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Abstract. The effect of the exchange energy variation

in weakly ferromagnetic alloys on the

superconducting resistive transition of superconductor/ferromagnet/superconductor (S/F/S) trilayers is
studied. Critical temperature, 7., and resistive transitions versus the F-layer thickness, dr, have been
analyzed in Nb/Cuo.41Nig.50/Nb and Nb/Pdo.81Nio.10/Nb trilayers. We show that Tc(dr) dependence is
sensitive to magnetic inhomogeneities in the F-layer for values of dp corresponding to thickness range

where the m-superconducting state is established.

1 Introduction

Superconductivity in structures with alternated supercon-
ducting (S) and ferromagnetic (F) layers is determined
by the proximity effect [1]. The density of Cooper pairs
quickly decays in the F-layer due to the exchange field
which also causes a nonzero momentum of Cooper pairs
creating a spatial oscillation of the superconducting pair
function [2]. These oscillations manifest themselves in
two superconducting critical states of S/F/S trilayers, a
“0O-state”, with critical temperature 7.9, and a “m-state”,
with critical temperature T,,, depending on the F layer
thickness dp. As a result a non-monotonic dependence of
the critical temperature T, versus dg, the F layer thick-
ness, appears [3,4].

The existence of the -state and other non-trivial prop-
erties of S/F systems, make these structures very appeal-
ing, being good candidates in the field of spintronics and
digital electronics [1,5,6]. For these reasons, these promis-
ing systems deserve deep investigation, also in regard fun-
damental problems such as, for instance, interface quality
or the magnetic properties of the ferromagnetic layer. The
oscillation of the superconducting order parameter in S/F
systems is governed by the coherence length in the ferro-
magnet, {p. If the ferromagnet is in the diffusive regime
and F., > kT, & = \/FLDF/Eem = \/hVFép/?)Eew
(here Dp, vp, E., and {p are the diffusion coefficient,
the Fermi velocity, the exchange energy and the electron
mean free path of the ferromagnet, respectively). This im-
plies that the T.(dr) dependence is sensitive, especially
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for dp/ values close to the thickness value where the 0-m
crossover takes place, to changes in E.,. Such variations
can be present in one sample due to inhomogeneity of the
ferromagnetic layer.

In the study of properties of S/F proximity coupled hy-
brids, weakly ferromagnetic alloys, like Cu; _,Ni, [7,8] and
Pd;_,Ni, [9], are of great importance. In these systems
E., is controlled by changing the amount of the magnetic
element in the alloy, and the superconducting order pa-
rameter can be induced in the F-layer over distances up
to about ten nanometers [10]. In Pd; _,Ni, the magnetism
is established at much lower Ni percentages compared to
Cu;_,Ni,. In fact, because Pd is a highly paramagnetic
material [11], the Ni critical concentration ., which cor-
responds to the appearance of the ferromagnetic ordering
in Pdy_,Ni, alloys, is very small, z. =~ 0.02 [12-14]. On
the other hand, Cu is a diamagnetic material and there-
fore the ferromagnetic order appears in Cu;_,Ni, alloys
at much larger values of the Ni concentration, namely at
Z. ~ 0.43 [15]. Due to this difference in z. the induced
structural disorder is expected to be lower, and conse-
quently, the magnetic ordering to be more homogeneous
in Pd;_,Ni, than in Cu;_,Ni, [16]. Indeed, in Cu;y_,Ni,
alloys for x > 0.4 Ni-rich areas tend to form, with typi-
cal dimensions of 10 nanometers. The presence of such Ni
nanoclusters has been detected in Cuy_,Ni, both in bulk
materials [17,18] and in thin films [19-21]. In Pd;_,Ni,
films the Ni segregation is much smaller, and the nanoclus-
ters have smaller dimensions, typically around 3 nanome-
ters [20], but they are still ferromagnetic [22].

In this paper we study the influence of FE., varia-
tion within the F layer on the superconducting properties
of Nb/Cu0,41 Nio,59/Nb and Nb/PdQ,glNio.lg/Nb trilayers
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with different values of dp. We show that the presence
of local disturbances of the magnetic homogeneity are re-
sponsible for the broadening of the zero magnetic field su-
perconducting transition curves for Nb/Cug 41Nig.59/Nb
samples observed in the thickness range where the m-state
takes place.

2 Experimental

Nb/Cu0,41Nio,59/Nb and Nb/Pdo,glNio_lg/Nb trilayers
were grown on Si(100) substrates in a UHV dc diode
magnetron sputtering system with a base pressure less
than 107 mbar and a sputtering Argon pressure of
4 x 1073 mbar. For each of the two systems a com-
plete series of samples has been grown: in both the series
the superconducting Nb layers have constant thickness,
dny = 14 nm, while Cug.41Nig.59 layer thickness, dcuni,
was varied in the range from 0 to 15 nm and Pdg g1 Nig 19,
dpani, from 0 to 9 nm. To prevent Nb oxidation a 2 nm
thick Al cap layer was finally deposited on the top of the
structures. The samples’ fabrication was performed under
identical conditions. Six substrates were transferred one
at a time from the load-lock to the deposition chamber.
Samples were always positioned exactly in the center of
the main chamber to achieve very similar deposition con-
ditions for all the samples. The detailed description of the
fabrication procedure was published elsewhere [23].

The Ni concentration in the alloys (59% for CuNi and
19% for PdNi) was checked by Rutherford BackScattering
(RBS) analysis. The Curie temperature, Tourie, and the
magnetic moment per atoms, pq: at T = 10 K, were es-
timated to be Toyrie &~ 220 K and pq: = 0.12 pp/at for
CU.Q.4]_N10.59 [24], and TCurie ~ 210 K and Hat = 0.3 uB/at
for Pdg.s1Nig.19 [25]. The high quality layering of our sam-
ples was confirmed by X-ray reflectivity measurements.
The obtained data were fitted using the Parrat and Nevot-
Croce recursion relation, which takes into account the elec-
tron density height fluctuations at the interface [26,27].
The fit gives information about the presence of interface
roughness at different interfaces. We obtained that the
roughness in both setsof S/F/S trilayers was comparable
and did not exceed 0.8 nm [28,29]. Finally, the resistive su-
perconducting transitions R(7T) were measured in a *He
cryostat using a standard dc four-probe technique on un-

structured samples typically (10 x 2) mm?.

3 Results

The superconduting critical temperature, T,, as a func-
tion of dp for Nb/Cug 41Nig.59/Nb trilayers is shown in
Figure 1. In this case T, was defined as the temperature
where R = 0.1 Ry, with Ry the resistance at T = 10 K.
In Figure 1 are also shown the theoretical dependen-
cies for T, versus dp calculated, in the framework of the
Usadel formalism [30] applying the method of the data
analysis described in [31], for the system in the O-state
(Teo(dcuni), solid curve) and in the m-state (Ter(dcuni),
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Fig. 1. T. versus dcuni of Nb/Cug.41Nio.59/Nb trilayers with
dnb = 14 nm. T, was obtained from resistive transitions and
defined as the temperature where R = 0.1Ryx. The solid
(dashed) line corresponds to the Tco(dcuni) (Ten(dcuni)) de-
pendence [31] obtained using the parameters quoted in the
text.

dashed curve). In the theoretical simulation the following
parameters which enter the model [31] have been used:
the low temperature resistivity pcuyni = 60 pf2 cm, the
exchange energy ES'N = 140 K and the diffusion coeffi-
cient Dauni = 5.3 x 1074 m? /s [32]. From that, using the
expression for £ reported above, we get £cyni = 5.4 nm.
The critical temperature of bulk Nb was Tg = 8.6 K,
which implies that the characteristic length of the dif-
fusive motion of the Cooper pairs in the ferromagnet is
géuNi e \/hD0uNi/27rkBT5 = 8.5 nm. Taking for the Nb
resistivity ps = 17 puf cm [25], we get p = ps/pr = 0.28.
So the only free fit parameter which is left in the model [31]
is v = (RB/pr&y), where Rp is the S/F interface resis-
tance times its area. -y, describes the effect of the S/F
interface transparency and varies from 0 (ideal interface)
to oo (completely reflective interface) [33]. Fitting the
Nb/Cug.41Nig 59/Nb data reported in Figure 1 we ob-
tained v, = 0.3, in agreement with results reported in
the literature for Nb/Cug 43Nig 57 systems [33,34]. From
Figure 1 it also follows that the crossover between the 0-
and the m-state occurs at d¢ n; ~ 4.5 nm.

In Figure 2, in addition to the data reported in Fig-
ure 1 (open squares), are also plotted the critical tem-
perature values taken at the onset of the resistive transi-
tion (closed circles). T, is now defined as the temperature
where R = 0.9Ry. From the result of Figure 2 it follows
that at dCuNi(%2 nm) < dEuNi and for dcuNi(zlo nm) >
d¢,x; the resistive transitions are sharp. The width of the
transitions, AT, = T(R = 0.9Ry) — T(R = 0.1Ry)), in
this case does not exceed 0.1 K, while, close to dg,n;, AT
increases up to 0.6 K. Such broadening in the region of the
0-7 crossover have already been observed in S/F multilay-
ers [35-38] but, to our knowledge, it was not investigated
in detail. In reference [39] a qualitative model was devel-
oped to explain such effect. In particular, it was proposed
that the broadening can be due to in-plane inhomogeneity
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Fig. 2. T, versus dcuni of Nb/Cug.41Nig.59/Nb trilayers with
dnp = 14 nm. Open squares (closed circles) represent T. =

T(R = 0.1Rn) (Tc = T(R = 0.9Rxy)). The solid (dashed)
line corresponds to the Teo(dcuni) (Ter(dcuni)) dependencies
obtained using the Tagirov correction [41] in the Usadel for-
malism [31]. See the text for further details.

of the materials which generates a network of Josephson 0-
and m-contacts with a subsequent spontaneous nucleation
of vortices [39]. In this paper we analyze quantitatively
this effect paying the main attention to the possible in-
fluence of the magnetic inhomogeneity of F-layer on the
broadening. Since the interface transparency is compara-
ble for the two systems we do not consider it as a possible
cause of the enlargement of the resistive transitions. The
theoretical results (solid and dashed curves) presented in
Figure 2 will be discussed later.

In Figure 3 71, as a function of dp for
Nb/Pdy s1Nig.19/Nb trilayers is reported. For  this
system the width of the resistive transitions, AT,
was always less than 0.1 K even for thickness of the
F-layer close to dpgy; (which, in this case, is 3.1 nm)
and the points corresponding to the critical temper-
ature T, T(R = 0.1Ry) (open squares) and to
T. = T(R = 0.9Ry) (closed circles) practically coincide.
The solid and the dashed black lines are, respectively,
the T.o(dpani) and the T..(dpan;) dependencies obtained
using the model of reference [31] in which the follow-
ing parameters have been used: ppani = 64 pf2 cm,
EPINT — 930 K, Dpani = 2.3 x 107% m?/s [25]. As a
result, we obtained {pgn; = 2.8 nm and, using Ts = 8.3 K,
&bani = 9.8 nm. We finally calculated p = 0.26 so that the
fitting procedure of the experimental data gave v, = 0.26
in reasonable agreement with the results obtained in [25].
The small discrepancy between this value and the one re-
ported in [25] for Nb/Pdg g1 Nip.19 bilayers is probably due
to the different configurations of the analyzed samples.
It has been recently shown that for the Nb/Pd systems
the layer deposition sequence significantly affects the
structural disorder at the interfaces and, consequently, the
critical temperature of the whole sample [40]. This work
suggests that it can be not straightforward to compare
the results obtained for Nb/Pdgs1Nig.19/Nb trilayers
with the one reported for Nb/Pdg.s1Nig.19 bilayers. The
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Fig. 3. T. versus dpani of Nb/Pdo.g1Nip.19/Nb trilayers with
dny = 14 nm. Open squares (closed circles) represent 1. =

T(R = 0.1Rn) (T. = T(R = 0.9Ry)). The solid (dashed)
black line corresponds to the Teo(dpani) (Ter(dpani)) depen-
dencies [31] obtained using the parameters quoted in the text.
The solid (dashed) grey line corresponds to the Teo(dpani)
(Ter(dpani)) dependencies obtained using the Tagirov correc-
tion [41] in the Usadel formalism [31]. See the text for further
details.

results described by the solid and the dashed grey lines
are discussed in the following section.

4 Discussion

The main result following from the experimental data re-
ported in Figures 2 and 3 is that the width of the resistive
transition of Nb/Pdg 1 Nig.19/Nb trilayers is much smaller
than the one measured for Nb/Cug 41 Nig 59/Nb. However,
as noted above, the interface roughness in both systems
is typically around 0.8 nm, while Ni clustering is more
pronounced in CuNi. In these clusters the value of the
exchange energy, E¢L is much greater than its value out-
side them. Since the lateral dimensions of these clusters
are greater than the film thickness, in some points of the
S/F/S structure the S-layers will be connected through a
stronger ferromagnet, forming S/F*° /S contacts which will
be described by different microscopic parameters. In par-
ticular, these contacts will be characterized by a different
T¢ versus (dr) curve. In the following we will estimate the
T¢(dr) dependence applying the Tagirov theory [41,42].
It has been shown [41,42] that the diffusive limit of the
microscopic theory is not completely adequate when con-
sidering S/F structures if F is a strong ferromagnet. In
fact, for such materials the characteristic decay length
of the superconducting pair function in the F-layer, g,
becomes comparable or even smaller than ¢r and, con-
sequently, the conditions for applicability of equations in
the diffusive limit are not fulfilled. It has been proposed
that, in order to describe the superconducting properties
of S/F structures with a ferromagnet for which {p ~ &,
it is necessary to take into account the first correction to
the equations which describe the system in the diffusive
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limit [41,43]. This leads to a renormalization of the diffu-
sion coefficient, i.e. Dp — D% = Dp/ (1 4 iasgnw) in
the Usadel equations, which describe the superconducting
condensate in a ferromagnet:

+
<|w| +iE., — h’% af) FE(w;r) =0. (1)

Here o = Uy /58p m, where {p = hivp/2E., is the mag-
netic stiffness length, w = 7kpT(2n + 1), n = 0,1,...
are Matsubara frequencies, F*(w;r) are the anomalous
Green functions in the diffusive limit. Calculations re-
vealed that equations taken in the diffusive limit and with
the above implementation adequately describe the experi-
mental data [41,42,44-47]. The results of the calculations,
performed using the model of reference [31] but consider-
ing the renormalized diffusion coefficient, are reported in
Figure 2 to fit the data of Nb/Cug.41Nig.59/Nb trilayers
for two different values of the coefficient a: black lines re-
fer to a = 0.5 and grey lines to o = 1.1. These two values
were chosen from the range 0 < o < 1.1 which reproduces
completely the T, spread of the experimental data.

In our opinion, the obtained result is related to the
presence of relatively large Ni clusters in the Cug.41 Nig.59
alloy. These clusters act as a strong ferromagnet, making
the Tagirov arguments applicable to our systems. From
the a values one can roughly estimate the £, the value
of the exchange energy in the Ni clusters since, in tem-
perature units, ES. ~ (5hvra)/[kp(2¢x;)]. Choosing for
Ni vip = 0.28 x 10° m/s [48] and {y; ~ 2 nm [49] and
using o = 0.5 or = 1.1, we find that E<. changes from
1.3 x 10° K to 2.9 x 103 K, which are reasonable values
for elemental Ni [48,50]. Also, from the T.(dxi) behav-
ior of Nb/Ni bilayers the value &g, = 0.88'nm was ob-
tained [49] from which one gets E., = 2.4 x 10? K. From
the experiment it also follows that, for dcuni = 10 nm the
R(T) curves become sharp again. This fact supports our
assumption that in some part of the CulNi layers the Ni
clusters can form the S/F°/S contacts. When dcun; ex-
ceeds the average dimension of the cluster this does not
considerably affect the superconducting properties of the
S/F/S structure.

In Figure 3 'we show the results for the
Nb/Pdy g1Nig.19/Nb  trilayers obtained by apply-
ing the same procedure followed above for the
Nb/Cug.41Nig 59/Nb ' trilayers. Black lines refer to

a = 0 and grey lines to a = 0.1. It is evident that
the agreement with the experimental data is worse in
the last case. We believe that this result is a direct
consequence of the smaller dimension of the Ni clusters
in Pdg §1Nig.19. For this reason the behavior of T.(dpani)
can be satisfactory described by the standard method
without taking into account Tagirov’s approach.

5 Conclusions

In conclusion, a systematic study of the T.(dp) de-
pendence in S/F/S trilayers, with F being a weakly
ferromagnetic alloy, has been performed. For the

The European Physical Journal B

Nb/Cug.41Nig 59/Nb trilayers a broadening of the R(T)
transitions is observed in the w-phase thickness region,
where AT, = 0.6 K. On the other hand for the
Nb/Pdy.81Nip.19/Nb trilayers these transitions are always
sharp and AT, does not exceed 0.1 K. The experimental
data have been analyzed by applying the approach devel-
oped by Tagirov to describe superconducting/strong ferro-
magnetic systems. In the present case the aim was to take
into account the possible presence of Ni segregation in the
alloys. The model successfully reproduces the data for the
Nb/Cug.41Nig 59 system, while it is evidently not suited for
the Nb/Pdy s1Nip.19 data. We ascribe this result to the dif-
ferent properties of the weak ferromagnetic alloys, namely
to a more pronounced clustering in the Cug41Nig 59 case.
Finally, the indirect quantitative estimate of the exchange
energy in the cluster supports our argument.
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