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Hysteretic behavior of the vortex lattice at the onset of the second peak
for the HgBa2CuO4¿d superconductor

D. Stamopoulos and M. Pissas
Institute of Materials Science, NCSR ‘‘Demokritos,’’ 153-10, Aghia Paraskevi, Athens, Greece

~Received 19 October 2001; revised manuscript received 22 January 2002; published 27 March 2002!

By means of local Hall probe ac and dc permeability measurements, we investigate the phase diagram of
vortex matter for the HgBa2CuO41d superconductor in the regime near critical temperature. The second peak
line Hsp, in contrast to what is usually assumed, does not terminate at the critical temperature. Our local ac
permeability measurements reveal a pronounced hysteretic behavior and thermomagnetic history effects near
the onset of the second peak, giving evidence of a phase transition of vortex matter from an ordered qausilattice
state to a disordered glass.
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It is remarkable that after a decade of experimental
theoretical efforts1,2 the vortex matter phase diagram of hig
Tc superconductors under the presence of random point
order is far from being completely elucidated. Soon after
discovery of high-Tc superconductors, it was proposed th
point disorder should transform the ideal vortex lattice to
glassy state. This state is characterized by energy bar
U( j ) that diverge in the limit of small applied currentsj.
Two main phenomenological theories have been propose
describe this glassy phase. The first theory is based on
gauge glass model, and assumes a complete destructio
the ideal vortex lattice.3 The second theory retains the elas
lattice structure at small scales.1 Although different in nature,
both theories agree that point disorder dictates the app
ance of dislocations, producing a glassy low-temperat
phase where the perfect flux lattice is completely distorte
large length scales.

Recently, theoretical proposals provided a descript
valid at all scales, demonstrating that while disorder p
duces an algebraic growth of displacements at short len
scales, periodicity takes over at large scales, resulting
decay of translational order at most algebraic.4–11 One strik-
ing prediction is, thus, the existence of a glass phase
should exhibit Bragg diffraction peaks in neutron-scatter
measurements.12 This vortex state is the so-called Brag
glass.4 When the field is increased the Bragg glass sho
undergo a transition into another phase, which could b
pinned liquid or another vortex glass.4 Such a field-driven
transition corresponds to the destruction of the Bragg g
by a proliferation of topological defects, upon raising t
field, which is equivalent toincreasing the effective disorde,
which favors dislocations. Today, the nature of the transit
between the two phases, and the exact position of this p
boundary on the phase diagram (H,T), are not well under-
stood.

Between the elastic quasilattice and the highly disorde
vortex glass there should be a distinct difference, concern
the dependence of magnetization measurements on the
momagnetic history, similar to what was observed in ot
disordered systems. Such history effects have been obse
in transport and magnetic measurements for the low-Tc su-
perconductors, in the region of the conventional peak ef
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close to the upper critical field line.13–18It was suggested tha
in this regime plastic deformations occur in the solid, lead
to a dependence of the hysteretic response on the past hi
of the superconductor.

The situation is rather different for the case of high-Tc

superconductors. The effect of a second peak~or fishtail
peak! on the magnetization loops is still of unknown origi
while the simultaneous appearance of double-p
structures19–25 makes the interpretation more complicate
Today there is experimental evidence for the existence o
crossover pointHsp

/ , that lies between the second peakHsp

and its onset pointHonset, where the dynamic behavior o
the vortex solid changes drastically from elastic~belowHsp

/ !
to plastic~aboveHsp

/ ).26–29Furthermore, several experimen
tal works presented evidence that in clean YBa2Cu3Cu72d
and Bi2Sr2CaCu2O81d crystals the boundary between th
Bragg and vortex glass states is in close proximity to
onsetHonset of the second magnetization peak.30–32 In addi-
tion, dc magnetization measurements in pure high-qua
single crystals of YBa2Cu3Cu72d revealed the existence of
kink ~near the onset of the fishtail peak! in the magnetization
loops,33–35 and a pronounced history dependence36,37,22,34in
the regime between the fishtail peak and its onset field.

In this paper we report on local dc and ac permeabi
measurements for the HgBa2CuO41d superconductor, which
displays an intermediate anisotropy in comparison to tha
YBa2Cu3Cu72d and Bi2Sr2CaCu2O81d . With the present
study we hope to elucidate the phase diagram of vortex m
ter under the presence of point disorder, near the crit
temperature. The limited range in the dc field (Hdc
,1000 Oe) that can be applied in our local Hall magne
meter enforced us to study a disordered single crystal
exhibits a second peak line that terminates in the low-fi
regime, close to the critical temperature.25 In our local ac
permeability curves we observed a hysteretic behavior in
region between the onset and the second peak~the fishtail
peak!. Partial loop measurements revealed a pronounced
pendence of the ac permeability on the thermomagnetic
tory, in the regime under discussion. In addition, this partic
lar single crystal, except for the fishtail peak, displays a th
peak near the irreversibility line which resembles the co
ventional peak effect.
©2002 The American Physical Society24-1
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The single-crystal growth procedure was repor
elsewhere.38,39 Our single crystal displays a value ofTc
589.9 K, with a transition width of 1.5 K and dimension
6003900315 mm3. For our local magnetic induction mea
surements we used a GaxAs12xIn Hall sensor with an active
area of 50350 mm2. The single crystal was placed direct
on top of the active area of the Hall sensor. The local m
netic induction at the surface of the crystal was measu
using an ac magnetic field@Hac5H0 sin(2pft), f 510 Hz#,
under the presence of a dc magnetic field (HdciHacic). The
real, m85( f /H0)*0

1/fBz(t)sin(2pft)dt, and imaginary,m9
5( f /H0)*0

1/fBz(t)cos(2pft)dt, fundamental permeabilitie
are measured by means of two lock-in amplifiers. Our m
surements were performed as a function of the tempera
~isofield measurements!, and also as a function of the applie
field ~isothermal measurements!. In addition, we performed
local Hall dc magnetization measurements in order to inv
tigate and clarify the physical mechanisms of the obser
hysteretic behavior. Local dc magnetization measurem
were performed by applying an ac current (f 510 Hz) to the
Hall sensor, and recovering the dc Hall voltage, due to the
field, by means of a lock-in amplifier. The temperature s
bilization was better than 20 mK.

Figure 1 shows the variation of the real part of the local
permeability m8(H) as a function of the applied dc fiel
(Hdc,1000 Oe) for various temperatures and ac fields. T
measurement atT579.7 K shows all the characteristic fea
tures for the first and second peaks which are present a

FIG. 1. Real partm85B8/H0 of the local fundamental ac
permeability as a function of the dc magnetic field atT
577.8– 89.9 K for various ac fields,H051.4, 2.8, 4.2, and 8.4 Oe
(Hdc,Hacic).
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isothermal global magnetization loops. Initially,m8(H) dis-
plays a small value due to the finite size of the Hall sen
and its nonzero distance from the crystal center. At a part
lar dc magnetic field, which corresponds to the so-called fi
peak fieldH f p , them8(H) starts to increase toward the un
value, which corresponds to the normal state. Subseque
m8(H) increases towardm8(H)51, but then starts to de
crease again, forming a local minimum atHsp which obvi-
ously corresponds to the second peak, as our local and gl
dc magnetization measurements affirmed@see Fig. 5~e!
below#.25 In the higher-temperature regime, in addition to t
second peak, a local minimum is formed below the irreve
ibility point @see Figs. 1~b!–1~d!#. We call this feature the
third peak~referring to a peak in the screening current!. This
behavior was recently observed in other high-Tc
superconductors.19–25 In measurements at higher temper
tures the height of the local minimum which corresponds
the second peak is reduced, and finally, forT.86 K, we
were not able to detect it. Contrary to this behavior, the th
peak is still evident as we move up to the critical tempe
ture.

Above the irreversibility fieldH irr , the diamagnetic capa
bility of the superconductor becomes zero, and all them8(H)
curves take the value 1. An important information revea
in those measurements is that, in the region between
second peak’s end point and the third peak’s onset, the
sponse isalmost linear on the amplitude of the applied a
field, very close to the normal-state value;m8(H)51. This
indicates that in this region the vortex system is in a state
very low pinning capability, resulting in an almost negligib
screening current.

In order to fix the previous experimental observations,
Fig. 2 we plot the (H,T) phase diagram close toTc , accord-
ing to our local isofield and isothermal ac permeability me
surements for the HgBa2CuO41d crystal. Depicted are the
curves formed by the onset of the second peak, by the sec
peak points, the end points of the second peak@coming from
isothermalm8(H) and isofieldm8(T) measurements#, the
third peak, and the irreversibility points. In the shaded a
between the onset and the second peak lines, a hyste
behavior is observed. The points of the second peak’s o
may mark the boundary between the Bragg glass and
disordered glassy state~vide infra!.

Figure 3~a! depicts the variation ofm8(H) as a function of
ascending and descending dc magnetic field at various t
peratures. Although, in general, the decreasing bra
~dashed line! coincides with the increasing one~solid line!,
we observed a pronounced hysteresis in the regime betw
the onsetHonset and the second peakHsp . In Fig. 3~b! we
plot the divergencem8~up!2m8~down! of the data of Fig. 3~a!
in order to show clearly the hysteretic behavior. We note t
the hysteretic peak moves to lower fields for higher tempe
tures. We observe that hysteresis is more apparent for lo
temperatures, as is evident from the reduction of the hys
etic peak as we move to higher temperatures@see Fig. 3~b!#.
As we approach the temperatureT586 K, where the second
peak line ends, the hysteresis is reduced. In Fig. 3~c! we
observe that, at a constant temperatureT582 K, the effect is
more pronounced for small ac fields. As we apply high
4-2
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FIG. 2. The phase diagram of vortex matter close to the critical temperature. Presented are the onset of the second peak~semi filled
points!, the second peak~full points!, and the second peak’s end point~empty points!. Circles come from isothermalm8(H) measurements
and triangles come from isofieldm8(T) measurements. In addition we present the third peak~semifilled squares! and the irreversibility points
~full squares!. The lineHsp ends atT'86 K, while theHonsetandHend point lines ~thick lines! tend to the critical temperature. The lines a
just guides to the eye.
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amplitudes the effect is no longer evident. We observed
same behavior in all the temperature regime, up to the
point T586 K.

The effect of an applied ac perturbation on the hyster
behavior, observed in some cases in magnetic or trans
measurements in high-Tc superconductors, is a subject
intensive interest.15,18,40–43For small ac fields or small trans
port currents, the driving force acting on vortices is small,
it may be considered as a small perturbation. In this ca
thermodynamic or dynamic effects, characterizing a ph
transition, may be retained~such as hysteresis or a sudd
drop in the resistance observed, for example, at the me
transition of the vortex lattice!.44,45,42 On the other hand
measurements realized under high transport currents or
ac fields obscure the hysteretic characteristics of a poss
underlying phase transition,43,42,18or may dynamically rear-
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range a disordered solid state to a more ordered one.15,41,40

This is exactly the behavior observed in our measureme
For temperatures close to the end point (T586 K) of the
second peak line, we were not able to observe a hyste
behavior even for the smallest ac field we could apply.

We must note that such small differences can be dete
only with a sensitive local technique, like the one employ
in the present work. Local magnetic induction measureme
by means of microscopic Hall sensors is a valuable meth
because, due to the small size of the active area of the se
the filling factor is unity. So one can measure, with hi
sensitivity, small local changes of the magnetic induction
the surface of small crystals. In addition, the achieved h
sensitivity ~0.01 Oe! permits us to measure small screeni
currents such as 10 A/cm2 or less. Thereby, we can estima
with high accuracy, from the onset of diamagnetic behav
4-3
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the irreversibility line or the transition from one vortex sta
to another.

Let us now discuss the possible influence of the surfa
geometrical barriers in our measurements, in order to sh
that the observed hysteretic behavior is directly related t
bulk pinning property of vortex matter. For the case of
strong nonlinear current–electric-field@E(J)# relation in the
glass regime, one expects a symmetric hysteresis loop o
global or local irreversible dc magnetization~the screening
current does not display hysteresis!. In such a case, the fun
damental permeability is expected to be independent of
measuring path, while descending or ascending the exte

FIG. 3. Real partm85B8/H0 of the local fundamental ac per
meability as a function of the dc field~a! at constantHo52.8 Oe
and various temperaturesT577.8, 79.7, 80.7, and 82 K, and~c! at
constant temperatureT582 K for various ac fields,H051.4, 2.8,
4.2, and 5.6 Oe (Hdc,Hacic). The solid~dashed! lines correspond
to the increasing ~decreasing! branch. ~b! The divergence
m8~up!2m8~down! of the increasing and decreasing branches
various temperatures is presented.
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magnetic field, in an isothermal measurement. In contr
for an asymmetric loop of the irreversible dc magnetizatio
hysteresis in the screening current and the fundamental
meability should also be observed during increases and
creases of the dc field. The presence of surface/geomet
barriers generates an asymmetry in the magnetization lo
This asymmetry is present in an extensive field range. T
means thatm8(H) is expected to display hysteresis in a
ranges of the loop measurement. In our case we may rule
the influence of surface/geometrical barriers, because the
thermal variation ofm8(H) displays a hysteretic behavio
only in a particular interval of the applied dc field.This in-
terval is strictly located in the region between the onset po
and the second magnetization peak.

Another important point revealed in our measurement
that, in the regime where hysteresis is observed, the decr
ing branch is placed below the increasing one. This me
that the high-field state of vortex matter possesses more
magnetic capability~higher critical current,Jc) than the low-
field state~zero-field cooling initial condition!. In the frame-
work of the collective pinning theory,46 the critical current is
related to the characteristic correlation volumeVc , over
which the vortex solid is ordered, via the relationJc

}Vc
21/2. We see that for a more ordered state~higher collec-

tive pinning volume! we have a reduced value for the critic
current. The fact that the high-field vortex state exhibits
higher critical current indicates that it is more disorder
than the low-field one.

A pronounced hysteretic behavior could also be obser

FIG. 4. Temperature variation of the real,m8, and imaginary,
m9, parts of the local permeability, forHdc550 200 Oe andH0

50.14 Oe, for warming~solid lines! aboveTc and subsequent cool
ing ~dashed lines! of the vortex system.

r
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HYSTERETIC BEHAVIOR OF THE VORTEX LATTICE . . . PHYSICAL REVIEW B 65 134524
in isofield ac permeability measurements as a function of
temperature. Figure 4 showsm8(T), and m9(T) curves for
H050.14 Oe andHdc550 and 200 Oe. The onset poin
Honset and the second peak pointHsp are placed at highe
temperatures for the increasing branch than for the decr
ing one. In the inset we present the third peak observed
below the irreversibility point. For high applied ac fields
hysteretic behavior could not be observed, in agreemen
the isothermal m8(H), m9(H) measurements presente
above.

At this point we must note that, in measurements reali
under very low dc magnetic fields, the characteristic fing
print of the fishtail peak is not observed even if we chan
the applied ac field for three orders of magnitude (0
,H0,20 Oe). Instead, only a sudden drop in them8(T)
curves is observed, as is evident for the case ofHdc
550 Oe. Thus the lineHsp, related to the second pea
effect, ends at this characteristic point, but theHonset
and Hend point lines tend toward the critical temperature~see
Fig. 2!.

Is worth noting that the appearance of hysteresis in
namical measurements may be indicative of a possible
derlying transition, but is not necessarily evidence of a ph
transition of first order.47,48 In order to understand the phys
cal mechanisms associated with the observed hysteresis
performed partial loop measurements. If the observed hys
esis is directly related to a first-order transition, one wo
expect that partial hysteresis subloops would also be pres
due to the finite latent heat and the different relaxation ra
of the two distinct phases.47,48 Figure 5 presents partial loo
ac permeability measurements for an ac fieldH054.2 Oe at
T577.8 K. In the upper and lower panels we present
in-phase and out-of phase local ac magnetic induction
nals respectively. At this measurement the procedure is
follows: starting from a field above the peak point we p
form minor loops by progressively lowering the minimu
value Hmin of the applied dc field. Remarkably, the min
loops do not follow the complete envelope loop. We obse
that the increasing branch of each minor loop~corresponding
to a lower value of the minimum applied dc fieldHmin) is
placed below the corresponding branch for the next value
Hmin . At the end, around the onset of the second peak
hysteretic behavior can be observed. We clearly see tha
partial subloops follow exactly the shape of the compl
loop, without retracing the same curve after reversing
field sweep. This is a direct characteristic of a first-ord
transition. In such a case, we expect that every fraction of
vortex solid, which transforms in every partial proce
should follow the same thermomagnetic pattern of the co
plete transition, as in the case where the whole vortex sys
transforms from one state to another.47,49 In addition, the
observed thermomagnetic history dependence of the ac
sponse is not compatible to the conventional critical-st
model. This model treats the critical currentJc as a single-
valued function of the magnetic inductionB and temperature
T, while our measurements indicate thatJc depends on the
measuring path in the regime betweenHonset andHsp . The
observed behavior can be understood as follows: as we
pose the system to a lower value of the applied dc field,Hmin
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the topological defects remaining in the vortex solid d
crease, so that the critical current is reduced and the co
sponding losses, reflected at the out of phase signal, incre
Since in the elastic theory, the critical currentJc is a single-
valued function ofB and T, the hardening effects, such a
observed in our measurements, could only be ascribe
plastic deformations in the vortex solid. This is in agreement
to the behavior observed in Refs. 26–29 and 34–37. In
sets~c! and ~d!, we present the completeBz8 ~upper panel!
andBz9 ~lower panel! curves, while in inset~e! we present the
local dc magnetization loop atT577.8 K, in order to con-
solidate our experimental results.

Finally, we would like to discuss what happens at t
region where the fishtail peak is terminated. First we rec
that, although the lineHsp ends at a characteristic point~86 K
and 50 Oe!, at higher temperatures we observed a sud
drop in ourm8(T) curves@see Fig. 4~b!#. So, the two related
lines, referring to the onset and the end points of this sud
drop @see Fig. 4~b!#, seem to continue all the way up to th
critical temperature@see Fig. 2#. Placing beyond dispute tha
the onset line,Honset separates a Bragg glass phase from
totally disordered glass, we discuss a possible interpreta

FIG. 5. Partial loop measurements of the real,m8, and imagi-
nary, m9, parts of the local fundamental ac permeability as a fu
tion of dc field for H054.2 Oe atT577.8 K (Hdc,Hacic). In the
regime between the second peak and its onset point, pronou
thermomagnetic history-dependent effects are observed. Inset
insets~c! and ~d! we present measurements in the whole range
inset~e! we present a local dc magnetization loop in order to affi
the results of our ac measurements.
4-5
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D. STAMOPOULOS AND M. PISSAS PHYSICAL REVIEW B65 134524
of the behavior observed in the regime of the phase diag
close to the irreversibility lineH irr . Our local ac permeabil-
ity measurements, as a function of dc magnetic field, im
that in the region between the second peak’s end point
the third peak’s onset, the screening current is almost ne
gible, as already discussed above. In addition, the meas
responsem8(H) in this regime is almost linear on the amp
tude of the ac field@see Figs. 1~b! and 1~c!#. Taking into
account the above experimental observations, we prop
that at the end point line,Hend point, the disordered glas
transforms to another phase. A candidate vortex phase
hibiting such a characteristic behavior (Jc;0), could be a
viscousliquid stateof flux lines. This phase, as we raise th
temperature or dc field, transforms, at the irreversibility po
Hirr , to a gas stateof pancake vortices.50,51,25On the other
hand, the disordered glass could extend in the whole reg
up to the irreversibility line,Hirr , and the end point line
Hend point represents a simple boundary where only the
namic behavior is changed. Above the lineHend pointthe solid
glass is weakly pinned, probably due to the fact that
depinning temperature is exceeded. As we farther raise
temperature~or dc field!, the disordered glass melts, by e
hibiting an additional peak in the screening current~third
peak!. This point of view is consistent with recent numeric
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simulations, revealing that the screening current exhibit
peak, both across the Bragg glass to vortex glass trans
~fishtail peak or second peak effect! and across the melting
line ~peak effect or third peak!.52

In summary, we presented local Hall ac permeability m
surements as a function of the applied dc field~isothermal!
and temperature~isofield! for a HgBa2CuO41d single crystal
with Tc589.9 K. The second peak line ends a few K belo
the critical temperature. At the onset of the second p
we observed a pronounced hysteretic behavior and ther
magnetic history effects, giving evidence of a possible u
derlying first-order phase transition between an almost
dered lattice state, where elastic behavior dominates, a
disordered glassy state, where plastic deformations
more important. Recently, experimental evidence was p
vided of a first-order transition between the Bragg glass
the disordered phase in Bi2Sr2CaCu2O81d and 2H-NbSe2
single crystals.53–57 We hope that our results will assis
in the investigation of the nature of the order-disord
transition.

This work was supported by the Greek Secretariat
Research and Technology through the PENED progr
~99ED186! and Dimoerevna program~642!.
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