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Mechanism of the Lorentz-Force-Independent Dissipation in Bi2Sr2CaCu20»

Yoichi Ando, 1'1 1 1 Naofumi Motohira, ~ Koichi Kitazawa, t 1 Jun-ichi Takeya, t 1 and Shirabe Akitat 1

' Superconductivity Research Laboratory, International Superconductivity Technology Center,
1-10-13Shinonome, Koto-ku, Tokyo 135, Japan

' 'Department of Industrial Chemistry, University of Tokyo, Hongo, Bunkyo ku, -Tokyo 113, Japan
"'Central Research Institute of Electric Power Industry, 2-11 IIw-ato kita-, Komae, Tokyo 201, Japan

(Received 28 June 1991)

A novel power law was found above 65 K in the I-V characteristics of Bi2Sr2CaCu20~ single crystals
with the magnetic field perpendicular to the c axis. At 80 K, the power-law exponent decreased sharply
up to 1.5 T but remained nearly constant above it, suggesting an abrupt crossover to a different mecha-
nism. An unusual field dependence of resistivity was also found, which cannot be explained by simple
flux-flow theory. The above novel features of the Lorentz-force-independent dissipation can be con-
sistently explained by a model based on two-dimensional vortex-antivortex pair breaking.

PACS numbers: 74.40.+k, 74.60.6e

It has been recognized that highly anisotropic high-T,
oxides show Lorentz-force-independent energy dissipation
in the mixed state. This phenomenon has been reported
for La-Sr-Cu-0 [1], Biqsr2CaCuqOr [2], Y2Ba4CusOi6
[3], and Tl-Ba-Ca-Cu-0 [4,5]. A clear experiment per-
formed by Iye, Nakamura, and Tamegai [2] has shown
that the resistivity in the a-b plane does not change when
the applied magnetic field is rotated within the plane.
This brought up serious questions as to whether Aux creep
or Aux flow; which are driven by the Lorentz force, are
truly the origin of dissipation. Although many theories to
explain this Lorentz-force independence have been pro-
posed [4,6-8], the mechanism of the dissipation has not
yet become clear.

In this Letter, we report the first observation of clear
power-law current-voltage (I-V) characteristics in the
Lorentz-force-independent dissipative state in Bi2Sr2Ca-
Cu20~. The existence of a power law and the behavior of
the power-law exponent give us clues to solve the origin of
the dissipation. Studies focused on the Kosterlitz-
Thouless (KT) transition have revealed that high-T, ox-
ides show power-law I-V characteristics in the vicinity of
the mean-field transition temperature in zero magnetic
field [9] or for a field applied parallel to the c axis
[10-12]. At lower temperatures, nonlinear I Vcharac--
teristics are also observed for the field parallel to the e
axis [13,14]. These are interpreted in terms of the
vortex-glass superconductivity [13] or other mechanisms
[14-16]. However, clear power-law I Vcharacteristic-s
have not yet been reported for the case of the field per-
pendicular to the c axis, although Iye, Nakamura, and
Tamegai [2] reported a nonlinear relation between the
current and the voltage.

Most of the theories [4,6,71 to explain the Lorentz-
force-independent dissipation predict Aux-flow- or Aux-

creep-type I-V characteristics, which means that the dis-
sipation is Ohmic if the current density is sufIiciently
small. Therefore, our observation of power-law I- V
characteristics in the Lorentz-force-independent dissipa-
tion imposes a significant restriction on the explanation of
the dissipation mechanism. We also find an abrupt

change in the magnetic-field dependence of the power-law
exponent and the resistivity around 2 T. We interpret
these observations by a novel model, which considers the
vortex-antivortex pair breaking combined with the
stiffness of the flux-line lattice formed parallel to the
Cu02 layers.

Single-crystalline Bi2 2Sr] gCaCu20~ samples used for
this study were grown with the floating-zone method in

an oxygen atmosphere. The growth speed was 0.5 mm/h.
The crystals were cleaved into a typical thickness of 0.05
mm. The zero-resistance temperature was 86 K, and the
resistivity was 2-4 pQ m at 100 K. Four low-resistance
contacts were made on the a-b plane with Au paste with
a heat treatment of 20 h at 800 C in air, which is also
useful for improving the sample quality. After the heat
treatment, fine Au wires were attached with Ag paste.
The measurements were done using a standard dc four-
probe method. The maximum current was 100 mA
(which corresponds to the current density [17] j of about
120 Acm ) and the voltage resolution was well within
10 V. The temperature was measured with a carbon-
glass resistor. The stability of the temperature during the
I-V measurement was within 0.05 K, but the absolute
values of the temperature in high fields may have errors
of up to 0.5% due to the magnetoresistance of the ther-
mometer. We used a sample holder whose sample stage
can be rotated in an 8-T solenoidal magnet. The resolu-
tion of the rotation angle is better than 0.2'.

The I-V characteristics in 8 T at various temperatures
are shown in Fig. 1. It is clear that the I-V characteris-
tics can be well fitted by a power law above 65 K. Figure
2 shows the I Vcharacteristics -in various fields for (a) 80
K and (b) 75 K. The power law holds for every magnetic
field measured. The magnetic field was applied precisely
perpendicular to the c axis; this direction was determined
by rotating the sample in the magnetic field to obtain the
minimum resistance. These data were taken for the sam-
ple which has the zero-field resistive transition shown in
the inset of Fig. 1. This sample was 1.6 mm wide and
0.050 mm thick. The distance between the two voltage
probes was 5.4 mm. We confirmed by remounting the
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FIG. 1. I-V characteristics in 8 T for a wide range of tem-
peratures: 55, 60, 65, 70, 75, and 80 K. The lines are power-law
fits to the data. Inset: Zero-field resistivity up to 240 K.

sample in diAerent orientations that the resistivity is
essentially independent of the relative direction between
the field and the current for the field perpendicular to the
c axis; namely, energy dissipation is Lorentz-force in-
dependent. In the measurement of Figs. 1 and 2, the
current direction was essentially parallel to the applied
field.

The dependence of the power-law exponent a of the
I-V characteristics on the magnetic field is shown in the
insets of Fig. 2. Note that a decreases rapidly with in-
creasing field up to about 2 T, at which point it becomes
nearly constant. The precise value of the field where this
anomaly occurs showed slight sample dependence; it
varied from 1.5 to 2 T. It also depends slightly on the
temperature; however, the sharpness of the change in the
behavior of a diminishes with decreasing temperature.
We have also found a change in the magnetic-field depen-
dence of the resistivity around 2 T, possibly correspond-
ing to the change in the behavior of a. This can be seen
in Fig. 3 where the magnetic-field dependence of the volt-

age at a nominal current of 6.0 mA (which corresponds
to j=7.5 Acm ) is plotted rather than the resistivity
because of the nonlinearity of the I-V characteristics.
This magnetic-field dependence of the voltage is totally
diN'erent from what is expected from the Bardeen-
Stephen behavior [18] of flux-flow resistivity, which is
linear in magnetic field.

Our experimental results show that a model to explain
the Lorentz-force-independent dissipation should also ex-
plain the following points: (1) the power-law I-Vcharac-
teristics, (2) the L-shaped magnetic-field dependence of
the power-law exponent, and (3) the S-shaped magnetic-
field dependence of the resistivity. In view of the power
law, most of the inodels [4,6,7] which predict flux-flow-
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FIG. 2. (a) I-V characteristics at 80 K in selected magnetic
fields, 0.5, 1, 1.5, 2, 3, and 8 T, oriented perpendicular to the c
axis. The lines are power-law fits to the data. (h) I-V charac-
teristics at 75 K in 1, 2, 4, and 8 T. Insets: Magnetic-field
dependence of the power-law exponent.

or Aux-creep-type I-V characteristics are not applicable.
One exception is the theory proposed by Blatter, Ivlev,
and Rhyner [8] which predicts a power-law I-V charac-
teristic above 15 T, but a large critical current density of
the order of 10 Acm below this field. This contra-
dicts our experimental results, which show no sign of such
strong intrinsic pinning. Therefore, there is no theory we
are aware of that can explain our results satisfactorily.

Here we propose a novel model to explain our experi-
mental results. First, it takes into account the small but
finite random misalignment of the c axis within the crys-
tal [6]. Such misalignment can be estimated by the half
width at half maximum of the rocking curve of the crys-
tal for the (0010) peak [41, and the misalignment of our
crystal was estimated to be about 0.6 . Therefore, even
though we have carefully aligned the magnetic field per-
pendicular to the c axis of the sample, because of the
small variation of the c-axis direction within the sample,
there will always be a component of the field parallel to
the c axis. Second, the interlayer coupling in highly an-
isotropic superconductors such as BiqSrqCaCu20~ is so
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FIG. 4. A 2D vortex-antivortex pair in a Cu02 plane. The
pair creates a dislocation in the interlayer flux-line lattice.

FIG. 3. Dependence of the voltage at the nominal current of
6.0 mA (j=7.5 Acm ) at 80 K on the magnetic field perpen-
dicular to the c axis. Errors are mainly due to the magne-
toresistance of the thermometer. Inset: Double-logarithmic
plot of the voltage vs magnetic field. The line is a power-law fit
to the data for fields below 2 T. The slope of this fit is 2. l4.

weak that two-dimensional (2D) vortex-antivortex pairs
are thermally activated within a CuO& plane [10,16].
Since the magnetic-field component parallel to the c axis,
Hi, enhances pair breaking [10], free 2D vortices are
created due to the crystalline misalignment. Therefore,
we assume that the origin of the apparent Lorentz-force-
independent dissipation observed is the motion of such
free vortices: The Lorentz force acting upon the 20 vor-
tices in a Cu02 plane is independent of the relative angle
between the current and the magnetic-field component
perpendicular to the c axis, H&. Since this activation
process is basically of a KT type, the I-V characteristic
obeys a power law.

The behavior of the power-law exponent below 2 T can
be expressed by the formula proposed empirically by Ban,
Ichiguchi, and Onogi [12],

log(V/Vo) = [a Iog(Hp/Ht)]log(I/Io),

where a ()0), Vp, Hp, and Ip are normalization factors
which depend on the temperature. From Eq. (I), it is
easily seen that the power-law exponent of the I—V
characteristics decreases with increasing field. This ex-
plains the magnetic-field dependence of the exponent (in-
sets of Fig. 2) in lower magnetic fields. Furthermore, Eq.
(I) implies that the voltage at a fixed current also shows
a power-law dependence on the magnetic field. This ex-
plains the magnetic-field dependence of the voltage (Fig.
3) in low magnetic fields as can be seen in the data of
Fig. 3 replotted on a double-logarithmic scale in the inset.
It is clear that the voltage below 2 T can be fitted by a
power law.

Let us consider the case for higher magnetic fields.
According to Kes et al. [6], Bi2SrqCaCu20~ actually
behaves as if the Cu02 planes are decoupled; therefore,
the field 0& penetrates completely, and the interplane
spaces are filled with 3osephson-vortex chains. The dis-

tance d between the chains along the c-axis direction is

equal to c/2=1. 5 nm. When B~=2 T, the lateral dis-
tance between each 3osephson vortex in a chain is
@p/B&d =0.67 pm. On the other hand, the diameter of a
Josephson vortex along the Cu02 plane is given by k,

[19], where X, and A,,t, are the penetration
depths along the c axis and the a bplane, res-pectively,
and I is the effective-mass anisotropy ratio [20]. Using
I =280 (Ref. [20]) and a typical value k, b =0.14 pm
[19],X, becomes as large as 2.3 pm.

In the presence of dense interlayer flux lines, the 2D
vortex-antivortex-pair creation in the Cu02 planes is
suppressed. This can be understood by considering the
interaction between a vortex pair and the interlayer flux
lines. The creation of a vortex-antivortex pair is equiv-
alent to the creation of a dislocation in the interlayer
Ilux-line lattice [8] (Fig. 4). This dislocation increases
the elastic energy E,~

of the flux-line lattice by
E,~(R)=epR/Wt, where R is the size of a pair, and
ep = (@p/4+X,q ) [8]. However, if the distance between
interlayer flux lines, l, is larger than R, the creation of a
pair produces no significant dislocations in the lattice.
Therefore, E,~(R) should have a lower cutoff at l, and
E,~(R) =0 for R ( l. From this discussion, it can be said
that, with increasing field, the suppression of pair
creation sets in when l becomes smaller than some critical
value l, . The theoretical estimate of l, is difticult at this
stage; however, our experimental results suggest that
significant suppression of pair creation sets in when the
spacing l in a chain becomes —0.7 pm, about 3 of the
interlayer flux-line diameter.

Following the above discussions, the magnetic-field
dependence of both the power-law exponent and the resis-
tivity above 2 T can be qualitatively understood as fol-
lows: The eAect of the suppression of pair creation on the
dissipation is compensated by the enhancement of pair
breaking due to increasing H~~, and the power-law ex-
ponent, which is a measure of the ease of free-vortex
creation, becomes nearly constant. At the same time, the
number of free vortices created by pair breaking tends to
be constant. Note that there also exist free vortices creat-
ed directly by Hi (not by its pair-breaking effect), and
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the number of such vortices increases linearly with in-
creasing field. Therefore, the resistivity never becomes
constant with increasing field, though the number of free
vortices created by pair breaking tends to be constant.

In conclusion, we found that the I-V characteristics in

a field applied perpendicular to the c axis obey a power
law above 65 K. The field dependence of the power-law
exponent and the resistivity were found to show a qualita-
tive change around 2 T. To explain our observation, we
have proposed a novel model which assumes a KT behav-
ior with the pair-breaking eA'ect of the field component
parallel to the c axis due to small misalignments of the c
axis within the crystal. The interaction of vortex-anti-
vortex pairs with interlayer Aux lines has been considered
in order to explain the magnetic-field dependence of the
power-law exponent and the resistivity.

We would like to thank Dr. J. O. Willis for very help-
ful discussions and a critical reading of the manuscript.
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