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The variations of the critical currerit across the layers as a function of the parallel magnetic field
have been studied on small area stacked junctions fabricated from perfect single cnStgC8CUO0,
whiskers. Intrinsic dc Josephson effect has been clearly demonstrated on structures with in-plane size
L less thar20 um. With L increases, a dimensional crossover to monotonic size independent behavior
of I.(H) has been observedl.(H) decrease in this region is proportional 464 in accordance with
the Fistul-Giuliani theory. [S0031-9007(96)00762-4]

PACS numbers: 74.50.+r, 74.60.Jg, 74.72.Hs

With the coherence length along theaxis much less crystals [16,17] did not clarify the situation. Namely,
than the spacing between Cu-O planes, layered fijgh- no ac or dc intrinsic Josephson effect was observed on
superconductors such as ,Br,CaCu,0g (BSCCO) or small width tilted BSCC02212 films [12]. Data on small
TI,Ba,Ca,Cu;0,, (TBCCO) are known to be consid- area TBCCO film junctions [14] showed sonig(H)
ered as a stack of 2D-superconducting layers linked bynodulation but the modulation period was considerably
Josephson coupling [1,2]. In principle, this leads to theinconsistent with the structure lateral size. The results on
possibility of direct observation of dc and ac intrinsic film structures are very dependent on film quality, i.e.,
Josephson effects on naturally layered crystal structurgsresence of grains, grain boundaries, tension gradient due
when the current is driven across the layers [3—5]. to mismatch film or substrate, etc.

However, as will be shown, there are some serious limi- In the present study we report on a new approach to the
tations to realize this idea. First, oscillatory behavior of theproblem. We have chosen a single crystal BSCC02212
critical current is predicted theoretically [6] only for rather whisker as a base material. Recently these whiskers
small junctions with in-plane sizé,, smaller than the have been characterized [18] as one of the most perfect
Josephson penetration depthgiven bysA./A.,, where  objects of layered high temperature superconductors. The
s is the spacing between the elementary superconductirgmall transverse dimensions of the whiskers allow us to
CuO layers andi., A, are the anisotropic London pene- fabricate stacked junctions with lateral sizes as small as
tration lengths. In BSCCQ; is of the order of a few 5 um. Measurements made on these junctions show new
microns. For junctions with larger size the behavior is disfeatures which prove the existence of the intrinsic dc
turbed by Josephson vortices entering the junction [7,8]. Josephson effect.

Another limitation concerns the quality of the single For a small naturally layered stacked junction with in-
crystals to be studied. To achieve synchronization of alplane sizeL less thani;, theory [6] predicts Fraunhofer
elementary layers, the single crystal should be of verppehavior of the critical current across the layers in
high quality, free of impurities, dislocations, inclusions of magnetic fieldd parallel to the layers,
other phases, etc. )

The first experiments have been carried out on rather I.(H) = 1.(0) sin(mrsLH / ¢ho) (1)

large single crystals with siz& ~ 30-100 wm [9,10]. wsLH /o |
Microwave experiments [10,11] which were presented . . . . .
here ¢ is the flux quantum and. is the junction size

to sustain the existence of the intrinsic ac JosephsoPerloenolicuIar to the field. Equation (1) implies strong
generation indicated, however, that only a few percent O%ependence of.(H) on L. The first minimum off, (H)

the total number of elementary junctions has been phas o ding tic flux densit
synchronized. Josephson behavior in parallel magnetii?‘ppears ati, corresponding 10 a magnetic flux density

fields, namely, the oscillatory dependence of the criticaf’jqual togo through elementary junction area,
current/.(H) as a function of the magnetic field, was also Hi = ¢o/sL. )
not demonstrated satisfactorily.
Recent experiments on epitaxial film [12] and on mesé&-or the case. > A; the behavior described by Eq. (1)
structures patterned on epitaxial films [13—15] or singlecan be disturbed by Josephson vortices [8], entering the
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junction at fieldsH > H,,. Calculation ofH,, for small 11T 7 — T
samples with. < A, yields [8,19] B

~ @ i IHM ) (3) =
L2 /\ab N
This value turns out to béx./L)? times larger than that
of an infinite sample. Note also that dsdecrease#,,
increases more rapidly, &6/L?%), thanH, and can exceed
it at some valueL,,. This value can be defined as a
maximum junction size to observe oscillatory behavior of
1.(H),

H,,

0.5

L N |

| mask

whisker l

A A
32¢ jpZfab (4)
/\ab N

For typical BSCCO parameters\{ = 100 um, A, =
0.3 um,s = 15 A) L,, is estimated to be-10 um.

The opposite limit, when vortices penetrate the struc-
ture of rather large size; < L < A, and form a pinned 0.1 ' s
lattice, has been considered in Ref. [8]. Some universal, H(T) 01

size independent, behavior 8f(H) is predicted in this FiG. 1. Vvariation of the normalized critical currept.(0) —

Ic(0)

L, =

1(0)=I¢ (H)

case, I.(H)]/1.(0) atT = 4.2 K along thec axis as a function of the
. magnetic fieldH applied in thea-b plane for BL,Sr,CaCuOsg
M ~ w/H/Ho, (5) junctions with different sizes in the-b plane:<, 200 um X

1.(0) 200 wm (from [9]) and o, 30 um X 30 um. The straight

line is the universaH'/? dependence predicted by the Fistul-

where H, is a constant field characterizing the I"leer(EdGiuIiani theory [8] for large junctions. The inset shows the

superconductor, stacked structure etched on a,Bi,CaCuOg single crystal
doAap whisker: (a) crystallographic orientation of the structure, (b)—
0= 53, - (6) (e) the steps of the ion etching procedure.
287 A
For typical BSCCO paramete, can be estimated as

H() ~01T.

Following the analysis above one can expect al0® A/cn?, and it did not significantly change with
crossover from size independent monotonic drop otemperature increase up ®©/7. = 0.75. This value is
I.(H) in the field scale of 1 kOe for large samples about 3 orders smaller to be compared with a longitudinal
(L =20-100 um) to oscillating, size dependent, value of5 X 103 A/cn? in samples from the same batch
I.(H) behavior described by Eq. (1) for small samples[18]. Then, the junction geometry is quite convenient for
(L < 10-20 wm). the four probe technique since the long parts can be used

In previous experiments [9-11,18-21] the behaviorfor preparing current and potential leads. The long parts
predicted by Eqgs. (1) and (5) as well as a crossoveremain superconducting up to currents about 2 or 3 orders
between these two regimes have not yet been demomxceeding the critical current of the stacked structure.
strated clearly. For large junctions with lateral size of the order of

Micron scale stacked junctions have been fabricated00 xwm we have observed a rapid monotonous drop. of
from selected single phase (2212) whiskers [21]. Then rather weak parallel magnetic fiel# of scale of
steps b—e of the fabrication process are shown in the ins€t1 T. TheI.(H) dependences in this field range do
of Fig. 1. A low discharge voltage<(l kV) has been not essentially change witll variation from 40 to
chosen for ion plasma etching to avoid degradation of th€00 um. Similar, size independent behavior Hf(H)
superconducting parameters. Junctions have rectangulaas been predicted by the Fistul-Giuliani theory [8].
geometry in theud plane, the edges being parallel to theFigure 1 shows the fit of experimental data for two
a and b axes. Different junctions have been preparedsamples following the theoretical dependence given by
with dimensiond.,, L, betweer200 uwm down to5 um.  Eqg. (5). The data follow relatively well the expected
Along the ¢ axis typically they contain~100 elementary (H/H,)'/? law. Note that the sizes of the samples differ
junctions. Stacked junctions were mounted onto sapphirby a factor of 5. The characteristic field, obtained
substrates and four contacts were prepared with silverom the fit has a valu¢7 — 8) X 1072 T. The I.(H)
paste. The contact resistance ranges from 1 & after measurements have been performed mostly at 4.2 K.

annealing in oxygen at 45C. However, several measurements showed that the variation
The critical current density across the layers measuredf I.(H) and the value ofH, were not substantially
at 4.2 K with a voltage criterion of uV was3 X 10> —  changed within the temperature interval between 4.2 and
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30 K. Using the theoretical expression fHp [Eq. (6)], inversely proportional to the sample sizen accordance
we can estimate the anisotropy paramefer= A./A,,  with Eq. (1). Consequently it is possible to deduce the
and the Josephson penetration depth= ys for our  value ofs, the spacing between elementary superconduct-

samples. This estimation giveg = 1000 and A; = ing layers such as = ¢on/LH,. Figure 3(b) shows that
1.5 um, that is, consistent with estimations [11] madefor three different sizes and different magnetic fields (i.e.,
from direct measurements af andA,;. differentn) the ratiogpgn/LH, exactly yields the value 15

As L decreases below0 um, the experimental nor- A, corresponding to half of the lattice constant along the
malized dependencéds(H)/I.(0) start to deviate from the ¢ axis. With a dispersion which does not exceed 10%.
universal Fistul-Giuliani dependence as shown in Fig. 2. All the data considered above for junctions with a
1.(H) begins to drop more slowly and oscillations appearsize smaller thar20 um prove the Josephson behavior
For a junction withL = 8 um we have observed oscil- of I.(H) predicted by the theoretical work of Bulaevskii,
lations of I.(H) with a period of 0.15 T. Three oscilla- Clem, and Glazman (BCG theory). Whénis increased
tions can be defined, though the figid, calculated from above20 um, a crossover occurs to the behavior pre-
Eqg. (3) only slightly exceeds the field of the first mini- dicted by Fistul and Giuliani (FG theory). This crossover
mum (see Fig. 2). The period of oscillations decreasess illustrated in Fig. 4 where the dependence of the charac-
with an increase of the sample size [Fig. 3(a)]. This hagderistic magnetic field which suppresdedo half its value
been directly demonstrated on a junction with differentat zero field/.(0) is plotted as a function of the junction
sizesL, (8 wm) andL;, (20 xm) by rotatingH inthea-b  size. The straight lines correspond to the calculated BCG
plane { || a andH || b; see inset of Fig. 2). ForthH  and FG limits. The points correspond to our experimental
orientation perpendicular to the smaller siZzdH) drops data. The picture shows that a crossover from FG to BCG
slower and with a larger period of modulation (Fig. 2) in regime occurs within a size interval 20—-30 um.

a good qualitative agreement with Eq. (1). The appropri- In summary, a method of fabricating micron-scale
ate theoretical dependences are shown as dashed lines. stacked BSCCO junctions of high quality has been de-

The magnetic fieldd,,, corresponding to the minima of veloped. Intrinsic dc Josephson behavior has been clearly
the Fraunhoffer pattern df.(H), is plotted in Fig. 3(a) for demonstrated on these samples. The variation of the crit-
junctions of different sizes. It shows that the period doescal current along the axis as a function of a paral-
not depend on the position of oscillation, and that it is lel magnetic field exhibits a dimensional crossover from

an oscillatory behavior to a monotonic size independent
behavior when the in-plane junction size is increased.

Ho(T)

0.2

1(H)/1.(0)

I
)

H(T)

20— ]
< r

FIG. 2. Normalized dependences of critical currents of = r o
Bi,Sr,CaCuOg junctions across the layerd.(H)/I.(0) f 15_— 4 & ]
at T = 4.2 K on magnetic fieldH parallel to the layers for . F ° o 8
samples of different sizes: B, 8 um; [0, 20 um; e, 40 um; ‘=° R @
and o, 200 um. Solid lines are guides for the eyes. Dashed .o 10 J ! 1 l
curves 1 and 2 correspond to Eq. (1) for= 8 and 20 um, 0 1 2 n 3 L 5

respectively. Curve 3 corresponds to Eq. (5) fr= 950 Oe.

The arrow (double arrow) indicatds,,, the field above which FIG. 3. Dependences of the magnetic fielfis corresponding
Josephson vortices penetrate ftteum (8 wm) wide junction.  to thernth minimum of/.(H) (a) and the ratiapon/LH, (b) on
Inset shows the geometry of the junctions for whihhas n for junctions of different sized.: A, 8 um; o, 10 um; and
been rotated and applidda and|| b, respectively. O, 18 um.
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