PHYSICAL REVIEW B 104, 214509 (2021)

Role of disorder in the superconducting proximity effect in a-NdNis/Nb bilayers
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The search for optimal materials to be used in superconductor/ferromagnet hybrids is fundamental to the

development of superconducting spintronic devices. One of the main issues which should be tackled is the
optimum ferromagnetic material that should be used in these systems, i.e., a ballistic ferromagnet with a large
value of the exchange energy or a weak ferromagnet with diffusive transport. Here, we investigate the proximity
effect between Nb and amorphous NdNis;. We observe that the electrical transport is influenced by the strong
disorder in the ferromagnetic layers. For small values of the ferromagnetic layer thickness, the depression of
the superconducting critical temperature is stronger than as observed in metallic ferromagnetic layers with
comparable values of the exchange energy. On the contrary, for a large thickness of the ferromagnet the
interface transparency is very small and the effect of the ferromagnet on the superconductor becomes negligible.
The results are in line with recent observations and confirm the prominent role played by the structural and
morphological properties of the ferromagnet on the physics of superconductor/ferromagnet bilayers.

DOI: 10.1103/PhysRevB.104.214509

I. INTRODUCTION

The interplay between superconductivity and magnetism
in hybrid layered structures has revealed many interest-
ing phenomena which have been intensively studied both
theoretically and experimentally for a long time now
[1-3]. The superconducting properties of these structures
are dictated by an unconventional proximity coupling be-
tween the superconductor (S) and the ferromagnet (F) that
causes the superconducting correlations to decay with an
oscillating behavior in the ferromagnetic layer [2]. The pen-
etration of the spin-singlet Cooper pairs in the F layer is
regulated by the value of the decay length &g, while the os-
cillatory length in the direction perpendicular to the interface
is &p. One of the most relevant consequences of this property
of the superconducting order parameter is the oscillation of
the superconducting critical temperature (7;) as a function
of the thickness of the ferromagnetic layer (dg) in S/F hy-
brids. In the dirty limit, for Eex > kT, itis & = &p) >~ &y =
/IiDg/Ee (Dr is the diffusion coefficient of the ferromagnet
and E,y is the exchange energy). For strong (weak) ferromag-
nets Ee, ~ 1000 (100) K and & ~ 1 (10) nm [4-6]. In the
ballistic limit, &g, = hivg/2wkgT and &gy = Fivg/2E (here vp
is the Fermi velocity). This implies that in clean ferromag-
nets singlet correlations can propagate over long distances at
very low temperatures with a short oscillating length [7,8].
Therefore, the proximity effect between the S and the F layer
depends not only on the strength of the magnetic order but also
on the structural properties of the ferromagnet. A systematic
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study recently performed on S/F/S junctions with Ni-based
interlayers has demonstrated that strong but clean ferromag-
nets may be more suitable for applications in superconducting
spintronics than weak but dirty ones [9].

Amorphous materials have received great attention in dif-
ferent areas of condensed matter physics [10,11] but their
study in conjunction with superconductors has been limited
to few cases [12,13]. Recently, amorphous NdNis (hereafter
a-NdNis) has been proposed in a thin-film form as a promising
material to be used in F/S/F pseudospin valve due to its nar-
row hysteresis loops and small exchange splitting energy [14].
However, to be concretely used in superconducting devices
where the Cooper pairs can propagate over long distances in
the ferromagnet, other physical quantities should be investi-
gated. These include, as sketched above, the ferromagnetic
coherence lengths and E, but also the value of the S/F inter-
face transparency. This property is crucial for the application
of these systems in the field of superconducting spintronics
[15]. A simple method to get information on these quantities
is to study the transport properties of S/F bilayers, in particu-
lar the dependence of the critical temperature as a function
of the S- and F-layer thicknesses. This approach, initially
used for superconducting/normal metal hybrids [16—19], has
been extended to the case of weak and strong ferromagnets
[6,20-32], spin glasses [33,34], and a disordered antiferro-
magnetic alloy [35], but not to amorphous ferromagnetic
materials in which the value of the correlation length (the
electronic mean-free path) is smaller than the ferromagnetic
coherence length.
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Here, we report a study on the proximity effect in
a-NdNis/Nb bilayers as a function of the thickness of both
layers. The morphological characterization of the samples,
in conjunction with magnetic measurements, shows the pres-
ence of Ni enriched zones in the amorphous ferromagnetic
layers. The Ni segregation determines an anomalous behavior
of the critical temperature of the samples when compared
to results obtained in S/F bilayers containing homogeneous
and metallic ferromagnets. The experimental results are influ-
enced by an additional spin-flip scattering and are peculiar of
the amorphous nature of the NdNis, which mainly determines
a reduced value of the interface transparency for large NdNis
layer thickness. For small NdNis thickness, the reduction of
the critical temperature is enhanced with respect to metallic
ferromagnets with similar values of E.

II. EXPERIMENTAL AND SAMPLES
CHARACTERIZATION

Sub/a-NdNis /Nb (here Sub stands for substrate) bilayers
were deposited in an ultrahigh vacuum DC diode magnetron
sputtering system on Si(100) substrates with a base pressure in
the low 10~® mbar range and an Ar pressure Py° = 3 pubar for
Nb and Py = 7 ubar for NdNis. The deposition rates were
0.27 nms~' for Nb and 0.12 nms~' for NdNis, as measured
by a quartz crystal monitor previously calibrated by thickness
measurements made with a 3D Bruker DektakXT optical pro-
filometer on dedicated films. Care was taken to deposit the
bilayers under nominally identical conditions. More specif-
ically, three substrates were mounted on the sample holder
and, thanks to a suitable shutter positioned in the deposition
chamber, it was possible to grow three bilayers which differ
only for the value of the thickness of one layer in a single
sputtering run. The structural, electrical, and magnetic prop-
erties of single NdNis films have been analyzed in detail
in Ref. [14]. In particular, as determined by high-resolution
x-ray diffraction measurements, the films are amorphous. The
electrical resistivity is about 230 €2 cm, from which the
electronic mean free path can be estimated to be ¢ ~ 0.3
nm. Using for the Fermi velocity of the NdNis the value
vp = 2.94 x 10® cm/s, obtained as a weighted average of
the Fermi velocities of the single elements [14,36], we ob-
tain that the diffusion coefficient is Dp = vplp/3 = 2.9 x
10~* m?/s. Moreover, the a-NdNis films have a value of the
low-temperature magnetization at a high field of the order
of 0.3up/atom, where ug is the Bohr magneton. Finally, a
10-nm-thick film has a coercive field H. of 7mT at T = 5 K.

A TESCAN-VEGA LMH-230 V microscope was used
to collect scanning electron microscopy (SEM) images and
analyze the morphology of the surface of a 100-nm-thick
a-NdNis film. The energy-dispersive x-ray (EDX) analyzer
coupled to the microscope provided information on the
chemical composition of the sample as well as the elemental
distribution and concentration. Figures 1(a) and 1(b) report
two SEM images taken at different resolutions, showing the
morphology of the film surface. The maps of Ni and Nd,
obtained by the EDX detector at low magnification, give
the distribution of the two elements in the sample and an
atomic ratio Ni/Nd equal to 4.8 £ 0.2, in agreement with the
composition of the target used for the deposition. Moreover,
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FIG. 1. (a) SEM image of the surface of a 100-nm-thick a-NdNis
film. (b) The same as in (a) but on an enlarged scale. EDX map
of Ni (c) and Nd (d). (¢) EDX map of Ni at higher magnification
(upper panel) and size distribution histogram of the Ni clusters (lower
panel). The solid line in the lower panel is a fit to the data using a
log-normal distribution.

the two maps show the nonperfect superposition of the two
metals distribution, as can be seen when comparing the sur-
face areas evidenced in the yellow and light blue squares of
Figs. 1(c) and 1(d). This inhomogeneity is on the length scale
of few nanometers and is compatible with the presence of Ni
segregation. To make a quantitative estimation of the dimen-
sions of the Ni cluster, an EDX map of Ni has been taken at
higher magnification, as shown in the upper panel of Fig. 1(e).
The bidimensional image [taken on the area enclosed in the
yellow box and marked by the green arrow in Fig. 1(c)] has
been analyzed with the help of the software IMAGETOOL and
the size of the Ni agglomerates in the investigated area has
been determined. In the lower panel of Fig. 1(e) we show the
histogram of the clusters’ size distribution. The solid line is
the fit to the data using a log-normal distribution which returns
an average size of the clusters, D = 4.9 nm, and a variance,
o = 0.6 nm.

The presence of the Ni clusterization in the a-NdNis films
is confirmed when the temperature dependence of their sat-
uration magnetization M; is analyzed. Figure 2 shows the
quantity [Myy — M(T)]/My = AM,/My, plotted as a func-
tion of T3/2 and measured on a 125-nm-thick film for which
Tc =70 K, where T¢ is Curie temperature [14]. Here My
indicates the value of M at T = 5 K. The concave curvature
indicates a deviation from the ~73/2 Bloch law, valid for a
three-dimensional homogeneous magnetic material and due
to spin-wave fluctuations [37]. In the lower inset of Fig. 2
the same data of the main panel are plotted in a log-log
scale as a function of the temperature. The best fit to the
data (shown by the solid line in the figure) in the high-
temperature region, where ferromagnetic ordering does not
coexist with a Kondo regime [14], is obtained by using the
law AM,/My, = BT” with a reduced value of the exponent
b, namely b = 0.66 £ 0.02, and B = (0.042 & 0.004) K0,
The validity of a Bloch-type law for the saturation magne-
tization is common for granular magnetic materials where
fluctuations of the exchange field are present [13,38]. In this
case, the values of both B and b depend on the size of the mag-
netic grains [38]. In particular, when analyzing the magnetic
behavior of iron nanoparticles very similar values for both the
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FIG. 2. Relative depression of the saturation magnetization for a
125-nm-thick a-NdNis film as a function of T3/, Lower inset: the
same data reported in a double logarithmic scale as a function of T'.
The red line is the best fit to the data (see text for details). Upper inset:
dnani dependence of the remanent magnetization per unit volume for
three a-NdNis films at 5 K.

exponent and the prefactor B have been obtained for particles
with a core diameter less than 5 nm [38]. We believe that
this result further supports the presence of Ni agglomerates of
nanometric dimensions in the a-NdNis films. Finally, in the
upper inset of Fig. 2 the value of the remanent magnetization
per unit volume at 7 = 5 K is shown for three a-NdNis films.
Again, the decreasing trend of the data could be related to the
presence of the Ni clusters whose effectiveness in determining
the magnetic properties of the a-NdNis films is higher for
small thickness. To close this paragraph we wish to comment
on the possibility that the Ni agglomerates would behave
as superparamagnetic particles since their average size D is
below the superparamagnetic limit of ~30 nm [39]. To check
this possibility, we measured the temperature dependence of
the magnetization in zero field cooled (ZFC) and field cooled
(FC) modes using a vibrating sample magnetometer (VSM),
but no clear fingerprints of a superparamagnetic behavior of
the a-NdNis films have been detected. In particular, the ZFC
and FC curves do not bifurcate and the peculiar peak in the
ZFC branch was not detected, maybe due to the small value of
the magnetization in the films, which is close to the sensitivity
of the VSM, and to a small remanent moment trapped in
the superconducting magnet [14]. Nevertheless, it has been
recently reported that for Ni nanoparticles of a mean diameter
of 5 nm and small size distribution, the temperature at which
the bifurcation (blocking temperature 7g) and the maximum
in the ZFC curve appear (7p) almost coincide and Ty ~ Tp ~
20 K [40]. Interestingly, this value is very close to the tem-
perature where we have previously reported a change in the
slope of the temperature dependence of both the coercive field
and the saturation magnetization measured on a-NdNis films.
This result, also supported by electric noise spectroscopy, was
interpreted as due to the presence of nanometric magnetic
clusters [14].

The superconducting properties have been analyzed by
electrical resistance measurements using a Cryogenic Ltd.
CFMOT cryogen-free system using a standard four-probe
technique on unstructured samples whose in-plane dimen-
sions were typically 5 x 5 mm?”. The contacts were put in
line and the distance between the current (voltage) pads was
about 6 mm (1 mm). The samples were current biased with
I, = 10 pA. Voltage measurements have been performed in
thermal electromotive force compensation mode by inverting
the current direction. During the measurements, the error on
the temperature value was less than 10 mK. The supercon-
ducting H-T phase diagrams were obtained by measuring
the resistive transitions in the presence of the magnetic field
applied parallel or perpendicular to the surface of the samples.
For each field, the value of 7. was taken at the tempera-
ture where the resistance was equal to 0.5 Ry (here Ry is
the normal state resistance at 7 = 10 K). The width of the
resistive transitions was defined as AT, = T (R = 0.9Ry) —
T (R = 0.1RN). In the case of the in-plane field, this was ap-
plied perpendicularly to the direction of the bias current. To be
sure that the magnetism in the a-NdNis layers was completely
saturated the following procedure was used when measuring
the resistive transitions. A magnetic field of 1 T, well above
H., was first applied to the samples at 7 = 15 K and then re-
moved before cooling the samples down to low temperatures.
When, occasionally, some R(T) curves were also measured
without following the above procedure no differences were
observed.

Two series of Sub/a-NdNis/Nb bilayers were studied. In
the first set the thickness of the a-NdNis layer was kept
constant to dngni = 50 nm, while the Nb layer thickness dnp
was varied between 7.5 and 60 nm. The value dngni = 50 nm
in the series has been chosen to be larger than the typical
values obtained for the ferromagnetic coherence length in
the dirty limit even for weak ferromagnets [5,6]. For com-
parison, a series of single Nb films was deposited to study
the intrinsic effect of the 7. suppression related to the super-
conducting film thickness. The second set had fixed dnp =
14 nm, while dngni Was varied in the range 1-100 nm. In
particular, the 14-nm film has a low-temperature resistivity
ps =21 uQcm and a superconducting critical temperature
T.s = 6.74 K. Therefore, the electronic mean-free path in Nb
is ¢s = (w%k3/vs)/(yspse’) = 1.8 nm, where vs = 2.73 x
107 cm/s and ys = 7 x 10* J/K? cm? are the Fermi velocity
and the electronic specific heat coefficient of Nb, respectively
[41,42]. Consequently, we have for the diffusion coefficient
Ds = vsls/3 = 1.7 x 107* m? /s and for the superconducting
coherence length & = /hDs/2rwkgT.s = 5.5 nm. Also, the

ferromagnetic coherence length is & = /hDg/2mkgTis =
7.2 nm [43].

III. RESULTS AND DISCUSSION

In Fig. 3 the dependence of the superconducting critical
temperature on dyp in @-NdNis/Nb bilayers with dngni =
50 nm is shown. The thickness dependence of T; for a se-
ries of single Nb films with different thicknesses deposited
in the same conditions of the bilayers is also reported for
comparison. The results clearly show the effect of the prox-
imity coupling in determining the suppression of 7 in the
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FIG. 3. T, as a function of dy, of a-NdNis/Nb bilayers with
dnani = 50 nm (closed symbols). For comparison, the values of 7.
for single Nb films are also reported (open symbols) together with
the best fit to the data according to the Ginzburg-Landau theory
(solid line).

bilayers with respect to the single Nb films. While the Nb data
can be fitted with the formula T;(dxp) = T (1 — derit/dnb)
obtained in the framework of the Ginzburg-Landau theory
[44] with a bulk critical temperature ch““‘ =91+£0.1Kand
a critical thickness d.; = 3.8 £0.1 nm (see solid line in
Fig. 3), the a-NdNis/Nb data cannot be interpreted within the
proximity effect theory developed for the S/F case in the dirty
limit [22,43]. Despite that the data apparently show the typ-
ical increase of T; with the thickness of the superconducting
layer, any attempt to fit the data using the relevant expres-
sions given in Ref. [43] did not succeed (in particular, in the
low-thickness region), unless using unphysical values for the
parameters of the theory, including an interface transparency
very close to the ideal value. This, however, is not surprising
since this theoretical model holds, in the dirty limit, for S/F
systems containing a homogeneous ferromagnet, a condition
which is not fulfilled by the a-NdNis studied in this paper
as evidenced by the structural, morphological, and magnetic
characterization. Nevertheless, looking at the data the critical
thickness of the Nb layer can be roughly estimated to be about
6 nm. This implies that for the a-NdNis/Nb bilayers with a
thick a-NdNis layer it is dci¢/&s ~ 1.1, a number lower than
the ones reported for S/F hybrids containing weak or strong
nonamorphous ferromagnets [6,22,45-48].

In Fig. 4(a) the T; versus dngni dependence is reported. A
selection of resistive transitions for some bilayers of the series
is shown in the inset of the same figure. The data show a
steep decrease of 7, for low dngni values, then a region (the
grey shaded area) where an unusual nonmonotonic behavior
of the critical temperature is observed. Finally, a saturation
value of T¢ is reached for dngni =, 20 nm. In the intermediate
dnani region, corresponding to the thickness range where the
so-called m-state [2,49,50] takes place, along with an evident
scattering of the data, we also observe a broadening of the
resistive transitions, as shown in Fig. 4(b), left scale. The

7.00

T T T T T T T T T T T T
i @ |
.\
6.00 | . d
o / ®—eo— 1.0 e e—
M * o ° s i
e I e
500H ee oF M i
/ \.-. 0.5r @ Y < H 8
r .’~ E ; ; : —v—10
7 < 30
4.00 0o s 16 — 100]
1 L 1 l l l L 1 T (I<|) 1 I
1 1 1 T T T 1 1 T T 1
03T o A a
~ [
PR (AR (b) |
=k X\ﬁ / \ 13
< 0.1 p > L e
% \"’ L 2 ”77”’****w——cf,,,,fw’ﬁ —
1 1 " 1 1 " 1 1 1 1 1 1 " 1 2
0 10 20 30 40 50 _60 70 80 90 100
deNi (nm)

FIG. 4. (a) T. versus dngni Of a-NdNis/Nb bilayers with dy, =
14 nm. The solid line is the fit to the points in the large dngni region
with the model of Ref. [43]. Inset: Resistive transitions for some
bilayers of the series. (b) Left scale: Width of the resistive curves
as a function of dngn; (closed symbols). Right scale: Anisotropy co-
efficient y = Hy(0)/Hc,, (0) as a function of dyani (open symbols).
The grey shaded area indicates the thickness region for which the
resistive transitions show a larger broadening.

abrupt decrease of T already for dngni ~ 2 nm is not expected
because of the value of the magnetic moment per atom of
a-NdNis (0.3ug/atom) which is of the same order of the
magnetic moment in weak ferromagnets [51]. In fact, for S/F
systems containing a weak ferromagnet the minimum in the
T. versus dp curve (dp is the thickness of the F layer) is
for dg ~ 4 nm [6,45] while the minimum at dg ~ 2 nm has
been observed in Nb/Ni bilayers [52,53]. We believe that
this behavior is related to the additional spin-flip scattering
which plays a relevant role when a strongly inhomogeneous
ferromagnet is considered in the S/F theory [13,54]. On the
contrary, for thick enough NbNis layers the magnetic disor-
der reduces the value of the interface transparency and this
results in a smaller decrease of the critical temperature with
respect to the homogeneous case [13,54]. This explains the
fact that T, saturates at about 6 K, a value comparable with
T.s. Furthermore, the ratio of T; at large dngni and the lowest
measured value at about dygn; ~ 5 nm is 1.25. This number is
always much smaller and typically of the order of the unity for
S/F bilayers containing a metallic ferromagnet [6,25,52,53].
The reduction of the interface transparency for thick NbNis
layers is also responsible of the observed small value of d.
However, the model developed in Ref. [43] can be used to
roughly reproduce the values of the critical temperatures in the
region of large dngni where T saturates. The parameter which
in the theory describes the effect of the interface transparency,
T,is yp = [2¢e(1 — T)1/(B&5T). Since both £k and &g have
been already evaluated independently, T is left as the only
free parameter. A nice agreement with the experimental data
is obtained for 7 ~ 0.08 [solid line in Fig. 4(a)]. This value
is indeed much lower than those estimated for well-known
S/F systems obtained with weak ferromagnets [26]. Finally,
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we wish also to comment on the trend of 7. and AT, for
3nm < dngni S 20 nm, where critical temperature data are
strongly scattered and the width of the resistive transitions rel-
atively large. We believe that this behavior could be related to
the Ni clusterization in the a-NdNis layers, which determines
a distribution of the exchange energy within the ferromag-
netic layer. As shown in the case of Nb/CuNi hybrids, the
presence of magnetic inhomogeneities may be responsible
for the broadening of the resistive transitions [51]. Moreover,
the noisy 7; behavior can be ascribed to the nonmonotonic
behavior of &r) and &g, in the presence of the Ni inclusions
[8], since they can hardly be linked to fluctuations of the
magnetic properties of the a-NdNis layers (see the upper inset
of Fig. 2). It is reasonable to expect that these effects are
more pronounced when dygn; is comparable to the size of
the Ni clusters. However, even in the presence of scattered
data in the 7. versus dngni curve plotted in Fig. 4 we can
roughly estimate the value of E. for the a-NdNis. Due to
the extremely reduced value of Zr ~ 0.3 nm, we can safely
assume that it is smaller than all the characteristic lengths of
the problem so that the ferromagnet is in the dirty limit. In
this regime, &g, it is related to the position of the minimum
in the T, versus dngn; curve [Fig. 4(a)] through the rela-
tion dpyin = 0.7m&p/2 [43]. Therefore, from d,;, the value of
the exchange energy, E., = (0.357)>hDg/ dr%lin’ can be deter-
mined. In our case, taking dpi, ~ 2 nm in correspondence of
the first local minimum in the curve, we obtain E. ~ 430 K,
which is consistently almost one order of magnitude smaller
than the value reported for elemental Ni [55] and of the
same order of the exchange energy reported for crystalline
NdNis [56].

In the Figs. 5(a) and 5(b) are shown, respectively, the
resistive transition curves measured in the presence of a par-
allel and perpendicular magnetic field for the bilayer of the
series with variable dngni having dngni = 5 nm. The corre-
sponding curve measured in zero field and plotted in the
inset of Fig. 4(a), shows a two-step transition at the onset of
the R(T) curve which tends to disappear when the magnetic
field is increased. This evidence rules out the possibility that
the broadening of the resistive curves is related to sample
inhomogeneities which give rise to regions with different su-
perconducting critical temperatures [57]. On the contrary, the
curves of the sample of the same series with dngni = 30 nm
[Figs. 5(c) and 5(d)] have narrower transition widths, almost
independent on H. These results are summarized in Fig. 5(e)
where the magnetic field dependence of AT is reported. Open
and closed circles refer to the sample with dygni = 5 nm in the
perpendicular and parallel configuration of the magnetic field,
respectively. Green triangles represent the field dependence
of the transition widths for the bilayer with dygni = 30 nm in
the parallel configuration (similar results are obtained in the
perpendicular case). A very similar result has been obtained
in the case of S/F/S trilayers for thicknesses of the ferromag-
netic layer where the 7 phase [2,49,50,58] could be expected.
This experimental evidence was related to the occurrence of
a Josephson-like coupling between the superconducting lay-
ers which is suppressed at high magnetic fields [57]. In this
thickness region the resistive transitions of the S/F/S trilayers
show a larger broadening. The model proposed in Ref. [57]
can be also applied to the case of S/F bilayers under study
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FIG. 5. (a) [(b)] Selection of resistive transitions of the
a-NdNis/Nb bilayer with dygni = 5 nm in the presence of a parallel
(perpendicular) magnetic field, whose values are reported in the
graphs. (c) [(d)] Selection of resistive transitions of the a-NdNis/Nb
bilayer with dngni = 30 nm in the presence of a parallel (perpen-
dicular) magnetic field, whose values are reported in the graphs.
(e) Dependence of the width of the resistive transitions of the
a-NdNis/Nb bilayer with dyani =5 nm in perpendicular (open
circles) and parallel (closed circles) magnetic field. The closed tri-
angles show AT, versus the parallel magnetic magnetic field of
the a-NdNis/Nb bilayer with dygni = 30 nm. (f) Parallel (closed
symbols) and perpendicular (open symbols) superconducting phase
diagram of a 14-nm-thick single Nb film (black squares) and two
bilayers of the series with variable dngni: dngni = 30 nm (green
triangles) and dngn; = 5 nm (red circles). The solid and the broken
lines are the best fit to the data (see text for details).
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at the first stages of the superconducting transition, when the
S layer consists of both superconducting and normal island,
coupled out-of-plane via the F' layer, which, in turn, consists
of regions with different magnetic strength. We believe that
this observation is again related to the presence of the Ni
clusters whose dimensions, looking at the grey shaded area
in Fig. 4, should be definitely smaller than 20 nm since the
bilayers with dngni out of this thickness range show sharp
transitions. Finally, the Ni segregation does not have any effect
on the phase diagram of the a-NdNis/Nb bilayers. In Fig. 5(f)
is shown the temperature behavior of the perpendicular, H;, ,
and of the parallel, Hy, critical magnetic fields of the two
bilayers with dngni = 5 and 30 nm. For comparison, in the
same figure the phase diagram of a 14-nm-thick Nb single
film is also reported. The solid lines in panel (f) of the figure
are the best fit to the Hc(T) data for the three samples
using the relation He(T) = He(0)(1 — T/T;)'/?, valid for
a two-dimensional (2D) [59] superconductor, leaving Hey(0)
as the only free parameter. The nice agreement with the ex-
perimental data in the entire temperature range witnesses of
a 2D behavior also very close to T.. The broken lines in the
same figure reproduce the linear best fit to the H,  (T) =
Ho) (0)(1 —T/T.) data [59]. From Hg, (0) the Ginzburg-
Landau coherence length can be calculated using the relation
oL = [CID()/ZJTHCM(O)]I/2 [59]. In the case of the single
Nb film, we have & = (2/m)égL ~ 5.5 nm, in good agree-
ment with the result obtained above when considering the
diffusion coefficient of Nb. From the zero-temperature values
of the parallel and perpendicular magnetic field it is possible
to estimate the anisotropy coefficient y = Hc|(0)/Hc1 (0)
[60]. As shown in the right scale of Fig. 4(b), its monotonous
increase up to a saturation value obtained already for dngni ~
10 nm indicates a progressive diminution of the effective

Nb thickness due to the influence of the increasing value
of dnani [60].

IV. CONCLUSIONS

In summary, we have reported compositional, magnetic,
and superconducting properties of a-NdNis/Nb bilayers. The
behaviors of the superconducting critical temperature as a
function of both dynp and dngni are strongly determined by
the inhomogeneous magnetic nature of the amorphous ferro-
magnetic layer and they cannot be described by the proximity
theory developed in the dirty limit for homogeneous metallic
ferromagnets. Our results are in qualitative agreement with
the theory developed in the case of a ferromagnet in which a
spin-scattering mechanism plays a relevant role [54]. The ex-
perimental data show that amorphous materials, despite their
relatively low value of exchange energy, are not suitable in
superconducting spintronic because of the strongly diffusive
transport of the Cooper pairs and the very small S/F interface
transparency for large a-NdNis layer thickness. The results are
consistent with recent experiments performed in S/F/S junc-
tions containing Ni-based ferromagnetic interlayers where it
has been shown that strong-but-clean ferromagnets are more
suitable in superconducting spintronics than weak-but-dirty
ferromagnetic alloys [9].
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