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Phase transition in the vortex liquid and the critical endpoint in YBa2Cu3Oy
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The vortex phase diagram of optimally doped untwinned YBa2Cu3Oy is studied. We find a first-order
transitionTL(H) in the vortex liquid above the terminal pointHmcp (.7 T) of both the vortex glass lineTg(H)
and the field-driven disordering transition lineH* (T). The obtained small entropy change (;0.02
kB /vortex/layer) and the critical endpointHcep (.11 T) of the TL(H) line indicate that the vortex liquid
undergoes the vortex slush regime before the solidification into the vortex glass phase. BelowHmcp, the vortex
liquid phase shows the first-order melting transition into the Bragg glass phase. We also study the oxygen
contenty dependence of the vortex phase diagram and find that the vortex slush regime is located in the
borderline~i.e., 6.90<y<6.92) below which the vortex lattice melting transition disappears. The result indi-
cates that the point disorder with the intermediate strength plays an important role in the vortex slush regime.

DOI: 10.1103/PhysRevB.66.214518 PACS number~s!: 74.60.Ge, 74.25.Bt, 74.72.Bk
ow
hic

ag
tti
x
is
th
es
v

e

be

pe
i-

d

ing
u

th
nd
m
g

fin
ul

he

di-

ar

be

sing
lied

c

ear
I. INTRODUCTION

In high-temperature superconductors, vortex matter sh
pronounced features due to strong thermal fluctuations w
result from the high critical temperatureTc , the short coher-
ence lengthj, and the large anisotropyg5(mc /mab)

1/2

~Ref. 1!. In clean untwinned YBa2Cu3Oy ~YBCO!, studies
on resistivity,2,3 magnetization,4,5 and specific heat6–8 have
demonstrated that the vortex liquid phase and the Br
glass phase are separated by the first-order vortex la
melting transition lineHm(T). Since the nature of the vorte
matter is very sensitive to the effective disorder which
controlled both by the type and density of defects and by
magnetic fields, the vortex lattice melting transition giv
way to the continuous glassy transition in high fields abo
the multicritical point Hmcp.3,5,9–11 Recent experiments in
overdoped YBCO~Refs. 9–11! and theories12–15 have sug-
gested that the field-driven disordering transition lineH* (T)
is connected withHmcp and divides the vortex solid into th
Bragg glass and the vortex glass phases.

The vortex state is determined by the competition
tween elastic, pinning, and thermal energies,1 so the vortex
matter shows a great variety of phases nearHmcp due to the
point disorder such as the deficiency. Contrary to overdo
YBCO,9–11 the H* (T) line approaches the first-order trans
tion line well below the critical point for optimally dope
and slightly underdoped YBCO.16–18 In addition, two sepa-
rate transitions, i.e., the remnant of vortex lattice melt
transition and the vortex glass transition, have been s
gested for defect-enhanced YBCO.19–21In this paper, we find
thermodynamic evidence of the first-order transition in
vortex liquid regime and the appearance of the critical e
point for optimally doped YBCO. We show that these co
plicated vortex phases16–19are well explained by considerin
a vortex slush regime aboveHmcp. We also study the oxygen
contenty dependence of the vortex phase diagram and
that the effective disorder with intermediate strength res
in the vortex slush regime.
0163-1829/2002/66~21!/214518~7!/$20.00 66 2145
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II. EXPERIMENT

High quality YBCO single crystals were prepared by t
self-flux method using a Y2O3 crucible.9,10A sample used in
this study was a naturally untwinned single crystal with
mensions of 1.5530.8030.02 mm3. The optimally doped
crystal (y.6.92) prepared by annealing at 550 °C in 8 b
oxygen16 showed Tc593.3 K with the width DTc (10%
290%);140 mK. The oxygen contenty was estimated
from the annealing condition and theTc value.16,22 Electric
resistivity r was measured by a conventional dc four-pro
method under a current densityJ.0.1210 A/cm2. High-
precision magnetization measurements were performed u
a capacitance torque meter in the magnetic field app
about,10° tilted away from thec axis.23 A sensitivity of the
torque magnetometer was better thanDt51310211 Nm
and the magnetizationM (H) was derived from a magneti
torquet5V(M3m0H) curve.

III. RESULTS AND DISCUSSION

A. Anomalous transition in the resistivity

Figure 1 shows magnetic-field dependence of the lin
resistivity r(H) at several temperatures (72 K<T<90 K).

FIG. 1. Magnetic-field dependence of the linear resistivityr in
optimally doped untwinned YBCO.
©2002 The American Physical Society18-1
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In the high-temperature region above 81 K,r(H) shows a
sharp discontinuous jump atHm(T) which is associated with
the first-order vortex lattice melting transition.2,3 On the
other hand, in the low-temperature region below 74 K
continuous decrease ofr(H) is observed, indicating the
second-order transition such as the vortex glass transitio24

In the intermediate-temperature region (76 K<T<81 K),
r(H) shows an anomalous two-step feature. Althoughr(H)
shows a sharp drop atHL , a finite value ofr(H) remains
and r(H) decreases gradually with decreasing field. Th
results indicate that the vortex liquid undergoes two kinds
transition into the vortex solid, i.e., the first-order transiti
at HL in the high-field region and the second-order transit
in the low-field region.

Figure 2 shows temperature dependence of resistivit
the two-step region (m0H59 T) under various transport cur
rent densitiesJ50.1210 A/cm2. The resistivityr(T) in the
lower current density (J<2.5 A/cm2) shows linear respons
~i.e., linear resistivity! in the whole temperature region stu
ied and shows the sharp decrease atTL(H), while r(T) in
the high current density (J>10 A/cm2) deviates upward
from that in the lower current density. With decreasing te
peraturer(T) gradually decreases in the same manner
r(H) as shown in Fig. 1. In the lower-resistivity regio
r(T) shows linear response even in the high current den
of 10 A/cm2. Since the two-step feature is clear in the lo
current limit and the resistive tail shows the linear respon
the two-step transition does not result from broadening
the depinning process which should be observed under
J above the critical current density in the vortex solid pha
Therefore, the gradual disappearance of the linear resist
is consistent with the second-order solidification from t
vortex liquid to the glass phase. The interesting nonlinea
of r in high J is a characteristic feature of the vortex sta
just below TL . The origin of the nonlinearity is discusse
below.

In order to examine the nature of the transition in t
lower r region, the temperature dependence ofr and
@d(lnr)/dT#21 at 11 T is shown in Fig. 3. Since the vorte
glass theory24 predicts the temperature dependence of
linear resistivity r}(T2Tg)

s, the vortex glass transition
temperatureTg and the critical exponents are derived from
the linear extrapolation to@d(lnr)/dT#2150 and the inverse

FIG. 2. Temperature dependence of the resistivityr at 9 T under
various current densitiesJ.
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of the slope in@d(lnr)/dT#21 versus T, respectively. As
shown in the figure,@d(lnr)/dT#21 has a dip structure nea
the resistive kinkTL and shows the linear relation when th
temperature approachesTg . The obtained value of the criti
cal exponents55.9 is field independent in high fields we
above the multicritical pointHmcp as shown in the inset o
Fig. 3 and agrees with the previously reported results
untwinned YBCO.3,10,25This result indicates that the gradu
transition nearTg(H) is described by the vortex glas
theory.24

B. Thermodynamic properties of the vortex phase transition

Figure 4~a! shows a magnetizationM (H) curve at 85 K.
The magnetization shows an anomalous feature atHm which

FIG. 3. Temperature dependence ofr and (dlnr/dT)21 at 11 T.
Inset: Magnetic-field dependence of the critical exponents above
the multicritical pointHmcp.

FIG. 4. ~a! Magnetic-field dependence of the magnetizationM at
85 K. Inset: Magnetization jump atHm . ~b! Magnetic-field depen-
dence ofM ~upper inset! and expanded view ofM ~main panel! at
79 K. Lower inset: Magnetization jump atHL .
8-2
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PHASE TRANSITION IN THE VORTEX LIQUID AND . . . PHYSICAL REVIEW B66, 214518 ~2002!
separates irreversible and reversible regions. As shown in
inset of Fig. 4~a!, a clear jump in the magnetizatio
m0(M rev2M s) is observed atm0Hm.4.1 T and the jump
height m0DM.34 mT shows a reasonable value for th
first-order vortex lattice melting transition.4,6,7,9Here,M rev is
an equilibrium magnetization determined as an average
magnetizationM 1 andM 2 on the ascending and descendi
branches, respectively, andM s is a linear extrapolation from
the low-field magnetization. The first-order vortex latti
melting transition lineHm(T) is observed above 81 K~i.e.,
below 7 T! and well agrees with the field at whichr sud-
denly goes to zero without two-step feature. The small
finite vortex pinning belowHm(T) is consistent with the to-
pologically ordered Bragg glass phase.12–15

In the region of 76 K<T<81 K, on the other hand, th
behavior of the phase transition is different from that d
cussed above. Figure 4~b! and the upper inset of Fig. 4~b!
show theM (H) curve at 79 K, and a tiny anomaly is ob
served atHL . As shown in the lower inset of Fig. 4~b!, a
jump height inM (H) is estimated to bem0DM.1.3 mT.
The field HL(T) agrees well with the field at the resistiv
kink. Although the jump in bothM (H) andr(H) implies the
first-order transition, the jump is observed in the reversi
magnetization region aboveHg(T) and r remains a finite
value at HL(T). Furthermore, the jump heightm0DM at
HL(T) is an order-of-magnitude smaller than that for t
vortex lattice melting transition. These results show that
transition atHL(T) is not consistent with the vortex lattic
melting transition, implying a new type of transition in th
vortex liquid. The two-step transition cannot be explained
means of the macroscopic inhomogeneity of the superc
ductivity, because the superconducting transition at zero fi
and the thermodynamic transitions atHm(T) andHL(T) are
very sharp.

Below 75 K, M (H) shows a steep increase at a char
teristic magnetic fieldH* below the second peak as report
previously.9,10 The field H* , which is defined by a sharp
peak in dM /dH,10 is interpreted as the field-driven disorde
ing transition field between the Bragg glass phase and
vortex glass phase.9–15The disordering transition lineH* (T)
shifts to the high-field region with increasing temperatu
and finally reaches;7 T at ;81 K.17

Figure 5 shows the vortex phase diagram for optima
doped YBCO. The relation between three transition lines
Tm(H), Tg(H), andH* (T), which meet at the multicritica
point m0Hmcp.7 T, is consistent with the previously dis
cussed phase diagram.9–11 In the phase diagram, the vorte
liquid phase undergoes the melting linesTg(H) andTm(H)
into the vortex glass phase and the Bragg glass phase a
and belowHmcp, respectively, and these two vortex sol
phases are separated byH* (T). In Fig. 5, however, the ex
istence of theTL(H) line and the critical endpoint ofTL(H)
makes the vortex phase diagram peculiar, because theTL(H)
line implies the phase transition between the different vor
liquid regimes. TheTL(H) line is smoothly connected with
the Hm(T) line and both lines are described by the sa
expression2 for the first-order vortex lattice melting transitio
Hm5H0(12T/Tc)

n with the reasonable parametersm0H0
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5113.6 T, Tc593.3 K, andn51.38, so the origin of the
TL(H) can be greatly influenced by the vortex lattice melti
transition.

The inset of Fig. 5 shows the temperature dependenc
the entropy changeDs at the first-order transition which is
determined by using the Clausius-Clapeyron equationDs
52df0(DM /Hm)(dHm/dT). Here,f0 is the flux quantum
andd.12 Å is the distance between CuO2 double layers. In
the high-temperature region above 85 K,Ds due to the vor-
tex lattice melting transition is almost temperature indep
dent around;0.76kB /vortex/CuO2 double layer; the value
of Ds well agrees with the previously reported value
0.4–0.8kB /vortex/CuO2 double layer.4,6,7,9 Below 84 K,
however,Ds drastically decreases with decreasing tempe
ture toward the multicritical pointTmcp.81 K. In the region
of 76 K,T,81 K, Ds on TL(H) shows weak temperatur
dependence with a tiny value (;0.02kB /vortex/CuO2
double layer! and disappears below the critical endpointTcep
(.76 K) of the TL(H) line. These results indicate that th
terminal point of bothTg(H) and H* (T) lines divides the
first-order transition line into different two regions whic
consist of the vortex lattice melting transition lineTm(H)
and a novel transition lineTL(H).

Since the first-order transition lineTL(H) has a critical
endpointm0Hcep.11 T, one can enter the region betwe
Tg(H) and TL(H) continuously from the vortex liquid re
gime aboveTL(H) without a phase transition by going abov
the critical endpoint. The result indicates that there is
symmetry difference above and below theTL(H) line similar
to the case of liquid-gas transition of water. Furthermo
r(T) shows a much smaller but finite value belowTL(H) as
shown in Figs. 1 and 2. Thus the vortex state in the reg
betweenTg(H) andTL(H) is considered as the pinned vo
tex liquid. Vinokuret al.26 have discussed the pinning effe
on the vortex liquid by the weak disorder. They have su
gested that the vortex liquid can be effectively pinned a
the energy barrierUpl for the plastic deformation of vortice
becomes larger when a characteristic time of the plastic
formation of vorticestpl is larger than that of the pinning
tpin .1,26 The thermally assisted flux flow~TAFF! with a re-

FIG. 5. Vortex phase diagram for optimally doped untwinn
YBCO. Inset: Entropy changeDs at the first-order transition lines
Tm(H) andTL(H) as a function of temperature.
8-3
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sistivity r5r0exp(2Upl /kBT) is expected in the pinned liq
uid regime and the crossover to the unpinned vortex liq
takes place with increasing temperature. Although a br
shoulder inr(T) has been interpreted as the crossover fr
the pinned liquid with a large viscosity to the unpinned liqu
with a flux flow resistivity,26 it is difficult to explain the
sharp phase transition atTL(H) by this model.

The phase transition in the vortex liquid and the conc
of the vortex slush as a possible explanation of the pin
liquid regime betweenTg(H) and TL(H) have been pro-
posed by Worthingtonet al.19 and theoretically discussed b
Ikeda.27 AcrossTL(H) into the vortex slush regime, vortice
have short-range translational order but no long-range ph
order, so the energy barrier of the vortex motion does
diverge andr(T) shows a finite value in the low-J limit.
However,r(T) in the vortex slush regime can be small
than that in the vortex liquid regime, because the vor
translational correlation with a lengthRa,1 which is larger
than the Larkin-Ovchinnikov pinning lengthRc ,28 results in
the much larger but finite-energy barrier of the vortex m
tion. The exponential decrease ofr(T) has been predicted o
the basis of the TAFF-type argument in the vortex slu
regime,19 however,r(T) in Fig. 3 is well described by the
vortex glass theory24 r}(T2Tg)

s and theTg(H) line below
the vortex slush regime is continuously connected with t
in high fields aboveHcep as expected in Ref. 27. Since th
pinning disorder destroys the long-range translational co
lations in high fields aboveHmcp, Ra cannot grow to a large
size with decreasing temperature and the long-range vo
glass correlation is formed belowTg(H). In the vortex slush
regime @Tg(H)<T<TL(H)#, the resistivity shows a linea
response under low current density which results from
nature of the vortex liquid. However, with increasing curre
density, vortices with the short-range translational corre
tions are depinned, so the resistivity shows the nonlin
response. Thus the nonlinear resistivity shown in Fig. 2
well explained by the vortex dynamics in the vortex slu
regime.19 The results are consistent with our previo
report29 and provide further evidence of the vortex slush
gime. The coexistence of the vortex lattice with short-ran
order and the vortex liquid has been pointed out by the17O
NMR measurements30 and the result is consistent with ou
finding in this study. In the vortex slush regime, the to
volume with the short-range vortex correlation is estima
to be;3% as compared with the Bragg glass phase, ass
ing that the value ofDs reflects the vortex correlation vol
ume. In the weak pinning region betweenH* (T) andTm(H)
lines, on the other hand,Ra becomes larger and the Brag
glass phase with quasi-long-range translational orde
stable under the condition ofRa@a.12–15Here,a is a vortex
lattice spacing.

The appearance of the critical endpoint is supported
recent theories27,31,32 and Monte Carlo simulations.33 Since
the density is an appropriate order parameter for this kind
transition atTL(H), the two distinct vortex liquid regimes
are characterized by the different vortex density reflect
the formation of the short-range translational correlati
Monte Carlo simulations33 also have shown that the disloc
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tion density of vortices steeply jumps at the transition li
between vortex slush and vortex liquid regimes. Althou
the vortex liquid aboveTL(H) is denser than the vortex slus
below TL(H), two regimes become indistinguishable abo
Hcep. These situations are analogous to the first-order liqu
liquid transition line in the pressure-temperature plane
pure substances~e.g., supercooled water,34 liquid carbon,35

and liquid phosphorus36!; in this case, the change in the de
sity results from the different local atomic structures.34–36

The interesting similarity in the phase diagram between
vortex matter under the controlled disorder~i.e., optimally
doped YBCO! and pure substances indicates that the vor
matter behaves as an excellent laboratory for exploring
general phase transition.

C. Vortex phase diagram as a function of the oxygen content

In order to discuss effects of the disorder on the vor
slush regime, let us summarize the vortex phase diagram
YBCO as a function of the oxygen contenty572d. The
oxygen vacancyd works as a weak point disorder and th
value of y determines the carrier doping level. Figure
shows the summary9,10,16of the vortex phase diagram of un
twinned YBCO as a function of the oxygen contenty above
and below optimally doping (y.6.92). In the overdoped
region (y.6.92), the first-order vortex lattice melting tran
sition Tm(H) becomes remarkable and the phase transitio
the vortex liquidTL(H) is not observed. As shown in Fig
6~b!, slightly overdoped YBCO (y.6.95) shows a typical
vortex phase diagram for clean YBCO which has been
ported in previous papers.3,9–11 In the vortex phase diagram
three transition linesTm(H), Tg(H), and H* (T) meet the
multicritical pointHmcp and divide the vortex state into thre
different phases, i.e., the vortex liquid, the vortex glass, a
the Bragg glass. The topologically ordered Bragg glass ph
with quasi-long-range translational order undergoes a tra
tion into the disordered vortex glass phase with increas
field, because the dislocations are induced by the rando
distributed disorder in the high-field region above the fie
driven disordering transition lineH* (T); the nature of
H* (T) is well explained by the recent theories.13–15,27Since
theH* (T) line and the vortex lattice melting lineTm(H) are
the boundaries of the Bragg glass phase, both theH* (T) line
and the multicritical pointHmcp on theTm(H) line decrease
with increasing point disorder in the overdoped region. T
precise control of the point disorder in slightly overdop
YBCO (y.6.95) has been performed by the irradiatio
experiment10 of 2.5-MeV electrons with a maximum dose o
231018 e/cm2. Although theTc change is 0.4 K after elec
tron irradiation, the value ofHmcp reduces from 11 T to 5 T
due to the introduced point disorder;10 the results indicate
that the weak point disorder effectively destroys the Bra
glass phase and enhances the vortex glass phase. The
modynamic evidence of the first-order transition atH* (T)
and the inverse melting of the vortices have been reporte
Bi2Sr2CaCu2Oy ~Bi2212!.37 The continuous relation betwee
Tm(H) and H* (T) in overdoped YBCO@see Fig. 6~b!# is
consistent with the vortex phase diagram in Bi2212.37
8-4
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FIG. 6. Vortex phase diagram
for untwinned YBCO with various
oxygen contentsy above and be-
low the optimal condition. ~a!
Heavily overdoped YBCO (y
;7.0) ~Ref. 16!. ~b! Slightly over-
doped YBCO (y.6.95) ~Refs. 9
and 10!. ~c! Optimally doped
YBCO (y.6.92, studied in this
paper!. ~d! Slightly underdoped
YBCO (y.6.90) ~Ref. 16!. ~e!
Underdoped YBCO (y.6.88). ~f!
Schematic diagram ofTc vs y. The
electron irradiation effect~Ref.
10! has been examined for slightl
overdoped YBCO in ~b!. The
shaded portions in~c! and~d! cor-
respond to the vortex slush re
gime.
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In case of heavily overdoped YBCO (y;7.0),16,23 as
shown in Fig. 6~a!, the first-order melting transition line
Tm(H) exists at at least 30 T, which is consistent with t
extension of theTm(H) line of slightly overdoped YBCO.
The field-driven disordering transition lineH* (T) shows a
large value (;6.5 T) even in low temperatures and remar
ably increases with increasing temperature above 50 K.
though the vortex glass transition lineTg(H) is not observed
in the measured field region,H* (T) seems to approach th
multicritical point Hmcp just above 30 T, indicating the simi
lar phase diagram of slightly overdoped YBCO@Fig. 6~b!#.
The widely expanded Bragg glass region means that
YBCO single crystals in this study are of intrinsically hig
quality including a little defect except for the oxygen de
ciency. The disappearance of the first-order melting l
Tm(H) below the lower critical pointm0H lcp (.5 T) has
been studied experimentally7,23,38and theoretically.27 The de-
tails of the oxygen content dependence ofH lcp will be re-
ported elsewhere.39

Since the vortex slush regime is not observed in cle
overdoped YBCO but in defect-enhanced YBCO such
proton-irradiated single crystals,19 thin films,20 and the single
crystal with a low density of twins,21 the effective disorder
plays an important role in the vortex slush regime. In op
mally doped YBCO@Fig. 6~c!#, the transition lineTL(H)
between the vortex liquid and the vortex slush is observe
the limited regions of m0Hmcp(.7 T)<m0H<m0Hcep
(.11 T) and 79 K<T<81 K. With increasing oxygen de
ficiency from the optimal@Fig. 6~c!# to slightly underdoped
@Fig. 6~d!# ~Ref. 16! region, the upper limit of the vortex
slush ~i.e., m0Hcep) decreases from 11 T to 9 T. The lowe
limit of the vortex slush~i.e., m0Hmcp) is strongly expanded
to lower fields, so the region of the vortex slush becom
wider as shown by the shaded portion in Fig. 6~d!; the result
well agrees with the phase diagram obtained by17O NMR
measurements.30 Since the first-order vortex lattice meltin
transitionTm(H) and the field-driven disordering transitio
21451
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line H* (T) are not observed in slightly underdoped YBC
(y.6.90), the Bragg glass phase is completely destroyed
the small amount of oxygen deficiency (d.0.1).

Figure 6~e! shows the vortex phase diagram for unde
doped YBCO (y.6.88). The vortex slush regime disappea
and the vortex glass transition is the only visible phase tr
sition; the phase diagram is similar to that of the stron
irradiated YBCO single crystal25 and disordered YBCO
film.40 The nature of the melting transition was studied
Rykov et al.5 as a function of the oxygen content and t
disappearance of theTm(T) line was observed when the oxy
gen content decreases below the optimal condition. Our
sults are consistent with the previous study5 and provide fur-
ther information on the vortex solid phase and the vor
slush regime. The vortex liquid-to-slush transitionTL(H) is
observable in the narrow region of the field (Hmcp<H
<Hcep) and the oxygen content (6.90<y<6.92); bothH
andy are closely related with the disorder strength. The s
tematic change of the vortex phase diagram in Fig. 6 in
cates that the vortex slush regime is located in the border
below which the vortex lattice melting transition disappea
Therefore, the effective disorder with an intermedia
strength, which is controlled by the field and the oxyg
content, results in the vortex slush regime betweenTL(H)
andTg(H). Recently, the effect of the vortex pinning mech
nism on the field-driven disordering transition lineH* (T)
was discussed and the vortex phase diagram for two type
pinning ~i.e., thedTc pinning caused by spatial fluctuation
of Tc and the d l pinning caused by fluctuations of th
charge-carrier mean free path near a lattice defect! has been
presented.32,41 However, the doping dependence of the p
ning mechanism has not yet been clear in YBCO. In ad
tion, the pinning mechanism in YBCO is not simple, becau
the oxygen vacancy forms both clusters along theb axis and
the strong atomic distortion along thea axis in the CuO
chain layer.42 The relation between the pinning mechanis
and the vortex phase diagram should be studied in futur
8-5
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In the vortex glass phase in Figs. 6~d! and 6~e!, the broad
second peak in the magnetization exists and the peak
Hp(T) monotonically decreases towardTc , contrary to the
case of optimally doped and overdoped YBCO. This bro
second peak may result from the pinning and dynamics
the collectively pinned disordered vortices.1 The origin of the
broad second peak has been discussed in terms of the
dependent pinning at oxygen-deficient domains,43 the cross-
over in the different regimes of the vortex dynamics,44 and
the collective pinning effects in the disordered vort
phase.45

Recently, Bouquetet al.46 also have found the vorte
liquid-to-liquid transition from magnetization and specifi
heat measurements in YBCO. The reported vortex ph
boundary46 is similar to Fig. 6~c!, however, the interpretation
is different from that discussed above. Since the specific h
shows the step structure at the liquid-to-liquid transition l
which shows no critical endpoint up to 26 T, they have su
gested the second-order transition to be from the lo
temperature liquid with line tension to the high-temperat
liquid without line tension.47 In addition, Monte Carlo
simulations33,48 using the same three-dimensional frustra
XY model show different conclusions each other; Nonom
and Hu33 have obtained the vortex phase diagram includ
the vortex slush regime which well agrees with Fig. 6~c!,
however, Olsson and Teitel48 have interpreted the line in th
liquid phase as a smooth crossover. Further study is requ
to clarify the details of the vortex phase diagram.
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IV. CONCLUSION

We have studied the vortex matter phase diagram for
timally doped untwinned YBCO. We have found that th
terminal point of bothTg(H) andH* (T) lines separates the
first-order transition into two lines, i.e., the vortex lattic
melting transition lineTm(H) between the vortex liquid and
the Bragg glass (H,Hmcp) and theTL(H) line, which is
characterized by the critical endpointHcep, between the dif-
ferent kinds of vortex liquid regimes (H.Hmcp). We have
shown that Ds across TL(H) is much smaller
(;0.02kB/vortex/CuO2 double layer! than that for the vortex
liquid-to-Bragg glass transition atTm(H). We have pre-
sented evidence that, in the vortex slush regime betw
Tg(H) andTL(H), the vortices behave as the pinned liqu
and the resistivity shows a much smaller but finite valu
indicating the short-range translational correlation. We a
have studied the vortex phase diagram as a function ofy and
found that the Bragg glass phase disappears in the un
doped region (y,6.92) and the vortex slush regime appea
in the narrow region of 6.90<y<6.92 due to the intermedi
ate strength of the point disorder.
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