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Introduction

Superconductivity (S) and ferromagnetism (F) are competing phases whose coex-

istence is unlikely to occur. Exceptions require a non−uniform profile both for the

pairing and the magnetization, as in the case of the FFLO state predicted indepen-

dently by Fulde and Ferrell [1] and by Larkin and Ovchinnikov [2]. The coexistence of a

superconducting and magnetic phase in a finite temperature range was first discovered

in ternary rare earth compounds [3, 4]. Later on, other examples of coexistence of S

and magnetic ordering were found [5–7] which motivated the investigation of alterna-

tive possibilities for the interplay of ferromagnetic and homogeneous superconducting

order [8, 9]. Differently from the case of bulk systems, the coexistence may be easily

achieved in artificial S/F hybrids, where the two antagonistic orderings are confined

in spatially separated layers interacting via the proximity effect. Recently, these sys-

tems have been the subject of intensive theoretical and experimental studies and new

concepts have been developed [10–14]. The improvement of the fabrication techniques

has made possible the realization of heterostructures consisting of very thin layers of

different materials coupled through high quality contacts. In this way, the reciprocal

influence of the two opposite phases can be tuned by changing the materials, the layer

thicknesses, and their configuration and topology. The analogy with the bulk situa-

tion is provided by the proximity effect: when a superconductor and a ferromagnet

are brought into contact, Cooper pairs enter the F side and magnetic excitations leak

into the S region across the S/F interface. As a result, superconductivity is suppressed

in the superconductor within a distance ξS (the coherence length) from the interface,

while S correlations are induced in the ferromagnet. The presence of the exchange field

Eex in F causes an energy shift between the electrons of the pairs entering in the fer-

romagnet and this results in the creation of Cooper pairs with non−zero momentum.

Thus, the S order parameter does not simply decay in the F metal, as it would happen

in a normal one, but it also oscillates in the direction perpendicular to the interface

over a length scale given by ξF , the coherence length in F. This inhomogeneity of

the order parameter may be interpreted as a manifestation of a FFLO phase in these

structures [14–16].

In particular, in S/F hybrids, the inhomogeneous character of the S order param-
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2 Introduction

eter, caused by the proximity to the F side, leads to a non-monotonic behavior of

all the physical quantities depending on the gap, as for instance for the transition

temperature as a function of the F layer thickness, dF [17]. In addition, re−entrant

superconductivity has recently been experimentally observed as a function of dF in

Nb/CuNi bilayers [18, 19], as well as non-monotonic behavior of the anisotropy coef-

ficient in S/F/S trilayers [20], negative critical current and reversed density of states

in Josephson [21, 22] and tunnel [23] S/F/S π−junctions. Some peculiarities of the

shape of the R(T ) curves in S/F/S trilayers and multilayers have been analyzed and,

in general, transport properties of these systems have been studied [24–28]. Very

recently, experimental results were obtained on S/F structures when measuring the

dynamic instabilities of the vortex lattice at high driving currents. The role played

on the non-equilibrium properties of the hybrids by both the ferromagnetic and the

superconducting materials has been analyzed with a special focus on the values and

the temperature dependence of the quasiparticle relaxation times, τE. Knowledge of

the relaxation mechanisms in these systems is extremely important in view of pos-

sible applications since it can drive the optimal choice of both materials to realize,

in particular, ultrafast superconducting single photon detectors based on S/F hybrid

structures [29].

Another area of special interest in the field of the S/F structures concerns the

investigation of spin triplet superconductivity [12]. In systems where the magnetization

is spatially inhomogeneous, an equal spin pairing S component can be generated, that

may survive over very long distances − of the order of the normal coherence length −
inside F. In conventional spin−singlet S/F hybrids, superconductivity rapidly decays in

the ferromagnet over distances of order of tenth of nanometers. However, the removal

of the translational invariance due to the presence of interfaces leads, in clean systems,

to a different mixed parity pairing, which can be responsible for the generation and

the induction in the F side of a p−type spin−triplet component [30]. Such component

can be induced in fully spin-polarized metals (half−metals) only in the presence of

spin−active interfaces [31]. Recently it has been argued that in dirty systems even

s−type spin−triplet superconductivity can survive in F over much longer distances [12,

32, 33]. Inhomogeneous magnetization in the F side [32, 33] or spin−active interfaces

[34] can be responsible for the appearance of this triplet component. Some hints of

the presence of odd−frequency spin−triplet correlations have been observed in S/F

systems with half−metallic CrO2 [35, 36], metallic Co−PdNi−CuNi layers [37] and

more exotic Ho ferromagnet [38, 39].

In this work we will analyze the effect of different ferromagnets on the supercon-

ducting transport properties of S/F hybrids. In particular, in chapter 1 and chapter

2 weak ferromagnets such as PdNi and CuNi will be used in conjunction with Nb to

study the static and dynamic properties of the vortex lattice in Nb/PdNi and Nb/CuNi

bilayers to obtain information on the quasiparticles relaxation processes in these sys-
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tems. The last two chapters of the thesis will be dedicated to the influence of the

inhomogeneous magnetization present in thick Py layers on the upper critical fields

and critical temperature in Nb/Py/Nb trilayers.
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Chapter 1

Static and dynamic properties of

the vortex lattice in Nb/PdNi

bilayers

By measuring I−V characteristics as a function of the temperature and the external

magnetic field, we have analyzed the static and dynamic properties of the vortex lattice

in Nb/Pd0.84Ni0.16 bilayers. In particular, the critical current density Jc for the onset

of the vortex motion and the dynamic instability of the moving vortex lattice at high

driving currents have been studied and compared to the results obtained in a single Nb

film. We find that Jc is smaller in the bilayers than in the single superconducting film

due to the smaller value of the superconducting order parameter in the bilayers. The

critical velocity υ∗ for the occurrence of the instability is larger in the S/F bilayers than

in the single S layer. However, the quasiparticle energy relaxation rate extracted from

υ∗ is almost temperature−independent, implying that a different relaxation mechanism

plays a role in the Nb/Pd0.84Ni0.16 bilayers.

1.1 Introduction

Conventional singlet superconductivity (S) and ferromagnetism (F) are two com-

petitive orderings which can coexist in artificial S/F hybrids interacting via the prox-

imity effect [1]. Due to the spatial inhomogeneous nature of the order parameter

induced in the F layer, many new effects have been recently observed such as, for

example, the non-monotonic behavior of the superconducting critical temperature Tc

9



10Chapter 1. Static and dynamic properties of the vortex lattice in Nb/PdNi bilayers

as a function of the F layer thickness, dF , in many S/F heterostructures [2–4] or os-

cillations of the critical current in S/F/S Josephson junctions [5]. What essentially

happens in these systems is that the presence of an exchange energy Eex in F causes

a momentum shift of the Cooper pairs entering the ferromagnet [6]. This implies

that the superconducting order parameter does not simply decay in the ferromagnetic

metal, as it happens in normal metals, but it oscillates perpendicularly to the F side of

the interface over a distance ξF , the coherence length in the ferromagnet. In the dirty

limit ξF =
√

h̄DF /Eex (DF is the diffusion coefficient of the F metal) and this quantity

should not be confused with the thermal diffusion length ξ∗F = h̄DF /2πkBTc [7]. In

the case of weakly ferromagnetic alloys such as PdNi and CuNi these quantities are

of the order of a few nanometers [8]. The nonhomogeneous character of the order pa-

rameter was also studied by measuring the depairing current density Jdp in Fe/Nb/Fe

and Nb/Pd0.81Ni0.19 hybrids [9, 10] while the critical current density Jc together with

the dynamic instability of the moving vortex lattice at high driving currents was in-

vestigated in superconducting Nb/Ni0.80Fe0.20 bilayers [11]. In the last case the strong

ferromagnet (large Eex and very small ξF ≈ 12 nm) Ni0.80Fe0.20 (permalloy, Py) was

used to strongly suppress the superconducting order parameter at the interface, con-

fining it in the S layer, so that the effects of the inhomogeneous order parameter could

be nicely investigated. In this Chapter we have studied, by measuring I−V curves,

the static (connected to the onset of the vortex motion) and the dynamic (connected

to the instability of the vortex lattice at high currents) properties of S/F bilayers.

Nb has been chosen for the superconductor while a weakly ferromagnetic alloy (small

Eex and large ξF ), Pd0.84Ni0.16, was chosen as the ferromagnetic metal. The measured

critical currents Jc were smaller while the critical velocities υ∗ were larger than the

corresponding quantities for the single Nb film as was observed in the case of Nb/Py

[11]. Also, due to the weak magnetic strength of Pd0.84Ni0.16 with respect to Py, Jc

was larger and υ∗ smaller than those measured in Nb/Py [11]. Moreover, the larger

value of ξF in Pd0.84Ni0.16, seems to be responsible of the change of the quasiparticle

relaxation mechanism in the Nb/Pd0.84Ni0.16 system. This Chapter is organized as

follows. In section 1.2 we describe the sample fabrication, and the magnetic and elec-

trical characterization of the weakly ferromagnetic alloy used in this work. Section 1.3

reports on the superconducting critical temperature measurements in Nb/Pd0.84Ni0.16

bilayers as a function of dF . The theoretical fit to the experimental results allowed us

to derive numbers for Eex of the ferromagnet and for the transparency parameter γb of

the interface contact in the S/F system. Finally, section 1.4 presents the main results

of the Chapter, namely, critical currents and critical velocities of the Nb/Pd0.84Ni0.16

bilayer and their comparison to the values obtained in the case of a single Nb film and

an Nb/Py bilayer [11].
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1.2 Experimental details

1.2.1 Sample fabrication

Nb/Pd0.84Ni0.16 bilayers were grown on Si(100) substrates by UHV dc diode mag-

netron sputtering at an Ar pressure of 1×10−3 Torr after obtaining a base pressure of

2×10−3 Torr. The typical deposition rates were 0.28 nm s−1 for Nb and 0.40 nm s−1 for

Pd0.84Ni0.16 measured by a quartz crystal monitor previously calibrated by low-angle

x-ray reflectivity measurements on deliberately deposited thin films of each material.

The Ni concentration in the Pd0.84Ni0.16 films was estimated by energy dispersion spec-

trometry analyses (EDS). The measurements revealed that the stoichiometry of the

target (x = 0.10) was not conserved in the thin films, resulting in a higher Ni content,

i.e. x = 0.16. The bilayer we used to study the static and dynamic properties of the

vortex lattice had the same Nb and PdNi thickness: dNb = dPdNi = 30 nm. The value

for dPdNi was chosen to be much greater than the ξF ≈ 3.3 nm for our Pd0.84Ni0.16

(see section 1.2). Using a lift−off procedure samples were patterned into strips with

width w = 20 µ m. The length between the voltage contacts was 300 µm. The critical

temperature of this sample was Tc = 6.3 K. For comparison a 30 nm thick Nb film

(Tc = 7.3 K) was also studied. To measure the I−V curves and the critical currents

a standard four-probe technique has been used. In order to avoid possible heating

effects the samples were put into direct contact with the liquid helium and the I−V

characteristics were measured by using a pulsed technique. The current-on time was

of 12 ms followed by a current-off time of 1 s. Any single voltage value was acquired at

the maximum value of the current. This procedure was repeated by sweeping current

upward and then downward and no hysteresis in the curves was detected, indicating

that the instability detected in the I−V characteristics had no thermal origin. The

magnetic field was applied perpendicular to both the plane of the substrate and the

direction of the current. The temperature dependence of the perpendicular upper crit-

ical magnetic field Hc2⊥(T ) was resistively measured in the four-contact configuration;

the values were extracted from the R(H) curves measured at constant temperature

taking the 90% value of the normal state resistance RN just above the transition to

the superconducting state. From the slope of the perpendicular upper critical field

the quasiparticle diffusion coefficient D = (4kB/πe)(−dHc2⊥/dT |T=Tc)
−1 has been es-

timated for the single Nb film [12]. Since the slope of the perpendicular upper critical

field cannot be used to directly determine D for a layered system [11, 13, 14] the same

value obtained for Nb, namely D = 1.9 × 10−4m2s−1 , has been used for calculations

involving the Nb/PdNi bilayer. Single films of Pd0.84Ni0.16 were specially made in order
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to study the electrical and magnetic properties of the ferromagnetic alloy. Finally, to

investigate the dependence of the superconducting critical temperature Tc as a func-

tion of the ferromagnetic layer thickness dF we deposited bilayers with constant Nb

thickness dNb = 15 nm and variable thickness dPdNi = 0−10 nm of Pd0.84Ni0.16. As

we will show in much more detail in the following, the analysis of this curve allowed

us to obtain information about the values of Eex and the interface parameter γb.

1.2.2 Characterization of PdNi alloy

A number of preliminary characterizations were performed on single Pd0.84Ni0.16

films to obtain information about its transport and magnetic properties. Figure 1.1(a)

shows the hysteresis loop of a single 50 nm thick Pd0.84Ni0.16 film performed using

a SQUID magnetometer at T = 10 K with the surface of the sample parallel to

the magnetic field. The value of the saturation magnetization at this temperature

was Msat = 0.35 µB/atom. For the same sample, the temperature dependence of

the magnetic moment m was measured to derive the value of the Curie temperature,

TCurie. The sample was first magnetized to saturation at T = 5 K: the field was then

removed and m(T ) was measured up to T = 300 K and down again to T = 5K. TCurie

was defined as the point where irreversibility appears when cooling down the sample,

and was estimated to be TCurie = 190 K, see figure 1.1(b).

Figure 1.2 shows the temperature dependence of the electrical resistance measured

down to 100 K on the same single Pd0.84Ni0.16 film. Looking at the figure we can

note the presence of a maximum followed by a decrease of the resistance when the

temperature is lowered.

A connection to the magnetic properties of the sample can be done by looking at

the behavior of the derivative of R with respect to T [15], dR/dT , which is plotted

in the same graph (right scale). Defining TR
Curie as the temperature where the curve

starts to flatten [15], we estimate TR
Curie = 170 K in reasonable agreement with the

value obtained from magnetic measurements. The number we have obtained for the

Curie temperature nicely fits into the overall dependence of TCurie as a function of the

Ni concentration as can be seen in figure 1.3 where this behavior is plotted using the

data reported in the literature [10, 15–18].

In figure 1.4 the resistivity of Pd0.84Ni0.16 films measured at T = 10 K using the

van der Pauw method is shown as a function of dPdNi. The solid line represents the

fit of the experimental data to the FuchsSondheimer formula [19]:

ρ = ρB(1 + 3l/8dF ) (1.1)
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Figure 1.1: (a) Magnetization loop for a 50 nm thick Pd0.84Ni0.16 film at T = 10 K. (b)
Magnetic moment as a function of the temperature after saturation at T = 5 K measured for
the same sample.
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Figure 1.2: Electrical resistance (left scale) and its first derivative (right scale) as a function
of the temperature for the same 50 nm thick Pd0.84Ni0.16 film of figure 1.1.

Figure 1.3: Values for the Curie temperature for different values of the Ni concentration in
the PdNi alloy. References to which the symbols refer are reported in the figure.

where the two fitting parameters are ρB, the bulk resistivity, and l, the electronic

mean free path in the ferromagnetic layer [20].
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Figure 1.4: Thickness dependence of the low temperature resistivity for Pd0.84Ni0.16 single
films. The solid line is a fit to the experimental data obtained using equation 1.1.

From the fitting procedure we obtain ρB = 16.4 µΩ cm, which is a typical value for

the low temperature resistivity for PdNi alloys with Ni concentrations similar to ours

[11, 15]. We also obtain l = 22 nm. As is evident from figure 1.4, the low temperature

resistivity drastically increases as the thickness is lowered below dF = 10 nm. We will

come back to this point in the following when we discuss the Tc(dF ) fitting procedure.
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1.3 Critical temperatures

Figure 1.5 shows the thickness dependence of the superconducting transition tem-

perature for Nb/Pd0.84Ni0.16 bilayers with a constant value of dNb. Data were obtained

from the R(T) curves measured using a four-probe configuration and the critical tem-

perature was defined as the midpoint of the resistive transitions. It is clearly shown

that Tc rapidly decreases with increasing the thickness of the ferromagnetic layer,

reaching a shallow minimum around dPdNi ' 3.5 nm.

Figure 1.5: The critical temperature, Tc, versus PdNi thickness, dPdNi, in Nb/Pd0.84Ni0.16

bilayers. Different lines are the results of the theoretical fit in the single−mode approximation
for different values of γb. See the text for details.

This non−monotonic behavior of Tc was interpreted in the framework of the prox-

imity effect theory proposed by Fominov et al in the limiting case known as the single-

mode approximation [7]. In this model, which is valid in the dirty limit, the exchange

energy inside the ferromagnetic metals is considered as the only pair-breaking mecha-

nism. Moreover a finite transparency of the S/F contact is assumed. For more details

regarding the formulae used for these calculations the reader can refer to [10, 15]. Here

it is only worth remembering that all the microscopical parameters appearing in the

equations have been estimated experimentally apart from Eex and the parameter γb,

the latter describing the effect of the boundary transparency T , to which it is related

by the relation:
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γb =
2

3

lF
ξ∗F

1− T
T (1.2)

where T is zero for a completely reflecting interface and it is equal to one for a

completely transparent contact [7, 22]. For a single Nb film, 15 nm thick, we mea-

sured a critical temperature Tc = 7.25 K, a low temperature resistivity ρNb = 25 µΩ

cm and, from the slope of the perpendicular upper critical field near Tc, a supercon-

ducting coherence length ξNb = 6.0 nm. For the low temperature resistivity of the

Pd0.84Ni0.16 layer, based on the dependence reported in figure we used ρPdNi = 55

µΩ cm. This value represents the resistivity of an single Pd0.84Ni0.16 film of about

3.5 nm, an intermediate thickness in the analyzed dPdNi range. We also assumed a

thickness−limited mean free path using an average value of lPdNi = 3.5 nm. Using the

Pd Fermi velocity υPd = 2.00 × 107 cm s−1 [22, 23], this leads to a value of ξ∗PdNi = 6.2

nm,being that DPdNi = υPdlPdNi/3 = 2.3 × 10−4 m2 s−1. In the simulation procedure,

the γb value was determined from the vertical position of the Tc(dPdNi) curve, while

Eex was selected to better reproduce the Tc saturation. A reasonable fit for Tc(dF )

is obtained for Eex = 160 K (≈ 14 meV) and γb = 0.30. The corresponding curve is

shown as a solid line in figure 1.5. To demonstrate the sensitivity of the equations to

γb, two more curves for different values of this parameter are also displayed, allowing

us to estimate γb = 0.30 ± 0.05. Regarding the value extracted for Eex, this allows an

estimation of ξPdNi =
√

h̄DPdNi/Eex = 3.3 nm. This parameter is phenomenologically

related to the position of the minimum in the Tc(dPdNi) curve according to dmin =

0.7 πξF /2 [7]. With dmin = 3.6 nm, we find ξPdNi = 3.2 nm, in very good agreement

with the previous value of ξPdNi. The fitting procedure enables us to estimate the

value of the interface transparency of the Nb/Pd0.84Ni0.16 contact and, according to

the expression 1.2, we obtain T ≈ 0.55. It also worth commenting on the disagreement

between the theoretical fit and the experimental data for small dPdNi values. Such a

deviation, present in many works [7, 10, 24, 25], could be related to the fact that in

this regime the microscopical parameters of the Pd0.84Ni0.16 layer strongly depend on

the thickness, while in the model a unique value is used to describe the whole Tc(dPdNi)

dependence. Indeed, in this range the exchange energy as well as the mean free path

strongly depend on the thickness. The discrepancy between the experimental data

and the theoretical fit could be reduced by explicitly considering both Eex and lPdNi

as thickness-dependent in the equations, but this is beyond the scope of this work. A

final note concerns the values of the fitting parameters extracted from the simulation

procedure, Eex and γb. The value of the exchange energy scales with the ones obtained

for Nb/PdNi systems for different Ni concentrations of the PdNi alloys. For the sake

of completeness in figure 1.6 the dependence of Eex on the Ni content in PdNi alloys,

as extracted from the proximity effect, Josephson and tunnel experiments on Nb/PdNi

systems taken from the literature, is reported [10, 15–18, 26–31]

The comparison between the different values extracted for γb, and consequently
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Figure 1.6: Values for the exchange energy for different values of the Ni concentration in
the PdNi alloy. References to which the symbols refer are reported in the figure.

(T ), appears to be more complicated as exhaustively reported in [15, 32]. If, on the

one hand, the present result confirms the observation that the value of the interface

transparency in superconducting/weakly ferromagnetic alloys is of the same order of

magnitude as found in S/N systems [10, 15], it is also true that the quality of the

interface dramatically depends on the different deposition conditions, or it could even

be affected by different spin-flip scattering processes, which in the present theory are

not taken into account.
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1.4 Current−voltage characteristics

1.4.1 Critical currents

In figure 1.7(a) the I−V characteristics are shown for the single 30 nm thick Nb

film at T = 4.2 K (t ≡ T/Tc = 0.57) for different values of the external magnetic field

between 0.05 and 1.9 T, as indicated in the figure. The curves show a sudden jump

at a well−defined current value I∗, well above the critical current Ic, where the onset

of voltage due to the moving vortices starts to occur. At higher magnetic fields, the

I−V curves become more smeared and finally the jump disappears. We will analyze

this aspect in detail in the next paragraph. In figure 1.7(b), we show the I−V curves

measured at T = 3.6 K (again t = 0.56) for the Nb/Pd0.84Ni0.16 bilayer.
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Figure 1.7: I−V characteristics in double−logarithmic scale (a) for Nb (T = 4.2 K) and (b)
Nb/PdNi (T =3.6 K) at various magnetic fields. Numbers in the figure indicate the values
of the field in Oe. The reduced temperature is t ≈ 0.57 for both samples.

The critical current density Jc = Ic/wd (d is the sample thickness) at t = 0.37 for

the two samples is shown in figure 1.8 as a function of the external magnetic field. The

critical current Ic was defined using a dc electric field criterion of 10 mV cm−1. Jc rises

quickly when the field is lowered below Hc2 and becomes more or less constant below

Hc2/2. The values for Jc for the Nb/Pd0.84Ni0.16 bilayer are substantially lower than for

the single Nb film and this is a consequence of the suppression of the superconducting

order parameter inside the Nb layer due to the presence of the ferromagnet [11].

This result is very similar to that recently obtained on Nb/Py systems although

in that case the suppression of the critical current was a bit larger due to the stronger

ferromagnetic nature of Py [11].
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Figure 1.8: Critical current density versus perpendicular magnetic field for the single Nb
film (squares) at T = 2.7 K and for the Nb/PdNi bilayer (triangles) at T = 2.3 K. The
reduced temperature is t ≈ 0.37 for both samples.

1.4.2 Critical velocities

It is well known that, in the case of a vortex lattice which moves under high applied

driving currents, a sudden jump from the flux flow to the normal state is present in

the I−V curves at I = I∗ before reaching the value of the depairing critical current

Idp [33]. The voltage V ∗ at which the instability occurs can be expressed in terms of

the so−called critical velocity υ∗ through the relation

V ∗ = µ0υ
∗HL (1.3)

where H is the applied magnetic field and L is the distance between the voltage

contacts. The critical velocity is given by [33]

υ∗ =
D1/2[14ζ(3)]1/4(1− t)1/4

(πτE)1/2
(1.4)

where D is the quasiparticle diffusion coefficient, ζ(3) = 1.202 is the Riemann zeta

function evaluated in 3 and τE is the inelastic scattering time of the quasiparticles.

The specific temperature dependence of τE is related to the dominant relaxation mech-
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anism: if electron−phonon interactions dominate it is τE ∝ T−3 , while if electron−
electron interactions prevail it is τE = τE,el exp[2∆(T )/kBT ], where τE,el is the inelastic

relaxation time of the electronic system and ∆(T ) has the temperature dependence

∆(T ) = ∆(0)(1 − T/Tc)
1/2, with ∆(0) ≈ 1.76kBTc as expected from BCS theory

[11, 34, 35]. In figure 1.9 we show the values of υ∗ plotted as a function of H at t =

0.43 for the single Nb film and for the Nb/Pd0.84Ni0.16 bilayer.

Figure 1.9: Critical velocity υ∗ versus applied magnetic field at t = 0.43 for the 30 nm thick
Nb film (squares) and for the Nb/Pd0.84Ni0.16 bilayer (triangles). Inset: υ∗ versus H−1/2

at t = 0.43 for the Nb film (squares) and for the Nb/Pd0.84Ni0.16 bilayer (triangles). Lines
are guides to the eyes to show the range in which the H−1/2 proportionality of υ∗ is valid.

The values for the critical velocity have been obtained from equation 2.1 assuming

that the voltage V ∗ corresponds to the flux−flow instability of the vortex lattice. In

the inset the behavior of υ∗ versus H−1/2 at the same reduced temperature for both

the samples is reported. In both cases the data show that the critical velocity is pro-

portional to H−1/2, indicating that thermal effects are not responsible for the observed

instability [11, 34]. However, it has been noticed that the H−1/2 dependence of the

critical velocity can also be due to Joule heating [35–37]. In this case, if the dissipated

power P ∗ = I∗V ∗ at the voltage jumps is considered, a well−defined expression as a

function of H/HT is obtained where HT is the magnetic field where thermal effects

influence the flux−flow instabilities [11, 36–38]. In figure 1.10 the dissipated power P ∗

as a function of the magnetic field is reported for the Nb/Pd0.84Ni0.16 bilayer at one of

the measured temperatures, namely T = 3.26 K.
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Figure 1.10: Dissipated power at the onset of the voltage jumps as a function of the magnetic
field at T = 3.26 K for the Nb/Pd0.84Ni0.16 bilayer. The dashed line is a fit to the experimental
data using the Bezuglyj and Shklovskij theory [37].

The dashed line is a fit to the experimental data using the theoretical expression

[37] P = P0(1 - a), where a =[1 + b + (b2 + 8b + 4)1/2]/[3(1 + 2b)] and b = H/HT .

We obtain µ0HT = 0.3 T but the agreement between experimental points and theory is

rather unsatisfactory. For the Nb/Pd0.84Ni0.16 we get similar results at all the measured

temperatures and no agreement with theory was found for the Nb film, implying that

quasiparticle heating is not dominant in determining the magnetic field dependence

of υ∗ [11, 37]. The results in figure 1.9 also show that the critical velocities in the

case of the Nb/Pd0.84Ni0.16 bilayer are larger and, despite the comparable values of

Hc2⊥(t = 0.43) (for Nb Hc2⊥(T = 3.1K) = 2.5 T while for the Nb/Pd0.84Ni0.16 it is

Hc2⊥(T = 2.7K) = 2.3 T), in the case of the Nb/Pd0.84Ni0.16 bilayer the instability

already disappears at smaller fields without reaching a fairly constant value. As in the

case of Nb/Py bilayers where, however, the critical velocity values were much larger

[11] this result is due to the different values for the relaxation time τE for the two

systems. The same data shown above for υ∗ are plotted in figure 1.11 as a function

of H/Hmax where with Hmax we denote the highest field at which, at that reduced

temperature (t = 0.43), the vortex instability is still present in the I−V curves for

each of the two systems (µ0Hmax = 2.4 T for the single Nb film and µ0Hmax =0.7 T

for the Nb/Pd0.84Ni0.16 bilayer).

We see, for example, that at the reduced field H/Hmax = 0.4 the values of the



24Chapter 1. Static and dynamic properties of the vortex lattice in Nb/PdNi bilayers

Figure 1.11: υ∗ versus H/Hmax at t = 0.43 for the 30 nm thick Nb film (squares) and for
the Nb/Pd0.84Ni0.16 bilayer (triangles). Hmax is the highest field where the vortex instability
is present in the I−V curves.

critical velocities measured in the Nb/Pd0.84Ni0.16 bilayer are one order of magnitude

higher which implies, from equation 2.1, that τE is two orders of magnitude smaller

for this system (τE ∝ 1/(υ∗)2). In figure 2.3 the temperature dependence of τE is

shown for the single Nb film at µ0H = 1.40 T and µ0H = 0.90 T, which correspond to

H/Hmax = 0.56 and H/Hmax = 0.37, respectively. The solid and the dashed−dotted

lines are fits of the experimental data to the equation τE = τE,elexp[m∆(T )/kBT ] with

τE,el and m both used as fitting parameters. We obtain τE,el = 2.0 ×10−9 s and m =

1.8 at µ0H = 1.40 T, and τE,el = 0.7 × 10−9 sand m = 1.75 at µ0H = 0.90 T.

This result shows that electron−electron scattering dominates the energy relax-

ation in Nb film and that the temperature dependence is mainly due to that of the

gap [11]. Different is the case for the Nb/PdNi bilayer where, instead, τE shows a

weak temperature dependence. Experimental data cannot be fitted with the exponen-

tial expression for τE unless we use a very small number for m (m = 0.3). The dashed

and the dotted lines in figure 2.3 are fits of the experimental data to the power−law

behavior τE ∝ T−n for the Nb/Pd0.84Ni0.16 sample at µ0H = 0.25 T (H/Hmax = 0.36,

which is the same reduced field corresponding to µ0H = 0.90 T for the single Nb film)

and µ0H = 0.15 T (H/Hmax = 0.21). The values n = 2.9 and 2.6 are, respectively,

obtained and this tells that, in contrast, in this sample the dominant relaxation mech-

anism may be electronphonon scattering [35]. This result is completely different with
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Figure 1.12: τE temperature dependence for the Nb single film at µ0H =1.40 T (closed
squares) and at µ0H = 0.90 T (open squares) and for Nb/Pd0.84Ni0.16 at µ0H = 0.25
T (closed triangles) and µ0H = 0.15 T (open triangles). The solid and the dasheddotted
lines are the fits to the experimental data using the expression τE = τE,el exp[m∆(T )/kBT ].
The dashed and the dotted lines are the fits to the experimental data using the expression τE

∝ T−n. See the text for details.

respect to what was obtained for the Nb/Py system [11]. In that case the relaxation

mechanism was still electronelectron scattering but the coefficient m was equal to 1.0

because the effective gap experienced by the quasiparticles in their relaxation process

was almost half of the Nb gap. Therefore the larger critical velocities for vortices in the

Nb/Py were directly connected to the suppression of the superconducting order pa-

rameter in the S layer. In the case of Nb/Pd0.84Ni0.16, due to the weaker ferromagnetic

nature of the alloy, the order parameter is less suppressed in the superconductor and

this implies, as we have observed, higher critical currents and smaller critical velocities

with respect to Nb/Py. However, due to the larger value of ξPdNi with respect to ξPy,

the superconductivity in the case of Nb/Pd0.84Ni0.16 penetrates on longer distances in

the ferromagnet with respect to the Nb/Py where it was essentially confined only in

the Nb layer. This could be responsible of the different relaxation mechanism observed

for the Nb/Pd0.84Ni0.16 system.
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1.5 Conclusions

We have studied the I−V characteristics at different perpendicular magnetic fields

and temperatures for an Nb/Pd0.84Ni0.16 bilayer. Critical currents are smaller than

those measured in the single Nb film with the same thickness. Sudden jumps in the

I−V curves due to the instability of the moving vortex lattice have also been ob-

served and the values of the critical velocities connected to the measured instabilities

are larger in Nb/Pd0.84Ni0.16 with respect to the single Nb. The above experimental

findings were consistently interpreted as due to the depression of the superconduct-

ing order parameter in the Nb layer when in contact with the weak ferromagnet.

Moreover, the penetration of superconductivity in the F layer over distances of a few

nanometers could be responsible for the change of relaxation mechanism observed in

Nb/Pd0.84Ni0.16 with respect to the one which was obtained for the single Nb film.
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Chapter 2

Quasiparticles relaxation processes

in Nb/CuNi bilayers

The dynamic instability of the moving vortex lattice at high driving currents has

been studied in superconductor (S)/weak ferromagnet (F) bilayer, Nb/Cu0.38Ni0.62.

Voltage-current, V (I), characteristics have been acquired as a function of both the

temperature, T, and the magnetic field, H, and interpreted in the framework of the

model proposed by Larkin and Ovchinnikov. From these analysis the values of the

quasiparticle relaxation time, τE, have been estimated. The results confirm the high

performance of S/F hybrids in terms of velocity in the energy relaxation process, com-

pared to corresponding single superconducting thin films. Moreover the temperature

dependence of τE is extremely smooth, also if compared with the data reported in

literature for other weak ferromagnet S/F based systems. This last result has been

tentatively ascribed to the disorder present in the CuNi alloy.

2.1 Introduction

The investigation of the interplay between superconductivity and ferromagnetism

always provides new insights. Starting from an intensive fundamental research in this

field [1, 2], many suggestions have afterwards been proposed for applications [3, 4].

Recently the attention focused also on vortex lattice instability [5–7] and on non-

equilibrium superconductivity [8–10], both subjects being important in the design of

S/F-based devices, such as, for instance, optical detectors.

31
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This Chapter is devoted to the study of the dynamic of the vortex lattice in

Nb/CuNi bilayer in order to estimate both the values and the temperature depen-

dence of the inelastic scattering time of the quasiparticles, τE [11]. The main purpose

is to deepen the knowledge of the relaxation mechanisms present in S/F hybrids, which

seem to be deeply affected by the presence and the nature of the ferromagnetic layer.

The approach is based on the model proposed by Larkin and Ovchinnikov (LO) [12].

The latter, already applied in the case of different superconducting systems [13–15]

and S/F bilayers [5–7], consists in the analysis of the V (I) characteristics at different

temperatures, T , and magnetic fields, H. At high driving currents in fact, due to the

presence of the electric field inside the vortex core, the quasiparticles escape from these

normal regions and relax their energy inside the condensate, with a characteristic re-

laxation rate [13]. This process causes a continuous shrinkage of the vortex core until

a critical velocity, υ∗, is reached, such that the system switches into the normal state.

From the theory of LO, υ∗ is directly related to the relaxation time, according to

υ∗ =
D1/2[14ζ(3)]1/4(1− t)1/4

(πτE)1/2
(2.1)

where D is the quasiparticle diffusion coefficient, ζ(3) = 1.202 is the Riemann zeta

function evaluated in 3, and t = T/Tc is the reduced transition temperature. Moreover,

the temperature dependence of τE reveals the dominant relaxation process in the

system: (a) τE = τe−eexp(2∆(T )/kBT ) electron-electron recombination [11]; (b) τE

∝ T−3, electron-phonon scattering [12]. Recently it has been shown that the presence

of the ferromagnet in S/F bilayers strongly increases the values of the critical velocity

at which the instability sets in, thus shortening the relaxation processes, according to

2.1. This result has been confirmed for hybrids consisting on both Nb [5, 6] and NbN [7]

superconducting layer. In the case of Nb-based hybrids the study has been performed

employing F layers characterized by different exchange energy, such as strong Py [5], as

well as weak PdNi [6] ferromagnets. What is worth to mention is the clear difference in

the temperature dependence of the relaxation time in these two systems. τE presents in

fact a much weaker temperature dependence in the case of the Nb/PdNi bilayer, which

could be a signature of a dominant electron-phonon scattering. Both the low values of

τE and the weak temperature dependence are features which could be desirable in the

design of optical detection devices. For this reason the main scope of this Chapter is

perform an analogous analysis of the critical velocity measurements at different values

of the applied magnetic field for a system consisting of Nb as superconducting layer

and another weak ferromagnet as F layer, namely Nb/CuNi.
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2.2 Samples fabrication and preliminary character-

ization

The Nb/CuNi bilayer has been grown on Si(100) substrates by a UHV dc diode

magnetron sputtering operating at a base pressure of 2 × 10−8 mbar. The deposition

has been performed at room temperature at an Ar pressure of 1 × 10−3 mbar. The

typical deposition rates were 0.28 nm s−1 for Nb and 0.21 nm s−1 for CuNi, measured

by a quartz crystal monitor previously calibrated by low-angle X−ray reflectivity mea-

surements on deliberately deposited thin films of each material. The Ni concentration

in the CuNi films, estimated by energy dispersion spectrometry analysis (EDS), is

x = 0.62. According to literature, this Ni content should correspond to an exchange

energy Eex ≈ 13 meV [17, 18]. The sample consists of a Nb and a CuNi layer with

thicknesses dNb = 30 nm and dCuNi = 80 nm, respectively. The ferromagnetic thick-

ness has been chosen to be well above the CuNi coherence length, ξF ∝ 1/
√

Eex ≈
3−6 nm [17–19]. For comparison a reference Nb film, 30 nm thick, has been also

sputtered in the same deposition run of the bilayer. Standard optical lift-off technique

has been employed to pattern the samples in a bridge geometry with width w=20 µm

and length L =300 µm. The superconducting critical temperature of the single Nb

film and of the Nb/CuNi bilayer, in absence of any applied magnetic field, are TNb
c =

7.3 K and TCuNi
c = 6.5 K, respectively. The voltage-current characteristics have been

acquired using the standard dc four probe technique, biasing the samples with current

pulses, tpulse = 12 ms, in order to avoid heating effects. The detailed description of the

measurement procedure as well as the analysis of the dissipated power are extensively

reported in references [5–7]. V (I) characteristics have been measured in presence of

a magnetic field applied perpendicularly to both the plane of the substrate and the

direction of the current.

2.3 Current-voltage characteristics

The voltage-current characteristics for both the systems have been preliminary

measured at zero applied magnetic field. In this way it was possible to estimate the

values of the critical current densities as Jc = Ic/wd (here d = dNb + dCuNi), assuming

a voltage criterion of 10 mV/cm. At the reduced temperature, t = T/Tc ≈ 0.6, the

values of the critical current density are JNb/CuNi
c =2.5×109 A/m2 and JNb

c =4.3 ×
1010 A/m2. The depression of Jc for the Nb/CuNi bilayer can be ascribed to the

suppression of the superconducting order parameter inside the Nb layer due to the
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presence of the ferromagnet, as it has been already reported for other S/F systems,

based on both strong [5] and weak ferromagnets [6]. V (I) characteristics have been

measured for the Nb/CuNi bilayer as a function of the magnetic field at different

temperatures, namely T = 3.60, 3.23, 2.67, 2.32 K (t = 0.55, 0.50, 0.41, 0.36). In the

case of the reference Nb bridge the V (I) curves have been acquired only at T = 4.2

K(t = 0.57). The V (I) characteristics of the Nb/CuNi structure at T = 3.60 K are

shown in Figure 2.1.

Figure 2.1: V (I) characteristics as a function of the magnetic field measured at T = 3.6 K
for the Nb/CuNi bilayer. The values of the magnetic field are from right to left, 0, 0.01, 0.02,
0.03, 0.04, 0.05, 0.06, 0.07, 0.08, 0.09, 0.10, 0.12, 0.15, 0.20, 0.25 T. Inset: temperature
dependence of the perpendicular upper critical magnetic field for the Nb/CuNi bilayer.

From the data it is evident that, at small applied magnetic field, the transitions

to the normal state are quite abrupt, until the voltage jumps disappear at µ0H ≈ 0.1

T. As already discussed in the introduction, this result has been interpreted in the

framework of the model proposed by Larkin and Ovchinnikov [12]. According to the

theory the voltage jumps, V ∗, are related to the critical vortex velocity, υ∗: V ∗ =

µ0υ
∗HL. In this way, from the analysis of the V (I) curves, it is possible to evaluate

the behavior of the critical velocity as a function of both the temperature and the

magnetic field. In Figure 2.2 the dependence of υ∗ as a function of the reduced field,

H/Hmax, is reported for both the single Nb bridge and the Nb/CuNi bilayer at the

reduced temperature t = T/Tc = 0.57 and t = 0.55, respectively, where Hmax, once the

temperature is fixed, is the maximum field at which the voltage jump is still present.



2.3. Current-voltage characteristics 35

Here µ0Hmax = 1 T for Nb single film and µ0Hmax = 0.1 T for the Nb/CuNi bilayer.

Figure 2.2: Dependence of the critical velocity, υ∗, on the normalized magnetic field H/Hmax

for the Nb single film at t = 0.57 (open symbols) and the Nb/CuNi bilayer at t = 0.55 (closed
symbols). For the definition of Hmax the reader can refer to the text. Inset: dependence of
υ∗ on the magnetic field H at t = T/Tc ≈ 0.4 for the Nb single film (open symbols), and the
Nb/CuNi (closed circles) and the Nb/PdNi (closed triangles) bilayers [6].

It is evident that, in agreement with the data reported in literature [5–7], the S/F

bilayer presents higher critical velocities, which, moreover, disappear at a much lower

value of the magnetic field. This feature is strongly pronounced for the Nb/CuNi

system as highlighted in the inset of Figure 2.2, where the field dependence of υ∗ is

compared to one obtained for the Nb/PdNi bilayer [6]. Here the υ∗(H) dependence

is reported for the single Nb film, and both the Nb/CuNi and the Nb/PdNi bilayers

at t = T/Tc ≈ 0.4. At this reduced temperature the value of Hmax for the Nb/PdNi

system is in fact 0.7 T. At this point, according to 2.1, τE can also be calculated.

The quasiparticle diffusion coefficient has been estimated from the slope of the tem-

perature dependence of the perpendicular upper critical magnetic field, Hc2(T ), as

D = (4kB/πe) × (dHc2/dT |T=Tc)
−1. The Hc2(T ) curve has been in fact resistively

obtained from the R(H) transitions measured at constant temperature. The Hc2(T )

dependence is presented in the inset of Figure 2.2, where the line is the linear fit with

slope (dHc2/dT |T=Tc) = −0.46 T/K. It follows that D = 2.0×10−4m2/s. The temper-

ature dependence of the relaxation time for the Nb/CuNi bilayer for different values

of the magnetic fields is reported in Figure 2.3.
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Figure 2.3: Temperature dependence of the relaxation time, τE, for the Nb/CuNi bilayer at
µ0H = 0.10 T (squares), 0.07 T (cirles) and 0.03 T (triangles). The dashed lines are the fits
to the experimental data using the expression τE = τe−e exp(2∆(T )/kBT ). The solid lines
are the fits to the experimental data using the expression τE ∝ T−n. The reader can refer to
the text for further details.

In order to extract information regarding the inelastic relaxation process responsi-

ble of this behavior, the experimental data have been fitted using the exponential and

the power law dependencies described in the introduction. The dashed lines in Figure

2.3 are the best fit of the data using the expression τE = τe−eexp(2m∆(T )/kBT ) with

τe−e and m both used as fitting parameters. The agreement with the experiment is

satisfactory only using a very small value for m, namely m =0.18−0.25. The solid

lines reproduce the power law behavior τE ∝ T−n where n =0.95, 0.72, 0.68 at µ0H =

0.10, 0.07, 0.03 T, respectively. All the fitting parameters are summarized in Table 2.1.

The value obtained for the fitting parameter m from the exponential law dependence

seems to exclude the electron-electron recombination as the dominant relaxation pro-

cess in the system, since the small exchange energy of the ferromagnetic alloy would

not suppress the superconducting gap so drastically.

The same result has been obtained also for other two S/F hybrids consisting of a

weak ferromagnet, namely Nb/PdNi (m = 0.3 both at µ0H = 0.25 and 0.15 T) [6]

and NbN/CuNi (m = 0.5 at µ0H = 0.10 T) [7], in contrast with what reported for

Nb/Py bilayers (m = 1.0 at µ0H = 0.15 T) [5]. However, the power law simulations

also return an extremely low value of n ≈ 0.7−1.0, thus preventing the confirmation



2.3. Current-voltage characteristics 37

µ0H τe−e (s) m n

0.10 3.17× 10−10 0.25 0.95

0.07 3.12× 10−10 0.19 0.72

0.03 2.03× 10−10 0.18 0.68

Table 2.1: Summary of the fitting parameters extracted from the analysis of the τE(T)
dependence for the Nb/CuNi bilayer.

of a dominant electron-phonon scattering mechanism, in contrast with what reported

for Nb/PdNi (n =2.6, 2.9 at µ0H = 0.25 and 0.15 T, respectively) [6] and NbN/CuNi

(n = 2.0 at µ0H = 0.10 T) [7] bilayers. For these systems it was supposed that

the weak ferromagnetic nature of the alloys caused a longer penetration in the F

layer of the Cooper pairs, which could then experience different relaxation mechanism.

Here the strength of the ferromagnet is comparable, but indeed the decay of the

relaxation rate is much smoother. It seems reasonable to suppose that the reason of this

dependence is the disorder of the CuNi alloy [20–23]. The latter, in fact, could make

the bilayer as a whole a dirtier system. This would produce, not only a quasi-constant

τE(T ) dependence, but also an appreciable reduction of the quasiparticles lifetime [24].

Regarding this last point it is worth to comment on the comparison between the values

of the relaxation time estimated for the Nb/CuNi bilayer and for the Nb bridge. The

latter, at t = 0.6 and at µ0H = 1 T (H/Hmax = 1), for(dHc2/dT |T=Tc)= −0.62 T/K,

and consequently, D = 1.7 × 10−4 m2/s, is characterized by a scattering rate τNb
E = 2.7

× 10−8 s. This value is consistent with the ones estimated with the same approach for

single Nb films [5, 6], but it is two orders of magnitude higher than the one estimated

for the corresponding Nb/CuNi bilayer at the same values of reduced temperature

and magnetic field, namely τ
Nb/CuNi
E ≈ 5.5 × 10−10 s. Moreover, compared Nb/PdNi

bilayers at the same value of t ≈ 0.5 and H/Hmax ≈ 0.3, the response of the Nb/CuNi

device appears to be the faster, since τ
Nb/PdNi
E ≈ 9×10−10 s [6], while τ

Nb/CuNi
E ≈

3×10−10 s. This last result supports the hypothesis that the cleaness of the samples

plays a crucial role in the relaxation process [24]. One last comment could be made if

one compares the numbers reported in this work with the ones estimated for NbN/CuNi

bilayers, namely a system constituted of the same disordered ferromagnetic alloy. In

that case the quasiparticle lifetime was significantly shorter, also due extremely reduced

characteristic e-ph scattering times of NbN thin films [25]. At t ≈ 0.5 and H/Hmax ≈
0.5 it was obtained τ

NbN/CuNi
E ≈ 3 × 10−11 s [7]. However the decay of the relaxation

rate was faster that the one estimated in this work. It seems fair to suppose that

this was due to the presence of an ultrathin CuNi overlayer, being dCuNi < ξF . On

the contrary here the ferromagnetic thickness exceeded ξF by far, and consequently

the quasiparticles can penetrate the F layer over the entire ferromagnetic coherence

length, experiencing different microscopic relaxation mechanisms.
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2.4 Conclusions

V (I) characteristics have been measured on Nb/CuNi bilayers and interpreted in

the framework of the LO theory [12]. In this way the values of the quasiparticles

relaxation times have been estimated and compared to the ones obtained for the Nb

reference sample. τE for the Nb/CuNi structure is about two orders of magnitude

shorter compared to the values extracted for the corresponding Nb bridge. Moreover

the τE shows an extremely smooth temperature dependence. Both the values of τE

and its temperature dependence have been compared to the one observed in the case

of other S/F bilayers consisting of weak ferromagnets [6, 7]. From this analysis it

was concluded that the extremely disordered nature of the ferromagnetic alloy plays

a crucial role in the relaxation processes.
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Chapter 3

Long range proximity effect in

Nb/Py/Nb trilayers

We report measurements of the temperature dependence of the parallel upper crit-

ical field, Hc2‖(T ), in proximity coupled Nb/Py/Nb trilayers in which the thickness

of the Py layer, dPy, changes from 20 nm up to 432 nm. When dPy is in the range

150-250 nm a coupling between the two superconducting outer layers is observed with

Hc2‖(T ) showing a linear behavior from Tc down to temperatures relatively far from

the critical transition temperature. We believe that this is due to a long-range prox-

imity effect generated by the inhomogeneous magnetization related to the presence of

stripe domains of proper size in thick Py layers.

3.1 Introduction

The interplay between superconductivity and ferromagnetism can be effectively

studied through the proximity effect which arises when a superconductor (S) comes in

contact with a ferromagnet (F) in artificial S/F hybrids [1]. As confirmed by several

experiments [2], in the case of spin-singlet superconductivity the pair wave function

penetrates from the S- to the F-layer over a distance ξF which is typically of the order

of few nanometers since, in the diffusive limit, ξF =
√

h̄DF /Eex (here DF and Eex

are respectively the electron diffusivity and the exchange energy in the ferromagnet).

However, it has been theoretically demonstrated that spin-triplet pairing of the Cooper

pairs can give rise to a long-range penetration of the superconducting condensate in

41
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the F-layer since electrons with parallel spins are only weakly affected by the exchange

field [3]. Spin-triplet correlations are generated if the singlet Cooper pairs present in

the conventional S-layer experience regions of inhomogeneous magnetization on the

F-side of the hybrid within their coherence lengths ξS [3, 4]. Moreover, these pair

correlations have even orbital angular momentum and are odd in frequency so they

are robust against non-magnetic disorder [5]. Experimental evidence of the existence

of long-range spin-triplet superconductivity has been recently reported [6].

In this Chapter, we investigate the temperature dependence of the parallel upper

critical magnetic field, Hc2‖(T ), in unstructured S/F/S trilayers consisting of very well

studied metallic materials, namely Nb/Py/Nb, where Nb and Py stand respectively

for Niobium and Permalloy (Ni80Fe20). We show that when stripe domains (SDs) are

induced [7–9] (for thickness of the Py layer starting at approximately 150 nm) the

two outer Nb layers are coupled down to relatively high temperatures (≈ 0.9 Tc, Tc

is the superconducting critical temperature). We interpret this effect, which cannot

be explained in terms of spin-singlet proximity theory, as due to long-range spin-

triplet proximity effect generated by inhomogeneous magnetic patterns (noncollinear

magnetization) [10] of very thick Py films.

3.2 Samples preparation and magnetic characteri-

zation

Nb/Py/Nb trilayers have been grown on Si(100) substrates by ultrahigh vacuum

dc diode magnetron sputtering at room temperature. The deposition conditions are

similar to those used to sputter similar S/F hybrids as described elsewhere [11]. The

typical deposition rates are 0.25 nm/s for Nb and 0.30 nm/s for Py measured by a

quartz crystal monitor previously calibrated by low-angle x-ray reflectivity measure-

ments on deliberately deposited thin films of each material. Samples have constant

Nb thickness, dNb = 25 nm, and variable Py thickness with dPy in the range 20− 432

nm. For reference a single 25-nm-thick Nb film and several single Py films having the

same thickness as the Py layers in the corresponding hybrids have also been prepared.

All the samples are unstructured with typical in-plane dimensions of 50 mm2. The

transport properties have been measured in an in-line four-terminal geometry. The

distance between the current (voltage) pads is about 0.8 cm (0.3 cm).

A detailed magnetic characterization of Py has been performed by measuring hys-

teresis cycles on the single Py films. All experiments have been performed in a com-

mercial (Quantum Design) magnetometer. Figure 3.1 shows the complete hysteresis

cycles measured at T = 300 K on the single 432-nm-thick Py film with the magnetic



3.2. Samples preparation and magnetic characterization 43

Figure 3.1: Magnetic hysteresis cycle of the single 432-nm-thick Py film measured at T =
300 K with the applied magnetic field parallel (a) and perpendicular (b) to the substrate
plane.

field applied parallel (panel a) and perpendicular (panel b) to the substrate plane.

The sample was first submitted to the application of a magnetic field of 1 T, which

was subsequently removed prior to recording the hysteresis cycles. The characteristic
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shape of the in-plane loop is a signature of the existence of a SD structure that appears

in Py films above a certain critical thickness due to the formation of an out-of-plane

magnetization component [12]. In this situation, the magnetization vector is parallel

to the stripes in all domains but deviates alternately upward and downward from the

plane of the film as a consequence of the presence of a negative magnetostriction con-

stant that originates a weak perpendicular anisotropy [8, 13]. The critical thickness

for the formation of SDs depends on fabrication conditions such as, for example, the

deposition rate and the substrate temperature [7–9]. From the hysteresis cycles of Fig.

1 we may determine the saturation fields in the parallel and perpendicular directions

to be respectively Hsat
‖ ' 500 Oe and Hsat

⊥ ' 11800 Oe. Using formulas for materials

with small perpendicular anisotropy [14],

Hsat
⊥ = 4πMs(1−Ku/2πM2

s ), Hsat
‖ = 2Ku/Ms, (3.1)

the saturation magnetization and the uniaxial anisotropy constant were estimated

to be respectively Ms ' 980 G and Ku ' 2.44 × 105 erg/cm3. Substituting in

the expression for the critical thickness for the formation of the SD structure, dc =

2π(A/Ku)
1/2 [7], the value obtained for Ku and the figure commonly cited for the

exchange constant of Py, A ' 1 × 10−6 erg/cm [15], we obtain dc ' 125 nm.

3.3 H-T phase diagrams

The H-T phase diagrams have been determined for all the trilayers by measuring

the resistive transitions at fixed values of the external magnetic field. The latter has

always been applied perpendicularly to the bias current and alternatively parallel (‖)
or orthogonal (⊥) to the substrate plane. Tc has been defined at the 50% of the resistive

transition curves. In zero field the width of the transitions, T (R = 0.9Rn) − T (R =

0.1Rn) (Rn is the resistance at T = 10 K), is typically 50 mK for all the samples and

this value does not substantially increase when the curves are measured in magnetic

field. From the linear temperature dependence of the perpendicular upper critical fields

(not reported here) the Ginzburg-Landau (GL) coherence length at zero temperature,

ξGL(0), has been extracted [16]. The values are around 10 nm for all the samples

implying a superconducting coherence length ξS(0) = (2/π)ξGL(0) ≈ 7 nm. The single

Nb film, with Tc = 6.5 K, exhibits a two-dimensional (2D) behavior for the parallel

upper critical field [17], Hc2‖(T ) ∝
√

1− T/Tc, in the entire investigated temperature

range (measurement not shown here).
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Figure 3.2 shows Hc2‖(T ) phase diagrams for a representative of Nb/Py/Nb tri-

layers. For all the hybrids we first apply at low temperature a strong magnetic field

(approximately 1 T) in the plane of the samples and then we remove it. If the Py

thickness is larger than dc, magnetic SDs form in the direction of the applied field and

remain fixed once the magnetic field has been reduced to zero [13, 18]. Starting from

panel (a) in the figure, we observe that the sample Nb(25)/Py(105)/Nb(25) (numbers

in parentheses indicate the thickness expressed in nm) exhibits a 2D-like behavior in

the whole temperature range up to Tc. The black line is the square-root temperature

dependence of Hc2‖(T ) obtained leaving Hc2‖(0) as the only fitting parameter. If, due

to the reduced Nb thickness, the Cooper pairs from both Nb layers do not penetrate

deeply enough into the Py one, the temperature dependence of Hc2‖ should be 2D since

the two Nb layers are decoupled [16]. Similar results, with a 2D behavior for Hc2‖(T ),

have also been obtained for the thinnest sample, namely Nb(25)/Py(20)/Nb(25). This

experimental evidence is not particularly surprising since decoupling of superconduct-

ing layers by ultrathin ferromagnetic ones were already observed in the literature on

different S/F hybrids several years ago [19].

However, it is worth noticing that if the thickness of the inner Py layer is fur-

ther increased, the 2D behavior is observed only until a certain temperature, the

so-called 2D–3D crossover temperature, T 2D−3D
cr , above which the temperature de-

pendence of the parallel upper critical field shows a three-dimensional (3D) behavior,

Hc2‖(T ) ∝ (1− T/Tc) [17]. This result is reported in panels (b) and (c) of Figure 3.2

for the Nb(25)/Py(144)/Nb(25) and Nb(25)/Py(216)/Nb(25) trilayers, respectively.

The insets in the panels show an enlargement of the data for temperatures close to Tc

where the linear behavior of Hc2‖(T ) is much more evident since the two outer layers

are coupled down to temperatures relatively far from Tc (t ≡ T/Tc = 0.93). Finally, if

the Py thickness is increased above 250 nm, the 2D behavior is restored up to T = Tc

as reported in panel (d) of Figure 3.2, which refers to the Nb(25)/Py(432)/Nb(25)

trilayer.

The previous analysis of the H-T phase diagrams is summarized in Figure 3.3

where the reduced crossover temperature (t2D−3D
cr ≡ T 2D−3D

cr /Tc) is reported for all the

trilayers (closed circles). For values of dPy up to 100 nm (region A) and larger than

250 nm (region C) t2D−3D
cr is essentially equal to 1 while in the range between 140 nm

and 250 nm (region B) it is t2D−3D
cr = 0.93− 0.95. Samples lying in Region A are the

ones in which the Py layers do not present magnetic stripes. This means that the two

Nb layers feel a homogeneous magnetization and ξF dictates the penetration length

of superconductivity in the inner F-layer. Since DF = (1/3)vF `F , using Eex = 201

meV, vF = 2.2 × 105 m/s [2, 20], and ρ`F = 31.5 × 10−6 µΩ cm2 [21], from the low-

temperature values of the Py resistivity measured on our samples (ρ = 20 µΩ cm),

we obtain ξF ≈ 1.9 nm, a value which does not allow the coupling between the two

external Nb layers. In fact, already for dPy = 20 nm the order parameter is attenuated
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Figure 3.2: Temperature dependence of the upper parallel critical field of Nb/Py/Nb trilayers
with dNb = 25 nm and (a) dPy = 105 nm, (b) dPy = 144 nm, (c) dPy = 216 nm, and (d)
dPy = 432 nm. Straight lines show the square-root temperature dependence of Hc2‖ valid for
2D superconductors obtained leaving as a fitting parameter only Hc2‖(0). Dashed lines in (b)
and (c) show the linear temperature dependence of Hc2‖ valid for 3D superconductors. The
arrows show the temperature where the crossover between the 2D and the 3D regime takes
place, T 2D−3D

cr . The insets of (b) and (c) show the high-temperature region of the respective
H-T phase diagrams.

at the center of the ferromagnetic layer by the factor exp(−dPy/2ξF ) = 5×10−3, while

for dPy = 100 nm it is as small as exp(−dPy/2ξF ) = 3× 10−12.

On the other hand, for dPy larger than 125 nm we know, from the magnetic char-

acterization, that SDs form in the F-layer. In this case, if the Cooper pairs from the

superconductor experience regions of noncollinear magnetization within their coher-

ence lengths, ξS, long-range spin-triplet pair correlations may be generated [3]. In
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agreement with theoretical works [5] which suggest that the non-homogeneous ex-

change field generated by the ferromagnetic domain walls could be a possible source

of triplet pairing, we can define a crossover temperature, Tcr, as the temperature

at which ξS(T ) = ξS(0)/
√

1− T/Tc ≈ δW , where δW is the width of the Bloch

walls connected to the presence of SDs in the Py layer. Since δW corresponds to

a rotation of π of the magnetization between two adjacent stripes, we consider it

as a measure of the region where the magnetization is inhomogeneous. Using the

values obtained above for Ms and Ku, the stripe width can be estimated [14] as

w = (πdPy)
1/2[(1 + Ku/2πM2

s )(A/Ku)]
1/4 ' 8d

1/2
Py . Assuming that a reasonable value

for δW should be about 1/3 of w, we can immediately determine the crossover tem-

perature as tcalc
cr ≡ T calc

cr /Tc ' 1− (6.9/dPy).

Open squares in Figure 3.3 represent the values for tcalc
cr estimated within our ap-

proximation. We can see that the above assumption satisfactorily reproduces the

experimental data for t2D−3D
cr . In region B tcalc

cr is lower than one, while if dPy (and,

consequently, δW ) is further increased the calculated values for tcalc
cr tend to be again

equal to one since the width of domain walls becomes too large for Nb to experience an

inhomogeneous magnetization (region C). Of course, since ξF ≈ 1.9 nm the long-range

coupling in region B cannot be explained by singlet proximity effect. However, if spin-

triplet superconductivity is established in the ferromagnet the penetration length of

the Cooper pairs from both Nb layers into Py is determined by ξT
F (T ) =

√
h̄DF /2πkBT

[3], which can be much larger than ξF . In our case, we have ξT
F (T = 4.2 K) ≈ 20 nm.

Consequently, the order parameter for the sample with dPy = 144 nm is attenuated

at half the Py layer only by the factor exp(−dPy/2ξ
T
F ) = 3 × 10−2 at 4.2 K and this

explains why the two Nb layers feel each other despite the presence of the very thick

ferromagnetic interlayer.

3.4 Enhancement of the critical temperature

In addition to the generation of spin-triplet superconductivity in Py, the presence

of SDs in thick Py layers should also cause an enhancement of the superconducting

critical temperature of the S/F/S systems with respect to the case of homogeneous

magnetization in the F-layer. In this case, in fact, the pair-breaking mechanism pro-

duced by the exchange field becomes less effective at the domain walls, where the

superconductivity is less strongly depressed [22]. Two resistive transitions for the

Nb(25)/Py(432)/Nb(25) trilayer are shown in Figure 3.4. Open circles refer to the

measurement performed just cooling the sample in zero field, while closed symbols
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Figure 3.3: Reduced 2D–3D crossover temperature as a function of the Py layer thickness in
the Nb(25)/Py(x)/Nb(25) trilayers. Closed symbols represent experimental data while open
symbols show the reduced crossover temperature calculated assuming ξS(tcalc

cr ) = δW . The
dashed lines enclose the region of dPy values for which the two Nb layers are coupled.

represent the resistive transition in presence of SDs induced by first applying and then

reducing to zero a strong in-plane magnetic field. If TcF is the critical temperature

when the superconductor is in contact with a homogeneous ferromagnet and TcW is

the critical temperature for the inhomogeneous case, the enhancement of the critical

temperature defined as ∆Tc = TcW − TcF is relevant since ∆Tc = 30 mK at half the

resistive transitions. However, as reported in the inset of Figure 3.4, this effect is

present only when the Py thickness (i.e. the domain wall widths) is in a suitable range

of values. The so-called domain wall superconductivity is, in fact, observable only

when δW ≈ ξS. An estimation for ∆Tc can be given following the theory developed

in the case of domain-wall superconductivity in S/F proximity coupled systems [22].

Defining the relative increase of critical temperature as α ≡ ∆Tc/TcF , and considering

α ≈ [ξS(0)/δW ]2 [22], if we take as a typical average value δW ≈ 60 nm and TcF ≈ 5

K for the samples where the shift in Tc is observed, we obtain ∆Tc ' 50 mK in very

good agreement with the experimental result.



3.5. Conclusions 49

Figure 3.4: Zero-field resistive transition for the Nb(25)/Py(432)/Nb(25) trilayer. Open
(Closed) circles correspond to the measurement performed in presence (absence) of SDs in
the Py layer. Inset: enhancement of the critical temperature due to presence of SDs in the
F-layer as a function of dPy.

3.5 Conclusions

In conclusion, coupling between two Nb layers from Tc down to temperatures of

0.9 Tc has been observed by parallel upper critical field measurements in very simple

Nb/Py/Nb trilayers, when the thickness of the Py layer is in the range between 150

and 250 nm. This distance is much longer than the singlet decay length which is

of the order of 2 nm in our Py film. The effect is related to the presence of stripe

domain patterns in Py layers thicker than a certain critical value since such patterns

produce a non-homogeneous magnetization which generates a long-range spin-triplet

superconductivity in the system. When stripe domains are present the inhomogeneous

magnetization of the Py layers also enhances significantly the critical temperature of

the trilayers.
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Chapter 4

Enhancement of Tc in Nb/Py/Nb

trilayers

Superconducting critical temperature, Tc, have been measured in a Nb/Py/Nb

series (here Py = Ni80Fe20) trilayers having constant Py thickness, dPy = 432 nm,

and variable Nb thickness, dNb, in the range 20 − 30 nm. We have observed that,

for dNb between 23 and 27 nm, resistive transitions shift towards higher temperature

if stripe domains are present in the Py layer. We relate those observations to the

non−homogeneous magnetization in the Py layer due to the presence of stripe domain

structures.

4.1 Introduction

Superconducting (S) and Ferromagnetic (F) order parameters have an opposed

nature and the problem of their mutual influence in thin films hybrids coupled by

proximity effect has attracted a great attention [1, 2]. Such S/F heterostructures offer

a variety of exciting new phenomena, which have been extensively discussed in recent

years, such as the so-called spin triplet superconductivity [3]. Contrary to the case

of conventional opposite spin pairing, where the proximity effect is short ranged, in

the case of equal spin pairing the induced superconducting ordering penetrates deeply

into the magnetic material and it is stable both in the dirty limit and the in presence

of an exchange field. The triplet character of the long-ranged proximity effect can

be generated in presence of an inhomogeneous magnetic ordering. Theoretical works
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[3] suggest that the non-homogeneous exchange field generated by the ferromagnetic

domain walls could be a possible source of spin triplet pairing. Indeed the effect of the

domain walls on the superconducting properties of S/F hybrids has been experimen-

tally investigated in systems made of strong as well as weak ferromagnets [4–7] and

even in devices consisting of a single domain wall [8]. In particular, these works report

on the domain wall induced critical temperature enhancement, in accordance with the

theoretically estimations [9], on the increase of the critical current density, as well as

on the magnetoresistance minima at the coercive fields, Hc. In all these experiments it

is extremely important to rule out all the possible effects arising from undesired stray

fields proliferating at Hc. This problem has been deeply investigated in Ref. [10].

In this Chapter we study the influence of the magnetic domain structure of thick

Permalloy (Py = Ni80Fe20) layer on thin Nb films in Nb/Py/Nb trilayers, showing that

the presence of the peculiar stripe domain structure provides an enhancement of the

critical temperature of the samples.

4.2 Experiment

Nb/Py/Nb trilayers have been deposited on Si(100) substrates by UHV dc diode

magnetron sputtering at room temperature, at a base pressure of 2×10−8 Torr and

at processing Ar pressure of 3×10−3 Torr. The typical deposition rates were 0.25 nm

s−1 for Nb and 0.3 nm s−1 for Py, as measured by a quartz crystal monitor previously

calibrated by low-angle X-ray reflectivity measurements on deliberately deposited thin

films of each material. Samples have an internal Py layer of constant thickness (dPy =

432 nm) and varying external Nb layers thicknesses (dNb = 20 - 30 nm). For reference

a single Py films, 432 nm thick, used for magnetic characterization, has also been

prepared.

Among ferromagnetic materials, Py has a high magnetic permeability, low co-

ercivity, and near zero magnetostriction. Usually Py thin films have in-plane shape

anisotropy. However, for films thicker than some critical thickness, dcr
Py, an out-of-plane

magnetization component could be formed. Consequently, an array of alternating ad-

jacent magnetic domains, known as stripe domains, (SDs), often forms. The critical

thickness at which the SDs appears varies depending on deposition conditions [11–13].

In our case an approximate value of the critical Py thickness for the SDs formation

is 150-200 nm. All the samples were unstructured with typical in-plane dimensions

of 50 mm2. The measurements have been performed using a standard four-contact

configuration. The values of the critical temperatures Tc have been extracted from the

R(T ) curves taking the 50% value of the normal state resistance RN just above the

transition to the superconducting state. From upper critical magnetic field measure-
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ments a value of ξGL(0) ≈ 10 nm has been estimated for the superconducting layer.

For inducing SDs in the Py layers for all the hybrids we first apply at T = 4.2 K a

strong magnetic field (approximately 1 T) in the plane of the samples and then we

remove it. If the Py layer is thicker than dcr
Py, SDs are formed, persisting also after

reducing the in-plane field to zero [14, 15].

4.3 Results and discussion

A detailed magnetic characterization has been performed on the single Py film

with the same thickness used in the trilayers (dPy = 432 nm). The measurements have

been realized using a commercial Quantum Design Magnetic Properties Measurement

System magnetometer. In Figure 4.1 the magnetization curves, m(B), measured at

T = 300 K with the magnetic field applied (a) parallel (‖) and (b) perpendicular

(⊥) to the sample plane are shown. The samples are characterized by a saturation

magnetization of Ms ≈ 800 emu/cm3. Moreover, as one can see, hysteresis loops show

the peculiar dependence of a film presenting the stripe domain structure [15].

Figure 4.1 confirms that the Py embedded in the analyzed Nb/Py/Nb trilayers

presents a non-homogeneous magnetization caused by the presence of the SDs. Ac-

cording to the literature the period of the SD pattern is comparable with the film

thickness [15]. Moreover the dimensions of the domain wall width separating the

stripes can be estimated to be of the order of δw ≈ 300 nm [16].

δw plays an important role in the study of domain wall superconductivity [5, 9]. It

represents the boundary between different magnetization orientations thus, at the wall,

Cooper pairs experience a lower exchange field and this leads to a weaker suppression

of superconducting ordering. Therefore the value of the domain wall width is crucial

and it should be compared to the value of the superconducting coherence length, ξS =

2ξGL/π. If the size of the domain wall is much larger than ξS, in fact, the Cooper pairs

will feel an uniform exchange field, and no effect will be observed. Indeed, it has been

shown that the maximum effect for the domain wall superconductivity is obtained in

the range δw ≈ ξS [1]. In figure 4.2 two resistive transitions for the sample Nb(23

nm)/Py/Nb(23 nm) are reported. The blue curve refers to the transition measured

on the virgin sample (where no SDs are present), while the red one indicates the

measurement performed after first applying a strong in plane magnetic field (µ0H = 1

T) in order to induce the SDs, and then removing it. A shift in the critical temperatures

with ∆Tc = Tc,SD - Tc,noSD ≈ 30 mK is evident. We believe that the presence of this

pronounced effect, clearly related to the Py domain state, may be realized at T '
Tc where, according to the temperature dependence ξS(T ) = ξS(0)(1− T/Tc)

−1/2, the
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Figure 4.1: Hysteresis loop of the single Py film 432 nm thick recorded at 300 K with the
magnetic field applied (a) parallel (‖) and (b) perpendicular (⊥) to the plane of the substrate.

condition δw ≈ ξS(T ) can be fulfilled.

The same experiment has been performed on different trilayers with equal Nb

thickness but with dPy < dcr
Py, namely in the case where there is no SDs formation in

the Py layer. In all these measurements we could not observe any shift of the critical

temperature.

The study of the critical temperature enhancement has been systematically per-

formed as a function of the Nb thickness as well. In figure 4.3 the dependence of

∆Tc(dNb) curve is reported (left scale), together with dependence of the critical tem-

perature in the virgin state, Tc,noSD, on dNb (right scale). The Tc shift is clearly present
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Figure 4.2: Resistive transitions for the trilayer with dNb = 23 nm. Straight (dotted) curve
refers to the measurement performed on the sample without (with) SDs in the Py layer.

for Nb thickness in the region from 23 up to 27 nm. To interpret this result is again

necessary to take into account the value of ξS(0), this time comparing it to the value

of dNb. The superconducting layer is, in fact, sensitive to the influence of the ferro-

magnetic layer if a large fraction of dNb is involved into the proximity effect, namely

if dNb ≈ ξS(0). Indeed, if dNb is roughly more than twice the superconducting co-

herence length, then it may be too thick to be affected by the domain configuration.

Therefore this requirement on the dNb thickness is crucial for the observation of the

peculiar phenomena typical of S/F structures, such as, for instance, non-monotonic

Tc(dF ) dependence [17–19], or spin-switch effect [20, 21]. For the sample presenting

the Tc shift, in fact, it is: 1.15 ≤ dNb/2ξS(0) ≤ 1.35. On the other hand, decreasing

the Nb thickness down to dNb = 20 nm leads to a significant suppression of the super-

conducting ordering, as it can be inferred from the value of the critical temperature

(Tc = 4.17 K), which is suppressed of the 20 percent compared to the sample with

dNb= 30 nm (Tc = 5.19 K).
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Figure 4.3: (Left scale) Dependence of the shift of the critical temperature, ∆Tc=Tc,SD -
Tc,noSD, as a function of the Nb thickness, dNb. (Right scale) Critical temperature in the
virgin state, Tc,noSD, as a function of dNb.

4.4 Conclusions

We study the effect of the domain configuration of a thick Py film embedded

in Nb/Py/Nb trilayers on the transition temperatures of these structures. A clear

enhancement of Tc is observed when stripe domains are present in the ferromagnetic

layer compared to the case where the latter is in its virgin state. The Nb thickness

range in which this effect is present is discussed.
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Conclusions

In this thesis the S/F proximity effect has been studied in different Nb−based

layered structures. In particular, when using a weakly ferromagnetic alloy, such as

PdNi and CuNi, the dynamic instabilities of the vortex lattice at high driving currents

have been measured and the role played on the non−equilibrium properties of the

hybrids by the ferromagnetic material has been analyzed with a special focus on the

values and the temperature dependence of the quasiparticle relaxation times, τE. The

study revealed that the presence of the F-layer causes a reduction of τE, result that

makes S/F hybrids extremely promising in the field of ultrafast superconducting single

photon detectors. Moreover, we show that the nature of the ferromagnet coupled

to the superconducting layer determines the dominant relaxation mechanisms of the

systems. In fact, the use of a weak ferromagnet could be more suited to changing

and tailoring the optical properties of the whole system. In particular, an increased

electron−phonon interaction could reflect itself in an almost constant value of τE, a

feature that could also be important in view of possible applications. Moreover, in

the second part of the thesis a slightly different argument has been tackled namely

the possibility to induce long range triplet superconductivity in Nb layers due to the

presence of inhomogeneous magnetization in thick Py films (of the order of 200 nm).

In particular, by measuring the temperature dependence of the parallel upper critical

field, we have observed a coupling between the two Nb outer layers in Nb/Py/Nb

trilayers. The distance over which the superconducting layers feel each other is two

order of magnitude greater than the singlet decay length in Py films. The effect was

related to the presence of stripe domain patterns in Py layers thicker than a certain

critical value since such patterns produce a non−homogeneous magnetization which

generates a long−range spin−triplet superconductivity in the system. When stripe

domains are present the inhomogeneous magnetization of the Py layers also enhances

the critical temperature of the trilayers.
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