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Scaling behavior and mixed-state Hall effect in epitaxial HgBa2CaCu2O61d thin films
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We have measured the mixed-state Hall effect in superconducting HgBa2CaCu2O61d thin films. We found
that the Hall resistivityrxy shows a double sign reversal in low fields, then shifts to positive without changing
the general shape in higher fields. At the higher field region, the Hall conductivityrxy is observed to be the sum
of two terms,C1/H andC2H, whereC1 andC2 are field independent. The scaling behavior betweensxy and
rxx ~longitudinal resistivity! shows a strong dependence on fields. The scaling exponentb in rxy5Ar xx

b

increases from 1.560.1 to 1.960.1 as field increases from 1 to 5.5 T. The field dependence of tangent of the
Hall angle is linear only in the flux-flow regime, different from Bi- and Tl-based cuprates.
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INTRODUCTION

Since the discovery of a family of Hg-based high-Tc
superconductors,1,2 a number of studies have been report
on these materials including the temperature dependenc
the thermoelectric power,3 the normal-state Hall effect,4 the
irreversibility line,5,6 and the critical current density.7,8 How-
ever, the Hall effect in the mixed state of Hg-based sup
conductors remains to be one of the unsolved problem
understanding of flux motion of type-II superconductors.

The sign reversal of the mixed-state Hall effect has b
observed in most of the high-Tc superconductors

9–15 as well
as in some conventional superconductors.9,16 While only a
single sign reversal is observed in YBa2Cu3O7 ~YBCO!
crystals15 and films,10 the double sign change ha
been observed in Bi2Sr2CaCu2O8 ~Bi-2212! crystals,11

Tl2Ba2CaCu2O8 ~Tl-2212! films,12,13 and Tl2Ba2Ca2Cu3O10
~Tl-2223! films.14 Furthermore, an interesting scaling beha
ior between the Hall resistivityrxy and the longitudinal re-
sistivity rxx , rxy5Ar xx

b , has also been observed with th
scaling exponentb;2 in Bi-2212 crystals11 and Tl-2212
films,13 b51.5–2.0 in YBCO films10 and crystals.15

It is now generally accepted that the mixed-state Hall
fect in type-II superconductors in magnetic fields consists
two contributions, quasiparticle and hydrodynamic.17–21The
sign of the quasiparticle term remains the same as that in
normal state, but the hydrodynamic term can be negativ
the mixed state so that the sign reversal takes place. Do
and Fisher22 showed that the scaling behaviorrxy5Ar xx

b , is
a general picture near the vortex-glass transition but were
be able to obtain the exact estimation of the scaling ex
nent. A model proposed by Vinokuret al.23 suggests that the
scaling exponent should be 2 in the thermally assisted fl
flow ~TAFF! region regardless of the pinning. Their resu
were in fair agreement with scaling exponents of bo
weakly pinned systems of Bi-2212 crystals~b52.060.1!,11

and rather strongly pinned systems of heavy-ion irradia
Tl-2223 films ~b51.8560.1!,14 but not with the recent re
sults of heavy-ion irradiated YBCO~b51.560.1!.15 Wang,
550163-1829/97/55~1!/621~5!/$10.00
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Dong, and Ting24 explained the scaling behavior and th
anomalous sign reversal of the Hall effect by taking in
account the backflow current due to pinning. In their mod
the scaling exponentb may change from 2 to 1.5 as th
pinning strength increases, and this is found to be consis
with the result of Ref. 21.

Hg-based cuprates are a very interesting system for
derstanding the role of pinning. For exampl
HgBa2CaCu2O61d ~Hg-1212! has a similar crystalline struc
ture as TlBa2CaCu2O61d but higherTc ~;125 K!. In particu-
lar, the irreversible line of the Hg-based system is rang
between that of YBCO and Bi-2212/Tl-2212~Ref. 6! and the
pinning strength strongly depends on applied field. The
purterbed pinning potentialU0 of the Hg-based system wa
observed asU0(H)}1/H,

26 which is similar to the YBCO,29

while U0(H) is proportional to 1/AH ~Ref. 30! for Bi-2212
and Tl-2212 systems.

In this paper, we report a clear observation of the dou
sign reversal in the mixed-state Hall effect of high-qual
Hg-1212 films and the magnetic-field dependence of the H
scaling behavior.

EXPERIMENT

The fabrication process of Hg-1212 films used in th
study is similar to that described in detail by Yun and Wu7

For films on SrTiO3 grown from the same batch, the midtra
sition temperature (Tc) ranges 123–124 K with the transitio
width of 2–3 K in a zero field. The critical current density
77 K is;106 A/cm2. The x-ray-diffraction analysis shows
highly c-axis-oriented Hg-1212 phase normal to the plan
substrate. The films with;0.8 mm thickness have typica
dimensions of 634 mm2. The electrical contacts~,1 V!
were made by sputtering Ag followed by annealing at 350
for 20 min under O2 atmosphere.

The Hall resistivityrxy and the longitudinal resistivityrxx
were measured in a 5.5 T superconducting magnet sys
using the standard five-probe dc method. The magnetic fi
were applied parallel to thec axis of Hg-1212 films, andrxy
621 © 1997 The American Physical Society
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was obtained from the antisymmetric part of the Hall volta
under the magnetic-field reversal. The current density u
for these measurements was;250 A/cm2. Both rxy andrxx
were observed to be linear at those currents.

RESULTS AND DISCUSSION

The temperature dependence ofrxx near the transition
temperature for the magnetic fields up to 5.5 T are show
Fig. 1. Tc is 123.7 K with the transition width of 2.6 K
The zero-resistance temperatures (Tc,zero) in the limit of our
instrument resolution in magnetic fields of 1 and 5.5 T we
90 and 48 K, respectively. It is interesting to compare
relative transition temperature with Bi-2212, Tl-2223, a
YBCO compounds at the same field. The reduced ze
resistance temperatures (Tc,zero/Tc) at 1 T are 0.40, 0.58
0.73, and 0.94 for Bi-2212 crystals,28 Tl-2223 films,14 Hg-
1212 films, and YBCO crystals,15 respectively. These result
show that the pinning strength of Hg-1212 ranges betw
Bi-2212/Tl-2223 and YBCO.

In Fig. 2, the corresponding Hall resistivitiesrxy are
shown.rxy in the normal state is positive, linearly increas

FIG. 1. Temperature dependence of the longitudinal resisti
in Hg-1212 films. Fields from top to bottom are 5.5, 4, 2, 1, and
T.

FIG. 2. Temperature dependence of the Hall resistivity in H
1212 films. The double sign reversal is clearly observed be
H52 T.
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with the applied field, and only weakly depends on tempe
ture. For the magnetic field,2 T, along with the temperature
decrease belowTc , rxy becomes negative showing a neg
tive dip. Higher fields drive the dip to positive. On furthe
cooling,rxy becomes positive with a peak at a low tempe
ture and then gradually decreases toTc,zero. The general
trends of these results, including the double sign reversal,
similar to the earlier reports on Bi-2212~Ref. 11! and Tl-
2212 ~Refs. 12 and 13! samples. However, the field depe
dence of the location of positive peak shows a different
havior. As the field increases, the peak position shifts
lower temperature while it is located at a constant tempe
ture for Bi-2212 and Tl-2212 systems. Furthermore the dip
deeper than Tl-2212 and Bi-2212 systems.

The temperature dependence of the tangent of the
angle ~tanQ! is shown in Fig. 3. As the temperature d
creases, a dip at higher temperature (Td) and a peak at lower
temperature (Tp) are observed. Even thoughTd is located
near the constant temperature of 116 K,Tp significantly
shifts to lower temperature with increasing fields, which
different from the reported data in highly anisotropic Bi- a
Tl-based superconductors11,12 whereTp is located at a con-
stant temperature as fields increase. In the flux-creep re
(T,Tp), tanQ shows a complicated field and temperatu
dependence. In the region of flux flow (T.Td), however, the
regular displacement between curves of tanQ reflects the
linear dependence of tanQ on field and their broad feature
are similar to Bi-2212~Ref. 11! and Tl-2212.12

According to Samoilov11 and Hagen, Lobb, and Greene,12

in the strongly anisotropic systems, tanQ (H,T) consists of
two terms as follows;

tanQ~H,T!5b~T!H1a~T!, ~1!

whereb(T) is weakly dependent on the temperature and
lated to the normal-state Hall effect in the vortex core, wh
a(T) is strongly temperature dependent. The inset of Fig
is clearly in agreement with this feature. However, tanQ

y

-
w

FIG. 3. Tangent of Hall angle~tanQ! in Hg-1212 films. Peak
locations shift to the lower temperature while the dip is located
the constant temperature; 116 K. The linear field dependence o
tanQ was observed in the region aboveT* which is marked by an
arrow. Inset shows the field dependence of tanQ as a function of
temperature, in which the data point~open circle! at 106 K and 1 T
indicates nonlinear behavior belowT* .
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55 623SCALING BEHAVIOR AND MIXED-STATE HALL . . .
cannot be linearly fitted below the temperatureT* indicated
as an arrow in Fig. 3. For example, the data point~open
circle! at 106 K and 1 T in theinset is no longer linear with
the applied field. AboveT* , the normal-state Hall effect in
the vortex core is still dominant, this fact implies that t
pinning is negligibly weak compared to the driving Loren
force. In other words, pinning seems to play an import
role belowT* . In case of the highly anisotropic systems su
as Bi-2212~Ref. 11! and Tl-2212,12 tanQ deviates from the
linear field dependence belowTp which is much lower than
T* as indicated in Fig. 3.

Based upon the time-dependent Ginzburg-Landau the
Dorsey and co-workers17–19 and Kopnin, Ivlev, and
Kalatsky20 proposed theoretical results of the mixed-st
Hall effects. The Hall conductivitysxy can be described by
the sum of two contributions:

sxy5C1 /H1C2H, ~2!

where the coefficientsC1 andC2 are related to the motion o
vortices and quasiparticles, respectively. BothC1 andC2 are
independent of fields, but are expected to depend on the
perature. IfC1 and C2 have opposite signs, then the Ha
effects can change sign asH is varied. Figure 4 shows th
plot of the temperature dependence of the Hall conducti
as a function of magnetic field. The inset in Fig. 4 is mag
fied at the temperature region of 100–130 K for the sake
clarity. To test the validity of Eq.~2!, we fit our data using
the equationsxyH5C11C2H

2. The plot ofsxyH vs H2 is
shown in the inset of Fig. 5. In making these fits, we ha
excluded the 1 T data since these data are far from a lin
behavior. Higher field data show a good fit to the line
behavior. The temperature dependence of the intercepC1
and the slopeC2 obtained from this linear fit is shown in Fig
5. As the temperature decreases fromTc , C1 becomes nega
tive, and then reaches a minimum at 115 K. On further co
ing,C1 abruptly increases toward positive, whileC2 monoto-
nously increases with decreasing temperature. Accordin
Eq. ~2!, the sign of mixed-state Hall effect is decided by t
competition betweenC1 andC2. In the region of negative

FIG. 4. Temperature dependence of the Hall conductivitysxy of
Hg-1212 films. Inset is magnified at the temperature region of 10
130 K for the sake of clarity.
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C1, and ifC1 dominatesC2, the negative Hall sign can tak
place. However, the reason that the negative Hall beha
due to the vortex motion can happen with varying tempe
ture still remains as an unsolved problem. We expect that
theory18–20 can be extended to yield the temperature dep
dence of the coefficientsC1 andC2.

A plot of the scaling behavior betweenrxy and rxx is
shown in Fig. 6, for the fields of 1, 2, 4, and 5.5 T. Sincerxy
data below 2 T have a negative value in a certain temperat
region, we have plotted using the absolute value ofrxy . The
exponentb in the power law,rxy5Ar xx

b , can be deduced
from the slope of the solid lines in Fig. 6. The field depe
dence of the scaling behavior, which is different from t
reported data on Bi-2212~Ref. 11! and Tl-2212,12 was
clearly observed. The scaling exponent changes from
60.1 to 1.960.1, as the fields increase from 1 to 5.5 T. Th
result is in good agreement with our earlier data15 on the
twinned YBCO crystals without columnar defects, in whic
b changes fromb;1.560.1 to b;2.060.1 as fields in-
crease. This observation implies an important physical me
ing of the Hall scaling behavior as discussed below.

Considering the force balance equation for a station
moving vortex, Vinokuret al.23 proposed a universal scalin
law of rxy}ar xx

2 , wherea5h tanQ and h, the usual vis-
cous coefficient, is independent of any vortex state in
presence of the quenched disorder and thermal noises in
mixed-state of a type-II superconductor. They showed t
the scaling exponent should be 2 regardless of the pinnin
TAFF region, wherea is a slowly varying function of tem-
perature. On the other hand, Wang, Dong, and Ting24,25

~WDT! recently developed a general theory of the flux m
tion including both pinning-induced backflow and therm
fluctuations in the force balance equation. The additio
transverse termFp3n with Fp being the pinning force andn
being a unit vector in the direction of magnetic field, is pr
duced by backflow current inside the normal core. Th
main result is summarized by

rxy5
b0rxx

2

F0B
$h~12ḡ !22ḡG~nL!%, ~3!

whereb05mmHc2 with mm being the mobility of the charge
carrier and Hc2 being the upper critical field,

–

FIG. 5. Temperature dependence of interceptC1 ~solid square!
and slopeC2 ~open circle! of Hg-1212 films. Inset showssxyH vs
H2, higher field data show a good fit to the linear behavior.
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ḡ5g(12H̄/HC2) with H̄ being the average field over th
core andg as the parameter describing the contact force
the surface of core, which depends on temperature in
following way: g;0 for j/l!1 andg;1 for j/l>1 with l as
the mean free path of the carrier, andG(vL) is the coefficien
of the time average of pinning forcêFp&52G(vL) vL . At
the region of relatively high temperatures~g;1!, Eq. ~3!
predicts a negative dip inrxy if the field is low enough an
the pinning is relatively strong, that is, a double sign reve
can be observed. As the field increases, the negative d
rxy changes to positive sinceḡ decreases with increasin
field. In the relatively strong pinning system like Hg-121
the depth of the dip is deeper than weak pinning syst
such as Bi-2212~Ref. 11! and Tl-2212.12 The data shown in
Fig. 2 are in good agreement with this picture.

According to Eq.~3!, there are two distinct regimes f
the Hall scaling behavior in the region ofg;1. For the weak
pinning regime,G(vL)!hH̄/Hc2 in relatively high fields
Eq. ~3! becomesrxy;Ar xx

2 , having the same scaling exp
nentb52 as the model by Vinokuret al.23 But for the strong
pinning regime, whereG(vL)@hH̄/Hc2 in low fields, thenb
is no longer 2. SinceG(vL);v L

21/2 in the strong pinning
case,27 the scaling behavior modifies torxy;Ar xx

1.5. In the
intermediate case between two limiting regimes,b can vary
from 1.5 to 2.0. Within the context of the WDT model, t
result ofb51.560.1 for the field of 1 T corresponds to th
theoretical estimation of 1.5 of the strong pinning case, w
the result ofb51.960.1 for the field of 5.5 T corresponds
the weak pinning case. The present results suggest tha

FIG. 6. Scaling behavior,rxy5Ar xx
b , betweenrxy and rxx in

Hg-1212 films. The scaling exponentb significantly increases from
b51.560.1 to 1.960.1 with increasing field. The solid lines a
power laws,b51.5 andb51.9, for the sake of clarity.
U
ss

o

e

n
e

l
of

s

e

the

pinning strength decreases with increasing field, which
consistent with the observed field dependence of the pinn
energy.26 This result is also consistent with our earlier wo
on the twinned YBCO crystals.15

At this point, we discuss the previous work on the Ha
scaling behavior. Budhani, Liou, and Cai14 reported the Hall
scaling in Tl-2223 films. If we get the scaling exponentb
from Fig. 3 in Ref. 14, a log-log plot ofrxy vs rxx for the
sample without columnar defects, the 1 T data can be bette
fitted with the scaling exponent of 1.5 rather than 1.85 as
authors claimed, while the 7 T data are well fitted with 1.85
Thus we argue that their results are consistent with
present data as well as our earlier work in YBCO crysta
However, the present result seems to be inconsistent with
earlier work on Bi-2212 crystals reported by Samoilov11

Based on the Hall scaling result in whichb is independent of
the field up to 5 T, Samoilov concluded that the Hall scali
behavior is universal in the TAFF regime. But the Bi-221
crystal may not be an appropriate material to investigate
role of pinning in different fields, because its pinning is th
weakest among Hg, Tl, and Bi compounds and it is wea
field dependent as reported by Zavaritsky, Samoilov, a
Yurgens,28 in which the pinning potential decreases slight
from 35 to 56 meV with increasing fields from 0.3 to 5 T.

CONCLUSIONS

We have shown the double sign reversal in the Hall res
tivity rxy and strong pinning-strength dependence of its sc
ing behavior in the mixed state of the high-quality Hg-121
films. The magnetic-field dependence of the tangent of
Hall angle was observed to be nonlinear in the flux-cre
region, different from the results observed in Bi- and T
based compounds. At the higher field region, the Hall co
ductivity sxy has been well fitted tosxyH5C11C2H

2,
whereC1 andC2 are field independent. The scaling expone
b in rxy5Ar xx

b increased from 1.560.1 to 1.960.1 as fields
increased from 1 to 5.5 T. These results are consistent w
the recent theory24 including both the backflow effects due t
pinning and thermal fluctuations.
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