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Probing quasiparticle dynamics in Bi2Sr2CaCu2O8¿d with a driven Josephson vortex lattice
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We show that the flux-flow transport of the Josephson vortex lattice~JVL! in layered high-temperature
superconductors provides a convenient probe for both components of quasiparticle conductivity,sc andsab .
We found that the JVL flux-flow resistivity,r f f , in a wide range of magnetic fields is mainly determined by the
in-plane dissipation. In the dense lattice regime (B.1 T! the r f f(B) dependence is well fitted by the theoret-
ical formula for that limit. That allows us to independently extract from the experimental data the values ofsc

and of the ratiosab /(scg
4). The extracted temperature dependencesab(T) is consistent with microwave data.

The shape of the current-voltage characteristics is also sensitive to the frequency dependence ofsab , which
allows us to estimate the quasiparticle relaxation time and relate it to the impurity bandwidth using data
obtained for the same crystal.
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I. INTRODUCTION

The properties of quasiparticles~QP’s! in the high-
temperature cuprate superconductors are unusual du
d-wave gapless pairing in these systems. The concentra
of QP’s in cleand-wave superconductors vanishes in t
limit T→0 because their density of states~DOS! has asymp-
totics r(e)}e at low energies,e→0. Suchd-wave features
of the QP spectrum has been clearly demonstrated
angular-resolved photoemission~ARPES! studies~see, e.g.,
Ref. 1! and confirmed by numerous transport measureme
However, QP transport properties are still in the focus of
debate and new experimental techniques are very valuab
understanding these properties. In this paper we use
driven Josephson vortex lattice to probe both in-plane
interplane QP transport and compare results with other te
niques.

We start with a brief overview of the QP physics in th
high-temperature superconductors. The main issues are
impurities modify the QP spectrum and how they affect
mobility of the QP’s. Two competing effects determine Q
transport at low temperatures. It was recognized very e
that impurities in unconventional superconductors dest
the superconducting order parameter in their vicinity,
creasing the DOS at low energies.2 This effect enhances th
low-temperature QP transport. On the other hand, an incr
of the QP scattering rate by impurities suppresses the
transport. In addition, there is a tendency for QP localizat
due to the two-dimensionality of superconducting Cu2
layers.

The low-energy asymptotics of the QP DOS in inhom
geneousd-wave superconductors is a challenging theoret
problem, which is not yet settled. Several approximatio
have been used to calculater(e), leading to different results
In the self-consistentT-matrix approximation3–5 ~SCTMA!
0163-1829/2003/68~13!/134504~10!/$20.00 68 1345
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the DOS approaches a finite valuer(e)'r(0) for e&g i and
r(e)}e for e.g i , where the impurity bandwidthg i de-
pends on the impurity concentration and the impurity pot
tial. In the limit of strong impurity potential~unitary limit!
one gets for the impurity bandwidth3 g i'(\n0D0)1/2, where
n0 is the normal-state relaxation rate andD0 is the magnitude
of the superconducting gap.

With r(e) known, the QP transport can be calculated
the framework of the Fermi liquid theory. Along this lin
Lee3 predicted a universal~impurity-independent! low-
temperature limit for the intralayer electrical conductivit
s00

(ab)5ne2/(pmabD0), arguing that both the DOS and th
scattering rate are proportional to the impurity concentrat
and thus cancel in the Drude expression for the conductiv
Heren is the carrier concentration andmab is the QP in-plane
effective mass. In the same way universal thermal cond
tivity was predicted by Sun and Maki6 and by Grafet al.7

Later it was shown in Ref. 8 that electron interactions ins
the layers lead to the Fermi-liquid corrections to the univ
sal electrical conductivity. Durst and Lee9 found that such
corrections as well as the asymmetric scattering~i.e., the
difference between the QP relaxation rate and the trans
scattering rate! result in the expression for the intralaye
electrical conductivitysab(T)5s00

(ab)b. Experimentally ob-
served values of low-temperaturesab usually correspond to
b.1 ~see Ref. 10!. Durst and Lee found also that such co
rections to the universal thermal conductivity ate&g i are
practically absent.

For the interlayer tunneling conductivity,sc , in highly
anisotropic layered cuprates such as Bi2Sr2CaCu2O81d
~BSCCO! the authors of Ref. 11 have argued that it is u
versal in the limit of low-impurity concentration, when ele
trons tunnel between layers conserving their in-plane qu
momentum ~coherently!. In contrast tosab , sc depends
©2003 The American Physical Society04-1
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only on the intralayer DOS~i.e., on the QP relaxation rate!. It
is not sensitive to anisotropy of the in-plane scattering, a
in-plane vertex corrections are not important. In this case
low-temperature conductivitys00

(c) is related to the Josephso
critical current densityJc(0) by a simple relation similar to
the well-known Ambegaokar-Baratoff relation in conve
tional Josephson junctions,s00

(c)52esJc(0)/(pD0), wheres
is the interlayer spacing. In the framework of SCTM
Fermi-liquid approach the temperature corrections to the
versal conductivitys00

(c) at T,g i were found11 to be

sc~T!'s00
(c)@11~pT!2/18g i

2#. ~1!

A similar result has been obtained for the in-plane QP c
ductivity neglecting anisotropic scattering and vert
corrections.5 However, it is known that such corrections su
stantially modify sab(T). For the thermal conductivity
k(T)/T, in the unitary limit, the thermal corrections are al
quadratic inT/g i , as forsc . Only in the limited temperature
range correction linear inT has been found when the impu
rity potential is not very strong.12

The more elaborate approaches, which take into acco
interference effects, suggest that the QP DOS vanishese
→0 ~see the recent review in Ref. 13!. In particular, a recen
numerical analysis14 has demonstrated that the QP DOS b
haves at very low energies asr(e)}ea with a nonuniversal
exponenta. This exponent depends on the details of t
disorder model and particle-hole symmetry in the norm
state. In the realistic case~binary alloy model without
particle-hole symmetry! it was found thata.0 correspond-
ing to a DOS suppression at low energies. The energy s
for this suppression is given by the resonance energy fo
isolated impurityV0 with V0→0 as the impurity potentia
increases. This means that at very low temperaturesT
!V0, QP transport should vanish.

Intralayer conductivity was studied by a microwa
technique10,15–17and infrared spectroscopy.18–20 These mea-
surements have shown thatsab(T) is not universal in the
low-temperature limit and that its temperature dependenc
T;g i deviates strongly from SCTMA predictions5 ~see be-
low!. The impurity bandwidth can be estimated from t
frequency dependence of the intralayer conductiv
sab(v). According to the model calculation of Ref. 5, th
typical relaxation rate, 1/t, in sab(v) has to be of the orde
of g i . Recent terahertz spectroscopy measurements
sab(v) in BSCCO by Corsonet al.17 showed that at low
temperatures it has a Drude frequency dependence with
typical relaxation rate 1/t'1 THz. This gives an estimat
g i530250 K.

Experimentally a universal value ofk00/T was confirmed
by measurements21–23of the thermal conductivity in BSCCO
and YBa2Cu3O7 ~YBCO! crystals. Particularly, Nakama
et al.22 measured thermal conductivity in pristine and irra
ated BSCCO crystals atT,0.1 K. Direct comparison of
k(T) in pristine and irradiated crystals showed almost
same valuek00/T obtained by extrapolation toT50. How-
ever, strong temperature corrections, linear inT, to this uni-
versal value were found below 0.25 K. Such corrections
not anticipated well belowg i'20 K in the SCTMA ap-
13450
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proach. One can conclude from these measurements tha
upper limit for the low-temperature behavior,V0, lies below
0.1 K and that the temperature behavior ofk(T) observed so
far is in contradiction with the theoretical SCTMA predic
tions.

Measurements of interlayer conductivity seems to follo
closely the theoretical predictions of the the SCTMA Ferm
liquid model assuming coherent interlayer tunneling.11 For
BSCCO crystals from different groups, similar values,s00

(c)

'2 (kV cm)21, were observed by measurements of theI -V
characteristics, though universality of this value was n
checked by comparison of crystals before and after irrad
tion as it was done for the thermal conductivity.22 The tem-
perature dependence ofsc(T) at T,g i was found to be in
agreement with the theoretical prediction, Eq.~1!, and the
values of g i in the interval 24–29 K were derived from
fitting, in agreement with the data for the relaxation ratet
mentioned above.

The intralayer and interlayer components of the QP c
ductivity are found to have qualitatively different temper
ture dependencies in the superconducting state. The in
layer conductivity monotonically decreases with
temperature decrease in the whole temperature range
Tc down to lowest temperatures. In contrast, the intrala
conductivity has manifestly nonmonotonic behavior: it ra
idly increaseswith a decrease of temperature in some reg
below Tc , reaches a peak at some intermediate tempera
and decreases with a further decrease of temperature.10,15–17

This behavior is also consistent with the heat transport m
surements for the electronic part of the therm
conductivity.23 The peak in the temperature dependence
sab appears due to an interplay between the tempera
dependencies of the relaxation rate17 and concentration of
quasiparticles. The unusual increase of the QP conducti
and thermal conductivity just belowTc is attributed to the
fast drop of the relaxation rate due to the reduction of
phase space for scattering.12 A decrease of the conductivity a
low temperatures, below the peak, is caused by a drop in
concentration of the thermally activated nodal quasipartic
Hence, the behavior of QP’s in the cuprated-wave supercon-
ductors is not fully understood yet and new methods to pr
the QP transport would be useful to resolve controversy
provide additional information on the characteristic para
eters, such asV0.

Recently an alternative method of probing the QP cond
tivities sc and sab has been suggested.24 The method is
based on measuring the losses associated with a transpo
the Josephson vortex lattice25 ~JVL! driven by steady curren
across the layers in crystals with intrinsic Josephson in
layer coupling.26 The unexpected dependence of the int
layer transport on the intralayer quasiparticle conductivity
the flux-flow regime is related to the spatially inhomog
neous structure of moving JVL. Figure 1 shows the sp
structure of a stationary high-field Josephson lattice.25 Inside
the layers the supercurrent oscillates along the direction
pendicular to the applied parallel magnetic field (x axis!. The
interlayer transport current drives the vortex lattice along
x axes. At small velocities the lattice is practically undi
torted. Then the supercurrent inside the layer at a given p
changes periodically with time,j sx} sin (2pvt/a), wherev is
4-2
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PROBING QUASIPARTICLE DYNAMICS IN . . . PHYSICAL REVIEW B68, 134504 ~2003!
the lattice velocity anda5F0 /sH is the period of vortex
lattice. According to the first London equation~see, e.g.,
Ref. 27!,

Ex5
4plab

2

c2

] j sx

]t
, lab

2 5
mabc

2

4pnse
2

,

an alternating electric fieldEx with frequencyv52pv/a is
introduced by a moving vortex lattice. Herens is the density
of superconducting electrons. The electric field causes re
ation due to quasiparticle currentj qx5sabEx . Hence, as was
shown, both components of the QP conductivitysc andsab
contribute to the Josephson flux-flow resistivityr f f and can
be extracted separately from the magnetic field depende
of r f f . Moreover, the shape of theI -V characteristic related
to JVL motion at high magnetic fields is sensitive to t
frequency dependence of the QP conductivity and there
may be used to estimate the QP relaxation time. This
proach allows one to probe the relatively low-frequen
range of the QP conductivity, 0.01–3 THz, and thus the
sults can be easily compared with the data of microw
measurements. The goal of the present paper is to dem
strate the applicability of this method for studies of the Q
conductivity in BSCCO.

Motion of JVL induced by a steady current across t
layers results in a specific branch on theI -V characteristic
usually referred to as the Josephson flux-flow~JFF! branch.
This is characterized by a rapid current increase when
voltage approaches a certain limiting value,Vm , at which the
lattice velocity approximately reaches the velocity of elect
magnetic wave propagation~this velocity frequently is re-
ferred to as the Swihart velocity in analogy with a sing
long Josephson junction!. The JFF regime is well known fo
conventional long Josephson junctions28 and has also bee
observed on BSCCO mesa structures.29–31 Our purpose was
to study the JFF linear and nonlinear regimes on lo
BSCCO stacks at high magnetic fields above 0.5 T whe
dense JVL is formed. Early experiments on JFF in BSC
have been done mostly at relatively low fields29,31 or at high
fields of only a few fixed values.30 In addition, an absence o
the clear upturn curvature on the JFF branch30 suggests sig-
nificant inhomogeneities in the mesas used in early exp
ments. We report measurements that allow us to obtain

FIG. 1. Dense Josephson vortex lattice with periodl 52s in the
c direction. Arrows show the direction of currents.
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parameters 1/t andg i for the same crystal and correlate th
frequency and temperature dependencies of quasipar
conductivities.

II. EXPERIMENT

To obtain high-quality stacks we fabricated samples fr
single- crystal whiskers of BSCCO. The thin BSCCO wh
kers have been characterized as extremely perfect crysta
objects.32 They grow along the@100# direction free of any
crucible or substrate and can be entirely free of macrosco
defects and dislocations. The stacks have been fabricate
the double-sided processing of the BSCCO whiskers by
focused ion beam~FIB! technique. The stages of fabrication
were similar to those described in Ref. 33. Figure 2~a! shows
schematically the geometry and orientation of the struct
with respect to the crystallographic axes. We reproduced
overlap type of long stack geometry, which is known to pr
vide the most uniform current distribution along th
junction.28 The structure sizes wereLa520230 mm, Lb
5122 mm, Lc50.0520.15mm. Using a high-resolution
optical microscope we selected for the experiment long u
form whiskers with a length of 500–1000mm, a thickness
of 0.5–1 m m, and a width of 10–20mm. Four silver con-
tact pads have been evaporated and annealed at 450 °
oxygen flow before FIB processing to avoid diffusion of G
ions into the junction body. The fabricated structures ha
been then tested byRc(T) measurements to select structur
free of inclusions of 2201 or 2223 phases. The presenc
these phases is indicated as a multiple transition to the
perconducting state with appropriate drops ofRc(T) at 90–
100 K for the 2223 phase and at 15–30 K for the 2201 pha
Only single-phase 2212 stacked junctions with a single tr
sition at 75–80 K@see Fig. 2~b!# have been selected for th
further measurements. The yield of the single-phase sta
was quite high, about 30–50%. The oxygen doping leve
the stacks estimated fromrc(T) measurements aboveTc ~see
Ref. 34! was slightly above optimum,d'0.25. The critical
current densityJc at 4.2 K in the absence of magnetic fie
was 1–2 kA/cm2. Measurements of theI -V characteristics of
BSCCO stacks have been carried out in the commercial
ostat of the Quantum Design Physical Property Measurem
System~PPMS! facility. The magnetic field has been or
ented parallel to theb axis within an accuracy of 0.1° an

FIG. 2. ~a! Schematic view of junction orientation and expe
mental setup.~b! Normalized temperature dependence of resista
along thec axis of the typical long stacked junction used in expe
ment.
4-3
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has been changed in steps of 0.05–0.1 T. In each fixed v
of the field theI -V characteristics have been measured us
a fast oscilloscope. We have measured six samples with s
lar results.

III. RESULTS AND DISCUSSION

Figure 3 shows theI -V characteristics of the long stac
no. 4 (303230.14mm3) at T520 K at zero magnetic field
@Fig. 3~a!# and at the fieldB51.5 T @Fig. 3~b!# oriented
along theb axis. At zero magnetic field theI -V characteris-
tics of the stacks show a well-defined critical current sho
at Fig. 3~a! as a vertical trace with the following switch t
the multibranched structure. TheI -V characteristic is highly
hysteretic. The hysteresis loop is shown in Fig. 3~a! sche-
matically by arrows~the first switch here corresponds to th
jump from the critical current to the fourth branch!. Both
features, the hysteresis and the multibranched structure
the I -V characteristics, are well known for Bi-2212 stack
junctions at low temperatures.35

In the presence of a parallel field the critical current b
comes essentially suppressed and the JFF branch deve
That is characterized by a linear slope at low bias,Rf f , by a
pronounced upturn at higher bias voltages, and by jump
the multiple branches at the voltages exceeding the m
mum valueVm . The high upturn in the nonlinearI -V char-
acteristics in the parallel field provides evidence of the h
quality of our stacks. To get theRf f(B) dependence we mea
sured a set of theI -V characteristics at some temperatures
the fixed fields, increasing step by step. At each field
measuredRf f . The value ofRf f has been defined as an e
trapolation of the linear part of theI -V characteristics a
uVu→0. As seen from Fig. 3~c!, this extrapolation can be
easily done at high fields when the critical current is high

FIG. 3. TheI -V characteristics of stack no. 4 at 4.2 K witho
magnetic field~a! and with field B applied along theb axis, B
51.5 T ~b!, with B increasing from 0.85 T up to 1.5 T~c!. The first
three branches are not traced on theI -V characteristic in zero field
and the stack jumps directly to the fourth branch.
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suppressed. The accuracy of linear extrapolation of theI -V
characteristic atuVu,10 mV for the definition ofRf f was
within 5%. Figure 3~c! shows an evolution of theI -V char-
acteristics with field. One can see a rapid increase ofRf f and
Vm with field. The summarized field dependencies ofRf f and
Vm for typical sample~no. 4! are shown at Figs. 4 and 5
Before analyzing these data we discuss the expected the
ical dependencies.

First, we will consider the linear limit of theI -V charac-
teristics corresponding to low JFF velocity. In the seco
part, we will focus on the high-velocity JFF limit.

FIG. 4. Magnetic field dependence of the Josephson flux-fl
resistance,Rf f at different temperatures with fits to Eq.~3!.
4-4
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A. Linear flux-flow resistivity

The linear flux-flow resistivity of the Josephson vort
lattice, r f f , is determined by the static lattice structure a
linear quasiparticle dissipation. At high fields,B
.F0/(pgs2), the Josephson vortices homogeneously fill
the layers and the static lattice structure is characterized
oscillating patterns of both c-axis and in-plane
supercurrents25 ~see Fig. 1!. Hereg is the anisotropy ratio of
the London penetration lengths,g5lc /lab . At small veloci-
ties this pattern slowly drifts along the direction of laye
preserving its static structure. This motion produces oscil
ing c-axis (Ẽz) and in-plane (Ẽx) electric fields leading to
extra dissipation, in addition to usual dissipation due to
dc electric fieldEz . The total dissipation per unit volume i
given by

s f fEz
25scEz

21sc^Ẽz
2&1sab^Ẽx

2&, ~2!

wheres f f51/r f f is the flux-flow conductivity,̂ •••& denotes
the time and space average, andsc51/rc and sab51/rab
are thec-axis and in-plane quasiparticle conductivities, r
spectively. An expansion with respect to the Josephson
rent at high fields allows us to relateẼz and Ẽx with Ez ,

Ẽnz~x,t !52~21!n
4Ez

h2
cos~kHx1vt !,

Ẽnx~x,t !5~21!n
2Ez

gh
sin~kHx1vt !,

with h52pgs2B/F0 and kH52psB/F0. Here n is the
layer index. Finally, we obtain a simple analytical formu
for the flux-flow resistivity:24,36

r f f~B!5
B2

B21Bs
2

rc , Bs5Asab

sc

F0

A2pg2s2
. ~3!

The relative importance of the in-plane andc-axis dissipation
channels is determined by the dimensionless ratioG
5sab /(sc g2). The in-plane dissipation channel dominat
whenG@1.

Experimental dependencies of the JFF resistance,Rf f(B),
on magnetic fieldB applied along theb axis at various tem-

FIG. 5. Magnetic field dependence of maximum voltage of
Josephson flux-flow branch,Vmax.
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peratures are depicted in Fig. 4. They are evidently nonlin
with the type of nonlinearity predicted by Eq.~3!: quadratic
growth followed by the saturation. As shown in Fig. 4, th
data can be well fitted to Eq.~3! in a wide range of tempera
tures. Two fitting parameters have been used for each cu
Rc , the high-field saturation value of the resistanceRf f(B)
and the characteristic fieldBs , both defined by Eq.~3!. Us-
ing that fit at a set of temperatures we found a tempera
variation of both parameters. Then, from the temperature
pendence ofRc we can directly get the dependence
sc(T), while the temperature dependenceBs contains infor-
mation about the ratiosab(T)/sc(T) for given values ofg.
For T54.2 K we foundBs53.3 T. We estimate the value o
g'500 at 4.2 K from the value of the Josephson critic
current densityJc(0)51.7 kA/cm2 and the value oflab(0)
50.2 m m using the well-known expression37Jc

5cF0 /(8p2sg2lab
2 ). This gives a quite reasonable valu

for sab at 4.2 K,sab(4.2)543104 (V cm)21. Finally, we
restored the temperature dependence of the in-plane q
particle conductivitysab(T) taking into account the tem
perature dependence ofg. We used theg(T) dependence
extracted from the known data forlab(T) ~Ref. 38! and
lc(T) ~Ref. 39! in BSCCO. Actually,g2 only weakly de-
pends onT, slowly decreasing within 15%, with a temper
ture increase from 4.2 to 70 K.

Figure 6 demonstrates the temperature dependencie
sab and sc extracted from the Josephson flux-flow expe
ment. As we found,sab rapidly increases belowTc with a
decrease ofT, reaches a maximum at about 30 K, and th
drops down at low temperatures. This type ofsab(T) behav-
ior has been found earlier in the microwave experiments
YBCO ~Ref. 10! and BSCCO~Refs. 15–17! and also is con-
sistent with the heat transport measurements of the electr
part of the thermal conductivity.23 As discussed in the Intro
duction, the peak in the temperature dependence ofsab ap-
pears due to an interplay between the competing tempera
dependencies of the relaxation rate17 and concentration of
quasiparticles. We found that the value and temperature
pendence ofsab extracted from the Josephson flux-flow e
periment reproduce quite well the low-frequency microwa
data.15 The sharper increase ofsab(T) below Tc may be
related to weaker scattering of the quasiparticles in
BSCCO single-crystal whiskers used in our experiments.
higher temperatures the data are also consistent with the
sults of dc measurements ofsab(T) in the normal state car
ried out at the whiskers from the same batch32 ~see the points
at T>100 K!. We see that, in contradiction to the naiv
SCTMA predictions,5 sab(T)/sab(0)21;(T/g i)

2, sab(T)
has a strong temperature dependence atT,g i'30 K so that
the saturation to the low-temperature value is not reac
even at 4 K.

In contrast, the temperature dependence ofsc extracted
from the flux-flow experiment@Fig. 6~a!# is consistent with
sc(T) measured on small mesas in zero magnetic fiel11

with sc(0) being close to the universal valuesc(0)
'2 (kV cm)21 predicted in Ref. 11. The data also extrap
late well to the points of dc measurements ofsc(T) of the

e

4-5
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same mesas in the normal state. The temperature depend
of sc(T) is in agreement with the theoretical prediction E
~1! with g i'23.5 K.

Clearly, the behavior ofsab(T) andsc(T) is very differ-
ent. This can be seen more clearly in the temperature de

FIG. 6. Solid triangles show temperature dependencies of
out-of-plane quasiparticle conductivitysc ~a! and in-plane quasi-
particle conductivitysab ~b!. Below Tc they are extracted from the
JFF experiment on BSCCO long stack no. 4 and aboveTc they
represent the dc normal-state conductivities of whiskers meas
independently on samples from the same batch. Open circles c
spond to thesc data from Ref. 11, obtained on small mesas in z
field, open squares correspond to 14.4 GHz microwave data forsab

from Ref. 15 obtained on BSCCO epitaxial films. Solid lines
both plots are just guides to the eye. Inset in~a! shows the low-
temperature part ofsc(T) plotted versusT2.

FIG. 7. Temperature dependence of the parameterG
5(sabsc)/g

2. Solid line is a guide to the eyes.
13450
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dence of their ratio. In Fig. 7 we plot the temperature dep
dence of the parameterG5(sab /sc)/g

2 ~the ratio of the QP
dissipation anisotropy to the superconducting anisotrop!.
The important point is that both components of the quasip
ticle conductivity were extracted from the same experime
As was mentioned above, the in-plane contribution to
flux-flow resistivity becomes considerable whenG@1. Fig-
ure 7 shows that this condition is indeed valid in a wi
temperature range belowTc . Note that the value ofG ap-
proaches 1 whenT approachesTc . The value ofG also de-
creases below 20 K. The interesting issue is the lo
temperature limit ofG. Without Fermi-liquid and anisotropic
scattering corrections to the universal electrical intrala
conductivity,G should approach unity at low temperature
T!g i , but theG obtained is still well above unity at 4 K.

B. Nonlinear Josephson flux-flow regime

A nonlinear Josephson flux flow occurs at high velocit
of the Josephson vortex lattice, especially at velocities
proaching the minimum velocity of the electromagne
wave~Swihart velocity!, cS5cs/(2labAe). The main source
of the nonlinearity is the pumping the energy from a
source into the traveling electromagnetic wave, generated
the moving lattice. Due to the deformation of the the movi
lattice induced by interaction with the boundaries,40 the I -V
characteristics in this regime can be calculated only num
cally. Below we present the main steps of the calculation~see
Ref. 40 for details! as well as a comparison with the expe
ment. We will consider here only the main flux-flow branc
corresponding to the case of uniformly sliding triangular l
tice. The termination point of this branch is related to ins
bility of the moving triangular vortex lattice.40,41Behavior at
the high-voltage branches in the JFF regime is more com
cated and these branches are beyond the scope of this p
We emphasize that at high velocity, when the washbo
frequency exceeds the inverse quasiparticle relaxation ti
one has to take into account the frequency dependence o
quasiparticle conductivity,17 which leads to the renormaliza
tion of the plasma frequency and Swihart velocity.

At high fields in the resistive state the interlayer pha
differences depend approximately linearly on coordinate
time,

un~ t,x!'vEt1kHx1fn , ~4!

where vE is the Josephson frequency andkH is magnetic
wave vector. In the following we will use reduced param
eters:vE→vE /vp , kH→kHgs ~see Table I!. The most im-
portant degrees of freedom in this state are the phase s
fn , which describe the structure of the moving Joseph
vortex lattice. In particular, for the static triangular lattic
fn5pn. The lattice structure experiences a nontrivial ev
lution with increase of velocity. The equations forfn can be
derived from the coupled sine-Gordon equations forun(t,x)
by expansion with respect to the Josephson current and
eraging out fast degrees of freedom.40 In the case of a stead
state for a stack consisting ofN junctions, this gives the
following set of equations,

e

ed
re-
o
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TABLE I. Meanings, definitions, and functional formulas for the reduced parameters used in the pa
functional formulasf p5vp/2p means plasma frequency andrc and rab are the components of the quas
particle resistivity.

Notation Meaning Definition~cgs! Functional formula~BSCCO!

vE Reduced Josephson frequency 2pcsEz

F0vp

U@mV/junction#

231023f p@GHz#
kH Magnetic wave vector 2pHgs2

F0

nc c-axis dissipation parameter 4psc

«cvp

1.83103

«crc@V cm# f p@GHz#

nab In-plane dissipation parameter 4psablab
2 vp

c2

0.79~lab@mm# !2f p@GHz#

rab@mV cm#

l Reduced London penetration depth lab /s
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2 (
m51

Im$G~n,m! exp@ i ~fm2fn!#%5 i J , ~5!

wheren51,2, . . . ,N andi J[ i J(kH ,vE)5^ sinun(t,x)& is the
reduced Josephson current, which has to be obtained
solution of these equations. The complex functionG(n,m)
describes phase oscillations in themth layer excited by the
oscillating Josephson current in thenth layer. For a finite
system it consists of the bulk termG(n2m) plus the top and
bottom reflections~multiple reflections can be neglected!:

G~n,m!5G~n2m!1BG~n1m!1BG~2N122n2m!,

where

G~n!5 E dq

2p

exp~ iqn!

v22 incv2V2~k,q,v!
,

V2~k,q,v!5
k2~11 inabv!

2~12 cosq!1~11 inabv!/ l 2
, ~6!

and v5vE and k5kH are the frequency and the in-plan
wave vector of the traveling electromagnetic wave genera
by moving lattice, respectively. The real and imaginary pa
of V2(k,q,v) give the spectrum of the collective plasm
oscillations and their dumping due to in-plane quasipart
dissipation~in reduced units!. The dissipation parametersnc
andnab and reduced penetration depthl are defined in Table
I. B5B(k,v) is the amplitude of the reflected electroma
netic wave. For the functional case of the boundary betw
the static and moving Josephson lattices, a detailed calc
tion of B(k,v) is presented in Ref. 40.

In general, the quasiparticle conductivities in the defi
tions of nc and nab are the complex conductivities at th
Josephson frequency. The frequency dependence is e
cially important for the in-plane conductivity. The maximu
Josephson frequency at the termination point of the flux-fl
branch exceeds the value 1/t at fieldsB*2 T. Therefore the
frequency dependence has to be taken into account. We
the Drude-type frequency dependence ofnab[nab(v):
13450
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nab~v!5
nab0

11 ivt
, ~7!

wheret is the quasiparticle relaxation time. The solution
Eq. ~5! yields the current-voltage characteristic

j ~Ez!5scEz1Jci J~kH ,vE!,

where kH and vE have to be expressed via magnetic a
electric fields~see Table I!.

We solved Eqs.~5! numerically and calculated theI -V
dependencies for the first flux-flow branch. We usedsc and
sab /g4 obtained from the fit ofr f f(B), assumedlab5200
nm, and adjustedg to obtain theI -V dependencies closest t
experimental ones. The results are shown in Fig. 8 for t
values of magnetic field,B51 T andB52 T at T54.2 K.
One can see a very reasonable fit to experiment for both fi
values usingg5500. At high fields~see curves at 2 T! we
found that the fit can be significantly improved by taking in
account the frequency dependence ofsab via Eq. ~7!. The
best approximation here was found for 1/(2pt)50.6 THz.
Both fitting parameters were found to be quite reasona
The value forg is consistent with the typical value ofJc(0)
for our samples at low temperatures,Jc(0)5122 A/cm2,
while the value of 1/(2pt) is consistent with the microwave
data of Corsonet al.,17 where the relaxation rate at low tem
perature was found to be'1 THz.

C. Renormalization of Swihart velocity by quasiparticles

Relatively low quasiparticle relaxation rates lead to
important observable consequence: renormalization by q
siparticles of the Swihart velocity at high frequencies,v
.1/t. The Swihart velocity is the in-plane velocity of th
electromagnetic wave at the maximumc-axis wave vector,
kz5p/s. For this mode, out-of-phase oscillations ofc-axis
current in the neighboring layers induce oscillations of t
in-plane current, leading to strong coupling with the in-pla
charge transport. As a consequence, the velocity of
mode,cs/(2labAe), is strongly reduced by the Cooper pai
in comparison with velocity of the transverse electroma
4-7
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netic wave,c/Ae. At small frequencies the in-plane motio
of quasiparticles only contributes to the dissipation. Ho
ever, when frequency exceeds the scattering rate, quasip
cles contribute to the inductive response in the same wa
the superconducting electrons do, reducing an effec
screening length and increasing the Swihart velocity. We w
analyze this effect quantitatively. The spectrum of the plas
mode,vp5vp(k,q) and its damping parametern5n(k,q)
are determined by the equation~reduced units! vp

21 invp

5 incvp1V2(k,q,vp) with V(k,q,vp) defined by Eq.~6!,
i.e., vp(k,q) is given by the solution of the equation

vp
25Re@V2~k,q,vp!#.

For the minimum frequency at fixedk corresponding toq
5p we obtain

vp
2'

k2

4 S 11ReF nabivp

11 i tvp
G D .

FIG. 8. Comparison of the experimentalI -V characteristics
measured on the long BSCCO stack at fieldsB51 T andB52 T at
4.2 K and calculated numerically using Eq.~5!. For both casesg
was used as a fitting parameter. The best fit was found atg5500.
For the I -V characteristic atB52 T t also has been varied. Th
best fit was found atvt50.25. For such a relaxation rate the fr
quency dependence ofsab has very weak influence on theI -V
shape at 1 T. In the upper axes the voltage scaleVmin(B)
[Bs2/(2labAe);0.5 mV/T corresponds to the voltage at which t
lattice velocity reaches the minimum velocity of electromagne
wave sc/(2labAe). The parameters assumed in calculations
listed in the lower plot.
13450
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From this equation one can easily observe that the Swi
velocity cS5vp /k @in units of sc/(labAe)] has two simple
asymptotics

cS5H 1/2 at cSkt!1

A11nab /t/2 at cSkt@1
.

The physical meaning of the quasiparticle renormalizat
factor r 5A11nab /t becomes more transparent if we tran
fer to the real units and use the two-fluid expressions forlab

and sab : lab
2 5mabc

2/(4pnse
2) andsab5nnte2/mab .

Then the renormalization factor reduces tonab /t5nn /ns
and

cS5HAps2nse
2/«mab at cSkt!1

Aps2~ns1nn!e2/«mab at cSkt@1
,

i.e., the renormalization amounts to replacement of the
perfluid densityns by the total densityns1nn .

The first flux-flow branch terminates due to instability
the triangular lattice configuration at the velocity close to t
Swihart velocity.40,41 Therefore, the Swihart velocity can b
estimated from the voltage at the endpoint of the first flu
flow branch. As a consequence of quasiparticle renormal
tion, one can expect an increase of the maximum voltage
the first flux-flow branch when the Josephson frequency
this voltage exceeds 1/t. The estimate of the renormalizatio
factor for our samples forvpt50.25,lab50.2 mm, sab
543104 (V cm)21 gives the valuer 52. Experimentally,
the Swihart velocity can be extracted from the slope of
linear dependence of the maximum flux-flow voltage on
magnetic field,Vf f max(H)/H. We found~see also Ref. 30!
that the slope increases at magnetic fields above 1.5 T~Fig.
5!. That field corresponds to the washboard frequency ab
0.5 THz, which is very close to the quasiparticle relaxati
rate. Therefore, the increase of the slope ofVf f max(H) at
higher frequencies may be interpreted as an increase o
Swihart velocity due to a renormalization of plasma fr
quency atv.1/t. Experimentally, the slope ofVf f max(H)
increases by a factor of 2.1, which is very close to the th
retical estimate of the renormalization factor.

IV. CONCLUSIONS

In summary, we carried out detailed experimental and t
oretical studies of the linear and nonlinear Josephson fl
flow regimes in BSCCO. Both regimes as shown can be w
described by the developed theoretical model. This takes
account an additional channel in the dissipation related to
ac in-plane quasiparticle currents accompanying JFF.
criterion of the applicability of the modelsab /(sc g2).1 is
shown to be valid in a wide temperature range belowTc .
From the measurements in the linear JFF regime

c
e
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extracted the values of both components of the quasipar
conductivity at the low-frequency limit. The extracted tem
perature dependencesab(T) is consistent with the micro
wave measurements, whilesc(T) reproduces the dc mea
surements on small mesas in zero magnetic field. The fi
the data measured in the nonlinear regime to the theore
model allowed us to estimate the quasiparticle relaxa
time t and the renormalized Swihart velocity at hig
frequency limitvt.1. All these results demonstrate the a
plicability of JFF measurements for studies of quasipart
dynamics in layered high-Tc superconductors.

We derived from the experimental data forsc(T) the im-
purity bandwidthg i and from the nonlinear part of theI -V
characteristics we estimated the QP relaxation ratet,
which is consistent withg i . In a similar way, the universality
of s00

(c) may be checked by measurements of pristine
R.
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irradiated crystals, and the upper limit forV0 may be given
by study ofsc(T) at lower temperatures and frequencies.
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