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We study the dynamics of current-biased Josephson-junction arrays with a magnetic penetration depth
smaller than the lattice spacing. We compare the dynamics imaged by low-temperature scanning electron
microscopy to the vortex dynamics obtained from model calculations based on the resistively shunted junction
model, in combination with Maxwell's equations. We find three bias current regions with fundamentally
different array dynamics. The first region is the subcritical region, i.e., below the array critical duyrréfrite
second, for currents abovel., is a “vortex region,” in which the response is determined by the vortex
degrees of freedom. In this region, the dynamics is characterized by spatial domains where vortices and
antivortices move across the array in opposite directions in adjacent rows and by transverse voltage fluctua-
tions. In the third, for still higher currents, the dynamics is dominated by coherent-phase motion, and the
current-voltage characteristics are lind&80163-18207)02433-9

[. INTRODUCTION continuous superconducting thin films. Both systems show a
current-induced resistive state due to the nucleation of vorti-
Studies of Josephson-junction arrays are of interest tees of opposite vorticity at opposite ends of the sample and
model vortex dynamics as well as for their application insubsequent vortex motion into the sample, as is described for
superconducting electroniés.Most experimental results superconducting bridges in Refs. 2 and 3.
dealing with(vortex) dynamics in two-dimensiondRD) ar- We include the mutual inductances between array cells in
rays were obtained by measuring the current-voltdg¥)(  order to take into account the self-induced fields in the model
characteristics. Such measurements do not give the spatialyymulation. We use an algorithm developed recently in Ref.
resolved information needed for an unambiguous determina4, which takes into account an approximate full-range induc-
tion of the detailed microscopic dynamics underlying thetance matrix. A particularly interesting region of array dy-
measured response. By contrast low-temperature scannimg@mics is the current region slightly above the array critical
electron microscopyLTSEM) is a technique that allows for current. There we find an intricate structure in thé&/
spatially resolved investigation of the dynamical states incurves®~® Recent results of LTSEM experiments in this cur-
superconducting systems. As such it offers the possibility taent region were interpreted in terms of the collective motion
determine the microscopic nature of the dynamics, if oneof current-induced vorticesSubsequently the detailed form
correlates the experimental information with the microscopioof this motion was found to be in close agreement with pre-

dynamics obtained from model calculations. liminary results of numerical investigations that take into
Here we present both experimental images and theoreticalccount inductive effects.
vortex dynamics results in dc-biased 2D classical artags The aim of this work is to provide insight into the array

with a Josephson coupling ener@y much larger than the dynamics underlying the structures found in 1h¥ curves
charging energye;) with high damping and a small mag- over the whole current range. To achieve this goal we com-
netic penetration depth, and in zero applied magnetic fieldpare the experimental imaging results to graphical anima-
We gain detailed insight into the spatially resolved vortextions of the time evolution of the spatially resolved vortex
dynamics by supplementing and comparing the LTSEM repattern distributions obtained from our model calculations.
sults to those obtained from model calculations employingn addition, we define and calculate a number of order-
the resistively shunted junction equations together with Maxparameter-like quantities that characterize the nature of the
well's equations. Due to the small magnetic penetratiormicroscopic dynamics. The main conclusion is that we can
depth of our samples, the applied dc current gives rise talistinguish three different regions in the array dynamics: the
strong induced magnetic fields at the edges of the arraysubcritical regior(l), the vortex regiorill), and the region of
These fields in turn facilitate the penetration @urrent- constant differential resistan€Bl ). In region(l) the array is
induced vortices at the edges. In this respect there is somé a zero-voltage state. Regig¢h) is dominated by(collec-
correspondence between inductive overdamped arrays atigte) vortex dynamics, contributing to the structure of the
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I-V characteristics. In contrast, in regighl ) the array dy- ing a circular copper coil placed in the liquid helium just
namics is characterized by a “nearly coherent” behavior ofbelow the sample substrate. In zero applied magnetic field,
the junction phases. In Sec. Il we describe the samples arttie residual external dc field perpendicular to the array cor-
the imaging technique. In Sec. Ill we introduce the modelresponds to a frustratioh=<0.1, with f the average external
equations and the quantities calculated. In Sec. IV the experflux in one unit cell divided byd,. This residual magnetic
mental measurements and the model calculation are didield B~700 nT was obtained by measuring the dependence
cussed and compared. Our conclusions are presented in Se€.the array critical current. on an applied perpendicular

V. magnetic field for an array without a superconducting ground
plane.

Il. EXPERIMENTAL TECHNIQUES The eXperimental data shown in this paper are obtained in

zero applied perpendicular magnetic field, i.e., in the residual

A. Samples magnetic field mentioned above. For applied fields corre-

The samples used for the present studies consist of twgPonding to approximately integer values fothe experi-
dimensional arrays of Nb/AIQNb junctions with square el- mental results remain qualitatively the same u 465.
ementary cells. The junctions are square with an area of 10 interpret ourimaging results, it is important to identify
about 18um?2 We used &6, 10x 10, and 2(x 20 arrays the different time scales involved. The junction oscillation
without a ground plane and ¥010 and 20 10 arrays with a  Period is of the order of 10 ps, whereas the decay time of the
superconducting Pbin ground plane placed at a distance #£am'’s thermal perturbation is about 100'h&uring step-
the array of about Jum. Here anNXx M array denotes an Wise scanning, the electron beam typically stays 3 ms at gach
array that ha\ columns ofM junctions. The lattice spacing POsition. The time needed to take one complete LTSEM im-
a is 16.7 um. Each of the junctions is externally shunted by 29€ of the array dynamics is of the order of minutes, and
an Ohmic resistoRs~1.5 () to decrease the McCumber Nence, the beam-induced voltage sigiaf(xo,yo) repre-
parameter B,=2i R2C/®,~0.7 (Ref. 10 (overdamped S€Nts dime-averagedjuantity on the time scales of Joseph-
regime, whered,=h/(2e) denotes the flux quantum. The SON dynamics. _ _
critical current of each junction ig.~150 pA. The spread The Ioca_l temperature .|r_1crement at teéeam fogus IS
of i, over one array is typically less than 3%ne standard most effective at the positions of the Josephson junctions.
deviation from the mean valud® The magnetic penetration O ané-beam current of 100 pA, the heating of an indi-
depth \, =#i/(2euqi,) Of the arrayd! is smaller thana, vu;igal junction at ((0.’y9) re;ults' in a reductionAi. of the
where u, is the permeability of free space ards the el- critical current of this junctiomAi./i;~8%. The resulting
ementary charge. In Ref. 10 the sample geometry, layou¥°lt@ge chang&V(x,,yo) depends on the nature of the dy-

and fabrication are described in more detail. r_lamigs at and around the junction ab (yo) . Hen_ce, a spa-
tially inhomogeneous steady-state dynamics gives rise to an

inhomogeneous image. Spatially resolved images have been
interpreted in Ref. 5 in terms of vortex motion or, in the case

Low-temperature scanning electron microscopy offers thef underdamped samples, in terms of row-switched dynami-
possibility to image various properties of superconductingcal states.
samples during their operation at liquid helium temperatures.
The basic LTSEM principles together with some results are
described in Refs. 12 and 13. The top surface of the sample !l MODEL EQUATIONS FOR THE DYNAMICS
is scanned with the electron beam, while the sample is ther- OF INDUCTIVE JOSEPHSON-JUNCTION ARRAYS
mally coupled to a liquid helium bath. For the present stud-
ies, the sample is dc current biased and the electron beam In this section we briefly discuss the model we use to
induces a changaV in the array voltage that is recorded as describe the array dynamics including the self-induced mag-
a function of the focus coordinatesyy,) of thee beam. In  netic fields. In the model, the array is driven by a uniform
order to increase the sensitivity, teebeam is chopped with applied dc current along the vertical direction. In the clas-
a 20 kHz frequency andV is phase sensitively detected Sical regimeE;>E. (E;=®i /27 and E;=€?/2C), the
with a lock-in amplifier. Typical values fakV are in the the ~ Phasesd(r) of the superconducting order parameter on an
range 100 nV to 5 uV, whereas the array voltagéis of the  islandr are the only variables. The array dynamics is then
order of mV. Hence, the perturbation due to #xbeam ir- determined by the resistively and capacitively shunted junc-
radiation is small. The sample temperature is estimated to béon (RCSJ model for each junction and Kirchhoff's current
about 4.5 K for a helium-bath temperature of 4.2 K. Theconservation condition on the superconducting islands plus
dominant effect of thee-beam irradiation is local heating. Faraday’s law for the magnetic field dynamics.
We estimate from the-beam parameterglectron energy 25 Using the approximation introduced in Ref. (4model
keV, beam current 100 pAthat there is a local temperature C”) for the full-range inductance matrix, and using the tem-
increment at the beam focus of about 0.4 K. The lateral exPoral gauge, one obtains a closed set of dynamical equations
tension of the thermally perturbed area is aboyurh<a  for the gauge-invariant phase difference®(r,r’)
(representing the limit of the spatial resolution of this imag-= 0(r) — 6(r") —2mA(r,r"). HereA(r,r’) is defined by the
ing technique line integral of the vector potential A,

The sample is shielded from external magnetic fields byA(r,r')=(1/®q)[,A-dl. The derivation and implementa-
four u-metal shields at both room and liquid helium tem-tion of these model equations is discussed in more detail in
peratures. A perpendicular magnetic field can be applied uRefs. 4 and 14. In the model calculations we can explicitly

B. Experimental imaging of arrays
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FIG. 1. I-V characteristic of an experimentalV characteristic
of a 1010 array together with the differential resistance
(dVv/d1) (1) measured at a temperatufe-4.5 K. 0.0 . . .
0.5 1.0 1.5 2.0

tune the dimensionless parametggsandX | , introduced in (N1,

Sec. Il A.
In our simulations we obtaitV'(r,r +a) (a=g,g) as a
function of time. The magnetic flux is then given by

FIG. 2. Theoretical zero-temperature/ characteristicgthick
line) and the differential resistancal{/dl)(l) (for selected data
points we also show the error baisf a 20< 20 array withB.=
27B(R,1) and\, =0.6a. V is the time-averaged voltage across the array in

=> W(r (1)  the current direction.
q’o P(R)

Here P(R) is the anticlockwise sum over the four bonds obtained from numerical simulation of a 220 array with
(r.r') around the plaquette with coordina&e The vorticity ~ Bc=27ReC/®o=0 and\, =0.€a. Also shown isdV/d|

n(R) is given by (thin I|_ne) The critical current isl;/N=0.87;. This |-V
curve is qualitatively similar to the one measured in the ex-
periments: For intermediate currents, the differential resis-

2m(n(R) = ®(R)/®o) = — 2 F(rr), (2 tance shows a jagged structure, and for currérts.5Ni.,

thel-V curve is linear, just as is the case for large currents in
the experimental-V curve. As our prime goal is to obtain a
_ W(rr') qual_itative_ modeling of the_experi_mental systems, the ch_oice
‘If(r,r’)=\If(r,r’)—27rA% i ) of simulation parameters is motivated partly by numerical
2 convenience. In particular, we simulaté a= 0.6a, although
or, equivalently, by in experiment this ratio is about 0.1. The latter value would
lead to considerably stiffer differential equations that require
W(r,r') much longer computation times. Due to their smaNgr/a
A{ o ) ratio, the samples studied experimentally have even stronger
self-induced magnetic fields than the simulated ones, and
Here the function\V yields the integer nearest to the argu-thus smaller critical currents. Furthermore, in experiment,
ment. The voltage response for a current applied inythe region (Il) extends up td;,~2.9Ni., whereas the simula-

with

n(R,t)=— 2

P(R)

direction is obtained from tions indicate that the border between regidihsand(lll ) is
atl~1.5Ni,.
d\lf(r r— ey t)
- E — 4 _ _
~NM N = B. Imaging of array dynamics
HereN, is the number of time-integration steps, andis the In this section we present images of the array dynamics

sum over theNxX M junctions in the current directiorV is for the three different regions in theV characteristic in Fig.

expressed in units R, and time is expressed in units of 1. We first discuss the subcritical region, then the region of
the  dimensionless  characteristic  timet.=1/w.  VvOrtex dynamics, and finally the region of constant differen-

=#l(2eRy,). tial resistance. Typical LTSEM imaging results are shown in
Fig. 3 and model simulation results in Fig. 4.
IV. EXPERIMENTAL AND THEORETICAL RESULTS . .
1. Subcritical region(l <1 )

A. Current-voltage characteristics For a bias current<I. and in the absence of LTSEM

Figure 1 shows a representative experimental currentaeating, the array is in the zero-voltage state. Nevertheless,
voltage (-V) characteristic together with its differential re- we obtain useful information from the dynamical imaging
sistanced V/d| obtained from a 18 10 array. The rich struc- experiments. In particular, we will see below that the LT-
ture of dV/dl abovel, is typical for all arrays studied. In SEM images obtained in this region confirm the importance
Fig. 1 we indicate three regions. The subcritical regibn  of inductive effects in our smal-, samples.
defined forl <I., an intermediate current regigh) ending In Fig. 3@ we show a typical LTSEM imaging result
at l;,, and region(lll), where the differential resistance be- below but close to the array critical currdnt for relatively
comes constant, fdr>1,. In Fig. 2 we show an-V curve  high beam power. From this result we see that junctions at or
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which corresponds to larger energy barriers for vortex-
antivortex creation. Such an inhomogeneous distribution of
the bias current is in agreement with the small magnetic pen-
etration depth\ of the array. The correspondingly strong
inductive effects lead to a spatial distribution of the dc bias
current that is strongly peaked at the two array edges parallel
to the current flow>!® The current-induced flux is also
maximal at these edges. It is oriented in opposite directions
at opposite edges. This is illustrated in Fig. 5, where we plot
the numerically calculated current and magnetic field distri-
butions for a 2 20 array at =0.86Ni. and withx | =0.6a.
Similar simulation results in this subcritical region have been
reported in Refs. 14 and 15.

150

y,(um)

2. Vortex dynamics regior(l .<I <l i)

Above | . the current through the edge junctions exceeds
the junction critical current. As a result, vortices enter the
array at one edge and antivortices at the opposite edge. These
vortices are depinned from the edges by the Lorentz force
= = and move across the array, generating the observed voltage.

e oo LTSEM results for bias currents slightly aboleare pre-
sented and discussed in Refs. 5-8. In the LTSEM images
obtained in this current region it is se¢see, e.g., Ref.)5
that the sign of the voltage signal near the sample edges
tends to alternate along the current direction. These images
indicate an alternating or staggered crossing vortex motion
where vortices and antivortices are nucleated at opposite ar-
e = = ray edges and subsequently move across the whole array. At
SR e e the array edge opposite to the nucleation site they leave the

e e array or, equivalently, annihilate with an image vortex of
(b) | | opposite sign. We will see below that this interpretation is
confirmed by the general behavior found in simulation im-
0 150 ages for a bias current slightly above the array critical cur-
rent. This kind of alternating crossing vortex motion has no
X, (“m) observed analog in continuous superconducting samples.
To analyze the dynamics of the vortices in full detail, we
_ FIG. 3. Grey value representations of the experimental vc_)ltagehave studied graphical animations of the time evolution of
image AV(Xo,yo) for a 10<10 array atT~4.5 K. The array is  the yortex distributions in the array. First we discuss the ones
current biased at=0.9; (a) and1=4.23 (b), respectively. The  jhisined in a simulation for=0.9Mi, of a 20<20 array
dc bias current flows vertically through the array. The array boundWith B.=0 and\, =0.6a. When we start the simulation
aries lie between @m and 150um in both directions. A positive with racndom initiall phases we observe, after a transient of

(negative e-beam-induced voltage signalV(x,,yo) is indicated _ . . -
by the dark(bright) areas, whereas zero signal is shown by the areé”lpou“/tc_soo time units, the type of vortex motion de-

surrounding the array. The individual rows of junctions are indi- pICteden Fig. 43). The snaﬁshots in Fig (&) thow tfrze same
cated by the small arrows numbered 1-10 from top to bottom. Ir*ype of vortex motion as the one deduced from the LTSEM

(a), the AV<0 voltage response at the top and bottom of the array'€asurements: Vortices of opposite sign cross the array in
columns(marked by arrows from the lgfarises from the current OPPOSite directions in adjacent rows. We observe that the
feeding resistors made from InAu thin films. staggered structure is broken at two places, where two adja-
cent rows are crossed by vortices of equal sign. One might
near the edges parallel to the bias current give a voltageiew these places as domain wall defects between two dif-
response to the local heating. This can be understood in tHerent polarities of the staggered pattefor experimental
following way. For currents in this subcritical region, but results see also Ref).5We have verified that this type of
close to the array critical curreht, the LTSEM is acting as dynamics is stable for very long simulation times. The posi-
an active probe, inducing vortex motion. When iQeof a  tion and number of domain walls depend sensitively on the
junction at the array edge is lowered due to ¢hkeam irra- initial conditions. For all currents in the range
diation, vortices can overcome the energy barrier for entry at./(Ni;) =0.87<1/(Ni;)<1.15 the long-time stable vortex
this junction and subsequently travel across the array. As dynamics is of the same staggered type. The dynamical pat-
result, a voltage signalV>0 is observed. The correspond- terns observed experimentally as well as numerically for
ing process for junctions not at the edges is the creation of b=1. are strongly influenced by vortex-vortex interactions.
vortex-antivortex pair. From Fig.(8) we see that this latter These interactions lead to the almost regular patterns in
process does not occur for junctions that are not close to thehich the vortices tend to move. Towards the high-current
edges. This means that such junctions carry less currengnd of region(ll), the dynamics is different. Imaging the

[

()]

)
|

Y, (um)




5568 S. G. LACHENMANN et al. 56

(a) (b)

[0 1 0 i

FIG. 4. Vortex configurations for simulations of a:2Q0 array, for three different values of the bias curr@-(c). For each current
value, we show four consecutive fram@s-3). The dc bias current flows vertically through the array. The bladkite) squares denote
plaquettes with vortex number(R) = +1(—1). Vortices with positive sign move to the right, vortices with negative sign to the left, as can
be deduced by comparing consecutive franfasl. =0.9MNi.. Frame 0 is at=300G. . Between consecutive frames there is a time interval
of 3t.. Adjacent rows tend to be crossed by vortices of opposite sign. The alternating structure is disrupted between the third and fourth rows
from above and between the sixth and seventh rows from belgw.=1.20Ni.. Frame 0 is at=9025%.. Between consecutive frames
there is a time interval of 2. (c) | =2.0Ni.. Frame O is at=500.75.. Between consecutive frames there is a time interval af.0.9

dynamical state by LTSEM now yields larger two- age signaAV(Xq,yo) and the LTSEM image is rather uni-
dimensional domain patterns spreading over several unform over the whole array. For example, lat 51, for a
cells in both thex andy directions. A typical example for 10x 10 array the voltage signal at each junction was the
this kind of voltage response is given in Figbg From our  same within 5%(see Fig. 7 of Ref. B
experimental observations, we can deduce the followihy: The absence of any structure in the beam-induced voltage
The dynamical state, which gives rise to the voltage imagesignal suggests that there are no isolated vortices entering or
is stable in time. If the parameters of the samgleT) are  leaving the array. This is indeed what we find in the simula-
not changed, a subsequent image will give the same resulions in the region of constant differential resistance. In fact,
(2) The imaging results depend sensitively on the history. Ifthe dynamics in this current region is due to a state in which
for example, the bias current or temperature is changed sighe phases of the longitudinal junctions belonging to the
nificantly and then returned to the same parameter valuesame column oscillate almost in phase. This phase coherence
the imaging results chang€3) When| or T is changed reveals itself in a wavelike dynamics of the magnetic field
smoothly, we observe a smooth variation of the detected patlistribution. When looking at the discrete vortex configura-
terns.(4) A magnetic field(nonintegerf or |f|>5) changes tions shown in Fig. &), we observe fronts of vortices that
the regular pattern, observed for small bias currents dismove inward from the boundaries. In the middle, the vortices
cussed above, to a complex response similar to that shown ennihilate. The discrete vortex configurations in Figc)4
Fig. 3(b). Based on these observations, we conclude that thehow a high degree of symmetry, which reflects the coher-
voltage response is caused by a complex multivortex dynamence in the motion of the longitudinal junctions in different
ics, and not by, e.g., sample inhomogeneities, trapped fluxpws. We have also explicitly simulated a scanning-induced
or temperature fluctuations. 8% critical-current reduction of subsequent individual junc-
In our simulations, the staggered vortex dynamics is theions forl =2.0Ni., and indeed find a spatially uniform volt-
relevant dynamics up to approximatdly 1.15Ni.. The re- age change.
gion 1.15<1/(Ni;)=<1.5 is a transition region between the
regime of staggered vortex dynamics and the regime of con-
stant differential resistance. In this current interval, in some
parts of the array vortices move independently, and in others )
we observe vortices that tend to move coherently in adjacent [N the above we have focused on comparing the LTSEM

rows. A representa‘[ive example of this type of dynamics iémages with SnapShOtS of vortex Conﬁgurations from numeri-
given in Fig. 4b). cal simulations. We found three regions in th& charac-

teristics as well as in the experimental and numerically ob-
tained images. We related these regions to different types of
dynamics. The crossover from a vortex-dominated to a

In region (1), where thel-V curve is linear(constant coherent-phase dynamics can be explored in more detail in
differential resistange each junction in the array columns the model simulations. To this end, we can consider a num-
(longitudinal junction yields approximately the same volt- ber of quantities that probe the degree of vortex organization

C. Crossover from vortex-dominated
to coherent-phase dynamics

3. Linear branch (1>1;,)
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FIG. 6. Crossover from vortex-dominated to coherent-phase dy-

FIG. 5. Simulated field and current distribution in the central namics as a function of applied currentprobed by(a) V (solid
row of a 20x 20 array withh ; =0.6a andI =0.8&Nic, just below line), V/n, (dot-dashed ling and the variancer, of the Hall volt-
the array critical currenti, is the current through a longitudinal age (inset, in arbitrary units (b) P (solid line), P, (dot-dashed
junction. line), andn, (inse}. All results are obtained in an upward current

sweep of a 2820 array fork=0.6 andT=0. For each current

or the degree of phase coherence. In particular, we find thatlue we used a warm-up time of 1@9@nd an averaging time of
the following order-parameter-like quantiti€ and P can  200G...
be used to distinguish the different current ranges:

<E$"_1|nC(Y,t)|> current. In particular, Iong-time-s_,table vaIuESw_l, P~1
=(——— ") (5)  correspond to a staggered crossing vortex motion.
Ny(t) We will now correlate the different regions, mapped out
M (—1)Yng(Y,0) usingP andPg, with the behavior of other quantities. In_Fig.
PSE< > (6) 6(a) we show both the voltage and the average velocity per
Ny(t) vortex V,=V/n, (the voltage normalized by the number of

where vorticeg versus current. In the inset of Fig(l§ we plot the
vortex density. We observe that the vortex density displays a
pronounced maximum in regiofll), accompanied by a
”c(Y,t)EXZl n(R,t), Nv(t)E; In(R,1)]. smaller slope of tha/ (1) curve as compared to the other
- regions. The dynamical properties of the vortices in this re-
X andY denote thex andy components of the plaquette gion are thus different from the other regions.
coordinate R, respectively: R=Xe+Yeg,. The physical Vortex jumps across a junction not only give rise to a
meaning ofP and P4 can be inferred from the fact that a contribution to the longitudinal voltage across the array, but
vortex that enters at one side of the array either leaves thg@iso induce a fluctuation of the transvergdall) voltage
array on the other side or is annihilated by an antivortexaround zero. For the nearly antisymmetric dynamical pat-
moving in the opposite direction. The quantity(Y,t) for  terns of vortices in the phase-coherence regltn, like the
row Y distinguishes between these two possibilities. In theones shown in Fig. @), the Hall voltage contributions of the
former casen, is nonzero, whereas in the latter case it is, onleft and right halves of the array tend to cancel by symmetry.
average, zero. A value ¢t=1 thus implies that all the vor- In the region with staggered crossing vortex motion, how-
tices cross the whole array unobstructed, wRikeO implies  ever, the vortex jumps in the left half of the array do not
that the vortices are annihilated in the middle of the arrayoccur in unison with antivortex jumps in the right half, lead-
The staggered order parameRymeasures whether the spa- ing to larger fluctuations in the Hall voltage. Therefore the
tially resolved vortex dynamics consists of alternating rowsHall voltage fluctuations may be viewed as a measure of the
of vortices and antivortices crossing the array. The presenagegree of antisymmetry in the dynamics. Indeed, as seen in
of domain walls, i.e., two adjacent rows in which vorticesthe inset of Fig. ), the magnitude of these fluctuations is

N—1

cross the array in the same direction, reduegs reduced dramatically between the vortex-dominated and the
On the basis of this interpretation we expect that Fi@ 4 coherent-phase regime.
[low-current region(ll)] corresponds td®~1, P,~1, and Figure Ga) is obtained in an upward current sweep. We

Fig. 4(c) [region(lll)] to P~0 andP¢,~0. In Fig. 6 we plot have also performed a downward current sweep from region
P and P, versus the applied current. Indeed, directly after(lll), starting with a uniform phase configuration. We find
depinning,l >1.~0.8Mi., P and P, attain values close to that region (lll) is exactly characterized by=P,=0,

1. As the current increases this value slowly decrefls®s  whereas in the upward sweep there are still some asymme-
current region(ll)]. At I~1.2Ni. the value of both order tries in the vortex configuration that yield small but nonzero
parameters exhibits a sharp drop to a much sméliernon-  values for the order parameters. Entering the high-current
zerg value. In this region the order parameters slowly de-end of(ll), P and P attain nonzero values. There is a slight
crease to the values near zerd(lith). Thus, using® andP;  hysteresis in the current value at whiPhand P attain val-

one can readily establish the type of vortex dynamics withouties close to 1.

having to study vortex animations for each value of the bias The power spectrum of the voltage,
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S(v)=J dtv(t)e'? ™

is another useful probe for the vortex dynamics. A nonzero
voltage can be viewed as either created by a vortex jump or
by a junction phase slip. When the longitudinal junctions
oscillate coherentlyS(v) consists of sharp peaks at mul-
tiples of v=V/(2mxt.). If the dynamics, however, is domi-
nated by incoherent vortex jumps, the peaks in the spectrum

are much broader. In Fig. 7 we sh&v) for three different %00 25 50 75 00 125
currents. Fromi,=0.95, within the “vortex” region, to v

i =2.0 [region (lll)] the spectrum changes from a noisy to
sharply peaked one. These results again illustrate the crosgs
over from a vortex-dominated dynamics to a coherent-phase
dynamics for higher currents.

log(S(v))

FIG. 7. Calculated power spectrum of the array voltage for three
erent bias currents. Subsequent curves are offset by 5.5 units.

In this paper, we have discussed the numerical results for
a zero McCumber parameter. In the experiments, the Mc-
V. CONCLUSIONS AND DISCUSSION Cumber parameter was estimated to Bg=0.7. In our
model simulations, the microscopic dynamics for currents
In summary, we have shown that the comparison of LT-above but close to the array critical current remains qualita-
SEM images and results of model calculations can signifitively the same for this value of the McCumber parameter.
cantly increase our insight in the dynamics of JosephsonFor higher currents the dynamics is again characterized by a
junction arrays. On the one hand, the comparison of thg¢arge degree of spatial coherence. The region of genuine vor-
experimental images with the results of model simulationgex dynamics shrinks with increasing.. For 8.=2.5 the
corroborates the interpretation of images for currents not togystem enters a row-switched state immediately above the
far from the array critical current, and contributes to ourcritical current(for A, =0.6a), and therefore no vortex-flow
understanding of the dynamics underlying the images outsidggime is found. For nonzero applied magnetic field, row-
this current region. It shows that the dynamics we foundswitched states in inductive arrays were studied in Ref. 21.
exists even in the absence of the disturbance produced by the For the arrays used in the present studies, the Kosterlitz-
measuring device. On the other hand, the agreement with thehouless-Berezinskii phase transition temperafliggg is
experimental results supports the relevance of the modeljose to the superconducting transition temperatyref the
equations employed. In the context of the samples studiefp thin films. The experiments are performed at tempera-
here, an essential ingredient of these model equations is thgres well belowTyrg, 2ekgT/%i.~1x1073. For these
inclusion of (strong self-induced magnetic fields. temperatures the effect of thermally induced vortices on the
The successful comparison between experimental and therray dynamics is negligib® We have also performed cal-
oretical results has enabled us to map out three regions witfy|ations for\ , = a (outside the region of the present experi-
different types of dynamics for dc-biased arrays with<a  mentg up to A\, =10a.% In this regime we have found a
in zero applied magnetic field. For bias currents above th@taggered vortex dynamics similar to the one observed for
array Critical current we found Current'induced vortex nucle-)\LSa, again Occurring for currents S||ght|y above the array
ation at the array edges parallel to the bias current. We idenxritical current. This indicates that the staggered vortex dy-
tified an alternating pattern of crossing vortices and antivorngmics is the generic dynamics for such currents.
tices as the typical vortex dynamics existing for bias currents |y the LTSEM experiments, the images corresponding to
Sl|ght|y above the array critical current. We conclude that atthe Staggered vortex dynamics were found for some range Of
least part of the rich structure found in the experimeital magnetic frustrations around zero. We have simulated the
V's is due to the dynamics of vorticeés!® For larger cur-  dynamics in the lower part of regidiii) (where the alternat-
rents, thel -V characteristic becomes linear, and the underlying crossing vortex motion is observeith a magnetic frus-
ing dynamics is characterized by a growing tendency of lontration of f=0.01. For currents slightly abovie, we find
gitudinal junctions to oscillate in phase. We have furtherthat the array evolves towards a similar state as found for
illustrated the crossover from vortex-dominated to coherentf =0, but now there are on average more vortices with posi-
phase-like dynamics by numerically studying the spectratjve vorticity than with negative vorticity.
function, the Hall-voltage fluctuations, and order-parameter-
like quantities.
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