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Measurements on epitaxial YBa,Cu3O7 thin films show that the Hall voltage just below the su-
perconducting transition temperature has sign opposite to the Hall voltage in the normal state.
This can result either from quasiparticle effects, or from unusual vortex motion. Because we ob-
serve a similar effect in Nb thin films, we argue that vortex motion is responsible. A simple inter-
pretation of the Hall effect then requires that the vortex velocity have a component antiparallel
to the transport current. This motion, while contrary to existing flux flow models, could result
from vortex motion damping similar to that expected in superfluid *He.

Transport measurements "2 on the high-temperature su-
perconductors RBa,Cu3;0; (R=Y,Er) and Bi,Sr,Ca-
Cu,0s have shown an unexpected reversal of the sign of
the Hall voltage Vy at temperatures below the supercon-
ducting transition. Although the Hall voltage in the nor-
mal state is positive (i.e., holelike) and linear in magnetic
field, ¥y in the mixed state is negative for small field and
positive for larger field, in contradiction of mi<:r0scopic3
and flux flow*> theories for the Hall effect in supercon-
ductors. Our measurements on YBa;Cu3O7 and Nb thin
films provide evidence that this sign reversal below T, re-
sults from vortex motion with a velocity component oppo-
site to the direction of the superfluid transport current.

We measured the Hall resistivity p,, and magnetoresis-
tivity pyxx of thin films of epitaxial c-axis-oriented
YBa,;Cu30; (thickness =1500 A) in magnetic fields up to
70 kG oriented perpendicular to the film. The films were
dc magnetron sputtered from a stoichiometric target onto
rotating substrates of (100) SrTiO;, MgO, LaAlO;, or
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FIG. 1. Hall resistivity px, and longitudinal resistivity pxx vs
magnetic field in YBa;Cu3;O- film at 7=86.0 K. Inset: Field
and temperature regimes where py, is positive (P), negative
(N), and zero (Z) for a film with T.(midpoint) =89 K.
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cubic zirconia. A layer of Au sputtered onto the leads in
situ provided low-resistance (—1 Q) contacts; the films
were then etched into an eight-lead Hall bar pattern (bar
area 50 umx 3.9 mm). The films had 7, ~88-90 K (mid-
point) and p,, (300 K) =450-750 uQcm. We measured
Hall resistance and magnetoresistance both dc (with
current reversal) and ac (phase sensitive at 100 Hz) at
current densities J~102-10* A/cm?, obtaining the Hall
resistance from the transverse resistance by subtracting
the positive and negative magnetic-field data.

Figure 1 shows typical px, and p,, data as a function of
field at T <7,.. Although p,, is nearly temperature in-
dependent just above T, it decreases to negative values in
the superconducting state, eventually becoming zero as
temperature or field decreases (Fig. 2). Note that py,
changes sign while p,, is still close to its normal-state
value. Higher fields drive the region of negative py, to
lower temperatures (inset of Fig. 1).

Figure 2 shows p,, in the immediate neighborhood of
T.(=90 K). At low field, p,, becomes negative at tem-
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FIG. 2. Hall resistivity px, vs magnetic field in YBa,Cu3O9
near T. (=90 K) showing linearity at high field. Temperatures
from top to bottom are 93.0, 91.5, 90.5, 89.8, 89.1, and 88.4 K.
Inset: Hall resistance of Nb film vs field at T =9.16 K.
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atures close to T,; positive py, is then recovered at high
field. However, for fields exceeding H.,(T) the full nor-
mal state py, is not observed. From the upper critical field
slope of —19 kG/K obtained by Welp et al.,® it is clear
that the sample should no longer be in the superconduct-
ing state at B~70 kG and (T.—T)~2 K. However,
pxy (T < T.) remains less than p,, (T > T,) at high fields
H> H,,, even though the slope dp,,/dH approaches its
normal-state value.

Sign reversal of py, in the mixed state was observed by
previous authors "% and attributed to grain effects, possible
two-carrier quasiparticle effects, or conventional flux
motion. In low-T,. superconductors, many different be-
haviors were observed in the Hall effect below T.. Sign
reversal, although not always observed, was found in some
V foils” and In-Pb alloys.® Existing flux flow*> and mi-
croscopic? theories for the Hall effect in the mixed state
predict no sign change and therefore do not account for
this data.

In order to study the Hall effect in well-characterized
samples of the low-T, superconductor, we prepared Nb
thin films. The films (1300 A thick) were prepared by dc
sputtering onto sapphire substrates and etched into the
Hall bar pattern. Their resistivity at 7=273 K was 13
ucm (cf. bulk value ~12.5 uQcm), with p,, (300
K)/pxx(9.5 K) =45 and T, =9.25 K. The Hall resistivity
for T> T, and H > H,; is positive and linear in field, but
for T<T, and H < H.; we find p,, reverses to negative
values just as in YBa,Cu30; (inset of Fig. 2). Thus the
reversal occurs in both low-temperature elemental super-
conductors and high-temperature oxide superconductors,
whose electronic properties are very different, which
strongly suggests that the phenomenon is a general prop-
erty of the vortex state.

Josephson® demonstrated that the motion of flux vor-
tices at a velocity v, through a superconductor produces
an electric field given by Faraday’s law,

vixH
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where n is the areal density of vortices and o = ¢oH/H, so
that flux flow in the direction of Jx gy [Fig. 3(a)] gen-
erates a field E parallel to the transport current J and
therefore dissipates energy. Similarly, a component of
flux motion along J produces a transverse field parallel to
—Jx ¢q; if the charge carriers are of the same sign in the
normal and superconducting states (as expected for a
BCS superconductor), this field is observed as a Hall volt-
age of the same sign as in the normal metal [Fig. 3(b)].
Thus a reversal of the sign of the Hall voltage upon enter-
ing the mixed state indicates either that the sign of the
charge carriers has changed or that the flux-line velocity
v; has a component opposite to the direction of the trans-
port current. Because it is difficult to see why the charge
carriers should change sign in the superconducting state
not only in copper-oxide superconductors but also in ele-
mental superconductors like Nb and V, we argue that this
unexpected flux motion is in fact a more likely explanation
of the negative Hall effect near 7.

In standard models of flux motion,*> the transport
current J produces a force F that drives the flux motion.
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FIG. 3. (a) Electric field generated by vortex motion [Eq.
(1)]. (b) Lorentz force (e/c)vxH on free charge carrier
(g =+e) balanced by electric field E to give the normal-state
Hall effect. Field H is directed out of the page. (c) Forces on
vortex core in Bardeen-Stephen model for flux flow. The
Lorentz force JX @o/c is balanced by an opposing viscous force.
(d) Forces on vortex core in Nozieres-Vinen model. The
Magnus force n;e (v, —v.) X go/c is balanced by a drag force an-
tiparallel to the superfluid velocity v;.

This force can be balanced by a frictional force f so that
the net force F+f=0. In the Bardeen-Stephen model,>
the driving force per unit length is the Lorentz force
F =J X ¢o/c; the frictional force is assumed to act in the
opposite direction [Fig. 3(c)]. Normal electrons passing
through the vortex cores experience the usual magnetic
force and a Hall voltage results just as in the normal state.
Thus the vortex velocity has a small component parallel to
J and the Hall effect in flux flow is of the same sign as in
the normal state.

In the Nozieres-Vinen model,* the force on a vortex is
the Magnus force

F-ﬁ;iw,—u)x&o, )

where n; is the superfluid electron density and v, =J/ nge
is the superfluid velocity. If f =0, the vortices move with
vy =v;, and produce a transverse field E=—v,
xH/c = —JxH/nsec in the same direction as for the
normal-state Hall effect. A frictional drag introduced
through f & —v; does not affect the sign of the Hall effect
[Fig. 3(d)].

Because neither of these models can produce a sign
change in the Hall effect near T,, we suggest an analogy
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to the case of vortex motion in superfluid “He. In
superfluid “He, relative motion between the vortices and
the superfluid produces a Magnus force

Pk v —v)xz, G)
m

F=

where p; is the superfluid density and z is a unit vector in-
dicating the vortex circulation. Hall and Vinen, and Am-
begaokar, Halperin, Nelson, and Siggia (AHNS) discuss
a general drag force of the form '°

f=—nv.—n'zxv, . 4)

The condition F+f=0 then produces an equation of
motion

h
v, -—ﬁiDvsxz+Cv,. (5)

Here

n
D= , (6a)
(hps/m —1')*+n? 2

o hpfm =
m (hp,/m—n')2+n?"

AHNS note that in the limit of no drag forces n=n'=0
and the coefficients D=0 and C=1. The vortices then
flow with the superfluid and at the same velocity, as in the
Nozieres-Vinen superconductor with f=0. However, we
observe that for large damping, if n'> hp;/m, we have
C <0 and v, has a component opposite to the direction of
the superfluid flow. Such motion is consistent with energy
conservation, as the force in n' does no work. Therefore a
similar damping force

(6b)

f=—nv,—n'doxv, @)

acting against the Magnus force in a superconductor
would cause “upstream” vortex motion for n' > n;e/c and
reverse the sign of the Hall voltage.

Therefore we propose that under weak pinning the vor-
tices in the mixed state of a superconductor move under
the influence of the Magnus force (2) described by No-
zieres and Vinen and a frictional force (7). Near the su-
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perconducting transition the number of superconducting
electrons is small and the drag term in ' may be large
enough to produce a flux velocity component opposite to
the direction of the transport current: thus the Hall effect
has sign opposite to that of the normal state. [We note
that a Lorentz force F = J X ¢o/c combined with a friction-
al force (7) will produce a sign change in p,, for any
n'>0.] If the flux lines become pinned to the crystal lat-
tice the vortex motion slows and the Hall voltage vanishes.
This picture is consistent with Fig. 1, where p,, is close to
zero at the field where py, vanishes. We note that the
temperatures and fields at which p,, disappears in
YBa,Cu307 are comparable'! to those of the “irreversibil-
ity” or “melting” lines'? observed in other measurements
on this material. Thus the appearance of nonzero Hall
voltage may mark an increase in flux motion in YBa,-
Cu307. By contrast, at high field or temperature, large
numbers of quasiparticles will be excited and contribute a
positive Hall effect, driving the Hall voltage positive to-
wards its normal-state value. In the case of copper-oxide
superconductors, fluctuations? persisting to high fields and
temperatures may prevent the Hall voltage from fully re-
covering its normal-state (linear in H) behavior. Thus the
fact that p,, (T <T.) in YBa,Cu30; becomes positive
and linear at high fields but remains offset from its
normal-state value (Fig. 2) can be attributed to the pres-
ence of strong fluctuations.

In summary, we suggest that the sign reversal of the
Hall effect observed near the superconducting transition
in both the high-temperature copper-oxide superconduc-
tors and some low-temperature superconducting metals
indicates a component of flux-flow velocity op;;osite to the
direction of the superfluid transport current.'” Such a ve-
locity component could result from vortex-motion damp-
ing resembling that in superfluid “He.
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preprint on the Hall effect in the mixed state of YBa:Cu3O
by T. R. Chien, N. P. Ong, and Z. Z. Wang. These authors
emphasize the regime of positive Hall voltage, which they at-
tribute to flux flow, but assert that negative Hall voltages are
due to a transition either to flux creep or else to exotic pro-
cesses such as the nucleation of vortex loop excitations. While
we agree that a positive Hall voltage can result within the
conventional flux flow model of Nozieres and Vinen, resistivi-
ty and magnetization measurements have shown that the

fields and temperatures at which the negative Hall effect ap-
pears are more likely characterized by flux flow than flux
creep. Also, while a transition from flux flow to flux creep
must affect the rate of vortex motion, it should not appreci-
ably change the forces acting on a moving vortex or (conse-
quently) the direction of the resulting motion. Thus one
should not expect a sign change in the Hall voltage to accom-
pany such a transition.



