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Observation of anomalous temperature dependence of the critical current
in Pb/Sr,RuO,/Pb junctions
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We have studied the temperature dependence of the critical cligreftilayer Pb/SsRuQ,/Pb junctions
prepared by using a submicron-diameter filament as a shadow maRkiCsr a layered perovskite isostruc-
tural with La,CuQ,, has a superconducting transition temperatirg (ower than that of Pb. Below thg; of
Pb, the critical current, of the junction was found to increase initially with decreasing temperature. As the
temperature was lowered to below tfig of Sr,RuQ, however, a sharp drop ih, was observed. This
downturn inl . suggests that superconductivity in,BuQ, actually suppresses the Josephson coupling between
the two Pb electrodes, which are conventiog&lave superconductors. The implications of this unexpected
behavior will be explored, in particularly, in the context of the pairing symmetry R B0;.
[S0163-182699)05305-9

Recently, it has been suggestetiat S;RuQ,, the only limited. We have developed a technique to prep@ié¢ S
known Cu-free layered perovskite superconduétenay junctions on single crytalline SRuO, using a submicron-
have an odd-parityp-wave pairing state. Although SRuQ,  diameter filament as a shadow mask. A schematic of a junc-
and highT. cuprate superconductéka,Sp,CuQ, share the tion is shown in Fig. 18). The idea is to study the influence
same crystalline structure,their properties are rather of a superconducting SRuQ, interlayer on the Josephson
different? In particular, the normal-state spin fluctuations in coupling between twos-wave superconductorgPb). If
SrL,RUQ, are predominantly ferromagnetitrather than an- Sr,RuQ, does have a noswave pairing symmetry, the Jo-
tiferromagnetic as in the case of the cuprates. In factsephson coupling strength, quantified by the magnitude of
SrRu@G, the three-dimensional analog to,BuQ,, is a fer-  the critical currentl., will be suppressed when RuQ,
romagnetic metal.In addition, the enhancements of the ef- becomes superconducting Bt="T,.
fective mass and the Pauli spin susceptibility ofFf&rO, are Single crystals of SRuQ, were grown by a floating-zone
comparable with those found ifHe, known to form a method using an image furnace. To compensate the high
p-wave pairing state. All these seem to favor an odd-parityevaporation rate of Ru during the crystal growth, a Ru-rich
pairing state in SRuQ,. Experimentally, superconductivity ceramic feed rod was used. When the Ru content or the
in SLRUQ, has been found to be extremely sensitive to thespeed of the crystal growth is particularly high, Ru lamellas
presence of nonmagnetic impurities in the way expected fowill form in a single-crystalline SRuQ, matrix. According
an unconventionap-wave superconductérResults of spe- to Ref. 13, these Ru lamellas have an essentially identical
cific heat! NMR and NQR (Ref. 10 measurements have thickness(~1 um), but varying width(= 1 um) and length
shown a large residual density of states below Theof  (>10 um). The SpRuO, crystals with high density of Ru
SrLRuQ,. More recently, muon spin-relaxatiquSR) mea- lamellas were found to exhibit, quite surprisingly, a broad
surements on superconducting,u0, have revealed the superconducting transition around 2—3KAlthough the
spontaneous appearance of an internal magnetic field, indbulk SL,RuUQ, becomes superconducting around 1.3-1.5 K,
cating the breaking of time-reversal symmetry in thissuperconductivity first occurs ne& K in the Rulamellas
material*! All these observations support the nemave- and their surrounding regions of RuQO,.*® Single-
pairing picture for SRUO,. However, so far, no direct ex- crystalline SsRuQ, used to prepare Pb/&RuO,/Pb junc-
perimental evidence for such pairing has been obtained. tions (junctionsA andB) were taken from one single-crystal

In order to obtain direct information on the pairing sym- rod. The value of theilf. was determined by ac magnetic
metry in SpRuQ,, we have carried out experiments on bi- susceptibility measurements on a crystal taken from this rod.
layer superconductor-normal metal-superconduc®N S) A sharp transition atT.=1.35K, typical for a Ru-free
junctions, whereS is Pb (T.=T.=7.2K) and N’ is  SrRuQ, single crystal, was found. However, x-ray diffrac-
SKLRUQG, (T.=T.<T.9. Since none of the films grown so tion revealed the presence of pure Ru in the crystals used in
far show superconductivit}f, the experiments one can per- the present study. Therefore, we expect that these crystals
form to directly probe the pairing symmetry of BuQO, are  contain additional superconducting components with
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rated by a gap. In Fig.(b), a scanning electron microscope
(SEM) picture of a Pb/SRuQ,/Pb junction is shown. Al-
though this technique is capable of producing junctions with
a well-defined gap width as shown in Figb}, part of edges

of the junction can be less smooth, resulting in a gap with a
varying width as shown in Fig.(it). Electrical contacts were
made by attaching gold wires to the Pb electrodes with silver
epoxy[see Fig. 1a)]. All electrical measurements were car-
ried out in a®He cryostat with a base temperature of 0.3 K.
No magnetic shielding was installed in the cryostat. THhé
characteristic of a Pb/gRuQ,/Pb junction at a fixed tem-
perature was obtained by measuring the volt@geacross
the junction via leads 3 and 4 while sweeping the dc current
() applied via leads 1 and [Fig. 1(a)]. All electrical leads
entering the sample enclosure in the cryostat were filtered by
RF filters with insertion loss of 10 dB at 10 MHz 30 dB at
100 MHz, and 50 dB at 300 MHz.

In order to obtain a nonzero proximity-effect-induced su-
percurrent in a Pb/SRuQ, /Pb junction, at least two condi-
tions have to be met: the interface between Pb ap8d,
must be reasonably transparent, and the gap between two Pb
electrodes has to be sufficiently small. The normal coherence
length for an isotropidN’ layer is given by*

hvy

En(M)= ZmkgT (U]

for T>T.,, wherev, is the Fermi velocity. Using the value
R oy g of v, given in Ref. 5, we estimate thdt(4 K)~73nm and
£,(6 K)=49 nm for SgRuQ, in the in-plane direction. Since
the in-plane mean free patf, is around 150 nm> we have
£.<l,p, indicating that our bilayer Pb/gRuG,/Pb junctions
are in the clean limit. Assuming a perfectly transparent in-
terface, for a trilayerSNSsandwich geometry, the critical
current density, in the clean limit, has the fdfm

2eNyvpA? £0(T) e )

IM=— g — e @
for T=<T.. HereL is the width of the gapN,, is the density
of states ofN interlayer on the Fermi surface, addis the
superconducting energy gap of t8enetal. Although no cor-
responding expression for @N'S junction with an aniso-
tropic N’ layer has been worked out, we may use the above
formula to roughly estimaté, for our Pb/SsRuG,/Pb junc-
tions. Inserting values dfl,, andv,, for SL,RuQ, (Ref. 5 into
Eq. (2) and usingA=3.0&gT.(1—T/T.9)? (BCS resul,
we obtain

FIG. 1. (@) Schematic of a Pb/gRuQ,/Pb junction and the
electrical contacts for-V curve measurements. TheV character-
istic of the junction at a fixedl was obtained by measuring the
voltageV via leads 3 and 4 while sweeping the dc curreapplied

via leads 1 and 2(b) A scanning electron microscog8EM) pic- T (T)
ture of a Pb/SIRuQ,/Pb junction.(c) A SEM picture of part of Jc(T):3-3( 1— _)§n_ e L/&(M 3
Pb/SsRUO, /Pb junction(junction A). Tes

in the unit of Ajum? for T<T,.. Therefore, it appears that a
>1.35K due to the presence of Ru lamellas. Althoughdetectablel. would requirel to be no more than a few times
Sr,RuQ, single crystals with and without Ru lamellas were &,.
both used to prepare PbjBuQ,/Pb junctions, so far only The real challenge, however, is to obtain a good metallic
ones with Ru lamellas have yielded nonzégdsee below interface between Pb and,8u0,. We have prepared many

To prepare a Pb/gRuQ,/Pb junction, a submicron fila- Pb/SpRuQ,/Pb junctions under varying conditions using the
ment was placed onto thab-plane surface of a FRuQ, ab-plane surface of SRuQ, single crystals without Ru
single crystal 1.2x1.0x0.2mn?) and used as a shadow lamellas. So far no finite supercurrent has been observed in
mask. Pb of 99.9999% purity was then deposited onto thany of these junctions. The typicatV characteristic for
crystal surface, forming two 0.2am thick electrodes sepa- these junctions is shown in Fig. 2. Although a finite jump is
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FIG. 2. Typicall-V characteristic for Pb/gRu0, /Pb junctions, — b o)
where Ru-lamella-free SRuQ, was used. The current was applied E v od %ib
via leads 1 and 2 and voltage was detected via leads 3 and 4. Inset= o T
shows |-V characteristic for Pb/SRuQ, along the c axis at ~ °© QQ
T=0.5K, wherel was applied via leads 1 and 6 and voltage was 8
detected via leads 3 and(5ee text 02y QH=0
‘.\).ﬂcoaq
. 1.2k0cg Oa.
seen in thd -V curve, no true zero-voltage supercurrent was 0 i g R O e G e
detected. The physical origin of the absence of supercurrent 0 1 2 3 4 5 6 7
appears to be related to the interface between Pb and T (K)

SrLRuQ,. We have studied the-V characteristics of the in-

terface between Pb and 8uQ, by measuring the voltage FIG. 3. (a) Critical currentl,(T) for Pb/SpRuQ,/Pb junction
via contacts 3 and 5 while applying the bias current via con4junction A) in various magnetic fields. The inset shows th¥
tacts 1 and Gsee Fig. 1a)]. Thel-V curves were found to characteristics aT=0.9, 1.3, 2 K. (b) Critical currentl(T) for
exhibit tunneling characteristics as shown in the inset of FigiunctionB in the indicated magnetic fields.

2. The detailed analysis of the tunneling results between Pb

and SgRuQ, along thec axis and its implications on the mum current fo?V=0 results in the same featureslif{T).
symmetry of the pairing state will be presented elsewheére. At the lowest magnetic field=Hg, which includes the
The tunneling feature between Pb andR&rO, indicates that  Earth’s and other stray magnetic fields in the order of 1 Oe in
an insulating barriefl), probably resulting from oxidation of our cryostat| . was found to initially increase with decreas-
Pb was present at the interface. For th8$8l'|S junctions, ing T down to about 1.3 K with a concave curvature. Re-
the smallest gag<<0.3 um) did not appear to warrant a markably, beginning at th&, of S,RuQ,, a downturn was
Josephson coupling down to 0.3 K. Interestingly,R&O,  observed, resulting in an anomalous peakIjT). At
single crystals with Ru lamellas can help bypass this diffi-T~0.9K, I, reduced to about 50% df,(T.,). As T was
culty. In this case, small parts of Pb electrodes may fornfurther lowered) . increased again. The peak was suppressed
contacts with Ru lamellas, and then with,Bun0,. Since and shifted to a lower temperature fbir=0.5kOe applied
both Ru and Pb are conventional metals involving no oxy-along thec axis of SERuQ, and vanished completely for
gen, a metallic interface between them is expected. The irH=1.0kOe. [The value of H,, for SL,RuQ, with T,
terface between Ru lamellas andRuQ, should be reason- ~1.35K was found to be around 0.53 kQRef. 18.] Since
ably good because it is naturally formed. A go8N'S  the H_, of Pb thick films(~0.4 um) can be as high as 1.3
junction may be achieved through these Ru lamellas “win-kOe?l® the Pb electrodes should remain superconducting
dows” even though the rest part of the interface between Plaven at 1 kOe. As can be seen in Figb)3essentially iden-
and SgRuQ, remains insulating. tical behavior was observed in PbjBuG,/Pb junctionB.

The central result of the present work is that a finite zero- In order to identify the physical origin of this downturn, it
voltage critical current . was obtained and an anomalous is important to make sure that the supercurrent observed in
temperature dependence df(T) was found for two junctionsA andB is due to the proximity Josephson cou-
Pb/SpRUG,/Pb junctions. In Fig. &) the temperature de- pling. A characteristic feature of @NSjunction is that its
pendences of the critical curreintin various magnetic fields 1,(T) curve exhibits a concave curvature because of the ex-
(H) applied perpendicular to thab plane of the SSRuO,  ponential dependence &f on &,(T). Although no detailed
single crystal H_L ab) are shown for junctio\. The inset of  data fitting could be carried out because tQ€rl) formula
Fig. 3(a shows thd -V characteristic aT=0.9, 1.3, 2 K. At  for our junctions(highly anisotropicSNSjunctions in the
low currents, the voltage measured across the junction is zerdean limip is not available in the literature, the concave
within the experimental accuracy. Because of the unavoideurvaturd see Figs. @) and 3b)] suggests that our junctions
able rounding at finitd, the values of . were determined by are SNSin character forT>T,,. Furthermore, we may
extrapolating the linear region of theV curves toV=0 as  roughly estimate the value df using Eq.(3). As can be
indicated in the inset of Fig.(8). Defining |, as the maxi- seen in Fig. {c) the smallest gap size is0.3 um. Assuming
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FIG. 4. Junction resistancg;(T) for junction A between 0.3 FIG. 5. Temperature dependence of normalized critical current
and 15.0 K in various magnetlc fields. The applied dc current wadc/!<(T) for Pb/Al/Pb (hollow circles and Pb/Ph_,In,/Pb (solid
0.1 mA. circles junctions atH=Hjg (see text

that the measureld was mainly due to the contribution of a is in the order of 1um. Sincel . decays exponentially with
junction formed by two 1um? Ru-lamella “windows” (see  the increase of the gap width, the rest part of the junction
below) separated biz~0.5um (taking into account the pen- should not contribute tb. . It is possible that Pb/Ru/Pb junc-
etration depth of Pb at 6 )Xwe obtainl (6 K)~2 uA for  tions may also be present in the sample. However, no Pb
junction A. As shown in Fig. 83) the measuredl, is about 6  short across the gap is expected, since no supercurrent in any
MA at 6 K, reasonably close to the estimated value. junction prepared in the same way on Ru-lamella-free crys-
The behavior of the junction resistanRg(T) can provide tals has ever been observed.
additional information concerning the nature of our junc- Why did I drop in Pb/SsRuQ,/Pb junctions when bulk
tions. In Fig. 4,R;(T) (measured at 0.1 mA dc currenn Sr,RUQ, became superconducting? It is possible that this
various magnetic fields for junctiof is shown. At theT, of ~ downturn was due to some subtle effects such as expelling of
Pb, 7.15 K, a sharp jump iR; was observed. Similar fea- the (residual magnetic flux from the bulk $RuQ, below
tures were also seen in ]unctnﬁh R; started to drop rapidly Tc,. Since our cryostat was not magnetically shielded, the
belov 3 K and reached zero around 1.4 K, consistent withEarth’'s and possibly other stray fields in the order of 1 Oe
the ac magnetic susceptibility results. The peak with a supdid exist in the experimental space. If the Ru lamellas were
pressed height and a broadened width shifted to a IGwatr normal atT.,=1.35K and connected to both Pb electrodes,
H=1 kOe, vanishing completely in sufficiently high fields. the expelled flux would essentially create a higher external
This suggests that the peak was due to the onset of supgnagnetic field at these Pb/Ru/Pb microbridges, suppressing
conductivity in Pb. Similar features were seen in?Af!  the Josephson coupling across the junction sol}{at) de-
where SNSjunctions were involved. It was found that the creases. However, since the Ru lamellas and their surround-
narrower and/or cleaner tid¢region, the sharper and higher ing SpbRuQ, regions became superconducting around 3 K,
the resistance peak was due to the charge imbalaat¢he the residual magnetic flux should not have entered the
SNinterface. Therefore, the presence of the large resistandeb/Ru/Pb microbridges at 1.35 K even if they were present
anomaly in our junctions suggests that they ar€nfStype  in the sample.
with a narrowN’ layer. In such junctions, a Josephson cou- To further understand the physical origin of the dropdn
pling with nonzero critical current is expected. for Pb/SERuUQ,/Pb junctions, a control experiment was car-
The effective junction area may be estimated from theried out. We prepared Pb/Al/Pb and Pb{P{dn,/Pb junc-
junction resistance and the magnetic-field dependentg.of tions following the same procedure as that for
Using the resistivity values for thick Pb films~(1 Pb/SsRuUQ,/Pb junctions. SIRuQ, was replaced by 4000 A
X 10°%Q cm) and SfRUO, (p,p=1.6X107%Q cm, p.=2.3  thick Al and 1000 A thick Pb_,In, films, respectively. In
X107%Q cm), we estimateR;<1x107%Q, much smaller Fig. 5, values ofl. for Pb/Al/Pb (hollow circles and
than observed;(~1x10" 4Q) aboveT,s. R; will be even  Pb/Ph_,In,/Pb (solid circleg junctions atH=Hj are plot-
smaller if the eﬁect of Ru lamellas with Iower resistivity ted asl./1.(T.,) againstT. Below T, of Pb, I is nonzero
(p=7.4x10"%0 cm at 295 K is considered. The above im- and increases with decreasifigrising sharply as is low-
plies that the observed Josephson current between two Rdsed to belowl =T.,=1.1K for Al or 4.35 K for PR _,In,.
electrodes was mainly through few Ru lamellas “windows™ These observations suggest that the downturn foumg(ir)
that happened to locate at the narrowest part of the gap. THer our Pb/SsRuQ,/Pb junctions is related to the particular
Josephson current of @NSjunction should vanish once the properties of SIRuQ,.
total flux enclosed in the effective area of tNdayer reaches The observation that superconductivity in,Bu0, actu-
a few flux quanta. Figure(d shows that . is nonzero for ally suppresses the Josephson coupling between two Pb elec-
H=0.5kOe at 5 K. As mentioned abojalso see Fig. )], trodes may be understood most naturally if the superconduct-
the narrowest part of the gap for Junctidnis around 0.3 ing pairing symmetry in SRuQ, is qualitatively different
um. This suggests that the width for Ru lamella “windows” from that in Pb(s wave. This unconventional pairing may
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be of either odd or even parity, or perhaps a combination o
both. If it were of nons-wave even-parity, say wave, no 3 ' ' : : :
significant suppression in should be expected below, as e
the s- and thed-wave pairings do not exclude each other. by
Assuming the pairing in SRuQ, were of odd-parity(p- Y
wave), the non-zers-wave order parameter can still be in- “ oY
duced in S§RuQ, by the proximity effect, if the spin-orbit g &
scattering and/or the gradient of the order parameter at th = X,
interface are consideréd However, thes- andp-wave order -
parameters exclude each other, which will lead to a stron o,
suppression in; below T,,.?* If Pb/Ru/Pb microbridges £
were present in our junctions, they could not result in a Yo,
downturn inl; at 1.3 K because Ru lamellas were supercon- ) , ]
ducting already at this temperature. Nevertheless, they me 0 0.5 1.0 L5 2.0 2.5 3.0 3.5
be responsible, at least in part, for the upturn okeen at T (K)
low temperatures, which, on the other hand, could also have
an intrinsic physical origin®2® FIG. 6. Temperature dependence of critical curig(T) for a
Recently, two groupgs’®® have independently carried out sample of In wire pressed on RuO, single crystal(with Ru
calculations of C(T) for our particu]ar experimenta| Configu_ Iamellas) between 0.3 and 3.5 K. The inset shows a schematic of
ration assuming g-wave pairing state in SRuQ,. Both the sample and the electrical contacts. The currgnt was applied
calculations have reproduced the featured ) seen in  through I and 2" and the voltage was measured viaghd 4.

our experiment. In particular, Ref. 23 s.uggests th.at the drogs the Josephson current could occur, supporting the model
in 1o(T) was the result of two competing terms in the Jo-,qyanced in Ref. 23. This result also suggests that the mag-
sephson coupling: one derived from the conventional proxyetic focusing, which would be relevant in this experimental

imity effect.and the other from the effect of tipewave su- configuration, was not responsible for the downturn observed
perconducting order parameter in,BuQ,. The latter has a i the Pb/SsRuQ,/Pb junctions.

negative contribution which favors a nonzero phase shift be- |, summary, we have performed experiments on

tween two Pb electrodes, leading to a “back-flow” Joseph-py,ser\,0,/Pb junctions and observed a reduction in the
son current. -In -thIS plctu_re, thg intrinsic contribution .from the .ritical current when temperature is lowered below Thef
swave proximity coupling will lead to the upturn iy at g gy, This finding seems to provide additional evidence

lower temperatures. for an unconventional pairing state in,BuQ,. In order to

Th_e “backflow” Josephson _current scenario can be_ testeqlu"y resolve the pairing symmetry issue for this material,
experimentally. We have carried out an experiment inVolyqre  phase-sensitive  experiments on  Ru-lamella-free
ing pressing a 99.9999% pure In wire onto Hieplane of a SKLRUO, need to be carried out

Sr,RuQ, single crystal with Ru lamellas taken from the same
crystal rod as that for junctions andB. As shown in Fig. 6, The authors would like to acknowledge the contribution
nonzerol. was observed belowf =3 K for In/S,RuQ,  of F. Lichtenberg who grew SRuQ, single crystals used in
along thec axis. Since the bulk SRuG is not superconduct- the early stage of this work. They would also like to thank D.
ing above 1.35 K, the observed supercurrent can only bégterberg, A. Millis, T. M. Rice, M. Sigrist, and F-C Zhang
carried by Ru lamellas and the surroundingR&rO, regions.  for useful discussions. This work was supported in part by
No suppression of, was seen aff,=1.35K. Since only the NSF under Grant No. ECS-9705839 and by CREST of
one In electrode was present in the sample, no “backflow”the Japan Science and Technology Corporation.
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