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Local Density Fluctuations of Moving Vortices in the Solid and Liquid Phases
in BizSr;CaCuz 0,y
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By a new method using a 2DEG micro-Hall probe, the local field noise generated by current-driven
vortices was investigated around the vortex melting transition #gjdin Bi,S,CaCyO,. A broad-
band noise (BBN) was found to occur just when the pinned vortices start moving. When the vortex
velocity increased, the BBN disappeared. In turn, a narrow-band noise appeared. These noises were
observed in the liquid phase as well as in the solid phase. We conclude thatSp@iCuyO, the
moving vortices in the solid and liquid phases fluctuate qualitatively in the same manné{ pedrhis
is a characteristic of the vortices infSr,CaCu0O,. [S0031-9007(98)06160-2]

PACS numbers: 74.60.Ge, 74.25.Bt, 74.25.Fy, 74.72.Hs

Recent experiments have successfully identifiedThis makes ordinary voltage-noise measurement quite dif-
the first-order melting transition of vortices in high- ficult. As will be presented below, we developed a novel
temperature superconductors [1,2]. While theoreticamethod which detects fluctuations of local field or vor-
studies on this transition have been done mainly in théex density with a sensitivity as high @001 G/Hz!/2.
clean system [3,4], pinning is important in real systemsBy using this method, we observed the noise generated by
Resistive behavior suggests that the pinning is affectethe current-driven vortices both below and above the vor-
by the transition. In the case of YB@wO,, only the tex melting transition in BiS»,CaCuO, for the first time.
solid phase is pinned, whereas vortex liquid shows & here were two characteristic types of noise appearing only
simple Bardeen-Stephen-type flux-flow behavior [5]. Thewhen the current was flown. One of them was a broad-
drastic change of effectiveness of pinning at the transitiotband noise (BBN), of which appearance corresponded to
results in a sharp drop in resistivity. On the other handthe apparent onset of resistivity. It directly means that the
in Bi,SKLCaCuyO, we found previously that resistivity BBN is generated by the pinned vortices which start mov-
shows a more complex behavior [6]. Nonlinear resistivitying by Lorentz force. Moreover, the power spectral density
was observed both below and above the melting transitionf BBN was1/ f-like at an earlier stage, then changed into
field, and at higher fields resistivity showed thermallya Lorentzian for higher velocities. Around this crossover,
assisted-flux-flow-like behavior. This behavior which isthe intensity of BBN took maximum. The other noise was
very different from the case of YB&w; O, indicates that a sharp peak in the spectrum, namely, a narrow-band noise
the liquid vortices are pinned in B$r,CaCuO,, whilethe  (NBN). It appeared around the crossover region mentioned
mechanism of pinning can be quite different in the solidjust above, and shifted to higher frequencies as the vor-
and liquid phases [7]. These findings strongly suggestex velocity increased. The frequency of NBN was found
the complicated relationship between the pinning and théo scale with the inverse of transit time. In the smaller-
vortex phase. Thus, further experimental investigationselocity region where only/f-like BBN was observed, it
are still needed. Besides, the dynamic properties of thevas found that bulk pinning plays an important role on
current-driven vortices under the influence of pinningthe vortex motion, such as in the so-called plastic flow
become stimulating, since new concepts such as “dynamitate visualized by recent numerical simulations [12]. In
melting” have been proposed recently [8]. Thereforethe larger-velocity region where both Lorentzian BBN and
studies on the dynamic properties of the weakly pinnedNBN coexist, surface pinning seems to become significant
vortices are highly requested to investigate both then place of bulk pinning. The most important finding is
quasistatic and dynamic nature of the real vortex systemthat these features are common both in the solid and lig-

Noise measurement has proved to be a powerful toalid phases near the melting transition figlg. Similarity
for this purpose [9]. However, no noise measurement wasf solid and liquid vortices in dynamic behavior nddy,
performed in BiS»,CaCuO, around the vortex melting is considered to be characteristic of the vortex system in
transition, which contrasts with the case of ¥.BasO, Bi,S»CaCuO,.
where a few experiments have been reported [10,11]. The A single crystal of BiS»,CaCuyO, was grown by the
main reason is considered to be a problem of sensitivityfloating-zone method and annealed to have an optimal
Most of the noise studies performed so far measured volexygen content. The detailed procedure on sample prepa-
age noise. However, in the case 0§BihCaCuyO,, resis- ration was described elsewhere [6]. The superconducting
tivity just above the transition is the order b6~ 2 cm, transition temperatur@, defined as zero resistivity tem-

2 orders of magnitude smaller than that of ¥Ba;O,. perature was 88 K. The dimensions of the sample were
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1 X 0.4 X 0.02 mm?. The sample was directly placed on the prominent noise came out. The same spectral shapes
a 2DEG micro-Hall probe, of which the active area waswere found for four independent field sweeps, two of which
5 X 5 um?. This area was located far from the electri- were in the field-increasing process from the zero-field
cal contacts as well as any edges of the sample. Hatlooled state, and the other two were in the field-decreasing
voltage was first magnified 100 times by an NF LI-75A process. One can distinguish two characteristic types of
low-noise preamplifier and fed into an HP-35665A fast-noise at a glance. One of them was a broad-band noise.
Fourier transform analyzer. Frequency range was takeRor the current density = 250 A/cn?, it appeared about
from 1 to 400 Hz. The electrical grounding was care-20 Oe and its intensity increased to reach a maximum
fully taken and the signals were averaged typically foraround 30 Oe. With further increasing field, it decreased,
500 times. Then the background noise level was as low aand disappeared around 45 Oe. Where the intensity of
0.001 G/Hz!/? except at lowest frequencies. Data wereBBN took maximum, there appeared another component
collected for various magnetic fields and currents arounéh the spectrum, a peak structure, namely, a narrow-band
the vortex melting transition. Magnetic fields were ap-noise. The frequency of NBN shifted to higher frequencies
plied perpendicular to the CuyOplane, while currents as the field increased. Between 30 and 45 Oe, both BBN
were within the plane. and NBN were observed.

Figure 1 shows the frequency spectra at 80 K for various In Fig. 2, we show the field dependence of the intensity
fields with and without the applied current. When noof BBN, together with the resistivity and the local
current was applied, as is shown in the upper panel, onlynagnetization of the same sample. As is clearly seen,
the environmental background noise was seen for eadie BBN was observed just around the apparent onset
applied field. In contrast, under the finite current flow,of resistivity. In other words, BBN appears when the
pinned vortices get out of the stationary state into the
moving state. For larger current densities, these take place
far below the vortex melting transition field,, defined
as a step in magnetization. On the other hand, for the
smallest current, the onset of resistivity was justHgf,
and the BBN was observed even abadg. Namely,
BBN appeared in the vortex liquid phase négy. There
seems to be no discontinuous changé/at

As shown in Fig. 3, we plotted the NBN frequency as
a function of applied field for different current densities.
Also shown is the inverse of the transit time, which is
given by v/w, wherew is the vortex velocity, andv is
the width of the sample. The velocity was calculated
using the equatioir = B X v/c, whereE is the electric
field appearing along the current direction, which is the
quantity directly measured in “resistivity” measurement,
B is the field density, and is the speed of light. The
qualitative and even quantitative correspondence of the
NBN frequency to the valuev/v strongly suggests that
this noise is related to the entry and exit of the vortices to/
from the sample. As for the spectral shape of NBN, no
discontinuous change was foundry,.

It is likely that pinning plays a crucial role on the
generation of the noises including both BBN and NBN,
since they appear near the resistivity onset. However, it
has not been established what kind of pinning operates.
First of all, it is to be clarified which pinning is more
important: bulk or surface. Recently, using the array
of a number of micro-Hall probes, we have confirmed
directly that BBN is attributed to bulk pinning, while
FIG. 1. Local-field noise spectrum as a function of appliedNBN to surface pinning. The detailed results will be
field at 80 K in BbSpCaCuO, for the current densities pyplished elsewhere. Here, we summarize only three

J =0A/cm (the upper panel) and/ =250 A/cn? (the ; Ctee (i
lower panel). ForJ = 0 A/cn?, only the background noise main points: (i) BBN was ge_nerated everywhere on the
is observed in the entire region. Fdr= 250 A/cm?, there sample, and the intensity of it was smaller near the edge.

appear the prominent noises, a broad-band noise and a narro) Although BBN was 1/f-like or Lorentzian, BBN
band noise. had asite-specificshape. This “fingerprint” effect was
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Also shown is the inverse of the transit time, which is given

-3 | = 1 . . . o
10, — : — : E— by v/w, wherewv is the vortex velocity andv is the width of
i 5 1 the sample. These two curves are scaled well for each current
r |J=375Alcm 1107 density.

specific distribution of pinning centers. As for NBN,
it seems to be related to surface pinning, if one takes
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10— L L L gt Back to the main results, it was found that the noises in-
0 20 40 60 80 100 .
Applied Field (Oe) cluding both BBN and NBN were controlled by the vortex

_ _ ~velocity and not by the thermodynamic phase. Vortex-
FIG. 2. The intensity of the spectrum at 10 Hz, the resistivity, motion-induced noises were observed in several materials

and the local magnetization of the sample are plotted as _ ~ ; ; ;
function of applied field at 80 K. Local magnetization is given £10.11,13-15]. For the smaller-velocity region, various

by B — H,, whereB is local-field density andi, is applied features were reportgd.l/f_ noise was observed in
field. Only the relative scale of it was shown in the top panel afRef. [13]. Non-Gaussian noise [14,15] and other kinds
an arrow. The vortex melting transition fiekd, is defined as a  of noise [10,11] were also observed. On the other hand,
tsr:e? inf fg%gl\rl\et,izaﬁioﬂ-l Thehintenzity at 1% F{ﬁ which reptresentior the larger-velocity region, a Lorentzian was observed
at of BBN, 1S Nighly enhanced around the apparent OnS€&ather commonly. As for our data, the power spectral
gfnt?;ﬂcszg\r/rgﬁt (l)tc'(f’u:g ;{eaggtgg;;;t fof = 37.5 A/onv, the density of BBN was foqnd to bgt/f at first, and.then
changed into a Lorentzian. This crossover region took
place around where the intensity of BBN took maximum.
prominent when the vortex velocity was smaller. (iii) Compared with the previous works for other materials, it
BBN was invariant under the current reversal, while NBNis reasonable that thi/ f-noise region corresponds to the
changed. If surface pinning generates BBN, the intensitgmaller-velocity region, and the Lorentzian-noise region
would become larger as one gets closer to the edge of the the larger-velocity one. We propose that these two
sample. However, we obtained the opposite result. Otheaegions are qualitatively different from each other. In the
than this, BBN was site specific and current invariantlarger-velocity region, as the velocity increases, the inten-
It is to be noted that the observing sites are locatedity of BBN decreases gradually, which means in general
side by side only in the interval &0 um. Therefore, that the size of a kind of vortex bundle which consists of
if the fluctuations are created at one side and penetrase noise source unit gradually shrinks. This transient state
the sample, the spectral shape should be similar ratheontinues to the ordered “quiet” flux flow with no noise
than site specific. In addition, in such a case, the noisas the vortex velocity increases more. In addition, NBN
would change under the current reversal, since the vortexappeared in this region. As was discussed above, NBN
entering side where the fluctuations are supposed to ke attributed to surface pinning. Transmission of such a
generated is changed. That is not the case for BBN, ansurface effect over the whole sample becomes possible
rather the case for NBN. We can conclude that BBN isonly on the condition that bulk pinning is ineffective.
characterized by the conditions existing within the localTaking all these into account, we conclude that in the
site, and that NBN is characterized by some large-scal@rger-velocity region bulk pinning becomes gradually
conditions. More directly, BBN is related to the local ineffective and that, in turn, surface pinning dominates
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the vortex dynamics. On the other hand, in the smallerincreases, BBN turned from/f-like into Lorentzian,
velocity region, bulk pinning should be crucial, becauseand NBN appeared. At the same time, the intensity of
only 1/f-like BBN was observed, and moreover a site-BBN gradually decreased. In this region, surface pinning
specific feature was prominent. In the simple analysisseems to become crucial for the fluctuations. The most
1/f noise has been modeled by a summation of manymportant point in this paper is that these features are
Lorentzians with widely distributed roll-off frequencies. observed both in the solid and liquid phases nHgy.
We consider these fluctuations to exist in the area monwe conclude that in BErCaCuO, both the solid and
itored by us which contains about0 X 10 vortices. liquid vortices in motion are fluctuated qualitatively in the
Temporal appearance, disappearance, and interchangesafme manner at least neHdy,. That is, they are under
filamentary vortex-flow channels in this scale can be thahe influence of bulk pinning at the first stage, and then
origin of such a noise. The similar picture was provideda surface effect becomes significant with increasing the
by recent simulations [12], which describe the so-calledrelocity. A similar behavior between the solid and liquid
plastic flow. vortices neatt,, is considered to be characteristic of the
Finally, it should be stressed that these noises were olvortices in BoS»CaCuO,,.
served both in the solid and liquid phases. We found that The authors are grateful to Y. Kawaguchi, H. Hirai,
these noises are controlled by the velocity of vortices an@énd S. Komiyama for technical assistance in preparing
that there is no qualitative changef,. It demonstrates the Hall probes, and to H. Yasuda and Y. Tsuchiya for
that at least neafl,, the moving vortices in the liquid assistance with the crystal growth. They acknowledge
phase are fluctuated qualitatively in the same manner d3. G. Steel for helpful discussions and critical readings
are in the solid phase. At first, they are under the in-of the manuscript. This work was supported by the
fluence of bulk pinning. As the velocity increases, theGrant-in-Aid for Scientific Research from the Ministry of
surface effect is considered to be more important. This i€ducation, Science, Sports and Culture of Japan.
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