however, since the egg-carton pinning po-
tential corresponds to the situation of square-shaped pinning

centers with the pir_1 size_equal to the in.terpin. distanpe._ In this ACKNOWLEDGMENTS
case the only possible directions for orientational pinning are
the[10] and[01], as we have seen here. We acknowledge financial support from CONICET,
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