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Free flux flow resistivity in a strongly overdoped high-T cuprate: The purely viscous motion
of the vortices in a semiclassicatl-wave superconductor
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We report the free flux flowFFP resistivity associated with a purely viscous motion of the vortices in a
moderately cleam-wave superconductor Bi:2201 in the strongly overdoped regife- (6 K) for a wide
range of the magnetic field in the vortex state. The FFF resistivity is obtained by measuring the microwave
surface impedance at different microwave frequencies. It is found that the FFF resistivity is remarkably
different from that of conventionad-wave superconductors. At low field$10.2H,) the FFF resistivity
increases linearly withd with a coefficient which is far larger than that found in conventiosalave super-
conductors. At higher fields, the FFF resistivity increases in proportiogiHoup to H.,. Based on these
results, the energy dissipation mechanism associated with the viscous vortex motion in “semiclasaiaad
superconductors with gap nodes is discussed. Two possible scenarios are put forth for these field dependences:
the enhancement of the quasiparticle relaxation rate and the reduction of the number of the quasiparticles
participating the energy dissipation éhwave vortex state.
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[. INTRODUCTION are characterized by superconducting gap structures which
have nodes along certain crystal directions. In the last two
When a vortex line in a type-Il superconductor moves indecades unconventional superconductivity has been found in
the superfluid, the frictional force is determined by theseveral heavy fermion, organic, and oxide materials. From
damping viscosity, which in turn depends on the energy disthe viewpoint of the physical properties of the vortex state,
sipation processes of quasiparticles. The problem of the erperhaps the most relevant effects of the nodes are the exis-
ergy dissipation associated with the viscous motion of théence of gapless quasiparticles extending outside the vortex
vortices has continued to hold the attention of researchers farore®° In fact recent studies of heat capacitythermal
years. To gain an understanding of the energy dissipation, theonductivity*?> and NMR relaxation rafé provide a strong
experimental determination of the free flux fl¢®FPF resis-  evidence that these quantities are governed by delocalized
tivity is particularly important. Hereafter the term FFF will quasiparticles. However, despite these extensive studies of
refer to a purely viscous motion of the vortices, which isthe vortex state of unconventional superconductors, the mi-
realized when the pinning effect on the vortices is negligible croscopic mechanisms of the energy dissipation associated
The FFF resistivity is known to be one of the most funda-with viscous vortex motion is still far from being completely
mental quantities in the superconducting state. In fullyunderstood, exposing explicitly our incomplete knowledge of
gappeds-wave superconductors, the flux flow state has beetthe vortex dynamics in type-ll superconductors. Thus it is
extensively studied and by now a rather good understandingarticularly important to clarify whether the arguments of the
of the energy dissipation processes has been achte¥éd. energy dissipation are sensitive to the symmetry of the pair-
s-wave superconductors, the quasiparticles trapped inside thieg statet*
vortex core play a key role in the dissipation processes. Recently, the flux flow resistivities in thEwave super-
Moreover, it has been shown that there is a fundamentatonductor UPf andd-wave highT . cuprates, both with line
difference in the quasiparticle energy relaxation processesodes, were demonstrated to be quite unusual. However,
among dirty €>1), moderately cleang<I<éeg/A), and  these materials may not be suitable for the study of the typi-
superclean (> ésgA), swave superconductors, wheéeis  cal behavior of the flux flow resistivity in unconventional
the coherence lengthjs the mean free patla is the Fermi  superconductors. ThE vs H phase diagram of URtwhich
energy, and\ is the superconducting energy gap. still is controversial, is considered to consist of various
A renewed interest in the problem concerning the quasiphases with different superconducting gap functions, which
particle dissipation is owed to recent developments in theeomplicates considerably the interpretation of the FFF
investigation of unconventional superconductors. The latteresistivity'>® The flux flow resistivities of YBaCu;0;_ ;
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and BLbSr,CaCuyOg, s in the underdoped and optimally
doped regimes have been measured by several groups but 200
here again there are several difficulties in interpreting
them"~??For instance, the measurements could not cover a
wide field range in the vortex state due to the extremely large
upper critical fieldH.,. Moreover, very recent scanning tun-
neling microscopdSTM) measurements have demonstrated
that the vortex core structure of these high-cuprates is
very different from that expected in the semiclass:alave
superconductd?? possibly due to the extremely short co-
herence lengths and the strong antiferromagnetic fluctuation
effect within the core.

The situation therefore calls for the need for a textbook j
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example of the FFF resistivity of unconventional supercon- , |
ductors with nodes, in which the semiclassical description of 0 10 20 30 40 50
the vortex core discussed in the literature, e.g., Refs. 8—10 T(K)

and 2_6’ ?pplles. EspeC|aIIy'the FFF resistivity in the “S_em", FIG. 1. The resistive transition in magnetic field of overdoped
classical superconductors in the moderately clea}n regime i8j:2501 in the same batch witi,=18 K. Inset(uppej: the mag-
strongly desired, because almost all unconventional supefetization at 5 Oe of the same sample used for the microwave
conductors fall within this regime. It should be noted that themeasurements under the conditions of zero field codi#iir) and
determination of the FFF resistivity is not only important for field cooling (FC). Inset(lowen: T dependence ofl., determined
understanding the electronic structure in the vortex state bujy three different methods. The solid triangles dertdte defined
is also relevant for analyzing the collective motion of theby the dc resistive transition in the main panel, using the criterion
vortices, such as flux creep phenomena. This is easily undeg=0.50,,. The solid circles denotél., defined by the magnetic
stood if one recalls that the motion of the vortices in thefield at whichp, becomes frequency independent. The open squares
vortex liquid and solid phase in highs cuprates has been denoteH, defined by the field at whiclR, reaches to a normal-
analyzed by assuming the Bardeen-Stephen relation for aftate valueH, is estimated to be-20 T below 5 K.
individual vortex, as discussed in Sec. V. Then, if the FFF
resistivity strongly deviates from the Bardeen-Stephen relalayen and hence the band structure is simptg, is within
tion, the interpretation of the collective motion of the vorti- laboratory reach over a very broad range of temperatures. A
ces should be modified. major cause of difficulty in obtaining the FFF resistivity in
We stress here that highs cuprates in the strongly over- high-T, cuprates was the strong pinning effect. To overcome
doped regime are particularly suitable for the above purposthis difficulty, we have measured the microwave surface im-
because of the following reason) Most importantly, it pedance at different frequencies. High-frequency methods
appears that the semiclassical description of the electronigre suitable for this purpose because they probe the vortex
structure of the vortex core is adequate in strongly overdopetesponse at very low currents when the vortices undergo re-
material$ %2 This is because many experiments have reversible oscillations and they are less sensitive to flux
vealed that in the overdoped regime the electron correlationreep”?We show that the FFF resistivity of the “semiclas-
and antiferromagnetic fluctuation effects, which mightsical” d-wave superconductor is very different from that of
change the vortex core structure dramatically as observed igonventionals-wave superconductors. On the basis of the
STM measurements, are much weaker than those in optiesults, we discuss the dissipation mechanism associated
mally doped and underdoped materials. In fact most of thavith viscous motion of the vortices in unconventional super-
physical properties in the overdoped materials are well exeonductors.
plained within the framework of Fermi liquid theoryii)
Low H, enables us to measure the FFF resistivity for a wide Il. EXPERIMENT
range of the vortex stateiii) The large coherence lengths
and small anisotropy ratio reduce the superconducting fluc- High-quality single crystals of Bi:2201
tuation effect which make interpretation of flux flow resistiv- (Bi1 74Pk 3851 8€Cl odOy) In the overdoped regime with
ity complicated. In fact, as we discuss in Sec. IV, the resistransition temperatur€,=16 K were grown by the floating
tive transition of the overdoped materials in a magnetic fiel&zone method? The sample size used for the microwave
is much sharper than that of optimally doped and underdopetheasurement was 0.8 mmx0.7 mmx0.04 mm. The up-
materials.(iv) The flux flow Hall angle which complicates per inset of Fig. 1 depicts the magnetization at the supercon-
analysis of the flux flow state is very sm&fl?’ ducting transition for the same sample used for the micro-
The purpose of this work is to present and discuss ouwave measurements. The normal-state resistivity inathe
experimental results on the FFF resistivity of moderately  plane,p,, depends of as p,=T# with 8~2, the typical
cleand-wave superconductors. The experiments were carriefermi liquid behavior which can be seen in the overdoped
out using strongly overdoped Bi:2201. This system is an exhigh-T cuprates. The resistive transition of the sample in the
cellent choice for studying the FFF resistivity. It has a com-same batch withl' ;=18 K is also shown in Fig. 1. Both
paratively simple crystal structurgo chain, single Cu® resistive transition in zero field and magnetization measure-
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ments show a sharp superconducting transition. 0.30 @ T T T
The microwave surface impedanZg=Rgs+iX, where 025l " |

R and X, are the surface resistance and surface reactance, 15

respectively, was measured by the standard cavity perturba- 020 —139TT —

tion technique using cylindrical cavity resonators made by S o.sk |

oxygen-free copper operated in JiEmode. The resonance e

frequencies of these cavities were approximately 15 GHz, 30 = 0.10F .

GHz, and 60 GHz. The sample was placed in an antinodes of
the oscillatory magnetic fieldl 5., such thaH .. lies parallel

to the c axis of the sample. The external dc magnetic field 0.00
was applied perpendicular to tleb plane. In this configu-
ration, the two-dimensional pancake vortices respond to an
oscillatory driving current induced bid,. within the ab
planes. The cavities at 15 GHz and 30 GHz were operated at
1.7 K and sample temperatures were controlled by hot finger
techniques using a sapphire rod. The sample temperature in
the cavity at 60 GHz was controlled by changing the tem-
perature of the cavity. Th® values of each cavity are 6.2

X 10* for 15 GHz, 2.3<10* for 30 GHz at 4.2 K, and 2

Bi:2201 1
f=15GHz

] 1

T T

X 10% at 4.2 K and 1.5 10* at 20 K for 60 GHz. According oo 5 1T0(K) 520
to the cavity perturbation theorigs and X can be obtained
by FIG. 2. T dependence of the surface resistaRgg@ and sur-

face reactanc& (b) at 15 GHz in a magnetic field. Both the mi-
1 1 1 crowave magnetic fieldH,. and dc magnetic fiel® are applied
_— _) :GA(—) (1) parallel to thec axis (H,d|B|/c). In this configuration, the energy
2Qs 2Qq 2Q dissipation is caused by oscillation of the two-dimensional pancake

vortices. The measurements have been done under the field cooling

and condition. The absolute values Bf andXg were determined by the
normal-state dc resistivity. InsekA =A(0)—N\(T) at low tempera-
tures is plotted as a function af.

-

C=G

( fs—fo) Af)

Xs=G| — + -—]+C, 2 ) _ ) )

fo fo been observed in many highs cuprates and discussed in
terms of the superfluid density idwave superconductors

where Q, and f are theQ factor and the resonance fre- with the impurity state®

qguency of the cavity in the presence of a sample, @pénd

fo are those without a sampl&.is a geometrical factor and

C is a metallic shift constant.

In Figs. 2a) and 2b), theT dependences & and X for We now focus on the surface impedance in the vortex
Bi:2201 at 15 GHz are shown. The measurements in a magtate. Figure 3 shows thid dependence oR, and X, of
netic field have been performed in the field cooling condi-Bi:2201 at 15 GHz. In these measuremeRtsand X, are
tion. We first discus®g and X in zero field. In zero field, obtained by sweepingl. The hysteresis due to the effect of
both Rg and X4 decrease rapidly with decreasifidpelow the  the trapped field in the crystal is very small. Moreover, both
transition. Let us quickly recall the behavior @ in the R, andX obtained by sweepingl well coincide with those
superconductors. In the normal state, the microwave resbtained under the field cooling conditions shown in Fig. 2.
sponse is dissipative arild;=X;=powd, whereug is the  These results indicate that neither inhomogeneous field dis-
vacuum permeabilityp/27r is the microwave frequency, and tribution inside the crystal nor magnetostrictfdaused by
8,=+2p,/ uow is the normal-state skin depth. In Bi:2201, sweepingH seriously influences the analysis 6.
is estimated to be-200 A, which is much shorter thaf), at In the vortex stateZ is governed by the vortex dynamics.
the onset in our frequency range. We therefore can determind/e may roughly estimat®g in the limit of large and negli-
the absolute value d®; and X, from the comparison witp,  gible rf field penetration as follows. In the flux flow state
assumingRs= Xs (Hagen-Rubens relationin the Meissner ~ when the pinning frequenay,/27 is negligible compared to
phase, the microwave response is purely reactive Rpd the microwave frequencyu(,<w), two characteristic length
=0 andX,=uw\,p, Where\,, is the London penetration scales—namely,\,, and the flux flow skin depthd;
depth in theab plane. Usingp,=130 Q) cmfor Bi:2201 at ~ \2ps/uow—appear in accordance with the microwave
the onset, we obtainexl,,=1500 A atT=0. This value is field penetration. At low fields,\,, greatly exceeds
slightly smaller than the penetration depth in ¥BasO,_ 4 Ot (Nap> ). In this regime,Rg and Xy are given asR
and BbLSrL,CaCyOg, 5. In the inset of Fig. &), AN ~pi I\ ap @andXs~ uowh 5. ON the other hand, at high fields
=A(0)—\(T) at low temperatures is plotted as a function of where §; greatly exceeds\,, (8:>\,p), the viscous loss
T2. HereA\ is proportional taT2. The relationAN=T? has  becomes dominant and the response is similar to the normal

IIl. SURFACE IMPEDANCE IN THE VORTEX STATE
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FIG. 3. Field dependence of the surface resistaRgéa) and
surface reactanck; (b) at 15 GHz measured by sweepikg

state Rs=X,) except thatd, is replaced byd; . In the pres-
ence of pinning centers of the vorticeR, is reduced as
discussed below.

We here analyze the field dependenc& gin accordance
with the theory of Coffey and Cleff. The equation of vortex
motion for the vortex line velocity,

©)

U+ KpX= DyIX 2,

where  and k, are the viscous drag constant and pinning

parameter, respectively, armthe unit vector parallel td
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FIG. 4. The field dependence &fp,(H)=p,(H)—p4(0) ob-
tained fromRg and X, at three different microwave frequencigs.
increases with increasing microwave frequency.

dence ofAp,(H)=p4(H)—p1(0) at three different micro-
wave frequencies. The field dependencé\pf, is frequency
dependentp, increases with increasing frequency. Sipge

is reduced by the vortex pinning effect, as seen in (&4.

this result indicates that the pinning effect of the vortices is
not negligible for analysis of the flux flow resistivity in our
microwave frequency range. Therefore, it is necessary to de-
termine the pinning frequency for an accurate determination
of the FFF resistivity.

In Fig. 5,Ap, at T=3 K is plotted as a function of the
microwave frequency. The solid lines show the results of the
fitting by Ap;(H,w)=psw?/(w?+ wf,). It should be noted
that sinces<<1 except the vicinity oH,, theH dependence
of s little influences the present analysis. Nevertheless, we
restrict our analysis ai<10 T to avoid the influence of the
H dependence o. The fitting parameters are, and p; .

(we takeJ||x). According to Coffey and Clem, the field de- The ambiguity for determiningo, and p; is small. TheH
pendence ofZ, in the Meissner and vortex phases is ex-gependence of the pinning frequency obtained by the fitting

pressed as

1—(i/2) 822,V

: (4)
1+2iN2) 8%

Zs=ipow\gp

where 85=67(1—iw,/w) "t With wy/2m=Ky/l2my being
the pinning frequency. Writingg in terms of the complex
resistivity p=p,+ip, asZs=+iwug(pi+ip,), we have

A2s 1 1+sp
= oW + 5
PL= R0 TS TP T 1+ p? 5
and
A2 1 p-s
P2= Mow = P ©)

+ b
1+¢? P 1+s? 1+ p?

wheres=2\3,/8%; and p=w,/w. In Egs.(5) and (6), the
first terms on the right-hand side gvg andp, at zero field,

is depicted in Fig. 6. At low fieldw /27 is approximately 22
GHz atT=3 Kand 17 GHz at 5 K. These values are much

[ —

0.6
o
<041
0.2r
0.0 ==
1 10 100 1000
f (GHz)

FIG. 5. Frequency dependence®p,(H) at T=3.0 K. [Solid
triangles(1.0 T), open squaref).8 T), solid square0.6 T), open

and second terms represent the field dependence. In whefcles (0.4 T), solid circles(0.2 T)]. The solid lines are the results

follows we discuss the microwave response, focusing pn

of the fitting by Ap;(B,w) = pjw?/(w?+ w3). For details, see the

obtained fromRg and X. Figure 4 shows the field depen- text.
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FIG. 6. The field dependence of the pinning frequeagi2 at 0.6 |
T=3 K and 5 K obtained by the fitting shown in Fig. 4. Inset: oy
same data plotted as a function oHl/w/27 decays in proportion < 04l i
to 1H. The solid lines show the relationy/27ec 1/H.

o . 021 . ® 3K ]
larger than the pinning frequency in f8ir,CaCyOg, 5 but o‘)plf” . . © SK
much smaller tham)p/27T in Y'Ba2CL1307.19’22'23At low f|e|d, O%O 0.2 0.4 OQ 0.8 1.0
o, decreases gradually, while at1.5 T w, decreases ap- (HIH )"

proximately aSprCH_l, as shown in the inset of Fig. 6.
FIG. 7. (a) The flux flow resistivity atT=3 K and 5 K as a

function ofH/H .,. We assumet#l.,=19 Tat3Kand 17 Tat5K.

The flux flow resistivity is normalized by the normal-state valilg.
Before discussing the FFF resistivity, it will prove useful Same data plotted as a function @/H,.

to first comment o, of Bi:2201. It is well known that the

resistive transitions of highy cuprates are significantly H

broadened in magnetic field due to the strong thermal fluc- Pi=a g —Pns (7)

tuation effect and the vortex dynamics. Although in over- ¢

doped Bi:2201 such a broadening effect is relatively small, itwith a=2. A deviation fromH-linear dependence is clearly

still becomes an obstacle in determinngz.31 In the lower  observed at higher field. In Fig(B), p/p, is plotted as a

inset of Fig. 1, we plotH., determined by three different function of VH/H,. We found thaip; increases as
methods. The solid triangles represeht, defined by the dc

IV. FREE FLUX FLOW RESISTIVITY OF Bi:2201

resistive transition in Fig. 1, using a criterign=3p,,. The a
solid circles areH., defined by the magnetic field at which Pr%\ — (8
p1 becomes frequency independent. The open squares repre- Hco

sentH., defined by the field at whicRg reaches a normal- . ) . .
state value. The values ¢f, obtained from the three dif- at H/H;=0.2. Since the linear extrapolation pf/p, in
ferent methods do not differ significantly. A striking Fig- 7(b) points top¢/p,=1 atH/H,=1, it is natural to
divergence inH, as the temperature approached zero wa§Xpect that the relation of EB) continues all the way up to
reported in the overdoped TI:2201 in the transportHcz-

measurement®, while such a divergent behavior was not

observed in the specific heat and Raman scattering V. DISCUSSION

measurement. The divergent behavior of,, was dis- _

cussed in terms of several proposed models, such as A. Flux flow in swave superconductors
Josephson-coupled small grains wilhy higher than the In order to contrast the present results with the FFF resis-

bulk **% However, in the present Bi:2201 such anomaliestivity of isotropic swave superconductors, we first briefly
are not observed iHl ., at least above 2 K. At present we do review the flux flow state irs-wave superconductors.
not know the reason for this difference. From these measure- For isotropic swave pairing in the dirty regime, the
mentsH,, is estimated to be approximately 20 T below 5 K. Bardeen-Stephen model appears to be quite successful in de-
In Fig. 7(a), we plotp;/p, as a function oH/H, at 3K,  scribing the energy dissipatidn® Bardeen-Stephen theory
assumingH =19 T. If we assumeH =17 T at T models the vortex core as a cylinder whose radius is the
=5 K, both p; almost exactly coincide witlp; at 3 K, as  coherence length. It is assumed that the core is a normal
shown in Figs. 7@ and 1b). The field dependence @f is  metallic state inside of which the energy dissipation is domi-
convex. We found that the there are two characteristic repated by the impurity scattering, similar to the ordinary re-
gimes in theH dependence op;. In the low-field region sistive process. This is a good approximation for dirty super-
(H/H»<0.2), p¢ increases linearly withd as conductors with <¢&. It follows from this model that the FFF
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resistivity in dirty swave superconductors is proportional to justified by a numerical result on the ac response of the
the normal-state resistivity and is to the number of the vord-wave vortex2**> Comparing Eq(7) with Eq. (10), the co-
tices, efficient of theH-linear term ind-wave superconductors is
found to be nearly as twice as thatsrwave superconduct-
pr=pnH/Hc,. (9)  ors. This behavior is similar to UPtwith line nodes, in

The validity of this Bardeen-Stephen relation has been conWhiCh ps at low field is larger than that found in conventional

) . . swave superconductofs.It should be noted that a similar
firmed in most dirtys-wave superconductors almost through- result was reported in very recent measurements of the high-
out the whole Abrikosov phasél . <H<H,.2 P ry 9

] purity borocarbide superconductor YJ8i,C with a very an-
However, the description of the vortex core as a normaj_ e superconductin a resumably  anisotropic
metal is limited to dirtys-wave superconductors. In moder- P P g gap. p y P

atelv clean and suercleamwave superconductors with S Wave symmetry>*° These results led us to conclude that a
y P P Jlarge initial slope is a common feature in the FFF resistivity

>¢, the quasiparticle response to an electromagnetic field iS¢ 3 ° superconductors with nodes. In what follows, we dis-

:T?g('jcsngf (;If:we(;regtalfrraglglrl}itc%fren(k))rrrg:llseclj?@%)]?ﬁé zli?ffa?- thecuss possible origins for the enhancement of the FFF resis-
tivity at low fields on the basis of the theoretical results

ence lies in the fact that the quasiparticles in the core arg ailable at the present stage
subject to Andreev reflections by the pair potential and form According to Kopnin and Vo-Iovik the vortex transport in

ngebogtg?] Stségit;fegabrmIi,mdeur?tieer;neﬁﬁea‘?;r '\ngfgfge' dif semiclassicatl-wave superconductors is governed by the dy-
9 9 y Imp s 9 €19y Ahamics of quasiparticles which form Andreev bound states
ference between the bound states is roughly estimated

70y~ A2/e s, where(, is the angular velocity. The electric ound a vortex, much like iswave superconductof$ The

R . . _excitation rum of th iparticles is given
conduction in the vortex state is governed by the scatterlnge citation spectrum of those quasiparticles is given by

time between the Andreev bound states in the presence of _
impurities. The effects of these quasiparticles on the vortex E(L,0)=-Q(o)L 1D

dynamics have been considered in a number of papers. FQ{ 1arms of the angle in momentum space arld, the an-
moderately cleas-wave superconductors, the FFF resistivity gular momentum. In this expressiofi( ) denotes the an-

has been calculated s gular velocity, which depends on the directién Roughly
speaking,{)(0) is proportional to the square of the energy
Pt~ Pr——— . (100  9ap,A(8) [«cos(2) for d,2_,2 stateg. This branch corre-
In(i) Hez sponds to the Caroli-de Gennes-Matricon mode in the isotro-
pic swave superconductorén s-wave symmetryf(), is 6

kgT
o _ independent®®3” The quasiparticles witl) away from the
The logarithmic factor results from the shrinkage of the VOr-nodes ind-wave vortex are well localized near vortex cores

tex core at low temperature and logarithmic energy depens, g ey are similar, in nature, with those in awave vor-
dence of the impurity scattserlng rate of .the Andreef bound.,  As the angled approaches a nodal direction, however,
state (qumer-Pesch effet® Thus, in spite o'f thg funda}- . the quasiparticles become more extended and farther away
mental difference of the character of the quasiparticles Wlthlqrom the vortex cores. In this way the character of quasipar-

the vortex core, the FFF resistivity in the moderately cleanqieg iy the d-wave vortex is very different from that of
s-wave superconductors increases in proportiohl tavhich quasiparticles in the-wave vortex

is similar to that in the dirty superconductors. In fact, the According to the theory by Kopnin and Volovik based on
FFF resistivity of several moderately cleswave supercon- o rojavation time approximation, the FFF resistivity is
ductors discovered recently was found to be proportional t%iven by

H, though the logarithmic correction at very low temperature
has never been reported so far.

1 H

B
P00 rndelc’ 12

B. Flux flow in d-wave superconductors

We are now in position to discuss the FFF resistivity ofwhere(- - -) denotes the average over the Fermi surfage,
semiclassicald-wave superconductors. It is obvious from is the relaxation time of quasiparticles, angis the carrier
Figs. 7@ and 7b) thatthe field dependence pf expressed density in the vortex staf&.In the theory of the relaxation
as Egs. (7) and (8) is markedly different from that of conventime approximation, the transport coefficients are given in
tional s-wave superconductors expressed as Egs. (9) antthe form of the parallel circuit; the conductivity is expressed
(20). as a sum of the contribution from each part of the Fermi

We first discuss the low-field behavior of the FFF resis-surface. Then magnitude of resistivity in vortex state ex-
tivity in Bi:2201. The linear dependence pf on the mag- pressed by Eq.12) is governed by the largest value Qf( 9)
netic field means that the energy dissipation per vortex doesn the Fermi surface. This fact is physically interpreted in
not depend on the magnetic field or the intervortex spacingthe following way. The quasiparticles with small€r(6)

We can interpret this fact naturally if the energy dissipationcome from the vicinity of nodes. They are only weakly ex-
is assumed to occur mainly near each vortex even in theited by vortex motion, because such quasiparticles are ex-
superconductors with gap nodes. In fact, this assumption iended in regions far away from vortex cores. On the other
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hand, quasiparticles with larg€X(6) are localized near vor- pi(d-wave)/p;(s-wave) ~ r,(s-wave)/ r,(d-wave)
tex cores. Therefore it is likely that such quasiparticles are (16)

excited substantially by vortex motion and an appreciable

deviation of the distribution function from the equilibrium

state may occur. Thus, when the gap has nodes, portions 8nd p¢(s-wave)~p,(B/H,), we obtain
the Fermi surface near the nodal directions do not contribute

to (Q2(6)). This is in marked contrast to the isotrogievave

superconductors, in which every part of the Fermi surface g } (IL/&)(B/H¢), 1, <Rg,
i i -wave)/p,~ 1
can contribute to/Q(#)). The reduction of the number of pi( ) pn JBIHL. Re<l,. (17)

guasiparticles available for the energy dissipation in the su-
perconductors with nodes gives rise to the enhanced flux

flow resistivity. This scenario has been adopted in Ref. 15 tQ\e then see the upshot of the hyposés. The expression

discuss the flux flow resistivity of URtAlthough this argu- (17 s consistent with the experimental resultsgrboth in
ment explains the low-field{<0.2H.,) behavior expressed |, fields, Eq.(7), and in high fields Eq(8). From the rela-

as Eq.(7), it gives no account for theH-dependence by i, |,~Rg at the crossover field 2—3 T from E) to Eq.
expressed as Eq7) observed in the almost whole regime at (8), we obtainl,=280-340 A. From this value df, and ¢
y \2 .

hlg‘lr']ﬁg:leeilg (r%ﬁé\zleiHaigf}Zgr. scenario. In the following partN42 A (estimated fromH:,=20 T), we obtain l,/¢
. ' : '=6.6—8. This value is somewhat larger than-2. With

we show that the reduction of, in d-wave vortex states consideration of the crudeness of our estimation, however
explains consistently both Eq&l) and (8). Here we regard ’ ’

ion infve should say that these two values are of the same order.
the cuprates. Within the Born approximatiaf, is inversely At the present state of the study, we do not know whether
proportional to the density of staté®OS) of quasiparticles (e dominant source for quasiparticle energy dissipation
available as the outgoing states in the scattering process §Pmes from the reduction of the number of the quasiparticles
localized quasiparticles. On the other hand, the low-energ®' the enhancement of the carrier scattering rate. A detailed
DOS of quasiparticles id-wave vortex states is known to be numerical calculation for the energy dissipation especially
larger than that irs-wave vortex states theoreticafty®**In ~ when each vortex overlaps with its neighborhood would be
Ref. 26, Kopnin and Volovik calculated the density of statesnecessary.

N,(E) per eachd-wave vortex for energy to obtain

Ny (E)~Ng&2(A/E)~Ngér (E), (13 VI. SUMMARY

whereN, denotes the DOS on the Fermi surface in the nor- - The microwave surface impedance measurements in the

mal state and(E) =7.ve /E with v the Fermi velocity. The  yortex state of overdoped Bi:2201 demonstrate that the free
singularity ate =0 is removed by a cutoff length. According f,x flow resistivity in moderately clead-wave supercon-

to Ref. 26, for energ¥ satisfyingr (E)>Rg with intervortex  g,ctors with gap nodes is remarkably different from that in
distanceRg~ £ VHc,/B, r(E) should be replaced bigg for  conyentional fully gapped-wave superconductors. At low
pure supc)jerclzonductors wghout impurity dscatterlng. 'I:'m' ofields, the free flux flow resistivity increases linearly with
pulge a?] (I:deatl)rsupeTcondugtors, m;tea , WE fspecu a;te t ith a coefficient which is far larger than that found in con-
r(E) shou o€ replace R or the mean free path, ventionals-wave superconductors. At higher fields, the flux
(=vgm,), whichever is smaller. We then expect that TR . .
flow resistivity increases in proportion t¢H up toH,. Two
WL | <R possible scenarios are put forth for these field dependences:
No(0)/(Na&2) ~ v v 14 the enhancement of the quasiparticle relaxation rate and the
W(0)/(Noé?) (14 ) o oo
VH /B, Rg<l,, reduction of the number of the quasiparticles participating
o ) ) the energy dissipation in treewave vortex state. The present
for E=0. The quaSIpazrt:;gle DOS per each isotropimave  resylts indicate that the physical mechanism of energy dissi-
vortex is given byNoés.™ Therefore, the left-hand side in pation associated with the purely viscous motion of the vor-

Eq. (14) gives the ratio of the DOS id-wave vortex states to tjces is sensitive to the symmetry of the pairing state.
that in the isotropics-wave vortex state. From this fact and

Eq. (14), we expect that
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