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Narrow-band noise due to the moving vortex lattice in superconducting niobium
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We report measurements of voltage noise due to vortex motion in Niobium, a conventional low-T,. super-
conductor. A coherent oscillation leading to narrow-band noise (NBN) is evidenced. Its characteristic frequency
is a linear function of the overcritical transport current in the flux-flow regime, and hence scales as the main
velocity of the vortex flow. The associated length scale is not the intervortex distance but the width of the
sample, indicating temporal coherence at a large scale. NBN is also observed in the nonlinear part of the V(1)
at the onset of depinning, in apparent disagreement with a stochastic creep motion of flux bundles. NBN exists
in the peak effect region, showing that long-range temporal correlations are preserved in this regime.
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I. INTRODUCTION

The properties of the vortex lattice (VL) have always at-
tracted a lot of attention. Among many interesting aspects,
similarities with other periodic systems as charge-density
waves and Wigner crystals, or even colloids on surfaces has
been recently emphasized. Therefore, VL has been used as a
model system for studying disordered elastic systems and
collective dynamics.! One of the challenges is to understand
the response of a system, submitted to quenched disorder, to
an external force. Complex phase diagrams have been theo-
retically predicted, which differ in details, but tend to an
average agreement: the pinning induces a defective structure
which reorders when submitted to a large applied force.>™*
The predictions which can be checked experimentally are
concerning the variation of the VL velocity (its main value or
the fluctuations of its value), or the variation in the structural
order (the structure factor in a diffraction experiment) as
function of the driving force. In the simplest case, the driving
force can be assumed to be proportional to the applied cur-
rent, what is relevant if all the current flows homogeneously
through the bulk. Note however that this neglects the impor-
tant cases of edge or surface pinning,>® where most of the
(critical) current is confined close to the boundaries of the
sample. In conventional and homogeneous soft supercon-
ductors, the V(I) curve is a line shifted from the origin by the
critical current I.. Two regimes (nondissipative: V=0 for I
<I,, and flux flow: V=Ry(I-1.) for I>1_.) describe such
curves. When the current is lower than /., the VL is pinned,
the main velocity and its fluctuations are zero. At higher
current, in the flux-flow regime, the vortices tend to form a
long-range ordered state, as experimentally confirmed by the
existence of orientational and positional long-range order
from neutron-scattering experiments.” The exact nature of
the ordered state has been largely debated. Theories predict a
crystalline” or a smectic order,* what refer closely to elasti-
cally coupled or decoupled channels in a moving glass.?
Most of the V(I) curves present a third regime close to the
threshold were the voltage is a nonlinear function of (I-1,)
and is usually associated to a creep motion of flux bundles.
Since the existence and the shape of this nonlinear part is
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found strongly sample dependent, the role of homogeneity of
the critical current at the sample scale can be important.®8 In
addition to the small shear modulus of the VL, this causes a
depinning of large slices of vortices and the global nonlinear
response can be explained by a sum of small linear regions.
In the case of strong disorder and moderate velocity (close to
the depinning threshold), a large number of dislocations can
lead to plasticity. Simulations have found that it corresponds
to a peak in d*>V/dI?, or equivalently to a convex upward
V(I) curve.”!® An anomalously large amount of broad band
noise (BBN) is also expected.”!"!> These BBN signatures
are observed in a part of the phase diagram where the peak
effect in the critical current occurs. NbSe, (pure and Fe
doped) is certainly the most studied material, and series of
quite thorough experimental investigations have been per-
formed. They converge to the idea that the anomalous trans-
port properties are dominated by the kinetics between two
macroscopic states with different pinning strengths.'® Both
the large non-Gaussian noise and the peak in the differential
resistance have been explained by a mechanism of “edge
contamination.”'#

Since the nature of disorder is one of the central point, an
interesting and sensitive experimental probe is the measure
of the noise generated during the vortex motion. As it is
deduced from the relation

E=—UL><B, (l)

any fluctuation of vortex density or velocity will be the cause
of voltage noise.'>"!7 Noise due to VL motion can exist in the
form of a BBN and/or of a narrow-band noise (NBN). BBN
is quite general and possibly ambiguous: detailed investiga-
tion is needed to elucidate its origin.'>!¢ In contrast, the ob-
servation of NBN is itself an information. This is a probe of
temporal coherence. The washboard noise whose frequency
is f=v;/N\ (N is the wavelength, i.e., the intervortex distance
ay for the VL and v, is the flow velocity) is one example of
NBN. Such a noisy signature has been largely studied in the
case of charges density waves sliding.'® The study of the
noise in moving VL has a long story and BBN has been
largely reported. However, only few experiments have re-
ported the existence of NBN. One experiment has associated
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the NBN observed in the high-T,. superconductor Bi—2212
to a washboard effect.!® Taking a,, as the characteristic scale,
the associated velocity was found very low and strongly field
dependent. It was concluded that the VL should move in a
Creep regime, but where washboard noise is a priori not
expected. The second experiment was made in a very pecu-
liar experimental geometry in a thin film of YBCO with the
field along the large surfaces.? The (here asymmetric due to
the presence of a substrate) role of the surfaces for the NBN
generation was pointed out. Cross-correlation functions of
flux-flow noise was measured some years ago by Heiden
et al.?' They used movable contact pairs to measure time-of-
flight effects. Most of the samples do not report any effect
(polycrystalline niobium and vanadium foils), except a
monocrystalline niobium which shows a coherence peak
likely associated to a time of flight between the two contacts
pairs which were close to the sample boundaries.

To extract a scale from a flight effect as in Ref. 21, it is
necessary to know the velocity. For VL, this latter is clearly
defined in the flux-flow regime from Eq. (1), v;=E/B. Along
a V(I) curve at fixed T and B, the velocity can then be di-
rectly controlled by changing the applied current. Here, we
report direct observations of NBN in niobium. It is observed
in addition to the more usual BBN which has been analyzed
with some details before.?” Interestingly, the NBN is ob-
served in the presence of the peak effect in the critical cur-
rent.

II. EXPERIMENT

The samples used were strips of niobium (7,=9.2 K,
RRR =800). They have been characterized by specific heat,
magnetization, and electronic transport. Samples are poly-
crystalline. The grain size is a few micrometers as revealed
by scanning electron microscope images. Our samples were
mechanically then chemically polished in order to limit sur-
face pinning and thereby having the critical current in a mea-
surable range. The critical fields delimiting mixed state and
surface superconductivity phases were, respectively, B,
=0.290+0.005 T and B.;~0.52 T at 4.2 K.?? These values
are those of pure niobium. In mixed and surface supercon-
ductivity states, non-Ohmicity and broad band voltage noise
due to surface pinning currents have been observed and
reported elsewhere.”?>?* Samples with different widths were
investigated. The samples 1 and 2 have widths of W=0.25
and 1.25 mm, respectively, and length X thickness=5
% 0.22 mm?. The sample geometry is shown in Fig. 1. The
sample 1 with the small width exhibits the peak effect in the
critical current. To ensure that the applied current (I
=0-10 A) is free from noise, it was delivered by car batter-
ies (12 V=70 Ah) in series with thermalized power resis-
tance. The measured voltage was amplified by ultralow noise
preamplifier (NF Electronics Instruments, model SA
—400F3) enclosed in a thick screening box. Signals were
recorded with a PCI-4551 (National instrument) analog in-
put channel, antialiased and Fourier transformed in real time.
The quantity of interest is here the autopower spectra S,,(f)
(V2/Hz) of the voltage noise measured along the direction of
the applied current (longitudinal noise). Contact noise and
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FIG. 1. (Color online) Schematic view of the sample, showing
the direction of the current /, the vortex velocity V; and the mag-
netic field B. L, W, and ¢ are length, width and thickness,
respectively.

sample noise were systematically checked at large current in
the normal state (B>B,) and in the Meissner state (B
<B, =0.14 T) and were found negligible compared to
background noise.

III. RESULTS

A. Phenomenological description of the NBN

Figure 2 shows S,,(f) for I=0.45,0.48 and 0.53 A and
B=0.28 T in the mixed state (sample 1). A background noise
measured under similar biasing conditions but at high field
(B>B_;) has been subtracted. S,,(f) clearly exhibits two
components. The first one is a BBN corresponding to the
flux-flow noise and has been deeply investigated by several
authors.!>1622 The second feature of the voltage spectra is
characterized by a sharp peaks centered at frequencies rang-
ing from 10 to about 40 Hz. These narrow-band contribu-
tions to the noise spectra, or NBN, appears simultaneously at
frequencies which are the multiples of a fundamental fre-
quency f,. First and sometimes second harmonics can be
observed. The analysis of a time series (from 30 min long
acquisitions) of spectra indicates that the NBN is stationary
and Gaussian (we observe frequency independent second
spectra®®).

FIG. 2. (Color online) Power spectrum of the voltage noise in
the mixed state of niobium (sample 1, B=0.28 T, T=4.2 K [
=0.45,0.47 and 0.53 A), showing BBN and NBN at f, and at 2f,
for 0.45 A.

024507-2



NARROW-BAND NOISE DUE TO THE MOVING VORTEX...

80

% flux-flow ¢
60 . 30 3 \ ®
= ] ) ¢
S - x !
Z ol flux-flow " 20] @
— y
> 154 /
20 . ] ;
I 10 1
I 54 \ I
0 ; ‘l iV S 0
00 01 02 03 04 05 06 07 00 01 02 03 04 05 06 07
I (Amp) I (Amp)

FIG. 3. Left: V(I) curve of the sample 1, B=0.28 T, T=4.2 K.
I" is the current where the first depinning occurs, I, is the average
critical current of the whole sample. Right: The corresponding f.(/)
curve. Note the linear relation between f,. and (I-1,) as soon as the
flux-flow is reached.

NBN has been measured for different biasing currents
along the V(I) curves. A typical V(I) and the corresponding
f.(I) are shown in Fig. 3. In the flux-flow regime, we find
that f, is proportional to (/-1,) (Fig. 4), hence to the main
VL velocity v, given by

_E_ Ry-1)

B Bd @

vr

where d is the distance between voltage contacts. The slope
vy /f, gives a value having the dimension of a distance. For
B<B,, we find f./v;=130%=0.05 mm. This agrees ex-
tremely well with the width of the sample W=1.25 mm for
the sample 2. We obtain also a good agreement with sample
1 which is about five times narrower. The linear fit gives
fe/v;=0.35+0.05 mm to compare with W=0.25 mm. A
NBN contribution could be linked with moving inhomoge-
neities coherently fluctuating over a pinning length scale.
The fact that this length scale is found to be the width of the
sample could indicates that the inhomogeneities are forming
at the foil edges where the lattice begins to form. We suspect
that small irregularities of the edges could be the cause of the
fluctuations.

In the following, we will focus on the qualitative proper-
ties of the narrow-band contribution to the noise spectra.
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FIG. 4. (Color online) E/B as function of f,. in the flux-flow
regime: 1 is for the sample 1 (B=0.24, 0.27, 0.28 T below and in
the peak effect region); 2 is for the sample 2 (B=0.26 T, 0.27, 0.28
T, no peak effect). The dotted line is a linear fit which gives
1.30+0.05 mm for the sample 2 and 0.35*0.05 mm for the
sample 1.
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B. Discussion

Let us compare the results with usual descriptions of
NBN. NBN is often found to replace BBN for clean or or-
dered VL indicating that the motion becomes coherent.” The
present results clearly show that both kinds of noise can be
simultaneously observed. Besides, the characteristic length
associated to the phenomenon referred to as NBN in simula-
tions is the intervortex distance. This is five orders of mag-
nitude smaller than the one observed here. In our experimen-
tal conditions, this washboard effect is expected at much
higher frequency than the low-frequency noise currently
measured and its measurement requires a high-frequency
dedicated setup. Hence, it must be noticed that we are deal-
ing with a different phenomenon, but in any case the NBN
evidences the coherence of the VL at the scale of the sample.
Its simultaneous occurrence with BBN demonstrates that the
BBN does not witnesses disorder. Indeed, the BBN persists
at high VL velocity in a well ordered state. This has been
consistently explained by description of the BBN relying on
ultrafast surface fluctuations of the critical current reflecting
the pinning potential independently of the line velocity and
of macroscopic reordering.'®?> We do not find any direct
correlation between the NBN and the BBN magnitudes when
the current is increased. After surface irradiation of the
sample, we observed a dramatic change in the BBN proper-
ties, with a strong increase of its magnitude,22 and the NBN
is not observed anymore. It may indicate that a strong sur-
face disorder breaks the long-range temporal coherence
needed for the NBN, but this deserves more systematic in-
vestigations.

NBN is also observed close to the depinning current, in
the nonlinear part of the V(I) curve before reaching the flux
flow (Fig. 3). Its characteristic frequency f, is observed
higher than expected from extrapolating the flux-flow behav-
ior to low velocity. This discrepancy is not surprising be-
cause the VL dynamical regime at low current is expected to
differ from that in flux flow. All models of vortex motion
agree that the velocity should be inhomogeneous in this re-
gime. As discussed above, this regime has been described
either as a creep motion, as a plastic flow or as a progressive
depinning of a succession of large slices due to a nonuniform
distribution of critical current over the length of the sample.
The observation of NBN implies that the velocity of large
parts of the VL fluctuates coherently and it is difficult to
reconcile with the either creep regime or plastic flow. On the
contrary, moving and still parts of the VL are expected to
coexist, so that the mean velocity defined by Eq. (2) should
underestimate the actual vortex velocity (as d overestimates
the size of the moving VL), thus explaining the observed
behavior. In addition, to the extend that the width of the
sample is always the pertinent scale, the quality factor is Q
=f./Af,~v;/Av;. It is always resolution limited with Af,
~4 Hz. This shows that Av;/v; =0.1 and that the velocity
dispersion is not much larger than in flux flow. We note that
washboard oscillation was previously observed by fast imag-
ing of VLs by scanning tunnel microscope in the so-called
creep regime at a very local scale.”> Due to the measuring
technique, it was not possible to know if coherence is pre-
served at the sample scale. Maeda et al.'® have observed
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NBN in the voltage noise in Bi-2212 at very low field (B
~20-80 G corresponds to ay=1-0.5 um). To associate
this NBN to the washboard frequency, a very low velocity of
the VL and a strong field dependence should be assumed (as
low as 10™* m/s), which is more consistent with a creep
regime. They conclude that temporal order is observed in a
regime where a stochastic motion is though to take place.
Finally, all these different experiments show that the “Creep”
regime is much more coherent than it is usually thought.
Note neutron-scattering experiments in conventional low-7.
materials indicate also that the VL is much more regular than
expected for a model of independent flux bundles motion at
the beginning of its motion.”-26:27

C. Scarcity of the NBN in VL studies

Only few occurrences of NBN in moving VLs have been
reported in the literature. If the frequency of NBN is f,
=v, /W, this means that a compromise between the VL ve-
locity and the sample width has to be found for allowing its
observation. Noise experiments, adapted to VLs studies, al-
low to measure noise spectrum typically for frequencies f
<1-10 KHz. Low frequency will be obtained with a large
width and a low VL velocity. A large width implies a large
critical current which is bad for noise experiments, because
of heating problems. A low VL velocity can be obtained in
samples with a low normal-state resistivity (v;=E/B=pg(J
-J,)/Bxp,), i.e., pure metals rather than alloys. This is why
niobium is a good candidate for the observation of such an
effect. On the other hand, a low resistivity generally favors a
low noise amount and makes the measurements
challenging.”® The experimental window is then very small.

D. NBN and peak effect

Interestingly, the sample with the smallest width exhibits
a peak effect in the critical current. This is shown in Fig. 5.
The peak effect in our niobium sample has several difference
from the one reported in NbSe,. In NbSe,, an extremely
large noise amount is observed in the lower part of the peak
effect, where a dynamic phase coexistence occurs. In addi-
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FIG. 5. Critical current /. as function of the magnetic field for
the sample 1. I, is defined in Fig. 3. Note that I*, defined with a 10
nV criterium, follows the same variation. The arrows mark the field
where the presence of NBN has been controlled.

tion, this noise has a non-Gaussian character.>>° Despite a
systematic analysis of effects by measurements of second
spectra,24 we do not observed such effects here. Moreover,
we do not see a change in the V() shape when crossing the
peak, contrary to the observation made in NbSe,. In our nio-
bium sample, we observe a peak effect with conventional
transport properties, including the presence of NBN which
proves a coherent VL motion. This confirms that the anoma-
lous transport properties which can be observed close to a
peak effect are directly coming from the phase coexistence,
which appears to be prominent in some samples but almost
absent in others, for reasons that deserve more attention.

IV. CONCLUSION

In conclusion, we have reported measurements of NBN in
a low T, superconductor. This NBN characteristic scale is the
width of the sample. The presence of harmonics confirms a
temporal coherence. This is also observed in a sample which
exhibits the peak effect in the critical current. As a conse-
quence, the moving state of vortices in the peak effect cannot
be described by an incoherent disordered state, at least in the
case of the moderate peak effect of niobium.
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