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in (La;_,Sr,),CuQ,
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We report magnetization and resistivity measurements of the first-order vortex lattice phase trépSilipn
in single crystals of (La_,Sr,),CuQ, (0.046<x=<0.077). Through the comparison of the present results with
YBa,Cu;0, and B,Sr,CaCyO, , 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.

I. INTRODUCTION of the phenomenon. We thought that the La214 system
would be the ideal compounds for this end. First of all, the
The mixed state in the high-temperature superconductorsa214 system fills the gap between the rather three-
(HTSC’s) has shown the richness of novel physics. The mostlimensional Y123 system and the two-dimensional Bi2212
striking aspect is the variety of vortex states, and thereforsystem. In fact, the value of anisotropy factoy?
phase transitions between different vortex states have bedgrem}/m%,) for La214 system lies intermediatey{=2
experimentally and theoretically explorédne of the dis- x107—4x 10°) (Refs. 27—-29 between those for Y123)¢
tinct phase boundaries in the field-temperatureT) phase =25-1x10?) (Ref. 30 and Bi2212 ¢?=3x10°-3
diagram is the first-order transitidifOT) line, which sepa-  x10%) (Ref. 31 systems. In addition, the fact that the value
rates the vortex solidattice) state and the vortex fluidig-  of y? can be easily and systematically controlled with Sr
uid or gas state. compositionx in the La214 compounds makes this system
The FOT has been extensively studied in ¥88;0,  experimentally attractive. In other words, the La214 system
(Y123) (Ref. 2-13 and BipSr,CaCyO, (Bi2212) (Refs. is the sole candidate so far to fill the gap between Y123 and
12-22 crystals, and the phenomenon has been established Bi2212 with the advantages of covering a wide range of
both of the systems. However, the details of the underlyinganisotropy and of the availability of a series of single crys-
mechanism of this transition are still unclear. Two competingtals.
scenarios for the FOT areraeltingtransitiorf> and asubli- In this paper, we examined the first-order vortex lattice
mationtransition?* The former is the transition of the vortex phase transition in the La214 system by magnetization and
solid into a liquid, in which the triangular vortex lattice loses resistivity measurements. For the reasons given above, com-
its shear modulus. The latter is the transition into a vortexparisons were made throughout the paper between the results
gas, where the melting is accompanied by the simultaneousbtained in the La214 system and those reported in the lit-
decoupling of the vortex lines into pancake vortices. erature for the Y123 and Bi2212 systems.
(La;—,Sr),CuQ, (La214 system is one of the well stud-
ied prototype HTSC's. The La214 system, however, has | gaMPLE PREPARATION AND EXPERIMENTAL
made only a small contribution to the phase transition issue PROCEDURE
in the vortex matter. In fact, only a few reports on magneti-
zation measuremerts?® have shown the existence of the  Because the first-order vortex lattice phase transition has
FOT in this system. As has been recognized, the strong arbeen observed only in very clean samples of Y123 and
isotropy of the layered HTSC materials plays a crucial roleBi2212, (La_,Sr),CuQ,_s (La214 single crystals were
for the vortex lattice phase transition. In this context, examprepared by the traveling-solvent-floating-zon@SF2
ining the FOT more systematically in materials with variousmethod® to avoid impurity contamination. In addition, a
degrees of anisotropy should be enlightening as to the natui@reful post-annealing procedure was performed in order to
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TABLE |. Characteristic parameters for (LaSk),CuQ,, YBa,CwO, (Ref. 4, Bi,S,CaCyO, (Ref. 16, and
x-(BEDT-TTF),CU N(CN),]Br (Ref. 39 crystals.
Sample T./K AT /K sl A pan(50 K)/mQ pe(50 K)/mQ Y?=pelpap
(La;_,Sr),Cu0, (x=0.046) 25.6 0.4 6.6 0.65 1900 2900
(0.068 34.9 0.9 6.6 0.32 280 880
(0.079 36.6 0.3 6.6 0.16 66 410
YBa,Cu;Oy (Ref. 4 92.9 0.3 11.7 (50
Bi,Sr,CaCyO, (Ref. 1§  78.3 1.1 15.4 (10000
k-(BEDT-TTF),CUN(CN),]Br (Ref. 39  11.3 1.0 15.0 (2000

remove oxygen defectsS¢-0).2534 applied at various angles with respect to thexis was mea-

La214 crystals with nominal Sr compositions»>o£0.05, sured onab crystals with a typical current density of
0.075, and 0.080 were grown. Crystal orientations were de=2.1 A/cn? along thea(b) axis. To minimize the demag-
termined by an x-ray back-reflection Laue technique. Rectnetization effect, magnetization was measureccamystals
angular crystals with typical dimensions of X0.7  with external magnetic fields of up to 50 kOe applied parallel
x 3.0 mn?, having long edges alora(b) axis (ab crysta)  to thec axis. Magnetization measurements were performed
andc axis (c crysta), were sectioned from grown rods by a using a SQUID magnetometéQuantum Design MPMSS
diamond wheel saw. The Sr contemtsvere determined by Before proceeding to Sec. Il it should be noted here that
electron-probe-micro analysiEPMA; JEOL JXA-8600to  the abovementioned careful heat treatment turned out to be
be 0.046, 0.068, and 0.077, respectively. These crystals werglite effective in improving the quality of La214 single crys-
sealed in quartz ampoules under controlled initial oxygertals. The effects of the post-annealing procedure are demon-
pressuresR,= 100, 600, and 700 torr, respectively, for the strated in Fig. 1, which shows the shielditg~C: zero-field
x=0.046, 0.068, and 0.077 crystaland annealed at 900 °C cooled and Meissner(FC: field-cooledl curves of thex
for 10 days, followed by rapid quenching to room tempera-=0.046 crystal before and after heat treatments. Careful
ture. post-annealing procedure is found to result in the sharp su-

In-plane (out-of-plané resistive componeng,,(p.) was  perconducting transition and the enhancement of the Meiss-
measured orab crystals ¢ crystalg by the ac four-probe ner fraction, indicating that the treated crystal is less disor-
technique using a Quantum Design PPMS-6000. The criticadlered and very clean.
temperature T, (midpoiny with the transition width
AT.(10-90%) was determined from the resistivity mea-
surements in zero magnetic field. The anisotropy fagtor
was defined as the ratio of the out-of-plane to in-plane resis-
tive components d./p,p) at 50 K. These parameters to-
gether withs, the distance between superconducting planes, Shown in Fig. 2 are théM-H curves for thex=0.046
are summarized in Table |. Resistivity in a magnetic fieldcrystal at several temperatures. A magnetization anomaly,

which we associate with the first-order transitifOT) of
] the vortex lattice, is observed in eabh-H curve above the

Ill. RESULTS

A. Magnetization measurements
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FIG. 2. Magnetization curves for the (§.8:S0.0402CUO,
single crystal as a function of magnetic field at various tempera-

FIG. 1. Temperature dependence of the magnetic susceptibilitjures. The thick and thin arrows indicate the phase transition field
in ZFC (zero-field-coolefd and FC (field-cooled for the H,(T) and the irreversibility fieldsH;,(T), respectively. Inset:
(Lag 955510049 2CUC, single crystal before and after heat treatments.Semilogarithmic plot of théM-H curve at 16 K. The magnitude of
Careful post annealing procedure resulted in sharp superconductingM ,; has been defined as difference between the twdidigear
transition and enhancement of the Meissner fraction. parts at the phase transition fiett},;.

T(K)
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FIG. 3. Temperature dependence of magnetization curves for

the (L& 551,049 2CUO, Single crystal. Inset: A linear extrapola- g ;i 0 HL c_axis)é
tion of low-temperature reversible magnetizatidn (dotted line in a 107 © 3
the main panelis subtracted from the magnetization to determine "é 150
the magnetization changeM . < 220 3
107 60 4
o 75°
irreversibility field H;, which is defined as a field in which A SR S
the magnetization hysteresistAM becomes smaller than 10 2 30
5x10 2 G. T(K)

The phase transition observed in La214 seems to be not as g 4. Temperature dependence of &teplane resistivityo,,
sharp as that seen in the micro-Hall probe measurements G the (La 05,5t 049 ,CUO, Single crystal(a) under various fields
Bi2212** It has been thought that the observation of aapplied parallel to the crystal axis, and(b) as a function of the
clear phase transition anomaly is not easy in the La214 sysmgle ¢ between thes axis and the field i =50 kOe).
tem due to the defective nature of this compound, which is
rather inherent to the system. This is due to the fact that thggnsition temperaturd ,, was in good agreement with the

charge reservoir layer in this system,(8a-O layer, is de-  jhdependently determined phase transition fid|g from the
fective at the immediate CuyQayer which contributes to the \,_H measurements, e.gl,~16 K atH=10 kOe agreed
manifestation of superconductivity. Both in Bi2212 andiih H ~10 kOe athl% K. In order to determine the
Y123 systems, in contrast, the defective layer in the Charg?nagnitude of AMy, a linear extrapolation of low-
reservoir region is located away from the Gulyer by the e mperature reversible magnetizativh (dotted line in Fig.
intervening layer of SrO and BaO, respectively. In others) ig gpiracted from the magnetization, as shown in the inset
words, superconducting properties of the La214 system arg; Fig. 3. The obtained value @M , agreed well with those
\{ery_sensitive to the inhomogeneity of the local Sr distribu-t4m the M-H measurements. It ispinteresting to note that the
tion in the LaSn)-O layers. Therefore, the La214 system CaNg|ope of the temperature dependence of magnetization above
easily becom.e d'FW- , Tyt is steeper than that beloVy,, consistent with the obser-
However, judging from the sharp superconducting transis ation in the Y123 system.

tion as shown in Fig. 1, we think that the present La214 The EOT was also observed in the=0.068 and 0.077
crystals are not agdirty as has been believed. It is found that crystals. The FOT is reported to termi.nate in thé low-

the apparently dull transition seen in the main panel of Fig. 2temperature and high-field region in Y12Refs. 4,10,35,36
is attributable to the effect of the field dependence of reVersang Biz212(Ref. 13,14,16,1% However, for all the La214

ible rr&igndetiza(tjior.f FoIIowinésg Either the_lg_london mcfaeir samples examined, such disappearance of the FOT at higher
a modified model for HTSC the reversible magnetization o145 \was not observed within the field range measured in

depends logarithmically okf. To check this magnetization i sidy. In Sec. IV C, we will discuss the magnitude of the

behavior, theM-H curve is plotted on a semi logarithmic .\, netization change and the associated entropy change at
scale as shown in the inset of Fig. 2. Magnetization abovene"\ortey transition with reference to the results for the
Hm_ is, in fact, linear in I-og-|, and the jump in th.e. magneti- v123 and Bi2212 compounds.
zation is clearly recognized at the phase transition fi¢jd
in this plot. Then, the magnetization chandé, at the
FOT has been defined as difference between the two
logH-linear parts atH . The magnetization anomaly which we attributed to the
Itis noted thatAM >0 at the phase transition, indicating FOT was observed in the reversible magnetizatidh (
that the vortex density increases when the vortex state-H;,). Since this result suggested that the FOT lay within
changes from solid into fluid. This is the same behavior obthe dissipative region, the corresponding resistivity anomaly
served in Y123(Refs. 5—7 and Bi2212(Refs. 12—-1Y, and  was expected to be similarly observed as has been reported
has been regarded as thermodynamic evidence of the firsh Y123 (Refs. 2—5% and Bi2212(Refs. 16,1}. Therefore the
order phase transition of the vortex system. temperature dependence alb-plane resistivityp,, in mag-
In the temperature-scan measurements, a similar magnaetic fields was measured in detail.
tization anomaly is observe@Fig. 3), and the obtained phase  Figure 4a) shows thep,,(T) curves in thex=0.046 crys-

B. Resistivity measurements
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tal in various magnetic fields parallel to tleeaxis. In addi- ' 7
tion to the significant resistivity broadening in the field, a 60 | (L:20.954570.046)2Cu04
new feature is evident in this figure. At aroupg,=10"°

o H,
~10 *Q cm, the slope 0p,,(T) is seen to change abruptly, ~ ‘\\ . Hl:t (M-H) 1
and the resistivity shows a sharp drop below the point which & 40} R .
is defined ad ;. This is the first time this resistive behavior -’ Ly ° Ty (P-T)
p = *\1\ . Tirr ab i

in a field has been observed in the present La214 system. \
Although the resistive kink in a field in La214 is reminis- 20 ’\
cent of the signature of the FOT in Y123 and Bi2212, other :
interpretations cannot be ruled out at this stage for the La214
crystals. Since the La214 compounds undergo a tetragonal to 00 ‘ 1'0 20
orthorhombic crystallographic structural phase transition T(K)
well below room temperature, the resulting twin boundaries
are inevitable. Therefore’ one may attribute the resistive kink FIG. 5. The characteristic fields and temperatures obtained from
to a twin-boundary effect. In fact, in the presence of twinthe magnetizationM-H) and resistivity p,,-T) measurements in
boundaries in Y123 crystals, the broader resistive shouldef® (L&.9545%.0492CUO; single crystal. Curves are the guides to the
which marks the onset of the twin-boundary pinning has®Y®¢-

been reported™” In this case, the FOT is suppressed bypinned lattice phase and an unpinned lattice phase in the
strong pinning by twin boundaries, and the phase transitioortex phase diagram below tht,(T) lines. Existence of
temperature gives way to slightly higher twin-related pinningtwo such phases in the vortex lattice state has been recently
temperature. demonstrated in Bi2212 systethin this context, the vortex
Because the twin-boundaries act as directional pinningtates in La214 are essentially identical with those in Bi2212.
centers, the configuration between the field direction and Now, we can draw the phase transition litds(T) ob-
twin-plane is important for the effect. Accordingly, if the tained for the three La214 crystals with differentll to-
twin boundary is involved in the resistive anomaly, the de-gether in theH-T phase diagram as shown in Fig. 6,
pendence of the kink temperature on the field orientationyhere Hp(T) lines reported for other HTSC materials,
with respect to the twin-plane should show characteristic bey 123 (T:=92.9 K) (Ref. 5 and Bi2212 [.=78.3 K) 6
havior, such as, a crossover from twin-boundary-pinning tgags  well as a layered organic  superconductor,
the FOT as reported in Y123Therefore, the temperature k-(BEDT-TTF),CUN(CN),]Br (BEDT; T.=11.3 K)3*
dependence of thab-plane resistivityp,, was also mea- have been included. The,(T) lines are found to shift to-
sured as a function of the anglebetween the axis and the  ward higher fields ag increases in La214. At first sight, this
field direction. The result in thex=0.046 crystal atH x dependence i (T) is thought to be attributable to an
=50 kOe is shown in Fig. @). The resistive anomaly, the effect of T, because the present La214 samples range from
abrupt change in the temperature dependenge,pfind the  ynderdoped X=0.046,0.068) to optimum doped x (
following sharp drop irp,, as temperature decreases, is seen=0,077), T, increasing with an increase &f However, this
in each p,p(T) curve, and the kink temperature smoothly ypward trend of theH(T) lines with T, does not hold for
increases to higher temperatureséamcreases, with no in-  the different material systems. On the contrary, the location

dication of crossover behavior. This angular dependence g H,(T) strongly depends on the specific material systems.
the phase transition temperature will be discussed in detail in

the Sec. IV B. IV. DISCUSSION

A. Phase transition lines

C. Magnetic phase diagram The La214 system has shown basically the same magnetic

The characteristic fields and temperatures obtained frorand resistive signatures of the FOT which have been ob-
the magnetizationNI-H) and resistivity p,,-T) measure-
ments in thex=0.046 crystal are plotted in thd-T phase L
diagram as shown in Fig. 5. In the resistivity measurements, 6012 =0046 1014
the irreversibility temperaturé;, has been defined with the
resistivity criterion ofp,,=2x10""Q cm. TheH(T) line
from the M-H results agree well with th&,(H) line from
the p,p-T results, strongly indicating that thig, in the p,,-T
measurements marks the vortex lattice phase transition. On 20
the other hand, due to the different criterion, thg(T) line
in the M-H measurements is separated from ThgH) line BEDT %
in the p,,-T Measurements.

For all samples studied, the phase transition liHggT)
are located well above the irreversibility linés, (T). Al-
though theH;,(T) line is dependent on the criterion and  FIG. 6. The phase transition linds,(T) for La214 crystals
hence on the experimental condition, it can be regarded aswth different Sr compositions. For comparison purposes(T)
boundary around which the pinning of the vortex lattice setgor Y123 (Ref. 5, Bi2212 (Ref. 16, and BEDT(Ref. 39 are in-
in. Then, it follows that there are two phases such as @luded. Curves are the guides to the eye.

Y123

Hy (kOe)

v
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§
v
v
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10° gr——rrrr g whether the universal scaling law works for BEDT as well.
E v vi23 ] As seen in Fig. 7, the scaling, E€l), works very well also

102L ¢ 0077 . for BEDT, further encouraging us to regard the FOT as a

g . 8-832 La214 ] general phenomenon in the layered superconductors.
1 : ]

g 10F o Bi2212 5
< . ¢ BEDT 4 B. Resistive phase transition
=107 B E . . . . . .
2 E The normalization is applied for comparison purposes in

107 _ <§g§ ] such a way that the vertical resistivity axis is divided by the
E o normal-state resistivitp" just aboveT, of each system. In
102 b vt et Fig. 8, the resistivity curves for YlZ‘SLa214[Fig. 4@)],
102 107 10° 10 and Bi2212(Ref. 17 are reproduced in the order that the
Te/Tpe- 1 magnitude of anisotropy increases from left to right panels.
o ) ) ) Interestingly, the normalized resistivity valu3§/pN where
FIG. 7. Replot of the data in Fig. 6 in the universal scaling plotia anomalies are observéddicated by the shaded area in

|(_|Ref_'|_ 23’ _VZSSHPE;/S,I Er”/-T 1'1 F_rorr;) the dscahng _beha\l/lor, Fig. 8 systematically decrease with increasing anisotropy
p(T[0e] =285 "s (T/T—1) is obtained as a universal ex- gao ) /oN>10720cm  in Y123, py/pN=10"1

pression of the phase transition lines for layered superconductors. 10720 cm in La214, andppt/pN= 10°4~10-%0 cm in

served in the Y123 and Bi2212 systems. These results, i§|2212, respectively. According to the Bardeen-Stephen

- , ; del of flux-flow?® the resistivity in a magnetic field is
addition to the recent observation of the FOT in a layered ' .
organic superconductd?,imply that the FOT is a gengral given by p(T,H)=p"(T) X H/HcA(T), whereH is the up-
. ’ e er critical field. As shown in the inset in the middle panel of
phenomenon in the layered superconductors. We will, first OEi 8, the FOT in Y123 takes place at highT, (smallH )
all, discuss the universal behavior found in the phase transi- 9., P ght. ¢

- . . g . . N
tion linesH,(T), which may derive from the mechanism of LeS'O?HW'Eg t?e If;gr;hertr?nnsélitg)znlzfletlﬁg gi,tu;zgr?rl])gegoptr#;s the
the FOT common to all these materials. p’ - "c2 ger. ’

As previously reporte® we found a universal scaling e BPPOSTE: ST 8214 B 17 PR FIeteort e o
law for the FOT line. That is, all the transition lines for the geo P

HTSC materials(La214, Y123, and Bi2212fall onto a  "OPY Can be regarded as the origin of the behavigspfp™

. . with respect to the anisotropy.
single line when they were plotted ads Hpt vs (Tc/T—1).

It should be emphasized here that we have tried not to fit the Next,Fwe turg t?] the ?hngulﬁr defendipcetof Hag(T)
obtainedH(T) lines to theoretically proposed equations curves. Figure 5 shows the phase transition emperdtjre

: ; i ; . the La214 §=0.046) crystal as a function of the angle
with several adjustable parameters; instead, we tried to find ' \ . .
phenomenological scaling law from the plots using the mini- etween the fieltd and thec axis[data from Fig. 40)]. The

mum number of parameters accessible by experiment. Th-gpt( 0) increa_ses monotonically akis increased, without the_
nomaly which is expected for the case when the twin-

resultin lin havior, shown in Fig. 7 where th L .
esulting scaling behavior, sho 9 ere the dat youndary-pinning is involved in the development of the re-

fsri(())r: legihfjeh,f(\ﬁ lﬁﬁig Irﬁ pl_l|(_)|:[tseg, C%\r%esoti(?s?nlversal SXPr®Sistive kink® The reason why the twin boundary in La214 is
not very effective as a strong directional pinning center will
Hpt(T)[Oe]=2.85y‘2s‘1(TC/T—1). (1) be ratipnalilzed as fqllows. Accc_)rding to_ TI_EM
observation4! the separation of the twin boundaries in a
Since the layered organic supercondud®EDT) was re- La214 compound is of the order 6f50 A. This indicates
ported to show the FOT, it would be interesting to seethat the dimensions of twin planes are extremely small com-

10!

E|I3N T
i La214 (x=0.046
10"
Z i 3
g
3 107y - 10kOe 5
e ; ; 17, 00e
3 E 002 04 06 08 1 JE
10’5;. _' 'gao_(x';"&éﬁﬂ szz\‘i 13
E I Z 40f
3 Eld = 5[
1()'7: T |
T(K) T(K) T(K)

FIG. 8. Temperature dependence of the normaliieglane resistivityp,,/phy, in Y123 (Ref. 4 (left), La214 k= 0.046)(middle), and
Bi2212 (Ref. 19 (right) under various fieIdSpQ‘b is the resistivity just abov@ . Inset: the FOT lines in the normalized phase diagram.
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20} Fa osl @Y123 ][ (b La214 1 [ ©Bi2212
C Vd ~
M H=50KkOe S o6l 1 x [ ]
K Qg bS] E | 11 2o oo 11 ]
&~ 10 a s S 04| 4} <0077 <% 1L
s - T B L ] L
______ R % ol i W% _ 'J_F’“E
oL g s L ! L | I BT RU N
0 . 1 . N T 04 06 08 10 02 04 06 08 1 02 04 06 08 1
0 30 60 90 T/T, T/T, TIT,
6 (deg.)

FIG. 10. Magnitude of magnetization jundoM ; at the FOT as
FIG. 9. Dependence of the phase transition temperatp(®) a function of the normalized temperatréT . in (a) Y123 (Ref. 9,

in the (L& 954510.049 2CUQ, single crystal on anglé between the  (b) La214, and(c) Bi2212 (Ref. 13. Normal temperature scale is
axis and the magnetic fieldH(=50 kOe). The dotted curve is a also shown on the upper axes.

least-squares fit of ,( #) by Eq. (2), providing the anisotropy pa-

2 _
rameter ofy” = 2680. The present result for the temperature dependence of

, , , , . AM; for the three La214 crystals is plotted in Fig.(&0
pared to the sample dimensions, |mply|ng that ?he WiNEoy comparison purposes, normalized temperalufg; is
p"?‘”es do not e_xtend over the s_amp_le thlcl_<ne_ss. mo_' used for the horizontal axis, and the reported data for Y123
tvym structure will n_ot s_un for a directional pinning site, like- (Ref. 9 and Bi2212(Ref. 13 are also reproduced with the
wise for a strong pinning source. . . same temperature scale in Figs(d@&nd 1(c), respectively.
Following the angular scaling rules for anisotropic gron the comparison of these three figures, it is found that
superqond_uctor”sz, we can obtain the angular d_epv_ende_nce 0fthe temperature dependencef ; for all systems shows
tr:—in5|t|on lines by the replac?gne_nt of magnl/eztlc f_'b"(w'th quite similar behavior. ThA M, in La214 initially increases
H* =e(O)H, Where.e(0)=(y Sm%0+CO§0) . Since We  with temperature, reaches a maximum at arolift, = 0.8,
have Eq(1) as a universal expression for the phase t_ransmo%nd then drops as temperature approaches The whole
lines, the angular dependence of the phase transition tMsature also holds for Bi2212, while only the descending part
peratureT () then reads can be observed in Y123 possibly because of the limited
_ 2 narrow temperature windowT(T.>0.8). A plausible expla-
Tl 0)=Telly"se(6)H/2.85+ 1], @ nation for this drop inAM; on approachingl; has been
The dotted curve shown in Fig. 9 is the least-squares fit ofecently given by a theoretical study based on the London
To(0) to Eq.(2). Using the experimentally determined val- model®?
ues of T,=25.6 K ands=6.6 A, the fitting givesy? According to the Clausius-Clapeyron relation, the entropy
=2680. This value is in fair agreement with the value ofchangeAs, at the FOT is associated withM ;; as
2900 determined from the anisotropic resistivity measure-
ment. This analysis of the angular dependencé pproved Sho AMy dHpy
to be quite useful in thati) the twin boundary pinning as a Asy=— Irk AL dT (3
source of resistive kink was ruled out,) the validity of the B Tpt
universal scaling laEg. (1)] was demonstrated from a dif-
ferent aspect, andiii) the value ofp./p,, just aboveT,
turned out to be a reasonable estimate of the anisotropy p
rametery? for the purpose of scaling.

where kg, ¢y, and s are the Boltzmann constant, the flux
juantum, and the distance between Gu@anes, respec-
ively. Note thatAs, gives, in a sense, the normalized en-
tropy change, sincas, is in units ofkg per pancake vortex.
As, evaluated using Eq3) as a function of the normalized
temperatureT/T., for three La214 samples are plotted in
The change of the thermodynamic quantities at the phasgig. 11(b). Again, the data for Y123Ref. 9 and Bi2212
transition is important for understanding the mechanism ofRef. 13 are shown in Figs. 1&) and 11c), respectively.
the phenomenon. In spite of the systematic and universdtstimated values oAs for La214 at temperatures distant
features found in the FOT, rather material specific behaviofrom T, are of the same order of magnitudeA s
has so far been reported on the magnitude and temperatuze0.2—0.4g) as determined in Y123 and Bi2212. This result
dependence of magnetization and entropy changes at theveals that the degrees of freedom contributing to the FOT
FOT. In Y123, the jump in the magnetizatiaxM ,; at the  are almost the same for all three materials, suggesting that
FOT was a monotonous decreasing function of temperaturehe vortex fluid state in each high: superconductor is of the
while the entropy change per pancake voresy, upon tran-  same nature. In contrast to the temperature dependence of
sition was almost temperature independ&hOn the other As in Y123 which is nearly constant, that for La214 yields
hand, in Bi2212,AM,, increased monotonically with tem- a similar behavior as in Bi2212; i.eAs increases mono-
perature, reached a maximum at arduhK belowT., and  tonically with temperature to as large As,~ 1.5 at tem-
then dropped rapidly on approachiig . As for Asy in peratures close td,. These differences in the temperature
Bi2212, the value seemed to diverge as temperature agtependence ohs, have not been understood properly, and
proachedT .13 should be subjected to future investigation.

C. Magnetization jump and entropy change
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FIG. 11. Entropy changas at the FOT as a function of the
normalized temperatur&/T, in (a) Y123 (Ref. 9, (b) La214, and

cally changed with respect to the anisotropy facidr (ii)

the phase transition linds,(T) followed a scaling lawWEq.

(1], (iii) the magnetization changeM ,; at the FOT showed
similar dependence on the normalized-temperature in La214,
Y123, and Bi2212, andiv) the magnitude of the entropy
change per pancake vortéys,; at the phase transition was
almost the same order of magnitude for the three HTSC sys-
tems.

These results indicate that the relevant parameters for the
FOT are the anisotropy factoy?, the distance between su-
perconducting layers, and the critical temperatufg.. This
will result from the fact that the phase transition is domi-
nated by the properties of the pancake vortices. This, in turn,
reflects the fact that all the HTSC materials are composed of

(C) Bi2212 (Ref 13 Normal temperature scale is also shown on CUOZ planes of the same nature, but with different Coup“ng

the upper axes.

V. CONCLUSION

In (La; _,Sr),CuQ, (La214 single crystals (0.046x
<0.077), the first-order phase transitidfOT) of the vortex

constants determined by the superconducting-layer spacing
and by the doping level. Therefore, it is tempting to think
that the FOT is the transition of the vortex-latti¢golid)
state to the pancake-vortégas state.
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