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Vortex solid state in YBa2Cu3O7Àd twinned crystals
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~Received 9 March 2001; published 16 July 2001!

We report on the scaling of transport properties around the vortex melting in YBa2Cu3O72d oriented-twin
single crystals in applied magnetic fields between 1 T and 18 T. We find that for the whole measured field range
the linear resistivity scales asr(t,u);tsyF6(sin(u)t2sx), with t5uT2TBGu and u the angle between planar
defects and the magnetic field. The scaling is valid only for angles where the transition temperatureTBG(u)
shows a cusp. The critical exponentssx and sy are in agreement with the values predicted by Lidmar and
Wallin @Europhys. Lett.47, 494 ~1999!# only at magnetic fields below 4 T. A change in the value ofsx from
sx5160.2 tosx5360.2 at aroundHcr'4 T when the magnetic field is increased is responsible for changes
in the shape of theTBG(u) curve and in the dependence of the linear dissipation on temperature and angle. The
results strongly suggest the existence of a different vortex glassy phase in twinned crystals compared to the
Bose-glass state found in samples with linear defects.
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One of the most important aspects in high-temperat
superconductors is the existence of a melting line in
magnetic-field-temperature (H-T) vortex phase diagram
The quest to understand the thermodynamic nature of
transition has been reflected in an important number
publications.1 Nowadays it is accepted that in clean cryst
the solid-liquid transition is first order, while the introductio
of random pointlike or correlated disorder transforms it in
second order. Due to the high value of the Ginsburg par
eter in high-Tc materials, the critical region associated wi
this kind of transition becomes experimentally accessib
This important fact has led to the development of scal
theories2,3 that describe the vortex dynamics near the tran
tion, enclosing its properties into two critical exponents.
both theories the critical exponents settle the way in wh
the correlation lengthj;uT2TBGu2n5t2n and the time
scale in which a fluctuation of this size survivest;jz, di-
verge as the transition is approached. In the Bose-g
theory linear correlated defects induce an anisotropic cor
lation volume3 with j i;j'

2 , which are, respectively, the co
relation lengths parallel and perpendicular to the correla
defects. In this theory3 the linear resistivity is predicted to
scale as

r~ t,u!;tsyF6~sin~u!t2sx! ~1!

with a phase boundary separating the Bose glass and
vortex liquid of the form

TBG~u!5TBG~0!F12S sin~u!

xc
D 1/sxG , ~2!

wheresy5n(z22), sx53n, andxc5sin(uc)t
sx. Lidmar and

Wallin pointed out4 that the correct thermodynamic variab
to be included in the scaling anzatz for the dynamical
sponse of the vortex system in tilted magnetic fields isB,
instead ofH as used in Ref. 3. This important remark lea
to a modification of Eqs.~1! and~2! through a change in the
dependence ofsx on the critical exponentn.4,5 Accordingly,
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the form of the new phase boundary is given by Eq.~2! with
sx5n, while the linear resistivity still scales as Eq.~1! but
again withsx5n.

Equation~2! describes one of the key characteristics
the Bose-glass-to-liquid transition, i.e., the existence o
cusp in the transition curve atu50. This cusp was first ob-
served by Worthingtonet al.6 in twinned YBa2Cu3O72d
crystals. Fleshleret al.7 studied the vortex dynamics for dif
ferent orientations of the twin boundaries with respect to
applied field and current and explained the cusp in terms
pinning effects by the twin potentials. The relation betwe
the cusp and the Bose-glass transition was shown by J
et al.8 through transport measurements in YBa2Cu3O72d
crystals with columnar defects. Later on, Grigeraet al.9 iden-
tified a Bose-glass phase in twinned YBa2Cu3O72d crystals
through a scaling analysis of the vortex dynamics near
cusp line. An interesting point related to the shape of
cusp, however, has gone unnoticed in the literature. While
samples with columnar defects the transition curve is w
described by TBG(u);12uuu at small angles,8,10,11 in
twinned crystals a nonlinear transition curve6,7,9,12,13is ob-
served. Monte Carlo simulations of the Bose-glass melti4

in a vortex system interacting with linear defects gaven
'1, which, through Eq.~2!, seems to account only for th
results in samples with columnar defects. It is therefore
portant to clarify whether the cusp in samples with plan
correlated defects arises as a consequence of a liquid
Bose-glass transition as suggested in Ref. 9, and to w
extent the scaling theory describing the vortex dynamics
applicable to this more anisotropic case.

In this paper we show that within the linear regime t
scaling hypothesisr(t,u);tsyF6(sin(u)t2sx) is fulfilled for
all magnetic fields between 1 T and 18 T in YBa2Cu3O72d
heavily oriented-twin single crystals. For all applied fiel
the transition temperatureTBG shows a cusp aroundu50.
However the shape of theTBG(u) curve is only consisten
with the predictions of Lidmar and Wallin forH,Hcr'4T.
Above this field a change of the cusp’s shape is accompa
by a sudden increase insx from sx5160.1 to sx5360.2
while sy remains constant in the whole field range. Th
©2001 The American Physical Society11-1
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BRIEF REPORTS PHYSICAL REVIEW B 64 052511
jump of sx is clearly reflected in the scaling of the line
resistivity. We discuss these findings in terms of a chang
the universality class of the vortex solid-liquid transitio
which we ascribe to a corresponding change in the natur
the vortex solid phase as the field is swept throughHcr.

The YBa2Cu3O72d crystal with oriented twins was
mounted onto a rotatable sample holder with an angular r
lution of Du'0.05° inside a cryostat provided with an 18
magnet. The crystal has a critical temperature ofTc;93 K
andDTc;0.5 K with a dimension of 130.530.03 mm3. A
uniform dc current was injected through the crystal para
to the twin planes and the crystal was rotated at anglesu in
a plane perpendicular to the twins in a constant Lorentz fo
configuration~see inset in Fig. 1!. In this setup the vortices
are moved and tilted in a direction perpendicular to the
fects. All transport measurements were performed within
linear regime atJ53 A cm22.

In Fig. 1 we show the transition temperatureTBG(u) for
different magnetic fields. This temperature has been defi
from r(u,T) measurements as the temperature at which
data falls below our experimental resolution (V/I
<20 mV). The value atu50 coincides within experimenta
error with that obtained from the scaling of the linear res
tivity. It is seen that the shape of the cusp changes as
magnetic field is increased. The change is rather abrupt
occurs at a crossover fieldHcr'4 T. BelowHcr theTBG(u)
is linear in uuu, while above a nonlinear dependence dev
ops. The solid lines, which are fits to Eq.~2! with sx51 for
H51 T and 2 T, andsx53 for 6 T and 8 T illustrate this
point. The arrows correspond to a critical angleuc , above
which the scaling properties of the linear resistivity are lo
Not only does the shape of the cusp change, but its ampli
increases with field. The angular width of the cusp shrin
when the field increases but remains almost constant foH
>4 T. Interestingly enough, the cusp exists up to the hi
est magnetic fields we measured~18 T!. This may be com-
pared to the behavior reported forTBG(u) in (Ba,K)BiO3

FIG. 1. Angular dependence ofTBG(u)2TBG(0). Solid lines
are fits to Eq.~2! with sx51 for data at 1 T and 2 T andsx53 for
data at 6 and 8 T. The arrows indicate the critical angleuc above
which the linear resistivity does not scale. Data points are mirro
gray points correspond to mirrored data. Inset: experimental s
for transport measurements.
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irradiated cubic crystals,10 where the cusp gradually disap
pears upon surpassing the matching fieldBf , in which the
number of vortices equals the number of the columnar
fects. The absence of saturation in our experiments indic
that the twin boundary potentials are still efficient to indu
vortex confinement and localization in a field range in whi
induced columnar tracks withBf'18 T would destroy the
superconducting properties of the crystal.

The changes in the shape of the phase boundary are
reflected in the dissipation in the liquid state as shown in F
2, in which r(T) is plotted for different angles nearu50.
Panel~a! shows data characteristic of the low-field regim
while panel~b! displays the data corresponding to the hig
field region. It is worth noticing that the linear dissipatio
has a different behavior at low and high fields as the an
between the magnetic field and the defects is increased
low H the r(T) curves shift almost parallel to each oth
while at high fieldsr(T) stretches to lower temperatures asu
is increased. These differences are indicative of a chang
the vortex dynamics below and above a crossover fieldHcr,
which separates the low- and high-field regions. In order
quantify the observed changes we refer to the sca
theory4,5 according to which the linear resistivity, when th
applied field is parallel and vortices move perpendicular

d;
up

FIG. 2. ~a! Normalized resistivityr̃5r/r(95 K) for different
tilting angles up touc at H51 T, u50.2, 0.45, 0.65, 1.0, 1.3
21.3, 1.6, 1.9, 2.2, 2.7, 3.2, 3.7,24.5, 6.0,27.0, 8.0, and28.0°.

Upper inset: r̃(t,0). The solid line is a fit usingr̃;tsy with

TBG(0)5(89.8260.05) K andsy52.560.3. Lower inset:r̃(0,u).

The solid line is a fit tor̃;usy/sx with sy/sx52.260.3. ~b! Idem
for H59 T, u520.15, 0.3, 0.75, 0.85, 1.1, 1.25, 1.47,21.8, and
2.25°. Upper inset:TBG(0)5(79.8560.1) K and sy52.860.3.
Lower inset:sy/sx51.160.3.
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BRIEF REPORTS PHYSICAL REVIEW B 64 052511
the correlated disorder, should scale asr(T,0);tsy with sy
5n(z22). On the other hand, the resistivity as a function
the tilting angle at the transition temperature should beh
asr(0,u);usy/sx for small angles. These scalings are sho
in the insets of panels~a! and ~b! for the corresponding
fields. In general we find that forH,Hcr, sy52.460.3 and
sy/sx52.360.2, while for H.Hcr, sy52.760.3 and
sy/sx50.960.2. Note that within experimental errorsy
seems to be field independent while the ratiosy/sx under-
goes an abrupt change. From these we conclude that
changes in the behavior of the linear resistivity are solely
to a change in the exponentsx. In order to see this, we show
in Fig. 3 the scaled linear resistivity as predicted by Eq.~1!.
Panel~a! shows the same data displayed in Fig. 2~a!, while in
panel~b! the scaling of the data in Fig. 2~b! is shown. Both
scalings are very good forr(T,u) curves below the corre
sponding critical angleuc . Curves foru.uc do not scale.
An important point to note here is that the critical expone
sx is different at low and high fields. In panel~a!, sx51
60.2 was used to obtain a good scaling, while in panel~b!
the value ofsx was increased to 360.2 in order to make the
curves to scale. In the insets the same scaling is shown
we force the value ofsx to be 3 at low fields and 1 at hig
fields and maintain the rest of the parameters constan
required by consistency with Eq.~1! at u50. Clearly, this
assignment of critical exponent values renders the sca
impracticable in both cases, indicating that the change in

FIG. 3. ~a! Scaling of the resistivity curves shown in Fig. 2~a!
according to Eq.~1! for sy52.3, sx51.1, andTBG589.82 K. The
inset shows the same scaling usingsx53. ~b! Scaling of the resis-
tivity curves shown in Fig. 2~b! according to Eq.~1! for sy52.8,
sx53.0, andTBG579.85 K. The inset shows the same scaling
ing sx51.
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value ofsx is outside the errors involved in such scaling. It
worth noticing that an exponentsx51 corresponds, through
Eq. ~2!, to a linearTBG(u) dependence, which indeed is se
in Fig. 1 for low fields, while a value ofsx53 gives a
nonlinear shape as observed in Fig. 1 at high fields.

In Fig. 4 we show a summary of our findings by plottin
the values of the two critical exponents and their ratio a
function of the magnetic field. The open circles in panel~a!
correspond to the values ofsy obtained by a fit of the resis
tivity data to r(t,0);tsy, from which alsoTBG(0) was ob-
tained. With these values ofTBG(0) the scaling ofr(t,u), as
required by Eq.~1!, was performed to obtain the soli
squares in panels~a! and ~b!. The error bars were estimate
by the effect the variation of the exponentssx andsy has on
the scaling of the linear resistivity. As is seen,sy is, within
error bars, independent of the magnetic field and of the w
in which it is obtained. The value ofsx, however, jumps
from 1 to 3 at 4 T, remaining constant for higher or low
fields. Finally in panel~c! we show the ratio ofsy/sx. The
solid squares were calculated from the values in panels~a!
and~b! while the open circles were obtained by adjusting t
resistivity data atTBG(0) to r(0,u);usy/sx. Note that the
change at around 4 T is independent of the way in wh
sy/sx was obtained.

An important conclusion that can be drawn from our r
sults is that the way in which the linear dissipation in t
vortex liquid varies as a function of angle and temperat

-

FIG. 4. Summary of the results of the scalings for differe
fields. ~a! Values of sy according to the resistivity scaling~solid

squares! and obtained fromr̃(t,0);tsy ~open circles!. ~b! Values of
sx according to the resistivity scaling.~c! Values ofsy/sx from the

fitting of r̃(0,u) ~open circles! and the ratio ofsy andsx obtained
from the solid squares in panels~a! and ~b!.
1-3
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BRIEF REPORTS PHYSICAL REVIEW B 64 052511
can be accounted for by a scaling law of the form of Eq.~1!
independently of the applied magnetic field. This is a fing
print of a second-order vortex solid-liquid phase transit
occurring atTBG(u) for angles belowuc . Within this physi-
cal picture, our results indicate the existence of two differ
field regimes each characterized by different values of
critical exponents that govern the shape of the transi
curve and the dynamic response of the liquid phase in
linear regime. On general grounds the two regimes can
interpreted in terms of a change in the universality class
which the solid-liquid transition belongs. Let us first discu
the low-field regime.

Our results forH,Hcr closely resemble those observe
in crystals with columnar defects. We may therefore assu
that the TBG(u) is linear in uuu as a consequence of th
interaction of the vortex system with some kind of column
type potentials. The identification of the columnar-type d
fects, which might be present in our twinned crystal, is ho
ever difficult. A possible candidate we found by optic
inspection of our crystal were end points of twin planes
cated between the voltage contacts. An end point breaks
translational symmetry of the twin plane and may emulat
columnar-type defect for vortices located near it. This e
point corresponds microscopically to zones where a t
turns into a transverse one, or more likely in a microtwinn
region which cannot be seen under an optical microsco
Another source of columnar-type defects that can also c
tribute to localize the vortices in this regime might be scr
dislocations which also exist in twinned YBa2Cu3O72d
crystals.14 Within this assumption a matching field shou
exist, above which all linear defects become occupied b
vortex line. In view of the work of Kleinet al.10 showing
that the cusp inTBG(u) exists up to magnetic fields mor
than three times larger than the correspondingBf , it is not
straightforward in our case to identify the crossover fieldHcr

with the matching field of the linear defects. It could well b
that Hcr represents the field above which the effects of
columnar defects are completely washed out. In this caseHcr

should be sample dependent and could even be abse
crystals of very high quality. This physical picture could
tested in a more direct way by measuring the vortex trans
properties in an oriented-twin crystal with a low concent
tion of columnar tracks induced by ion irradiation in th
c-axis direction.
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Once the effect of the columnar potentials has been s
rated, the dynamics of the vortex system is determined by
interaction with the twin planes. This corresponds to the fi
regime aboveHcr. In this field range vortices localize insid
the twin potentials, atTBG(u). However, the vortex solid tha
is formed aboveHcr ought to be different from that presen
in samples with columnar tracks alone. A way to see this is
consider the form in which vortices can accommodate ins
the correlated potentials. While columnar tracks allow sin
vortex occupancy only, in a finite sample with twin plan
vortices will continue to accommodate inside the correla
defects until the increase in energy due to their mutual in
action overcomes the energy gain due to the vortex-de
interaction. This difference in the way in which vortices i
teract with and become localized at the twin potentials gi
rise to a different dynamical response of the vortex liqu
compared to that found in a system interacting with colu
nar tracks. It is therefore reasonable to conclude that
vortex liquid will freeze in a vortex solid that does not ha
the same structure as a Bose glass. The nonlinear p
boundary inu observed in our experiments may be taken
a fingerprint of this vortex solid phase. In general we m
say that the form of the phase boundary separating the s
and liquid phases is determined by the type of correla
disorder that is present in the sample.

In summary, we have shown that the vortex solid-to-liqu
transition in YBa2Cu3O72d oriented-twin crystals is secon
order within 1 T and 18 T and occurs at a phase bound
that is nonlinear in angle when the vortex dynamics is do
nated by the interaction with planar defects. The linear d
sipation in the liquid state in tilted magnetic fields can
very well described by a scaling law theoretically propos
to explain the dynamics of a vortex system interacting w
columnar-type pinning potentials, but with different critic
exponents. These observations strongly indicate the e
tence of a distinctly different vortex solid phase in twinn
crystals compared to the Bose-glass phase found in sam
with columnar defects.
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