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The Hall resistivity py and the longitudinal resistivity p of single crystalline Bi»SroCaCu;Ox are mea-
sured in the thermally activated flux flow regime. It is shown that py scales to a universal function of p:
pu(T)=Alp(T)1?, where B=2=%0.1 and A is a positive and magnetic field independent coefficient for
magnetic fields from 1 to 5 T. A resistivity-squared dependence of py can be explained by the recent
theory of Vinokur, Geshkenbein, Feigel’'man, and Blatter in terms of weak pinning of a vortex liquid.

PACS numbers: 74.60.Ge, 72.15.Gd, 74.72.Hs

The Hall effect in the mixed state of the high-
temperature superconductors (HTSC) remains one of the
most intriguing phenomena in the area of the HTSC. In
particular, a lot of work [1-5] has been devoted to an
unusual sign change of the Hall voltage just below the
transition temperature T,. Chien et al. [6] reported de-
tailed measurements of the Hall resistivity in single crys-
tals of YBa;Cu3O7—5 (Y-123) versus magnetic field and
discussed the transition from diffusive to activated behav-
ior in the vortex-liquid state. A recent paper by Luo et
al. [7] has been concerned with the behavior of the Hall
resistivity of Y-123 films in the vicinity of the vortex-
glass transition [8] at lower temperatures.

For Bi;Sr,CaCu,0, (Bi-2212) superconductor there is
a remarkable temperature region where dissipation in the
mixed state occurs through thermally activated motion of
the vortex lines [9]. This region lies between the high-
temperature viscous flux flow (VFF) regime and the low-
temperature vortex-glass critical behavior. Within the
VFF regime the resistivity gradually decreases with tem-
perature, and the vortex state has been suggested to be an
unpinned vortex liquid [10]. At lower temperatures the
dynamics of the vortex lines is determined by thermal ac-
tivation over pinning barriers, and the resistivity exponen-
tially depends on temperature. As follows from a SQUID
picovoltmetry study on the Bi-2212 single crystals by
Safar et al. [11], upon a further temperature decrease
down to 26-28 K, the crossover from thermal activation
to the low-temperature vortex-glass critical behavior
occurs in magnetic fields from 2 to 6 T.

Zavaritsky, Samoilov, and Yurgens have observed [12]
that in Bi-2212 single crystals the tangent of the Hall an-
gle, tan@=py/p, where py and p are the Hall resistivity
and the longitudinal resistivity, respectively, tends to zero
as the temperature decreases to the thermally assisted
flux flow (TAFF) region. As it has been pointed out in
Ref. [5], this decrease in the Hall angle occurs because
the flux lines are able to creep along the direction of the
Lorentz force assisted by the thermal activation. In this
Letter we report on the first observation of scaling of the
Hall resistivity py in single crystalline Bi-2212 within the
TAFF regime. We have observed a universal behavior of

the Hall resistivity,
pu(T)=Alp(T)1%, (n

with an exponent =2 and a positive magnetic field in-
dependent coefficient 4 over a wide range of magnetic
fields (1-5 T). This behavior is distinctly different from
previous observations on Bi-2212 single crystals in lower
magnetic fields [2] when the Hall voltage is negative.

The high-quality Bi-2212 single crystals were grown as
described by Zavaritsky, Samoilov, and Yurgens [13].
The widths of the resistive transition as measured be-
tween the 10% and 90% normal-state resistivity levels are
about 3 and 4 K for the two samples referred to below as
sample 1 and sample 2; the 10 72 pQ cm resistivity level
is reached at 94.0 and 93.1 K for samples 1 and 2, respec-
tively. The sizes of the samples are 2x1x0.01 mm? and
1.6x0.7x0.012 mm?3, with the ¢ axis perpendicular to the
largest surface of the samples. In this study, the magnet-
ic field is directed parallel to the ¢ axis, Hllc. A method
of exchanging the voltage and current probes has been
used as described in Ref. [12]. Two contacts marked by
A and B (see Fig. 2, inset) each covering the square of
Ixd (where [ and d are the width and thickness of a sam-
ple) and two contacts marked by C and D each covering
the square of about 0.1 mmXd have been made using
silver paint deposited on the edges of the samples. The
distances between the contacts C and D along the 4B line
are 1.0 and 0.6 mm for samples 1 and 2, respectively.
The samples have been annealed in air at 500 °C for 10 h,
with subsequent slow cooling to room temperature. After
this the copper wires with diameters of 30 um have been
attached with conducting glue covering previously paint-
ed contacts and small areas on the a-b sides of the sam-
ples. No annealing has been done after this stage, so the
electric current flows through the edges of a sample. The
contact resistances do not exceed 2.5 ©. The dc electric
current is used to measure simultaneously the tempera-
ture dependences of the a-b plane Hall and longitudinal
resistivities at fixed magnetic field. The resistivities are
found to be current independent within the range between
0.3 and 8 mA. Most of the data have been obtained at
current /=3 mA for sample 1 and at =8 mA for sample
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2. The Hall and longitudinal voltages have been obtained
from the odd and even contributions, respectively, under
exchanging the roles of the voltage and current leads. At
selected temperatures (at 50 K and at temperatures from
60 to 120 K with separation of 15 K) this procedure has
been tested to be equivalent within the experimental ac-
curacy to the reversal of the sign of the magnetic field.
The odd contribution has been checked to be zero in the
absence of an applied magnetic field. The bulk of the
data presented are those for sample 1. Data for sample 2
are similar and included in Fig. 2.

No excess dissipation in the form of a “knee,” or a
“hump,” has been observed in the p vs T dependences in
the mixed state at fields up to maximum available value 5
T, indicating that the c-axis conduction is negligible in
our experiments [14]. In the TAFF regime the longitudi-
nal resistivity may be written in the form p=pg
xexp(—Uo/T), where Up is the activation energy. The
inset in Fig. 1 shows the Arrhenius plots of the longitudi-
nal resistivity for sample 1 at magnetic fields 1, 3, and 5
T. The slopes of the curves give the activation energies.
To examine the form p=pgexp(—Uy/T), one can plot
the T28[In(p)1/8T vs T dependences for fixed magnetic
fields. In order to compare the data on the activation en-
ergies with the data of Fig. 2, in Fig. 1 we plotted
T23[In(p)1/8T vs p. Figure 1 shows that at low resistivi-
ties (temperatures) 728[In(p)1/dT weakly depends on p
and starts to increase fast as the resistivities exceed a par-
ticular value p* (p* =15 uQcm for 1 T, p* =30 uQcm
for 3T, p* =40 uQcm for 5 T). For resistivities higher
than these values, it is meaningless to talk about activated
behavior of the resistivity in the form p=poexp(—Uy/
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FIG. 1. T%[In(p)1/dT vs p dependences for sample 1 at

magnetic fields 1, 3, and 5 T. Lines are guides for the eye. In-
set: The Arrhenius plots of the resistivity for magnetic fields 1,
3,and 5 T.
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T). We postulate the crossover from the TAFF regime
to the VFF regime to be at the temperature 7% at which
p(T* ,H)=p*(H). For all magnetic fields ranging from
1to 5T, T*=65-67 K. The difference between the
values of p* for sample 2 and those for sample 1 does not
exceed 20%.

Figure 2 shows the resistivity dependences of py for
fixed magnetic fields in a log-log scale. The Hall resis-
tivity is positive in the normal state (within the high-
resistivity parts of the curves) and proportional to the
magnetic field strength. As the temperature decreases
below T., py changes sign and becomes negative for all
magnetic fields but 5 T (for sample 1). Those parts of
the py vs p curves where py is negative are not shown in
the figure. With further temperature (and resistivity) de-
crease the Hall resistivity starts to increase, passes
through a maximum, and finally drops in the low-
resistivity parts of the curves.

The striking feature of Fig. 2 is that the low-resistivity
parts of the curves scale to the universal power-law
dependence given by Eq. (1) with f=2%0.1 and a
coefficient 4 which is approximately magnetic field in-
dependent. The higher the magnetic field is, the wider is
the region where good scaling can be observed. For a
field of 5 T, scaling can be observed over 2 orders of mag-
nitude in the Hall resistivity. Comparing data of Figs. 1
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FIG. 2. py vs p dependences at magnetic fields ranging from
1 to 5 T for sample 1 (top) and for sample 2 (bottom). The
solid lines represent a fit by the theory of Vinokur ez a/. [15]
[Eq. (3)], with a/H=(7%£2)x107'"" kgm ~'s~'T ! (sample
1, top) and a/H=(2.4£0.6)x10" "% kgm ~'s~'T ™" (sample
2, bottom). The inset shows the contact configuration. Dimen-
sions in the direction of the ¢ axis are not on scale.
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and 2, one notices that this universal behavior occurs at
resistivities slightly below p* (H). On the other hand, as
is seen from Fig. 1, T28[In(p)1/8T does not exhibit a
sharp increase with decreasing temperature at low-
resistivity parts of the curves, which testifies that the tem-
peratures we are operating at are above the crossover to
the vortex-glass critical behavior [11]. Thus, that part of
the H vs T diagram where scaling is observed lies entirely
within the TAFF region and approximately coincides
with it wherever we are able to measure the Hall resistivi-
ty.

The explanation of such a scaling has been done in the
recent theory of Vinokur, Geshkenbein, Feigel’'man, and
Blatter [15]. Following them, let us write the equation
for the forces acting on the vortices in the absence of pin-
ning,

2)

nv+avxn=pjXn,

where 1 is the viscous drag coefficient, a is the Hall drag
coefficient, v is the vortex line velocity, ®¢ is the flux
quantum, and n is the unit vector in the direction of mag-
netic field. The term on the right-hand side of Eq. (2) is
the Lorentz force acting on the vortex line due to the
presence of the transport current.

Vinokur, Geshkenbein, Feigel’'man, and Larkin have
shown [10] that a vortex liquid can be pinned by weak
disorder with an averaged pinning force which can be
written in the form f,i, = —yv, where y is a coefficient
associated with the plastic motion of the vortices and is
independent of the vortex line velocity in the linear limit.
It then follows that the pinning force renormalizes the
first term on the left-hand side of Eq. (2) and does not
affect the second, Hall term. Therefore, the expression
for the Hall resistivity in terms of p is [15]

pr = (a/DoH)p?, (3)

and the coefficient 4 introduced in Eq. (1) is related to a
via A =a/DoH if we let B be equal to 2. Comparing the
theoretical result with the experimental one presented in
Fig. 2, one can make the following conclusions.

(1) With decreasing temperature, the pinning force be-
comes increasingly important. Within the TAFF regime,
y>n and p changes very rapidly in a narrow tempera-
ture region. Hence, although both a and p are tempera-
ture dependent, the main temperature dependent factor is
p?, whereas possible changes of a with temperature are
small.

(2) Neglecting the temperature dependence of a over
the TAFF region for magnetic fields between 1 and 5 T,
one computes a/H=(7%+2)x10" "0 kgm ~'s 'T ! and
a/H=(2.4+0.6)x10""% kgm ~'s " 'T ™! for samples 1
and 2, respectively, such that py vs p dependence is
universal for all magnetic fields. The result that « is pro-
portional to the magnetic field strength is consistent with
the Bardeen-Stephen theory [16] in which the Hall effect
in the mixed state results as just in the normal state. The

discrepancy in the values of a for the two samples may be
thus attributed to the discrepancy in the normal-state
resistivities.

(3) The sign of the Hall resistivity is determined by the
sign of a. This coefficient is suggested to be strongly tem-
perature dependent in the vicinity of the transition tem-
perature.

(4) The fact that the Hall voltage is positive within the
TAFF regime where pinning is mostly important provides
an evidence that the sign change of the Hall resistivity
near T, is not related to pinning. Observation of the scal-
ing behavior within the positive Hall resistivities, together
with the data of Luo et al. [7] on the scaling for the nega-
tive Hall resistivities, indicates that the scaling and the
sign reversal of py are decoupled, in agreement with the
theory [15].

Previously, Artemenko, Gorlova, and Latyshev [2] ob-
served that p and py of a Bi-2212 single crystal had the
same temperature dependence in low magnetic fields,
when the Hall voltage is negative everywhere in the
mixed state. As this differs from our results for the high
field regime, a few comments on the low field behavior
are in place. In Fig. 3 we show the temperature depen-
dence of the tangent of the Hall angle tan6=pg/p for a
small field H=0.1 T. It is easy to see that although
tan6 = const within a narrow temperature region between
85 and 90 K, there is a clear tendency for tan6 to de-
crease as the temperature decreases below 85 K. The ob-
servation of an equal T dependence for both p and py can
be explained in a natural way if we assume that the mea-
surements of Ref. [2] have been carried out in the vicinity
of the minimum of the tan6 vs T curve. The inset in Fig.
3 shows the same data in a log-log plot of |py| vs p. The
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FIG. 3. The temperature dependence of pu/p for sample 1 at
magnetic field 0.1 T. Inset: |pw| vs p dependence for magnetic
field 0.1 T.
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power-law dependence is questionable here. As the mea-
surements in low fields are carried out in the nearest vi-
cinity of 7., we believe that a and not p provides the
main temperature dependent factor.

To summarize, a new universal, approximately re-
sistivity-squared dependence has been found for the Hall
resistivity within the TAFF regime. The Hall drag
coefficient a is determined to be proportional to magnetic
fields ranging from 1 to 5 T, in agreement with the
Bardeen-Stephen model, with a/H of the order of 10 !0
kgm ~!'s 7' T~ The observation of positive Hall resis-
tivity within the TAFF regime clearly indicates that pin-
ning is not responsible for the sign change of py. The ex-
perimental results are consistent with the theory of Vi-
nokur, Geshkenbein, Feige’man, and Blatter and give
new insights into the vortex motion in the mixed state of
the HTSC.
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bein.
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