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Suppressed superconductivity of the surface conduction layer in B6r,CaCu,Og.., Single crystals
probed by c-axis tunneling measurements
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We fabricated small-size stacks on the surface ¢8BCaCyZ0Og, , single crystals with the bulk transition
temperatureT =90 K, each containing a few intrinsic Josephson junctions. Below a critical temperature
T.(<T.), we have observed a weakened Josephson coupling between thes@u&conducting double layer
at the crystal surface and the adjacent one located deeper inside a stack. The quasiparticle brane¥d in the
data of the weakened Josephson junction fits well to the tunneling characteristicsved\vee superconductor
(")—insulator-d-wave superconductor junction. Also, the tunneling resistance in the fBrg& <T. agrees
well with the tunneling in a normal-metal—insulata~wave superconductor junction. In spite of the sup-
pressed superconductivity at the surface layer the symmetry of the order parameter appears to remain unaf-
fected.[S0163-1829)12321-X]

[. INTRODUCTION ing changes in its physical properties. Until recently, how-
ever, few studies have been done for the effects of normal-
Bi,Sr,CaCuOg,, (BSCCO-2212 single crystals of metal deposition on the properties of the surface conduction
small lateral dimensions have been confirmed to exhibit inlayer.
trinsic Josephson tunneling properties alongdiaais' > due In this study, we show thataxis tunneling measurements
to their layered structure, where the neighboring superconin stacks of a few intrinsic tunnel junctions fabricated on the
ducting CuQ double layers(3 A thick) separated by 12- Surface of HTSC single crystals can provide valuable infor-
A -thick nonsuperconducting Bi-O and Sr-O Ia;feferm a Mation on the superconducthg characteristics of the surface
series stack of superconductor-insulator-superconductor tuonduction layer in contact with the normal electrode. From
nel junctions. Since the-axis coherence length for BSCCO- thel-V curves of the stacks we identified the development of

; ; N - a Josephson junction right on the surface with much weak-
2212 single crystafst is only ~1 A, the coupling between ened Josephson coupling, which was directly related to the

CuG, double layers is almost negligible except between the L ;
. ) . uppressed superconductivity in the surface conduction
nearest-neighbor ones so that tunneling properties of eaqsg

intrinsic J h ncti b Il distinauished. O yer. The tunnelind-V curve and thes-axis resistive tran-
Intnnsic Josepnhson junction can be wetll distinguished. LUng;, , R(T) of the stacks supported the existence of predomi-
can fabricate stacks with a junction area as small as a fe

s Wantdxz,yz symmetry in the Cu@double layers including
hundreds ofum® or less on the surface of BSCCO-2212 yhe one at the crystal surface. The temperature dependence of
single crystals, each stack containing only a few intrinsicCy, the critical currentl() of this weakened “surface junc-
Josephson junctions. From its current-voltage/§ charac-  ion» and that (o) of the “inner junctions” embedded under
teristics one can infer the superconducting characteristics Gfe surface junction did not follow the Ambegaokar-Baratoff

each conduction layer. It has been proposed, for instancgag) relation® I(T) showed a tail near the critical tempera-
that the superconducting order may develop in the Bi-O Iaye{ure T! of the weakened Josephson junctiohld. We pro-

2‘#9 E{?} ki pr.oanltly Itocat|c|)_n to hthe Cththpuble Iay.ﬁ'ih pose that the anomalous features as well as the suppression
VSO € quasipar |::e (l;r)mta Ing ¢ ?rac erstics seen Id € of the superconductivity in the surface layer resulted from
curves were analyzed in terms of thievave superconduc- he change in the surface boundary conditions rather than

tivity in the conduction Iayer§. . . material degradation of the surface layer itself, which is be-
Recently there has been interest in the properties of thﬁeved to occur in an unprotected surface of a HTSC mate-
surface layer of highF. superconductor(HTSC) single

crystals®’ The interest stems from the realization that usefulnal'
tools to examine the superconducting properties of the HTSC
materials, such as vacuum tunneling spectroscopy and pho-
toemission spectroscopy, effectively probe only the surface
properties of the crystals. On the other hand, in the case of BSCCO-2212 single crystals were grown by the solid-
transport measurements for HTSC single crystals, one needsate-reaction method. Powders of,8;, SrCQ;, CaCO3,

to deposit metallic contact electrodes on the crystal surfaceand CuO were mixed, thoroughly ground, and heat treated in
Aside from the possible degrading effect on the surface layean alumina crucible. The mixing molar ratio of Bi:Sr:Ca:Cu
such as the contamination or the deviation from the optimalvas 2.3:2:1:2. During the crystal growth process, a constant
stoichiometry due to oxygen loss, deposition of a normalbxygen gas was provided and a temperature gradient of
metal on the crystal surface changes the boundary conditiombout 5 °C/cm was set up across the diameter of the crucible
of the surface Cu@double layer along with the correspond- to enhance the growth rate. Platelets of the as-grown single

IIl. EXPERIMENT
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FIG. 1. (a) Schematic diagram of the stacks fabricated on a V(mV)

BSCCO0-2212 single crystal. The size of the stacks E and F is 25 8
X 35X 0.015xm?. Measurement configuration of the current and
the voltage is as follows:(E—A), V(E—F) for the stack Ej(F

—A), V(F—B) for stack F.(b) Schematic structure of a stack near 4

the surface in the temperature rangdes T, and T,.<T<T,, re- go

spectively. As discussed in the text the Au electrode and the surface =

CuG, double layer form an ohmic contact. The insulating barier

is believed to form between neighboring Bi-O layers. -4

crystal with a typical size of 0570.2x 0.03 mn? were glued 84030 2010 0 10 20 30 40
on MgO substrates using negative photoregi¥IR-83 and V (mV)

were cleaved with Scotch-brand tape until optically smooth

surfaces were obtained. Upon cleaving a BSCCO-2212 FIG.2.1-V curves for the stack F measureq at4.2 K_are _plotted
single crystal a 500-A -thick layer of Au was thermally de- with the co_ntact res?s_tance subtractéd). Multlple_qua_smartlcle
posited on the top of the crystal to protect the surface fronpranches w!th the_ crmpal current of the surface junctidf) (and
contamination during further fabrication process as well as tghat of the inner junctionl¢). (b) The I-V curve of the surface
obtain a clean interface between the normal electrodes adfnction(solid curve showing a hysteresis. The dotted curve shows
the BSCCO-2212 single crystal. Stacks of sizex2% t .e calé:ulated-v cur\D/? for a DID junction using Eqs(1) and(2)
X0.015um® were then patterned using the conventionalVith A0=30 meV,Ag =11.6 meV, andR,=2.302.
photolithography with positive photoresidlicroposit 1400-

23) and the Ar-ion-etching technique. Further details of thedependence oR, compared withRg,.. The normal-state
sample fabrication are described elsewhere. tunneling resistivity of stack E at-100 K was p

The temperature dependence of thaxis resistanc&®(T) =350 cm.
of a stack was measured by conventional lock-in technique The|-V data of stack E taken at 4.2 [Eig. 2(a)] show a
and thel-V data were taken using a dc method for two dif- syperconducting branch and the usual multiple quasiparticle
ferent stacks E and F, which were fabricated simultaneouslyranches. Although not shown, stack E exhibited very simi-
on the same crystal surface. Contact configurations argy features. The multiple branches develop since each intrin-
shown in Fig. 1a). All measurements were done in a three-sjc Josephson junction in a stack with a slightly different
terminal configuration using low pass filters connected tocritical current from one another switches separately to the
each measurement electrode. The bias current was fed t@sistive state with increasing the bias current beybnd
stack E(F) through the electrodes E and(k and A, while  From the number of branches one can easily estimate the
the voltage was taken between the electrodes E affdadhd  umber of the junctiongor the number of the CuOdouble
B). Three-terminal configuration was adopted to probe thgayerg contained in a stack, which turns out to be(1Q) for
surface junction by intentionally including the potential drop siack F. Each junction shows almost vertical current varia-
across the surface layer. tion just before switching to the resistive state. Exceeding the
critical current thel-V characteristics of each junction ex-
hibit a characteristic voltage jumy. . The value ofV. upon
exceedingl . is ~23 meV and, as observed previouslit,

In a three-terminal configuration, tloeaxis resistance of a decreases progressively as the number of junctions involved
stack consists of the tunneling resistance of the stacked inncreases, which may be related to the nonequilibrium
trinsic tunnel junctions Recd, both the one at the surface effect!® The critical current . in our samples turned out to
and the onés) under the surface, and the contact resistancée larger by a factor of 2—4 than that reported previously by
(R.) between the Au electrode and the BSCCO-2212 singl@thers>>°>®which may have resulted in a larger nonequilib-
crystal including the resistance of the Au electrode and theium effect. All the multiple branches beyoihdexhibit large
measurement lead. We present all of our data below witthysteresis, which is a characteristic of an underdamped junc-
R. (=1.7Q) subtracted, assuming th&t is temperature in-  tion.
dependent and Ohmic. The assumption is justified by the fact In Fig. 2(@), we notice that the critical current of one
that the contact resistané®, is represented by a linear por- junction is much smaller than those of the rest of the junc-
tion below the critical current/ in the rawl-V data(not tions, i.e.,I; (~0.14.), at which one of the ten Josephson
shown) taken at 4.2 K and by the negligible temperaturejunctions switches to the resistive state. This feature of the

Ill. RESULTS AND DISCUSSION
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FIG. 3. (a) The R(T) curve of the stacks Ecircle) and F(tri-
angle for a bias current,=0.5 uA with the contact resistance

1.72 Q) subtracted. Dotted curve exhibits the calculated fit with

A(?:SO meV andR,=1.55(). (b) The I-V curves of the WJJ for
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whereR,, is the normal-state tunneling resistance &) is
the Fermi distribution function. As for the quasiparticle den-
sity of statesN(E) we used the expression for tlugz 2
symmetry>13as

N(E)=R

@

o E do
2mJo JE?—[Ayc0g926)]?

by modeling the surface Josephson junction asd-a
wave superconduct@d—insulator-d-wave superconductor
(D'ID,D’" denotes an electrode with suppressedave su-
perconductivity junction with the parameter values m*g
=30 meV, AY' =(TLT)AD=0.3ND, and R,=2.30,
whereAD andAD" are A, for D and D, respectively[see
Fig. 1(b)]. The value ong turns out to be close to the one of
the previous reports® The fairly good fit with reasonable
parameter values again strongly suggests that the junction of
the weakened coupling bears the Josephson nature with both
CuG, layers of predominant,2_,» symmetry. With the
much smallerl; and the lowerT. than the other intrinsic
Josephson junctions, the superconducting order parameter of
one of the 11 Cu@double layers must be significantly sup-
pressed with the resultant weakened interlayer coupling
across the corresponding junctien Since the Cu@double
layer of the suppressed superconductivity affects the charac-
teristics of only one junction instead of two the layer must be
the topmost one located closest to the stack surface. The
location of the WJJ on the surface has also been ascertained
by measurements usimg situ thickness control of a stack by
Doh and Le€. The authors observed that the tunneling char-
acteristics of the WJJ appeared prior to the appearance of any
other multiple branches in theV characteristics.

As to the cause of the order-parameter suppression, we
pay attention to the fact that the Cu@ouble layer at the

the stack E at various temperatures. The curves are displaced hof"i[yStaI surface is in contact with the normal Au electrode,

zontally for clarity. As the temperature approachiésfrom below

the critical current as well as the hysteresis gradually disappear.

WJJ appears only beloWw, [ =35 K~0.39T, T, the criti-

while the inner Cu@double layers are Josephson coupled to
the neighboring ones. Deutcher and IMtP predicted sup-
pression of the pair potential of a HTSC with a shodxis
coherence lengtlg. when in contact with a nonsupercon-

cal temperature of the bulk BSCCO-2212 smgle crystal; seducting layer perpendicular toif. This proximity effect of
Fig. 3@]. For the samples we tested in this study, the valughe normal metal on the superconductivity of HTSC are not
of T, varied from sample to sample in the range 28K,  well understood to date. Although not directly applicable to
<40 K. The possible reason for this variation§f will be ~ HTSC systems, the McMillan modglfor conventional su-
discussed below. The WJJ also shows hysteresis corresponpkerconductors predicts that the superconducting transition
ing to the McCumber parametérd, of ~5, which is about temperatureTyg of the S electrode in a normal-metal—
100 times smaller than that of the inner Josephson junctionsuperconductofNS) junction depends on the thickness of
[Fig. 2(b)]. Recently, in thd-V curve of a stack fabricated each metal and the transmission coefficient at the interface
on a BSCCO-2212 crystal in the same way as used in thibetween N and S. The model predicts that the thinner the S
study, Kim et al. observed zero-current-crossing voltagelayer is in comparison with the N layer, the less stable the
steps$? in the resistive state of the WJJ at voltages ofsuperconductivity becomes in the S layer. Since the £uO
nhy/2e (n is an integer andv is the frequency of the rf double layer is extremely thinner than the Au electrode, we
excitation) with ~90 GHz rf excitation. It is a strong evi- may assume that the pair potential in the surface Clager
dence that the junction of the weakened coupling forms avas significantly suppressed.
single Josephson junction. Figure 3a shows the temperature dependence of the
In Fig. 2(b) we compare the behavior of the quasiparticlec-axis tunneling resistand®(T) for stacks E and F with the
branch of the WJJ with the results of numerical calculationmeasurement configuration as illustrated in Figa)1Al-
Thel-V curve was calculated using the expression though stacks E and F were fabricated simultaneously on the
same crystal surface, the resistance of stack F, just above
T. (=90 K), is about a factor of 2 larger than that of stack E,

1 ©
(V)= — N(E)N(E+eV)[f(E)—f(E+eV)]dE (1
V) eRnf—oo (EINC VILHE)—H( V)] @ presumably because the voltage for stack F was across more
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junctions[including the ones in the larger base as illustrated 1.2
in Fig. 1(a)] than for stack E. Nonetheless, tRéT) data L
below T, for both stacks E and F merge to a single curve, 1.0L

showing a single peak at. (=35 K) and an ensuing abrupt - L
superconducting transition. This suggests again that the re<¢ ().8 |
sistive curve in the rang€, <T<T, is a surface effect, the & L
same one as adopted for the analysis ofithecurves. In the -~ 0.6} S22 8(') -
intermediate temperature ran@e<T<T,, the inner Cu@ . L > T(K)
double layers below the surface conducting layer are super-_o (.4 | madia L

conducting while the surface CyQlouble layer remains - 3

normal due to its suppressed superconductiifig. 1(b)]. 0.2
Thus, as far as the low-bias resistive state is concerned, eacl | : .".QQO_BB "
stack in this temperature range behaves like a single NID 0.0 , . . . 5
junction (N denotes a normal electrodeDue to the ther- 0 5 10 15 20 25 30
mally assisted nature of the quasiparticle tunneling from N to

D, the tunneling resistance of the surface junction increases T(K)

with decreasing temperature until the weakly coupled Jo-

Sephsonl JunCtIQR fﬁrms al . AssumlngN(E+deV) :é n Fce Josephson junctidi(T) of stacks Esolid circle) and F(open
Eq. (1) along with the BCS-type temperature dependence o ircle), and the return currenit! (dotted ling of stack E. Inset:

the gapA, in Eq. (2), on_e can _CalCUIate the t(?mpe_raturetemperature dependence of the critical current of an inner junction
dependence of the tunneling resistaftr a NID junction | (1) of stack E(solid circle. The BCS gap relatiosolid line) and
from the relatiorR=(d1/dV) !y, using the same value of {he AB relation(dotted ling are plotted together.
the gap energyﬁ(g’=30 meV) as used for thd-V curve
calculations in Fig. tb). We used the normal-state tunneling lack of reproducibility of T; and I; may be due to the
resistanceR, (=1.550) as the fitting parameter, which is sample-to-sample difference iR.. The coupling between
reasonably close to the valuR,=2.3(Q used in thel-V two adjacent Bi-O layers is known to be weakest in the
curve calculationgFig. 2(b)]. Below T,, the calculated BSCCO-2212 crystal. Thus, upon cleaving, a Bi-O layer is
R(T) curve (dotted lin@ shows almost the same curvature Most likely to be surfaced. However, the influence of the
and fits rather well to the measurBqT) data of both stacks. €Xistence of this layer on the suppression of the order param-
Also, illustrated in Fig. &) is the gradual change of they ~ eter in the surface Cuouble layer is currently unclear and
characteristics of the WJJ with temperature. One clearly nois & subject of further study.
tices that a DID-like behavior of the surface junction with ~ We have also obtained the temperature dependence of the
hysteresis gradually transforms into a monotonous NID-likecritical currentl ((T) and the return currert (T) of the WJJ
behavior with a finite subgap states in D as the temperaturérig. 4 from the measured-V characteristics. In the low-
approached/ from below[refer to Fig. 1b)]. temperature region the valuesIgfhave rather high fluctua-
Since the weakened Josephson coupling is considered t®ns, which may be attributed to the multivalued critical
be a phenomenon related to the proximity coupling betweegurrent induced by fluxon motions in the long junction
the superconducting surface CuQ@ouble layer and the limit'” [junction width>Josephson penetration depth(
normal-metallic electrode, it should be absent for a four-~1 wm) for BSCCO-2212 The I/ (T) curves for both
terminal configuratiowhere the Cu@layers at the surface stacks E and F strongly deviate from the Ambegaokar-
under the current and voltage contacts are separateid a  Baratoff expression and exhibit a long tail in the rarjge.
stack with heat-treated contact electrodes. In the latter case T<T/. On the other hand, the critical currd{T) of the
no sharp boundary between the normal electrode and th@ner Josephson junctions does not show the tail structure
CuG, double layer can be defined due to the thermal inter{see the inset of Fig.)4Curiously enoughl(T) appears to
diffusion of the composition materials. Yurgeesal® also  follow the temperature dependence of the BCS supercon-
reported, without interpretation, a similar secondary resisgucting gap. The tail structure of(T) cannot be explained
tance peak inR(T), like ours, far belowT, for a three-  py the present '$S- or D'ID-type single junction modét?
terminal measurement Conﬁguration, while no such fea.tur%s’ denotes a Superconducting electrode with Suppressed
was Observed by the authOI‘S in a four-tel’minal Conﬁgurations_wave Superconductivi)y Th|S anomaious temperature de_
No feature of the WJJ was reported from otherpendence of the WJJ in comparison with the inner Josephson
experiments;'® where either four-terminal configuration or jynctions may provide the clues to the origin of the sup-
heat-treated electrodes were used. The typical feature of thessed superconductivity. Studies on the temperature depen-
WJJ was observed in all the samples we examined, when thfence of the critical current have been done, both theoreti-
data were taken in a three-terminal Conf|gurat|0n, althougr&aiiy and experimenta"y’ for NSiS_type proximity junctions
T; andl; may differ from sample to sample. Currently we consisting of conventional superconducttt&In an experi-
have no clear explanation for the relatively large variation ofmental work® with conventional superconductors Camer-
T¢ andl for different samples, while the values Bf were  lingo et al. observed a small tail in the critical current near
reproducible. As mentioned above, however, sinceTiRge  the transition temperature, although theoretical calculatfons
of S in a NS junction is sensitive to the scattering barrier ordid not predict the tail structure.
the contact resistance of the junction, we suppose that the As to the effect of oxygen deficiency at the crystal surface

FIG. 4. Temperature dependence of critical current of the sur-
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one would expect similar relation betweef(T)/I (0) vs  tunneling resistance with decreasing temperature bdlow
T/T. and I(T)/1,(0) vs T/T;, even with a much sup- assuming the surface junction as a NID junction. The prox-
pressed superconducting order at the surfi&ef. 11, p. 56; imity location of the surface conduction layer to the normal
Ref. 21). Distinct temperature dependencel pfirom that of ~ electrode suppresses the superconductivity in the surface
| in Fig. 4 implies that the suppression of the superconduclayer. Nonetheless, apparently it does not alter the symmetry
tivity was not due to oxygen deficiency. Moreover, oxygen©f the suppressed superconductivity, the predomidgnt,
deficiency, if there was any, should have penetrated deep8@ture remains intact. _
than just one layer from the surface, which would have gen- Despite the qualitative agreement between some experi-
erated more-than-one branches of reduced critical current ifféntal data and the single junction model, we still need a
the I-V curve. On the other hand, the proximity effect may more comprehen_sn/_e the(_Jre_ucaI treatment for the supercon-
not propagate beyond the surface layer in the low-ducting characteristics existing at the sgrface of highsu-
temperature limit because of the extremely short coherendeerconductors. Although the suppression of the supercon-
length in thec-axis direction, which is consistent with the ducting order in the surface CuyOlayer is certainly an
observed single branch with reduced critical current. Alsg!nfavorable phenonmenon for any device application, it may
attribution of the suppressed superconductivity to any ranstill be positively utilized to study the microscopic properties
dom disorder in the crystal surface morphology would con-of the inner Cu@ layer such as the quasiparticle density of
tradict the coincidence d®(T) data from different stacks on States using the-axis NID tunnel-junction configuration. It
the same crystal surface in the ranfe< T<T. as shown in  €an also be exploited to study the order parameter symmetry
Fig. 3(@). In this sense, we assume that the surface disord&}f HTSC materials by forming a conventional-

was not the main cause of the suppressed superconductivigylPerconductor—higfi.—superconductor-axis hybrid junc-
at the crystal surfac®. tion, since the symmetry of the surface layer does not change

In conclusion, in stacks of intrinsic Josephson junctiongfom that of the bulk.
formed on the surface of BSCCO-2212 single crystals, we
have observed a WJJ presumably between the surface super-
conducting layer and the adjacent inner superconducting
layer at temperatures beloi, =35 K, significantly lower This work was supported by the Korea Science and Engi-
than theT. of the bulk BSCCO-2212 single crystals. The neering Foundation under Contract No. 1INK9700501, BSRI
quasiparticle branch in thieV data of the surface Josephson administrated by the Ministry of Education under Contract
junction fits well the tunneling behavior of the assumedNo. 1RB9811401, and the Ministry of Defense through
D’ID-type junction. We could also explain the increase in its MARC under Contract No. 1MC9801301.
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