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We have measured the flux flow Hall effect in the superconducting state of various highTc

superconductors (HTSC) from the underdoped to the overdoped regime. We show that the Hall
is universal and is determined by the doping level; the sign is electronlike in the underdoped reg
and holelike in the overdoped regime. This tendency contradicts the prediction of the time depen
Ginzburg-Landau equation based on thes-wave weak coupling theory, suggesting that such a theo
fails to evaluate the Hall force acting on the vortices in HTSC. This discrepancy may be attribute
the novel electronic structure of the vortex in HTSC. [S0031-9007(98)05831-1]

PACS numbers: 74.25.Fy, 74.25.Jb, 74.60.Ge
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The vortex motion in the superfluid electrons has pre
sented a persistent problem in the superconducting st
of type II superconductors. Knowledge of the Hall effec
enables us to obtain clear and important information o
this problem. One of the most puzzling and controver
sial phenomena is the sign change that has been obser
in the Hall effect in the superconducting state in mos
high-Tc superconductors (HTSC) and some convention
superconductors [1]. The Hall sign is determined by th
topology of the Fermi surface in the normal state, whil
it is determined by the vortex motion in the supercon
ducting state. The classical theories of vortex motion, th
Bardeen-Stephen [2] and Nozieres-Vinen [3] models, pr
dict that the superconducting and normal states will hav
the same Hall sign, and thus cannot explain this anom
aly. Recent experiments have ruled out the possibilit
that some form of pinning induces the sign reversal [4,5
Moreover, the occurrence of the sign reversal in one-un
cell-thick ultrathin YBa2Cu3O72d film demonstrates that
the Hall anomaly occurs in a two-dimensional CuO2 plane
[6]. Several attempts to understand the Hall anomaly ha
been undertaken, but the microscopic origin of this phe
nomenon remains a controversial and vexing problem th
demonstrates explicitly our incomplete knowledge of vor
tex dynamics.

A recent phenomenological theory based on the tim
dependent Ginzburg-Landau (TDGL) equation has bee
shown to be quite successful in describing the Hall effe
in the superconducting state [7,8]. According to th
TDGL theory, the vortex Hall conductivitysV

xy arising
from the hydrodynamic contribution plays an importan
0031-9007y98y80(16)y3594(4)$15.00
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role in determining the Hall sign at low fields. The
Hall sign reversal occurs whensV

xy has a sign opposite
that of the normal state Hall effect. In the framework
within the BCS theory, several authors have calculate
sV

xy and emphasized the importance of the electron
structure of the materials for understanding the Hall effec
Fukuyama, Ebisawa, and Tsuzuki (FET) [9] have derive
the TDGL equation from the microscopic BCS theory
and found thatsV

xy appears as a result of the electron
hole asymmetry, which is quantified by≠Nsmdy≠mjm´F ,
where N(m) is the density of states,m is the chemical
potential, and́ F is the Fermi energy. Recently, Aronov,
Hikami, and Larkin (AHL) [10] have shown that the
sign of sV

xy is universal and is determined by≠ ln Tcy≠m

from a general gauge invariance requirement of th
TDGL equation (see also Ref. [11]). More recently
van Otterloet al. [12] have microscopically derivedsV

xy
from the effective action for the vortex motion based on
the BCS Hamiltonian and pointed out thatsV

xy can be
interpreted as the vortex charging effect arising from th
difference in electron density between the core and the f
outside region of the vortex (see also Ref. [13]). All of
these calculations remain valid fors-wave weak coupling
superconductors regardless of the nature of the interactio
Thus the Hall anomaly does not itself contradict the BCS
theory.

As will be shown later, application of these theories
to HTSC leads to the conclusion that the Hall sign is
holelike in the underdoped regime and electronlike in th
overdoped regime. Since the Hall sign in the normal sta
of HTSC is always holelike, sign reversal is expecte
© 1998 The American Physical Society
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to occur in the overdoped regime. (For the sake
simplicity, we do not consider here the electron-dop
material Nd22xCexCuO42d.) Therefore measurement o
the doping dependence of the Hall effect would contribu
important information for understanding the microscop
mechanism of the Hall anomaly in HTSC. In thi
paper, we have performed systematic measurements
the Hall effect in the superconducting state of vario
HTSC, including La-, Y-, and Bi-based materials, from
the underdoped to the overdoped regime. We sh
that the Hall sign in the superconducting state of HTS
is universal and is determined by the doping leve
the sign is electronlike in the underdoped and sligh
overdoped regimes and is holelike in the overdop
regime. This behavior is strikingly in contrast with th
conclusion inferred from the weak couplings-wave BCS
theory, suggesting that such a theory fails to evaluate
hydrodynamic force acting on the vortex of HTSC.

We have measured three different HTSC system
La22xSrxCuO4 (La:214), Bi2Sr2CuO61d (Bi:2201), and
YBa2Cu3O72d (Y:123), by changing the electronic stat
from an underdoped to an overdoped regime. The La:2
single crystal thin films (x  0.10, 0.15, 0.20, 0.24, and
0.28) with a thickness of 200–300 nm were grown o
SrTiO3 (100) substrates using the rf magnetron sputteri
method. They were annealed at 800±C for 8 h in air after
deposition in order to minimize the remaining oxygen v
cancy. ThefSrgyfLag concentrations were determined b
x-ray fluorescent analysis and Rutherford backscatteri
The transition temperaturesTc for x  0.10, 0.15, 0.20,
0.24, and 0.28 were 26.0, 33.3, 29.6, 18.6, and 9.5
respectively. The transition temperature for optimal
doped crystalT

opt
c is 34.0 K. Epitaxialc-axis oriented

Y:123 thin films sTopt
c  92.0 Kd with a thickness of

100 nm were deposited on SrTiO3 (100) substrates by
laser ablation. To obtain the overdoped crystals, Y is su
stituted by Ca with a compositionsY12xCaxdBa2Cu3Oy

(x  0, 0.1, 0.2, 0.4). The transition temperatures f
x  0, 0.1, 0.2, and 0.4 were 90.3, 80.1, 65.0, and 62.1
respectively. Films were annealed at 400±C for 1 h in
oxygen atmosphere after deposition. The calcium co
tents of the films were the same as that of the target, wh
was confirmed by inductive coupled plasma spectrosco
The single crystals of Bi:2201 (T

opt
c  35.0 K) were

grown by the traveling-solvent-floating-zone techniqu
To realize an overdoped state in the crystal, we ha
made a Pb-for-Bi substitution to yield a composition o
Bi1.80Pb0.38Sr2.01CuO61d. To obtain an underdoped state
the crystals were annealed in a vacuum of,1024 Pa
for the reduction of oxygen content. The transitio
temperatures for the samples measured were 21.1 K
the underdoped and 20.0 and 6.0 K for the overdop
crystals.

Diagonal resistivityrxx and Hall resistivityrxy were
measured simultaneously at ac (17 Hz) current densi
J  10 100 Aycm2 using lock-in amplifiers (PAR124A).
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We obtainedrxy from the transverse resistance by sub
tracting the positive and negative magnetic-field data. B
fore presenting the data, we will discuss the method
analyzing the Hall sign at low fields. It has been pointe
out thatsxyf rxyysr2

xx 1 r2
xydg is insensitive to disor-

der by a general argument of the vortex dynamics [5,14
We therefore discuss the Hall data in terms ofsxy . To ob-
tainsxy precisely at low fields, we measured the change o
rxy for more than 3 orders of magnitude from the norma
state value. This was becausesxy stays in the same order
of magnitude, even thoughrxx andrxy change more than
3 orders of magnitude at some temperatures. In partic
lar, the magnitude ofrxy of overdoped crystals is small
compared with that of underdoped crystals, and chang
rapidly with H. We therefore used a carefully calibrated
Hall sensor and stabilized the temperatures within62 mK
in magnetic fields.

Figures 1(a)–1(f) show the field dependence ofsxy for
La:214, Y:123, and Bi:2201. The upper (lower) panel
represent a typical case for the underdoped (overdope
crystals. At high fields,sxy increases linearly withH
in all crystals. With decreasingH, sxy diverges to
2` for underdoped crystals but diverges to1` for
overdoped crystals. TheseH dependences are analyzed
in accordance with the TDGL theory, which predicts
that the flux flow Hall conductivitysxy consists of two
contributions:

sxy  sQ
xy 1 sV

xy . (1)

The first term describes the contribution arising from
the quasiparticles inside and around the vortex cor
This term has the same sign as the normal state and
proportional toH, which is consistent with thesxy at
high fields in Figs. 1(a)–1(f). The second term is th
vortex Hall term discussed earlier. This term is inversel
proportional toH. Accordingly, at low fields, the Hall
sign is determined bysV

xy . For Bi:2201 and underdoped
Y:123, sxy varies as 1yH at low fields, but for La:214
and overdoped Y:123,sxy varies faster than 1yH [15,16].
This seems to suggest thatsV

xy does not vary as 1yH in
the regime, where the vortices are very strongly pinne
The detailed analysis will be published elsewhere; her
we focus on the sign ofsV

xy, which we determine by the
diverging direction ofsxy with decreasingH at low fields.

Figure 2 displays the doping dependence of the Ha
sign in the superconducting state of HTSC including La
Y-, Bi-, and Tl-based compounds. In Fig. 2, we displa
the present results together with the data obtained
other groups. In this figure,Tc is normalized byT

opt
c

for the corresponding system. The filled circles depict th
electronlike Hall sign (Hall anomaly), and the open circle
depict the holelike Hall sign (no Hall anomaly). Figure 2
demonstrates that the Hall anomaly occurs always in th
underdoped and slightly overdoped regimes. The Ha
anomaly is sample dependent nearTcyT

opt
c , 0.9 in the
3595
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FIG. 1. Field dependence of the Hall conductivity belowTc; (a) La22xSrxCuO4, x  0.15 sTc  33.3 Kd; (b) La22xSrxCuO4,
x  0.28 sTc  9.5 Kd; (c) YBa2Cu3O72d, sTc  90.3 Kd; (d) sY12xCaxdBa2Cu3O72d, x  0.4 sTc  62.1 Kd; (e)
Bi1.80Pb0.38Sr2.01CuO61d annealed in a vacuum,sTc  21.1 Kd; (f ) Bi 1.80Pb0.38Sr2.01CuO61d, as-grownsTc  6.0 Kd. The upper
panels [(a), (c), and (e)] displaysxy for the underdoped crystals, and the lower panels [(b), (d), and (f)] displaysxy for the
overdoped crystals.
e
in,

al
n

ls,
t
ay
e
st

ure
t
,

wn
-
e
i-
te

e
n

n

or,
c-

on
slightly overdoped regime, but no Hall anomaly is ob
served beyond this regime. This behavior is observed
the crystals with monolayer, double layer, or triple laye
structures. Moreover, the Hall sign depends neither
the magnitude of anisotropy nor on the pinning streng
of the materials. We therefore conclude that the dopin
dependence shown in Fig. 2 is one of the universal tran
port properties of HTSC, showing thatthe Hall sign in
the superconducting state is related closely with the cha
acteristic electronic structure determined by the dopin
This is the main result of this paper.

We now compare the present results with the TDGL d
scription based on the BCS theory. It has been shown t
the imaginary part of the complex relaxation timesg 
g1 1 ig2d in the TDGL equation gives rise tosV

xy ssV
xy ~

2g2d [7,8]. According to FET, the sign ofsV
xy is given

by the sign of sgn(e) ≠Nsmdy≠mjm´F , where sgn(e) is the
sign of the carrier [23]. We lack the detailed knowledg
of the Fermi surface needed to validate this theory. How
ever, according to AHL theory, which is based on a mo
general background, the sign ofsV

xy is given by the sign
of sgnsedd ln Tcydm [10]. The photoemission experi-
ment demonstrates thatm decreases monotonically with
doping holes [25]. Thus the BCS theory leads to the co
clusion that the Hall sign is positive in the underdope
regime where sgnsedd ln Tcydm . 0 and is negative in
the overdoped regime where sgnsedd ln Tcydm , 0; the
sign reversal should occur in the overdoped regime a
be absent in the underdoped regime. This is strikingly
contrast to the result displayed in Fig. 2, indicating tha
the BCS theory yields the wrong Hall signs in both th
underdoped and the overdoped regimes.
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The present results suggest that a simples-wave weak
coupling theory fails to evaluate the hydrodynamic forc
acting on the vortices of HTSC. Recently, Geshkenbe
Ioffe, and Larkin [26] discussed the Hall effect of HTSC
in the presence of the preformed pair that forms a loc
k space pairing aboveTc. The authors suggested that, i
such a situation,g2 term may not be written simply as
sgnsedd ln Tcydm. Their theory points out the possibility
of an electronlike Hall sign in the underdoped materia
but it seems to fail in explaining the holelike Hall effec
in the overdoped materials. Another possible origin m
be the novel structure of the vortex in HTSC, in which th
symmetry of the superconducting gap of HTSC is mo
likely a dx22y2 wave. A recently growing body of theo-
retical and experimental results indicates that the struct
of a vortex ofd-wave superconductors is quite differen
from that of s-wave superconductors [27]. For instance
the phenomenological Ginzburg-Landau theory has sho
that the vortex in thed-wave superconductor should con
tain thes-wave component counter-rotating relative to th
d-wave component near the vortex core [28]. A sim
lar structuredd-wave vortex has also been predicted qui
recently by Himedaet al. [29] from microscopic calcula-
tions based on thet-J model. Therefore it seems probabl
that the contribution of the vortex core to the Hall force i
d-wave superconductors is different from that ins-wave
superconductors [30]. A detailed theoretical calculatio
is greatly needed.

It is well known that the normal state of HTSC in
the underdoped regime exhibits unconventional behavi
which is characterized by the unusual excitation spe
tra observed in NMR-relaxation-rate and photoemissi
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FIG. 2. Doping dependence of the Hall anomaly in th
superconducting state for various high-Tc cuprates including
La-, Y-, Bi-, and Tl-based compounds. We display th
Hall sign determined in the present study (see text), togeth
with the data obtained by other groups; Bi:2201 (Tc 
7.5 K: underdoped) [17], Y:123 (Tc  60 K: underdoped) [18],
Y:124 (Tc  81 K: underdoped,T

opt
c  91 K) [19], Bi:2212

(Tc  86 K: underdoped,Tc  92 K: optimally doped,Tc 
87 K: overdoped) [20], Tl:2201 (Tc  79 K: underdoped,Tc 
82 K: optimally doped, andTc  72 K: overdoped) [21],
Tl:2212 (Tc  104 K: optimally doped) [22], and Tl:2223
(Tc  107 K: optimally doped) [4]. Filled circles denote
presence and open circles denote absence of Hall anomalyn
represents the carrier number, andTc are normalized byT

opt
c

(see text).

experiments. On the other hand, the system approac
the normal Fermi liquid with large Fermi surface in the
overdoped regime. However, despite the frequent emph
sis given to the difference between the normal states
under- and overdoped HTSC, the difference between t
superconducting states of the two regimes has been rar
discussed. The fact that the Hall sign changes from ele
tronlike to holelike when going from an underdoped to a
overdoped regime implies that the electronic structure
the vortex changes with doping. It should be noted th
the quite recent calculation of the vortex structure bas
on SO(5) symmetry [31] and thet-J model [29] has re-
vealed a qualitative difference between the vortex stru
ture of under- and overdoped regimes.

In summary, we have measured the doping depende
of the Hall effect in the superconducting state from th
underdoped to overdoped regime of HTSC. The Hall sig
is universal and is electronlike in the underdoped regim
and holelike in the overdoped regime. This tendenc
is opposite that predicted by the weak couplings-wave
theory, suggesting that such a theory fails to evaluate t
Hall force acting on the vortices of HTSC. These resul
on the Hall effect imply also that the electronic structur
of the vortex changes with doping.
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