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We present a study of the critical currents of small sized intrinsic Josephson junction stacks in external
magnetic fields applied parallel to the Cufayers. The stacks consisting of 5-12 junctions were realized as
mesa structures patterned on top 0fB,CaCyOg ., single crystals. Lateral mesa dimensions ranged from
10X 10 to 0.8 0.8 um?. For the largest structures a complex magnetic field dependence of the critical currents
was found. With decreasing mesa dimensions the critical currents systematically approached a Fraunhofer-type
magnetic field dependence. Measurements agree well with the results of numerical calculations using coupled
sine-Gordon equations.

[. INTRODUCTION stack consists of, say, 100 junctions. An adequate discussion
of the intrinsic Josephson effect thus requires small sized
One of the most characteristic manifestations of the Jostacks consisting of as few as possible junctions. These re-
sephson effect is the Fraunhofer-like magnetic field depenquirements can be approached with present day fabrication
dence of the maximum supercurrent across a small rectangtechnologies.
lar Josephson junctior .(B)=1.(0) |sin(mB/By)/(7B/By)|. The dynamics of intrinsic junction stacks is believed to be
Here, the external fiel® is oriented parallel to the junction adequately described by the coupled sine Gordon equations
barrier.Bg is given by the ratio of the flux quantudh, to the  which can be derived from either the Lawrence-Doniach
effective area of the junction, determined by the junctionmodel for layered superconductéréor by generalizing the
width b perpendicular to the applied field and the effectivesine Gordon equation for a single Josephson junction to a
junction thicknesge¢. In order to achieve Fraunhofer-like system of stacked junction$ An analysis of these equations
pattern the junction dimensions should not exceed the Jashows that, when the lateral dimensions of the stack are be-
sephson length ;, and the junction should be homogeneous.low \ ;, the critical current of each junction follows a Fraun-

For a conventional Josephson junction with superconductingofer pattern wittB,=®, /[ (t +d)b].2 For Bi,Sr,CaCyOg

electrodes much thicker than_ thg London penetr.ation deptH?)SCCQ the thickness +d of an intrinsic Josephson junc-
AL, the Josephson length is given Bo/2muo)c(2h, tion equals 15 A. For a width of the stack lof= 0.5 um the
+1)]¥2 with the barrier thickness and the critical current  first zero of the Fraunhofer pattern would occur B
densityj.. Typically, \; amounts severakm. The effective  —2 76 T. On such field scales sample alignment becomes
junction thicknesd is given by 2 +t yielding values of  crucial in order to avoid the formation of pancake vortices
By on the order of some Gauss. Thus the conditions to obpenetrating the superconducting layers. For example, in or-
serve the Fraunhofer pattern can be realized easily, and meder to keep the perpendicular field component below 20 G in
surements of . vs B are routinely used to characterize the a 2 T field the misalignment needs to be less than 0.06°.
homogeneity of artificially made Josephson junctions. In Early measurements df vs B have been performed on
contrast, for intrinsic Josephson junctions in high temperasmall single crystals of 3030 um? or larger in size consist-
ture superconductors formed by adjacent Gu@ouble ing of more than 1000 junctiorisThe critical current of the
layers? it has turned out to be notoriously difficult to ap- weakest junction exhibited shallow modulations on field
proach the conditions necessary to observe a Fraunhofer pajeales corresponding to a flux quantum per junction but satu-
tern. The main reason is that for this kind of junctions therated on a level of more than 50% per cent of its zero field
thicknessd of the superconducting layers is only 3 A, much value. Similar modulations have been found for BSCCO
less than the(in-plane London penetration depth.,, single crystal whiskers with lateral sizes between 20 and
~1500 A. The large kinetic moment of supercurrents flow-40 wm.”® For such structures a systematic studyl of/s B

ing along a superconducting layer give rise to a modifiedvas carried out. Structures with lateral dimensions ranging
Josephson lengthx ;=~ (P od/ 47 woj c)\gb)”z, which, for a  from 8 xum to 200 um consisting of about 100 stacked junc-
typical critical current density of f0A/cm?, is only about tions have been studied, vs B of the smallest structure
0.4 um. Furthermore, these circulating currents stronglyshowed pronounced oscillations. A crossover from an oscil-
couple adjacent junctions. Still, however, the junctions form-atory, size dependent behavior kf to a size-independent
ing the stack can be individually switched to their resistivedecrease of ., as predicted by Fistul and Giuliat,was
state. Ideally one would like to monitor the critical current of found for a junction width of about 20—30m. The pro-
every individual junction which is virtually impossible if the nounced oscillations found for the smallest structures may
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perhaps be surprizing since this structure was still five times TABLE |. Various parameters of the mesa structures used.
larger tham ;.1 For 1.2 wm wide whisker structures having : . _ :
a hole in the center, recently a Fraunhofer-like pattern for théample  Siz¢um?]  Junction number j[A/cn?]  b/\,
weakest junction of the stack was reportéd. . shie 10¢ 10 10 800 20

Intrinsic junction stacks consisting of less than 100 junc-

. . H120 22 7 5000 10
tions can be realized as mesa structures on top of BSCC h3 9% 2 8 1000 5
single crystal$®!* In this geometry, with mesa sizes be- 3p9 L1 15 170 1o
tween 10 and 5@w:m, |, vs B of the weakest junction has > o '
SH146 0.&0.8 7 1700 2.7

been measured by several authiGrs! In fields up to several
T |, decreased strongly but no pronounced oscillations were

found. . . . .
A systematic investigation of, vs B of small intrinsic cussed are listed in Table I. Mesa SH16 consisted of eight
C

junction stacks consisting of a small number of junctions ig’gnctions. ALT=10 K the critical currents of the eighF junc-
clearly necessary. The main question is if and how thdiOnS ranged between 0.8 and 0.9 mA. Assumikg,

Fraunhofer pattern develops when the mesa size is de- 1500 A the Josephson length was about Qu4i corre-

creased. In this paper we present data for mesa structur§@0nding to a ratid/x, of more than 20. This stack was thus
patterned on top of single crystals. The mesas consisted rfr_om the short]uncthn limit. In order to align the sample
between 5 and 12 junctions. Their lateral sizes were betweelf2tive to the external field we made use of the fact that the
10X 10 m? and 0.8<0.8 wm?. The small junction number critical currents get strongly suppressed due to the formation
allowed to monitor the critical currents of all junctions in the ©f Pancake V(I)rtlces whfen thehexternalll f'Ield has some mﬁon-
stack. We will discuss the transition to the short junction€ntation angle away from the parallel orientation. When

limit and will compare our results with numerical solutions Measured at high enough temperatures the field induced
of the coupled sine-Gordon equations. changes of thé-V characteristics were reversible and could

be used for alignment, as shown in Fig(centej. Here, T
=55 K andB=3.6 kG. The sample was biased at a current
Il. EXPERIMENTS of 96 wA and the resistance change was monitored while the
BSCCO single crystals were grown from a stoiciometricangle@ between the e_xternal field a_nd the layers was rotated
mixture of the oxides and carbonates. They were grown a y 180°. For perpendicular orientatio® & 90°) the C”t'c"?‘l
either Erlangen Universit§ or Utsunomiya University? ~ cUrrents were completely suppressed and a large resistance
X-ray diffraction confirmed that the crystals were single was monitored. For decreasing anglgbecame larger lead-

phase. The bulk transistion temperature of the as grown cryd?9 (0 @ decreased resistance with a mimimum valu® at
tals was about 88 K. For the experiments single crystals of

approximately & 1x 0.1 mn? in size were selected. Epoxy 04l
was used to glue the crystals to a sapphire substrate. To
obtain a sufficiently small contact resistance the crystals , /
were cleaved immediately before mounting them into the 2r 7 ] 2 /
vacuum chamber and the crystal surface was covered with Bias / —
silver. The contact resistance was typically @) cn?. 0.0 - - - -
Subsequently, quadratic mesa structures with lateral dimen- 0 SO\J?%V) 0 / %0 J%%V)
sions down to 0.8&um were patterned using electron beam 30 . .

lithography and argon-ion milling. For electrical insulation
of the lead contacting the top of the mesa a 250 nm thick SiO 20t
layer was evaporated. The top contact was provided by a
300-400 nm thick gold or silver layer. Currents were ex-
tracted from the base crystal using large pads contacting its
top surface. The leads and contact pads were patterned by

photolithography and argon-ion milling. Transport measure- 050 y 25 90
o ()

4t (b)

ol (mA)
ol (mA)o

AR (Q)

107

ments were performed in a two-terminal configuration. Low
pass filters were used to reduce external noise and the bias

current was provided by a battery powered current source. %4' ) %4'(") /
Current-voltage I(-V) characteristics were recorded by digi- E £
tal voltmeters. Temperatures could be varied between room 0.2t {1 o2}
temperature and 4.2 K. Magnetic fields were applied by ei- Bias Bias
ther a 5 Tsuperconducting split coil magnet or a 0.9 T su-
perconducting Helmholtz coil. The field orientation relative 005 50 100 005 50 100

U (mv) U (mv)

to the CuQ layers could be adjusted to an accuracy of 0.01°.

FIG. 1. Resistance of 010 um? mesa SH16 vs orientation
. RESULTS angle of external field® (center figurg Bias current was set to
96 pA. Figures labeleda) to (d) show current voltage characteris-
We start with results for the 2010 ,um2 mesa SH16. tics for several values @ () ®=0°, (b) ®=2°,(c) ®=7°, and
Representative parameters for this and all other mesas di&d) @ =18°.
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FIG. 2. Current-voltage characteristic of Q0 um? mesa - '5250 . "ta_, fay R :
SH16 at T=10 K, as measured aB=0 (solid circles, B ‘.::50 ©co, UE;;: "o
=1.47 kG (open circle, andB=2.88 kG (diamonds. Arrows in- 031 TP

dicate switching to larger voltages Bt=0 (solid arrows, 1.47 kG
(dotted arrows and 2.88 kG(dashed arrows Note that some
branches are stable only in nonzero magnetic fields.

=6°. For smaller angles the resistance sharply increased due
to Josephson fluxons moving through the stéckhe effect

of misalignment on thdé-V characteristics and the critical
currents of the individual junctions can be clearly seen from
Figs. I@—1(d) showingl-V characteristics at, respectively,
®=0°, 2°, 7° and 18°. Note that there is already a large

+
b hggaay

resistance at low bias currents which is not due to the contact 0-00 ] >

B/B,

resistance to the uppermost Cul@yer but due to a degraded

surface Junct|or?_.1_’22A misalignment of 2° was sufficient to FIG. 3. Magnetic field dependence of the critical currents of the
suppress the critical currents by a factor dff2g. 1(b)]. eight junctions of 16X 10 um? mesa SH16 ata) 10 K and(b) 31

When® =0° was adjusted within an accuracy ©0.01° k. Symbols label branch numbers 1 to 8 as solid and open circles,
the temperature was first increased abdyeand then low-  solid and open squares, solid and open triangles, and solid and open
ered to 10 K to measurk, vs B. Figure 2 shows thé-V  diamonds(c) showsl vs B of 10 wm wide eight junction stack, as
characteristics at 10 K in zero magnetic fiéablid circles, calculated from coupled one-dimensional sine-Gordon equations for
as well as for external fields of 1.47 kG and 2.8 kG, corre-parameters of sample SH16 at 10 K. Symbols denote outermost
sponding to ratios oB/B, of 1.07 and 2.03. Arrows indicate junction 1 to junction 8 located next to base crystal in same notation
switching to larger voltages occurring when the critical cur-as in(a). Crosses mark, of uppermost dummy junction modelling
rent of one of the junctions is exceeded. WhileBat 0 all base crystal. Solid line ifa) is Fraunhofer pattern. Dashed and
junctions switched in a narrow intervall between 0.8 anddotted lines in(c) are guides to the eyé,=1.38 kG. For one
0.87 mA the distribution of critical currents became muchiunction unstable switching behavior is demonstrated by connecting
larger forB=1.47 kG where the first junction switched at a Symbols(diamonds with solid lines.

current of 0.3 mA, whereas the last junction switched at 0.8,pen and closed diamonds, open triangleshowed some
mA. ForB=2.8 kG the weakest junction switched at 0.2 mA \yeak modulations but decreased only slightly up to a field of
and the last junction switched at 0.7 mA. 2B,. | of the intermediate branches either behaved instable

Figure 3a) showsl vs B for all junctions in the stack as (solid squaresor exhibited some stronger modulatiéwpen
determined from the voltage jumps in th&/ characteristics. squares and solid triangle§ he observed behavior is similar
With this definition the lowest. corresponds to the true to earlier measurements of of 30X 30 um? sized single
critical current of the stack while the critical currents of the crystals mounted between contact rédsdn any casel .(B)
other junctions are determined for some other of junctionss far from a Fraunhofer pattern which is shown as solid line
already being resistive. Different symbols in the figure markmatched to the expected first zero of the weakest junction.
the different resistive branches. Note, however, that a giveliVhen repeating the measurement at the same or even a
branch number does not necessarily correspond to always tlgher temperature there was little change in the data, as
same junction within the stack. From the/ characteristics shown in Fig. 8b) for sample SH16 af =31 K. Qualita-
one can infer the number of junctions, corresponding to theively similar data were also obtained for another 10
number of resistive branches, but not the location of indi-x 10 um? mesa with a ratido/\ ; of 17 (sample SH21, not
vidual junctions within the stack. An exception is possibly shown).
the first branch with the weakest critical current, which is In order to provide deeper understanding we performed
most likely the outermost junction of the stack. calculations using the coupled sine Gordon equatiofise

|- of the weakest junctiofsolid circleg droped on a scale CuO, planes are assumed to lie in thkg plane and the
of By (corresponding to 1.38 kGand then tended to level magnetic field is applied along The width of the stack in
out. A similar behavior was observed for the second brancffield direction is neglected. Its width alongis b. In this
(open circleg. In contrast, the three outermost branchesgeometry, the equations read
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(92,}/“: ,,_ijz_,n+i2jz,n_jz,n71_jz,n+1 (1) _ 1or
x> n )\rzn Je 7\5 ic , %0_5_
L o : 0.0 X
with j, n=jcnSinyat+oE,nt+ ek, . Here,n labels thenth
junction in the stack, and, is the gauge invariant phase 05k
difference of thenth Josephson junction. Bias current is ap- #SH120
plied in thez direction. The lengtha ,, and \, are, respec- -1.0¢ T=,10K, , e
tively, given by [D2mmej(t+d)]¥?  and 4 -3 2 -1 0 1 2 3 4
(®odi27pmoj A2) M2 The Josephson length is given by2( B/B,

+2\2)"Y2~\,/\2. The external field appears via the FIG. 4. Magnetic field dependence of the normalized critical
boundary condition Iyn(Xx=0)/dx=dy,(x=Db)/Ix currents of the seven junctions o2 um? mesa SH120 for both
polarities of bias current and magnetic field. Josephson length is

:27TBext(t—+ d)/®,. For a numerical solution, Eq1l) was ! ;
expanded into spatial Fourier components as described ﬁﬁbom 0.2um. D'ﬁerem. Symbqls .Co"eSp.Ond to different branch
numbers in same notation as in Fig. 3. Lines correspond to Fraun-

Ref. 6. V\/g_ used 32 Fourier components for theulr@l long hofer patternBy=6.9 kG.
stack. Critical current densities were used as measured In
zero magnetic field. Since, from the experimental data, wexowever, that at a given field the various fluxon configura-
cannot determine to which spatial junction positions thetions resulted in very similar sets of critical currents
measured critical current correspond, we somewhat arbil,, ... l.) such that more or less continuous curves
trarily assigned the weakest critical current to the outermost(B) [e.g., the dashed and dotted lines Fi¢c)Bcould be
junction and sorted the other junctions by increasing criticabbtained. A more detailed classification of the fluxon states
current. All other junction parameters were assumed to béund is beyond the scope of this paper and will be given
equal. The displacement current was characterized by thglsewherée?
McCumber paramete.= 2| e€qt/P oo, which was set We now turn to results obtained for two<2 um? mesas
to 50. In order to determine the maximum supercurrent ofabricated on different crystals. Mesa SH120 consisted of
each junction in the stack at a given field the bias current waseven junctions having critical currents between 160 and
increased monotonically from zero. The dc voltage acros®20 uA at T=10 K, corresponding to critical current densi-
each junction was monitored and the critical current of eacliies between 4 and 5.5 kA/émFor these junctions)
junction was defined by the voltage criteriof| ;R,>0.05.  ranged between 0.18 and Quan yielding a ratiob/\; of
In the experiments the mesa structures are formed on a largdout 10. Thus the mesa was again far from the short junc-
base crystal which we could not take into account expliction limit. Figure 4 shows the normalized critical currents of
itely. In the simulations shown in Fig(® we approximated all junctions vsB/B,, with B,=6.9 kG. Critical currents
the base crystal with two dummy junctions. The junctionhave been evaluated both for positive and negative bias cur-
located next to the base crystal had the same parameters r@sts, as well as for both polarities of the magnetic field.
the adjacent mesa junction, and the other dummy junctioQualitatively, the curves do not differ strongly from the
had a lower electrode of 3 nm thickness and a critical currenturves measured for the ¥0 um? mesa, although the
ten times larger than the mesa junctions. We also performedormalizing field By is 5 times larger. There was a pro-
simulations where the dummy junction with the thick elec-nounced asymmetry between the critical currents for positive
trode was replaced by 10 junctions with 3 A thick elec-and negative bias current. Similar asymmetry has been found
trodes. Both methods yielded similar results. also for the larger mesas. When the magnetic field was ap-
The simulated curves of Fig(® are made for the param- plied with reversed polarity the asymmetry ip was also
eters of sample SH16 dt=10 K. They agree with the mea- reversed, i.e., one has the case of point symmet(B,|)|
surements at least on a qualitative level. From these simula=|l.(—B,—1)|, showing that the asymmetry is not due to
tions the observed splitting of critical currents with trapped flux but due to asymmetries in bias current which is
increasing field can essentially be understood by a nonuniextracted aysmmetrically from the mesa via the base crystal.
form distribution of magnetic flux through the formation of  For the other X2 um? mesa, sample Aph3, critical cur-
vortex lines in some junctions. Particularly, most fluxonsrents at 10 K and zero magnetic fields ranged between 38
tended to be concentrated in the dummy junction locateéind 42uA, and \; was about 0.4.m. The ratiob/\ ; was
next to the mesa. Fd@/By<0.3 the mesa junctions switched about 5. Figure &) shows the normalized critical currents vs
to the resistive state through a complex formation of manyB/B,. For this sample, the critical currents of all junctions
fluxons and antifluxons. For larger fields, in addition to thefollowed nearly the same curve and almost no asymmetry
fluxon line in the dummy junction, lines of fluxons formed in was observable. However, Fraunhofer oscillations did not
some of the mesa junctions while the other junctions stayedppear. Figure ) shows simulated curves for the junction
free of fluxons. The critical current of the junctions contain- parameters of sample Aph3 at 10 K. The simulated curves
ing the fluxon rows was strongly decreased while the criticalre similar to the measurements, although some weak oscil-
current of the other junctions stayed on a relatively highlations inl; vs B appear at large fields. Also, in a field of
value. For a given field, fluxon rows did not always form in aboutB,, all critical currents exhibit a sudden drop. This drop
the same junctions. As a consequence, each junction coutstcured when fluxons were present in some of the junctions
have various values df.. Such multiple valued critical cur- already at zero or low bias currents. The simulations have
rents have been observed recently by Meisal??> Note, been performed in the absence of noise. It seems likely that
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FIG. 7. Magnetic field dependence of the normalized critical
currents of the five junctions of 0:80.8 um? mesa SH146 for both
polarities of bias current and magnetic field. Josephson length is
about 0.3um. Symbols for branch numbers 1 to 5 are labeled as in
Fig. 3(@). Lines correspond to Fraunhofer patteBa=1.73 T.

10} %

R R R SR S '4 short junction limit. The 0.8 0.8 um? stack consisted of
five junctions with critical currents between 10 and /A2,

FIG. 5. (a) Magnetic field dependence of the normalized critical qorrespondlng 9c~ 1.7 _kA/cm’— and\;~0.3 um. The ra-
currents of the eight junctions of>22 ,umz mesa Aph3 for both tio b/A, Was_ about ,2'7' i.e., more than azfaCtor of 2 larger
polarities of bias current and magnetic field. Josephson length i§1@n the ratio obtained for the 2.2 xm” mesa.l(B)
about 0.4um. Different symbols correspond to different branch cl€arly exhibits side maxima which, however, do not agree
numbers in same notation as in FigaB By=6.9 kG. Lines corre-  Well with the_ Fragnhofer pattern. In contrast, for sample 3-9
spond to Fraunhofer pattert) Magnetic field dependence of criti- | c<(B) of all junctions was close to the Fraunhofer pattern
cal currents of 1Qum wide eight junction stack, as calculated from Showing that the short junction limit can be achieved when
coupled one-dimensional sine-Gordon equations for the parametefe ratio b/\; approaches unity. Unfortunately, due to the
of Aph3. Symbols label junctions in same notation as in Fig).3 low absolute values of the critical current of about @.A

for fields nearB,, the Josephson coupling energy is already
noise would smear out the above features resulting in a ver§lose to the thermal energy at the temperature of measure-
close agreement with the measured data. ment. From this it becomes clear that, in order to reach the

Finally, Figs. 6 and 7 show data for a 2.2 um? mesa, ~Small junction limit, the required small geometric dimen-
sample 3-9, and for a 0:80.8 um? mesa, sample SH146. SIONS also require very low bath temperatures for stable op-
Even for these small mesa dimensions, the current-voltag@ation.
characteristics consisted of well defined resistive branches.

Sample 3-9 consisted of 12 junctions. The critical current of IV. SUMMARY
the weakest junction was about JuJA and seven junctions . o
had critical currents of 2.4A, corresponding toj, We have studied the magnetic field dependence of the

~170 Alcn?. The critical currents of the other junctions critical currents of all junctions in stacks of intrinsic Joseph-
were somewhat larger, between 3.3 and 6& For the Jo- son junctions with lateral dimensions between 10 and
sephson length of the junctions with 2.4A critical current 0.8 um. The mesas consisted of only 5-12 junctions. While
one obtains a value of Lm. The stack was thus close to the for large stacks a very complex, although reproducible be-
havior was found, there is a clear transition to a Fraunhofer
pattern as soon as the lateral dimensions of the stack ap-
proach the Josephson length. The measurements also showed
that precise sample alignment is crucial to obtain reliable
data. All measurements agreed well with the results of nu-
merical calculations using coupled sine-Gordon equations

05¢

1.(B)/1,(0)

0.0 ssgly showing that these equations provide the proper frame to
sk 05 ;25 | describe the physics of intrinsic junction stacks.
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