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Possible reordering of vortex matter near the end point of the second peak line
in the YBa2Cu3O7Àd compound
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We report on the second peak lineHsp and the possible phases of vortex matter nearTc for a detwinned
underdoped YBa2Cu3O72d single crystal. Our local ac and dc permeability measurements revealed that the
second peak lineHsp does not terminate either at the critical temperature or on the irreversibility lineH irr .
Pronounced hysteretic behavior is observed in the regime below the second peak lineHsp. Below ~above! a
characteristic field the end point of the second peak differs from~coincides with! the irreversibility point,
Hend pointÞH irr (Hend point[H irr). A possible reentrance of a dynamically ordered solid phase in the high-
temperature regime near the irreversibility line is discussed.
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Despite the progress having been done in the study of
mixed vortex state in high-Tc superconductors under th
presence of disorder, several issues remain unclear, from
theoretical as well as the experimental point of view.1–3 The-
oretical proposals, including different vortex phases such
quasilattice ~Bragg glass!,4–9 entangled glass,5,8–10 and
liquid,11–14 have focused the effort of experimentalists,
order the existence of a universal phase diagram to be
firmed.

One of the high-Tc superconductors widely studied e
perimentally is YBa2Cu3O72d . This particular supercon
ductor exhibits three-dimensional behavior over all scales
the phase diagram (H,T) experimentally accessible. It i
widely accepted that the oxygen deficiency (d) in high-
quality detwinned YBa2Cu3O72d single crystals is respon
sible for the pinning of flux lines. The most pronounced co
sequence of lowering~increasing! the oxygen content is the
movement of the fishtail line@this line is the locus of (H,T)
points where the screening current displays a peak,
called second peak~SP!# to lower ~higher! magnetic
fields.15–18For the case of nearly optimally doped crystals,
the region between the first peak lineH fp and the onset line
Honsetof the second peak, when the additional effective p
ning is weak, the magnetic response is controlled by the e
barrier ~geometrical/surface barriers!.19 In such high-quality
single crystals, the SP lineHsp is placed to high magnetic
fields, while dc magnetization measurements revealed
existence of a kink point~KP! above the onset point~OP! of
the SP in the magnetization loops.20–23For d lower than 0.07
~overdoped regime! the SP line displays a nonmonoton
variation with temperature and is terminated near the mel
line. Instead, whend is higher than 0.07~underdoped re-
gime! different behavior has been observed. In this regi
the SP line decreases monotonously as temperature incr
and tends to terminate atTc .

Today, this picture holds for high-Tc cuprates, where both
experimental15–18,24,25 and theoretical4–9 works conclude
that, inconsequentially of its temperature variation, the
0163-1829/2002/66~21!/214521~7!/$20.00 66 2145
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line Hsp shifts to lower fields as the point disorder~including
oxygen deficiency! increases. On the other hand, there is
experimental evidence that the OP and SP lines terminat
the melting line, as should be expected according to class
thermodynamic arguments, or stop at a characteristic p
which is placed near~but not on! this first-order phase
boundary. Recently, the position of the SP line and how t
line terminates on the melting line, for different amounts
static disorder, were investigated theoretically.26 In that
work, extending previous studies that considered the or
disorder transition to occur entirely inside the single-vort
pinning regime, the possibility that the transition lies in t
small or large bundle regime was also examined. Those
oretical results reproduced accurately the copious experim
tal data of Refs. 18, 15, and 16 for the case of rather sm
values of the dimensionless disorder parameterD
5«j(0)/Lc(0). In contrast, for the case where the parame
D takes high values, it is not experimentally clear how t
order-disorder line terminates on the melting line. This is
because global experimental techniques that are usually
ployed for the investigation of high-Tc cuprates, have no
sufficient sensitivity~low filling factor! to detect very small
signals. Instead, local techniques are very sensitive~unity
filling factor! due to the small active area of the Hall sens
so they are convenient even for the investigation of v
small single crystals.

To this end we performed systematic local dc and ac p
meability measurements in a detwinned slightly underdo
YBa2Cu3O72d single crystal. Our measurements indica
that the SP line does not terminate at the critical tempera
as usually assumed for underdoped disordered single c
tals. An end point of the SP line is experimentally captured
about (H,T)'(200 Oe,91.2 K). In addition, a reentrance
the low-field quasiordered vortex state in the hig
temperature regime, near the irreversibility lineH irr , is pos-
sible. So, for an isothermal procedure, as we increase
magnetic field the vortex matter first exhibits an orde
disorder crossover. For even higher fields the reverse pro
©2002 The American Physical Society21-1
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~ordering of vortices! seems to take place just below th
irreversibility point. Finally, we observed pronounced hyst
etic behavior below the SP in our local ac permeabi
curves for increasing and decreasing the temperature
agreeement to recent experimental works.27,28

I. EXPERIMENTAL DETAILS

The results presented in this work refer to a detwinn
(1.2531.1530.035 mm3), slightly underdoped crystal. Th
crystal was grown with the self-flux method in a gold cr
cible. Thermal treatment was made at 450 °C, in oxyg
flow and ambient pressure. Detwinning was performed
400°C in air under a pressure'25 MPa, followed by addi-
tional annealing in oxygen flow at 400°C and ambient pr
sure for three days. Its critical temperature isTc592.4 K and
the transition width under zero dc field and a small ac fi
(H050.14 Oe) is 0.2 K. This crystal exhibits the KP, whic
is in close proximity to the OP of the SP in both the incre
ing and decreasing branches of magnetization lo
measurements.20 This effect is observed only in high-qualit
single crystals.20–23 For our local magnetic induction mea
surements we used a GaxAs12xIn Hall sensor with an active
area of 50350 mm2. The ac@Hac5H0sin(2pft),f 510 Hz]
and dc magnetic fields were applied parallel to the crystalc
axis (HdciHacic). The local magnetic permeability has be
deduced from Hall voltage, which is modulated by a lo
frequency ac magnetic field superimposed to the dc one.
in-phase and out-of-phase signal has been measure
means of two lock-in amplifiers.25,29 Temperature stabiliza
tion was better than 20 mK. The ac permeability measu
ments were performed as a function of temperature~isofield
measurements! and also as a function of the applied fie
~isothermal measurements!. In addition, we performed globa
superconducting quantum interference device~SQUID! and
local Hall dc magnetization measurements.

II. RESULTS AND DISCUSSION

Figures 1~a! and 1~b! show the temperature dependence
the real partm8 of the local ac permeability for several am
plitudes of the ac fieldH0, under dc magnetic fields 450 O
~nearTc), and 3000 Oe~from 5 K up to Tc), respectively,
with field-cooled initial condition. This set of measuremen
revealed a number of interesting features. By inspection
Fig. 1~a! we can define four characteristic points. The first
the end point of the transition~wherem851), which is de-
noted asTirr . This point corresponds to the crossing of t
irreversibility line H irr(T) during warming for Hdc
5450 Oe, as our global SQUID magnetization measu
ments confirmed~not shown here!. The second point is lo-
cated at the temperature where for someH0 the m8 displays
a local minimum and, as the comparison to global SQU
data revealed, corresponds to the temperatureTsp where the
SP is equal to 450 Oe. More interestingly, we observe
the SP can be detected only in a range of the ac magn
field. For low or high amplitudes of the ac field the SP is n
distinct. The third and the fourth points are placed above
below Tsp. These are the end point and onset temperatu
21452
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denoted byTend point and Tonset, respectively@see Fig. 1~a!#.
These two pointsTonset and Tend point essentially define the
temperature regime where the fishtail effect extends. On
the main results of this paper is that in the low-field regim
the end pointTend point differs from the irreversibility point
Tirr as is evident in Fig. 1~a!, where the dc field isHdc
5450 Oe. In the high-field regime the situation is rath
different. Our measurements showed that for high dc fie
the two points practically coincide as we observe in Fi
1~b! and 1~c! for the case whereHdc53000 Oe. At this point
we must note that the global SQUID measurements in
regime nearTc are very noisy, probably because of fast r
laxation, making difficult the estimate of such characteris
points from the type of measurements.

Figure 2 shows how the isothermal global moment~mea-
sured using a SQUID magnetometer! varies with external
magnetic field atT588 K and T591.2 K. The data atT
588 K are compatible with an onset point and a peak in
screening current at approximately 1000 Oe and 2100
respectively. At this temperature the irreversibility fieldH irr
which is approximately 7000 Oe~as defined from the globa
SQUID measurement! coincides to the end point of the pea
effect ~as this is defined from the respective local Hall
permeability measurement!. On the other hand, the data
T591.2 K, although do not exhibit clearly the peak effect,
the local Hall measurements show, revealed that the irrev
ibility field does not coincide to the end point of the pe
effect ~as this is defined from the respective local Hall me
surement!.

FIG. 1. Real part,m85B8/H0, of the local fundamental ac per
meabilities as a function of temperature, for two dc fieldsHdc

5450 Oe~a! and 3000 Oe~b! and various amplitudes of the a
field. In inset~c! we focus in the high-temperature part of the me
surement, near the irreversibility point.
1-2
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POSSIBLE REORDERING OF VORTEX MATTER NEAR . . . PHYSICAL REVIEW B 66, 214521 ~2002!
Figures 3~a! and 3~b! show in detail the variation of the
real, m8(T), and imaginary,m9(T), parts of the local ac
permeabilities as a function of temperature for various
fields andH0514 Oe. In insets 3~c! and 3~d! we present the
same measurements in an extended temperature regime

These measurements reveal in detail that the signal
sesses structure above the characteristic pointTend point. We
clearly observe that the end pointTend pointof the SP does no
coincide with the irreversibility pointTirr . In addition, we
see that as we apply lower dc magnetic fields the SP is

FIG. 2. Global magnetic moment as function of external m
netic field atT588 K andT591.2 K. The measurements are tak
after zero-field cooling.

FIG. 3. Real,m85B8/H0 ~a!, and imaginary,m95B9/H0 ~b!,
parts of the local fundamental ac permeabilities as a function
temperature, for various applied dc fields in 14 Oe ac field. Ins
~c! and~d! present the measured permeabilities in an extended
perature regime.
21452
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scured. For magnetic fieldsHdc,500 Oe the SP is not ob
served for such a high ac magnetic field, and only an abr
change in the slope ofm8 is still evident. We also performed
ac permeability measurements as a function of the applie
field and low enough amplitudes of the ac field~isothermal
measurements!. Those measurements revealed that the
was present for even lower dc fields. At the end, below
characteristic point (H,T)'(200 Oe,91.2 K) we were no
able to detect the SP, although we examined this possib
by changing the amplitude of the ac field for two orders
magnitude.

In Figs. 4~a! and 4~b! we present the observed behavior
the real and imaginary permeabilities, respectively, for a c
stant dc fieldHdc5170 Oe and various ac fields. We see th
the SP effect is absent, even if we probe the current–elec
field @E(J)# characteristics in very low~small ac field! or
high ~high ac field! electric-field levels. Instead of the SP
only a sharp increase inm8(T) is observed. The characteris
tic temperaturesTonset and Tend point where this step occurs
almost do not depend on the amplitude of the ac field
sharp drop inJc(T) similar to the one we detect atTend pointis
commonly observed for the YBa2Cu3O7 superconductor in
ac susceptibility30–33 or resistivity32,34–37 measurements
Such a sharp drop of the screening current may be accom
nied by a peak effect31,33,36or not30,32,34–37and, as the com-
parison to dc magnetization measurements confirmed, is
lated to melting of vortex matter.30,31,33,37Our measurements
indicate that a similar behavior could be observed as a cr
over effect of an incomplete SP in the low-field regime. O
results, in some degree confirm, and further clarify the
sults of previous experimental works.28 We must note that

-

f
ts

-

FIG. 4. Temperature variation of the real,m85B8/H0 ~a!, and
imaginary, m95B9/H0 ~b!, parts of the local permeabilities, fo
various ac fields andHdc5170 Oe.
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the results presented in Ref. 28 refer to a twinned sin
crystal. In this work we present results for a point disorde
crystal.Furthermore, in our work we promote the structu
exhibited in our local measurements above the Tend point,
when they were performed in the low-field regime(H
<3000 Oe).In the high-field regime(H>3000 Oe)the sig-
nal possesses no structure indicating that the end point
the SP and the irreversibility points coincide.In order to
leave no margin of doubt, in Figs. 5~a! and 5~b! we present
the temperature variation of the derivative~normalized! of
the real local permeability for representative dc fields bel
and above the characteristic pointH'3000 Oe. We see tha
for H<3000 Oe, two distinct peaks are obvious, indicati
that Tend pointÞTirr , while for H>3000 Oe only one peak i
present, indicating thatTend point[Tirr .

Our experimental observations for the detwinn
YBa2Cu3O72d single crystal are summarized in Fig. 6 whe
plotted is the (H,T) ‘‘phase diagram.’’ Depicted are th
curves formed by the OP, the SP points, the end points of
SP, and the irreversibility points. All data come from loc
Hall measurements, except for open squares that come
global SQUID measurements. We observe that the low-fi
irreversibility line, coming from local measurements, is t
natural consecution of the high-field part that is detected
global SQUID measurements. The irreversibility points c
be fitted by the equationH irr5H irr

o (12T/Tc)
n, where H irr

o

537367 kOe, Tc592.45 K, and n51.3460.05 and is
plotted in Fig. 6 by a thick solid line. We observe that the
line Hsp does not terminate either at the critical temperat
or on the irreversibility lineH irr , but could be detected unt

FIG. 5. Temperature variation of the derivative of the real pa
m85B8/H0, for representative dc fields below~a! and above~b! the
characteristic fieldH'3000 Oe. Arrows indicate the smaller pea
placed in high temperatures.
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the point (H,T)'(200 Oe,91.2 K). In addition, our result
show that both the onsetHonset and the end pointHend point
lines could not be clearly detected at very low dc fiel
@where only an extremely weak anomaly survives in o
m8(T) curves#. So, we conclude that, for this particular cry
tal, theHonsetandHend pointlines tend to the critical tempera
ture but can be detected until the point (H,T)
'(80 Oe,91.6 K). Furthermore, below the characteris
point H'3000 Oe the linesHend point and H irr are distinct
(Tend pointÞTirr) while for fieldsH>3000 Oe they practically
coincide (Tend point[Tirr). Our results then indicate that th
end point line,Hend pointmay be the natural continuity of th
Honsetline. It seems then that both lines are part of the sa
order-disorder line which turns around and terminates on t
irreversibility line Hirr. This conclusion is further supporte
if we take into account the fact that two distinct solid phas
of different degree of order should always be separated b
transition or crossover line.

,

FIG. 6. The phase diagram of vortex matter in an extend
regime ~a! and close to the critical temperature~b!. Presented are
the first penetration lineH fp , the OP lineHonset ~solid circles!, the
SP line Hsp ~solid triangles!, the end point of the second pea
Hend point~open triangles!, and the irreversibility lineH irr ~solid and
open squares coming from local Hall and global SQUID measu
ments, respectively!. The solid line through the (Tirr ,H irr) points is
a least-squares fitting by using theH irr5H irr

o (12T/Tc)
n, where

H irr
o 537367 kOe, Tc592.45 K, andn51.3460.05. The SP line

disappears at (H,T)'(200 Oe,91.2 K) while theHonset and
Hend point lines tend to theTc but survive until the characteristic
point (H,T)'(80 Oe,91.6 K). TheH irr line ends at the critical
temperature. TheHend point and H irr lines merge at about 3000 Oe
Dot and dashed lines are just guides to the eye.
1-4
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Recently, Mikitik and Brandt investigated the phase d
gram of vortex matter for various degrees of static disor
for the two cases ofdTc and d l pinning.26 They concluded
that for the case ofdTc pinning, and sufficiently strong stati
disorder@D/cL5«j(0)/Lc(0)cL.1#, the order-disorder line
decreases in the high-temperature regime, close toTc . The
new concept they introduced is that, when the transition
crosses the single-vortex pinning line~entering the regime
where pinning of small/large vortex bundles takes over! it
exhibits the opposite behavior and increases as approa
the melting line. Under this point of view, we could attribu
the composite line, which is comprised by theHonsetand the
Hend point lines, to the order-disorder transition. Interesting
the SP lineHsp then refers to the boundary where pinning
single vortices and bundles of vortices is distinguished.

Of course, we cannot disregard the dynamic characte
our measurements and the fact that we study the exc
system of vortices under the influence of the applied
fields. Considering this, one would naturally object that
behavior observed in the high-temperature regime is no
equilibrium property of vortex matter. In the past years a
of work is done in the subject of dynamic transitions
vortex matter when subjected to an applied drivi
force.37–46 Theoretical treatment argues that astatic disor-
dered vortex solidcould be, dynamically, transformed to
moving solid state~that possibly retains crystalline order
some degree! under the influence of high driving forces.38–42

We believe that such a plysical process could be relate
the results presented here. As we apply high enough ac fi
the force acting on vortices reduces the effective disor
and a moving vortex solid state is recovered in the reg
between theHend pointand theH irr lines. This ‘‘healed’’ solid
phase seems to exhibit, at least, the dynamic behavior o
ordered solid.27 It should be natural then to assume that t
possible reordering observed above the lineHend point is due
to the smoothing of static disorderby the combination of the
increasing thermal energy and/or high driving forces. Such a
dynamic process could not exist at arbitrarily high dc fiel
Koshelev and Vinokur argued that the so-called ‘‘crystalliz
tion current,’’ needed for reordering the vortex solid, excee
essentially the critical current and diverges as tempera
approaches the melting point of the undistorded ideal lat
of vortices.38 In our case, as we apply higher dc fields bu
pinning becomes dominant due to the increase of the ef
tive static disorder.4 As a consequence, the critical curre
density inreases rapidly and the driving force acting on v
tices by the applied ac field never equals the ‘‘crystallizat
current.’’ So, above a characteristic point (H'3000 Oe) we
cannot recover the ordered state and an amorphous sta
fully preserved up to the irreversibility lineH irr .

In order to investigate further the physical cause of
observed behavior in the regime of the SP, we performed
permeability measurements for increasing and decreasing
temperature. Figure 7~a! depicts the variation ofm8(T) at
various dc fields for a small ac field,H052.8 Oe. The ex-
perimental procedure of these measurements is as follow
under zero ac and dc fields, the superconductor is coole
the desired temperatureTmin'77.8 K. Then we apply the a
and dc fields and measure during warming untilTc is ex-
21452
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ceeded. The second part of the measurement is accompli
by measuring during decreasing the temperature, under
presence of the ac and dc fields. While the decreas
branches~dashed lines! coincide with the increasing one
~solid lines! in the temperature intervalT>Tsp, pronounced
hysteresis is observed in the regime below the OP of the
In the temperature regimeTonset<T<Tsp minor hysteresis
occurs when the applied ac field is low enough. As Fig. 7~c!
resolves,the decreasing branch is placed below the increa
ing one in the regime Tonset< T < Tsp, but as we lower the
temperature through the onset point, the opposite behavi
observed. This means that in the intervalTonset<T<Tsp (T
<Tonset) the field-cooled state of vortex matter posses
higher ~lower! critical currentJc than the zero-field-cooled
one. The behavior observed in the regimeTonset<T<Tsp is
consistent to the general requirements of an order-diso
transition43,45,46~such a weak hysteretic effect probably ca
not be observed in global measurements!. On the other hand
the behavior observed below the OP is not compatible to
above-mentioned transformation.

Recently, Valenzuela and Bekeris in a set of experime
studied the dynamics of vortex matter in the low-field regim
of the SP.27 Their experiments referred to twinned sing
crystals. To eliminate the influence of twin planes they tilt
the applied fields from thec axis. By investigating different
experimental procedures~regarding the application of the a
field!, they concluded that, when an ac field is applied wh

FIG. 7. Real part,m85B8/H0 , of the local fundamental ac per
meability as a function of temperature~a! at constantH052.8 Oe
and various dc fields,Hdc5340, 450, and 578 Oe and~b! at con-
stant dc field,Hdc5578 Oe, for various ac fields,H052.8, 5.6, and
8.4 Oe (Hdc,Hacic). Inset ~c! presents in detail the signal in th
regime where the response is reversed. The solid~dashed! lines
correspond to the increasing~decreasing! branches.
1-5
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cooling the sample, the vortex solid is ‘‘healed.’’ This heal
vortex state possesses lower critical current compared to
vortex solid which is produced by cooling in zero ac fie
We observe the same behavior in our measurements in
temperature regime below the OP. So, we assume tha
hysteretic behavior observed below the OP could be att
uted to a dynamic rearrangement of a temporarily disorde
vortex solid to a more ordered one. In contrast, in the reg
between the OP and the SP where the order-disorder tra
tion occurs, the field-cooled vortex solid is pinned more
fectively than the zero-field-cooled state, even if we apply
ac field during the cooling process. In measurements
formed for higher dc fields~not shown here! the decreasing
branches are always placed below the increasing ones in
whole temperature regimeT<Tsp. This result is a direct
consequence of the enhancement of the effective quen
point disorder as we increase the magnetic field.4 Figure 7~b!
reveals that, at constant dc field,Hdc5578 Oe, the effect is
more pronounced for small amplitudes of the ac field. As
apply higher ac field the effect is no more evident. This f
indicates that a high enough ac drive eliminates the dep
dence on the thermomagnetic history of vortex matter. Qu
tatively, a similar behavior was recently observed for t
HgBa2CuO41d superconductor.46

Let us now discuss the possible influence~if any! of the
geometrical/surface barriers in the low-field regime of o
measurements. An edge barrier mechanism manifests i
in local measurements by enforcing special characteris
such as the so-called ‘‘pinch-off field’’~recognized in mea-
surements, not only as a function of dc field, but also a
function of temperature! and negative values of the~local!
permeability.19 For the case of an edge barrier, the decreas
branch is always placedabovethe increasing one~as in our
case, see Fig. 7!, in contrast to what is expected for the ca
d

.
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of an order-disorder transition. Of course, a pronounced c
tribution of an irreversibility mechanism of this type is e
pected only in bulk pinning free samples as recently w
established for Bi2Sr2CaCu2O8 and YBa2Cu3O72d .19,47,48In
addition, in the high-temperature regime, close toTc , our
global SQUID magnetization loops exhibit distinguishab
asymmetry~not shown here!. This experimental observatio
cannot originate from a bulk pinning mechanism. To co
clude, although we believe that bulk pinning is, undoubted
the dominant mechanism in this crystal, we cannot exclud
small contribution of an edge barrier in our measuremen

III. CONCLUSIONS

We presented local Hall ac permeability measurements
a YBa2Cu3O72d detwinned, underdoped single crystal. T
SP line Hsp does not terminate at the critical temper
ture but disappears at a characteristic point (H,T)
'(200 Oe,91.2 K). The onsetHonset and the end point
Hend point lines tend toTc but could be detected until (H,T)
'(80 Oe,91.6 K). The end pointHend point and irreversibil-
ity, H irr lines practically coincide in the high-field regime
above a characteristic fieldH'3000 Oe, while below this
field they segregate. The observed behavior could be at
uted to a reentrance of the quasiordered vortex state in
regime below the irreversibility lineH irr . Under this point of
view, theHonsetandHend point lines are two parts of the sam
transition or crossover line from a Bragg glass to an am
phous solid. This composite line, smoothly, connects to
irreversibility line H irr . Based on our experimental resul
we cannot conclude whether this process is of equilibri
character26 or is a dynamically driven transition38 as recently
was theoretically proposed.
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