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To investigate the dynamics of driven vortices in superconductors, noise in the local vortex density was
investigated in the mixed state of a high-superconductor, BEr,CaCyO, , 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(BBise¢ 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 vortigesad 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.
DOI: 10.1103/PhysRevB.65.054506 PACS nuni®er74.60.Ec, 74.25.Jb, 74.25.Nf, 74.72.Hs
[. INTRODUCTION driving force. If there is finite pinning, flux creep takes place.

On the other hand, when there is almost no pinning, flux flow
Since the discovery of high-temperature superconductiveccurs. In both cases, vortices were considered to move in an
ity in cuprates, the physics of the vortex matter has attracteélastic bundle. Recently, however, a more complex form of
greater attention than before the hiflhera. This is because, vortex motion has been considered. Several theoretical
in high-T.. superconductors, various important energy scalestudie§ ™ and numerical simulatiot$** have discussed in
such as thermal energy, pinning energy, elastic energy, arféietail the possible dynamical phases of driven vortices in
interaction between vortices are comparable with each othepUPerconductors. Many of them agree with each other re-
which leads to a rich variety of new physics in the mixed garding the following aspects. If the driving force increases,

state of highT, superconductorsin particular, the physics depllrlmed tyortlces sta}rt molvmtg. When thet.drfllvlnggorce IS
of current-driven vortices has attracted much recenp ' VOrtiCES MOVE in a plastic manrigdastic flow (PP,

attention? This subject concerns the physics of a driven sys-Where there are channels in which vortices move with a finite
locity, whereas in other channels vortices remain pinned.

tem under random pinning, and much work has been focuse\{f‘

on the “?‘t“re of the moving state and .also on.the dynamlgre dislocations in the vortex lattice. With further increasing
phase diagram, namely the phase diagram in HheT  q.ing current, vortices tend to re-order. This is a common
—F (F is the driving force space. The physics of driven tea1re of the theoretical studies listed above. However, re-
vortices has many common aspects to the dynamics Qfarding the exact detail, there has been no consensus on what
charge- and spin-density wavéSDW and SDW in quasi-  the dynamical phase of the vortices should be.
one-dimensional materials, and to the dynamiCS of Wigner Koshelev and \/inok&rproposed a dynamic me|t|ng un-
crystals in correlated materials, and also to solid friction.der a finite driving force. Through this dynamic melting, the
This means that the subject probes a quite general, importastationary vortex lattice changes into the moving vortex lat-
issue in condensed-matter physics. tice. In addition, the critical fieldor the critical temperatuje

In high-T; superconductors, a complex equilibrium phasecorresponding to the FOT of the vortex lattice in the equilib-
diagram, particularly the presence of the first-order transitiomium state did not depend on the driving force.
(FOT) of the vortex latticé~* makes the problem more com-  Giamarchi and Le Doussalproposed another ordered
plicated and challenging. phase, the moving-Bragg glass. This phase is characterized

In a textbook of superconductiviithe situation has been by the presence of translational order whose spatial correla-
considered where a vortex lattice moves elastically under #on decays in a power law both parallel and perpendicular to
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TABLE |. Samples which were used in the measurements described in this Baperis the magnetic
field of the first-order phase transition of the vortex lattice in the equilibrium phaseTaisl the zero-
resistance critical temperature of superconductivityand X represent that the measurement was performed
and not performed, respectively.

Sample Dim. (mm) T, Brot (G) T Location Cross
(K) dep. dep. correlation
92r3 1.6<0.8x0.020 82 43T=70 K) @) X X
72al 0.4<0.2x0.020 87 26 T=80 K) X @) X
72c6 1.2<0.5X0.020 89 49 T=80 K) X X @)

the translational motion of the vortices. According to thishas been considered to have some relationship with various
theory, the transition between the Bragg glass and théw-frequency phenomen&=This conduction noise repre-
moving-Bragg glass is not a phase transition, but rather &entsthe velocity fluctuatlore_tveraged over a macroscopic
gradual crossover. They also argued that the Bragg glasgmple. However, what we discuss belowthis local-density
changes into the moving Bragg glass directly, without a refluctuationof vortices. This probe has the merit that we can
gion of plastic flow, if the disorder is weak. On the other discuss how the local fluctuations generate3d6 at different
hand, if the disorder is strong, the equilibrium phase is thé’laces are correlated with each other. Yetel™ already
vortex glass. After going through the PF, it changes into theStudied the density fluctuation using a superconducting quan-
moving transverse glass, which does not posess translationim interference devic€SQUID) technique both in a con-
order. ventional superconductor and in a high-superconductor.
Phenomenologically, the moving-Bragg-glass phase CaFowever, they did not concentrate on the dependence on the

be characterized by the presence of the so-called Washboa%cat'or.] nor on the spatial correlations.
N N e . : In this paper, we present the results of a study of the LDN
oscillation, which is a periodic velocity modulation caused

. . : s of vortices generated in a small area in the sample, measured
by the interaction between an almost uniform translation of %y a micro-Hall probe array, with a special emphasis on the
Fher'Od'Ch%bJecé and_lplnrt]_nlng ce_nte:s. '_rhus ftihe f/requ?]‘rm:y spatial correlations of the noise generated at different places

€ washboard osciliation 1S Simply given asvia, Wnere parallel and perpendicular to the flow direction. Using
vis the velocity anda_|s the spatial per[od|C|ty of the object. this technique, we tried to clarifgi) the nature of the vortex
;’;lseneggnomenon is well known in CDW and SDW state at each point of the dynamical phase spécethe
' . nature of the re-order h ic ph VS moving-
On the other hand, Balentst al.” proposed a smectic ature of the re-ordered phagemectic phase vs moving

phase which lacks translational order in the longitudinal di_Bragg—gIass phase(iii) characteristic aspects for high:

; ; . . cuprate superconductors.
rection of the flow even in the case of weak disorder. This P P

was based on the experimental fact that the washboard noise Il. EXPERIMENT
had not been observed in the vortices of superconductors . o
before, except in a system with artificially introduced strong A. Sample preparation and characterization

periodic pinning centet§ and in the thermally excited mo- The samples were single crystals 058,L,CaCy0, (Bi-
tion of a limited number of vortice¥. 2212 made by the floating-zone method. Almost optimally
Quite recently, washboard oscillation was observed in thjoped crystals were obtained by appropriate post annealing.
noise spectrum generated by driven vortex motion under ranrhey were cut into rectangular pieces with typical dimen-
dom pinning in the superconductor Bi,CaCyO, .** This  sjons of 1.5¢0.5 mnf in the ab plane and 0.02-mm thick-
supports the notion of the development of translational ordepess along the axis. Four-probe dc resistivity measurements
along the flow direction, and should force reconsideration okhowed no indication of other phases such as the so-called
current theories. However, a detailed picture of the vortexpoo3 phase (BBr,Cu,Cu;0,). The resistivity just above the
motion at each point of the dynamic phase diagram still rezyitical temperatureT, was ~400 xQ cm. The critical
mains a serious open question. . temperatureT ;. ranged between 82 and 89 K, depending on
To elucidate this issue, several experimental efforts havee crystals, which is probably due to very slight differences
been made” In  particular, ~various imaging in the chemical composition of the material. We do not be-
technique§"**2 have established the existence of variousjieye that these differences af. between different pieces of

states of driven vortices in conventional superconductorsyrystal should affect the essential physics discussed below.
However, for highT. superconductors, almost nothing hasTapje | lists the samples which were used in the measure-
been clarified, since these probes are applicable only over @ants described in this paper.

limited parameter rangétemperature, magnetic field, and

driving force.>~%For highT, superconductors, we chose a B. Local density noise measurement
slightly different approach; local-density-noiséLDN)
measuremerf® =22 Observation of low-frequency-noise has
been a popular tool to study the vortex motion both in con- The central significance of this paper is the time
ventional and highF, superconductor®>3and such noise (t)-dependent noiséluctuation of the local vortex density

1. Definition of the quantities we measured
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at the sitei, x;(t), which is correlated to its Fourier compo-
nentX;(f) (f is frequency as

X(f)= flxi(t)e*iz’f“dt. )

The power spectral densitg;(f) is the square average of
Xi(f),

Si(f)=lim

T—w

<Xi(f)xi*(f)> @

T

where * represents the complex conjugate, &nyl repre-

sents the ensemble average. According to the Wiener-

Kintchine theoremS;;(f) is related to the autocorrelation
function A;; (t),

1 (T2
Aii(t)= lim ff Xi(to)Xi(to+t)dto, 3
T2

T—oo -

as

sin=[ Amemta @
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the density noise at thesite, x;(t), and that at thg site,
X;(t), Ajj(t) is defined as

1 (T2
A”(t): I|m ?J /le(to)xl(t0+t)dto, (5)

T—o -

surement and resistivity measurement.

2. Measurements

The LDN of the vortices was measured by a
GaAs/GaA]_,As, two-dimensional electron ga&2DEG)
micro-Hall probe arrayactive area, %5 or 15<15 um?;

and represents how the fluctuations generated at these t#@acing between centers of each probe.30) placed on
different places are correlated spatially. The cross-spectrdhe flat surface of the specimen. There are typically 4-6

density

T—w

(6)

X ()X* ()
sl

is found to be equal to the Fourier transformAgf(t) as

&j(f)=J:Ai;(t)e‘”“”dt. (7

Below, we use the normalized cross-spectral density,
S;j(f)
VSi(F)S;;(f)

Note that the cross-spectral dens8y and the normalized
cross-spectral density;; are complex quantities. So, we can
represent

Hij(f)= 8

9

The amplitudeh;; is called coherencelf h;; is unity, that

Hij(f)=hy;(f)e'“D.

active areas in one array. The excitation level of the Hall
probe is typically 16-100 nA. The voltage generated by
each active area is proportional to the local vortex density
below the area. Thus measurement of the average voltage
tells us the local magnetization. After a differential preampli-
fication, the noise voltage of the Hall sensors was analyzed
by an HP-35665 fast Fourier transforFT) analyzer. Our
measurement sensitivity was limited by the background
noise level of the probe, which was typically 0.0005 \Biz
above 200 Hz.

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

Spatial correlations of the noise were measured simply by
putting the noise voltage generated at different places into
two different signal inputs of the analyzer, and calculating
the cross-spectral densig;(f). The array could be aligned
in the direction parallel or perpendicular to the driven cur-
rent. By doing so, the spatial correlations of the density noise
could be measured both parallel and perpendicular to the

means the fluctuations generated at the two places are corftew direction (Fig. 2).

pletely correlated. On the other hand,hf; is zero, these
fluctuations are uncorrelated.

As for the data presentation, no backgroyndise spec-
trum at zero current density and zero magnetic fisldbtrac-
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. . which changed the driving force under fixed “equilibrium”
) @ Applied Field parameters T andB), aj-swept experiment under constant
\ L B is preferable.
In all measurements, the magnetic field was applied per-
Site 5 pendicular to the Cu®plane.
Site 4
;E . Site 3 IIl. EXPERIMENTAL RESULTS
= Site 2
>4 . A. Total features
Site 1

Figure 3 shows the resistivity- and zero-current magneti-
zation data of three typical samples as a function of magnetic

(b) (® Applied Field field under a fixed current. For instance, in Figa)3a clear
\ kk ' anomaly was observed at 43 Oe, which corresponds to the
= FOT in the vortex lattice. Around the magnetization
ortexX’ Site 5 anomaly, the resistivity changed rapidly. Although not shown
QE— Site 4 in the figure, the magnetization anomaly was found to be
== Site 3 independent of the driving current. This behavior is in good
agreement with our previous restfityhich is also consis-
Site 2 tent with theoretical predictiofsHowever, the field value
/éi%ﬁ\ ite 1 where the resistivity changes very rapidly depends on the

driving current. Thus, as was already clarified in Ref. 24, the
resistivity is not a good measure of the FOT for Bi-2212.
Figure 4 shows a typical LDN spectrum as a function of
driving current under fixed magnetic field and temperature.
For this samplgsample 72ch the magnetic field value of
1.8 Oe corresponds to the solid phase in the zero-current
fmit. Extra noise appeared with increasing driving current,

dat;;\hwnhc_)ut background subtraction. ; d dthe F d the noise spectrum consisted of two kinds of noise,
e noise measurements were performed around the roadband noiseBBN) and narrow-band noiséNBN)

for various driving forces. Since the driving force density which has a peak at some frequency and its harmonics.

expressed as Previously?® we investigated the noise spectra as a function
of magnetic fieldH under fixed current density and found
f=]xB, (100 that the BBN took its maximum just before the resistivity
onset. In addition, the NBN appeared after the BBN intensity
wherej andB are the driving current density and magnetic began to decrease. On the other hand, the data shown in Fig.
field, respectively, we changed eitheor B in the experi- 4, where the experiment was done for various current densi-
ment. For convenience, typically we swept magnetic fieldties j’s under a fixed magnetic fielti, have total features
with a very slow rate under a fixed driving dc current. It which appear different from what were seen in Ref. 26. In
should be noted, however, in thH swept experiment, the the data shown in Fig. 4j) the BBN survived up to high
“equilibrium” condition was also changed. For experiments driving current densitiege.g., up to 240-288 Al/cf) and

FIG. 2. Schematic figures fd@) (array||(flow direction) con-
figuration v.s.(b) (array.L (flow direction configuration.

tion was made in the power spectral density data, other th
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FIG. 4. Density noise spectra of site 2 in sample 72c6 as a

function of current density at 31.8 Oe and at 65 K. Current density FIG. 5. Equinoise contour in thel-j plane taken at various
was increased by 48 A/chin each spectrum. The spectrum at zero temperatures of sample 92r3. Magnetic fields corresponding to the
current density is almost equal to the background noise spectruffOT are 151, 67, and 28 Oe for 50, 65, and 75 K, respectively, and
(zero current density and zero magnetic fiéfdthe present system. the second-peak fields are 237, 224, and 197 Oe for 32, 38, and 44
K, respectively. Inset: Equinoise conto(solid curve$ vs equiv-
(i) the NBN appeared even at a driving current densityelocity contour(dashed curvgsin the H-j plane at 44 K(sarr_lpl_e_
where the BBN was still largée.g., up to 144—240 A/cﬁl. 92r3).79The velocity of 7.510 cm/s corresponds to the resistivity
These differences are apparently strange, for both kinds dif 10~ ¢ cm.
experiments are similar in the sense that the driving force ) . ) .
was increased. However, sweeping the magnetic field undépe other hand, if one increaseander constari, the noise
constant current density crosses the magnetic-field anomaReWwer also takes a maximum value. However, it still remains
corresponding to the FOT in the zero-current limit. On theat & rather large value. For instance, if we increjpséong
other hand, sweeping the current density under constarfe line of H=125 Oe at 44 K, the noise power takes a
magnetic field does not cross the magnetization anomalynaximum at around 790 A/cnAfter this maximum, how-
This difference leads to the apparent differences between tHRVer, it remains large up te 1200 Alcnf. This corresponds
data in Ref. 26 and those presented in Fig. 4. This will beo the apparent asymmetry already discussed between the
shown more clearly in the next subsection. Unlike this dif-data in Fig. 4 and those in Ref. 26. We consider that the
ference, one common feature was that the frequency of th@symmetry in these two experiments is characteristic of
NBN shifted to higher frequencies with increasing driving high-T. cuprate superconductor, where the FOT exists in the
force in both experiments. equilibrium phase diagram. Except for the presence of the
The data in Fig. 4 show that at higher current densitied=OT, we consider that the behavior of the noise power is
(e.g., 432 Alcrf) another source of noise generation oc-basically symmetric in thg—H plane.
curred. This probably corresponds to the presence of pinning When the driving force density=jxB is constant,
centers with different pinning forces. «1/B. If we can regard thaB~H, then the constant driving
It should be also noted that the presence or the absence fsfrce f corresponds to the relationstjip 1/H. The equinoise
the NBN depended on the sample. For example, among theower data are found to be approximately along this const-
three samples shown in Table I, only two samples other thaaurve at each temperature. Furthermore, the data suggest that
sample 92r3 exhibited the NBN. This suggests that the origirthe noise power takes its maximum on another comstrve.
of the NBN is sensitive to the sample quality. Alternatively, ~To compare the noise intensity with resistivity data, the
the NBN generation might be related to an extrinsic mechaequinoise contour is shown together with the equivelocity

nism unconnected with the bulk pinning properties. contour at 44 K(the main panel of Fig. 5 where the veloc-
In the following subsection, we will discuss the BBN in ity v was estimated as=pj/B=E/B=V/LB (E is electric
more detail. field, V is voltage between the potential electrodess the

distance between the potential electrogess the resistivity,

j is the current density, andl is the magnetic field In this

figure, 7.5<10 cm/s corresponds to 18 Q cm, which is
The inset of Fig. 5 shows the equinoise contour in theabout the sensitivity limit of our resistivity measurement.

current density j) vs magnetic-field 1) plane measured at The data show that the noise takes its maximum just before

various temperatures. The differences discussed above c#hme resistivity onsef‘velocity onset”). Although the data are

be understood more easily in this figure. That isHifis  not shown in Fig. 5, essentially the same results were ob-

increased under constajitthe noise power takes a maxi- tained at all other temperatures investigated. Thus it was con-

mum at a certain field value, and decreases rapidly at thBrmed that large BBN was generated when the vortices start

field corresponding to the FOT in the zero-current limit. Onto move with a critical driving force probably corresponding

B. Broadband noise
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FIG. 7. BBN power spectral density of sample 72c6 generated at
each different site, when the sensor array was placed parallel to the
flow direction. Magnetic field, current density, and temperature
] were 115 Oe, 160 A/cfpand 65 K, respectively. In this figure, the
[ background noise at zero-current density and zero magnetic field
L L ‘ (shown in Fig. 4 were subtracted, for convenience. Since the FOT
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FIG. 6. Noise power spectral density of sample 72al at a site al
80 K, taken at current densities with the same magnitude and th
different directions. The signs and — in the figure represent the
current directions which are reverse to each other.

non was already reported in the conduction noise data of
'S?BaZCu30y, although the magnetic field was applied paral-
lel to the CuQ plane>?

All of these data suggest that the NBN generation is re-
lated to the presence of semimacroscopic defects. Again, to
to the critical current densitly. at various points of the three- confirm this idea, cross-correlation measurements are effec-
dimensional phase diagram Bif-T-F. tive.

Figure 6 compares the noise spectra taken at driving cur-
rent densities with the same magnitude but different direc-
tions. Although the NBN position differed very slightly, the
BBN spectra for different driving-force directions were 1. BBN vs NBN

found to be almost identical. . We clarified that the BBN reached a maximum just before
~ Aswas already discussed previougiyhe presence of the  ihe resistivity onset at various points in theT-F diagram.
fmger_—prlnt effect and the independence of the driving-forcerpis suggests that the BBN is related to the depinning pro-
direction suggest that the BBN was generated by the bulgess On the other hand, the plastic flow that was predicted
pinning centers located under each probe. To see this Moggose to the resistivity onset might also be the origin of a
clearly, cro_ss-correlauon mea_surements should be powerf%rge BBN, since the opening and closing of the moving
probes, which will be shown in Sec. Il D. channels leads to the LDN of vortices. To see which is more
probable in the present case, spatial correlation measure-
ments of the noise are useful. As was mentioned above, spa-
tial correlation measurements of the noise are also important
Although the BBN is suggested to have a bulk origin, theto determine the origins of the NBN. If we choose a value for
experimental features of the NBN support a rather differenthe current where the NBN is clearly observed in the spec-
origin for the NBN. Below, we will list the experimental trum, then the spatial correlations of the NBN can be studied.
features of the NBN. On the other hand, if we choose the current value at a level
(i) The presence or the absence of the NBN is dependenthere only the BBN is observed, then the spatial correlations
on the samples, which is in sharp contrast to the fact that thef the BBN can be studied.
BBN was observed in all the samples investigated. We will discuss the cross correlation of the BBN first.
(i) The time scale of the NBN was found to be the transitFigure 7 shows the power spectral density of the BBN of
time of vortices?® This is quite different from the time scale sample 72c6 taken at four different sites. Only the BBN was
of the NBN observed in the conduction noise, which was theobserved at all the sites at the values-bfandj. The cross
washboard nois# correlations were investigated between these 4 different sites.
(ii ) As was shown just above, the frequency of the NBNFigure 8 shows the coherentg =|S;;|/\S;S;; taken be-
depended on the driving-force direction. A similar phenom-tween two neighboring sites when the sensor array was

D. Spatial correlation measurement

C. Narrow-band noise
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0 100 200 300 400 direction. It is remarkable that the NBN shows a very large
Frequency (Hz) spatial correlation even between the farthest sites4),

o which is in sharp contrast to the BBN data. This supports our
FIG. 8. Coherenc of the BBN spectra in Fig. 7 taken between ,.qinys conclusion that the NBN is related to the transfer of
several different neighboring sites which are pn apart whenthe 1,4 density fluctuation generated at some point in the sample,
sensor array is placed in the Qirection parallel to the flow direCtiondefinitely. This also suggests the presence of semimacro-
Magnetic field, current density, and temperature were 115 Oegqqnic defects that can produce large density fluctuations. On
160 Alcnt, and 65 K, respectively. the other hand, the local nature of the BBN strongly suggests
that the BBN is generated by bulk pinning centers under the
placed in the direction parallel to the flow direction, wherearea of each sensor.
Si andS;; are the autocorrelation of the noise voltage at the
sitesi andj, respectively, ancs; is the cross correlation of
the noise voltage between theite and the site. The data in
Figs. §a) and(b) show that the cross correlation of the BBN ~ We also investigated the cross correlation of the BBN and
is ~0.02 at most above 160 Hz. Thus, the spatial correlatiodBN in the direction perpendicular to the flow direction.
of the BBN was found to be rather small even between the B R RARRERARAS nassseas
neighboring sites. It should be noted that the data taken be- ' F Site 1 (Edge)¥ (©) Site 3
tween sites 3 and @Fig. 8(c)] and the low-frequency part of o F
Fig. 8(b) show slightly larger spatial correlations. By inves- ARl
tigating the cross correlations in various places in other
samples, we found that the behavior seen between site 3 and
the neighboring sites is exceptional. We believe that the gen-
eral behavior is that the BBN shows a small spatial correla-

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

Density (G%/Hz)

tion. %
Figure 9 shows the cross correlation between sites which &,

are farther from each other. Although the data taken between

sites 1 and 3 show slightly larger correlations only at very n%_ 107

low frequencies, the overall result is that the BBN shows

rather small spatial correlations also between these sites. ) ST | TR 1
Next, let us move on to the NBN. Figure 10 shows the 0 ;:00 200 |gloo 400 }:oo 200 |Esloo 400

power spectra of the NBN of sample 72c6 taken at four requency (Hz) requency (Hz)

different sites. In all spectra, the NBN was clealy observed. F|G. 10. NBN power spectral density of sample 72c6 generated

Figure 11 shows the coherenicg taken between two differ-  at each different site. Magnetic field, current density, and tempera-

ent sites with different distancg80, 60, and 90um) when  ture were 115 Oe, 640 A/dmand 65 K, respectively. The back-

the sensors were put in the direction parallel to the flowground noise was subtracted.
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FIG. 11. Coherencé of the NBN spectra in Fig. 10 taken be- u
tween several different locations which a@ 30 uwm apart,(b) 10‘§ all I ‘
) 10
60 um apart, andc) 90 um apart when the sensor array is placed .
in the direction parallel to the flow direction. Magnetic field, current sf (d) Site 283
density, and temperature were 115 Oe, 640 Ajlcamnd 65 K, re- ®
ively. 2
spectively 5 o |
Figure 12 shows the coherenleg taken between two neigh- % 5 ‘;
boring sites when the sensors were in the direction perpen- (&} I
dicular to the flow direction. Both for the BBN and the NBN,
the cross correlations are very small. By comparing the BBN 1072 N AR ERANA
data in Figs. 12a) and(b) with those in Fig. 8, it was found 0 100 200 300 400
that the BBN showed larger correlations in the direction of Frequency (Hz)

the vortex flow than in the perpendicular direction at low ) )
frequencies below 100 HZAt high frequencies, the noise FIG. 12. Coherenchk of the density noise taken between several
level was very close to the background noise level. Thus Wéiif'ferent sites which are 3Qum apart when the sensors were put in

do not discuss the data at high frequengi@sus these data the direction perpendicular to the flow directiqa) and(b) are for

S he BBN, and(c) and(d) are for the NBN.(a) and(c) are between
suggest that the coherence of the vortex lattice is better désites 1 and 2, antb) and(d) are between sites 2 and 3. Temperature

veloped in the translational direction than in the transverse | magnetic field were 65 K and 115 Oe, respectively, and current

dwecpon. As_ will be discussed in the r_1ext section, this 1S jensities were 160 Alchor (@) and (b), and 640 Alcr for (c)
consistent with the concept of channel-like flow characterls-and(d) respectively.

tic of plastic flow.

This very large anisotropy was also found in the spatial
correlation of the NBN. As will be discussed later, however,in the solid phase and the others were in the liquid phase. We
we consider the meaning of the anisotropy in the spatiaPelieve that even in the liquid phase the spatial correlation
correlation to be very different between the BBN and themakes sense, for short-range correlations exist even in the
NBN. liquid phase. Thus the discussion below is applicable both

for the solid and liquid phases.
IV. DISCUSSION To summarize the experimental features of the BBNit
. is independent of current directiofii) it shows the finger-
A. Origin of the BBN print effect, andiii ) it shows rather small spatial correlations

In the previous sections, we showed the various experieven between neighboring sites (36m far). All of these

mental features of the BBN data, some of which were thoseharacteristics suggest that the BBN is generated by local-
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density fluctuations caused by bulk pinning centers whichsistent with channel-like motion considered in the concept of
are present under the active areas of the Hall sensor. Waastic flow. Plastic flow was already observed in conven-
stress that this conclusion became convincing by the spatigional superconductors. Our location-sensitive noise mea-
correlation measurements. surement also indicates that plastic flow occurs in high-
The data presented in this paper showed that the fluctuaguperconductors.

tions generated near site 3 show larger spatial correlations Concerning the anisotropy of the spatial correlations of
compared with other fluctuations. As was discussed in théhe BBN, one may interpret the anisotropy simply in terms of
previous section, this large correlation is exceptional, and théhe anisotropy of the elastic modulus of the vortex lattice.
general trend for the BBN is small spatial correlations. OnThat is, the anisotropy may simply be due to the fact that the
the other hand, the noise data from site 3, together with othdong-wavelength compression modulug of the vortex lat-
correlation data, rather suggest that the correlation length afce is much larger than the shear modutys, and may not

the BBN is something between 60 and 30m. be necessarily an indication for plastic flow. However, we do
not think that the difference in the elastic modulus can ex-
B. Origin of the NBN plain the anisotropy in the noise data. We measured the LDN

in the steady state. Thus, even if we have any differences
E’Detweenr:ll andcgg (they may differ by 4—5 orders of mag-
nitude in the present case, indg¢ethe fluctuation should
have definite spatial correlations in the perpendicular direc-
tion as well as in the parallel direction, provided there is a
finite cgg. IN other words, there will be no differences in the

i : ; ey patial correlation length of the fluctuation between these
the NBN.'S reIated_to the semimacroscopic transmission of, girections. Since the anisotropy data were taken in the
the density fluctuation at some location in the sample. Twq, phase whereg, was finite, the noise data would behave

cand_lda(tjtefs f?r t?ﬁ Ol:rylglll? ?rg pc()jssmle. One IS ? Semgn?cr?s'imilarly even in quantitatively, unless there was a plastic
scopic be ec C'jn. eh' uik. In i%??leTH ma%roscopg:_dlnea_r EeClRature in the vortex motion. Therefore it is unlikely that the
were observed in this materiel.The other candidate Is sur- anisotropy in the noise data shown up in our experiments is

face. The asymmetry observed under the sign reversal of t']ﬁterpreted by the difference in the elastic modulus. Thus the

driving forcg strongly suggests that the surface explanation 'Jata strongly suggest that the plastic nature exists in the vor-
more plausible. In fact, in the presence of a surface barrleliex motion

the entry and exit of the vortices into/out of the sample was 1. \BN was also found to have large anisotropy in the

highly asymmetric: spatial correlations. It should be noted, however, that the
_ large anisotropy found in the spatial correlation of the NBN

C. Plastic flow has a quite different meaning. Since it already became clear
Above, we discussed that the BBN had a bulk origin,that the NBN in the LDN is the manifestation of the transla-

whereas the NBN had an origin related to the presence of thdon of a semimacroscopic density fluctuation created at the
surface barrier. Thus, below, we concentrate on the BBN. surface, etc., the anisotropy in the spatial correlation demon-
In previous studies of the noise generated by the vorticestrates that the fluctuation tran§lates in one d_irection parallel
in superconductor¢mostly the conduction noigeit was O th_e vortex flqw. We do not th_|nk that the anisotropy in t_he
considered that the noise was generated when the vorticspatial colrrgIann of the NBN is related to the channel-like
were depinned, or when the vortices underwent plasti€haracteristics of the vortex motion.
flow.30-323338However, it was quite difficult to discriminate
solely on these experiments which of the two mechanisms
was dominant in each set of data. In almost all cases of Finally, let us discuss the relation between our noise data
previous studies, information obtained by numericaland existing theories of the dynamic states of vortices.
simulation$?~* played an essential role to obtain conclu- Through our noise study, the BBN was found to be the mani-
sions. festation of the plastic motion of the vortices under the ef-
In the present study, however, we measured the spatidécts of random bulk pinning. Since the BBN was largest just
correlation of the BBN directly for two different relative ori- before the resistivity onset at all temperatures, it can be said
entations(parallel and perpendicular to the flow direction that plastic flow was realized just before the resistivity onset.
Thus it became possible to understand the dominant mech&his behavior is consistent with almost all the existing theo-
nism of the BBN generation solely based on the experimenties and simulation&-®~'Thus we could not restrict the
tal data. theoretical possibilities based solely on the existing data of
The magnitude of the spatial correlations of the BBN wasthe LDN. As was already mentioned in Sec. |, the presence
different when the Hall probe array was placed parallel to theof the washboard conduction noise should force certain
flow direction compared to perpendicular to the flow direc-theorie$!! to reconsider the dynamic state. Without this
tion. This clearly indicates that coherence of the vortex lat-other information, however, we could only state that our data
tice developed better in the flow direction than in the perpenare consistent with all the theories currently available.
dicular direction. This is in contradiction to the elastic It should be also noted that at all temperatures the noise is
motion of the isotropic vortex bundle. It is rather more con-very small in the liquid state. This is closely related to the

In contrast to the BBN, the experimental features of th
NBN may be summarized as follows) The presence of the
NBN itself is dependent on the samplé@s) The time scale is
the transit time of vorticegiii) It is dependent on the current
direction.(iv) Large translational correlations exist even be-
tween the farthest sites (92m). These results suggest that

D. Correspondence to theoretical models
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presence of the FOT. However, this is quite different fromon the samples. Thus we consider the NBN to have been
the dynamic melting/re-ordering transition proposed in Refgenerated by semimacroscopic imperfections. In relation to
6. In general, the noise power decreased rapidly with increaghe dynamic phase diagram, large BBN was observed just
ing driving force. At present, we cannot separate the “phasevhen the vortices started moving. The dependence of the
transition” from a rapid crossover from plastic flow to or- spatial correlations on the direction of the array relative to
dered flow. the direction of the driving current suggested that plastic
According to a simulatiod? the crossover takes place via flow was realized when the large BBN was observed, chang-
“the smectic phase,” where there are finite spatial correlaing into coherent flow with further increasing driving cur-
tions only in the flow direction. Since the characteristicrent. The gross features of our data agree well with some of
length scale of the spatial correlations in the smectic phase ihe theoretically proposed dynamical phase diagrams of vor-
the vortex lattice spacing, which is- submicrons in the tices in superconductors.
present situation, it is impossible to judge whether or not the Although our noise measurements were on the local-

smectic phase exists from our present apparatus. density fluctuation, almost all other noise data have focused
on the conduction noise, which mainly represents the veloc-
V. CONCLUSION ity fluctuations averaged over the whole sample. To get more

o ) ) ] ) detailed information from the noise experiments, it is valu-
Noise in the local vortex density was investigated in thegpje to compare these two different kinds of fluctuation in

mixed state of a high-; superconductor, BEL,CaCyOy,  the same sample. This work is in progress, and the results
using 2DEG micro-Hall probe array. We studied the crossyjj| pe published in a separate publication.

correlation function, together with the autocorrelation func-
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