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Abstract In superconductor–ferromagnet (S/F) metallic contacts, the supercon-
ducting condensate penetrates through the S/F interface into a ferromagnetic layer.
In contrast to the conventional S/N proximity effect, the pairing wave function not
only decays deep into the F metal, but simultaneously oscillates. Interference of
the oscillating pairing function in a ferromagnetic film gives rise to a modulation
of the pairing function flux crossing the S/F interface, which results in oscilla-
tions of superconducting transition temperature of the adjacent S layer. In this
work, we report on the experimental observation of the superconductivity reentrance
phenomenon with double suppression of the superconductivity in Nb=Cu1�xNix bi-
layers as a function of the ferromagnetic layer thickness, dCuNi. The superconducting
Tc drops sharply with increasing dCuNi till total suppression of superconductivity at
dCuNi � 2:5 nm. At a further increase of the Nb=Cu1�xNix layer thickness, the su-
perconductivity restores at dCuNi � 24 nm. Then, with the subsequent increase of
dCuNi, the superconductivity vanishes again at dCuNi � 38 nm:

1.1 Introduction

In superconductor–ferromagnetic metal (S/F) contacts, the superconducting pairing
wave function not only exponentially decays into the F metal, as in the superconduc-
tor/normal metal (S/N) proximity effect [1, 2], but simultaneously oscillates [3, 4].
A variety of novel physical effects caused by these oscillations was predicted (see
reviews [5–8] and references therein). Some of them have already been observed ex-
perimentally: nonmonotonous behavior of the superconducting critical temperature,
Tc, as a function of the F metal layer thickness [9–13], Josephson junctions with
intrinsic  -phase shift across the junction [14], and inverted, cap-sized differential
current–voltage characteristics [15]. In this work, we report on results of observa-
tion of the reentrant Tc phenomenon with double suppression of superconductivity
in Nb=Cu1�xNix bilayers (x D 0:59) for increasing ferromagnetic Cu1�xNix layer
thickness, dCuNi. After a destruction by interference effects of the superconduct-
ing pairing wave function and a subsequent recovery, a second suppression of
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Fig. 1.1 Origin of the FFLO state. (a) Spin-splitting Eex of the conduction band of a ferromagnet
by the exchange field. Sketch for kz D 0. (b) Cross-section of the band energy dispersions for
kz D 0 at the Fermi energy. Paired electrons (green with red balls) establish from the majority
(green) and minority (red) subbands (wave number vectors indicated in the respective color). The
FFLO pairing momentum along the x axis is „QFM D „�kF D Eex=vF

superconductivity is found, giving an impressive experimental evidence for a quasi-
one dimensional Fulde–Ferrell–Larkin–Ovchinnikov (FFLO) [16, 17] like state in
the ferromagnetic layer.

At a plane S/F interface, the quasi-one-dimensional FFLO-like state can be gen-
erated in the F material [3–8]. Due to the exchange splitting of the conduction
band (Fig. 1.1a), one of the singlet Cooper-pair electrons occupies the majority sub-
band, e.g., spin-up, while the other one resides at the spin-down, minority subband
(Fig. 1.1b). Although the pairing occurs with opposite directions of the wave num-
ber vectors of the electrons, their absolute values are not equal due to the exchange
splitting of the conduction band (see Fig. 1.1a). The resulting pairing state acquires
a finite momentum of „QFM D Eex=vF, where Eex � EF is the energy of the ex-
change splitting of a free-electron-like, parabolic conduction band, EF is the Fermi
energy, and vF is the Fermi velocity. Then, the pairing function of this state does not
simply decay as it would be in a nonmagnetic metal, but oscillates on a wavelength
scale �FM (i.e., �FM D 2 =kFM) given by the magnetic coherence length �F. In a
clean ferromagnet .lF � �F0/, it is �F0 � 2 �F0 D 2 „vF=Eex [4, 18], whereas in
the dirty case .lF � �F0/, we get �FD D 2 �FD D 2  .2„DF=Eex/

1=2 [3,7], where
DF D lFvF=3 with lF the electron mean free path in the F-metal. The decay length
of the pairing wave function is lF and �FD in the clean and dirty cases respectively
[3, 4, 19].

The oscillation of the pairing wave function in the F-metal is the reason for
an oscillatory S/F proximity effect, yielding a nonmonotonous, oscillating depen-
dence of the superconducting critical temperature, Tc, on the ferromagnetic layer
thickness, dF. The phenomenon can be qualitatively described using the analogy
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Fig. 1.2 Interference of the pairing function ˆ in an S/F bilayer at the S/F interface assuming
the case that 1=2 of the pairing function amplitude is reflected at the boundary, and 1=2 penetrates
into the F material. Spin-dependent phase-shifts of the penetrating pairing function at the S/F
interface [21–23] as well as phase shifts for the reflected waves are neglected for simplicity. (a)
For dF1 � �FM=4 the resulting amplitude is minimal. (b) For dF2 � �FM=2 the subsequent local
maximum of the amplitude if reached for increasing dF: (c) Modulation of the superconducting
transition temperature Tc of a thin superconducting film correlated with the interference conditions
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Fig. 1.3 The moving target setup utilizing the spray deposition technique

with the interference of light in a parallel-sided plate of glass with a mirror coated
back side, at normal incidence [20]. As the interference conditions change peri-
odically between constructive and destructive upon changing the thickness of the
plate, the flux of light through the interface of incidence is modulated. In a lay-
ered S/F system, the pairing function flux crossing the S/F interface depends on the
ferromagnetic layer thickness, dF, because of the pairing function interference (see
Fig. 1.2a, b). As a result, the coupling between the S and F layers in a series of
samples with increasing dF is modulated, and the superconducting Tc oscillates as
a function of dF (Fig. 1.2c). The amplitude of Tc oscillation depends sensitively on
the superconducting layer thickness (see discussion of Fig. 1.3a, b).



6 A.S. Sidorenko et al.

Recently, expressed oscillations and pronounced reentrance, i.e., an extinc-
tion and recovery of superconductivity as a function of dF, were measured in a
Nb=Cu1�xNix bilayer [13]. However, the most spectacular evidence for the oscilla-
tory proximity effect would be the observation of the multiple reentrant behavior of
the superconducting state predicted theoretically [19,24,25]. To realize this regime
experimentally, one has to study at first the Tc.dS/ dependence for a series of S/F
bilayers with constant dF to find the range of the superconducting layer thickness,
dS, in which superconductivity is most sensitive to the destructive influence of the
ferromagnetism.

1.2 Sample Preparation and Characterization

To fabricate the S/F bilayers, we used niobium as superconducting material and
Cu1�xNix .x � 0:59/ alloy as ferromagnetic layer. The choice of the alloy instead
of a conventional elemental ferromagnet has the following advantages for the exper-
imentalist. The oscillation length �F0 D 2 „vF=Eex in strong clean ferromagnets,
like iron, nickel, or cobalt, is extremely short, because the exchange splitting en-
ergy, Eex, is usually in the range 0:1–1:0 eV [9, 10, 12, 26]. Thus, to detect an
oscillatory behavior of Tc experimentally, dF must be very small, e.g., between 0.6
and 2.5 nm for pure Ni [26]. Weak ferromagnets with an order of magnitude smaller
exchange splitting of the conduction band allow the observation of the effect at much
larger thicknesses dF of about 2–25 nm, which can be controlled and characterized
more easily. Moreover, for a long-wavelength oscillation, the atomic-scale inter-
face roughness does not any longer have a dominating effect on an extinction of Tc

oscillations.
The S/F samples were prepared by magnetron sputtering on commercial (111)

silicon substrates at room temperature. Three targets, Si, Nb, and Cu40Ni60 (75 mm
in diameter), were presputtered for 10–15 min to remove contaminations and reduce
the residual gas pressure (by Nb as getter material) in the chamber. First, a silicon
buffer layer was deposited using a RF magnetron to generate a clean interface for
the subsequently deposited Cu1�xNix or niobium layer.

To prepare samples with variable thickness of one of the layers, a wedge-shaped
film was deposited [13, 26]: the 80 mm long and 7 mm wide silicon substrate was
mounted at a distance of 4.5 cm from the target symmetry axis to utilize the intrinsic
spatial gradient of the deposition rate. The Cu40Ni60 target was RF sputtered with a
rate 3–4 nm sec�1.

To obtain flat, high-quality Nb layers with thicknesses in the range of 5–15 nm,
we moved the full-power operating magnetron along the silicone substrate using the
motorized setup (see Fig. 1.3). Thus, the surface was uniformly sprayed with the
material, and the average deposition rate of the Nb film could be decreased down
to 1:3 nm sec�1, while for a fixed, nonmoving target, it would be about 4 nm sec�1.
To prevent degradation in an ambient atmosphere, the resulting Cu1�xNix=Nb or
Nb=Cu1�xNix bilayers were coated by an amorphous silicon cap of about 10 nm
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Fig. 1.4 Sample design and characterization. (a) RBS results for the thickness of the Nb and CuNi
layers and Ni content in the CuNi alloy. Sketch of the layers stack, see the inset. Black rectangular
symbols for CuNi alloy layer are measured points, orange symbols were linearly interpolated. (b)
Transmission electron microscopy (TEM) cross-sectional image of a cut across the layers (sample
S22–18 marked by a red circle in the left panel: dNb � 7:8 nm; dCuNi � 14: nm according to RBS)

thickness, which is insulating at low temperatures. After cutting the wedge samples
into strips across the thickness gradient (see the inset in Fig. 1.4a), aluminum wires
50�m in diameter were attached to the strips by an ultrasonic bonder for four-probe
resistance measurements. For further sample preparation details, see [13, 26].

In the first kind of samples, the superconducting Nb layer was of variable
thickness, dNb � 4–47 nm, prepared utilizing the wedge deposition technique de-
scribed earlier. The Cu1�xNix layer was flat with a thickness fixed at a physically
infinite value of dCuNi D 56 nm [13].

In the second kind of samples, the superconducting Nb layer was flat with a
thickness fixed at a selected value in the range 6–15 nm. The deposition technique
with moving magnetron described earlier provided high-quality niobium layers with
superconducting Tc0 of the stand-alone film as high as 5.5 K at dNb � 5:7 nm only.
The ferromagnetic layer was wedge-shaped. A sketch of the layers stack is presented
in the inset of Fig. 1.4a, and a transmission electron microscopy image of one of
the samples is given in Fig. 1.4b. After cutting the final stack into strips across the
Cu1�xNix wedge gradient, a series of 36–40 samples were obtained with variable
Cu1�xNix layer thicknesses in the range dCuNi � 1–35 nm, prepared at identical
conditions in a single deposition run.

Rutherford backscattering spectrometry (RBS) has been used to evaluate the
thickness of Nb and Cu1�xNix layers as well as to check the composition of Cu
and Ni in the deposited alloy layers (Fig. 1.4a). For details, see [13]. An advantage
of RBS is that it is an absolute method that does not require standards for quantifi-
cation. It allows to determine the thickness (via the areal density) of the layers with
an accuracy of ˙3% for Cu1�xNix on the thick side of the Cu1�xNix wedge, and
˙5% for Nb and Cu1�xNix on the thin side of the wedge. The Ni concentration
in the Cu1�xNix layer appeared to be almost constant .x � 0:59/, showing a slight
increase toward the thick side of the wedge. The thickness of the Nb layer is nearly
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constant along the uncut sample, dNb � 7:8 nm. Several samples were studied by
TEM, a representative example is given in Fig. 1.4b.

The resistance measurements were performed by the DC four-probe method us-
ing a 10�A sensing current in the temperature range 0:4–10K when measuring
with an Oxford Instruments “Heliox” 3He cryostat, and a 2�A sensing current in
the range 40mK–1:0K when measuring in an Oxford Instruments dilution refriger-
ator “Kelvinox”.

1.3 Results of Superconducting TC Measurements
and Discussion

The superconducting critical temperature, Tc, was determined from the midpoints
of resistive transitions curvesR .T /. The width of transition (0:1RN–0:9RN criteria,
where RN is the normal state resistance just above Tc/ for most of the investigated
samples was below 0.2 K, thus allowing to determine the Tc with a good accuracy.

Figure 1.5a demonstrates the dependence of the superconducting transition tem-
perature on the Nb layer thickness, Tc .dNb/. It yields a critical thickness (d cr

Nb �
5:8 nm) of the Nb layer down to which superconductivity survives in a metallic
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Fig. 1.5 Superconducting Tc as a function of the layer thickness. (a) Dependence of the super-
conducting transition temperature on the niobium layer thickness. Transition widths are within the
point size if error bars not visible. The solid line is the result of calculations according to the theory
[13, 26] for dCuNi � 56 nm, the superconducting coherence length �S D 11:0 nm, the ratio of the
Sharvin conductances NFvF=NSvS D 0:23, the S/F-interface transparency parameter TF D 0:65,
lF=�F0 D 1:1, �F0 D 11:0 nm. The calculated critical thickness is d cr

Nb D 5:8 nm .TC! 0K/.
The range of the Nb layer thickness most sensitive to dCuNi variations is shaded in red. (b) Non
monotonous TC .dF/ dependence for the Nb=Cu1�xNix bilayers (x D 0:59). Solid curves are
calculated with values of parameters as follows: (S23) �S D 10:0 nm, NFvF=NSvS D 0:22,
TF D 0:43, lF=�F0 D 1:1, �F0 D 10:6 nm; (S22) �S D 9:8 nm, NFvF=NSvS D 0:22, TF D 0:55,
lF=�F0 D 1:1, �F0 D 10:6 nm; (S21) �S D 9:6 nm, NFvF=NSvS D 0:22, TF D 0:59, lF=�F0 D 1:1,
�F0 D 11:0 nm. The BCS coherence length for Nb was always taken �BCS D 42 nm. The
calculations give no further reentrance of superconductivity for the S21 sample series above
dCuNi > 40 nm
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contact with a bulk ferromagnet. The critical thickness is used to determine a con-
straint on two of the five physical parameters that enter the theory [26]. On the other
hand, the Tc .dNb/ measurements provide a range of the Nb layer thickness, within
which superconductivity is most sensitive to variations of the magnetic layer thick-
ness (the shaded area indicated in Fig. 1.5a). To observe the reentrant behavior of
superconductivity, one should prepare samples with the Nb layer thickness in this
range of dNb � 6–8 nm.

Figure 1.5b demonstrates the dependence of the superconducting transition tem-
perature on the Cu41Ni59 layer thickness. The thickness of the flat Nb layer is fixed,
dNb � 14:1 nm (S23 series), dNb � 7:8 nm (S22 series), and dNb � 6:2 nm (S21 se-
ries). The transition temperature, Tc, for the specimens with dNb � 14:1 nm reveals
a nonmonotonous behavior with a shallow minimum at about dCuNi � 7:0 nm. For
the thinner niobium layer (dNb � 7:8 nm), the transition temperature shows a pro-
nounced minimum with subsequent increase of Tc to above 2.5 K. For the thinnest
Nb layer (dCuNi � 6:2 nm), the superconducting Tc sharply drops upon increasing
the ferromagnetic Cu41Ni59 layer thickness till a certain thickness dCuNi � 2:5 nm.
Then, in the range dCuNi � 2:5–24 nm, the superconducting transition temperature
vanishes (Tc is at least lower than the lowest temperature reached in our cryogenic
setup, 40 mK). With a subsequent increase of the Cu1�xNix layer thickness, super-
conductivity restores again at dCuNi � 25:5 nm, reaching a level of about 0.8 K at
dCuNi � 30 nm, and then drops down again below 40 mK at dCuNi � 37:5 nm.
This phenomenon of a double suppression of superconductivity is the first
experimental evidence for a multiple reentrant behavior of the superconducting
state in S/F layered systems.

The data simulation procedure includes coordinated fitting of the Tc.dNb/ and
Tc.dCuNi/ dependences as shown in Fig. 1.5a, b respectively. The general fitting
strategy is described in detail in our previous papers [13, 26]. The solid curves
in the figures show results of the calculations for the “clean” case with parameters
given in the figure caption. Although we used a common set of parameters at first,
the superconducting coherence length, �S, and the magnetic coherence length, �F0,
were varied within a 5% range, and the S/F interface transparency parameter, TF,
which generally lies in the range Œ0;1/, was varied within the range Œ0:43; 0:65�
to obtain better fits for the individual curves. These degrees of freedom that we
allowed for the physical parameters are well within the scatter, which can be ex-
pected from variations of the deposition conditions from run to run. Calculations
with the physical parameters of the S21 sample series, but fora slightly thicker Nb
layer dNb � 6:3–6:4 nm, show that the next island of superconductivity is possible
in the range dCuNi � 53–70 nm with maximal Tc of about 0.3 K. We will search for
the second reentrance of superconductivity in our further studies.

1.4 Conclusions

To conclude, we report on the experimental observation of the reentrant behavior
of superconductivity and a unique double suppression of superconductivity in S/F
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bilayers. As S material, Nb with constant layer thickness (�6:2 nm) was used, and
as F material Cu1�xNix alloy .x � 0:59/ with variable layer thickness. The exper-
imental realization of the reentrant superconductivity phenomenon is an essential
progress toward the fabrication of a F1=S=F2 superconducting spin switch [27–30]
for superconducting spintronics.
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