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We fabricated lateral junctions by crossing superconducting Nb strips in metallic contact with a

ferromagnetic NiFe strip. Transport measurements on the Nb lateral junctions exhibit modulations

of the critical current with a varying perpendicular magnetic field similar to a Fraunhofer

interference pattern, which demonstrates the dc Josephson effect. The modulations of the critical

current could be attributed to an effective weak link embedded in the Nb strip and formed a

Josephson junction. Appearance of Shapiro steps on the current-voltage curves of these junctions

when microwaves irradiation is applied proves the ac Josephson effect. The underlying physics of

the effective weak link induced by the NiFe strip is discussed. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4770302]

The heterogeneous properties around the interface

between ferromagnet (F) and conventional s-wave supercon-

ductor (S) hybrid structures exhibit several remarkable phe-

nomena. The Cooper pairs from the S can penetrate a short

distance, nF ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�hDF=hex

p
, into the F in the dirty limit, where

DF is the diffusion coefficient and hex is the magnetic

exchange field in F, is one example of the proximity effect.1

The nF is only few nanometers due to the strong magnetic

exchange field. Even in weak ferromagnets, it is only about

10 nm.2 An S/F/S Josephson junction due to the proximity

effect is characterized by phase coherent transfer of the

Cooper pairs across the ferromagnet weak link between two

superconducting electrodes. The oscillations of the pair cor-

relations lead to alternating 0 and p junction in S/F/S devices,

which have been observed in several experiments using

strong and weak ferromagnet.3–5 Though the S/F proximity

effect has attracted much attention, the inverse proximity

effect, in which the ferromagnetic order-parameter penetrates

into the superconductor, has rarely been reported experimen-

tally. According to the quasiclassical approach,6–11 there are

two possible profiles as “screening” and “antiscreening” for

the induced magnetic moment inside the S. Whether the

direction of the induced magnetic moment inside the S is

antiparallel or parallel to the magnetization of F is correlative

to the screening or antiscreening profiles. So far, only a few

experimental observations of the inverse proximity effect

were given by techniques like nuclear magnetic resonance,12

neutron reflectometry,13 and Sagnac magnetometer,14 which

gives accurately the spatial distribution of magnetic moments

and provides the spin screening effect. Stamopoulos et al.15

suggest that the results of the magnetization measurement on

the LaCaMnO/Nb hybrids can be attributed to the spin

antiscreening. Recently, the evidence for induced magnetiza-

tion in S/F heterostructures have been reported by the scan-

ning tunneling spectroscopy study on YBaCuO/SrRuO16 and

by electronic transport measurement in lateral double Joseph-

son junction of Nb/PdFe.17 In this article, we present experi-

mental observations of the dc and ac Josephson effects in

NiFe/Nb cross-strip samples. We argue that the effective

weak link of the Josephson junction was induced by the

inverse proximity effect around the Nb interface in contact

with the strong ferromagnetic NiFe.

The samples were fabricated by electron beam lithogra-

phy and the lift-off technique. NiFe strips 50 nm thick with

3 nm Au protective layer were deposited by dc magnetron

sputtering onto Si substrates coated with SiO2 first. After

defining the cross bridge shape, Ar-ion etching was applied

to remove the Au protective layer on the film surface imme-

diately prior to the in situ 100 nm thick Nb deposition. The

width of the NiFe strip was 0.7 lm, and the width of the Nb

bridges were fixed at 1.5 lm. The image of one sample and

measurement layout is given in the inset of Fig. 1(a). The

transport properties were measured under various tempera-

tures and magnetic fields, which were perpendicular to the

film plane.

Our samples consist of a Nb strip and a cross NiFe strip.

In Fig. 1(a), the resistance versus temperature curve shows a

transition from the normal state with 15.2 X to the S state

below the critical temperature TC¼ 6.0 K. Fig. 1(b) shows

the I-V curves, measured from 2 to 5 K, representing the

current induced transitions to the normal state with critical

current IC defined by the onset of 1 lV. When out-of-plane

magnetic fields were applied, the junctions exhibited a mod-

ulation of the IC similar to the Fraunhofer interference pat-

tern. Typical curves measured between 2 and 5 K for the

sample in Fig. 1 are shown in Fig. 2. We can see that the

periodicity of our data agree well with the function

I0j½sinðpH=H0Þ�=ðpH=H0Þj, which is drawn as a solid line in

Fig. 2(a). Our data seem to show a slightly varying back-

ground superimposed on this curve. Estimating the crossed

area between Nb and NiFe, we find the expected magnetic

field that corresponds to one magnetic flux quantum through

the area should be 19.7 Oe. The measured periodicity DH is

approximately 23 Oe. The Fraunhofer interference pattern

can be obtained at different temperature below TC as shown

in Fig. 2(b). The same numbers of periodic peaks can be

observed. The amplitudes of IC peaks reasonably decreased

with increasing temperature.a)E-mail: leesf@phys.sinica.edu.tw.
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The contribution of stray field and vortex pinning effects

to our data should be considered. The NiFe is in long strip

geometry. Due to the magnetic anisotropy, the magnetiza-

tions of NiFe prefer aligning along the in-plane long axis.

The Fraunhofer interference pattern were measured under

the out-of-plane field between 6200 Oe. Such field is too

small to rotate the magnetizations to the out-of-plane direc-

tion. We also checked the magnetization configurations of

NiFe strip by the micro-magnetism simulation software

OOMMF. There is no vertical stray field in the horizontal plane

at the middle of the NiFe. The Nb strip is far from the ends

of the 4 lm long NiFe strip as shown in the inset of Fig. 1,

the horizontal stray field from the ends of NiFe strip is quite

small and Nb has high critical field, HC2. Therefore, the stray

field effect could be ruled out.

The critical current modulations might also result from

vortex pinning effect in superconducting mixed state. Obser-

vations of the IC modulations by vortex pinning effect in sam-

ples with designed artificial pinning sites were measured at

the temperature very close to TC,18,19 i.e., in the superconduct-

ing mixed state. In our samples, there are no artificial pinning

sites and the IC modulations could be observed at all tempera-

ture between 2 K and TC rather than only at very close to TC.

The behavior is very different to the vortex pinning effect. In

order to rule out the possibility of vortex pinning by defects

and magnetic impurities, we checked Nb with crossed Cu

instead of NiFe strips fabricated by the same condition and

did not see any IC modulations with magnetic field. Hence,

the modulations of IC demonstrate the dc Josephson effect.

To explain our data, we treat the Nb strip as an S-SF-S

junction such that the Josephson effect manifest itself as IC

oscillation on top of the IC of the Nb strip background. The

“SF” denotes the effective weak link region embedded in Nb

strip induced by the inverse proximity effect, where the net

magnetic moments and superconductivity coexist in Nb. The

SF did not turn into a normal ferromagnet as indicated by the

zero resistance as seen in Fig. 1(a) at low temperature. When

the inverse proximity effect occurs, the penetration length of

the induced magnetic moment in S should be a few coher-

ence length nS deep from the S/F interface as the theoretical

prediction. However, when the magnetic moment was

induced inside S in close vicinity to the S/F interface, a spin

imbalanced population of electrons is formed. It is expected

to lose its polarization at a distance comparable to the spin

diffusion length. If the spin diffusion length is larger than the

coherence length nS, one would expect that the distances of

the imbalance of the spin population would extend larger

FIG. 1. (a) The resistance versus temperature curve of a 0.7 lm wide NiFe

junction. Inset shows the sample image and measurement layout. (b) Current

versus voltage characteristics measured for the same junction at zero mag-

netic field and varying temperatures from 2 to 5 K which critical current IC’s

are defined.

FIG. 2. (a) The periodic modulation of the critical current of the 0.7 lm

wide NiFe junction in a perpendicular magnetic field at 2.5 K similar to a

Fraunhofer interference pattern. The red solid line is described by

I0j½sinðpH=H0Þ�=ðpH=H0Þj and is a guide to the eye. The arrows point to the

peaks position. (b) The modulation of the critical current in a perpendicular

magnetic field at varying temperatures from 2 to 5 K.
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than nS. There are two different ways in the literature to

determine the spin diffusion length. In current-perpendicular-

to-plane (CPP) spin-valve structures, the spin diffusion

length in Nb is estimated to be 25 and 48 nm.20,21 The other

way is the non-local measurements by lateral spin diffu-

sion.22,23 In the lateral dimension, the spins can travel

through several hundred nanometers.24,25 The coherence

length nS of Nb is estimated around 10 nm, which is much

shorter than the spin diffusion length mentioned above.

Therefore, the embedded depth of SF in Nb is expected to be

larger than the coherence length nS. The induced magnetiza-

tion length in S larger than nS was also observed by scanning

tunneling spectroscopy study on YBaCuO/SrRuO.16

The zero resistance below TC suggests a fully developed

S state in the effective weak link SF embedded in our Nb

strip in contact with the NiFe strip. The Cooper pair wave-

functions in the effective weak link SF is not diminished as

in usual Josephson junctions. The single step during both

temperature and current induced transitions suggests the

superconductivity of the SF region behaves as a whole with

the neighboring Nb. Therefore, when the applied current

reaches the critical value, the whole Nb strip turns to normal

state. For comparison, we also fabricated samples without SF

region, Nb strips without NiFe strip. The IC’s were much

larger and no modulation behaviors could be observed. Thus,

the IC modulation we observed is associated with the S-SF-S

junction.

Vavra et al.17 studied lateral double junction of Nb and

weak ferromagnetic Pd0.95Fe0.05. They observed Josephson

junction behaviors only when temperature was close to TC. It

was attributed to that the S condensate in the adjacent Nb

dominated over the inverse proximity effect at low tempera-

ture. In our case, the NiFe was used to induce the effective

weak link in Nb. The inverse proximity effect induced by a

strong F can be expected to survive at lower temperatures.

The Fraunhofer interference patterns are clearly observed

down to 2 K.

The phenomena of Josephson junctions should be con-

firmed by both dc and ac Josephson effects. When a Joseph-

son junction is subject to an electro-magnetic radiation with

frequency frf, the response of the supercurrent gives rise to

the Shapiro steps in the dc current-voltage curve at voltages

Vn ¼ nhfrf =2e, where n is an integer and h is the Planck’s

constant. We have irradiated our samples with a microwave

source with frequencies from 5 to 15 GHz and fixed power

of 13 dBm. The ac excitation Shapiro steps under different

frequencies were observed on the dc I-V characteristics as

shown in Fig. 3(a). The dc I-V curve at 5 GHz shows the

steps at integer multiples of the Shapiro voltage. At 7 to

15 GHz, the I-V curves show the first integer Shapiro vol-

tages, V1. The V1 versus microwave frequency frf is plotted

in Fig. 3(b). The voltage steps increase linearly with increas-

ing microwave frequency. The solid line is described by

frf=VSh ¼ 2e=h ¼ 0:483 GHz/lV. Our experimental data

agree well with the theoretical description. The Shapiro steps

observation proves the ac Josephson effect in our samples.

From the Fraunhofer patterns and the Shapiro steps measure-

ments, the Josephson effect exists in our Nb strip crossed

with the NiFe. The fact that the Josephson effect could be

measured in the Nb strip suggests the weak link SF possesses

a net magnetic moment induced by the contacting NiFe strip,

i.e., an inverse proximity effect is taking place.

According to transport theory in a diffusive limit, IC

for a long S-N-S junction is proportional to T3=2

expð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2pkBTÞ=ETh

p
Þ,26 with the Thouless energy ETh given

by �hD=L2, where D the diffusion constant of the normal (N)

metal, and L the junction length. Though this may not apply

to our case when there are the spin-polarized carriers in Nb,

we try to analyze our data with the above relation. From the

measured periodicity, DH¼ 23 Oe of the Fraunhofer pattern

of the 0.7 lm wide NiFe junction, the effective junction

length L¼ 0.58 lm can be estimated by L ¼ U0=WDH,

FIG. 3. (a) The Shapiro steps in the dc I-V characteristics under the irradia-

tion microwaves with the frequencies varied from 5 to 15 GHz. (b) The

Shapiro voltage and microwave frequency dependence. The red line is

described by frf =Vn ¼ 2e=h ¼ 483 MHz/lV.
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where U0 is the flux quantum (20.7 Oe-lm2) and W is the

width of the Nb bridge (1.5 lm). The ETh are 42.9 and

29.4 leV corresponding to L¼ 0.58 (effective junction

length) and 0.7 lm (actual NiFe width) with D¼ 2.19� 10�2

m2/s. The inset in Fig. 4 shows the temperature (T) depend-

ence of IC. In Fig. 4, we plotted lnðIcÞ � 3 lnðTÞ=2 versusffiffiffi
T
p

. The red solid line with ETh of 66.6 leV shows that the

relation holds well at low temperatures. The ETh calculated

by the effective junction length underestimated the value

when compared to the fitted value from the low temperature

data. In our case, the weak link is embedded in the Nb strip

and induced by the inverse proximity effect. In addition to

the temperature pair-breaking effect, there should be a spin

polarized carrier effect in Nb similar to the consequence of

exchange field in NiFe. The above expression IC /
T3=2 expð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2pkBTÞ=ETh

p
Þ needs to be modified accordingly.

Most of metallic weak links are realized within the diffusion

regime and belong typically to a long junction limit which

holds for D� ETh. For all our samples, the Thouless energy

should be significantly smaller than the superconducting gap

D of Nb. The relative strength between temperature and spin

polarized carrier effects will be an interesting topic to

pursue.

We have prepared Nb/NiFe cross geometry samples to

create lateral Josephson junctions. The modulations of the

critical current in a perpendicular magnetic field similar to

the Fraunhofer interference pattern were observed, which

demonstrates the dc Josephson effect. The Josephson effect

could be observed at all temperature ranges investigation,

which indicates that the weak link region induced by NiFe is

robust for Nb superconductivity. We also observed the ac

Josephson effects by Shapiro steps measurement. The dc and

ac Josephson effect observations prove the weak link of the

Josephson junction was induced by the ferromagnetic NiFe,

where the inverse proximity effect takes place.
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