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Flux flow was studied over an entire temperature range down to T � 2% of Tc by using intense pulsed
current densities to overcome flux-vortex pinning. The resistivity at high vortex velocities is proportional
to B and roughly follows r � rnB�Hc2, with a prefactor of order unity. Contrary to some speculation,
rn saturates to a finite residual value as T ! 0, indicating a metallic �r ! finite� rather than insulating
�r ! `� normal state, and the vortex dissipation continues to be conventional as T ! 0.

PACS numbers: 74.40.+k, 74.60.Ge, 74.72.Bk
An important property of any superconductor is the be-
havior of the normal state both above and below Tc. The
traditional way to probe the normal-state resistivity rn be-
low Tc is to apply a magnetic field H greater than the upper
critical value Hc2. In high-temperature superconductors,
however, rn for T ! 0 continues to be an elusive quantity
because Hc2 � 100 T. Such fields can introduce substan-
tial magnetoresistance and potentially induce a transfor-
mation between metallic and insulating states. Indeed the
present controversy in some systems is not over the pre-
cise value of rn �T ! 0�, but whether it is infinite [1] or
finite [2]. One alternative to applying large fields H .

Hc2 is to prepare samples with different compositions
and doping to study how rn varies as Tc is suppressed.
While avoiding the problem of magnetoresistance, this
method introduces changes in other parameters such as
carrier concentration.

In this paper we use a third tool to probe rn below
Tc, which is the flow of magnetic flux vortices. The
effective resistivity of the core that governs vortex dissi-
pation is in many cases closely tied to rn. Even when
deviations arise in special cases, the measurement can still
allow differentiation between insulating �r ! `� and
metallic �r ! finite� behaviors. Because the flux-flow
method uses low flux densities �B ø Hc2� only to intro-
duce vortices and the composition of the original system
is unaltered, it provides a valuable complement to the
other two approaches in helping to build a picture of the
elusive normal state below Tc.

At fields greater than the lower critical value Hc1, a
type-II superconductor contains flux vortices each carry-
ing a quantum of flux F0 � h�2e Wb. A transport cur-
rent density j exerts a Lorentz driving force j 3 F0 on
the vortices, with the motion being opposed by a vis-
cous drag hy (h is the coefficient of viscosity), so that in
steady state jF0 � hy and the response is Ohmic. Larkin
and Ovchinnikov have shown that a dirty superconduc-
tor at low temperatures has a flux-flow resistivity given
0031-9007�00�84(22)�5204(4)$15.00
by [3]

rf�rn � 0.9B�Hc2�T � . (1)

Approximately the same result, without the precise 0.9
prefactor, can be obtained by considering the Ohmic
dissipation in the core and temporal changes in the
order parameter leading to irreversible entropy transfer
[4]; the result is also valid for d-wave superconductors
that are not superclean [5]. Equation (1) is equivalent
to h � F0Hc2�rn and h ~ D, the superconducting
order parameter.

At low values of j, the response is non-Ohmic due
to pinning, and the purely viscous free-flux-flow (FFF)
regime is accessed when j ¿ jc, where jc is the depin-
ning threshold (e.g., see Fig. 5 of Ref. [6]). Our previous
work [7] close to Tc �Tc . T . 0.85T �c confirmed this
behavior [8]. As shown in Fig. 1(a), at sufficiently large j,
r� j� shows a tendency to saturate to a constant value with
a resistivity in agreement with Eq. (1).

At low temperatures, larger current densities and vor-
tex velocities yf are required to fully overcome pinning
and promote free-flux flow. Such conditions may in-
duce changes in the electronic distribution function and
the structure of the vortex [9], causing a non-Ohmic re-
sponse and deviations from Eq. (1). Under conditions of
extremely high j and yf, the viscosity may drop so rapidly
with yf that the vortex motion becomes unstable, causing
a discontinuous jump in E above a threshold j�. Figures
1(b) and 1(c) show resistivity curves at two lower tem-
peratures, 50 and 20 K, up to this instability. As expected
from the above discussion, there is some deviation from
Ohmic behavior and the measured resistivities continue to
climb with j after pinning is overcome. From the data it
appears that the increase over rf is by a factor of order
unity. Note that this correction affects only the exact value
of rn that is extracted, not the conclusion of whether the
normal state is metallic or insulating. Previous theoretical
work on the vortex instability, which has concentrated on
© 2000 The American Physical Society
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FIG. 1. (a) r-j curves from Ref. [7] showing saturation into
FFF behavior at high T . (b), (c) r-j curves at lower tempera-
tures (sample L2) showing some nonlinearity.

the region near Tc [9], finds the critical resistivity at insta-
bility r� to be proportional to rf . For low T we estimate
below that r� � 2rf .

For T ø Tc most of the carriers are condensed: A
main manifestation of the nonequilibrium energy rise
is to break pairs and create quasiparticles. For our
conditions, the energy-relaxation length �le �

p
Dte �

100 1000 nm� is larger than the intervortex spacing �lf �
1.075

p
F0�B � 10 50 nm� and a comparison of scatter-

ing rates (extrapolated to low temperatures) indicates that
electron-electron scattering is likely to be more rapid than
electron-phonon scattering; here D � 3 3 1024 m2�s
is the diffusion constant and te � 0.1 10 ns is the
energy-relaxation (electron-phonon) time. The nonequi-
librium shift in the energy density of the electronic system
is jEte . If dnn is the number of quasiparticles created, we
have Ddnn � jEte . Since D2 ~ ns � n 2 nn (where
n is the carrier concentration and ns is half the pair
density) and h ~ D, the dissipation-dependent viscosity
becomes h�E� � h�0� �1 2 jEte�2nD�. Making use
of E � yfB, hyf � jF0, and h�0� � F0Hc2�rn, we
find jrf � E��1 1 �E�E��2� with E� �

p
2rfnD�te .

The instability occurs at E � E�, where j reaches its
maximum value j�. Here

r� 	 E��j� � 2rf � 2rnB�Hc2 . (2)

This supports what was earlier deduced empirically from
the data of Fig. 1, that r� is only slightly higher (within
an order of unity) than rf upon reaching the instability.
[Additional corrections to Eqs. (1) and (2) can occur in an
s-wave superconductor with very short coherence length
j, where the large core-level spacing can make vortex
dissipation vanish as T ! 0. A related consequence has
been seen in the Nernst effect in Nd1.85Ce0.15CuO42d [10].
However, Y1Ba2Cu3O72d does not satisfy 2j ø l, with
a mean-free path l � 5 nm and j�T � � 1.6 nm, and gap
nodes allow quasiparticles to extend out even farther. This
is consistent with our observed finite vortex dissipation
as T ! 0. For the same reasons the Kramer-Pesch effect
[11], which applies to ultraclean s-wave superconductors,
is not relevant for Y1Ba2Cu3O72d.]

The samples are 90-nm-thick c-axis oriented epitaxial
films of Y1Ba2Cu3O72d on a (100) LaAlO3 substrate.
The films were prepared using the BaF2 process, de-
scribed elsewhere [12], with conditions optimized to
produce single-crystal like quality [7]. Electron-beam and
optical-projection lithographies, together with wet etching
in �1% phosphoric acid, were used for patterning. This
study includes two small ��3 3 50 mm2�, two medium
�8 3 100 mm2�, and two large �16 3 180 mm2� bridges,
labeled S1, S2, M1, M2, L1, and L2. Figure 1 also
includes for comparison data from our earlier Letter [7]
for a 100 3 3000 mm2 bridge. The zero-resistance Tc’s
are about 90 K with transition widths �0.5 K.

The results are very reproducible and independent of
sample size. The inset of Fig. 2 compares the resistive
transitions of a small (S1) and a medium (M1) bridge.
The main panel of Fig. 2 shows mixed-state j-r curves for
samples of three different widths. In the superconducting
state a transport current is liable to travel along the edges
of a bridge, making it difficult to define a bulk resistivity
[13]. However, at higher dissipations, current flow should
become uniform because of the principle of minimum en-
tropy production. This is born out by Fig. 2, where the
curves for all widths converge at high j.

The flux densities used in this paper (0.7–16 T, with
B�CuO planes) exceed the self-field of the current by

FIG. 2. Mixed-state characteristics at three sample widths (S2
is 2.8, M2 is 8, and L2 is 16 mm) at T � 50 K, B � 13.8 T.
r� j� becomes universal at large j, verifying current-flow unifor-
mity. The inset shows closely overlapping resistive transitions
of samples S1 (3 mm wide) and M1 (8 mm wide).
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FIG. 3. Oscilloscope traces for sample S1 at T � 25 K and
B � 13.8 T. (a) Subcritical values of E and j. (b) Temporal
development of the vortex instability as j exceeds the critical
threshold.

at least 2 orders of magnitude. In the region of interest
the current density satisfies jc ø j ø j0 (with j k CuO
planes) minimizing the influence of pinning; here j0 �
108 A�cm2 is the depairing current density [14]. These
conditions provide a homogeneous system ideal for study-
ing intrinsic vortex dissipation.

The electrical transport measurements are made with
a pulsed current source, preamplifier, and digital oscillo-
scope. The measurement setup is discussed in a previous
review article [15]. Figure 3 shows oscilloscope wave-
forms of current and voltage pulses just below (a) and
above (b) the instability threshold. The pulse rise times
are about 100 ns. The short rise times combined with nar-
row bridge widths permit transport measurements at dissi-
pation densities in the 109 W�cm3 range. We previously
discussed [7,15] that the onset of bulk heating is signaled
by a distortion in the voltage pulse, where E�t� becomes
slanted beginning at t � 0. In the case of a vortex insta-
bility, E�t� is flat at short times and has an abrupt hump,
as seen in Fig. 3(b). This hump expands dramatically
with the slightest further increase of j. The aforemen-
tioned review article discusses our detailed procedures to
rule out sample heating, involving empirical calibrations
as well as first-principles calculations of the thermal resis-
tance �Rth � 1 nK cm3�W�.

Figures 1(b) and 1(c) show some typical sets of j-r
curves for sample L2 at T � 50 K and T � 20 K at vari-
ous fields. E varies smoothly with j until the last point
where the appearance of a hump-shaped waveform dis-
tortion [Fig. 3(b)] coincides with a rapid divergence in
E, which we identify as the point of vortex instability.
The critical resistivities r� � E��j� (end points of the
curves in Fig. 1) are plotted against B in Fig. 4. As pre-
dicted by Eq. (2), we see that r� is proportional to B
(intercept ! 0 at large B). Equation (2) now yields an
5206
FIG. 4. Critical resistivities for sample L2 show homogeneous
linearity at high flux densities.

estimate of rn uncomplicated by the magnetoresistance
of the normal state. The upper critical field Hc2 and its
complete temperature dependence are now well established
[16,17], most recently using direct high fields (130 T) by
Nakagawa et al. [16]. We use this empirical Hc2 �T � [with
Hc2 �0� � 120 T] to calculate rn �T � from Eq. (2).

Figure 5 shows the final result, a picture of the approxi-
mate normal-state resistivity over the complete tempera-
ture range for sample M2. The high-temperature curve
is the usual continuous current � j � 194 A�cm2� mea-
surement of the resistive transition. The dashed line at
intermediate temperatures is a schematic representation of
rn deduced from our earlier work [7] on free-flux flow
�0.85T , T , Tc�. The data below 60 K come from the
critical resistivities measured in this paper. The overall
temperature dependence is consistent with the measure-
ment of rn �T � in Y1Ba2Cu3O72d by Nakagawa et al. [16]
(allowing for a possibly large magnetoresistance) who sup-
pressed the superconductivity by applying pulsed fields
H . Hc2.

There are two key points about our results. First, this
is a direct experimental confirmation, for Y1Ba2Cu3O72d,

FIG. 5. The estimated normal-state resistivity over the entire
temperature range. The squares are a direct measurement at
j � 194 A�cm2. The dashed line was deduced from free flux
flow in earlier work [7]. The circles are the new data obtained
in this work.
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that the conventional ideas of vortex dissipation work all
the way down to T ø Tc, with a rn of about the right
value and a flow resistivity that is proportional to B. Sec-
ond, in the controversy as to whether the normal state is
insulating or metallic, the Boebinger et al. results [1] in-
dicate the novel possibility of an insulating normal state.
However, high fields near a metal-insulator transition (they
use H . Hc2 � 60 T to quench superconductivity) can
actually change the behavior from metallic to insulating
[2]. Our flux-flow approach probes rn at H ø Hc2,
and thus provides complementary information and further
insight into the nature of the normal state in the zero-
temperature limit.
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