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Influence of the magnetic configuration on the vortex-lattice instability in Nb/permalloy bilayers
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We studied the dynamic instability of the vortex lattice in Nb/permalloy (permalloy = Ni0.8Fe0.2) bilayers with
different Py thickness dPy. When dPy is larger than some critical value, dESD

cr , which in our samples has been evalu-
ated to be �125 nm, an inhomogeneous magnetic configuration is induced in the samples as a precursor to a fully
developed stripe domain state. We found that this inhomogeneous magnetic configuration of the Py layer promotes
larger values of the critical velocity for the vortex lattice instability, v∗, with respect to the homogeneous case.
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I. INTRODUCTION

Gaining knowledge of the vortex lattice instability
and nonequilibrium superconductivity in superconduct-
ing/ferromagnetic (S/F) systems is crucial in the design of
S/F-based devices [1,2]. For example, it was experimentally
proved that S/F hybrids are optimal systems to be used as
ultrafast superconducting optical detectors and eventually even
as single photon detectors, due to the small value of the
penetration length of the superconducting correlations in the
F layer, ξF � 6 nm, which determines better performance in
terms of both photoresponse signal detection and sensitivity
[3–5]. In fact, in these devices the light probes a distance α (the
material optical penetration depth), which is typically smaller
than 50 nm in the 400–900 nm visible light wavelength range
[3,4]. If S/N hybrids were to be used (here N stands for normal
metal), due to the value of the penetration length of the Cooper
pairs in the N layer, ξN, which at low temperatures can be of the
order of hundreds of nanometers, a thin N layer would not be
an effective perturbation to the S layer to detect effects induced
by the proximity effect. In contrast, in the case of S/F hybrids
a thin F layer will be completely proximized so that different
superconducting properties appear at a distance of the order of
α. Moreover, by studying the dynamic properties of the vortex
lattice in S/F structures, it was found that the performance of
the detecting devices in terms of the quasiparticle relaxation
rates seems to be strongly enhanced by the presence of the F
layer [1,2,6–8]. In particular, from the analysis of the critical
velocity v∗ for the occurrence of the instability of the moving
vortex lattice [9], information on the quasiparticle relaxation
time τE was obtained, and it was shown that in order to reduce
the values of τE it is useful to couple the superconductor to
a strong ferromagnet, such as permalloy [2]. This conclusion
was based on measurements performed on Nb/Py bilayers
(Py ≡ permalloy = Ni0.8Fe0.2) which showed values of the
relaxation time much smaller than that for the single Nb film
[6]. That study was performed on samples with the thickness
of the Py layer, dPy, well below the critical thickness dESD

cr
(ESD stands for emerging stripe-domain phase) where an
inhomogeneous magnetic regime can be formed [10].

Indeed, Py shows very interesting magnetic properties. It
is well known that when the thickness of a Py film is above
a certain critical value dSD

cr the magnetization of Py is mainly
in-plane with a small and alternating out-of-plane component

[11–13]. This is the so-called stripe domain (SD) regime.
The exact value of dSD

cr depends on the fabrication conditions
[12,14,15]. For our films dSD

cr � 300 nm, as mainly determined
by magnetic force microscopy (MFM) [10]. Below dSD

cr two
magnetic regimes are present: a homogeneous (H) regime up
to dPy = dESD

cr � 0.5 dSD
cr , and a new regime, for dESD

cr � dPy �
dSD

cr , which was called the emerging stripe-domain (ESD),
where a certain degree of magnetic inhomogeneities is present
in Py, even though the magnetization is not yet arranged in
stripes. In this regime, MFM, for instance, does not detect
variations in the magnetic structure. This magnetic regime has
been found to be more developed in microstructured samples
[10]. Thus, both the ESD and the SD regimes are characterized,
although in different forms, by an inhomogeneous magnetic
configuration. It was recently observed [16] that, when it is
in the ESD regime, Py can generate a long-range proximity
effect, probably of spin-triplet nature [17,18].

In this paper, we analyze the dynamic instability of the
moving vortex lattice in Nb/Py bilayers with dPy varied across
the H, ESD, and SD regimes. The aim is to investigate
the possible influence of the magnetic configuration of the
ferromagnetic layer on the instability of the moving vortex
lattice, thereby finding further evidence for the presence of the
ESD phase. This fact could in principle affect also the values of
the relaxation time and, eventually, improve the performance
of a radiation detector based on Nb/Py heterostructures. We
found that in the bilayers prepared both in the ESD and SD
regimes the instability sets in at larger values of the vortex
velocity with respect to the H regime.

The paper is organized as follows. In Sec. II we describe the
fabrication and the measurement methods and the preliminary
characterization of the samples. Section III deals with the
analysis of the main experimental data. Finally, in Sec. IV
the obtained results are discussed.

II. EXPERIMENT

The Nb/Py bilayers were deposited in an ultrahigh vacuum
dc diode magnetron sputtering system on Si(100) substrates
kept at room temperature. The base pressure was 2.7 × 10−8

mbar, while the deposition was realized in an Ar pressure of
2.7 × 10−3 mbar. The bilayers have the same Nb thickness,
dNb = 30 nm, and the Py thicknesses dPy = 50, 200, and
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TABLE I. Characteristic parameters of the measured samples. Tc is the critical temperature at zero magnetic field, ρn is the resistivity at
T � 10 K, μ0Hc2⊥(t = 0) [μ0Hc2⊥(t = 0.5)] is the perpendicular upper critical field at the reduced temperature, t , equal to 0 (0.5).

Sample Tc (K) ρn (μ� cm) μ0Hc2⊥(t = 0) (T) μ0Hc2⊥(t = 0.5) (T)

Nb 6.32 24.0 4.03 2.01
Nb/Py50 5.15 15.6 2.66 1.33
Nb/Py200 5.08 13.9 2.16 1.06
Nb/Py350 5.10 13.3 2.59 1.29

350 nm, in order to explore the influence of the three magnetic
regimes, H, ESD, and SD, on the dynamics of the vortex
lattice. For comparison, a single Nb film 30 nm thick was also
studied. All the samples were patterned by e-beam lithography
followed by Ar-ion etching into bridges with width W =
10 μm and distance between the voltage contacts L = 800 μm.
Electric transport measurements were performed in a 4He
cryostat using a standard dc four-probe technique. To minimize
the heating effects, the samples were always immersed in
liquid helium, confining the measurements to 4.2 K or below.
To measure the I -V characteristics the current biasing was
realized by sending rectangular current pulses to the sample,
with the current-on time of 12 ms followed by a current-off
time of 1 s. When the current was swept upward and then
downward no hysteresis was detected in the I -V curves. This
gives a first indication that the instability observed in the curves
has no thermal origin. The magnetic field H was applied
perpendicularly to the plane of the substrate. For the bilayers
Nb/Py200 and Nb/Py350 (here the numbers indicate the Py
thickness expressed in nanometers) the I -V characteristics
were measured before and after inducing the inhomogeneous
magnetic phase in the Py layers: the ESD and SD regimes,
respectively. These phases were obtained by applying a strong
magnetic field (∼2 T) perpendicular to the bridge [11], which
was removed before starting the measurements. We call the
state of the sample before inducing inhomogeneities the virgin
(V) state. The temperature dependence of the perpendicular
upper critical magnetic field, Hc2⊥(T ), was obtained by
measuring both R(T ) and R(H ) curves. Tc was defined as the
temperature at which the resistivity was equal to 10% of ρn,
the low-temperature normal state resistivity. The Nb reference
sample has a critical temperature and a low-temperature
resistivity of Tc = 6.32 K and ρn = 24.0 μ� cm, respectively.
From μ0dHc2⊥/dT = −0.63 T/K close to Tc of the single
Nb film it was possible to evaluate the quasiparticle diffusion
coefficient [19] D = (4kB/πe) × (−μ0dHc2⊥/dT |T =Tc )

−1 =
1.74 × 10−4 m2/s. Assuming a linear behavior of the tem-
perature dependence of the perpendicular upper critical field,
it is also possible to evaluate the Ginzburg-Landau coherence
length at T = 0, ξ||0, as μ0Hc2⊥(0) = �/2πξ 2

||0, where � is the
magnetic flux quantum. This results in ξ||0 = 9.1 nm, which
gives a superconducting coherence length ξs = 2ξ||0/π =
5.8 nm. Moreover, from the values of ρn the low-temperature
mean free path was extracted by using the expression [20]
ρ	 = (1/vNbγNb)(πkB/e)2, with the values for the electronic
specific heat coefficient γNb

∼= 7 × 102 J/K2 m3 and the
Fermi velocity vNb = 2.73 × 107 cm/s [21,22]. This results
in 	 = 1.2 nm � ξ||0, which indicates that the Nb is in the
dirty limit regime. Table I summarizes some characteristic
parameters of the investigated samples. In particular, the values

of ρn of the bilayers show that a good metallic coupling is
present between the layers. In fact, if Py resistivity ρPy is
calculated assuming valid a parallel resistor model and using
the measured value of the resistivity of the 30-nm Nb film,
we obtain ρPy ≈ 35 μ� cm, consistent with the values of
resistivity of single Py films [16].

III. RESULTS

In Fig. 1 we present the low-voltage region of the I -V
characteristics for the single Nb film for different values of the
magnetic field at the reduced temperature t = T/Tc = 0.5.
The inset shows the curves in the entire measurement range,
up to the normal state resistance. Not visible in the main figure,
at very low currents, just above the critical current Ic the
curves exhibit a nonlinear behavior associated with flux creep
or plastic motion of the vortex lattice. When the bias current
is further increased, the linear flux-flow regime is present until
a certain value I ∗, where a sudden jump of the voltage V ∗
takes place in agreement with the Larkin-Ovchinnikov theory
[9]. Such instabilities were previously observed in a number of
different superconducting systems [1,6,7,23–38]. V ∗ is related
to the so-called critical velocity v∗ by the relation [9]

V ∗ = μ0v
∗HL. (1)

FIG. 1. Low-voltage region of the I -V curves for the Nb film at
t = 0.5 for different applied magnetic fields. From right to left, the
curves correspond to fields of 0.005, 0.007, 0.01, 0.015, 0.02, 0.025,
0.03, 0.05, 0.07, 0.09, 0.125, 0.15, 0.2, 0.25, 0.3, 0.4, 0.5 T. I ∗ and
V ∗ are indicated for the sake of clarity. Inset: full scale view of the
same I -V curves shown in the main panel.
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FIG. 2. (a) I -V curves for the Nb/Py50 bilayer at t = 0.5 for
different magnetic fields. From right to left, 0.01, 0.02, 0.03, 0.04,
0.05, 0.06, 0.13 T. (b) I -V curves for the Nb/Py200 bilayer prepared
in the V regime at t = 0.5 for different magnetic fields. From right
to left, 0.005, 0.007, 0.01, 0.015, 0.03 T. (c) I -V curves for the
Nb/Py200 bilayer at t = 0.8 either in the V (closed symbols) or in
the ESD (open symbols) regime for different magnetic fields. From
right to left, 0.005, 0.007, 0.01. (d) I -V curves for the Nb/Py350
bilayer prepared in the V regime at t = 0.5 for different magnetic
fields. From right to left, 0.005, 0.007, 0.01, 0.015, 0.025 T. The
insets are a full-scale view of the I -V curves shown in the main
panels.

At high fields the jump is replaced by a more continuous
transition towards the normal state, as is clearly seen looking
at the curves corresponding to the fields of 0.4 and 0.5 T in
the inset of Fig. 1. Correspondingly, we can define μ0 ˜H as the
value of the field where the jump disappears. For all the above
I -V characteristics the flux-flow resistivity ρff is consistently
given by ρff = ρnH/Hc2⊥.

Some I -V characteristics for the Nb/Py bilayers are shown
in the four panels of Fig. 2 for selected values of temperatures
and fields. From the analysis of these curves it emerges that
clear jumps at V ∗ are present. In accordance with Ref. [6] the
values of v∗ are higher with respect to the Nb film at the same
reduced temperature. Similarly, μ0 ˜H is lower for the bilayers
and scales both as a function of dPy and t . These experimental
data confirm what was previously observed [2,6]; i.e., when the
critical velocity is larger the instability typically disappears at
smaller field and/or higher temperatures because in these cases
the critical voltage V ∗ is close to the normal state voltage Vn.
Indeed, at t = 0.5 it is μ0 ˜H = 0.4, 0.13, 0.03, and 0.025 T
for Nb, Nb/Py50, Nb/Py200, and Nb/Py350, respectively.
These threshold values for the magnetic field decrease when
the temperature is increased (the measurements are not shown
here).

In Fig. 3 the magnetic field dependence of the critical
current density Jc = Ic/(wdNb) at t = 0.5 is shown for the
three bilayers. Ic was determined by choosing a 5 μV criterion.
In agreement with the results previously reported for the same
system [6], at low fields Jc is of the order of 1010 A/m2

and one order of magnitude lower than the values measured
for the single Nb film (not shown here). Moreover, the Jc

FIG. 3. Critical current density as a function of the magnetic
field at t = 0.5 for the three bilayers. In the case of Nb/Py200 and
Nb/Py350 open symbols refer to the ESD and SD state, respectively,
while closed symbols show the measurements for both samples
prepared in the V regime.

values are almost independent of dPy and, in the case of
Nb/Py200 and Nb/Py350, they are not strongly influenced
by the inhomogeneity of the magnetic phase of the Py layers,
as also shown in panel (c) of Fig. 2 where, for voltage values
lower than V ∗, the two curves overlap for the three values of
the magnetic field.

IV. DISCUSSION

After checking the consistency of the main results con-
cerning the values of v∗, μ0 ˜H , and Jc(H ) in the case of the
single Nb film and Nb/Py bilayers (with Py being in the V
regime), we now focus on the main aim of this work, namely
the influence of the magnetic configuration on the critical
velocity of the vortex lattice. For this purpose, the behavior
of the Nb/Py200 and Nb/Py350 bilayers was investigated
by comparing the I -V acquired in the virgin state and after
inducing the inhomogeneous state in the samples: ESD and
SD, respectively. Indeed, the curves measured at the same field
for the samples prepared in the two different regimes behave
differently at the instability point. As an example, in panel (c)
of Fig. 2 we show the I -V curves for the bilayer Nb/Py200 at
t = 0.8 both in the V and in the ESD regime for three different
fields.

Before starting the analysis of the flux-flow instability at
the critical velocity, it is relevant to rule out the possibility
that the sudden jump to the normal state at I = I ∗ is due
to Joule heating of the strip. The Bezuglyj and Shklovskij
(BS) theory [39] predicts a threshold value HT for the
magnetic field above which the thermal effect starts to
have a considerable role in the dynamics of the vortices.
This value can be obtained by fitting the dissipated power
P ∗ = I ∗V ∗ at the instability point as function of H/HT

through a well defined function, i.e., P ∗ = P0(1 − a), where
a = [1 + b + (b2 + 8b + 4)1/2]/[3(1 + 2b)] and b = H/HT

[39]. In Fig. 4(a) we show the magnetic field dependence
of the dissipated power at the instability point at t = 0.5 for
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FIG. 4. Dissipated power at the instability point as a function of
the magnetic field at t = 0.5 for the single Nb film. The solid line is
the fit to the data according to the BS theory (see text).

the Nb film together with the fit to the data obtained using
the above expression. The result extracted from the fit gives
μ0HT = 0.15 T. In the case of the bilayers, the values obtained
for μ0HT are always of the order of μ0 ˜H . This implies that
all the data over which the analysis of critical velocity was
performed are not affected by thermal effects.

The critical velocities v∗ as determined from the measured
values of the critical voltage V ∗ for the Nb film and for the
Nb/Py50 bilayer are shown in Fig. 5 as a function of the
field at t = 0.5 together with the data referring to the bilayer
Nb/Py200 in the V regime. The anomalous increase of v∗
at very low fields (up to ∼0.05 T) followed by a decrease
at higher fields obtained for the Nb film confirms what was
already observed in thin films of superconducting materials in
the dirty limit and in the nonmesoscopic regime [34–38,40].
The value v∗ � 600 m/s at high field is larger with respect to
what was previously measured in Nb single films at similar
fields and temperatures [2,6,7]. This result can be ascribed to

FIG. 5. Critical velocity v∗ versus the applied magnetic field at
t = 0.5 for the Nb single film, the Nb/Py50, and the Nb/Py200 in
the V regime.

FIG. 6. v∗ versus field at t = 0.8 for the Nb/Py50 and for the
Nb/Py200 and Nb/Py350 bilayers prepared either in the virgin or in
inhomogeneous magnetic state. The solid lines are guides to the eye.

the larger resistivity of the Nb under study, since disorder leads
to an appreciable increase of the critical velocity [26]. On the
other hand, looking at the data of the two Nb/Py bilayers, it is
clear that the presence of the ferromagnetic layer suppresses
the nonmonotonic behavior of v∗ at low fields and gives larger
values of the critical velocity. In particular, for the Nb/Py50
it is v∗ � 1000 m/s, a value already obtained at a comparable
reduced temperature at the saturation field for Nb/Py bilayers
with dPy such that Py is in the H regime [6].

More interestingly, the presence of the magnetic inhomo-
geneity affects the values of the critical velocities. In Fig. 6 the
magnetic field dependence of v∗ at t = 0.8 is shown for the
Nb/Py200 and the Nb/Py350 bilayers both in the V regime
(closed symbols) and in the magnetic inhomogeneous (open
symbols) regime. In the same figure data for the NbPy50
bilayer are also reported. In particular, in the (E)SD regimes
the values of v∗ are larger with respect to the V regime, with
an increase which is more pronounced for the Nb/Py200.
In both bilayers this effect is more relevant close to Tc,
probably because at these temperatures the superconducting
order parameter, which is already reduced, is more strongly
influenced by the perturbation induced by the inhomogeneous
out-of-plane component of the magnetization present in the
ESD and SD regimes [10]. All these values are larger than
the critical velocities obtained for the Nb/Py50. Moreover,
is worthwhile to notice that the values of v∗ � 5000 m/s
measured at t = 0.8 at low fields are substantially larger than
those previously reported on S/F bilayers based on Nb [2].

Finally, from the obtained values of v∗ and the quasiparticle
diffusion coefficient D evaluated for the single Nb film
[6,41,42], by using the expression [9]

v∗ = D1/2[14ζ (3)]1/4(1 − t)1/4

(πτE)1/2
(2)

we estimated the values for the relaxation time of the quasipar-
ticles, τE. The values of τE at the reduced temperature t = 0.8,
namely when we expect a stronger influence of the magnetic
configuration on the relaxation process, are summarized in
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TABLE II. Quasiparticle relaxation time for the three bilayers
calculated at μ0H = 0.01 T and t = 0.8. For the samples Nb/Py200
and Nb/Py350 numbers refer either to the virgin or to inhomogeneous
magnetic state.

Sample τE(s)

Nb/Py50 1.00 × 10−11

Nb/Py200 V 5.80 × 10−12

Nb/Py200 ESD 4.80 × 10−12

Nb/Py350 V 4.93 × 10−12

Nb/Py350 SD 4.53 × 10−12

Table II. As a consequence of the enhancement of v∗ in the
presence of the magnetic inhomogeneity, the corresponding
values of τE for the Nb/Py200 and the Nb/Py350 in the ESD
and SD state, respectively, assume lower values compared to
the homogeneous state. We believe that this result is due to the
presence of an inhomogeneous magnetization in the Py layers,
which does not affect the pinning properties (see Fig. 3) but
seems to induce a further reduction of the relaxation time.
Furthermore, the values of τE are almost a factor of 2 smaller
than those obtained for the sample Nb/Py50. However, the
very small values obtained for τE, in both cases of the order of
10−12 s, can also be related to the dirty nature of our Nb films,
since it is known that the relaxation time is strongly influenced
by the disorder present in the system [2,26]. As discussed in
Refs. [2,8] the coupling with a disordered ferromagnet may
be responsible of a change in the dominant relaxation process,
from electron-electron (ee) recombination to electron-phonon
(ep) scattering. Indeed, it is known that the total relaxation
time of the quasiparticles is the parallel sum of each relaxation
time relative to a different scattering channel and so, in the
most common case, τE = (τ−1

ee + τ−1
ep )−1, where τee and τep are

respectively the times for ee recombination and ep scattering.
Taking into account the reduction of τE caused by the ESD or
SD regimes and the previous consideration, it can be said that
the change in the magnetic configuration mainly influences

the ep relaxation channel. To understand if this change makes
the ep scattering the prevalent relaxation mechanism it could
be useful to investigate in clean samples the temperature
dependence of the quasiparticle relaxation time to obtain
additional information on the inelastic scattering mechanisms
present in the hybrids [2,43].

V. CONCLUSIONS

In conclusion, by measuring I -V characteristics we studied
the dynamic instability of the vortex lattice in Nb/Py bilayers.
The Py thickness was chosen in order to tune their magnetic
state. Once again, we find clear fingerprints of the presence of
a magnetically inhomogeneous state well below the transition
to the stripe domain phase. Already in the ESD phase, the
critical velocities for the vortex lattice instability are well
above what is found for the homogeneous magnetic regime.
From the magnetic field dependence of the critical velocity
for the onset of the vortex motion we estimated the values
of the quasiparticle relaxation time. In the case of the thicker
samples this value is almost a factor of 2 smaller than the one
estimated for the sample with a magnetically homogeneous
Py layer (dPy < dESD

cr ). These results confirm once more that
the quasiparticle relaxation processes are strongly affected by
the nature and the thickness of the proximized ferromagnetic
layer. Finally, a further reduction of τE was observed in the
ESD and SD states. This last result may deserve further
investigation, in view of the recent evidence of an anomalous
long range proximity effect in Nb/Py hybrids, induced by
a magnetically inhomogeneous permalloy layer, in order to
clarify if this reduction can be connected to the generation of
a new relaxation channel [16].
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