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Current-induced vortex motion and the vortex-glass transition in YBaCu;0,, films
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Measurements of current-voltage characteristics have been performed €&, films for two com-
ponents of electric fields in thab plane,E, andE,, in magnetic fields of the formHg,Hq,8H,), where
x || the current density, z || thec axis, ands<1. The simultaneous measurementéEgfand E, 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 std®0163-18207)50846-0

Recently it has been widely recognized that there exists éormer geometry*~'° For clean YBCO (Ref. 15 and
phase transitiolT®in the vortex system of higfi supercon-  Bi,Sr,CaCyOg (BSCCO single crystals® the disappear-
ductors. In a clean system with very weak flux pinning cen-ance of this correlation just at the melting transition tempera-
ters, the transition is predicted to be a first order transitiorture has been observed. For twinned YBCO crysfatsd
from a vortex liquid to an Abrikosov vortex lattidce® On the heavy ion irradiated crystals of YBC@®ef. 18§ and BSCCO
other hand, in a dirty system with random pointlike or line (Ref. 19, the existence of correlated vortex lines in the lig-
(plane-like (correlated disorders, the transition has been yig phase inH parallel to correlated disorders has been ar-
postulated to be a second-order phase transition to Bued using the BG theoR?° Similar investigations should

vortex-glass (VG) or a Bose glasyBG) state, depending on pe performed for systems which show the VG transition,
the type of disorder. Experimentally, strong evidence for theFuch as YBCO films

VG transition was presented by the scaling analysis o
current-voltage I(-V) characteristics in YBgCuwO;_s
(YBCO) films® or the SQUID picovoltometry in twinned

YBCO crystals indicating the disappearance of linear resis- . . . :
tance at a glass transitif . Until now, many experimental condition nearHL c as described below. This observation

data have supported the existence of a glass tran&itidn, allows us to exa_mine the direction of the vortex moFion di-
although there is still some controversy as to whether th&€Ctly as a function of temperatufleand current density.
glass phase is VG or BG when an applied magnetic field N the experiments, we demonstrate that the vortices, which
parallel to thec axis (parallel to extended defects like twin Mainly move in theab plane at temperatures far aboVg
planes or screw dislocationor YBCO films 11-13 reflecting the absence of a correlation along the field direc-
After the glass transition has become an accepted concepipn, change the direction of their motion with decreasing
the dynamics of vortices both in liquid and glass states reand finally move along the macroscopic Lorentz fofeé
mains attractive subjects. According to the glass transitiorinost parallel to the axis) below T in a low-current limit.
theories® long-range correlation between vortices established his result is consistent with the idea that vortices form lines
in all directions at a glass transition temperatiig with ~ along theH direction atT, as predicted in the VG theory.
diverging correlation length &, which varies as We also find that line motion in the glass state is destroyed
&q~|T— T4~ ¥ with a static critical exponent. This implies by applyingJ larger than a characteristic densiy. A com-
that in a liquid state with a finite length &, vortices corre- ~ parison between the size of the vortex loop excitation and the
late only in a short range even in the direction along thecorrelation length or between the barrier energy of the loop
applied field. So then, vortices in a liquid state cannot moveexcitation and the thermal energy provides a qualitative ex-
as a line by applying current, and line motion becomes posplanation to the temperature dependencé of
sible atT=T,. In a glass state, the dissipation is considered The relation between the directions of current dengity
to be described by the composition of the vortex loop exci-nagnetic fieldH, and thec axis used in the measurements is
tations with a length scale, which is a decreasing function shown in Fig. 1. The component of the appliddalong the
of current! WhenL becomes shorter thafy due to increas- ~ab plane makes an angle of 45° widhdirection (x axis) and
ing current, the correlated motion of the vortex line may bethe component along theaxis (z axis) is very small with an
destroyed again. In order to deeply understand the nature @hgle ofa=0-5°. This configuration is very similar to that
the vortex system in both glass and liquid phases, one maysed for the study of the vortex motion in the multilayer
need to investigate the motion of the vortices directly as @ystem discussed previouglyIn this experimental condi-
function of temperature and current. This is the motivation oftion, the magnetic flux densi=(B,By, 6Bg) with 6<0.1
our work. andJ=(J,0,0). Then the Lorentz forcE, =JXB with the
The vortex correlation along magnetic field direction hascomponents (6; §JBy,JBy) moves the vortices with a ve-
been studied in several experiments using the dc flux trandecity v=(0,—v,,v,). Here we usev,,v,>0. This motion

In this paper, we present measurements of current-voltage
(I-V) characteristics on YBCO films for both longitudinal
and transverse voltage in thé plane forH with a particular
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FIG. 1. A schematic drawing for the experimental condition, E Iy H=4 T4
showing the relationship between the directions of ¢haxis, the Do v v v ]
magnetic fieldH, and the current density. 108 107 %08 10°
J (A/m™)

will yield an electric field E=(Ey,E,,E,)=(v,Bg
+ 6v,By, —v,Bg, —1yBy). If the vortices form lines with a FIG. 2. E-J characteristics around, for two electric fieldsE,
long-range correlation along thB direction, they move (solid line) andE, (dashed ling atH=4 T for a=5°. Tempera-
alongF, for a small enough current. In this ca$Ey| almost  ture range is from 88 K to 80 K in steps of 1 K. The inset shows the
equal to|E,| would be observed, sincg,<v, (||:y|<||:z|) sample configuration with an indication of the electrodes for the
and 8<1. If the correlation of the vortices are destroyed byVvoltage measurements.
large thermal fluctuations or high on the other hand, un-
correlated parts of the vortices may move as pancake vorting the two kinds of data for both signs of magnetic fields,
ces in each Cu-O layéf:?®In such a case, the observidg]| the Hall voltage ~was canceled out, since
would be much smaller thalE,| sincew, is suppressed and Epai(H) = —Epa(—H) andEy(H) =E (—H).
v, becomes noticeable. Therefore, the simultaneous mea- Figure 2 shows two typical sets d-J characteristics
surements of, and E, as a function ofT andJ make it (Ex-J andE,-J) around the glass transition iH=4 T at
possible to investigate the onset of the correlated motion oft=5°. The measurements were performed alsd #16 and
the vortices. 8 Tata=5° and inH=4 T ata=0°. The similar types of
The YBCO films used in this study were prepared by aEy ,-J curves are observed for all the above conditions. With
laser ablation method on thH&@00 surface of YSZ(yttrium  decreasingT, the positive curvature of E-InJ curve
stabilized zirconiumsingle crystals. The critical temperature changes to a negative one beldw T, (thick dashed line in
determined by the peak ofR/d T is typically 89.6 K and the ~ Fig. 2. As reported by many authofs;*® this change is
critical current density at 77 K in zero applied field is more regarded as a standard behavior of the vortex glass transition.
than 1x10° Alcm?2. The x-ray diffraction measurements Indeed the scaling collapses are obtained by taKifig85 K
show that the films are predominanttyaxis up. The full- with the static exponent=1.5 and dynamic exponent
width half maximum(FWHM) of a rocking curve of the z=4.0, which are derived from the slope of the dashed line
(005) reflection is~0.6°. The sample with the thickness of (z+1)/2 in Fig. 2 and the fitting op,=E,/J in the linear
0.35um was patterned to a strip with dimension of 2Zth  region nearT, to px~(T/Tg—1)V(Z*1). In Fig. 2, we note
X 1000 um by chemical etching. The current leads werethat two curves ok, (J) andE,(J) approach with decreas-
attached to the Au pads deposited on the film surface witling T and have the same trace in a low-current region below
contact resistance less than(ll For the measurements of T,. In our experimental conditiork, is given by thez com-
two kinds of voltage components, two pairs of indium elec-ponent of the vortex motion, ar, is given by both the
trodes with a width of=50 um were attached to both sides component angt component. Since the direction of the mac-
of the strip as shown in the inset of Fig. 2. roscopic Lorentz forcd is also nearly the direction, the
The experimental configuration as shown in Fig. 1 wasdentification of|E,| and|E,| implies that the vortices move
produced by making a sample holder which can rotate alongF, across theab plane. Therefore, the results lead to
around the diagonal line of they sample plane in a mag- the conclusion that the vortices forfapproximately straight
netic field, keeping an angle between the in-plane componetines extending along the direction of applied magnetic field
of H andJ at 45°. The angular resolution ef is better than atTgy, and move as lines in a low-current limit beldvy, as
0.2°. It should be noted that the transverse electric field meadn ordinary anisotropic superconductors. If the vortices
sured consists of two variables, the first beig coming  formed pancakeliké or stepwisé® configurations even at
from the vortex motion along the axis due to the Lorentz due to weak or short-range correlation originating from the
force as mentioned above and the second b&ipg from  layer structure, their motions would result|iy|<|E,| be-
the Hall effect induced by the-axis component oH or the  cause the easy motion of vortices is along yhéirection.
motion of the pancake vortices along tkeaxis, although In Fig. 3, we plot the ratio ofE, /E,| in the low voltage
Epan is very small in comparison witk, in the critical re-  region belowE,=2X 10 3 V/minH = 4 T as a function of
gion nearT,. In order to deriveE, only, we performed the T. With decreasindr, |Ey/EX| starts to increase from zero
same measurements in reverse magnetic fields. After averagroundT*, below which the scaling power law of resistivity
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FIG. 3. Plots of the rati¢E, /E,| as a function off atH=4 T
for «=5° (solid circleg anda=0° (open circles The inset shows
px=Ex/J in the Ohmic regime as a function d/Ty—1 for the
same conditions. The critical region startsT4t

FIG. 4. Ex(J) and E/(J) in a linear scale fora=5° (a) at
T=80.0KinH=4 T and(b) atT=79.0 KinH=8 T. The arrows
show the current density, defined agE,/E,|=0.85.

px~|T—T,4|*® Y as shown in the inset of Fig. 3, and the
ratio transfers to 1 at~T,. The behavior of the ratio indi-
cates a developing process of the vortex lines as foll§Wys:
At high temperature far frony, the vortices move only in
the CuO plane without coupling along thd direction
(Ey=0). (2) The vortices start to correlate with each other
aroundT* and the correlated parts of vortices extend with .
decreasing.. (3) They finally bee:ome lines at=T,. In the of Fig. 5. At low temperatures far below,, Jq(T) curves

theory of the vortex glass transition, the remarkable correlad"® dependent O and shqw a negatlve curvature. From
tion of vortices begins in the critical state beldw and the these results, we infer two different processes for the current-
induced destruction of the vortex line, depending on tem-

establishment of long-range order in all directions occurs a rature ran
T, with diverging glass correlation length,~|T—Tg| ™" perature range.

The process obtained from our experimental results is con- In_é)rd?rr] tod.un.dertstand the betr)wawor M(T)’ V\;e now ited
sistent with the idea of the vortex glass transition and sugcOnSI er tne dissipalion process by €xpansion of an excite

= 4 . . . .
gests the existence of a second-order phase transitidg.at V?rte(;(_ Io?p' SUpr[OSfmg tthat It_he Ioo_pt)hexcnatlorll_tlledcomposed

Recent transport measurements using the dc flux tran i al' 'Spl acerr?en of vortex fines With an amplitude over
former geometry in twinned YBCO single crystals have in-1€ IIn€ lengt L, the Zelastlc energy cost due to the excita-
dicated that a certain temperature regiy< T<Ty,, where ~ tON IS given by~YLi/Lj and the energy gain from the
vortices move as lines, exists in a liquid phase Hic. 1417 curr_ent by~J®oL, L. HereY is a stiffness coefficient and
T,, decreases with the increase of sample thickness. As exfo IS the flux quantum. According to Ref. 4 and the refer-
plained in the Bose glass mode&P this line-liquid region is  €nces thereirl., is numerically found to scale asL{ with
caused by the faster development, than that inathglane,
of the correlation length along the twin-boundary pinntg. 6 e ]
In our case, the applied field is highly tilted from theaxis M aka [1-(T/Tg)"] .
and the twin planes may not work as the vortex pinning sites. ; °4T, “foo
If vortices are pinned by pointlike disorder, the coincidence : ‘6‘% z;g
of line formation and glass transition in our experiment is a 8T, a=5°
reasonable since the development of the correlation is ex- o
pected to be almost isotropic.

At low temperatures belowW, the E,-J curve and the
E,-J curve, both of which are identified at a laly separate
above a well-defined current densily (denoted by arrows
in Fig. 2. In Fig. 4, we also plot the representative data
belowT, for (8 H=4 T and(b) H=8 T. These linear scale
plots allow us to see the separation more cleattere J4
was defined as a current density at whjély/E,| becomes
equal to 0.83. Since the relationE,|<|E,| at the sameJ
means that the motion of vortices along thie plane is re- FIG. 5. Temperature dependencelgf The dashed lines are fits
markable, the separation indicates that the vortex line is deo the data withly~1—(T/Ty)*. Inset: Expanded view of the same
formed to steplike or pancakelike configuratidg.is a char-  data ofJ4(T) aroundT/T,= 1. The solid line is a fit to the data with
acteristic current for the current-induced deformation, which]d~(1—T/Tg)2V.

contrasts with the thermal fluctuation-induced effect above

gln Fig. 5, the values o8y in H=4, 6, and 8 T ar=5°
andinH=4 T ata=0° are plotted as a function a7 T. In
the vicinity of T/Tg=1, J4(T) at all fields is scaled by/T
and its curve has a positive curvature as indicated in the inset

J4 (10° A/m*)
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an exponent~0.6 in a disorder-dominated pinned phase.tion may beJgr which is proportional toY' with an approxi-

Then the line length |; and the displacemert, ;, which

mate 1-(T/T4)* temperature dependentin the critical

are significant in the presence of the applied current densityegion nearTg’ Jr=J and it scales adlength P with a
J, are obtained by balancing the two energies as follows: dimensionD.? In this case, we expect that the observed de-

and L, ;~(Y/Idy)@9,
()

Ly~ (Y/ID )20

formation current is proportional t§§2~|1—T/Tg|2”. The
dashed lines in Fig. 5 and the solid line in the inset are the
fits of the deformation currenty(T) by using the two rela-

Through the |00p excitation the vortex lines have to Passions in temperature regions far be|0'|7¥1 and close tng,

over a free energy barrieB, ~A(L, ;)Y with an exponent

respectively. The agreement supports the existence of the

¥ % The ratel” of the thermal nucleation of the vortex loop is vortex glass phase and the dissipation process through the

given by

el e (3]

with u=¥¢/(2—-¢) and J1~(Y/®o)(A/kgT)Y#. From
Egs.(1) and(2), two kinds of current scaledg andJ+, are

: )

defined:Jp=Y/(Doéj; ©) is a current density at which the
loop sizeL ; in Eq. (1) becomes comparable to the correla-
tion lengthéy alongH. Jr is one at whictB, is comparable
to kgT. When the applied is larger thanlg, the nonacti-
vated loop excitation with a smaller size thgg) may result

in the destruction of correlated vortex motion or cutting of
the vortex lines. Whed approached+, the frequent occur-
rence of thermally activated phase slip may also destroy thé

correlation. At low temperatures far beloly, Je is much

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 ifE-InJ
curves and the onset of the vortex motion as a line coincide
at the same temperatufl,. 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 thanly. The temperature dependence Jf
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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