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Measurements of current-voltage characteristics have been performed on YBa2Cu3Oy films for two com-
ponents of electric fields in theab plane,Ex and Ey , in magnetic fields of the form (H0 ,H0 ,dH0), where
x i the current densityJ, z i the c axis, andd!1. The simultaneous measurements ofEx andEy under these
conditions make it possible to analyze the situation of the vortex motion due to the Lorentz force. Our results
indicate that vortices move as long-range correlated lines only below the glass transition temperature in a
low-current limit. We also show that applying high-current density destroys line motion and induces a struc-
tural change of vortex lines in the glass state.@S0163-1829~97!50846-0#

Recently it has been widely recognized that there exists a
phase transition1–5 in the vortex system of high-Tc supercon-
ductors. In a clean system with very weak flux pinning cen-
ters, the transition is predicted to be a first order transition
from a vortex liquid to an Abrikosov vortex lattice.1–3 On the
other hand, in a dirty system with random pointlike or line
~plane!-like ~correlated! disorders, the transition has been
postulated to be a second-order phase transition to a
vortex-glass4 ~VG! or a Bose glass5 ~BG! state, depending on
the type of disorder. Experimentally, strong evidence for the
VG transition was presented by the scaling analysis of
current-voltage (I -V) characteristics in YBa2Cu3O72d
~YBCO! films6 or the SQUID picovoltometry in twinned
YBCO crystals,7 indicating the disappearance of linear resis-
tance at a glass transitionTg . Until now, many experimental
data have supported the existence of a glass transition,6–10

although there is still some controversy as to whether the
glass phase is VG or BG when an applied magnetic fieldH is
parallel to thec axis ~parallel to extended defects like twin
planes or screw dislocations! for YBCO films.11–13

After the glass transition has become an accepted concept,
the dynamics of vortices both in liquid and glass states re-
mains attractive subjects. According to the glass transition
theories,4 long-range correlation between vortices establishes
in all directions at a glass transition temperatureTg with
diverging correlation length jg , which varies as
jg;uT2Tgu2n with a static critical exponentn. This implies
that in a liquid state with a finite length ofjg vortices corre-
late only in a short range even in the direction along the
applied field. So then, vortices in a liquid state cannot move
as a line by applying current, and line motion becomes pos-
sible atT5Tg . In a glass state, the dissipation is considered
to be described by the composition of the vortex loop exci-
tations with a length scaleL, which is a decreasing function
of current.4 WhenL becomes shorter thanjg due to increas-
ing current, the correlated motion of the vortex line may be
destroyed again. In order to deeply understand the nature of
the vortex system in both glass and liquid phases, one may
need to investigate the motion of the vortices directly as a
function of temperature and current. This is the motivation of
our work.

The vortex correlation along magnetic field direction has
been studied in several experiments using the dc flux trans-

former geometry.14–19 For clean YBCO ~Ref. 15! and
Bi2Sr2CaCu2O8 ~BSCCO! single crystals,16 the disappear-
ance of this correlation just at the melting transition tempera-
ture has been observed. For twinned YBCO crystals17 and
heavy ion irradiated crystals of YBCO~Ref. 18! and BSCCO
~Ref. 19!, the existence of correlated vortex lines in the liq-
uid phase inH parallel to correlated disorders has been ar-
gued using the BG theory.5,20 Similar investigations should
be performed for systems which show the VG transition,
such as YBCO films.

In this paper, we present measurements of current-voltage
(I -V) characteristics on YBCO films for both longitudinal
and transverse voltage in theab plane forH with a particular
condition nearH'c as described below. This observation
allows us to examine the direction of the vortex motion di-
rectly as a function of temperatureT and current densityJ.
In the experiments, we demonstrate that the vortices, which
mainly move in theab plane at temperatures far aboveTg

reflecting the absence of a correlation along the field direc-
tion, change the direction of their motion with decreasingT ,
and finally move along the macroscopic Lorentz force~al-
most parallel to thec axis! below Tg in a low-current limit.
This result is consistent with the idea that vortices form lines
along theH direction atTg as predicted in the VG theory.
We also find that line motion in the glass state is destroyed
by applyingJ larger than a characteristic densityJd . A com-
parison between the size of the vortex loop excitation and the
correlation length or between the barrier energy of the loop
excitation and the thermal energy provides a qualitative ex-
planation to the temperature dependence ofJd .

The relation between the directions of current densityJ,
magnetic fieldH, and thec axis used in the measurements is
shown in Fig. 1. The component of the appliedH along the
ab plane makes an angle of 45° withJ direction (x axis! and
the component along thec axis (z axis! is very small with an
angle ofa50 –5°. This configuration is very similar to that
used for the study of the vortex motion in the multilayer
system discussed previously.21 In this experimental condi-
tion, the magnetic flux densityB5(B0 ,B0 ,dB0) with d<0.1
and J5(J,0,0). Then the Lorentz forceFL5J3B with the
components (0,2dJB0 ,JB0) moves the vortices with a ve-
locity v5(0,2yy ,yz). Here we useyy ,yz.0. This motion
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will yield an electric field E5(Ex ,Ey ,Ez)5(yzB0
1dyyB0 ,2yzB0 ,2yyB0). If the vortices form lines with a
long-range correlation along theB direction, they move
alongFL for a small enough current. In this case,uEyu almost
equal touExu would be observed, sinceyy!yz (uFyu!uFzu)
andd!1. If the correlation of the vortices are destroyed by
large thermal fluctuations or highJ on the other hand, un-
correlated parts of the vortices may move as pancake vorti-
ces in each Cu-O layer.22,23 In such a case, the observeduEyu
would be much smaller thanuExu sinceyz is suppressed and
yy becomes noticeable. Therefore, the simultaneous mea-
surements ofEx and Ey as a function ofT and J make it
possible to investigate the onset of the correlated motion of
the vortices.

The YBCO films used in this study were prepared by a
laser ablation method on the~100! surface of YSZ~yttrium
stabilized zirconium! single crystals. The critical temperature
determined by the peak ofdR/dT is typically 89.6 K and the
critical current density at 77 K in zero applied field is more
than 13106 A/cm2. The x-ray diffraction measurements
show that the films are predominantlyc-axis up. The full-
width half maximum~FWHM! of a rocking curve of the
~005! reflection is'0.6°. The sample with the thickness of
0.35mm was patterned to a strip with dimension of 270mm
3 1000 mm by chemical etching. The current leads were
attached to the Au pads deposited on the film surface with
contact resistance less than 1V. For the measurements of
two kinds of voltage components, two pairs of indium elec-
trodes with a width of'50 mm were attached to both sides
of the strip as shown in the inset of Fig. 2.

The experimental configuration as shown in Fig. 1 was
produced by making a sample holder which can rotatea
around the diagonal line of thexy sample plane in a mag-
netic field, keeping an angle between the in-plane component
of H andJ at 45°. The angular resolution ofa is better than
0.2°. It should be noted that the transverse electric field mea-
sured consists of two variables, the first beingEy coming
from the vortex motion along thez axis due to the Lorentz
force as mentioned above and the second beingEHall from
the Hall effect induced by thec-axis component ofH or the
motion of the pancake vortices along thex axis, although
EHall is very small in comparison withEy in the critical re-
gion nearTg . In order to deriveEy only, we performed the
same measurements in reverse magnetic fields. After averag-

ing the two kinds of data for both signs of magnetic fields,
the Hall voltage was canceled out, since
EHall(H)52EHall(2H) andEy(H)5Ey(2H).

Figure 2 shows two typical sets ofE-J characteristics
(Ex-J and Ey-J) around the glass transition inH54 T at
a55°. The measurements were performed also inH56 and
8 T at a55° and inH54 T at a50°. The similar types of
Ex,y-J curves are observed for all the above conditions. With
decreasingT, the positive curvature of lnEx-lnJ curve
changes to a negative one belowT5Tg ~thick dashed line in
Fig. 2!. As reported by many authors,6,9,13 this change is
regarded as a standard behavior of the vortex glass transition.
Indeed the scaling collapses are obtained by takingTg585 K
with the static exponentn51.5 and dynamic exponent
z54.0, which are derived from the slope of the dashed line
(z11)/2 in Fig. 2 and the fitting ofrx5Ex /J in the linear
region nearTg to rx;(T/Tg21)n(z21). In Fig. 2, we note
that two curves ofEx(J) andEy(J) approach with decreas-
ing T and have the same trace in a low-current region below
Tg . In our experimental condition,Ey is given by thez com-
ponent of the vortex motion, andEx is given by both thez
component andy component. Since the direction of the mac-
roscopic Lorentz forceFL is also nearly thez direction, the
identification ofuExu anduEyu implies that the vortices move
alongFL across theab plane. Therefore, the results lead to
the conclusion that the vortices form~approximately straight!
lines extending along the direction of applied magnetic field
at Tg , and move as lines in a low-current limit belowTg , as
in ordinary anisotropic superconductors. If the vortices
formed pancakelike22 or stepwise23 configurations even atTg
due to weak or short-range correlation originating from the
layer structure, their motions would result inuEyu!uExu be-
cause the easy motion of vortices is along they direction.

In Fig. 3, we plot the ratio ofuEy /Exu in the low voltage
region belowEx5231023 V/m in H 5 4 T as a function of
T. With decreasingT, uEy /Exu starts to increase from zero
aroundT* , below which the scaling power law of resistivity

FIG. 1. A schematic drawing for the experimental condition,
showing the relationship between the directions of thec axis, the
magnetic fieldH, and the current densityJ.

FIG. 2. E-J characteristics aroundTg for two electric fields,Ex

~solid line! andEy ~dashed line!, at H54 T for a55°. Tempera-
ture range is from 88 K to 80 K in steps of 1 K. The inset shows the
sample configuration with an indication of the electrodes for the
voltage measurements.
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rx;uT2Tgun(z21) as shown in the inset of Fig. 3, and the
ratio transfers to 1 atT'Tg . The behavior of the ratio indi-
cates a developing process of the vortex lines as follows:~1!
At high temperature far fromTg , the vortices move only in
the CuO plane without coupling along theH direction
(Ey50). ~2! The vortices start to correlate with each other
aroundT* and the correlated parts of vortices extend with
decreasingT. ~3! They finally become lines atT5Tg . In the
theory of the vortex glass transition, the remarkable correla-
tion of vortices begins in the critical state belowT* and the
establishment of long-range order in all directions occurs at
Tg with diverging glass correlation lengthjg;uT2Tgu2n.
The process obtained from our experimental results is con-
sistent with the idea of the vortex glass transition and sug-
gests the existence of a second-order phase transition atTg .

Recent transport measurements using the dc flux trans-
former geometry in twinned YBCO single crystals have in-
dicated that a certain temperature regionTg,T,Tth , where
vortices move as lines, exists in a liquid phase forHic.14,17

Tth decreases with the increase of sample thickness. As ex-
plained in the Bose glass model,5,20 this line-liquid region is
caused by the faster development, than that in theab plane,
of the correlation length along the twin-boundary pinning.17

In our case, the applied field is highly tilted from thec axis
and the twin planes may not work as the vortex pinning sites.
If vortices are pinned by pointlike disorder, the coincidence
of line formation and glass transition in our experiment is
reasonable since the development of the correlation is ex-
pected to be almost isotropic.

At low temperatures belowTg , the Ex-J curve and the
Ey-J curve, both of which are identified at a lowJ, separate
above a well-defined current densityJd ~denoted by arrows
in Fig. 2!. In Fig. 4, we also plot the representative data
belowTg for ~a! H54 T and~b! H58 T. These linear scale
plots allow us to see the separation more clearly.~Here Jd
was defined as a current density at whichuEy /Exu becomes
equal to 0.85.! Since the relationuEyu,uExu at the sameJ
means that the motion of vortices along theab plane is re-
markable, the separation indicates that the vortex line is de-
formed to steplike or pancakelike configuration.Jd is a char-
acteristic current for the current-induced deformation, which

contrasts with the thermal fluctuation-induced effect above
Tg .

In Fig. 5, the values ofJd in H54, 6, and 8 T ata55°
and inH54 T ata50° are plotted as a function ofT/Tg . In
the vicinity of T/Tg51, Jd(T) at all fields is scaled byT/Tg
and its curve has a positive curvature as indicated in the inset
of Fig. 5. At low temperatures far belowTg , Jd(T) curves
are dependent onH and show a negative curvature. From
these results, we infer two different processes for the current-
induced destruction of the vortex line, depending on tem-
perature range.

In order to understand the behavior ofJd(T), we now
consider the dissipation process by expansion of an excited
vortex loop.4 Supposing that the loop excitation is composed
of a displacement of vortex lines with an amplitudeL' over
the line lengthL i , the elastic energy cost due to the excita-
tion is given by;YL'

2 /L i and the energy gain from the
current by;JF0L'L i . HereY is a stiffness coefficient and
F0 is the flux quantum. According to Ref. 4 and the refer-
ences therein,L' is numerically found to scale as;L i

z with

FIG. 3. Plots of the ratiouEy /Exu as a function ofT at H54 T
for a55° ~solid circles! anda50° ~open circles!. The inset shows
rx5Ex /J in the Ohmic regime as a function ofT/Tg21 for the
same conditions. The critical region starts atT* .

FIG. 4. Ex(J) and Ey(J) in a linear scale fora55° ~a! at
T580.0 K in H54 T and~b! at T579.0 K in H58 T. The arrows
show the current densityJd defined asuEx /Eyu50.85.

FIG. 5. Temperature dependence ofJd . The dashed lines are fits
to the data withJd;12(T/Tg)4. Inset: Expanded view of the same
data ofJd(T) aroundT/Tg51. The solid line is a fit to the data with
Jd;(12T/Tg)2n.
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an exponentz;0.6 in a disorder-dominated pinned phase.
Then the line lengthL iJ and the displacementL'J , which
are significant in the presence of the applied current density
J, are obtained by balancing the two energies as follows:

L iJ;~Y/JF0!1/~22z! and L'J;~Y/JF0!z/~22z!.
~1!

Through the loop excitation the vortex lines have to pass
over a free energy barrierBL;D(L'J)

C with an exponent
C.4 The rateG of the thermal nucleation of the vortex loop is
given by

G;expF2S BL

kBTD G5expF2S JT

J D mG , ~2!

with m5Cz/(22z) and JT;(Y/F0)(D/kBT)1/m. From
Eqs.~1! and~2!, two kinds of current scales,JF andJT , are
defined:JF5Y/(F0jgi

22z) is a current density at which the
loop sizeL iJ in Eq. ~1! becomes comparable to the correla-
tion lengthjgi alongH. JT is one at whichBL is comparable
to kBT. When the appliedJ is larger thanJF , the nonacti-
vated loop excitation with a smaller size thanjgi may result
in the destruction of correlated vortex motion or cutting of
the vortex lines. WhenJ approachesJT , the frequent occur-
rence of thermally activated phase slip may also destroy the
correlation. At low temperatures far belowTg , JF is much
smaller thanJT ,4 and the correlation length, which may be
of order the Larkin-Ovchinnikov length24 at least, is ex-
pected to beT independent for YBCO films.8,9 In this case,
the observable current density for the vortex line deforma-

tion may beJF which is proportional toY with an approxi-
mate 12(T/Tg)4 temperature dependence.4,8 In the critical
region nearTg , JT.JF and it scales as~length! 12D with a
dimensionD.4 In this case, we expect that the observed de-
formation current is proportional tojg

22;u12T/Tgu2n. The
dashed lines in Fig. 5 and the solid line in the inset are the
fits of the deformation currentJd(T) by using the two rela-
tions in temperature regions far belowTg and close toTg ,
respectively. The agreement supports the existence of the
vortex glass phase and the dissipation process through the
loop excitation.

In conclusion, having performed simultaneous measure-
ments of theE-J characteristics for longitudinal and trans-
verse electric fields in magnetic fields with the particular
direction, we found that the curvature change in lnE-lnJ
curves and the onset of the vortex motion as a line coincide
at the same temperatureTg . This indicates that the vortex
line formation is established with the vortex glass transition,
which is consistent with the theoretical prediction. In the
glass state, line motion is destroyed by applying a current
density larger thanJd . The temperature dependence ofJd
can be qualitatively explained by considering the dissipation
process due to the vortex loop excitation, which suggests the
existence of the vortex glass phase.
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17D. Lópezet al., Phys. Rev. B53, R8895~1996!.
18E. F. Righiet al., Phys. Rev. B55, 5663~1997!.
19W. S. Seowet al., Phys. Rev. B53, 14 611~1996!.
20D. R. Nelson and L. Radzihovsky, Phys. Rev. B54, R6845

~1996!.
21P. Koorevaaret al., Phys. Rev. B47, 934 ~1993!.
22J. R. Clem, Phys. Rev. B43, 7837~1991!.
23M. Tachiki and S. Takahashi, Solid State Commun.72, 1083

~1989!.
24A. I. Larkin and Yu. N. Ovchinnikov, J. Low Temp. Phys.34,

409 ~1979!.

RAPID COMMUNICATIONS

R14 294 56T. NOJIMA, A. KAKINUMA, AND Y. KUWASAWA


