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Oscillatory dynamics of a superconductor vortex lattice in high amplitude ac magnetic fields
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We study by ac susceptibility measurements the evolution of the solid vortex lattice mobility under oscil-
lating forces. It has already been shown that in YBCO single crystals, below the melting transition, a tempo-
rarily symmetric magnetic ac fielte.g., sinusoidal, square, triangyl@an heal the vortex lattice/L) and
increase its mobility, but a temporarily asymmetric deey., sawtoothof the same amplitude can tear the
lattice into a more pinned disordered state. In this work we present evidence that the mobility of the VL is
reduced for large vortex displacements, in agreement with predictions of recent simulations. We show that with
large symmetric oscillating fields both an initially ordered or an initially disordered VL configuration evolve
towards a less mobile lattice, supporting the scenario of plastic flow.
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A rich variety of dc and ac dynamical behaviors arisingfield (e.g., sawtoothreduces the mobility of the VL, in con-
from the competition between pinning, thermal and intervor-trast to the effect of a symmetric ac fielel.g., square, sinu-
tex interactions has been observed in the vortex latite) soidal, triangularof similar amplitude and frequency. These
of type Il superconductorsForces between vortices favor effects were observed to be weakly frequency dependent and
the formation of an ordered hexagonal lattice, in oppositiorto depend strongly on the number of shaking cycles. This is
to the disorder that arises from interactions with pinning cena main result that ruled out an equilibration process as a
ters and thermal forces, leading to defective polycrystallinepossible explanation to the change in vortex mobifitat
or glassy structures. the same time, the dynamic crystallization scenario becomes

In driven lattices, external driving forces participate in theinadequate to describe the observed changes in VL mobility
formation of ordered and disordered structures. An examplef the solid vortex in twinned YBCO crystals.
is the experimentéland theoreticdlevidence of a two step Oscillatory dynamics has been described recently in mo-
depinning process of the VL as the driving force is increasedlecular dynamics calculatiorfswhere an oscillatory driving
Initially, at low drives, the lattice undergoes plastic flow, vor- force below the crystallization threshold is able to order the
tices move past their neighbors tearing the VL and leading t&/L after a number of cycles. The reordering of the VL is
the formation of a disordered lattice, with a high density ofmore efficient when vortex excursions are of the order of the
topological defectge.g., dislocations Increasing the drive lattice parametea,y. This VL shaking promotes repeated in-
above a threshold forcé&;r, a dynamical crystallization oc- teractions between neighbors that heal lattice deféats
curs, as proposed by Koshelev and Vinokét larger forces  the number of vortices with five or seven first neighbofg
vortex-vortex interactions dominate over interactions withthe same time, the average mobility of the VL increases loga-
pinning centers which are accounted for by an effective temrithmically with the number of cycles. An important result is
perature that decreases with the VL velocity. that for a tiny asymmetry in the amplitude of the force, the

Memory effects have been observed in fovand highT,  vortex lattice quickly disorders increasing the number of to-
materials(HTSC),810 where the resistivity or the apparent pological defects and the mobility is rapidly reduced after a
critical current densityl,, are found to be strongly dependent few cycles, as observed in the experimefitOn the other
on the dynamical history of the VL. An increase in the mo-hand, when the period of a symmetrical force was increased
bility of the VL when set in motion by a temporarily sym- so that the excursion of vortices greatly exceeded the lattice
metric (e.g., sinusoidalac field (or currenj*®71%is a char-  constant, the VL did not reorder. It was argued that if the
acteristic which is common to all of these experiments. Aperiod of the oscillation was large enough, the system should
proposed mechanishfor this effect in YBaCu;O, (YBCO) behave as when driven by steady forces below the threshold
crystals is the annealing of bulk magnetic gradients in dorce.
platelet placed in a perpendicular dc magnetic field by a In this paper, we investigate the effect of shaking the vor-
weak planar ac magnetic field. A second invoked mechanisrtex lattice with sinusoidal magnetic ac fields starting from a
is an equilibration process assisted by the ac magnetiwell defined and reproducible state. In these experiments the
field 211 excursion amplitude of the vortices is controlled by the am-

Transport and ac susceptibility experimérii&®1?suggest  plitude of the ac magnetic field which is varied between 1
that the response of a steady driven VL may differ qualita-and 150 Oe. We found that for amplitudes below a certain
tively from the ac response observed in measurements irthreshold, 20 Oe, the VL mobility increases as a function of
volving comparable driving forces. In particular, markedly the number of cycles of the shaking field. However, such an
different effects for temporarily symmetric or temporarily increase in the mobility is not observed above 20 Oe. Fol-
asymmetric ac drives have been repofed was shown that  lowing previous experimental and theoretical results, we in-
the application of a temporarily asymmetric ac magneticterpret this as an indication that plastic motion dominates the
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dynamical behavior of the VL. The reduced mobility would _ PointB ' ' _ ]

be a consequence of large vortex displacements which pro- 0.24+ ¥ HMC (¢"=0.25) " 1

duce vortex lattice tearing and the generation of defects. 0.20. after symmetric H_, _." E ]
We measured the response of the vortex lattice to the - e t ]

shaking field by means of ac susceptibility measurements. 0.16 - / Bei }’ .

- ey, oint A

Global ac susceptibility measuremertiig,.=x’+jx”) were . 012 LMC ('=0.14) s

made with the usual mutual inductance technique in two ™™ after asymmetric H_, *

twinned YBgCu;0; single crystald? with typical dimen- 0.08 4 ° ! _

sions 0.6<0.6x0.02 mn?, and T,~92 K at zero dc field T=855+0.5K f

andAT,~0.3 K (10%-90% criteriaWe have obtained simi- 004 = eliele . 1

lar results for both crystals but we show _the results obtained 0.00 6=20 —

for one of them. The ac field,., was applied parallel to the : : : : : : :

c crystallographic axis and the dc fieldy,, was applied at 84 86 88 90 92

®=20 away from the twin boundaries to avoid the effects of T(K)

correlated defects.In the temperature and field region of o )

interest, high dissipatiofy”) [or low screeningy’)] implies FIG. 1. The ac susceptibility measuremegtsvs T. This mea-

high mobility, and low dissipatiorfor high screeningim- surement was made lowering temperature with andHy, turned
plies low mobility© on-
The experiments to investigate the effect of the amplitude = . _ : .

of the shaking field followed the protocol that is describegOPtained after setting a LM(oint é) and then ap_plylng 10
immediately below. First, the VL lattice was prepared apply-qr']Cles of a smt#_scl)édal ac f'eldiéf_fz -3 (d)ehandf—lo kHZ.'b.l.
ing the ac configuration fieldH.;) for a number of cycles The 7.5 Oe ac field, was tumed off and the ac susceptibility
(N~10°, =10 kH2. A temporarily asymmetri¢sawtooth was measured. The mobility of the VL is clearly enhanced as
H Was’used to prépare a low mobility configuration, LMC a result of the application of the sinusoidal field. We call this

cf y . . . X K
pare an initial vortex configuration with high mobility, HMC. P P P

It is worth noting that the lattice was always prepared in the'l"® and dc magnetic field. As anticipated above, the tem-

LMC before applving the symmetrid... to attain the HMC perature was chosen to correspond with the low temperature
The configuraFt)i%r{ figeld an)(lj the mec;surilhg field were. maximum iny” (see Fig. 1in order to obtain a large observ-

. . e . able difference between the measured susceptibility for low
proylded by 'ghe susceptometer primary coil. After setting theand high mobility VL configurations. For our sgmpleys for a
deswgd starting gonf|gur.at|ohicf was turngd off and a tem- dc magnetic field of 2 kOe and with our selected meésuring
porarily symmetr_|c shaking ac fieldH,,) with an amplitude ac field, this temperature is aroufic:85.0 K.
that .COUId b_e v_aned between .1 Oe and 150(Cel H2) was In Fié]. 2 we showy” versus the number of cycléhly,) of
applied. Th's field was supplied by _the same eIectro_magn%e shaking field. The shaking field was chosen to have dif-
that provided the dc field. After shaking the vortex lattice forferent amplitudegfrom 8 to a 120 Opand was applied to a
a numb_er of cyclesNsy), .HSh was turne_d_gff and the first MC prepared withH;=7.5 Oe. Equivalent results are ob-
hgrmonl_c of Fhe magneuc ac suscept.|b|l|ty was measuredyineq fory’. For shaking fields with the lowest amplitu¢®
with a sinusoidal ac field with an ampl|§gdﬁ%}0:2 Oe and Oe), x” increases roughly as the logarithmMf;. The same
In_olb(ijl.itzyzct(fl_lﬁe T\r;f ;iagllj;i?ifiseussiﬁgt:#gé/t 'zfrﬁgtiﬂ;%;g%ependence is observed for intermediate amplit{@6s20
field in it. With this protocol we can study the effect b Oe) for which it is also observed that’ increases with the

cycles of the shaking field to an initial vortex configuration

with either low(LMC) or high (HMC) mobility. This proce- 0.221 T=85K H =2kOe 6=20" C T

dure is repeated for each measured valudlgf Starting from LMC . ey
Figure 1 shows ac suscepotibility measuremeyitys T 020 ™ 80e s e , )

cooled in dc(Hy.=2 kOe,=20) and ac field§H,.=2 Oe, e 10 0Ce £ ; -

f=10.22 kHz). Differences between VLs with high and low 20 Oe e

mobility are measured for temperatures below the melting = 0184 7 gg 82 el - .

line (solid VL). We choose to make our measurement3 at -4 120 Oe

~ 85 K, where a larger difference between the measured sig-

nal of the high and low mobility states is observed. The 0:484 i

lower point(point A) was obtained after field cooling to 85.5 ”‘-';;;.v..»'_;

K, turning off the measuring field and applying®i€ycles of O] g g ]

a sawtooth ac magnetic fieléH;;=7.5 Oe andf=10 kHz. T

The 7.5 Oe ac fieldthat penetrates the sample completly 1 10 5 100 0

sh

was turned off and ac susceptibility was measured. The ap-

plication of the temporarily asymmetric drive reduced vortex FIG. 2. ¥ versus the number of cycles of the shaking fig\g,)
mobility, and we call this a low mobility configuration, for different amplitudes, starting from a low mobility configuration,
LMC. The higher point(point B) was the dissipation level LMC.
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FIG. 3. x” versus the number of cycles of the shaking figlg;)
for different amplitudes, starting from a high mobility configuration
HMC.

FIG. 4. x' versus the amplitude of the shaking field for
Ngp=200, from low and high mobility configurations.

amplitude of the shaking fieltfor a given number of cycles, shaking field to improve VL mobility increases up to a maxi-
Ngp)- It is interesting to note that this increasing trendyvih ~ mum (Hgn~10-20 O¢ and then decreases. For amplitudes
does not continue if the amplitude of the shaking field isy_ g0 Oe the VL seems to have reached a configuration
further increased. Instead, we observed tRatreaches a st slightly different from the starting LMC, i.e., a high
maximum at around 20 Oe and starts decreasing for largé{mpjitude sinusoidal field does not remove VL defects. For a
amplitudes. ForHs, above 80 Oe, the” of the final state  Hyc starting state, low amplitudes do not modify the dy-
(after 1000 cyclesis in fact comparable to thg” of the  namics of the VL. AsHg, is increased above 20 Oe, there is
initial LMC. o . a clear reduction in mobility, and higher shaking amplitudes
As a larger y" implies a larger VL mobility, these configure the VL close to the LMC state. In fact fét,
results indicate that there is an “optimum” amplitude of > 40 Qe the final mobility is independent of the starting con-
Hsr(~20 O for which a maximum mobility in the VL is  figyration. It is interesting to note that this result is indepen-
obtained(for a given number of cyclesThey also show that  dent of the frequency of the shaking field in the range tested
a high amplitude symmetric ac field is not effective in reor-(9.1 Hz< f,,<3 Hz). Given that the dissipation in the
dering and increasing the mobility of an initially disordered sample is directly related to the number of cycles per unit of
VL. By comparison with numerical simulations, it appearstime, this result implies that the observed effects are not
that large vortex displacements produce plastic tearing of thgs|ated to local heating.
VL and the overall response becomes equivalent to the re- po|iowing Ref. 7, when the average vortex excursion pro-
sponse of a lattice in a low mobility configuration. ~duced by the shaking field is comparable to the lattice con-
~ We also studied the effect of the shaking field on an ini-giant 4, "the VL mobility increases as the vortex lattice or-
tially ordered VL(HMC). In F|_g. 3_We shova’_’ versus the  4ers and moves in an increasingly coherent wye
number of cycles of the shaking fieldly) of different am-  cajculated number of defects in the lattice and its mobility
plitudes starting from the HMC. At low amplitude magnetic yary as the logarithm of the number of cycles of the oscil-
fields (<10 Og x” (and the VL mobility stays approxi- |ating force. On the contrary, calculations predict that when
mately constant, but at higher amplitudé20-80 O¢ an  the excursion of vortices greatly exceeds the lattice constant,
overall reduction iny” is observed. Even one cycle is enoughthe VL mobility is reduced as the plastic motion tends to
to significantly alter the VL configuration. ASls, is in- increase disorder. In order to relate our results with theoret-
creased, the value gf' seems to go through a shallow mini- ical predictions, we estimated the average vortex displace-
mum but the y” never recovers to the initial value at ment under the action of the oscillating ac field. The distance
Nsp=0. Shaking fields with an amplitude larger than 80 Oethat a vortex at the sample boundary moves when a field

strongly reducey” to values, which are comparable to the perturbationHs, is applied can be roughly estimated by
one in a LMC. As discussed above, the results in Fig. 2 show

that a large amplitude symmetric magnetic field is not effec-
tive in reordering and increasing the mobility of the VL.
Figure 3 shows that such an oscillating magnetic field also
distorts an initially ordered VL and reduces its mobility. wherer is the sample radius, assuming the magnetic induc-
The effects of the amplitude of the shaking fi¢lg,, are  tion B~Hg.. For our experimental conditions,~0.3 mm
more clearly observed in Fig. 4, which showéas a func- and Hq.=2000 Oe, and considering a triangular lattice
tion of the amplitude of the shaking field for a fixed number(ay~ 0.1 um), <u> ~a, occurs at a shaking field ampli-
of cycles(Ngy=200. We show measurements that were per-tudeHg,~2 Oe. However, in our experiments the maximum
formed, starting with high and low mobility configurations. dissipation (implying maximum mobility occurs for Hg,
Starting with a LMC, it can be seen that the ability of the ~10 Oe (see Fig. 4, so that the above approximations

1H
(Uy= ==,
2Hg,
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slightly underestimate the shaking field limit. Note that the To conclude, in this paper we have shown that tempo-
exact value at which the maximum j is observed could rarily symmetric vortex oscillations, forced by sinusoidal ac
depend on the rigidity of the vortex lattice and the density offields, increase the mobility of the VL in twinned YBCO
pinning centers. The more rigid the lattice the more difficultcrystals. However, when the amplitude is larger than a cer-
it is to create defects in it. This implies that the field ampli- tain threshold, the temporarily symmetric oscillation reduces
tude estimated above for the position of the peak is a lowethe mopbility. This is an indication that large vortex displace-
limit and could increase with vortex rigidity. ments may produce vortex lattice tearing and the mobility is
_We find that our results are qualitatively in accordancegqyced. We have also shown that a healed lattice with initial
with numerical simulations indicating that if vortices are high mopility can be torn by the driven symmetric oscilla-
forced to oscillate with amplitudes larger than the typical VL tion i vortex displacements are much larger than the VL

parameter, plastic motion introduces topological defects anfarameter. The ordered VL reduces its mobility even with
reduces mobility. For smaller drives, vortices perform smalljust one oscillation of the shaking field.

excursions interacting repeatedly with neighbors and as the
lattice becomes successively more ordered, its mobility in- This work was supported by: UBACYT X71 and
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