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Electronic state of vortices in YBgCu;O, investigated by complex surface
impedance measurements
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The electromagnetic response to microwaves in the mixed state ofCtga, (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 resigtjvignd p,,
were linear inB. This is explained by theories fat-wave superconductors. Using analysis based on the
Coffey-Clem description of the complex penetration depth, we estimated that the vortex visgasity0 K
was (4-5)X 107 Ns/n?. This value corresponds te,7~0.3—0.5, wherew, and = 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 wwave characteristics and to the quantum nature of cuprate superconductors. The
behavior of Z; as a function ofB across the first order transitiofiFOT) of the vortex lattice was also
investigated. Unlike BiSr,CaCyO, (BSCCQ, no distinct anomaly was observed around the FOT in YBCO.
Our results suggest that the rapid increasXotlue 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.
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. INTRODUCTION In CSC, T, is below 10 K andé~100A, which lead to

The properties of higH-, superconductoréHTSC) in an AE=<O0.1K. Th|s could not bg resolved by ava|lable_ experi-
‘mental techniques. Indeed, in the scanning tunneling spec-

applied magnetic field have revealed a rich variety of fasci . : 3 .
nating phenomena. In particular, investigations of the elect’oSCOPY(STM) experiments in CSC/ the local density of

tronic structure in the mixed state of HTSC have been keyt@tes inside the core was shown as a zero energy peak
experiments in recent condensed matter physics. In conve@emaly, which was interpreted as a smearing of the discrete
tional superconductoréCSO with swave gap symmetry, levels in the coré,

there are bound states of quasipartiol€’s) localized in When describing the dynamics of QP’s in the mixed state,
the vortex core. The level separation between the bounthe key parameter is the width of the level in the cafE,
statesAE, is which is connected with the scattering timepf the QP’s in
the vortex core. The relationship betwe&g and r was ex-
AE=hwo~Ag/Keé, (1)  pressed as

whereA, is the bulk gap energy and: and ¢ are the Fermi

wave number and the GL coherence length, respectively. Z

Here,wq is regarded as the minimal gap frequency inside the SE~ —. )
core. T

0163-1829/2001/638)/1845179)/$20.00 63184517-1 ©2001 The American Physical Society



YOSHISHIGE TSUCHIYAet al. PHYSICAL REVIEW B 63 184517

SinceSE>AE in CSC, the vortices in CSC can be regardednant andy is expressed ag= wfin/ wy7. According to Ref.
as tubes with a normal metal of radiésin such a case, the 17, the diagonal component of the vortex resistivity under
vortex motion was well described with the Bardeen-Stephemronstant transport current, was expressed as

(BS) model®
In HTSC, such a simple description of the vortex core is B¢y Bey o
incorrect for several reasons. First, the energy gap has pv_7,+ ailn  Mer

d-wave symmetry in HTSC .Since the amplitude of the gap

at the node is zero, QP’s are not localized in the vortex cor&vhere the effective viscosity.s was defined as

but extended along the node directfon? A theoretical cal- 5

culation suggested that there were no truly localized states in et =1+ ayl 7. ®)

the vortex core in purel,. superconductor%l. On the  This means that the experimentally obtained viscous coeffi-
other hand, recent STM results in HTSC shov_ved that theiant under the conditiod= const., wasy.;. Equations(4),
peak at zero energy vanished and that the density of states@, and(8) yield

a finite energy below the gapp\, was enhanced near the

center of the vortex cor€ 1% Therefore, the presence or the Dot
absence of localized states in the vortex core of HTSC is one WoT=
of the central basic questions.

The second different feature of the vortex core in HTSC isTherefore, we can determine the QP lifetime in the vortex
the semiquantum nature of the core. Sidgg~20meV for  core from estimates of the viscosity of the vortex motion in
HTSC, that meang~20A. This giveske£~20, which is  the mixed state of HTSC.
quite different from the case of CS@or which kg&~200, Due to the strong pinning in HTSC, dc measurements are
typically). Indeed, if the peak observed in the STM experi-not appropriate to study the vortex dynamics at low tempera-
ment mentioned above corresponds to the quantum levels tares. Instead, measurement of the microwave electromag-
the core, it givekgé~2. The physics of such a quantum netic response is a powerful technique to probe the dynamics
core has been undeveloped up to now. of the vortices in HTSC. From the high-frequency response

Such anomalous aspects of the electronic structure arouraf the vortices, several parameters relating to the vortex dy-
the core in HTSC should affect the dynamic response of th@amics, such as the viscosity, pinning constant, and Hall
vortices. If the vortex motion is described phenomenologi-constant can be estimated according to existing theories of
cally, the dissipation can be discussed in terms of the fricvortex motion.
tional force, There have already been many experimental efforts to de-

R termine the vortex dynamics parameters of ¥8a0, , and
Fo= v+ ayv X2, () a thorough review is provided in Ref. 17. To the best of our
knowledge, experimental determination of the vortex viscos-

which is proportional to the velocity of vorticeg, . Here it in YBCO at low t t first perf db
anda, are the viscous drag and the Hall coefficients, re:spec'—y 71N ~0 al low temperatures was first performed by
Pambianchi et al, using the parallel plate resonator

tively, andz is the unit vector parallel to an applied magnetic g 8 U
field. The dissipation mechanism is, in turn, closely relateoteChmquel‘ They measured the magnetic-field dependence

to the characteristic scattering time of QP’s in the vortexOf the complex resistivity up to 0.4 T at 11 GHz and showed

core, 7. The vortex viscosityp, and Hall constanty were that the temperature dependencerovas 90_ns_ist¢nt with a
calcﬁlate&s'lﬁ for arbitrary valhes ofv-r and it was found temperature-dependent normal state resistivity in the context
that o of the BS modef. A similar result was obtained in Ref. 19 by

measuring the surface resistaritgas a function of magnetic
field up © 8 T atseveral frequencies. A different report on

C)

woT
n=mhn 1+ 0 2 (4)  theRg measurement as a function of magnetic field upto 7 T
@oT at low temperature®, deduced a very large viscosity, which
2 was two orders of magnitude larger than in conventional
((uor) . . .
ay=mhn (5)  superconductors. This huge value was interpreted as evi-

1+ (wor)?’ dence that the core of YBCO was in the superclean regime,

wheren is the QP concentration. The ratio of the level spac-?07> 1. However, their estimation of the viscosity was

ing AE to the level widthsE, based on the assumption that the pinning frequesngyis
much smaller than the measurement frequancynder that
AE assumption, they estimated the viscosity only from the data
SE - @woT (6) of the surface resistanc®; (the real part of the surface

impedanceZs). In CSC, the assumptiom> o, was reason-
is used as an index of the cleanness in the vortex core. In thable in the microwave region since the characteristic pinning
dirty limit (wo7<1), the Hall effec{Eq. (5)] is negligible,  frequencyw,~100 MHz* In HTSC, however, the condi-
and Eq. (4) was expressed ag=nfinwgr=B.Pq/py, tion w>w, might not be satisfied. Indeed, experimentally
wherep,=m*/ne?r, andB,, is the upper critical field. This estimated values of the pinning frequeney at low tem-
is the BS expression of the viscosity®. In the opposite peratures in previous repo$?Zwere on the order of-10
limit, wg7>1 (the superclean limif the Hall effect is domi- GHz. In such a case, the estimationspfrom R, alone leads
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to an incorrect value for, and the measurement @f as a  imaginary parts of the complex resistivity show tBdinear
complex value is essential. Par&sal?* measured the com- behavior at low temperatures below 60 K. Through compari-

plex resistivity,p, of YBCO thin films as a function of fre- son with a theoretical calculation by Coffey and Cléhwe
quency in the THz domain. They reported a relatively smallestimate the pinning frequency, vortex viscosity and pinning
n and insisted that the smallness was due to the effects @onstant. Estimated values of at 10 K are ~(4-5)
anisotropy andl-wave gap symmetry. If their interpretation x 10’ Ns/n?. These values correspond t@,7~0.3—0.5,
is correct, there should be a definite difference in thewhich suggests that the vortex core of YBCO is not in the
magnetic-field dependence of the surface impedance fromleeply superclean regime but in the moderately clean re-
what would be expected from the usual flux-flow theory.gime. In the data from the high temperature region above 60
However, they reported only the frequency dependence ok, we cannot find any obvious anomaly around the FOT in
the complex resistivitp(w) at a fixed field 6 T, and detailed both Ry andX,. This is in contrast to the results observed in
field dependence data were unavailable. To discuss the dBSCCO. In Sec. IV, the observeBHinear behavior is ex-
viation from the conventional vortex dynamics description,plained in terms of a theoretical consideration tbwave
the magnetic-field dependence’mhould be investigated. superconductors. The significance of the moderately clean
Considering the state of previous high-frequency meavortex core realized in YBCO will be discussed together
surements ofp-values, there is a large ambiguity. To resolve with the relationship between ti&, and the FOT in YBCO,
such confusion, complex surface impedance measuremengsid the difference between YBCO and BSCCO. Moreover,
as functions of magnetic field, frequency, and temperaturgve will briefly comment on the possibility of the existence of
should be performed up to higher magnetic fields. the collective mode predicted by Balatskyal?® Section V
In addition, it should be emphasized again that in HTSCjs dedicated to our conclusions.
the vortex core is likely to be close to the quantum limit

sincekg£ is small and the major component of the conden- Il. EXPERIMENT
sate wave function hag-wave symmetry. In such a highly
anomalous situation, to the best of our knowledge, there have A. Apparatus

been no rigorous calculations of the dynamic properties of YBa,Cu;0, single crystals were grown by a self-flux
vortices. So the appearance of some new effect may be eyethod using YO, crucibles and were annealed at 450 °C.
pected. o ) . The sample described in this study was a naturally un-
Another problem we focus on in this study is the relation-yyinned, slightly overdoped single crystal with dimensions
ship between the electronic structure and the vortex structurgs o 6x 0.6x 0.05 mn3. It showed a superconducting transi-
in the mixed state. Previously, we found that inton atT,=91.2K, which was determined from the magne-
Bi,Sr,CaCyOy, a rapid increase of surface reactanke, tization measurement using a commercial SQUID magneto-
took place at the first order transitigkOT) of the vortex meter(Quantum Desighn
lattice?® Since X, is proportional to the real part of the ef- The microwave surface impedanZe=R¢+iX., where
fective penetration depth, it was proposed that this increasg_ and X are the surface resistance and surface reactance,
may be ascribed to the decrease in the superfluid densiespectively, was measured by the cavity perturbation tech-
rather than to the loss of pinning. This 'suggested that thﬁique with cylindrical cavities operated in the JEmode.
change in the structure of the vortex lattice largely affectedgjnce a superconducting cavity with high sensitiitgould

the electronic structure of the vortex. If this phenomenon,s: pe used in an applied magnetic field, we used copper
were observed in other cuprates, where the FOT occurred, {,yities tuned to 19.1. 31.7. and 40.8 GHz’. Thealues of
would be a universal new effect found in HTSC associatedhach cavity at 10 K were-6.5x 10° at 19.1 GHz,~2.8

with the FOT of the vortex lattice. Thus, we have investi- « 1# a4t 31.7 GHz. and-2.7x 10* at 40.8 GHz. The sample

gated how universal the phenomenon is in materials withy a5 |ocated at the center of each cavity, at the antinode of

different values of anisotropy. _ _the microwave magnetic field s being parallel to the axis
Furthermore, quite recently, the existence of a collectiveys 1o sample. Thus, the microwave currents flowed ireihe

mode in the microwave frequency range was predicted iny,ne (cu0, plane. Details will be described in a separate
unconventional superconductors with mixed symmetry orde ublication.R, and X, for the sample in zero field could be

6 .
parameters? Such a mode might be expected to show up a imultaneously obtained from the shift in the quality factor

a resonance in the surface impedance. of the cavity, A(1/2Q), and the shift in the resonance fre-

To study the fascinating problems_ described above, in thi uencyAf. According to cavity perturbation theofin the
paper, we present complex surface impedance measureme

inned YBCO sinal las f . » n depth regime where the microwave skin depth is signifi-
on untwinne -0 single crystal as functions o tempera-camly shorter than the dimensions of the samBleand X,
ture and magnetic field. These measurements have be

. : . . b d
made in the wide region of the mixed state (18K<T.0 ay he expressed as

<H<15T) at several frequencies, and provide information 1 1 1

on electronic structure in the mixed state. In the following Rs=G 0. Z—)EGA(Z—) (10

section, details of the experimental technique to mea&yre Qs 2Qp Q

in an applied magnetic field together with the analysis based (g Af

on vortex dynamics will be described. In Sec. Ill, the results X =G( _s b +CEG< - l+c (11)
. S ’

of the Z, measurements will be shown. Both the real and fp fp
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whereQg andf are the quality factor and the resonant fre-this model, a rigid, massless vortex lattice with linear restor-
quency of the cavity including the sample, a@@gandf, are  ing force and viscous damping force was assumed. The basic
those of the empty cavity without the samp(@.is a geo- equation of motion of vortex was described as

metrical factor that depends only on the shape of the sample
and the cavity, andC is a metallic shift constant, which
represents the shift of the resonance frequency of the cavity
with a perfect conductor with the same dimensions as the

sample. In zero fieldX, is proportional to the London pen- whereu is the displacement of vorj[icejsy,is the visco_sity in
etration depth), an(s:,U«wM where u is the vacuum the absence of flux creep,is the pinning constant] is the

permeability andw is the angular frequency. transport current density, is flux quantum and is the unit

However, in Eq.(11), the effects of thermal expansion vector parallel toHy.. f(t) is the stochastic force, which

should be taken into account at high temperatures, as wdQrresponds to the effects of creep, and the Hall effect was
pointed out in Ref. 30. Therefore, EQ.1) were corrected to neglected. Based on a self-consistent treatment of vortex dy-
the following expressions: ' namics including the influence of the normal component in

the two-fluid sense, they derived an expression for the com-
Af plex penetration depttx as a function of temperature,
Xs=Gl| — Ty a(T)|+C, (12 magnetic-field, and frequency,

pU+ kU= GodX 2+ (1), (15)

where «(T) is the temperature-dependent factor related to -

the relative difference of thermal expansivities between the N [ 1 (I-er—s(etr?)
cavity and the sample. In order to determine the absolute N 1+ (1+s)(1+r%)
values ofRg and X4, we should fix the two paramete(,
andC, and estimatex(T) in Egs.(10) and(12). We deter-
minedG, C, and«(T), as follows. First, in the normal state,
the relationshipRs= (nwp,/2)Y? is appropriatep, of the
sample at 100 K is 6410 "Qm, which givesRy  pere s= 2\?/52,, where\ is the London penetration depth
=_O.28(2 at 31.7 GHz. Substitution of the v_alue into Ed0) and 5,,; is the normal fluid skin depthé(ﬁfZan/,uw). The
gives the value ofs. Second(T) was estimated fgom the normalized fieldb, and normalized frequency were ex-
difference of the thermal expansivities between 3tand pressed as

YBCO.*2 Finally, the value ofC was determined by assum-

ing that the London penetration depth &0 K, A\ (0)

~1400A 3 The correctedX, data satisfied thatl) the b= ¢oB/nwNin=BIB,, (17)
Hagen-Rubens relationR{=X;) was held in the normal
state abovd ., and(2) at T—0, Xs/uw was extrapolated to

A (0). After this correction, the temperature dependence of
A\, in zero field was consistent with the data reported in Ref.
34.R, andX, in an applied magnetic field were subsequentlyWhere wp=(xp/7)[11(»)1o(»)]/[1o(») —1], v=U/kgT, U
determined by using the values 6 C, and a(T) in zero IS an activation energy of the pinning potentiak 1/14(v),
field. We confirmed that the magnetic field dependencg,of andl, is a modified Bessel function of the first kind of the
was not affected by the corrections mentioned above. Sufrdern. _

face impedance measurements were performed both with At low temperatures, {<60K), which corresponds te
sweptH after zero-field cooled conditions and with swapt —0 andv—, i.e.,e—0, effects of both the flux creep and
under field-cooled conditions. In all measurements, the statihe thermally activated normal fluid can be neglected, and

(16)

s (e+r?)+s(1—e)r )
1+ @+ D

r=owlw,, (18

applied magnetic fieldH 4. was parallel to the axis. Eq. (16) becomes a rather simple expression,
B. Method of the analysis N2 r r2
. . . . . — =1+ —=b|-i|—=b]. (19
In this subsection, we will explain the procedure used in A 1+r 1+r

this study to determine the vortex dynamics parameters. The

complex surface impedang is related to the complex pen- R, and X, normalized byuw\, are deduced from Ed19),

etration depth), as and expressed as
Z=ipw\. (13 R or = 2 12
The complex resistivith=p,+ip, is expressed as LN, = 5( \/1Jr 1112 b+ 1512 b®+ 1+r2b
P=Ziipo=ipwr’. (14) 1( \/ 2r L
The general behavior ot in the mixed state of type-Il su- 2 o 1tr? o l+r2b ) 1+r2b ’
perconductors was calculated by Coffey and Cl@8).2" In (20)
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3 YB82CU30y -
) |
N%O.l —-
a2n = 31.7 GHz |
i c//Hyl/Hg, (a)]

0 L 1 1 | L | L | L . | .

0O 2 4 6 8 10 0 —————————————— B
RJ/uwi; 02F T=8 K (b}
70 K ]
FIG. 1. Behavior of Eqs(20) and(21) in “the impedance plane 4
plot” at several fixed values. The curve,=, represents the free - -
flux flow state. ) ]
2 0.1 -
s \/1+ L ; '
wok, 2 1+r2" " 1+r? 1+r? 1
1 \/ 2r r2 r2 |\ 1

+ = + + 2_
2| VT bt gz b % T

Af lied Fi 1&0
(21) pplied Field (T)
Note that Eqs(19), (20), and(21) contain only two param-
eters,r andb. Variability of parameters andb is limited
within the range where CC model is vali®8.,<B<B,,,
whereB_; andB, are lower and upper critical field, respec-
tively, andZw<A,). Therefore, ranges afandb are 0<r
<o, andB;q/B(~0)<b<<B.,/B.(~>), respectively.
Here we introduce “the impedance-plane plot,” where
the horizontal axis isRs/uwh| and the vertical axis is

FIG. 2. Magnetic field dependence @) X and (b) AR of
YBCO up to 15 T at 31.7 GHz at various temperatures. Continuous
lines and open marks represent the results from swept magnetic-
field measurements and swept temperature measurements, respec-
tively.

In Fig. 2, the magnetic field dependenceRyfand X is
roughly proportional td8Y? over the whole range, which is

X,/ o\, , as is shown in Fig. 1R./uw\, andX./pw\, expected in the high field region of the CC formula. To see

of Egs.(20) and (21) were plotted through the parameter this_ more clearly, we plot the data in terms of the complex
with fixed r's. In the figure any curves in this plane show a reSIStVity, Ap1=p1(B) = p1(0), andAp,=p,(B)—p,(0).
concave upward curvature. Therefore, provided that the ex" Fig- 3, we plot the magnetic field dependence\gi and
perimental data obeys the behavior in Fig. 1, we can estimateP2 &t several fixed temperatures. RE(0)<Rs(B), Apy,
the depinning frequency,, uniquely by comparing the mea- Ap; were exzpressed ad\p;=2ARXs/uw, and Ap,
suredZ(B) data with the curves in Fig. 1. After that we can = (A(Xs) ~ARS)/uw, respectively. According to Eq¢l4)
determines through Eqs(20) and(21). To sum up the pro- and (19), within the low tgmperature appro>.<|m§1t|0n, both
cedure, first, we try to fit the data with the curve in Fig. 1, for Ap1 and Ap, were proportional to a magnetic field, As
a fixedr value. Substituting the value into Egs(20) and  shown in the lower two panels of Fig[(8) and (d)], both
(21) enables us to determine another parambteFinally, ~Ap1 andAp, change linearly as a function & at low tem-

value. CC model was appropriate to describe the vortex dynamics

in YBCO. However, at higher temperatures above 70 K, as
Il EXPERIMENTAL RESULTS was clearly seen i p; [Fig. 3@)], there is a clear deviation
from the B-linear behavior. This deviation became more
Figure 2 showZ as a function of magnetic field up to 15 prominent with increasing temperature. In the high tempera-

T at several different temperatures. Here, the longitudinature region, thermal effects on the vortices cannot be ne-
axis of the lower panel in Fig. 2ARs) means the change glected, and the low temperature approximation will no
from the zero-field value, defined @sR;=R (B)—R4(0). longer accurate. To obtain precise values for the vortex pa-
Continuous lines and discrete open marks represent the reameters in this regime, analysis including flux creep, and/or
sults from sweptH measurements and sweptmeasure- theB-dependent behavior of the vortex dynamics parameters
ments, respectively. Since both data sets were consisterst needed.
with each other, extrinsic effects caused by an inhomoge- In Fig. 4a), we plot the magnetic-field dependencezqf
neous field distribution in the data with sweldtmeasure- shown in Fig. 2 in the impedance plane. Results from the
ments did not affect the essential features of the data disneasurements at 19.1 GHz up to 5 T, and those at 40.8 GHz
cussed below. up to 7 T are also shown in Figs(b} and 4c). All data
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a - |
[ @ 85K~ o5 K w @) o 19.1 GHz
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_llO Om L } M 10‘6 | ]
ol kl ‘ 5 a 317 GHz
€ B0 K7L 80K b € o ® 408 GHz |
| E s E L A z
< ':3‘*&4?"{‘;“: ] £ ‘
0K -1 70K =
4 10 Qm ' E 107 1
o e o b a
) 50 K- (@) L di ]
I 150 K o o] «
o . -1 '/) -'_,A»" - X -
_I 10 Qm + ) /” xf,.-f -1 | ‘\\ YBaZCu3Oy
g F30 K/ 1§ SBF A A -0 19.1 GHz
i 4 10 Om T
.IOKYB . Of o | a- 317 GHz |
+ arLuy g B I .-
] 2ty §20 I ®- 408 GHz |
ol T T T U T T I o T A SO T O B B A |
0 5 10 150 5 10 15 i
Field (T) Field (T) L i
o . L (b)
FIG. 3. Magnetic field dependence @j A p, at higher tempera- 0 L T

tures, (b) Ap, at higher temperature$c) Ap; at lower tempera- 0 20 40 60 80 100
tures, andd) Ap, at lower temperatures, at 31.7 GHz. The origin of Temperature (K)

each curve has been shifted arbitrarily. FIG. 5. Temperature dependence of the viscosjtig), and the

_ ) pinning frequencyw, (b), estimated from the analysisee text
show a clear concave upward behavior, which suggests th@b“d curve in panel(a@ is an approximate expressiom(T)
we can analyze the data in terms of the vortex dynamics. The 5»(0)(1—t2)/(1+t?).
fitted curve based on Eqg20) and (21), together with the
resultingr value, are also shown in Fig. 4. Indeed, the resultof the fit is very good in agreement. Thus, we can determine
o, and 5, by the method described in the previous section.
T In Fig. 5, we show the temperature dependence of the
r(@ =08 16 3 7 viscosity, » and the pinning frequency,,. 7 decreases with
C increasing temperature. The observed temperature depen-
dence ofy was found to scale with that of the upper critical
............. [l 80 K] field, B¢,. In fact, if we assume that the temperature depen-
dence of By, as B.,=B,(0)(1—t?)/(1+t?), where t
=T/T., andB.,(0)=80T andp,~3x 10’ Q m, the solid
curve in Fig. %a) was obtained. The data are almost in agree-
ment with this approximate curve. Deviations might be
caused by the temperature dependence of the normal state
resistivity, p,,, and/or an ambiguity in the high temperature
region that will be discussed later. The pinning frequeagy
3 decreased with increasing temperature due to thermal effects.
Such behavior in the temperature dependence afdw, is
almost consistent with the previous repdfts®222°As was
already mentioned, Eq$20) and (21) are approximate ex-
pressions in the low temperature region, and in fact, the fit
was not so good above 70 K. Therefore, the absolute values
of these parameters at high temperat(@igove 70 K might
have some ambiguity. However, in the low temperature re-
gion, on which we mainly focus in this study, these param-
51 L5 2 eters can be well defined within this approximation.
ARk, It was surprising that the obtained values pfand w,
FIG. 4. (a) The impedance plane plot of the data at 31.7 GHz ati’om the measurements at different frequencies are almost

various temperatures. The solid lines represent fitting curves to th1€ same. This fact indicates that the frequency dependence
vortex dynamics moddIEgs. (20) and (21)], together with the re- Of Zs was also in good agreement with the vortex dynamics
sulting r values. Actual magnetic-field values of each line aredescription with frequency-independent values fprand
shown as dotted line&, 10, and 15 T, respectivélySimilar plots @, . The viscosityn and the depinning frequenaey, at 10 K
based on the data at 19.1 GHz up to 5 T, and at 40.8 GHz up to Were found to be-(4—5)x 10"’ Ns/n?, and~40-50 GHz,

T are shown inlb) and (c), respectively. respectively. Since we kepi=const. in our experiments

w
LI B S B B B B

YB32CU30y
a’2n = 31.7 GHz

2
AR /L0l

r=08 173283

AR

0 0.
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@ 'y__'('d) LB AL RLRL LI B IV. DISCUSSION
/- Jos We found that the change in the resistivity was linear in
5 YBaxCus0, i YBaxCu0, 3 B. Wg alsq clarified that the flux flow in.YBCO was well
Ny 317 GH7 ] 317 GHz], N descrlbgd in t_erm; of the Coffey-Clem unified theory of vor-
] ] tex motion with B-independent, and frequency-independent
Heori T=80 K 1 Higr T=85K vortex dynamics parameters, and essentially not different
Y PP TIPS T PR b from that in CSC. As will be seen below, this is consistent
:‘(bj El ] with  theoretical considerations ford-wave super-
_E 780K 1 1. conductors’38
3E 107 Qm l:_ 07 o 13 Theoretically, flux-flow was first discussed by Bardeen
3 1 7=85 K ] and Stephef.They calculated the flux flow resistivity in the
7SN PN FETEL /4% T PUET SR dirty limit, SE~#/7>A, for sswave superconductors. After
E_(C) () K that, Larkin and Ovchinika?? showed results for the case of
Né T=80 K |, il 3 N a moderately clean core withwave gap symmetry, and Ko-
FE L E 3 pnin and Kravtso¥ calculated the conductivity and the Hall
E .F?% 10 om ? angle taking the Hall effects into account. Recently, Kopnin
0?":‘“51". T P T £ and Volovik3” and Makhlirt® described the flux flow in the

Applied Field (T)  Applied Field (T) clean, d-wave case. They showed that, in the moderately

clean limit, the QP’s outside the core did not make an im-

FIG. 6. Magnetic field dependencedf, Ap;, andAp, around  portant contribution to the flux-flow conductivity. The ex-
the FOT of the vortex lattice. Left three pangla), (b), and(c)]and  pression for the flux-flow conductivity in @wave supercon-
right three panel$(d), (e), and (f)] are the data at 80 and 85 K, ductor was similar to that for aswave superconductor in
respectively. Dotted lines in each panel represent the FOT field ghe moderately clean regime. This means that the dissipative
each temperature, which was estimated from the resistivity data %rocess mainly occurs at the boundary of the core, and is
the sample from the same batch. independent of the details of the electronic structure inside

the core in the clean regime. Again, our results suggest that

(where J is the amplitude of the microwave currgnthe the flux-flow resistivity of YBCO wa®-linear, which is not
viscosity obtained from the data correspondsstg in Eq.  so much different from that in a conventioreave super-
(8). In YBCO, the carrier concentrationwas proposed to be conductor. This result is quite consistent with the theoretical
n=0.25 per Cu@plane3® By using Eq.(9), we estimate that description of the flux-flow in @-wave superconductor.
wo7 is ~0.3-0.5. Since the, was found to be 40-50 GHz, Next, we found that the vortex viscosity was (4-5)
even in the measurements in the microwave and millimetek 10~ ’ Ns/n? at 10 K, which means that the vortex core of
wave regions, we cannot conclude that the pinning is negliYBCO is in the moderately clean regime. As was described
gible. In that sense, the analysis in Ref. 20, leading to thearlier, the electronic structure of vortices in HTSC is un-
conclusion of the superclean core, was incorrect. Our resultssual because @fl) thed-wave symmetry of the energy gap,
confirmed that the measurement of both the real part and thend (2) the quantum nature of the levels in the core. How-
imaginary part is essential for HTSC. ever, most of the existing theories took the quasiclassical

Next, let us move to the behavior @&f around the FOT in  approach to calculate the electronic structure of the core. In
the vortex lattice. Figure 6 shows the magnetic-field depenHTSC, askg¢ is ~10 andi wg is ~10 K, the vortex core is
dence ofZg, Ap,, andAp, up to 15 T at 80 K, and 85 K. likely to approach the quantum limikgé~1). In the quan-
The dashed lines in each panel show the field correspondirtgm limit, since the minimal gap wg is nearly equal to the
to the FOT, which was determined by the resistivity data ofenergy gap\, the distinction between QP’s inside and out-
a sample with the same doping lev&IWe could not find side the core becomes meaningless. Larkin and
any obvious anomaly at the FOT in YBCO within our ex- Ovchinikov“® and Koulakov and Larkitt calculated thé-V
perimental resolution. This result is in contrast to what wascharacteristics and microwave absorption in the quantum,
observed in BSCCO with the most remarkable being the anelean, swave cases, respectively. However, to our knowl-
isotropy. One possible reason for the absence is that thedge, there was no theoretical prediction on the flux flow
change of London penetration depih,, is too small to be state in the quantum, moderately clednyave case. All of
detected. In YBCO, the anisotropy paramefeis smaller these estimations mean that the vortex core in HTSC is in the
than that of BSCCO and the phase transition occurs at rathe@narginal region from the different points of view discussed
higher fields, which are the order of several tesla. In suctabove.
high fields, the density of vortices is so large that the contri- Next, we will discuss the absence of any anomaly in the
bution of moving vortices t&; may hide the subtle change microwave response in YBCO at the FOT. In BSCCO, the
of the superfluid density. However, if the anomaly is sup-rapid increase ofXg at the FOT was observed in both
posed to be as the same magnitude as in BSCCO it should lptimally-and overdoped sampl& Note that no obvious
AX/IXs~4-5 %, which is well above the measurementanomaly was observed iRs at the FOT. This provides
noise level(=<1 m(, ~1%). We will discuss the reasons for strong evidence that the origin of the anomaly could be con-
this difference later. sidered as arising from the change of the superfluid density.
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One possibility for the absence of the anomaly is that theby thermal smearing, this mode would be observed in the
mechanism of the FOT is different between BSCCO andather low temperature region.
YBCO. A key difference between YBCO and BSCCO is In order to investigate the behavior around the FOT and
anisotropy. According to Ref. 43, the characteristic field,find the possible collective excitation in HTSC, a measure-
B, Which separates the regions of three-dimensional anfent at several GHz under high magnetic field is now in
two-dimensional vortex behavior, was expressed Bas  Progress.
~ ¢oly?d?, wherey?’=m./m,, (m,, andm, are the aniso-
tropic effective mass in thab plane and along the axis,
respectively, is the anisotropy parameter addis the dis- The microwave electromagnetic response in the mixed
tance between adjacent Cu@yers. Typical values foy? state of YBaCu;O, (YBCO) was measured in order to in-
are 50 and=20000 in YBCO and BSCCO, respectively. vestigate the electronic state around the vortex core. The
While the vortices in BSCCO have a 2D-like character, themagnetic-field dependence of the complex surface imped-
vortex lattice in YBCO is rather 3D-like. From this point of ance at low temperature was in good agreement with a gen-
view, our results suggest that the rapid increas¥oflue to  eral vortex dynamics description assuming that the field-
the change of superfluid density at FOT would be observedndependent viscous damping force and the linear restoring
only in a highly anisotropic two-dimensional vortex systemforce acted on vortices. In other words, both the real and
like BSCCO. In BSCCO, it has been established that thdmaginary parts of the complex resistivity;, andp, were
interlayer coupling changes dramatically at the F&This linear inB. This is explained by theories fakwave super-
change of interlayer coupling can cause a change in the cufPnductors. From analysis based on the Coffey-Clem de-
rent distribution in the sample on a macroscopic scale, whic cription of the Comp'ex penetration depth, we €§tlmated that
possibly produces the change in the in-plane properties su e vortex viscositys at 10 K was (4-5x10" " Ns/n?.
asR, andX* However, if it is the case for the anomaly we This value corresponds t,7~0.3-0.5, where, andrare

have discussed, a similar anomaly should appear al& jn the minimal gap frequency and the quasiparticle lifetime in

which is quite different from what we observed. Thus, we dothe vortex core, respect_ivgly. These results definitely ?hOW
at the core of YBCO is in the moderately clean regime.

not believe that such a change is responsible for the anomaly. o I
g P nvestigation of the moderately clean core of HTSC is sig-

Another possibility is the difference of energy between ' .
the two materials. In YBCO, the complex resistivity as g Nificant because physically new effects are expected from the

function of magnetic field was measured through the FO-[characteristiaj-wave an_d quantum natu_re of cuprate super-
line up to 50 MHZ*® They reported definite changes in both conductors. The b_ehavn_Jr d as a fu_ncthn oB_ across the
real and imaginary parts of the complex resistivity, and in--OT_Was also investigated. Unlike in fSr,CaCyO,
terpreted the results as an abrupt change of the viscosity afSCCO; a distinct anomaly was not observed around the
the collapse of the shear modulus due to the melting of th€ O in YBCO. Our results suggest that the rapid increase of
vortex lattice. However, in the microwave response, no sigris due to the change of superfluid density at the FOT would
of the FOT was observed. We speculate that the signal due % oPserved only in a highly anisotropic two-dimensional
the change of the electronic state, may exist in another fre.0rtex system like BSCCO.
guency window, lower or higher than the microwave range.
Finally, we briefly mention the attempt to detect the new
resonance. Quite recently, Balatsidyal. predicted the exis- We are grateful to Y. Kato, A. V. Balatsky, and L. N.
tence of a new collective motfawhose frequency is tunable Bulaevskii for fruitful discussions and valuable comments,
by magnetic field. According to Ref. 26w.,~72 and D. G. Steel for a critical reading of the manuscript. The
XH/H¢, GHz. Assuming thaH,~100T, w. at 15 T is  authors would like to thank R. Matsuo for his technical sup-
~11 GHz, which is lower than our measurement frequenciesport in the construction of the equipment used in this study.
If H¢, shows a usual BCS-lik& dependence, the resonance This work was partly supported by a Grant-in-Aid for Scien-
originating from this mode would exist in a rather high tific Research on Priority AreéA) No. 258, “Vortex Elec-
region below 15 T. However, we could not observe such as &onics” sponsored by the Ministry of Education, Culture,
resonance structure in our measurementsZgfB) and  Sports, Science, and Technology. Y.T. thanks the Japan So-
Z4(T). If the lifetime of this mode were strongly influenced ciety for the Promotion of Science for financial support.

V. CONCLUSION
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