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In both high-7, and low-T. superconductors, the Hall effect in the mixed state often shows a
sign reversal below T. that contradicts standard theories for flux-vortex motion. We have mea-
sured the mixed-state Hall effect in high-quality superconducting films of Tl;Ba>CaCu,0Os, and
find that the Hall angle a below T. consists of two components: A field-independent component
exhibits a complicated temperature dependence, including a sign change near 7., while a second
component with very weak temperature dependence is linear in field and resembles the normal-
state Hall angle. The field independence of the sign-reversing component is evidence for vortex
motion, and can be understood in terms of simple drag forces acting on vortices.

The Hall effect in the mixed state has been a persistent
problem in the understanding of flux motion in supercon-
ductors. Early experiments' on low-T, superconductors
found a variety of behaviors for the Hall angle «
=tan ”'(pxy/pxx ), including a sign reversal near 7, that
could not be understood within existing theories of vortex
motion. Recent measurements>* on high-7, supercon-
ductors have consistently shown a changing from positive
to negative below 7, in ceramic, single-crystal, and epi-
taxial film samples, and establish that this phenomenon is
an intrinsic property of these superconductors. However,
the origin of this effect remains unclear. Some authors
have proposed that sign reversal of @ in YBa;Cu3;O7 may
result not from flux motion but from superconducting fluc-
tuations* or two-band effects.> We have argued? that the
presence of sign reversal in such diverse superconductors
as YBa,;Cu3O; and Nb instead suggests that general prop-
erties of vortex motion are responsible.

We report here a study of the mixed-state Hall effect in
epitaxial films of the high-7,. superconductor Tl;Ba;Ca-
Cu,0g, in which the behavior of the Hall angle below T.
provides very strong support for a flux-motion interpreta-
tion. Below T, we find the Hall angle contains a sign-
reversing component that is remarkably independent of
field from B~ 50 kG down to B~2 kG. It also contains a
component that is linear in field and nearly temperature
independent, indicating a normal-electron contribution
persisting to low temperatures.

T1,Ba,CaCu;,Og is especially suitable for vortex-motion
studies because the pinning of flux vortices is known® to be
very weak within 20-30 K of 7, in magnetic fields of
10-50 kG. We measured the Hall resistance 7, and sheet
resistance ry, of thin films of c-axis-oriented Tl,Ba,Ca-
Cu,05 (on a LaAlQj; substrate) in magnetic fields up to
50 kG perpendicular to the film. The films (~1 gum
thick) were prepared by laser ablation from a single target
followed by post-deposition heat processing, and possess
critical currents ~10% A/cm? at 77 K and T, =104 K
(resistive midpoint). After patterning the sample into a
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4%0.050 mm?, eight-lead strip (inset to Fig. 1), we mea-
sured 7y, and ry, at ac densities J~10° A/cm?. Both ry,
and r,, were Ohmic at these currents. We obtained the
Hall resistance ry, from the transverse resistance by sub-
tracting the positive and negative magnetic-field data.
Figure 1 shows r., and ry, versus temperature near 7,
for magnetic fields up to 50 kG. While the pronounced
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FIG. 1. (Upper) sheet resistance ry» and (lower) Hall resis-
tance 7y, vs temperature. Fields from top to bottom are 50, 40,
30, 20, and 10 kG. Upper plot also includes data at zero field.
Inset: Patterning of film sample for Hall measurement.
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broadening of the r., transition in a magnetic field has
been discussed by other authors,” the field and tempera-
ture dependence of ry, is also quite remarkable. At
T > T. ry, is positive, linear in field, and only weakly tem-
perature dependent. However, ry, below T, shows a com-
plicated field and temperature dependence, with a nega-
tive minimum appearing near 7 =95 K for fields B
< ~30 kG. Higher fields drive ry, positive, although the
minimum near 7 =95 K persists to B > 50 kG.

A plot of tana vs T (Fig. 2) shows a suggestive feature
of the data: Hall-angle measurements at different fields
produce similar curves displaced vertically from each oth-
er. Figure 2 (upper) shows data at high fields, where the
regular displacement between curves reflects a component
of tana linear in field and nearly temperature indepen-
dent. Figure 2 (lower) shows tana at smaller fields (for a
different sample), where the experimental data converge
on a field-independent but sign-reversing curve. Inspec-
tion of Fig. 2, as well as a numerical subtraction of the
data, reveal that the Hall angle contains two components:
a temperature-sensitive but field-independent part with a
negative minimum near 95 K and broad maximum near
70 K, and a second part that is only weakly temperature
dependent but nearly linear in field. That is, the Hall an-
gle below T, obeys an empirical relationship

a(T H) = Bo(T)H+a,(T), a)

where Bo(T) is nearly constant and resembles its normal-
state value (i.e., the Hall mobility) in sign and magnitude,
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FIG. 2. Tana=r,/r.« vs temperature at high fields (upper)
and low fields (lower). A field-independent component of tana
is clearly visible in both plots.

RAPID COMMUNICATIONS

6247

and a;(T) reverses sign below T..

Josephson showed® that flux-vortex motion at a velocity
v, in a type-II superconductor generates a perpendicular
dc electric field E according to

E=—v,x(uH). (2)

Dissipative electric fields (i.e., parallel to a transport
current j) therefore indicate vortex motion in the direc-
tion of jx H, while Hall voltages arise from motion paral-
lel to j. For our experimental geometry, where v, and j
lie in a plane perpendicular to H, the Hall angle is then
the angle between v, and jxX H. If vortex motion is driven
by a current-induced force F and opposed by a frictional
force f, the velocity v, is determined by the steady-state
condition that the net force F+f =0. If the forces are not
field dependent and the vortices do not interact strongly,
then v, is independent of the density of vortices, and the
Hall angle is independent of field.

However, the nature of the forces F and f in supercon-
ductors has been a subject of controversy. Bardeen and
Stephen® (BS) argued that a transport current j drives
flux motion by the “Lorentz” force F =n;epov; Xk acting
per unit length of vortex line, where n; is the density of su-
perconducting electrons, k=H/|H|, and v, =j/nse. The
motion of the vortex and its associated superfluid velocity
field requires acceleration of superfluid and, through the
London equations, generates electric fields in the vortex
core. The resulting Ohmic losses produce a viscous drag
force f = —n(T)v, opposing the Lorentz force.

Noziéres and Vinen'® (NV) argued that the correct
driving force on a vortex in a superconductor is the Mag-
nus force F=nsepo(v; —v;)xk. They proposed a fric-
tional force of the form f = —a(T)v, to represent the loss
of supercurrent momentum as electrons passing through
the vortex cores dissipate energy into the crystal lattice.

But while both the BS and NV models generated flux-
flow resistances in reasonable agreement with experiment
(ie., E\/j.~H), these models proved incapable of ex-
plaining the unusual Hall effect near 7. in many super-
conductors.!" The NV and BS Hall angles (predicting
tana =const and tana~ H, respectively) are of the same
sign and similar magnitude as in the normal state, while a
range of behavior was observed experimentally, including
sign reversal below 7, in Nb, V, and Pb-In a]loys."3
More recently, sign reversal of tana was also observed in
the high-temperature superconductors®? YBa,Cu30; and
Bi,Sr,CaCu,0g. Hirsch and Marsiglio® have proposed a
two-band model for the sign reversal in YBa,;Cu305, while
Aronov and Hikami* have argued that skew-scattering
fluctuations could account for it, but the presence of this
effect in so many different superconductors (now includ-
ing Tl1,Ba,CaCu,Og) suggests instead that it reflects gen-
eral properties of vortex motion in superconductors.

We recently argued’® that sign reversal of the Hall
effect in YBa,Cu3O;7 can be understood within such a
vortex-motion model, and that it indicates vortex motion
with a velocity component antiparallel to the transport
current [through (2)]. Measurements'? of the Nernst
effect in the mixed state support this picture by verifying
that the field and temperature regimes of a <O in
YBa,;Cu;07 are characterized by extensive flux flow. The
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field-independent component a;(7T') in Fig. 2 offers strong
additional evidence for a flux-motion model, since a can
then be independent of the vortex density.

We show here how a modified NV model can account
qualitatively for this behavior and produce the field-
independent Hall angle «,(7) seen in Tl,BayCaCu,Os.
NV argued on very general grounds that vortex motion in
a superconductor is driven by the Magnus force, not the
Lorentz force. However, the opposing friction force f,
which fixes the direction of vortex motion, is more model
dependent and difficult to calculate. It is not actually
clear that the NV frictional force f = —av, and the BS
damping f= —nv, even describe the same dissipative
mechanism. Certainly the NV friction cannot be con-
sidered complete near 7, since NV is a 7 =0 theory. We
argue that because the motion of flux vortices is intrinsi-
cally dissipative, a viscous force of the BS type directly
opposing the motion should exist. That is, we propose that
friction terms of both types should be included in the NV
model at finite temperature. In that case, vortex motion
in a superconductor obeys

FMagnus —avs; —nv; =0, 3)

where the NV model is extended to include an additional
damping term of the BS form. Solution of this equation
gives the Hall angle

(nsepo) 2— na
= 4
tana el ) 4)

This Hall angle is generally temperature dependent but is
field dependent only to the extent that n, ng, and a are
field dependent. In the BS and NV theories, these param-
eters are given by 1= ¢ouoH.2(T)0,(T), a= n;ne’po/
QuoH.»(T)o5,(T)), where 0,(T) is the normal-state
conductivity and » is the normal-state carrier density. We
note that Eq. (4) predicts a negative Hall angle if
na > (nse¢o)>. For the BS and NV values of a and 7, this
corresponds to n; < n/2. Because the NV theory was not
developed for T~ T, it is inappropriate simply to insert
these values into (4), but we note that the result is con-
sistent with the observed sign reversal near 7., and that
the magnitude of the Hall angle predicted below T, is
close to the observed value of a;(7"). [This rough numeri-
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cal consistency makes the drag forces in Eq. (3) more
reasonable than those we proposed earlier in Ref. 3.]

Therefore the field-independent part observed in a can
be qualitatively understood if the Magnus force is opposed
by both NV and BS damping forces. These forces exist
even in the limit of very small fields; they describe the in-
teraction of single vortices with the applied transport
current, the crystal lattice, and the dissipative effects due
to normal carriers. The second, field-dependent com-
ponent of & in (1) could arise from the Hall effect of nor-
mal electrons persisting in, for example, the vortex cores.
Normal currents in the cores are deflected by the local
value of the magnetic field, as in the normal state, giving
rise to a Hall electric field proportional to H. This addi-
tional field will add an extra component to v, parallel to j,
through (2). This mechanism was originally proposed by
BS as the origin of the entire Hall effect in a superconduc-
tor.

The weak flux pinning in Tl;Ba,CaCu,0Og makes this
system ideal for studying the mixed-state Hall effect.
Despite a complicated field and temperature dependence,
the Hall angle in this system consists of two components
that can be understood in simple models. A field-inde-
pendent component reverses sign upon entering the mixed
state, indicating a component of vortex velocity antiparal-
lel to the superfluid transport current. This can be under-
stood as NV flux motion if the damping force is general-
ized to include an additional viscosity term. Sign reversal
of the Hall angle in the mixed state therefore points to
general properties of flux-flow dynamics, rather than
specific band-structure or sample-dependent properties. It
would be interesting to look for the same field-inde-
pendent Hall angle in other superconductors known to
have very weak pinning near T.. In addition to this
temperature-dependent part of the Hall angle there is also
a component that is weakly temperature dependent but
linear in field; this may indicate residual normal charge
carriers, perhaps occurring in the vortex cores. The be-
havior of a in this system clearly demonstrates the need
for more theoretical work on the vortex-motion problem.
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