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We report high-resolution measurements of volt@genoise in the mixed state of micrometer-sized thin
films of amorphous Ng,Gey 3, which is a good representative of weak-pinning superconductors. There is a
remarkable difference between the noise below and above the irreversibilityBfield Below B;,, , in the
presence of measurable pinning, the noise at small applied currents resembles shot noise, and in the regime of
flux flow at larger currents decreases with increasing voltage due to a progressive ordering of the vortex
motion. At magnetic field88 betweenB;,, and the upper critical fielB., flux flow is present already at
vanishingly small currents. In this regime the noise scales with B1B,,)?V? and has a frequencf)
spectrum of 1f type. We interpret this noise in terms of the properties of strongly driven depinned vortex
systems at high vortex density.
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[. INTRODUCTION introduce fluctuations in their velocity? Moreover, it is
When set in motion by a curremt vortices in supercon- known that shot noise probes the properties of “granular
ductors generate a voltage The resultingV/(l) curve may Mmagnetic-flux charge,N¢y, but the details of this process
be either nonlinear, implying depinning phenomena, or lin-are still subject to discussion—especiallNfis small(char-
ear, indicating flux flow(FF). SuchV(l) characteristics do acteristic of weak pinning . . .
not provide complete information on the nature of Vortexmelrr:tsfh:;hiréingo\?\;gsgretﬁgn;bhc;gz_rt?)z(i)(lzls]tlc\)/r\]/enﬁg\?eQﬁiilej;;e_a
motion, especially if the pinning is weak. This is a point '

: ) . . system particularly suitable for such research, namely
where information available from the voltage noise becomero _G&, 5 amorphous thin films of thickness comparable

a powerful indicator of the underlying physics. The finding g the coherence length These films are conventional, iso-
that vortices moving as bundles composed\ofmagnetic-  tropic, weak-couplingswave BCS superconductors in the
flux quantag, may produce shot noise attracted considerablelirty limit, and for é~d they exhibit an extendedB(T)
attention, and resulted in extensive subsequent work whichange of easily movable vorticéSIn contrast to the compli-
was eventually extended beyond a simple shot-noiseated situation in higfi-, compounds, here vortices can be
approach. Samples used in these studies were mainly polyconsidered as undeformed “cylinders” of a volurgéd and
crystalline conventional superconductors with appreciabléhe Ginzburg-Landa(GL) parameters can be found straight-
pinning and nonlineav(1) characteristics up to very close to forwardly. We also note that our shaping the samples in the
B.,. Noise experiments have also been carried out on highf-orm of narrow wm_asturned out_ to pe crucial for observing
T, superconductord;® which are in a “liquid” state of neg- the overall properties of the noise, i.e., for b&k:B;,, and

L © e . o B>B.,. .
ligible pinning over a large portion of the magnetic field vs irr
g P g ge b g In the regime wheré/(1) and R(B,T) still indicate the

Ppresence of pinning we find a noise similar to that in Ref. 11,
£ which for small applied currents resembles shot noise,
peing linear inV and frequency independent at low frequen-

tion of vortices against a weak pinning potential. cies, and decreases for more ordered vortex motion at high

Thus a number of phenomena in the weak-pinning regim&u”en.ts' Closer tBFZ' overa rat_her extended range, we find
have remained largely unexplored from the point of view ofo evidence for pinning nglthéd(l) or R(B,T). The_
vortex motion noise. The same holds for the noise propertie wer _b_oun_dary of this region 1s therefore take_n as the Irre-
in the depinned state, i.e., f@>B,,, . For instance, the v_erS|b|I|_ty field By, . The noise forBi”<B<BC2.'S quahta-
interplay of bulk pinning and surface barriéréwhich are ~ tVely different from that in the presence of pinning. It ex-
both obstacles for vortex motiofand can be of similar hibits @ 1f frequency spectrumzagld is quadratic i
strengths when pinning is wepgkas been studied mostly by Moreover, it scales with (* B/B,)“V*. The monotonic in-
analyzing the V(1) curves and the magnetoresistanceC€ase with increasiny, and in particular the scah_ng which
R(B,T).2 Similarly, dynamic ordering of vortex motion has involves no pmnmg'dependent .pargmeters, motlvates us to
also been explored by measuring the average transpoRf®POSe that the noise of this kind is a peculiar property of
properties’ Noise measurements can reveal effects which argtrongly driven vortices at high vortex density.
beyond the reach of measurements of the average voltage.

For example, if pinning is absent th&1) is linear, but one
could ask does this mean that vortices really move com- Our sample20 nm thick were produced by magnetron
pletely “silently” or are there some dynamic effects which sputtering of Nb and Ge on to oxidized silicon wafers

compounds is a serious obstacle to the understanding of t
mechanisms that contribute to voltage noise related to m

Il. EXPERIMENT
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through masks prepared by electron-beam lithography, using

a double layer resistPMMA/PMMA-MA ). The measure- 08
ments were carried out in #He cryostat, above the point ’
of liquid helium. Voltage noisey(l) andR(B,T), were mea-

sured extensively on &/=5-um-wide andL =50-um-long 0.6}
wire connected to two wide contact pa@sample Sh In
order to investigate size effects in the noise we performed a
less comprehensive set of measurements dW=al um
andL=10 um sample(sample S1 By analyzing the low- :
current(10 nA; 10 Acm ?) R(B,T) measurements within 0ols
the framework of a model appropriate for dirty weak-
coupling superconductoiswe characterized sample S5 in
detail. The transition temperatuig=2.91 K is determined
as the midpoint of the 10%—-90%0.1 K) zero-field transition
curve. The transition curve is smooth and free of “kinks” [(mA)

that would indicate the presence of inhomogeneities, and we FIG. 1. V(1) at 0.27 T(open circles and 0.67 T(full squares

ascribe the rather'WIde .tranfltlﬁm units Off -I;I/TC) to 6|1 Aor sample S5 at 2.4 K. At 0.27 T, for large currents there \ a
p_rohlouncedl tvyo-dlmer:jsmna_ character of the sample. «(1—1.) dependencéndicated by the dashed lineAt 0.67 T and
similar conclusion was drawn in Ref. 13 for a YEa50;- 5 pigher fields thev(l) are linear starting from—0 and over the
single crystal investigated systematically with respect to dify,noje range of our noise measurements. Upper inset: Log-log plot
ferents-values and consequently different anisotropies. Verysf v/(1) at 0.27 T, showing, at small currents, Ohmic behagidth
weak temperature dependence of the normal-state resistivigy= 25 Q) over two decades i, and a jump to a value close to
pn above T¢ permits the estimation opn(T=0)=(2.3 vy =Ryl at high currents. Lower inseR(B,2.4 K). The solid line
*0.2) p¥m. Using this value and—(dB/dT)r_7 s the LO FF resistance drawn usifg=2.91 K, B;,=1.18 T,
~2.05 TK !, determined from theR(B=const.T) mea- andRy=1375 (.

surementsnot shown, we calculat& the GL parameters:

vV (mV)

04l !

0,0k L
0.000 0.002 0.004 0.006 0.008

£(0)=7.4 nm, k=77, and A(0)=1.63«£(0)=930 nm. 1 B,
The parameters of sample S5 are in good agreement with opp=—/|1+ —m(?)g(B/Bcz) , (1)
published work® Sample S1 had a slightly lowér, (2.55 PN (1=T/T¢)

K) and largerpy, but otherwise showed fairly the same
properties as sample S5. The method of noise measuremerﬁ%'ere (fpr .Z>0'315) g(z)_:(l—z)3’2[0.43+0.69(1— 2)].
is described in detail in Ref. 14. In short, the signal from a' e Solid line, representing the LO FF resistarier
sample is processed through two low-noise amplifiers the” "n/0FFpn, IS drawn by taking Tc=2.91 K, B,
outputs of which are cross correlated in a spectrum analyzer. 118 T, and R[B°2,(2'4 K)I= RN,: 13,75 Q ,(pN
The noise setup is calibrated against the equilibrium NyquisE 2-7> #{ m). The mentioned uncertainty jp implies a
noise &sTRy in the normal stateR, is the normal state certain range of th8, values that do not deteriorate the fit.

resistance By this approach we have obtained a resolution] NS range is~1.14-1.22 T and agrees fairly well with
of =10°2° V2s, necessary for measurements of small noisd®c2~1.09-1.12 T obtained by the extrapolamon method of
signals appearing in the case of weak pinning. For bottéf- 9. Henceforth we us&c,=1.18 T. Taking different
samples the frequency window for the noise measuremeni@lues o_fTC (W|th|n.the transition width has little _effect on
was 106.5-114 kHz, except for the measurements of the frdhe quality of the fit. We conclude that for the fields above
quency dependence of the noise power spect8ym per- ~0.65 T the vortices flow freely even at very small applied
formed at several frequencies between 20 and 250 kHz. ~currents, and thus;, (2.4 K)~0.65 T, which is, as we
All the noise measurements were carried out at fixed temShoW below, in agreement with the(l) results.

peratures, T=2.4 K (T/T.=0.82) for sample S5 and For magnetic fields belova.65 T the ITO theory does
=2.25 K (T/T,=0.88) for sample S1. Since sample S1 MOt expla_un_the_ magnetoresistance data, Riisismaller than
had lowerT,, we had to choose a larger value BT, in Ree. This indicates that the vortices are slowed down by

order to avoid temperature instabilities that appear in th&XPeriencing a pinning potential. Howeveis finite even at
vicinity of the A point. magnetic fields as low as 0.08B,,, which implies a very

weak pinning. In the upper inset to Fig. 1 we show a log-log
plot of a typicalV(l) in this region, for 0.27 T. Over two
decades i the V(I) is Ohmic (R=25 () before it turns
upwards. This suggests a hopping vortex mot{etVM),
most probably thermally activated. In the model of thermally
First we analyze theR(B,T) and V(I) results. In the activated HVM, vortex velocity is given by ,=I(v,
lower inset to Fig. 1 we sho(B,2.4 K) for sample S5. —wv_), where | is the hop length andv.ocexg—(U
Above ~0.65 T we found good agreement with the FF =Ug)/kgT] the hopping rates over a potentlalin the direc-
theory of Larkin and OvchinnikoyL0).®® The LO FF con- tion (+) and opposite €) to the driving forceF=—VU¢.
ductivity is given by Since F=xIB and V=BLuv,, for | -0 the V(I) is linear.

IIl. MAGNETORESISTANCE AND CURRENT-VOLTAGE
CHARACTERISTICS
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From our measurements B{B=const.T) we can estimate
the values olU/kg, which are remarkably small. At 2.4 K,
U/kg is lower than 10 K and is a decreasing functionBof

At higher currents theV(l) gradually changes to &(l)
«(l—1.) dependence, as we show for 0.27 T in Fig. 1 by
open circles. This suggests a force-induced transition to flux
flow, i.e., an ordering of the vortex motion with increasing
driving force. This assumption will be supported further by
the noise results presented in Sec. IV A. Finally, at even
higher currentsV jumps to a value of the order o¥
=Ryl (Fig. 1, upper insgtdue to the appearance of nonlin-
ear FF described in the LO thedryand observed experi-
mentally for similar films*'® Above 0.65 T, where FF takes

lplace even at \f/ar::hlngly s(;nallll Churrents, ¥e) 'Sh simple: FIG. 2. Vortex motion noisey(V) at 0.27 T andT=2.4 K,
Inear starting froml —0 and all the way up to the appear- ., asyonding to the(l) curve in Fig. 1. The dashed line indicates

ance of nonlinear effects in FF, as shown for 0.67 T in Fig. 1 o linearS,(V) dependence. Lower insét,(f) measured at 0.33
by full squares. Tand 1 pA (65 wV), in the linear part of2(V). Upper inset:
Magnetic-field dependences of the slogesexpressed in units of
IV. NOISE RESULTS 2¢,) of the linear, (V) curves. The values for sample S1 divided
by eight (crossey agree well with those for sample S5quarey
In the rest of the paper we present and discuss the resulighich is in fair agreement with the assumption tivais inversely
of our noise measurements, which if not specified otherwis@roportional to sample width.
refer to sample S5. We introduc®, to denote the excess
noise, which is the difference between the total measurethe linear part o¥/(1) down toV=0. Since the linear regime
noiseS, and the thermalNyquist noise &gT(dV/dl). The extends only over a small current range between the HVM
currents used in the noise measurements were always kefstgime and the high-current nonlinearities, the determination
below those corresponding to the appearance of the higief I is more ambiguous than i&l,,. The nonmonotonic
current nonlinearities mentioned in Sec. Ill, since we arecharacter of X(V) supports our interpretation more
interested in situations where the average transport propertiegongly, and also supplements research on dynamic vortex
are still unaffected by the high-current dynamical processeserdering studiediby analyzing the average transport proper-
described in the LO theory. In Sec. IV A we analyze the ties.

oL ! 0.af’ Tofss o H
;
0.3}

Bx r1/80fS1 X

noise in the regime of nonlineav(l) curves, i.e., forB Similarly to shot noisein currenj of electrons, which is a
<By,, and in Sec. IVB we turn to the noise f@&;,, <B linear function ofl, shot noiseg(in voltage of vortices is a
<B,,, Where theV(l) is linear andR(B,2.4 K) agrees well linear function ofV.! To check whether the linear increase of
with the LO FF theory. 2v(V) in the low-voltage regime can be interpreted as shot

noise we investigated the frequency and sample-width de-
pendences oB, . The studies'*” of vortex motion shot
noise offer different models for the slopEsof linearX (V)

In Fig. 2 we show a typicak, (V) curve in the regime of plots, as we discuss later, but they agree in predicting a
nonlinearV(l), i.e., for 0.27 T[corresponding to th&/(l)  frequency-independer®,(f) up to a frequencyf .~v ,/W
curve in Fig. 1. The maximum background Nyquist noise is =V/BLW. Because the wire width W is smait the present
~2.5xX10°%° V?s. 3\(V) first increases linearly up v case the(calculated . is large, more than 500 kHz for all
=0.2 mV which is close to the upper limit of HYM W(1).  the measured points, except for a few ones very closé to
At higher voltages, wher® (1) becomes proportional td ( =0. We measuredS(f) at a characteristic point\(
—l¢), =y gradually decreases with increasiigFrom this =65 V) of a linear3,,(V) curve, and found that (f) is
decrease ok(V) we infer that the vortex motion becomes essentially flat between 20 and 250 kHz, as shown in the
more and more ordered when the driving force progressivelyower inset to Fig. 2. This result meets the above-mentioned
dominates over the pinning potential. At large driving force expectation for shot noise.
the pinning potential causes not only a finite offkein V(1) In an earlier work on vortex shot noise the factdr was
but also random fluctuations of the vortex velocity, which isrelated to the “charge” of a vortex bundle, i.d.=2Nd,.
most probably the origin of the small residual noise aboveThe low level of noise found in this study for Corbino disc
V~0.5 mV. This residual noise is expected to vanish to-geometry implied that the noise in the samples of bar geom-
gether withl; at B;, , which is indeed observed in our ex- etry was produced essentially at their edges. This finding can
periment. It is worthwhile to note that the onset of collectivebe understood in terms of the surface barrigisf
vortex motion has stronger effect &y, than onV(l). InX,,  Bean-Livingstofi or geometricdl type) for a vortex entering
the depinning threshold, is indicated by a pronounced and leaving a sample. In short, a depinned vortex bundle
maximum above which an ordering of the vortex motion“shoots” accross a bar-geometry sample, interacts only
occurs. On the other hand,(l) shows no sharp feature at weakly with the pinning centers and the rest(pinned or
I, implying thatl . has to be determined by extrapolation of slowly moving vortices, and the noise is created by the

A. Noise in the regime of nonlinearV (l)
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bundle overcoming the barriers at the entry and exit from the We attribute the decrease bf with increasingB to the
sample. In this cas¢ does not depend on sample width. weakening of pinning a8 approachesB;,, , since forB
However, in later studiés?” it was found that if vortex >Bj,, we found no linea,(V) curves and, moreover, the
bundles travel a distance<W before their motion is inter- overall noise magnitude decreases Basncreases towards
rupted by the pinning centerE, should be inversely propor- Bi;; . The decrease df (B) for B well below B, could be
tional to W. The reason for this can be inferred from the explained within the framework of the models of Refs. 11
Josephson relatiovi= ¢(de/dt)/2m, whereg is the phase @nd 17, if the unknown parametefe),(x),(N), (N?), and,

of the superconducting order parameter. A moving vorteX€Spectivelyx, N depend on magnetic field in the right way.
causes the phase shift of2only if it moves over the whole Sincel” comprises these parameters as products and ratios
distanceW. If the actual distance is shorter thanW, the (see abovg they cannot be extracted independently from our

phase change associated with one voltage pulse is a factgfita' Howgver, both models break down in the lirBit
x/W less than 2r, and the consequence Iis= 2 N x/W.17 —.>Bi.rr . Thls_ can be 'understood as follows'. The effect; of
Note that in this case the noise is produced in the bulk, i.e pinning are(i) formation of vortex bundles in order to in-

at the pinning centers. The reduction factéw explains the ‘¢rease the driving force and thus facilitate their motion
result of Ref. 1 that the noise produced in the b slow against the pinning potentialii) reduction of the hopping

. . ! distance below the sample widt. The pinning force van-
vortices moving over small distances, or by local bundlegpag atB,,, , implying <N2)1’2—>(N>—>1 and(x2)1’2—>(x>

velocity fluctuationy was mu_ch smaller than thaF due tothe _ yy je. T — 24, which is in contrast to the experimental
“shooyng” bundles overcoming the ;urfage barriers. A moregpservation shown in Fig. 2.
complicated expression fdf was derived in Ref. 11, where A reason for this breakdown of the classical models can
it was found that if there is a distribution of the strengths andyossibly be inferred from the comparison of the transports of
positions of pinning centers the above expression becomgforma) electrons and vortices close to the limit of perfect
I'=2¢o(N?)(x*)/{N)(x)W, where the brackets denote aver- transmission. Our experimental realization, where vortices
ages over the distribution function. are created at the entry into a sample and vanish at the exit,
In the upper inset of Fig. 2 we pldt(B) for sample S5 is equivalent to a two-terminal mesoscopic conductor—
andI'(B)/8 for sample S1. Over the whole field range wherewhere electrons have their source and drain in the reservoirs.
we found well defined lineak,, (V) curves the slopeE(B) Whenever the transmission coefficightfor electron trans-
for both samples decrease with increasing field in the sameort through such a mesoscopic conductor is close to unity,
manner, and” for sample S1 is approximately eight times Shot noise is suppressed by a factor-@).*° In the ballistic
larger. If we take into account slightly different experimental limit (®=1) there is no noise associated with electron trans-
conditions for the two samples this is in fair agreement withPOrt. If vortices are not slowed down by bulk pinning and/or
T 1W. At magnetic fields lower thar-0.20 T the resis- surface barriers, their motion is determined by the viscous
tances of the samples, the measured voltage and the corfdrag only. This situation represents perfect vortex motion,

sponding voltage noise are small, which leads to a large err onC(_aptuaIIy similar to baII|§t|c transport of electrons. There-
inT. ore, if there are no dynamic effects presésge Sec. IV B

We now address the question of whether the noise is prol_n the limit of perfect vortex transmission accross a sample

duced by the pinning or by the surface barriers. The surfacthe noise -ShOUId vani_sh. A more quant_itative treatment of
. . . P Yortex motion shot noise at high transmittance requires fur-

barriers are important at applied magnetic fields of the Ordefher research.

of, or lower than, the thermodynamic critical field,

=B,/ uor2. In our caseugH.~11 mT is much lower

than the fields at which we found the noise of a measurable B. Noise in the regime of linearV(l)

magnitude. In addition, the approximate scalinglofwith Above B;,, ~0.65 T, where the vortex density is large
sample width suggests that the bulk pinning, and not theind V~Rg¢l for all our noise measurements, no noise de-
sample edges, dominates the noise. In turn, measurementssyfribed in Sec. IV A was found. Instead, as we show in Fig.
the width dependence df may be an alternative to other 3(a), 3 is a monotonic function o¥/, increasing a¥?, and
experiment’ for determining whether the surface barriersas a function of magnetic field it decreasesBaapproaches
influence the measured transport properties. B.,. Moreover, as shown in Fig.(B), there is a scalin@.y
The fact that our measurements allow us to exclude the:(1—B/Bg,)2V2 which holds overB;,, <B<B, and is in-
surface barriers as the main origin of the noise in oursensitive to variations dB., in the range 1.14-1.22 T. The
samples also sheds more light on the nature offheand frequency dependence &fy in this regime is of 1ff type,
the meaning of the potential of HVM. It is known that for  more precisely ¥# with a=1.5+0.1 [Fig. 3(b), upper in-
some samplege.g., single crystals of the B$r,CaCyOg,,  sef. In the normal state, abo\&.,, =0 andS, is simply
high-T. superconductgrsurface barriers may have consider- the voltage-independent Nyquist noise.
able effect on both the irreversibility fieftiand the thermally The existence of any noise in the regime where the vorti-
activated transpoft.This is not the case in the present situ- ces are most likely to be completely depinned, as seen from
ation, theB;,, can be attributed to a transition to a depinnedtheR(B,T) andV/(I), is rather surprising, since in the pinned
vortex state and th¥ is related to bulk pinning, as we have state the magnitude of the noise described in Sec. IV A is
anticipated in Sec. lII. becoming progressively smaller Bs-B;,, . Furthermore, if

014537-4



VORTEX MOTION NOISE IN MICROMETER-SIZED . . . PHYSICAL REVIEW B56, 014537 (2002

(@ o oerT ,/
L A& 0737 4
A 080T . .
O 08T s |
4l ® 093T Sy
— o 1.00T o A
2 = 1.06T £
> /.6’: IA“A “A
2 RO /“
g 2 r n"/ AAK/ ,A’A 1 |
N> .y X ,‘f"“, R ,60/’
-}gf;:f QA?:: " 00%350 ”; *
< A o9 o Qeg-""]
T
é é’ V(mV
vV (mV) (mv)
; FIG. 4. Vortex motion nois&,,(V) for 0.61 T, i.e., forB slightly
_ below B;,, . For smallV, XV, as indicated by the dashed line.
-N: 10 Above V~0.8 mV the noise in a rather narrow voltage range de-
o e creases with increasing, but then increases again at higher volt-
> 4r = 1 ) | ages. Eventually, the increase becomes quadrati iand ap-
5‘-’.0 . proaches the same scaling as B» B;,, , shown by the solid line.
= 067T
o 2 0.73T . . . ; ;
ol 080T vortex motion is becoming more and more uniform the noise
F 03T increases, which can hardly be explained in terms of vortex
el interaction with a pinning potential.
Quadratic voltage dependence and pbwer spectrum
i : : : are generally known to be the properties of resistance
0.0 0.5 1.0 1.5

fluctuations’® Hence a possibility that our finding represents
v{1-B/8,)mV) resistance fluctuations, i.e., vortex velocity fluctuations, re-
quires attention. At a fixedg,T,l) point, two parameters
influence vortex velocity and consequently FF resistapge:
curves from (a) plotted against (:B/By,)V. Solid line: S, apd vortex core ared,. Thus if there are fluctuations in
= y(1—B/B,,)V2 with y(110 kHz)=2.1x 10~ 13 s. Upper inset: eitherpy or A;, the FF resistance fluctuates as well. The fact
Frequency dependence of this noise, measured at 0.67 T and 1(8at the measured noise aboBg; is just the Nyquist noise

mV, showing S (f)f~« with @=1.5+0.1, as indicated by the rules out fluctuations gby, leaving us with a possibility that
solid line. A fluctuates. We argue below that such fluctuations may

occur if the vortex velocity is large and the vortex density

the background pinning would still influence the noise sig-high.
nificantly one would not expect an increaseXf with in- The nonequilibrium properties of vortex cores and the re-
creasingV, because at larger driving force the role of pinninglated influence on flux-flow dissipation were studied theoreti-
is less important. Therefore the origin of the noise shown ircally by LO!® and in Ref. 21. If the electric field generated
Fig. 3. has to be sought in dynamic properties of depinnedh moving vortex cores is sufficiently strong, quasiparticles
vortices far from equilibrium, with a guideline along the LO in the cores can gain enough energy to overcome the poten-
theory of nonequilibrium phenomena in flux-flow tial barriers at vortex edges and to escape into the surround-
dissipation'® In addition, a possible partial or complete melt- ing superfluid. This leads to a reduction of the core size, the
ing of the vortex lattice, which could occur Bt,, ,>should  vortex viscosity decreasé$,and the vortex velocity in-
also be taken into account. creases, resulting in the nonlinearities\ifl) at large cur-

There is experimental evidence in support of our assumprents and finally the jump shown in the upper inset to Fig. 1.
tion that the peculiar noise observed is not related to depinAt low vortex density the electron-phonon relaxation pro-
ning processes. In Fig. 4 we shaw,(V) for 0.61 T, i.e., just cesses are sufficiently efficient to cool the hot quasiparticles
at the crossover from HVM to LO FF iR(B,T). For low to the bath temperature, as the heating occurs in the cores
voltages,2(V)=V (as indicated by the dashed ljpesug-  only and the cooling over the whole volume.
gesting that the vortices undergo the HVM. ¥Xt-0.8 mV However, the situation changes large vortex density
the noise starts to deviate from the linear dependence, showvith increasing vortex density the cooling efficiency de-
ing in a small voltage range a tendency to decrease, typicallgreases and the quasiparticles are heated-up to an elevated
for the vortex motion becoming more ordered with increastemperaturé>?! This may cause an increase of thermal fluc-
ing driving force. However, at higheV the decrease of tuations of the quasiparticle density. As a consequence, the
>v(V) does not continue but insteatl, approaches the quasiparticle pressure on the vortex “walls” may fluctuate,
same3,,(V)=V? behavior as for the higher fieldthe solid  which would then result in the fluctuations 8f. The re-
line in Fig. 4 indicates the scaling in Fig(l8]. Although the lated fluctuations ob , are measured as voltage fluctuations.

FIG. 3. (@ Vortex motion noiseX(V) for 0.67 T<B
<1.06 T.The dashed lines are fits3g=V? dependencegb) The
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™ the vortex area are proportional to the spad% available,

so that A.)/Acx (13/£?)=(B/B¢,) 1. The above modeling

based on the LO conductivity hence shows that the assump-

- tion of core-size fluctuations may reproduce the measured

] voltage and magnetic-field dependences of the voltage noise.

] With the experimentally determined value of the prefactor

] y=2.1x10 1 sforf=110 kHz andAf=7.5 kHz we ob-

1 tain the relative fluctuation amplitud®A./A. of the order of

1075, However, as we discuss below, thdé Bpectrum im-

plies that the fluctuations are distributed over a range of re-
. . | laxation times. As a consequence, the small valuéAqf/ A,

05 06 07 08 09 1 only represents the contribution of those core-size fluctua-

B/B, tions which occur in this frequency window around the given
frequency.

FIG. 5. Solid line: log-log plot of §A;)%/AZ given by Eq.(3), The observed f/spectrum cannot be explained if all vor-
for f=110 kHz, Af=7.5 kHz, T/T,=0.82, y=2.1X10"** s  tex cores fluctuate in exactly the same manner. The fluctua-
[corresponding to the data shown in Figb. Crosses indicate the  tjon of the size of a vortex core is assumed to be a random
(B/B.,) " approximation of §A.)%/AZ, discussed in the text. process with a characteristic time If 7 would be the same

] ] for all cores, this would result in a Debye-Lorentzian spec-

Since the average transport properties can be Bor ym of the fluctuations, white up to the cutoff frequency
> B consistently described by the LO theory, itis tempting1 /7 On the other hand, a distribution efand a superposi-
to check whether the LO expression fege (see Sec. Il tion of Debye-Lorentzian spectra may result in af 1/
allows us to relate the possible core-size fluctuations and th@pectrumz.o Properties of the distribution then also determine
measured fluctuations in voltage. Because the observed noigg,, much the fluctuations with a given contribute to
occurs whereV(1) is linear, theX., >V dependence can be sa /A  measured atf(Af). Such a distribution may arise,
explained by assuming fluctuations of thenductivity i.e.,  for example, as a consequencediferent local correlations
SVAf=(8V)?=(Sorg)? oge V2. Af is the frequency in- That vortex motion can strongly depend on local condi-
terval over which the noise spectrum is averaged. To relat§ons was demonstrated in Ref. 23, where it was found that,
the fluctuationsdoer and 5A; we can rewriteser in terms  in the presence of pinning, vortices move in a form of inter-
of the vortex core areA.~ &>~ ¢,/B, and the intervortex mittent “rivers” between the pinned islands. In our case one
distancelg~/¢o/B, so thatz=B/B,,=A./I5. Then we can hardly discuss a motion around the pinned islands, since
calculatedorg = (113) (doer /9z) 5A, from Eq.(1) and ob-  any important pinned fraction would affect the average trans-

y(1-B/B )" af

| aB/B, TT=082)

tain port properties significantly, which is not observeste the
discussion of Fig. 1 This, however, does not necessarily
(80er)?  G(B/B. TIT (6A)? 2 imply that there are no “floating islands,” i.e., vortex lattice
o2e =G(B/Bez, T/Te) A2 ' domains moving together with the “liquid” phase. The aver-

age flux-flow dissipation in such @epinned system would
where  G(z,T/T)=[dg(2)/dz—g(2)/z]?/[(1-T/IT)"  pe still well described by the LO theory, since the ratio
+9(2)/2]°. B/B,, influences the magnetoresistance much more strongly
The form of (5A;)?/AZ is not knowna priori. However,  than the exact geometry of a system of moving vortiCes.
it can be deduced by combining E¢) and the experi- However,the local vortex correlations could be differeior
mentally observed behavior 6¢¢)?/ o= (6V)%V?  vortices deeply in the islands, in the liquid, close to the is-

=v(1—B/B.,)?Af [see Fig. 8)]. This results in land boundaries, etc., which could lead to different relaxation
5 5 times for the core fluctuations. These different relaxation
(0Ac) (1-B/Bc)” Af times would then give a 1/noise spectrum.

AZ V' G(BIBg TITy) ©®

We are aware that our arguments offer only a qualitative
picture, and that further clarification of the above ideas is

In Fig. 5 we plot this expression agaitB,, in order to ~ required. However, at the moment we do not know of any
check whether there is any approximation that would lead tguantitative theoretical model which would account for the
a simple picture of the fluctuations. It is seen thét()?/AZ  observed peculiarities of vortex motion noise abdg
can be well approximated fd/B.,<0.92 by a power law, nor are we aware of any related systematic experimental
i.e., (8A)%/A2x(B/B,,) " with n~2. The simulations for Work dealing with a rang®;;; <B<B,, as large as-50%
other values off/T, show that the power-law approximation of B§2. Thus we believe that the r(_esults anq dlscgssmn of this
holds well for essentially any value df/T.. The powern  Se€ction could be used as a possible starting point for further
weakly depends off/T, but is reasonably close to 2 in the €xperimental and theoretical work.
region 0. K T/T.<0.95.

The apparent B/B.,) 2 decrease of §A.)%/A2 has a
simple visualization: such a functional dependence corre- We have measured voltage noise in the mixed state of
sponds to a plausible assumption that the fluctuatéfsof ~ micrometer-sized wires of amorphous (NBe, 5 thin films.

V. SUMMARY AND CONCLUSIONS

014537-6
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The samples are well described by conventional theories fostill observes the above-mentioned two types of noise but at
dirty weak-coupling superconductors, have weak pinninglargeV the noise becomes quadratic\ii This signifies the
relatively low irreversibility fieldB;,, , and the vortex struc- appearance of the dynamic effects inherent to large vortex
ture is much simpler than in high; superconductors. These density, a behavior fully developed fd8>B; For B

3 . . rr =
properties make the samples suitable for exploring the vortex- ;.. theV/(l) curves are linear over the whole range of our

motion noise in the weak-pinning regime. measurements and the magnetoresistance agrees well with
At low magnetic fields, i.e., foB<B , and small ap-  the flux-flow theory of Larkin and Ovchinnikov. The noise in
plied currents the voltage-current curves exhibit propertieshis regime is completely different from that f@<B,,, .
characteristic of thermally activated hopping of vortices. Thegyer the whole voltage range it increases quadratically with
related noise is a linear function of Voltage, with the SIOEeS increasing Voitage, its frequency Spectrum is dftype, and
of noise vs voltage curves inversely proportional to thejt scales with (1 B/B.,)2V2. The origin of this noise is not
sample width, and is basically frequency independent up tntirely clear. We present a qualitative explanation in terms
250 kHz. Th|S behaV|0r IS IN agreement W|th the ShOt nO|SQ)f the nonequiiibrium properties Of moving vortex cores
model and the assumption that the noise is generated by bujithich are subjected to fluctuations of their radius.
pinning and not by surface barrierk. decreases with in-
creasingB over the whole magnetic field range of the shot-
noise-like behavior, which does not contradict the presently
available models of vortex motion shot noise. These models,
however, fail to explain the disappearance of the shot noise We are grateful to J. Aarts for contributing to this work in
as B—B;,, . For B<B;,, but at larger currents the vortex its initial stage. Valuable discussions with K. E. Nagaev, V.
motion becomes more uniform and the noise decreases. TH& Geshkenbein, G. B. Lesovik, G. Blatter, H. v.Hmeysen,
decrease and the low level of the noise is ascribed to the. Nori, E. H. Brandt, and J. R. Cooper are gratefully ac-
ordering of vortex motion with increasing driving force. knowledged. This work was supported by the Swiss National
In a narrow range oB slightly belowB;,, , at lowV one  Science Foundation.
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