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We present measurements of the current-phase relation(CPR) of superconductor-ferromagnet-
superconductor(SFS) Josephson junctions as a function of temperature. The CPR is determined by incorpo-
rating the junction into a superconducting loop coupled to a dc SQUID, allowing measurement of the junction
phase difference. We find that the critical current of Nb-Cu0.47Ni0.53-Nb Josephson junctions with barrier
thickness,22 nm changes sign atT,Tp,2–4 K, indicating that the junction becomes ap Josephson
junction. We find no evidence for second-order Josephson tunneling nearTp in the CPR predicted by several
theories.
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The interplay between superconductivity and magnetism
in thin film superconductor-ferromagnetic(SF) structures
has long attracted substantial theoretical and experimental
attention. Over 20 years ago, it was predicted that a
superconductor-ferromagnet-superconductor(SFS) Joseph-
son junction could become ap junction, characterized by a
minimum Josephson coupling energy at a phase difference of
p, due to exchange field-induced oscillations of the order
parameter(OP) in the ferromagnetic barrier.1 Suchp junc-
tions were only achieved recently in systems with weak fer-
romagnetic barriers and demonstrated by conventional
transport2–6 and SQUID interference7–9 measurements.p Jo-
sephson behavior has also been reported in mesoscopic
superconductor-normal metal-superconductor(SNS) junc-
tions driven into a nonequilibrium state by the injection of
quasiparticles into the barrier,10,11 in submicron cuprate grain
boundary junctions for which the supercurrent is dominated
by zero-energy Andreev bound states induced by thed-wave
order parameter,12 and in nanoscale constrictions in super-
fluid 3He.13 Because they result in a doubly-degenerate phase
potential when incorporated into a superconducting loop,p
junctions have been proposed as building blocks for super-
conducting qubits.14

In this paper, we present measurements of the current-
phase relation(CPR) of a SFS Josephson junction that dem-
onstrate directly the sign change in the critical current when
the junction undergoes a crossover into ap state below a
temperatureTp at which the critical current vanishes. We
also carefully investigate the crossover region nearTp to
search for a sins2fd component in the CPR. This would be
evidence for second-order Josephson coupling, which has
been predicted to dominate in this region15–20 and has been
suggested by period doubling in the magnetic field modula-
tion of the critical current of SFS arrays21 and SNS
SQUIDs.22 We find no evidence for any sins2fd component.

A p junction is a Josephson junction with a negative criti-
cal currentIc. Thus, the currentIJ through ap junction for a
given superconducting phase difference across the junction
f, assuming a purely sinusoidal form for the CPR, is given

by IJsfd=−uIcusinf= uIcusinsf+pd, in terms of the magni-
tude of the critical currentuIcu. The minimum energy state of
an isolatedp junction corresponds to a phase shift ofp
across the junction,23 in contrast to an ordinary Josephson
junction, or 0-junction, for which the minimum energy is at
zero phase difference.

In SF bilayer structures, superconducting correlations are
known to exist in the F-layer due to the proximity effect.
Because of the exchange field energyEex, Cooper pairs in the
F-layer have nonzero center-of-mass momentumQ
=2Eex/"vF, wherevF is the Fermi velocity. The wave func-
tion of these Cooper pairs at distancex from the SF interface
obtains a phase multiplier exps+iQxd or exps−iQxd, depend-
ing on the orientation of the electron spins. Taking into ac-
count all spin states, the OPC induced in the F-layer, has the
form:

Csxd , cosS x

jF2
DexpS−

x

jF1
D , s1d

which describes the decay of the OP in the ferromagnetic
layer over lengthjF1, modulated by spatial oscillations with
the period 2pjF2. In the dirty limit, jF1 and jF2 are given
by:3

jF1,F2 = H "D

fspkBTd2 + Eex
2 g1/2 ± pkBT

J1/2

, s2d

whereD is the diffusion constant. Such oscillations of the
OP have been confirmed in SF-bilayers by measurements of
the superconducting critical temperature24 and by tunneling
spectroscopy.25

In SFS junctions, the OP oscillations cause the magnitude
of the critical current to vary with the barrier thickness, van-
ishing at one or more thicknesses.4–6 A ferromagnetic layer
with thickness of order 1/2(or other odd half-integer value)
of the oscillation wavelength results in a sign change in the
OP between the superconductor electrodes, meaning that the
junction becomes ap junction. Although this condition can
be achieved with ultrathin barriers of a strong ferromagnet,6
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it is experimentally advantageous to use thicker barriers of a
weakly-ferromagnetic alloy. Ferromagnetic layers with thick-
nesses in the range 10–30 nm are ideal because they are
thick enough to form a uniform Josephson barrier yet thin
enough to allow a measurable supercurrent. ForjF1 andjF2
to be in the appropriate range, the Curie temperature of the
ferromagnetic material should be of order 20–100 K. SFSp
junctions of this type have been fabricated using metallic
alloys consisting of the strong ferromagnet Ni diluted with
either diamagnetic Cu(Ref. 3) or paramagnetic Pd.4

As can be seen from Eq.(2), bothjF1 andjF2, and hence
the junction critical current, vary with temperature. Another
advantage of a weak-ferromagnetic barrier is thatEex can be
made comparable tokBT in the experimentally-accessible
temperature ranges1–4 Kd so that the changes injF1 andjF2
are maximized. This allows an SFS Josephson junction of
appropriate barrier thickness to be tuned between the 0 andp
states via temperature, enabling the crossover region to be
explored in a single junction. We utilize this capability in our
experiments.

Our SFS junctions were prepared in a multistep process
by optical lithography and magnetron sputtering. The base
and top superconducting layers are dc-sputtered Nb with
thicknesses 100 nm and 240 nm, respectively, separated by a
22 nm barrier layer of rf-sputtered Cu0.47Ni0.53, a weakly-
ferromagnetic alloy which has a Curie temperature of
,60 K. The size of the junctions was 50mm350 mm, as
defined by a window in an insulating SiO layer deposited
directly on top of the CuNi.

Because of the low normal state resistance of the SFS
junctions sRN,10 mVd, the current-voltage characteristics
of the SFS junctions are measured using a SQUID potenti-
ometer setup. In Fig. 1(a), we show a typicalI vs V curve
from which the critical current is determined. From a series
of these curves, the critical current is plotted as a function of
temperature, as in Fig. 1(b). As the temperature is lowered
from 4.2 K, the critical current decreases, vanishes at a tem-
perature Tp=2.75 K, and then increases again. This re-
entrance is consistent with a transition between 0 junction
and p junction states.3,5 At the maximum critical current
,10 mA, the productIcRN<100 pV.

Conventional measurements of the current-voltage char-
acteristic of the junction are not sensitive to the sign of the
critical current nor to the shape of the current-phase relation;
only uIcu can be determined. To verifyp junction behavior, it
is necessary to perform a phase sensitive measurement by
including the junction in a multiply-connected geometry. The
sign of the critical current can be detected in an rf SQUID
configuration by shorting the electrodes of the junction with
a superconducting loop. For sufficiently high inductanceL
(such thatubLu=2puIcuL /F0@1), a loop containing ap junc-
tion in zero applied magnetic field will exhibit a spontaneous
circulating current, generating a magnetic flux ofs1/2dF0 in
the loop which can be detected by a SQUID magnetometer
or Hall probe; for smaller inductance, such thatubLu,1, it is
energetically favorable to flip the phase of the junction into
its high energy statef=0 in which there is no circulating
current. Alternatively, the junction can be connected in par-
allel with a conventional Josephson junction to form a dc
SQUID. In this case, ap junction is identified by a minimum

of the SQUID critical current in zero magnetic field. We note
that measurements of both the minimum in the critical cur-
rent in dc corner SQUIDs(Ref. 26) and the spontaneous flux
in tricrystal rings27 have been used to demonstrate a similar
but distinct effect, the phase shift ofp between orthogonal
directions in thed-wave superconducting cuprates.

The most complete way to characterize thep-junction
behavior is to measure the current-phase relation(CPR). The
CPR specifies the magnitude and sign of the sinusoidal com-
ponent of the critical current as well as the amplitudes of any
higher harmonics that may be present. The CPR can be mea-
sured in the rf SQUID configuration shown in Fig. 2(a). A dc
SQUID galvanometer is used to measure the currentIL that
flows through the superconducting loop as a function of the
currentI applied across the junction. The CPR functionIJsfd
is related toI and IL by

I = IJsfd + IL = IJS2pF

F0
D +

F

L
, s3d

whereF, the total magnetic flux in the loop, is related to the
junction phasef=2pF /F0 by the phase constraint around
the rf-SQUID loop, and toIL=F /L provided that there is no
external flux linking the SQUID loop.

For our phase-sensitive measurements, the SFSp junc-
tion is incorporated into an rf-SQUID loop with inductance
L<1 nH. This loop is fabricated in the shape of a planar
washer which is coupled to a commercial dc SQUID sensor.
As currentI is applied across the SFS junction, the magnetic
flux in the loop is modulated due to the winding of the phase
of the Josephson junction according to Eq.(3). The induc-

FIG. 1. (a) Current vs voltage for a Nb-CuNi-Nb Josephson
junction measured atT=1.4 K. (b) Variation of the critical current
with temperature showing re-entrance atT<2.7 K characteristic of
a transition into ap junction state.
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tance L determines the critical current range(here up to
,300 nA) over which the rf-SQUID response remains non-
hysteretic subLu,1d so that the full CPR period can be
mapped out.

For one sample, a series of curves plotting the flux in the
rf-SQUID loop F vs applied currentI for different tempera-
tures is shown in Fig. 2(b). We note that the flux axis is
self-calibrating since each period corresponds to a one flux
quantumF0 change in the loop flux. Plotted in this form, the
overall slope of the curves isL, the loop inductance, which is

determined to be 1.28±0.01 nH. The curves are strongly
hysteretic atT=4.2 K and at low temperatures. They become
nonhysteretic in the temperature range from 3.7 to 3.5 K.
At T<3.6 K, there is no discernible modulation inF indi-
cating thatIc=0, and we identify this as the 0-p junction
crossover temperatureTp. All of the SFS junctions that we
have studied were fabricated to exhibit a crossover tempera-
ture between 0 andp-states in the range 2–4 K.

Figure 3 shows in detail the temperature range for which
−1øbLø1. The modulation of the flux is now more accu-
rately seen to disappear atTp=3.59 K. The most striking
feature of the data in Figs. 2 and 3 is that the relative phase
of the modulation abruptly changes byp as the temperature
is varied from above to belowTp. Due to the presence of
stray residual magnetic fieldss,10 mGd in the cryostat, the
phase of the modulation(and hence the junction phase dif-
ference) is not in general zero for zero applied current and
varies slightly with temperature. This background phase shift
is roughly linear in the vicinity of the 0-p transition.

As can be seen in Eq.(3), the current-phase relation can
be directly extracted from the data in Fig. 3 by subtracting

FIG. 3. Modulation of the magnetic flux in the rf SQUID loop as
a function of current applied across the SFS junction for a series of
temperatures. As the temperature is lowered, the critical current
vanishes atT=3.59 K, below which the modulation shifts phase by
p. Curves offset for clarity.

FIG. 4. Current-phase relation derived from the rf SQUID
modulation curves of Fig. 3 showing the transition to ap Josephson
junction as the temperature is lowered.

FIG. 5. Variation ofIc and Ic2, the sinf and sins2fd compo-
nents of the Josephson critical current, with temperature, showing
the sign change inIc and absence of a significantIc2.

FIG. 2. (a) Circuit for measuring the current-phase relations of a
SFS junction.(b) Magnetic fluxF in the rf SQUID loop vs applied
current I showing a transition from hysteretic to nonhysteretic
curves asuIcu drops. Curves offset for clarity.
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the linear flux term and taking account of any phase shifts
arising from background fields. The CPR for several tem-
peratures nearTp is shown in Fig. 4. The CPR has a sinu-
soidal form. No doubling of the periodicity is observed in the
CPR at any temperature, suggesting that second-order Jo-
sephson tunneling harmonics, if present, never dominate the
CPR of the junction. AtTp=3.59 K, only aperiodic fluctua-
tions of the current are observed, which limit the resolution
of our critical current measurements to,10 nA. The CPR
curves for temperatures above and belowTp=3.59 K are out
of phase byp, verifying that the critical current of the SFS
Josephson junction changes sign atTp.

The critical current as a function of temperature can be
extracted from the CPR curves, or, more accurately, directly
from the family of curves in Fig. 3 by fitting them to the
form of Eq.(3). For the CPR, we assume the functional form
IJsfd= Ic sinsfd+ Ic2 sins2fd, allowing for a second-order Jo-
sephson component.Ic and Ic2 determined from the fits are
plotted in Fig. 5. The temperature variation and sign change
of Ic are clearly seen.Ic2 is relatively flat, never exceeding a
few percent of the maximum sinusoidal componentIc and,
more significantly, vanishes along withIc at Tp. This sug-
gests that any inducedIc2 value is likely an artifact of the
fitting procedure rather than a physical second-order Jose-
phoson component in the CPR.

The absence of any sins2fd component is a significant
result. Such terms have been widely predicted to arise and
dominate the CPR at the crossover point, inhibiting the criti-
cal current from vanishing completely atTp, in all imple-
mentations ofp junctions, particularly SFS(Refs. 16 and 17)
and SNS(Ref. 19) junctions. Some models predict that the
barrier must be in the clean limit for which,.jFR, where,

is the mean free path in the ferromagnetic barrier, for second-
order Josephson tunneling to dominate the CPR near the 0
−p transition.18 However, this regime is not easily accessible
in SFS junctions due to magnetic scattering; e.g. in our junc-
tions, ,,1 nm.

In conclusion, we have performed phase-sensitive mea-
surements on SFS Josephson junctions that exhibit a transi-
tion from a 0 state into ap state at a crossover temperature
Tp. The current-phase relation of the junctions is mapped out
as a function of temperature, demonstrating the vanishing of
Ic at Tp and the sign change in the critical current at this
temperature. No higher-order harmonics in the CPR are ob-
served for these junctions.

Note added in proof: In this paper, we have analyzed our
results assuming that the SFS junctions studied had a barrier
thickness near the first transition between 0 andp states that
occurs as the barrier increases, implying a crossover from a
0-state into ap-state as the temperature is lowered. Recent
experiments suggest that we may, in fact, be at the second
transition so that thep-state is the higher temperature phase.
As discussed in the paper, residual magnetic fields and
trapped magnetic flux can shift the CPR curves, making it
difficult to identify the states even though the transition is
unambiguously demonstrated.
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