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The vortex phase diagram of optimally doped untwinned ®B80, is studied. We find a first-order
transitionT (H) in the vortex liquid above the terminal poiHt,., (=7 T) of both the vortex glass lirgy(H)
and the field-driven disordering transition lind*(T). The obtained small entropy change-@.02
kg /vortex/layer) and the critical endpoifitce, (=11 T) of the T (H) line indicate that the vortex liquid
undergoes the vortex slush regime before the solidification into the vortex glass phaseHggjowhe 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., 6.96sy<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.
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I. INTRODUCTION Il. EXPERIMENT

. High quality YBCO single crystals were prepared by the
In high-temperature superconductors, vortex matter show; elf-flux method using a YO, crucible®°A sample used in

pronounced features due to strong thermal fluctuations whic is study was a naturally untwinned single crystal with di-
result from the high critical temperatufig, the short coher- . cions of 1.5%0.80x0.02 mn3. The optimally doped
ence length¢, and the large anisotropy=(mg/map) " crystal (y=6.92) prepared by annealing at 550°C in 8 bar
(Ref. . In clean untwinned YB#u;0, (YBCO), studies  gyygerd® showed T,=93.3 K with the width AT, (10%

on resistivity;* magnetizatiorf;> and specific heft® have  _g094)~140 mK. The oxygen conteny was estimated
demonstrated that the vortex liquid phase and the Braggom the annealing condition and tfie value!®?? Electric
glass phase are separated by the first-order vortex lattigesistivity p was measured by a conventional dc four-probe
melting transition lineH (T). Since the nature of the vortex method under a current densifi=0.1—10 A/cn?. High-
matter is very sensitive to the effective disorder which isprecision magnetization measurements were performed using
controlled both by the type and density of defects and by thea capacitance torque meter in the magnetic field applied
magnetic fields, the vortex lattice melting transition givesabout< 10° tilted away from the axis? A sensitivity of the
way to the continuous glassy transition in high fields aboveorque magnetometer was better thAmr=1x10"'! Nm

the multicritical pointHe,.>>°~* Recent experiments in and the magnetizatioM (H) was derived from a magnetic
overdoped YBCQO(Refs. 9—1] and theorie¥ *° have sug- torques=V(M X uoH) curve.

gested that the field-driven disordering transition li&(T)

is connected wittH ., and divides the vortex solid into the [ll. RESULTS AND DISCUSSION

Bragg glass and the vortex glass phases.

The vortex state is determined by the competition be-
tween elastic, pinning, and thermal enerdies the vortex Figure 1 shows magnetic-field dependence of the linear
matter shows a great variety of phases réag, due to the ~ resistivity p(H) at several temperatures (72K'<90 K).
point disorder such as the deficiency. Contrary to overdoped
YBCO . the H* (T) line approaches the first-order transi-
tion line well below the critical point for optimally doped
and slightly underdoped YBC&:81n addition, two sepa-
rate transitions, i.e., the remnant of vortex lattice melting
transition and the vortex glass transition, have been sug-
gested for defect-enhanced YBC® 2 In this paper, we find
thermodynamic evidence of the first-order transition in the
vortex liquid regime and the appearance of the critical end-
point for optimally doped YBCO. We show that these com-
plicated vortex phas&$*°are well explained by considering
a vortex slush regime abow¢,,.,. We also study the oxygen
contenty dependence of the vortex phase diagram and find
that the effective disorder with intermediate strength results FIG. 1. Magnetic-field dependence of the linear resistiyitin
in the vortex slush regime. optimally doped untwinned YBCO.

A. Anomalous transition in the resistivity
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FIG. 3. Temperature dependencepofind @Inp/dT) * at 11 T.
Inset: Magnetic-field dependence of the critical exporeabove

FIG. 2. Ti t f th istiwi T N :
G emperature dependence of the resistiwitit 9 T under the multicritical pointH ey,

various current densitiek

of the slope in[d(Inp)/dT] ! versusT, respectively. As
shown in the figure[d(Inp)/dT] ! has a dip structure near
’ . v > the resistive kinkT| and shows the linear relation when the
the first-order vortex lattice melting transitiéi. On the temperature approach@. The obtained value of the criti-

other hand, in the low-temperature region below 74 K, a5 exponens=5.9 is field independent in high fields well
continuous decrease gi(H) is observed, indicating the apoye the multicritical poinH e as shown in the inset of

second-order transition such as the vortex glass tran§|’ii0n.Fig_ 3 and agrees with the previously reported results for
In the intermediate-temperature region (7&K<81K),  nuwinned YBCO*12?This result indicates that the gradual

p(H) shows an anomalous two-step feature. AlthopgH)  ransition nearTy(H) is described by the vortex glass
shows a sharp drop &1, a finite value ofp(H) remains theory?

and p(H) decreases gradually with decreasing field. These
results indicate that the vortex liquid undergoes two kinds of
transition into the vortex solid, i.e., the first-order transition
atH__ in the high-field region and the second-order transition Figure 4a) shows a magnetizatiokl (H) curve at 85 K.
in the low-field region. The magnetization shows an anomalous featui¢ awhich
Figure 2 shows temperature dependence of resistivity in
the two-step regiong,H=9 T) under various transport cur- N ' '
rent densities) =0.1— 10 A/cn?. The resistivityp(T) in the -:(a) BYML o fn
lower current densityJ<2.5 A/cn?) shows linear response 2r 1
(i.e., linear resistivity in the whole temperature region stud- ;
ied and shows the sharp decreas&@ g@tH), while p(T) in
the high current densityJ&10 A/cn?) deviates upward
from that in the lower current density. With decreasing tem-
peraturep(T) gradually decreases in the same manner of
p(H) as shown in Fig. 1. In the lower-resistivity region, - if : :
p(T) shows linear response even in the high current density Sl ' . ' ; '
of 10 A/cn?. Since the two-step feature is clear in the low
current limit and the resistive tail shows the linear response,

In the high-temperature region above 81 g{H) shows a
sharp discontinuous jump &t,(T) which is associated with

B. Thermodynamic properties of the vortex phase transition

Y

1o M (mT)

4

the two-step transition does not result from broadening by A b)By3H A
the depinning process which should be observed under high ] T=79K, ]
J above the critical current density in the vortex solid phase. 1 Mee A& i
Therefore, the gradual disappearance of the linear resistivity 1 \ ]
is consistent with the second-order solidification from the — ﬂ” —
vortex liquid to the glass phase. The interesting nonlinearity g”? He %
of p in high J is a characteristic feature of the vortex state ¢ 'F t" E
just below T, . The origin of the nonlinearity is discussed < O%F i st
below. - I fmmdn s
In order to examine the nature of the transition in the L L

|
lower p region, the temperature dependence wfand 8.4 8.6 H(T) 8.8 9
[d(Inp)/dT] ! at 11 T is shown in Fig. 3. Since the vortex Ho
glass theor§/ predicts the temperature dependence of the [ig. 4. (a) Magnetic-field dependence of the magnetizatibat
linear resistivity p(T—T)®, the vortex glass transition g5 K. Inset: Magnetization jump &,,. (b) Magnetic-field depen-
temperaturely and the critical exponerg are derived from  dence ofM (upper insetand expanded view d¥l (main panel at
the linear extrapolation tpd(Inp)/dT] 1=0 and the inverse 79 K. Lower inset: Magnetization jump &t .
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separates irreversible and reversible regions. As shown in the [T

100
inset of Fig. 4a), a clear jump in the magnetization L 33Y3H1 510 E
wo(Mey— M) is observed afuoH,,=4.1 T and the jump 20} 210t
height ©uoAM=34 uT shows a reasonable value for the - \% ]
first-order vortex lattice melting transitiét?:"°Here,M o, is < 10
<

an equilibrium magnetization determined as an average of
magnetizatiorM , andM _ on the ascending and descending
branches, respectively, amd is a linear extrapolation from 10
the low-field magnetization. The first-order vortex lattice i
melting transition lineH,(T) is observed above 81 K.e.,
below 7 T) and well agrees with the field at whigh sud-
denly goes to zero without two-step feature. The small but iy
finite vortex pinning belowH ,(T) is consistent with the to- 60 70 8
pologically ordered Bragg glass phdge®® T(K)
In the region of 76 Ingggl' K’. on.the other hand, thef FIG. 5. Vortex phase diagram for optimally doped untwinned
behavior of the Phase transition is dlffe'rent from 'that dIS'YBCO. Inset: Entropy changas at the first-order transition lines
cussed above. Figure(l®) and the upper inset of Fig.( T _(H) andT_(H) as a function of temperature.
show theM(H) curve at 79 K, and a tiny anomaly is ob-
served atH, . As shown in the lower inset of Fig.(d), a =113.6 T, T.=93.3 K, andn=1.38, so the origin of the
jump height inM(H) is estimated to beigAM=1.3 uT. T (H) can be greatly influenced by the vortex lattice melting
The field H (T) agrees well with the field at the resistive transition.
kink. Although the jump in botiM (H) andp(H) implies the The inset of Fig. 5 shows the temperature dependence of
first-order transition, the jump is observed in the reversiblehe entropy changds at the first-order transition which is
magnetization region abovidy(T) and p remains a finite determined by using the Clausius-Clapeyron equathen
value atH (T). Furthermore, the jump heightoAM at  =—d¢o(AM/H))(dH,/dT). Here,¢q is the flux quantum
H.(T) is an order-of-magnitude smaller than that for theandd=12 A is the distance between Cy@ouble layers. In
vortex lattice melting transition. These results show that théhe high-temperature region above 854S due to the vor-
transition atH (T) is not consistent with the vortex lattice tex lattice melting transition is almost temperature indepen-
melting transition, implying a new type of transition in the dent around~0.76g/vortex/CuQ double layer; the value
vortex liquid. The two-step transition cannot be explained byof As well agrees with the previously reported value of
means of the macroscopic inhomogeneity of the supercorB.4—0.&g/vortex/CuQ double layef®"° Below 84 K,
ductivity, because the superconducting transition at zero fielhlowever,As drastically decreases with decreasing tempera-
and the thermodynamic transitionstay,(T) andH (T) are  ture toward the multicritical point ,.,~81 K. In the region
very sharp. of 76 K<T<81 K, As on T (H) shows weak temperature
Below 75 K, M(H) shows a steep increase at a characdependence with a tiny value ~0.0Xg/vortex/CuQ
teristic magnetic fieldd* below the second peak as reported double layey and disappears below the critical endpdint,,
previously?*® The field H*, which is defined by a sharp (=76 K) of the T_(H) line. These results indicate that the
peak in dM/dH,'%is interpreted as the field-driven disorder- terminal point of bothTy(H) and H*(T) lines divides the
ing transition field between the Bragg glass phase and théirst-order transition line into different two regions which
vortex glass phase®The disordering transition linkl* (T) consist of the vortex lattice melting transition lifg,(H)
shifts to the high-field region with increasing temperatureand a novel transition lin& (H).
and finally reaches-7 T at~81 K.’ Since the first-order transition lin€_(H) has a critical
Figure 5 shows the vortex phase diagram for optimallyendpointMOHcep: 11 T, one can enter the region between
doped YBCO. The relation between three transition lines off(H) and T, (H) continuously from the vortex liquid re-
Tm(H), Tg(H), andH*(T), which meet at the multicritical gime aboveT, (H) without a phase transition by going above
point uoHme=7 T, is consistent with the previously dis- the critical endpoint. The result indicates that there is no
cussed phase diagratnt® In the phase diagram, the vortex symmetry difference above and below thgH) line similar
liquid phase undergoes the melting linggH) and T,(H) to the case of liquid-gas transition of water. Furthermore,
into the vortex glass phase and the Bragg glass phase abop€T) shows a much smaller but finite value beldyw(H) as
and belowH,,, respectively, and these two vortex solid shown in Figs. 1 and 2. Thus the vortex state in the region
phases are separated HY (T). In Fig. 5, however, the ex- betweenTy(H) and T (H) is considered as the pinned vor-
istence of thel | (H) line and the critical endpoint of, (H) tex liquid. Vinokuret al?® have discussed the pinning effect
makes the vortex phase diagram peculiar, becausg, ftte) on the vortex liquid by the weak disorder. They have sug-
line implies the phase transition between the different vortexgested that the vortex liquid can be effectively pinned and
liquid regimes. TheT (H) line is smoothly connected with the energy barriet , for the plastic deformation of vortices
the H(T) line and both lines are described by the samebecomes larger when a characteristic time of the plastic de-
expressiohfor the first-order vortex lattice melting transition formation of vorticesry, is larger than that of the pinning
Hm=Ho(1—T/T)" with the reasonable parameteigH,  7,,.5?° The thermally assisted flux flofTAFF) with a re-

Ko H (T)

Bragg glass

90
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sistivity p=poexp(~Up/kgT) is expected in the pinned lig- tion density of vortices steeply jumps at the transition line
uid regime and the crossover to the unpinned vortex liquid>etween vortex slush and vortex liquid regimes. Although
takes place with increasing temperature. Although a broaghe vortex liquid abové (H) is denser than the vortex slush
shoulder inp(T) has been interpreted as the crossover fronbelow T (H), two regimes become indistinguishable above
the pinned liquid with a large viscosity to the unpinned liquid Hcep- These situations are analogous to the first-order liquid-
with a flux flow resistivity?® it is difficult to explain the liquid transition line in the pressure-temperature plane for
sharp phase transition @ (H) by this model. pure substance.g., supercooled watét liquid carbon®®

The phase transition in the vortex liquid and the concepgnd liquid phosphord$); in this case, the change in the den-
of the vortex slush as a possible explanation of the pinne@ity results from the different local atomic structurés®
liquid regime betweerl(H) and T (H) have been pro- The interesting similarity in the phase diagram between the
posed by Worthingtoet al*® and theoretically discussed by vortex matter under the controlled disordee., optimally
Ikeda?’ AcrossT,(H) into the vortex slush regime, vortices doped YBCO and pure substances indicates that the vortex
have short-range translational order but no long-range phaggatter behaves as an excellent laboratory for exploring the
order, so the energy barrier of the vortex motion does nogeneral phase transition.
diverge andp(T) shows a finite value in the lod-limit.
However, p(T) in the vortex slush regime can be smaller
than that in the vortex liquid regime, because the vortex
translational correlation with a lengtR,,* which is larger In order to discuss effects of the disorder on the vortex
than the Larkin-Ovchinnikov pinning lengfR.,?® results in  slush regime, let us summarize the vortex phase diagram in
the much larger but finite-energy barrier of the vortex mo-YBCO as a function of the oxygen contept7— 6. The
tion. The exponential decrease(fT) has been predicted on oxygen vacancy works as a weak point disorder and the
the basis of the TAFF-type argument in the vortex slushvalue of y determines the carrier doping level. Figure 6
regime®® however,p(T) in Fig. 3 is well described by the shows the summary®*°of the vortex phase diagram of un-
vortex glass theofy p(T—Ty)* and theT(H) line below twinned YBCO as a function of the oxygen contgrabove
the vortex slush regime is continuously connected with thagnd below optimally doping y(=6.92). In the overdoped
in high fields aboveH ., as expected in Ref. 27. Since the region (y>6.92), the first-order vortex lattice melting tran-
pinning disorder destroys the long-range translational corresition T,,(H) becomes remarkable and the phase transition in
lations in high fields abovél ., R,cannot grow to a large the vortex liquidT, (H) is not observed. As shown in Fig.
size with decreasing temperature and the long-range vorte(b), slightly overdoped YBCO ¥=6.95) shows a typical
glass correlation is formed beloW(H). In the vortex slush  vortex phase diagram for clean YBCO which has been re-
regime[Ty(H)<T<T,(H)], the resistivity shows a linear ported in previous papefs.**In the vortex phase diagram,
response under low current density which results from théhree transition lines,,(H), Ty(H), andH*(T) meet the
nature of the vortex liquid. However, with increasing currentmulticritical pointH .., and divide the vortex state into three
density, vortices with the short-range translational correladifferent phases, i.e., the vortex liquid, the vortex glass, and
tions are depinned, so the resistivity shows the nonlineathe Bragg glass. The topologically ordered Bragg glass phase
response. Thus the nonlinear resistivity shown in Fig. 2 isvith quasi-long-range translational order undergoes a transi-
well explained by the vortex dynamics in the vortex slushtion into the disordered vortex glass phase with increasing
regime'® The results are consistent with our previousfield, because the dislocations are induced by the randomly
report® and provide further evidence of the vortex slush re-distributed disorder in the high-field region above the field-
gime. The coexistence of the vortex lattice with short-rangedriven disordering transition lineH*(T); the nature of
order and the vortex liquid has been pointed out by ff@  H*(T) is well explained by the recent theori€s*>2’Since
NMR measurement® and the result is consistent with our theH* (T) line and the vortex lattice melting ling,(H) are
finding in this study. In the vortex slush regime, the totalthe boundaries of the Bragg glass phase, bothHth€T) line
volume with the short-range vortex correlation is estimatedand the multicritical poinH ¢, on theT,(H) line decrease
to be~3% as compared with the Bragg glass phase, assunwith increasing point disorder in the overdoped region. The
ing that the value ofAs reflects the vortex correlation vol- precise control of the point disorder in slightly overdoped
ume. In the weak pinning region betweldr (T) andT,(H) YBCO (y=6.95) has been performed by the irradiation
lines, on the other hand}, becomes larger and the Bragg experiment’ of 2.5-MeV electrons with a maximum dose of
glass phase with quasi-long-range translational order i2x 10 e/cn?. Although theT, change is 0.4 K after elec-
stable under the condition &,>a.*?"'*Here,a is a vortex  tron irradiation, the value ofi ¢, reduces from 11 Tto 5 T
lattice spacing. due to the introduced point disord€rthe results indicate

The appearance of the critical endpoint is supported byhat the weak point disorder effectively destroys the Bragg
recent theorie€3132and Monte Carlo simulation§.Since  glass phase and enhances the vortex glass phase. The ther-
the density is an appropriate order parameter for this kind omodynamic evidence of the first-order transitionHt(T)
transition atT,(H), the two distinct vortex liquid regimes and the inverse melting of the vortices have been reported in
are characterized by the different vortex density reflecting3i,Sr,CaCyO, (Bi2212.%" The continuous relation between
the formation of the short-range translational correlation.T(H) and H*(T) in overdoped YBCOsee Fig. @)] is
Monte Carlo simulatior also have shown that the disloca- consistent with the vortex phase diagram in Bi2312.

C. Vortex phase diagram as a function of the oxygen content
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FIG. 6. Vortex phase diagram
for untwinned YBCO with various
oxygen contenty above and be-
low the optimal condition.(a)
Heavily overdoped YBCO Y
~7.0) (Ref. 18. (b) Slightly over-
doped YBCO ¢=6.95) (Refs. 9
and 10. (c¢) Optimally doped
YBCO (y=6.92, studied in this
papej. (d) Slightly underdoped
YBCO (y=6.90) (Ref. 16. (e)
Underdoped YBCOY=6.88). (f)
Schematic diagram df. vsy. The
electron irradiation effect(Ref.
10) has been examined for slightly
Vortex 4 overdoped YBCO in(b). The

88 %-lislh shaded portions ifc) and(d) cor-
6.92 7.0 N respond to the vortex slush re-
Oxygen content ob—v v ime.
® e ¥ 4050 60, ( Iz()) 80 90 g

In case of heavily overdoped YBCOy{7.0).'®? as line H*(T) are not observed in slightly underdoped YBCO
shown in Fig. 6a), the first-order melting transition line (y=6.90), the Bragg glass phase is completely destroyed by
Tn(H) exists at at least 30 T, which is consistent with thethe small amount of oxygen deficiency£0.1).
extension of theT,,(H) line of slightly overdoped YBCO. Figure 8e) shows the vortex phase diagram for under-
The field-driven disordering transition lind* (T) shows a doped YBCO §=6.88). The vortex slush regime disappears
large value (-6.5 T) even in low temperatures and remark-and the vortex glass transition is the only visible phase tran-
ably increases with increasing temperature above 50 K. Alsition; the phase diagram is similar to that of the strongly
though the vortex glass transition lifig(H) is not observed irradiated YBCO single crystal and disordered YBCO
in the measured field regioi]* (T) seems to approach the film.*° The nature of the melting transition was studied by
multicritical pointH ¢, just above 30 T, indicating the simi- Rykov et al® as a function of the oxygen content and the
lar phase diagram of slightly overdoped YBQ®Big. 6(b)]. disappearance of thE,(T) line was observed when the oxy-
The widely expanded Bragg glass region means that thgen content decreases below the optimal condition. Our re-
YBCO single crystals in this study are of intrinsically high sults are consistent with the previous sttidpd provide fur-
quality including a little defect except for the oxygen defi- ther information on the vortex solid phase and the vortex
ciency. The disappearance of the first-order melting lineslush regime. The vortex liquid-to-slush transitiop(H) is
Tm(H) below the lower critical poinfugHi, (=5 T) has  observable in the narrow region of the fieldH {,<H
been studied experimentafly***and theoretically’ The de-  <H,) and the oxygen content (6.89/<6.92); bothH
tails of the oxygen content dependenceHyf, will be re-  andy are closely related with the disorder strength. The sys-
ported elsewher&, tematic change of the vortex phase diagram in Fig. 6 indi-

Since the vortex slush regime is not observed in cleartates that the vortex slush regime is located in the borderline
overdoped YBCO but in defect-enhanced YBCO such a®elow which the vortex lattice melting transition disappears.
proton-irradiated single crystal$thin films2° and the single Therefore, the effective disorder with an intermediate
crystal with a low density of twing! the effective disorder strength, which is controlled by the field and the oxygen
plays an important role in the vortex slush regime. In opti-content, results in the vortex slush regime betw@g(H)
mally doped YBCOJFig. 6(c)], the transition lineT (H) andTy(H). Recently, the effect of the vortex pinning mecha-
between the vortex liquid and the vortex slush is observed imism on the field-driven disordering transition lit&* (T)
the limited regions of uoHme(=7 T)<puoH<=puoHcep was discussed and the vortex phase diagram for two types of
(=11T) and 79 KsT=<81 K. With increasing oxygen de- pinning (i.e., the 5T pinning caused by spatial fluctuations
ficiency from the optima[Fig. 6(c)] to slightly underdoped of T, and the 8l pinning caused by fluctuations of the
[Fig. 6(d)] (Ref. 16 region, the upper limit of the vortex charge-carrier mean free path near a lattice deteas been
slush(i.e., uoHcep) decreases from 11 T to 9 T. The lower presented”*' However, the doping dependence of the pin-
limit of the vortex slush(i.e., uoHmep) is strongly expanded ning mechanism has not yet been clear in YBCO. In addi-
to lower fields, so the region of the vortex slush becomesion, the pinning mechanism in YBCO is not simple, because
wider as shown by the shaded portion in Figd)6the result  the oxygen vacancy forms both clusters alonghitexis and
well agrees with the phase diagram obtained®® NMR  the strong atomic distortion along the axis in the CuO
measurement®. Since the first-order vortex lattice melting chain layef? The relation between the pinning mechanism
transitionT,,(H) and the field-driven disordering transition and the vortex phase diagram should be studied in future.
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In the vortex glass phase in Figgdband Ge), the broad IV. CONCLUSION
second peak in the magnetization exists and the peak field . .
H,(T) monotonically decreases towald, contrary to the We have studled.the vortex matter phase diagram for op-
case of optimally doped and overdoped YBCO. This broao“mal_Iy dOp?d untwinned YBCO.*We have found that the
second peak may result from the pinning and dynamics oferminal point of bothiT4(H) andH*(T) lines separates the
the collectively pinned disordered vortickShe origin of the ~ first-order transition into two lines, i.e., the vortex lattice
broad second peak has been discussed in terms of the fielghelting transition lineT,(H) between the vortex liquid and
dependent pinning at oxygen-deficient domdihthe cross- the Bragg glass<Hp) and theT (H) line, which is
over in the different regimes of the vortex dynan‘ﬁéand characterized by the critical endpoirit,,, between the dif-
the collective pinning effects in the disordered vortexferent kinds of vortex liquid regimesH>H.y). We have
phase’® shown that As across T (H) is much smaller

Recently, Bouquetet al*® also have found the vortex (~0.0Xg/vortex/CuQ double layeythan that for the vortex
liquid-to-liquid transition from magnetization and specific- liquid-to-Bragg glass transition af(H). We have pre-
heat measurements in YBCO. The reported vortex phas€ented evidence that, in the vortex slush regime between
boundar{® is similar to Fig. 6c), however, the interpretation T4(H) andT_(H), the vortices behave as the pinned liquid
is different from that discussed above. Since the SpeCiﬁC hegnd the resistivity shows a much smaller but finite Va|UE,
shows the step structure at the liquid-to-liquid transition linejndicating the short-range translational correlation. We also
which shows no critical endpoint up to 26 T, they have sugave studied the vortex phase diagram as a functignamid
gested the second-order transition to be from the |0Wf0und that the Bragg g|aSS phase disappears in the under-
temperature liquid with line tension to the high-temperaturegoped region y<6.92) and the vortex slush regime appears

|IQUId without line tensiorﬂ7 In addition, Monte Carlo in the narrow region of 69@y$ 6.92 due to the intermedi-
simulations®*® using the same three-dimensional frustratedate strength of the point disorder.

XY model show different conclusions each other; Nonomura
and HU*® have obtained the vortex phase diagram including
the vortex slush regime which well agrees with Figc)6
however, Olsson and Teifélhave interpreted the line in the
liquid phase as a smooth crossover. Further study is required The authors acknowledge useful discussions with T.
to clarify the details of the vortex phase diagram. Nojima, R. Ikeda, X. Hu, Y. Nonomura, and T. Giamarchi.
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