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Onset of the fishtail peak in an untwinned YBa2Cu3O7Àd crystal
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~Received 1 November 1999; revised manuscript received 17 February 2000!

Isothermal global magnetic measurements in a detwinned YBa2Cu3O72d single crystal reveal a jump in the
slope of the increasing part of the virgin magnetization curves. This feature is broadened or even disappears at
low temperatures (T,15 K). At high temperatures (T.75 K) and below theHsp(T) curve in the obtained
vortex-matter phase diagram, it is also hard to discern. The magnetic field at which this anomaly occurs (H3)
decreases as the temperature increases. The observed feature may be attributed to a recently proposed disorder-
induced transition~or crossover! from a relatively ordered vortex lattice to a highly disordered vortex solid.
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I. INTRODUCTION

Extensive experimental studies in the past, includ
transport,1–4 magnetization,5–7 ac-susceptibility,8–11 and
calorimetric measurements12,13 have established the exis
tence of a first-order melting transition of the Abrikosov vo
tex lattice in YBa2Cu3O72d ~YBCO!, Bi2Sr2CaCu2O81d
~Refs. 14 and 15! ~BSCCO!, and La22xSrxCuO4 ~Ref. 16!
high-quality single crystals.

In parallel with these studies, many theoretical and
perimental efforts have been devoted to the properties of
solid state of the vortex lattice, in the presence of quenc
random disorder.17–21 The most widely discussed feature
the increase of the magnetization with the magnetic fi
occurring in isothermal magnetization measurements~the so-
called fishtail or second peakHsp). Depending on the densit
and strength of pinning centers, the temperature, and an
ropy of the compound, the irreversible magnetization n
the second peak displays different characteristics. For
ample, the onset of the increase in the magnetization is v
sharp and sometimes is divided into two peaks.22 The second
peak has been observed in YBa2Cu3O72d ~Refs. 23–30!,
YBa2Cu4O8 ~Ref. 31!, Bi2Sr2CaCu2O81d ~Refs. 32–39!, Tl
based compounds~Ref. 40!, HgBa2CuO41d ~Ref. 41–43!,
Nd1.85Ce0.15CuO42d ~Ref. 44!, and in La22xSrxCuO4 ~Ref.
45! high-quality single crystals. Consequently, the seco
peak is a generic feature of anisotropic and relatively cl
high-temperature superconducting crystals. Local magne
tion measurements of Zeldovet al.46 on high-quality
Bi2Sr2CaCu2O81d single crystals revealed that the onset
the peak is very sharp, suggesting that it may indeed ma
phase transition. The smoothness of the peak in global m
surements may be a consequence of spatially averaging
inhomogeneous induction inside the sample.

The expectation of such a transition is further suppor
by theoretical studies of Nattermann,47 Giarmarchi and Le
Doussal,48 Gingras and Huse,49 Ertas and Nelson,50 Vinokur
et al.,51 and Koshelev and Vinokur,52 which predict a field-
induced transition from a relatively ordered vortex lattice
a highly disordered entangled vortex solid.

At low magnetic fields, in the presence of weak rando
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point disorder, there is a transition that separates two dist
solid phases: a weakly disordered quasilattice phase with
topological defects, named Bragg glass phase, and a hi
disordered entangled solid present at higher fields. These
phases, together with the liquid phase, connect to a m
critical point. The transition lines between these phases
determined by the interplay between three energy scales
vortex elastic energy, the energy of thermal fluctuations,
the pinning energy.53,51 It is the competition between th
elastic and pinning energies that determines this new tra
tion, provided that thermal energy can be neglected. T
particular line in the phase diagram that is related to this n
transition must be lowered in field upon addin
impurities.48,49Increasing the magnetic field increases the
fective strength of random pinning through the reduced
terlayer vortex interaction, making the system more tw
dimensional and consequently more susceptible to disor
Such a field-driven transition corresponds to the destruc
of the Bragg glass by proliferation of topological defec
upon raising the field, which is equivalent to increasing t
effective disorder, which favors dislocations.

In the present work, we studied the region where the
reversible magnetization starts to increase with the magn
field in the temperature regime 0<T<Tc . For this purpose
we used magnetization and magnetic relaxation meas
ments for a detwinned YBa2Cu3O72d single crystal. Our ma-
jor finding is a change in the slope of the increasing part
the m(H) curve, which can be attributed to a field-drive
transition to a highly disordered vortex matter. The dc ma
netization was measured with a commercial superconduc
quantum interference device~SQUID! magnetometer~Quan-
tum Design MPMS II!. The measurements were perform
using a 2-cm scan length in order to keep the sample
highly homogeneous magnetic field.

II. EXPERIMENTAL RESULTS

Our sample is an YBa2Cu3O72d single crystal with di-
mensions ;1.2531.1530.035 mm3, which was grown
with the self-flux method in a gold crucible. Thermal trea
ment was made at 450 °C, in oxygen flow and ambient pr
1446 ©2000 The American Physical Society
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sure. Detwinning was performed at 400 °C in air unde
pressure'25 MPa, followed by additional annealing i
oxygen flow at 400°C and ambient pressure for three da
The transition temperature was determined to beTc
'91.6 K (DTc50.3 K).

Figures 1 and 2 show the virgin magnetization curves
5<T<87 K. Figure 2 is an expanded view of Fig. 1 th
displays clearly the new feature. The magnetization curv
5 K shows a large peak at the fieldH fp , known in the litera-
ture as the first peak. The first peak corresponds to the s
where the flux penetrates completely in the interior of
single crystal. ForH.H fp , umu decreases up to approx
mately 30 kOe, where it starts increasing slowly with a r
of 131026 emu/Oe. Since our SQUID magnetometer
limited to 55 kOe, we cannot explore further the magneti
tion curve at this temperature. The 10 K measuremen
similar to that at 5 K. At 20 K, the magnetization curv
clearly shows a new feature: a drastic change in the slop
the increasing part of the magnetizationum(H)u curve. It is
followed by a monotonic increase ofumu up to the fieldHsp,
beyond which a further increase of the magnetic field le
to a decrease ofumu. As the temperature is raised, the ma
netization curves continue to present the new feature w
Hsp and H fp moving to lower values, andumu decreasing
rapidly with temperature for constant magnetic field. T
overall behavior described above has been reported in

FIG. 1. Virgin magnetization curves as a function of the appl
magnetic field of an YBa2Cu3O72d single crystal at several tem
peratures. The inset shows an expanded view of the hysteresis
at T540 K in the field regime where the new feature is observ
Also, the inset shows the hysteresis loop atT583 K. The arrows
indicate the location of this feature.
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eral publications,32–38except from the change of slope in th
m(H) curve.

The new feature can be defined as the point where
slope changes. However, this method introduces uncerta
in determining the location of this feature in the temperat
range where it is hardly detectable. Consequently, we pr
to use the derivativedm/dH. Figure 3 shows them(H)
curve and the correspondingdm/dH versusH curves at 50
K. dm/dH first increases from negative values up to ze

op
.

FIG. 2. An expanded view of the virgin magnetization curves
a function of the applied magnetic field, covering the field regi
where them(H) curve changes slope abruptly. The arrows indic
the location of the feature that is at the intersection of the das
lines.

FIG. 3. An expanded view of the virgin magnetization curve a
its derivativedm/dH as a function of the applied magnetic field
T550 K.
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where the first peak of the virgin magnetization curve occu
Subsequently, it increases further and then drops to z
again. At this point, we defineHmin . For H.Hmin , dm/dH
decreases until pointA and then, in an intervalDH
'1.8 kOe, jumps to a nearly field independent value
point B ~Fig. 3!. We locate the new feature at the middle
the intervalAB. The curves at 5 and 10 K do not show th
feature. We observe clearly this feature only above 15 K
up to 75 K.

Figure 4~a! is the magnetic phase diagram of the stud
crystal showing theHmin andH3 lines, the second peak, an
the irreversibility and melting lines. Figure 4~b! shows rep-
resentativem vs T measurements that illustrate the way t
irreversibility and melting points were defined. The irreve
ibility line is defined by the locus of points where them(T)
curve changes slope abruptly. At this point, the irreversi
screening current drops about two orders of magnitude

FIG. 4. ~a! Magnetic phase diagram of the studie
YBa2Cu3O72d single crystal. Open circles denote the fieldH3, de-
fined as the field wherem(H) changes slope abruptly. Open squar
representHmin , defined as the field whereum(H)u displays a local
minimum. The solid lines represent a fit ofH3 andHmin ~see main
text!. The solid squares denote the irreversibility line, while op
dotted circles show the melting line. Filled circles represent
second magnetization peak.T* is the temperature where theHsp(T)
curve exhibits an anomaly. The inset shows theHsp(T) line near the
Tc , clarifying the anomaly in theHsp(T) curve. The solid line in
the inset is a fit with the relationHsp(T)560@12(T/Tc)

4#1.4. ~b!
Representative temperature variations of the magnetic momen
der 55 and 40 kOe. The arrows mark the irreversibility and melt
points.
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seems that forT>Tirr the magnetic moment is reversible. O
course such an estimation of the irreversibility line depen
on the resolution of magnetometer. The melting line is d
fined by the locus of points (H,Tm) where them(T) curves,
in the reversible regime~according to the previous defini
tion! show a jump after subtracting a linearm(T) variation
belowTm . We note that the anomaly at the melting tempe
ture is difficult to be traced in our experimental curves f
H<10 kOe, probably due either to resolution limitations
our SQUID, or to the existence of a lower critical point.54,55

The curve defined from the points (T,H3) decreases
slowly with increasing temperature asH3(T)5H3

0Ta with
H3

0540.465 anda520.4860.03, while the curveHmin(T)
decreases asHmin5Hmin

0 Tb with Hmin
0 517662 kOe andb

521.0960.01. The second magnetization peak cur
Hsp(T) displays a change in the slope atT* 58461 K, im-
plying a change of temperature dependence. The sec
magnetization peak curveHsp(T) for T,T* can be de-
scribed with a power-law relation,Hsp(T)5Hsp

0 (12T/Tc)
n,

with n51.23 andHsp
0 576.45 kOe. ForT.T* , the relation

Hsp(T)560@12(T/Tc)
4#1.4 proposed by Abulafiaet al.56 is

more appropriate. It is interesting to note that theH3(T)
curve tends toward the point at which theHsp(T) curve
changes its temperature dependence. This means tha
change of the vortex matter marked byH3(T) should disap-
pear at this point.

In order to understand better the physical origin under
ing this change of slope occurring in them(H) curve atH3,
we employed relaxation measurements of the irrevers
magnetization. Specifically, we performed relaxation m
surements for several fields at 10 K, where the new featur
not present, and at 40 K, where it is. In all the relaxati
measurements the crystal was first cooled in zero field to
desired temperature, and then the magnetic field was ra
to the desiredHi with a ramp rateR5Ḣo'100 Oe/s. After
the field was stabilized toHi , the relaxation ofm(t) was
measured within the time windowt i5102<t<t f.104 s.
From the normalized relaxation rateS5d ln@2m(t)#/d ln t,
we calculated the pinning potential as a function of the m
netic field at constant temperature. Figures 5 and 6 are s
logarithmic plots of them(t) variation~relaxation of magne-
tization! at T510 and 40 K, withHic axis and for 6.5
<Hi<50 kOe, and 1<Hi<50 kOe, respectively. The in
verse relaxation rate, which in the framework of the interp
lation formula is equal toS 215Uc /kBT1m ln(t/t0) at small
time intervals, can give an estimation ofUc /kBT. For very
long periods of time, the slope ofS 21 can lead to an esti-
mation ofm.

At 10 K, the S 21 vs lnt curves~not shown! are nearly
constant and increase as the corresponding magnetic
increases. This means thatS 21 increases monotonically a
the field increases~see Fig. 7!. Only in small fields (6<H
<9 kOe), S 21 is nearly field independent. In this fiel
range,S 21 versus lnt curves display a small positive slope
which means thatm is small and positive. A rough estima
tion of m gives 0.1460.05. For higher fields,m increases up
to '1.5.

Contrary to the relaxation measurements at 10 K,
measurements at 40 K show a different behavior in the v
ous field ranges. ForHi>5 kOe, a nearly linear variation o
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m(t) is observed in a semi-logarithmic plot. Second,m(H)
for a given time follows the shape of the virgin magnetiz
tion curve at the same temperature only fort i<t<800 s.
After that time, the second peak shifts to lower fields~see
Fig. 6!. Indeed, fort.103 s the maximum inumu occurs at 30
kOe, while for t,103 s, it is at 40 kOe. Third, the slope o
the m vs ln(t) curves exhibits a pronounced crossover
H<3 kOe. This feature is readily discernible in the me
surement atH51 kOe.

Figure 7 also shows the variation ofS 21(t5103 s) as a
function of the magnetic field at 40 K.S 21(t5103 s) in-
creases abruptly with the field and displays a shoulder in
vicinity of H3. This shoulder could mean that the shape
the m(H) curve does not change with time close toH3.
Indeed, the open squares in Fig. 7~representing the relaxe
moment at 40 K after 104 s) demonstrate that the location
theH3 field does not depend on time. For higher fields,S 21

continues to increase up to a maximum located below
second peak at this temperature. Above this maximum,S 21

decreases monotonically.
The enhancement of the relaxation barrier aboveHmin has

been recently discussed by Koshelev and Vinokur52 for the
case of the transition from an ordered quasilattice to
amorphous vortex configuration. In addition, with the es
mation of the pinning potential, we can ascertain, that be
the maximum inUc , m is positive, whereas above the max
mum it is negative. The negative value ofm, in combination
with the decrease in the pinning potential with the field, a
in favor of the idea of plastic deformation of the flux lattic
near the second peak.

It is worth noting that at high temperatures, belowH3, the

FIG. 5. Semi-logarithmic plot of the magnetic momentm vs
time ~relaxation of magnetization! for an YBa2Cu3O72d single
crystal atT510 K and forH56.5, 7.5, 9, 12, 14, 16, 18, 20, 22
24, 26, 30, 40, and 50 kOe with the applied fieldHic axis.
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hysteresis loops are asymmetric~comparing the increasing
and decreasing field branches!, a behavior indicative of
Bean-Livingston surface barriers. At lower temperatur
e.g., 40 K, there is a small asymmetry, but it is a sm
fraction of the totalm at this field value~see inset of Fig. 1!.
This remark would suggest that at high temperaturesT
.80 K) and low fields, the Bean-Livingston surface bar
ers are essential, and bulk pinning is present only in hig
fields. Instead, at low temperature and fields, both bulk p
ning and Bean-Livingston surface barriers are present.

III. DISCUSSION AND POSSIBLE INTERPRETATION

The change in the slopedm/dH at H3 might correspond
to the recently proposed field-driven disordering transit
from Bragg glass, where the vortex lattice is weakly dis
dered without topological defects, to a highly disordered
tangled solid at higher fields. Giamarchi and Le Doussa48

introduced the idea of Bragg glass to distinguish from
glassy state without any crystalline order. Further, Ertas
Nelson,50 Vinokur et al.,51 and Koshelevet al.52 proposed
that the onset of the second magnetization peak may co
spond to the destruction of the Bragg glass by proliferat
of topological defects upon raising the field. This is equiv
lent to increasing the effective disorder that favors dislo
tions. It is interesting at this point to note that the collecti
pinning theory19 suggests that at low field, the lattice is le
ordered than in higher fields. This conclusion does not h

FIG. 6. Semi-logarithmic plot of the magnetic momentm vs
time ~relaxation of magnetization! for an YBa2Cu3O72d single
crystal atT540 K and forH51, 2, 3, 4, 5, 6.5, 8, 9, 11, 13.5, 15
16, 18, 20, 24.8, 30, 34.83, 40, 45.2, and 50 kOe with the app
field Hic-axis. The upper panel shows an enlarged view of
measurement performed for the 1–5 kOe field range.
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when the distance between local minima of the random
tential is much smaller than the typical intervortex spaci
as pointed out by Koshelev and Vinokur.52 In such a case
~typical for high-temperature superconductors!, the vortices
have a wide choice of minima, which gives them an ex
possibility to minimize their interaction energy and resto
the lattice.

An important point that should be made is that our res
is not a peculiarity of our crystal. The same feature, w
some worth-mentioning differences, has also been obse
by Nishizaki et al.57 and Giller et al.58 in an untwinned
YBa2Cu3O72d single crystal using local magnetization me
surements. More specifically, the differences lie in the f
lowing points:~a! In our results the feature is not observ
for T,20 K, while Nishizaki and co-workers observed it fo
T.53 K, and in Giller’s data the feature appears at 40
~b! Both Nishizakiet al.and Gilleret al.show an increase o

FIG. 7. S 21(t5103 s) as function of magnetic field at 10 K
~solid circles! and 40 K~open circles!. Also shown is the magneti
zation curve at 40 K~solid line!. The open squares denote th
relaxed magnetic moment at 40 K after a time of 104 s. The peak of
S 21(t5103 s) curve at 40 K is located below the second magn
zation peak of the magnetization curves. Note that the curvem(T
540 K, t5104 s) reveals that the location ofH3 does not change
with time.
P
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the characteristic magnetic field with temperature, wherea
our data,H3 decreases slowly with increasing temperatu
and~c! In the present measurements, theH3 field is difficult
to be defined whenH3 is close toHsp. In the measurement
of Nishizaki et al., the H3 line is terminated at the critica
point, where the melting transition changes from first to s
ond order. In Giller’set al. data, it is not clear where theH3
line terminates. These differences may originate from
different amount of disorder in the samples, i.e., our crys
is more disordered than those of Nishizakiet al. and Giller
et al.

Although the decrease ofH3 with temperature is pre-
dicted within aDTc pinning mechanism, the curvature is n
that predicted in the simplified model of Refs. 51,44. Pro
ably, due to the simple character of the particular mod
only the direction of change ofH3 with temperature and no
the exact temperature variation can be predicted. Since aD l
~Refs. 19 and 58! type pinning gives an increase ofH3(T)
with temperature, the larger disorder of our crystal mig
lead to a combination ofDTc and D l pinning mechanism,
thereby producing the observed behavior. An open ques
is the physical reason for the disappearance of the featu
low temperatures. One could suppose that at low temp
tures the pinning force is too strong to permit a regular l
tice. As the temperature increases, the thermal fluctuation
the vortex lines smooth the quenched disorder potential
produces the pinning. As the amplitude of the thermal flu
tuations increases beyond the extent of the vortex core,
vortex will experience an averaged disorder potential t
corresponds to a reduced pinning force.

In conclusion, we have found an abrupt change in
slope of the irreversible magnetization in a detwinn
YBa2Cu3O72d single crystal for the temperature range
<T,T* '83 K. TheH3(T) line deduced from the sudde
change of the slope in them(H) data might correspond to
the field-driven disordering transition from the ‘‘Brag
glass’’ to the high-field topologically disordered phase. T
second magnetization peak curveHsp(T) is governed by the
relationHsp(T)5Hsp

0 (12T/Tc)
n from '30 K up toT* . For

T.T* , theHsp(T) curve changes functional form and can
described by the relationHsp(T)560@12(T/Tc)

4#1.4 pro-
posed by Abulafiaet al.56

A.B. acknowledges support from NATO via NATO Sc
ence Fellowships No. D001017.
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