PHYSICAL REVIEW B 71, 014510(2005

Thermal annealing of the torn vortex lattice in YBa,Cus;0- crystals
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We report evidence that the ac driven solid vortex lattice in YBCO single crystals reorganizes and accesses
to robust configurations with different effective pinning potential wells arising in response to different system
histories. The curvature of the pinning wells was determined by measuring the real ac penetration depth in the
linear regime with a sensitive ac susceptometer. The stability of the different static configurations without
assistance of macroscopic forces was also investigated. We find that they have distinct characteristic relaxation
times which may be related to elastic or plastic creep processes.
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I. INTRODUCTION enough attains a vortex lattice configuratidi/LC) and be-

Continuous efforts have been made in the past years fgomes less mobile. Moreover, mobility is also reduced if a

elucidate the complex dynamical behavior of the vortex lat-:€mpPorarily symmetric ac field forces vortices into large

tice (VL) both in low- and higHF, superconductors? More excursions’ These striking features indicate that these ef-

recently, much attention has bceen directed towards undef€cts have their origin in the oscillatory character of the vor-

standing driven lattices in the vicinity of the peak efféee)  teX dynamics in YBCO crystals. Defedts.g,, dislocations

which refers to an anomalous nonmonotonous dependence grelr creation or annihilation controlled by the different
r

the critical current density, with both temperature and mag- 9"Ve€N hlsttones, mllgh(; fplaé)é:\ Tnajo_tr)lrole_z ;n the tkr)1U|tktrYL

netic field® Among the intriguing behaviors are the memory 'SPONS€ t0 an appiied forcea plausibie picture 1S that the

effects observed in loW and in high T, materials repeated interactions between vortex neighbors facilitates the
C

(HTSO) 5% where the resistivity or the critical current den- healing of topological defects, while temporarily asymmetric

. ___ac fields or large vortex excursions promote their creatfon.
sity J, are found to be strongly dependent on the dynamical " A gnen issue that needs to be addressed is the connection

history of the VL. . between the attained mobility of the VL and the effective
A great amount of work was devoted to understand if thisyinning potential wells. As was pointed out in Ref. 21, the
phenomenology is dominated by surface or bulk pinningeffective or measured. in HTSC in the peak effect region is
properties. In NbSg(Ref. 5 and BSCCORef. 10 samples,  grastically affected by creep phenomena. Moreover, in typi-
surface and geometrical barriers seem to play a fundamentah| nonlinear ac susceptibility experiments, vortices move
role. In untwinned YBCO samples, vortex pinning at the changing the VL configuration. This led us to explore the VL
sample surface has been reported to dominate over bulkear the static configuration acquired immediately after as-
pinning**2However, in materials with moderate anisotropy sisting it with a specific dynamical history. The solid VL in
and high density of pinning centers, as is the case of wel¥BCO single crystals was prepared with different dynamical
oxygenated twinned YBCO, transport properties Hg.  histories and explored using a very small ac field to measure
>H,, are generally well described by bulk pinning forces. Inac susceptibility? so vortices oscillate inside their effective
particular, memory effects in the nonlinear ac regime inpinning potential wells without modifying the configuration
twinned YBCO crystals have been successfully describedf the system. Results show that the oscillatory dynamical
within a bulk critical state modét”13We therefore consis- history not only determines the degree of mobility, but di-
tently assume bulk pinning in what follows. rectly modifies the effective pinning potential wells: tempo-
Characteristic of the observed driven dynamics is the inrarily symmetric shaking reduces the curvature of the effec-
creased mobility of the VL after assisting it with a tempo- tive pinning wells and a larger curvature is recovered after
rarily symmetric(e.qg., sinusoidalac field (or currenj.*%7°  shaking the VL with a temporarily asymmetric ac field of the
A proposed mechanisthfor the fast observed depinning in same amplitude. Furthermore, the nature of these history de-
YBCO crystals, is the annealing of bulk magnetic gradientgpendent static VL configurationd/LCs) was investigated.
in a platelet placed in a perpendicular dc magnetic field by @®ifferent warming-cooling protocols allowed us to analyze
weakplanar ac magnetic field. A second invoked mechanismtheir degree of stability. We find very different characteristic
is an equilibration process assisted by the ac magnetic'field.decay times that probably involve distinct creep mecha-
The fluctuation energy produced in the sample under cyclimisms.
field variation would be a key element within this scenafio. This paper is organized as follows: In Sec. Il we first
However, recent experiments in YBCO single crystalsdescribe the experimental array and the different experimen-
that cannot be accounted for within either of these twatal protocols that outline the dynamic history of the VL and
frameworks have been reported. We have sHatlvat a VL then explain the numerical procedure followed to analyze the
free from bulk field gradients assisted by an asymmetric a€Campbell regime. Results and discussions are presented in
field (e.g., sawtooth—although a small asymmetry isSec. lll and conclusions are drawn in Sec. IV.
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Il. METHODOLOGY 0.16 1] 0.18

A. Experiment Iﬁrﬂomﬁe

The samples used were YR2u;0, twinned single G144 Semplas By =22000¢ | sample B ro:16
crystald® (typical dimensions 0.8 0.6x 0.02 nn¥) with T,
~92 K at zero dc field andT,~ 0.3 K (10-90% criterion
Global ac susceptibility measurements were carried out with St /
the usual mutual inductance technique. The measuring an
the assisting ac field are_prowded by the prlmgry_con a_nd are ol /
parallel to the crystat axis. The static magnetic field,; is
provided by a magnet that can be rotated relative to the
sample, and was oriented out of all the groups of twin planes. (3 i i i i 0.10

The various VLCs were obtained following three proto- 86 T®) 87 87 ®) 88
cols or dynamical histories. In the three cases, the sample is

cooled in dc magnetic_ field_avoiding b_ulk magn_etic gragli- FIG. 1. Real linear penetration depMy, normalized by the
ents, but each case differs in the applied assisting ac fielgaracteristic lengtlD of the sample(see text as a function of
The first case is a dc field cool process without any assistingsmperature in a warming procegarrows indicate temperature
ac field(zero ac field cool, ZEC). A less mobile VLC! that  sweep direction for YBCO crystals A(left) and B (right). Black
we call Asy, is obtained assisting the VL with an asymmetric(gray) curves start from an AsgSy) VLC (see text Hqe was tilted
(sawtooth ac field (3.5 Oe at 30 kHg for 30 s once the 20° out of the twin planes.

sample has been dc-field cooled to the destination tempera-

[a]
L 0.14 ¥

-0.12

ture. The assisting ac field is then turned off and the mea- V.

surement begins. A more mobile VLCthat we call Sy, is e= —F——. 2)
obtained applying a symmetric@inusoidal ac field(3.5 Oe Q(LR(X')>

and 30 kHz for 30 s following the complete Asy protocol. D

The sinusoidal shaking field is turned off and the measure-
ment begins. Linear Campbell regime was measured at an
amplitude two orders of magnitude lowg.04 O¢ and fre-

quency 30 kHz. [lI. RESULTS AND DISCUSSION

Figure 1 compares curves for the real penetration depth
A\r/D as a function of temperature in a warming process
Pinning potentials corresponding to different VLCs werestarting from a Sy and an Asy VLC in two YBCO crystals,

explored measuring the linear real penetration deythn samples A and B. In both caskg, was tilted ind=20° away
the Campbell regimé’ In a general case, the linear ac re- from the twin planes. In all the measured samples a clear
sponse is determined by the complex frequency dependegtfference in the penetration depth of both VLCs can be ob-
penetration depth,df)=Ag+i\.>* The functionx(\o) de-  served. It can be seen from Fig. 1 that, in that case, the initial
pends on the sample geometry. To evalugfewe approxi- relative differencgAg(Sy)—\g(Asy)]/\g is around 9%. We
mated our experimental geometry by a thin disk of radus note, however, that this value depends on the sample and the
and thicknesss in a transverse ac magnetic field. We usedtemperature where the protocols were carried out. To verify
the numerical solution developed by BraA@it®in which x  the validity of our experimental result, we carefully evalu-
is determined by the adimensional parametgyD, where  ated all the error sources in themeasuremertnoise, signal
DZ((SR/Z)]'/Z is the characteristic Iength of the Sample. In thEphase, normalization procedmrdjsing an ac field of 40
Campbell regime the imaginary penetration depfcAg  mOe and 30 kHz, measurements displayed in Fig. 1, have an
and dissipation is very small. This leads to a frequency indeexperimental precision better than +1.3%. We also checked
pendenthg=(\7+\2)2, where | and \.=(¢oB/4ma)*?  that inversion of the first order approximation @), is a
are the London and Campbell penetration depths, respegery good estimation okg: in our experimental penetration
tively, and o represents the curvature of the effective pin-range, and foe <0.1 a second order term modifiag less
ning potential welk* and ¢, andB are the flux quantum and than 0.8%. We note that in these evaluations, we take the
the magnetic induction. When the phase\|/\g<1, to first  model and the Brandt numerical procedure as exact. Obvi-
order ing, we obtain ously, to take into account the exact sample geometry would
R . give different numerical values, but this fact would not affect
X' +ix'==1+1(\/D) +ieg(\e/D), (1) the physics under discussion. Consequently, results in Fig. 1
where f and g are functions of the adimensional variable show that oscillatory dynamics can directly modify the ef-
\r/D.2>26 Therefore, in this limit, the inductive component fective pinning potentials of vortices. Itis clear that the VL is
of the ac susceptibility’ is determined by the experimental more pinned in the torn Asy than in the healed Sy VLC.
geometry and the adimensional parametgfD (for details In Figs. 2a) and 2b) full curves of the linear ac suscep-
of the numerical procedure see Ref) Zbhe phase can be tibility componentsy’(T) and x"(T) for sample B are shown.
easily estimated from Eq1) and the experimental values of The small region of data used to plot Fig. 1 is encircled. A
x' andy” as typical nonlineary’(T) curve measured at a higher ac field

B. Campbell regime calculations
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Sample B 1@ H, =2200 O ®) H, =22000¢ |
0.2 5 T=86.2K T=866K
=U.21 - 0 = -~
0 3.4 0e 2 o ag| =% o= (H”c). g
g | — g :
§ £ §
3'0.6' -— - +
~ + At =a® =
= 40 mOe = Lkl
o1{x*/p=012:00012 I .
-1.0F— 2. 1. . 2 = F _
. 0.2- {Z== F Linear Non linear |
= ® ] 7.‘,/D=0.107:t0.0016|
0.0fmosesmmnocck? Vo 0.01 0.1 0.01 0.1
h_(Oe) h_(Oe)
Campbell
w 0-1- FIG. 3. ac permeabilityy’ +1 measured at different ac fields
© after the Sy and Asy VLCs were prepared, for two orientations
0.0 between the dc field and twin boundarié¢s) #=20° and(b) 6
S s T A =0°. Vertical dotted lines indicate the limit of linear response. From
87 88 89 90 91 the Campbell response shown (@ two clearly different penetra-
TK) tion depths result, while ifb) they are indistinguishable. Axes are

shown in logarithmic scale.

FIG. 2. Linear ac susceptibility components measured at 40
mOe (8 x'(T) and (b) x"(T) for Hu=0 (full line) and Hy. Next, the stability of these different dynamic-modeled
=2200 Oe(dashed lingare shown. The encircled area indicates thestatic VLCs was investigated. In Fig. 4 the evolutiongf D
region from where the data were extracted to calculate the curves iduring a very slow(~2 h) warming-cooling process W-C for
Fig. 1. A typical nonlineay'(T) curve measured at a higher ac field the different VLCs is shown. In Fig.(d) the result of a W-C
with Hg:=2200 Oe is shown(c) £=\,/\g obtained using Eq(2)  excursion of approximately 1.3 K after preparing the VL in
with its error is_plotteo[see text Vertical line identifies the Camp-  {he Sy and Asy VLCs aT~87.3 K are compared. It can be
bell regime limit. seen that the Sy VLC has an initial fast accommodation and

after that it remains reversible for the whole measured tem-

(3.4 Og displaying the typical peak effect is compared. Theperature range. This initial relaxation is difficult to measure
continuous line shows the zero field transition. Figufe) 2 with a good temporal resolution, because of the large lock-in
shows thee(T) curve and its experimental error obtained amplifier integration time required to detect such small sig-
using Eq.(2). There is a constant phage-0.07, until an nals. On the contrary, the more pinned Asy VLC relaxes
upper temperature limiting the Campbell regime. This tem-slowly during the warming process. The difference in behav-
perature forHy.=2.2 kOe is indicated in the figure with a ior is more clearly displayed in the inset, where the relative
vertical line. We also confirmed that below this temperaturechange of the penetration lengthi(W)—(\g(C))/\g(W) as
x' is frequency independent in the kHz range. a function of temperature for both processes is compared. In

Complex dynamics deriving in striking features asFig. 4(b) the Asy evolution is compared with that corre-
memory effects appear in cases where there is a crucial corsponding to a usual FCZF,C) VLC. The FC VLC is prac-
petition between vortex-vortex interaction and random disortically reversible, although it seems to slightly relax towards
der. When strong correlated disorder prevails, none of thesghe Sy curve. In fact, all the evolutions seem to get closer to
effects are presefi To check that the previous results ef- a unique ac penetration depth.
fectively arise from complex dynamics, an analog experi- We then performed a series of tests to investigate the na-
ment but withHg.//c was made. Comparison between bothture of such a relaxation. An important result is that we ob-
experiments for sample A are summarized in Fig. 3. Measerve the same final state after repeating the W-C process
surements of’ +1 at fixed temperature using different mea- without applying the small measuring ac field. This suggests
suring ac fields after the Sy and Asy VLCs were preparedthat the relaxation is due to a thermal activated process and it
are shown foH.//c(6=0°) and §=20°. The vertical dotted is supported by the fact that in an inverse cooling-warming
line indicates the limit of linear response. The correspondingrocess, beginning at the same temperature, no relaxation is
values of\gr/D were extracted from the Campbell response.observed. Note that the time scale of this relaxation process
As shown in Fig. 3, when the vortices are tilted away fromis larger than the time scale of vortex motion in Campbell
the twin planes, two clearly different penetration depths retresponse, contributing to negligible ac losses at 30 kHz.
sult for the Sy and Asy VLCs, while when correlated pinning  As another test to confirm the thermal origin in the relax-
prevails, there is no evidence of distinct VLCs. This is anation of the Asy VLC, we repeated the same procedure in
important result showing that complex oscillatory dynamicsanother temperature range. In Fig. 5, evolutiona@fD in
observed for9=20° (and absent for sma#) in our previous similar W-C excursions are shown. In these cases, the Asy
work,” is related to these static VLCs. VLC was prepared at a lower temperature than in Fig. 4.
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0.04 5y 1\ 0.13
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~
& FIG. 5. (a) Left axis: Evolution ofAg/D in a similar procedure
0.14 than that shown in Fig. 4 for the Asy VLC, but for a lower tem-
perature range. The response is reversiltleRight axis: The same
process carried up to a higher temperature: irreversibility emerges.
Vertical axis scales are shifted for clarity.
0.12 - (b)
Asy creep?® In that case ac losses are very small because the
! ) ! ) ; j J j characteristic time scale for creep is much larger than the ac
87.2 87.6 88.0 88.4 P d

field period. Consequently, the VL is observed to slowly
T(K) adapt to a more stabl@r less stressgd/LC.
Numerical simulations recently confirmed that the more
FIG. 4. Evolution ofAg/D during a warming(black symbols ~ mobile Sy VLC is more ordered, while the less mobile Asy
followed by a cooling(gray symbols process, after preparing dif- VLC is characterized by a greater number of topological de-
ferent VLCs: In(a) the evolution of Sy and Asy initial VLCs are fects or dislocationg’ On the other hand, recent theoretical
shown. The Sy VLC has an initial fast accommodation after whichwork?® has predicted that plastic vortex creep, in a dislocated
it remains reversible for all the measured temperature range. Theortex solid, would have higher exponents for the power-law
more pinned Asy VLC decays during the slow warming processdivergence of the creep barriers than elastic vortex creep
Inset: comparison of the relative change Ng for both starting  occurring in an elastic medium free of topological defects.

VLCs (Sy in white, Asy in light gray. In (b) the evolution for the In this framework, the fast initial relaxation in the Sy
Asy initial VLC is compared with that corresponding to a.&F  VLC could be associated to a small elastic creep where vor-
VLC. tices only slightly adapt better to the pinning potential with-

Vertical axes are shifted for clarity. In the upper cuileft out modifying the st(uctl_Jre of the VL. On the contrary, the
axi9), the sample was warmed ®,,,=87.5 K and the re- slow.thermal relaxation in the torn Asy VLC_ can.be dlue to
sponse is reversible. However, if the same process is carriggl2stic creep, where the number of dislocations is being re-
out up to a higher temperatut@wer curve, the irreversibil- ~ duced and the system evolves towards a less straed
ity reappears. less pinned configuration. It seems that the protocol that
Before discussing the underlying physics that we believesreates the Asy VLC promotes more dislocations than the
explain our results, it is necessary to rule out an alternativ€xisting number in the stable configuration.
explanation found in the recent literature for thermal relax- Finally, as a result of thermal annealing, all the prepared
ation in the Labusch constant. For example, in Ref. 27 &/LCs seem to relax to final static VLCs with a degree of
hysteretic linear response has been related with a remanepinning similar to the one observed for the initial Sy VLC.
critical state profile. In that case, vortices perform small ex-This result can be surprising, because warming curves
cursions around a point away from the bottom of the pinningeached temperatures above the onset of thé¢se& Fig. 2
potential well with a different curvature. Relaxation in the where a more disordergdnd more pinnepdVL is expected.
curvature is then associated to a thermal relaxation in th&lowever, the observed behavior is consistent with the inex-
critical profile. Results shown in Fig. 3 rule out this expla- istence of the PE in the linear regime. In Fig. 2 it can be seen
nation in the present case, because remanent préfisy)  that while the PE is clearly displayed in the nonlinear re-
should be independent of the direction of the dc field. Addi-sponsgassociated with the measuréd, it is absent in th&
tionally, if a critical profile relaxes, the vortex equilibrium dependence of the Labusch constant. We think that this fact
position gradually shifts towards a higher curvatir@t the is crucial for the understanding of the nature of the peak
potential well minimum), contrary to what happens in the effect in YBCO crystals.
present case.
Let us now underline a possible scenario to explain the IV CONCLUSIONS
above results: Campbell regime is characterized by a very We have presented linear ac susceptibility results in
small dissipation that may be mainly due to small thermaltwinned YBCO crystals that show that the solid vortex lat-
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tice, in the vicinity of the peak effect, is organized by its and inhibits vortex mobility, contrary to the effect of a small
oscillatory dynamical history in different vortex lattice con- density of topological defects. However, there seems to be a
figurations VLCs characterized by different effective pinningtemperature dependent equilibrium density of defects to-
potential curvature. The obtained Labusch parametefor  wards which the more pinned and more ordered lattices relax
the VLC healed by the application of a sinusoidal ac magshowing different relaxation time scales probably related to
netic field is smaller than the obtained parameter for a torfast elastic and slow plastic creep process. There still remains
defective ongtorn by the application of a sawtooth ac mag- the need to determine how general these results are, explor-

netic :731'? This result would lead us to describe the lessj,g yBCO crystals with controlled defects and other super-
mobile”+° torn lattice as more pinned. We point out, how- conducting materials that show peak effect.

ever, that there is not a trivial relationship between vortex
lattice mobility and pinning potential curvature,, particu-
larly near the PE region.

We have also found that, interestingly, the more pinned
torn vortex lattice is unstable and relaxes without assistance We thank S. O. Valenzuela and A. Moreno for useful dis-
of macroscopic forces towards a more ordered lattice with @ussions and C. Chiliotte for technical support. This work
smaller Labusch parameter. We conclude that a large densityas partially supported by UBACyT X071, CONICET PIP
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