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For phase-sensitive studies on the pairing-symmetry in a given superconductor, its combination with a
well-characterized isotropic superconductor into a superconducting quantum interference device(SQUID)
provides a very fruitful method. With a well-controlled orientation and position of the hybrid Josephson
junctions involved, the angular dependence of both the phase and the magnitude of the order parameter wave
function can be determined. In view of this, and motivated by recent proposals for quantum-logic devices, we
have investigated low-inductance dc SQUIDs with different geometries. These SQUIDs are based on ramp-
type YBa2Cu3O7/Au/Nb junctions oriented toward thek100l-YBa2Cu3O7−d crystal axes. For SQUIDs with
perpendicularly oriented junctions, maxima in the critical current are observed at applied fluxes of ±1

2 F0,
confirming the predominantdx2-y2 pairing symmetry in YBa2Cu3O7. The measured critical current-modulations
for thesep-SQUIDs correspond well to simulations. No indications are found for any time-reversal symmetry
breaking, for instance resulting from imaginary symmetry admixtures.
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I. INTRODUCTION

Superconducting quantum interference devices(SQUIDs)
present excellent tools to perform phase-sensitive experi-
ments on the order parameter symmetry in
superconductors.1–6 In a dc SQUID in which an isotropic
s-wave superconductor contacts the superconductor to be
studied in two crystal orientations, the critical current versus
the applied magnetic flux dependence contains information
about the relative phase and magnitude at both contacts. This
principle is employed here to study the order parameter sym-
metry of the high-Tc superconductor YBa2Cu3O7, using the
low-Tc superconductor Nb as the counter electrode. Previous
SQUID experiments on the order parameter symmetry of the
high-Tc cuprates have been performed using for example Pb
as counter electrode. In this, single crystals3 of YBa2Cu3O7
as well as twinned and untwinned thin films4,5 have been
used. These SQUIDs generally had inductances ofLIc<F0
or larger. Here, we focus principally on low-inductance
SQUIDs. This enables a more precise analysis, as will be
pointed out below. Recently, low-inductance all-high-Tc
p-SQUIDs have been prepared using tetra-crystal substrates,
providing clear evidence for predominantdx2-y2 wave order
parameter symmetry.6 These dcp-SQUIDs were based on
symmetric 45°[001]-tilt grain-boundary junctions. By defi-
nition, grain-boundary junctions are subject to limitations
with respect to the orientation of the superconductors on both
sides of the junction interface. Additionally, a complicating
factor is presented by the fact that both electrodes are char-
acterized by the order parameter symmetry under investiga-
tion. Junctions combining a well-characterized isotropic su-
perconductor with the superconductor to be studied provide
the ability to probe the order parameter in any desired orien-
tation. For this reason, and motivated by recent suggestions
for quantum-logic devices based on contacts betweens-wave
and d-wave superconductors,7,8 we have developed ramp-
type junctions between YBa2Cu3O7 and Nb.9 These junc-

tions are employed here for the fabrication of low inductance
dc SQUIDs.

In the following, first, theoretical considerations of impor-
tance for the understanding ofp-SQUIDs are introduced.
These include aspects of phase-coherence, the formulation of
SQUID dynamics with an additional phase-shift, spontane-
ous flux andS states, and the magnetic field dependence of
the p-SQUID critical current. Subsequently, the preparation
and experimental characterization of the low inductance dc
SQUIDs is presented, and the results and implications, par-
ticularly with respect to the order parameter symmetry, are
discussed.

II. THEORETICAL ASPECTS

The single-valued phase of the charge-carrier condensate
in a superconductor results in quantization of the magnetic
flux enclosed by a superconducting loop. For a dc SQUID it
holds accordingly that the accumulated phase around the
SQUID loop including the phase-differences over the two
Josephson junctions is limited to multiples of 2p. Depending
on the orientation of the junctions, unconventional order pa-
rameter symmetry can induce an additional phase-shift« in
the loop. The single-valuedness of the wave function around
the SQUID loop then requires:

k2p = w2 − w1 + « + s2p/F0dsFa + L2I2 − L1I1d s1d

where wi is the phase-difference over the junctions having
critical current Ici, and Li is the partial inductance on the
sides of the SQUID loop indicated with the index i=1 and 2.
The applied magnetic flux is given withFa. In a general
approach(RCSJ-model), the total currentI i through junction
i consists of the sum of the supercurrentIsi, the normal or
quasi-particle current, the displacement current and a noise
term. Here, we will consider mainly properties related to the
supercurrents through the junctions. These are given by the

PHYSICAL REVIEW B 70, 024519(2004)

0163-1829/2004/70(2)/024519(12)/$22.50 ©2004 The American Physical Society70 024519-1



first Josephson relationIsi= Ici sinswid, assuming a sinusoidal
current-phase relation for both junctions. All flux-related
terms in Eq.(1) are normalized to the flux quantumF0
=2.07310−15 T m2. If an order parameter symmetry-
induced phase shift is present along the loop,« has a value
between 0 and 2p. By convention, the positive current direc-
tion is chosen to be toward the ground, and the order
parameter-induced phase shifts are considered to be positive
when following the clockwise direction going around the
SQUID loop.

A. SQUID dynamics

Using the RCSJ model for both junctions, the dynamic
behavior of the SQUID can be described with the analogy of
a particle with an effective massM ij moving under influence
of gravity described by a potentialU=Usw1,w2d and in the
presence of a damping forceGij :

10

M ij]
2wi/]t2 = − ¹ U − Gij]wi/]t s2d

where M ij =CijF0
2/ s2pd2 and Gij =F0

2/ fs2pd2Rijg. Both are
232 matrices, withCii and Rii the capacitances and resis-
tances of the individual junctions. The off-diagonal elements
are 0. Being aware that the bias current is the sum of the total
currents through both junctions and with the notationsIc1

=s1+aJdIc, Ic2=s1−aJdIc, and L1= 1
2s1+aLdL, L2= 1

2s1
−aLdL, it can be shown that using the condition in Eq.(1)
the potential surfaceU is given by

Usw1,w2d = EJh 1
2Ksw2 − w1 + « + fad2 − iBfs1 − aLdw1

+ s1 + aLdw2g + s1 + aJds1 − cosw1d

+ s1 − aJds1 − cosw2dj . s3d

In this, the degree of asymmetry in the SQUID inductance
and the junction critical currents are specified withaL and
aJ, respectively. The energy is expressed in units of the Jo-
sephson energyEJ=hIc/4pe, and the additional normaliza-
tions K=sF0/2pLIcd, fa=2pFa/F0, and iB= Ibias/2Ic are
used in Eq.(3), with Ic the average junction critical current.
Figure 1 shows contour plots of two potential-energy sur-
faces as a function of the phase differences over the junc-
tions, for a standard SQUID(a) and ap-SQUID (b). If a bias
current is applied, the surface will be tilted along thew2
=w1 direction, modifying the junction phase differences with
an equal rate. For a bias current equal to or larger than the
SQUID critical current, the particle with massM will move
along this direction. This is illustrated in Fig. 1(c), presenting
a three-dimensional(3D) surface plot of the potential with a
possible trajectory of the particle. On the other hand, appli-
cation of an external flux corresponds to a tilt of the potential
surface in the perpendicularw2=−w1 direction. With this, a
growingdifferencein the junction phase differences indicates
an increasing amount of flux in the SQUID ring. It is re-
marked that the behavior of ap-SQUID s«=pd is basically
identical to the behavior of a SQUID biased with a constant
external background flux of12F0.

11–14

In Fig. 1 the SQUIDs are in the low-inductance regime,
LIc,F0, and have identical parameters. No magnetic flux is
applied externally. The standard SQUID presents minima in
the energy forw2=w1 at an integer number of 2p, and no
currents flow. On the contrary, the number of minima has
doubled for thep-SQUID and their positions deviate from
integer numbers of 2p. To accentuate the doubling of the
minima a slight asymmetry in junction critical current,aJ
=0.2, was taken for both SQUIDs. The minima are degener-
ate in energy for«=p, and correspond to a spontaneous cur-
rent in clockwise or counterclockwise direction in the
p-SQUID ring. It is suggested to profit from these spontane-
ously circulating currents as a self-bias in, e.g., RSFQ-logic
as a means to reduce the number of bias lines.15,16 Further-

FIG. 1. Potential surfaceUsw1,w2d of a SQUID (a), and of a
p-SQUID (b) with identical parameters given by:L=5.2 pH, Ic

=100mA s=1
2 Ic,SQUIDd, aJ=0.2, andaL=0, and in the absence of

an externally applied magnetic field or bias current. The energy is
plotted on a logarithmic scale with an offset of +0.01EJ for the
SQUID and −1.28EJ for the p-SQUID to stress the minima
(black). (c) 3D perspective view of the potential surface of the
p-SQUID in (b), here with a bias current ofIbias=200mA. A pos-
sible trajectory of the particle with massM is schematically
indicated.
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more, the intrinsic degeneracy of the energy minima in the
p-phase biased(SQUID-)loop may offer prospects for qubit
design; the sensitivity to flux noise may be diminished by a
design using reduced dimensions of ap-phase biased loop16

without loss of the twofold degenerate state. Additionally,
noise introduced by a static externally applied magnetic field,
which is used for the preparation of the degenerate state in
the unbiased loop, is avoided.

B. Spontaneous magnetic flux

The self-generated current circulating in thep-SQUID
ring induces a spontaneous magnetic flux. In an early paper,
Copettiet al.17 described the spontaneous flux inp-SQUIDs
using an instructive approach. A further analysis was pro-
vided by Kirtley et al. for contacts between standard and
p-junctions.18 To evaluate the spontaneous flux in a
p-SQUID ring, the applied magnetic field and the bias cur-
rent are set to zero, and only supercurrents are considered.
The expression of the free-energy, Eq.(3), can then be writ-
ten in the common form as the sum of the magnetic energy in
the ring due to the circulating current and the Josephson
energies of both junctions:U= 1

2LIcir
2 +oi=1,2EJi(1−cosswid).

The minimum energy is determined numerically under con-
dition (1). Figure 2 presents the corresponding behavior of
the junction phase-differences and the spontaneous magnetic
flux versus the normalized inductance times the smallest of
the critical currentsIc. The ratio of both junction critical
currents is given byg sIc2=gIc1=gIc, gù1d. A different no-
tation is used here, compared to Sec. II A, for the(asymme-
try in) junction critical currents to facilitate the evaluation in
the limit of the one-junction SQUIDsg→ ` d, i.e., the rf
SQUID. Generally, fractional flux(F0/ f with f ù2) is spon-
taneously generated for a minimum loop inductance ofLIc
ù sF0/2pd f1−s1/gdg, assuming«=p. For growing induc-
tance the self-generated flux asymptotically converges to
1
2F0, and the junction phase differences relax to zero de-
creasing the junctions’ energies. In the limit of a low induc-
tance, the phase-difference of the smallest junction becomes
p, while the larger junctions’ phase-difference is zero. No
circulating current flows. An exception is the completely
symmetric p-SQUID, which is able to sustain a phase-
difference ofp /2 over both junctions, even in the theoretical
zero-inductance limit. Although in this case the maximum
supercurrent circulates, the spontaneous flux decreases to
zero reducing the ring size, as it is proportional to its induc-
tance.

Let us now analyze the conditions for which the maxi-
mum supercurrent flows in the ring. The phase-difference
over the smallest junction then equalsp /2. This is expressed
as LIc=sF0/2pd fp /2−arcsins1/gdg, which yields, e.g., for
the rf-SQUID a spontaneous flux of1

4F0 at the maximum
circulating supercurrent. Remark that, on the contrary, the
maximum spontaneous flux of1

2F0 is generated in the limit
for infinite loop-inductance, while the circulating supercur-
rent tends to zero.

If the phase-shift induced by the order parameter is not
exactly p (or zero), the order parameter presents time-
reversal symmetry breaking. In this case, the self-generated

clockwise and counterclockwise currents have different mag-
nitudes, and a difference in the amount of spontaneous flux
for both states should be detected.2 Here, the superconduct-
ing states, theS states,19 are analyzed as the relation of the
total flux in the loopft and the externally applied fluxfa,
both expressed in terms of phase. In the following, the
SQUID inductance is normalized asl=s2p /F0dLIc, with Ic

the(smallest of the) junction critical current(s). The total flux
in a rf SQUID is given byft=fa+l sinswd, which is the sum
of the externally applied flux and the flux due to the circu-
lating current in the SQUID inductance. The single-
valuedness of the wave function requires furthermore that
ft=−w−«. This yields the desired relation describing theS
states and the corresponding energy, with« the order param-
eter induced phase-shift:

fa = ft + l sinsft + «d,

Usfa;ftd = EJh1 − cossft + «d + sfa − ftd2/s2ldj. s4d

FIG. 2. Spontaneous flux inp-SQUIDs for varying inductance
LIc, and ratio of the junction critical currentsg: (a) Behavior of the
junction phase-differences, and(b) the corresponding self-generated
magnetic flux. The simulation is normalized to the smallest of the
junction critical currentsIc1: Ic2=gIc1=gIc with gù1. For g→`
the p-SQUID-ring contains effectively only one junction. In the
inset of(b) the minimum inductanceLIc is presented for varyingg
above which flux is generated, and the dependence for which the
maximum current is circulating in thep-SQUID-ring sw1=p /2d.
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Note thatfa is an externally controlled parameter impos-
ing a boundary condition for the total flux in the loopft.
This similarly holds for the total flux in the dc SQUIDft
=fa+s2p /F0dhL2Ic,2 sinsw2d−L1Ic,1 sinsw1dj, and ft=−w2

+w1−« from phase-coherence in the ring. Additionally, the
constraintIc,2 sinsw2d+ Ic,1 sinsw1d=0 holds in the absence of
a bias current. For the symmetric dc SQUIDsg= Ic,2/ Ic,1

=1d one obtains:

fa = ft + l sinh 1
2sft + «djcossmpd,

with

Usfa;ftd = EJh2 − 2 cossmpdcosfsft + «d/2g

+ sfa − ftd2/s2ldj, m= 0,1. s5ad

On first sight, Eq.(5a) may seem to imply that the period
of the ft−fa dependence is twice the usualF0-periodicity.

However, solutions obeying the phase-coherence describe
two distinct curves for the symmetric dc SQUIDsw1,w2d
=swi ,−wid and sw j ,2p−w jd, for which the circulating super-
current drives the flux in the ring toward an evensm=0d or
an odd numbersm=1d in F0, respectively(with an offset of
«F0/2p if «Þ0). As a result, theS states of the symmetric
dc SQUID are periodic with a period ofF0 as expected. The
slightest asymmetry in the dc SQUIDsg.1d eliminates the
apparent 2F0 periodicity with two solutions of theS states,
and characteristics comparable to the rf SQUIDS-states re-
sult. Using analogous arguments as for the symmetric dc
SQUID, it can be shown that theS states of an asymmetric
dc SQUID are described by

fa = ft + lg sinharctanfsinsft + «d/„g + cossft + «d…gj,

with

Usfa;ftd = EJhg − g cossarctanfsinsft + «d/„g + cossft + «d…gd

+ 1 − cossft + « − arctanfsinsft + «d/sg + cossft + «ddgd + sfa − ftd2/s2ldj, g . 1. s5bd

In the limit to the rf SQUIDsg→` Eq. (4) is obtained, as
limg→` g sinharctanfsinsxd / (g+cossxd)gj=sinsxd. Figure 3
shows theS-state diagrams in the usual representation of the
total flux in the loop versus the externally applied flux. On
the left-hand side(a, c, and e) the SQUID states are pre-
sented, while on the right-hand side(b, d, and f) similar
p-SQUID characteristics are shown. From top to bottom,
first the rf SQUIDs are displayed, then the symmetric dc
SQUIDs, and thereafter the asymmetric dc SQUIDs. Al-
though S states with negative slope fulfill the phase-
coherence condition, onlyS states with positive slope are
stable, a proof of which can be found by considering the
minima in the potential energy for a fixed externally applied
flux. The S states of the rf SQUID become multi-valued for
l.1 aroundfa=s2k+1dp+« with kPZ. An example of
how the SQUID switches between two statesn and n+1
varying the externally applied magnetic flux is indicated in
each graph with arrows. The SQUID inductances are chosen
such that for thep-SQUID cases, apart from then=±1

2
states, also the first higher-flux statesn=±3

2 can be observed
at zero externally applied flux. Approximate values for the
“onset” of higher-flux states arel<7.8, 6, and 6.7 for the rf
SQUID and the symmetric and asymmetric dcp-SQUID,
respectively, where the junction asymmetry of the last equals
g=1.1. Thesep-SQUID inductance values are larger than for
the case of standard SQUIDs, given byl<4.6, 2, and 3.5,
respectively, for observation of the first excited statesn
=±1 in the absence of an externally applied magnetic field. It
is emphasized that for the ground states as well as for the
higher-flux S states, though they are calledn=−1

2 ,0,
1
2 ,1 , . . . states, the total flux in the SQUID-ring generally
FtÞn F0 for finite inductance. Only in the special case of

Fa=n F0 the flux in the SQUID-ring equalsFt=n F0,
which is deduced easily from theS-state diagrams.

A time-reversal symmetry breaking order parameter sym-
metry shifts the characteristics of theS states over«Þkp
with kPZ along the diagonal in the diagram. It is straight-
forwardly shown that with this the spontaneously generated
flux at zero applied flux has different magnitude for clock-
wise and counterclockwise circulating current, and the de-
generacy of thep-SQUID ground state is removed.2

C. Magnetic flux dependence of the SQUID critical current
on order parameter symmetry

The experimental work in this article focuses on the mag-
netic flux dependence of the critical current, yielding an ac-
curate method to investigate the order parameter symmetry.
The characterization of the maximum SQUID supercurrent
in an applied magnetic field is a principally different experi-
ment from the detection of self-generated magnetic flux in-
duced by the order parameter symmetry. In the latter experi-
ment, the energy ground state is studied in the isolated
system, in which the free energy is given by the sum of the
Josephson energy of the junctions and the contribution asso-
ciated with the circulating current in the loop. The critical
current of the SQUID, on the contrary, is obtained by maxi-
mizing the supercurrentIs= Ic1 sinsw1d+ Ic2 sinsw2d for given
applied magnetic flux, in which both junction phase-
differences obey Eq.(1). A rising—externally applied—bias
current delivers the energy to the dc SQUID to reach the
critical current under this constraint. Subject to the bias cur-
rent, the junction supercurrents and hence the junction phase-
differences change, individually obeying the first Josephson
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relation. Both experiments describe the same system, how-
ever in a different situation, and do not exclude each other: a
correct measurement of the SQUID critical current is not
influenced by possible self-generated flux of the SQUID in
the ground state for zero bias current. The critical current
versus applied magnetic fluxsIc,SQUID−Fad dependence al-
lows for an explicit and straightforward extraction of the
order parameter induced phase-shift« in the SQUID loop.
This will be pointed out below with the high-Tc versus low-
Tc contacts on which this study concentrates experimentally,
in mind.

In the zero-inductance case,L1=L2=0, the last two terms
in Eq. (1) are negligible, and theIc,SQUID−Fa dependence of
a SQUID reduces to

Ic,SQUIDsFad = ÎsIc1
2 + Ic2

2 + 2Ic1Ic2 coshf2pFa/F0g + «jd.

s6d

If the high-Tc order parameter is probed by an isotropic
superconductor along the same main crystal orientation in a
dc SQUID, i.e., both junctions are oriented in parallel,«
equals zero. A maximum critical current is then observed in
the absence of an applied magnetic field. In case the junc-

tions are oriented perpendicular with respect to each other in
the [100]-directions, the high-Tc order parameter symmetry
induces an additional phase-shift in the SQUID-loop. A time-
reversal invariantdx2−y2 order parameter symmetry of the
high-Tc cuprate corresponds to ap phase-shift, i.e.,«=p,
and maxima in the critical current are observed at a magnetic
field equivalent to ±12F0. A time-reversal symmetry breaking
(TRSB) order parameter, such as predominantdx2−y2 pairing
with an imaginarys-wave admixture, results in a deviation
from p, and consequently the maximum critical current oc-
curs at an applied flux differing from ±12F0.

For finite inductance, the critical current of a dc SQUID
cannot be expressed analytically. Here, theIc,SQUID−Fa de-
pendence for low-inductance dc SQUIDs is calculated nu-
merically using the method of Lagrange multipliers.20 The
order parameter induced phase-shift is taken into account by
means of Eq.(1). Besides the SQUID modulation, also the
critical currents of the individual junctions are modulated
in an applied magnetic field, and a convolution with the
SQUID modulation results. Assuming homogeneous rectan-
gular junctions in the small junction limit, the junction
modulation is included in the model by takingIcisFad
= Ic0,iusinspFa/kiF0d / spFa/kiF0du, with ki the ratio of the
effective SQUID area over the effective area of junction i
with respect to the applied magnetic flux. Numerical simula-
tion shows that the integral junction critical current still com-
plies with a sinusoidal dependence on the phase-difference in
the presence of a static applied magnetic flux in the small
junction limit, which allows for this procedure.

Figure 4 presents simulations for foursp - d SQUIDs all
with ki =3, and all having the same critical currentIc0,SQUID
= Ic0,1+ Ic0,2=100mA and inductanceL=L1+L2=16 pH. As
becomes clear below, the influence of asymmetries in the
SQUID should be distinguished from order parameter sym-
metry induced phase-shifts. To discriminate between both ef-
fects, the completeIc,SQUID−Fa dependence needs to be reg-

FIG. 3. Sstates in SQUIDs(a, c and e) andp-SQUIDs(b, d and
f) for different values ofl=s2p /Fd LIc: the total flux in the
SQUID-ring as a function of the externally applied flux. In(a) and
(b) are the rf SQUIDs presented, in(c) and (d) the symmetric dc
SQUIDs, and in(e) and (f) the asymmetric dc SQUIDs withg
= Ic2/ Ic1,g.1, the degree of asymmetry of the junction critical
currents. Curves with negative slope are unstable. The arrows illus-
trate switching between twoS-statesn↔n+1 as the externally ap-
plied flux is varied.

FIG. 4. Simulation of dcp-SQUIDs with finite size junctions.
The inductance isL=16 pH and theIc0,SQUID=100mA. The applied
magnetic flux induces three SQUID oscillations within the first zero
of the junction Fraunhofer dependence, i.e.,ki =3 (A) symmetric
p-SQUID, (B) symmetric SQUID with an order parameter induced
phase-shift of 0.75p, (C) asymmetricp-SQUID with L1=2 L2, and
(D) asymmetricp-SQUID with Ic1=2 Ic2. The offsets for the latter
three all equalDF=1/8 F0. Only (B) is not point symmetric in the
origin. Asymmetry in the junction critical currents(D) yields a re-
duced modulation depth indicated with the vertical arrows.
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istered, i.e., for positive and negative bias current as well as
for positive and negative magnetic flux. The symmetric
p-SQUID, curveA, presents extremes at ±1

2F0 and a mini-
mum in the absolute critical current at zero magnetic flux. In
case of TRSB order parameter symmetrys«Þkp ,kPZd, a
deviation in the magnetic flux is observed for curveB in the
simulation. The deviation is for positive and negative bias-
current in the same direction of the applied magnetic flux,
and an asymmetric dependence with respect to zero magnetic
flux results.

A similar change in theIc,SQUID−Fa dependence is ob-
served for asymmetricp-SQUIDs, curvesC and D, which
present a shift in magnetic flux of themaximumin the abso-
lute critical current described by

DF = L2Ic2 − L1Ic1. s7d

In contrast to the influence of TRSB order parameter sym-
metry, the shift in magnetic flux changes sign on bias-current
reversal in case of different junction critical currents or dif-
ferent partial loop-inductances. Consequently, theIc,SQUID
−Fa dependence is point-symmetric in the origin. An addi-
tional reals-wave admixture to predominantdx2−y2 order pa-
rameter symmetry can give rise to dissimilar junction critical
currents. In this case, the superconducting gap is increased
along one of the main crystal axis in the YBa2Cu3O7 ab-
plane, while in the orthogonal direction the gap is decreased
in magnitude, which leads to a dissimilar Josephson coupling
for perpendicular junctions, and a shift in the maxima as
described by Eq.(7). Apart from an anti-symmetricIc,SQUID
−Fa dependence, dissimilar junction critical currents result
furthermore in a reduced modulation depth of the low-
inductance SQUID oscillations, which can easily be verified
with Eq. (6). The expected modulation depth for a(symmet-
ric) SQUID follows from 100% /s1+bd, where the screening
parameter b=LIc,SQUID/F0=2LIc/F0. Asymmetry in the
critical currents yields a reduction in this modulation,21 the
effect of which increases in importance for decreasing loop
inductance. It is noted that theminimain the absolute critical
current are shifted by less than the amount given by Eq.(7),
if only an asymmetry in the loop inductance is present and
the junction critical currents are identical in magnitude. In
that case, the modulation curve becomes deformed. Addi-
tionally it is remarked that the maxima of the SQUID critical
currents around zero flux are equally raised or lowered for all
three origins of identical shiftDF in the magnetic flux rela-
tive to the symmetricp-SQUID.

The advantage of the use of low-inductance SQUIDs is
now straightforwardly clarified. Any SQUID asymmetries
present, from fundamental or preparational origin, yield an
anti-symmetric shift in theIc,SQUID−Fa dependence smaller
than a SQUID oscillation period forLIc,F0. Using the
analysis presented above, SQUID asymmetries can be iden-
tified from the Ic,SQUID−Fa dependence and related to dis-
similar order parameter amplitude and phase in both crystal
directions, or to an asymmetric loop-inductance. An order
parameter induced phase-shift is recognized unambiguously
in the (anti-)symmetricIc,SQUID−Fa dependence as an appar-
ent shift in the applied magnetic flux. Separate test elements
placed nearby on the chip, such as SQUIDs with parallel

oriented junctions, can be used as an additional verification
of zero field. Second, lowering the SQUID inductance in-
creases the weight of the quadratic term in the potential en-
ergy (Eq. (3)) due to the applied magnetic flux. In this way,
the possibility of higher-flux states is eliminated, and SQUID
hysteresis varying the applied magnetic flux is removed as
only a single solution is possible for a given range in applied
magnetic flux. This facilitates the straightforward registration
of the Ic,SQUID−Fa dependence. Furthermore, the depth of
the SQUID modulation increases for decreasingb, which
enhances the measurement accuracy of the extremes in the
critical current. Finally, the deviation of the expected modu-
lation depth relating to SQUID asymmetry is more pro-
nounced for decreasingb, and offers in principle, besides the
offset DF in Eq. (7), a second parameter to determine the
amount of real admixtures.

III. EXPERIMENTAL RESULTS

The geometry and preparation of YBa2Cu3O7/Nb
SQUIDs are presented first in this section. The SQUIDs with
perpendicular oriented junctions, thep-SQUIDs, take a cen-
tral position in the determination of the order parameter sym-
metry. The results of the electrical characterization in the
presence of a magnetic field are shown, and the electrical
properties will be discussed. A detailed discussion on the
interpretation of the measurements with respect to the order
parameter symmetry is part of the discussion in Sec. IV.

A. Preparation

Various SQUID designs have been realized for this study.
They all have a low normalized inductance,LIc,F0. The
different configurations of thep-SQUIDs are indicated sche-
matically in Fig. 5. For comparison, reference SQUIDs in-
corporating parallel oriented junctions have been fabricated
using similar designs. In Fig. 5(a) the first p-SQUID con-
figuration is depicted, in which the isotropic Nb probes two
orthogonal directions of the high-Tc superconductor. The
SQUID inductance is limited by the minimum linewidth of

FIG. 5. Design of low inductancep-SQUIDs.(a) Planar design
I, (b) planar design II, and(c) multi-layer design.
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the photo-resist stencil applying a standard photolithographic
process, yielding usually inductances ofù10 pH for this
configuration. Using the second design, Fig. 5(b), the mini-
mum dimensions of the SQUID hole are set by the alignment
accuracy of the Nb lift-off mask with respect to the base
electrode, and the inductance can be reduced to approxi-
mately 4 pH for a 2–3mm hole diameter. It is noteworthy
that in the second design an electron trajectory around the
loop virtually experiences three order parameter induced
phase-shifts, for the direction is changed three times over 90°
inside the high-Tc superconductor. Apart from the planar
SQUID-washers, the ramp-type junction configuration also
permits the use of multi-layers for the definition of the
SQUID-loop, as shown in Fig. 5(c). The loop dimension is
reduced in one direction, and is defined by the thickness of
the insulating layer. With a 100 nm SrTiO3 layer and using a
standard photolithographic process, loop inductances in the
1 pH range are readily prepared. The availability of these
very low loop-inductances could present an advantage for
phase-biased quantum logic, such as phase-qubits. The(self-
generated) flux, the corresponding phase-shiftDw
=2pLIS/F0~L over the inductor, as well as the coupling to
environmental flux-noise are minimized in this design.

The preparation procedure will be discussed briefly. Fur-
ther details about the junction fabrication are described
elsewhere.9 First, bi-layers of[001]-oriented YBa2Cu3O7 and
SrTiO3 are prepared using pulsed laser deposition on SrTiO3
single-crystal substrates. The YBa2Cu3O7 thin films are
twinned on a scale of 100 nm and have a zero-resistance
transition temperature of 89 K. Ramps are ion-milled in the
bi-layers for the realization of the ramp-type junctions. With
the same ion-mill step, the structure definition of the SQUID
base-electrodes is realized. The ramps in the YBa2Cu3O7
base-electrode are aligned along thek100l-crystal axes. Simi-
lar characteristics for perpendicular-oriented ramps are ob-
tained by choosing a fixed in-plane mill angle parallel to the
k110l-direction of the YBa2Cu3O7 crystal, or by rotational
milling, both using a preset angle with the substrate plane.
Subsequently, a high-quality interface to the Au-barrier layer
is prepared using the interlayer concept,9 followed by the Nb
top-electrode using a lift-off process. The obtained interface
transparencies relate to normal state resistancesRnAd values
of ,10−12 V m2 at liquid helium temperature. By adapting
the Au-barrier thicknessdAu, the junction critical current
density can be tuned in a wide range from 105 A/m2 for
dAu,120 nm, up to values approaching 109 A/m2 for dAu
,7 nm. In this way, the critical current of a 10-mm-wide
junction with a 150-nm-thick base electrode can be set from
below 1mA up to 1 mA at liquid helium temperatures. In
addition to the SQUID layout, the Au-barrier thickness is
thus another parameter that can be employed to obtain a
suitable value ofLIc/F0.

B. Characteristics

The planar SQUID structures are characterized for the
behavior of the critical current in an applied magnetic field.
The sample area is shielded withm-metal and with Nb-
shielding; rest-fields are estimated to be below 0.3mT. The

applied magnetic field is directed perpendicular to the sub-
strate plane. Even with the unconventional overlap geometry
of the ramp-type Josephson junction, Fraunhofer-likeIc-B
dependencies are obtained for the individual YBa2Cu3O7/Nb
ramp-type junctions using this magnetic field orientation.9

All YBa2Cu3O7/Nb Josephson junctions prepared in this
study have critical current densities of below
3.43107 A/m2. With this, the Josephson penetration depth
is estimated to beù5 mm for the junctions, and all junctions
having a width up to 10mm are considered to be in the small
junction limit. Figure 6 shows anIc-B dependence of a
SQUID with parallel aligned junctions(bottom). The black
areas in Fig. 6 represent the SQUID modulation in the ap-
plied magnetic field. A convolution with the junction modu-
lation is immediately identified. TheIc-B dependence of a
p-SQUID having a comparable geometry, however with or-
thogonal oriented junctions[Fig. 5(a)], is presented in the top
part of Fig. 6. The insets show an enlargement around zero
field, in which the SQUID modulation is clearly observed.
The small black areas in the inset, shown at the highestIc
values of the curves, are due to the hysteresis in theI-V
characteristics of the junctions. TheIc,SQUID-B dependencies
are close to completely symmetric. Given the slight anti-

FIG. 6. Critical current as a function of the applied magnetic
field at T=4.2 K of p-SQUID P10 with the planar I design(top),
and “standard” SQUID C10(bottom). The insets present an en-
largement of theIc,SQUID-B dependence near zero field. Both
SQUIDs are in the low inductance limit. The magnetic field is ap-
plied perpendicular to the substrate plane and the characteristics are
recorded with a voltage criterion of 2.5mV.
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symmetry due to dissimilar junction critical currents as de-
scribed by Eq.(7), the maxima in the critical current at ±1

2F0
confirm predominantdx2−y2 order parameter symmetry in
YBa2Cu3O7. The accuracy in the determination of the mag-
netic flux is 0.01F0. The envelope-function given by the
junction modulation in theIc,SQUID-B dependencies deviates
from the ideal Fraunhofer diffraction pattern for higher order
oscillations, which is clearly visible in Fig. 6. Minor differ-
ences in the effective areas of both junctions, which cause
different periods of oscillation in a magnetic field, may in-
duce such behavior. The overlaps of the Nb top electrode
over the junction area can be different due to, e.g., the align-
ment accuracy of the Nb lift-off stencil with respect to the
base electrode, and as a result the shielding by the overlaps
will be different. Furthermore, theIc-B dependence of the
individual junctions may vary due to a slightly varying cur-
rent density along the junctions, which influences the mag-
netic field behavior of the two-junction interferometer. In
Fig. 7 (top) the magnetic field dependence of ap-SQUID
with the second design of Fig. 5 and a similar standard
SQUID (Fig. 7 middle) are depicted. The perpendicular-
junction SQUID presents also for this design maximum criti-
cal currents at ±s 1

2 ±0.01dF0, evidencing an order parameter
induced phase-shift of«=s1±0.02dp for orthogonal direc-
tions along the main crystal axes in theab plane. In this
configuration, the ratio of the SQUID effective area over that
of the junctions is decreased as compared to the situation of
Fig. 6, and a reduced number of SQUID oscillations are ob-
served within the junction envelope-function. A simulation
of dc p-SQUID P3 is presented in Fig. 7(bottom) with the
corresponding parameters and using an order parameter in-
duced phase-shift ofp. The junction-induced envelope over
the SQUID oscillations is clearly visible. The different effec-
tive area ratios that are used(k1=3.7 andk2=4.7) result in
irregular interference, for instance at an applied magnetic
flux around ±4F0. The overlap for the junctions of this
p-SQUID, 4 mm and 5.7mm, respectively, indicates that
such a large difference in effective area may well be a real-
istic estimate. The anti-symmetry in theIc,SQUID-Fa depen-
dence relating to a difference in junction critical currents
corresponds toDF=0.015F0.

The effective area of the SQUIDs can be deduced from
the period of the SQUID oscillations. One SQUID oscillation
corresponds to the in- or outflow of one flux-quantumF0 in
the SQUID-loop. Divided by the magnetic flux densityDB to
accomplish this, it yields the effective area of the SQUID-
washer: Aeff=F0/DB. In general, the effective area of a
square washer is estimated withAeff=c d D if 3d,D,22

wherec is a constant of the order of unity andd andD are
the linear SQUID-hole and SQUID-washer dimension, re-
spectively. A slightly modified expression is used here to
estimate the effective area for SQUIDs having minor devia-
tions from a square geometry:Aeff=cÎsAholeAwasherd, using
the hole and the rectangular washer area as input. Compari-
son with the effective area deduced from the SQUID oscil-
lations yieldsc,1.4–2.0, depending on the exact geometry,
which is a realistic value.

The effective area of a junction is usually described
with Aeff,JJ=wJJt, the junction width multiplied by the effec-

FIG. 7. Critical current as a function of the applied magnetic
field at T=4.2 K of p-SQUID P3 with the planar II design(top),
and “standard” SQUID C3(middle). The insets present schemati-
cally the corresponding configuration and an enlargement of the
Ic,SQUID-B dependence near zero field. Both SQUIDs are in the low
inductance limit. The magnetic field is applied perpendicular to the
substrate plane and the characteristics are recorded with a voltage
criterion of 2.5mV. Simulation (bottom) with method of Lan-
grangian multipliers of the Ic,SQUID−Fa dependence of dc
p-SQUID P3 using an order parameter induced phase-shift ofp.
The employed parameters areL1=2.4 pH, L2=2.0 pH, Ic1

=50.8mA, Ic2=43.2mA, andk1=3.7,k2=4.7. The shift of the peak
positions from1

2 F0 is DF=0.015F0, resulting in a difference in
peak position for positive and negative bias-current of 0.03F0.
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tive dimension of the barrier perpendicular to the magnetic
field. The latter is estimated as the sum of the barrier thick-
ness and the London penetration depths on both sides of
the junction. Correcting for the finite thickness of the elec-
trodes, this is described byt=hdAu+lNb cothsdNb/lNbd
+lYBCO cothsdYBCO/lYBCOdj with dAu the barrier thickness,
and lYBCO and lNb the London penetration depths of the
electrode materials with thicknessdYBCO and dNb, respec-
tively. A typical Au barrier thickness of 50 nm and electrodes
with a thickness of 150 nm yieldst,0.3 mm. However, the
finite film thickness causes the(shielding) currents to spread
over a wider lateral area, an effect commonly referred to as
flux focusing.23–26The area through which the magnetic field
threads close to the junction appears therefore enhanced, be-
ing on the order ofwJJ

2 rather thanwJJt. The convolution of
the SQUID and junction modulation provides an alternative
measure for the effective junction area. The effective junc-
tion area for the applied magnetic field is estimated by divid-
ing of the SQUID effective area by the ratioki. In this, ki is
determined from the number of SQUID oscillations within
the first junction oscillation in theIc-B dependence. Typical
values for the effective junction area derived in this way, are
indeed a factor of 10 to 20 larger than obtained fromAeff,JJ
=wJJt, which confirms the flux focusing effect. Table I sum-
marizes properties of a selection of the characterized
SQUIDs, including approximate values for the ratioki.

In the I-V characteristics of the planar SQUIDs,
LC-resonance structures27 are observed around the gap volt-
age depending on the combination of the loop inductance
value L and the (average) junction capacitanceC. These
resonance structures appear at a voltage ofVr
=hF0/ f2pÎsLC/2dgj as a result of out-of-phase ac-
Josephson oscillations of both junctions. A bias-flux of1

2F0
or an order parameter inducedp phase-bias at zero applied
flux yields the out-of-phase condition,28,29 and leads to the
LC-resonance structures shown in Fig. 8. For SQUIDs C10
and P10 the center of the resonance structure is positioned

aroundVr,75 mV which corresponds to a junction capaci-
tance ofC,2.5 pF. SQUIDs C3 andP3 are similarly char-
acterized withVr,115 mV, Vr,90 mV and C,3.5 pF,C
,6 pF, respectively. The junction capacitance can be deter-
mined independently from the hysteresis in theI-V charac-
teristic described bybC=f2−asp−2dg /a2 following Zappe30

with a the ratio of the return current over the critical current,
and using the Stewart-McCumber parameter defined bybC
=s2p /F0dIcRn

2C. In this, Ic, Rn andC are the junction critical
current, normal state resistance and capacitance, respectively.
In this way a junction capacitance of 1.7 pF is deduced for
SQUIDs C10 andP10, and 1.1 pF and 0.9 pF for SQUIDs

TABLE I. A selection of the various SQUIDs that have been prepared and characterized. The critical
currents have been designed to be easily measurable, while keeping the individual junctions in the small
junction limit meetingJcø3.43107 A/m2. slJù5 mmd. For the different SQUID configurations see Fig. 5.

Config. F0/DB
smm2d

wJJ

smmd
ki Ic,SQUID

smAd
Lgeo

(pH)
LIc/F0 uL2Ic2−L1Ic1u

sF0d

C10 Planar 411 10 31 46.7 15.7 0.35 0.011

P10 Planar I 397 10 35 43.5 15.7 0.33 0.020

C1 Planar 78 6 4.5 50.5 4.7 0.12 0.013

P1 Planar II 72 4 6 31.1 3.9 0.06 0.018

C2 Planar 138 4 13 36.5 7.9 0.14 0.000

P2 Planar II 141 4 12 32.9 7.9 0.13 0.014

C3 Planar 169 10 4.5 103.2 4.7 0.23 0.020

P3 Planar II 146 10 4.3 94.0 4.4 0.20 0.015

C4 Planar 274 10 6.5 57.5 7.9 0.22 0.091

P4 Planar II 258 10 6 50.5 7.9 0.19 0.125

Cm Multi ,8 10 ,1 349.5 0.9 0.15 -

Pm Multi ,2 4 ,1 87.3 0.6 0.03 0.013

FIG. 8. I-V characteristics atT=4.2 K of the SQUIDs and
p-SQUIDs corresponding to Figs. 7 and 8: C10, C3, andP10 and
P3. The SQUIDs are characterized at zero field and at1

2 F0. Flux
induced ord-wave inducedLC-resonance structures are observed
for these SQUIDs, indicated with arrows.
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C3 andP3, respectively. These values are smaller than de-
termined from the position of the resonance peak. A possible
explanation is found in the measurement of a smaller critical
current of the hysteretic junctions due to preliminary switch-
ing to the voltage state, although theI-V characteristics have
been recorded at a relatively high sweep frequency of 10 Hz.

The multi-layer SQUIDs are characterized with the mag-
netic field applied parallel to the substrate surface. The ef-
fective areas of both the junctions and the SQUID are re-
duced for this orientation, and larger magnetic fields have to
be applied to observe the modulation of the critical current.
Figure 9 shows theIc-B characteristics of thep-SQUID with
4-mm-wide perpendicular junctions(top) and the SQUID
with 10-mm-wide parallel junctions(bottom). The black ar-
eas reflect the hysteresis in theI-V characteristics, which is
attributed to an enhanced capacitance of the larger overlap.
The noisy signal is ascribed to resonances in theI-V charac-
teristics, which hamper the voltage-bias method used to
record theIc-B dependence. For this multi-layer low SQUID-
inductance configuration, the ratio of the effective area of the
junctions and the SQUID is close to unity, with the used

magnetic field orientation. As a result the modulations re-
semble (corner-)junction behavior. The observation of
slightly anti-symmetric maxima at non-zero magnetic field
for the SQUID with perpendicular oriented junctions, proves
the proper operation of thep-SQUID, and is indicative for
predominantd-wave symmetry without imaginary admix-
tures.

IV. DISCUSSION

In the previous sections, it has been pointed out that dc
SQUIDs combining an isotropic superconductor with an an-
isotropic superconductor present an excellent tool for inves-
tigations of the order parameter symmetry. Provided that the
junctions have identical quality, angle-resolved information
about the phase and magnitude of the order parameter can be
extracted. The phase is probed by the isotropic supercon-
ductor for two crystal orientations of the unconventional su-
perconductor and compared via condition Eq.(1). Anti- or
point-symmetric deviations in theIc-B dependence relate to
asymmetries in the loop inductance and the junction critical
currents; the latter of which can be recognized as a dissimilar
Josephson coupling for both crystal orientations. Excluding a
difference in loop inductance by a geometrically symmetric
SQUID design, this yields a measure for the relative ampli-
tude of the order parameter comparing both directions. Shifts
from zero magnetic field of the center of(anti-)symmetry
correlate to the phase of the order parameter. In the follow-
ing, the investigation of the order parameter symmetry based
on the experiments described above and the influence of
twinning of the high-Tc superconductor will be considered in
more detail.

In the ongoing debate about the exact order parameter
symmetry of high-Tc superconductors, subdominant admix-
tures to the now almost generally established predominant
dx2−y2 order parameter symmetry are under discussion. Espe-
cially for YBa2Cu3O7, of which the crystal structure is char-
acterized by an orthorhombicity ofsua−bu / ua+bud>1% for
the optimally doped material, subdominant admixtures can
be expected to be present. Generally one distinguishes real
and imaginary admixtures, indicating whether the subdomi-
nant component acts in-phase or not with the dominant one.
Considering the main crystal directions, a reals-wave admix-
ture adds to the amplitude of thedx2−y2-wave symmetry,
while an imaginarys-wave admixture in addition changes
the observed phase(difference) of the order parameter. The
amount of imaginarys-wave admixture can be estimated
using this phase-difference: uisu / udu=tanh 1

2fp−swk100l

−wk010ldgj. Apart froms-wave admixtures, also a more com-
plex doping-dependent imaginaryidxy-wave admixture has
been suggested recently, based on tunneling spectroscopy
measurements.31 The SQUIDs with parallel or orthogonal
oriented junctions studied here are insensitive to an imagi-
nary idxy-wave admixture, since only the phase behavior in
the main crystal orientations in theab plane is probed. Ad-
ditionally, only optimally doped YBa2Cu3O7 thin films are
studied here.

As stated before, all SQUIDs with perpendicular junctions
oriented along thek100l-crystal axes clearly showIc maxima

FIG. 9. Critical current as a function of the applied magnetic
field at T=4.2 K of p-SQUID Pm (top) and SQUID Cm(bottom),
both prepared with the multi-layer design. The SQUIDs are in the
low inductance limit. The magnetic field is appliedparallel to the
substrate plane and the characteristics are recorded with a voltage
criterion of 5mV. The I-V characteristics in the inset are measured
at zero field and for the maximum critical current at, 1

2 F0. Reso-
nance structures are observed below the gap voltage at 1.2 mT,
probably due to Fiske resonances in the individual junctions.
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for Fa=±1
2F0, which confirms predominantdx2−y2 order pa-

rameter symmetry. A reals-wave admixture should induce a
dissimilar Josephson coupling for the perpendicular oriented
junctions assuming single crystalline YBa2Cu3O7, and a dif-
ference in junction critical current would result. An anti-
symmetricIc,SQUID-B dependence should be observed in that
case. However, our pulsed laser deposited YBa2Cu3O7 thin
films are twinned on a scale of 100 nm, and the amplitude of
the order parameter is rotated over,90°, since it is coupled
to the crystal.32 Consequently, twinning leads to a total junc-
tion supercurrent that results from an ensemble of both
crystal-orientations facing the junction. Therefore, a real
s-wave admixture inducing asymmetric Josephson coupling
in the a- and b-crystal direction is not discernable for our
twinned films. Single crystalline films and statistical studies
to distinguish from possible slight differences in interface
quality for orthogonal directions are needed to determine
quantitatively the amount of reals-wave admixture.

No evidence for imaginary admixtures has been found in
this study within the measurement accuracy. All prepared
p-SQUIDs based on the mentioned three designs presentIc

maxima at ±12F0 with a precision of below 1% inF0
Thus far, it has been implicitly assumed that on the mi-

croscopic level only normal incident charge carriers in theab
plane contribute to the supercurrent through the junctions.
Sigrist and Rice33 similarly assumed this when expressing
the Josephson current in an alld-wave junction. In other
words, the tunneling cone34–36describing the angular contri-
butions to the Josephson current with respect to the interface
normal is taken to be very narrow. This assumption can
be understood for the YBa2Cu3O7/Au/Nb junctions in view
of the low transparency ofD,10−3. . .10−4 of the
YBa2Cu3O7/Au interface.9 The exponential dependence of
the supercurrent density on the Au thickness parallel to the
ab plane furthermore suggests that, in spite of the beveled
ramp-edge, the supercurrent is parallel to theab plane rather

than perpendicular to the ramp interface.9 It is remarked that
an averaging effect is expected of the order parameter am-
plitude in theab plane for a wider tunneling cone or when
the interface is faceted, hampering a straightforward determi-
nation of a reals-wave component from the measurement.

V. CONCLUSION

In summary, aspects of using SQUIDs between an isotro-
pic superconductor and an anisotropic superconductor for the
detection of the unconventional order parameter symmetry,
and aspects characteristic for SQUIDs incorporating an ad-
ditional phase-shift, have been considered theoretically. The
experimental Ic-B dependencies of the YBa2Cu3O7/Nb
SQUIDs with different designs and junction orientations all
support predominantdx2−y2 wave order parameter symmetry.
Twinning of the thin film prevents the determination of pos-
sible real admixtures, which could arise based on the orthor-
hombicity of the YBa2Cu3O7 crystal. No evidence has been
found for imaginary admixtures. The presented experimental
characteristics demonstrate the high quality of the SQUIDs
that can be obtained from combining an oxide and a metallic
superconductor, which facilitates the realization of novel
phase-biased superconducting circuits employing the aniso-
tropy of the order parameter.
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