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Magnetization jump and the vortex-lattice melting transition in YBa,Cu3O,,
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Magnetization measurements in high-quality twinned YBa&0, single crystals are performed as a function
of temperature, magnetic field, and its direction. We find an anomalous magnetization jump just below the
irreversibility line, which provides the thermodynamic evidence of the first-order vortex-lattice melting tran-
sition in YBaCuO, system, following a reasonable Lindemann criterion wth=0.13. In addition, we
demonstrate that a peak effect in the critical current density just below the melting line is associated with the
enhanced vortex pinning due to the premelt softening of the vortex lattice and this peak is different from a
so-called second peak.

Recent studies of the magnetic phase diagram in fiigh- enhanced pinning due to the softening of the vortex lattice at
superconductors have proved that a vortex liquid state existhe melting transition. These results indicate that the vortex
above an irreversibility lineH;,(T) due to strong thermal pinning region in theH-T phase diagram is very close to the
fluctuations: The vortex liquid state in highly disordered vortex melting transition line for YBA U0, .
systems is predicted to undergo a second-order phase transi- High-quality twinned YBaCu;0, (y=6. 9) single crystals
tion into a vortex glass stater a Bose glass stafejepend- were grown by a slow cooling of a solid-melt mixture in
ing on the type of the disorder. The transition, on the othewttria crucibles under the peritectic condition. The as-grown
hand, changes to a first-order phase transition into the Abrierystals were annealed at 450—-500 °C for 7 days in a flowing
kosov vortex lattice in case of clean systems with very wealoxygen. Samples used in this study showed superconducting
flux-pinning centers® transition temperaturd ;=89 K with the sharp width of

Experimental investigations of the first-order melting AT.(10—90 %<500 mK in both resistive and magnetic
transition were performed in untwinned and twinned singlemeasurements. The electrical resistivity in tndo plane is
crystals of YBaCu;0, . 6-10Farrell, Rice, and Ginsbet@b-  p,=28 u cm at the onset temperature of the transition.
served a sharp damplng peak in the low-frequency torsionalSample dimensions were typically %X3.5x1.4 mnt. De-
oscillator measurement at the temperatlifg, and pointed tails of the crystal-growth technique were described
out that the obtained magnetic-field dependenceglsewherd® The magnetization measurements were per-
H(T.) = (T.—T,)? agreed well with the vortex-lattice melt- formed by using a superconducting quantum interference de-
ing theory*® A discontinuous resistive kink with hysteresis vice (SQUID) magnetometefQuantum Design In order to
was also interpreted as first-order melting transifioll.  avoid an influence of the field inhomogeneity, magnetization
However, more recently, Jiare al!! claimed that the resis- data were taken with a short scan length of 10-20 mm. In
tive hysteresis is not direct evidence of the first-order transiour SQUID system, a magnetic-field variation in a solenoid
tion, and they proposed that the hysteresis may result from was smaller than a typical value of the magnetization jump
current-induced nonequilibrium effect which is related to theand magnetization data did not depend on the various scan
vortex dynamics. Since the resistivity is not thermodynamidength in the range of 10—20 mm. Furthermore, following the
property, measurements of thermodynamic quantities such ascussions in Ref. 16, special attention was paid to the scan
a specific heat or a magnetization is required in order tawave form to determine the scan length and it was confirmed
make sure the first-order transition. Contrary to the abovehat there were no irregular scan wave forms with asymmetry
case of YBaCu0O, 6-1% the discontinuous change of the during measurements. The sample was rotated around the
magnetization was observed at the vortex-lattice meltingaxis parallel to thea or b axis, and the rotated angtewas
transition in BpSr,CaCyQ, single crystald?=4 defined as the angle between thexis and the direction of

In this paper, we present an anomalous magnetizatiothe magnetic field.
jump just belowH;(T) in high-quality twinned YBaCu;0, Figure 1 shows the magnetizatidh as a function of the
single crystals. We show the thermodynamic evidence thaemperature in zero-field-cooldédFC), field-cooled on cool-
the abrupt magnetization jump at a temperatliyéH) is  ing (FCC), and field-cooled on warmingcFCW) modes at
closely related to the first-order vortex-lattice melting transi-H =30 kOe parallel to the axis. The dependence bf on T
tion. We also report that a peak effect in the critical currentshows an anomalous magnetization jump at a certain tem-
densityJ.(H,T) just below theT;(H) line is caused by the peratureT;(=81.8 K) with a narrow width(~0.5 K) just

0163-1829/96/53)/82(4)/$06.00 53 82 © 1996 The American Physical Society



53 BRIEF REPORTS 83

fields parallel to the axis, respectively. In the ZFC magne-
. tization, a height of the magnetization jum@yl;, depends
} largely on the magnetic field as shown in the inset of Fig.
- 2(b). However, in the FCC magnetization, the distinct jump
L / i is observed only above 10 kOe and has sn@l;. The
_4 j MR magnetization at the onset of jumpE’" has almost constant

/ ] value (about—0.003 emy, independently oH and the cool-
- ing process. It is similar to resistivity measurements for the
vortex-liquid transition with the constant valge 10%p,) at
the onset of the resistive kifk® On the contrary, the end-

T
-2+ YBaQCU306_9
H=30kOe

M (1073 emu)

700 | the ZFC magnetization. The result may suggest that the

-6 _
,Z,F,C, . point value of the magnetization jum\of”ddepends of in
50
; . . Tx low-T region of the jump is significantly affected by the
80 81 82 83 84 8 vortex pinning property as shown later and the valuéidf,
T (K) would be enhanced. However, the magnetization jump in the

FCC mode cannot be explained by the vortex pinning behav-
ior, because the jump means a steep decrease of the vortex

FIG. 1. Temperature dependence of the magnetization in ZFCGyensity with decreasing temperature, contrary to the uBual
FCC, and FCW processes|dt=30 kOe parallel to the axis. The  ganandence of the vortex pinning force. Therefore, the dis-
inset shows an overall view in whole temperature region studied. continuous change of the magnetization indicates a thermo-

dynamic first-order melting transition of the vortex lattice.
below the irreversibility line. Except for above small jump, The vortex liquid above the transition is denser than the vor-
data of ZFC and FCC modes in a wide rangeTothange tex solid due to the strong thermal fluctuations in the liquid
gradually and continuously with no additional anomaly asphase.
shown in the inset of Fig. 1. Since the magnetization jump is According to the Clapeyron-Clausius equation, the en-
related to the discontinuous change of the vortex density itropy change per vortex per CuO layer at the transition is
the sample, the jump would result from the thermodynamiggiven by As= —d¢q(5M;/B;)(dH;/dT), where M is de-
property of the first-order transition or the vortex pinning fined byMon Mend dis the mterlayer distance am‘i{) the
behavior. Pastorizat all? reported a similar magnetization flux quantum SmceT decreases with increasing (i.e.,
anomaly in BjSr,CaCyOg and they related the anomaly dH;/dT<0) andsM; indicate a positive value belott =30
with the first-order vortex melting transition. kOe the magnetlzatlon jump is consistent with the first-order

Figures 2a) and 2b) show the temperature dependence ofvortex-lattice melting transition. From the FCC magnetiza-
the magnetization in ZFC and FCC processes in variousion jump, the latent heat per vortex per layer T;As, is
estimated to be &z T at 10 kOe and 2%gT at 30 kOe. The
obtained value at 10 kOe is several times as large as that in
Bi,Sr,CaCyOg,* and is about an order of magnitude larger
than that obtained by the Monte Carlo simulations of vortex
lattice melting!’ These differences may be caused by the
different characteristic parameters between them.

On the contrary, in the high-field region abo¥t=35
kOe, the sign oféM; changes to negative for both the ZFC
and FCC measurements A similar sign reversasidf, was
also reported in BBr,CaCyOg."® The negative sign oﬁM
is inconsistent with the first-order phase transition, however
H dependence df; for both positive and negative regions of
oM is almost connected continuously. Although the origin
of the negative jump is not clear, the transition abéle35
kOe may be a second-order transition from glass state to
liquid state!®

Figure 3 shows the critical current densily estimated
from theM-H hysteresis curve as a function of the reduced
temperature in various constant fields parallel to ¢hexis.
With increasingT, J. decreases rapidly, and a sharp peak is
observed at a temperatufig,=0.98T;, independent oH.

IRy S S S S Shown in the inset of Fig. 3l.(H) exhibits remarkable peak
structures at an intermediate field regidtynq~0.4H.],
which correspond to a so-called second peak of Nhed
curve!® In the vicinity of H;,,, an additional shoulder struc-

FIG. 2. Magnetic-field dependence Wi(T) in (a) ZFC and(b) ture also appears at a figt},;, which would be more clear if
FCC scans. The inset shows the magnetic-field dependence ofthe second peak did not exist. The peak$ain J.(T) (Fig.
height of the magnetization jum@M; . 3) and the shoulders &t,;in J.(H) (the inset of Fig. Bcan
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able pinning configuration and the volume pinning force in-
creases. This explanation is analogous to the synchronization
mechanism for conventional superconductdmshich is ap-
plied near the upper critical fieltH.,, thus Hy(T) line
[TpH) line] is referred to as the synchronization line. More-
- over, according to the collective-pinning thed?ythe vol-

E ume pinning force is given b ,=J.B=(W/V,)"?, where

V. is the correlation volume and/(=Nf ,2)/2) is the pinning
strength with the concentration of pinning centiigsand the

] elementary pinning forcé,. The enhancement ak; is re-

? = lated to the decrease ®f, whenCgg approaches zero at the

| melting transition. Therefore the existence of the peak effect
. just belowT;(H) also strongly suggests the appearance of
- the vortex-lattice melting transition.

The open triangles in Fig. 3 show(T) of the reduced
crystal withy=6.7 atH=20 kOe for comparison. With in-
creasing temperature](T) decreases monotonously and

FIG. 3. Critical current density estimated from thieH hyster- ~ does not show any anomalies such as the peak effect. At the
esis curve as a function of the reduced temperature. The open thigh-temperature regiol/T;,=0.7-0.9, thel, value of the
angles connected by the dashed curve show data of the reducég@duced sample is about an order of magnitude larger than
crystal withy=6.7 atH =20 kOe for comparison. The inset shows that of the oxygenated one. Furthermore, the magnetization
critical current density as functions of the magnetic field. jump is not observed iM-T characteristics for the reduced

sample. These results indicate that the first-order vortex
be expressed by the same line on el phase diagram, melting transition would disappear due to the strong vortex
which are located at higher magnetic-field region than thepinning by the oxygen deficiency, suggesting the second-
second peakd ,ong) @s shown latefsee Fig. 4. Therefore order transition from the vortex glass into the vortex liquid.
the vortex pinning mechanism of the peak and the shoulder Figure 4 showsT; versusH and the temperature depen-
is different from that of the second peak. dence of the various characteristic fields suciggq), Hps

The peak effect obtained by the magnetization measureand H;,,. H;,(T) in the figure is the irreversibility line ob-
ments in this study is similar to that obtained by the meatained fromM-H curves, which is slightly larger than that
surements of vibrating reed,susceptibility?® and transport  obtained fromM-T curves, because of the different time
critical current?! It is suggested that the enhanced vortexscale of measurements or a small inhomogeneity of the mag-
pinning atH ,; and T s is connected with the softening of the netic field in the magnéf On the contrary, thé;(H) line is
shear moduluCgg of the vortex lattice near the melting independent of measured processes sudd @6 andM-H.
transition?®?With decreasing s, vortex-vortex interaction ~ As shown in Fig. 4, the irreversibility line almost agrees with
decreases compared with the vortex-pinning interaction, sthe onset of the vortex-lattice melting lirg(H), which is
this effect enables the vortices to adjust into the more suiteontinuously connected with the synchronization khg(T)
with decreasing T or H. Contrary to the case of
Bi,Sr,CaCuy0g,'* the vortex pinning becomes dominant just

ol e

50 F 7 4 below the vortex-lattice melting line in YB&uO, . This
i fact may be related to the enhancemen®bf; in the ZFC
40k _ scan as mentioned above.
— i In order to further examine the vortex-lattice melting sce-
8 30k i nario, let us compare the dependencd pbn bothH and ¢
= with the vortex-lattice melting theory. According to the
iy ook ] theory of the first-order vortex-lattice meltiffg;?* the field
I dependence of the transition temperatliefor the aniso-
1ok ] tropic case is given by
ofF* Mo NG00 - T,=To— AVH(sir?0+ y2cog0) &
80 85 90
TK) with A= 72kgT 2\ 2,(0) ¥ % ¢ 52 2. Here,\,(0) is the in-

plane penetration depth at zero temperatt;y?'e,zmc/ Myp) IS
FIG. 4. T; versusH and the temperature dependence of theth® effective mass ratio, an| is the Lindemann criterion
various characteristic fields such Bng, Hps, andHi,. The number. As ShOYVn by the 50||d_ curve in Fig. 4, a p0W9£'|aW
solid curve is a fit to a power lawd =Hqy(1—T;/T;)" with n=2. f't_ to the experimental data Y'e!ds(Tj): Ho(l_Tj/Tc)
The dashed curves are drawn as a guide to the eye. The inset showih n=2 andH,=6x 10’ kOe which almost agrees with the

T, atH=5 kOe as a function of the anglebetween the axis and ~ phase boundary obtained by Farrell, Rice, and Ginsberg,
the magnetic-field direction. The solid curve in the inset is a fit byand the exponent is consistent with the value expected for

Eq. (1) with the parametersy=6 andA=0.52 K/kO&'?. the vortex-lattice melting theof> Moreover, the very rea-
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sonable value of the Lindemann numbgr=0.13 is ob-
tained, using parameters ®f,(0)=1400 A, T.=88.5 K and

v=6 (Ref. 18.
The inset of Fig. 4 shows the angular dependencg @)
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as collective-pinning centers, independent of the field direc-
tion and the measurement technique. We believe that our
single crystals contain a small number of point defects, simi-
lar to the case of the untwinned single crystals. The oxygen-

at H=5 kOe. Using the same values above used, the datdeficient sample witty=6.7, as described above, has large

could be fitted by Eq.(1) with the parameterA=0.52
K/kOeY? which is close to the valu@.41 K/kOé’) obtained
by torsional-oscillator measureménthus, the Lindemann
criterion is also derived to be =0.13 which is in excellent
agreement with the value obtained from fheH character-
istic as mentioned above. Furthermore, the determined val
of ¢, by two methods in this study is consistent with the

values of 0.16 and 0.15 obtained from the torsional-oscillato

measuremenfsand from transport resistive measureménts,

respectively, and

(c,=0.1~0.4) obtained by Monte Carlo simulatiofs.
Although the results in this study are very suggestive o

the first-order vortex-lattice melting transition, it remains a

guestion whether the melting transition is observable in th
twinned YB3Cu;0, single crystal or not. It was suggested
that the first-order transition is suppressed by the strong vo
tex pinning caused by the planar pinning centersh as the

is also consistent with the value,

f

r_

value of F, at high-temperature region and shows no
anomaly corresponding to the vortex-lattice melting transi-
tion.

In conclusion, we have presented the discontinuous mag-
netization jump inT dependence d¥1(H, 6) in high-quality

ut‘\_’/‘vinned YB3Cuy;0, single crystals. We have found the ther-

modynamic evidence that the magnetization jump is caused
by the first-order vortex lattice melting transition, although
the obtained latent heat at the transition is slightly larger than
the value previously reported. The dependence of the transi-
tion temperaturel; on bothH and ¢ is consistent with the
vortex-lattice melting theory and a reasonable value of Lin-
demann numbec, =0.13 is obtained. Furthermore, we have
demonstrated that the peak effectjnjust below the melting

ine is associate with the enhanced vortex pinning due to the
softening of the vortex lattice and this peak is different from
the so-called second peak. The anomalous magnetization was
not observed for the reduced sample wjth6.7, indicating

twin plane and the intrinsic pinning center and point defect : L ;
introduced by the electron irradiati6h The planar pinning 5:22 g]ggg% zzgz:gﬁgf suppressed by the strong disorder by

centers become most effective when the vortices are parallel
to the plane and the vortices move across the planes. These The authors would like to acknowledge M. Tachiki, K.
configurations are realistic in the resistive measurements uiWatanabe, T. Sasaki, T. Hanaguri, and S. Awaji for their use-
der the transport curreRtHowever, in the case of the mag- ful discussions. We would like to thank T. Otomo, H. Miura,
netization measurements, planar defects do not necessari; Tanno, and K. Hosokura of the Tohoku University Cryo-
work as the strong pinning centers but act as the vortex chargenic Center. This work was supported by Grant-in-Aid for

neling along the plan, so the pinning effect by the twin
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plane would be small. On the contrary, point defects due t@Guperconductivity” given by Ministry of Education, Science
the oxygen deficiency and the irradiation defects would workand Culture, Japan.
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