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We have studied the critical current density J,. for onset of vortex motion and the dynamic instability of the
moving vortex lattice at high driving currents in superconducting (S)/ferromagnetic (F) Nb/Ni goFeq oo bilay-
ers and in a single Nb film with the same thickness. The samples are all characterized by relatively high values
of the pinning strength. The measured current-voltage characteristics are successfully described in the frame-
work of the Larkin-Ovchinnikov model, modified in order to take into account the effect of the pinning close
to the instability. We find that J.. is smaller in the S/F bilayers than in the single film and argue that this is due
to the strongly inhomogeneous order parameter in the bilayers. Also, the critical velocity v” for the occurrence
of the instability is found to be significantly larger in the S/F bilayers than in the single S layer. By extracting
the quasiparticle energy relaxation rate from v”, we show that this effect is due to the same inhomogeneous
order parameter and the resulting lower average value of the superconducting gap.

DOLI: 10.1103/PhysRevB.76.054502

I. INTRODUCTION

The interplay between a superconductor (S) and a ferro-
magnet (F) through the proximity effect in artificial S/F hy-
brids is currently a very active field of research involving
both fundamental and application aspects.! One of the pecu-
liarities of S/F hybrids is the strongly inhomogeneous nature
of the superconducting order parameter. On the F side of the
interface, the interaction of the exchange field with the Coo-
per pairs causes the order parameter to oscillate,!> whereas
on the S side, the order parameter is strongly suppressed over
a distance of the order of the superconducting coherence
length &g, which is usually a few nanometers. The best
known consequences of this highly inhomogeneous character
of the order parameter are the strong suppression of the su-
perconducting critical temperature 7, with decreasing
S-layer thickness dg, and the nonmonotonic behavior of 7, as
function of the thickness dj of the F layer,®> while in S/F/S
Josephson junctions, negative critical currents appear.*> The
nonhomogeneous character of the order parameter was also
recently studied by measuring the depairing current density
J4p» which is determined by an average of the superconduct-
ing order parameter over the layer thickness.®’

Such averaging should manifest itself also in other prop-
erties of the bilayer system. For instance, the force to pin
vortices in the superconductor can be expected to be differ-
ent, which is observable by measuring the onset of voltage at
the so-called critical current in the current (/)-voltage (V)
characteristic. Differences should also be found in behavior
of the moving vortex system. In particular, at high vortex
velocities, an instability can occur, which drives the system
to the normal state and therefore manifests itself by a jump in
the voltage. This instability, first described by Larkin and
Ovchinnikov (LO),? is related to the inelastic relaxation rate
75 of quasiparticles inside the vortex core. Such instabilities
have been observed in a number of systems including
low-temperature®~'> and high-temperature superconducting
thin films'*-1¢ and multilayers.!”-'> What essentially emerges
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from these studies is that the voltage jumps are indeed due to
intrinsic properties of the moving vortex lattice but that two
more ingredients may play a role, (i) the temperature depen-
dence of 7z, in particular, when electron-electron interactions
dominate the relaxation, and (ii) vortex pinning, ignored in
the original LO theory.?’ The LO theory has been also ex-
tended to explicitly consider the contributions due to the
heating effect.”! Finally, measurements of flux-flow instabili-
ties have been recently used to extract information about the
symmetry of the order parameter in YBa,Cu;0, thin
films.?>23

In the present paper, we study LO instabilities in S/F bi-
layers of Nb/Ni goFe 9, and for comparison in a single Nb
film, by measuring their /-V characteristics in perpendicular
magnetic fields. Using Nij goFeq, (Permalloy), a strong fer-
romagnet, ensures that the order parameter is strongly sup-
pressed at the interface, so that the effects of the inhomoge-
neous order parameter can be investigated. The outline of the
paper is as follows. First, we give the theoretical framework
to describe and analyze the flux-flow instabilities, followed
by some experimental details. Results are then presented on
the critical current density J, for the onset of vortex motion
and on the critical velocity v where the instability occurs.
From the analysis of the instabilities as a function of the
temperature and magnetic field, we establish the role played
by the ferromagnet in determining the nonequilibrium Nb
properties.

II. VORTEX LATTICE INSTABILITIES

In the case of a vortex lattice moving under high applied
driving currents, Larkin and Ovchinnikov theoretically pre-
dicted a sudden voltage jump in the I-V curves before reach-
ing the value of the depairing current Idp.8 This fact is im-
portant not only from a fundamental point of view but it has
also practical implications because it establishes a limit for
the sustainable current in the superconducting state. The
abrupt switching of the sample to a state of higher electrical
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resistance is caused by the electric field generated by the
vortex motion, which shifts the distribution of quasiparticles
inside the core to higher energies, causing some of them to
leave the core all together. The vortex core therefore shrinks
with increasing flux-line velocity v, and the viscous damping
coefficient decreases. For a critical value of the velocity v,
the flux-flow state becomes unstable and the system switches
to the normal state. The amount of decrease of the damping
is controlled by the energy relaxation time of the quasiparti-
cles 7. For the viscous damping coefficient # as function of
the vortex velocity v, LO obtained the expression

7() = 7(0) (1)

1+ @™’

where 7(0) is the viscous damping coefficient at zero veloc-
ity. From Eq. (1), one sees that the damping force F,=v7
increases with increasing velocity until it reaches a maxi-
mum at v=v". Since v is proportional to the voltage V
through the Lorentz force, the current-voltage characteristics
are, according to LO, described by the relation

_v 12 _
L1 (VIV) +cV(1=1)""=(I-1)Ry, (2)
where t=T/T, is the reduced temperature, /. is the critical
current, Ry is the flux-flow resistance, and ¢ is a constant of
the order of unity. The curve starts to bend upward in the
vicinity of the critical voltage V", which is related to v* by
means of the relation

V' = uev HL, (3)

where H is the applied magnetic field and L is the distance
between the voltage contacts.
For the critical velocity LO found

. D1/2[14§(3)]1/4(1 —t)”4
v =

(ar®

where {(x) is the Riemann zeta function and D is the quasi-
particle diffusion coefficient, which means that from measur-
ing the critical voltage V" it is possible to estimate values for
7. As can be expected, faster relaxation (smaller 75) leads to
larger v". In this respect, it is important to note that a tem-
perature dependence can also be expected for 7. If the domi-
nant relaxation mechanism is electron-phonon scattering, it
should be 7,773, while if electron-electron interactions
dominate, it is 7p=17p, exp[2A(T)/kgT], where 7z, is basi-
cally the inelastic relaxation time of the electron system, and
A(T) has the temperature dependence A(T)=A(0)(1
—-T/T,)"? from the BCS theory. This exponential behavior
for 75 was indeed found in various materials, with A(0)
=1.76kzT, as expected from the BCS theory for low-T,
amorphous Mo;Si  and A(0)=3.5kzT, for high-T,
YBa,Cu;0; (Ref. 14) in accordance with the enhanced gap
values in high-7,. materials. In Ta/Ge multilayers, again
A(0)=1.76kzT, was found when the Ta layers were un-
coupled, while a coupled anisotropic multilayer yielded
A(0)=3.5ksT.,'"® indicating that the anisotropy leads to an

(4)
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effective value for A(0) without changing the exponential
dependence.

Another point to note is that in the LO theory, the critical
velocity [Eq. (4)] should not be dependent on the external
magnetic field.® However, it was discussed that the LO con-
dition for a spatially homogeneous quasiparticle nonequilib-
rium distribution is only met when the distance v" 7 is larger
than the intervortex distance a,. At low magnetic fields, this
is not the case, and v* becomes proportional to a, and there-
fore to \1/H.! The crossover between the two regimes takes
place when

v = aof(T), (5)

where f(T) is a numerical factor of the order of unity.

III. EXPERIMENT

A Nb film and Nb/Py bilayers were prepared by dc sputter
deposition on oxidized Si(100) substrates in an ultrahigh
vacuum system.>* We studied one single 25 nm thick Nb film
and two bilayers with the same Nb thickness dy,=25 nm and
Py thickness dp,=10 and 75 nm, respectively. As we will
see, in all samples, the pinning is relatively high, with the
low-field critical current density values higher than
10° A/m? at t=T/T,=0.5. Py, apart from having a quite
large spin polarization?® is characterized by very small val-
ues of the coercive fields H,. at low temperatures, slightly
dependent on thickness. Typical values for H, in our
samples, measured with an in-plane field, are around 2 mT
(10 mT) for 50 nm (20 nm) thick Py films.?® The low coer-
civity, the preferential in-plane magnetization, and the very
small thickness make that domain configurations or flux
variations in the superconductor due to the ferromagnet do
not play a role in our experiments, which are carried out in
perpendicular applied field. Even a small in-plane field, for
instance, due to external stray fields or a small misalignment
of the sample normal with respect to the applied field, will
drive out the domains and make the in-plane magnetization
uniform. The large demagnetization factor then ascertains
that the amount of flux produced by the small volume of the
ferromagnetic layer is negligible; in other words, the mag-
netic induction equals the applied field.

To measure the /-V curves, using the standard dc four-
probe technique, the samples were structured by e-beam li-
thography into strips with width w=10 um. The length be-
tween the voltage contacts was 100 um. The I-V curves
were measured by putting the samples in direct contact with
the liquid helium to minimize any heating effect. The mea-
surements were performed by sending current rectangular
pulses to the samples. 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. The
above procedure was repeated by sweeping the currents up-
ward and then downward, and no hysteresis in the curves
was detected. This indicates that the instability detected in
the I-V characteristics has no thermal origin. The magnetic
field was applied perpendicular both to the plane of the sub-
strate and to the direction of the current. As a first character-
ization, the superconducting transition temperature 7. and
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TABLE 1. Characteristic parameters of the measured samples.
dyp (dpy) is the Nb (Py) layer thickness, T, is the critical tempera-
ture, p, is the normal state resistivity measured at 7=10 K,
H.,, (t=0.5) is the value of the perpendicular critical field at the
reduced temperature equal to 0.5, and D is the quasiparticle diffu-
sion coefficient as determined from the H.,, versus temperature
curve for the single Nb film.

dnp dpy T,
Sample (nm) (nm) (K)
Nb 25 0 8.59
NbPy10 25 10 6.97
NbPy75 25 75 6.72

Pn Heyy D

(€ cm) (r=0.5)(T) (m2/s)

Nb 7.4 1.75 278X 107*
NbPy10 24 0.75
NbPy75 6.7 0.75

the temperature dependence of the perpendicular upper criti-
cal magnetic fields H,,, (T) were resistively measured in the
four contact configuration; the values were extracted from
the R(T) curves, taking the 90% value of the normal state
resistance Ry just above the transition to the superconducting
state. The transition widths, estimated from the temperature
difference at 10% and 90% of Ry, were typically less than
60 mK at zero field and did not substantially broaden, even
in high perpendicular magnetic fields, confirming the high
quality of our samples. From the slope of the perpendicular
upper critical field,”” it is also possible to estimate
the quasiparticle diffusion coefficient D=(4kg/me)
X(-dH,, | / dT| T:TC)‘l for the single Nb film. Because in lay-
ered S/F systems the H,,, (T) curves shift in a parallel way
as a function of the layer thicknesses, the slope of the per-
pendicular upper critical field cannot be used directly to de-
termine D for the two Nb/Py bilayers.?®?° We will take D for
Nb for all the calculations. Some characteristic parameters of
the measured samples are reported in Table I. Note that T.
for the bilayers has decreased by about 1.5 K, which means
that the order parameter, assumed to be close to zero at the
interface, has relaxed substantially to the bulk value. We
therefore expect it to be inhomogeneous over the full film
thickness.

IV. RESULTS AND DISCUSSION
A. Critical currents

In Fig. I(a), the I-V characteristics are shown for the
single Nb film at r=0.5 for different values of the external
magnetic field between 0.05 and 1.8 T as indicated. Up to a
certain value of the magnetic field, the curves exhibit a sud-
den jump at a well defined current value I”, well above the
critical current /. where the onset of voltage occurs. At
higher magnetic fields, the /-V curves become more smeared
and finally the jump disappears. This observation is consis-
tent with other results found on different kinds of supercon-
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FIG. 1. (a) I-V curves for the Nb film at r=T/T,=0.5 for differ-
ent values of the external field. The magnetic fields are, from right
to left, 0.05, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 0.7,
08,09, 1.0, 1.1,1.2, 1.3, 1.4, 1.5, 1.6, 1.7, 1.75, and 1.8 T. (b) I-V
curves for the NbPy75 bilayer at r1=7/T7,=0.5 for different values of
the external field. The magnetic fields are, from right to left, 0.01,
0.02, 0.03, 0.04, 0.05, 0.075, 0.1, 0.15, 0.2, 0.25, 0.3, 0.35, 0.4,
0.45, 0.5, 0.6, 0.7, and 0.75 T.

ducting systems.>”'® Very similar behavior is observed for
both Nb/Py bilayers. In Fig. 1(b), we show the I-V curves,
also measured at r=0.5, for the NbPy75 sample.

The critical current density J.=I./(wd) (d is the sample
thickness) at t=0.5 for the three samples is shown in Fig. 2
as a function of the external magnetic field. The critical cur-
rent /. was defined using a dc voltage criterion of 2 V. For
all samples, J. rises quickly when the field is lowered below
H_, and becomes more or less constant below H./2. At
these low fields, where the pinning is individual rather than
collective, the values for J, range from 10°A/m? for NbPy75
to 5X10'°A/m? for Nb. The pinning is therefore quite
strong in comparison, for instance, with amorphous materi-
als. Also, the values for the two Nb/Py bilayers are substan-
tially smaller than for the single film and we want to argue
that this is an immediate consequence of the homogeneous
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FIG. 2. Critical current density versus perpendicular magnetic
field at =0.5 for the three analyzed samples.

suppression of the order parameter inside the Nb. The single-
vortex pinning in superconducting films is due to defects in
the crystal lattice which can be pointlike or extended (grain
boundaries) and which cause local variations in the order
parameter. Such defects pin vortices because of the smaller
amount of condensation energy which locally has to be paid
when the vortex resides there. In the region of homoge-
neously suppressed superconductivity, which is basically the
whole film, the local energy gain is less, and the pinning
consequently weaker. We want to note that this is opposite to
what can be expected for a magnetic impurity in the super-
conducting matrix. In that case, the local suppression is
stronger than that of ordinary defects and the pinning will be
stronger, as was indeed found in NbTi wires with Ni and Fe
impurities.’® The effect is also opposite to the effect from
domain walls in the ferromagnet which can pin a vortex by
its flux.31-¥

Although not central to the paper, we can also remark that
the relatively strong pinning in all samples appears to deter-
mine the precise shape of the I-V curves. Equation (2), for
I>1,, describes the I-V curves close to the instability only
when pinning mechanisms are absent and in high enough
fields that the flux-flow resistance py is given by the Bardeen-
Stephen limit p;=p,H/H ,, with p, the normal state resistiv-
ity. To include the effect of low fields and pinning, the I-V

relation should be modified as follows!®:

V[aﬂ+ﬂvﬂ 1]

I=— — +
R, 1+(VIV')?

(6)
where «, (3, and ¢ are constants and used as fitting param-
eters. The constant « corrects for the low-field flux-flow re-
sistance; the other two constants parametrize the correction
to the viscosity constant by the pinning. In Figs. 3(a) and
3(b), we show the initial part of the I-V curves close to the
instability, for the Nb film and for the NbPy75 bilayer, re-
spectively. The solid lines are the fits to the experimental
points obtained by using Eq. (6). The fits are good, and the
values obtained for the parameter « are quite small (around
10 or less) for all the magnetic fields in agreement with the
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FIG. 3. (a) I-V curves for the Nb film close to the instability at
t=0.5. The magnetic fields are, from right to left, 0.05, 0.1, 0.15,
0.2, 0.25, 0.3, 0.35, 0.4, 0.45, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2,
1.3, and 1.4 T. The solid lines are fit to the experimental data ob-
tained using Eq. (6). (b) I-V curves for the NbPy75 bilayer close to
the instability at £=0.5. The magnetic fields are, from right to left,
0.01, 0.02, 0.03, 0.04, 0.05, and 0.075 T. The solid lines are fit to
the experimental data obtained using Eq. (6).

results reported for high-pinning multilayers.'® Also, with the
obtained values for «a, B, and c, the theoretical curves do not
show any back bending which results in hysteresis not due to
thermal origin in the I-V characteristics.!®!3 Such hysteresis
has been observed on amorphous Mo;Si for which, however,
the estimated value for the parameter o was equal to 14.10

B. Critical velocities

Next, we come to the analysis of the critical velocities.
We interpret the voltage V* corresponding to the value of the
current I", where the jumps in the I-V curves appear, as the
LO flux-flow instability at the velocity v*. The values of v,
as obtained directly from the measured V" using Eq. (3), are
plotted as a function of H for the single Nb film and for the
two Nb/Py bilayers in Figs. 4(a) and 4(b), respectively. In the
insets, the behavior of v* versus H~"? at +=0.5 for the three
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FIG. 4. Critical velocity v” versus applied magnetic field at ¢
=0.5 (a) for Nb film and (b) for the two Nb/Py bilayers. Insets: v
versus H™2 at t=0.5 (a) for Nb film and (b) for the two Nb/Py
bilayers. The solid lines are guides to the eyes to show the H~!/?
proportionality of v”.

samples is shown. In both cases, the data in low fields show
the critical velocity to be proportional to H~'?, indicating
that thermal effects are not responsible for the observed in-
stability. For the Nb film, also the crossover to a field-
independent v" is found. For the Nb/Py bilayers, the instabil-
ity disappears already at field around 0.15 T, and we cannot
detect the crossover. The numbers show that the critical ve-
locities in the case of the Nb/Py bilayers are much larger and
the instability disappears in this case already at smaller fields
because the critical voltage V" is always much closer to Vy
(the normal state voltage) with respect to what happens in
the single Nb film. Also, no substantial difference appears in
the results obtained on the two Nb/Py bilayers. This is prob-
ably not surprising since Py is characterized by an induced
superconducting coherence length of the order of only
1 nm.* However, as noticed in the literature,'%!82! the H~1/2
dependence of v can also be induced by unavoidable Joule
heating. In this case, a well defined theoretical expression is
predicted for the dissipated power P*=I"V" as a function of
H/H7'>152! Here, I" is the current value where instabilities
take place and Hy is a characteristic magnetic field where
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FIG. 5. 7 temperature dependence for the Nb single film at
MmoH=0.45T and puoH=0.20 T and for NbPyl0 at uyH=0.15T.
The dashed lines are the fit to the experimental data using the ex-
pression 77", while the solid lines are the fitting curves ob-
tained using the formula 7= 15, exp[mA(T)/kpT] (see the text for
details).

thermal effects start to strongly influence the flux-flow insta-
bilities. We did not find any agreement between theory and
experiment for the Nb film, while in the case of both the
Nb/Py samples, we get uoH7=0.20 T, implying that thermal
heating does not considerably influence the field dependence
of the measured critical velocities.

What we believe to be the central point of our measure-
ments is the fact that for the two Nb/Py bilayers, the v
values are much larger than for the Nb single film. Looking
at Eq. (4), this must reflect in very different values for the
relaxation time 7z for the two systems. In Fig. 5, the tem-
perature dependence 7 is given of for the single Nb film at
two different fields, uoH=0.45T above and uyH=0.20T
below the crossover field to constant v* at #=0.5. The solid
lines are the curves 7p=7g , exp[mA(T)/kT] with 7, and
m both used as fitting parameters. We obtain 7z ,=9.74
X10™""'s and m=19 for woH=045T and 7z,=6.68
X 10712 s and m=1.8 for uyH=0.20 T. The dashed lines are
the fit to the experimental data using the expression 7
o« T7", where for both fields we obtain the unphysical value
n=9 for the exponent. The result tells us that electron-
electron scattering dominates the energy relaxation in Nb
film and that the temperature dependence is due to that of the
gap, with A(0) = 1.76kzT. as expected from the BCS theory.
Moreover, the values for 7, are the right order of magni-
tude. Similar findings are obtained for the temperature de-
pendence of 7 in the two Nb/Py bilayers. Figure. 5 also
shows the temperature dependence of 7 for the sample
NbPyl10 at uyH=0.15T. The dashed line refers to the
power-law fit to experimental data with n=5, again unphysi-
cal, and the solid line is the exponential fit. In this case,
Tg=2.80 X 10712 s, not very different from the number for
the Nb film in 0.2 T. The coefficient m, however, turns out to
be equal to 1.0, suggesting that the effective gap experienced
by the quasiparticles in their relaxation process is only half
of the bulk gap. The much larger (critical) velocities for vor-
tices in the bilayer system therefore appear directly related to
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the suppression of the superconducting order parameter in
the S layer.

V. CONCLUSIONS

We have studied the I-V characteristics at different per-
pendicular magnetic fields and temperatures for a Nb single
film and for two Nb/Py bilayers with different Py thick-
nesses. Critical currents in Nb/Py samples are much smaller
than those measured in the single Nb film. We have also
observed sudden jumps in the /-V curves due to an instability
of the vortex lattice which could not be ascribed to heating

PHYSICAL REVIEW B 76, 054502 (2007)

effects of the samples. The values of the critical velocities
connected to the measured instabilities are much larger in
Nb/Py with respect to the Nb. The above experimental find-
ings are consistently interpreted as an effect of the strong
inhomogeneity of the order parameter in the Nb layer when
in contact with the ferromagnet.
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