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in the Vortex System ofYBa;Cu3O7-5

S. Kokkaliaris, P. A.J. de Groot, S.N. Gordeev,* and A. A. Zhukov
Department of Physics and Astronomy, University of Southampton, Southampton SO17 1BJ, United Kingdom

R. Gagnon and L. Taillefér

Department of Physics, McGill University, Montreal, Quebec, Canada H3A 2T8
(Received 7 December 1998

A method based on partial magnetization loops has been used to study memory effects in detwinned
YBa,CwO;—5 single crystals. These measurements have revealed the transition from a dislocation-
free Bragg glass to a disordered vortex phase. We have mapped this boundary Al tlphase
diagram and have found it to be in proximity to the onset of the second magnetization peak. For
fields above the transition line, metastable topological disorder invades the vortex system leading
to a pronounced dependence of the critical current on the formation history of the vortex lattice.
[S0031-9007(99)09470-3]

PACS numbers: 74.60.Ge, 74.60.Jg, 74.72.Bk

The structure of the vortex solid (VS) in type-1l super- In this Letter we present magnetization measurements
conductors subject to quenched disorder and thermal fludesigned to study history effects on pure, detwinned
tuations is an issue of intense scientific interest. FollowingrBa,Cu;O;_5 single crystals. By employing a partial
earlier arguments that disorder destroys long-range order loop technique, we have found clear evidence for the theo-
the Abrikosov lattice [1], recent theoretical investigationsretically proposed transition between a dislocation-free
have established that at low magnetic fields quasi-longBragg glass and a disordered vortex phase [2], as indicated
range translational order can be maintained in an elastioy the proliferation of topological defects in the VS. The
phase, termed the Bragg glass [2], where dislocations aggosition of this transition in theB-T plane is found to
energetically irrelevant [2—4]. However, upon raising thebe close to the onset of the second magnetization peak.
applied field above a critical value, proliferation of topo- Memory effects become important above this transition.
logical defects is favored [2—4], thus transforming the VSThe critical current densityJ.), obtained from the mag-
into a highly disordered vortex glass, which is characternetic hysteresis width, depends strongly on the maximum
ized by the absence of spatial order [5]. This scenario iield to which the VS is exposed, leading to increased
also supported by numerical simulations [6]. The exis-values forJ, after excursions into higher fields. For the
tence of such a transition in the VS was conjectured irhighest fields used in our studies, saturation in the density
several experimental investigations on high temperaturef topological defects occurs, eliminating the history
superconductors [7—9]. However, up to now the positioreffects.
of this transition in theB-T phase diagram has remained We report results acquired on an optimally doped de-
unclear. twinned YBaCwO,;_5 (6 = 0.07) single crystal with

A distinct difference between a dislocation-free elasticdimensions1.69 X 1.08 X 0.09 mn¥, grown by a con-
lattice and a highly disordered vortex glass should be theentional self-flux method using yttria-stabilized zirconia
observation of prominent thermomagnetic history effectrucibles [19], a process that gives crystals of excellent pu-
in the latter, similar to other disordered systems like spirrity [20]. The superconducting transition occurs at 93.6 K,
glasses. Such history effects have been observed in theéth a width of AT, < 0.3 K. Magnetic hysteresis mea-
transport and magnetic properties of the low temperatursurements were carried out using an Oxford Instruments vi-
superconductors, in the region of the conventional peakrating sample magnetometer for applied fields up to 12 T.
effect close to theH.,(T) line [10-15]. It has been We used a novel measuring procedure that involves partial
suggested that in this region plastic deformations occumagnetization loops (PLs) realized in two different ways.
in the VS, leading to a dependence of the hysteretitn method | the sample is cooled in zero field that is subse-
response on the past history of the superconductor [10,13guently swept up to a maximum valBg,,x before it is de-

15]. In YBaCuwO;_s, although magnetic measurementscreased back to zero. In a series of rBpg, is gradually
[9,16,17] together with the hysteretic behavior of theincreased with a fine step finally reaching values above the
driven vortex solid seen in recent transport studies [18]rreversibility field. In the last case we obtain a complete
have indicated the importance of plasticity in this material hysteresis loop (CL). In method Il the previous procedure
as yet no detailed studies of similar history effects haves inverted: After cooling the sample in zero field, the field
been performed. is increased up to 12 T, and then after decreasing it down

5116 0031-900799/82(25)/5116(4)$15.00 © 1999 The American Physical Society



VOLUME 82, NUMBER 25 PHYSICAL REVIEW LETTERS 21 UNE 1999

to a certain valué,,,;,, it is swept again to 12 T. This pro- fluence of an incomplete reversal of the Bean profile. In-
cedure is repeated for several valuegf,. In all cases, deed simple calculations following Ref. [21] demonstrate
after completion of each run, the sample is heated up intthat for the sample under study at 74 K the Bean penetra-
the normal state and then cooled again to the required tention field is less than 9 mT, a value much too small to ac-
perature in zero field. The sweep rate of the magnetic fieldount for our observations. The memory effects are shown
was varied in the range of 5—-20 m3ec. quantitatively in the inset of Fig. 1, where we plot as a
Figure 1 shows hysteretic magnetization loops for thefunction of B, Or By, the ratioR of the relative differ-
single crystal at 74 K. The solid line represents the comence in the hysteresis widths between the PLs and the CL:
plete magnetization loop, whereas with the dashed anft = (AMcL — AMpL)/AMcy [22]. As can be seen at
dotted lines we show PLs obtained by methods | and lla certain field the magnetization on the decreasing or in-
respectively, forBn.x = Bmin = 2 T. Remarkably the creasing field branches of PLs obtained by methods | or Il,
PLs do not follow the CL, and, depends on the mea- respectively, can deviate by as much as 25% from the CL
suring procedure. We conclude that field cycling of themagnetization width, suggesting that the current density
superconductor can lead to increased critical currents, i.eon these branches can be varied by as much as 509s.
a hardening of the hysteretic response. Since in the elasaaximum in the intermediate field regioh & B < 3 T),
tic theory J,. is a single valued function o and 7, the  whereas for higher or lower fields the effect becomes weak
hardening effect points to the presence of plastic deformaand only small traces of the memory effects are observed.
tions in the VS, which lead to a dependence of the latThe width of the complete loopAMcy, increases with
tice structure on the magnetic history of the sample. Th&ecreasing temperature much faster tAdic;, — AMp.
path dependent current further implies that description byeading to lowerR for decreasing’.
a simple Bean model, wherg is determined only by the ~ Another interesting feature depicted in Fig. 1 is that for
value of B andT, is not applicable. We should also note 1 < B < 3.5 T the upper and lower branches of the CL
that the deviation of the PLs from the CL, extended overare highly asymmetric. This asymmetry has been observed
a range of some teslas, cannot be associated with the ifer pure single crystals, but has remained unexplained.
In this Letter we present a clarification of this effect.
Note that in this field range the Bean-Livingston [23]

%3 . surface barrier cannot explain the observed asymmetry
F 0! /./ N 74 K 1 [24]. Indeed if we consider the magnetization of various
| & 0] ok e ee] PLs obtained by method | directly after reversal of the

field, the asymmetry disappears and the lower branch of the
full loop is almost perfectly reproduced (see Fig. 1, open

circles). This demonstrates that the asymmetry originates
from the history dependent hysteretic response of the
superconductor.

The main result of our investigation is illustrated in
Fig. 2, where we display in detail PLs obtained by method |
at 76 K forl.5 < Bpax < 6.5 T. FOrBp.x = 3.5 T the
PLs follow the same universal curve. In contrast above
3.5 T they start to deviate significantly, and the magne-
tization attains much higher values, approaching the de-
scending leg of the CL. This behavior continues up to
5.5 T, where the PLs fall again onto the same line. This
observation becomes clearer in Fig. 3, where we display
for two different field sweep rates the different@/,. in
the magnetization widths of successive PLs [22] as a func-
tion of By, Of the lower PL. A sharp increase afM,
is seen at a sweep rate independent characteristicHjgld

B(T) before it drops again below the level of experimental reso-
FIG. 1. Magnetic hysteresis curves for the detwinned!mion at a second fiel,,,, above which the PLs coincide
YBa,Cu;O,_ ;5 single crystal at 74 K. The solid line is the independently of the value @fax.
CL, whereas the dashed and dotted lines show PLs obtained According to recent theoretical predictions due to the en-
with methods | and I, respectively, faBn.« = Bmin =2 T.  hancement of effective quenched pinning disorder, above
The arrows indicate the direction of the field sweep. The Ope’bf threshold field topological defects such as dislocations
circles represent magnetization values in the descending leg g o . . .
several PLs (method I) directly after reversal of the field. ThedPpPear resulting in a def_ectlve plgstlc VS [2_4_’6]' A di-
inset showsR (defined in the text), plotted as a function of rect consequence of the introduction of topological defects
Bax (triangles) orB,,, (circles) at 74 K. is the enhancement of the critical current, since the VS

p,M(mT)
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disorder should not vary reversibly with the field, and one
should expect a path dependent hysteresis as is evident
from Fig. 1. The VS in the descending branch of the CL
tends to retain the dislocation network from the high field
state leading to higher critical currents as compared to the
PLs. This effect persists until the field is reduced enough
to fully expel out residual topological disorder thus eras-
ing any memory on the formation history, as demonstrated
by the coincidence of the PLs with the CL at QB
andBpin.

The significance of our measuring procedure is that it
allows us to determine the point where dislocations first
invade the vortex system. Indeed whBg., is not high
enough to give excursions of the VS beyond the elastic
regime, the history effects are not observable due to the
reversible structural properties of an elastically distorted
lattice [25]. Consequently the PLs must follow the same
universal line. This is exactly what we observe below the
threshold fieldB,; as can be seen in Fig. 2. FBpax >
By and in a narrow field range the PLs strongly deviate
from the universal curve exhibiting prominent history de-
pendence. This clearly demonstrates the introduction of
metastable topological disorder and the onset of plasticity
inthe VS. Increasing the field beyoy; enhances disor-

FIG. 2. Several PLs obtained by method | at 76 K faf < der in the lattice untiB,,, is reached. At this point satura-
?‘ﬁg‘ ;S%tTéhﬁgi‘{ﬁéngEa%”][ﬁigirg;gggrg{utge J\ililﬁ ?r\:\ée%%xﬂon in the density of dislocations occurs, and the amount
JHE T \ . ; - of disorder is only negligibly affected by the changing
indicating the field region corresponding to the illustrated PLS'fieId. For this reason at high the PLs closely coincide
with each other as well as with the CL.
can adapt more easily to the pinning potential [2]. In-  The features characterizing the VS beldy; (i.e.,
creasing the field during an isothermal magnetization loog|astic behavior with undetectable topological disorder)
in the regime where dislocations are present forces thgre evidence for the existence of the Bragg glass phase
VS into an increasingly disordered state. When the fielghroposed in Ref. [2]. Hence we interpret g (7) line as
is decreased dislocations remain trapped in local energfe transition from the Bragg glass to the vortex glass [2—
minima, thus exhibiting metastability (for a detailed dis-4'6]_ This line as well as the locus of the values By, is
cussion, see Ref. [10]). Hence the amount of topologicaéhown in Fig. 4. Included are also the lines corresponding
to the magnetization peak,, and the peak onsek,,
[26] as well as the melting line, which was obtained from

06 —a—20mT /sec 76 K
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FIG. 3. The differenceA M, of the magnetization widths of T(K)
successive PLs d@ = 76 K is plotted as a function oB,.x
for two different field sweep rates as indicated on the graphFIG. 4. Position ofB,,, By, Bon, and By, in the B-T phase
The arrows mark the positions &f,; and By,,. diagram. The corresponding melting line is also displayed.
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