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Scaling of the Longitudinal and Hall Resistivities from Vortex Motion in YBa;Cu30-
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We measure the longitudinal (p..) and Hall (p,,) resistivities as a function of magnetic field and tem-
perature in the mixed state of epitaxial YBa,Cu3O- films. We observe a striking power-law behavior
pxy(T) &« [p (T)]* at fixed field, with a=1.7 +0.2. Our results link the Hall behavior to collective be-
havior in the presence of pinning. In addition, this power-law dependence is consistent with new calcula-
tions for the vortex-glass transition, and therein may provide the first measurement of a new critical ex-

ponent.

PACS numbers: 74.60.Ge, 73.50.Jt, 74.40.+k, 74.70.Mq

Following the discovery of high-temperature supercon-
ductors (HTSC), intense effort has been directed at un-
derstanding the nature of their mixed state. Their con-
siderable anisotropy plus the presence of pinning is ex-
pected to significantly enrich the phase diagram in the
mixed state [1-3], leading to corresponding questions as
to the nature of the vortex dynamics. These are relevant
issues, as it is vortex motion that produces dissipation in
the mixed state.

Any thorough understanding of the vortex dynamics
must encompass both the longitudinal as well as the
transverse Hall resistivities in the superconducting state.
Recent measurements of the vortex Hall behavior in
HTSC are strikingly anomalous, both in their dependence
as well as their sign [4-9]. Although the relevance of dis-
order (i.e., pinning) to the longitudinal resistance is well
known, this Letter presents the first clear connection be-
tween disorder and the Hall behavior. As the study of
vortices in the presence of pinning was the original source
of the random-field model [10], such studies belong to an
important class of disordered systems.

It has recently been proposed that in a penetrating field
three-dimensional superconductors will undergo a phase
transition into a vortex-glass state, with vanishing resis-
tance at zero frequency [2,3]. Indeed, published mea-
surements for the longitudinal resistance are consistent
with this model over the measured range, and provide
critical exponents in agreement with theoretical calcula-
tions [11]. As the Hall resistance in the mixed state also
involves vortex motion, it should thus provide an addition-
al and important experimental test of the putative
vortex-glass phase [12].

In what we refer to as conventional flux flow, a finite
Hall effect was long ago predicted to arise from the hy-
drodynamical force on the moving vortices, the so-called
Magnus force [13,14]. In the presence of a transport
current, vortex motion perpendicular to the current is
driven by a Lorentz-like force, yielding a finite longitudi-
nal resistivity p.,. Additionally, in analogy to transla-

tionally invariant fluids, the vortex was predicted to drift
with the transport carriers producing a Hall resistivity
pxy of the same sign as in the normal state. However, no
clear confirmation of such Hall behavior has emerged for
superconductors, even in conventional systems. Recent
measurements strikingly disagree with this behavior, in-
cluding deviations from the predicted dependences upon
field and temperature, as well as sign changes of the Hall
effect for T< T, [4-9). In fact, similar behavior has
been observed in conventional superconductors [15]. As
Nernst effect measurements confirm that the observed py,
is due to vortex motion [16], the observed behavior of the
vortex Hall effect thus clearly poses basic questions for
the theory of vortex motion as well as the very nature of
the vortex state.

The YBa,Cu3;0; (YBCO) films examined were grown
on (001) LaAlO; substrates by pulsed laser deposition
[17]. These films are epitaxial (¢ normal to the sub-
strate) and of high quality. Their transition temperatures
are T.,=90 K, with high critical current densities of
J.>10% A/em? at 77 K. Samples were lithographically
patterned using wet etching (1% HNOs; in H,0), and
evaporated Au layers yielded low-resistance contacts.
Two groups of films are used, with thicknesses of 1 =600
and 1000 A.

Careful low-noise ac and dc techniques were used to
simultaneously measure p., and py, over the range T
=60 K and B=<23 T. No dependence of the measured
resistivities on the frequency (<1 kHz) and the magni-
tude (=< 5x10? A/cm?) of the transport current were ob-
served in the region where p,,#0. The Hall voltage was
obtained from the antisymmetric part of the transverse
voltage under magnetic field reversal. In our measure-
ments, BLJ and BIIC.

Below T, ps, is a nonlinear function of magnetic field
with regions of both positive and negative behavior. Fig-
ure | compares pxx and py, as functions of magnetic field
at 86 K for a 600-A film. The observed onset of finite Pxy
occurs at a higher field than that of p,., although this
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FIG. 1. Longitudinal p«, and Hall p;, resistivities vs magnet-
ic field at 7=86 K (600-A sample). The dashed line shows be-
havior for py, vs B at T=70 K. Inset: The maximum depth A
of the negative Hall signal vs T (lower scale) and B (upper
scale), obtained from py, vs B curves taken at different temper-
atures.

likely reflects our measurement threshold (10 ~° V) for
the comparatively small Hall voltage. The Hall resistivi-
ty is discernibly negative between two characteristic fields
By (operationally defined onset for negative py,) and B>
(operational onset of positive py,). The negative Hall re-
gion occurs where p,, is increasing rapidly with increas-
ing field. At higher fields p,, is positive and increases
linearly with field while p,, saturates. For T <75 K,
only positive Hall behavior is observed, as shown by the
dashed line in Fig. 1. The inset shows the maximum
depth of the negative Hall signal, A, as a function of T
and B.

Based on families of p, and p,, vs B curves we con-
struct the diagram in the H-T plane shown in Fig. 2. The
dotted lines denote the position of constant py/p,, where
pn is the normal-state resistivity above T.. The shaded
pxx =0 region is consistent with the vortex-glass regime
[2,11). Elsewhere, p,, is finite. The Hall behavior sug-
gests division into three regions. The region of observed
negative py, is the hatched area bordered by the Bo(T)
and B,(T) curves, and extends to high fields for our
samples. For B <Bg px, is below our measurement
threshold, while for B > B, py, is positive. The fact that
pxx >0 for all regions where p,, is observably nonzero
shows that our Hall behavior is associated with the
“liquid” phase of mobile vortices. The dashed line
through the negative Hall region displays the loci for
maximum Hall depth A. Although Bo(T) roughly coin-
cides with p,./p,=0.03, B,(T) cuts through the family
of pxx/pn curves, instead tracking the p,, =0 boundary.
The 1000-A samples exhibited similar behavior in all re-
gards.

The current-voltage (I-V) characteristics were exam-
ined over the (H,T) range covered by Fig. 2. The I-Vy,
curves were nonlinear in the region between the p,, =0
and Bo(T) curves, yielding behavior consistent with that
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FIG. 2. Vortex behavior in the H-T plane (600-A sample).
Approximate region of p.«x =0 is shaded at lower left. Constant
pxx(T)/pn curves are dotted lines (p, is the normal-state resis-
tivity). puy is below our measurement threshold to the left of
Bo(T), observably negative in the hatched area between Bo(T)
and B»(T), and positive above B>(T). Dashed line through
hatched region indicates loci for the maximum Hall depth.

obtained by Koch et al. [11]. However, for the region of
observed nonzero py,, the I-V curves were generally
linear for J < 5%10% A/cm? (above which sample heat-
ing occurs). Even at Bo(T) where py, is just zero, we
were unable to induce a finite ¥V, with such current den-
sities. Thus, our Hall data represent the linear response
of the vortices to the applied current.

Neither p,x or py, exhibit simple thermally activated
behavior. We find it more insightful to compare the tem-
perature dependences of p,, to p.. In Fig. 3 we plot
|pxy (T)| vs pxx(T) on a log-log plot at fixed field. Shown
are the data taken at 1.4 and 3.7 T. The cusp is an ar-
tifact of the absolute value |py,|, corresponding to where
pxy(T) passes through zero. The data clearly display an
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FIG. 3. Log-log plot of |px,| vs pxx obtained for temperature
sweeps at two magnetic field values (1000-A sample). Note ap-
parent |px | < p? behavior with a=1.7%0.2. Solid symbols
for p«, <0, open for px, > 0. Units for p are pQ cm.
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unexpected and striking power-law relationship in the
negative Hall regime. Writing |p., (T)| & [p,(T)1¢, the
data yield the value a=1.7=%0.2 for both field traces.
Thus p,, is a stronger function of temperature than p,,.
At high T, the power-law relationship breaks off abrupt-
ly, perhaps signaling the transition to flux flow and/or the
normal state. Should the power-law behavior hold to
lower temperatures (below our measurement threshold
for py,), it would imply that the negative Hall behavior
persists all the way to the “vortex-glass” boundary where
pxx =0 (thereby extending the hatched region of Fig. 2
leftward).

In Fig. 4, we examine the behavior of p,, and lpx,.(T)I
within the confines of the vortex-glass model. Choosing a
value for T, consistent with where p,,— 0, we obtain
pu(T)x (T —T,)” with y=6.5. Such an exponent is
consistent with previously obtained theoretical and exper-
imental values [11]. Using the same value of Ty, we
again plot our Hall data. |p,,(T)] is a steep function of
T — T, varying by three decades in the narrow tempera-
ture span of —1.4<Ilogl(T—T,)/T,] = —1.0. Again,
the cusp in |p,y| corresponds to where p,, passes through
zero. Over this narrow span near T, where p,, is observ-
ably finite and negative, one thus obtains |p,, (7)| &« (T
—Tg)? with B=10.5 % 1.5. Note that for this span of re-
duced temperature, the corresponding range of p,, values
are within the critical regime [11]. Although measure-
ment of p,, even closer to T, would reduce the error mar-
gin for B, the small size and steep dependence of py, pose
clear experimental challenges. However, note from the
power-law behavior of Fig. 3, one obtains f=ay=11.1
+ 1.2 for y=6.5.

Reviewing our results, we see that there are three ad-
dressable issues regarding the Hall effect in the mixed
state: the role of disorder, the observed |p,,(T)|
« [p«x (T)]* power-law behavior and its relevance to the
nature of the vortex state, and the origin of the negative
Hall sign. The degree of interrelationship between these
must be considered carefully.
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FIG. 4. Log-log plot of p«(T) and |p., (T)| vs (T—T,)/T,
for B=3.7 T. The single fitting parameter used for both curves
is Tg. Units for p are yQcm.
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It is clear that pinning plays a dominant role in the lon-
gitudinal resistance for our samples. The large critical
currents and existence of a region with p,, =0 attest to
this. As vortices are strongly interacting for the field
range considered here, we are also observing collective
behavior. In view of our power-law relation we thus con-
clude that the Hall signal also represents collective be-
havior in the presence of pinning. Furthermore, p,, and
pxy exhibit different sensitivities to the disorder. This
difference alone is important.

The nature of the vortex state is itself a controversial
issue at the present time. Several theoretical models ex-
ist; hence there is a need for additional clear experimental
results. In the high-field regime where collective behavior
is exhibited, vortex motion is clearly dependent upon the
nature of the vortex state. Thus our observed power-law
relationship between p,, and p,,, found in a region where
both quantities separately exhibit strong and nontrivial
temperature dependences, must be viewed as a key exper-
imental fact to be explained by any candidate model for
the vortex phase.

The vortex-glass picture considers the consequences of
disorder from the outset. New calculations [12] by Dor-
sey and Fisher consider the Hall behavior near the glass
transition, and are consistent with our data. Note that
their scaling analysis only addresses the functional depen-
dence but not the sign of the Hall effect. They find that
the Hall angle should scale to zero at the transition, and
there should exist a power-law relation with an exponent
a> 1. Furthermore, the exponent a can be related to
other critical exponents by a=1+1./(z+2—d). Here =
is the dynamical exponent, d is the dimensionality, and A,
is the new particle-hole asymmetry exponent. Within
their model, our data provide the first measure of the ex-
ponent A, since z has been separately obtained from /-
V.. measurements [i.e., the exponent y=v(z+2—d)]
(11l

A key strength of their result is that the critical ex-
ponent is obtained independent of T,, and despite the
present inability to explain the Hall sign. Note that for
the data in Fig. 3, the vortex-glass correlation lengths in-
ferred from /-V,, curves are consistent with & <t and
£, > aq. Here 1 is the film thickness (1000 A), and ao
the average vortex spacing. Hence, our data are con-
sistent with being in the 3D limit and within the critical
regime. Note that the vortex-glass transition is not ex-
pected to exist in 2D.

Previous results on 2:2:1:2 Bi-Sr-Ca-Cu-O (BSCCO)
crystals (T.=85 K) by Artemenko, Gorlova, and La-
tyshev [8] observed simple activated behavior in both py,
and p,, at fixed field. As this differs from our results, we
address the key factors. BSCCO crystals are more aniso-
tropic and less disordered than our YBCO films. Both
factors significantly reduce the temperature where p.«
— 0, which may explain the difference in the activation
behavior. For YBCO the region where p,,#=0 is very
close to T, and relevant quantities are strongly tempera-
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ture dependent; hence simple activated behavior is unlike-
ly. However, the observation that p,, and py, had the
same temperature dependence in BSCCO (i.e., a=1),
while our YBCO displays a p,, « p1y behavior is impor-
tant. Our power-law behavior is nontrivial and cannot be
explained from a simple model based upon activated be-
havior. Furthermore, it is such power-law behavior which
is characteristic of an incipient second-order transition.
The discrepancy in exponents likely originates from the
anisotropy difference for the two systems. Indeed, for
BSCCO evidence exists that vortices are in the 2D re-
gime for their measured temperature range, so vortex-
glass behavior is not expected [18]. Initial results in sin-
gle 2D thin-film amorphous superconductors additionally
point to an exponent a==1 [19]. The fact that BSCCO
also has a negative Hall region further emphasizes the
separation of the power-law dependence from the Hall
sign.

We have withheld the issue of the negative Hall sign
until now. The negative sign is not universal, and indeed
is not observed in our YBCO films at sufficiently high
fields. Several models have been introduced to explain
the negative Hall sign [6-9]. None can explain our
power-law behavior. These models solely modify conven-
tional flux flow while ignoring the consequences of pin-
ning. Recall that in the absence of pinning one is in the
conventional flux flow regime where hydrodynamic calcu-
lations exist [13,14]. We thus arrive at the following
crossroads vis-a-vis the negative Hall sign. Either cru-
cial changes in the hydrodynamic model are required, or,
should the hydrodynamic model correctly yield a positive
Hall sign in the absence of disorder, then disorder must
be seen as a crucial element. Motivations exist for either
path. The hydrodynamic model ignores the detailed na-
ture of the excitations in the vortex core, which are ma-
terial specific and include the consequence of band struc-
ture [20]. On the other hand, the addition of a random
potential strongly modifies vortex motion. In fact, vortex
motion between potential minima may not achieve steady
state, a key assumption of hydrodynamic models. Open
questions also exist regarding inhomogeneous flows
and/or defect motion in the vortex state, which deserve
additional consideration. The origin of the negative Hall
sign remains an open question, and awaits additional ex-
periments.

In summary, we have measured both the longitudinal
and Hall resistivities in the mixed state for YBCO films.
In a region where p,(T) and p,,(T) independently ex-
hibit strong and complicated temperature dependences,
we observe a striking power-law relationship with |p,,|
x<pye with a=1.7%0.2. Our results clearly represent
the collective vortex response in the presence of disorder.
Such power-law dependence is consistent with recent cal-
culations of the vortex-glass model, within which our data
would present the first measurement of a new critical ex-

ponent A, where a=1+A,./(z+2—d). Our results thus
provide new insight into the nature of vortex motion and
the nature of the vortex phase.
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FIG. 2. Vortex behavior in the H-T plane (600-A sample).
Approximate region of px =0 is shaded at lower left. Constant
pxx(T)/pu curves are dotted lines (p, is the normal-state resis-
tivity). py, is below our measurement threshold to the left of
Bo(T), observably negative in the hatched area between Bo(T)
and B»(T), and positive above B>(T). Dashed line through
hatched region indicates loci for the maximum Hall depth.



