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The vortex-state complex Hall conductivityr{,) of superconducting YB&u;0, epitaxial films is inves-
tigated from dc to radio frequencig¢ap to 7x 1P 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 tiak 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 ¢@ye¢he Drude approximation
is applicable; and3) 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 magneti¢Ejedépen-
dence of the complex Hall conductivity data reveals that both vortiogg (and quasiparticIeSO(‘x‘y) contrib-
ute to the vortex-state Hall conduction, wheréyoc B~! and aﬂym B, in agreement with the model. The
magnitude of the real partr)’(y, is also consistent with the theoretical estimate, while the magnitude of the
imaginary partg;’y, is significantly larger than the theoretical prediction. This discrepancy may be attributed
to the unconventional electronic structures in vortices of cuprate superconductors-wétie or mixed-
pairing symmetries[S0163-18209)05225-X]

I. INTRODUCTION is found to be comparable to the quasiparticle lifetime.
Despite increasing knowledge for the vortex-state Hall

The anomalous sign reversal in the vortex-state Hall coneonductivity, most experimental results and the correspond-
ductivity (o) of extreme type-Il superconductors is an out-ing theoretical interpretation have only focused on the dc
standing issue that has attracted much attertiGhAl-  Hall effect, except the coherent time-domain spectroscopy
though quantitative description for the microscopies of themeasuremenfsof the complex Hall conductivity on a
vortex-state Hall conduction remains incomplete, several im¥YBa,Cu;O;_ 5 epitaxial film at 100-800 GHz. The fre-
portant facts have been established. First, the sign reversalaggiency and temperature dependence of the high-frequency
associated with intrinsic physical properties of type-ll Hall conductivity was analyzed in terms of a simple two-
superconductors®1°-15 and is independent of either fluid model, and the vortex-state Hall conductivity was en-
randonf or correlated disordét!? Second, the occurrence of tirely attributed to the contribution of quasiparticles. The lat-
sign reversal ino,, has been attributed to the nonuniform ter conclusion contradicts experimental results obtained in
spatial distribution of carriers within and far outside the vor-the dc limit, where the vortex-state Hall conductivity is
tex corel®~2Third, the dc vortex-state Hall conductivity of known to consist of contributions from both vortices and
superconducting cuprates is found to be strongly dependenuasiparticle$:>%?It is therefore important to reconcile the
on the doping level, showing anomalous sign reversal in thelifference between the high-frequency and dc measurements
underdoped regime and no anomaly in the overdopetby investigating the complex Hall conductivity at intermedi-
regime!® This important experimental finding suggests theate frequencies.
relevance of the electronic structures within vortices to the In this work, we report experimental studies of the com-
Hall conductivity in the superconducting state, although theplex vortex-state Hall conductivity of YBEu;O; _ 5 epitax-
dependence of the sign of,, (Ref. 13 is opposite to the ial thin films at frequencies from £ao 10/ Hz. Our experi-
predicion based on the swave weak-coupling mental results indicate that in the anomalous sign-reversal
theory1®111415Recent theoretical investigation of the elec- regime ofo, (= oy, —iay,), whereo,, is the real part and
tronic structure of vortices in high-temperature superconaiiy is the imaginary part, the frequency dependence of the
ducting cuprates has revealed properties associated with tltemplex Hall conductivity follows o;y~const, a;yocw,
d-wave pairing symmetry® which may lead to better under- wherew is the angular frequency of the applied ac currents.
standing of the doping-level dependence. Fourth, the charadhe experimental results are analyzed in terms of a model
teristic time associated with the vortex-state Hall conductiv-generalized from th&t for the dc Hall conductivity. This
ity of high-temperature superconductors has been estimatageneralized model is based on the Drude approxim&tion
from both dc(Ref. 12 and microwav&’ measurements, and the flux-flow limit, and it assumes that the occurrence of sign
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reversal in the dc vortex-state Hall conductivity is the result\/\/herea;y is the vortex contribution consisting of effects of
of different carrier densities within and far away from the the bound-state quasiparticles within the vortex cores and the
vortex core. We find that the temperature and frequency d&yortex-charging effect, andy, is the contribution from all
pendencies of our data, as well as the data taken at MuGhiner quasiparticles. Heredenotes the total carrier density,
higher frequencie¢100-800 GHz, are in good agreement sq—p s the difference between the carrier density
with this phenomenological model. In addition, the iin the vortex core ify) and that far outside the vortex
r_nggnetlc—fleld(B) _depend'ence of.the.complex Hall conduc- ..o (.), and on satisfies the conditionsSn<n(~n
tivity data is consistent with contributions from both the core%nw), Sn—const forT—0 and on—0 for T—T; ; fwg

) Y - o
states of vortices £},) and the quasiparticle contribution :ACZ)/EF is the energy level of the vortex bound state for an

q -1 g "
(‘Txy),' where o}, <B™" and Txy* B Furthermore, [o5| ¢ \/ave superconductor with a finite-energy gag;*® .
<|oyl, and the magnitude afy, is consistent with known  _ (o g/m*) s the cyclotron frequency of normal carriegs;
physmal pargmeters. On the other hand, we .flnd that _th.e eMs a function dependent on the ratio pAy/(kgT)]=X,
pirical [o},| is much larger than the theoretical prediction. yhich satisfies the conditiong(x>1)—1 and g(x—0)
Possible origins for this discrepancy, including the uncon-_y 10|, the event thatn>0 sign reversal inr,, can take
ventional electronic structures in vortices of cuprate superp|ace as the temperature is vari@d! We note that except
conductors, are discussed. _for the term associated with the nonuniform spatial distribu-

This paper is structured as follows. In Sec. Il we réVieWiion of the carriers, §n/n), the FGLV model in Eq(1) is
the theoretical model for the dc vortex-state Hall CO”dUCt'V'essentially based on the Drude approximation, which as-
ity by FeigeI'manet a'-'_lo_a”d generalize the dc formalism 10 gymes one characteristic timefor both quasiparticles out-
complex Hall conductivity under the Drude approximation. sije the vortex cores and bound-state quasiparticles inside
Section Ill is a description of the broad-band direct transporine vortex cores. It is implicitly understood thats a strong
measurement techniques for the complex Hall conductivitygnction of the temperature, and that the temperature depen-
In Sec. IV, the experimental results are presented and COMyence of r in the superconducting state is expected to be
pared with the predictions of our model. Section V consistsyjfferent from that in the normal state. We also note that the
of a discussion of the physmal S|gn.|f|cance of our data, anggLv formalism is only applicable to isotropic supercon-
compares our results with related literature. Finally, a sumyctors. However Eq1) can be easily generalized for an-
mary of the key findings of this work is given in Sec. VI.  isotropic superconductdésby performing the anisotropic-
to-isotropic scaling transformaticf®

When examining the termi—(ne/B)(én/n)]=day, in
Eq. (1) more closely, we remark that this contribution due to
A. dc Hall conductivity the vortex-charging effect implicitly assumes a very long

The starting point of our approach is a phenomenologica{.daxatIon timer., associated wittsn, such thatw,7..>1 for

description for the dc vortex-state Hall conductivity by inite r_nag_neti(_: fields in the superponducting state. This as-
Feige'man, Geshkenbein, Larkin, and Vinok(FGLV) 170 ° sumption implies that the charge imbalance associated with

The FGLV model assumes two primary contributions to thethe presence of vort_ices is long-lived relative to all other
vortex-state Hall conductivity. One is the vortex Hall con- relevant time scales in the vortex state, so that its contribu-

ductivity (o%,), the other is the quasiparticle contribution tion to the Hall conductivity is analogous to that of the free-

. : electron gas. Hence, we may rewrife,, in terms of the
(o). The sign ofod, is the same as that of the normal state on - y I
xyrr Xy = . . following approximation:
and is linearly proportional to the magnetic inducti@n

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

whereasoy, arises from the electron-hole asymméfrand (—oN)E1, w.Tw on\ og w313
is dependent on details of the density of stafes.It is be- O0xy= - il il baeary 2
) S ) m 1+ wet, N w7 1+wir,
lieved that the vortex contributionr, is responsible for the

observed sign reversal in the Hall conductivity of various on\ ne .

type-Il superconductors. Assuming the BCS Hamiltonian, R e -y if wcr.>1 for T<T,

van Otterloet al!! have shown thatry, may be interpreted )
as the vortex-charging effect that arises from the difference 0 if B~0 and wc7.<1,

side of the vortex core, and this difference yields a signthe Drude approximation. The above clarification is useful
change in the vortex-state Hall conductivity relative to thatfor ys to generalize the FGLV model from dc to finite fre-

of the normal-state Hall conductivity if quencies, as discussed below.
(In T)/dul,,~g<0,** where . is the chemical potential and
Er the Fermi energy. Hence, a phenomenological description B. Complex Hall conductivity

for the vortex-state Hall conductivity is given by the follow-
ing expressior(in Systene Internationalunits):°

(woT)? on
1+ (wo7)? n

Before extending the FGLV formula to finite frequencies
in the Drude approximation, we first review the equation of
ne ] motion for a charge carrier in the normal state for magnetic

Oyy=Oyyt ol = [E 9 field (B) parallel to thez axis:

dp

ne (w.r)? B
; D T

B 1+ (we7)?

p

E+ —-XB P
m

+(1-g) - @
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where p=p,X+p,y denotes the momentum of carrieis, nee?
=E,X+E,y is the electric field, and is the transport relax- Oxx~1
ation time. Assuming linear response so thdp/dt

— —jwp, wherew is the angular frequency of the applied ac consistent with the Mattis-Bardeen thedtyOn the other
currents, the normal-state complex longitudinal and Hallhand, forT>T. andB=0, the superfluid fraction vanishes,
conductivities may be derived from the equation of motion.and Eq.(4a recovers the Drude conductivity for normal
We find that metals,oy(w)=0y/(1—iwT). Recastingr,, into complex

resistivity p,, and takingpo=(1/0), we obtain

=—ioyy, (5)

N (1-iwT)og
XX [1+(w§—a)2)7'2]—i2w7"

o

p;(x(w)_ (o3l 00) B 0 (T<Ty)
Po (o0 doo)?+(ohlog)? |1 (T>Ty),

n _ @cT n _ (wCT)O-O . B ,
ny_(l_in) O-XX_[l-I—(wg—wz)Tz]—isz' (3) pxx(w) _ (O'XX/O'O)
po  (opdao)’+(oydoo)?

~@T

For the superconducting state, we assume the flux-flow
limit where the effects of pinning can be neglected. We ar- (for both T<T, and T>T,). (6)
gue that this assumption is justified in the derivation of th
vortex-state Hall conductivity, because it has been verifie
both experimentalfy?and theoreticall{/that pinning effects
on vortices do not influence the vortex-state Hall conductiv
|t)_/. Tgkmg the Imear-respc_)nse limit and assuming two CoN<i o _domain Spectroscopy.
tributions o}, and o, as in Eq.(1), and noting that the Next, we consider the complex Hall conductivity, un-
characteristic frequency, of the bound-state quasiparticles yar our experimental condition. Usirmg* = 4m (Refys. 13
is associated with an effective magnetic fielg, rather than 4 22 and 7~ 10" 3s nearT,,222*ye find t?\at W 7~5
B [such thatwOEAgl(ﬁEF)_N_e_H02/m*]' the complex lon- w1573 for B(~H) measured in T, and7< w,7, wo7 i
gitudinal and Hall conductivities may be derived from the gaisfied for the range of frequency and magnetic field of our
equation of motion. We obtain experiments. In this limit, the real and imaginary partsrgf

e shall show in the next section that the above approach is
ndeed in good agreement with our experimental observation
at radio frequencies, and in the high-frequency limit is also

“consistent with the experimental data taken with the coherent

. become
vy _ ﬂ) (1-iwT)wyT
Oxx™ OxxT Oxx g T [1+(wg—w2)72]—i2w7' , ne a)STZ ne w(2:7-2
| Tl |95 .22 |\ 0| | T E | 1022
H1-g - Glena } (43 i C
—g : ,
[1+ (05— 0)P]-i20T ) SN wi7? (én/n)
g :()'U —I—a‘q O-Xy(w)w( wT) B g(l_’_ngZ)Z (‘0(2:7-7-OO
Xy Xy Xy
(1)27'2
_ne 9(wj) +(1—9)ﬁ : ™
B |[1+(wi—wd)P]—i2w7 (1+weT)

(on/n)(w2r2) Therefore(r;y is nearly frequency independent for all tem-
— ¢ peratures ifw<(w¢,wg), and is consistent with the dc Hall
[1+(0i—w)ri]-i20T. conductivity expression in Edq1). On the other hand, in the

1— ) w22 same frequency range, the relatifm,|<w holds for all
(17g)weT (4h) ~ temperatures. We shall show later that the frequency depen-

[1+(0e—0’) ] -i27| dence of botho,, and o, in Eq. (7) is indeed consistent

. with our experimental results. Furthermore, we shall veri

We note that botlr,, and oy, have been given for the sake the validity gf Eq.(4b) in the high-frequency limit by com- fy

of consistency, althou_g_h we are primarily |nte-rest-ed In theparing Eq.(4b) with the data taken with the coherent time
complex Hall conductivity rather than the longitudinal con- domain spectroscopy
ductivity, and that onlyr,, is independent of pinning defects '
in the superconductor. Furthermore, in E4a we have as-
sumedoy,cg(Hco/B)og~0g(wo/wc) o to ensure that the
longitudinal conductivity is consistent with the flux-flow  There have been limited direct ac transport measurements
conductivity. We also note that in the dc limib(~0) and  of superconductors in the radio frequericf) range, largely
for wc7.>1, oy, recovers the expression in Ed). due to difficulties in resolving small impedance of the super-
To verify the validity of our approach, it is interesting to conductor from a large background of parasitic impedances
compareoy(= oy, —i0y,) in the zero-magnetic field with and noises that are associated with the electronic instruments
that in the vortex state. That is, the quant§fH.,/B) inthe  and cables. Recently, several direct ac longitudinal imped-
flux-flow limit may be replaced by the superfluid fraction ance measurements of high-temperature superconductors
(ng/n) for B—0, such that in the low-temperature and high- have been reported in the literatdre?® and these experi-
frequency limit whergg— 1 andw > wo7>1, we obtain ments focused on critical scaling analysis of the vortex phase

lll. EXPERIMENT
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transitions associated with different types of controlled dis-experimental setup rather than the sample, Zgg, is the
order. To the best of our knowledge, there has not been ansomplex background impedance. For the frequency range of
report of direct transport measurements of the complex Halbur experiment, it is reasonable to assume that the sample
conductivity at rf frequencies, possibly because the Halimpedance aff>T. is completely resistive, and that,

angle in high-temperature superconductors is small, so thatR_s7, . whereR is the normal-state resistance of the
the signals of Hall impedance are orders of magnitud&ample. Hence,

smaller than those of the longitudinal impedance, making the

signal of the Hall impedance very difficult to resolve. In this Zmead T>T)~RG()e /1),
work, we extend our previous ac measurement techniques f
the longitudinal conductivi?~3to the Hall effect studied!

In a superconductor with uniaxial symmetry along the
axis, the Hall conductivity for the magnetic field parallefto
is determined by the longitudinal and Hall resistivitigs,
andp,y, according to the following formula:

?{nowing R, from the dc transport measurements, bG{f )
and 6(f) can be determined by measuring the phase and
amplitude 0fZ,,..{T>T.).%° We note that bothG(f) and
0(f) are independent of either the temperature or the
sample, because the total g&iif ) is primarily determined
by the gain of the preamplifier as well as contributions from
Py the end-to-end losses of the measurement system and imped-
=7 7 (80 ance mismatch, and the phaggf ) is also associated with
Pxx Pxy the phase distortion of the experimental setup, as mentioned
where p,,(H) = — py,(H) is satisfied through the Onsager earlier.
relations’? and p,x= pyy as measured after the van der Pauw  Similarly, it is reasonable to assume tifafis indepen-
corrections’® Hence, both the complex,, andp,, must be  dent of the temperature of the sample, becaljzg includes
determined in order to obtain the complex Hall conductivity. parasitic capacitance and inductance of the measurement sys-
In this work, we restrict our measurements to temperaturetem, which is not a sensitive function of the sample tempera-
where bothp,, and p,, are independent of the applied cur- ture. Therefore, by measuring a short in the place of a super-
rents, because the van der Pauw corrections are only valid @onductor, we havee.e ZyaoG(f)e' "), and Zp,q can
the linear response limit and because large errors in the be determined by using the calibrat&gf ) and6(f ). Thus,
low-temperaturer,, data are likely to occur due to the rap- the longitudinal impedancgs and therefore the longitudinal
idly vanishing p,, and pxy.12 We describe in the following complex conductivity o,(f) for frequencies from
our experimental approaches for obtaining the complex com100—10 Hz can be obtained from the above calibration pro-
ponents ofp,, and p,,. We note thatp,, and p, respond  cedure.
differently to the reversal of magnetic field, so that different In the case of Hall conductivity measurements, the cali-
calibration procedures are employed to obtain these compdvation for the Hall impedance is more straightforward than
nents. that for the ac longitudinal impedance, because most para-
To obtain the ac resistivity,,, we use similar experi- Sitic background signals are invariant under the reversal of
mental setup and calibration procedure developedhe applied magnetic field. Assuming that the net Hall signal
previously?®~3° with minor modifications in the electronic iS Zs pai, We may express the measured sighakas Hai@s
component$ to improve the signal-to-noise ratio and to ex- follows:
tend the measurement frequency range from previous 100
Hz—2 MHz to 100 Hz—7 MHz. The ac impedance is mea- Zmeas, Hal~ (Zs, Hal T Zback, Hal G(f ) e

sureq using the four-pomt technique, and the S|g.n_al is f'rSFNhereZback, Lanis @ complex background signal that includes
amplified with a low-noise, 42 dB-gain preamplifier, and ot only the parasitic impedances of the experimental setup,
then measured using an HP 4194A Impedance/Gain-Phaggt 450 contributions from the longitudinal impedance due
Analyzer. The ac current is supplied by an ac voltage fromyg possible misalignment of the electrical contacts. In gen-
the HP 4194A analyzer t'h.rough a nomnduptwe load resistopg|. Zoack val IS invariant under the reversal of the applied
R_ =1k, and the conditiorR >Z, (Z; being the sample magnetic field. Therefore, we may remag,q 11 by per-

impedancgis satisfied for the entire experimental frequencyformmg measurements under bottH and—H . and obtain
range, to ensure a constant amplitude for the applied current. '

All measurements are performed in the linear-response re- Z meas, Hall, cor® [ Zmeas, Hall H) — Zmeas, Hall — H)1/2
gion, so that there is no variation of the impedance signal as _

a function of the applied current. More details of the experi- =Z yalG(f)e' ")

mental setup are given in Refs. 30 and 31.

Oxy

i6(f)

To deconvolve the sample impedarie from the mea- Knowing G(f) and 6(f) from the calibration procedure for
. P P € . the longitudinal impedance, we obtalg ,, as a function of
sured signal ,.,s0ver a broad frequency range, careful cali- T H andf '

2{;2?Q§nm1lfs; tﬁegﬁg d'?morggggﬁrewge gngizl;gs?;nd The above calibration procedure has been applied to mea-
in terms (‘)f a general form: P easMay P surements of an expitaxial YB@u;O;_s thin film on
. LaAlO; (100 substrate, and the dimensions of this twinned
_ i6(f) sample are 6 mp6 mmx0.25um. The standard procedure

Zmeas=(Zs+ Zoacd (1), for preparing these YB&u,0,_ 5 epitaxial films is as fol-
whereG(f) is the amplitude of the total gain, ar@{f) is  lows: The films were fabricated using the pulsed-laser depo-
the phase shift due to uncompensated cable length and phasiton technique under 400-mTorr oxygen vapor pressure,
distortion of the preamplifier, which is only dependent on thewith the substrate temperature during the deposition at
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FIG. 1. Frequency-dependent isotherms of the complex longitu- FlG 2. Frequency-de_pendent |sotherms .Of the complex Hall re-
dinal resistivity of a representative YB2u;O, epitaxial film for 5|st|V|tyA of a r?presentatlv”e YBAYO, epitaxial film forH=2T
H=2T andHI&: (@ pl, vs f; (b) py vs f. We note that each 2ndHIC: @ pyy vs T, (b) piy Vst
isotherm constitutes 400 data points, and that the shaded data of the
isotherm at 100 K inb) indicates the region where validity of data o' andp}, and in Figs. 2a) and 2b) for P>’<y andpﬁy, with
is questionable due to signal overloading the preamplifier in thegpn applied fieldH=2 T. Using Eq.(8), the corresponding
normal state(Ref. 3. Hall conductivity can be converted from the measupgd
andp,,, and the representative results fbr=2 T are shown
in Figs. 3a and 3b) for oy, and o}, vsf at variousT. We
note that the same frequency dependence is observed for all
Ssotherms taken at other magnetic fields, as illustrated in
Figs. 4a) and 4b) for cr;y vs f and UQy vs f data taken at
T=86.0KandH=1, 2, 3, 4, and 5 T. For the magnetic-field
dependence of,, and o}, a representative set of data for
f=1 MHz is shown in Figs. &) and §b).

To verify the correctness of our experimental results, we
; : first examine the zero-field longitudinal resistivity data, and
applied current was always perpendicular to the magnetlﬁnd that the temperature and frequency dependence of the

f'e.ld' The supercondgctmg transition temperatmgedgter— complex resistivity is consistent with the Drude model, with
mined from dc resistive measurement for these films was,

typically between 87.5-89.5 K. In the following, results on aPxx~ €Onst andp,,w, as discussed in Sec. Il B. Further-
representative epitaxial film are shown, with~88.2K, a More, in the low-frequency limit and undgr f|r}|t’e magnetic
transition widthAT,~0.6K, and a normal-state resistivity 1€!ds, the real part of the complex Hall resistivjty, recov-
po=10040 cm just aboveT,. ers results (_)btamed from the dc measurements, showing
anomalous sign reversal for bagt, vs T andpy, vs B in the
vortex staté? In addition, the frequency dependence of both
the real and imaginary parts of the complex Hall conductiv-
Following the calibration procedures outlined above, weity follows the prediction of Eq(7), with |oy,|~const and
obtain the frequency dependence of the real and imaginartoﬁ{ylocw.
parts of the longitudinal and Hall resistivity at various tem- ~ Regarding the magnetic-field dependenceogf in the
peratures and fields, as exemplified in Figs) and Xb) for vortex state, we note that previous coherence time-domain

800 °C. After deposition, samples were slowly cooled to
room temperature in 500 Torr of oxygen. More information
about the fabrication and characterization of thes
YBa,Cu;0;_ 5 epitaxial films are detailed in Ref. 34. In this
work, the frequency range of the ac longitudinal and Hall
impedance measurements was fronf H2 to 7x 10° Hz,
the temperature range from=80.0 to 100.0 K, and all mea-
surements were performed at constant magnetic field$ of
=0, 1, 2, 3,4, and 5T, oriented along the sampéxis. The

IV. RESULTS AND ANALYSIS
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wherec,, c,, d;, andd, are positive coefficients. Fitting

spectroscopy studies of the vortex-state complex Hall conthe oy, vs B data for (T/T.)~0.97 in Fig. §a) using Eq.(9),

ductivity at high frequenciegfrom 100 to 800 GHy have

we obtain c,=ne37%/(m*)2=1140+50Q Tm 1T

attributed the vortex-state Hall effect solely to the nonlocal-where m* is the effective mass of the carriers. Using

ized quasiparticle contributiohAs stated in Sec. Il, this as-
sumption would imply 6y,/00)~w =B and (oy,/00)
~2w.w71?%B for w>w., which is different from the ob-
served magnetic-field dependence of ey, data for fre-
quencies up to 1Hz. On the other hand, if we take into
account the vortex contribution in the Hall conductivity, in
the sign-reversal regime, where.7<1, wy7<<1, andg
—0, we find

, nhe , [on 5
ny%E 9(woT)"— n +(1-9)(wc7)
ne 5n+eBrz_ i, g
a1 A e B -t
Y (én/n)
nyw(—Zwr)E gwgrz— wg - +(1—g)w§7'2
) ne sn\[ (m*)>? eBr\?
~(2eng | T[T Tl

9

~0.3x10 s determined from the dc Hall conductivity
measurements aff(T.)~0.97? we have the total carrier
density n~2.5x 107Ym*/mg)?cm 3. For (m*/my)~4 in
the case of YBfwO, 5,>* we obtain n~4

X 107t cm~3, which is a reasonable value for YR2u;0;.
Furthermore, using the fitting parametef=(ne)(4n/n)
=(1.4x0.1)x10°Q *m™ 1T for (T/T.)~0.97, we obtain
(8n/n)~2x10"°, which is of the same order of magnitude
as the theoretical estimate obr{/n)~[Ay(T)/E£]?,*° as-
suming Ao(T)=Ao[1—(T/T)]1¥%%12 and Ag=~19 meV is
the average superconducting gap of ¥8a&0,_ 5.3° On the
other hand, we note that similar fitting to the imaginary part
of the Hall conductivity o, yields |oy /oy |~ (d2/C,)
~10"2, which is much larger than the theoretical prediction
of |oy,/oy~(2wT)~10"° for f=1MHz. This discrep-
ancy may be due to the incorrect assumptios-ofave pair-
ing symmetry in YBaCu;O;_5, as discussed in the next
section.

V. DISCUSSION

We have shown in the previous section that the magnetic-
field dependence of our experimental data manifest both con-
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4 e A ey (such agly, or s) relative to the predominart,>_,> symme-
2 - superconducting i /Qmi | E try is expected in YBfCu;O,_ 5 due to its orthorhombicity>
= I 3 and the existence of eithed(>_,2+id,,) (Refs. 16, 36, and
< 2k i 3 37) or (dy2_2+is) mixed symmetries has several important
,IE JF ; 3 implications on the Hall conductivity. First, a finite number
S E ! T=86K j of bound states with large energy spacing becomes available
2 °f I E if mixed symmetries exist?3®%9so that the semiclassical
= BF | © Caaatl MAz approximation undertaken in E¢tb) remains valid. Second,
10 E ! = the superconducting energy ga&p has to be replaced by
12 _ i (@ _ Ay, where the wave-vector dependent energy gap is given
g P by Ay=A4cos X, +iAsfor the (dy2_ 2+ is) pairing symme-
0 1 2 3 4 5 6 try, with Ag3>Ag, and 6, is the angle of the wave vector
H (Tesla) relgtiye to the antinqde of thet2_ 2 gap. Thirq, the charac—
teristic frequencyw, in Eq. (4b) must be rewritten to incor-
A porate _the complex gap function a_nq its spatial \_/ariation.
aw0kE | i g:::u?;t;;sz E A_ssummg that Eq(4b) may pe modified by replacingy
: ! ] with a complex characteristic frequency that reflects the
. £ : 3 mixed-pairing symmetries in YB&u;O;_ 5, an increase in
e 30 3 ! 3 lo%,| may be expected without incurring a noticeable de-
P i T=8K 3 crease irjoy,| if |o},|<|oy,|. However, rigorous theory that
- 20F : E explicitly includes the correct pairing symmetry in the
< 3 { E vortex-state Hall conduction will be needed to quantitatively
F 10 = o ! E account for.our experimental _observation. _ .
" supercondudtig i normal Anc_»ttﬁetrhmtv(ajres_tmgIasplect |3 tthhe corr_e_latlon of thei S|g'r;\ of
3 | E Oyy Wi e doping level an e pairing symmetry. As
0 i /'1 ﬁ , ,(b,) E stayted in the Introduction, the occurrence of sign reversal in
0 1 2 37 4 5 6 the vortex-state Oxy is associated with the cqndition
H (Tesla) on(=ny—n,>0) in type-ll superconductors, anth is re-

lated to the quasiparticle bound states within the vortex core.

FIG. 5. Magnetic-field dependence of the complex Hall conduc-We have noted that the orthorhombic structure of
tivity at T=86.0K andf=1 MHz. (8 o}, vs B: The solid line ~ YBa,CsO;_ is likely to yield mixed-pairing symmetries,
represents a theoretical fit with,,=—(c,/B)+c,B, wherec,  and therefore can allow quasiparticle bound states in the vor-
=1.43x10° CT/nP=1.43x10° Q" ITm™1 T, and c,=1.14 tex core, as manifested by the scanning tunneling spectros-
x10° Q" *m 1T (b) o), vs B: The solid line represents a the- copy studies of the vortex core states in ¥880;_ ;.
oretical fit with o}, =(d;/B%~d,B, where d;=4.09 Thus, the magnitude ofn is expected to be finite, and sign
X102 Q7 Im™1T3 andd,=2.49Q Tm1T7L reversal may occur in the vortex statg, if 5n>0, accord-

ing to Eq.(1). Similarly, the electron-type superconducting

tributions from quasiparticles and vortices to the vortex-stateuprate Ng g-Cey ;:CuQ, is known to be of theswave pair-
Hall conductivity. In addition, the temperature and frequencying symmetry’® Hence, quasiparticle bound states exist
dependence of the complex Hall conductivity is found to bewjithin the vortex core, andn is finite. The observed sign
consistent with our generalized FGLV model. Quantitatively,reversa| in the vortex-state Hall Conducti\ﬂﬂy]erefore sug-
we also note that the real part of the Hall conductivity,,  gests thatn>0. On the other hand, for pure tetragonal lat-
is in good agreement with the dc Hall conductivity data attice structure of other hole-type superconducting cuprates, it
radio frequencies. On the other hand, the magnitude of thg known that the pairing symmetry @2_,2, and that no
imaginary part of the Hall conductivityry, , is found to be  quasiparticle bound states may exist within the vortex core,
much larger than the prediction based on the simple approxias manifested in the scanning tunneling spectroscopy data by
mation outlined above. Renner et al** on both the underdoped and overdoped

One plausible explanation for this discrepancy is that theBi,Sr,CaCyQOg. 5. If one naively associates the absence of
FGLV model does not consider the relevancelofave pair-  quasiparticle bound states with the absence of vortex charg-
ing symmetry in hole-type high-temperature superconducting effect, i.e.,on=0, one would conclude that sign reversal
ors, and therefore cannot account for the electronic structurasuld not occur in the vortex-state Hall conductivity for ei-
correctly in the oy, term. More specifically, it has been ther underdoped or overdoped,Bi,CaCyOg., 5. However,
shown that for an infinite-size sample, a pdkg_,2 pairing  the observation of sign reversal in the underdoped
symmetry prohibits any true bound state for quasiparticle®i,Sr,CaCyOg, s (Ref. 13 suggests that the vortex-
around a vortex? in sharp contrast to a large number of charging effect is not trivially associated with the existence
bound states in conventionaiwave superconductot*'°  of quasiparticle bound states in the vortex core. For instance,
Consequently, the semiclassical approximation in &), it is known that finite size effect results in resonant states in
which assumes an isotropic gAg<Er ,'° must be modified the vortex cores of purd-wave superconductot§,and that
in the case of pure-wave pairing symmetry. On the other these states cannot be easily distinguished from the bound
hand, we note that a small out-of-phase mixed symmetryguasiparticle states. Consequently, the effectimemay be
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finite even in the vortex state of putewave superconduct- given in Eq.(4b) for the complex vortex-state Hall conduc-
ors. More experimental and theoretical work is clearlytivity contains most of the essential components, although
needed to consistently correlate the doping level and pairinfull account for the quantitative details still awaits complete
symmetry with the vortex-charging effect. theoretical studies.
Finally, we compare our rf results with the higher-
frequency Hall conductivity data reported previouSlye
note that previous high-frequency measurements were per-
formed in one magnetic field, 6 T, and were analyzed in In summary, we have investigated the complex Hall con-
terms of a simple two-fluid model without including the vor- ductivity of YBa,Cu;0; epitaxial films at frequencies from
tex contribution. As detailed in previous sections of this pa-100 Hz to 7 MHz using a direct transport measurement tech-
per, the vortex contribution can be best manifested by studymsique. An expression for the complex Hall conductivity in
ing the magnetic-field dependence of the Hall conductivity,the flux-flow limit has been derived by generalizing the
particularly in the low-field limit. That is,lcr>”(y|ocB*l while  FGLV model for dc vortex-state Hall conductivity. We find
oyy*B, so that the magnitude af;, diverges in the low- that thequalitative behavior of the complex Hall conductiv-
field limit”> and has an opposite sign tef, in the vortex ity data, including the dependence on temperature, fre-
state. Hence, the vortex contribution g, cannot be mani- quency, and magnetic field, can be described consistently
fested by simply considering the temperature and frequencyith this generalized model. Furthermorgjantitatively the
dependence af,, . For the sake of completeness, we exam-féal part of the complex Hall conductivity recovers the dc
ine in the following whether our generalized FGLV model in Hall conductivity in the low-frequency limit, and the carrier
Eq. (4b) may be consistent with the temperature and fre-densityn and the magnitude of the vortex charging effect
quency dependence of the high-frequency data reported i#n/n), derived from fittingo,, data with our model, are
Ref. 7. Using the parameters given in Ref. 7, wheraries found to be consistent with the known properties of
from ~10 3s nearT, to ~10 s at T<T., and 0,  YB&CwO,. In addition, in the high-frequency limit, our
=40 GHz, we find @.7)?<(wo7)?<1 for the frequency Phenomenological model can also account for the tempera-
range of 100—800 GHz, andvf)~ 1, varying from greater ture and frequency dependence of the coherent time-domain
to smaller than 1 with increasing temperature. We may furspectroscopy data taken at 100—800 GHz. On the other hand,
ther neglect the term associated witbn(n) in Eq. (4b) at  the magnitude of the imaginary part of the Hall conductivity
high frequencies, because it is insignificant relative to othefdy,) at rf frequencies appears to be significantly larger than
terms except neaf,. Hence, Eq.(4b) is reduced into the the prediction of our model. This discrepancy may be attrib-

VI. SUMMARY

following simple expression: uted to the unconventional electronic structures within the
vortex core of cuprate superconductors withwave or

_ne 9(wo7)? mixed-pairing symmetries. Further theoretical investigation

Ay (1— 0?7+ wg —i207 that explicitly incorporates the correct pairing symmetry and

the electronic structures within the vortex state will be

(1-9)(we7)? needed to account for all aspects of the vortex-state Hall

(1- 0?7+ wir?—i2071| (10 conductivity.
Thus, for a given frequency, the magnitude of boﬂg, and
ogﬁy reaches a maximum i 7~ 1. Sincer(T) decreases with

increasing temperature ang(T,)~ o', the temperature  This work was jointly supported by NSF Grant No. DMR-
Ty« at which|o,| reaches maximum is expectediturease 9705171, and the National Aeronautics and Space Adminis-
with increasing frequency according to EQ0). Further-  tration, Office of Space Sciend®ASA/OSS. Part of the
more, Eq.(10) predicts that the magnitude 0f;’y becomes research was performed by the Center for Space Microelec-
comparable to that oa‘r)’(y under the experimental conditions tronics Technology, the Jet Propulsion Laboratory, Califor-
given in Ref. 7, consistent with the experimental da¥e  nia Institute of Technology, and was sponsored by NASA/
therefore conclude that the phenomenological expressio®SS.
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