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Elastic-to-plastic crossover below the peak effect in the vortex solid
of YBa2Cu3O7 single crystals
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We report on transport and ac susceptibility studies below the peak effect in twinned YBa2Cu3O7 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-II superco
ductors arises from the competing roles of vortex-vortex
teractions promoting order in the vortex structure~VS! and
random defects in the sample promoting disorder. Comp
dynamical behavior of vortices has usually been accom
nied by the phenomenon known as the ‘‘peak effect’’~PE!,
which refers to a peak feature in the critical current dens
Jc , as a function of temperature or magnetic field.1–9 The PE
has been observed below the upper critical field,Hc2(T), in
conventional superconductors1,4,5,9 and just below the melt-
ing temperature,8 Tm , in high-Tc materials such as
YBa2Cu3O7 single crystals.6,7 A qualitative explanation of
the PE was proposed forty years ago by Pippard2 who argued
that Jc increases anomalously if the rigidity of the vorte
lattice decreases faster than the pinning interaction as
normal state is approached. This idea was further develo
by Larkin and Ovchinnikov.3 Nevertheless, there are sti
fundamental questions regarding the underlying physics
this phenomenon, especially in relation with the appeara
of topological defects in the VS at the PE and its connect
with its dynamic response.

In this paper, we report on history effects in twinne
YBa2Cu3O7 crystals in the vicinity of the PE as observed
ac transport and ac susceptibility measurements. Vo
states with different degrees of mobility have been obser
in both low,4,5,9,10 and high-Tc materials.7,11–13 It has been
frequently argued that the difference in the mobility refle
distinct degrees of topological order in the VS as it is driv
through the random pinning potentials: in a disordered
defective VS the interaction with pinning centers would
more efficient than in a more ordered lattice because o
reduction of the effective shear modulus or of the correlat
volume of the lattice.4,9,12,13In fact, changes in the degree o
order of the VS have been directly observed with neut
scattering experiments when the VS is shaken with osci
ing currents~or fields!.14

Having these results in mind, our experimental obser
tions suggest that ac currents flowing during the cooling
the sample through the PE~either injected in a transpor
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experiment or induced in an ac susceptibility measurem!
partially inhibit the disordering of the VS that normally oc
curs at the PE. As disorder heals, the VS is trapped in a m
mobile state.

An additional contribution to the vortex lattice healin
arises at low temperatures far from the PE where our res
suggest that a plastic to elastic crossover occurs.15 As the
sample is cooled, the vortex lattice rigidity increases a
below a certain threshold temperature, the vortex-vortex
teractions become more relevant relative to the pinning
tentials. This further contributes in ordering the VS, which
in a more mobile state on warming and thereby hysteret
behavior is observed.

We will first refer to our transport data and next to our
susceptibility results from which identical conclusions can
derived. Resistance measurements in crystal A~Ref. 16! em-
ployed the standard four probe technique with contacts m
with silver epoxy over evaporated gold pads~contact resis-
tance below 1V). The sample ~dimensions 0.7 mm
30.3 mm310 mm) has a sharp resistive zero field tran
tion at 93.2 K and a transition width of 500 mK~10%–90%
criterion!. Twin boundaries~TB’s! observed with polarized
light microscopy are distributed as indicated in the inset
Fig. 1.

A sinusoidal ac currentI ac ~peak! 530 mA of frequency
f 537 Hz was applied in thea-b plane of the sample, 45°
away from the TB planes. The voltage signal was pream
fied with a low noise transformer and its in phase valu
V(T), was measured with a lock-in amplifier as a function
temperature. We found that Joule dissipation at the cur
contacts drove the sample 1.4 K above the measured
perature. The temperature shift~assumed constant for ou
temperature window! occurs almost immediately after th
measuring current is applied~i.e., at time scales well below
our amplifier integrating time constant!. This shift is straight-
forwardly determined by matching thelinear normal state
resistivity curves,R(T), for I ac530 mA with the R(T)
curves obtained with a much lower applied current for wh
heating is negligible. We have therefore added 1.4 K to
thermometer readings to plot our data as a function of
temperature of the sample.
©2002 The American Physical Society04-1
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In Fig. 1, left inset, we show the zero field transition
dotted line as compared to the transition in applied dc fi
shown in full line. The magnetic fieldHdc53 kOe was ap-
plied at an angleu520° from the crystallographicc axis,
and its direction was chosen so thatHdc pointed out of all the
twin planes to avoid the Bose-glass phase12,17,18~see inset in
Fig. 1!. The main panel of Fig. 1 is an enlarged area of
transition shown in the upper inset, and it presents trans
measurements that correspond to different thermomagn
histories of the sample. Our measurements were perfor
by varyingT in the direction indicated by the arrows at a ra
of 60.3 K/min. Full symbols were obtained in a field an
current cooling procedure (I acC C), i.e., the dc magnetic
field and the ac current were applied in the normal state
the sample was then cooled. Empty symbols represent
warming curve (I acC W) obtained immediately after mea
suring theI acC C curve~full symbols!.

When the temperature is increased, the resistance firs
creases, then starts decreasing and finally increases a
Since the resistance is related to the average vortex velo
the dip in the resistance indicates a less mobile VS. T
behavior signals an enhancement of pinning, and the di
the resistance is accompanied by a peak inJc identified as
the PE.6,9 The temperature where it happens,Tp , is indicated
with an arrow. Above the PE, the critical current reduces
zero at the melting line.18,19 The main results in Fig. 1 are
that, belowTp , we find a hysteretic behavior that is limite
to a temperature interval around the peak in the resista
and that the response becomes reversible below a wel
fined temperatureT* ;84.2 K.

It has been shown that history effects observed in ac
ceptibility in YBa2Cu3O7 can be understood in terms of
dynamical reordering of the VS caused by the induced

FIG. 1. Hysteretic transport measurements in a twinn
YBa2Cu3O7 single crystal ~sample A! for Hdc53 kOe, I ac

530 mA, andf 537 Hz. The inset shows the resistive transiti
in zero dc field~dotted line! and withHdc53 kOe ~full line!. The
marked area is enlarged in the main panel. Full symbols were
tained in a dc-field and current cooling procedure (I acC C). Open
symbols represent the warming curve (I acC W) measured imme-
diately after obtaining theI acC C curve. Temperature was varied
the directions indicated by the arrows. The crossover tempera
T* , and the peak temperature,Tp , are indicated by arrows~see
text!.
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currents that shake the vortex system.12,13 Moreover, the ac
response changes in an approximately logarithmic way w
the number of ac cycles.13 In transport experiments, it is th
applied ac current that forces vortices to move inside
sample and a dynamical reordering occurs. Nonsaturated
dering as a possible explanation for the different vortex m
bilities in the cooling and warming curves of Fig. 1 is di
carded by the observation of reversible partial tempera
cycles performed as indicated by dotted arrows in Fig. 120

This result shows that the hysteretical behavior is related
change in the character of the vortex lattice motion atT* .
This change, we believe, is determined by the relation
tween the pinning induced shear stress and the plastic l
of vortex motion associated with the vortex lattice she
modulusc66 ~see for example Ref. 15!. At low temperatures,
well below the PE, the VS becomes more rigid and it ent
an elastic regime where elastic interactions of the VS do
nate over pinning. The enhanced elastic interaction ena
the VS to be in a more mobile state on warming. Notice t
at high temperatures, where elastic constants have drop
the I acC C andI acC W cases coincide.

Following these results, there are two processes that
lead to the increase in the order and mobility of the VS: o
process is related to the increase of the elastic constants
pinning at low temperatures whereas the second one is du
the vortex motion induced by the driving current~at all tem-
peratures!. BetweenT* andTp , the VS can contain a certai
density of defects that the ac current appears not to be ab
heal in our experimental time scales.

A question that arises is what consequences has coo
the sample through the PE without rearranging the VS~with
a driving current!. To answer this question, the sample w
cooled from the normal state with applied dc field and w
zero applied currentdown to a certain starting temperatur
Ts , and then the warming curve was measured. T
ZI acC W procedure was repeated reaching each time a
ferent Ts . The results are plotted in full symbols in Fig. 2
For comparison, we also plot theI acC W results of Fig. 1 in
open symbols. These are revealing results. The measure
sistance follows different paths as a function of temperat

d

b-

re,

FIG. 2. Resistance vs temperature measurements obtaine
warming after cooling to different starting temperatures,Ts , in zero
current, ZI acC W ~full symbols, sample A!. Ts569, 82.2, 83.1,
84.1, 84.4, 84.6, 84.8, and 86.1 K. For comparison, theI acC W
curve in open symbols is shown~see Fig. 1!. Hdc53 kOe.
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if Ts is above a certain crossover value (;84.2 K). It
should be noted that the sample has in fact been cooled 1
below the temperature at which each ZI acC W curve in Fig.
2 seems to start~because of heating!. For measurements tha
begin above the crossover temperature, the VS has less
bility and the highest measured ZI acC W dissipation level
that corresponds to the lower starting temperatur
(,70 K) is not reached. As the starting temperature
creases towards the PE temperature,Tp , this becomes more
evident. At high enoughTs, the ac current is unable to mov
the lattice at levels that are comparable with, for examp
those obtained through theI acC W procedure. In contrast, a
temperatures below the crossover, the highest meas
ZI acC W dissipation level is reached after a rapid transie
This transient is due to a dynamical reordering that occ
after the measuring ac current is applied and leads to a m
mobile state.12

It is important to note that dissipation in the ZI acC W
case is lower than in theI acC W one at low temperatures
This implies that an overall more ordered VS is obtain
when cooling the sample in the presence of the ac curren
predicted in Ref. 12, we suspect that this is due to the in
mogeneous flow of the current that leads, in the ZI acC W
case, to the reordering of the VS only close to the borde
the sample where the highest currents flow. Another poss
explanation is that the current inhibits the formation of
multiple domain~polycrystalline! VS when crossing the PE

We turn now to our ac susceptibility results. We pe
formed measurements in sample B~Ref. 21! ~dimensions
1 mm30.5 mm330 mm) using a conventional mutual in
ductance susceptometer at a frequencyf 510.22 kHz and ac
magnetic field amplitudehac52 Oe applied in thec direc-
tion. This ac field is superimposed to a constant magn
field Hdc53 kOe oriented as described above. The distri
tion of TB ’s in crystal B is similar to that in crystal A~see
inset in Fig. 1!. The sample has a sharp zero field superc
ducting transition at 92 K and a transition width of 300 m
~10%–90% criterion! as determined withhac51 Oe.

Figure 3 shows the real component of the ac susceptib
as a function of temperature,x8(T). Temperature was varie
as indicated by the arrows. The upper inset shows the su
conducting zero field transition in dotted line and theHdc
53 kOe transition in full line. The dc field transition i
enlarged in the main panel, where hysteretic response is
served. The lower curve corresponds to a field cool pro
dure. The dc and ac magnetic fields were applied in the
mal state before cooling the sample. We refer to this cas
FacC C. The curveFacC W was measured on warming im
mediately after measuring theFacC C curve. In the last
case, the sample clearly presents lower shielding capab
ux8u, at intermediate temperatures, in accordance with
higher mobility that corresponds to a more ordered VS~com-
pare with Fig. 1!. The ac currents induced by the applied
field seem to have the same effect on the VS as the ac tr
port currents, namely, they enable the vortex system to
cess to more mobile states. The PE is also observed with
technique, where the shielding capability increases ano
lously with temperature and a dip inx8 appears before the
VS melts.
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In Fig. 4 we present ac susceptibility data that match
transport data of Fig. 2. In open symbols, we have plotted
FacC W data~of Fig. 3! as a reference. Solid symbols re
resent the warming curves that were measured immedia
after cooling the sample down to different temperatures
zero applied ac field (ZFacC W). Note that the shielding
capability in these warming curves is always larger than
theFacC C orFacC W procedures. As the system is coole
to different temperatures with no applied ac field, differe
responses are observed. At low temperatures, after a s
transient behavior, a response independent of the sta
temperature is reached. As the starting temperature rises

FIG. 3. Hysteretic real ac susceptibility,x8(T), in a twinned
YBa2Cu3O7 single crystal ~sample B! for Hdc53 kOe, hac

52 Oe, andf 510.22 kHz. The inset shows the sharp zero fie
transition in dotted line and the hysteretic behavior forHdc

53 kOe in full line. The marked area is enlarged in the ma
panel. Full symbols were obtained in a dc and ac field cool
procedure (FacC C). Open symbols represent the warming cur
(FacC W) measured immediately after obtaining theFacC C
curve. Temperature was varied in the directions indicated by
arrows. The crossover temperatureT* and the peak temperature
Tp , for this sample are indicated by arrows~see text!.

FIG. 4. x8(T) measurements obtained on warming immediat
after cooling to different temperatures in zero ac magnetic fie
ZFacC W ~full symbols, sample B!. Temperature was varied in th
directions indicated by arrows. For comparison, theFacC W in
open symbols is shown~see Fig. 3!. Hdc53 kOe.
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approachesTp , the VS remains less mobile, the sample p
sents stronger shielding capability and the transient beha
does not lead to a common response. It is worth pointing
that performing equivalent analyses, we have drawn ident
conclusions from the transport and ac susceptibility meas
ments.

To summarize, we have presented ac transport and ac
ceptibility measurements in YBa2Cu3O7 single crystals. We
showed that the VS orders assisted by the motion induce
ac currents. The increase of elastic interactions against
ning at low temperatures leads to a crossover in the natur
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the vortex motion that favors this reordering. This crosso
from a plastic regime~which defines the characteristic mo
tion of vortices at temperatures close to the peak effect! to an
elastic regime at low temperatures would be responsible
the observed hysteresis betweenT* andTp .
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