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Measurement of the current-phase relation of superconductor/ferromagnet/superconductor
7r Josephson junctions
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We present measurements of the current-phase relat@RR of superconductor-ferromagnet-
superconducto(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 Nhy&Nigs3Nb Josephson junctions with barrier
thickness~22 nm changes sign a<T,~2-4 K, indicating that the junction becomesma Josephson
junction. We find no evidence for second-order Josephson tunnelingrpearthe CPR predicted by several
theories.
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The interplay between superconductivity and magnetisnby 1;(#)=—|lsin ¢=|lsin(¢+m), in terms of the magni-
in thin film superconductor-ferromagnetiSH structures  tude of the critical current . The minimum energy state of
has long attracted substantial theoretical and experimentah isolateds junction corresponds to a phase shift of
attention. Over 20 years ago, it was predicted that across the junctio®® in contrast to an ordinary Josephson
superconductor-ferromagnet-superconduct6FS  Joseph-  junction, or 0-junction, for which the minimum energy is at
son junction could become a junction, characterized by @ zerg phase difference.
minimum Josephson coupling energy at a phase difference of |, Sk pilayer structures, superconducting correlations are
m, due to exchange field-induced oscillations of the ordef.,,vn to exist in the F-layer due to the proximity effect.
parameter(OP) in the ferromagnetic barriérSuch  junc- Because of the exchange field enekyy, Cooper pairs in the

tions were only achieved recently in systems with weak fer'F—Iayer have nonzero center-of-mass Mmomentu@

romagnetic barriers and demonstrated by conventional 2E. I# ; - -
) = , Whereuvg is the Fermi velocity. The wave func-
transport-6 and SQUID interferende® measurementsr Jo- e IUF UF Y

. . tion of these Cooper pairs at distancéom the SF interface
sephson behavior has also been reported in Mes0SCOPlf iains a phase multiplier ekfiQXx) or exp(—iQx), depend-
s_upercqnduc_tor-normal mg;al-_superconduc(SN_S_Junc- ing on the orientation of the electron spins. Taking into ac-
tlons.dnv.en into a noneqqlhbngm state by the Injection of count all spin states, the OP induced in the F-layer, has the
quasiparticles into the barrigtin submicron cuprate grain ’ ’

boundary junctions for which the supercurrent is dominatec]orm:
by zero-energy Andreev bound states induced bydtheave W(x) ~ X X 1
order parameté and in nanoscale constrictions in super- () ~ co 5 e ér1/’ W

fluid ®He 13 Because they result in a doubly-degenerate phase ) _ _
potential when incorporated into a superconducting loop, which describes the decay of the OP in the ferromagnetic

junctions have been proposed as building blocks for supef@yer over lengthte;, modulated by spatial oscillations with

conducting qubitd? the period Zrég,. In the dirty limit, é-; and &, are given
In this paper, we present measurements of the currenby:?
phase relatiodCPR) of a SFS Josephson junction that dem- 5D 1/2
. . i " _ ’ 2
onstrate directly the sign change in the critical current when &r1po (ke T2+ EL ]2 mkaT (2

the junction undergoes a crossover intarastate below a
temperatureT . at which the critical current vanishes. We whereD is the diffusion constant. Such oscillations of the
also carefully investigate the crossover region néarto  OP have been confirmed in SF-bilayers by measurements of
search for a sif2¢) component in the CPR. This would be the superconducting critical temperattfrand by tunneling
evidence for second-order Josephson coupling, which haspectroscopy?
been predicted to dominate in this regien®and has been In SFS junctions, the OP oscillations cause the magnitude
suggested by period doubling in the magnetic field modulaef the critical current to vary with the barrier thickness, van-
tion of the critical current of SFS arrasand SNS ishing at one or more thicknessE$.A ferromagnetic layer
SQUIDs?? We find no evidence for any gi¢) component.  with thickness of order 1/2or other odd half-integer valye

A 1rjunction is a Josephson junction with a negative criti- of the oscillation wavelength results in a sign change in the
cal currentl.. Thus, the currenty through asr junction fora  OP between the superconductor electrodes, meaning that the
given superconducting phase difference across the junctiojuinction becomes a junction. Although this condition can
¢, assuming a purely sinusoidal form for the CPR, is givenbe achieved with ultrathin barriers of a strong ferromagnet,
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it is experimentally advantageous to use thicker barriers of a 20

weakly-ferromagnetic alloy. Ferromagnetic layers with thick- ot

nesses in the range 10-30 nm are ideal because they are __ 1ot il

thick enough to form a uniform Josephson barrier yet thin <

enough to allow a measurable supercurrent. §egrand &, ‘E’ 0

to be in the appropriate range, the Curie temperature of the o

ferromagnetic material should be of order 20—100 K. SFS 3

junctions of this type have been fabricated using metallic 1or |

alloys consisting of the strong ferromagnet Ni diluted with T=14K

either diamagnetic C(Ref. 3) or paramagnetic PH. i e . =0 00
As can be seen from E@2), both &-; and &,, and hence Voltage (pV)

the junction critical current, vary with temperature. Another

advantage of a weak-ferromagnetic barrier is thgtcan be 10— ; : ;

made comparable tégT in the experimentally-accessible (b)

temperature rangd.—4 K) so that the changes #; andé, 8r °

are maximized. This allows an SFS Josephson junction of — &l b

appropriate barrier thickness to be tuned between the Grand <5_ ~

states via temperature, enabling the crossover region to be = 4} " S

explored in a single junction. We utilize this capability in our - ® e

experiments. 2t ° ° .
Our SFS junctions were prepared in a multistep process n-state Ty 0 - state

by optical lithography and magnetron sputtering. The base 01 > 3 2

and top superconducting layers are dc-sputtered Nb with T (K)

thicknesses 100 nm and 240 nm, respectively, separated by a

22 nm ba”'?‘r layer of r_f-sputtered @M7N.|°53 a weakly- FIG. 1. (@) Current vs voltage for a Nb-CuNi-Nb Josephson
ferromagnetic alloy which has a Curie temperature Ofjunction measured af=1.4 K. (b) Variation of the critical current

~60 K. The size of the junctions was %< 50 um, &8s \ith temperature showing re-entranceTa¢ 2.7 K characteristic of
defined by a window in an insulating SiO layer deposited, {ransition into ar junction state.

directly on top of the CuNi.

_ Because of the low normal state resistance of th_e .SF%f the SQUID critical current in zero magnetic field. We note
junctions (Ry~ 10 u{2), the current-voltage characteristics o . o

f the SES iunctions are m red usin SOUID pot ntithat measurements of both the minimum in the critical cur-
ot the junctions are measured using a Q POeNrant in dc corner SQUIDg&Ref. 26 and the spontaneous flux
ometer setup. In Fig.(4), we show a typical vs V curve

in tricrystal ring$’ have been used to demonstrate a similar

e I et 0 5 S21%%ut ditictefect, the phase it of betveen orthagorl
’ P irections in thed-wave superconducting cuprates.

temperature, as in Fig.(d). As the temperature is lowered The most complete way to characterize thgunction

from 4.2 K, the critical current decreases, vanishes at a tem, .. it measure the current-phase rela@PR). The
e & comamirt i o ancnon neean 0 o CFR Secies th magnud and sign o e sinsoidl com
. . 5 . o J rE)onent of the critical current as well as the amplitudes of any
inldow Aur:ﬁt;onrosdtagék Aj igg rr\1/aX|mum critical current higher harmonics that may be present. The CPR can be mea-
pA, the productichy = PV sured in the rf SQUID configuration shown in Figag A dc
Conventional measurements of the current-voltage CharSQUID galvanometer is used to measure the curketiat

" . E3f_|ows through the superconducting loop as a function of the
critical current nor to the shape of Fhe_ curr_ent-phase_ rela_ltlonCurrentl applied across the junction. The CPR functigi)
only |l can be determined. To verify junction behavior, it .

) o s related tol andl_ by

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 I=1y(p) +1.= IJ(?
configuration by shorting the electrodes of the junction with
a superconducting loop. For sufficiently high inductahce where®, the total magnetic flux in the loop, is related to the
(such that B | =27l L/ ®y> 1), a loop containing ar junc-  junction phasep=27d/®d, by the phase constraint around
tion in zero applied magnetic field will exhibit a spontaneousthe rf-SQUID loop, and td, =®/L provided that there is no
circulating current, generating a magnetic flux@f2)®yin  external flux linking the SQUID loop.

the loop which can be detected by a SQUID magnetometer For our phase-sensitive measurements, the SHGnc-

or Hall probe; for smaller inductance, such that| <1, itis  tion is incorporated into an rf-SQUID loop with inductance
energetically favorable to flip the phase of the junction intoL~1 nH. This loop is fabricated in the shape of a planar
its high energy stateb=0 in which there is no circulating washer which is coupled to a commercial dc SQUID sensor.
current. Alternatively, the junction can be connected in parAs currentl is applied across the SFS junction, the magnetic
allel with a conventional Josephson junction to form a dcflux in the loop is modulated due to the winding of the phase
SQUID. In this case, a junction is identified by a minimum of the Josephson junction according to E8). The induc-
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4 > 0 2 1 FIG. 4. Current-phase relation derived from the rf SQUID
1(uA) modulation curves of Fig. 3 showing the transition te dosephson

junction as the temperature is lowered.

FIG. 2. (a) Circuit for measuring the current-phase relations of a
SFS junction(b) Magnetic flux® in the rf SQUID loop vs applied
current | showing a transition from hysteretic to nonhysteretic
curves asl drops. Curves offset for clarity.

determined to be 1.28+0.01 nH. The curves are strongly
hysteretic aff=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 én indi-
cating thatl.=0, and we identify this as the #-junction
crossover temperaturg,. All of the SFS junctions that we
have studied were fabricated to exhibit a crossover tempera-
ture between 0 and-states in the range 2—4 K.

Figure 3 shows in detail the temperature range for which
1<, <1. The modulation of the flux is now more accu-
rately seen to disappear @t,=3.59 K. The most striking
feature of the data in Figs. 2 and 3 is that the relative phase
Bf the modulation abruptly changes hyas the temperature
is varied from above to below .. Due to the presence of
stray residual magnetic fields-10 mQG in the cryostat, the
phase of the modulatiotand hence the junction phase dif-

tance L determines the critical current rangbere up to
~300 nA) over which the rf-SQUID response remains non-
hysteretic (|3.|<1) 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 ® vs applied current for different tempera-
tures is shown in Fig. ®). We note that the flux axis is
self-calibrating since each period corresponds to a one flu
quantumd, change in the loop flux. Plotted in this form, the
overall slope of the curves ls the loop inductance, which is

o gg;ﬁ ference is not in general zero for zero applied current and
/ 365K varies slightly with temperature. This background phase shift
/ o is roughly linear in the vicinity of the Gr transition.
// 3.62K As can be seen in E@3), the current-phase relation can
% / ggéﬁ be directly extracted from the data in Fig. 3 by subtracting
3.59 K
I 355K 2001 1
354K —
& %///’ 353K < [
352K < 100} y
// 351K o L
/ / < -7 Lo
/ £ .00 | ;
I(IJO _o L C
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FIG. 3. Modulation of the magnetic flux in the rf SQUID loop as T (K)

a function of current applied across the SFS junction for a series of

temperatures. As the temperature is lowered, the critical current FIG. 5. Variation ofl. and |, the sing and sir{2¢) compo-
vanishes aT=3.59 K, below which the modulation shifts phase by nents of the Josephson critical current, with temperature, showing
7. Curves offset for clarity. the sign change ih. and absence of a significah.
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the linear flux term and taking account of any phase shiftgs the mean free path in the ferromagnetic barrier, for second-
arising from background fields. The CPR for several tem-order Josephson tunneling to dominate the CPR near the 0
peratures neaf . is shown in Fig. 4. The CPR has a sinu- — transition'® However, this regime is not easily accessible
soidal form. No doubling of the periodicity is observed in thein SFS junctions due to magnetic scattering; e.g. in our junc-
CPR at any temperature, suggesting that second-order J#ons,¢~1 nm. N
sephson tunneling harmonics, if present, never dominate the In conclusion, we have performed phase-sensitive mea-
CPR of the junction. Afr=3.59 K, only aperiodic fluctua- surements on SFS Josephson junctions that exhibit a transi-
tions of the current are observed, which limit the resolutionion_from a 0 state into ar state at a crossover temperature
of our critical current measurements 010 nA. The CPR = The current-phase relation of the junctions is mapped out
curves for temperatures above and belby3.59 K are out as a function of temperature, demonstrating the vanishing of

e - I, at T, and the sign change in the critical current at this
of phase by, verifying that the critical current of the SFS ¢ 77 . o
Josephson junction changes sigrTat temperature. No higher-order harmonics in the CPR are ob-

. : served for these junctions.
The critical current as a function of temperature can be Note added in proofin this paper, we have analyzed our
extracted from the CPR curves, or, more accurately, dlreCtl)fesults assuming that the SFS junctions studied had a barrier

Irom t?eE farginFof tcr;1ur\é:e;Rin Fig. 3 by fitt:]ingf thet_m tol fthe thickness near the first transition between 0 anstates that
orm of Eq.(3). For the , WE assume the functional orm , .., s 55 the barrier increases, implying a crossover from a

i(d)=lc sin() +1c; sin2¢), allowing fpr a second-orc_jer Jo- O-state into arr-state as the temperature is lowered. Recent
Slephs(;)’? clé)_mpson%r]itc andlc, determm_eq from éhe fits sre experiments suggest that we may, in fact, be at the second
plotted In Fig. 5. The temperature variation and sign changgansition so that ther-state is the higher temperature phase.
of | are clearly seerl, is relatively flat, never exceeding a ag giscussed in the paper, residual magnetic fields and
few percent of the maximum sinusoidal compongnand, 0064 magnetic flux can shift the CPR curves, making it

more significantly, vanishes along wit at T,.. This sug-  giieit to identify the states even though the transition is
gests that any induceld, value is likely an artifact of the unambiguously demonstrated

fitting procedure rather than a physical second-order Jose-
phoson component in the CPR. We thank Marco Aprili and Alexander Golubov for useful
The absence of any gi&y) component is a significant discussions. Work supported by the National Science Foun-
result. Such terms have been widely predicted to arise andation Grant No. EIA-01-21568 and by the U.S. Civilian
dominate the CPR at the crossover point, inhibiting the criti-Research and Development Foundati@RDP Grant No.
cal current from vanishing completely @t, in all imple- RP1-2413-CG-02. We also acknowledge extensive use of the
mentations ofr junctions, particularly SF&Refs. 16 and 1)  Microfabrication Facility of the Frederick Seitz Materials
and SNS(Ref. 19 junctions. Some models predict that the Research Laboratory at the University of lllinois at Urbana-
barrier must be in the clean limit for which> &g, wheref Champaign.
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