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Magnetization and resistivity measurements of the first-order vortex phase transition
in „La12xSrx…2CuO4
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We report magnetization and resistivity measurements of the first-order vortex lattice phase transition~FOT!
in single crystals of (La12xSrx)2CuO4 (0.046<x<0.077). Through the comparison of the present results with
YBa2Cu3Oy and Bi2Sr2CaCu2Oy , we show that the key parameters for the FOT are the anisotropy factor, the
distance between superconducting layers, and the critical temperature. This is reflected in the observation of
systematic changes, similar trends, and universal behaviors in the signatures of the FOT when the particular
normalization is applied to the scales. Based on the results, the mechanism of the FOT in high-temperature
superconductors is discussed.
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I. INTRODUCTION

The mixed state in the high-temperature superconduc
~HTSC’s! has shown the richness of novel physics. The m
striking aspect is the variety of vortex states, and theref
phase transitions between different vortex states have b
experimentally and theoretically explored.1 One of the dis-
tinct phase boundaries in the field-temperature (H-T) phase
diagram is the first-order transition~FOT! line, which sepa-
rates the vortex solid~lattice! state and the vortex fluid~liq-
uid or gas! state.

The FOT has been extensively studied in YBa2Cu3Oy
~Y123! ~Ref. 2–11! and Bi2Sr2CaCu2Oy ~Bi2212! ~Refs.
12–22! crystals, and the phenomenon has been establish
both of the systems. However, the details of the underly
mechanism of this transition are still unclear. Two compet
scenarios for the FOT are amelting transition23 and asubli-
mationtransition.24 The former is the transition of the vorte
solid into a liquid, in which the triangular vortex lattice lose
its shear modulus. The latter is the transition into a vor
gas, where the melting is accompanied by the simultane
decoupling of the vortex lines into pancake vortices.

(La12xSrx)2CuO4 ~La214! system is one of the well stud
ied prototype HTSC’s. The La214 system, however, h
made only a small contribution to the phase transition is
in the vortex matter. In fact, only a few reports on magne
zation measurements25,26 have shown the existence of th
FOT in this system. As has been recognized, the strong
isotropy of the layered HTSC materials plays a crucial r
for the vortex lattice phase transition. In this context, exa
ining the FOT more systematically in materials with vario
degrees of anisotropy should be enlightening as to the na
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of the phenomenon. We thought that the La214 syst
would be the ideal compounds for this end. First of all, t
La214 system fills the gap between the rather thr
dimensional Y123 system and the two-dimensional Bi22
system. In fact, the value of anisotropy factorg2

([mc* /mab* ) for La214 system lies intermediate (g252
3102– 43103) ~Refs. 27–29! between those for Y123 (g2

525– 13102) ~Ref. 30! and Bi2212 (g2533103– 3
3104) ~Ref. 31! systems. In addition, the fact that the valu
of g2 can be easily and systematically controlled with
compositionx in the La214 compounds makes this syste
experimentally attractive. In other words, the La214 syst
is the sole candidate so far to fill the gap between Y123
Bi2212 with the advantages of covering a wide range
anisotropy and of the availability of a series of single cry
tals.

In this paper, we examined the first-order vortex latti
phase transition in the La214 system by magnetization
resistivity measurements. For the reasons given above, c
parisons were made throughout the paper between the re
obtained in the La214 system and those reported in the
erature for the Y123 and Bi2212 systems.

II. SAMPLE PREPARATION AND EXPERIMENTAL
PROCEDURE

Because the first-order vortex lattice phase transition
been observed only in very clean samples of Y123 a
Bi2212, (La12xSrx)2CuO42d ~La214! single crystals were
prepared by the traveling-solvent-floating-zone~TSFZ!
method28 to avoid impurity contamination. In addition,
careful post-annealing procedure was performed in orde
1610 ©2000 The American Physical Society
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TABLE I. Characteristic parameters for (La12xSrx)2CuO4 , YBa2Cu3Oy ~Ref. 4!, Bi2Sr2CaCu2Oy ~Ref. 16!, and
k-(BEDT-TTF)2Cu@N~CN!2#Br ~Ref. 39! crystals.

Sample Tc /K DTc /K s/ Å rab(50 K)/mV rc(50 K)/mV g25rc /rab

(La12xSrx)2CuO4 (x50.046) 25.6 0.4 6.6 0.65 1900 2900
~0.068! 34.9 0.9 6.6 0.32 280 880
~0.077! 36.6 0.3 6.6 0.16 66 410

YBa2Cu3Oy ~Ref. 4! 92.9 0.3 11.7 ~50!

Bi2Sr2CaCu2Oy ~Ref. 16! 78.3 1.1 15.4 ~10000!
k-(BEDT-TTF)2Cu@N(CN)2#Br ~Ref. 39! 11.3 1.0 15.0 ~2000!
d
c

a

e
e
e

ra

ic

a

si
-
e
ld

-

llel
ed

hat
be

s-
on-

eful
su-
iss-
or-

aly,

il

ts
ct

ra-
eld

f

remove oxygen defects (d;0).25,34

La214 crystals with nominal Sr compositions ofx50.05,
0.075, and 0.080 were grown. Crystal orientations were
termined by an x-ray back-reflection Laue technique. Re
angular crystals with typical dimensions of 2.030.7
33.0 mm3, having long edges alonga(b) axis (ab crystal!
andc axis (c crystal!, were sectioned from grown rods by
diamond wheel saw. The Sr contentsx were determined by
electron-probe-micro analysis~EPMA; JEOL JXA-8600! to
be 0.046, 0.068, and 0.077, respectively. These crystals w
sealed in quartz ampoules under controlled initial oxyg
pressures (PO25100, 600, and 700 torr, respectively, for th
x50.046, 0.068, and 0.077 crystals!, and annealed at 900 °C
for 10 days, followed by rapid quenching to room tempe
ture.

In-plane ~out-of-plane! resistive componentrab(rc) was
measured onab crystals (c crystals! by the ac four-probe
technique using a Quantum Design PPMS-6000. The crit
temperature Tc ~midpoint! with the transition width
DTc(10– 90 %) was determined from the resistivity me
surements in zero magnetic field. The anisotropy factorg2

was defined as the ratio of the out-of-plane to in-plane re
tive components (rc /rab) at 50 K. These parameters to
gether withs, the distance between superconducting plan
are summarized in Table I. Resistivity in a magnetic fie

FIG. 1. Temperature dependence of the magnetic susceptib
in ZFC ~zero-field-cooled! and FC ~field-cooled! for the
(La0.954Sr0.046)2CuO4 single crystal before and after heat treatmen
Careful post annealing procedure resulted in sharp supercondu
transition and enhancement of the Meissner fraction.
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applied at various angles with respect to thec axis was mea-
sured onab crystals with a typical current density ofJ
52.1 A/cm2 along thea(b) axis. To minimize the demag
netization effect, magnetization was measured onc crystals
with external magnetic fields of up to 50 kOe applied para
to the c axis. Magnetization measurements were perform
using a SQUID magnetometer~Quantum Design MPMS!.

Before proceeding to Sec. III, it should be noted here t
the abovementioned careful heat treatment turned out to
quite effective in improving the quality of La214 single cry
tals. The effects of the post-annealing procedure are dem
strated in Fig. 1, which shows the shielding~ZFC: zero-field
cooled! and Meissner~FC: field-cooled! curves of thex
50.046 crystal before and after heat treatments. Car
post-annealing procedure is found to result in the sharp
perconducting transition and the enhancement of the Me
ner fraction, indicating that the treated crystal is less dis
dered and very clean.

III. RESULTS

A. Magnetization measurements

Shown in Fig. 2 are theM -H curves for thex50.046
crystal at several temperatures. A magnetization anom
which we associate with the first-order transition~FOT! of
the vortex lattice, is observed in eachM -H curve above the

ity

.
ing

FIG. 2. Magnetization curves for the (La0.954Sr0.046)2CuO4

single crystal as a function of magnetic field at various tempe
tures. The thick and thin arrows indicate the phase transition fi
Hpt(T) and the irreversibility fieldsH irr(T), respectively. Inset:
Semilogarithmic plot of theM -H curve at 16 K. The magnitude o
DMpt has been defined as difference between the two logH-linear
parts at the phase transition fieldHpt .
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1612 PRB 61T. SASAGAWA et al.
irreversibility field H irr which is defined as a field in which
the magnetization hysteresis 4pDM becomes smaller tha
531022 G.

The phase transition observed in La214 seems to be n
sharp as that seen in the micro-Hall probe measurement
Bi2212.13,14 It has been thought that the observation of
clear phase transition anomaly is not easy in the La214
tem due to the defective nature of this compound, which
rather inherent to the system. This is due to the fact that
charge reservoir layer in this system, La~Sr!-O layer, is de-
fective at the immediate CuO2 layer which contributes to the
manifestation of superconductivity. Both in Bi2212 an
Y123 systems, in contrast, the defective layer in the cha
reservoir region is located away from the CuO2 layer by the
intervening layer of SrO and BaO, respectively. In oth
words, superconducting properties of the La214 system
very sensitive to the inhomogeneity of the local Sr distrib
tion in the La~Sr!-O layers. Therefore, the La214 system c
easily become dirty.

However, judging from the sharp superconducting tran
tion as shown in Fig. 1, we think that the present La2
crystals are not asdirty as has been believed. It is found th
the apparently dull transition seen in the main panel of Fig
is attributable to the effect of the field dependence of reve
ible magnetization. Following either the London model32 or
a modified model for HTSC,33 the reversible magnetizatio
depends logarithmically onH. To check this magnetization
behavior, theM -H curve is plotted on a semi logarithmi
scale as shown in the inset of Fig. 2. Magnetization ab
H irr is, in fact, linear in logH, and the jump in the magneti
zation is clearly recognized at the phase transition fieldHpt
in this plot. Then, the magnetization changeDMpt at the
FOT has been defined as difference between the
logH-linear parts atHpt .

It is noted thatDMpt.0 at the phase transition, indicatin
that the vortex density increases when the vortex s
changes from solid into fluid. This is the same behavior
served in Y123~Refs. 5–7! and Bi2212~Refs. 12–17!, and
has been regarded as thermodynamic evidence of the
order phase transition of the vortex system.

In the temperature-scan measurements, a similar ma
tization anomaly is observed~Fig. 3!, and the obtained phas

FIG. 3. Temperature dependence of magnetization curves
the (La0.954Sr0.046)2CuO4 single crystal. Inset: A linear extrapola
tion of low-temperature reversible magnetizationML ~dotted line in
the main panel! is subtracted from the magnetization to determ
the magnetization changeDMpt .
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transition temperatureTpt was in good agreement with th
independently determined phase transition fieldHpt from the
M -H measurements, e.g.,Tpt;16 K at H510 kOe agreed
with Hpt;10 kOe atT516 K. In order to determine the
magnitude of DMpt , a linear extrapolation of low-
temperature reversible magnetizationML ~dotted line in Fig.
3! is subtracted from the magnetization, as shown in the in
of Fig. 3. The obtained value ofDMpt agreed well with those
from theM -H measurements. It is interesting to note that t
slope of the temperature dependence of magnetization a
Tpt is steeper than that belowTpt , consistent with the obser
vation in the Y123 system.5

The FOT was also observed in thex50.068 and 0.077
crystals. The FOT is reported to terminate in the lo
temperature and high-field region in Y123~Refs. 4,10,35,36!
and Bi2212~Ref. 13,14,16,17!. However, for all the La214
samples examined, such disappearance of the FOT at hi
fields was not observed within the field range measured
this study. In Sec. IV C, we will discuss the magnitude of t
magnetization change and the associated entropy chan
the vortex transition with reference to the results for t
Y123 and Bi2212 compounds.

B. Resistivity measurements

The magnetization anomaly which we attributed to t
FOT was observed in the reversible magnetizationH
.H irr). Since this result suggested that the FOT lay with
the dissipative region, the corresponding resistivity anom
was expected to be similarly observed as has been repo
in Y123 ~Refs. 2–5! and Bi2212~Refs. 16,17!. Therefore the
temperature dependence ofab-plane resistivityrab in mag-
netic fields was measured in detail.

Figure 4~a! shows therab(T) curves in thex50.046 crys-

or

FIG. 4. Temperature dependence of theab-plane resistivityrab

in the (La0.954Sr0.046)2CuO4 single crystal~a! under various fields
applied parallel to the crystalc axis, and~b! as a function of the
angleu between thec axis and the field (H550 kOe).
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tal in various magnetic fields parallel to thec axis. In addi-
tion to the significant resistivity broadening in the field,
new feature is evident in this figure. At aroundrab51025

;1024V cm, the slope ofrab(T) is seen to change abruptly
and the resistivity shows a sharp drop below the point wh
is defined asTpt . This is the first time this resistive behavio
in a field has been observed in the present La214 system

Although the resistive kink in a field in La214 is remini
cent of the signature of the FOT in Y123 and Bi2212, oth
interpretations cannot be ruled out at this stage for the La
crystals. Since the La214 compounds undergo a tetragon
orthorhombic crystallographic structural phase transit
well below room temperature, the resulting twin boundar
are inevitable. Therefore, one may attribute the resistive k
to a twin-boundary effect. In fact, in the presence of tw
boundaries in Y123 crystals, the broader resistive shou
which marks the onset of the twin-boundary pinning h
been reported.3,37 In this case, the FOT is suppressed
strong pinning by twin boundaries, and the phase transi
temperature gives way to slightly higher twin-related pinni
temperature.

Because the twin-boundaries act as directional pinn
centers, the configuration between the field direction a
twin-plane is important for the effect. Accordingly, if th
twin boundary is involved in the resistive anomaly, the d
pendence of the kink temperature on the field orientat
with respect to the twin-plane should show characteristic
havior, such as, a crossover from twin-boundary-pinning
the FOT as reported in Y123.3 Therefore, the temperatur
dependence of theab-plane resistivityrab was also mea-
sured as a function of the angleu between thec axis and the
field direction. The result in thex50.046 crystal atH
550 kOe is shown in Fig. 4~b!. The resistive anomaly, th
abrupt change in the temperature dependence ofrab and the
following sharp drop inrab as temperature decreases, is se
in eachrab(T) curve, and the kink temperature smooth
increases to higher temperatures asu increases, with no in-
dication of crossover behavior. This angular dependenc
the phase transition temperature will be discussed in deta
the Sec. IV B.

C. Magnetic phase diagram

The characteristic fields and temperatures obtained f
the magnetization (M -H) and resistivity (rab-T) measure-
ments in thex50.046 crystal are plotted in theH-T phase
diagram as shown in Fig. 5. In the resistivity measureme
the irreversibility temperatureTirr has been defined with th
resistivity criterion ofrab5231027V cm. TheHpt(T) line
from the M -H results agree well with theTpt(H) line from
therab-T results, strongly indicating that theTpt in therab-T
measurements marks the vortex lattice phase transition
the other hand, due to the different criterion, theH irr(T) line
in the M -H measurements is separated from theTirr(H) line
in the rab-T measurements.

For all samples studied, the phase transition linesHpt(T)
are located well above the irreversibility linesH irr(T). Al-
though theH irr(T) line is dependent on the criterion an
hence on the experimental condition, it can be regarded
boundary around which the pinning of the vortex lattice s
in. Then, it follows that there are two phases such a
h
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pinned lattice phase and an unpinned lattice phase in
vortex phase diagram below theHpt(T) lines. Existence of
two such phases in the vortex lattice state has been rece
demonstrated in Bi2212 system.38 In this context, the vortex
states in La214 are essentially identical with those in Bi22

Now, we can draw the phase transition linesHpt(T) ob-
tained for the three La214 crystals with differentx all to-
gether in theH-T phase diagram as shown in Fig.
where Hpt(T) lines reported for other HTSC material
Y123 (Tc592.9 K) ~Ref. 5! and Bi2212 (Tc578.3 K),16

as well as a layered organic superconduct
k-(BEDT-TTF)2Cu@N(CN)2#Br (BEDT; Tc511.3 K),39

have been included. TheHpt(T) lines are found to shift to-
ward higher fields asx increases in La214. At first sight, thi
x dependence inHpt(T) is thought to be attributable to a
effect of Tc , because the present La214 samples range f
underdoped (x50.046, 0.068) to optimum doped (x
50.077),Tc increasing with an increase ofx. However, this
upward trend of theHpt(T) lines with Tc does not hold for
the different material systems. On the contrary, the locat
of Hpt(T) strongly depends on the specific material system

IV. DISCUSSION

A. Phase transition lines

The La214 system has shown basically the same magn
and resistive signatures of the FOT which have been

FIG. 5. The characteristic fields and temperatures obtained f
the magnetization (M -H) and resistivity (rab-T) measurements in
the (La0.954Sr0.046)2CuO4 single crystal. Curves are the guides to t
eye.

FIG. 6. The phase transition linesHpt(T) for La214 crystals
with different Sr compositions. For comparison purposes,Hpt(T)
for Y123 ~Ref. 5!, Bi2212 ~Ref. 16!, and BEDT~Ref. 39! are in-
cluded. Curves are the guides to the eye.
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served in the Y123 and Bi2212 systems. These results
addition to the recent observation of the FOT in a laye
organic superconductor,39 imply that the FOT is a genera
phenomenon in the layered superconductors. We will, firs
all, discuss the universal behavior found in the phase tra
tion linesHpt(T), which may derive from the mechanism o
the FOT common to all these materials.

As previously reported,25 we found a universal scaling
law for the FOT line. That is, all the transition lines for th
HTSC materials~La214, Y123, and Bi2212! fall onto a
single line when they were plotted asg2sHpt vs (Tc /T21).
It should be emphasized here that we have tried not to fit
obtainedHpt(T) lines to theoretically proposed equatio
with several adjustable parameters; instead, we tried to fi
phenomenological scaling law from the plots using the m
mum number of parameters accessible by experiment.
resulting scaling behavior, shown in Fig. 7 where the d
from Fig. 6 have been replotted, gives us a universal exp
sion for the FOT lines in HTSC compounds:

Hpt~T!@Oe#52.85g22s21~Tc /T21!. ~1!

Since the layered organic superconductor~BEDT! was re-
ported to show the FOT, it would be interesting to s

FIG. 7. Replot of the data in Fig. 6 in the universal scaling p
~Ref. 25!; g2sHpt vs Tc /T21. From the scaling behavior
Hpt(T)@Oe#52.85g22s21(Tc /T21) is obtained as a universal ex
pression of the phase transition lines for layered superconduct
in
d

f
i-

e

a
-
he
a
s-

e

whether the universal scaling law works for BEDT as we
As seen in Fig. 7, the scaling, Eq.~1!, works very well also
for BEDT, further encouraging us to regard the FOT as
general phenomenon in the layered superconductors.

B. Resistive phase transition

The normalization is applied for comparison purposes
such a way that the vertical resistivity axis is divided by t
normal-state resistivityrN just aboveTc of each system. In
Fig. 8, the resistivity curves for Y123,4 La214 @Fig. 4~a!#,
and Bi2212~Ref. 17! are reproduced in the order that th
magnitude of anisotropy increases from left to right pane
Interestingly, the normalized resistivity valuesrpt /r

N where
the anomalies are observed~indicated by the shaded area
Fig. 8! systematically decrease with increasing anisotro
factor: rpt /r

N.1021V cm in Y123, rpt /r
N51021

;1022 V cm in La214, andrpt /r
N51024;1026 V cm in

Bi2212, respectively. According to the Bardeen-Steph
model of flux-flow,40 the resistivity in a magnetic field is
given byr(T,H)5rN(T)3H/Hc2(T), whereHc2 is the up-
per critical field. As shown in the inset in the middle panel
Fig. 8, the FOT in Y123 takes place at highT/Tc ~smallHc2)
region with a high transition fieldHpt , causing rpt /r

N

}Hpt /Hc2 to be larger. In Bi2212, the situation becomes t
very opposite, and La214 is in between. Therefore, the s
tematic change of the phase transition fields with the ani
ropy can be regarded as the origin of the behavior ofrpt /r

N

with respect to the anisotropy.
Next, we turn to the angular dependence of therab(T)

curves. Figure 9 shows the phase transition temperatureTpt
in the La214 (x50.046) crystal as a function of the angleu
between the fieldH and thec axis @data from Fig. 4~b!#. The
Tpt(u) increases monotonically asu is increased, without the
anomaly which is expected for the case when the tw
boundary-pinning is involved in the development of the
sistive kink.3 The reason why the twin boundary in La214
not very effective as a strong directional pinning center w
be rationalized as follows. According to TEM
observations,41 the separation of the twin boundaries in
La214 compound is of the order of;50 Å. This indicates
that the dimensions of twin planes are extremely small co

t

s.
.

FIG. 8. Temperature dependence of the normalizedab-plane resistivityrab /rab

N in Y123 ~Ref. 4! ~left!, La214 (x50.046) ~middle!, and
Bi2212 ~Ref. 17! ~right! under various fields.rab

N is the resistivity just aboveTc . Inset: the FOT lines in the normalized phase diagram
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pared to the sample dimensions, implying that the tw
planes do not extend over the sample thickness. Thismicro-
twin structure will not suit for a directional pinning site, like
wise for a strong pinning source.

Following the angular scaling rules for anisotrop
superconductors,42 we can obtain the angular dependence
transition lines by the replacement of magnetic fieldH with
H* 5e(u)H, where e(u)5(g22 sin2u1cos2u)1/2. Since we
have Eq.~1! as a universal expression for the phase transi
lines, the angular dependence of the phase transition
peratureTpt(u) then reads

Tpt~u!5Tc /@g2se~u!H/2.8511#. ~2!

The dotted curve shown in Fig. 9 is the least-squares fi
Tpt(u) to Eq. ~2!. Using the experimentally determined va
ues of Tc525.6 K and s56.6 Å, the fitting givesg2

52680. This value is in fair agreement with the value
2900 determined from the anisotropic resistivity measu
ment. This analysis of the angular dependence ofTpt proved
to be quite useful in that~i! the twin boundary pinning as
source of resistive kink was ruled out,~ii ! the validity of the
universal scaling law@Eq. ~1!# was demonstrated from a dif
ferent aspect, and~iii ! the value ofrc /rab just aboveTc
turned out to be a reasonable estimate of the anisotropy
rameterg2 for the purpose of scaling.

C. Magnetization jump and entropy change

The change of the thermodynamic quantities at the ph
transition is important for understanding the mechanism
the phenomenon. In spite of the systematic and unive
features found in the FOT, rather material specific behav
has so far been reported on the magnitude and temper
dependence of magnetization and entropy changes at
FOT. In Y123, the jump in the magnetizationDMpt at the
FOT was a monotonous decreasing function of temperat
while the entropy change per pancake vortexDspt upon tran-
sition was almost temperature independent.8,9 On the other
hand, in Bi2212,DMpt increased monotonically with tem
perature, reached a maximum at around 7 K belowTc , and
then dropped rapidly on approachingTc . As for Dspt in
Bi2212, the value seemed to diverge as temperature
proachedTc .13

FIG. 9. Dependence of the phase transition temperatureTpt(u)
in the (La0.954Sr0.046)2CuO4 single crystal on angleu between thec
axis and the magnetic field (H550 kOe). The dotted curve is
least-squares fit ofTpt(u) by Eq. ~2!, providing the anisotropy pa
rameter ofg2 5 2680.
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The present result for the temperature dependence
DMpt for the three La214 crystals is plotted in Fig. 10~b!.
For comparison purposes, normalized temperatureT/Tc is
used for the horizontal axis, and the reported data for Y1
~Ref. 9! and Bi2212~Ref. 13! are also reproduced with th
same temperature scale in Figs. 10~a! and 10~c!, respectively.
From the comparison of these three figures, it is found t
the temperature dependence ofDMpt for all systems shows
quite similar behavior. TheDMpt in La214 initially increases
with temperature, reaches a maximum at aroundT/Tc 5 0.8,
and then drops as temperature approachesTc . The whole
feature also holds for Bi2212, while only the descending p
can be observed in Y123 possibly because of the limi
narrow temperature window (T/Tc.0.8). A plausible expla-
nation for this drop inDMpt on approachingTc has been
recently given by a theoretical study based on the Lond
model.43

According to the Clausius-Clapeyron relation, the entro
changeDspt at the FOT is associated withDMpt as

Dspt52
sf0

4pkB

DMpt

Hpt

dHpt

dT
, ~3!

where kB ,f0, and s are the Boltzmann constant, the flu
quantum, and the distance between CuO2 planes, respec-
tively. Note thatDspt gives, in a sense, the normalized e
tropy change, sinceDspt is in units ofkB per pancake vortex
Dspt evaluated using Eq.~3! as a function of the normalized
temperature,T/Tc , for three La214 samples are plotted
Fig. 11~b!. Again, the data for Y123~Ref. 9! and Bi2212
~Ref. 13! are shown in Figs. 11~a! and 11~c!, respectively.
Estimated values ofDspt for La214 at temperatures distan
from Tc are of the same order of magnitude (Dspt
50.2– 0.4kB) as determined in Y123 and Bi2212. This resu
reveals that the degrees of freedom contributing to the F
are almost the same for all three materials, suggesting
the vortex fluid state in each high-Tc superconductor is of the
same nature. In contrast to the temperature dependenc
Dspt in Y123 which is nearly constant, that for La214 yield
a similar behavior as in Bi2212; i.e.,Dspt increases mono-
tonically with temperature to as large asDspt;1.5kB at tem-
peratures close toTc . These differences in the temperatu
dependence ofDspt have not been understood properly, a
should be subjected to future investigation.

FIG. 10. Magnitude of magnetization jumpDMpt at the FOT as
a function of the normalized temperatureT/Tc in ~a! Y123 ~Ref. 9!,
~b! La214, and~c! Bi2212 ~Ref. 13!. Normal temperature scale i
also shown on the upper axes.
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V. CONCLUSION

In (La12xSrx)2CuO4 ~La214! single crystals (0.046<x
<0.077), the first-order phase transition~FOT! of the vortex
lattice was studied by means of magnetization and resisti
measurements. Both measurements show the same signa
of the FOT as have been reported in Y123 and Bi2212 co
pounds. Now that the FOT has been observed in all the w
studied prototype high temperature superconductors~HTSC;
Y123, Bi2212, and La214!, the FOT can be regarded as
general phenomenon in HTSC’s.

The comparisons of the results in La214 with those
Y123 and Bi2212 were made with the help of normalizati
of scales. The findings from such comparisons included~i!
the normalized phase transition resistivityrpt /r

N systemati-

FIG. 11. Entropy changeDspt at the FOT as a function of the
normalized temperatureT/Tc in ~a! Y123 ~Ref. 9!, ~b! La214, and
~c! Bi2212 ~Ref. 13!. Normal temperature scale is also shown
the upper axes.
-

ty
ures
-

ll-

cally changed with respect to the anisotropy factorg2, ~ii !
the phase transition linesHpt(T) followed a scaling law@Eq.
~1!#, ~iii ! the magnetization changeDMpt at the FOT showed
similar dependence on the normalized-temperature in La2
Y123, and Bi2212, and~iv! the magnitude of the entrop
change per pancake vortexDspt at the phase transition wa
almost the same order of magnitude for the three HTSC s
tems.

These results indicate that the relevant parameters for
FOT are the anisotropy factorg2, the distance between su
perconducting layerss, and the critical temperatureTc . This
will result from the fact that the phase transition is dom
nated by the properties of the pancake vortices. This, in tu
reflects the fact that all the HTSC materials are compose
CuO2 planes of the same nature, but with different coupli
constants determined by the superconducting-layer spa
and by the doping level. Therefore, it is tempting to thi
that the FOT is the transition of the vortex-lattice~solid!
state to the pancake-vortex~gas! state.
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