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A bstract

In superconductor/ferrom agnet (S/F) heterostructures, the exchange eld h, of
the F -layer suppresses the superconducting order param eter in the S-layer via the
proxin ity e ect.O neissue in current research isthee ectofadom ain state, or,m ore
generally, di erent directions of hy, on the superconductivity. W e used a pulsed—
current technique In order to m easure the superconducting transgport properties of
Cu; xNi/Nb/Cu; xNi (x = 0.54) F/S/F trilayers structured In strips of about
2 m wide and 20 m long as function of a small inplanem agnetic eld.We nd
that the depairing current is tied to the m agnetization behavior. In particular, we
show that the suppression of superconductivity in the S-layer is an allest when the
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extemalm agnetic eld equals the coercive eld B of the F-ayers.

Keywords: Proxim ity e ect, FSF —Junctions, F'S heterostructures, sointronics.

1 Introduction

T he issue of the proxin ity e ect between a
superconductor and a ferrom agnet is the fo-
cusofm uch current research . In principle, the
superconductivity in the S layer is suppressed
due to the pair breaking of the C ooper pair
by the exchange eld Ly, experienced in the
ferrom agnet. In the F -layer, a superconduct-
ing order param eter can still exist, but it be-
com es spatially m odulated because the elec-
trons which create a Cooper pair belong to
di erent spin subbands. This leads to sev—
eral e ects observed experin entally, includ-
Ing oscillatory behavior of the superconduct-
ing transition tem perature T . as function of
ferrom agnetic layer thickness in F/S bi- or
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multilayers [1{3], and —Junctions In S/F/S
Josephson junctions @,5]. A di erent m echa-
nism to n uence the superconducting order
param eter in the S-layer by the ad pcent F -
layers is by varying the relative directions of
the m agnetization (and therefore he,) in the
two F-ayers. It was predicted that, when the
thickness of superconductor dg is of the or—
der of the superconducting coherence length
s, the superconducting transition tem pera—
ture ishigherwhen the two m agnetization di-
rections are antiparallel than when they are
parallel to each other [6]. The di erence can
even be enhanced by tuning the thickness of
the F-ayers dr such that dg r=2 (Wih
r the ocoherence length in the ferrom agnet)
[7].A  rst observation ofthese so-called spin—
switch e ectswas recently reported in ref. B].
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Basically, spin sw itching com es about when
the Cooper pair sam ples di erent directions
of hex sim ultaneously, which raises the ques—
tion whether sin ilare ects can be observed if
theF —-ayers contain a dom ain structure rather
than a hom ogeneous m agnetization P]. Two
recent experm ents reported an In uence of
the dom ain state on the transport properties
of the superconductor. In Nb/C o bilayers it
was found that the superconducting transi-
tion tem perature T . and critical current den—
sity J. (de ned using a voltage criterion) are
higher at the coercive eld of the Co layer
[10]; a sin ilar e ect on & was ocbserved in
Co/Nb/C o trilayers, again using a voltage cri-
terion [11].Herewepresent resultsofa sin ilar
study,which di ersin twoways from theones
cited above.W euseF /S/F trilayersw ith S =
Nb andF = Cug.gN g5, which isa very weak
ferrom agnet w ith a saturation m agnetization
M gofabout0.1 g ( g istheBohrm agneton)
[L2]tobecom pared toaboutl g forCo.The
experin ent we perform is m easuring the de—
pairing current by a pulsed-current m ethod.
Thisquantity re ectsthe superconducting or—-
der param eter directly, and we showed before
that it can be used in S/F system s [13].W e
nd that at least close to T, the critical cur-
rent of the trilayer as function of an In-plane
m agnetic eld peaks at the coercive eld B,
of the F-ayer, which m eans that supercon—
ductivity is enhanced In the dom ain state.

2 Sam ple preparation and m agnetic
properties

Singke F- Imsand F/S/F trilayers were D C —
m agnetron sputtered in an ulra high vacuum
system wih base pressure of about 10 °
mbar and sputtering argon pressure about
6*10 3 mbar. A Cu; xNi target was used
wih x = 0.50, which yielded a slightly dif-
ferent N i concentration in the sam ples of x
=054.W ew illcallthisalloy CuN i. T he thick—
ness of the F-layers was chosen to be 9 nm,
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Fig.1.M agnetization M asa function oftem —

perature T fora CuN i/Nb/CuN itrilayer after

saturation at 5 K in the elds indicated.A r-
row s denote the m easuram ent sequence. The

Curie tem perature is around 110 K .
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Fig. 2. D gpendence of (@) m agnetization M

and () resistance R on m agnetic eld H, for
aCuN i/Nb/Cul itrilayer at 5K .F illed sym —
bolsareused forthe eld sweep from positive
to negative eld (denoted 1), open symbols
for the opposite direction (denoted 2). The

coercive eld H. isaround 22m T .

which is about 05 ¢ []. The S-ayer thick-
ness was chosen at 23 nm In order to have
the superconducting transition tem perature
around 4 K [2]. E lectron beam Iithography



was used to pattem the sam ples for 4-point
m easurem ents, w ith the bridge between the
volage contacts 2 m wide and 20 m Ilong.
T he pattemed sam ples were A r-on etched.
Unstructured samples were measured by
SQ U ID -m agnetom etry in order to determ ine
M s, Heo and the Curie tam perature Tc yrie-
Fig. 1 shows the typical dependence of the
m agnetization M on tem perature T fora sin-—
gle F-layer, using a standard procedure: the
sam ple was m agnetized at 5 K to is satura-
tion na eldof0.7T,then the eldwassest
to a an allvalie (typically ofabout 0.1 mT),
and M (T) was measured up to 300 K and
back down to 5 K. Tcurie wWas de ned at
the tem perature where irreversibility sets In
w hen cooling down.T he degpendence ofM on
applied eld H, at 5 K of a single F-layer is
given in F ig.2a. It show sa hysteresis loop typ—
ical for a ferrom agnet with H, about 25m T .
To detem ine possible di erences In Hy, be—
tween structured and unstructured sam ples
caused by the sam pl shape anisotropy, we
m easured the m agnetoresistance R H,) of a
structured samples at 5 K. W ih H, In the
plne of the In, but perpendicular to the
bridge and therefore the current, R H,) be-
haves as shown in Fig. 2b. Two peaks are
found at H,, due to the anisotropic m agne-
toresistance e ect. The slight di erence In
aspect ratio A for the structured @A = 10)
and the unstructured @ = 5) sam ples does
not lead to a signi cant di erence in H,.

3  Superconducting properties and
discussion

For the detem ination of the critical current
L at di erent tam peratures a pulsed-current
m ethod was used. Current pulses of about
3 ms wih growing ampliude were sent
through the sam plebelow T.= 40K (shown
In the onset of Fig. 3). Each pulse was ol-
lowed by a long pause ofabout 7 s. T he volt—
age response of the systam was observed on a

Fig.3.Current (I) versusvolage (V) charac—
teristics of a CuN i/Nb/C uN i trilayer shaped
as2 m widebridges at the tam peratures in-
dicated. T he line show s the nom al (chm ic)
resistance. T he transition from the nom alto
the superconducting state, shown In the inset,
occursatT.= 40K.

oscilloscope triggered for the tim e of a single
pulse. To In prove the signal resolution a dif-
ferential am pli er combined wih low-noise
band Iers was used. Two typical current

(I)- voltage (V) characteristics are shown in
Fig. 3, taken at tem peratures 3.9 K (reduced
temperaturet= T / T.= 0.98) and 3.7K (t
= 0.93).0ne can see a clkear ymp from the
superconducting into the nom al state at L.,
w hich we designate the depairing current [13].
Forallsamples, down to t= 0.98 a sm allon—
set voltage was observed below 1., probably
because of vortex m otion . In order to be sure
that this has no iIn uence on the depairing
current, the sam ple tam perature was probed
during every current pulse. A signi cant in-
crease was found only when 1. was reached.

T he dependence of I, as function of H, at
T = 38K isshown in Fig.4.Upon lowering
H, from the positive high eld side, I rises
and reaches itsm axin um value at a negative
value of about 20 m T, quite close to He,.
It then decreases again. W hen increasing H 4
from a large negative eld, a sim iar m axi-
mum occurs at +20 m T, wih clarly hys—
teretic behavior. C kearly, the suppression of
superconductivity in the S-layer by the prox—
In ity e ect is less forthe case when a dom ain
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Fig. 4. D epairing current s

of the CuN i/Nb/CuN itrilayer as function of
appliedm agnetic eld H, atT = 38K .Filled

symbolsareused forthe eld sweep from pos—
itive to negative eld (denoted 1), open sym —
bols for the opposite direction (denoted 2).

structure is present in the outer F-ayers,

which issin flarto the ndingsin refs. [10,11].
N ote that the result does not in ply the exis—
tence ofa coupling betw een the F -layers : the

variation of exchange eld directions in the
dom ain wallsm ightbe su cient to reduce the

suppression. T he scatter in the data points
In Fig. 4 m ay be caused by the changing do-—
m an structure; etther a varying suppression

of the order param eter or an induced vortex

state [14] could result in a slightly di erent
current distrbution at each point. Them ain

resul ofa peak in L. around H ., is also found

for the case of thick ( 50 nm ) ferrom agnetic
layers. This seam s to exclude the possbility

that e ects of inducing an inhom ogeneous
order param eter In the F-banks play a rolk,

at least in this tem perature regin e.
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