RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 55, NUMBER 18 1 MAY 1997-11

Current-voltage characteristics of intrinsic Bi,Sr,CaCu,Og Josephson-junction stacks
and an unconventional temperature dependence of the magnitude
of the order parameter

Mikitaka Itoh, Shin-ichi Karimoto, Kazuichi Namekawa, and Minoru Suzuki
NTT Basic Research Laboratories, Nippon Telegraph and Telephone Corporation, 162 Tokai, Ibaraki 319-11, Japan
(Received 6 February 1997

Very thin stacks of five intrinsic Josephson junctions have been fabricated on the surface of
Bi,Sr,CaCu,Og single crystals. The current-voltage characteristics of these stacks are in good agreement
with those of a superconductor-insulator-superconductor tunnel junction made of a two-dimedsicenz
superconductor. This strongly suggests that there is no gap suppression caused by the nonequilibrium heating
effect, which is usually significant in stacked junctions of this kind. From these results, we obtain a gap value
of 57 meV at 4.2 K for the BjSr,CaCu,Og system. Furthermore, it is definitely found that the gap magni-
tude exhibits significant temperature dependence even at low temperatures, which is unlike the BCS behavior.
[S0163-182697)50322-5

The superconducting order parameter is one of the most Recently, Yurgenst all® reported a value of ,=20
fundamental physical properties as regards understanding26 meV for the BpSr,CaCu,Og system based on mea-
high-T. superconductivity. Recent experimental resultssurements of stacks of single and nine intrinsic Josephson
strongly support the view that the order parameter of thgunctions. These values are rather small compared with other
high-T, cuprates has d-wave symmetry;> ie., experimental results. The authors ascribe these reduced val-
A(0)=Ayc0926), where A(6) is the order parameter and ues to the proximity effect arising from the conductive bar-
eztanfl(ky/kx). The magnitude ofAy, however, differs rier layers. This also causes the stromgdependence of
from experiment to experiment, ranging from 20 to 100 meVAy(T) which they observed nedr,. However, the lack of a
in the case of scanning tunneling spectroscoff&TS clear normal tunneling region in thé-V characteristics
analyse$€° Furthermore the temperatur@)(dependence of strongly suggests gap suppression due to Joule heating as
the gap magnitude is unclear since the current-voltagavell as to the nonequilibrium heating effect. A comparison
(1-V) characteristics are smeared at high temperatures due @ thesel-V characteristics with the numerical calculafibn
the superconductor-insulator-normal met&IN) junction  also indicates a deviation from the genuine characteristics
structure. expected for ad-wave superconductor SIS tunnel junction.

Since the order parameter symmetry of the thh;.uper- Therefore, for the determination ﬂfo(T) USing intrinsic Jo-
conductors is most likely to bd-wave with line nodes, the Sephson junctions, it is necessary to observe thiecharac-

T dependence of the maximum order parameter amplitudEeristics of very thin stacks in which there is almost no heat-
Ao(T) is expected to be different from the BCS theory. At 'N9- _ _ .
present, however\ o(T) for the highT, superconductors is We have fabricated very thin stacks, approximately 7.5

not clear. For example, in the theories thus far proposed fo m thick, of intrinsic Josephson junctions on the surface of

the T dependence of the Josephson current fol-wave i,Sr,CaCu,Og single crystals. The thickness corresponds

superconductor iunction. BCE dependence is assumed for to five CuQ, bilayers, i.e., five tunnel Josephson junctions
p 1011 J ' P connected in series. THeV characteristics observed in these
Ao(T).”>*"In order to understand the exactdependence of

" e stacks are in good agreement with calculated quasiparticle
these quantities, we need to knaw(T). Therefore, it is |y cyrves for ad-wave superconductor SIS junction with a
important to know the exadt dependence of the gap mag- gjight leakage of conductance and an almost unsuppressed
nitude as well as the gap magnitude itself. energy gap, providing an unambiguotg value and itsT

The intrinsic Josephson junctions naturally formed in thegependence. The obtained value df,257 meV is much
layer-structured BiSr,CaC,Og and T,Ba,CaCw,Op  |arger than the value estimated by Yurgesisall® Further-
systems show tunneling characteristics similar to those ofore, we have found thaty(T) remainsT dependent at low
conventional superconductor-insulator-supercondu(s®) temperaturesi o(T) increases a¥ approaches 0 K, which is
tunnel junctions®*3 Therefore, it is reasonable to suggestquite unconventional and should be reflected inThgepen-
that the intrinsic Josephson junctions provide the most relidence of various properties of high-superconductors.
able gap values for the present. In the obsenv&tcharac- The Bi,Sr,CaCuw,Og single crystals we investigated
teristics of the intrinsic Josephson junctions, however, thavere grown by the self-flux method using a platinum
gap magnitude becomes considerably ambiguous due to cucible’® We annealed the crystals at 845 °C for 80 h and
significant gap suppression, which is caused by the nonequé00 °C for 80 h, and then cleaved small laminar crystals
librium superconductivity effect or Joule heatitity'® from them which were typically 1 mnx 1 mm X 50 um in
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FIG. 1. Current-voltage characteristics for a 7.5 nm thick stack

(five double CuQ layers at 4.2 K FIG. 2. Current-voltage characteristics over an extended range

for the 7.5 nm thick stack in Fig. 1 at 4.2 K.

size. Then, a 50 nm thick Au film was evaporated on the db d tion th tal surf duri
crystals and annealed at 650 °G fbh in O, gas to reduce caused by oxygen desorption from the crystal surtace during

the contact resistance. These crystals were glued on sapphifi® Process. The smaller voltage intervah\gf-10 mV re-
substrates. The 7.5 nm thick stacks were fabricated usingtIts from the smallet. values. This is easily understood
standard photolithographic and Ar milling techniques. Thevhen we take into account the shape of the resistive
upper electrode wiring consisted of a 450 nm Au film. Webranches, for which the-wave order parameter is respon-
employed a three terminal configuration, which functioned tosible, as shown later.
facilitate direct heat flow into the upper Au electrode. The We can also see several jumps in thev curve
dimension and thickness of the stacks were @@ x 20 in the voltage state. Similar jumps have often been
um and 7.5 nm, respectively. Other fabrication details areobserved in thel-V curves of BiLbSr,CaCu,Og intrinsic
described elsewher8. Josephson junctiorfS. We presume that these jumps
Before measuring thé-V characteristics of the intrinsic are of the same origin as those observed by Schiengé’®
Josephson junctions, we measured the resistivity along the Figure 2 shows thel-V characteristics of the same
c-axis p. as a function of temperature. At room temperaturestack over an extended range. The gap structure
p.=107 Q) cm, which is larger than reported in previous can be clearly seen af=287 mV. Above 287 mV, the
studiest>*® From 250 K down to & of 80 K, p. exhibited  linear normal region is also seen and this is in contrast
a semiconductivdl dependence. These characteristics indi4to the characteristics observed by Yurgeret allé
cate that the crystals employed are in the underdoped regimBor our evaluation of &,, we assume that each junction
The contact resistance was less thafd Jand negligible in in the stack has an identicalRy value. This
the |-V curve measurements. assumption seems reasonable for at least three or four
Figure 1 shows typicdl-V characteristics observed for a junctions in the stack when we take thedistribution into
7.5 nm thick stack at 4.2 K, in which seven voltage stepsaccount. We obtained a gap valuAof 57 meV for a
can be seen. The maximum Josephson currentsf the  single junction by using the junction numbé&r=5. This
constituent junctions range from 0.15 to 1.4 nf¥f0 to 350 value is almost equal to theA values obtained by STS
A/ cm?). This| . distribution is probably due to a variation in analyses:®
the barrier layer conductance, which tends to vary depending With thick stacks, the-V curves are always accompanied
on the oxygen content. The first five resistive branchedy negative resistance or distortion induced by the gap sup-
are separated with a voltage interwd] of approximately pression due to the nonequilibrium superconductivity effect
10 mV. The sixth and seventh voltage branches are vergr Joule heating**®By contrast, the-V curve in Fig. 2 has
close with a separation of less than 1 mV, strongly indicatinghno negative resistance. In light of the previously reported
that the bottom junction is resistively shunted with anumerical calculation results, the curve even appears to have
small resistance of less than @bcaused by the ion milling little distortion caused by gap suppression. In order to con-
process. Therefore, it is safe to regard this stack a$irm this almost complete absence of gap suppression, the
having five effective junctions. The characteristics of otherl -V curve is compared with the numerical calculation in Fig.
stacks are always accompanied by resistive branches of th& based on thd-wave superconductor SIS junction model,

kind. which provides good numerical fits to the characteristics for
Thel, value of this stack is much smaller than previously thicker stacks>*’
reported value$?131%1°The reduced, value is likely to be We calculated thé-V curve for ad-wave SIS junction

due to an increase in tunneling resistarRg, which is  using the following equations:
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FIG. 3. A series of calculatettV curves(solid lineg and ex-
perimental resultgbroken line$ at various temperatures. The inset
shows the normal tunneling resistanRg (solid circles and the

parallel resistanc®, (open circleg used for the fits.

FIG. 4. Temperature dependence of the gap magnitude esti-
mated from the gap eddeolid circles. The data is normalized with
2A(0)=58 meV. The solid line is the BCS order parameter.

possible ranges fak are indicated with error bars based on
o parameters which give reasonable fits.
|(V)=J N(E)N(E—eWV){f(E—eV)—f(E)}dE, (1) Figure 4 clearly shows thatA for the Bi system has a
o T dependence different from that of the BCS theory which is
depicted with a solid line. The most significant difference is

27 1 E the absence oAy(T) saturation whenl/T,=t—0. In the
N(E)zRef o e de, (2)  BCS theory, the order parameter is assumed td laed E
0 2T JET—A(6) independent, which leads to th&(T) saturation when

t— 0. Ford-wave superconductorg, is k andE dependent
: : S - in the self-consistent equation, resulting infadependence
whereN(E) is the normalized quasiparticle density of Statesdifferent from the BCS theory. However, the explicit form

andf(E) dls t?e_tFerm| fllIJnlcltlonk. For the_ r][;g]en_(lz_ﬁl flgtlr}[gzlwe for Ao(T) is not clear at present because of analytical com-
assumed a finité parallel leaxage resistange 1he detalls — , qyities  The present result shown in Fig. 4 is the first ex-

of the numerical calculation have already been rep_dﬁed. perimental data foro(T) in a d-wave superconductor, pro-

. Figure 3 compares the calculatlad( curves(sqlld lines  ided Bi,Sr,CaCu,05 hasd-wave pair symmetry®2
with the experimental resultdbroken line$ at various tem- In the inset in Fig. 3, th&, and R values used for the
peratures. For the experimental curve observed at 4.2 K, th@s are plotted as a function &f. Below T, Ry is almost
best fit is obtained wheiRy=5.8 () andR,=14 Q0. Itis T independent, which agrees with our previous wbrk.
obvious that the experimentedV characteristics with a large  Apove 30 K, howeverRy increases with increasinf by a
subgap conductance are reproduced by the calculation basggttor of 2, and this is accompanied by a significant decrease
on this 2D pured-wave superconductor model. It should be in R,. This suggests that the tunneling behavior néar
noted that the above calculation does not include the gapannot be explained solely in terms of a simple SIS junction.
suppression due to the nonequilibrium heating effect. Therefhe origin of the increase iRy remains to be determined.
fore, the excellent agreement between the calculated curv@he behavior of the normal tunneling part in th& curve
and the experimental results indicates that the gap suppreshould be understood in connection with a pseudogap re-
sion due to the nonequilibrium effect and the heating effectently found in this systert?
is negligible. This result implies that the nonequilibrium su-  In conclusion, we have fabricated very thin stacks of
perconductivity effect in layered superconductors is signifi-Bi 2Sr,CaCy,Og intrinsic Josephson junctions. TheV
cantly enhanced when the layer number is large as indicategharacteristics of the stacks are in good agreement with those
previously'® The most important consequence of these nuof d-wave SIS junctions. A numerl_cal fit provides a value of
merical fits is that we can estimae,(T) in the absence of 2A0=57 meV at 4.2 K for the BiSr,CaC,0¢ systems.

gap suppression arising from the nonequilibrium heating effurthermore, 3, increases as—0, which is different from
fect, which is probablyT dependent in an as yet unknown the behavior predicted by the BCS theory. The present result
way. for 2A4(T) is considered to provide experimental evidence

Figure 4 shows thd dependence of 2,(T) normalized for the temperature dependence of the maximum magnitude

with an extrapolated value ofA%(0) = 58 meV. In Fig. 4, of the d-wave order parameter.

there are no value&y(T)/Ay(0) values in theT region near The authors would like to thank Dr. T. Makino for his
T, since thel-V curve becomes smoother neBy and the  encouragement and interest in this work. They also thank Dr.
gap edge is indiscernible. Thus, numerical fits in thimnge S. Kubo, Dr. K. Miyahara, and K. Tsuru for useful
failed to provide definite values forA. Therefore, only discussions.
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