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Anomalous periodicity of the current-phase relationship of grain-boundary Josephson junctions
in high-Tc superconductors
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The current-phase relation~CPR! for asymmetric 45° Josephson junctions between twod-wave supercon-
ductors has been predicted to exhibit an anomalous periodicity. We have used the single-junction interferom-
eter to investigate the CPR for these kinds of junctions in YBa2Cu3O72x thin films. A remarkable amplitude of
the p-periodical component of the CPR has been experimentally found, providing an additional source of
evidence for thed-wave symmetry of the pairing state of the cuprates.@S0163-1829~99!05629-5#
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A number of experimental results confirmdx22y2-wave
symmetry of the pairing state of high-temperatu
superconductors.1 An unconventional pairing state require
the existence of zeros of the order parameter in certain
rections in momentum space. Thermodynamic and spec
scopic measurements do indeed suggest their existence
by themselves they do not exclude conventionals-wave pair-
ing with nodes.1 Direct evidence for thed-wave pairing state
is provided by phase-sensitive experiments, which are ba
on the Josephson effect.2 Quite generally, the current-phas
relationship~CPR! of a Josephson junction,I (w) is an odd
periodic function ofw with a period 2p.3. ThereforeI (w)
can be expanded in a Fourier series

I ~w!5I 1 sinw1I 2 sin 2w1¯ . ~1!

In the tunnel limit we can restrict ourselves to the first tw
terms in Eq.~1!. Since the order parameter is bound to t
crystal lattice,I (w) of a weak link depends on the orientatio
of thed-wave electrodes with respect to their boundary. T
existing phase-sensitive experiments exploit possible s
changes ofI 1 between different geometries.2 In this work we
present a phase-sensitive experimental test of the pa
state symmetry of cuprates. Namely, in certain geometr
the I 1 term should vanish by symmetry. In such cases,
CPR should exhibit an anomalous periodicity.

Let us analyze the angular dependence ofI 1,2 in a junction
between two macroscopically tetragonald-wave supercon-
ductors. As emphasized in Ref. 4, also heavily twinn
orthorhombic materials such as YBa2Cu3O72x belong to this
class, if the twin boundaries have odd symmetry. We c
sider an ideally flat interface between two superconduc
electrodes. Letu1 (u2) denote the angle between the norm
to the grain boundary and thea axis in electrode 1~2!, see
Fig. 1. If we only keep the lowest-order angular harmoni
the symmetry of the problem dictates that4

I 15I c cos 2u1 cos 2u21I s sin 2u1 sin 2u2 . ~2!

The coefficientsI c ,I s are functions of the barrier strength
temperatureT, etc. The I 2 term results from higher-orde
tunneling processes and we neglect its weak angular de
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dence. It is seen from Eq.~2! that the criterion for the obser
vation of an anomalous period of the CPR,I 150, is realized
for an asymmetric 45° junction, i.e., a junction withu1
545° andu250.

The I 2 term is also present in weak links based on co
ventionals-wave superconductors but for all known types
weak links uI 2 /I 1u,1. For instance, for a tunnel junctio
uI 2 /I 1u!1. For a superconductor–normal-meta
superconductor~SNS! junction, I}sinw/2 at T50,5 and the
Fourier expansion of Eq.~1! leads toI 2 /I 1522/5. There-
fore a possible experimental observation ofuI 2 /I 1u@1 in an
asymmetric 45° junction provides direct evidence ofd-wave
symmetry of the pairing state in the cuprates.

We have investigated the CPR of YBa2Cu3O72x thin-film
bicrystals with asymmetric 45°@001#-tilt grain boundaries as
sketched in Fig. 1, using a single-junction interferome
configuration in which the Josephson junction is inserted i
a superconducting loop with a small inductanceL. In a sta-
tionary state without fluctuations, the phase differencew
across the junction is controlled by applying an exter
magnetic fluxFe penetrating the loop:w5we2b f (w). Here
we52pFe /F0 ; F052.07310215 Tm2 is the flux quantum;
f (w)5I (w)/I 0 is the CPR normalized to the maximal J
sephson currentI 0, and b52pLI 0 /F0 is the normalized

FIG. 1. Washer-shaped interferometer with one short Joseph
junction ~not in scale!. Dimensions are given in the text.
3096 ©1999 The American Physical Society
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critical current. In order to obtain the CPR for the comple
phase range2p<w<p the conditionb,1 has to be ful-
filled, because forb.1 the curvew(we) becomes multival-
ued. Following Ref. 3, we express the effective inductance
the interferometer using the derivativef 8 with respect tow
asLint5L@111/b f 8(w)#. The inductance can be probed b
coupling the interferometer to a tank circuit with inductan
LT , quality factorQ, and resonance frequencyv0 through
the mutual inductanceM.8 External flux in the interferomete
is produced by a currentI dc1I r f in the tank coil and can be
expressed aswe52p(I dc1I r f )M /F05wdc1w r f , where
M25k2LLT with k a coupling coefficient. Taking into ac
count the quasiparticle current in the presence of a voltagV
across the junction the phase difference is given by the r
tion w5wdc1w r f 2b f (w)22pt(w)V/F0, where t(w)
5L/RJ(w) with RJ(w) the resistance of the junction. In th
small-signal limitw r f !1 and in the adiabatic casevt!1,
keeping only the first-order terms, the effective inductan
Le f f of the tank circuit-interferometer system is

Le f f5LTS 12k2
L

Lint
D5LTS 12

k2b f 8~w!

11b f 8~w!
D .

Thus the phase anglea between the driving current and th
tank voltageU at the resonance frequency of the tank circ
v0 is

tana~w!5
k2Qb f 8~w!

11b f 8~w!
. ~3!

Using the relation@11b f 8(w)#dw5dwdc which is valid for
w r f !1 andvt!1, one can find the CPR from Eq.~3! by
numerical integration.

The advantage of the CPR measurement of an asymm
45° junction with respect to the by-now standard pha
sensitive tests of pairing symmetry based on the angular
pendence ofI 1 is twofold. First, it avoids the complication
of the analysis of experiments caused by the presence o
term I s .4 Second, flux trapped in the interferometer wash
~see Fig. 1! does not invalidate the conclusions about t
ratio uI 2 /I 1u and hence about the pairing symmetry, which
not the case in standard phase-sensitive tests of thed-wave
symmetry of the pairing state.9

The films of 100-nm thickness were fabricated using st
dard pulsed laser deposition on~001! oriented SrTiO3 bi-
crystalline substrates with asymmetric@001# tilt misorienta-
tion angles of 45°61°. The films were subsequently pa
terned by Ar ion-beam etching into 434-mm2 square
washer single-junction interferometer structures~Fig. 1!. The
widths of the junctions were 1–2mm. The square washe
holes had a side length of 50mm. This geometry of the
interferometer givesL'80 pH. The resistance of a simila
single junction~without interferometer loop! was measured
directly andRJ.1 V was found. Therefore the conditio
for the adiabatic limitvt!1 is satisfied. For measuremen
of a(wdc), several tank circuits with inductances 0.2–0.8mH
and resonance frequencies 16–35 MHz have been used
unloaded quality factor of the tank circuits 70,Q,150 has
been measured at various temperatures. The coupling fa
k was determined from the periodDI dc of a(I dc) using
MDI dc5F0. Its value varied between 0.03 and 0.09. T
f
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amplitude ofI r f was set to produce a flux in the interferom
eter smaller than 0.1F0 to ensure the small-signal limit.

The measurements have been performed in a gas-
cryostat with a five-layer magnetic shielding in the tempe
ture range 4.2<T,90 K. The experimental setup was ca
brated by measuring interferometers of the same size w
24° and 36° grain boundaries. We have studied six samp
out of which for four samples thep-periodic component of
I (w) was experimentally observed. At low temperatures
two samples~Nos. 1 and 2! the value ofI 2 is larger thanI 1.
For sample Nos. 3 and 4I 2 is approximately 10–20 % ofI 1

and for sample Nos. 5 and 6I 2 is negligible. As an example
we plot the phase anglea as a function of the dc currentI dc

for sample Nos. 1 and 3~Fig. 2!. The behavior of sample No
1 at low temperatures is defined by thep periodic compo-
nent of I (w). The curves for sample No. 3 are 2p-periodic,
nevertheless for the curve atT54.2 K the local minima
clearly show the presence of ap-periodic component.

In order to determine the CPR we assume that the pe
of a(I dc) at T540 K and DI dc59.6 mA, corresponds to
Dwdc52p. We takewdc50 at a maximum or minimum of
a. This is necessary in order to satisfyI (w50)50, as re-
quired by general principles.3 The experimentally observe
shift of the first extreme ofa(I dc) from I dc50 ~Fig. 2! can
be due to flux trapped in the interferometer washer. M
probably, this flux resides in the long junction originated
the grain boundary crossing the washer of the interferome
This long junction does not play an active role because
Josephson penetration depth is much smaller than the j
tion length, and external fields produced byI dc are smaller
than the first critical field. Nevertheless, the long juncti
sets the phase difference forI dc50 at the small junction.

In Fig. 3, we show the CPR determined from the data
Fig. 2. For all curves we have performed a minimal nec
sary shift consistent withI (w50)50. Thus we have as
sumed that atwdc50 a minimum ofa(wdc) is realized. For
an interferometer with a conventionals-wave weak link~and
also for the 36° junction!, at wdc50 one gets a maximum o

FIG. 2. Left panel: Phase angle between the driving current
the output voltage measured for sample No. 1 at different temp
tures as a function of the dc currentI dc . The curves are shifted
along they axis and the data forT530 and 40 K are multiplied by
factor 4 for clarity. From top to bottom, the data correspond toT
54.2, 10, 15, 20, 30, and 40 K. The data measured for 36° bic
tals (u1'36°,u2'0) atT540 K in the same washer geometry a
shown for comparison~open circles!. Right panel: The same fo
sample No. 3. From top to bottom, the data correspond toT54.2,
10, 15, and 20 K.
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a(wdc). Note that the minimum ofa(wdc) at wdc50 implies
a paramagnetic response of the interferometer in the limi
small applied fields.

The amplitude of thep-periodic component of the CPR
decreases drastically with increasing temperature, andT
540 K its contribution is negligible for all samples. Th
temperature dependence ofI 1 and I 2 could be determinated
with acceptable accuracy for sample No. 1 only. With d
creasingT, uI 2u grows monotonically down toT54.2 K,
while the I 1 component exhibits only a weak temperatu
dependence~Fig. 4!.

FIG. 3. ~a! Josephson current through the junction for sam
No. 1 as a function of the phase differencew, determined from the
data in Fig. 2. The scattering ofa(w) values was reduced by fold
ing the data back to the interval^0,p& and taking the average. Here
the symmetrya(w)5a(2w) was assumed.~b! The same for
sample No. 3. The data for the asymmetric 36° bicrystal atT540 K
~open circles! are also shown.

FIG. 4. Temperature dependence of the Fourier expansion c
ficients I 1,2 determined from the experimental data in Fig. 3~a!.
Solid lines are the Fourier expansion coefficients for the numer
data in Fig. 5.
f
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Our experimental results can be understood as follows
is well known that the microstructural properties of the gra
boundaries, especialy 45° boundaries, are defined by t
faceted nature. Faceting is an intrinsic property of the gr
boundaries,6,7 and, due tod-wave symmetry of the order pa
rameter, the properties of the junctions strongly depend
the particular distribution of the facets. Small deviatio
from the ideal geometry of the asymmetric 45° junction le
to a finite value of I 1. Thus for nearly ideal junctions
uI 2 /I 1u@1 atT˜0. The regionT;Tc can be analyzed quite
generally within the Ginzburg-Landau theory. Let the ele
trodes be described by the~macroscopic! order parameters
D1,25uDueiw1,2. Then the phase-dependent part of the ene
of the junction is E5a@D1D2

!1H.c.#1b@(D1D2
!)21H.c.#

1••• where a,b, . . . depend weakly onT.10 Thus for T
close to Tc we estimateI 1}uDu2}(Tc2T) and I 2}uDu4
}(Tc2T)2, leading to uI 2 /I 1u!1. With increasing devia-
tions from ideal geometryuI 2 /I 1u decreases. For larg
enough deviations, negligible values ofuI 2u are expected.
These expectations are qualitatively consistent with the
perimental data~see also Fig. 4!.

So far, our discussion was based solely on symmetry
guments. Let us attempt a more quantitative analysis of
data now. Two different microscopic pictures of asymmet
45° Josephson junctions betweend-wave superconductor
have been considered in the literature. The first picture
sumes a microscopically tetragonal material and an ide
flat interface.10–12Within this picture, only sample No. 1 ca
be analyzed. Sample No. 2 hadI 0(T51.5 K)>1022mA. At
this temperature only thep-periodic component ofI (w) was
observed. At higher temperaturesI 0 was not measurable
I (w) for sample No. 1 calculated according to the model
Ref. 11 is shown in Fig. 5. The experimental data can
fitted within a relatively broad range of barrier heights. Ho
ever, if we require theI (w) relation of the 36° junction to be
fitted by the same~or smaller! barrier height as for the 45°
junction, we conclude the barrier of the 45° junction to
rather low.14 The dependence ofI (w) on T requires a choice
of Tc'60 K in the non-self-consistent theory of Ref. 11. T
reduction from the bulkTc590 K is probably due to a com
bined effect of surface degradation and order-parameter
pression at the sample surface. The temperature depend
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FIG. 5. I (w) calculated according to Eq.~64! of Ref. 11 for a
junction with u1545.5°, u250, ld51.5, k50.5, andTc560 K.
I (w) at T540 K for the 36° bicrystal~open circles! was calculated
with the same parameters except foru1536°.



a
e

nc
ry

er
di

he

c
ity
e
c-
t

n

a
tu
t

on

re-

res

re-
ym-

al
e-

.
cy

PRB 60 3099BRIEF REPORTS
of the ratio of thep and 2p periodic components inI (w) is
seen to be in qualitative agreement with experimental dat
Fig. 3~a!. This is explicitly demonstrated in Fig. 4 where w
compare the experimentally obtainedI 1,2 with the results of
the Fourier analysis of the curves in Fig. 5. The diverge
of I 2 as T˜0 is an artifact of the ideal junction geomet
assumed in Ref. 11. If a finite roughness of the interface
taken into account, this divergence is cut off and the exp
mental data in Fig. 4 do indeed resemble theoretical pre
tions for a rough interface.12 However, the non-self-
consistent theory of Ref. 11 is unable to explain t
experimentally observed steep CPR close to the minima
the junction energy@see Fig. 3~a!#.

In a different approach a heavily meandering interfa
with u i5u i(x) is assumed. Now, the critical current dens
j c(x) is a random function with a typical amplitud
^u j c(x)u&; j c . If the average critical current along the jun
tion ^ j c&, j c , a remarkablep-periodic component is presen
in the CPR. The relationuI 2 /I 1u depends on the distributio
of j c(x) and can be much larger than one for^ j c&! j c .15,16

This model qualitative explains the obtained results for
samples, however for a quantitative comparison the ac
microscopic distributionj c(x) should be known. Note tha
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also within the picture of Refs. 15 and 16 thed-wave sym-
metry of the pairing state is crucial, otherwise the conditi
^ j c&! j c is difficult to satisfy.

Our present understanding ofI (w) in the asymmetric 45°
junction is only qualitative. We cannot say whether the
markable amplitude of thep-periodic component ofI (w) is
dominated by the microscopically flat regions,13 or due to the
spatial inhomogeneity of the junction. This issue requi
further study.

In conclusion, we have measured the magnetic-field
sponse of a single-junction interferometer based on as
metric 45° grain-boundary junctions in YBa2Cu3O72x thin
films. A large p-periodic component ofI (w) has been ex-
perimentally found, which is in agreement with theoretic
predictions fordx22y2-wave superconductors. Hence our r
sults provide an additional source of evidence for thed-wave
symmetry of the pairing state in the cuprates.
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