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Location-sensitive measurement of the local fluctuation
of driven vortex density in Bi2Sr2CaCu2Oy

A. Maeda
Department of Basic Science, The University of Tokyo, 3-8-1, Komaba, Meguro-ku, Tokyo 153-8902, Japan

and CREST, Japan Science and Technology Corporation (JST), 4-1-8, Honcho, Kawaguchi, 332-0012, Japan

T. Tsuboi, R. Abiru, Y. Togawa, H. Kitano, and K. Iwaya
Department of Basic Science, The University of Tokyo, 3-8-1, Komaba, Meguro-ku, Tokyo 153-8902, Japan

T. Hanaguri
Department of Advanced Materials Science, The University of Tokyo, 7-3-1, Hongo, Bunkyo-ku, Tokyo 113-8656, Japan

~Received 15 April 2001; published 3 January 2002!

To investigate the dynamics of driven vortices in superconductors, noise in the local vortex density was
investigated in the mixed state of a high-Tc superconductor, Bi2Sr2CaCu2Oy , using a two-dimensional electron
gas micro-Hall probe array. We studied the cross-correlation function, together with the autocorrelation func-
tion, both parallel and perpendicular to the direction of flow of the vortices. The broadband noise~BBN! did
not have large spatial correlations. This suggests that the BBN is due to the fluctuation of the local vortex
density generated by bulk pinning centers under the area of each probe. On the other hand, the narrow-band
noise ~NBN! ~with the time scale of the transit time of vortices! had large translational correlations. These
definitely show that the NBN was generated by semimacroscopic imperfections like the surface, macroscopic
line defects, etc. In relation to the dynamic phase diagram, large BBN was observed when the vortices started
moving. The dependence of the spatial correlations on the direction of the array relative to the direction of the
driving current suggested that plastic flow was present when the large BBN was observed. The gross features
of our data agree well with some of the theoretically proposed dynamical phase diagrams of vortices in
superconductors.
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I. INTRODUCTION

Since the discovery of high-temperature superconduc
ity in cuprates, the physics of the vortex matter has attrac
greater attention than before the high-Tc era. This is because
in high-Tc superconductors, various important energy sca
such as thermal energy, pinning energy, elastic energy,
interaction between vortices are comparable with each ot
which leads to a rich variety of new physics in the mix
state of high-Tc superconductors.1 In particular, the physics
of current-driven vortices has attracted much rec
attention.2 This subject concerns the physics of a driven s
tem under random pinning, and much work has been focu
on the nature of the moving state and also on the dyna
phase diagram, namely the phase diagram in theH2T
2F (F is the driving force! space. The physics of drive
vortices has many common aspects to the dynamics
charge- and spin-density waves~CDW and SDW! in quasi-
one-dimensional materials, and to the dynamics of Wig
crystals in correlated materials, and also to solid frictio
This means that the subject probes a quite general, impo
issue in condensed-matter physics.

In high-Tc superconductors, a complex equilibrium pha
diagram, particularly the presence of the first-order transit
~FOT! of the vortex lattice,2–4 makes the problem more com
plicated and challenging.

In a textbook of superconductivity,5 the situation has bee
considered where a vortex lattice moves elastically unde
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driving force. If there is finite pinning, flux creep takes plac
On the other hand, when there is almost no pinning, flux fl
occurs. In both cases, vortices were considered to move i
elastic bundle. Recently, however, a more complex form
vortex motion has been considered. Several theoret
studies6–9 and numerical simulations10–14 have discussed in
detail the possible dynamical phases of driven vortices
superconductors. Many of them agree with each other
garding the following aspects. If the driving force increas
depinned vortices start moving. When the driving force
small, vortices move in a plastic manner@plastic flow~PF!#,
where there are channels in which vortices move with a fin
velocity, whereas in other channels vortices remain pinn
Thus, between moving channels and static channels, t
are dislocations in the vortex lattice. With further increasi
driving current, vortices tend to re-order. This is a comm
feature of the theoretical studies listed above. However,
garding the exact detail, there has been no consensus on
the dynamical phase of the vortices should be.

Koshelev and Vinokur6 proposed a dynamic melting un
der a finite driving force. Through this dynamic melting, th
stationary vortex lattice changes into the moving vortex l
tice. In addition, the critical field~or the critical temperature!
corresponding to the FOT of the vortex lattice in the equil
rium state did not depend on the driving force.

Giamarchi and Le Doussal8 proposed another ordere
phase, the moving-Bragg glass. This phase is character
by the presence of translational order whose spatial corr
tion decays in a power law both parallel and perpendicula
©2002 The American Physical Society06-1
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TABLE I. Samples which were used in the measurements described in this paper.BFOT is the magnetic
field of the first-order phase transition of the vortex lattice in the equilibrium phase, andTc is the zero-
resistance critical temperature of superconductivity.s and3 represent that the measurement was perform
and not performed, respectively.

Sample Dim. (mm3) Tc

~K!
BFOT ~G! T

dep.
Location

dep.
Cross

correlation

92r3 1.630.830.020 82 43 (T570 K) s 3 3

72a1 0.430.230.020 87 26 (T580 K) 3 s 3

72c6 1.230.530.020 89 49 (T580 K) 3 3 s
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the translational motion of the vortices. According to th
theory, the transition between the Bragg glass and
moving-Bragg glass is not a phase transition, but rathe
gradual crossover. They also argued that the Bragg g
changes into the moving Bragg glass directly, without a
gion of plastic flow, if the disorder is weak. On the oth
hand, if the disorder is strong, the equilibrium phase is
vortex glass. After going through the PF, it changes into
moving transverse glass, which does not posess translat
order.

Phenomenologically, the moving-Bragg-glass phase
be characterized by the presence of the so-called washb
oscillation, which is a periodic velocity modulation caus
by the interaction between an almost uniform translation o
periodic object and pinning centers. Thus the frequencyf of
the washboard oscillation is simply given asf 5v/a, where
v is the velocity anda is the spatial periodicity of the objec
This phenomenon is well known in CDW and SDW
systems.15

On the other hand, Balentset al.7 proposed a smectic
phase which lacks translational order in the longitudinal
rection of the flow even in the case of weak disorder. T
was based on the experimental fact that the washboard n
had not been observed in the vortices of superconduc
before, except in a system with artificially introduced stro
periodic pinning centers16 and in the thermally excited mo
tion of a limited number of vortices.17

Quite recently, washboard oscillation was observed in
noise spectrum generated by driven vortex motion under
dom pinning in the superconductor Bi2Sr2CaCu2Oy .18 This
supports the notion of the development of translational or
along the flow direction, and should force reconsideration
current theories. However, a detailed picture of the vor
motion at each point of the dynamic phase diagram still
mains a serious open question.

To elucidate this issue, several experimental efforts h
been made.17,19–22 In particular, various imaging
techniques17,21,22 have established the existence of vario
states of driven vortices in conventional superconduct
However, for high-Tc superconductors, almost nothing h
been clarified, since these probes are applicable only ov
limited parameter range~temperature, magnetic field, an
driving force!.23–25For high-Tc superconductors, we chose
slightly different approach; local-density-noise~LDN!
measurement.26–28 Observation of low-frequency-noise ha
been a popular tool to study the vortex motion both in co
ventional and high-Tc superconductors,29–33 and such noise
05450
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has been considered to have some relationship with var
low-frequency phenomena.34,35 This conduction noise repre
sentsthe velocity fluctuationaveraged over a macroscop
sample. However, what we discuss below isthe local-density
fluctuationof vortices. This probe has the merit that we c
discuss how the local fluctuations generated at differ
places are correlated with each other. Yehet al.36 already
studied the density fluctuation using a superconducting qu
tum interference device~SQUID! technique both in a con
ventional superconductor and in a high-Tc superconductor.
However, they did not concentrate on the dependence on
location nor on the spatial correlations.

In this paper, we present the results of a study of the LD
of vortices generated in a small area in the sample, meas
by a micro-Hall probe array, with a special emphasis on
spatial correlations of the noise generated at different pla
both parallel and perpendicular to the flow direction. Usi
this technique, we tried to clarify~i! the nature of the vortex
state at each point of the dynamical phase space,~ii ! the
nature of the re-ordered phase~smectic phase vs moving
Bragg-glass phase!, ~iii ! characteristic aspects for high-Tc
cuprate superconductors.

II. EXPERIMENT

A. Sample preparation and characterization

The samples were single crystals of Bi2Sr2CaCu2Oy ~Bi-
2212! made by the floating-zone method. Almost optima
doped crystals were obtained by appropriate post annea
They were cut into rectangular pieces with typical dime
sions of 1.530.5 mm2 in the ab plane and 0.02-mm thick-
ness along thec axis. Four-probe dc resistivity measuremen
showed no indication of other phases such as the so-ca
2223 phase (Bi2Sr2Cu2Cu3Oy). The resistivity just above the
critical temperatureTc was ;400 mV cm. The critical
temperatureTc ranged between 82 and 89 K, depending
the crystals, which is probably due to very slight differenc
in the chemical composition of the material. We do not b
lieve that these differences ofTc between different pieces o
crystal should affect the essential physics discussed be
Table I lists the samples which were used in the meas
ments described in this paper.

B. Local density noise measurement

1. Definition of the quantities we measured

The central significance of this paper is the tim
(t)-dependent noise~fluctuation! of the local vortex density
6-2
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LOCATION-SENSITIVE MEASUREMENT OF THE LOCAL . . . PHYSICAL REVIEW B65 054506
at the sitei, xi(t), which is correlated to its Fourier compo
nentXi( f ) ( f is frequency! as

Xi~ f !5E
2`

`

xi~ t !e2 j 2p f tdt. ~1!

The power spectral densitySii ( f ) is the square average o
Xi( f ),

Sii ~ f ![ lim
T→`

K Xi~ f !Xi* ~ f !

T L , ~2!

where * represents the complex conjugate, and^ & repre-
sents the ensemble average. According to the Wie
Kintchine theorem,Sii ( f ) is related to the autocorrelatio
function Aii (t),

Aii ~ t !5 lim
T→`

1

TE2T/2

T/2

xi~ t0!xi~ t01t !dt0 , ~3!

as

Sii ~ f !5E
2`

`

Aii ~ t !e2 j 2p f tdt. ~4!

On the other hand, the cross-correlation function betw
the density noise at thei site, xi(t), and that at thej site,
xj (t), Ai j (t) is defined as

Ai j ~ t !5 lim
T→`

1

TE2T/2

T/2

xi~ t0!xj~ t01t !dt0 , ~5!

and represents how the fluctuations generated at these
different places are correlated spatially. The cross-spec
density

Si j ~ f ![ lim
T→`

K Xi~ f !Xj* ~ f !

T L ~6!

is found to be equal to the Fourier transform ofAi j (t) as

Si j ~ f !5E
2`

`

Ai j ~ t !e2 j 2p f tdt. ~7!

Below, we use the normalized cross-spectral density,

Hi j ~ f !5
Si j ~ f !

ASii ~ f !Sj j ~ f !
. ~8!

Note that the cross-spectral densitySi j and the normalized
cross-spectral densityHi j are complex quantities. So, we ca
represent

Hi j ~ f ![hi j ~ f !eiu( f ). ~9!

The amplitudehi j is called coherence. If hi j is unity, that
means the fluctuations generated at the two places are
pletely correlated. On the other hand, ifhi j is zero, these
fluctuations are uncorrelated.
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2. Measurements

The LDN of the vortices was measured by
GaAs/GaAl12xAsx two-dimensional electron gas~2DEG!
micro-Hall probe array~active area, 535 or 15315 mm2;
spacing between centers of each probe, 30mm) placed on
the flat surface of the specimen. There are typically 4
active areas in one array. The excitation level of the H
probe is typically 10;100 mA. The voltage generated b
each active area is proportional to the local vortex den
below the area. Thus measurement of the average vol
tells us the local magnetization. After a differential preamp
fication, the noise voltage of the Hall sensors was analy
by an HP-35665 fast Fourier transform~FFT! analyzer. Our
measurement sensitivity was limited by the backgrou
noise level of the probe, which was typically 0.0005 G/AHz
above 200 Hz.

On the back side of the crystal, four electrodes were
tached to measure the electrical resistivity. Thus we can
vestigate both the LDN and electrical resistivity simult
neously in the same experimental run. Our experimen
setup is shown schematically in Fig. 1.

Spatial correlations of the noise were measured simply
putting the noise voltage generated at different places
two different signal inputs of the analyzer, and calculati
the cross-spectral densitySi j ( f ). The array could be aligned
in the direction parallel or perpendicular to the driven cu
rent. By doing so, the spatial correlations of the density no
could be measured both parallel and perpendicular to
flow direction ~Fig. 2!.

As for the data presentation, no background~noise spec-
trum at zero current density and zero magnetic field! subtrac-

FIG. 1. Experimental setup for local-vortex-density-noise m
surement and resistivity measurement.
6-3
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A. MAEDA et al. PHYSICAL REVIEW B 65 054506
tion was made in the power spectral density data, other t
Figs. 7 and 10. Cross correlations were calculated using
data without background subtraction.

The noise measurements were performed around the
for various driving forces. Since the driving force densityf is
expressed as

f5 j3B, ~10!

where j andB are the driving current density and magne
field, respectively, we changed eitherj or B in the experi-
ment. For convenience, typically we swept magnetic fi
with a very slow rate under a fixed driving dc current.
should be noted, however, in theB swept experiment, the
‘‘equilibrium’’ condition was also changed. For experimen

FIG. 2. Schematic figures for~a! ~array!i~flow direction! con-
figuration v.s.~b! ~array!'~flow direction! configuration.
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which changed the driving force under fixed ‘‘equilibrium
parameters (T andB), a j -swept experiment under consta
B is preferable.

In all measurements, the magnetic field was applied p
pendicular to the CuO2 plane.

III. EXPERIMENTAL RESULTS

A. Total features

Figure 3 shows the resistivity- and zero-current magn
zation data of three typical samples as a function of magn
field under a fixed current. For instance, in Fig. 3~a!, a clear
anomaly was observed at 43 Oe, which corresponds to
FOT in the vortex lattice. Around the magnetizatio
anomaly, the resistivity changed rapidly. Although not sho
in the figure, the magnetization anomaly was found to
independent of the driving current. This behavior is in go
agreement with our previous result,24 which is also consis-
tent with theoretical predictions.6 However, the field value
where the resistivity changes very rapidly depends on
driving current. Thus, as was already clarified in Ref. 24,
resistivity is not a good measure of the FOT for Bi-2212.

Figure 4 shows a typical LDN spectrum as a function
driving current under fixed magnetic field and temperatu
For this sample~sample 72c6!, the magnetic field value o
31.8 Oe corresponds to the solid phase in the zero-cur
limit. Extra noise appeared with increasing driving curre
and the noise spectrum consisted of two kinds of no
broadband noise~BBN! and narrow-band noise~NBN!
which has a peak at some frequency and its harmon
Previously,26 we investigated the noise spectra as a funct
of magnetic fieldH under fixed current densityj , and found
that the BBN took its maximum just before the resistivi
onset. In addition, the NBN appeared after the BBN intens
began to decrease. On the other hand, the data shown in
4, where the experiment was done for various current de
ties j ’s under a fixed magnetic fieldH, have total features
which appear different from what were seen in Ref. 26.
the data shown in Fig. 4,~i! the BBN survived up to high
driving current densities~e.g., up to 240–288 A/cm2) and
f

-

FIG. 3. Dc resistivity and local
magnetization at zero current o
Bi2Sr2CaCu2Oy crystals as a func-
tion of magnetic field under sev
eral fixed driving currents.~a!
sample 92r3,~b! sample 72a1,~c!
sample 72c6.
6-4
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LOCATION-SENSITIVE MEASUREMENT OF THE LOCAL . . . PHYSICAL REVIEW B65 054506
~ii ! the NBN appeared even at a driving current dens
where the BBN was still large~e.g., up to 144–240 A/cm2).
These differences are apparently strange, for both kind
experiments are similar in the sense that the driving fo
was increased. However, sweeping the magnetic field un
constant current density crosses the magnetic-field anom
corresponding to the FOT in the zero-current limit. On t
other hand, sweeping the current density under cons
magnetic field does not cross the magnetization anom
This difference leads to the apparent differences between
data in Ref. 26 and those presented in Fig. 4. This will
shown more clearly in the next subsection. Unlike this d
ference, one common feature was that the frequency of
NBN shifted to higher frequencies with increasing drivin
force in both experiments.

The data in Fig. 4 show that at higher current densit
~e.g., 432 A/cm2) another source of noise generation o
curred. This probably corresponds to the presence of pinn
centers with different pinning forces.

It should be also noted that the presence or the absen
the NBN depended on the sample. For example, among
three samples shown in Table I, only two samples other t
sample 92r3 exhibited the NBN. This suggests that the or
of the NBN is sensitive to the sample quality. Alternative
the NBN generation might be related to an extrinsic mec
nism unconnected with the bulk pinning properties.

In the following subsection, we will discuss the BBN
more detail.

B. Broadband noise

The inset of Fig. 5 shows the equinoise contour in
current density (j ) vs magnetic-field (H) plane measured a
various temperatures. The differences discussed above
be understood more easily in this figure. That is, ifH is
increased under constantj , the noise power takes a max
mum at a certain field value, and decreases rapidly at
field corresponding to the FOT in the zero-current limit. O

FIG. 4. Density noise spectra of site 2 in sample 72c6 a
function of current density at 31.8 Oe and at 65 K. Current den
was increased by 48 A/cm2 in each spectrum. The spectrum at ze
current density is almost equal to the background noise spec
~zero current density and zero magnetic field! in the present system
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the other hand, if one increasesj under constantH, the noise
power also takes a maximum value. However, it still rema
at a rather large value. For instance, if we increasej along
the line of H5125 Oe at 44 K, the noise power takes
maximum at around 790 A/cm2. After this maximum, how-
ever, it remains large up to;1200 A/cm2. This corresponds
to the apparent asymmetry already discussed between
data in Fig. 4 and those in Ref. 26. We consider that
asymmetry in these two experiments is characteristic
high-Tc cuprate superconductor, where the FOT exists in
equilibrium phase diagram. Except for the presence of
FOT, we consider that the behavior of the noise power
basically symmetric in thej2H plane.

When the driving force densityf5 j3B is constant,j
}1/B. If we can regard thatB;H, then the constant driving
force f corresponds to the relationshipj}1/H. The equinoise
power data are found to be approximately along this conf
curve at each temperature. Furthermore, the data sugges
the noise power takes its maximum on another const-f curve.

To compare the noise intensity with resistivity data, t
equinoise contour is shown together with the equiveloc
contour at 44 K~the main panel of Fig. 5!, where the veloc-
ity v was estimated asv5r j /B5E/B5V/LB (E is electric
field, V is voltage between the potential electrodes,L is the
distance between the potential electrodes,r is the resistivity,
j is the current density, andB is the magnetic field!. In this
figure, 7.5310 cm/s corresponds to 1029 V cm, which is
about the sensitivity limit of our resistivity measuremen
The data show that the noise takes its maximum just be
the resistivity onset~‘‘velocity onset’’!. Although the data are
not shown in Fig. 5, essentially the same results were
tained at all other temperatures investigated. Thus it was c
firmed that large BBN was generated when the vortices s
to move with a critical driving force probably correspondin

a
y

m

FIG. 5. Equinoise contour in theH-j plane taken at various
temperatures of sample 92r3. Magnetic fields corresponding to
FOT are 151, 67, and 28 Oe for 50, 65, and 75 K, respectively,
the second-peak fields are 237, 224, and 197 Oe for 32, 38, an
K, respectively. Inset: Equinoise contour~solid curves! vs equiv-
elocity contour~dashed curves! in the H-j plane at 44 K~sample
92r3!. The velocity of 7.5310 cm/s corresponds to the resistivi
of 1029 V cm.
6-5
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to the critical current densityj c at various points of the three
dimensional phase diagram ofH-T-F.

Figure 6 compares the noise spectra taken at driving
rent densities with the same magnitude but different dir
tions. Although the NBN position differed very slightly, th
BBN spectra for different driving-force directions we
found to be almost identical.

As was already discussed previously,26 the presence of the
finger-print effect and the independence of the driving-fo
direction suggest that the BBN was generated by the b
pinning centers located under each probe. To see this m
clearly, cross-correlation measurements should be powe
probes, which will be shown in Sec. III D.

C. Narrow-band noise

Although the BBN is suggested to have a bulk origin, t
experimental features of the NBN support a rather differ
origin for the NBN. Below, we will list the experimenta
features of the NBN.

~i! The presence or the absence of the NBN is depen
on the samples, which is in sharp contrast to the fact that
BBN was observed in all the samples investigated.

~ii ! The time scale of the NBN was found to be the tran
time of vortices.26 This is quite different from the time scal
of the NBN observed in the conduction noise, which was
washboard noise.18

~iii ! As was shown just above, the frequency of the NB
depended on the driving-force direction. A similar pheno

FIG. 6. Noise power spectral density of sample 72a1 at a sit
80 K, taken at current densities with the same magnitude and
different directions. The signs1 and2 in the figure represent the
current directions which are reverse to each other.
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enon was already reported in the conduction noise data
YBa2Cu3Oy , although the magnetic field was applied par
lel to the CuO2 plane.32

All of these data suggest that the NBN generation is
lated to the presence of semimacroscopic defects. Again
confirm this idea, cross-correlation measurements are e
tive.

D. Spatial correlation measurement

1. BBN vs NBN

We clarified that the BBN reached a maximum just befo
the resistivity onset at various points in theH-T-F diagram.
This suggests that the BBN is related to the depinning p
cess. On the other hand, the plastic flow that was predic
close to the resistivity onset might also be the origin o
large BBN, since the opening and closing of the movi
channels leads to the LDN of vortices. To see which is m
probable in the present case, spatial correlation meas
ments of the noise are useful. As was mentioned above,
tial correlation measurements of the noise are also impor
to determine the origins of the NBN. If we choose a value
the current where the NBN is clearly observed in the sp
trum, then the spatial correlations of the NBN can be stud
On the other hand, if we choose the current value at a le
where only the BBN is observed, then the spatial correlati
of the BBN can be studied.

We will discuss the cross correlation of the BBN firs
Figure 7 shows the power spectral density of the BBN
sample 72c6 taken at four different sites. Only the BBN w
observed at all the sites at the values ofH and j . The cross
correlations were investigated between these 4 different s
Figure 8 shows the coherencehi j [uSi j u/ASii Sj j taken be-
tween two neighboring sites when the sensor array w

at
he

FIG. 7. BBN power spectral density of sample 72c6 generate
each different site, when the sensor array was placed parallel to
flow direction. Magnetic field, current density, and temperatu
were 115 Oe, 160 A/cm2, and 65 K, respectively. In this figure, th
background noise at zero-current density and zero magnetic
~shown in Fig. 4! were subtracted, for convenience. Since the F
took place at 134 Oe at this temperature, the data were taken in
solid state.
6-6
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LOCATION-SENSITIVE MEASUREMENT OF THE LOCAL . . . PHYSICAL REVIEW B65 054506
placed in the direction parallel to the flow direction, whe
Sii andSj j are the autocorrelation of the noise voltage at
sites i and j, respectively, andSi j is the cross correlation o
the noise voltage between thei site and thej site. The data in
Figs. 8~a! and~b! show that the cross correlation of the BB
is ;0.02 at most above 160 Hz. Thus, the spatial correla
of the BBN was found to be rather small even between
neighboring sites. It should be noted that the data taken
tween sites 3 and 4@Fig. 8~c!# and the low-frequency part o
Fig. 8~b! show slightly larger spatial correlations. By inve
tigating the cross correlations in various places in ot
samples, we found that the behavior seen between site 3
the neighboring sites is exceptional. We believe that the g
eral behavior is that the BBN shows a small spatial corre
tion.

Figure 9 shows the cross correlation between sites wh
are farther from each other. Although the data taken betw
sites 1 and 3 show slightly larger correlations only at ve
low frequencies, the overall result is that the BBN sho
rather small spatial correlations also between these sites

Next, let us move on to the NBN. Figure 10 shows t
power spectra of the NBN of sample 72c6 taken at fo
different sites. In all spectra, the NBN was clealy observ
Figure 11 shows the coherencehi j taken between two differ-
ent sites with different distances~30, 60, and 90mm) when
the sensors were put in the direction parallel to the fl

FIG. 8. Coherenceh of the BBN spectra in Fig. 7 taken betwee
several different neighboring sites which are 30mm apart when the
sensor array is placed in the direction parallel to the flow directi
Magnetic field, current density, and temperature were 115
160 A/cm2, and 65 K, respectively.
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direction. It is remarkable that the NBN shows a very lar
spatial correlation even between the farthest sites~1–4!,
which is in sharp contrast to the BBN data. This supports
previous conclusion that the NBN is related to the transfe
the density fluctuation generated at some point in the sam
definitely. This also suggests the presence of semima
scopic defects that can produce large density fluctuations
the other hand, the local nature of the BBN strongly sugge
that the BBN is generated by bulk pinning centers under
area of each sensor.

2. Cross correlation of the BBN and NBN; dependence on the
array direction relative to the flow direction

We also investigated the cross correlation of the BBN a
NBN in the direction perpendicular to the flow directio

.
e,

FIG. 9. Coherenceh of the BBN spectra in Fig. 7 taken betwee
several different sites which are~a! 60 mm apart and~b! 90 mm
apart when the sensor array is placed in the direction parallel to
flow direction. Magnetic field, current density, and temperatu
were 115 Oe, 160 A/cm2, and 65 K, respectively.

FIG. 10. NBN power spectral density of sample 72c6 genera
at each different site. Magnetic field, current density, and temp
ture were 115 Oe, 640 A/cm2, and 65 K, respectively. The back
ground noise was subtracted.
6-7
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Figure 12 shows the coherencehi j taken between two neigh
boring sites when the sensors were in the direction perp
dicular to the flow direction. Both for the BBN and the NBN
the cross correlations are very small. By comparing the B
data in Figs. 12~a! and~b! with those in Fig. 8, it was found
that the BBN showed larger correlations in the direction
the vortex flow than in the perpendicular direction at lo
frequencies below 100 Hz.~At high frequencies, the nois
level was very close to the background noise level. Thus
do not discuss the data at high frequencies.! Thus these data
suggest that the coherence of the vortex lattice is better
veloped in the translational direction than in the transve
direction. As will be discussed in the next section, this
consistent with the concept of channel-like flow characte
tic of plastic flow.

This very large anisotropy was also found in the spa
correlation of the NBN. As will be discussed later, howev
we consider the meaning of the anisotropy in the spa
correlation to be very different between the BBN and t
NBN.

IV. DISCUSSION

A. Origin of the BBN

In the previous sections, we showed the various exp
mental features of the BBN data, some of which were th

FIG. 11. Coherenceh of the NBN spectra in Fig. 10 taken be
tween several different locations which are~a! 30 mm apart,~b!
60 mm apart, and~c! 90 mm apart when the sensor array is plac
in the direction parallel to the flow direction. Magnetic field, curre
density, and temperature were 115 Oe, 640 A/cm2, and 65 K, re-
spectively.
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in the solid phase and the others were in the liquid phase.
believe that even in the liquid phase the spatial correlat
makes sense, for short-range correlations exist even in
liquid phase. Thus the discussion below is applicable b
for the solid and liquid phases.

To summarize the experimental features of the BBN,~i! it
is independent of current direction,~ii ! it shows the finger-
print effect, and~iii ! it shows rather small spatial correlation
even between neighboring sites (30mm far!. All of these
characteristics suggest that the BBN is generated by lo

t

FIG. 12. Coherenceh of the density noise taken between seve
different sites which are 30mm apart when the sensors were put
the direction perpendicular to the flow direction.~a! and~b! are for
the BBN, and~c! and~d! are for the NBN.~a! and~c! are between
sites 1 and 2, and~b! and~d! are between sites 2 and 3. Temperatu
and magnetic field were 65 K and 115 Oe, respectively, and cur
densities were 160 A/cm2 for ~a! and ~b!, and 640 A/cm2 for ~c!
and ~d!, respectively.
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LOCATION-SENSITIVE MEASUREMENT OF THE LOCAL . . . PHYSICAL REVIEW B65 054506
density fluctuations caused by bulk pinning centers wh
are present under the active areas of the Hall sensor.
stress that this conclusion became convincing by the sp
correlation measurements.

The data presented in this paper showed that the fluc
tions generated near site 3 show larger spatial correlat
compared with other fluctuations. As was discussed in
previous section, this large correlation is exceptional, and
general trend for the BBN is small spatial correlations.
the other hand, the noise data from site 3, together with o
correlation data, rather suggest that the correlation lengt
the BBN is something between 60 and 30mm.

B. Origin of the NBN

In contrast to the BBN, the experimental features of
NBN may be summarized as follows.~i! The presence of the
NBN itself is dependent on the samples.~ii ! The time scale is
the transit time of vortices.~iii ! It is dependent on the curren
direction.~iv! Large translational correlations exist even b
tween the farthest sites (90mm). These results suggest th
the NBN is related to the semimacroscopic transmission
the density fluctuation at some location in the sample. T
candidates for the origin are possible. One is a semima
scopic defect in the bulk. Indeed, macroscopic linear defe
were observed in this material.37 The other candidate is sur
face. The asymmetry observed under the sign reversal o
driving force strongly suggests that the surface explanatio
more plausible. In fact, in the presence of a surface bar
the entry and exit of the vortices into/out of the sample w
highly asymmetric.38

C. Plastic flow

Above, we discussed that the BBN had a bulk orig
whereas the NBN had an origin related to the presence o
surface barrier. Thus, below, we concentrate on the BBN

In previous studies of the noise generated by the vort
in superconductors~mostly the conduction noise!, it was
considered that the noise was generated when the vor
were depinned, or when the vortices underwent pla
flow.30,32,33,36However, it was quite difficult to discriminate
solely on these experiments which of the two mechanis
was dominant in each set of data. In almost all cases
previous studies, information obtained by numeric
simulations12–14 played an essential role to obtain concl
sions.

In the present study, however, we measured the sp
correlation of the BBN directly for two different relative or
entations~parallel and perpendicular to the flow direction!.
Thus it became possible to understand the dominant me
nism of the BBN generation solely based on the experim
tal data.

The magnitude of the spatial correlations of the BBN w
different when the Hall probe array was placed parallel to
flow direction compared to perpendicular to the flow dire
tion. This clearly indicates that coherence of the vortex
tice developed better in the flow direction than in the perp
dicular direction. This is in contradiction to the elast
motion of the isotropic vortex bundle. It is rather more co
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sistent with channel-like motion considered in the concep
plastic flow. Plastic flow was already observed in conve
tional superconductors.25 Our location-sensitive noise mea
surement also indicates that plastic flow occurs in highTc
superconductors.

Concerning the anisotropy of the spatial correlations
the BBN, one may interpret the anisotropy simply in terms
the anisotropy of the elastic modulus of the vortex lattic
That is, the anisotropy may simply be due to the fact that
long-wavelength compression modulusc11 of the vortex lat-
tice is much larger than the shear modulusc66, and may not
be necessarily an indication for plastic flow. However, we
not think that the difference in the elastic modulus can
plain the anisotropy in the noise data. We measured the L
in the steady state. Thus, even if we have any differen
betweenc11 andc66 ~they may differ by 4–5 orders of mag
nitude in the present case, indeed!, the fluctuation should
have definite spatial correlations in the perpendicular dir
tion as well as in the parallel direction, provided there is
finite c66. In other words, there will be no differences in th
spatial correlation length of the fluctuation between the
two directions. Since the anisotropy data were taken in
solid phase wherec66 was finite, the noise data would behav
similarly even in quantitatively, unless there was a plas
nature in the vortex motion. Therefore it is unlikely that th
anisotropy in the noise data shown up in our experiment
interpreted by the difference in the elastic modulus. Thus
data strongly suggest that the plastic nature exists in the
tex motion.

The NBN was also found to have large anisotropy in t
spatial correlations. It should be noted, however, that
large anisotropy found in the spatial correlation of the NB
has a quite different meaning. Since it already became c
that the NBN in the LDN is the manifestation of the trans
tion of a semimacroscopic density fluctuation created at
surface, etc., the anisotropy in the spatial correlation dem
strates that the fluctuation translates in one direction para
to the vortex flow. We do not think that the anisotropy in t
spatial correlation of the NBN is related to the channel-li
characteristics of the vortex motion.

D. Correspondence to theoretical models

Finally, let us discuss the relation between our noise d
and existing theories of the dynamic states of vortic
Through our noise study, the BBN was found to be the ma
festation of the plastic motion of the vortices under the
fects of random bulk pinning. Since the BBN was largest j
before the resistivity onset at all temperatures, it can be s
that plastic flow was realized just before the resistivity ons
This behavior is consistent with almost all the existing the
ries and simulations.6–8,11–14Thus we could not restrict the
theoretical possibilities based solely on the existing data
the LDN. As was already mentioned in Sec. I, the prese
of the washboard conduction noise should force cert
theories7,11 to reconsider the dynamic state. Without th
other information, however, we could only state that our d
are consistent with all the theories currently available.

It should be also noted that at all temperatures the nois
very small in the liquid state. This is closely related to t
6-9
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presence of the FOT. However, this is quite different fro
the dynamic melting/re-ordering transition proposed in R
6. In general, the noise power decreased rapidly with incre
ing driving force. At present, we cannot separate the ‘‘ph
transition’’ from a rapid crossover from plastic flow to o
dered flow.

According to a simulation,14 the crossover takes place v
‘‘the smectic phase,’’ where there are finite spatial corre
tions only in the flow direction. Since the characteris
length scale of the spatial correlations in the smectic phas
the vortex lattice spacing, which is; submicrons in the
present situation, it is impossible to judge whether or not
smectic phase exists from our present apparatus.

V. CONCLUSION

Noise in the local vortex density was investigated in t
mixed state of a high-Tc superconductor, Bi2Sr2CaCu2Oy ,
using 2DEG micro-Hall probe array. We studied the cro
correlation function, together with the autocorrelation fun
tion, both parallel and perpendicular to the flow direction
vortices. The BBN exhibited the fingerprint effect, and d
not have large spatial correlations. These observations
gest that the BBN is due to fluctuations of the local vort
density generated by the bulk pinning centers under the
of each probe. On the other hand, the NBN, whose time s
was found to be the transit time of the vortices, had la
translational correlations. Various features of the NBN,
cluding the very presence or absence of the NBN, depen
d
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on the samples. Thus we consider the NBN to have b
generated by semimacroscopic imperfections. In relation
the dynamic phase diagram, large BBN was observed
when the vortices started moving. The dependence of
spatial correlations on the direction of the array relative
the direction of the driving current suggested that plas
flow was realized when the large BBN was observed, cha
ing into coherent flow with further increasing driving cu
rent. The gross features of our data agree well with som
the theoretically proposed dynamical phase diagrams of
tices in superconductors.

Although our noise measurements were on the loc
density fluctuation, almost all other noise data have focu
on the conduction noise, which mainly represents the ve
ity fluctuations averaged over the whole sample. To get m
detailed information from the noise experiments, it is va
able to compare these two different kinds of fluctuation
the same sample. This work is in progress, and the res
will be published in a separate publication.
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