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Abstract

Superconducting hybrid structures of submicrometer size utilizing high-melting transition metals such as Nb or Ta
can be fabricated in ultra-high vacuum by means of a non-organic evaporation mask (Si3N4) of high thermal and

mechanical stability. We report on the magnetic and superconducting properties of mesoscopic superconductor/
ferromagnet/superconductor (SFS) junctions realized in a Nb/Cu/Co/Cu/Nb multilayer (ML). Below the super-
conducting transition temperature, the magnetic hysteresis loop shows a contribution from the strongly pinned

magnetic flux of the superconducting Nb layers. Electrical transport measurements perpendicular to the layered
structure clearly demonstrate a Josephson coupling between the Nb layers through the 5-nm thick ferromagnetic Co
film. r 2002 Elsevier Science B.V. All rights reserved.
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Electron-beam lithography has become a powerful

tool for the fabrication of submicrometer electronic
devices. Complicated hybrid structures can be created in
a single vacuum run by the shadow evaporation-

technique, where the materials are deposited under
various angles of the vapor beam with respect to the
substrate which is covered by a suspended shadow-

mask. However, vapor deposition of high-melting
superconducting metals such as Nb or Ta in ultra-high
vacuum (UHV) gives rise to an excessive degassing of

the usually used organic mask resist PMMA or PMMA/
MA because of the high thermal load. This leads to a
deterioration of the superconducting properties for
lateral sample dimensions below 1mm.
In order to avoid these limitations we use an

nonorganic Si3N4 mask. Briefly, our technique is based
on a heterostructure consisting of a silicon substrate

covered by an 800-nm thick SiO2 spacer layer and an
Si3N4 layer for the suspended mask [1]. The pattern is

written by e-beam lithography into a sacrificial PMMA

layer and is transferred into the nitride layer by ion-
plasma etching. Afterwards, the SiO2 is wet-chemically
underetched. The quality and purity of the Nb in the

vicinity of the shadow mask is proven by the high
superconducting transition temperature Tc ¼ 8:4K and
small transition width DTcC30mK of 50-nm thick Nb

wires without a relevant size-dependence down to a wire
width of 250 nm [1].
Here we focus on the preparation of planar SFS

microjunctions which are presently attracting consider-
able interest [2–4]. The exceptional feature of an SFS
contact is a sign change of the superconducting order-
parameter difference (p phase-shift) for certain values of
the ratio dF=xF; where dF is the thickness of the F
interlayer and xF is the (complex) penetration depth of
the Cooper pair amplitude F in the F layer. F has an

oscillatory component along the normal of the SF
interface due to the interference of the spin-splitted kFm
and kFk electrons forming the pairs. The oscillatory

behavior of F should appear in the thickness depen-
dence of the critical current IcðdFÞ [5,6] of an SFS
Josephson contact. Experimental evidence for the
existence of a p-junction in SF and SFS contacts with
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diluted ferromagnetic layers has been reported recently

[3,4]. However, in concentrated ferromagnets the mod-
ulus of the decay length jxFj is of the order of 1–2 nm.
Therefore, the F layer has to be extremely thin with a

correspondingly small resistance. This makes transverse
transport measurements difficult unless the junction area
is of mesoscopic size.
Nb/Cu/Co/Cu/Nb microjunctions were prepared by

e-beam evaporation in UHV at room temperature [7]
(Fig. 1). A very small contact area 360�460 nm [2] was
achieved by evaporating the layers under three different

angles through the Si3N4-mask. The electrode config-
uration ensures that the two S electrodes are clearly
separated by the Co interlayer without any shortcuts.

The Co layer is free of detectable pin holes as inferred
from the absence of the Nb (167 eV) and Cu (918 eV)
lines in the Auger spectrum taken in situ after Co
deposition.

Magnetic hysteresis loops of an unstructured SFS
multilayer with identical layer thicknesses were mea-
sured by means of a vibrating sample magnetometer

with the magnetic field H oriented in the film plane. At a
temperature T=10K, well above TcE7K of the ML, a
coercive field m0Hc=5.3mT and a saturation magneti-

zation close to the bulk value of Co (m0MCo=1.8T)
were measured (Fig. 2a). The coercitivity of the 1�
1 mm2 Co interlayer in the microstructured SFS sample

may be slightly higher because of finite size effects. At T
= 1.8K oTc the magnetic saturation is considerably
shifted along the M axis depending on the sweep
direction of the magnetic field (Fig. 2b). This is

attributed to the contribution of the superconducting
Nb layers which is seen more clearly from the difference
of the MðHÞ data as shown in Fig. 2c.
The magnetic flux-density experienced by the Nb layer

in contact with the Co layer is estimated to Beff ¼ m0�
½H þMeff ðHÞ�; where Meff ¼MCodCo=deff and

deffC49 nm is the effective thickness of the junction
barrier, see below. Hence, Beff is governed by the large
magnetization of the Co layer Meff=0.18T, in addition

to the applied field.Meff has to be compared with typical
values of the lower and upper critical field of a 40-nm

thick Nb film, m0Hc1E50mT and m0H
8
c2E2.5T, respec-

tively. This means that for T5Tc the Nb layer is always

in the mixed state between Hc1 and Hc2 due to the Co
magnetization. Furthermore, thin Nb films deposited at
room temperature have a very strong pinning of

magnetic flux, i.e. a very small Meissner effect. The
magnetization curve of such a type-II superconductor is
schematically drawn in Fig. 2d (gray curve). Everytime,

when the Co magnetization switches its direction in the
applied field, the superconductor experiences a sudden
change of magnetic flux (broken line), which gives rise to
the sharp peaks in DMðHÞ around the coercive field of
75mT (Fig. 2c).
On the microstructured samples, electrical transport

measurements were done in an RF-shielded 3He

cryostat. From the RðTÞ behavior a transition tempera-
ture T jcE4:7K of the junction and a normal-state
resistance of 1.8O were determined. The inset of Fig. 3

shows the current–voltage dependence of the junction at
T ¼ 2:1K characteristic for a Josephson coupling
between the S layers via the 5-nm thick ferromagnetic

Co layer. At T=0.3K a well defined critical current
IcE8 mA is observed which vanishes above T jc: Icð0:3K)
is much smaller than the Kulik–Omelyanchuk result of
Icð0ÞEpDð0Þ=2eRNE3mA for SNS junctions which

indicates the strong pair-breaking effect by the Co
interlayer. Unlike in the experiment of Ryazanov et al.
[4] we do not observe a transition from a ‘‘0’’-state to a

‘‘p’’-state in the IcðTÞ behavior but a monotonic
decrease of Ic with increasing T : However, this is
expected for a concentrated ferromagnet where the

exchange energy is much larger than kBT :
Fig. 3 shows the characteristic interference pattern of

Ic in a magnetic field H applied parallel to the junction
with pronounced and relatively regular oscillations of Ic:
However, a quantitative analysis shows deviations when

Fig. 1. Left: TEM micrograph of a microstructured Nb/Cu/

Co/Cu/Nb-ML. Right: Schematic of the electrode configura-

tion and of the multilayer stacking sequence.

Fig. 2. MðHÞ loops of a Nb/Cu/Co/Cu/Nb-ML (not micro-

structured) (a) above and (b) below TcE7K. (c) Difference plot
DMðHÞ ¼Mð10K, H)	M(1.8K,H). Arrows indicate the field

sweep direction. (d) MðHÞ dependence of the S layer (with
strong pinning) in contact with F, see text.
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compared to an ideal Fraunhofer pattern. These cannot
be ascribed to screening effects, because the Josephson

penetration-depth of the junction (10 mm at T = 0.3K)
is much larger than the junction size. The first minimum
of the interference pattern is found at m0HC0:2T, while
the following minima are separated by 0.3T. This can
be explained in the same manner as above by taking
the contribution of the Co layer magnetization to

the magnetic flux F in the junction into account.
The solid line is a Fraunhofer pattern calculated for a
single Josephson junction including Meff : For the
present sample the effective thickness of the

junction depends very weakly on the magnetic penetra-
tion depth lð0ÞC90 nm and is given by deff ¼
2l tan h½ðdNb þ dCuÞ=ð2lÞ� þ dCoC49 nm. This results in
a cross-section of 460 nm � 49 nm exposed perpendi-
cular to the field and an expected magnetic field period

of Dðm0HÞ ¼ 92mT which is substantially smaller than
the experimentally observed value Dðm0HÞ ¼ 320mT.
This could be related to the stray fields of the Nb layer
on the nitride mask in 1mm distance from the junction.

Such stray fields can be avoided in future samples
designed to allow for a mask lift-off.
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Fig. 3. IcðHÞ of the microstructured SFS junction at different
temperatures T oTc: Solid line is a Fraunhofer fit including the
contribution of the Co layer magnetization to the enclosed flux.

Inset: current–voltage characteristics at T = 2.1K.
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