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Magnetization measurements in high-quality twinned YBa2Cu3Oy single crystals are performed as a function
of temperature, magnetic field, and its direction. We find an anomalous magnetization jump just below the
irreversibility line, which provides the thermodynamic evidence of the first-order vortex-lattice melting tran-
sition in YBa2Cu3Oy system, following a reasonable Lindemann criterion withcL50.13. In addition, we
demonstrate that a peak effect in the critical current density just below the melting line is associated with the
enhanced vortex pinning due to the premelt softening of the vortex lattice and this peak is different from a
so-called second peak.

Recent studies of the magnetic phase diagram in high-Tc
superconductors have proved that a vortex liquid state exists
above an irreversibility lineH irr(T) due to strong thermal
fluctuations.1–5 The vortex liquid state in highly disordered
systems is predicted to undergo a second-order phase transi-
tion into a vortex glass state1 or a Bose glass state,2 depend-
ing on the type of the disorder. The transition, on the other
hand, changes to a first-order phase transition into the Abri-
kosov vortex lattice in case of clean systems with very weak
flux-pinning centers.3–5

Experimental investigations of the first-order melting
transition were performed in untwinned and twinned single
crystals of YBa2Cu3Oy .

6–10 Farrell, Rice, and Ginsberg6 ob-
served a sharp damping peak in the low-frequency torsional-
oscillator measurement at the temperatureTm , and pointed
out that the obtained magnetic-field dependence,
H(Tm)}(Tc2Tm)

2, agreed well with the vortex-lattice melt-
ing theory.4,5 A discontinuous resistive kink with hysteresis
was also interpreted as first-order melting transition.8–10

However, more recently, Jianget al.11 claimed that the resis-
tive hysteresis is not direct evidence of the first-order transi-
tion, and they proposed that the hysteresis may result from a
current-induced nonequilibrium effect which is related to the
vortex dynamics. Since the resistivity is not thermodynamic
property, measurements of thermodynamic quantities such as
a specific heat or a magnetization is required in order to
make sure the first-order transition. Contrary to the above
case of YBa2Cu3Oy ,

6–10 the discontinuous change of the
magnetization was observed at the vortex-lattice melting
transition in Bi2Sr2CaCu2O8 single crystals.12–14

In this paper, we present an anomalous magnetization
jump just belowH irr(T) in high-quality twinned YBa2Cu3Oy
single crystals. We show the thermodynamic evidence that
the abrupt magnetization jump at a temperatureTj (H) is
closely related to the first-order vortex-lattice melting transi-
tion. We also report that a peak effect in the critical current
densityJc(H,T) just below theTj (H) line is caused by the

enhanced pinning due to the softening of the vortex lattice at
the melting transition. These results indicate that the vortex
pinning region in theH-T phase diagram is very close to the
vortex melting transition line for YBa2Cu3Oy .

High-quality twinned YBa2Cu3Oy ~y56.9! single crystals
were grown by a slow cooling of a solid-melt mixture in
yttria crucibles under the peritectic condition. The as-grown
crystals were annealed at 450–500 °C for 7 days in a flowing
oxygen. Samples used in this study showed superconducting
transition temperatureTc589 K with the sharp width of
DTc~10–90 %!,500 mK in both resistive and magnetic
measurements. The electrical resistivity in thea-b plane is
rn528 mV cm at the onset temperature of the transition.
Sample dimensions were typically 1.331.531.4 mm3. De-
tails of the crystal-growth technique were described
elsewhere.15 The magnetization measurements were per-
formed by using a superconducting quantum interference de-
vice ~SQUID! magnetometer~Quantum Design!. In order to
avoid an influence of the field inhomogeneity, magnetization
data were taken with a short scan length of 10–20 mm. In
our SQUID system, a magnetic-field variation in a solenoid
was smaller than a typical value of the magnetization jump
and magnetization data did not depend on the various scan
length in the range of 10–20 mm. Furthermore, following the
discussions in Ref. 16, special attention was paid to the scan
wave form to determine the scan length and it was confirmed
that there were no irregular scan wave forms with asymmetry
during measurements. The sample was rotated around the
axis parallel to thea or b axis, and the rotated angleu was
defined as the angle between thec axis and the direction of
the magnetic field.

Figure 1 shows the magnetizationM as a function of the
temperature in zero-field-cooled~ZFC!, field-cooled on cool-
ing ~FCC!, and field-cooled on warming~FCW! modes at
H530 kOe parallel to thec axis. The dependence ofM onT
shows an anomalous magnetization jump at a certain tem-
peratureTj ~581.8 K! with a narrow width~;0.5 K! just
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below the irreversibility line. Except for above small jump,
data of ZFC and FCC modes in a wide range ofT change
gradually and continuously with no additional anomaly as
shown in the inset of Fig. 1. Since the magnetization jump is
related to the discontinuous change of the vortex density in
the sample, the jump would result from the thermodynamic
property of the first-order transition or the vortex pinning
behavior. Pastorizaet al.12 reported a similar magnetization
anomaly in Bi2Sr2CaCu2O8 and they related the anomaly
with the first-order vortex melting transition.

Figures 2~a! and 2~b! show the temperature dependence of
the magnetization in ZFC and FCC processes in various

fields parallel to thec axis, respectively. In the ZFC magne-
tization, a height of the magnetization jump,dM j , depends
largely on the magnetic field as shown in the inset of Fig.
2~b!. However, in the FCC magnetization, the distinct jump
is observed only above 10 kOe and has smalldM j . The
magnetization at the onset of jumpsM j

on has almost constant
value~about20.003 emu!, independently ofH and the cool-
ing process. It is similar to resistivity measurements for the
vortex-liquid transition with the constant value~;10%rn! at
the onset of the resistive kink.8–10 On the contrary, the end-
point value of the magnetization jumpM j

enddepends onH in
the ZFC magnetization. The result may suggest that the
low-T region of the jump is significantly affected by the
vortex pinning property as shown later and the value ofdM j
would be enhanced. However, the magnetization jump in the
FCC mode cannot be explained by the vortex pinning behav-
ior, because the jump means a steep decrease of the vortex
density with decreasing temperature, contrary to the usualT
dependence of the vortex pinning force. Therefore, the dis-
continuous change of the magnetization indicates a thermo-
dynamic first-order melting transition of the vortex lattice.
The vortex liquid above the transition is denser than the vor-
tex solid due to the strong thermal fluctuations in the liquid
phase.

According to the Clapeyron-Clausius equation, the en-
tropy change per vortex per CuO layer at the transition is
given byDs52df0(dM j /Bj )(dHj /dT), wheredM j is de-
fined byM j

on2M j
end, d is the interlayer distance andf0 the

flux quantum. SinceTj decreases with increasingH ~i.e.,
dHj /dT,0! anddM j indicate a positive value belowH530
kOe, the magnetization jump is consistent with the first-order
vortex-lattice melting transition. From the FCC magnetiza-
tion jump, the latent heat per vortex per layer,l5TjDs, is
estimated to be 6kBT at 10 kOe and 25kBT at 30 kOe. The
obtained value at 10 kOe is several times as large as that in
Bi2Sr2CaCu2O8,

14 and is about an order of magnitude larger
than that obtained by the Monte Carlo simulations of vortex
lattice melting.17 These differences may be caused by the
different characteristic parameters between them.

On the contrary, in the high-field region aboveH535
kOe, the sign ofdM j changes to negative for both the ZFC
and FCC measurements. A similar sign reversal ofdM j was
also reported in Bi2Sr2CaCu2O8.

13 The negative sign ofdM j
is inconsistent with the first-order phase transition, however
H dependence ofTj for both positive and negative regions of
dM j is almost connected continuously. Although the origin
of the negative jump is not clear, the transition aboveH535
kOe may be a second-order transition from glass state to
liquid state.13

Figure 3 shows the critical current densityJc estimated
from theM -H hysteresis curve as a function of the reduced
temperature in various constant fields parallel to thec axis.
With increasingT, Jc decreases rapidly, and a sharp peak is
observed at a temperatureTps50.98Tirr independent ofH.
Shown in the inset of Fig. 3,Jc(H) exhibits remarkable peak
structures at an intermediate field region@Hp(2nd);0.4H irr#,
which correspond to a so-called second peak of theM -H
curve.18 In the vicinity ofH irr , an additional shoulder struc-
ture also appears at a fieldHps, which would be more clear if
the second peak did not exist. The peaks atTps in Jc(T) ~Fig.
3! and the shoulders atHps in Jc(H) ~the inset of Fig. 3! can

FIG. 1. Temperature dependence of the magnetization in ZFC,
FCC, and FCW processes atH530 kOe parallel to thec axis. The
inset shows an overall view in whole temperature region studied.

FIG. 2. Magnetic-field dependence ofM (T) in ~a! ZFC and~b!
FCC scans. The inset shows the magnetic-field dependence of a
height of the magnetization jumpdM j .
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be expressed by the same line on theH-T phase diagram,
which are located at higher magnetic-field region than the
second peakHp(2nd) as shown later~see Fig. 4!. Therefore
the vortex pinning mechanism of the peak and the shoulder
is different from that of the second peak.

The peak effect obtained by the magnetization measure-
ments in this study is similar to that obtained by the mea-
surements of vibrating reed,19 susceptibility,20 and transport
critical current.21 It is suggested that the enhanced vortex
pinning atHps andTps is connected with the softening of the
shear modulusC66 of the vortex lattice near the melting
transition.20,21With decreasingC66, vortex-vortex interaction
decreases compared with the vortex-pinning interaction, so
this effect enables the vortices to adjust into the more suit-

able pinning configuration and the volume pinning force in-
creases. This explanation is analogous to the synchronization
mechanism for conventional superconductors,22 which is ap-
plied near the upper critical fieldHc2, thus Hps(T) line
@Tps(H) line# is referred to as the synchronization line. More-
over, according to the collective-pinning theory,23 the vol-
ume pinning force is given byFp5JcB5(W/Vc)

1/2, where
Vc is the correlation volume andW(.Npf p

2/2) is the pinning
strength with the concentration of pinning centersNp and the
elementary pinning forcef p . The enhancement ofJc is re-
lated to the decrease ofVc whenC66 approaches zero at the
melting transition. Therefore the existence of the peak effect
just belowTj (H) also strongly suggests the appearance of
the vortex-lattice melting transition.

The open triangles in Fig. 3 showJc(T) of the reduced
crystal with y56.7 atH520 kOe for comparison. With in-
creasing temperature,Jc(T) decreases monotonously and
does not show any anomalies such as the peak effect. At the
high-temperature regionT/Tirr50.7–0.9, theJc value of the
reduced sample is about an order of magnitude larger than
that of the oxygenated one. Furthermore, the magnetization
jump is not observed inM -T characteristics for the reduced
sample. These results indicate that the first-order vortex
melting transition would disappear due to the strong vortex
pinning by the oxygen deficiency, suggesting the second-
order transition from the vortex glass into the vortex liquid.

Figure 4 showsTj versusH and the temperature depen-
dence of the various characteristic fields such asHp(2nd), Hps
andH irr . H irr(T) in the figure is the irreversibility line ob-
tained fromM -H curves, which is slightly larger than that
obtained fromM -T curves, because of the different time
scale of measurements or a small inhomogeneity of the mag-
netic field in the magnet.16 On the contrary, theTj (H) line is
independent of measured processes such asM -T andM -H.
As shown in Fig. 4, the irreversibility line almost agrees with
the onset of the vortex-lattice melting lineTj (H), which is
continuously connected with the synchronization lineHps(T)
with decreasing T or H. Contrary to the case of
Bi2Sr2CaCu2O8,

14 the vortex pinning becomes dominant just
below the vortex-lattice melting line in YBa2Cu3Oy . This
fact may be related to the enhancement ofdM j in the ZFC
scan as mentioned above.

In order to further examine the vortex-lattice melting sce-
nario, let us compare the dependence ofTj on bothH andu
with the vortex-lattice melting theory. According to the
theory of the first-order vortex-lattice melting,4,5,24 the field
dependence of the transition temperatureTj for the aniso-
tropic case is given by

Tj5Tc2AAH~sin2u1g2cos2u!1/4, ~1!

with A5p2kBT c
2l ab

2 (0)g1/2/f 0
5/2c L

2. Here,lab~0! is the in-
plane penetration depth at zero temperature,g2~[mc/mab! is
the effective mass ratio, andcL is the Lindemann criterion
number. As shown by the solid curve in Fig. 4, a power-law
fit to the experimental data yieldsH(Tj )5H0(12Tj /Tc)

n

with n52 andH0563103 kOe which almost agrees with the
phase boundary obtained by Farrell, Rice, and Ginsberg,6

and the exponent is consistent with the value expected for
the vortex-lattice melting theory.4,5 Moreover, the very rea-

FIG. 3. Critical current density estimated from theM -H hyster-
esis curve as a function of the reduced temperature. The open tri-
angles connected by the dashed curve show data of the reduced
crystal withy56.7 atH520 kOe for comparison. The inset shows
critical current density as functions of the magnetic field.

FIG. 4. Tj versusH and the temperature dependence of the
various characteristic fields such asHp(2nd) , Hps, andH irr . The
solid curve is a fit to a power lawH5H0(12Tj /Tc)

n with n52.
The dashed curves are drawn as a guide to the eye. The inset shows
Tj atH55 kOe as a function of the angleu between thec axis and
the magnetic-field direction. The solid curve in the inset is a fit by
Eq. ~1! with the parametersg56 andA50.52 K/kOe1/2.
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sonable value of the Lindemann numbercL50.13 is ob-
tained, using parameters oflab~0!51400 Å,Tc588.5 K and
g56 ~Ref. 18!.

The inset of Fig. 4 shows the angular dependence ofTj ~u!
at H55 kOe. Using the same values above used, the data
could be fitted by Eq.~1! with the parameterA50.52
K/kOe1/2 which is close to the value~0.41 K/kOe1/2! obtained
by torsional-oscillator measurement.7 Thus, the Lindemann
criterion is also derived to becL50.13 which is in excellent
agreement with the value obtained from theTj -H character-
istic as mentioned above. Furthermore, the determined value
of cL by two methods in this study is consistent with the
values of 0.16 and 0.15 obtained from the torsional-oscillator
measurements7 and from transport resistive measurements,9

respectively, and is also consistent with the value
~cL50.1;0.4! obtained by Monte Carlo simulations.25

Although the results in this study are very suggestive of
the first-order vortex-lattice melting transition, it remains a
question whether the melting transition is observable in the
twinned YBa2Cu3Oy single crystal or not. It was suggested
that the first-order transition is suppressed by the strong vor-
tex pinning caused by the planar pinning centers9 such as the
twin plane and the intrinsic pinning center and point defects
introduced by the electron irradiation.26 The planar pinning
centers become most effective when the vortices are parallel
to the plane and the vortices move across the planes. These
configurations are realistic in the resistive measurements un-
der the transport current.9 However, in the case of the mag-
netization measurements, planar defects do not necessarily
work as the strong pinning centers but act as the vortex chan-
neling along the plane,27 so the pinning effect by the twin
plane would be small. On the contrary, point defects due to
the oxygen deficiency and the irradiation defects would work

as collective-pinning centers, independent of the field direc-
tion and the measurement technique. We believe that our
single crystals contain a small number of point defects, simi-
lar to the case of the untwinned single crystals. The oxygen-
deficient sample withy56.7, as described above, has large
value of Fp at high-temperature region and shows no
anomaly corresponding to the vortex-lattice melting transi-
tion.

In conclusion, we have presented the discontinuous mag-
netization jump inT dependence ofM (H,u) in high-quality
twinned YBa2Cu3Oy single crystals. We have found the ther-
modynamic evidence that the magnetization jump is caused
by the first-order vortex lattice melting transition, although
the obtained latent heat at the transition is slightly larger than
the value previously reported. The dependence of the transi-
tion temperatureTj on bothH and u is consistent with the
vortex-lattice melting theory and a reasonable value of Lin-
demann numbercL50.13 is obtained. Furthermore, we have
demonstrated that the peak effect inJc just below the melting
line is associate with the enhanced vortex pinning due to the
softening of the vortex lattice and this peak is different from
the so-called second peak. The anomalous magnetization was
not observed for the reduced sample withy56.7, indicating
the melting transition is suppressed by the strong disorder by
the oxygen deficiency.
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