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First-Order Vortex-Lattice Phase Transition in (Laj—,Sr,),CuQy4 Single Crystals:
Universal Scaling of the Transition Lines in High-Temperature Superconductors
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The first-order vortex-lattice phase transition was observedLm -, Sr,),CuQ, single crystals
(0.046 = x = 0.077). A scaling law, H,(T)[Oe] = 2.85y s~ /(T./T — 1), was found to univer-
sally hold for the phase transition lines not only in the present system but also inCvia, and
Bi,SnCaCuO,. Herey? ands are the anisotropy factor and the superconducting layer spacing. This
remarkable scaling provides sound evidence that the first-order phase transition i Isigiperconduc-
tors manifests itself as the vortex-lattiseblimationrather tharmelting [S0031-9007(98)06110-9]

PACS numbers: 74.60.Ge, 74.72.Dn

In the high-temperature superconductors (HTSC), a Both the melting and the decoupling theories are
large thermal fluctuation dramatically changes the equibased on the strong anisotropy, which originates from
librium vortex state and the vortex dynamics. One of thethe layered crystal structures intrinsic to all HTSC. In
vortex matter physics recently attracting a lot of theoristghis context, looking at the vortex-lattice phase transition
as well as experimentalists is the vortex-lattice phase trammore systematically in materials with various degrees of
sition, which has been experimentally confirmed for itsanisotropy should provide a deeper insight into the nature
nature to be the first-order thermodynamic transition inof the phenomenon. However, the experiments as well as
YBa,Cw; O, (Y123) and BiSnCaCuO, (Bi2212). discussions so far have been confined to each particular

This phenomenon has been generally attributed tonaterial system, not covering a wide range of anisotropy.
the melting transition of the vortex lattice; that is, the In this study, we chos€la;—,Sr.),CuQ, (La214),
triangular vortex lattice loses its shear modulus and turnbecause the value of anisotropy factpt(= m?/m,;)
into a vortex liquid state. In Y123, these phase transitiories intermediate ¥> =2 X 10> ~ 4 X 10%) [16,17]
lines obtained from resistivity [1,2], magnetization [2—4], between those for Y123y¢ = 25 ~ 1 X 10%) [18] and
and calorimetric measurements [5] were well consistenBi2212 (y> =3 X 10° ~ 3 X 10*) [19]. In addition,
with each other and have been claimed to be well fittedhe valuey? can be controlled systematically with Sr
by a formula derived from themeltingtheory [6]: composition x in La214. Although only one report

. n has shown reasonably clear evidence for the vortex-

H,(T) = Huo(1 — T/T.)", () lattice phase transition in La214 [20], the Sr content in

with H,,o ~ 1000 kOe andn ~ 1.35. Equation (1) has their study was fixed, and hence the above mentioned
been supported also in Bi2212 by magnetization [7-features with respect to the anisotropy have not been
11] and resistivity measurements [11]. However, theaddressed. Then we carefully prepared several La214
magnitude of entropy change associated with this firstsingle crystals with systematic variation of the Sr com-
order phase transition and its temperature dependence wpassition. In these crystals, magnetization step changes
reported to deviate significantly from what was predictedassociated with the first-order phase transition were
from the melting theory [2,3,8,10,12]. In this context, observed both in field-scan and temperature-scan magne-
an alternative explanation such as teeblimation of tization measurements. It was found that a scaling law,
vortex lines has been attempted. In this scenario, eveH,(T)[Oe] = 2.85y 2s~1(T./T — 1), where s is the
a tilt modulus of the vortex lattice is lost and the vortexdistance between superconducting planes, could describe
lines split up into decoupled vortex-pancake gases on ththe transition lined,,(T') not only for the present La214
phase transition. If the transitions are these simultaneousith different y> values but also those for the Y123 and
melting and decouplingprocesses, the transition line is Bi2212 systems. We conclude that thablimation(the
given by thedecouplingtheory [13] as simultaneousmelting and decoupling is the more likely

. scenario to describe the first-order vortex phase transition

H(T) = Hao(T./T — 1). (@) Universally in all of the HTSC compounds.

Indeed, several groups have claimed [8,9,14,15] that (La;—,Sr.)»CuQ,_s single crystals with nominal Sr
their results are better fitted by Eq. (2) rather than bycompositions ofx = 0.05, 0.075, and 0.080 were pre-
Eq. (1). In particular, thesublimationscenario seemed pared by the traveling-solvent-floating-zone method [17].
to be positively supported in the experiments in which theCrystal orientations were determined by an x-ray back-
carrier doping level, or electromagnetic anisotropy, wageflection Laue technique. Rectangular crystals with a
explicitly taken into account [9,15]. typical dimension of2.0 X 0.7 X 3.0 mm?, having long
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edges along:(b) axis @b crystal) andc axis ( crystal), The similar magnetization anomaly was observed also
were sectioned from grown boules by a diamond wheelin the x = 0.068 and 0.077 crystals. Shown in Fig. 2(a)
The Sr contents were determined by EPMA (JEOL JXA- are theH,(T) lines obtained for the three crystals plotted
8600) to be 0.046, 0.068, and 0.077, respectively. Thesm the H-T phase diagram, where we included the phase
crystals were sealed in quartz ampoules under controllettansition lines reported for Y12F{ = 92.9 K) [2] and
initial oxygen pressures(, = 100, 600, and 700 torr, re- Bi2212 (I, = 78.3 K) [11]. It was found thatH(T)
spectively, for thex = 0.046, 0.068, and 0.077 crystals), shifted toward higher fields as increased in La214.
and annealed &00 °C for 10 days, followed by rapid However, as can be seen among La214, Bi2212, and
quenching to room temperature in order to remove oxy-Y123, the location off,((T) in the H-T phase diagram
gen defects§ ~ 0) [21]. Both resistive componentg,,, is dependent ofT,. of each sample. The present La214
or p., were measured, respectively, oh crystals and: crystals were underdoped & 0.046, 0.068) to optimum-
crystals by the ac four-probe technique using a Quantundoped § = 0.077) ones. Therefore, one may attribute
Design PPMS-6000. The critical temperatufesand the  the upward shift offf,(T') with x to the enhancement of
anisotropy factory? were determined as the midpoint of 7.. However, such interpretation of thedependence in
the resistive transition and as the ratio of the out-of-plane td,,(7') is not appropriate in our case as discussed below.
in-plane resistive components at 50 K, respectively. These Figure 2(b) is the magnetic phase diagram in which the
parameters together withthe distance between supercon- temperature axis is normalized against the respedtive
ducting planes, are summarized in Table I. TemperatureThe transition lines shift still upward with an increase of
scan magnetization measurements were performed usingwa strongly suggesting the involvement of other factors
SQUID susceptometer (Hoxan HSM-2000X), while field- to shift the transition lines. It was reported in Bi2212
scan measurements were done using both a dc maghat H,(7) shifts upward by reducing the anisotropy
netometer (PPMS-6000, ACMS-option) and a SQUID[9,15,22]. Since the anisotropy factgr’ as shown in
magnetometer (Quantum Design MPMS, RSO-option).Table | decreases similarly with increasingin La214,
All of the magnetization measurements were performed othe upward trend irH,(7) with reducing the anisotropy
¢ crystals with the external fields of up to 50 kOe appliedcan be regarded as a universal behavior. Furthermore, a
parallel to thec axis. clear relationship betweep® and H,,(T) is found also
Figure 1 showsV/-H curves for thex = 0.046 crystal among different material systems; the lines for La214
at several temperatures. Tulblinear parts are observed are located between those for Bi2212 and Y123, where
in the reversible magnetization, one corresponding to the/? for Bi2212, La214, and Y123 decreases in this order.
magnetization of vortex solid, and the other to that of Therefore, we can conclude that (1) the first-order vortex
vortex liquid or gas. We defined the phase transition fieldphase transition is a universal phenomenon observed in
H,, as the middle point of the transition between the twothe HTSC covering a wide range of anisotropy, andy?2)
linear parts. It should be noted that the vortex density
increased as the phase changed from the vortex solid into
liquid or gas. This is the same behavior observed in T
Y123 [2—-4] and B|22_12 [?—11] and has_been regarded (Lag 95451 046),CuO,
as the thermodynamic evidence of the first-order phase »
transition. The similar magnetization step structure was 4 N
observed in the temperature-scan measurements, and these
independently obtained phase transition lings,(7") and

12K |

Ty(H), agreed with each other. As shown in the inset of 9 -6}
Fig. 1, H,(T) was located higher than the irreversibility §
line H;.(T). The disappearance of the first-order phase =
transition at the higher field regions, as reported in Y123 < 8t
[4] and Bi2212 [8,9], was not observed in La214 within
the field range examined in this study. 10t
TABLE I. Measured characteristic parameters for La214,
Y123 [2], and Bi2212 [11] crystals. 0
Sample  T./K s/A pu(50K) p.(S0K)  »2
La214 (0.046) 25.6 6.6 0.65 1900 2900 FIG.1. Field dependence of the magnetization in
(0.068) 34.9 6.6 0.32 280 880 (Lapos4Sho46)2CUQ, single crystal at various tempera-
(0.077) 36.6 6.6 0.16 66 410 tures. The thick arrows indicate the phase transition fields
H,(T), while the thin arrows indicate irreversibility fields
Y123 [2] 929 11.7 (50) Hix(T). The inset shows thé{-T phase diagram obtained
Bi2212 [11] 78.3 154 (10 000) from the magnetization measurements. The solid and dashed

lines are guides to the eye.
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anisotropyy? was systematically changed by its oxygen
content. That is, the phase transition lines fell onto a
single line when they were plotted §8H,(T) vs 1-7/T.
[22]. This scaling should hold if Eg. (1) is the appropriate
expression for the transition lines and the prefadigr
depends almost only og?. In fact, consideringd,,o «
Y2722, (0) [Aq(0) is the in-plane penetration depth]
[6], y>H(T) vs 1T /T, scaling is thought to be valid
when T 2),,(0) is almost constant. This assumption
has been semiquantitatively established /s8R (muon-
spin-relaxation) studies which show tHatis proportional

00 20 46‘-“6‘0" 8‘O “T00 to the muon-spin-relaxation rate [< A~2(0)] and the
T/K proportionality is constant in any compounds [23]. Now
the question arises whether this kind of scaling holds to
— : : different HTSC material systems. Therefore, the plot of
(b) yszt(_T) vs 1T/T, will serve as a test of thenelting
60 La214 Y123 scenario whether or not applicable as a model for the
i 0.068 0-077 ¥ first-order phase transition. Similarly, becauserqf) o«
o | [XT0046 ! Yy~ 27T 1A (0) in Eq. (2) [13], ¥2sHp(T) vS T /T —
9 401 ) 1 plots give a test to theublimationscenario.
~ The results of the test plots foneltingandsublimation
Nel are shown in Figs. 3(a) and 3(b), respectively. The val-
201 i ues in Table | were used for the plots. In the test plots
Bi2212 \
0 . | P BN I . 109 E T T T T
02 04 T(/)]6" 0.8 1 Y123
¢ 108 __io.ow i
FIG. 2. The phase transition ling$, (T) for La214 crystals & _0_8:8% La214 3
with different Sr compositions. For comparison, the results of ~ [ = Bi2212 ]
Y123 [2] and Bi2212 [11] are also shown. Curves are guides ~ 107 L o -
to the eye. (@) The horizontal axis is the normal temperature 3 E
scale. (b) The temperature is normalized by eBch (S F v
S 100 L e .
v slope : 2
is an important determining factor of the transition lines s a
in the phase diagram in addition To. L I——
As described at the beginning, the origin of the first- 10 10 10
order vortex-lattice phase transition has been proposed to 1-TT,
be either the simpleneltingor the simultaneoumelting 102 . N
and decouplingprocess. We, therefore, attempted to fit E 3
the observedy,(T) to both Egs. (1) and (2). Although i :::3{017273 (b)
the flttmg curves are not shown here, the fitsHy;(T) 8 10! E A 0068 La214 E
were fairly good both td7,,(T) and toH,(T). As for the g F —0—0.046 ]
fitting to Eq. (1), however, the resulted fitting parameter 2 o [ T Bi2212 1
was found to increase with decreasingn = 1.43, 1.73, <10k 3
and 2.48 for thex = 0.077, 0.068, and 0.046 crystals, ;a E ]
respectively). The variation of with x (or y?) is hardly 2 107! B 2 i
explained within the framework of the existing theories. ~ v slope : 1 3
It is particularly noted that the fitting parameter= 2.48 [ 1
for the x = 0.046 crystal does not fall under the category 110 Y R E———
of themeltingtheory ¢ = 2). Therefore, thesublimation 10 10" 10°

scenario seems to be more favored in La214. A further
support to this scenario, which is more convincing,
be obtained in the following arguments.

T/T-1

MAYE|G. 3. Test of the universality of the first-order vortex phase

_ _ o transition in HTSC. (a)y*Hy(T) vs 1-T/T. plots testing
The scaling behavior of the phase transition lines wasnelting transition scenario. (by2sHy(T) vs T./T — 1 plots

previously reported by our group in Bi2212, for which testingsublimationtransition scenario.
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scaled, the values of? should be changed at least 200%. supported by the JSPS Research Fellowships for Young
In this case, nevertheless, the slope of the scaling linecientists.
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tion lines for the three different material systems fell on

a single line in the test plots for theublimationand have
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