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1/f flux flow noise due to a coexistence of qualitatively different vortex states
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We investigate the vortex-motion voltage noise in a hybrid structure consisting of a weak-pinning amor-
phous Nb ;Ge 3 microbridge on top of which a strong-pinning, longitudinal Nb line with a narrow interrup-
tion in the middle is added. The Nb part enforces a branching of the applied current, causing a modulation of
the current density within the Nbj,Ge(3, where vortex motion induces a voltage. When the Nbj,Ge(3 is
sufficiently dissipative, the modulation is strong and the vortex dynamics is spatially dependent. Under these
circumstances, the distribution function for normal excitations in vortex cores varies considerably over the
sample, which results in a coexistence of distinct vortex states spreading from nearly equilibrium to strongly
nonequilibrium ones. This leads to a range of characteristic times for the voltage fluctuations and, conse-
quently, to the frequency (f) dependence of the noise being of 1/f type. The noise originates in the fluctuations
of the vortex-core size around the average set by the nonequilibrium effects in vortex motion.
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I. INTRODUCTION

Every observable is noisy, i.e., it fluctuates around its av-
erage. In most experiments, one measures a time-averaged
signal to extract the mean value which, however, does not
contain full information on the physics involved. Namely, the
noise is not a nuisance but reflects effects that are often hin-
dered by averaging. For instance, fluctuations of the electric
current / in mesoscopic normal conductors reveal not only
the charge of the carriers but also interactions they undergo.!
Electronic conduction is not the only transport phenomenon
where a [ or a voltage V is applied and the noise in the
response is measured. As a relevant historical example, we
stress the pioneering work of van Ooijen and van Gurp,” who
tackled the possibility that supercurrent vortices could ex-
hibit shot noise, a fluctuation characteristic of electrons. The
symmetry arises from the discretenesses of the magnetic flux
¢ carried by the vortex and the electron charge e, i.e.,
eV ¢01 .

In our study? on the vortex-motion noise in weak-pinning
amorphous Nb,,Ge; (throughout the paper denoted as
a-NbGe) microbridges, in a single experiment we identified
three types of noise commonly associated with conducting
electrons. The voltage-noise power Sy at the average voltage
(V)=0 matched the Johnson-Nyquist noise 4kzT(d{V)/dI), T
being temperature and ky the Boltzmann constant.* In the
dynamic excess noise Xy=S,—4kgT(d(V)/dI), we observed
a hallmark of shot noise ~2¢y(V) when vortices hopped
more or less individually from one pinning site to another.
The third and perhaps the most intriguing result of this ex-
periment was the appearance of fluctuations for a linear
(V(I)) related to a pinning-free, viscous flow of vortices, the
properties of which were the same as in equilibrium. We
found X, (1-B/B,)XV)?/f”, where B was the applied
magnetic field, B, the upper critical magnetic field, and y
=1.5+0.1. 3,(V)? fitted into the class of resistance fluc-
tuations, typical of electron transport,’® whereas 3% (1
—-B/B,,)* was consistent with vortex-core-size fluctuations
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(VCSF’s) as inferred from the Larkin-Ovchinnikov (LO)
theory of Ohmic flux-flow dissipation.'? The softness of the
vortex-core boundary in a-NbGe, as a precursor for the VC-
SF’s, was later confirmed by detailed (V(1))
measurements.'"'2 However, 2, 1/ was not clarified with
the same certainty. Actually, y was intermediate between 1
and 2, the latter value corresponding to the high-frequency
tail of a Debye-Lorentz (DL) spectrum.

1/f type of vortex-motion noise was also observed by
other authors, both in the presence'® and absence!* of pin-
ning. As in Ref. 3, the reasoning in explaining the 1/f shape
of 2y relied on a standard model of a statistically weighted
superposition of DL spectra over a range of characteristic
times 7 for the fluctuations,'>'¢ but this was substantiated by
implicit assumptions only. Similarly as in numerous other
studies on 1/f noise, the reason for the range of 7in a mac-
roscopically homogeneous motion of “particles”, in our case
vortices, poses a nontrivial problem. Its understanding re-
quires an insight into the structural and/or thermodynamic
properties that influence the vortex matter, which cannot be
acquired by experiments on vortex transport only. This re-
striction becomes less serious if the experimental design
makes it possible to suppress the relevance of parameters
beyond the reach of transport measurements, which is the
idea employed in this paper. Generally, a range of 7 implies
an inhomogeneity of processes that cause fluctuations, which
can be a consequence of an intrinsic disorder or perhaps of a
deliberate implementation of a spatially nonuniform dynam-
ics. The latter, appealing situation could, for vortices, be re-
alized by affecting their fundamental properties locally. In
strongly nonequilibrium vortex transport, at a high current
density J, the distribution function for normal excitations
changes sufficiently to alter vortex-core properties.'®!” An
inhomogeneity could be produced by introducing a strong
variation of J over the sample, so that different vortex
states—determined by the local properties of the distribution
function—are present simultaneously. Since VCSF’s accom-
pany the nonequilibrium changes of vortices naturally, the
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FIG. 1. Photographs of sample G (the a-NbGe layout for
samples L and P is identical). (a) The whole structure with the
bonds for four-point measurements. (b) Expanded view of the mi-
crobridge area, with the designation of the materials. The direction
of B and the average directions of J and vortex velocity u are
indicated.

spread in 7 should be related to different relaxation processes
for qualitatively distinct vortex cores.

We pursue the above physical picture by fabricating a
hybrid a-NbGe/Nb sample shown in Fig. 1. With this geo-
metrical design and the materials used, we obtain a system
appropriate for imposing a spatially varying dynamics to a
small number of vortices, which, in turn, leads to a high
sensitivity of the measured V to local conditions. The weak-
pinning a-NbGe material in the form of a microbridge serves
as a medium for vortex motion, so the main task is to pro-
duce a modulation of J therein. This is accomplished by
making use of a strong-pinning Nb structure—a longitudinal
line with a narrow interruption in the middle—patterned on
top of the a-NbGe microbridge. The presence of the Nb ad-
dition results in a branching of the applied current coming
from the a-NbGe contact pads into the a-NbGe/Nb micro-
bridge area. The branching produces a modulation of J
within the a-NbGe since a part of the current flows through
the Nb and returns to the a-NbGe at the interruption. When
the modulation of J is pronounced, the noise spectra are pro-
portional to 1/f*—with v equal to or slightly larger than
unity—which has a direct link to a strong inhomogeneity of
vortex states over the microbridge. The (V), T, and B prop-
erties of the noise magnitude can be explained consistently
by the VCSF’s model in combination with the current knowl-
edge on strongly nonequilibrium vortex dynamics,'®!1-17:18
without any obvious necessity for considering material-
dependent disorder or particularities of thermodynamic vor-
tex configurations.

II. EXPERIMENT

The samples were produced by combining electron-beam
lithography and magnetron sputtering in a two-stage lift-off
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procedure with polymethyl metacrylate as a resist. a-NbGe
was deposited onto an oxidized Si substrate, forming several
identical microbridges (/=50 um long, w=5 um wide, and
20 nm thick) between large contact pads. This was followed
by a second lithography step and a deposition of Nb on top
of selected microbridges. The most extensively studied
sample (sample G), shown in Fig. 1, comprised a “gate” for
vortex motion. The Nb addition was an 800 nm wide and
75 nm thick line centered along the microbridge main axis,
interrupted by an ~1 wm wide opening in the middle and
expanded to an area of ~2500 um? on each pad. Another
hybrid sample (sample L), similar to sample G but with a
continuous Nb line, and a plain microbridge (sample P) with
no Nb additions were also prepared to better comprehend the
properties of sample G through a comparison.

Electrical contacts to the samples were made by ultrasonic
bonding of Al wires onto the large a-NbGe contact pads in a
standard four-point geometry. The voltage probes were
placed as close as possible to the microbridges. Although
arrangements with long and narrow leads from the measured
area to the bonds are feasible for a-NbGe,!° microbridges are
more suitable for experiments on vortex-motion noise in
small samples. Namely, in the former case, the resistance of
the a-NbGe part of the voltage lines may reach the kilohms
range, which not only enhances the background Johnson-
Nyquist noise but also reduces the useful bandwidth by low-
ering the high-frequency cutoff to the signal due to the RC
filtering. The choice of Nb, which remained dissipationless
over the (I,T,B) range of our measurements, as a current-
modifying structure resulted in a suppression of parasite
heating.

As shown in Fig. 1, B was perpendicular to the film plane,
a current was passed along the microbridge, and vortices,
hence, traversed the sample perpendicularly to the long mi-
crobridge axis. Around 6%—8% of the voltage in the Ohmic
regime was induced in the pads, and even less when the
dissipation originated in nonlinear electric field (E) vs J
curves.!! Throughout the paper, we present (V) and 2., refer-
ring to the whole area between the voltage probes, which is
justified by the voltage drop over the pads being not only
small but also nearly the same for the three samples. The
exact geometry is, however, taken into account in extracting
the resistivity p of the a-NbGe, important in determining its
superconductivity parameters accurately. Measurements
were carried out in a *He cryostat equipped with rf-filtered
leads. A cross-correlation technique! was used for noise mea-
surements. In short, the outputs of two amplifiers that pro-
cess the same signal from the voltage probes are cross cor-
related, which cancels out the (uncorrelated) internal noise of
the amplifiers. The cross correlation is performed by a spec-
trum analyzer which calculates time-averaged Sy(f) spectra
in a selected frequency window (f;,f>). In our measure-
ments, at different fixed (V) (set by constant I, T, and B), we
recorded Sy(f) for f,=8 kHz and f,=11.2 kHz. Af=f,-f;
was small enough to provide high resolution, because the
spectra were free of background noise peaks that could not
be eliminated by the cross correlation, and, at the same time,

sufficiently large [1/3 of f=(f,+f,)/2=9.6 kHz] to permit
tracking of changes in the shape Sy(f). The calibration of the
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FIG. 2. (a) R(T,0) of the samples showing 7T.=2.8 K and T?b
~6 K. (b) R(T=const,B) of sample G (solid lines) and sample P
(dashed lines) at 7=1.1K (B,=3.1T,BY~43T) and T
=2.55K (B,,=0.7 T,B"’~3.3T). The dotted line indicates R,
=675 Q. In both (a) and (b), the right-hand scale displays the
p(T.B).

noise-measurement setup against the Johnson-Nyquist noise
was performed in the fully normal state of the samples,
above the superconducting transition temperature TS"’ of the
Nb structure. In the calibration, we found no voltage depen-
dence of Sy, thus the voltage-dependent noise originates in
the mixed-state phenomena.

III. AVERAGE DISSIPATION

From the low-current (0.1 wA) Ohmic resistance R(7T,B)
of sample P, we characterize the a-NbGe material, while
these results for samples G and L are used for inferring the
effects of adding Nb on top of it. These findings are utilized
in interpreting the (V(I)) curves, which is necessary for deal-
ing with the related 2. Henceforth, J refers explicitly to the
current density in a-NbGe, and the brackets denote not only
averages in time but also with respect to the spatial modula-
tion of J, if present.

A. Sample characterization

In Fig. 2(a), we show the R(T,0) of the samples (left-hand
scale), with the right-hand scale referring to the p(7,0) of the
same shape as the resistance of sample P. The superconduct-
ing transitions at 7, of the a-NbGe in samples G and L agree
with that of sample P within a few millikelvins. A set of the
p(T,B) results is used for finding the superconductivity pa-
rameters of the a-NbGe (Refs. 3, 11, and 19): 7.=2.80 K,
the extrapolated normal-state resistivity  p,(T—0)
=2.15 uQm, _(dBCZ/dT)T:TC=2~8 T/K, the Ginzburg-
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Landau parameters =87, &(0)=6.5nm, and X(0)
=0.92 um. In our experiment, we concentrate on two char-
acteristic temperatures, well below (1.1 K) and close to
(2.55 K) T., which have been shown to reveal the basic
mechanisms of vortex-motion dissipation in a-NbGe
without!! and with!>?* a weak modulation of J. The B,, val-
ues are found as described in Refs. 3 and 11, being 3.1 T at
1.1 Kand 0.7 T at 2.55 K.

The upper step in the R(T,0) of samples G and L, at T
=~ 6 K, represents the superconducting transition of the Nb at
be. Similarly, the high-B step in the R(T=const,B) of
sample G in Fig. 2(b) (solid lines) arises from the transition
at the upper critical magnetic field szb of the Nb, which
exceeds the B,, considerably. The values of 7" and B} are
consistent with the Nb material being disordered.”! Notewor-
thy, critical current density in disordered Nb well below T?Ib
and BY is of the order of 10* MA/m? 2" which is at least an
order of magnitude higher than the estimated maximum cur-
rent density through the Nb in any measurement of this ex-
periment.

The same 7, in the three samples, the well defined steps at
R(T?”),O) and R(T= const,B?]zb) for samples G and L, and the
overall smoothness of the R(T,B) are in favor of a conclu-
sion that the bulk superconductivity in both superconductors
is well defined. This, however, does not apply to their inter-
face. In sample L, for 7.<T< leb, the measured resistance
is ~50 ) higher than expected for the area of the pads be-
tween the voltage probes and also weakly exhibits a dR/dT
<0. If the a-NbGe/Nb interface were perfect, this would not
be the case: the current would flow over the Nb without
dissipation and only R from the pads, showing a weak
dR/dT >0 of the a-NbGe, would be measured. Thus, during
the deposition of the Nb, a normal material formed at the
interface of a-NbGe and Nb. Consequently, when p=0, the
current coming from the pads simply continues through the
a-NbGe, and therefore the superconducting transition at 7, in
samples L and G. On the other hand, when p>0, the current
splits into two branches: one continues through the a-NbGe,
whereas the other one passes through the Nb line. There are
arguments in support of the interface being weakly resistive.
The measured value of 50 () implies that at least 95% of the
current is carried by the Nb, which is possible only if the
interface resistance R;,, is small. Moreover, the dR/dT<0
can be explained only by a continuous (along the entire Nb
line) branching of the current density, not the current, so the
relationship between p and R;,, sets the effective volume that
the current through the a-NbGe explores. This interplay of p
and R;, determines the exact shape of the R(T,B), which
does not necessarily follow that of p since J is nonuniform
and may even produce an opposite dependence of the total
resistance on T (and B, see below) as a consequence of the
variable effective volume.

The above behavior is much more pronounced in sample
G, which is clearly seen in Figs. 2(a) and 2(b), because the
current at the interruption must flow entirely through the
a-NbGe and the modulation of J is, therefore, stronger. Since
R in Fig. 2(b) is Ohmic, as deduced from the (V(I)) curves,
the relationship between p and R;,, determines its shape over
the whole B range. When p is low, most of the current flows
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FIG. 3. A schematic representation of J in sample G (not to
scale) when the a-NbGe is sufficiently dissipative. The magnitude
of J corresponds qualitatively to the gray scale shown.

through the a-NbGe and the dissipations in samples G and P
nearly coincide. As p increases, more current is taken away
by Nb and the resistance of sample G drops below that of
sample P. In order to explain the nonmonotonic R(T,B) of
sample G quantitatively, one would have to perform a de-
tailed numerical simulation involving p, R;,;, and the conse-
quent coordinate dependence of J, but this is not crucial. It
suffices to conclude that when the a-NbGe is dissipative
enough, the current branches considerably, and in sample G,
a strong modulation of J appears because of the geometrical
arrangement, as presented schematically in Fig. 3.

The magnitude of J is depicted by the indicated gray
scale, the Nb structure is outlined by the dashed line, and the
voltage probes on the contact pads are shown by the en-
circled crosses. In the pads, the J is low, then it increases in
the narrower region until the Nb area where the branching
starts is reached, and within the microbridge it is highly
modulated. This qualitative picture is in agreement with the
fact that the resistance Ry=675 () [dashed line in Fig. 2(b)]
corresponding to the a-NbGe being normal is much higher
than ~100 () expected if only the pads and the interruption
area were contributing. Therefore, J extends inhomoge-
neously over the whole area between the contact pads.

The R(T,0) of sample L is consistent with a low R;,,
which implicitly (e.g., because of the same TIC\”’) suggests the
same for sample G. This conclusion is supported by results
for a sample of the same geometry but with a highly resistive
interface,”> where the R(T,B) basically follows that of
sample P but still shows the features found for sample G,
although they are barely observable. The presence of a
weakly resistive normal interface is, in fact, an advantage
rather than an obstacle for investigating the physics depicted
in the Introduction. First, it decouples vortices in the two
superconductors effectively, so the properties of those in the
a-NbGe are the same as in a plain microbridge. Second, it
enhances the current branching as a process continuous
along the microbridge, thus giving rise to a strong inhomo-
geneity of J. Third, it contributes to the total voltage weakly
enough to be treated as a small background of no significant
influence on the physical mechanisms under consideration.

B. Current-voltage characteristics

In the main panels of Fig. 4, we plot the (V(I)) of sample
G (solid lines) measured at the same temperatures as in Fig.
2(b), i.e., (a) T=1.1 K and (b) T=2.55 K, and for roughly the
same B < B,, ranges. Qualitatively, the (V(I)) resembles that
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FIG. 4. (V(I)) of sample G (solid lines), with B increasing as
shown by the arrows, at (a) 7=1.1 K and (b) 7=2.55 K. The
dashed lines represent Ry=675 (). The solid circles mark (V,(1;)) as
defined in the text, the open circles the appearance of Xy f~* with
v=1, and the open diamonds the points beyond which »>1. Insets
to (a) and (b): A comparison of selected (V(I)) of samples G and P
for strongly and weakly nonlinear dependences, with T being the
same as in the corresponding main panel and B as indicated.

of a-NbGe in the presence of a homogeneous'! or a weakly

modulated'>? J, changing from a strongly nonlinear to a
smooth behavior as B increases. In the insets, we compare
selected (V(I)) of sample G (solid lines) and sample P
(dashed lines). Similarly as in Fig. 2(b), the two (V(I)) match
relatively well at low (V), but this does not continue as (V)
increases. The lower (V(I)) of sample G again signifies a
considerable current branching in the regime where the
a-NbGe is sufficiently dissipative, and, furthermore, the dif-
ference in the shape of the (V(I)) for the two samples at high
(V) is reminiscent of a strong modulation of J in sample G.
As before, a detailed description of the (V(I)) of sample G
requires a numerical simulation, complicated further by a
necessity to take into account the local nonlinear E(J) re-
sponse. However, since at the opening the current must flow
through the a-NbGe fully, the sketch in Fig. 3 should still be
viable and can be used in interpreting the (V(I)).

The influence of pinning on the (V(/)) in Fig. 4 is mar-
ginal, as a-NbGe is a weak-pinning material®'!"'>%0 and the
nonlinearities are related mainly to dynamic changes of vor-
tex cores. The mechanisms governing the nonequilibrium
vortex-core properties are different well below and close to
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T.."! In the strong nonequilibrium close to T, vortex cores
shrink by a runaway of quasiparticles into the superfluid
area,'’ whereas well below T, they expand due to electron
heating to an elevated temperature 7°>T.!7 Close to T,, the
transition to the strongly nonequilibrium state is signified by
a maximum of 1(V)=I(V)=V/R, at V{(I,)<B,'° where R, is
the normal-state resistance. For sample G, by approximating
R,=R,, the maxima (V,(I;)) occur at the solid circles in Fig.
4(b), indeed exhibiting (V;) =B in support of the vortex-core
shrinking being the mechanism behind the nonlinearities in
the (V(I)). The same numerical procedure for T=1.1 K re-
sults in the solid circles in Fig. 4(a). These (V,(I;)) points are
weakly dependent on B, which is in agreement with the dif-
ferent nature of the strong nonequilibrium. In spite of
(dI/ dV)y-y,=0 being not fully justified for finding (Vi(1))) in
this case,!” the solid circles in Fig. 4(a) are still useful rule-
of-thumb pointers to a qualitative change in the vortex-
motion dynamics. Other symbols in Fig. 4, i.e., the open
circles and triangles, represent (V(I)) points that are in con-
nection with the noise and will be defined precisely in Sec.
IV A. In sum, above the open circles we observe 2o 1/f7,
with =1 up to the open diamonds and v>1 beyond.

We complete our analysis of the average dissipation with
remarks on a possible flux creep in Nb. In Fig. 4, the (V(1))
for B— B, and I— 50 pA displays a moderate upturn above
(V)=Rl. We cannot rule out that in these conditions a heat-
ing in the interface may assist a flux creep in Nb, resulting in
a nonlinear increase of the (V). However, in the rest of the
paper, we concentrate on the noise outside this regime, and
the conclusion that the dissipation is produced predominantly
by a vortex motion in the a-NbGe in the presence of a spa-
tially modulated J holds.

IV. NOISE

Before turning to details of %y in sample G, we briefly
discuss issues which are not central to the paper but should
still be commented. Since no voltage dependence of the
noise is detected in the normal state, it follows that the inter-
face contributes to Sy negligibly, only by the Johnson-
Nyquist noise due to (small) R;,. From the measured total
noise Sy, %, is calculated as X,=8,—4kzT(d(V)/dI). Al-
though at (V)>(V,) electron heating to T°>T may take
place, the exact temperature is of little relevance. In this
regime, we measure S,>107"8 V25, whereas d(V)/dI
~600-700 € in combination with the 7. sets the maximum
thermal noise to around 107" V2s. 3, below (V;) qualita-
tively resembles that in Ref. 3. In the presence of pinning,
2,((V)) is nonmonotonic, being proportional to (V) until a
maximum is reached and then decreasing as (V) grows fur-
ther. When there is no pining, 3, (V)? and it is a decreasing
function of increasing B, but the scaling 3y, (1
—-B/B_,)XV)?, found in Ref. 3 for a homogeneous J, is less
well defined. We assign this to an already important role of
the inhomogeneity of J in the absence of pinning, since p is
not small.
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A. Analysis of the spectra

In our noise measurements, we record Sy(f) averaged in
time typically a hundred times. Thus, acquired spectra are
then analyzed with regard to phenomena that govern the
noise. The highest resolution is obtained by averaging Sy(f)
further over Af, provided Sy does not depend on f, which

gives Sy(f). In a measured spectrum, Sy(f) takes values be-
tween some Sy,,;, and Sy, but if the number of recorded
points is large enough, the averaging results in an error of
Sy(f) much smaller than Sy,,uc—Symip- In this work, with

400 points between f; and f,, it is possible to resolve Sv(f)
down to 107 VZs even if Sy,uq—Symin~ 107" VZs. The
averaging over Af is not always applicable. It works well if
Sy(f) is flat, either by its nature or by its functional depen-
dence that may be such as to result in an apparently constant
Sy within (f—Af/2,f+Af/2). If the averaging is not pos-
sible, the accuracy in extracting dependences of Sy on other
quantities is reduced. On the other hand, when the f depen-
dence of Sy is simple, a high resolution can be achieved by
analyzing the spectra differently. For example, if Sy, 1/f, it
is possible to average fSy. Sometimes one can also combine
(V), f, and possibly other variables of interest to merge a
number of spectra into a single instructive graph.

Analysis of our 3y(f) spectra requires a combination of
the above approaches. We first note that over a considerable
range of the (V(I)), between the open circles and triangles in
Fig. 4, the spectra exhibit a well defined X0 1/f behavior.
Within this range, 3, (V)?/f can appear provided the (T,B)
conditions are right and (V) is not too close to the open
triangles. This is presented in Fig. 5(a) for T=1.1 K and B
=1.7 T, where the spectra from the indicated appreciable
span of the (V(I)) form a linear curve which extrapolates to
zero as (V)—0. The observed X, %(V)?/f is suggestive of
resistance fluctuations, but these plots do not hold over the
entire (V(I)), so 2y as a function of f should be analyzed
separately, with (V), T, and B as parameters.

The general behavior of X(f), found for all the (V(I))
curves in Fig. 4, is demonstrated in Figs. 5(b)-5(d). We again
choose 7=1.1 K and B=1.7 T for an easy comparison to
Svoe(V)?/f in Fig. 5(a) (see the indicated values of I and
(V). At low (V)<(V,), % is relatively small and does not
display a recognizable f dependence. This is shown in Fig.
5(b), where we plot such a %, (lower curve, left-hand scale)
and the corresponding f2 (upper curve, right-hand scale)
against f. If there is a weak inconstancy of the X,(f) in the
given f range, it is obscured because the Sy, =Sy, i, 18 t00
large, as seen from not only the X,(f) but also the f2(f)
being flat. Around (V;), where the vortex dynamics under-
goes a change from weak to strong nonequilibrium, for low
B the noise magnitude exhibits a steep jump, with the spectra
being too distorted to be treated by a simple approach sys-
tematically. At larger B, the transition at (V) is smoothed and
no distortion of the spectra is clearly visible even at (V).

A noticeable %,y(f) dependence with undistorted spectra is
observed when (V)>(V,) increases toward the open circles,
which are for low B positioned higher because of the wider
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FIG. 5. (a) Sy<(V/f for T=1.1K, B=17T, and I
=12-32 pA ((V)=5.3—-19 mV). For the same T and B, in (b)—(d)
we plot 2y (lower curves, left-hand scales) and /2 (upper curves,
right-hand scales) against f; <f<f,. (b) At low (V), both 3 (f) and
F2y(f) are flat; the noise is too small to extract the f dependence of
3y. As (V) increases, 2(f) < 1/f” can be resolved clearly, with (c)
v=1 in a range of (V) and (d) »>1 at larger (V).

transition region around (V). In this regime, the noise is
Sy 1/f7, in particular, with v=1 between the open circles
and open triangles, as exemplified in Fig. 5(c). The % de-
creases with increasing f, while the /2. is flat. This clarifies
the criterion in determining the open circles in Fig. 4. They
correspond to the first (V(I)) points where, beyond doubt, the
3. does and the f2., does not depend on f. When (V) ex-
ceeds the open triangles, v increases above unity but remains
well below 2, as visible in Fig. 5(d), where both the %, and
f2y decrease with increasing f.

The above consideration reveals how the frequency de-
pendence of Xy, changes upon increasing (V). In particular,
S, 1/f” is observed in essentially the same range of the
(V(I)) where a strong modulation of the J takes place, which
will be discussed further in Sec. V.

B. (V), T, and B properties of the noise
3,y increases monotonically with increasing (V) always,
except for (V)<(V,) in the presence of pinning at low 7, as
mentioned before. We skip the nonmonotonic 2 vs (V), de-
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FIG. 6. Averaged f3. vs (V)? for the spectra of the type shown
in Fig. 5(c). Irrespective of T, the noise decreases with increasing B.
(a) T=1.1 K. At B=0.6 and 0.9 T, the noise is considerably larger
than at higher B, and it is shown in the upper inset. For B=1.5 T,
the low-(V) part can be approximated by a linear dependence, with
a slope K plotted against B by the symbols in the lower inset and
the solid line indicating Ko< 1/B. (b) T=2.55 K. fS,<(V)? at low
(V) is acceptably well defined only for B=0.5 and 0.6 T.

scribed in detail in Ref. 3, in order to pay attention to X
o1/ at larger (V). Since v changes along the (V(I)), for
brevity we focus on v=1, which covers a substantial portion
of the (V(I)) for both characteristic temperatures and, hence,
captures the main physics of %. We, therefore, average these
flat f2,(f) spectra to obtain essential information on 3, as a
function of (V), T, and B. This results in /= vs (V)? plots in
Fig. 6 for (a) T=1.1 K and (b) T=2.55 K. At both tempera-
tures, X, decreases as B increases.”> The 3(B) dependence
at 2.55 K is smooth over the whole range 0.15<B/B,,
=0.85 of our measurements, and at 1.1 K for 0.4=<B/B,,
=<0.8. At the latter temperature, X, increases steeply at lower
B/B,, and the corresponding curves (B=0.6 and 0.9 T) are
displayed in the upper inset of Fig. 6(a) for clarity.

f2y is approximately linear in (V)?, with 3, — 0 as (V) is
extrapolated to zero, only for some curves at (V)> below
~3X 107 V2. In our measurements, this applies to 1.5 T
<B<25T at T=1.1K, and to 0.5 T<B=<06T at T
=2.55 K. We use the relatively wide B range of the above
approximation at 1.1 K to address the noise magnitude phe-
nomenologically. The slope K=f2,/(V)?> for these data is
shown as a function of B in the lower inset of Fig. 6(a) by the
symbols, whereas the solid line indicates K=(3.3
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% 1071° T)/B. Since the number of vortices in the sample is
Ny=nglw, where n,=B/ ¢, is the vortex density, the K(B)
complies with the Hooge expression® which states that K is
inversely proportional to the number of fluctuators. In the
Hooge approach, K=ay/N 4, and the Hooge constant ay is in
our case around 4 X 1075, Although it has been widely ac-
cepted that the Hooge formula is of a descriptive value
only," ay is still frequently used as a measure of the mag-
nitude of 1/f noise. The obtained «y is much smaller than
that in Ref. 5 for Au films, namely, ~2 X 1073 traditionally
taken as a reference, implying that in our experiment we deal
with a relatively quiet system.

At large (V), the noise is not linear in (V) and exhibits a
stronger dependence for all the data in Fig. 6. In general,
Sy (V)? is straightforward only for Ohmic resistors with a
voltage-independent resistance fluctuation (SR)%. In this
case, if a fluctuating resistor is biased by a constant /, the
voltage fluctuation is (6V)?=[(6R)?/R*]V?= V2. For a nonlin-
ear (V(I)), a separate consideration in each particular case is
required, as it was, for example, done for Josephson tunnel
junctions.?*

V. DISCUSSION

The measured average voltage and noise arise from the
integrated longitudinal component E,(r)=¢yny(r)u,(r) of
the spatially varying electric field and its time () dependent
fluctuation SE,(r,t), where r is the in-plane coordinate and
u, the transversal component of the vortex velocity. The
compression modulus C;; of a vortex system is large, thus
ny(r)=B/py=ny and E.(r) = don4u,(r). A strong u(r) de-
pendence is allowed by the small shear-stress modulus Cgg in
a-NbGe.?® The nonuniform J produces an inhomogeneous
vortex motion according to ¢@yJ(r) Xz=nu(r), where the
viscosity coefficient # accounts for the mechanisms of the
power dissipation and a small term related to the inertial
vortex mass'? has been disregarded. The variation of J(r)
over the sample in the regime where X« 1/f is such that
weak and strong nonequilibria are present simultaneously.
This situation is difficult to treat in a fully quantitative man-
ner, but we can use findings of Refs. 3, 11, 12, and 20 for the
same material in the presence of a homogeneous or a weakly
modulated J to elucidate the cause and structure of . We
start by addressing the f dependence of X, which shows a
certain generality, and later discuss the noise as a function of
(V), T, and B, where the nature of the strong nonequilibrium
is more important. For simplicity, scalar notation for E, J,
and u is used.

OF is a random process with a characteristic time 7. This
leads to [6V(1)]>«[SE(t)]><exp(~t/7) and a DL spectrum
Sy 7/[1+(w7)?], where w=27f. If the physics of a system
changes with E, which is, thus, more than an unperturbing
response to J, then each E-dependent state has a different 7.
A range of E results in 7<7<7, and X is altered by a
distribution D(7) of the characteristic times, ie., Xy
< [D(D)[1+(wn)?] 'dr from 7, to 7,.'% A power-law-like
3(f) is obtained with Do 779,
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In particular, Z;=arctan(wr,)—arctan(w7;) depends on f
weakly if 75' <w<7]', and under these circumstances, 3
o 1/f holds well. For other values of 0<g<2, the Z, cor-
rection to the power law X oc1/f is also weak if 7 satisfies
the above condition; therefore, X, oc1/f" with 0<p<2
agrees with the model if a wide spread in 7 is characteristic
of the system. This approach has been widely used in ex-
plaining 1/f type of noise not only in the conduction of
normal electrons'>!® but also in vortex-motion-generated
dissipation.3’13’14 However, in the latter studies, the argu-
ments in favor of a distribution of 7 relied on somewhat
heuristic assumptions, such as the presence of vortex
bundles'® or of a mixture of depinned solid and “liquid”
vortex phases.®'* In our case, a range of 7 follows straight-
forwardly from a coexistence of distinct E-dependent vortex
states.

We recall the result of Sec. IV A that the development of
S, 1/f" as (V) increases is similar close to and well below
T., although the strongly nonequilibrium regimes, where
these spectra appear, are physically different (see Sec. III B).
The spatial variation of vortex states can be parametrized
through that of the vortex-core area A~ &1r. For low J, i.e.,
far away from the interruption in the Nb line, A. has essen-
tially the equilibrium value determined by T only. As J (and
E) increases toward the central region of the microbridge, the
vortices gradually undergo changes because the nonequilib-
rium dynamics takes place, i.e., A.(T) —A(T,E). A continu-
ous variation of A .(T,E) over the sample implies a continu-
ous range of 7 if SF is interrelated with the VCFS A, and
this holds because the mixed-state dissipation depends
strongly on the size of vortex cores.

The above picture in connection with Eq. (1) explains the
appearance of %y, 1/f” solely by ascribing a wide range of 7
to the simultaneous presence of qualitatively different vorti-
ces. The inhomogeneity of the fluctuations, crucial for the
theory, in our experiment emerges as a consequence of the
geometry of our hybrid sample and the strong sensitivity of
vortex properties in a-NbGe to a moderate E. Moreover, the
high-dissipation regime of our 3, 1/f" spectra depends
little on sample-dependent structural disorder (sets pinning
potential) or thermodynamics of the mixed state (solid vs
liquid). This is a consequence of the strong domination of the
processes pertaining to fundamental parameters of type II
superconductivity.'®!"17 In turn, the application of Eq. (1) to
our results does not require suppositions on material-
dependent properties.

Now we turn to the noise magnitude, discussing first
briefly the relationship between Xy and 5A,. In Ref. 3, it was
shown that 3, for a homogeneous, weakly nonequilibrium
flux flow with Ohmic (V(I)) was linked to the VCSF’s by
S /{(V)? e (8A,)?/A2. The origin of SA, was in thermal fluc-
tuations of the quasiparticle density, leading to the fluctua-
tions of the “pressure” that stabilized the vortex-core bound-
ary. 6A./A. was independent of (V) and this resulted in X
«(V)?, while the application of the LO theory to the 2(B)
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led to a conclusion that 5A, was proportional to the area per
vortex.

This model can be extended to the current situation. If A,
is determined by a quasiparticle distribution that depends
explicitly on temperature 7 =T only, then E=p,n4JA(T"),
where A (T")=A.(T,E) is set by the equilibrium (7) and the
departure (E) from it, linked to 7" (E). When A, depends on
E explicitly, i.e., for the LO mechanism, the proper expres-
sion is E=p,n4JAX(T,0)/A(T,E)."° In strong nonequilib-
rium, the leading term in SE originates in SA.(T,E), and a
convenient expression applicable to both cases is

3y (6B (ATEP)
M (B (AAT,E))?

For a collective of vortices, the above single-vortex approach
is corrected with respect to particular 7/7T. and B/B,.,
conditions,>!'° which can, however, be treated more manage-
ably by ad hoc inclusions of findings of Refs. 3 and 11.
Despite these simplifications and the intricacy of spatial av-
eraging, the basic concepts remain the same and Eq. (2) rep-
resents an ample groundwork for analyzing our results fur-
ther.

At T<T,, the strong nonequilibrium corresponds to a
thermal-like quasiparticle distribution with 7— 7".1117 Since
the distribution remains of the same form as in equilibrium,
A/T") is governed by the reduction B,,(T) — B.,(T") only. It
follows that A (T")/A(T)=B.(T)/B(T"), therefore vortex
cores expand. This process is interrelated with E through the
T"(E) dependence, determined in Ref. 11 for a homogeneous
J and several B/B.,(T) at the same T=1.1 K as used here.
The assumption of a spatially dependent A (T,E) requires a
nonuniform 7, the hottest being around the interruption in
the Nb line where E is the largest. Temperature variations
over microbridge films in the presence of a strongly nonequi-
librium vortex motion at T<< T, were reported,> which sup-
ports this point of view. It is reasonable to assume that 7" has
a fluctuation o677, similarly as in Ref. 8, where this caused
resistance fluctuations (V)?/f in normally conducting,
Ohmic thin films. The simple relationship between A, and
B,, allows us to convert Eq. (2) into a form more suitable for
discussing the results in Fig. 6(a). A.«1/B,, leads to
(A /A ) r—g»=—[(dB.,/dT)/B]7—+8T . Without introduc-
ing a significant error, we can approximate B.,(7T)=B(0)
X(1-T/T,) to obtain

Sy {(eT)%)

— (3)

AR CASE!
Although the ([6T"(B)]*) dependence certainly impacts the
noise, the 2/(B) in Fig. 6(a) is dominated by the denomina-
tor of Eq. (3), as it can vary strongly: between (7,—T)? and
zero in the limits B— B,(T) and B— 0, respectively. T" for
the same E is smaller at larger B,!! hence the denominator
increases with increasing B and diminishes 2 accordingly.
The remarkable steep enhancement of the %(B) at low B
[displayed in the upper inset of Fig. 6(a)] can also be under-
stood in terms of Eq. (3) by its diverging form as T" in-
creases toward T, for low vortex density. Moreover,

2)
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«(V)? at high B and not too large (V) implies a relative
constancy of the right-hand side of Eq. (3). This is plausible
because the denominator is reduced to not much below (T,
—T)?, and (T")? should not depend on E strongly when the
departure from the equilibrium is moderate.

Close to T,, the nonequilibrium quasiparticle distribution
function is not thermallike and A, is not determined by B,
only. Vortex cores shrink according to AJT,E)
=A/T,0)/[1+(E/E)?*], which can proceed down to
Aemin(D)=A(T,00V1-T/T_.'"° Here, E;=u;B is a characteris-
tic electric field set by a B-independent vortex velocity u;
«\(1-T/T,)"?/7,, where 7, is the inelastic electron-
phonon scattering time. Core shrinking requires a density of
thermal phonons sufficient to enable an efficient heat transfer
from electrons to the bath, which was shown to be the case
for a-NbGe microbridges at T=~2.5 K.!! Consequently, the

results in Fig. 6(b) refer to a uniform temperature T=T over
the sample and vortices which can vary in size between

Ac,min(’f) and A_(T,0). The situation is equivalent to that at
T<T, in the sense of a coexistence of nearly equilibrium
vortices far away from the interruption in the Nb line and
nonequilibrium ones (smaller in this case) around it, which
explains the similarity in the development of o<1/ spec-
tra. As seen in Fig. 6(b), the decrease of the X(B) with
increasing B is again present, whereas the nonlinearity of the
Sy vs (V)* dependence is not much stronger than at T
=1.1 K, especially when B approaches B, (T). However, in
contrast to the T<T, behavior, the noise below B
~0.3B.,(T) does not grow steeply, but instead continues
with the smooth increase as B is lowered.

The heating 7— T, theoretical details of which are given
in Ref. 18, in similar a—NbGe films under basically the same
conditions as here was found to be weak, i.e., it did not leave
a measurable signature in the (V(I)).!! The noise is, however,

sensitive to the fluctuation &7, resulting in JA.. The main
contribution to %, given by Eq. (2) is expected to arise from
the E-dependent term in A.(T,E) through the temperature
dependence of u; (i.e., E;). Hence, SA.~[(dA./du;)
X (Ju;l AT ]Tzf(ﬁ" . In the limit u>u; of strong equilibrium,
which is of main interest here, 8A./A, ~[(du;/ IT)/u;)y—76T.
Since the T dependence of u; is dominated by (1-7/T,)"4,
from Eq. (2) we obtain

T2
Sy (6D W
W™ (-1
An additional small contribution due to 5AL.(iO) follows the
above expression as well, since the principles used in deriv-
ing Eq. (3) apply. Therefore, Eq. (4) provides an adequate
form for discussing the noise close to T..

Although Eq. (4) appears analogous to Eq. (3), its impli-
cations are different. In Ref. 18, it was argued that T in-
creases with increasing B, proportionally to B at B<0.4B,,
and saturating at higher B, but stays below 7. This heating,
therefore, does not lead to a transition to the normal state.

Since T—T is small, the denominator in Eq. (4) remains of
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the order of (7.—7T)? and there is no tendency of X to di-
verge at any B. This explains the main difference between

3(B) at the two temperatures. With a fairly constant 7,.—T,
the noise depends on B mainly through ([ST(B)]%), which
should decrease as vortex density increases and T(B) stabi-

lizes at the saturation value. In the T—saturating, high-B re-
gime (and provided (V) is not too large, see below), the
right-hand side of Eq. (4) is approximately constant and 2,
«(V)?, complying with the observation.

Regarding the nonlinear X, vs (V)?, at large (V), found
for both characteristic regimes, it can be explained as a con-
sequence of an increase of the right-hand side of Eq. (2)
when nonequilibrium becomes very strong. Obviously, a de-
tailed quantitative description of this behavior extends be-
yond the simplifications used in understanding the physics
behind our results.

VI. SUMMARY AND CONCLUSIONS

A hybrid a-NbGe/Nb structure is probed experimentally
in order to study some general aspects of 1/f noise as well as
specific fluctuations related to vortices in motion. A weak-
pinning a-NbGe microbridge is used as a medium for vortex
motion. On top of the microbridge, a strong-pinning, longi-
tudinal Nb line with a narrow interruption in the middle is
added. The applied current, coming from the a-NbGe contact
pads, at the entry to the microbridge, splits into two branches
and a part of it flows through Nb. Since at the interruption
the current returns to the a-NbGe fully, a modulation of the
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current density J within the a-NbGe appears. As the a-NbGe
is becoming more dissipative, the modulation strengthens,
which has a strong influence on the mixed state therein. The
conditions over the sample are, thus, varying to produce a
range of coexisting vortex states, defined by the (local) prop-
erties of the distribution function for normal excitations in
the cores. The vortices preserve their equilibrium properties
in parts of the sample where J is low, but elsewhere they are
subject to changes due to a strong nonequilibrium set by the
high J. The simultaneous presence of qualitatively distinct
vortices results in the noise power spectrum being propor-
tional to 1/f*, with a significant range of v=1. This can be
explained by a statistical integration of Debye-Lorentz spec-
tra over a range of characteristic times, which in our experi-
ment has a direct connection with the spatial variation of the
quasiparticle excitation spectrum. The appearance of the 1/f”
noise is similar for temperatures well below and close to 7.,
although the corresponding nonequilibrium vortex properties
are different. The noise magnitude is more sensitive to de-
tails of the strong nonequilibrium, but the mechanism under-
lying the noise is the same: dynamic fluctuations of the
vortex-core size. With this model, we can account for the
main features of the noise in both characteristic regimes, i.e.,
at low temperatures, where vortices expand due to electron
heating, and close to 7., where vortices shrink due to the
Larkin-Ovchinnikov mechanism.
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