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Sequential vortex states upon lattice melting in untwinned single-crystal YBa2Cu3O7
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~Received 7 April 1997!

Simultaneous measurements of the ac susceptibility and the dc magnetization of an untwinned single-crystal
YBa2Cu3O7 have been carried out to clarify the nature of vortex lattice melting. The first-order melting
transition appears as a jump in the dc magnetization. Evidence for effectual pinning at temperatures above the
melting transition is obtained as a sharp transition inx8 and a sharp peak inx9 of width 0.2 K in 10 kG. In
addition, a precursor lattice softening phenomenon can be seen inx8 andx9 at temperatures below the melting
temperature. This sequential change is more visible when the ac susceptibility is given in thex8–x9 represen-
tation. It has been confirmed that there exists a melting transition of YBa2Cu3O7 even below 10 kG.
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An exotic phase boundary in the mixed state of high-Tc
superconductors has attracted considerable interest in re
years. The vortex lattice melting of the first-order nature w
predicted in the early stage of high-Tc researches.1 Recently,
the local-Hall-probe measurements detected the abrupt j
in the magnetization in Bi2Sr2Ca2Cu2O8 in fields lower than
0.038 T, where the melting transition terminated at a criti
point.2 The entropy changeDS per vortex per layer increase
from zero ~at the critical point! to 6kB as the temperature
increased to the critical temperatureTc .3 A characteristic
feature of the melting transition is somewhat different b
tween Bi2Sr2Ca1Cu2O8 and YBa2Cu3O7. An untwinned
crystal YBa2Cu3O7 is supposed to be one of the cleane
systems among various high-Tc cuprates. The resistivity
drop,4 the magnetization jump,5,6 and the calorimetric
measurement7,8 have been reported by using YBa2Cu3O7
crystals. A phase boundary ofH5997(12T/Tc)

1.36 in kG
units was not consistent with the first-order transition b
consistent with the critical exponent 2n51.33 of a three-
dimensionalXY model. Contrary to Bi2Sr2Ca1Cu2O8, the
first-order melting transition of the latent heatDS.0.7kB
was evident in fields higher than 10 kG. The disappeara
of the latent heat was accompanied by the broadening of
resistive transition. Welpet al.6 explained it as the domi
nance of single vortex pinning by the residual pinning ce
ters below 10 kG because the number of vortices decre
proportional to the field. In addition, a critical point has n
been observed for the melting transition of YBa2Cu3O7. It is
a mysterious open question why evidence for the first-or
melting transition was missing in so-called cle
YBa2Cu3O7 single crystals in fields lower than 10 kG.

The alternative of doing thermodynamic measurement
a dynamic probe for sensing a sequential change in a vo
state. Since the melting is defined as the varnishing of
shear modulusc66, it is expected to occur a lattice softenin
as a precursor to the melting phase transition. Pippard9 dis-
cussed the softening effect for a classic superconduc
Compared to the dc measurements, the ac response is s
tive to a subtle change in the sample magnetization when
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a pinning force is active even if weak. Kwoket al.10 argued
that the peak effect of the critical current densityJc can be
interpreted as a precursor to vortex lattice melting in
twinned single-crystal YBa2Cu3O7. They described that the
peak effect was due to enhanced vortex pinning by the t
boundaries and disappeared when the field was decline
4° from thec axis. Giapintzakiset al.11 attributed the onse
of the ac susceptibility peak of untwinned YBa2Cu3O7 to a
vortex lattice melting. They obtainedH55830(1
2T/Tc)

1.85 for a melting line defined as the onset of the
susceptibility in the field range below 10 kG. It is nota
priori to answer a question of whether the peak effect
peared in the ac susceptibility is assigned to a melting tr
sition or to a preceding lattice softening. One implicitly a
sumes that the vortex pinning does not work in a vor
liquid state. It might be useful to compare the ac suscepti
ity with the dc magnetization for clarifying the mutual rela
tionship upon melting. In this paper, we describe the melt
phase transition of an untwinned single-crystal YBa2Cu3O7
in the dc field range of 0–50 kG by means of the ac susc
tibility and the dc magnetization.

A high-purity single crystal of YBa2Cu3O7 was prepared
by a flux method in a Y2O3 crucible.12 Annealing was car-
ried out at 550 °C for 7 days in 5-atm oxygen pressure un
a unidirectional force to remove the twin boundaries. We
the twinned parts of the crystal by using a wire saw. T
polarization-microscope observation indicated that the cr
tal was completely free from twin boundaries. The latti
parameters werea50.3819 nm, b50.3890 nm, andc
51.1680 nm. The crystal used for the magnetic measu
ments was 1.030.530.18 mm in size and 0.6 mg in weigh
The complete detwinning was also confirmed by
reciprocal-lattice image of an x-ray precession camera.

The ac susceptibility was measured using a homem
susceptometer. In the ac susceptibility (x82 ix9) measure-
ments the amplitude and the frequency of the ac field we
G and 390 Hz, respectively. Both dc and ac fields were
plied parallel to thec axis. We also carried out the ac su
ceptibility measurements when thec axis is declined by 5°
5128 © 1997 The American Physical Society
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56 5129BRIEF REPORTS
from the ac and dc fields. The ac susceptometer was
brated using a Nb sphere at 4.2 K. We corrected the ac
ceptibility for the demagnetizing factorN50.678 of our un-
twinned sample13 by using the converting formulas betwee
internal and external complex susceptibilities.14 The dc mag-
netization was measured as a function of temperature by
ing a SQUID~superconducting quantum interference devi!
magnetometer~Quantum Design MPMS-XL!. The field was
applied parallel to thec axis. For direct comparisons be
tween the dc magnetization and the ac susceptibility,
SQUID magnetometer was also used to measure the ac
ceptibility.

We carried out the ac susceptibility measurements up
50 kG to investigate a phase diagram. The transition cur
in 5 and 7 kG of the ac susceptibility were different amo
the field-cooled-upon-cooling~FCC!, field-cooled-upon-
warming ~FCW!, and zero-field-cooled-upon-warmin
~ZFC! measurements. In any case, however, we found a p
effect near the onset of the ac susceptibility. In what follow
we concentrate on the FCC measurements for the mu
comparisons of the ac susceptibility. In Fig. 1, we show co
plex susceptibilityx8,x9 of the untwinned YBa2Cu3O7 as a
function of T under various dc fields in FCC measuremen
The dc and ac fields are applied in parallel to thec axis. The
susceptibility is corrected for the demagnetizing factor.

In Fig. 1, there are the three different classes of thex9
peaks in the 5, 7, and 10 kG fields. In the 10 kG field,
example, one finds~i! a broadx9 peak at 85 K,~ii ! a tiny x9
peak at 89.4 K, and~iii ! a sharpx9 peak at 89.6 K. We
interpret these threex9 peaks as follows.~1! The broadx9
peak appearing at lower temperatures arises from weak
pinnings when vortices form a lattice. This class of thex9
peak is only seen in the dc fields below 10 kG.~2! The tiny
peak ofx9 seen in the 5, 7, and 10 kG measurements m
result from enhanced pinnings due to a vortex lattice soft
ing. Correspondingly, there is a temperature regime wh
the diamagnetism is weakened asT decreases in the 3, 5, 7
and 10 kG fields.~3! The sharpx8 transition and the corre

FIG. 1. Internal complex susceptibilityx8,x9 of the untwinned
YBa2Cu3O7 as a function ofT under various dc fieldsHdc in field-
cooled-upon-cooling~FCC! measurements. The dc and ac fields a
applied in parallel to thec axis.
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spondingx9 peak appear in the narrow temperature ran
near the susceptibility onset. The magnitude of the diam
netic transition gradually increases to21 and the transition
breadth becomes wider asHdc increases. Contrarily to Giap
intzakiset al.,11 we assign this transition to a melting trans
tion rather than a softening peak~see below!.

A typical change in the ac susceptibility during a sup
conducting transition appears as a diamagnetic transitio
x8 and a loss peak inx9 under either zero or finite dc field. A
superconducting transition of a homogeneous superc
ductor often forms a simple domed trajectory in thex82x9
chart. Either Bean critical-state model, Kim critical-sta
model, an average-conductivity model, a weakly-connect
loop model, or a diffusive model qualitatively predicts this14

The tracing of the trajectory is governed by a single or a f
parameter~s!, i.e., a critical densityJc in the case of Bean
model. In Fig. 2, we show thex8–x9 chart of the untwinned
YBa2Cu3O7 under various differentHdc ~FCC!. The plot is
dome shaped for data taken under 0, 20, 30, 40, 50 kG w
it has a three-step structure for 1, 3, 5, 7, 10, 15 kG.~1! At
lower temperatures, the behavior is specified by a bulk p
ning and more or less similar to that expected for Bean c
cal state model15 or a diffusive model.16 In other words, a
sample state is well described by a single parameter suc
a critical current densityJc . ~2! At intermediate tempera
tures, the data point almost traces back the low
temperature branch. A gradual deviation from the low
temperature branch can be seen for the 7 and 10 kG d
This may be due to a lattice softening and a plastic deform
tion. ~3! At higher temperatures, a trajectory deviates app
ciably from the lower-temperature branch in a narrow te
perature regime and forms a partial dome. The partial do
shows the evolution to a full dome in fields above 20 k
Giapintzakiset al.11 considered that the sharp peak ofx9
arises from the synchronous trapping and the enhancem
of Jc accompanying a lattice softening. It seems to be m
plausible to relate this abrupt change to the first-order m
ing transition of a vortex lattice because of the strong dev
tion from the lower-temperature branch.

Kwok et al.10 showed that the peak effect of the twinne
sample disappeared when the field was declined by 4°.
also carried out the ac susceptibility measurements of
untwinned YBa2Cu3O7 in field-cooled-upon-cooling~FCC!
measurements when thec axis of the crystal was declined b
5° from the dc and ac fields. The results were very similar
those shown in Figs. 1 and 2, confirming that the peak ef
is not specific to vortices aligned parallel to thec axis.

The dc magnetizationMdc was measured as a function o
temperature under the constant magnetic fields. In Fig. 3,
show the dc magnetization as a function of temperature in
kOe ~ZFC and FCC!. As shown in the inset of Fig. 3, a clea
stepwise change ofMdc is seen at temperatures in the reve
ible region. We fit the FCC data at temperatures just be
the step byMdc52a1bT. In Fig. 4, we showDMdc
5Mdc2(2a1bT) as a function of temperature for variou
Hdc. As reported by Welpet al.,6 the magnetization shows
jump and a change in the temperature derivative of the m
netization at the melting transition. The change of the m
netization per unit volume is 4pDm;1.6 G under 50 kG.
The application of the Clausius-Clapeyron equation give
latent heat ofDS.1.6kB per vortex per layer. This value i
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two times larger than that reported in the literature.6 At lower
Hdc, a jump in the magnetization is less visible. However
change in the temperature derivative is clear even in 1
The dotted frames represent the transition region ofxac un-
der the same fields. The transition region ofxac is located at
temperatures above the magnetization jump.

It is not certain that thex8 dip and thex9 peak come from
the melting transition or from the lattice softening and t
resulting synchronous trapping of vortices. To clarify th
we measured the dc magnetization and the ac susceptib
simultaneously. Actually, the measurements are alternati
carried out upon cooling at a constant rate of 0.015 K/m
As shown in Fig. 5, the ac susceptibilityx82 ix9 and the dc
magnetizationMdc were simultaneously measured as a fun

FIG. 2. Internal complex susceptibility of the untwinne
YBa2Cu3O7 in the x9 versusx8 representation for FCC measur
ments. The dc and ac fields are applied in parallel to thec axis
(uc50°).
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tion of temperature under the constant magnetic fields in
kOe. In the inset of Fig. 5, we can comparex8, x9, andDMdc
without any ambiguity in temperatures. It is clearly seen t
the magnetization jump atTm corresponds to the offset of th
sharp diamagnetic transition. We emphasize that the pinn
is effective at temperatures~from Tm to THT) above the melt-
ing transition. At temperatures betweenTLT andTm , x8 in-
creases asT increases monotonically. This increase is pos
bly related with the plastic vortex motion reported b
Abulafiaet al.17 In addition,x8 andx9 show a tiny dip and a
tiny peak at Ts , respectively. We consider that a subt
change atTs comes from the synchronization effect betwe
vortices and pinning centers. A sequential change of the v
tex state is seen remarkably in the ac susceptibility while
dc magnetization only shows a jump and a change in
temperature derivative. One may argue that the transition
x8 andx9 is not a manifestation of vortex pinning, but ma

FIG. 3. Mdc of the untwinned YBa2Cu3O7 as a function ofT
under a constant field of 50 kG in zero-field-cooled~ZFC! and
field-cooled-upon-cooling~FCC! measurements. The dc magnet
field is applied in parallel to thec axis. The inset is an expande
graph at temperatures near the irreversibility onset.

FIG. 4. Relative change inMdc of the untwinned YBa2Cu3O7

versusT at temperatures around the magnetization jump. The
magnetic field is applied in parallel to thec axis. The corresponding
temperature regime of thexac transition is indicated by a dotted
frame.
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arise from a rapid change in ohmic resistivity above
melting transition. However, this is not the case because
found a sharp peak in the third-harmonic susceptibilityx3

5x382 ix39 at the corresponding temperatures. AboveTHT ,
both x8 andx9 are really null within the limit of the SQUID
sensitivity, implicating that vortices are liquid and truly fre
from pinnings. The dc magnetization does not show a

FIG. 5. Simultaneous measurements ofMdc,x8,x9 as functions
of temperature in the field of 10 kG. The inset shows a sequen
change in the magnetization and the ac susceptibility as a func
of temperature.
e
e

y

anomaly atTLT andTHT , suggesting that these two temper
tures do not come from phase transitions but appear as c
over points. A phase boundary represented by the magn
zation jump is approximated asH5340(12T/Tc)

1.06, while
the onset ofx8 is specified byH5740(12T/Tc)

1.27 in kG.
In conclusion, vortex lattice melting and softening of a

untwinned single-crystal YBa2Cu3O7 have been investigate
by means of the ac susceptibility and the dc magnetizatio
the fields of 0–50 kG. The vortex lattice melting is ev
denced by a jump in the magnetization and a change in
temperature derivative of the magnetization. From the sh
x8 transition and thex9 peak in the narrow temperature re
gime above the melting transition, we discover a crosso
change from pinned vortex liquid to free liquid. It is quit
interesting to note that the effectual pinning force is act
even at temperatures above the melting transition. At te
peratures below the melting temperature, there are a tinx8
dip and a correspondingx9 peak. Since this regime belong
to a lattice state, we interpret it as a lattice softening a
synchronous trapping of vortices as a precursor of lat
melting. The ac susceptibility measurements unveil tha
mixed state of YBa2Cu3O7 in fields below 10 kG has a clea
phase boundary and hence cannot be characterized by
absence of a melting transition.
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