
91109

PHYSICAL REVIEW B 1 JULY 1999-IVOLUME 60, NUMBER 1
Vortex-state complex Hall conductivity of superconducting YBa2Cu3O72d epitaxial films
at radio frequencies
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The vortex-state complex Hall conductivity (sxy) of superconducting YBa2Cu3O7 epitaxial films is inves-
tigated from dc to radio frequencies~up to 73106 Hz!, using a direct transport measurement technique. The
experimental results are analyzed in terms of a model generalized from that for the dc Hall conductivity. This
generalized model assumes that~1! the occurrence of sign reversal in the dc vortex-state Hall conductivity is
the result of different carrier densities within and far away from the vortex core;~2! the Drude approximation
is applicable; and~3! the anomalous sign reversal occurs in the flux-flow limit. We find that the temperature
and frequency dependencies of our complex Hall conductivity data are in good agreement with our phenom-
enological model. In addition, when extended to higher frequencies, the same model provides consistent
description for the complex Hall conductivity data at 100–800 GHz. Moreover, the magnetic-field~B! depen-
dence of the complex Hall conductivity data reveals that both vortices (sxy

v ) and quasiparticles (sxy
q ) contrib-

ute to the vortex-state Hall conduction, wheresxy
v }B21 and sxy

q }B, in agreement with the model. The
magnitude of the real part,sxy8 , is also consistent with the theoretical estimate, while the magnitude of the
imaginary part,sxy9 , is significantly larger than the theoretical prediction. This discrepancy may be attributed
to the unconventional electronic structures in vortices of cuprate superconductors withd-wave or mixed-
pairing symmetries.@S0163-1829~99!05225-X#
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I. INTRODUCTION

The anomalous sign reversal in the vortex-state Hall c
ductivity (sxy) of extreme type-II superconductors is an ou
standing issue that has attracted much attention.1–14 Al-
though quantitative description for the microscopies of
vortex-state Hall conduction remains incomplete, several
portant facts have been established. First, the sign revers
associated with intrinsic physical properties of type
superconductors,2,3,10–15 and is independent of eithe
random4 or correlated disorder.8,12 Second, the occurrence o
sign reversal insxy has been attributed to the nonunifor
spatial distribution of carriers within and far outside the vo
tex core.10–12 Third, the dc vortex-state Hall conductivity o
superconducting cuprates is found to be strongly depen
on the doping level, showing anomalous sign reversal in
underdoped regime and no anomaly in the overdo
regime.13 This important experimental finding suggests t
relevance of the electronic structures within vortices to
Hall conductivity in the superconducting state, although
dependence of the sign ofsxy ~Ref. 13! is opposite to the
prediction based on the s-wave weak-coupling
theory.10,11,14,15Recent theoretical investigation of the ele
tronic structure of vortices in high-temperature superc
ducting cuprates has revealed properties associated with
d-wave pairing symmetry,16 which may lead to better under
standing of the doping-level dependence. Fourth, the cha
teristic time associated with the vortex-state Hall conduc
ity of high-temperature superconductors has been estim
from both dc~Ref. 12! and microwave17 measurements, an
PRB 600163-1829/99/60~1!/601~9!/$15.00
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is found to be comparable to the quasiparticle lifetime.
Despite increasing knowledge for the vortex-state H

conductivity, most experimental results and the correspo
ing theoretical interpretation have only focused on the
Hall effect, except the coherent time-domain spectrosc
measurements7 of the complex Hall conductivity on a
YBa2Cu3O72d epitaxial film at 100–800 GHz. The fre
quency and temperature dependence of the high-freque
Hall conductivity was analyzed in terms of a simple tw
fluid model, and the vortex-state Hall conductivity was e
tirely attributed to the contribution of quasiparticles. The la
ter conclusion contradicts experimental results obtained
the dc limit, where the vortex-state Hall conductivity
known to consist of contributions from both vortices a
quasiparticles.2,5,9,12It is therefore important to reconcile th
difference between the high-frequency and dc measurem
by investigating the complex Hall conductivity at intermed
ate frequencies.

In this work, we report experimental studies of the co
plex vortex-state Hall conductivity of YBa2Cu3O72d epitax-
ial thin films at frequencies from 102 to 107 Hz. Our experi-
mental results indicate that in the anomalous sign-reve
regime ofsxy(5sxy8 2 isxy9 ), wheresxy8 is the real part and
sxy9 is the imaginary part, the frequency dependence of
complex Hall conductivity followssxy8 ;const, sxy9 }v,
wherev is the angular frequency of the applied ac curren
The experimental results are analyzed in terms of a mo
generalized from that10 for the dc Hall conductivity. This
generalized model is based on the Drude approximation18 in
the flux-flow limit, and it assumes that the occurrence of s
601 ©1999 The American Physical Society
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reversal in the dc vortex-state Hall conductivity is the res
of different carrier densities within and far away from th
vortex core. We find that the temperature and frequency
pendencies of our data, as well as the data taken at m
higher frequencies~100–800 GHz!, are in good agreemen
with this phenomenological model. In addition, th
magnetic-field~B! dependence of the complex Hall condu
tivity data is consistent with contributions from both the co
states of vortices (sxy

v ) and the quasiparticle contributio
(sxy

q ), where sxy
v }B21 and sxy

q }B. Furthermore,usxy9 u
!usxy8 u, and the magnitude ofsxy8 is consistent with known
physical parameters. On the other hand, we find that the
pirical usxy9 u is much larger than the theoretical predictio
Possible origins for this discrepancy, including the unco
ventional electronic structures in vortices of cuprate sup
conductors, are discussed.

This paper is structured as follows. In Sec. II we revie
the theoretical model for the dc vortex-state Hall conduc
ity by Feigel’manet al.,10 and generalize the dc formalism t
complex Hall conductivity under the Drude approximatio
Section III is a description of the broad-band direct transp
measurement techniques for the complex Hall conductiv
In Sec. IV, the experimental results are presented and c
pared with the predictions of our model. Section V consi
of a discussion of the physical significance of our data, a
compares our results with related literature. Finally, a su
mary of the key findings of this work is given in Sec. VI.

II. FLUX-FLOW VORTEX-STATE HALL CONDUCTIVITY
IN THE DRUDE APPROXIMATION

A. dc Hall conductivity

The starting point of our approach is a phenomenolog
description for the dc vortex-state Hall conductivity b
Feigel’man, Geshkenbein, Larkin, and Vinokur~FGLV!.10

The FGLV model assumes two primary contributions to
vortex-state Hall conductivity. One is the vortex Hall co
ductivity (sxy

v ), the other is the quasiparticle contributio
(sxy

q ). The sign ofsxy
q is the same as that of the normal sta

and is linearly proportional to the magnetic inductionB,
whereassxy

v arises from the electron-hole asymmetry15 and
is dependent on details of the density of states.14,15 It is be-
lieved that the vortex contributionsxy

v is responsible for the
observed sign reversal in the Hall conductivity of vario
type-II superconductors. Assuming the BCS Hamiltoni
van Otterloet al.11 have shown thatsxy

v may be interpreted
as the vortex-charging effect that arises from the differe
in the carrier density within the vortex core and that far o
side of the vortex core, and this difference yields a s
change in the vortex-state Hall conductivity relative to th
of the normal-state Hall conductivity i
](ln Tc)/]mum5EF

,0,13 wherem is the chemical potential an

EF the Fermi energy. Hence, a phenomenological descrip
for the vortex-state Hall conductivity is given by the follow
ing expression~in Syste`me Internationalunits!:10

sxy5sxy
v 1sxy

q 5H ne

B Fg
~v0t!2

11~v0t!22
dn

n G J
1~12g!Fne

B

~vct!2

11~vct!2G , ~1!
lt

e-
ch

-
.
-
r-

-

.
rt
.
-

s
d
-

l

e

,

e
-
n
t

n

wheresxy
v is the vortex contribution consisting of effects o

the bound-state quasiparticles within the vortex cores and
vortex-charging effect, andsxy

q is the contribution from all
other quasiparticles. Heren denotes the total carrier density
dn([n02n`) is the difference between the carrier dens
within the vortex core (n0) and that far outside the vorte
core (n`), and dn satisfies the conditionsdn!n('n0

'n`), dn→const forT→0 anddn→0 for T→Tc
2 ; \v0

5D0
2/EF is the energy level of the vortex bound state for

s-wave superconductor with a finite-energy gapD0 ;19 vc
[(eB/m* ) is the cyclotron frequency of normal carriers;g
is a function dependent on the ratio of@D0 /(kBT)#[x,
which satisfies the conditionsg(x@1)→1 and g(x→0)
'x.10 In the event thatdn.0, sign reversal insxy can take
place as the temperature is varied.10,11 We note that excep
for the term associated with the nonuniform spatial distrib
tion of the carriers, (dn/n), the FGLV model in Eq.~1! is
essentially based on the Drude approximation, which
sumes one characteristic timet for both quasiparticles out
side the vortex cores and bound-state quasiparticles in
the vortex cores. It is implicitly understood thatt is a strong
function of the temperature, and that the temperature dep
dence oft in the superconducting state is expected to
different from that in the normal state. We also note that
FGLV formalism is only applicable to isotropic superco
ductors. However, Eq.~1! can be easily generalized for an
isotropic superconductors12 by performing the anisotropic
to-isotropic scaling transformation.6,20

When examining the term@2(ne/B)(dn/n)#[dsxy in
Eq. ~1! more closely, we remark that this contribution due
the vortex-charging effect implicitly assumes a very lo
relaxation timet` associated withdn, such thatvct`@1 for
finite magnetic fields in the superconducting state. This
sumption implies that the charge imbalance associated
the presence of vortices is long-lived relative to all oth
relevant time scales in the vortex state, so that its contri
tion to the Hall conductivity is analogous to that of the fre
electron gas. Hence, we may rewritedsxy in terms of the
following approximation:

dsxy5
~2dn!e2t`

m*
vct`

11vc
2t`

2 5S 2
dn

n D s0

vct

vc
2t`

2

11vc
2t`

2

'H S 2
dn

n D ne

B
if vct`@1 for T,Tc

0 if B→0 and vct`!1,

wheres0[(ne2t/m* ) is the normal-state dc conductivity i
the Drude approximation. The above clarification is use
for us to generalize the FGLV model from dc to finite fr
quencies, as discussed below.

B. Complex Hall conductivity

Before extending the FGLV formula to finite frequenci
in the Drude approximation, we first review the equation
motion for a charge carrier in the normal state for magne
field ~B! parallel to theẑ axis:

dp

dt
5eFE1

p

m
3BG2

p

t
, ~2!
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where p5pxx̂1pyŷ denotes the momentum of carriers,E
5Exx̂1Eyŷ is the electric field, andt is the transport relax-
ation time. Assuming linear response so thatdp/dt
52 ivp, wherev is the angular frequency of the applied
currents, the normal-state complex longitudinal and H
conductivities may be derived from the equation of motio
We find that

sxx
n 5

~12 ivt!s0

@11~vc
22v2!t2#2 i2vt

,

sxy
n 5

vct

~12 ivt!
sxx

n 5
~vct!s0

@11~vc
22v2!t2#2 i2vt

. ~3!

For the superconducting state, we assume the flux-fl
limit where the effects of pinning can be neglected. We
gue that this assumption is justified in the derivation of
vortex-state Hall conductivity, because it has been verifi
both experimentally8,12 and theoretically4 that pinning effects
on vortices do not influence the vortex-state Hall conduc
ity. Taking the linear-response limit and assuming two co
tributions sxy

v and sxy
q as in Eq. ~1!, and noting that the

characteristic frequencyv0 of the bound-state quasiparticle
is associated with an effective magnetic fieldHc2 rather than
B @such thatv0[D0

2/(\EF);eHc2 /m* #, the complex lon-
gitudinal and Hall conductivities may be derived from t
equation of motion. We obtain

sxx5sxx
v 1sxx

q 5H gS s0

vct
D ~12 ivt!v0t

@11~v0
22v2!t2#2 i2vtJ

1H ~12g!
~12 ivt!s0

@11~vc
22v2!t2#2 i2vtJ , ~4a!

sxy5sxy
v 1sxy

q

5
ne

B H g~v0
2t2!

@11~v0
22v2!t2#2 i2vt

2
~dn/n!~vc

2t`
2 !

@11~vc
22v2!t`

2 #2 i2vt`

1
~12g!vc

2t2

@11~vc
22v2!t2#2 i2vtJ . ~4b!

We note that bothsxx andsxy have been given for the sak
of consistency, although we are primarily interested in
complex Hall conductivity rather than the longitudinal co
ductivity, and that onlysxy is independent of pinning defect
in the superconductor. Furthermore, in Eq.~4a! we have as-
sumedsxx

v }g(Hc2 /B)s0;g(v0 /vc)s0 to ensure that the
longitudinal conductivity is consistent with the flux-flow
conductivity. We also note that in the dc limit (v→0) and
for vct`@1, sxy recovers the expression in Eq.~1!.

To verify the validity of our approach, it is interesting t
comparesxx(5sxx8 2 isxx9 ) in the zero-magnetic field with
that in the vortex state. That is, the quantityg(Hc2 /B) in the
flux-flow limit may be replaced by the superfluid fractio
(ns /n) for B→0, such that in the low-temperature and hig
frequency limit whereg→1 andvt@v0t@1, we obtain
ll
.

w
-
e
d

-
-

e

-

sxx' i
nse

2

m* v
52 isxx9 , ~5!

consistent with the Mattis-Bardeen theory.21 On the other
hand, forT.Tc andB50, the superfluid fraction vanishes
and Eq. ~4a! recovers the Drude conductivity for norma
metals,sxx(v)5s0 /(12 ivt). Recastingsxx into complex
resistivity rxx and takingr0[(1/s0), we obtain

rxx8 ~v!

r0
5

~sxx8 /s0!

~sxx8 /s0!21~sxx9 /s0!2 'H 0 ~T!Tc!

1 ~T@Tc!,

rxx9 ~v!

r0
5

2~sxx9 /s0!

~sxx8 /s0!21~sxx9 /s0!2 'vt

~ for both T!Tc and T@Tc!. ~6!

We shall show in the next section that the above approac
indeed in good agreement with our experimental observa
at radio frequencies, and in the high-frequency limit is a
consistent with the experimental data taken with the cohe
time-domain spectroscopy.7

Next, we consider the complex Hall conductivitysxy un-
der our experimental condition. Usingm* 54me ~Refs. 13
and 22! andt;10213s nearTc ,12,23,24we find thatvct;5
31023 B for B('H) measured in T, andvt!vct,v0t is
satisfied for the range of frequency and magnetic field of
experiments. In this limit, the real and imaginary parts ofsxy
become

sxy8 ~v!'
ne

B Fg
v0

2t2

11v0
2t22S dn

n D G1~12g!
ne

B F vc
2t2

11vc
2t2G ,

sxy9 ~v!'~22vt!
ne

B Fg
v0

2t2

~11v0
2t2!22

~dn/n!

vc
2tt`

1~12g!
vc

2t2

~11vc
2t2!2G . ~7!

Thereforesxy8 is nearly frequency independent for all tem
peratures ifv!(vc ,v0), and is consistent with the dc Ha
conductivity expression in Eq.~1!. On the other hand, in the
same frequency range, the relationusxy9 u}v holds for all
temperatures. We shall show later that the frequency dep
dence of bothsxy8 and sxy9 in Eq. ~7! is indeed consisten
with our experimental results. Furthermore, we shall ver
the validity of Eq.~4b! in the high-frequency limit by com-
paring Eq.~4b! with the data taken with the coherent tim
domain spectroscopy.7

III. EXPERIMENT

There have been limited direct ac transport measurem
of superconductors in the radio frequency~rf! range, largely
due to difficulties in resolving small impedance of the sup
conductor from a large background of parasitic impedan
and noises that are associated with the electronic instrum
and cables. Recently, several direct ac longitudinal imp
ance measurements of high-temperature supercondu
have been reported in the literature,25–29 and these experi-
ments focused on critical scaling analysis of the vortex ph
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transitions associated with different types of controlled d
order. To the best of our knowledge, there has not been
report of direct transport measurements of the complex H
conductivity at rf frequencies, possibly because the H
angle in high-temperature superconductors is small, so
the signals of Hall impedance are orders of magnitu
smaller than those of the longitudinal impedance, making
signal of the Hall impedance very difficult to resolve. In th
work, we extend our previous ac measurement technique
the longitudinal conductivity25–30to the Hall effect studies.31

In a superconductor with uniaxial symmetry along theẑ
axis, the Hall conductivity for the magnetic field parallel toẑ
is determined by the longitudinal and Hall resistivities,rxx
andrxy , according to the following formula:

sxy5
rxy

rxx
2 1rxy

2 , ~8!

where rxy(H)52ryx(H) is satisfied through the Onsag
relations,32 andrxx5ryy as measured after the van der Pa
corrections.33 Hence, both the complexrxx andrxy must be
determined in order to obtain the complex Hall conductivi
In this work, we restrict our measurements to temperatu
where bothrxx andrxy are independent of the applied cu
rents, because the van der Pauw corrections are only val
the linear response limit,33 and because large errors in th
low-temperaturesxy data are likely to occur due to the rap
idly vanishingrxx and rxy .12 We describe in the following
our experimental approaches for obtaining the complex c
ponents ofrxx and rxy . We note thatrxx and rxy respond
differently to the reversal of magnetic field, so that differe
calibration procedures are employed to obtain these com
nents.

To obtain the ac resistivityrxx , we use similar experi-
mental setup and calibration procedure develop
previously,25–30 with minor modifications in the electroni
components31 to improve the signal-to-noise ratio and to e
tend the measurement frequency range from previous
Hz–2 MHz to 100 Hz–7 MHz. The ac impedance is me
sured using the four-point technique, and the signal is fi
amplified with a low-noise, 42 dB-gain preamplifier, an
then measured using an HP 4194A Impedance/Gain-P
Analyzer. The ac current is supplied by an ac voltage fr
the HP 4194A analyzer through a noninductive load resis
RL51 kV, and the conditionRL@Zs ~Zs being the sample
impedance! is satisfied for the entire experimental frequen
range, to ensure a constant amplitude for the applied cur
All measurements are performed in the linear-response
gion, so that there is no variation of the impedance signa
a function of the applied current. More details of the expe
mental setup are given in Refs. 30 and 31.

To deconvolve the sample impedanceZs from the mea-
sured signalZmeasover a broad frequency range, careful ca
brations must be made in order to remove the backgro
distortion. The measured impedanceZmeasmay be expressed
in terms of a general form:

Zmeas5~Zs1Zback!G~ f !eiu~ f !,

whereG( f ) is the amplitude of the total gain, andu( f ) is
the phase shift due to uncompensated cable length and p
distortion of the preamplifier, which is only dependent on t
-
ny
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experimental setup rather than the sample, andZback is the
complex background impedance. For the frequency rang
our experiment, it is reasonable to assume that the sam
impedance atT@Tc is completely resistive, and thatZs
'Rs@Zback, whereRs is the normal-state resistance of th
sample. Hence,

Zmeas~T@Tc!'RsG~ f !eiu~ f !.

Knowing Rs from the dc transport measurements, bothG( f )
and u( f ) can be determined by measuring the phase
amplitude ofZmeas(T@Tc).

30 We note that bothG( f ) and
u( f ) are independent of either the temperature or
sample, because the total gainG( f ) is primarily determined
by the gain of the preamplifier as well as contributions fro
the end-to-end losses of the measurement system and im
ance mismatch, and the phaseu( f ) is also associated with
the phase distortion of the experimental setup, as mentio
earlier.

Similarly, it is reasonable to assume thatZback is indepen-
dent of the temperature of the sample, becauseZback includes
parasitic capacitance and inductance of the measurement
tem, which is not a sensitive function of the sample tempe
ture. Therefore, by measuring a short in the place of a su
conductor, we haveZmeas'ZbackG( f )eiu( f ), and Zback can
be determined by using the calibratedG( f ) andu( f ). Thus,
the longitudinal impedanceZs and therefore the longitudina
complex conductivity sxx( f ) for frequencies from
100– 107 Hz can be obtained from the above calibration p
cedure.

In the case of Hall conductivity measurements, the c
bration for the Hall impedance is more straightforward th
that for the ac longitudinal impedance, because most p
sitic background signals are invariant under the reversa
the applied magnetic field. Assuming that the net Hall sig
is Zs, Hall , we may express the measured signalZmeas, Hallas
follows:

Zmeas, Hall5~Zs, Hall1Zback, Hall!G~ f !eiu~ f !,

whereZback, Hall is a complex background signal that includ
not only the parasitic impedances of the experimental se
but also contributions from the longitudinal impedance d
to possible misalignment of the electrical contacts. In g
eral, Zback, Hall is invariant under the reversal of the applie
magnetic field. Therefore, we may removeZback, Hall by per-
forming measurements under both1H and2H, and obtain

Zmeas, Hall, corr[@Zmeas, Hall~H !2Zmeas, Hall~2H !#/2

5Zs, HallG~ f !eiu~ f !.

Knowing G( f ) andu( f ) from the calibration procedure fo
the longitudinal impedance, we obtainZs, Hall as a function of
T, H, andf.

The above calibration procedure has been applied to m
surements of an expitaxial YBa2Cu3O72d thin film on
LaAlO3 ~100! substrate, and the dimensions of this twinn
sample are 6 mm36 mm30.25mm. The standard procedur
for preparing these YBa2Cu3O72d epitaxial films is as fol-
lows: The films were fabricated using the pulsed-laser de
sition technique under 400-mTorr oxygen vapor pressu
with the substrate temperature during the deposition
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800 °C. After deposition, samples were slowly cooled
room temperature in 500 Torr of oxygen. More informati
about the fabrication and characterization of the
YBa2Cu3O72d epitaxial films are detailed in Ref. 34. In th
work, the frequency range of the ac longitudinal and H
impedance measurements was from 102 Hz to 73106 Hz,
the temperature range fromT580.0 to 100.0 K, and all mea
surements were performed at constant magnetic fields oH
50, 1, 2, 3, 4, and 5 T, oriented along the samplec axis. The
applied current was always perpendicular to the magn
field. The superconducting transition temperatureTc deter-
mined from dc resistive measurement for these films w
typically between 87.5–89.5 K. In the following, results on
representative epitaxial film are shown, withTc'88.2 K, a
transition widthDTc'0.6 K, and a normal-state resistivit
rxx'100mV cm just aboveTc .

IV. RESULTS AND ANALYSIS

Following the calibration procedures outlined above,
obtain the frequency dependence of the real and imagin
parts of the longitudinal and Hall resistivity at various tem
peratures and fields, as exemplified in Figs. 1~a! and 1~b! for

FIG. 1. Frequency-dependent isotherms of the complex long
dinal resistivity of a representative YBa2Cu3O7 epitaxial film for
H52 T and Hi ĉ: ~a! rxx8 vs f; ~b! rxx9 vs f. We note that each
isotherm constitutes 400 data points, and that the shaded data
isotherm at 100 K in~b! indicates the region where validity of dat
is questionable due to signal overloading the preamplifier in
normal state~Ref. 31!.
e

ll

ic

s

e
ry

rxx8 andrxx9 and in Figs. 2~a! and 2~b! for rxy8 andrxy9 , with
an applied fieldH52 T. Using Eq.~8!, the corresponding
Hall conductivity can be converted from the measuredrxx
andrxy , and the representative results forH52 T are shown
in Figs. 3~a! and 3~b! for sxy8 andsxy9 vs f at variousT. We
note that the same frequency dependence is observed fo
isotherms taken at other magnetic fields, as illustrated
Figs. 4~a! and 4~b! for sxy8 vs f and sxy9 vs f data taken at
T586.0 K andH51, 2, 3, 4, and 5 T. For the magnetic-fie
dependence ofsxy8 andsxy9 , a representative set of data fo
f 51 MHz is shown in Figs. 5~a! and 5~b!.

To verify the correctness of our experimental results,
first examine the zero-field longitudinal resistivity data, a
find that the temperature and frequency dependence of
complex resistivity is consistent with the Drude model, w
rxx8 ;const andrxx9 }v, as discussed in Sec. II B. Furthe
more, in the low-frequency limit and under finite magne
fields, the real part of the complex Hall resistivityrxy8 recov-
ers results obtained from the dc measurements, show
anomalous sign reversal for bothrxy8 vs T andrxy8 vs B in the
vortex state.12 In addition, the frequency dependence of bo
the real and imaginary parts of the complex Hall conduct
ity follows the prediction of Eq.~7!, with usxy8 u;const and
usxy9 u}v.

Regarding the magnetic-field dependence ofsxy in the
vortex state, we note that previous coherence time-dom

-

the

e

FIG. 2. Frequency-dependent isotherms of the complex Hall
sistivity of a representative YBa2Cu3O7 epitaxial film for H52 T
andHi ĉ: ~a! rxy8 vs f; ~b! rxy9 vs f.
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spectroscopy studies of the vortex-state complex Hall c
ductivity at high frequencies~from 100 to 800 GHz! have
attributed the vortex-state Hall effect solely to the nonloc
ized quasiparticle contribution.7 As stated in Sec. II, this as
sumption would imply (sxy8 /s0)'vct}B and (sxy9 /s0)
'2vcvt2}B for v@vc , which is different from the ob-
served magnetic-field dependence of oursxy data for fre-
quencies up to 107 Hz. On the other hand, if we take int
account the vortex contribution in the Hall conductivity,
the sign-reversal regime, wherevct!1, v0t!1, and g
→0, we find

sxy8 '
ne

B Fg~v0t!22S dn

n D1~12g!~vct!2G
'

ne

B F2S dn

n D1S eBt

m* D 2G[F2
c1

B
1c2BG ,

sxy9 '~22vt!
ne

B Fgv0
2t22

~dn/n!

vc
2tt`

1~12g!vc
2t2G

'~22vt!
ne

B H 2S dn

n D F ~m* !2

e2B2tt`
G1S eBt

m* D 2J
[F d1

B32d2BG , ~9!

FIG. 3. Frequency-dependent isotherms of the complex H
conductivity derived from the results shown in Figs. 1 and 2:~a!
sxy8 vs f; ~b! sxy9 vs f. ~Note: the 88- and 89-K data are plotted
2sxy9 .!
-

-

wherec1 , c2 , d1 , and d2 are positive coefficients. Fitting
thesxy8 vs B data for (T/Tc)'0.97 in Fig. 5~a! using Eq.~9!,
we obtain c2[ne3t2/(m* )251140650V21 m21 T21,
where m* is the effective mass of the carriers. Usingt
;0.3310213 s determined from the dc Hall conductivit
measurements at (T/Tc);0.97,12 we have the total carrie
density n'2.531020(m* /me)

2 cm23. For (m* /me)'4 in
the case of YBa2Cu3O72d ,13,22 we obtain n'4
31021 cm23, which is a reasonable value for YBa2Cu3O7.
Furthermore, using the fitting parameterc1[(ne)(dn/n)
5(1.460.1)3104 V21 m21 T for (T/Tc);0.97, we obtain
(dn/n);231025, which is of the same order of magnitud
as the theoretical estimate of (dn/n);@D0(T)/EF#2,10 as-
suming D0(T)5D0@12(T/Tc)#1/2,10,12 and D0'19 meV is
the average superconducting gap of YBa2Cu3O72d .35 On the
other hand, we note that similar fitting to the imaginary p
of the Hall conductivity sxy9 yields usxy9 /sxy8 u;(d2 /c2)
;1022, which is much larger than the theoretical predicti
of usxy9 /sxy8 u;(2vt);1026 for f 51 MHz. This discrep-
ancy may be due to the incorrect assumption ofs-wave pair-
ing symmetry in YBa2Cu3O72d , as discussed in the nex
section.

V. DISCUSSION

We have shown in the previous section that the magne
field dependence of our experimental data manifest both c

ll
FIG. 4. Frequency-dependent complex Hall conductivity at va

ous constant magnetic fields and forT586.0 K. ~a! sxy8 vs f; ~b! sxy9
vs f. ~Note: 4- and 5-T data are plotted as2sxy9 .!
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tributions from quasiparticles and vortices to the vortex-st
Hall conductivity. In addition, the temperature and frequen
dependence of the complex Hall conductivity is found to
consistent with our generalized FGLV model. Quantitative
we also note that the real part of the Hall conductivity,sxy8 ,
is in good agreement with the dc Hall conductivity data
radio frequencies. On the other hand, the magnitude of
imaginary part of the Hall conductivity,sxy9 , is found to be
much larger than the prediction based on the simple appr
mation outlined above.

One plausible explanation for this discrepancy is that
FGLV model does not consider the relevance ofd-wave pair-
ing symmetry in hole-type high-temperature supercondu
ors, and therefore cannot account for the electronic struct
correctly in thesxy

v term. More specifically, it has bee
shown that for an infinite-size sample, a puredx22y2 pairing
symmetry prohibits any true bound state for quasipartic
around a vortex,16 in sharp contrast to a large number
bound states in conventionals-wave superconductors.14,15,19

Consequently, the semiclassical approximation in Eq.~4b!,
which assumes an isotropic gapD0!EF ,19 must be modified
in the case of pured-wave pairing symmetry. On the othe
hand, we note that a small out-of-phase mixed symme

FIG. 5. Magnetic-field dependence of the complex Hall cond
tivity at T586.0 K and f 51 MHz. ~a! sxy8 vs B: The solid line
represents a theoretical fit withsxy8 52(c1 /B)1c2B, where c1

51.433104 C T/m351.433104 V21 m21 T, and c251.14
3103 V21 m21 T21. ~b! sxy9 vs B: The solid line represents a the
oretical fit with sxy9 5(d1 /B3)2d2B, where d154.09
3102 V21 m21 T3, andd252.49V21 m21 T21.
e
y
e
,

t
e

i-

e

t-
es

s

ry

~such asdxy or s! relative to the predominantdx22y2 symme-
try is expected in YBa2Cu3O72d due to its orthorhombicity,35

and the existence of either (dx22y21 idxy) ~Refs. 16, 36, and
37! or (dx22y21 is) mixed symmetries has several importa
implications on the Hall conductivity. First, a finite numb
of bound states with large energy spacing becomes avail
if mixed symmetries exist,16,38,39 so that the semiclassica
approximation undertaken in Eq.~4b! remains valid. Second
the superconducting energy gapD0 has to be replaced by
Dk , where the wave-vector dependent energy gap is gi
by Dk5Dd cos 2uk 1iDs for the (dx22y21 is) pairing symme-
try, with Dd@Ds , and uk is the angle of the wave vecto
relative to the antinode of thedx22y2 gap. Third, the charac
teristic frequencyv0 in Eq. ~4b! must be rewritten to incor-
porate the complex gap function and its spatial variati
Assuming that Eq.~4b! may be modified by replacingv0
with a complex characteristic frequency that reflects
mixed-pairing symmetries in YBa2Cu3O72d , an increase in
usxy9 u may be expected without incurring a noticeable d
crease inusxy8 u if usxy9 u!usxy8 u. However, rigorous theory tha
explicitly includes the correct pairing symmetry in th
vortex-state Hall conduction will be needed to quantitative
account for our experimental observation.

Another interesting aspect is the correlation of the sign
sxy with the doping level and the pairing symmetry. A
stated in the Introduction, the occurrence of sign reversa
the vortex-statesxy is associated with the conditio
dn([n02n`.0) in type-II superconductors, anddn is re-
lated to the quasiparticle bound states within the vortex co
We have noted that the orthorhombic structure
YBa2Cu3O72d is likely to yield mixed-pairing symmetries
and therefore can allow quasiparticle bound states in the
tex core, as manifested by the scanning tunneling spect
copy studies of the vortex core states in YBa2Cu3O72d .38

Thus, the magnitude ofdn is expected to be finite, and sig
reversal may occur in the vortex statesxy if dn.0, accord-
ing to Eq. ~1!. Similarly, the electron-type superconductin
cuprate Nd1.85Ce0.15CuO4 is known to be of thes-wave pair-
ing symmetry.40 Hence, quasiparticle bound states ex
within the vortex core, anddn is finite. The observed sign
reversal in the vortex-state Hall conductivity9 therefore sug-
gests thatdn.0. On the other hand, for pure tetragonal la
tice structure of other hole-type superconducting cuprate
is known that the pairing symmetry isdx22y2, and that no
quasiparticle bound states may exist within the vortex co
as manifested in the scanning tunneling spectroscopy dat
Renner et al.41 on both the underdoped and overdop
Bi2Sr2CaCu2O81d . If one naively associates the absence
quasiparticle bound states with the absence of vortex ch
ing effect, i.e.,dn50, one would conclude that sign revers
could not occur in the vortex-state Hall conductivity for e
ther underdoped or overdoped Bi2Sr2CaCu2O81d . However,
the observation of sign reversal in the underdop
Bi2Sr2CaCu2O81d ~Ref. 13! suggests that the vortex
charging effect is not trivially associated with the existen
of quasiparticle bound states in the vortex core. For instan
it is known that finite size effect results in resonant states
the vortex cores of pured-wave superconductors,16 and that
these states cannot be easily distinguished from the bo
quasiparticle states. Consequently, the effectivedn may be

-
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finite even in the vortex state of pured-wave superconduct
ors. More experimental and theoretical work is clea
needed to consistently correlate the doping level and pai
symmetry with the vortex-charging effect.

Finally, we compare our rf results with the highe
frequency Hall conductivity data reported previously.7 We
note that previous high-frequency measurements were
formed in one magnetic field, 6 T, and were analyzed
terms of a simple two-fluid model without including the vo
tex contribution. As detailed in previous sections of this p
per, the vortex contribution can be best manifested by stu
ing the magnetic-field dependence of the Hall conductiv
particularly in the low-field limit. That is,usxy

v u}B21 while
sxy

q }B, so that the magnitude ofsxy
v diverges in the low-

field limit2 and has an opposite sign tosxy
q in the vortex

state. Hence, the vortex contribution tosxy cannot be mani-
fested by simply considering the temperature and freque
dependence ofsxy . For the sake of completeness, we exa
ine in the following whether our generalized FGLV model
Eq. ~4b! may be consistent with the temperature and f
quency dependence of the high-frequency data reporte
Ref. 7. Using the parameters given in Ref. 7, wheret varies
from ;10213 s near Tc to ;10212 s at T!Tc , and vc
540 GHz, we find (vct)2&(v0t)2,1 for the frequency
range of 100–800 GHz, and (vt);1, varying from greater
to smaller than 1 with increasing temperature. We may f
ther neglect the term associated with (dn/n) in Eq. ~4b! at
high frequencies, because it is insignificant relative to ot
terms except nearTc . Hence, Eq.~4b! is reduced into the
following simple expression:

sxy'
ne

B F g~v0t!2

~12v2t2!1v0
2t22 i2vt

1
~12g!~vct!2

~12v2t2!1vc
2t22 i2vtG . ~10!

Thus, for a given frequency, the magnitude of bothsxy8 and
sxy9 reaches a maximum ifvt;1. Sincet(T) decreases with
increasing temperature andt(Tpk);v21, the temperature
Tpk at whichusxyu reaches maximum is expected toincrease
with increasing frequency according to Eq.~10!. Further-
more, Eq.~10! predicts that the magnitude ofsxy9 becomes
comparable to that ofsxy8 under the experimental condition
given in Ref. 7, consistent with the experimental data.7 We
therefore conclude that the phenomenological expres
d
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given in Eq.~4b! for the complex vortex-state Hall conduc
tivity contains most of the essential components, althou
full account for the quantitative details still awaits comple
theoretical studies.

VI. SUMMARY

In summary, we have investigated the complex Hall co
ductivity of YBa2Cu3O7 epitaxial films at frequencies from
100 Hz to 7 MHz using a direct transport measurement te
nique. An expression for the complex Hall conductivity
the flux-flow limit has been derived by generalizing th
FGLV model for dc vortex-state Hall conductivity. We fin
that thequalitativebehavior of the complex Hall conductiv
ity data, including the dependence on temperature,
quency, and magnetic field, can be described consiste
with this generalized model. Furthermore,quantitatively, the
real part of the complex Hall conductivity recovers the
Hall conductivity in the low-frequency limit, and the carrie
density n and the magnitude of the vortex charging effe
(dn/n), derived from fittingsxy8 data with our model, are
found to be consistent with the known properties
YBa2Cu3O7. In addition, in the high-frequency limit, ou
phenomenological model can also account for the temp
ture and frequency dependence of the coherent time-dom
spectroscopy data taken at 100–800 GHz. On the other h
the magnitude of the imaginary part of the Hall conductiv
(sxy9 ) at rf frequencies appears to be significantly larger th
the prediction of our model. This discrepancy may be attr
uted to the unconventional electronic structures within
vortex core of cuprate superconductors withd-wave or
mixed-pairing symmetries. Further theoretical investigat
that explicitly incorporates the correct pairing symmetry a
the electronic structures within the vortex state will
needed to account for all aspects of the vortex-state H
conductivity.
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