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We report on transport and ac susceptibility studies below the peak effect in twinnedC¥8s single
crystals. We find that disorder generated at the peak effect can be partially inhibited by forcing vortices to move
with an ac driving current. The vortex system can be additionally ordered below a well-defined temperature
where elastic interactions between vortices overcome pinning-generated stress and a plastic-to-elastic crossover
seems to occur. The combined effect of these two processes results in vortex structures with different mobilities
that give place to history effects.
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The complexity of vortex dynamics in type-ll supercon- experiment or induced in an ac susceptibility measurement
ductors arises from the competing roles of vortex-vortex inJartially inhibit the disordering of the VS that normally oc-
teractions promoting order in the vortex structi%s) and ~ curs at the PE. As disorder heals, the VS is trapped in a more
random defects in the sample promoting disorder. Complefobile state. o ) )
dynamical behavior of vortices has usually been accompa- An additional contribution to the vortex lattice healing
nied by the phenomenon known as the “peak effe@E), arises at low temperatures far f_rom the PE whe&re our results
which refers to a peak feature in the critical current densitys'uggest that a plastic to elastic crossover ocCuAs the

! ic k1 sample is cooled, the vortex lattice rigidity increases and,
Je, as a function of temperature or magnetic fieldThe PE  pojoy g certain threshold temperature, the vortex-vortex in-

has been observed below the upper critical fielgy(T), i teractions become more relevant relative to the pinning po-
conventional superconductofs™?and just below the melt-  tentials. This further contributes in ordering the VS, which is
ing temperaturg, T,,, in high-T, materials such as in a more mobile state on warming and thereby hysteretical
YBa,Cu;0; single crystal§:” A qualitative explanation of behavior is observed.

the PE was proposed forty years ago by Pippardo argued We will first refer to our transport data and next to our ac
that J.. increases anomalously if the rigidity of the vortex Susceptibility results from which identical conclusions can be
lattice decreases faster than the pinning interaction as trigerived. Resistance measurements in crystaRéf. 16 em-

normal state is approached. This idea was further develope[a.oyec.I the standard four probe teghnithéje Waii:)] contacts made
by Larkin and OvchinnikoV. Nevertheless, there are still with silver epoxy over evaporated gold pa@ntact resis-

. : ) ) nce below 0). The sample (dimensions 0.7 mm
fundamental questions regarding the underlying physics o 0.3 mmx10 wm) has a sharp resistive zero field transi-

this phenomenon, especially in relation with the appearancgyn at 93.2 K and a transition width of 500 M 0%—90%
of topological defects in the VS at the PE and its connectiontriterion). Twin boundarieSTB's) observed with polarized
with its dynamic response. light microscopy are distributed as indicated in the inset of
In this paper, we report on history effects in twinned Fig. 1.
YBa,CusO; crystals in the vicinity of the PE as observed in A sinusoidal ac current,; (peak =30 mA of frequency
ac transport and ac susceptibility measurements. Vortek=37 Hz was applied in tha-b plane of the sample, 45°
states with different degrees of mobility have been observedway from the TB planes. The voltage signal was preampli-
in both low>*and highT. materials’'*"131t has been fied with a low noise transformer and its in phase value,
frequently argued that the difference in the mobility reflectsV(T), was measured with a lock-in amplifier as a function of
distinct degrees of topological order in the VS as it is driventemperature. We found that Joule dissipation at the current
through the random pinning potentials: in a disordered andontacts drove the sample 1.4 K above the measured tem-
defective VS the interaction with pinning centers would beperature. The temperature sh{issumed constant for our
more efficient than in a more ordered lattice because of é&emperature windoyoccurs almost immediately after the
reduction of the effective shear modulus or of the correlatiormeasuring current is applidde., at time scales well below
volume of the latticé:>*2%|n fact, changes in the degree of our amplifier integrating time constanT his shift is straight-
order of the VS have been directly observed with neutrorforwardly determined by matching thHeear normal state
scattering experiments when the VS is shaken with oscillatresistivity curves,R(T), for 1,,=30 mA with the R(T)
ing currents(or fields.** curves obtained with a much lower applied current for which
Having these results in mind, our experimental observaheating is negligible. We have therefore added 1.4 K to our
tions suggest that ac currents flowing during the cooling othermometer readings to plot our data as a function of the
the sample through the PEeither injected in a transport temperature of the sample.
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FIG. 1. Hysteretic transport measurements in a twinned FIG. 2. Resistance vs temperature measurements obtained on
YBa,Cu;0, single crystal (sample A for Hy.=3 kOe, I, warming after cooling to different starting temperatufgs, in zero
=30 mA, andf=37 Hz. The inset shows the resistive transition CUrent, 2,cC W (full symbols, sample A T,=69, 82.2, 83.1,
in zero dc field(dotted ling and withHy,=3 kOe(full line). The ~ 84.1, 84.4, 84.6, 84.8, and 86.1 K. For comparison, lihe W
marked area is enlarged in the main panel. Full symbols were obEUrve in open symbols is showsee Fig. 1. Hg.=3 kOe.

tained in a dc-field and current cooling procedurg.C C). Open ¢ rents that shake the vortex syst&m3 Moreover, the ac

symbols represent the warming curdgC W) measured imme-  oqn0n66 changes in an approximately logarithmic way with

dlatel_y aft_er ob_talr_wlng the,.C C curve. Temperature was varied in the number of ac cycle1§.ln transport experiments, it is the

the directions indicated by the arrows.'Th_e crossover temperatur%pp”ed ac current that forces vortices to move inside the

T*, and the peak temperaturg,, are indicated by armowssee  gample and a dynamical reordering occurs. Nonsaturated or-

texy. dering as a possible explanation for the different vortex mo-
. . , ... bilities in the cooling and warming curves of Fig. 1 is dis-

n F|g. 1, left inset, we show the Z€ro f|eld transition In ¢arqgeq by the observation of reversible partial temperature
dotted I.|ne as.compared to th(_e trgnsmon in applied dc f'eldcycles performed as indicated by dotted arrows in Fi§ 1.
shown in full line. The magnetic fielti4c=3 kOe was ap-  Thjs result shows that the hysteretical behavior is related to a
plied at an angle#=20° from the crystallographic axis,  change in the character of the vortex lattice motioriT#t
and its direction was chosen so tiéf. pointed out of allthe  This change, we believe, is determined by the relation be-
twin planes to avoid the Bose-glass pHdsé®(see insetin  tween the pinning induced shear stress and the plastic limit
Fig. 1). The main panel of Fig. 1 is an enlarged area of theof vortex motion associated with the vortex lattice shear
transition shown in the upper inset, and it presents transporhoduluscgg (see for example Ref. 15At low temperatures,
measurements that correspond to different thermomagnetigell below the PE, the VS becomes more rigid and it enters
histories of the sample. Our measurements were performesh elastic regime where elastic interactions of the VS domi-
by varyingT in the direction indicated by the arrows at a rate nate over pinning. The enhanced elastic interaction enables
of =0.3 K/min. Full symbols were obtained in a field and the VS to be in a more mobile state on warming. Notice that
current cooling procedurel {.C C), i.e., the dc magnetic at high temperatures, where elastic constants have dropped,
field and the ac current were applied in the normal state anthel,.C C andl,.C W cases coincide.
the sample was then cooled. Empty symbols represent the Following these results, there are two processes that may
warming curve [,.C W) obtained immediately after mea- lead to the increase in the order and mobility of the VS: one
suring thel ,.C C curve(full symbols. process is related to the increase of the elastic constants over

When the temperature is increased, the resistance first ippinning at low temperatures whereas the second one is due to
creases, then starts decreasing and finally increases agaihe vortex motion induced by the driving currdat all tem-
Since the resistance is related to the average vortex velocitperatures BetweenT* andT,, the VS can contain a certain
the dip in the resistance indicates a less mobile VS. Thislensity of defects that the ac current appears not to be able to
behavior signals an enhancement of pinning, and the dip iheal in our experimental time scales.
the resistance is accompanied by a pealdndentified as A guestion that arises is what consequences has cooling
the PE®° The temperature where it happeifsg, is indicated the sample through the PE without rearranging the(Wh
with an arrow. Above the PE, the critical current reduces toa driving current To answer this question, the sample was
zero at the melting liné®1° The main results in Fig. 1 are cooled from the normal state with applied dc field and with
that, belowT,, we find a hysteretic behavior that is limited zero applied currentiown to a certain starting temperature,
to a temperature interval around the peak in the resistancgs, and then the warming curve was measured. This
and that the response becomes reversible below a well d&4,.C W procedure was repeated reaching each time a dif-
fined temperaturd* ~84.2 K. ferentTg. The results are plotted in full symbols in Fig. 2.

It has been shown that history effects observed in ac sug-or comparison, we also plot thg.C W results of Fig. 1 in
ceptibility in YBa,CuzO; can be understood in terms of a open symbols. These are revealing results. The measured re-
dynamical reordering of the VS caused by the induced asistance follows different paths as a function of temperature
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if T is above a certain crossover value-84.2 K). It 0.0

should be noted that the sample has in fact been cooled 1.4 K 0151 oz

below the temperature at which each,& W curve in Fig. -

2 seems to stafbecause of heatingFor measurements that -0.20 ; 04 -

begin above the crossover temperature, the VS has less mo- I To

bility and the highest measured ZC W dissipation level -0.25+ I

that corresponds to the lower starting temperature "2 80 B4 B8 95 96

(<70 K) is not reached. As the starting temperature in- 0.30F T(K)

creases towards the PE temperatdig, this becomes more

evident. At high enougfi, the ac current is unable to move 035% T*l

the lattice at levels that are comparable with, for example, 4

those obtained through thg.C W procedure. In contrast, at - -

temperatures below the crossover, the highest measured 85 86 87 88 89 90
ZI ,.C W dissipation level is reached after a rapid transient. T(K)

This transient is due to a dynamical reordering that occurs
after the measuring ac current is applied and leads to a moxe,

; 2
mob|!e §tate1. L =2 Oe, andf=10.22 kHz. The inset shows the sharp zero field
It is important to note that dissipation in thd ZC W transition in dotted line and the hysteretic behavior fdg.

case is lower than in the,.C W one at low temperatures. _3 koe in full line. The marked area is enlarged in the main
This implies that an overall more ordered VS is obtain€dpanel. Full symbols were obtained in a dc and ac field cooling
when cooling the sample in the presence of the ac current. Asrocedure £,.C C). Open symbols represent the warming curve
predicted in Ref. 12, we suspect that this is due to the inho¢r, .C W) measured immediately after obtaining tifg.C C
mogeneous flow of the current that leads, in tHg.Z W  curve. Temperature was varied in the directions indicated by the
case, to the reordering of the VS only close to the border ofrrows. The crossover temperatifé and the peak temperature,
the sample where the highest currents flow. Another possiblg,, for this sample are indicated by arrovsee text
explanation is that the current inhibits the formation of a
multiple domain(polycrystalling VS when crossing the PE.  |n Fig. 4 we present ac susceptibility data that match our
We turn now to our ac susceptibility results. We per-transport data of Fig. 2. In open symbols, we have plotted the
formed measurements in sample (Bef. 21 (dimensions F, C W data(of Fig. 3 as a reference. Solid symbols rep-
1 mmx0.5 mmx30 um) using a conventional mutual in- resent the warming curves that were measured immediately
ductance susceptometer at a frequefeyl0.22 kHz and ac  after cooling the sample down to different temperatures in
magnetic field amplitudé,.=2 Oe applied in the direc-  zero applied ac field (Z,.C W). Note that the shielding
tion. This ac field is superimposed to a constant magnetigapability in these warming curves is always larger than in
field Hy.=3 kOe oriented as described above. The distributhe F..C CorF,.C W procedures. As the system is cooled
tion of TB ’s in crystal B is similar to that in crystal &see  to different temperatures with no applied ac field, different
inset in Fig. 2. The sample has a sharp zero field superconresponses are observed. At low temperatures, after a short
ducting transition at 92 K and a transition width of 300 mK transient behavior, a response independent of the starting
(10%-90% criterionas determined witt,.=1 Oe. temperature is reached. As the starting temperature rises and
Figure 3 shows the real component of the ac susceptibility
as a function of temperaturg, (T). Temperature was varied
as indicated by the arrows. The upper inset shows the super-
conducting zero field transition in dotted line and tHg,
=3 kOe transition in full line. The dc field transition is
enlarged in the main panel, where hysteretic response is ob-
served. The lower curve corresponds to a field cool proce-
dure. The dc and ac magnetic fields were applied in the nor- -,
mal state before cooling the sample. We refer to this case as |
F..C C. The curved-,.C W was measured on warming im-
mediately after measuring the,.C C curve. In the last
case, the sample clearly presents lower shielding capability,
|x'|, at intermediate temperatures, in accordance with the
higher mobility that corresponds to a more ordered(¥@n-
pare with Fig. 1. The ac currents induced by the applied ac T(K)
field seem to have the same effect on the VS as the ac trans-
port currents, namely, they enable the vortex system to ac- F|G. 4. y’(T) measurements obtained on warming immediately
cess to more mobile states. The PE is also observed with thigter cooling to different temperatures in zero ac magnetic field,
technique, where the shielding capability increases anomaer,.C W (full symbols, sample B Temperature was varied in the
lously with temperature and a dip i’ appears before the directions indicated by arrows. For comparison, figC W in
VS melts. open symbols is show(see Fig. 3 Hy.=3 kOe.

FIG. 3. Hysteretic real ac susceptibility, (T), in a twinned
a,Cu;0; single crystal (sample B for Hy.=3 kOe, h,.

88 89 90
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approached,, the VS remains less mobile, the sample pre-the vortex motion that favors this reordering. This crossover
sents stronger shielding capability and the transient behavidrom a plastic regim&which defines the characteristic mo-
does not lead to a common response. It is worth pointing ouion of vortices at temperatures close to the peak eftecan

that performing equivalent analyses, we have drawn identicadlastic regime at low temperatures would be responsible for
conclusions from the transport and ac susceptibility measurehe observed hysteresis betweEh and Tp.

ments.

To summarize, we have presented ac transport and ac sus- The authors acknowledge F. de la Cruz and A. Silhanek
ceptibility measurements in YB&u;O; single crystals. We  for fruitful discussions. S.0.V. thanks L. Civale for his assis-
showed that the VS orders assisted by the motion induced tiance in Centro Atmico Bariloche. This research was par-
ac currents. The increase of elastic interactions against piriially supported by UBACyT TX-90, CONICET PID No.
ning at low temperatures leads to a crossover in the nature @f634.

*Present address: Physics Department, Harvard University, Cam- (1977 and references therein.

bridge, MA 02138. 11T Ishida, K. Okuda, H. Asaoka, Y. Kazumata, K. Noda, and H.
1W. De Sorbo, Rev. Mod. Phy86, 90 (1964. Takei, J. Low Temp. Phy<.05 1171(1996; B. Sas, F. Portier,
2A.B. Pippard, Philos. Magl9, 217 (1969. K. Vad, B. Keszei, L.F. Kiss, N. Hegman, I. Puha, S. Meszaros,
SA.l. Larkin and Y.N. Ovchinnikov, J. Low Temp. Phy84, 409 and F.I.B. Williams, Phys. Rev. B1, 9118(2000; D. Pal, D.
(1979. Dasgupta, B.K. Sarma, S. Bhattacharya, S. Ramakrishnan, and
4R. Wordenweber, P.H. Kes, and C.C. Tsuei, Phys. Re\33 A.K. Grover, ibid. 62, 6699 (2000.
3172(1986. 125.0. Valenzuela and V. Bekeris, Phys. Rev. L&#.4200(2000.
5M.J. Higgins and S. Bhattacharya, Physic2%7, 232(1996 and  *3S.0. Valenzuela and V. Bekeris, Phys. Rev. L8€, 504 (2001).
references therein. 14p. Thorel, R. Kahn, Y. Simon, and D. Cribier, J. Ph§Rarig 34,
6X. S. Ling and J. I. Budnick, itMagnetic Susceptibility of Super- 447 (1973; X.S. Ling, S.R. Park, B.A. McClain, S.M. Choi,
conductors and Other Spin Systeneslited by R. Heinet al. D.C. Dender, and J.W. Lynn, Phys. Rev. L&#, 712(2002); H.
(Plenum Press, New York, 1991pp. 377-388; W.K. Kwok, Safaret al. (unpublishegl
J.A. Fendrich, C.J. van der Beek, and G.W. Crabtree, Phys. Rev¥°A. Brass, H.J. Jensen, and A.J. Berlinsky, Phys. Re89B102
Lett. 73, 2614(1994); G. D’Anna, M.O. Andre, and W. Benoit, (1989; A.E. Koshelev, Physica @98 371(1992.
Europhys. Lett.25, 225 (1994; J. Giapintzakis, R.L. Neiman, !F. de la Cruz, D. [pez, and G. Nieva, Philos. Mag. B), 773
D.M. Ginsberg, and M.A. Kirk, Phys. Rev. B0, 16 001(1994). (1994.
M. Ziese, P. Esquinazi, A. Gupta, and H.F. Braun, Phys. Rev. B-'D.R. Nelson and V.M. Vinokur, Phys. Rev. 48, 13 060(1993.
50, 9491 (1994). 188, Maiorov, G. Nieva, and E. Osquiguil, Phys. Rev6B 12 427
8A.1. Larkin, M.C. Marchetti, and V.M. Vinokur, Phys. Rev. Lett. (2000.
75, 2992(1995. %Y. safar, P.L. Gammel, D.A. Huse, D.J. Bishop, J.P. Rice, and
SW. Henderson, E.Y. Andrei, M.J. Higgins, and S. Bhattacharya, D.M. Ginsberg, Phys. Rev. Le#9, 824(1992; W.K. Kwok, S.
Phys. Rev. Lett77, 2077(1996; N.R. Dilley, J. Herrmann, S.H. Fleshler, U. Welp, V.M. Vinokur, J. Downey, G.W. Crabtree, and
Han, and M.B. Maple, Phys. Rev. B, 2379(1997; G. Ravi- M.M. Miller, ibid. 69, 3370(1992.

kumar, V.C. Sahni, P.K. Mishra, T.V. Chandrasekhar Rao, S.S%°Intermediate levels of dissipation have been observed for fast
Banerjee, A.K. Grover, S. Ramakrishnan, S. Bhattacharya, M.J. cooling or warming procedures, where the small number of ap-
Higgins, E. Yamamato, Y. Haga, M. Hedo, Y. Inada, and Y. plied ac cycles per temperature interval partially reorder the VS

Ohuki, ibid. 57, R11 069(1998; W. Henderson, E.Y. Andrei, (Refs. 12 and 13

and M.J. Higgins, Phys. Rev. Le®®1, 2352(1998; X.S. Ling, 21 v. Aleksandrov, A.B. Bykov, I.P. Zibrov, I.N. Makarenko, O.K.

J.E. Berger, and D.E. Prober, Phys. RevbB R3249(1998; Mel'nikov, V.N. Molchanov, L.A. Muradyan, D.V. Nikiforov,

Z.L. Xiao, E.Y. Andrei, and M.J. Higgins, Phys. Rev. Le8B, L.E. Svistov, V.I. Simonov, S.M. Chigishov, A.Ya. Shapiro, and

1664(1999. S.M. Stishov, Pis’'ma Zh. Eksp. Teor. Fi8, 449(1988 [JETP
10For earlier work see H. Kpfer and W. Gey, Philos. Mag6, 859 Lett. 48, 493(1988].

060504-4



