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Electronic state of vortices in YBa2Cu3Oy investigated by complex surface
impedance measurements
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The electromagnetic response to microwaves in the mixed state of YBa2Cu3Oy ~YBCO! was measured in
order to investigate the electronic state inside and outside the vortex core. The magnetic-field dependence of
the complex surface impedance at low temperatures was in good agreement with a general vortex dynamics
description assuming that the field-independent viscous damping force and the linear restoring force were
acting on the vortices. In other words, both real and imaginary parts of the complex resistivity,r1 , andr2 ,
were linear inB. This is explained by theories ford-wave superconductors. Using analysis based on the
Coffey-Clem description of the complex penetration depth, we estimated that the vortex viscosityh at 10 K
was (4 – 5)31027 Ns/m2. This value corresponds tov0t;0.3– 0.5, wherev0 and t are the minimal gap
frequency and the quasiparticle lifetime in the vortex core, respectively. These results suggest that the vortex
core in YBCO is not in the deeply superclean regime but in the moderately clean regime. Investigation of the
moderately clean vortex core in high-temperature superconductors is significant because physically new effects
may be expected due tod-wave characteristics and to the quantum nature of cuprate superconductors. The
behavior of Zs as a function ofB across the first order transition~FOT! of the vortex lattice was also
investigated. Unlike Bi2Sr2CaCu2Oy ~BSCCO!, no distinct anomaly was observed around the FOT in YBCO.
Our results suggest that the rapid increase ofXs due to the change of superfluid density at the FOT would be
observed only in highly anisotropic two-dimensional vortex systems like BSCCO. We discuss these results in
terms of the difference of the interlayer coupling and the energy scale between the two materials.

DOI: 10.1103/PhysRevB.63.184517 PACS number~s!: 74.72.Bk, 74.60.Ec, 74.25.Nf, 74.60.Ge
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I. INTRODUCTION

The properties of high-Tc superconductors~HTSC! in an
applied magnetic field have revealed a rich variety of fas
nating phenomena. In particular, investigations of the e
tronic structure in the mixed state of HTSC have been
experiments in recent condensed matter physics. In con
tional superconductors~CSC! with s-wave gap symmetry
there are bound states of quasiparticles~QP’s! localized in
the vortex core. The level separation between the bo
states,DE, is

DE[\v0;D0 /kFj, ~1!

whereD0 is the bulk gap energy andkF andj are the Fermi
wave number and the GL coherence length, respective1

Here,v0 is regarded as the minimal gap frequency inside
core.
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In CSC,Tc is below 10 K andj;100 Å, which lead to
DE<0.1 K. This could not be resolved by available expe
mental techniques. Indeed, in the scanning tunneling sp
troscopy~STM! experiments in CSC,2,3 the local density of
states inside the core was shown as a zero energy
anomaly, which was interpreted as a smearing of the disc
levels in the core.4,5

When describing the dynamics of QP’s in the mixed sta
the key parameter is the width of the level in the core,dE,
which is connected with the scattering time,t, of the QP’s in
the vortex core. The relationship betweendE andt was ex-
pressed as

dE;
\

t
. ~2!
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SincedE@DE in CSC, the vortices in CSC can be regard
as tubes with a normal metal of radiusj. In such a case, the
vortex motion was well described with the Bardeen-Step
~BS! model.6

In HTSC, such a simple description of the vortex core
incorrect for several reasons. First, the energy gap
d-wave symmetry in HTSC.7 Since the amplitude of the ga
at the node is zero, QP’s are not localized in the vortex c
but extended along the node direction.8–10 A theoretical cal-
culation suggested that there were no truly localized state
the vortex core in puredx22y2 superconductors.11 On the
other hand, recent STM results in HTSC showed that
peak at zero energy vanished and that the density of stat
a finite energy below the gapD0 was enhanced near th
center of the vortex core.12–14Therefore, the presence or th
absence of localized states in the vortex core of HTSC is
of the central basic questions.

The second different feature of the vortex core in HTSC
the semiquantum nature of the core. SinceD0;20 meV for
HTSC, that meansj;20 Å. This giveskFj;20, which is
quite different from the case of CSC~for which kFj;200,
typically!. Indeed, if the peak observed in the STM expe
ment mentioned above corresponds to the quantum leve
the core, it giveskFj;2. The physics of such a quantu
core has been undeveloped up to now.

Such anomalous aspects of the electronic structure aro
the core in HTSC should affect the dynamic response of
vortices. If the vortex motion is described phenomenolo
cally, the dissipation can be discussed in terms of the f
tional force,

Fv5hvL1aHvL3 ẑ, ~3!

which is proportional to the velocity of vortices,vL . Hereh
andaH are the viscous drag and the Hall coefficients, resp
tively, andẑ is the unit vector parallel to an applied magne
field. The dissipation mechanism is, in turn, closely rela
to the characteristic scattering time of QP’s in the vor
core,t. The vortex viscosityh, and Hall constantaH were
calculated15,16 for arbitrary values ofv0t, and it was found
that

h5p\n
v0t

11~v0t!2 , ~4!

aH5p\n
~v0t!2

11~v0t!2 , ~5!

wheren is the QP concentration. The ratio of the level spa
ing DE to the level widthdE,

DE

dE
5v0t, ~6!

is used as an index of the cleanness in the vortex core. In
dirty limit ( v0t!1), the Hall effect@Eq. ~5!# is negligible,
and Eq. ~4! was expressed ash5p\nv0t5Bc2F0 /rn ,
wherern5m* /ne2t, andBc2 is the upper critical field. This
is the BS expression of the viscosity,h6. In the opposite
limit, v0t@1 ~the superclean limit!, the Hall effect is domi-
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nant andh is expressed ash.p\n/v0t. According to Ref.
17, the diagonal component of the vortex resistivity und
constant transport current,J, was expressed as

rv5
Bf0

h1aH
2 /h

5
Bf0

heff
, ~7!

where the effective viscosityheff was defined as

heff5h1aH
2 /h. ~8!

This means that the experimentally obtained viscous coe
cient under the conditionJ5const., washeff . Equations~4!,
~5!, and~8! yield

v0t5
heff

p\n
. ~9!

Therefore, we can determine the QP lifetime in the vor
core from estimates of the viscosity of the vortex motion
the mixed state of HTSC.

Due to the strong pinning in HTSC, dc measurements
not appropriate to study the vortex dynamics at low tempe
tures. Instead, measurement of the microwave electrom
netic response is a powerful technique to probe the dynam
of the vortices in HTSC. From the high-frequency respon
of the vortices, several parameters relating to the vortex
namics, such as the viscosity, pinning constant, and H
constant can be estimated according to existing theorie
vortex motion.

There have already been many experimental efforts to
termine the vortex dynamics parameters of YBa2Cu3Oy , and
a thorough review is provided in Ref. 17. To the best of o
knowledge, experimental determination of the vortex visc
ity h in YBCO at low temperatures was first performed
Pambianchi et al., using the parallel plate resonato
technique.18 They measured the magnetic-field depende
of the complex resistivity up to 0.4 T at 11 GHz and show
that the temperature dependence ofh was consistent with a
temperature-dependent normal state resistivity in the con
of the BS model.6 A similar result was obtained in Ref. 19 b
measuring the surface resistanceRs as a function of magnetic
field up to 8 T atseveral frequencies. A different report o
theRs measurement as a function of magnetic field up to 7
at low temperatures,20 deduced a very large viscosity, whic
was two orders of magnitude larger than in conventio
superconductors. This huge value was interpreted as
dence that the core of YBCO was in the superclean regi
v0t@1. However, their estimation of the viscosity wa
based on the assumption that the pinning frequencyvp is
much smaller than the measurement frequencyv. Under that
assumption, they estimated the viscosity only from the d
of the surface resistance,Rs ~the real part of the surface
impedance,Zs!. In CSC, the assumption,v@vp was reason-
able in the microwave region since the characteristic pinn
frequencyvp;100 MHz.21 In HTSC, however, the condi
tion v@vp might not be satisfied. Indeed, experimenta
estimated values of the pinning frequencyvp at low tem-
peratures in previous reports18,22,23were on the order of;10
GHz. In such a case, the estimation ofh from Rs alone leads
7-2
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to an incorrect value forh, and the measurement ofZs as a
complex value is essential. Parkset al.24 measured the com
plex resistivity,r̃, of YBCO thin films as a function of fre-
quency in the THz domain. They reported a relatively sm
h and insisted that the smallness was due to the effect
anisotropy andd-wave gap symmetry. If their interpretatio
is correct, there should be a definite difference in
magnetic-field dependence of the surface impedance f
what would be expected from the usual flux-flow theo
However, they reported only the frequency dependence
the complex resistivityr̃(v) at a fixed field 6 T, and detailed
field dependence data were unavailable. To discuss the
viation from the conventional vortex dynamics descriptio
the magnetic-field dependence ofr̃ should be investigated.

Considering the state of previous high-frequency m
surements ofh-values, there is a large ambiguity. To resol
such confusion, complex surface impedance measurem
as functions of magnetic field, frequency, and tempera
should be performed up to higher magnetic fields.

In addition, it should be emphasized again that in HTS
the vortex core is likely to be close to the quantum lim
sincekFj is small and the major component of the conde
sate wave function hasd-wave symmetry. In such a highl
anomalous situation, to the best of our knowledge, there h
been no rigorous calculations of the dynamic properties
vortices. So the appearance of some new effect may be
pected.

Another problem we focus on in this study is the relatio
ship between the electronic structure and the vortex struc
in the mixed state. Previously, we found that
Bi2Sr2CaCu2Oy , a rapid increase of surface reactance,Xs ,
took place at the first order transition~FOT! of the vortex
lattice.25 SinceXs is proportional to the real part of the e
fective penetration depth, it was proposed that this incre
may be ascribed to the decrease in the superfluid den
rather than to the loss of pinning. This suggested that
change in the structure of the vortex lattice largely affec
the electronic structure of the vortex. If this phenomen
were observed in other cuprates, where the FOT occurre
would be a universal new effect found in HTSC associa
with the FOT of the vortex lattice. Thus, we have inves
gated how universal the phenomenon is in materials w
different values of anisotropy.

Furthermore, quite recently, the existence of a collect
mode in the microwave frequency range was predicted
unconventional superconductors with mixed symmetry or
parameters.26 Such a mode might be expected to show up
a resonance in the surface impedance.

To study the fascinating problems described above, in
paper, we present complex surface impedance measurem
on untwinned YBCO single crystal as functions of tempe
ture and magnetic field. These measurements have
made in the wide region of the mixed state (10 K,T,Tc,0
,H,15 T) at several frequencies, and provide informat
on electronic structure in the mixed state. In the followi
section, details of the experimental technique to measurZs
in an applied magnetic field together with the analysis ba
on vortex dynamics will be described. In Sec. III, the resu
of the Zs measurements will be shown. Both the real a
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imaginary parts of the complex resistivity show theB-linear
behavior at low temperatures below 60 K. Through compa

son with a theoretical calculation by Coffey and Clem,27 we
estimate the pinning frequency, vortex viscosity and pinn
constant. Estimated values ofh at 10 K are ;(4 – 5)
31027 Ns/m2. These values correspond tov0t;0.3– 0.5,
which suggests that the vortex core of YBCO is not in t
deeply superclean regime but in the moderately clean
gime. In the data from the high temperature region above
K, we cannot find any obvious anomaly around the FOT
bothRs andXs . This is in contrast to the results observed
BSCCO. In Sec. IV, the observedB-linear behavior is ex-
plained in terms of a theoretical consideration ford-wave
superconductors. The significance of the moderately cl
vortex core realized in YBCO will be discussed togeth
with the relationship between theZs and the FOT in YBCO,
and the difference between YBCO and BSCCO. Moreov
we will briefly comment on the possibility of the existence
the collective mode predicted by Balatskyet al.26 Section V
is dedicated to our conclusions.

II. EXPERIMENT

A. Apparatus

YBa2Cu3Oy single crystals were grown by a self-flu
method using Y2O3 crucibles and were annealed at 450 °
The sample described in this study was a naturally
twinned, slightly overdoped single crystal with dimensio
of 0.630.630.05 mm3. It showed a superconducting trans
tion at Tc591.2 K, which was determined from the magn
tization measurement using a commercial SQUID magne
meter~Quantum Design!.

The microwave surface impedanceZs[Rs1 iXs , where
Rs and Xs are the surface resistance and surface reacta
respectively, was measured by the cavity perturbation te
nique with cylindrical cavities operated in the TE011 mode.
Since a superconducting cavity with high sensitivity28 could
not be used in an applied magnetic field, we used cop
cavities tuned to 19.1, 31.7, and 40.8 GHz. TheQ values of
each cavity at 10 K were;6.53104 at 19.1 GHz,;2.8
3104 at 31.7 GHz, and;2.73104 at 40.8 GHz. The sample
was located at the center of each cavity, at the antinode
the microwave magnetic fieldH rf being parallel to thec axis
of the sample. Thus, the microwave currents flowed in theab
plane ~CuO2 plane!. Details will be described in a separa
publication.Rs andXs for the sample in zero field could b
simultaneously obtained from the shift in the quality fact
of the cavity,D(1/2Q), and the shift in the resonance fre
quency,D f . According to cavity perturbation theory,29 in the
skin depth regime where the microwave skin depth is sign
cantly shorter than the dimensions of the sample,Rs andXs
may be expressed as

Rs5GS 1

2Qs
2

1

2Qb
D[GDS 1

2QD ~10!

Xs5GS 2
f s2 f b

f b
D1C[GS 2

D f

f b
D1C, ~11!
7-3
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whereQs and f s are the quality factor and the resonant fr
quency of the cavity including the sample, andQb and f b are
those of the empty cavity without the sample.G is a geo-
metrical factor that depends only on the shape of the sam
and the cavity, andC is a metallic shift constant, which
represents the shift of the resonance frequency of the ca
with a perfect conductor with the same dimensions as
sample. In zero field,Xs is proportional to the London pen
etration depth,lL , as Xs5mvlL , wherem is the vacuum
permeability andv is the angular frequency.

However, in Eq.~11!, the effects of thermal expansio
should be taken into account at high temperatures, as
pointed out in Ref. 30. Therefore, Eq.~11! were corrected to
the following expressions:

Xs5GXS 2
D f

f b
Da~T!C1C, ~12!

where a(T) is the temperature-dependent factor related
the relative difference of thermal expansivities between
cavity and the sample. In order to determine the abso
values ofRs and Xs , we should fix the two parametersG,
and C, and estimatea(T) in Eqs. ~10! and ~12!. We deter-
minedG, C, anda(T), as follows. First, in the normal state
the relationship,Rs5(mvrn/2)1/2 is appropriate.rn of the
sample at 100 K is 6.431027 V m, which gives Rs
50.28V at 31.7 GHz. Substitution of the value into Eq.~10!
gives the value ofG. Second,a(T) was estimated from the
difference of the thermal expansivities between Cu,31 and
YBCO.32 Finally, the value ofC was determined by assum
ing that the London penetration depth atT50 K, lL(0)
;1400 Å.33 The correctedXs data satisfied that~1! the
Hagen-Rubens relation (Rs5Xs) was held in the norma
state aboveTc , and~2! at T→0, Xs /mv was extrapolated to
lL(0). After this correction, the temperature dependence
lL in zero field was consistent with the data reported in R
34.Rs andXs in an applied magnetic field were subsequen
determined by using the values ofG, C, and a(T) in zero
field. We confirmed that the magnetic field dependence oZs
was not affected by the corrections mentioned above. S
face impedance measurements were performed both
sweptH after zero-field cooled conditions and with sweptT
under field-cooled conditions. In all measurements, the st
applied magnetic fieldHdc was parallel to thec axis.

B. Method of the analysis

In this subsection, we will explain the procedure used
this study to determine the vortex dynamics parameters.
complex surface impedanceZs is related to the complex pen
etration depth,l̃, as

Zs5 imvl̃. ~13!

The complex resistivityr̃5r11 ir2 is expressed as

r̃5Zs
2/ imv5 imvl̃2. ~14!

The general behavior ofl̃ in the mixed state of type-II su
perconductors was calculated by Coffey and Clem~CC!.27 In
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this model, a rigid, massless vortex lattice with linear rest
ing force and viscous damping force was assumed. The b
equation of motion of vortex was described as

hu̇1ku5f0J3 ẑ1f~ t !, ~15!

whereu is the displacement of vortices,h is the viscosity in
the absence of flux creep,k is the pinning constant,J is the
transport current density,f0 is flux quantum andẑ is the unit
vector parallel toHdc. f(t) is the stochastic force, which
corresponds to the effects of creep, and the Hall effect w
neglected. Based on a self-consistent treatment of vortex
namics including the influence of the normal component
the two-fluid sense, they derived an expression for the co
plex penetration depthl̃ as a function of temperature
magnetic-field, and frequency,

l̃2

lL
2 5S 1

11s2 1
~12e!r 2s~e1r 2!

~11s2!~11r 2!
bD

2 i S s

11s2 1
~e1r 2!1s~12e!r

~11s2!~11r 2!
bD . ~16!

Here,s52lL
2/dn f

2 , wherelL is the London penetration dept
anddn f is the normal fluid skin depth (dn f

2 52rn /mv). The
normalized fieldb, and normalized frequencyr were ex-
pressed as

b5f0B/mvlL
2h5B/Bh , ~17!

r 5v/vp , ~18!

wherevp5(kp /h)@ I 1(n)I 0(n)#/@ I 0(n)21#, n5U/kBT, U
is an activation energy of the pinning potential,e51/I 0(n),
and I n is a modified Bessel function of the first kind of th
ordern.

At low temperatures, (T<60 K), which corresponds tos
→0 andn→`, i.e.,e→0, effects of both the flux creep an
the thermally activated normal fluid can be neglected, a
Eq. ~16! becomes a rather simple expression,

l̃2

lL
2 5S 11

r

11r 2 bD2 i S r 2

11r 2 bD . ~19!

Rs andXs normalized bymvlL are deduced from Eq.~19!,
and expressed as

Rs

mvlL
5

1

2 SA11
2r

11r 2 b1
r 2

11r 2 b21
r 2

11r 2 bD 1/2

2
1

2 SA11
2r

11r 2 b1
r 2

11r 2 b22
r 2

11r 2 bD 1/2

,

~20!
7-4



c-

re

a
e
a

-
n

or

5
ina
e

te
g

di

ee
lex

th

the
ics
as

re
ra-
ne-
no
pa-
/or
ters

the
Hz

ous
etic-
spec-

ELECTRONIC STATE OF VORTICES IN YBa2Cu3Oy . . . PHYSICAL REVIEW B 63 184517
Xs

mvlL
5

1

2 SA11
2r

11r 2 b1
r 2

11r 2 b21
r 2

11r 2 bD 1/2

1
1

2 SA11
2r

11r 2 b1
r 2

11r 2 b22
r 2

11r 2 bD 1/2

.

~21!

Note that Eqs.~19!, ~20!, and~21! contain only two param-
eters,r and b. Variability of parametersr and b is limited
within the range where CC model is valid~Bc1!B!Bc2 ,
whereBc1 andBc2 are lower and upper critical field, respe
tively, and\v,D0!. Therefore, ranges ofr andb are 0!r
!`, andBc1 /Bc2(;0)!b!Bc2 /Bc1(;`), respectively.

Here we introduce ‘‘the impedance-plane plot,’’ whe
the horizontal axis isRs /mvlL and the vertical axis is
Xs /mvlL , as is shown in Fig. 1.Rs /mvlL andXs /mvlL
of Eqs. ~20! and ~21! were plotted through the parameterb
with fixed r’s. In the figure any curves in this plane show
concave upward curvature. Therefore, provided that the
perimental data obeys the behavior in Fig. 1, we can estim
the depinning frequencyvp uniquely by comparing the mea
suredZs(B) data with the curves in Fig. 1. After that we ca
determineh through Eqs.~20! and~21!. To sum up the pro-
cedure, first, we try to fit the data with the curve in Fig. 1, f
a fixed r value. Substituting ther value into Eqs.~20! and
~21! enables us to determine another parameterb. Finally,
the comparison betweenb and experimentalB gives theh
value.

III. EXPERIMENTAL RESULTS

Figure 2 showsZs as a function of magnetic field up to 1
T at several different temperatures. Here, the longitud
axis of the lower panel in Fig. 2 (DRs) means the chang
from the zero-field value, defined asDRs[Rs(B)2Rs(0).
Continuous lines and discrete open marks represent the
sults from sweptH measurements and sweptT measure-
ments, respectively. Since both data sets were consis
with each other, extrinsic effects caused by an inhomo
neous field distribution in the data with sweptH measure-
ments did not affect the essential features of the data
cussed below.

FIG. 1. Behavior of Eqs.~20! and~21! in ‘‘the impedance plane
plot’’ at several fixedr values. The curve,r 5`, represents the free
flux flow state.
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In Fig. 2, the magnetic field dependence ofRs andXs is
roughly proportional toB1/2 over the whole range, which is
expected in the high field region of the CC formula. To s
this more clearly, we plot the data in terms of the comp
resistivity, Dr1[r1(B)2r1(0), and Dr2[r2(B)2r2(0).
In Fig. 3, we plot the magnetic field dependence ofDr1 and
Dr2 at several fixed temperatures. IfRs(0)!Rs(B), Dr1 ,
Dr2 were expressed asDr1.2DRsXs /mv, and Dr2

.(D(Xs
2)2DRs

2)/mv, respectively. According to Eqs.~14!
and ~19!, within the low temperature approximation, bo
Dr1 and Dr2 were proportional to a magnetic field,B. As
shown in the lower two panels of Fig. 3@~c! and ~d!#, both
Dr1 andDr2 change linearly as a function ofB at low tem-
peratures below 60 K. These behaviors suggested that
CC model was appropriate to describe the vortex dynam
in YBCO. However, at higher temperatures above 70 K,
was clearly seen inDr1 @Fig. 3~a!#, there is a clear deviation
from the B-linear behavior. This deviation became mo
prominent with increasing temperature. In the high tempe
ture region, thermal effects on the vortices cannot be
glected, and the low temperature approximation will
longer accurate. To obtain precise values for the vortex
rameters in this regime, analysis including flux creep, and
theB-dependent behavior of the vortex dynamics parame
is needed.

In Fig. 4~a!, we plot the magnetic-field dependence ofZs
shown in Fig. 2 in the impedance plane. Results from
measurements at 19.1 GHz up to 5 T, and those at 40.8 G
up to 7 T are also shown in Figs. 4~b! and 4~c!. All data

FIG. 2. Magnetic field dependence of~a! Xs and ~b! DRs of
YBCO up to 15 T at 31.7 GHz at various temperatures. Continu
lines and open marks represent the results from swept magn
field measurements and swept temperature measurements, re
tively.
7-5
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YOSHISHIGE TSUCHIYAet al. PHYSICAL REVIEW B 63 184517
show a clear concave upward behavior, which suggests
we can analyze the data in terms of the vortex dynamics.
fitted curve based on Eqs.~20! and ~21!, together with the
resultingr value, are also shown in Fig. 4. Indeed, the res

FIG. 3. Magnetic field dependence of~a! Dr1 at higher tempera-
tures, ~b! Dr2 at higher temperatures,~c! Dr1 at lower tempera-
tures, and~d! Dr2 at lower temperatures, at 31.7 GHz. The origin
each curve has been shifted arbitrarily.

FIG. 4. ~a! The impedance plane plot of the data at 31.7 GHz
various temperatures. The solid lines represent fitting curves to
vortex dynamics model@Eqs. ~20! and ~21!#, together with the re-
sulting r values. Actual magnetic-field values of each line a
shown as dotted lines~5, 10, and 15 T, respectively!. Similar plots
based on the data at 19.1 GHz up to 5 T, and at 40.8 GHz up
T are shown in~b! and ~c!, respectively.
18451
at
e

ltof the fit is very good in agreement. Thus, we can determ
vp andh, by the method described in the previous sectio

In Fig. 5, we show the temperature dependence of
viscosity,h and the pinning frequency,vp . h decreases with
increasing temperature. The observed temperature de
dence ofh was found to scale with that of the upper critic
field, Bc2 . In fact, if we assume that the temperature dep
dence of Bc2 as Bc25Bc2(0)(12t2)/(11t2), where t
5T/Tc , andBc2(0)580 T andrn;331027 V m, the solid
curve in Fig. 5~a! was obtained. The data are almost in agre
ment with this approximate curve. Deviations might
caused by the temperature dependence of the normal
resistivity, rn , and/or an ambiguity in the high temperatu
region that will be discussed later. The pinning frequencyvp
decreased with increasing temperature due to thermal effe
Such behavior in the temperature dependence ofh andvp is
almost consistent with the previous reports.18,19,22,23As was
already mentioned, Eqs.~20! and ~21! are approximate ex-
pressions in the low temperature region, and in fact, the
was not so good above 70 K. Therefore, the absolute va
of these parameters at high temperature~above 70 K! might
have some ambiguity. However, in the low temperature
gion, on which we mainly focus in this study, these para
eters can be well defined within this approximation.

It was surprising that the obtained values ofh and vp
from the measurements at different frequencies are alm
the same. This fact indicates that the frequency depende
of Zs was also in good agreement with the vortex dynam
description with frequency-independent values forh and
vp . The viscosityh and the depinning frequencyvp at 10 K
were found to be;(4 – 5)31027 Ns/m2, and;40–50 GHz,
respectively. Since we keptJ5const. in our experiments

t
he

7

FIG. 5. Temperature dependence of the viscosity,h ~a!, and the
pinning frequency,vp ~b!, estimated from the analysis~see text!.
Solid curve in panel~a! is an approximate expression,h(T)
5h(0)(12t2)/(11t2).
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~where J is the amplitude of the microwave current!, the
viscosity obtained from the data corresponds toheff in Eq.
~8!. In YBCO, the carrier concentrationn was proposed to be
n50.25 per CuO2 plane.35 By using Eq.~9!, we estimate that
v0t is ;0.3–0.5. Since thevp was found to be 40–50 GHz
even in the measurements in the microwave and millime
wave regions, we cannot conclude that the pinning is ne
gible. In that sense, the analysis in Ref. 20, leading to
conclusion of the superclean core, was incorrect. Our res
confirmed that the measurement of both the real part and
imaginary part is essential for HTSC.

Next, let us move to the behavior ofZs around the FOT in
the vortex lattice. Figure 6 shows the magnetic-field dep
dence ofZs , Dr1 , andDr2 up to 15 T at 80 K, and 85 K
The dashed lines in each panel show the field correspon
to the FOT, which was determined by the resistivity data
a sample with the same doping level.36 We could not find
any obvious anomaly at the FOT in YBCO within our e
perimental resolution. This result is in contrast to what w
observed in BSCCO with the most remarkable being the
isotropy. One possible reason for the absence is that
change of London penetration depth,lL , is too small to be
detected. In YBCO, the anisotropy parameterg is smaller
than that of BSCCO and the phase transition occurs at ra
higher fields, which are the order of several tesla. In s
high fields, the density of vortices is so large that the con
bution of moving vortices toZs may hide the subtle chang
of the superfluid density. However, if the anomaly is su
posed to be as the same magnitude as in BSCCO it shou
DXs /Xs;4 – 5 %, which is well above the measureme
noise level~<1 mV, ;1%!. We will discuss the reasons fo
this difference later.

FIG. 6. Magnetic field dependence ofZs , Dr1 , andDr2 around
the FOT of the vortex lattice. Left three panels@~a!, ~b!, and~c!# and
right three panels@~d!, ~e!, and ~f!# are the data at 80 and 85 K
respectively. Dotted lines in each panel represent the FOT fiel
each temperature, which was estimated from the resistivity dat
the sample from the same batch.
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IV. DISCUSSION

We found that the change in the resistivity was linear
B. We also clarified that the flux flow in YBCO was we
described in terms of the Coffey-Clem unified theory of vo
tex motion withB-independent, and frequency-independe
vortex dynamics parameters, and essentially not differ
from that in CSC. As will be seen below, this is consiste
with theoretical considerations for d-wave super-
conductors.37,38

Theoretically, flux-flow was first discussed by Barde
and Stephen.6 They calculated the flux flow resistivity in th
dirty limit, dE;\/t.D0 for s-wave superconductors. Afte
that, Larkin and Ovchinikov39 showed results for the case o
a moderately clean core withs-wave gap symmetry, and Ko
pnin and Kravtsov16 calculated the conductivity and the Ha
angle taking the Hall effects into account. Recently, Kopn
and Volovik,37 and Makhlin38 described the flux flow in the
clean, d-wave case. They showed that, in the moderat
clean limit, the QP’s outside the core did not make an i
portant contribution to the flux-flow conductivity. The ex
pression for the flux-flow conductivity in ad-wave supercon-
ductor was similar to that for ans-wave superconductor in
the moderately clean regime. This means that the dissipa
process mainly occurs at the boundary of the core, an
independent of the details of the electronic structure ins
the core in the clean regime. Again, our results suggest
the flux-flow resistivity of YBCO wasB-linear, which is not
so much different from that in a conventionals-wave super-
conductor. This result is quite consistent with the theoreti
description of the flux-flow in ad-wave superconductor.

Next, we found that the vortex viscosityh was (4 – 5)
31027 Ns/m2 at 10 K, which means that the vortex core
YBCO is in the moderately clean regime. As was describ
earlier, the electronic structure of vortices in HTSC is u
usual because of~1! thed-wave symmetry of the energy gap
and ~2! the quantum nature of the levels in the core. Ho
ever, most of the existing theories took the quasiclass
approach to calculate the electronic structure of the core
HTSC, askFj is ;10 and\v0 is ;10 K, the vortex core is
likely to approach the quantum limit (kFj;1). In the quan-
tum limit, since the minimal gap\v0 is nearly equal to the
energy gapD0 , the distinction between QP’s inside and ou
side the core becomes meaningless. Larkin a
Ovchinikov,40 and Koulakov and Larkin41 calculated theI -V
characteristics and microwave absorption in the quant
clean,s-wave cases, respectively. However, to our know
edge, there was no theoretical prediction on the flux fl
state in the quantum, moderately clean,d-wave case. All of
these estimations mean that the vortex core in HTSC is in
marginal region from the different points of view discuss
above.

Next, we will discuss the absence of any anomaly in
microwave response in YBCO at the FOT. In BSCCO, t
rapid increase ofXs at the FOT was observed in bot
optimally-and overdoped samples.42 Note that no obvious
anomaly was observed inRs at the FOT. This provides
strong evidence that the origin of the anomaly could be c
sidered as arising from the change of the superfluid dens

at
of
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One possibility for the absence of the anomaly is that
mechanism of the FOT is different between BSCCO a
YBCO. A key difference between YBCO and BSCCO
anisotropy. According to Ref. 43, the characteristic fie
Bcr , which separates the regions of three-dimensional
two-dimensional vortex behavior, was expressed asBcr
;f0 /g2d2, whereg2[mc /mab ~mab andmc are the aniso-
tropic effective mass in theab plane and along thec axis,
respectively!, is the anisotropy parameter andd is the dis-
tance between adjacent CuO2 layers. Typical values forg2

are 50 and.20 000 in YBCO and BSCCO, respectivel
While the vortices in BSCCO have a 2D-like character, t
vortex lattice in YBCO is rather 3D-like. From this point o
view, our results suggest that the rapid increase ofXs due to
the change of superfluid density at FOT would be obser
only in a highly anisotropic two-dimensional vortex syste
like BSCCO. In BSCCO, it has been established that
interlayer coupling changes dramatically at the FOT.44 This
change of interlayer coupling can cause a change in the
rent distribution in the sample on a macroscopic scale, wh
possibly produces the change in the in-plane properties s
asRs andXs

45 However, if it is the case for the anomaly w
have discussed, a similar anomaly should appear also inRs ,
which is quite different from what we observed. Thus, we
not believe that such a change is responsible for the anom

Another possibility is the difference of energy betwe
the two materials. In YBCO, the complex resistivity as
function of magnetic field was measured through the F
line up to 50 MHz.46 They reported definite changes in bo
real and imaginary parts of the complex resistivity, and
terpreted the results as an abrupt change of the viscosity
the collapse of the shear modulus due to the melting of
vortex lattice. However, in the microwave response, no s
of the FOT was observed. We speculate that the signal du
the change of the electronic state, may exist in another
quency window, lower or higher than the microwave rang

Finally, we briefly mention the attempt to detect the ne
resonance. Quite recently, Balatskyet al. predicted the exis-
tence of a new collective mode26 whose frequency is tunabl
by magnetic field. According to Ref. 26,vcl;72
3H/Hc2 GHz. Assuming thatHc2;100 T, vcl at 15 T is
;11 GHz, which is lower than our measurement frequenc
If Hc2 shows a usual BCS-likeT dependence, the resonan
originating from this mode would exist in a rather highT
region below 15 T. However, we could not observe such a
resonance structure in our measurements ofZs(B) and
Zs(T). If the lifetime of this mode were strongly influence
18451
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by thermal smearing, this mode would be observed in
rather low temperature region.

In order to investigate the behavior around the FOT a
find the possible collective excitation in HTSC, a measu
ment at several GHz under high magnetic field is now
progress.

V. CONCLUSION

The microwave electromagnetic response in the mix
state of YBa2Cu3Oy ~YBCO! was measured in order to in
vestigate the electronic state around the vortex core.
magnetic-field dependence of the complex surface imp
ance at low temperature was in good agreement with a g
eral vortex dynamics description assuming that the fie
independent viscous damping force and the linear resto
force acted on vortices. In other words, both the real a
imaginary parts of the complex resistivity,r1 , andr2 were
linear in B. This is explained by theories ford-wave super-
conductors. From analysis based on the Coffey-Clem
scription of the complex penetration depth, we estimated
the vortex viscosityh at 10 K was (4 – 5)31027 Ns/m2.
This value corresponds tov0t;0.3– 0.5, wherev0 andt are
the minimal gap frequency and the quasiparticle lifetime
the vortex core, respectively. These results definitely sh
that the core of YBCO is in the moderately clean regim
Investigation of the moderately clean core of HTSC is s
nificant because physically new effects are expected from
characteristicd-wave and quantum nature of cuprate sup
conductors. The behavior ofZs as a function ofB across the
FOT was also investigated. Unlike in Bi2Sr2CaCu2Oy
~BSCCO!, a distinct anomaly was not observed around
FOT in YBCO. Our results suggest that the rapid increase
Xs due to the change of superfluid density at the FOT wo
be observed only in a highly anisotropic two-dimension
vortex system like BSCCO.
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