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Anomalous Proximity Effect in the Nb-BiSb-Nb Junctions
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An anomalous proximity effect was observed in coplanar Nb-BiSb-Nb junctions. The effect
consists of a considerable increase of the critical current with an increase in the distance between
the superconducting electrodes. The effect is explained by the quantum character of Cooper pair
transport through the normal region. Some advantages of the application of such junctions are
discussed. [S0031-9007(96)01251-3]

PACS numbers: 74.50.+r, 74.40.+k, 74.60.Jg, 85.25.Cp

The proximity effect consists of a mutual influence of awavelengthh = 800 nm in single crystals with 6 at. % Sb
contacting superconductor and a normal conductor (a metfl0]. As compared with Bi single crystals, the valuegrof
or a semiconductor). One of the manifestations of this efand A in BiSb crystals change by approximately an order
fect is the flowing of a superconducting current throughof magnitude; a similar tendency is observed in polycrys-
two superconductors separated by a relatively thin layetalline BiSb films [11].
of a normal material termed a weak link [1]. The thick- In this work we mainly used junctions based on BiSb
nessd of the layer, at which a superconducting currentfilms containing about 6.5 at.% Sb. Junctions on the
can still be observed, reaches 100—1000 nm [2-5]. Thibasis of bulk BiSb single crystals were also used. The
current is related to the penetration of Cooper pairs fronfilms were deposited onto an oxidized Si substrate by a
the superconductor to the normal region. It was considpartially ionized beam with an accelerating voltage up
ered for a long time [2-5] that a superconducting currento 5 kV [12]. Films deposited at a rate of 2 rfimat
always decreases with an increase in the thickness of an accelerating voltage of 2 kV exhibited the greatest
normal layer. This viewpoint, supported by numerous exmobility u = 5 X 10* cm?/V's and the lowest resistivity
periments, seemed apparent because the number of Coopger= 140 w{) cm (parameters measured at 4.2 K). The
pairs crossing the normal region should naturally decreas&ructure of grain boundaries in these films was rather
with an increase of this region size. However, it was sugregular. In this work, we used such films (500 nm thick)
gested in [6] that this situation is not valid for all types of because any deviation from the optimal deposition regime
weak links. Inthat work, the transport of Cooper pairs wagesulted in the deterioration of the electrical properties.
considered for the quantum weak link—the normal region,
whose size is comparable with the de Broglie wavelength

of charge carriera. Some years later, other works on this X—rays @)
problem were reported [7,8]. o) 4

In [6], a junction with mirror-smooth parallel interlayer
boundaries is considered to behave as a Fabry-Pérot inter- 3
ferometer. The value of superconducting curtgrih such 2

a junction oscillated depending on its thickness. The am- e
plitude of the current oscillations reaches the values about
100% at a thickness df54; at greater thickness it sharply 1
decays. It should be emphasized that, according to the
theory [6], the superconducting currditcan appreciably

increase with the distance between superconducting elec- d ih)
trodes. Such an anomalous behavior of the critical current b
has not previously been observed. Bish
In this Letter we report on the first observation of an in-
crease in the critical current with an increase of the weak Si0;

link length in coplanar Nb-BiSb-Nb junctions (Fig. 1). To
the best of our knowledge, superconducting BiSb-based
junctions have not yet been used; we fabricated such junc-
tions not long ago [9], although the unique electron prop-
erties of this material have long been known [10]. One

of these properties is an abnormally low effective mass; 5 1 The scheme of junctions fabrication. (a) X-ray

of electronsm™ equal t00.9 X 10"*mo wheremy is the jithography; (b) a schematic cross-sectional view of the
mass of a free electron and, hence, a very great de Brogljenction.

Si wafer
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For example, the mobility and resistivity of the films 06
deposited at a rate of 5 nf® were2 X 10° cn?/Vs

and 520 w{) cm, respectively. The structure of grain
boundaries in these films was disordered. 02 |

Junctions were fabricated by optical and x-ray lithogra- <

phies [13] [Fig. 1(a)]. The positive polymer resist (e.g., £ %0 [
PMMA) film of 1 uwm thickness (3) is spun on the sub- =~
strate (1) covered with a BiSb film (2). PMMA strips are

fabricated by means of x-ray lithography. Cw irradia- 04 |

tion (A = 1.33 nm) was used as a source of x-ray beams.

We have used x-ray Au masks () with polyimide support- ¢ ——— — — — — — —
ing membranes (4). Au patterning was realized with the | (mA)

help of electron beam litography and subsequent electro-

plating of gold onto a conductive layer through the resistFIG. 2. I-V characteristics for the junction at 4.2 KI. =
The thickness of polyimide was varied from 2 4gum L MA for 0.6 um slit junction; /. = 2.5 mA for 1.2 um slit
and the thickness of Au film equal to 300 nm. The nextjuncnon'

step consists in the spinning of the photoresist, and open

windows in it are created to form two contact pads of suy i surrounded by barriers; in our work it is a poten-

perc;onductive metal (the Nb films 100 nm thic'k were de-ia| \vell without barriers (the Fermi energy of electrons
posited by magnetron sputtering) connected with a narrowt, - _ | _» meV for BiSb [10] is much smaller thai, ~
trench which intersects the initial polymer resist structuresfev for Nb [15]); the well width is equal tal. In {)oth

After the metal has been deposited, a liftoff procedure ig 55 the resonant transparency of junctions is observed

carried out in a solvent of the resist. The liftoff ope.rationwhen the well widthd accommodates an integral num-
left two Nb contact areas, connected bp.a um wide o, of A/2 [16]; it seems, for junctions witd = 1.2 um,

ND stripe with a slit in the middle, on the surface of BiSbthis number is 3, and resistance of these junctions must be

(Fig. 1). Three batches of seven junctions with slits 0.6,0wer than resistance of the junctions with= 0.6 pm.

1.2, and2.0 um were fabricated of the same SUbStrat.e'The theoretical curve [6] describing the temperature de-

The absence of Nb short circuits was checked by scanning, \ yance ofV. — 7 Ry is fairly close to the experi-
. .y c c
electron microscopy. In addition, some reference specs,.ntal values obtained in this work (Fig. 3). However,

imens where Nb stripes had no slits were fabricated; in,q important divergence from the theory exists: In the

i — 6 _
Zhgsi sp((ej(zmerfs =7 110 1’66/07?2 andHC =16 'I_'at experiment the difference between the values of criti-
.2 K andAl./I. was about 10% for various SpeCimens. oo ¢\ rrents in the junctions witd = 1.2 and 0.6 xm

The voltage was measured to an accuracy of 10 nV, whic{}, e glightly with temperature (Fig. 3), whereas the the-

allowed the registration of a superconducting current up tQ)ry predicts a considerable increase of this difference in
O‘IN'“A' duct in the i . ith the region of low temperatures [6]. Note that tWg(T)
O superconducting current in the junctions with a ependence observed in our experiments is characteristic

2.0 um slit was observed. In other junctions, the sprea f : ; :
o ' ure weak links with transparent boundaries [17].
of the values for critical currendl./I. was about 10%; P P [17]

I. and normal resistancRy = 1 () remained unchanged

after several temperature cyclings at 300-4.2 K. The 0.15
value of the critical current in the junctions with2 xm °
slit was 2.5 times higher than that in the junctions
with 0.6 um slit (Fig. 2); this is the main result of
this work.

The anomalous increase of the critical current with the
distance between superconducting electrodes cannot be
explained by theories based on the “trajectoral” (diffu-
sional or ballistic) transport of Cooper pairs through the
weak link [2—5]. All the theories of quantum transport o
of Cooper pairs [14], except for the theory developed in 0.00 ! ! ) )
[6,7], consider the quantization of the transverse motion, 00 02 04 06 08 10
which gives rise to a monotonous staircase dependence TIT
32# dggctr?gejéj ?:t[lg]n d‘:‘#g:g fr;?qethgaiogzg%no;;?% )J(L;r;(r:i_ FIG. 3. Temperature dependence of the characteristic voltage

V.(T) for 0.6 um slit junction (circles) and forl.2 um slit

ments. However, the quantum-mechanical models of theinction (dots). The solid line represents the theoretical curve
junctions are similar. In the case of [6], this is a potentialfrom [6].
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A transparent boundary is a characteristic distinguish-
ing our junctions from other junctions with semiconduct-
ing weak link [14,18—20]. In those junctions, Schottky
barriers are often present on the metal (superconductor)-
semiconductor boundaries. In Bi and its diluted alloys
with Sb, no Schottky barriers exist on such boundaries
[21,22]. Also of importance is the fact that Bi and Sb
are almost insoluble in Nb [23] so that no compounds are
formed on their interface. Therefore, a very high crit-
ical current densityj., must be due to the absence of
Schottky barriers and a “good” interface, in addition to
the quantum character of the Cooper pair transport. In
the junctions withd = 1.2 um, this density i90° A/cn?
at 4.2 K (Fig. 2), which is somewhat greater than the
value0.8 X 10° A/cn? obtained in [24]. However, this
value was achieved at 1.4 K, and it drastically decreases
at higher temperatures. The values joffor junctions,
with semiconducting weak links reported in some other
works [14,18-20], is 1-3 orders of magnitude smaller.
The value ofd in those works was smaller thanum. To
the best of our knowledge, there is only one work [25] in
which a superconducting current was observed in a junc-
tion based on a semiconducting weak link with an unusu-
ally large value ot/ = 1 um. An external magnetic field
slightly influenced this current, and the transition to the
normal state occurred in rather strong fields about 0.2 T,
which is unusual for Josephson junctions [2-5]. The be-
havior of the junctions we studied was also unusual. The

transition to the normal state occurred in a field of 0.2 T. ' *%
L » .

Shapiro steps were observed only in the junctions with v
d = 1.2 um after irradiation by a second harmonic fre- ¢ QY ‘-._.

quency field at a frequency of 36 GHz. The irradiation of -, 4, 1\ images of the BiSb fims deposited on the

the juncti(_)ns withd = 0.6 wm only caused a decrease in Si0,/SisN, membranes at the rates 5 fsn(a) and 2 nifs
the magnitude of.. (b); (c) dislocation structure of the grain boundary of the BiSb

In our junctions, the magnitude of. depended on films deposited at the rate of 2 i)
the mobility of electrons in BiSb and, hence, on the
structural defects in the material of the weak link.
In the junctions based on bulk BiSb single crystalsof magnitude also caused only a very small decrease
prepared by zone meltinge = 6 X 10° cn?/Vs and in j. [27]).
je =3 X 10° A/em?. In the junctions based on the Regrettably, we cannot make a more accurate compari-
films deposited at a rate of 5 niwm [Fig. 4(a)], « =  son of j. values in films and single crystals because the
2 X 103 cn?/V's and j. = 10* A/cn?; the supercon- roughness of the single crystal surface does not allow
ducting current was observed only in the junctions withus to use conventional lithography techniques for the
d = 0.6p wide, in wider slit junctions it did not occur preparation of junctions. The junctions were cut out
(Table I). To our minds, the drastic decreasejpfin  with a focused laser beam, and this technique did not
these films is due to a disordered structure of the graipermit the fabrication of junctions witti less thanl wm.
boundary. In the films deposited at a rate of 2/sm Nevertheless, af = 2 um, the superconducting current
[Fig. 4(b)], the grain boundaries consist of a regulardisappears as in the case of films. The uneven edges of the
series of grain-boundary dislocations separated by &ser cut cause some spread in fhevalues for different
distance of about 3 nm [Fig. 4(c)]. Apparently, this regu-junctions based on single crystals. Single crystals of two
lar structure of grain boundaries provides for a coherentompositions were used with a Sb content of 6.5% and
passage of an electron wave without any appreciabl&0%. It was found that the magnitude jfis, on average,
reflection [26]. As a result, a slight decreasejincan three times smaller in the junctions based on single-crystals
take place in comparison with a single crystal, in spitewith 10 at. % Sh. We could achieve a reproducibility of
of a considerable difference in mobility (a decrease inthe parameters only for the film-based junctions. In other
the mobility in the InAs-based junctions by an orderworks [14,18—20], the problem of reproducibility for the
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