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The resistance and magnetization behavior of [ferromagnetic (FM)/superconducting (SC)/ferromagnetic
(FM)] trilayers of the type (Co/Nb/Fe) was experimentally analyzed and related to their superconducting
transition temperature 7,.. As opposed to what is expected by proximity effect theory, T, exhibited a minimum
in case of an antiparallel relative orientation of the magnetization of the two sandwiching FM layers. Though
this result is consistent with the predictions of spin-imbalance theory, additional experiments on exchange-
biased CoO/Co/Nb/Fe systems revealed strong 7. changes, even for a fixed relative magnetization orientation
of the FM layers pointing to stray fields, rather than magnetization orientations, as causing the observed 7,
shifts. This idea is corroborated by additional measurements on Fe/Nb and Co/Nb bilayers, which clearly
show T, changes related to specific magnetic domain configurations with a 7. maximum in the magnetically
saturated state of the FM layer. Complementary micromagnetic simulations, delivering also the magnitude of

stray fields, support the picture of influencing 7. by controlling and switching domain configurations.
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I. INTRODUCTION

Guided by the extremely successful developments in the
field of giant magnetoresistance (GMR),! which is based on
the observation that the electrical resistance R of a stack of
ferromagnetic (FM)/nonferromagnetic/FM metallic layers
strongly depends on the relative orientation of the magneti-
zation of the sandwiching FM layers, it appeared as a natural
extension to substitute the intermediate normal-conducting
metal by a superconducting layer (SC). Such an approach
immediately leads into the field of proximity effects describ-
ing the mutual influence of the usually antagonistic effects of
ferromagnetism and superconductivity. Like in a GMR ar-
rangement including the special variant of substituting the
non-FM metallic layer by a thin insulator (/) leading to the
tunneling magnetoresistance (TMR), FM/SC/FM proximity
trilayers or FM/1/SC/1/FM multilayers are expected to ex-
hibit resistance changes when the relative magnetization ori-
entation of the FM layers are changed independent of
whether the transport measurements are performed with cur-
rent in plane (CIP) or perpendicular plane (CPP), though in
GMR experiments CPP turned out to be more effective. Re-
sistance changes of a superconducting system at tempera-
tures close to but below the thermodynamic transition tem-
perature to superconductivity 7., immediately are reflected
in corresponding shifts of the experimentally determined su-
perconducting transition temperature 7. as given e.g., by the
midpoint temperature 7 ;4 defined by R(T, ,;)=0.5R, (R,
is the residual resistance just above the superconducting tran-
sition). Independent, however, of this experimentally moti-
vated 7, definition, theories dealing with FM/SC/FM prox-
imity structures have clearly predicted 7, shifts by switching
the relative magnetization orientation. Intuitively, most in-
triguing among these theories are those expecting higher T,
values for antiparallel (AP) as compared to parallel (P) ori-
entations of the FM layer magnetizations, i.e., T2">T" 2
Indeed, corresponding spin-switching devices allowing
switching between the normal and superconducting state
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have been suggested (“Tagirov switch™)’ pointing also to the
high potential for applications of the above idea. The theo-
retical achievements related to the proximity effect have re-
cently been reviewed in detail.® The theoretical description
changes, however, if the close FM/SC proximity is lifted
either deliberately by adding thin intermediate insulating lay-
ers as in a TMR-like arrangement or by naturally occurring
interface barriers. In such a case, a spin-injection picture ap-
pears more appropriate and a corresponding theoretical
model for FM/I/SC/1/FM layers delivers a spin accumula-
tion for the AP orientation leading to pair breaking with an
accompanying T, depression while practically no effect on
T, is found for the P orientation, i.e., "> T**.7% The related
resistance changes behave like the standard GMR, i.e., a re-
sistance enhancement in the AP orientation, as compared to
P magnetizations. Thus, the qualitative results deduced from
this model are just opposite to those of the proximity theo-
ries. In a more recent extension of the theory it was demon-
strated that the spin-accumulation effect is still present even
without the insulating interlayer, though the overall spin-
dependent signals are strongly reduced in this case.® Experi-
mentally, in most studies thin layers of conventional super-
conductors like Nb or Pb were used sandwiched by various
FM materials, including exchange-biased systems in order to
extend the field range where an AP magnetization orientation
can be maintained. Recently, also the resistance and 7, be-
havior of a Laj-Cay3;Mn0O5;/YBa,CusO; superlattice has
been repor‘[ed.'0 So far, however, the results obtained on FM/
SC/FM trilayers or superlattices are still not conclusive, re-
flecting the theoretical situation with two opposite predic-
tions with respect to the orientation dependence of T.. For
instance, for CuNi/Nb/CuN:i trilayers based on the relatively
weakly ferromagnetic CuNi, two experiments reported T?P
>Tf with rather small 7, contrasts of 5 mK (Ref. 11) and
2.5 mK,'? respectively. By substituting CuNi by the ferro-
magnetically stronger pure Ni, a significantly larger 7. con-
trast of up to 41 mK was found recently.'? This is surprising
in the context of another recent report on permalloy
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(NigyFe,, Py)/Nb/Py trilayers, which exhibited opposite be-
havior to what is expected by the proximity theory in that
switching from P to AP configuration resulted in an increase
of resistance when measuring the transition curve to super-
conductivity by a CIP arrangement.'* The authors ascribe
this observation to an enhanced reflection of spin-polarized
quasiparticles at the SC/FM interface. Interface properties,
which quite generally are susceptible to details of the
preparation conditions, may indeed account for some of
the reported controversial results. The observations reported
in Ref. 14 with a standard GMR-like behavior in
the superconducting state, which, however, completely
disappears above T, are similar to those found for
La, ;Cay3MnO5/YBa,Cu;0, superlattices'® and, thus, indi-
cate that these effects are not restricted to unconventional SC
or to FM materials of an especially high-spin polarization as
originally supposed. While in Ref. 10 the experimentally ob-
tained results were interpreted in terms of the spin-imbalance
model mentioned above,’ increasing experimental evidence
has been provided for a completely alternative interpretation
based on the domain state of the FM layers (“domain-wall
superconductivity”),!> where it is argued that the compensa-
tion of the applied field by the stray fields of the magnetic
domains leads to new phenomena. Though probably more
effective for domain structures of perpendicularly magne-
tized FM layers,'®!8 the effect has been also observed for
in-plane magnetized layers.'*!° An immediate consequence
of this idea is that in order to influence the resistance or the
transition temperature of a superconductor by the domain
state of a nearby FM, it should be sufficient to prepare a
FM/SC bilayer rather than a FM/SC/FM trilayer since the
relative magnetization orientation is no longer of importance.
Indeed, the studies on Py/Nb,!° on PdNi/Nb,?° as well as on
[Co/Pt],o/Pb, all were performed on bilayers.

In view of the somewhat unsatisfying experimental situa-
tion as outlined above, we decided to concentrate on Nb as
SC and to start with Fe/Nb/Co trilayers allowing magneti-
zation switching due to the different coercive fields of the
relatively strong ferromagnetic Fe and Co layers. Emphasis
is put here on the experimental determination of both the
hysteretic magnetization behavior at a given temperature,
and the CIP transport measurements, enabling a correlation
between both properties. As will be demonstrated below, sig-
nificant 7. shifts of up to 50 mK are observed with Tf
>T:P accompanied by a standard GMR behavior, both
pointing to the spin-imbalance model. Extending, however,
this study to an exchange-biased system of the type
Fe/Nb/Co/CoO as well as to Fe/Nb bilayers clearly reveals
the decisive role of stray fields due to various domain con-
figurations as obtained by magnetic switching. The corre-
sponding experimental evidence will be presented after the
following section on experimental details.

II. EXPERIMENTAL

The various stacks of thin multilayers used as samples in
this study all were prepared at ambient temperature by
pulsed laser ablation (PLD) under UHV conditions onto
(001)-oriented Si substrates (size: 5 X 10 mm?, p doped with
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resistivity p>3000 w{) cm) using a 193 nm ArF excimer
laser. Prior to film deposition, the substrates were ultrasoni-
cally cleaned in acetone and isopropanol, but no special
treatments were applied to remove their native surface ox-
ides. In PLD, the ablated plume is known to contain ener-
getic ions up to ~200 eV, depending on the areal energy
density of the laser. As a consequence, PLD is susceptible to
result in interface mixing when preparing multilayers. For
that reason, whenever the deposition of a new element was
started, the laser power was reduced to just above the abla-
tion threshold of this element up to a typical thickness of
1 nm before enhancing the laser power for the remaining
layer deposition.?! This enhancement is accompanied by a
corresponding larger deposition rate, which is necessary to
minimize the incorporation of impurities. In case of our FM/
SC/FM trilayer, this translates into (13 J/ cm?, 0.75 nm/min,
5nm Co)/(7 J/em?, 0.25 nm/min, [ nm; 13J/cm?,
0.9 nm/min, 27.5 nm Nb)/(4.5 J/cm?, 0.3 nm/min, 1 nm;
13 J/cm?, 1.1 nm/min, 4 nm Fe) where information is given
as (laser energy density, deposition rate, total thickness de-
posited at this rate, element). Since the GMR is known to be
sensitive to the interface structure, the above ablation recipe
has been successfully tested on Co/Cu/Co multilayers in a
previous study?? demonstrating the presence of a GMR.
Presently, all multilayers are capped by a 5 nm thick Au
layer to prevent oxidation. During the Co, Fe, and Au depo-
sitions a pressure of 7 X 10~ mbar was maintained, which
could even be improved to 4 X 107'° mbar during the Nb
growth by predepositing Nb onto a shutter and exploiting the
resulting getter effect. Special care was taken to obtain a
precise thickness measurement of the various layers by using
two quartz balances, one which could moved exactly to the
substrate position, allowing a calibration against externally
measured layer thicknesses, and a second one at a fixed po-
sition, which is calibrated versus the first one and allows a
rate and/or thickness control during deposition. More details
on the PLD apparatus are given in Refs. 22 and 23.

To enable CIP transport measurements on the multilayers
prior to their deposition, separate current and voltage con-
tacts were prepared by PLD of 30 nm Au through a suitable
mask. On top of these contacts the multilayers are deposited
through a second mask, defining their position and lateral
dimension (width 0.3 mm, length of voltage drop 3 mm).
The complete arrangement is shown as the lower right inset
to Fig. 1.

A remark is in order also on the superconducting proper-
ties of the Nb layers, which are known to sensitively depend
on thickness,”* as well as structural disorder and impurities
like oxygen.”¢ In the present case of PLD, Nb layers, which
were deposited at a rate of 1.2 nm/min up to a thickness
above 60 nm at ambient temperature, exhibited a polycrys-
talline structure with a preferential (110) orientation, rocking
widths between 3.2° and 4.9° full width at half maximum
(FWHM) as determined by x-ray diffraction, and T, values
of typically 7.6+0.1 K. Reducing the thickness to the stan-
dard value between 20 and 30 nm resulted in the expected
further decrease of T, to values depending systematically on
the corresponding deposition rate. For instance, a 20 nm
thick Nb layer deposited at a rate of 0.17 nm/min showed
T.mig=3.8 K with a residual resistance ratio r
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FIG. 1. (Color online) Resistively determined
transitions into the superconducting state of a
E Co/Nb/Fe trilayer, as given in the left inset with
and without an external in-plane magnetic field
(values and symbols are given as upper left
inset).
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=R(300 K)/R(9.5 K)=1.20, while increasing the rate to
0.93 nm/min resulted in T, ,;q=6.3 K and r=1.70. This
trend indicates a combined effect of structural disorder and
impurities, which, at this point, however, cannot be further
distinguished. It should also be noted that for the present
range of Nb thicknesses between 20 and 30 nm, any possible
Neél coupling of the FM layers via the Nb interlayer will be
damped out and can be safely ignored.?’

An important experimental issue in the present study is
the control and constancy of the sample temperature during
the magnetoresistance measurements (in all cases with a cur-
rent of /=100 wA), which is guaranteed to within £3 mK, as
well as an optimized thermal coupling of the sample to its
holder. The latter point is demonstrated in Fig. 1, where re-
sistive transitions to superconductivity are presented with
and without an external magnetic field. The field orientation
relative to the sample arrangement is given in the lower
right; while the stacking sequence of this sample is shown in

the upper left inset. Each transition curve has been deter-
mined for decreasing (crosses) and increasing (open sym-
bols) temperatures. The excellent agreement between the two
corresponding data sets proves the good thermal coupling.

II1. RESULTS AND DISCUSSION
A. Trilayer systems

We start by presenting the results obtained for the stan-
dard Co/Nb/Fe trilayers. To allow comparison between the
magnetic and transport properties, in a first step the magnetic
hysteresis of such a stack (details given in Fig. 2 as the inset)
is determined at 5 K with a commercial SQUID magnetome-
ter (MPMS, Quantum Design), with the magnetic field being
in plane with the multilayers. The resulting hysteresis curve
is given in Fig. 2 and clearly displays a two-step behavior,
reflecting switching of the magnetization orientation related
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to the two different coercive fields H,. for Fe (80 Oe) and
Co (150 Oe). The relative magnetization orientations of the
two sandwiching ferromagnetic layers are displayed by the
two arrows added to the hysteresis curve.

Next, the magnetotransport properties of such a trilayer is
analyzed in an Oxford 5T cryostat at a fixed temperature of
3.400+0.003 K, sweeping the in-plane magnetic field over a
relatively large range from —12 to +12 kOe. The resulting
R(H) curve is presented in Fig. 3(a), where open symbols
and crosses indicate field sweeps from negative to positive
polarity and vice versa, respectively. At high fields, the re-
sistance approaches its normal conducting value R (cf. Fig.
1) and taking the field at Ry/2 as an estimate for the upper
critical field H,, in parallel geometry, one arrives at H,,
=4.5 kOe at a reduced temperature 7/7T, ,;3=0.94, in reason-
able agreement with previously reported values for compa-
rable multilayers.”®? Thus, while an overall resistance de-
crease for reduced magnetic fields corresponds to the
standard behavior of superconductors, a significant anomaly
is visible at small magnetic fields [encircled in Fig. 3(a)]. It
should be noted that the measurement temperature of 3.4 K,

though being below T, 4, is still above the “down-set tem-
perature,” resulting in a small but finite resistance even at
H=0. By zooming into the anomaly, the results of Fig. 3(b)
are obtained, where the solid circles represent resistance data
(left scale) taken from positive towards negative fields, while
those taken in the opposite direction are given by solid
squares. When these data are overlaid by the related mag-
netic hysteresis curve (dashed curve, right scale), it becomes
immediately clear that the resistance hysteresis closely re-
sembles those of the standard GMR effect with a maximum
resistance for AP and a minimum for P alignment of the Fe
and Co magnetizations, respectively. Since an enhanced re-
sistance represents a step towards reentrance into the normal
state, one expects a slightly depressed 7, value for AP as
compared to P magnetizations opposite to what is expected
for the proximity, but still in agreement with the spin-
imbalance model. To test this further, the temperature depen-
dence of the switching effect was analyzed with results pre-
sented in Fig. 4. Here, the logarithmic resistance scale should
be noted allowing overview of all data within the range
32K=T=3.65 K=T, 4 i.e., in the superconducting re-
gime. Clearly, the GMR-like structure at small magnetic
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fields strongly decreases in magnitude when the temperatures
are lowered. In the context of the spin-imbalance model such
a behavior can be immediately related to the decreasing
number of excited quasiparticles, which exclusively are able
to carry a spin current. It is interesting to note that the hori-
zontal solid lines in Fig. 4 indicating the height of the GMR-
like anomalies at low magnetic fields all cut the R(H) curves
at approximately the same field value of 1.7 kOe. Thus, a
given magnetic field of this value parallel to the film plane
would drive our superconducting system into the same resis-
tive state as the yet-unidentified mechanism leading to the
low-field anomaly. Assuming the anomaly as being due to
local stray fields from the sandwiching FM layers, the above
value of 1.7 kOe delivers at least an estimate of the neces-
sary magnitude of such fields. We postpone this point, how-
ever, until discussing the behavior of bilayers.

Here, a remark concerning the spin-diffusion length [g v,
within the Nb layer appears appropriate. Though /g y;, for a
given layer certainly depends on preparational details like
structural defects and impurities, an order of magnitude esti-
mate can be obtained by referring to a more recent experi-

mental study on sputtered Nb films of variable thickness per-
formed at 4.2 K3° In this work, a value for [y, as
determined by CPP measurements between 20 and 25 nm is
given, i.e., a value close to the thickness of our Nb layers,
which, on the other hand, should not depend on whether the
sample is in the normal or superconducting state.® If Iy, is
larger than the Nb layer thickness, one would expect a GMR
effect as well, at a temperature just above 7. To test this,
magnetoresistance measurements were performed at 4.0 K,
which justifies the assumption of identical /g y;, values within
the present temperature range 3.2 K=7=4.0 K. Thus, at-
tributing the above low-field GMR-like anomaly to a spin
diffusion by quasiparticles with [y, larger than the Nb
thickness, the data shown in Fig. 5 come as a surprise. Ap-
plying the identical measurement geometry as above, i.e.,

in-plane magnetic field H parallel to current density f, in-
stead of resistance maxima, much smaller minima of the or-
der of AR/R=~3 X 107* are observed. Furthermore, when ro-
tating the sample by 90° to orient the in-plane field

perpendicular to j, these minima switch into maxima of the
same order of magnitude, as can be seen from the lower half
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of Fig. 5. Such a behavior is characteristic of the conven-
tional anisotropic magnetoresistance (AMR), for which a
sign change is expected for the two field-current orientations.
In the present case of two FM layers, the AMR should, in
principle, reflect the saturation behavior of both. Due to the
similar coercive fields of Fe and Co, however, and the aver-
aging effect of the CIP geometry, the two contributions from
Fe and Co cannot be resolved separately. In any case, the
experiments described so far clearly demonstrate that the
GMR-like anomaly is unequivocally related to the supercon-
ducting state. In this respect, the present data obtained on a
conventional system are in analogy to the results reported by
Pefa et al. on Lay,Cay;MnO;/YBa,Cu;0; superlattices,'”
which are interpreted in terms of the spin-imbalance effect
by these authors. This analogy becomes complete by includ-
ing the related 7. behavior which is given in Fig. 6. There,
the experimental 7, ;4 values are presented as a function of

3

the magnetic field H (left scale) for two relative orientations,
J parallel (closed dots) and perpendicular (closed squares) to

H (the solid lines through these data points serve just as a
guide to the eye, with the arrows indicating the direction of
the field sweep). To allow relating the observed T, changes
to the magnetization state of the trilayer, the corresponding
hysteresis curve is added to Fig. 6 as a dashed loop. Starting
from large negative-field values corresponding to a parallel
orientation of the FM magnetizations, the decrease of the
field magnitude to zero, followed by a field reversal and
increase of its magnitude, clearly results in continuously de-
creasing 7. values until a pronounced minimum is obtained,
when the antiparallel magnetization orientation has been
completed. Further increase of the field magnitude accompa-
nied by orienting the magnetization parallel results in a re-
covery of the T, values, which approach the same level at
complete parallel orientation, as obtained for the opposite
field at the starting point. For even larger fields, of course,
the standard 7. depression sets in as already demonstrated
above in Fig. 1. It may be worth noting that the observed T
data are independent of the relative orientation between the
magnetic field and the current direction.

Thus, the present results explicitly confirm the conclu-
sions already drawn in the context of the resistance behavior

as given in Fig. 3(b) that T is highest for a parallel magne-
tization orientation consistent with the spin-imbalance
model, but opposite to the predictions related to the proxim-
ity theories. Due to the similar values of the coercive fields
of Fe and Co, however, the attribution of the 7, values to
magnetization orientations and switching fields still appeared
too imprecise in the data presented so far. For that reason, an
exchange-biased system of the type CoO/Co/Nb/Fe/Au
was prepared, providing a significantly enhanced field range
with an antiparallel magnetization orientation. This is dem-
onstrated in Fig. 7, where the corresponding hysteresis curve
taken at 5 K is presented (right scale), which exhibits the
asymmetric behavior relative to H=0 characteristic of the
exchange-bias effect. Here, the smaller magnetization steps
occurring at smaller field magnitudes correspond to switch-
ing the Fe magnetization, the subsequent larger steps to those
of Co. The resulting orientations are indicated by the two
arrows attached to the corresponding parts of the hysteresis
curve. Next, the 7. behavior of this system was determined
and the results are included in Fig. 7 as closed dots (left
scale) with the solid curve serving as a guide to the eye.
Starting then at high positive fields with both magnetizations
parallel, by reducing the field towards zero and changing its
direction, one approaches the well-defined switching field for
the Fe magnetization. Right at this switching field, 7, reaches
its minimum, still in agreement with its previous attribution
to the antiparallel orientation. A first inconsistency, however,
with an interpretation of the 7. behavior in terms of a unique
relation to the magnetization orientation, turns up when the
magnetic field is further reduced while keeping the antipar-
allel magnetizations fixed. In the present case, as long as the
antiparallel orientation is fixed, T, is expected to conserve its
minimum value. Opposite to this expectation, however, the
transition temperature exhibits a steep increase immediately
after switching into the antiparallel state until a maximum is
obtained approximately halfway on the antiparallel magneti-
zation plateau with a value corresponding roughly to the
starting 7, in the parallel orientation. Further increase of the
field leads to a continuous 7, depression as expected for
“high” fields without any resolvable interruption of continu-
ity at the second switching into the parallel magnetization
state. These results strongly suggest that processes which are
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immediately related to the switching of magnetizations,
rather than their relative orientation, are responsible for the
observed T, behavior. An obvious test of whether the differ-
ent magnetization orientations are of essential importance for
the 7. changes is to analyze FM-SC bilayers instead of the
above FM/SC/FM trilayer systems. The corresponding re-
sults will be presented in the following section.

B. Bilayer systems

The following considerations and experiments are based
on the idea that local stray fields resulting from a given do-
main state of a FM layer may induce a resistive state within
the neighbored SC layer. Within this picture, a FM/SC/FM
trilayer may be more effective in suppressing superconduc-
tivity or may allow us to observe this effect in even thicker
SC layers; however, in principle, for its occurrence a FM-SC
bilayer should be sufficient. In any case, as has been esti-
mated in the context of Fig. 4, the necessary local stray fields
should exhibit magnitudes well above 1.8 kOe to induce the
experimentally observed resistances. It is also intuitively
clear that these stray fields will originate from domain walls
within the FM layer. Consequently, in the magnetically satu-
rated state, stray fields are expected to be negligibly small,
while close to the coercive field their effect might be largest.
In this way, the observed T, changes are traced back to the
switching of domain configurations representing different
distributions of local stray fields. To elaborate on this idea
more quantitatively, micromagnetic simulations, based on
solving the Landau-Lifshitz-Gilbert equation, were per-
formed with the OOMMF software.’! For this purpose, the
behavior of a 5 nm thick Fe layer was simulated in two
dimensions (2D) assuming a basic cell of (10X 10X 5 nm)
and values for the magnetocrystalline anisotropy K;=5.2
X 10%, K,=—1.8X 10* (unit: J/m?) at 4.2 K, exchange con-
stant A=20.7 pJ/m, and saturation magnetization M¢=17
% 103 A/m as appropriate for bulk bce Fe.’? Simulation of a
hysteresis cycle and comparison to the experimental curves
showed that an enhancement of K; by 20% to 5.8
X 10* J/m? resulted in a better agreement. Thus, in the fol-
lowing this larger value was adopted.

Some significant conclusions can be drawn from the re-
sults given in Fig. 8, where the upper panel represents a top
view onto a 2D Fe layer (1 wm X2 um), which first was
saturated by an in-plane field in the x direction, then brought
into the remanent state and finally, after field reversal, to the
presented state at an applied field of 75.4 Oe close to the
coercive field with a magnetization of M/M¢=+0.53. Here,
each arrow indicating the local magnetization direction rep-
resents an average over ten basic cells used for the simula-
tion. The shadowed areas arise due to encoding the magne-
tization directions in a gray scale and, thus, can be
qualitatively interpreted as domains. For a given simulated
in-plane magnetization, the magnitude and the perpendicular
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FIG. 8. (Color online) (Upper panel) Simulated magnetic do-
main configuration for a 1 wm X2 um X5 nm Fe layer (details are
given in the text). (Lower panel) Magnitude and perpendicular com-
ponent of the stray field calculated for the given domain configura-
tion at a distance of 10 nm above the central line included in the
upper panel. Vertical dots indicate the position of the domain walls.
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component of the resulting stray field can be calculated at a
given distance from the Fe layer. This has been performed
for a distance of 10 nm from the Fe layer and the corre-
sponding results can be found in the lower panel, where the
magnitude (solid curve), as well as the perpendicular com-
ponent (dashed curve) of the stray field, is plotted along the
x direction, as indicated in the upper panel by the solid line at
the center of the layer. Note that both panels in Fig. 8 share
a common x scale. As expected, the peaks of the stray field
coincide with the position of the domain walls, as marked by
the vertical dotted lines. Furthermore, even though the exter-
nal applied field in the simulation is only 75.4 Oe, the local
stray-field components exhibit values well above the neces-
sary estimated thresholds to induce a local resistive state
within the nearby SC layer.

To experimentally test the possibility of influencing the
superconducting state by stray fields from a nearby multido-
main FM layer, the 7. behavior of a (5 nm Fe/20 nm Nb)
bilayer was analyzed as a function of the applied magnetic
field. The corresponding results are presented in Fig. 9 for a
complete hysteresis cycle. Starting with a saturated Fe mag-
netization at negative field polarity, the solid squares give the
T, data for field changes up to Fe saturation at positive field
polarity. Additionally, the closed dots describe the T, data for
the inverse direction. In both cases, the dashed curves are
provided as guides to the eye. The most notable feature in
these T, data are the two minima, one close to zero field, i.e.,
in the remanent state, and a second close to the coercive field
of Fe. For the two opposite field sweeps, these latter minima
are positioned symmetrically relative to H=0 reflecting the
corresponding Fe hysteresis curve. It should be noted that the
second half cycle (closed dots) was measured one day after
the first half, leading to a slight increase in the sample resis-
tance, which, in turn, results in a 5 mK offset between the
two data sets. Independent of this small drift, however, the
reproducibility of the two minima leaves no doubt about
their significance. This is further corroborated by two addi-
tional bilayer systems, one (5 nm Fe/22.5 nm Nb) and an-
other one (5 nm Co/17.5 nm Nb), both delivering two T,
minima and comparable AT, ;4 values of 14 and 11 mK,
respectively. It is also worth mentioning that increasing the

thickness of the Nb layer up to the previous standard value of
27.5 nm led to a complete disappearance of the T, effect in
bilayers. Thus, the two minima are attributed to two different
domain configurations, one in the remanent state and one
close to switching at the coercive field, with corresponding
stray fields sufficient to influence the resistively determined
T., while in the completely saturated state the effect on 7,
vanishes. In this picture, the observed higher effectiveness of
trilayer systems is simply due to the presence of stray fields
at both sides of the SC layer allowing us also to use thicker
Nb layers.

C. Nonmagnetized trilayer systems

In this section, one more piece of evidence is provided
against the assumption that the relative magnetization orien-
tation of the FM Co and Fe layers sandwiching a Nb layer is
the decisive parameter controlling its 7. value. For this pur-
pose, the transition temperature T, ;4 was analyzed for a
5 nm Co/40 nm Nb/5 nm Fe trilayer in the as-prepared
nonmagnetized state as a function of an increasing external
magnetic field. The result is shown in Fig. 10 and reveals the
remarkable fact that the nonmagnetized system exhibits the
lowest T, value, which monotonously increases by approxi-
mately 20 mK by increasing the external field driving the
FM layers into saturation. On field reversal, no significant T,
depression is observed in the remanent state, while close to
the coercive field at negative field polarity the 7, minimum
characteristic of trilayers is recovered which, however, is
shallower by 10 mK, as compared to the starting situation.

IV. SUMMARY

Though the results of the last two sections provide clear
evidence against the dominating influence of the magnetiza-
tion orientation on the superconducting transition tempera-
ture, there are still some details, when comparing bilayer and
trilayer results, which should be addressed. First, the resis-
tance behavior found for trilayers with an example given in
Fig. 3(b) exhibits two clear maxima close to the coercive
fields, while in the remanent state no significant anomaly can
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be resolved (see also Fig. 4). Similarly, the T, behavior of
trilayers is characterized by pronounced minima positioned
exclusively close to the coercive fields (cf. Figs. 6 and 7). In
contrast, all results on bilayers reveal an additional strong
influence of the remanent state on 7,. At the moment, we
have no clear experimental clue as to what is causing this
difference. A possible explanation, however, could be a mu-
tual magnetic interaction between the two FM layers, leading
to a remanent state for trilayers which is much closer to
saturation with a correspondingly lower density of domain
walls than in the case of FM/SC bilayers. With respect to this
point further experimental work appears necessary, providing
especially detailed information on the various domain con-
figurations.

Despite this complication in detail, the presented results
on Fe/Nb/Co trilayers and Fe/Nb, as well as Co/Nb, bilay-
ers, allow the clear conclusion that the standard proximity
theory, with its prediction of a 7. maximum for antiparallel
magnetization orientation of the sandwiching FM layers,
cannot account for our experimental observations. Similarly,
the spin-imbalance model, though giving the right trends of
the observed resistance and 7, shifts, can be excluded, refer-

ring to the fact demonstrated in Fig. 7 that 7, strongly in-
creases from its minimum value over a field range where the
relative magnetization orientations of the FM layers are fixed
in an exchange-biased system. This exclusion is then con-
firmed by the T, changes induced in FM/SC bilayers, when
modifying the domain configurations in the FM layer. Thus,
the experimental evidence presented on controlling the tran-
sition temperature of a superconducting Nb layer by chang-
ing the magnetic state of covering FM layers is strongly in
favor of an interpretation in terms of local stray fields, origi-
nating from and sensitively depending on magnetic domain
configurations, which can be systematically varied along a
given hysteresis cycle. These results might open the possi-
bility to tailor superconducting properties of thin films by
means of domain-wall engineering.
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