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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 fieldse.g., sinusoidal, square, triangulard can heal the vortex latticesVL d and
increase its mobility, but a temporarily asymmetric onese.g., sawtoothd of 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 arisin
from the competition between pinning, thermal and intervo
tex interactions has been observed in the vortex latticesVL d
of type II superconductors.1 Forces between vortices favo
the formation of an ordered hexagonal lattice, in oppositi
to the disorder that arises from interactions with pinning ce
ters and thermal forces, leading to defective polycrystallin
or glassy structures.

In driven lattices, external driving forces participate in th
formation of ordered and disordered structures. An exam
is the experimental2 and theoretical3 evidence of a two step
depinning process of the VL as the driving force is increase
Initially, at low drives, the lattice undergoes plastic flow, vo
tices move past their neighbors tearing the VL and leading
the formation of a disordered lattice, with a high density
topological defectsse.g., dislocationsd. Increasing the drive
above a threshold force,FT, a dynamical crystallization oc-
curs, as proposed by Koshelev and Vinokur.3 At larger forces
vortex-vortex interactions dominate over interactions wi
pinning centers which are accounted for by an effective te
perature that decreases with the VL velocity.

Memory effects have been observed in low4,5 and highTc
materialssHTSCd,6,10 where the resistivity or the apparen
critical current densityJc, are found to be strongly dependen
on the dynamical history of the VL. An increase in the mo
bility of the VL when set in motion by a temporarily sym
metric se.g., sinusoidald ac field sor currentd4,5,7,10 is a char-
acteristic which is common to all of these experiments.
proposed mechanism8 for this effect in YBa2Cu3O7 sYBCOd
crystals is the annealing of bulk magnetic gradients in
platelet placed in a perpendicular dc magnetic field by
weak planar ac magnetic field. A second invoked mechani
is an equilibration process assisted by the ac magn
field.9,11

Transport and ac susceptibility experiments4,9,10,12suggest
that the response of a steady driven VL may differ qualit
tively from the ac response observed in measurements
volving comparable driving forces. In particular, marked
different effects for temporarily symmetric or temporaril
asymmetric ac drives have been reported.10 It was shown that
the application of a temporarily asymmetric ac magne
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field se.g., sawtoothd reduces the mobility of the VL, in con-
trast to the effect of a symmetric ac fieldse.g., square, sinu-
soidal, triangulard of similar amplitude and frequency. These
effects were observed to be weakly frequency dependent an
to depend strongly on the number of shaking cycles. This i
a main result that ruled out an equilibration process as
possible explanation to the change in vortex mobility.10 At
the same time, the dynamic crystallization scenario become
inadequate to describe the observed changes in VL mobilit
of the solid vortex in twinned YBCO crystals.

Oscillatory dynamics has been described recently in mo
lecular dynamics calculations,7 where an oscillatory driving
force below the crystallization threshold is able to order the
VL after a number of cycles. The reordering of the VL is
more efficient when vortex excursions are of the order of the
lattice parametera0. This VL shaking promotes repeated in-
teractions between neighbors that heal lattice defectssi.e.,
the number of vortices with five or seven first neighborsd. At
the same time, the average mobility of the VL increases loga
rithmically with the number of cycles. An important result is
that for a tiny asymmetry in the amplitude of the force, the
vortex lattice quickly disorders increasing the number of to-
pological defects and the mobility is rapidly reduced after a
few cycles, as observed in the experiments.10 On the other
hand, when the period of a symmetrical force was increase
so that the excursion of vortices greatly exceeded the lattic
constant, the VL did not reorder. It was argued that if the
period of the oscillation was large enough, the system shoul
behave as when driven by steady forces below the thresho
force.

In this paper, we investigate the effect of shaking the vor
tex lattice with sinusoidal magnetic ac fields starting from a
well defined and reproducible state. In these experiments th
excursion amplitude of the vortices is controlled by the am-
plitude of the ac magnetic field which is varied between 1
and 150 Oe. We found that for amplitudes below a certain
threshold, 20 Oe, the VL mobility increases as a function o
the number of cycles of the shaking field. However, such an
increase in the mobility is not observed above 20 Oe. Fol
lowing previous experimental and theoretical results, we in
terpret this as an indication that plastic motion dominates th
©2005 The American Physical Society513-1
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dynamical behavior of the VL. The reduced mobility woul
be a consequence of large vortex displacements which p
duce vortex lattice tearing and the generation of defects.

We measured the response of the vortex lattice to
shaking field by means of ac susceptibility measuremen
Global ac susceptibility measurementssxac=x8+ jx9d were
made with the usual mutual inductance technique in tw
twinned YBa2Cu3O7 single crystals,13 with typical dimen-
sions 0.630.630.02 mm3, and Tc,92 K at zero dc field
andDTc,0.3 K s10%–90% criteriad.We have obtained simi-
lar results for both crystals but we show the results obtain
for one of them. The ac field,Hac, was applied parallel to the
c crystallographic axis and the dc field,Hdc, was applied at
Q=20° away from the twin boundaries to avoid the effects
correlated defects.6 In the temperature and field region o
interest, high dissipationsx9d for low screeningsx8dg implies
high mobility, and low dissipationsor high screeningd im-
plies low mobility.10

The experiments to investigate the effect of the amplitu
of the shaking field followed the protocol that is describe
immediately below. First, the VL lattice was prepared appl
ing the ac configuration fieldsHcfd for a number of cycles
sN,105, f =10 kHzd. A temporarily asymmetricssawtoothd
Hcf was used to prepare a low mobility configuration, LMC
A temporarily symmetricssinusoidald Hcf was used to pre-
pare an initial vortex configuration with high mobility, HMC
It is worth noting that the lattice was always prepared in t
LMC before applying the symmetricHcf to attain the HMC.
The configuration field and the measuringHac field were
provided by the susceptometer primary coil. After setting t
desired starting configuration,Hcf was turned off and a tem-
porarily symmetric shaking ac fieldsHshd with an amplitude
that could be varied between 1 Oe and 150 Oesf =1 Hzd was
applied. This field was supplied by the same electromag
that provided the dc field. After shaking the vortex lattice fo
a number of cyclessNshd, Hsh was turned off and the first
harmonic of the magnetic ac susceptibility was measu
with a sinusoidal ac field with an amplitudeHac=2 Oe and
f =10.22 kHz. The measured susceptibility is related to t
mobility of the VL and quantifies the effect of the shakin
field in it. With this protocol we can study the effect ofNsh
cycles of the shaking field to an initial vortex configuratio
with either lowsLMCd or high sHMCd mobility. This proce-
dure is repeated for each measured value ofNsh.

Figure 1 shows ac susceptibility measurementsx9 vs T
cooled in dcsHdc=2 kOe,Q=20°d and ac fieldssHac=2 Oe,
f =10.22 kHzd. Differences between VLs with high and low
mobility are measured for temperatures below the melti
line ssolid VLd. We choose to make our measurements aT
,85 K, where a larger difference between the measured s
nal of the high and low mobility states is observed. Th
lower pointspoint Ad was obtained after field cooling to 85.5
K, turning off the measuring field and applying 105 cycles of
a sawtooth ac magnetic field,Hcf=7.5 Oe andf =10 kHz.
The 7.5 Oe ac fieldsthat penetrates the sample completely10d
was turned off and ac susceptibility was measured. The
plication of the temporarily asymmetric drive reduced vorte
mobility, and we call this a low mobility configuration
LMC. The higher pointspoint Bd was the dissipation level
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obtained after setting a LMCspoint Ad and then applying 105

cycles of a sinusoidal ac field,Hcf=7.5 Oe andf =10 kHz.
The 7.5 Oe ac field, was turned off and the ac susceptibility
was measured. The mobility of the VL is clearly enhanced as
a result of the application of the sinusoidal field. We call this
vortex state a high mobility configuration, HMC.

Our next experiments were performed at a fixed tempera-
ture and dc magnetic field. As anticipated above, the tem-
perature was chosen to correspond with the low temperature
maximum inx9 ssee Fig. 1d in order to obtain a large observ-
able difference between the measured susceptibility for low
and high mobility VL configurations. For our samples, for a
dc magnetic field of 2 kOe and with our selected measuring
ac field, this temperature is aroundT=85.0 K.

In Fig. 2 we showx9 versus the number of cyclessNshd of
the shaking field. The shaking field was chosen to have dif-
ferent amplitudessfrom 8 to a 120 Oed and was applied to a
LMC prepared withHcf=7.5 Oe. Equivalent results are ob-
tained forx8. For shaking fields with the lowest amplitudes8
Oed, x9 increases roughly as the logarithm ofNsh. The same
dependence is observed for intermediate amplitudess10–20
Oed for which it is also observed thatx9 increases with the

FIG. 1. The ac susceptibility measurementsx9 vs T. This mea-
surement was made lowering temperature withHac andHdc turned
on.

FIG. 2. x9 versus the number of cycles of the shaking fieldsNshd
for different amplitudes, starting from a low mobility configuration,
LMC.
513-2
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amplitude of the shaking fieldsfor a given number of cycles
Nshd. It is interesting to note that this increasing trend inx9
does not continue if the amplitude of the shaking field
further increased. Instead, we observed thatx9 reaches a
maximum at around 20 Oe and starts decreasing for la
amplitudes. ForHsh above 80 Oe, thex9 of the final state
safter 1000 cyclesd is in fact comparable to thex9 of the
initial LMC.

As a larger x9 implies a larger VL mobility, these
results indicate that there is an “optimum” amplitude
Hshs,20 Oed for which a maximum mobility in the VL is
obtainedsfor a given number of cyclesd. They also show tha
a high amplitude symmetric ac field is not effective in reo
dering and increasing the mobility of an initially disorder
VL. By comparison with numerical simulations, it appea
that large vortex displacements produce plastic tearing of
VL and the overall response becomes equivalent to the
sponse of a lattice in a low mobility configuration.

We also studied the effect of the shaking field on an i
tially ordered VL sHMCd. In Fig. 3 we showx9 versus the
number of cycles of the shaking fieldsNshd of different am-
plitudes starting from the HMC. At low amplitude magnet
fields s,10 Oed x9 sand the VL mobilityd stays approxi-
mately constant, but at higher amplitudess20–80 Oed an
overall reduction inx9 is observed. Even one cycle is enou
to significantly alter the VL configuration. AsNsh is in-
creased, the value ofx9 seems to go through a shallow min
mum but the x9 never recovers to the initial value a
Nsh=0. Shaking fields with an amplitude larger than 80
strongly reducex9 to values, which are comparable to th
one in a LMC. As discussed above, the results in Fig. 2 sh
that a large amplitude symmetric magnetic field is not eff
tive in reordering and increasing the mobility of the V
Figure 3 shows that such an oscillating magnetic field a
distorts an initially ordered VL and reduces its mobility.

The effects of the amplitude of the shaking fieldHsh are
more clearly observed in Fig. 4, which showsx9 as a func-
tion of the amplitude of the shaking field for a fixed numb
of cyclessNsh=200d. We show measurements that were p
formed, starting with high and low mobility configuration
Starting with a LMC, it can be seen that the ability of th

FIG. 3. x9 versus the number of cycles of the shaking fieldsNshd
for different amplitudes, starting from a high mobility configuratio
HMC.
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shaking field to improve VL mobility increases up to a maxi-
mum sHsh,10–20 Oed and then decreases. For amplitude
Hsh,80 Oe the VL seems to have reached a configuratio
just slightly different from the starting LMC, i.e., a high
amplitude sinusoidal field does not remove VL defects. For
HMC starting state, low amplitudes do not modify the dy-
namics of the VL. AsHsh is increased above 20 Oe, there is
a clear reduction in mobility, and higher shaking amplitude
configure the VL close to the LMC state. In fact forHsh
ù40 Oe the final mobility is independent of the starting con
figuration. It is interesting to note that this result is indepen
dent of the frequency of the shaking field in the range teste
s0.1 Hz, fsh,3 Hzd. Given that the dissipation in the
sample is directly related to the number of cycles per unit o
time, this result implies that the observed effects are no
related to local heating.

Following Ref. 7, when the average vortex excursion pro
duced by the shaking field is comparable to the lattice con
stant,a0, the VL mobility increases as the vortex lattice or-
ders and moves in an increasingly coherent waysthe
calculated number of defects in the lattice and its mobilit
vary as the logarithm of the number of cycles of the oscil
lating forced. On the contrary, calculations predict that when
the excursion of vortices greatly exceeds the lattice consta
the VL mobility is reduced as the plastic motion tends to
increase disorder. In order to relate our results with theore
ical predictions, we estimated the average vortex displac
ment under the action of the oscillating ac field. The distanc
that a vortex at the sample boundary moves when a fie
perturbationHsh is applied can be roughly estimated by

kul <
1

2

Hsh

Hdc
r ,

wherer is the sample radius, assuming the magnetic indu
tion B,Hdc. For our experimental conditions,r ,0.3 mm
and Hdc=2000 Oe, and considering a triangular lattice
sa0,0.1 mmd, ,u. ,a0 occurs at a shaking field ampli-
tudeHsh,2 Oe. However, in our experiments the maximum
dissipation simplying maximum mobilityd occurs for Hsh
,10 Oe ssee Fig. 4d, so that the above approximations

n
FIG. 4. x9 versus the amplitude of the shaking field for

Nsh=200, from low and high mobility configurations.
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slightly underestimate the shaking field limit. Note that
exact value at which the maximum inx9 is observed could
depend on the rigidity of the vortex lattice and the density
pinning centers. The more rigid the lattice the more diffic
it is to create defects in it. This implies that the field amp
tude estimated above for the position of the peak is a lo
limit and could increase with vortex rigidity.

We find that our results are qualitatively in accordan
with numerical simulations indicating that if vortices a
forced to oscillate with amplitudes larger than the typical
parameter, plastic motion introduces topological defects
reduces mobility. For smaller drives, vortices perform sm
excursions interacting repeatedly with neighbors and as
lattice becomes successively more ordered, its mobility
creases.
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To conclude, in this paper we have shown that temp
rarily symmetric vortex oscillations, forced by sinusoidal a
fields, increase the mobility of the VL in twinned YBCO
crystals. However, when the amplitude is larger than a ce
tain threshold, the temporarily symmetric oscillation reduce
the mobility. This is an indication that large vortex displace
ments may produce vortex lattice tearing and the mobility
reduced. We have also shown that a healed lattice with init
high mobility can be torn by the driven symmetric oscilla
tion, if vortex displacements are much larger than the V
parameter. The ordered VL reduces its mobility even wit
just one oscillation of the shaking field.
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