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We report transport measurements in the mixed state of YBa2Cu3O72d single crystals using a contact
geometry which enables control of the gradient of the Lorentz force acting on the vortices. The sp
dependence of the vortex velocity profile in the liquid and solid vortex phases is resolved provid
information about the transverse dynamic correlation of vortices. While in the liquid phase the vorti
respond locally to the driving force, in the solid regime they show long range velocity correlation o
macroscopic distances. At high driving force gradients, vortex-vortex shear stresses exceed the e
limit and the dynamics is characterized by plastic motion. [S0031-9007(98)08260-X]

PACS numbers: 74.60.Ge, 74.25.Fy
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The magnetic field in superconductors is carried by
array of discrete flexible vortex lines [1] which transform
into solid, liquid, and glassy phases [2] depending on th
density and temperature, much like the analogous pha
of ordinary matter. The dynamic response of these vort
line phases determines the electrodynamic behavior
superconductors and is a central subject of scientific a
practical interest. On the practical side, the dissipati
caused by vortex motion restricts the performance of bu
and thin film superconducting devices in a variety o
applications. On the scientific side, information abo
vortex-vortex interactions and their dynamics [3–5]
essential to any theory describing vortex matter.

In this paper we report transport experiments in a co
tact configuration that allows measurement of transve
vortex-vortex velocity correlations. We employ an uncon
ventional circular geometry to impose a controlled drivin
force gradient on the vortices and spatially resolve the
transverse velocity correlation. We find that the veloci
in the liquid state responds locally to the driving force wit
no evidence for long range velocity correlation. Remar
ably, the vortex solid phase shows a highly nonlocal velo
ity response over macroscopic length scales which impl
rigid rotation of the vortex lattice. At high driving gradi-
ents the rotating lattice shears along concentric circles
form rigidly rotating rings.

The experimental arrangement is shown in Fig. 1. U
twinned crystals of YBa2Cu3O72d were cleaved into two
pieces—one piece carefully polished into a disk shape a
the other into a rectangular geometry commonly used
four-probe resistivity measurements. Current is inject
at the center of the disk and removed at the perime
(Fig. 1a) to induce a radial current densityJ that decays
as1yr (Fig. 1b). Our samples are approximately700 mm
in diameter with thicknesses of less than10 mm to ensure
a uniform current distribution along thec axis [6]. For
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flux lines parallel to the disk axis, the radial current in
duces an azimuthal Lorentz force falling off as1yr. In
the absence of in-plane vortex-vortex velocity correlati
each vortex moves independently with a radial veloc

FIG. 1. Contact and sample geometry used in our transp
measurements. In a superconducting crystal polished a
circular disk an in-plane nonuniform radial current distributio
is induced. Application of a current at the central gold conta
and removal at the perimeter of the disk (a) produces
radial current densityJ falling off as 1yr (b). Vortex lines
perpendicular to the disk plane experience a Lorentz fo
perpendicular to the radiusr and move in concentric orbits
with velocities ysrd. In the absence of transverse vorte
vortex correlation, the vortices near the center move fas
than those near the perimeter (c) according toysrd , J , 1yr.
The radial dependence of the vortex velocity is given by t
voltage profile sampled by the probes located along a radius
(d) Photograph of one of the samples used in the experimen
© 1999 The American Physical Society 1277
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dependencey , J , 1yr (Fig. 1c). However, if over
some length scale the in-plane vortex motion is correlate
we should detect a deviation from the1yr velocity distri-
bution. To spatially resolve the radial dependence of th
vortex velocity and the length scale of the vortex-vorte
correlation, we evaporated a series of voltage contac
along a radius at60 mm intervals (Fig. 1a). Figure 1d
shows a photograph of one of the samples used here.

The resistance of the normal state and the driven dyna
ics of the vortex liquid state are shown in the upper panel
Fig. 2. The resistance derived from adjacent pairs of vo
age contacts falls off with radius,R12 . R23 . R34. In the
normal state, this reflects the current density distributio
which decreases with increasing radius. In contrast, in t
vortex liquid regime betweenTc andTm, the resistance is
a measure of the vortex velocity. The data show that vo
tices near the center, where the current density and drivi
force are larger, move faster than those near the perime
The resistance in the normal and vortex liquid regimes c
be collapsed to a single curve using a simple scaling la
based on linear resistivity and a1yr current density [7–9].
The voltage difference between contactn and n 1 1 is

FIG. 2. (a) Temperature dependence of the resistance m
sured between adjacent contacts for 0 and 4 T applied ma
netic field. The voltage probes are numbered sequentially fro
the center of the disk (see inset). Symbols:r: R12; s: R23;
d: R34. (b) Resistivity versus temperature obtained using th
data shown in (a) and Eq. (1) (see text). The inset compar
the resistivity obtained from contacts 3 and 4 with that of a sla
shaped sample where vortices enter and exit the sample.
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given by

Vn,n11 ­
Z n11

n
E dr ­

rI
2pd

ln

√
rn

rn11

!
, (1)

whereE is the electric field,r is the resistivity,I is the
applied current,d is the sample thickness, andrn is the
radial position of thenth contact. The lower panel o
Fig. 2 shows the resistivity derived from Eq. (1) using th
data of Fig. 2a. In the normal state this scaling prov
the 1yr distribution of the current density. Remarkably
the same scaling applies to the vortex liquid regime. T
shows that each vortex responds locally to the1yr driving
force without correlation over the length scale of o
experiment. The onset of the sharp drop in the resistiv
at Tm, indicative of the first order vortex melting transitio
[10–16], remains independent of the current density a
vortex velocity gradients in our experiment.

The role of the surface barriers [17,18] in the liquid sta
dynamics is shown by comparison of the resistivity deriv
from the circular and rectangular geometries. In the c
cular geometry the vortices move in concentric orbits a
do not enter or exit the sample. The measured resis
ity is therefore independent of surface effects. The in
in Fig. 2b shows the data for the circular and rectang
lar sample at 4 T. The two curves are nearly identic
demonstrating that our measured resistivities in both
rectangular and circular samples represent bulk rather t
surface behavior.

Unlike the vortex liquid, the solid exhibits dramati
velocity correlations. Figure 3a shows the resistivity f
adjacent voltage probes in the vicinity of the vortex soli
liquid phase transition for two different driving currents
The square symbols correspond to an applied curren
0.5 mA and clearly show the onset of the drop in th
resistance atTm (dotted line). Below this temperature
a finite critical current is detected and the resistance i
nonlinear function of the current. For high nonuniform
driving forces (I ­ 15 mA in Fig. 3a) the resistances
decrease continuously with temperature and cross in p
near the temperatureTcross. Below Tcross the resistance
curves reverse their relative values, i.e.,R12 , R23 , R34,
indicating that the vortices near the center move mo
slowly than those at the perimeter, contrary to the drivi
force distribution. This behavior is opposite to that in th
liquid. Tcross is current dependent and extrapolates toTm

in the limit of zero current.
The simplest structure that will give a radially increasin

resistance is a vortex lattice rotating as a rigid body w
the angular velocityv. In this case the vortices move with
velocity ysrd ­ vr with v ­ vsT , Id. This velocity
distribution implies a scaling quite different from that o
the liquid [Eq. (1)]. In rigid rotation, the voltage drop
between adjacent contacts is given by

Vn,n11 ­
Z n11

n
E dr ­

B
2

sr2
n11 2 r2

ndvsT , Id . (2)
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FIG. 3. (a) Resistivity for adjacent voltage probes in the sol
vortex phasesT , Tmd for fixed magnetic field and different
applied currents. (b) Temperature dependence of the ang
velocity v of the rotating vortex solid. The angular velocity
was obtained from the data of (a) and Eq. (2). The temperat
interval where rigid rotation is detected is indicated.

Using Eq. (2) we can extract the temperature and curr
dependence ofv. Figure 3b showsvsT d obtained from
the low temperature data of Fig. 3a. The scaling of the da
shows that the vortex lattice rotates as a rigid body ov
macroscopic length scales. The in-plane vortex correlat
extends up to the size of the sample, of order104 vortex
lattice spacings. At higher temperature, approaching t
melting temperature, the vortex lattice softens and rig
body motion can no longer be sustained.

The details of the depinning process and the rig
rotation dynamics are revealed by theI-V curves at low
temperature (inset in Fig. 4). Figure 4 shows the curre
dependence of the angular velocityv derived from theI-V
curves shown in the inset. Within our resolution, we fin
a position independent critical currentIcrit consistent with
the onset of rigid rotation. AboveIcrit the vortices begin to
move coherently indicating elastic depinning of the vorte
lattice. For a limited range of currents aboveIcrit the lattice
rotates as a rigid body,v12 ­ v23 ­ v34. The maximum
rotation speed in this range isv , 3 sec21, about one turn
in 2 sec. At higher currents a shear-induced breakdo
of rigid rotation scaling is observed. Figure 4 shows th
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FIG. 4. Current dependence of the angular velocity in t
vortex solid phase. TheI-V data shown in the inset togethe
with Eq. (2) were used to obtainvsId (main panel). The arrows
indicate the current above which the rigid rotation breaks dow

the breakdown first occurs near the center of the sam
whenv12 rises abovev23 andv34. The relative angular
velocitiesv12 . v23 ­ v34 indicate that the sample ha
sheared into rings, with the inner portion rotating fast
than the outer ring which continues to rotate rigidly. Th
faster rotation of the inner ring is consistent with the larg
driving force at smaller radii. At higher driving forces an
force gradients, the rigid rotation of the outer ring is broke
asv23 . v34.

At temperatures betweenTM and the onset of rigid
rotation (Fig. 3b) or at high drive (Fig. 4), neither th
liquid sy , 1yrd nor the rigid rotationsy , rd scaling is
observed. Here we see the development of plastic mot
characterized by vortex-vortex velocity correlations whic
are intermediate between those of the liquid and lattic
As in crystalline solids, the rigidity of a magnetic flux line
lattice collapses due to melting or high shear stress.

Our experiments with circular vortex motion in th
presence of a controlled force gradient demonstrate a n
approach to measuring the dynamic response of the liq
and solid vortex phases. The control of the driving forc
gradient and the measurement of the spatial dependenc
the velocity response are a uniquely powerful combinati
for measuring such basic properties as the shear mod
of the solid, the shear viscosity of the liquid, and the natu
of plastic motion.
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