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ABSTRACT 

We IHC'senl spatially re.l:lotved st.udies of vortex dynalnics in two-diInclIsional 
Joscphson-jullctioll arrays For bias currents smaller than the array critical cur­
rent, a small local thermal perturbation at the array boundaries lowers the vortex 
entry barrier and the array switches to the resistive state. For bias currents slightly 
above the array critical furrent., vortices and antiyortices arc IIllcleatl,d at opposite 
edges of the array. All alternating crossillg vort.ex Ili0tiOli is observed experimen­
tally. 

1. Introduction 
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In two-dimensional (20) Jos(!phson-jullct.ioll arrays, vortices plilY a celltral role for 

the static .1IId dynamic properties.' In the static case, severa'! vortex configurations, 

depending on a perpendicular applied magnetic field are disclIssed in the literature. 

For a direct observation of these configurations, spatially resolved measurements are 

necessa.ry. Runge and Pannetier2 used magnetic decoration, where slllall particles of a 

magnetic material are deposit.ed Oil the sample, yielding an image of the local magnetic 

field variation. Hallen et al. 3 used scanning Hall probes and Vu el. al.-1 used scanning 

SQU ID microscopy. Both methods directly rneasure the local magnetic fields of the 
vortices. Depending on the applied magnetic field, regions of periodically arranged 
vortices seperated by domain walls are observed.2.3,4 In Hds. 5,6, we have reported on 

imaging results of the vortex dynamics in 2D arrays. W(' ha.ve disclIssed the vortex 

dynamics ill 2D arrays ill clost, alla.!ogy to t he dynamics of AllIikus()v vortices ill lhe 

current-induced resistive state of thill-tillll type-II sllpercondllct.()rs 7 .H 

2. Experimental Procedures 

2.1. Samples 

Figure 1 shows it typical array geomet.ry. The illl'ity' cOII:;ist of square networks 
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of superconducting wires (Nb and PbInAu) with Josephson junctions plac~d between 
the line crossings. The Nb/ALO:sJNb junctions (area ~ 5 Jim x 5 Jim) have critical 
currents on the order of ic = 150 JlA. Typically, the la-spread in ic is less than 
3 %.9,10 Each of the junctions is externally shunted with an InAu resistor R. of about 

1.5 fl, so the McCumber parameter is /3c,j = 2rricR. 2C /!Po < 0.7;9 !Po = h/2e is the 
flux quantum. The Josephson coupling energy EJ = li.ic/2e is about EJ ~ 10-20 J and 
is 5 to 6 orders of magnitude larger than the charging energy Ec = e2/(2 C) (C is the 
junction capacitance). Hence, we deal with the classical limit, where charging effects 
can be neglectedY The bias current is fed to each of the array columns through InAu 
feeding resistors (not shown in Fig. 1) of about 0.5 fl each. In 20 superconducting 

1 y 

L~ N=4 

x 

M=3 
Fig. 1. Sketch of a typical array geometry with N columns of M junctions. The arrays consist of 
square networks of superconducting wires with Josephson junctions placed between the line crossings. 
Each junction is symbolized by a cross. The notation of the x and y direction is tihowll. The dc-bias 
current flows along the x-axis. The array voltage drop along the whole array is measured in the 
same direction. 

arrays, flux quantization has to be taken into account so that the total sum of the 
junction phase differences r/> around a loop is related to the flux !P passing through 
the loop by 

!P L r/> = -2rr~ + 2rrn, 
loop 0 

(1) 

where n is an integer. There are two contributions to !P: ell = cfJex! + cfJijd, where <Pex! 

is due to an external magnetic field perpendicular to the array, and !Pijd is the self­
induced flux through the cell (i, j) due to the currents in the arrayP The frustration 
f = Ba2/!po is defined as the normalized applied flux per unit cell. B is the externally 
applied magnetic field. The size of the square array unit cell is a ~ 16.7 Jim. The 
electromagnetic radius of the vortex is given by the magnetic penetration depth 

(2) 
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where Jlo is the permeability of the free space. 13 For our arrays, A.L < a. 

2.2. Electmn beam imaging 

Low temperature scanning electron microscopy (LTSEM) enables the spatially 
resolved investigation of superconducting devices and circuits during their operation 
at liquid helium temperatures. The basic principles are described in Ref. 14. The 
essential points are the following: the sample film (on top of the substrate) is directly 
irradiated with an electron beam. The bottom side of the substrate is in contact with 
a liquid helium bath, thereby ensuring effective sample cooling. The temperature T 
of the sample is about 5 K. The electron beam focused at the coordinates (xo, Yo) on 
the sample surface acts as a local heat source. The lateral dimension of the thermally 
perturbed area near (xo, Yu) determines the spat.ial resolution of our images. This 
resolution is estimated to be about 3 Jim for the samples used in the present studies. 
Typical values for the beam voltage and current are 25 kV and 100 pA, respectively, 
yielding a local temperature increment of about 1 K. 

The difference of the time scales of the array dynamics and of t.he scanning pro­
cedure is important. The jUllction oscillation period is on the order of 10 ps, whereas 
the decay time of the beam-induced thermal perturbation is about 100 ns.14 During 
scanning, the electron beam typically stays ;l illS at each position. lIence, the mea­
sured sample response to the beam irradiation represents time-averaged information 
on the time scale of the Josephson dynamics. 

The sample is shielded from dc and ac magnetic fields by means of JI-metal screens 
at both room and liquid-helium temperature. Measuring the critical current as a func­
tion of the externally applied magnetic field B, we estimated the residual magnetic 
field to be smaller than 700 nT. This value corresponds to a frustration f < 1/10. 

During our measurements, the electron beam is scanned across the current-biased ar­
ray. The beam is chopped at a frequency of 20 kllz, and the change in array voltage 
6.V(xo,yo) induced by the beam is phase-sensitively recorded llsing it lock-in tech­
nique. Near the beam focus, the junction is heated from about .) K to Ii K, which 
reduces the junction critical current ic by about 20%. In these experiments, the local 
hea.ting induces an array voltage signal 6. \/(:I:u, Yo) < lOlLY. 

3. Experimental Results and Discussion 

In this sectioll we present results of our spatially resolved investigations on two­
dimensional Josephson-junction arrays. 
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Fig. 2. Gray value representation of the voltage image .6. V(£o, Yo) of il JO,. 10 arrily Wilh()llt 
groundplane at T :::::; 5[\'. The array is Lia~ed at h :::::; 0.9 Ie. The de I,ia .. , c"rr"lil f1,)IV, llUriZ<lnlally 
through the array. The array boundaries lie betw .. ell () ItlII and 15°/'''' ill hoth dire.:lions. A po:;iLive 
(negative) e1~ctron beam induced voltagesignal.6. V(.fo, Yo) is indicaterloy lh" dark (bright) areas, 
whereas ~v(xu,Yu) :::::; 0 is shown by the area surrounding the array. The ,ifl,llalleveli.6.lIi is 
about 100 n V. The rows of the feeding resi:;tnrs are flIarked by arruIVs. 

3.1. The Saberitic(J! Hegiort: h < Ie 

First, we report on measurement.s where the bias current Eo was chosen smaller 

than the critical current Ie of the array. 

Figure 2 shows the voltage illlage .6.\""(J:", Yu) for a Hb'IO array. Thl" array is 

biased at Eo ~ IUJ iliA. The array crit i"al .. urrellt is I, "" I III I Sillt" It <' t. t.he 

sample is in the :tero .. voltage state wit.hout. ("·bealll irrildj,tl JOIl III Fi". '1. a l'",;it.ive 

(negati ve) signal .6. V (.cu, Yo) is indicated by the dark (bright) areits, IV hCll'ilS t.ll<~ z,~ro 

signal is shown by the gray level in the area surroullding the aIT"Y. 

Figure 2 is explained by edge nucleatioll of vortices illduced by t.lw self.lit:lcI of the 

array's dc-bias current.. The array's selrfield is st.roH"ly peitked at I hi: t:dgt:s of Ihe 

array (parallel to the bias current) and is alit iSYllllllt't r i (' with n·s!',·(·t to the itIrilY 

center axis. Since for these studies '\.1 < a, each lIIagnetic flux qll<lntllill is c,miilled 
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Fig.;\. Skdch of the ellt'f~y U (!J) of " sill,,'" vorln Y"rslis the ,II-coordinat.e for a I,ias C"tr"nt 
sillallt~r than the arra.y ('rit irill curreill.. 

to 0111' un;t, cell. \",'11"11 tlJ(' array is hiased 1.",low Ie> tile current.-illduced vort.i('<~s are 

pillned at t.he array edges. Olle edge of t.he array support.s vorticl's, the opposit.e side 

antivortices. The entrance barrier Ea, which prevents the vortices fro III (,nt.ering the 

array, Ciln 1)(' caiculal<'d i"rolll tlil' Cibhs t'llt.rgy of a singk vort.ex in the array.5,IS 

Figu!'(.:1 shows it sketch of I hi, C;ibbs en(,rgy I i(y) and Fa for bias currents smaller 

than the crit.ical currellt.. Ba is decreasing with increasing telllper;tture '1'. 
When t.he el('ctroll !.ealll heals a jllllct.ion at the edge of t.h(, array, [~B may be 

dt'cn·a.~(;d below 0, ilild t.llI"? vortic('s "nt.c:r illto tile array. The vort.ices lIlove per­

pendicular to tlJ(' hias current and "WdllC" a voltage across t.h(, array. This process 

gives ris" to \·ult."ge Si~lIids +~"V(.ro. Yo) at eacit JlIlIclioli wlren' vorl.ices Irave formed 

aliO are depiflJl<'d by til<: local heatillg dlle to the elect.roll Iwall!. I'will t.he spatial 

dqH'lId"lIcf' of _'1I--(i/o) W,· C"l)IICirlCl(' lhill \ I < (f. 

III Fig. 2, voit.age sigllids .6. V < () of alHlIlt -:) II Van' ol,scrlcd iii t),c~ posit.iolls 

of tile f(,(,diug I",istors (malk,·cI II\" "nllws) Tire resislall"', ("itallg" 6./l =-0 6.11/ h is 

abollt. --C) II!!. '1'),,, origill of tiws<, siguals IS 1I11C'1 .. "r. 

SUlIllIlillizilll',. for h '. I.. II',' 01",,1""" 1'1",'1 roll-I,,''''II 111I11I("cI \'UltI'X Ilwl iOIl. 

S"('olld, IV" I"pull Oil IIlt'",III,'I""II\:', \\"llI're IIII' I,ias (IIITC'1I1 it, \\",h c!rosell slightly 

"J,uvc t.!w crlt.ical CllI'lcnt. 
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Fig. 4. Gray v~l\le r~pr"'''nt"t.ion of !.IlP "ollng" illlage ;::.. F(.yo, ,IIu) d a 20,< 10 ",ray with & 

8uperconriucling groundpl;}l1 P :11. T ~ !) 1\. Ttl" nrrny i~ hi;"lSf,d n:t. II, ~ 1.2:) til" .il!d :'i \-nrrpf.:,pondmt 
voltage of 3 mY. Th" arrlt)' critic,,1 cmr"n\ is Ie ~ 7G(j ItA '\ he ,k hi;" (uncllt fI"w~ horlZ"Il\Ally 
through the array. The array bOllnnarie, lie between 0 1011 and 1::'0 Inn in y~,r,rpct.i(>n. and 
between 0 p.m and 31!i 11.111. in th~ x-direct.ioll. A posit.ive (ncgativ,c) elcct"", bean.' Indllcer! 8lg"al 
;::.. V (XO' Y. 0) is indic.ated hy the dark (brigl.lt) ~rpa-,. wherea, ti 1'.( :Cn, !If)) ~ () :' shown by the 
gray vallle of the areas SlItTolllJ(i1ng t.he array. J he sIgnal level lti I· 1 IS ahont. !) 11\ . 

During t.heir Jlucleation a.t t.\w ('dgr.~ of tl\(' ,IITil\" t.he vorl in', expct iPJ1(I';1 Lorentz 

force perpendicldar to t.he extr'rnai currenl. 
Figure 4 shows an imaging result for a '20 x to array. III siJllpi,' I.crllls, t hi~ ,'all ,,~ 

explained as follows: wh(~11 a vort.ex moves an-OSR a junction, this jllllc1.ioll phase slips 

and t.he resulting volt.age drop calls"s dissipat.ioll. WI"'11 t.h" e\cctroll beHITI is f')('lIsserl 

at a junction where vortices are moving across, t.he vortex mot.ion is changed due to 

the junction critical cllrrent. reduct.ion caused by t.he e-beant. No voltage sigll~1 !5 

observed when t.he e-beam is focllssed al. a jundioll al. which no vortices al" crossil!g. 

The imaging thus resolves the vortex tracks. Frolll a more det.ail,~d quant.itative 

analysis of our imaging,5 we calculat.e that t.he junctions where vortices enter the 

array give a positive voltage signal ;::"V(xo,Yo) (dark areas in Fig. 4). A negative 

1 
t 
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voltage change 6. F(.r.o, Yo) (bright. areas in Fig. 4) is meas1Ifed at, t.he positions where 

the vort.ices leave the array. 

Inspedion of Fig. 4 shows that for t.he bulk of the array, vort.ices are nucleat.ed at 

the upper edge and anti-vortices at the lower edge of the array. They subsequently 

move through the array, perpendicular to the bias current., until t.hey reach the op­

posite boundary, where t.hey lea.ve the array, Along the current direction there is a 

strong t.endency to alternate between t.he direction of the vortex/antivort.ex mot.ion. 

We call t.his behavior alt,ernR.ting nossing vortex motion (ACYM). Such alternation 

is favored dlle t.o :,he repulsion bct.ween vortices of the same vorticity and attraction 

between vortices of opposite vorticit.y. 

For bias currents very close to, but larger than Ie, we did not observe t.he ACYM 

but an uncorrelat.ed vort.ex lIlotion. With increa.sing h the ACYM area grows, starting 

from the inner part of the array. Increasing h beyond the region where the ACYM is 

observed, tlte vortex density is incrra.srd a.nd we ohserve a. lIlore complicat.ed vortex 

mot.ion. 6 

Reccnt. numerical simul!1tions hased on t.he actual arra.y paramet.ers 16 have repro­

duced the AC"M. 
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IN-SITU SPATIALLY RESOLVED INVESTIGATIONS 

OF .JOSEPHSON STRUCTURES WITH 

A SCANNING LASER MICROSCOPB 

.1. HOl.M AND .1. MYGIND 
I'h1ls i,'s /)r.parl.mrnt, 1cr:hnirnl UnitJr.7·sit1l of TJrnmrzd, 

J)[(-280IJ ];11"'1"11. Dr.mna7·k 

AlJSTHACT 

M()~t. of 1.11{' p.xpf'filllrnt.al st.lldi,,~ of th" ~1.At.ic and dynamical stat."s in Josephson 
jundiolls are limit.('d to ,,"'aRming I.hr rmre"t.-\,olt.n.ll<' dlar:H"t.l'risl.ic: IIII<Iel" vari­
ous experimental conditiolls, which, howl'ver, only pl"Ol'id,'s n spatially averag"d 
informat.ion on t.l", proces~('s illsi<l" the jllnct.ion. Wf'c have I.h,·r!'fnre const.ructed a 
silllpl~ and reliable Cryol\enic S"allnilll\ Las!'r Microscopf'c for in-situ spatially r,,­
solve,l investigat.ions of Josephson junctions. USlla.lly t.hp dyn:ullir"al proc('s~e~ af(' 
very Rensit.iv!' to external noise, makinp; it ('ssclltial for n mkroscopl' of t.his kind 10 

have a very low noise level. This is lIIet in comhination with t.h" df'IlHWds for R hil\h 
spatial resoltltion usinp; a hl.srr I",atn emitt.",1 fmlll a :l.5 /llll diall,,·t.pr opt.ical fiber 
lIIollnt,'d on no pi(,7.odf'drir 5Canll('l". HecPllt IIIf'Mnrelllpnl.~ on st.nl.if" n.tlll dynamiCll1 
states of Josephson jllllrtions nre present,,,1 and disClls"c<l. 

1. Introduction 
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Due to recent. improv(,lIlent.s ill t.he fabrication of in1.pgrat.('d snpercclIIdnct.ing cir­
cuit.R bascd on ,)oRephsolJ t.unnel jllllct.ions it. ha.~ become ill1port.ant. to und<>rst.and in 
dp-t.ail Ul(~ wry cOllJpl'~x d.vllarnies on which t.heir operatioll is haspd. For many years 
t.he only way t.o chamct.eri7,f' t.hf' jllnct.ionii ha;.; heell t.o iIlVPst.igat.!' Iheir de propert.if's 
undC'r various experiment.al conditions, like lIIeasuring t.he clllTpnt.-vo\t.agc (IV) char­
act('ristic and the critical cnrrcnt as fllnrt.iou of magnet.ic lipid (leU!)). Such integral 
eXJlerin)(~ntR do IIOt. provir\" dired spat.inlly rf'solved informat.ioll OIl t.he dynamicR of 
t.his hi),:ldy Ii')It1inpar ",'vi,·('. 

S"\','r;IIIIII"",pt.s hal''' 1""'11 Iliad" to oVl'r"oT!l(' this. Alrf'ndy ill 198:3 SchmlPrmanll 
el 11.1.' rI"sl)!.It"d I.II!' firsl s":lltnilll( laspr lIIi('l"os('oJlf' (·onsist.ill)!; of t.wo part.s: (i) A 
rooll' t,"II'P"1 al"I"I' opl.ie;" sel.lIp '.\·if h a. 1",lilllll-IH'OIl Ia.~f'r a.nd focllsing opt.i(>s, aud 
(ii) :, sLlllrlarrl opl.i,·a.1 crvost.al. wilh windows providilll\ iUTPiiS for t.he laser IlPFlln 
f.l) 1.11(~ sallll'l(' which is posit.iOlH'd 011 a mid fin)!;er ill t.he \111('1111111 spaef' .. ]osq>hsoll 
jllllf'tiollS wilh va.riollii f~pnllJd.rif's \V('f(~ illVl'sl.il\at.pd ill t.\rp st.at.ic st.a.t.!' by measllrillg 
HIP ,,,rllld iolt of II", nil.in).1 <:IIIT('IIt ca.llspd hy lwat.ing t.\H' jllllct.ion wit.h It ]G-20 IIIIl 

dia.III"!.'" lal;'" I'p<l1.2. 

l)"d"I'" .. , ;\1.:1 IItili·!.,,, <I '·""\·'·lIt.iollal 1,,"<llIlIillg "1",'1 ron lIIicroiiCOPP (SE1'v'I) in 
whi,'" f I", 1;1;111""'" 1;;11111'1<- h"ld", \\'<1.1' H'I'J:w"d hy a. sliiall liqllid lH'1i1l1ll cryo~t.at.. 

Th.., "1,,,'1.11111 1"';1111 .. ,," !,.. f""lIs"d wilhi" n ""II"n'" nanoIllPt.!'rs ~o lIfled as h!'atillg 


