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Experimental study of the correlation length of critical-current fluctuations in the presence of
surface disorder: Probing vortex long-range interactions
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We report on critical currents and voltage noise measurements in niobium strips in the superconducting state,
in the presence of a bulk vortex lattice (B<B(,) and in the surface superconducting state (B., <B<B3). For
homogeneous surfaces, the correlation length of the current fluctuations can be associated with the electro-
magnetic skin depth of vortex superficial instabilities. The modification of the surface state by means of low
energy irradiation induces a strong modification of the critical current and of the noise. The appearance of a
corner frequency in the spectral domain can be linked with the low wave vectors of the artificial corrugation.
Since this latter occurs only for B<<B ,, we propose that the long-range interactions allow the correlation
length to extend up to values imposed by the surface topography.
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I. INTRODUCTION

Noise measurements are powerful tools to go inside the
origin of the vortex pinning, and of the dynamical interac-
tions between the vortex lattice and the sample disorder. This
noise, generated during the lattice flow, is called the flux-flow
noise.! It is generally characterized by the shape of its spec-
tral density, and by its power. As it is often proposed in noise
analysis, it is convenient to define a correlation length,
within which the fluctuations are correlated. This defines the
fluctuator of the system. To the extent that the fluctuators are
independent and that the system is large enough, the corre-
lation length can be calculated from the noise power via a
usual statistical averaging (the central limit theorem).?> Re-
cently, it was shown that no difference can be observed be-
tween the flux-flow noise in the mixed state and in the surface
superconducting state of a Niobium slab.? In other words, the
same fluctuator is present with or without a bulk vortex lat-
tice, showing clearly its superficial origin. The coupling to
the bulk was shown to be due to the conservation of the total
current. This confirms previous auto and cross-correlation
experiments of both flux and voltage noises,* and explains
the insensitivity of the low frequency noise to bulk
perturbations,’ in Pb-In alloys. In these experiments, two pa-
rameters, the normalized spectrum of the fluctuator and its
correlation length, are experimentally justified but are not
explained.>* If the fluctuator is of superficial origin, it should
be possible to induce notable changes in the noise character-
istics after some surface treatments. A following change in
the noise spectral density, the noise power, or eventually in
the underlying statistics, would give some clues to under-
stand the spectrum and the fluctuator origins. Wherever it
takes place, it has been made clear for years that the exis-
tence of flux-flow noise is intimately linked to the nature of
the relevant disorder, i.e., to the vortex pinning. In the con-
clusion of his review article, Clem states that such a flux-flow
noise theory “should be intimately related to an appropriate
theory of critical current density.”! This implies that any
noise analysis would be notably improved if some character-
ization of the vortex pinning is proposed beforehand.
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In this paper, we are thus interested in the modification of
the flux-flow noise by a tuning of the relevant disorder. For
that, we will first discuss the nature of the pinning in our
samples and bring some experimental arguments on the way
that the critical current can be substantially modified by a
surface treatment. In a second approach, the noise mecha-
nism proposed in previous papers,*> will be discussed and
specified by some recent results concerning the physical ori-
gin of the fluctuator. In the last part of the paper, the effect of
surface irradiation on the noise power and the noise spectrum
will be shown and discussed. For sake of generality, these
measurements are made in niobium, a well documented and
conventional type II superconductor.

II. EXPERIMENT

All measured samples are parts of the same piece of bulk
Nb (initially 2 mm thick and 12 mm long). The thickness ¢
was first roughly reduced to 0.23 mm, and the surfaces were
progressively polished with 27 yum, 15 um then 7 um rough
papers. Then, three samples of different widths W were cut
by a wire. However, the roughness obtained after the finest
mechanical polishing was still too large to reduce sufficiently
the critical current. In order to reduce efficiently this surface
roughness, and to eliminate the Nb,Os oxide sheath which
naturally develops on the niobium surface, a buffer chemical
polishing (BCP) was performed. Each sample was plunged
into an equivolume solution of H;PO4(85%), HF(40%),
HNO;3(69%) during 8 min. Previous reports of the rms
roughness after such a BCP give values close to 1 nm in the
um scale.® in agreement with our AFM measurements. From
the analysis of the AFM pictures (see Fig. 2), we find 0.7 nm
rms. This value is the mean values of 10 different line scans
taken in an area of 10X 10 wm?. After this step, all samples
have similar surface state and their bulk properties are
unchanged. In the following, the samples (1) and (2) will
correspond to the samples with respectively W=0.25 mm
and W=1.24 mm (r=0.22 mm for each). The sample (3) will
refer to the irradiated sample. Each large face of this sample
was irradiated by an argon beam for 30 min (acceleration
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voltage=600 V, and argon pressure =2 X 10~ mbar). The
sample holder was inclined at 45° and continuously rotated
in order to make the etching very uniform in a
10 mm X 10 mm area. Such low energy irradiation causes
only superficial damages (about 10 nm of depth), which will
be discussed in the text.

The superconducting parameters of each samples were
measured by dc transport, magnetization (SQUID) and spe-
cific heat measurements. The following parameters were
measured: 7.=9.2+0.1 K, B.(4.2 K)=2900+50 G, and
p,(10 K)=0.5 uQ) cm. Compared to the data of Ref. 7, a
Ginzburg-Landau parameter «=0.84 can be inferred. The
critical currents have been measured by voltage-current char-
acteristics.

In addition, we have measured the voltage noise induced
during the vortex lattice motion. Voltage signals were re-
corded with the four probes method, amplified by ultralow
noise preamplifier (SA-400 F, 0.7 nv/\Hz). This signal
source is then plugged into the analog inputs of a dynamic
signal analyzer (PCI-4551), converted into digital signals
and mathematically processed. All the experimental set-up
was electromagnetically shielded to avoid much of the
external disruption. Such noise measurements are extremely
sensitive to the temperature stability: a special care has
been taken to avoid any excess of heating responsible of
low frequency noise (contact noise or flicker noise due to the
helium boiling). Since niobium is a very good conductor
(R=10 uL for our samples), the contacts resistances are the
major limiting problem. Making good electrical contacts on
the bulk Niobium samples is difficult. The best solution was
to mechanically strip the end of the slabs of its oxide sheath,
to deposit a thin metallic layer and to press between small
copper pieces. Finally, this was good enough to apply
I=8 A with no spurious noise. But in practice, in our mac-
roscopic samples, this restricts the experimental region rela-
tively close to B,.

III. RESULTS AND DISCUSSION

A. Critical currents and vortex pinning: Width and surface
roughness effects

In Fig. 1 are shown the critical currents versus the mag-
netic field close to B, for the niobium samples. Recent
works have attributed much of the irreversible properties of
type II superconductors, including the vortex noise, to the
edges of the samples (geometrical barriers or Bean-
Livingston barriers).® In order to quantify this effect in our
samples, we have measured the critical current of the

samples (1) and (2), which have a very contrasted width. If
the critical current /. is principally concentrated near the
sample edges, its value should not significantly depend on
the sample width. In contrast, since we measure a simple
linear relation between I, and W (Fig. 1), I, can be consid-
ered as macroscopically homogeneous all over the width of
the surface. Note that, a priori, it does not exclude small
inhomogeneities and local I, variations near the lateral edges,
but those effects turn out to be on average negligible in our
samples. We will show hereafter that the noise measurements
will be a more precise probe. Finally, macroscopic homoge-
neity of the critical current means that a critical current per
unit of width i .(A/m)=1./(2 W) is a relevant description of
the critical properties.

For conventional soft type II superconductor, except the
irreversible edges effects, the vortex pinning has been shown
to arise from pinning of the tips of the vortices on the top and
bottom surfaces. This is quantified by the following expres-
sion (see Ref. 9, and references therein),

1)2W =i (A/m) =g .sin(d,), (1)

where € stands for the overall equilibrium magnetization,
and 6. is the characteristic surface roughness angle.

The topography of the surfaces was analyzed using
atomic force microscopy (AFM) in the tapping mode. The
roughness of the virgin surfaces exhibits a random disorder,
with no characteristic scale. Figure 2 is a 3D representation
of the surface roughness. In terms of vortex surface pinning
potential, the relevant parameter is equivalent to a contact
angle 6. In order to calculate it, we first take a statistical
representative cross section i(x) (the average of several cross
sections), then calculate its derivative dh/dx=tan(6). The
spectral density is then S»,=FFT({#(x)#(x+x'))). The main
roughness angle accessible for the vortices is given by’

Konax 2mrlg
f SoedK = J SoedK,

K 0

&= (2)

min

where é=1¢y/27B.,~33 nm is the coherence length.

In order to calculate the critical current with Eq. (1), the
overall equilibrium magnetization should be known. Close to
By, moe=(B=B,,)/[B(2k*>~1)] in the Abrikosov limit, with
B=1.16 for the hexagonal symmetry of the vortex lattice.
Using B,,=0.29 T and «=0.84 in Eq. (1), one finds, at
B=0.25T, #.=arcsin(i,/g)=2.1x0.1°. The surface topogra-
phy analysis of the samples (1) leads to 6=2.3+0.2° [Eq.
(2)], in close agreement. Equation (1) appears thus to de-
scribe the critical current data, with #= 6. as a reasonable
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average parameter describing the surface pinning potential.
We note that the same analysis was successfully applied in
Niobium films.® This confirms the previous assumption® that
the difference of J.(A/m?)=2i./t between bulk and thin
films Nb (with different thickness 7) does not mean a stron-
ger pinning in films. This simply proves that J, is not the
good parameter, but that i, is.

We now focus on the consequence of the surface irradia-
tion on the vortex pinning. The measured critical current has
been increased by a factor X2.9 in the sample (3) (Fig. 1). As
evidenced in Fig. 2, the irradiation results in a strong degra-
dation of the surface, with both an increase of the overall
roughness and the appearance of large craters. Using the sur-
face analysis and Eq. (2), 6=4+0.2° is deduced (Fig. 3). The
roughness angle has thus been increased by a factor X 1.7 by
the irradiation. Note that the important parameter is not di-
rectly the roughness but the roughness angle which is a de-
rivative. As a consequence, the increase of this latter is not as
strong as a visual impression could give (see Fig. 2). Finally,
the increase of the critical current is qualitatively explained,
but some difference appears in the comparison of the critical
angles. In fact, € in Eq. (1) stands strictly for the surface
value, whereas we use the only known bulk parameters
for the calculation of the Abrikosov expression. If this ap-
proximation seems well justified in the case of homogen-
eous samples, it becomes questionable when the surfaces
have been irradiated, because the concentration of impur-
ities near the surfaces should locally modify the thermody-
namic parameters. In general, the most important change is
in_the coherence length which has to be replaced by
VEC < € in the dirty limit, with € the mean free path (see, for
example, Ref. 10). This leads to a local increase of B,,, here
restricted close to the surfaces. We will show below that the
noise measurements confirm this slight increase, providing
an attractive explanation of the underestimation of the criti-
cal current after the irradiation in the mixed state.

B. On the noise for the smooth surfaces

When the applied current is overcritical, the voltage in the
mixed state is given by V=Rg(I-1.), with Ry the flux-flow
resistance. In the surface superconducting state, the same ex-
pression applies with R, instead of Ry. It has been shown
that, in the case of Pb-In alloys, most of the voltage noise
originates from current fluctuations.*> Following here the
same arguments, one can write 6V = Rydl., and with the as-
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FIG. 2. Left: AFM picture of the virgin
sample (2). Right: AFM picture of the irradiated
sample (3).

sumption of N independent fluctuators under stationary con-
ditions,

8V =Ryl JNN = Ry NC?/S, (3)

where S is the sample surface between the voltage pads, and
C the fluctuations correlation length. In the case of stationary
fluctuations, 6V and thus C have a well defined magnitude.
In Refs. 4 and 5 C=1 um was found in Pb-In alloys.

The metallic and flux-flow resistivities of pure Niobium
are quite low. As a consequence of Eq. (3) and for identical
geometrical parameters, the flux flow noise 6V should be
largely reduced compared to the Pb-In case (or to any case of
a relatively high resistance sample). This is consistent
with our measurements. In addition, using Eq. (3) for Pb-In
or Nb, very similar C values are extracted. This means that
the same noise mechanism controls the fluctuator size. A
strong confirmation that C is a relevant parameter can be
made when comparing two samples with contrasted widths
W,>W,>C [respectively, samples (2) and (1)]. For the
same surface state and the same (B,T) conditions, we have
already verified that i, is constant (no edges effects). If C is
constant too, the number of fluctuators should vary as W and
SV W2, This can be observed from the variation of the
number of fluctuators as a function of W in Fig. 4. This
confirms that the noise arises from the statistical averaging of
small and independent noisy domains. Consistently, we do
not observe any cut-off in the spectral shape meaning that no
size effect is introduced. In addition, the spectrum is very
similar to the one observed in Pb-In alloys (Fig. 5).

10°
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FIG. 3. (Color online) Histograms of the roughness angles de-
duced from the AFM pictures analysis. The standard deviations of
each histogram are noted.
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FIG. 4. The number of fluctuators (N=S/C?), deduced from the
noise values, versus the samples width, for two magnetic fields
B<Bg».

Since the number of fluctuators is found to be propor-
tional to the surface of the samples, one can also conclude
that the (low frequency broad band) noise does not arise
from instabilities close to the edges of the sample. This con-
trasts to the conclusion of Ref. 11 where the voltage noise
was attributed to the dynamical annealing of a disordered
vortex phase nucleated close to the edges. We stress that this
latter interpretation was proposed for the peculiar case of the
peak effect in NbSe,, where two macroscopic critical current
states coexist in the sample (see Refs. 12 and 13, and refer-
ences herein), and where the large noise values are coming
from the kinetic between these two states. This was shown to
correspond to non-Gaussian noise by a second spectrum
analysis.!* No such peculiar features are observed in our

g
g 102}

FIG. 5. (Color online) Normalized flux-flow noise spectral den-
sities in Pb-In (mixed state B=0.75.B,,,I1=3.06 A%), Nb (1) in the
mixed state (B=0.86.B,,/=0.8 A) and in the surface supercon-
ducting state (B=1.12.B,,I=1 A), Nb (3) (irradiated surfaces, sur-
face superconducting state only, B=1.12.B.,,I1=4A). T=4.2 K for
all.
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samples where the noise is observed to be Gaussian and has
been verified stationary using the same high order statistics
method. Note that the fact that we observe stationary and
Gaussian noise reinforces the modeling of the noise by inde-
pendent fluctuators, and hence, is consistent with Fig. 4.

We define a fluctuator by its correlation length C. Up to
now, C has been taken as an adjustable parameter, whose
relevance has been experimentally controlled (Fig. 4), but
whose physical basis have not been clarified. Thus, it is nec-
essary to go further inside the fluctuations mechanism.
Placais et al.* proposed that the instabilities in the vortex
lattice flow originate from the hanging and release of the
vortices on the surface defects, the hanging condition being
the local boundary condition for a vortex line. Since the
same boundary condition is the basis of a surface critical
state," large fluctuations of magnitude I. are expected. The
more a vortex is bent, the more nondissipative current can
flow. Locally, when a vortex leaves its hanging condition, /.
decreases very fast and at the same time, the amount of nor-
mal current f; localized near the surface should increase due
to the conservation of the total current. Thus, an electric field
E"=puJ = pl .~ pi2i./\, is generated, \, being the char-
acteristic length scale associated to the decay of surface cur-
rents [\, =~ &/ \2 close to B,, (Ref. 15)]. This is the elemen-
tary instability.

Its duration can be estimated as follows. Using the Jo-
sephson relation, the line velocity reached by one vortex
ending during the instability is given by VZEE*/ B. To the
extent that one instability occurs per vortex period (indi-
vidual process), the associated diffusion time is 7=a,/ V*L
=ayB\,/ pi2i.. One the other hand, it is known from classi-
cal electromagnetism that, for a given time duration, the dif-
fusion is restricted in a skin depth 8=(pg7/uym)'?. This
leads to

8= (agBN,/ pmym2i.) . 4)

For typical values (B=0.27 T, ay=0.08 um, pg
~p,B/B,=~0.3 uf) cm, i.=~700 A/m, \,~23 nm),
7=0.07 ns. One can note that these instabilities are ex-
tremely short compared to the flux-flow period Ty=ay/V,
~ayBt/pg2i.~1 us. The skin depth calculated from (4) is
0~=0.3 um, a value very close to the correlation length C.
The comparison between Eq. (4) and the experimental data
for the Nb (1) and (2) is shown in Fig. 6 for B<B,,. The
agreement is satisfactory. For B> B,,, in the surface super-
conducting state, Eq. (4) is not very accurate because \, has
not been estimated in this case. Nevertheless, it appears
clearly from the experimental data that there is no change of
regime. This can be explained by the fact that in niobium,
N, =¢§, which is the order of magnitude of the surface
sheath.'® It can be noted that in Eq. (4), the important param-
eter which determines the range of the fluctuations is not the
flux-flow resistivity but the surface critical current i.. Nb and
Pb-In have very different resistivity but similar i, values
[i(T=42 K,B/B.,=0.9)=700 A/m for Nb and 300 A/m
for Pb-In]. This explains why Nb and Pb-In samples exhibit
also similar C values.

One concludes that C can be described as the skin length
of very fast instabilities close to the surface. We stress
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FIG. 6. (Color online) The correlation length in the Nb virgin
samples [sample (1) and sample (2)] as a function of the reduced
critical field. Also shown is the calculated skin depth of the super-
ficial instabilities using Eq. (4) (T=4.2 K).

that this mechanism determines the noise power via the size
of a coherent domain, but it is clear that, ideally, such a
stick-slip like process generates only a high frequency peak
at f=T, ! (and the associated harmonics), and a sharp peak
centered at f=0 containing the power of the process. This
should occur only if the same critical current (critical angle)
was reproduced at each instability. In reality, the disorder
effect causes the distribution of critical currents at the sample
scale and necessarily induces an irreproducibility of the el-
ementary instabilities magnitude. This creates fluctuations
around (i) and a broadening of the central peak (the low
frequency broad band noise). We will see that changing the
disorder, i.e., the surface roughness, by the reinforcement of
the low wave-vectors, results in a change of the associated
low frequency spectral shape.

C. On the noise for the rough surfaces

We have shown that the substantial rise of the critical
current in the mixed state can be mainly ascribed to the
increase of the surface roughness. For the samples with
the homogeneous surface states, the noise regime is simi-
lar above and below B,,, with comparable values of C. For
B=B,,, the noise magnitude of the sample (3) (rough sur-
faces) is enhanced in the same proportion as for the critical
current, meaning that the same C value is found again. For
B=B,,, anoise rise of two orders of magnitude more than /.
is observed. It is clear that no fundamental change in the
pinning mechanism has been introduced by the irradiation,
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FIG. 7. (Color online) Flux-flow noise spectral density in Nb (1)
and (3) (T=4.2 K, B=0.27 T<B,,). Note the huge increase of the
noise and the change of the spectral shape after the surface
irradiation.

since this latter was accounted for by the increase of the
surface roughness. In addition, specific heat measurements
confirm that the bulk second critical field B, remains un-
changed. Any modifications of py; were observed neither. As
expected by the very low kinetic energy of the ions, the
surface irradiation has no influence on the bulk properties of
the sample. An extra noise regime due to a strong increase of
the bulk defects concentration is thus very unlikely. An in-
crease of the correlation length C of the surface currents
fluctuations, resulting in less statistical averaging, is a more
consistent track. All samples being identical, apart from their
surface state, this increase has to be linked to the introduc-
tion of the artificial superficial disorder. In addition to the
enlargement of the coherent domain, a striking change can be
observed in the spectral shape. The usually smooth decay of
the noise power with the frequency is here replaced by a
strong decrease at high frequencies (S,,%f**) and a nearly
white noise below a kink at a frequency f, (Fig. 7). f, cor-
responds to a characteristic time 7,=1/f,, above which cor-
relation vanishes. f, turns out to have a too small vortex
velocity dependence to be obviously connected with a time
of flight or a transit time. Anyway, the appearance of a large
C and of f. are simultaneous. Since the characteristic length
r.=V;/f. is very far away from W or a, but always found
to be of the order of magnitude of C, this suggests that 7, is
associated to the collective rearrangement of the surface cur-
rents within the coherent domain.!”

Some large scale defects can be easily evidenced on the
degraded surface (Fig. 2). To be more precise, we have plot-

FIG. 8. (Color online) Left:
The roughness angle spectral den-
sities S gy for the virgin sample (1)
and the irradiated sample (3). For
this latter, for small wave vectors,
a strong rise of the spectral den-
sity can be observed. Right: Dif-
ference between the two spectral
1 densities in a log-log scale, so as

1 pnf1
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FIG. 9. (Color online) The correlation length as function of the
reduced magnetic field B/B¢, (B is the bulk value deduced from
specific heat measurements, 7=4.2 K). Note the strong increase of
C for B<B*=~1.1B,, for the Nb (3) (irradiated surfaces).

ted the roughness spectrum Sy(K) in Fig. 8, where the in-
crease of spectral weight due to the irradiation is clearly
shown. The lowest wave vectors are the most affected. They
correspond to the large bumps of diameter d=1 um which
are also visible in the AFM pictures (Fig. 2). Since they were
introduced by the irradiation, they offer an attractive expla-
nation for the large C values. We propose that they determine
the maximum available correlation length, within which the
instabilities are correlated, instead of & in the virgin samples.
This implies also that a slower diffusion of the instabilities is
involved. For such a large scale mechanism to be effective,
the possibility of strong collective effects between vortex
endings is necessary. Because of the magnetic long-range
interactions, the FLL is much softer for short wave vectors of
distortion (the elastic nonlocality).!® Even if we do not have
a quantitative analysis of the process, the following results
are qualitatively accounted for by the introduction of the
long-range interactions: (i) C increases with the magnetic
field close to B¢, (Fig. 9), as expected from the softening of
the vortex lattice, and (ii) C returns to the virgin sample
value as soon as B=B,,. Indeed, the surface superconduct-
ing state is populated by very short vortices which melt away
rapidly in the bulk,'” so their response is expected to be
individual (local). In the absence of long range interaction in
the lattice, the instabilities process cannot involve distortions
at small wave vector, but is limited to the small range rough-
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ness, as in the virgin samples. One of the key points is that
the large scale roughness affects the spatial extension of each
fluctuation, but not their power. The latter is fixed by the
critical current /. that exhibits a more monotonic trend to-
wards B,.

It can be observed that C returns strictly to its “virgin
surface” value for B=B"~1.1B,, and not for B=B,,, where
B, is the bulk value, as measured by specific heat. As pre-
viously noted, the surface irradiation causes a concentration
of Ar ions only in the first nm under the surface. As a con-
sequence, the coherence length is modified by mean free
path effects (for example, Ref. 10) and the surface second
critical field is locally increased, explaining why the surface
properties are now slightly shifted from the bulk properties.
Finally, one can note that any change in the noise statistics
can be observed in any sample and in any regime. The noise
is always Gaussian and stationary, even after the surface ir-
radiation where the correlation lengths are found to be nota-
bly increased. This can be attributed to the large size of our
samples which impedes any deviation from Gaussianity be-
cause of statistical averaging. If the size of the sample is
made small enough, a more peculiar behavior can be ex-
pected and is observed.?’

In conclusion, we have studied the critical current and the
voltage noise in niobium slabs, in the high field regime of the
mixed state and the surface superconducting state. It appears
that the critical current is quantitatively controlled by the
surface roughness, and as a consequence can be modified by
controlled low energy irradiation. The mechanism of voltage
noise which reflects the underlying surface current fluctua-
tions is not modified when the bulk vortex lattice changes
into the surface vortices. The associated correlation length
can be associated with the skin length of the superficial in-
stabilities. An artificial surface corrugation with large scale
defects causes an enlargement of this correlation length, only
for B=B,,. This reveals likely the long range interactions of
the mixed state.
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