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Measurements of the in-plane resistive transition of Bi>Sr,CaCu,Os+ 5 single crystals in perpendicular
magnetic fields reveal that in oxygen-reduced samples a giant resistance maximum evolves with field.
This is not seen in oxygenated samples with similar metallic normal resistivities. As the peak resistivity
may exceed the normal resistivity, it cannot arise from ordinary vortex-motion dissipation. We propose a
model where the excess resistance results from nonrigid vortex motion coupling the out-of-plane dissipa-
tion to the in-plane resistance at temperatures where pinning effects are negligible.

PACS numbers: 74.60.Ge

The nature of the resistive transitions in magnetic fields
and the role of vortex motion in causing dissipation in the
layered cuprate superconductors have been lively ques-
tions with ramifications for both science and applications.
Since a clear understanding of field-induced dissipation is
of great importance, this subject has generated intense
experimental and theoretical interest and controversy.
Typically, with the field oriented in the ¢ direction, per-
pendicular to the planar Cu-O layers, and the current in
the a-b direction along the planes, these materials exhibit
a transition onset temperature that is not greatly affected
by fields up to ~10 T, followed by an anomalously broad
transition region. These facts have generated various in-
novative models of vortex structure and dynamics which
seek to explain the decay of resistance with temperature
[1]. While there are many competing models for the a-
b-plane vortex dynamics [2], several reported data [3-5]
on Bi»Sr,CaCu;05 and Tl;Ba;CaCu,0s display a prom-
inent excess dissipation at high fields in the form of a
resistive “knee” or a “hump” at temperatures between 50
and 80 K that, due to the intermediate temperature range
involved, is difficult to explain with current models.

In this Letter we report the first observation of a field-
induced resistive maximum that can exceed the extrapo-
lated normal-state resistivity in the a-b-plane transition
of oxygen-reduced Bi,Sr,CaCu;0Os5+5 single crystals.
This occurs despite the metallic and relatively low normal
resistivity p, (T") in these samples. Because p,(T) is me-
tallic, this effect cannot be explained by conventional
motion of vortices. We propose a simple model for the
excess resistance, caused by motion of nonrigid vortex
lines, that is independent of the details of the in-plane
vortex motion and dissipation. This model can account
for the present data and may apply to other layered su-
perconducting systems as well. By comparing reduced
crystals to oxygenated ones, where the resistance max-
imum does not develop at similar fields, we can gain in-
sight into what material parameters affect the bending
and interlayer coupling of vortex lines.
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The single crystals of Bi,Sr;CaCu,0sg+ 5 were grown by
a directional solidification process, and their oxygen con-
tents were controlled by annealing in reducing or oxidiz-
ing atmospheres as described in detail in a previous arti-
cle [6]. The reduced samples were characterized by a T,
of 92 K and the oxygenated samples by a T, of 83 K,
measured by both transport and magnetization. More
detailed studies [6,7] of the oxidation-reduction reaction
showed that it was reversible and did not affect the crys-
tal microstructure. X-ray-diffraction patterns indicated
homogeneous single-phase material with an instrumental-
ly sharp linewidth. The crystals were cut into bars of
trapezoidal cross section with typical dimensions 5
mmX0.5 mm Xx0.025 mm, cleaved, and then four Au con-
tacts were evaporated down the sides in a linear con-
figuration. The data were carefully checked to be in-
dependent of exact contact configuration. Freedom from
random contact problems was tested by exchanging the
roles of the current and voltage leads on several samples
and confirming that the data were unaffected (inset of
Fig. 1). The current was directed along the a-b plane;
both ac and dc biases were used with a current density of
J =50 A/cm?, where the current-voltage relation was
verified to be Ohmic in the temperature range concerned.
The magnetic field was oriented in the ¢ direction and
varied from O to 10.5 T.

Figure 1 shows the resistivity versus temperature, in
fields up to 10.5 T, of a sample annealed at 500°C in a
0.1% H,/Ar-reducing atmosphere. p,(7) is linear, me-
tallic, and of moderately low resistivity, showing that, in
the normal state, c-axis conduction is negligible. Super-
conducting fluctuations are evident above 90 K at all
fields, indicating that the onset temperatures change little
with field, consistent with this family of materials. The
zero-field transition has no anomalies. Upon increasing
field, however, a striking resistive peak evolves continu-
ously with field between 55 and 80 K, developing from a
knee below ~2 T to a peak above 2 T, and exceeding
pn(T.) around 6 T. These data strongly suggest that the
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FIG. 1. a-b-plane resistive transitions in various perpendicu-
lar magnetic fields for a sample annealed in 0.1% H/Ar, show-
ing the evolution of the resistance peak. Inset: Two sets of data
on a similar sample with the roles of the current and voltage
contacts exchanged, showing the independence of the data from
possible contact problems.

development of knees in the same temperature range in
the Refs. [3-5] are manifestations of the same phenome-
non only with a larger characteristic field. In this tem-
perature range the dc magnetization of these samples is
reversible, indicating that pinning does not dominate the
vortex dynamics here. All three such samples measured
yielded similar results. Figure 2 shows, for comparison, a
sample annealed at 500°C in 1 atm pure O,. p,(T)
again is linear, metallic, and of similar magnitude to the
reduced samples, but no peak develops up to 9 T. Three
such samples confirmed this behavior. We remark that
the presence or absence of resistive peaks bore no correla-
tion with the magnitude of p, above T, or the T =0 inter-
cept extrapolated from high temperature.

This nonmonotonic, magnetic-field-dependent behavior
of the transition is surprising, especially in view of
the monotonically decreasing p,(T). Recently, Bricefio,
Crommie, and Zettl [4] have shown that when the
current and field are both parallel to the ¢ axis, a resis-
tance maximum occurs, even at zero field, due to com-
petition between the semiconducting c-axis normal resis-
tivity and Josephson interplanar coupling. This is not ex-
pected to occur in the a-b-plane transition when a metal-
lic p,(T) is present. Because the behavior is associated
with magnetic field in a relatively high-temperature re-
gime, vortex motion will certainly be important. Howev-
er, because p,(T) decreases with T, whatever model is
used for the a-b-plane vortex motion [2] cannot result in
a vortex-induced resistance that exceeds p,(7.). As em-
phasized by Bricefio, Crommie, and Zettl [4], this is true
in the Bardeen-Stephen model [8] even if p,(T) is semi-
conducting.

We introduce here a new model, unique to weakly cou-
pled layered superconductors, which proposes that motion
of distorted vortices can produce an excess dissipation by
coupling in c-axis current paths in addition to the a-b-
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FIG. 2. a-b-plane resistive transitions in various perpendicu-
lar magnetic fields for a sample annealed in oxygen. No excess
resistance appears up to 9 T.

plane resistance caused by vortex motion. This model ac-
counts for at least the qualitative features of the data in
Fig. 1. We assume that below T.(onset) the layers can
be thought of as Josephson coupled, and that this weak
coupling allows distortions and nonrigid movement of
vortex lines. It has been persuasively argued by many au-
thors [9] that weak interlayer coupling will result in a
small vortex-line tension and hence a significant probabil-
ity that the vortex line is neither straight nor rigid. The
problem is exacerbated by the presence of random pin-
ning [10]. When the distorted vortex line moves, the
time-dependent interlayer phase difference arising from
the motion results in resistive interlayer current jumps,
coupling in the larger c-axis dissipation to current flow
nominally in the a-b plane.

Consider a vortex line which is primarily in the ¢ direc-

tion but with a kink in the b direction, shown schemati-
cally in Fig. 3(a). The local vector potentials A4,(x,y,t)
and A,+,(x,y,t) in the n and n+1 layers will then be un-
equal and will have some c-axis component, resulting in
an interlayer local phase difference:
Yunn+1(x,9,1) =(2)T7;d(-[An+|(X,y,t) —A,(x,y,01, )
where d,. is the interlayer spacing. In the equilibrium
case (i.e., no bias current) this phase difference will give
rise to a supercurrent circulation with a c-axis com-
ponent. This is just the screening current set up to shield
the b-axis component of the field resulting from the bend
in the vortex line [11]. If the vortex moves in response to
a small applied current passed in the a direction, the local
vector potentials will change with time, resulting in an in-
terlayer voltage:

— h a7n,n+l

A, .
Vn,n+](x,y)——e__=__d( a +1 0A
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FIG. 3. Schematic representations of (a) a distorted vortex
line and the local vector potentials, (b) the local interlayer
current jump caused by motion of the distorted vortex line, and
(c) an idealized current path between voltage electrodes. Inter-
layer segments contribute resistance R, independent of direc-
tion.

This voltage is a measure of the c-axis energy dissipation.
If the vortex is a classical straight, rigid rod, by symme-
try the time derivatives in (2) cancel and so no voltage
develops. In the present case this voltage will cause some
current to locally jump either from the n to the n+1 lay-
er [as shown schematically in Fig. 3(b)] or from the n+1
to the n layer, depending on the bend direction of the vor-
tex, with magnitude 7, ,+(x,y) =V, ,+1(x,y)/R1, Ry
being the resistance in the ¢ direction. Note that inter-
layer current jumps in either direction both dissipate en-
ergy; hence, the absolute value is used in (2) so that the
resulting voltages do not cancel (i.e., there is no energy-
gain mechanism to give a voltage of opposite sign).
Equation (2) gives the energy loss arising from one
current jump due to motion of one vortex. Since all such
jumps are dissipative, the total measured energy loss, in
addition to the a-b component, is just the sum of all such
losses arising from all the vortices in the sample:

V(T,H) = Iyi,sRap (T, H)

R
+ﬁ§ffln,n+]()ﬁy)dxdya (3)

where Ipi,s is the set current bias and L? is the planar
area of the sample. Note that the excess dissipation due
to vortex distortions is independent of whatever drives the
in-plane vortex motion. Rewriting (3) in terms of resis-
tance, we obtain

V(T,H) =Rub(T,H)+L-L(—71LfI_)

bias bias

R(T,H)= R.(T),

4

where R(T,H) is the measured resistance and 7, (T,
H)/Ii, is the total component of dissipative interlayer
current. R, (T) is the c-axis resistance obtained from
data. Although (4) results from simply adding up energy

losses, one can picture it as a series-resistor network as
shown in Fig. 3(c), where each interlayer segment yields
a resistance R,. The series, rather than parallel, path
works because, just as in classical flux-flow resistance, the
presence of moving vortices prevents the current from
seeking an equilibrium path of least resistance, as em-
phasized by Tinkham [12].

All of the physics is encompassed in the function
I, (T,H) which, given a detailed model of the statics and
dynamics of the vortices, is in principle easily calculated
from (1) to (3). Although such knowledge of vortex be-
havior does not presently exist, some physical limits can
nevertheless be deduced.

(i) 1,(T,H)— 0 as T— T, (onset) because the super-
conductivity is lost, so that the vortex is no longer quan-
tized and the Josephson coupling vanishes.

Gi) 1.(T,H)— 0 as T— 0 because below some tem-
perature the vortices are expected to either freeze or be-
come pinned and not move in response to a small applied
current. Furthermore, if the vortex distortion is thermal-
ly activated, there will be fewer line distortions and,
hence, fewer current jumps at 7— 0.

Gii) 7. (T,H)— 0 for H < H.,, since in the Meissner
phase there are no vortices to drive the interlayer transi-
tions.

(iv) I1,.(T,H) is an increasing function of increasing H
at given 7. In low fields [(®o/H) 2> A1, I.(T,H) is ex-
pected to be linear with H, but modifications to this
dependence at high field due to vortex-vortex correlations
and inhomogeneity of field distribution are likely to be
important. While such effects are difficult to estimate,
the 9- and 10.5-T data of Fig. 1 suggest that I/, (T,H)
saturates as H— H,,, indicating that competing effects
may exist at high fields.

By (i) and (i), 7,(T,H) must have a maximum be-
tween 0 and 7, but because the physical reasons for van-
ishing at these limits are different, 7, (T,H) should not
be symmetric about its maximum. Nevertheless, taking
(iii) into account, for the purposes of simplicity of numer-
ical computation, we take the functional form

I3™(T,H) =aH expl —o(T —T*)?], (5)

bearing in mind that, although for practical purposes the
Gaussian obeys the correct limits, it is used purely for
convenience and is not physically justified. Some com-
puted R(T,H) curves are shown in Fig. 4, taking data
from an oxygenated sample for R, (T,H) and zero-field
c-axis resistivity data [4,13] to generate R, (T"). The im-
portant feature here is that the evolution of the resistive
peak with field is clearly reproduced [14]. Where the
simulation departs from the data in the temperature
range T* < T < T, can be traced to the artificial symme-
try of (5) about T*. Experimentally, it appears that
I.(T,H) decays more slowly above 7T* than below.
These simulations also argue against the possibility
that the c-axis contribution is present in the normal state.
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FIG. 4. Simulated p(T,H)=R(T,H) % (area/length) using
Eq. (5) with 6 ~' =60, showing the evolution of a resistive peak.
The percentages shown are the fitted magnitudes of 1.(7T,H)/
Ivias. Rap(T,H) and R.(T) contributions are obtained from
measured data.

If in the normal state the same I, /I;,s percentage neces-
sary to generate a peak comparable to the data is present,
simulations show that p,(7") will be significantly larger in
magnitude (= 500 x Q cm) than observed, nearly temper-
ature independent, and that the fluctuation region will not
be present due to the absence of fluctuations in the c-axis
transition [4,13]. None of this agrees with the data of
Fig. 1.

Within the context of this model, the correlation of the
resistive peak with the oxygen content of the Bi,Sr,Ca-
Cu;05+5 samples implies that the material parameters
governing the vortex-line tension is altered by oxygen
doping. It is believed that the oxygen moves primarily
into and out of the interplanar Bi-O layer, so that the
presence of oxygen between Cu-O planes seems to in-
crease the effective line tension for reasons that are
currently being explored. X-ray-diffraction and Hall-
effect measurements on these samples also show that the
c-axis lattice constant shrinks slightly and the carrier
density increases as the oxygen content is increased [6,7].
These effects may serve to decrease the effective anisotro-
py, resulting in a diminished probability of a kink devel-
oping in any given vortex line. As such, the characteristic
field at which the excess resistance becomes discernible
may be increased over the more anisotropic samples.
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