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First-Order Vortex-Lattice Phase Transition in sssLa12xSrxddd2CuO4 Single Crystals:
Universal Scaling of the Transition Lines in High-Temperature Superconductors
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The first-order vortex-lattice phase transition was observed insLa12xSrxd2CuO4 single crystals
(0.046 # x # 0.077). A scaling law, HptsT d fOeg  2.85g22s21sTcyT 2 1d, was found to univer-
sally hold for the phase transition lines not only in the present system but also in YBa2Cu3Oy and
Bi2Sr2CaCu2Oy. Hereg2 ands are the anisotropy factor and the superconducting layer spacing. This
remarkable scaling provides sound evidence that the first-order phase transition in high-Tc superconduc-
tors manifests itself as the vortex-latticesublimationrather thanmelting. [S0031-9007(98)06110-9]

PACS numbers: 74.60.Ge, 74.72.Dn
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In the high-temperature superconductors (HTSC)
large thermal fluctuation dramatically changes the eq
librium vortex state and the vortex dynamics. One of t
vortex matter physics recently attracting a lot of theori
as well as experimentalists is the vortex-lattice phase tr
sition, which has been experimentally confirmed for
nature to be the first-order thermodynamic transition
YBa2Cu3Oy (Y123) and Bi2Sr2CaCu2Oy (Bi2212).

This phenomenon has been generally attributed
the melting transition of the vortex lattice; that is, th
triangular vortex lattice loses its shear modulus and tu
into a vortex liquid state. In Y123, these phase transit
lines obtained from resistivity [1,2], magnetization [2–4
and calorimetric measurements [5] were well consist
with each other and have been claimed to be well fit
by a formula derived from themeltingtheory [6]:

HmsTd  Hm0s1 2 TyTcdn, (1)

with Hm0 , 1000 kOe andn , 1.35. Equation (1) has
been supported also in Bi2212 by magnetization [
11] and resistivity measurements [11]. However, t
magnitude of entropy change associated with this fir
order phase transition and its temperature dependence
reported to deviate significantly from what was predict
from the melting theory [2,3,8,10,12]. In this context
an alternative explanation such as thesublimation of
vortex lines has been attempted. In this scenario, e
a tilt modulus of the vortex lattice is lost and the vorte
lines split up into decoupled vortex-pancake gases on
phase transition. If the transitions are these simultane
melting and decouplingprocesses, the transition line
given by thedecouplingtheory [13] as

HdsT d  Hd0sTcyT 2 1d . (2)

Indeed, several groups have claimed [8,9,14,15] t
their results are better fitted by Eq. (2) rather than
Eq. (1). In particular, thesublimation scenario seemed
to be positively supported in the experiments in which t
carrier doping level, or electromagnetic anisotropy, w
explicitly taken into account [9,15].
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Both the melting and the decoupling theories are
based on the strong anisotropy, which originates fro
the layered crystal structures intrinsic to all HTSC.
this context, looking at the vortex-lattice phase transiti
more systematically in materials with various degrees
anisotropy should provide a deeper insight into the nat
of the phenomenon. However, the experiments as wel
discussions so far have been confined to each partic
material system, not covering a wide range of anisotrop

In this study, we chosesLa12xSrxd2CuO4 (La214),
because the value of anisotropy factorg2s; mp

cymp
abd

lies intermediate (g2  2 3 102 , 4 3 103) [16,17]
between those for Y123 (g2  25 , 1 3 102) [18] and
Bi2212 (g2  3 3 103 , 3 3 104) [19]. In addition,
the value g2 can be controlled systematically with S
composition x in La214. Although only one report
has shown reasonably clear evidence for the vort
lattice phase transition in La214 [20], the Sr content
their study was fixed, and hence the above mention
features with respect to the anisotropy have not be
addressed. Then we carefully prepared several La
single crystals with systematic variation of the Sr com
position. In these crystals, magnetization step chan
associated with the first-order phase transition we
observed both in field-scan and temperature-scan mag
tization measurements. It was found that a scaling la
HptsT d fOeg  2.85g22s21sTcyT 2 1d, where s is the
distance between superconducting planes, could desc
the transition linesHptsTd not only for the present La214
with different g2 values but also those for the Y123 an
Bi2212 systems. We conclude that thesublimation(the
simultaneousmelting and decoupling) is the more likely
scenario to describe the first-order vortex phase transi
universally in all of the HTSC compounds.

sLa12xSrxd2CuO42d single crystals with nominal Sr
compositions ofx  0.05, 0.075, and 0.080 were pre
pared by the traveling-solvent-floating-zone method [1
Crystal orientations were determined by an x-ray bac
reflection Laue technique. Rectangular crystals with
typical dimension of2.0 3 0.7 3 3.0 mm3, having long
© 1998 The American Physical Society 4297
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edges alongasbd axis (ab crystal) andc axis (c crystal),
were sectioned from grown boules by a diamond whe
The Sr contentsx were determined by EPMA (JEOL JXA-
8600) to be 0.046, 0.068, and 0.077, respectively. Th
crystals were sealed in quartz ampoules under contro
initial oxygen pressures (PO2  100, 600, and 700 torr, re-
spectively, for thex  0.046, 0.068, and 0.077 crystals)
and annealed at900 ±C for 10 days, followed by rapid
quenching to room temperature in order to remove ox
gen defects (d , 0) [21]. Both resistive components,rab

or rc, were measured, respectively, onab crystals andc
crystals by the ac four-probe technique using a Quant
Design PPMS-6000. The critical temperaturesTc and the
anisotropy factorg2 were determined as the midpoint o
the resistive transition and as the ratio of the out-of-plane
in-plane resistive components at 50 K, respectively. The
parameters together withs, the distance between supercon
ducting planes, are summarized in Table I. Temperatu
scan magnetization measurements were performed usi
SQUID susceptometer (Hoxan HSM-2000X), while field
scan measurements were done using both a dc m
netometer (PPMS-6000, ACMS-option) and a SQUI
magnetometer (Quantum Design MPMS, RSO-optio
All of the magnetization measurements were performed
c crystals with the external fields of up to 50 kOe applie
parallel to thec axis.

Figure 1 showsM-H curves for thex  0.046 crystal
at several temperatures. TwoH-linear parts are observed
in the reversible magnetization, one corresponding to
magnetization of vortex solid, and the other to that
vortex liquid or gas. We defined the phase transition fie
Hpt as the middle point of the transition between the tw
linear parts. It should be noted that the vortex dens
increased as the phase changed from the vortex solid
liquid or gas. This is the same behavior observed
Y123 [2–4] and Bi2212 [7–11] and has been regard
as the thermodynamic evidence of the first-order pha
transition. The similar magnetization step structure w
observed in the temperature-scan measurements, and t
independently obtained phase transition lines,HptsT d and
TptsHd, agreed with each other. As shown in the inset
Fig. 1, HptsT d was located higher than the irreversibilit
line HirrsT d. The disappearance of the first-order pha
transition at the higher field regions, as reported in Y1
[4] and Bi2212 [8,9], was not observed in La214 withi
the field range examined in this study.

TABLE I. Measured characteristic parameters for La21
Y123 [2], and Bi2212 [11] crystals.

Sample TcyK syÅ rabs50 Kd rcs50 Kd g2

La214 (0.046) 25.6 6.6 0.65 1900 2900
(0.068) 34.9 6.6 0.32 280 880
(0.077) 36.6 6.6 0.16 66 410

Y123 [2] 92.9 11.7 · · · · · · (50)
Bi2212 [11] 78.3 15.4 · · · · · · (10 000)
4298
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The similar magnetization anomaly was observed a
in the x  0.068 and 0.077 crystals. Shown in Fig. 2(a
are theHptsT d lines obtained for the three crystals plotte
in the H-T phase diagram, where we included the pha
transition lines reported for Y123 (Tc  92.9 K) [2] and
Bi2212 (Tc  78.3 K) [11]. It was found thatHptsT d
shifted toward higher fields asx increased in La214.
However, as can be seen among La214, Bi2212, a
Y123, the location ofHptsTd in the H-T phase diagram
is dependent onTc of each sample. The present La21
crystals were underdoped (x  0.046, 0.068) to optimum-
doped (x  0.077) ones. Therefore, one may attribut
the upward shift ofHptsT d with x to the enhancement o
Tc. However, such interpretation of thex dependence in
HptsTd is not appropriate in our case as discussed belo

Figure 2(b) is the magnetic phase diagram in which t
temperature axis is normalized against the respectiveTc.
The transition lines shift still upward with an increase
x, strongly suggesting the involvement of other facto
to shift the transition lines. It was reported in Bi221
that HptsT d shifts upward by reducing the anisotrop
[9,15,22]. Since the anisotropy factorg2 as shown in
Table I decreases similarly with increasingx in La214,
the upward trend inHptsT d with reducing the anisotropy
can be regarded as a universal behavior. Furthermor
clear relationship betweeng2 and HptsTd is found also
among different material systems; the lines for La2
are located between those for Bi2212 and Y123, wh
g2 for Bi2212, La214, and Y123 decreases in this ord
Therefore, we can conclude that (1) the first-order vort
phase transition is a universal phenomenon observed
the HTSC covering a wide range of anisotropy, and (2)g2

FIG. 1. Field dependence of the magnetization
sLa0.954Sr0.046d2CuO4 single crystal at various tempera
tures. The thick arrows indicate the phase transition fie
HptsTd, while the thin arrows indicate irreversibility fields
HirrsT d. The inset shows theH-T phase diagram obtained
from the magnetization measurements. The solid and das
lines are guides to the eye.
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FIG. 2. The phase transition linesHptsT d for La214 crystals
with different Sr compositions. For comparison, the results
Y123 [2] and Bi2212 [11] are also shown. Curves are guid
to the eye. (a) The horizontal axis is the normal temperatu
scale. (b) The temperature is normalized by eachTc.

is an important determining factor of the transition line
in the phase diagram in addition toTc.

As described at the beginning, the origin of the firs
order vortex-lattice phase transition has been proposed
be either the simplemelting or the simultaneousmelting
and decouplingprocess. We, therefore, attempted to
the observedHptsT d to both Eqs. (1) and (2). Although
the fitting curves are not shown here, the fits ofHptsT d
were fairly good both toHmsT d and toHdsT d. As for the
fitting to Eq. (1), however, the resulted fitting parametern
was found to increase with decreasingx (n  1.43, 1.73,
and 2.48 for thex  0.077, 0.068, and 0.046 crystals
respectively). The variation ofn with x (or g2) is hardly
explained within the framework of the existing theorie
It is particularly noted that the fitting parametern  2.48
for the x  0.046 crystal does not fall under the categor
of themeltingtheory (n # 2). Therefore, thesublimation
scenario seems to be more favored in La214. A furth
support to this scenario, which is more convincing, m
be obtained in the following arguments.

The scaling behavior of the phase transition lines w
previously reported by our group in Bi2212, for whic
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anisotropyg2 was systematically changed by its oxyge
content. That is, the phase transition lines fell onto
single line when they were plotted asg2HptsT d vs 1-TyTc

[22]. This scaling should hold if Eq. (1) is the appropria
expression for the transition lines and the prefactorHm0

depends almost only ong2. In fact, consideringHm0 ~

g22T22
c l

24
ab s0d [labs0d is the in-plane penetration depth

[6], g2HptsT d vs 1-TyTc scaling is thought to be valid
when T 22

c l
24
ab s0d is almost constant. This assumptio

has been semiquantitatively established bymSR (muon-
spin-relaxation) studies which show thatTc is proportional
to the muon-spin-relaxation rates [~ l22s0d] and the
proportionality is constant in any compounds [23]. No
the question arises whether this kind of scaling holds
different HTSC material systems. Therefore, the plot
g2HptsT d vs 1-TyTc will serve as a test of themelting
scenario whether or not applicable as a model for t
first-order phase transition. Similarly, because ofHd0 ~

g22s21T21
c l

22
ab s0d in Eq. (2) [13],g2sHptsTd vs TcyT 2

1 plots give a test to thesublimationscenario.
The results of the test plots formeltingandsublimation

are shown in Figs. 3(a) and 3(b), respectively. The v
ues in Table I were used for the plots. In the test plo

FIG. 3. Test of the universality of the first-order vortex phas
transition in HTSC. (a)g2HptsT d vs 1-TyTc plots testing
melting transition scenario. (b)g2sHptsT d vs TcyT 2 1 plots
testingsublimationtransition scenario.
4299
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of themelting, the scaling feature was not seen among
different material systems. If we force these lines to
scaled, the values ofg2 should be changed at least 200%
In this case, nevertheless, the slope of the scaling l
corresponding ton in Eq. (1), ranged from 1.3 to 2.5 a
mentioned before. On the other hand, all of the tran
tion lines for the three different material systems fell o
a single line in the test plots for thesublimationand have
a single slope of approximate unity. It is rather amazi
that such a scaling behavior of the transition lines u
versally holds for three material systems having the
treme differences ing2, s, and Tc. The reason that the
scaling law holds indicates that all of the HTSC mate
als are composed of CuO2 planes of the same nature bu
only with a different coupling constant, which is dete
mined by the interlayer spacing and by the doping lev
Then the first-order phase transition can be interpreted
take place when thermal energy surpasses interlayer
pling of the pancake vortices as well as elastic ene
of the vortex lattice. In this simultaneousmelting and
decouplingpicture, pancake-vortex gases aboveHptsT d
should result in the loss of the superconducting phase
herence in all of the directions. Experimental eviden
for such a loss of the phase coherence was found in
sistivity measurements in Lorentz force-free configurati
[24], namely, significant resistive broadening was seen
the same temperature range, not only inrab but also in
rc, when external magnetic fields were applied para
to the c axis. Recently, a more striking result was r
ported in multiterminal transport measurements [25], t
is, the resistive components both along thea axis and
along thec axis disappeared concurrently in the vicin
ity of the vortex-lattice phase transition. Furthermore, t
Josephson-plasma-resonance study, in which direct in
mation of the phase coherence between CuO2 planes is
obtained, has revealed the drastic decrease of the in
layer coherence aboveHptsT d [26]. Consequently, the
observed remarkable scaling feature in this study, toge
with several experimental facts reported, strongly suppo
that the simultaneousmelting and decouplingprocess is
the origin of the first-order vortex-lattice phase transiti
in HTSC. Based on thesublimationscenario, we obtained

HptsT d fOeg  2.85g22s21sTcyT 2 1d (3)
as a rule of universal application to the transition lines.

In conclusion, we have studied the first-order vorte
lattice phase transition in La214 single crystals with va
ious doping levels and anisotropies. The obtained ph
transition lines were compared among different compo
tions (x  0.046 0.077 in La214) and among differen
material systems (Y123, La214, and Bi2212) from t
viewpoints of both themelting and thesublimationtran-
sitions. This comparative analysis indicated that the
derlying mechanism of the first-order phase transition
the simultaneousmeltinganddecouplingrather than sim-
ple melting, and the obtained Eq. (3) was proposed to
a material-independent universal expression for the tra
tion lines in HTSC compounds.
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