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We have studied the Josephson vortex phase diagram of 60-K YBa2Cu3O72d single crystals by measuring
the in-plane resistivity. We find that the phase transition of the Josephson vortices in high magnetic fields above
60 kOe is a two-stage process which consists of first-order vortex liquid-to-slush and second-order vortex
slush-to-glass transitions, while a single second-order vortex liquid-to-glass transition is observed in low
magnetic fields below 50 kOe. The obtained results show that the vortex slush appears as the intermediate
regime between the ordinary vortex liquid and glassy phases in the Josephson vortex system.
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I. INTRODUCTION

In the mixed state of high-temperature superconductors,
the vortex phase diagram for a magnetic field applied parallel
to theab plane (Hiab) is still unclear, in contrast to that for
the Hic axis. ForHiab, since the so-called Josephson vor-
tices ~JV’s! are formed between the neighboring supercon-
ducting layers, their phase transition is significantly affected
by the layered structure. In the 90-K phase of YBa2Cu3O72d

~YBCO! single crystals, the in-plane resistivity experiments
by Kwok et al.1 showed that a first-order transition is sup-
pressed by intrinsic pinning2 and the possibility of a transi-
tion between the vortex smectic and liquid phases on the
analogy of that between the nematic and smectic-A phases in
liquid crystals.3 Later, motivated by Ref. 1, Balents and
Nelson4 theoretically revealed that the second-order vortex
liquid-to-smectic transition occurs between the liquid and
solid phases and predicted the complex behavior of this tran-
sition line as a result of the commensurability effect of the
vortex density with the interlayer distance. Experiments in
90-K YBCO by Grigeraet al.5 and results of a computer
simulation by Lagunaet al.6 supported this scenario by ob-
serving a two-step transition.

In oxygen deficient YBCO single crystals, Gordeevet al.7

observed a vertical and oscillating melting line characterized
by a jump in the in-plane resistivity and attributed it to the
appearance of the smectic phase. It seems that there is a
resistive tail below the jump; however, they did not discuss
the lower transition between the smectic and solid phases.
Lundqvistet al. also reported similar vertical transition lines
for such materials from both the in-plane8 and out-of-plane9

resistivity measurements. Only a single resistive transition
was found in both results, demonstrating the absence of an
intermediate region like the smectic phase. On the other
hand, the vortex slush regime, which was reported by Wor-
thingtonet al.10 for Hic in proton irradiated 90-K YBCO, is
well known as an intermediate phase between vortex liquid
and vortex glass. In Ref. 10, the authors found a two-stage
transition comprised of discontinuous and continuous behav-
iors and interpreted it as follows: upon cooling the liquid

undergoes a first-order transition into slush, and the slush
freezes into the vortex glass phase via a second-order transi-
tion. For Hiab, such a regime has not been experimentally
observed, but was theoretically confirmed by Ikeda.11 Con-
sequently, in oxygen deficient YBCO, although several ex-
perimental observations which indicate transitions of the
JV’s have been reported, the nature of those transitions
seems not to be settled.

In this paper, we report the JV phase diagram in 60-K
YBCO single crystals. We find a two-stage resistive transi-
tion consisting of both the jump and continuous behaviors in
high magnetic fields above 60 kOe and show that the two
transitions consist of first-order liquid-to-slush and second-
order slush-to-glass. On the other hand, the liquid directly
freezes into glass via a second-order transition in low mag-
netic fields below 50 kOe. Our findings are evidence that the
vortex slush regime exists in the JV phase diagram.

II. EXPERIMENT

YBCO single crystals were grown by a self-flux method
in yttria crucibles.12 Twinned 60-K phase crystals were ob-
tained by annealing at 680 °C for 1 week in 1 bar flowing
oxygen gas, followed by quenching in liquid nitrogen. The
superconducting transition temperatureTc defined at the zero
resistivity is 62.4 K. The sample dimensions are 0.830.6
30.2 mm3. The in-plane resistivityr is measured by a con-
ventional dc four-probe method with a typical current density
J of 0.6 A/cm2 in magnetic fields up to 150 kOe. The sample
position is adjusted with the angle resolution of;0.01°,
where the anglef is defined between the magnetic-field di-
rection and theab plane; the current direction is always per-
pendicular to the former. The experimental configuration is
schematically illustrated in the inset of Fig. 1. The aniso-
tropic parameterg(5jab /jc) of the crystal is determined to
be;17 from scaling the set of ther(f) curves measured in
several magnetic fields up to 90 kOe by the reduced field,
H red5H( sin2 f1g22 cos2 f)1/2, based on the effective mass
model,13 wherejab andjc are the coherence length in theab
plane and along thec axis direction, respectively.
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III. RESULTS

Figure 1 shows the angular dependence of the resistivity
r(f) at H5150 kOe andT557.1 K nearHiab. The angle
at the resistivity minimum indicatingHiab is defined asf
50°. The resistivity linearly depends onf at high angles.
Below a certain angle, indicated asufTu;0.6°, the resistivity
starts to deviate from its linear behavior and rapidly de-
creases, indicating that the vortices begin to be confined be-
tween the layers. A sharp dip appears belowufLu;0.15°,
demonstrating the lock-in transition. The specific anglesfL
andfT are the so-called lock-in and trapping angles, respec-
tively.

Figure 2 shows the temperature dependence of the resis-
tivity r(T) at f50° in several magnetic fields up to 150
kOe. In high magnetic fields above 60 kOe, ther(T) curves
represent a two-stage transition; upon cooling, they first

show a somewhat sharp jump toward nonzero resistivity and
next a gradual temperature dependence accompanied by a
continuous transition. On the other hand, in low magnetic
fields below 50 kOe, ther(T) curves show only a continu-
ous transition. The inset of Fig. 2 demonstrates ther(T)
curves for several current densities of 0.6, 1.2, and 2.0 A/cm2

at 130 kOe. In the low-resistivity regime below
1023 mV cm, one can find a slight nonlinear~non-Ohmic!
behavior among the curves. However, this feature is caused
by only ther(T) curve at 2.0 A/cm2. Futhermore, the other
curves for 0.6 and 1.2 A/cm2, show a similar temperature
dependence. Thus we consider that the current density of
0.6 A/cm2 typically used here gives a linear~Ohmic! resis-
tivity.

Figure 3 shows the temperature dependence of the resis-
tivity for f50.6°, just above the trapping angle, in magnetic
fields up to 150 kOe. The anomalous feature as observed for
f50° completely disappears, and only a continuous transi-
tion occurs.

The discontinuous transition temperature forf50° in
high magnetic fields is defined as the temperature at which

FIG. 1. Angular dependence of the resistivityr(f) at T557.1
K and H5150 kOe nearHiab, where the anglef is defined be-
tween the magnetic field andab plane. The specific anglesfT and
fL represent the so-called trapping and lock-in angles, respectively.
A schematic picture of the experimental configuration is shown in
the inset; the current direction is always perpendicular to the
magnetic-field direction.

FIG. 2. Temperature dependence of the resistivity forf
50° (Hiab) in several magnetic fields of 0, 2, 5, and from 10 to
150 kOe in intervals of 10 kOe. Inset shows ther(T) curves for
several current densities of 0.6, 1.2, and 2.0 A/cm2 at H5130 kOe.

FIG. 3. Temperature dependence of the resistivity forf50.6°
in several magnetic fields up to 150 kOe.

FIG. 4. The main panel shows the resistivity-temperature de-
rivative dr/dT versusT plot for f50° in several magnetic fields
above 70 kOe. The first-order transition temperatureTFOT, indi-
cated by the arrow, is defined at the peak temperature. The inset
shows ther(T) curves at 50, 60, 70, 80, and 90 kOe; the arrows
here also indicateTFOT.
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the temperature derivative of the resistivitydr/dT becomes
a maximum, as shown in Fig. 4. The jump width tends to
sharpen with increasing magnetic field and becomes the nar-
rowest at 150 kOe. Below 80 kOe, thedr/dT peak is ob-
scure; however, the discontinuous feature seems to still sur-
vive down to 60 kOe, as seen in the inset of Fig. 4. Although
resistivity is not a thermodynamic quantity, its jump is ob-
served at the well-defined first-order melting transition
probed by the thermodynamic measurements.14 Furthermore,
Nishizaki et al.15 found a similar two-stage resistive transi-
tion for Hic in optimally doped YBCO and confirmed that
the incomplete resistivity jump is attributed to the first-order
transition, based on the observation of the magnetization
jump at the same point. Therefore we regard the discontinu-
ous transition observed here as first order and denote the
transition temperature asTFOT.

The continuous transition means that the vortex phase
transition is second-order vortex liquid-to-glass; several
glass phases,16,17which depend on the type of dominant pin-
ning center, are possible. The theories11,16,17describing such
a transition give the relation of the linear resistivity to the
temperature in the critical region as follows:r(T)}(T
2TG)s. This was originally proposed by Fisheret al.16 in the
vortex glass theory, whereTG is a glass transition tempera-
ture ands is a critical exponent. The details ofs vary with the
type of glass phase, for instance,s is n(z2d12) in Ref. 16,
wherez and n, respectively, are the dynamic and static ex-
ponents andd is the system dimension. As already confirmed
in the inset of Fig. 2, the resistivity data obtained here belong

to the linear regime. Using this relation therefore we esti-
mated theTG ands values from a straight line extrapolation
to the temperature axis and the inverse of the slope in the
@d( ln r)/dT#21 vs T plot, respectively, regardless of the glass
types. Typical data forf50° are shown in Figs. 5~a!–5~c!.
As seen in Figs. 5~a! and 5~b!, in the intermediate and high
magnetic fields, the linear part of the plot which represents
the critical region is quite narrow. However, it seems that this
does not affect the determination of theTG value. Actually,
theTG values are determined with very small uncertainly; for
instance, the obtainedTG values forH5140 and 90 kOe are
of 56.1360.04 K and 56.1060.02 K, respectively. On the
other hand, the critical region is relatively wide in the low
magnetic fields; atH510 kOe the obtainedTG value is of
59.5860.02 K, as demonstrated in Fig. 5~c!. We note that the
TG for H560 and 70 kOe cannot be estimated in our experi-
mental window. This seems to be caused by the fact that the
very small difference between theTFOT and the temperature
at the zero-resistiviy transition smears out the critical region;

FIG. 5. The@d( ln r)/dT#21 versusT plots near the liquid-to-
glass transition temperatureTG at f50° for several magnetic
fields; ~a! H5140 kOe,~b! 90 kOe, and~c! 10 kOe.

FIG. 6. Magnetic-field dependence of the critical exponents for
both f50° ~closed circles! and 0.6°~open triangles!.

FIG. 7. Magnetic field versus temperature phase diagram. The
closed circles represent the first-order transition line forf50°. The
arrows indicate the commensurate field. The open squares represent
the second-order liquid-to-glass transition line forf50°. The open
triangles and thin broken line represent the vortex glass transition
line for f50.6° and 90° (Hic) ~Ref. 18!, respectively.
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thus, we do not discard the occurrence of the second-order
liquid-to-glass transition there. Figure 6 shows the magnetic
field dependence ofs for bothf50° and 0.6°. The former is
classified into three distinct regions; we will try to explain
this nonuniversal behavior later. On the other hand, the latter
monotonically decreases with increasing magnetic field.

Figure 7 shows the magnetic field versus temperature
phase diagram of 60-K YBCO nearHiab; HFOT(T) and
HG(T) correspond toTFOT(H) andTG(H), respectively. The
first-order transition lineHFOT(T) for f50° is almost inde-
pendent of the temperature and obviously oscillates between
60<H< 120 kOe. This line suddenly appears at around 60
kOe and survives up to the highest magnetic field achieved
in our facilities, therefore we can recognize that the lower
critical point HFOT

lcp exists at or below 60 kOe, but we do not
know where the upper oneHFOT

ucp is located. The second-order
transition lineHG(T) for f50° below 50 kOe monotoni-
cally depends on temperature with the empirical power-law
dependence as}(12T/Tc)

1.7, which has behavior similar to
that forHic.18 However, it is also vertical above 50 kOe and
oscillates between 80<H<130 kOe. Above 130 kOe, it be-
gins to deviate from theHFOT(T) line without the oscillation.
One can easily find the intermediate region between the
HFOT(T) andHG(T) lines. Forf50.6°, on the other hand,
the obtainedHG(T) line shows a monotonic power-law de-
pendence as}(12T/Tc)

1.9 without the vertical and oscillat-
ing behaviors, strongly indicating that such anomalous fea-
tures are truly intrinsic phenomena of the JV system.

IV. DISCUSSION

A. Nature of the first-order transition for fÄ0°

As seen in theH2T phase diagram, although the lower
critical point HFOT

lcp is obviously in the liquid region, the up-
per oneHFOT

ucp is beyond our experimental window. To clarify
the nature of the first-order transition, we first examined
whetherHFOT

ucp exists in finite temperature. The flexibility of
the JV’s configuration along thec axis tends to decrease with
increasing magnetic field due to the layered structure of the
crystal, giving rise to the fact that the configuration is domi-
nated by the interaction of the JV’s in the same layer. Such
an effect prevents the JV’s from constructing a lattice, i.e.,
the first-order transition tends to be suppressed with increas-
ing magnetic field. This picture is supported by the results of
the Monte Carlo simulation performed by Hu and Tachiki19

who found the critical point of the phase transition in the JV
system at a certain magnetic field given asf0/2A3g l 2,
wheref0 is the flux quantum andl is the interlayer spacing.
In 60-K YBCO, the first-order phase transition is expected to
disappear at around 253 kOe using this relation with the
values ofg517 andl 511.8 Å. Furthermore, the upper criti-
cal end point of the first-order transition line was found in
the JV phase diagram theoretically achieved in Ref. 11.
Therefore it becomes clear that theHFOT(T) line is in the
liquid region, meaning that the two kinds of liquids must
exist above and below it.

The incomplete resistivity jump strongly indicates that
positional short-range ordered JV’s exist below the line, be-

cause the resistivity should jump to the zero resistivity if the
positional order is long range, as observed at the first-order
melting transition forHic.14 Worthingtonet al.10 previously
found a similar two-stage resistive behavior forHic in
proton-irradiated 90-K YBCO and introduced the concept of
vortex slush to explain the intermediate regime between the
two transitions; the validity of this idea has been confirmed
by a number of studies which include experiments,15

theories,11,20 and Monte Carlo simulation.21 In this regime,
the vortices are thought to have a short-range translational
order but no long-range phase order,10 i.e., the vortex slush is
a kind of vortex liquid; thus, this picture is in good agree-
ment with the fact that theHFOT(T) line lies in the liquid
regime. Moreover, in both reported experiments,10,15 the
lower temperature region below the gradual transition is the
vortex glass phase, which also significantly resembles our
results. Although the previous reports10,15,20,21were mostly
about the configuration forHic, Ikeda recently theoretically
predicted that the vortex slush regime also appears for
Hiab,11 which strongly supports our results.

One can notice that the oscillatingHFOT(T) line relates to
the commensurability between a period of the JV’s configu-
ration and the interlayer spacing. Ikeda and Isotani22 actually
predicted an oscillating first-order melting transition line in
the disorder-free JV system as a result of the fact that a
successive structural phase transition23 occurs as a function
of the magnetic field. They predicted that such a sequence of
the structural transitions would be found between the com-
mensurate and incommensurate lattices. Since the melting
temperatureTm is determined by the robustness of the lattice
against the thermal fluctuation, the formerTm is expected to
be higher than the latter one, resulting in oscillation of the
melting line. In this study therefore it seems that the com-
mensurate lattice appears at around 70 and 120 kOe, as ex-
pressed by arrows in Fig. 7. According to Ref. 22, two types
of commensurate states appear. One is an ordinary lattice
defined by the integerw, which describes the ratio between
the period of a lattice and the interlayer spacing@i.e., the
(w21)l layers exist between the layers occupied by the
JV’s#; e.g., in aw51 lattice, a vacant layer without vortices
is absent. Such aninteger lattice is naturally expected to be
strongly pinned by intrinsic pinning, because each vortex
exists just in the middle of the adjacent layers. A lattice with
a fractionw is also possible, where an integer lattice and an
unpinned lattice, which is composed of the vortices located
not in the middle of the neighboring layers, coexist; however,
such afractional lattice is easily destroyed by the disorders
in the crystals. Thus it is adequate here that we consider
integer lattices. The commensurability condition22 of the in-
teger lattice is theoretically given aspw2/p5A3 or 1/A3,
wherep(52p l 2gH/f0) is the dimensionless magnetic field.
Using values ofg517 andl 511.8 Å, this relation withw
52 and 3 gives a commensurate field of 63 and 84 kOe,
respectively, so that these obtained values can explain one of
the commensurate magnetic fields at around 70 kOe. On the
other hand, we cannot find any commensurate integer lattice
at around 120 kOe. Recently, Ikeda24 precisely re-examined
the structure of the JV lattice at aroundp.1 and considered
the specialw51 lattices which are created by rotating the
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basis vectorsa1 and a2 of the ordinary integer lattices
counter-clockwise by an angleu in the ac plane. Here, the
component of thec-axis direction of the rotated basis vectors
a1

c(u) and a2
c(u) must satisfy the following condition:

Ma1
c(u)5Na2

c(u)5MNl, whereM andN are positive inte-
gers. Such rotated lattices were named (M ,N) lattices; their
commensurability condition24 is given as p5A3p/(M2

1N22MN). According to the computed results in Ref. 24,
the commensurate field of the~3, 1! state is 107 kOe, and
this structure is stable in the wide field range between 101
and 134 kOe, therefore the commensurate field at around 120
kOe seems to come from the appearance of the~3, 1! lattice.
The oscillating behavior above 120 kOe is obscure in com-
parison with that below 110 kOe, because commensurability
effects have a tendency to disappear as the flexibility of the
JV configuration along thec axis direction diminishes.

A similar vertical and oscillating transition line defined by
the resistivity jump was previously reported by Gordeev
et al. in oxygen deficient YBCO.7 They interpreted that the
latter feature comes from the appearance of the vortex smec-
tic phase, because the vortex liquid-to-smectic transition line
was predicted to oscillate as a result of the commensurability
effect by Balents and Nelson theoretically.4 According to
Ref. 4, the vortices in the smectic phase have a positional
ordering along thec axis but not one in theab planes, just
like an ordinary liquid; i.e., the vortex smectic phase is also
a kind of liquid. Although this picture seems to explain our
results, we cannot accept it for the following reason. The
authors of Ref. 4 predicted that the liquid-to-smectic transi-
tion is second-order, which is evidently contradicted by the
nature of the resistivity jump found here.

Recently, in oxygen deficient YBCO single crystals with
Tc559.6 and 60.6 K, Lundqvistet al.9 found the single ver-
tical transition line characterized by a sharp drop in the out-
of-plane resistivity. Although they did not describe the de-
tailed nature of the JV transition, as mentioned above, such a
complete resistivity drop means that the liquid phase freezes
not into slush, but into lattice, via the first-order transition
upon cooling. On the other hand, they also obtained nearly
field-independent liquid-to-glass transition lines from the in-
plane resistivity measurements8 in several oxygen deficient
YBCO single crystals which are not the identical samples of
Ref. 9. It is well known that the first-order transition of vor-
tices can be observed in clean crystals and that it is destroyed
by a pinning effect, which leaves us with a question about
the quality of both our sample and theirs. However, both
crystals have almost the same quality, judging from the su-
perconducting transition widthDTc in the zero magnetic
field; both transition widths are about 2 K. Let us now con-
sider the difference between our results and those of Ref. 9 in
terms of the experimental configuration. Under theHiab
and I ic condition, the Lorentz forceFL moves the JV’s
along the layer, so that the intrinsic pinning is not effective.
On the other hand, it naturally becomes the most effective
under a typical configuration of the in-plane resistivity mea-
surement(H'I ). Therefore it seems valid that the anisotropy
of the pinning strength induced by theFL direction causes
such a change in the vortex phase transition. Moreover, a

similar phenomenon can be found in the vortex phase dia-
gram of optimally doped YBCO forHic,15 where the first-
order vortex lattice melting transition in the low magnetic
fields changes to the first-order liquid-to-slush transition in
the high magnetic fields, which is thought to come from the
increase in the effectiveness of the pinning disorder with
increasing magnetic field. Next, we consider why the first-
order transition was not detected in Ref. 8. In 90-K
YBCO,15,25 the slight increase of the amount of oxygen va-
cancy, which lowers theTc but hardly affects theDTc , easily
destroys the first-order transition. Thus we speculate that the
amount of pinning disorders, which do not explicitly contrib-
ute to theDTc , but affects the vortex phase transition, in
samples of Ref. 8 is greater than that in ours.

B. Nature of the second-order transition for fÄ0°

The oscillation of theHG(T) line seems to synchronize to
that of theHFOT(T) line, meaning that the glass transition
temperature also is elevated by the commensurability effect,
i.e., the intrinsic pinning grows stronger. This picture is very
similar to the Bose glass transition,17 which has been ob-
served forHic in crystals with correlated disorders such as
twin planes26 and columnar defects;27 the Bose glass transi-
tion temperature tends to increase when the pinning effect
strengthens. The nonsuperconducting layers act as a corre-
lated pinning center if the intrinsic pinning is effective, mak-
ing the Bose glass phase possible; the smalls values in this
region also support this possibility~see next paragraph!.
Above 130 kOe, theHG(T) line does not oscillate and mono-
tonically deviates from theHFOT(T) line, which represents
the fact that the commensurability effect is almost negligible
in high magnetic fields, as found for theHFOT(T) line in the
same magnetic-field range.

We consider the nonuniversality of the critical exponents,
to clarify any doubt about the occurrence of the second-order
liquid-to-glass transition. In the low magnetic fields below
50 kOe, thes value is 5.961.4, which is consistent with the
reported values ofs5628 ~Ref. 14! in the vortex glass tran-
sition. Therefore, in this region, the vortex glass transition
undoubtedly occurs. Thes value abruptly jumps to the
smaller class of 1.3–2.9 between 80<H<120 kOe. A simi-
lar smalls value has been found in the Bose glass transition,
for instance,s52.860.2 in twinned 90-K YBCO,26 s53.5
60.5 in Bi-2212 with columnar defects,27 ands52.6 in the
results of the Monte Carlo simulation.28 Thus the smalls
value in the intermediate magnetic fields supports the Bose
glass transition, as discussed in the preceding paragraph. In
the high magnetic fields above 130 kOe, thes value belongs
to the larger class of 5–8 again, therefore the glass phase is
expected to be not Bose glass, but vortex glass. This is con-
sistent with the fact that the commensurability effect is weak
in this region. Consequently, we conclude that the continuous
transition observed here represents that the vortex slush or
liquid freezes into the glassy phase via a second-order tran-
sition upon cooling, even though the critical behavior is non-
universal.
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V. CONCLUSION

We have studied the Josephson vortex phase diagram on
60-K YBCO single crystals by measuring the in-plane resis-
tivity. We found that a two-stage phase transition, consisting
of a first-order liquid-to-slush and a second-order slush-to-
glass transitions, occurs in high magnetic fields above 60
kOe, and that the single second-order liquid-to-glass transi-
tion occurs in low magnetic fields below 50 kOe. Our results
demonstrate that the vortex slush regime exists as the inter-
mediate phase between the glassy and the ordinary liquid
phases in the Josephson vortex phase diagram.
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8B. Lundqvist Ö. Rapp, and M. Andersson, Phys. Rev. B62, 3542

~2000!.
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