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Measurements of the nonlinear complex susceptibjfityaken as a function of amplitudeand frequency
v of the ac field, can collapse into a single universal curve if they are plotted against the scaling variable
hJ(v,e1)/J(v), whered is a shielding current density ang,; is an arbitrary reference frequency. In this work
we presenty(h,v) data for a large range of amplitudes and frequencies, measured in two Nb sdomaes
single crystal and one polycrystand one melt-textured YB&u;O;_ s sample. The predicted scaling relation
is verified for several sets of data taken at different temperatures belamd applied magnetic fields well
above the first critical fieldH .,. Data taken closer t®, revealed a useful scaling applied directly to the critical
current density, evaluated from the peak positions of the imaginary compghehihe occurrence of different
regimes of collective vortex creep is also discussed for the,€Bz0,_ 5 sample.

[. INTRODUCTION tervals. Following, in Sec. Il we review some basic ideas
regarding the scaling law foy(h,). In Sec. Il the experi-
The ac susceptibility technique has been widely used tanental procedure and samples are described. In Sec. IV the
study superconducting materialdts major advantage is its experimental results are presented and discussed. Finally, in
experimental simplicity, low cost, and great sensitivity. Sec. V we summarize the main conclusions of this work.
However, quantitative analysis of ac susceptibility data until
recently has been somewhat limited and not reliable, due to Il. SCALING LAW
the lack of theories that consider the actual sample and field
geometries occurring in each experiment. Only geometries Measurements of the complex susceptibilipy,(h, )
where demagnetizing effects could be neglected, like infinite= x;,+ixm (M=1,2, ... labels the various harmonicse-
cylinderg or slab$ in parallel applied field, were considered quire the application of an ac magnetic field(t)
for a long time. Brandt® has improved considerably this =h sin(wt) to the sample surface. This produces an electric
situation by presenting a detailed theory that gives preciséield gradient in the sample interior and induces a shielding
results, including flux creep effects, for several finite samplecurrent that exerts a Lorentz force on vortices, which are
geometries. From the current densithe computes the mag- eventually distributed in the sample. Vortices can then be
netic field B inside and outside the sample, the magnetiadisplaced, changing the distribution of magnetic induction
momentm, and the nonlinear and linear ac susceptibilities.B(r,t) and current density(r,t). A linear response is char-
An interesting result appears when a periodic excitation fieldacterized wherJ is proportional to the ac field. In this case
H(t)=h sin(wt) is considered in a strongly nonlinear regime. the complex susceptibility is independent fofand only its
In this case, if one increases the frequencyf the excita- fundamental harmonic is nonzero. Other dependencéswof
tion field by a factor of¢ and its amplituden by a factor of  h lead to nonlinear responses, with an amplitude-dependent
7, whereo is related to the creep exponent, then the com-susceptibility and nonzero higher harmonjgs.
plex susceptibilityy(h,») remains unchang@dvhen nor- In this paper only the fundamental susceptibilip=1)
malized to its ideally diamagnetic values for—0 or @  Will be considered; thus we defing(h,w)= x;(h,w). All
—o. In this work we present a more general scaling formeasured samples will be treated as infinite slabs of thick-
x(h,w) that arises when the scaling variathigh* is used, ness 2i, with the ac and dc magnetic fields applied parallel
whereh* is a characteristic normalization field that dependsto their major length. In order to study the scaling laws,
on sample geometry and on the underlying mechanism fomeasurements were taken mainly in a region of strong non-
the nonlinear responseln the Beaf critical state model linear response, assumed to be caused mainly by bulk pin-
(CSM) h* =Jd, J being the screening current density ahd Ning. In this case, ih is much smaller than a constant ap-
a slab half-thickness. It will be shown in Sec. V that in thisplied field H,, the frequency-dependent current density
model Brandt's scaling can be obtained by using al(w) will be almost constan? over a surface shell of thick-
frequency-dependent shielding current, derived within thenessx=(c/4m)[h/J(w)], wherec is the velocity of light.
so-called logarithmic approximatichOur ideas are sup- Generally speaking this means that wheth,w,T,H,) is
ported by a large amount of ac susceptibility measurementsneasured, keeping, T, andH, fixed, thenx and y become
for low-critical-temperature T.) Nb samples(one single dependent o only. Forh=h, (full penetration field the
crystal and one mechanically deformed polycrystas well  oscillating flux front reaches the center of the sample; hence
as for a hight. YBa,Cu;O;_ s sample. Therefore, extreme x=d andJ(w)=(c/4m)(h,/d). This produces a maximum
cases of type-Il superconductors, displaying from low toin the imaginary park”, making it very easy to finth, and
high pinning strengths and from weak to strong flux creepo evaluateJ(w). Notice that the ac penetration lengths
effects, were studied in relatively broad temperat{irein- the same predicted by the BEATCSM), but with the static
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critical current densityl.. replaced byJ(w), which incorpo- f-~~-m—~~-'YBCO MTG ' ' o -
rates the effect of flux creep. 0.0 pro-m-oe - -k
For a partial penetration of the applied ac field<(d or . 0.4 g ]
h<h,), the fundamental harmonic of the complex suscepti- 02f 02f : ]
bility reads-® : 00k i ]
04F 02t ?’i‘/ i ]
ch ) ch [?-f [ o4l ——-Z»— :g sinlgle crtysltal?! ;’ X’ 1
x(ho)=| -1+ 873(w)d +i 6r23(a)d) L F oel el pc:yCrysla:ff. :i[; . ; . ]
08} : IRV ]
Therefore, provided that measurements are taken in a suf 08l 1.0 baotos éAM";"AféJ/i i ]
ficiently nonlinear region where the CSM applies, one should . 56 75 80 83 84 86 85 90  © ]
expect a coincidence of thg h,w) curves when plotted as a 10 o P e -
function of the scaling variablie/Jd. . ]
60 65 7IO 7I5 8I0 8I5 20 95
Ill. SAMPLES AND EXPERIMENTAL DETAILS T [K]

The samples employed in th?s work were tWO. high-.purity FIG. 1. Complex susceptibility as a function of temperature for
(X>19>?égoﬁ]) n?l\’lbalr)]zrsé bncjlg}t—?sxglgadt?gioﬁnm?{I;émufonflins ][he YBCO-MTG sample and Nb samplésse). The experimental
(YBCO-MTG) cut into a parallelepiped shape having dimen-Parameters werdi, =500 Oe,h=5 Oe, and»=1000 Hz, re-

. spectively, the constant applied field, amplitude of the excitation
sions 1. 2.5x2.7 mnt. ) . . field, and frequency. Vertical lines indicate the temperature window
The YBCO-MTG sample was characterized in previous,ge for each sample: Nb single crystétted ling, Nb polycrystal

works'*"*¥and hasT.=91.8 K. It contains a dense array of (dashed ling and YBCO-MTG (dot-dashed ling

platelike grains with a typical cross section of 400
X80 wm? in the a-b plane of the orthorhombic structure.
All grains are well-aligned along the axis direction within .
an angular spread around 2°. The measurements presented':Igure 1 shows 4xXT for all three samples. It helps to

here were made with the ac and dc magnetic fields applied ilf/€ntify the temperature window employed in each case:
the direction parallel to the sampteaxis. from 8.05 K to 8.40 K for the Nb single crystal, from 8.30 K

One of the Nb bars is a single crysfalhaving T, 10 860K for the Nb polycrystal, and from 65 K to 90 K for
=9.25 K and was cut from a long cylinder with 3.4 mm the YBCO-MTG. Within these temperature intervgigh, o)

diameter oriented along ttj@10] direction. The other Nb bar is sufficiently nonlinear, as required in the present study.
hasT,=9.39 K and was cut from a mechanically deformedHowever, by approaching the lower-temperature limit a
rod of polycrystalline material. Both bars were etched andcrossover to the linear regime is observed, especially for
chemically polished in order to remove a shell aboutsmall amplitudes of the ac field. The limit at higher tempera-
500 um thick of damaged material, which has a muchtures is very close to the maximum ®F where a melted or
higher « (Ginzburg-Landau factprwhen compared to the depinned state of the vortices is expected to oé¥tftmak-
bulk value®® ing pinning interactions irrelevant and leading to a linear
All measurements were performed in a commercial PPMJesponse again.
(Physica| Properties Measurement Sygtemmade by the Figure 2 provides experimental evidence for the strong
Quantum Design Co. Several setspineasurements were nonlinear response of, measured withv=5000 Hz (@
taken as a function df (0.1-17 Og for fixed frequenciey ~ =2mv), between 85 K and 90 K, for sample YBCO-MTG.
ranging from 50 Hz to 10 kHz. The data were normalizedThis figure demonstrates that the CSM applies quite well to
such that 47y’ (h,@)=—1 whenh—0.1, corresponding to this data, following a test introduced by Civaseal!’ Every
the horizontal region for lower values df in the XXh horizontal |ine(ﬁxed value Of)(’) CorreSponds to a constant
curves. Before taking eacpx h curve a magnetic fieltd,  Vvalue of the ac penetration lengthaccording to Eq(1). On
>H,1(T*) was applied to the sample in the normal statethe other handJ() in this experiment is a function of
(H,, is the lower critical fielg. Following this, the sample ©nly, so every vertical line corresponds to a constant \_/alue of
was then cooled down to the measuring temperaktireThis ~ J(@,T,Ha). Hence,J(P)=J(Q), whereP andQ are points

procedure aimed at establishing a fully penetrated flux dislocated at the cro§sing between the vertical line Tat
tribution in the entire sample. ~89 K and the y' curves for h=4 Oe (P) and h

=2 0Oe Q). The neighbor poinR belongs to they’ curve
for h=8 Oe and has the same ac penetrak@s for point
P. Since the CSM establishes th#txh/x, we getJ.(R)

In this paper we present results fet,=500 Oe only. =2J.(P) because h(R)=2h(P). Similarly, J.(S)
However, for the YBCO-MTG sample a fieldH, =2J.(Q), where S and Q belong, respectively, to thg’
=5000 Oe was also tested, providing additional confirma-curves forh=4 Oe and 2 Oésee Fig. 2 From the preced-
tion for the amplitude-frequency scaling law. In all figuresing equalities we ged.(R)=J.(S), implying that pointsR
the dashed lines connecting experimental points are onlgnd S should be at the sam€& (same vertical ling as is
guides to the eyes. Fits to the data will be identified properlyindeed verified experimentally. Therefore, the occurrence of
when needed. several rectangles similar to PQSR represents a graphical

IV. RESULTS AND DISCUSSION
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FIG. 2. Graphical test for the validity of the Bean critical state FIG. 3. Complex susceptibility as a function of the scaled am-
model in a strongly nonlinear regime of the complex susceptibility,pjitude, for the Nb single crystal &=8.25 K. The scaling factor
for the YBCO-MTG sampldsee text The inset gives a full view  3(500)/3(v) is the ratio between the shielding current density for
of the real and imaginary parts gf the reference frequenay,=500 Hz and a chosen. This result is

typical for most of the central part of the temperature window de-
fined in Fig. 1.

proof of applicability of the CSM. Notice that this proof is
not precisely verified for the lowest vallie=1 Oe, possibly

because this amplitude is approaching the crossover to a lin00 Hz and 16 Hz. Forh above the crossover region all
ear response. We have also validated the graphical proof fof(h, ) data collapse very well into a single universal curve,

the Nb polycrystal and single crystaiot shown herg thus  validating the scaling law. This scaling clearly is not verified
making sure that_ the CSM applies t_o f[he nonlinear regime Ofor h below the crossover region, where the response be-
all samples studied here. Actually it is a well-accepted fact i his oV ion th
that even for highF,; superconductors the straight line ap- comes linear. In this lovh region the as-measurgdcurves .
proximation for the flux profiles works very well under al- overlap very well for each sample as Shou'ﬁ be expected in a
ternating fields:'%1"* For instance, Qin and Ya&b have linear regime. It is worth noticing that belotv~1 Oe dis-
demonstrated this fact by numerically solving the flux creepPersion of the data points increases due to a deterioration of
equation for the frequency range between 0.1 Hz and 10the signal-to-noise ratio. This happens particularly for
kHz and found thad(w) = (c/4r)(h,/d) is a good approxi- <500 Hz, since the voltage signal induced on the measuring
mation in the fully penetrated state. pickup coils gets close to the equipment sensitivity. It is
To test the amplitude-frequency scaling law we have p|otjnteresting to notic_:e also that in the r}onlinear re_gime_ all
ted they(h,») data against a more convenient scaling vari-curves shown in Figs. 3 —5 approach nicely to straight lines
ableF=hJ(500)/3(»), instead of usindi=h/(Jd) as pro- with slopes around 1. Actually this is expected from a double
posed initially. Here,J(500) is a normalizing shielding
current for the arbitrary reference frequengy;=500 Hz. T
The practical fitting operation consists of finding the appro-

T ——T—T T —3 0.01
Nb Polycrystal .
T=84K ::_‘::;:7'

0.1

priate multiplicative factord(500)J(») that transforms the E.o o o PN

. . + FO =+ E
horizontal scaléh of each measured curv€ (h,v), in order e i " E 2
to superimpose it with the reference cunygh,500 Hz). In L 1

all cases the imaginary componegt(h,v) is expected to 1E4

collapse automatically into a single universal curve by using
the same fitted factod(500)/(»). By this procedure the

- 1E-5

frequency-dependent current denslfy) can be determined v J(500)/J(v)§
after a careful evaluation af(500), as will be done later in ~O-10000Hz  0.963 -

hi - 5000 Hz 0972 - 1E8
this paper. 164 | g 1000Hz  0.991

Figures 3, 4, and 5 show double-logarithmic plots of

& 500 Hz

1.000 1

47 y(h,v) as a function ofi for the three measured samples. 2 E ;30,4':'2 o 187
In order to span the vertical scalleft axis close to 47y’ 185 » T '
=—1 we have used the more appropriate variabley4 h J(500)/J(v) [Oe]

+1. We see what appears to be a crossover from linear to

nonlinear response &t~3 Oe for the Nb sample§Figs. 3
and 4 andh~0.9 Oe for the YBCO-MTG sampléFig. 5).

FIG. 4. Complex susceptibility as a function of the scaled am-

This observation applies for the frequency interval betweenemperature window defined in Fig. 1.

plitude (see caption of Fig. )3 for the Nb polycrystal atT
=8.4 K. This result is typical for most of the central part of the
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FIG. 5. Complex susceptibility as a function of the scaled am-
plitude (see caption of Fig.)3 for the YBCO-MTG sample aT
=82 K. This result is typical for most of the central part of the
temperature window defined in Fig. 1.

FIG. 7. Complex susceptibility as a function of the scaled am-
plitude (see caption of Fig. )3 for the Nb polycrystal atT
=8.6 K. This result is typical for the upper part of the temperature
window defined in Fig. 1.

logarithmic plot of Eq.(1), which substantiates the validity Indeed, we have confirmed this fact by observing @n-

of the Bean CSM. crease of about 0.5 K measured with a thermometer located
The measurements displayed in Figs. 35 are typical for near the sample, while the system thermometer, plaeéd

in the central region of the temperature window as specifie¢m below the sample, was reading stable. Our equipment is

in Fig. 1. For highefT (see Figs. 6-8 getting close to the sSimilar to most temperature variable systems, where the

depining-melting liné® the amplitude-frequency scaling is sample exchanges heat through a low pressur&Q( mtory

verified also, although thg”(h,v) curves do not collapse helium gas atmosphere, so temperature control gets worse if

very well around the peak region. Data scattering is particusample self-heating occurs.

larly visible for sample YBCO-MTGsee Fig. 8 A similar A remarkable feature appearing in Figs. 6—8 is the precise

anomalous increase in the peak heightg/bfproportional to  coincidence of they” peak positions, although the different

h, was also reported without explanation bybFegaet al'®  x”xh curves, in some cases, are far from collapsing into a

We suspect that when or h is increased in this region of single universal curve. It is worth stressing that the observed

very intense flux creeéf (especially for the YBCO-MTG coincidence ofy” peak positions arises automatically when

sample self-heating effects caused by power s the fitting procedure is applied to the real componghtin

«h2p2 pecome relevant. A slight increase of the sampleour view this result provides good evidence for the

temperature, in the region below and near the peak’of amplitude-frequency scaling law applied directly to the criti-

thus promotes an increase pkven for fixedv andh values. ~ cal current density. This can be of great help in the charac-

YBCO - MTG
- 0.1
- =
. 3
e E
3 T
<
v J(500)4) | o4 e
01 E- ©-10.000 Hz 0607 1 e v J(500)(v) 4 0.1
A 5000 Hz 0.681 ] < ~ 5000 Hz 0620 |
¥ 1000 Hz 0891 ] - 1000 Hz 0868
Q- 500Hz 1.000 - 500 Hz 1000 ]
001 | 0+ 100 Hz 1.308 -+ 100 Hz 1226 |
10 10
h J(500)/J(v) [Oe] h J(500)/J(v) [Oe]

FIG. 6. Complex susceptibility as a function of the scaled am- FIG. 8. Complex susceptibility as a function of the scaled am-
plitude (see caption of Fig. )3 for the Nb single crystal af plitude (see caption of Fig.)3 for the YBCO-MTG sample aT
=8.4 K. This result is typical for the upper part of the temperature=90 K. This result is typical for the upper part of the temperature
window defined in Fig. 1. window defined in Fig. 1.
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FIG. 9. Double-logarithmic plot of the current densilyas a 7
function of frequency of the ac field, forH,=500 Oe. The solid i ’ YBCO - MTG 1
lines represent linear fits consistent with the logarithmic approxima-
tion for the activation energy = U.In(J./J) (see text

10 100 1000 10000
v [Hz]
terization of r‘_natenals for practical applications, when ac FIG. 10. Double-logarithmic plot of the normalized current den-
currents and fields are involved. sity J(»)/J(500) as a function of frequency. This figure shows
better fits using Eq(4) (solid lineg than using Eq(2) (straight
Current density J(») and creep exponentn(T,H) dot-dashed lings The inset showd(v) X v for all measured tem-
peratures.

If the absolute value od(500) is evaluated, we then get
immediatelyJ(») for all measuredr, using the fitted values

J(500)A(v) which are listed in the legends of Figs. 3—-8. i . i
These figures show experimental data for only two represen\—(BCO MTG sample give 1h. The creep exponent de

tative temperatures for all samples. However, several othef"©2S€s, going from lower to higher temperatures, as shown
temperatures were employed in this work to test the scalinérl{jI Fig. 11 for all the three samples. Actually this indicates
law. The reference valued(500) were evaluated for all 1€ relevance of flux creépsuch that for a smaller value of
measured T using J(500)=(c/4w)(h,/d) [or J(500) ncorrespor)ds a h_|gher creep rate. i
—5h,/(2md) in practical units of A/cng], whereh, is the f Ahclose inspection of Fig. 10. reveals a gradual deviation
amplitude of the ac field at the peak gf for »=500 Hz. of the linear fits(dash-dotted linesfor the YBCO-MTG

Figures 9a) and 9b) showJ(»,T) X v, respectively, for the data,_ asThincrealseshTh.e doublek;lllogarr]ithmic_plotl\l(fv,'l;])
Nb single crystal and Nb polycrystal. The solid lines repre- ¥ 1S shown in the inset, while the main plot shows

sent excellent linear fits to the experimental points; hencél(”)/‘](sqo)xy (for .T.:75 and 89 K in o_rder to magnify
In J(»,T)=In(»). This latter relation confirms the form@fe the mentioned deviation. Much better fits, represented by

solid lines in Fig. 10, were obtained using the following

L\ expression derived from the collective flux cré®# and
J(v,T,H)=J(T,H) ( V—) , (2)  vortex-glas® theories:
0
. k Vo ~Up
where n(T,H)=UF(T:H)/kT is .the creep exponent, J(v,T,H)=J(T,H) m|n<_) , &)
U.(T,H) is an activation energy is the Boltzmann con- o(T.H) L w

stant, andvg is a normalizing frequency, interpreted byd=a \yhere 4 is a small positive factor that depends on the flux

rega et al. as an intrinsic attempt frequency of vortex creep regimé® Here, glyl=y~¥* and U=U,(J/Jc) #;

jumps®2?2 Equation(2) was derived from a general expres- therefored(v,T,H) = Jo(T,H)g{y} leads to Eq(3).

sion J(v,T,H)=J¢(T,H)g{kTIn(vo/»)/U} which incorpo- In terms of the normalized current density, forand H

rates a frequency dependence on the sthtigiven by the constants, one gets

CSME The function 6<g{y}<1 describes the effective re-

duction of the critical current density during one period of J(v) In(vo/v)

the ac field, and depends on the regime of thermally acti- 3(500) = IN(v4/500)

vated flux motion. In the so-called logarithmic 0

approximatiodl U=U(T,H)In(J./J), and? g{y}=exp(-y),  The best fits of this equation to the data were obtained using

thus leading to Eq(2). free parameter values,~4x10° Hz and 0.8 x<1.3, as
According to Eq.(2) the slopes of the fitted straight lines shown in the inset of Fig. 1lb). The values found fow,

in Fig. 9 (for the Nb samplesand inset of Fig. 1Qfor the  corroborate the interpretation of this characteristic frequency

-l

4




PRB 61 EXPERIMENTAL STUDY OF SCALING LAWS FOR THE ... 11727

T T V. CONCLUDING REMARKS

250 F .

—m— Nb polycrystal
200 F %/ —E— Nb single crystal ] Although the creezg 2e9xponen(T,H) has prpved to be a
150 very useful concept?®2° one should be cautious about its

application. The best way of definingis through a current-

c 100 F —— . voltage power lanE«J", used to describe the nonlinear re-
sob (a) ] lationship between electric fieleE and current densityd.
However, this power law fits well to experimental data only
OF , e = if an effective creep exponent is considered such that sample

8.0 82 T K 84 8.6 inhomogeneit$#*°and frequency effects are neglected or av-
eraged. For instance, we have fofitidat Brandt's scalint®

T
-
w

18 A—a Jo — h=h(v,er/v)¥ works well only for the lowT . Nb samples,
I 1.2f N . ..
by =, \ 1 T where .the frequ'enc.y effeqt on is neglllglble.. In fact the
16 - A _ 1% preceding equation is readily found, with=n, if one com-
L 107 o\o’oﬂx@-oe 14 — . . . L~ .
jal ool . o bines Eq.(2) w.|th the scaling variablé= hJ(v,.ef)/J(y) in-
o8l \A 12 troduced in this paper. Then, the excellent linear fits shown
c I 07l , , i in Fig. 9 can be viewed as an equivalent verification of
121 H\ e Brandt's scaling for the Nb samples. For the YBCO-MTG
I % sample(Fig. 10 frequency effects are clearly stronger, re-
10~ \ quiring a more general scaling law like the one introduced
I \% here.
8| —o—YBCO-MTG \% We have assumed in this paper that bulk pinning was the
I \%\ % main cause for the nonlinear response observed in all
6 % samples. This assumption is supported by the graphical test
et ———— depicted in Fig. 2, as well as by the almost symmetrical
65 0 75T [K]80 85 %0 shape of the hysteretiM vs H curves (not shown here

However, for the YBCO-MTG sample it is also possible that
FIG. 11. The creep exponent for all samples, decreases with surface barrier effects could be the cause for the observed

i 321 th :
temperature consistently with an expected increase of vortex credpnlinear respons€:*In this case the vortex dynamic prop-
rate. The inset ofb) displays the temperature dependence of thee'ties discussed here for YBCO would not apply, although

fitting parameters. (left axis) and v, (right axis from Eq.(4) (see  the scaling ofy would be preserved.
text). Concluding, in this work we presented experimental evi-
dence for a scaling law relating amplitude and frequency in
the complex susceptibility, to both low- and hig@h-super-
conductors. One single crystalline and one polycrystalline
. — . . samples of Nb, as well as one melt-textured-grown YBCO
as a macroscopic and extrinsic quarfi§f instead of a mi- sample were measured under a constant fieJe- 500 Oe
croscopic and intrinsic quantity, which WPUId impfyvo for amplitudes of the ac field between 0.1 and 17 Oe’and
~.109 Hz. On the other hand, a monotonic decreasquof  fequencies between 50 Hz and 10 kHz. Measurements were
with T, similar to that shown |r217t_he inset of Fig. @, has  taken at several temperatures, within appropriate temperature
also been reported by St al™’ in a study using YBCO-  yindows, such that a strongly nonlinear response was as-
MTG samples. Following the collective creep motfelve  syred. For all samples the ac susceptibility data collapsed
could say that whilel increases between 75 K and 90 K very well into a single universal curve when plotted against
the vortex system changes from a small bundle regime ( the scaling variablé=hJ(v,1)/J(»), which is based on the
=5/2), passing through an intermediate bundle regime ( gean critical state model. In particular, we have shown a
=1), reaching the large bundle regime< 7/9) at the high-  girect scaling of the critical current densily, related to the
est T=89 K (for H,=500 Oe). The occurrence of these coincidence of the dissipative peaks in the imaginary com-

different regimes is expected to be consistently shifted tcbonent Y. We expect thatJ, values determined by
16,27 i

lower T values, for higher dc fieldsl,. transport-current measurements might also present the same
The evolution from creep of small to large vortex bundlespenhavior, a result that could be of interest for the area of
corresponds to progressively smaller shielding currents in thg,sjications.

sample. Actually this can be observed through vertical cuts
of the curves in Figs. 9 and 10, which givéT) for fixed v
andH, values. This type of analysis based on the collective
flux creep model is very interesting. However, it is important
to be aware of the narrow time windowt,, We acknowledge Y. Kopelevich, V. P. S. Awana, and
=1/v (~102-10* s) probed in our ac susceptibility Chris Lobb for stimulating discussions. This work was sup-
measurements. This might not be compatible with usuaported by Brazilian agencies Fun@dacde Amparo a Pes-
studies that rely on long time relaxation of the magnetiza-quisa do Estado de 8aPaulo(FAPESRH through Contract
tion. Therefore, more work is still needed in this area ofNos. 95/4721-4 and 97/00794-2, and Conselho Nacional de
vortex dynamics. PesquisagCNPg through Contract No. 300465/88-2.
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