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Probing quasiparticle dynamics in BLSr,CaCu,Og, 5 With a driven Josephson vortex lattice
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We show that the flux-flow transport of the Josephson vortex latlefh) in layered high-temperature
superconductors provides a convenient probe for both components of quasiparticle condugtaitgo ,, -
We found that the JVL flux-flow resistivityys; , in @ wide range of magnetic fields is mainly determined by the
in-plane dissipation. In the dense lattice regirBe<(1 T) the p;+:(B) dependence is well fitted by the theoret-
ical formula for that limit. That allows us to independently extract from the experimental data the valugs of
and of the ratiar,, /(o.y*). The extracted temperature dependenggT) is consistent with microwave data.
The shape of the current-voltage characteristics is also sensitive to the frequency dependepcentiich
allows us to estimate the quasiparticle relaxation time and relate it to the impurity bandwidth using data
obtained for the same crystal.

DOI: 10.1103/PhysRevB.68.134504 PACS nunider74.25.Qt, 74.50tr, 74.25.Fy, 74.25.Ha

I. INTRODUCTION the DOS approaches a finite valpée) ~p(0) for e< y; and
p(e)xe for e>1v;, where the impurity bandwidthy; de-
The properties of quasiparticleP’s) in the high-  pends on the impurity concentration and the impurity poten-
temperature cuprate superconductors are unusual due tial. In the limit of strong impurity potentia{unitary limit)
d-wave gapless pairing in these systems. The concentratiasne gets for the impurity bandwidthy, ~ (% voA o) Y2 where
of QP’s in cleand-wave superconductors vanishes in thev, is the normal-state relaxation rate ahglis the magnitude
limit T—0 because their density of stat€0S) has asymp-  of the superconducting gap.
totics p(e)x e at low energiese— 0. Suchd-wave features With p(e) known, the QP transport can be calculated in
of the QP spectrum has been clearly demonstrated byhe framework of the Fermi liquid theory. Along this line
angular-resolved photoemissi¢ARPES studies(see, €.9., Lee® predicted a universalimpurity-independent low-
Ref. 1) and confirmed by numerous transport measurement§emperature limit for the intralayer electrical conductivity,

However, QP transport properties are still in the focus of hot E,%b)znezl(wmabAo), arguing that both the DOS and the

debate and new experimental techniques are very valuable gl:attering rate are proportional to the impurity concentration

un_derstandmg these properties. In this paper we use thend thus cancel in the Drude expression for the conductivity.
driven Josephson vortex lattice to probe both in-plane an’j?<

interplane QP transport and compare results with other tec Zerenis the carrier concentration am%b is the QP in-plane
niques. effective mass. In the same way universal thermal conduc-

We start with a brief overview of the QP physics in the tivity was predicted by Sun and Mdkand by Grafet al.

high-temperature superconductors. The main issues are havfiter it was shown in Ref. 8 t_hat_ electron _interactions in_side
impurities modify the QP spectrum and how they affect theth® layers lead to the Fermi-liquid corrections to the univer-
mobility of the QP’s. Two competing effects determine QPsal electrical conductivity. Durst and Leéound that such
transport at low temperatures. It was recognized very earlgorrections as well as the asymmetric scattering., the
that impurities in unconventional superconductors destroglifference between the QP relaxation rate and the transport
the superconducting order parameter in their vicinity, in-Scattering rateresult in the expression for the intralayer
creasing the DOS at low energie$his effect enhances the electrical conductivityo,,(T) = o8” 8. Experimentally ob-
low-temperature QP transport. On the other hand, an increaserved values of low-temperatusg,, usually correspond to
of the QP scattering rate by impurities suppresses the QB>1 (see Ref. 10 Durst and Lee found also that such cor-
transport. In addition, there is a tendency for QP localizatiorrections to the universal thermal conductivity &t y; are
due to the two-dimensionality of superconducting GuO practically absent.
layers. For the interlayer tunneling conductivity;., in highly
The low-energy asymptotics of the QP DOS in inhomo-anisotropic layered cuprates such as,BjCaCyOg, 5
geneoudg-wave superconductors is a challenging theoreticalBSCCO the authors of Ref. 11 have argued that it is uni-
problem, which is not yet settled. Several approximationsrersal in the limit of low-impurity concentration, when elec-
have been used to calculatée), leading to different results. trons tunnel between layers conserving their in-plane quasi-
In the self-consistenT-matrix approximatiofi® (SCTMA)  momentum (coherently. In contrast too,,, o, depends
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only on the intralayer DOS.e., on the QP relaxation ratedt proach. One can conclude from these measurements that the
is not sensitive to anisotropy of the in-plane scattering, andipper limit for the low-temperature behaviél,, lies below
in-plane vertex corrections are not important. In this case th€.1 K and that the temperature behavioxdi) observed so
low-temperature conductivitys is related to the Josephson far is in contradiction with the theoretical SCTMA predic-
critical current densityl(0) by a simple relation similar to tions.

the well-known Ambegaokar-Baratoff relation in conven- Measurements of interlayer conductivity seems to follow
tional Josephson junctionef)%)=2ech(0)/(7-rA0) wheres closely the theoretical predictions of the the SCTMA Fermi-

is the interlayer spacing. In the framework of SCTMA liquid model assuming coherent interlayer tunnefihgror

. L c)
Fermi-liquid approach the temperature corrections to the uniEBSCCO crystals from different groups, similar values,

-1
L () _ 1 ~2 (k2 cm)™*, were observed by measurements oflthé
versal conductivityrgg at T<, were found" to be characteristics, though universality of this value was not

checked by comparison of crystals before and after irradia-
tion as it was done for the thermal conductiVifyThe tem-
perature dependence of(T) at T<vy; was found to be in
agreement with the theoretical prediction, Efj), and the
values of y; in the interval 24—-29 K were derived from
fitting, in agreement with the data for the relaxation rate

oo(T=~ o[ 1+ (7T)?/18y?]. (1)

A similar result has been obtained for the in-plane QP con
ductivity neglecting anisotropic scattering and vertex
corrections. However, it is known that such corrections sub-
stantially modify o,,(T). For the thermal conductivity, mentioned above.

K(T)/T,.in. the unitary limit, the thermal'co.rrections arealso |4 intralayer and interlayer components of the QP con-
quadratic inT/y;, as fora¢. Only in the limited temperature g,civity are found to have qualitatively different tempera-
range correction linear it has been found when the impu- yre dependencies in the superconducting state. The inter-
rity potential is not very strongf _ . layer conductivity monotonically decreases with a
~ The more elaborate approaches, which take into accougmperature decrease in the whole temperature range from
interference effects, suggest that the QP DOS vanishes atT_ down to lowest temperatures. In contrast, the intralayer
—0 (see the recent review in Ref. )13n particular, a recent  conductivity has manifestly nonmonotonic behavior: it rap-
numerical analysi$ has demonstrated that the QP DOS be-ily increaseswith a decrease of temperature in some region
haves at very low energies age)>e® with a nonuniversal  pelow T, , reaches a peak at some intermediate temperature,
exponenta. This exponent depends on the details of theang decreases with a further decrease of temperttiret’
disorder model and particle-hole symmetry in the normalrhis behavior is also consistent with the heat transport mea-
state. In the realistic caséinary alloy model without gsyrements for the electronic part of the thermal
particle-hole symmetyit was found thate>0 correspond-  conductivity?® The peak in the temperature dependence of
ing to a DOS suppression at low energies. The energy scalg, appears due to an interplay between the temperature
for this suppression is given by the resonance energy for agependencies of the relaxation rfdtand concentration of
isolated impurity(o with o—0 as the impurity potential quasiparticles. The unusual increase of the QP conductivity
increases. This means that at very low temperatufes, and thermal conductivity just beloW, is attributed to the
<, QP transport should vanish. fast drop of the relaxation rate due to the reduction of the
Intralayer conductivity was studied by a microwave phase space for scatteriffgA decrease of the conductivity at
technique®'*>~*"and infrared spectroscopy.** These mea- |ow temperatures, below the peak, is caused by a drop in the
surements have shown that,(T) is not universal in the concentration of the thermally activated nodal quasiparticles.
low-temperature limit and that its temperature dependence #ence, the behavior of QP’s in the cupratevave supercon-
T~y deviates strongly from SCTMA predictiohésee be-  ductors is not fully understood yet and new methods to probe
low). The impurity bandwidth can be estimated from thethe QP transport would be useful to resolve controversy and
frequency dependence of the intralayer conductivity,provide additional information on the characteristic param-
oap(w). According to the model calculation of Ref. 5, the eters, such af),,.
typical relaxation rate, ¥/ in o,,(w) has to be of the order  Recently an alternative method of probing the QP conduc-
of . Recent terahertz spectroscopy measurements @ivities o, and o, has been suggestédThe method is
oap(w) in BSCCO by Corsoret al'’ showed that at low based on measuring the losses associated with a transport of
temperatures it has a Drude frequency dependence with thRe Josephson vortex lattiCgJVL) driven by steady current
typical relaxation rate I~1 THz. This gives an estimate across the layers in crystals with intrinsic Josephson inter-
7i=30—-50 K. layer coupling?®® The unexpected dependence of the inter-
Experimentally a universal value e,/ T was confirmed layer transport on the intralayer quasiparticle conductivity in
by measuremerts #*of the thermal conductivity in BSCCO the flux-flow regime is related to the spatially inhomoge-
and YBaCwO; (YBCO) crystals. Particularly, Nakamae neous structure of moving JVL. Figure 1 shows the space
et al?? measured thermal conductivity in pristine and irradi- structure of a stationary high-field Josephson lattdeside
ated BSCCO crystals af<0.1 K. Direct comparison of the layers the supercurrent oscillates along the direction per-
k(T) in pristine and irradiated crystals showed almost thependicular to the applied parallel magnetic fiekdakis). The
same valuecy,/T obtained by extrapolation t6=0. How- interlayer transport current drives the vortex lattice along the
ever, strong temperature corrections, lineafjrio this uni-  x axes. At small velocities the lattice is practically undis-
versal value were found below 0.25 K. Such corrections areorted. Then the supercurrent inside the layer at a given point
not anticipated well belowy;~20 K in the SCTMA ap- changes periodically with timé,>= sin (2mvt/a), wherev is
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FIG. 2. (@) Schematic view of junction orientation and experi-
mental setup(b) Normalized temperature dependence of resistance
along thec axis of the typical long stacked junction used in experi-
ment.
the lattice velocity anda=®,/sH is the period of vortex
lattice. According to the first London equatigsee, e.g., parameters ¥/ and vy, for the same crystal and correlate the
Ref. 29, frequency and temperature dependencies of quasiparticle

conductivities.

FIG. 1. Dense Josephson vortex lattice with petie®s in the
¢ direction. Arrows show the direction of currents.

Il. EXPERIMENT

To obtain high-quality stacks we fabricated samples from
single- crystal whiskers of BSCCO. The thin BSCCO whis-
an alternating electric fiel&, with frequencyo=2mv/a is  kers have been characterized as extremely perfect crystalline
introduced by a moving vortex lattice. Heng is the density ~ objects®” They grow along thg100] direction free of any
of superconducting electrons. The electric field causes relaxérucible or substrate and can be entirely free of macroscopic
ation due to quasiparticle currept= oapEx . Hence, as was defects and dislocations. The stacks have been fabricated by
shown, both components of the QP conductivityando,, the double-sided processing of the BSCCO whiskers by the
contribute to the Josephson flux-flow resistivity and can ~ focused ion bean(FIB) technique. The stages of fabrications
be extracted separately from the magnetic field dependenagere similar to those described in Ref. 33. Figufa hows
of ps;. Moreover, the shape of tHeV characteristic related Schematically the geometry and orientation of the structure
to JVL motion at high magnetic fields is sensitive to theWith respect to the crystallographic axes. We reproduced the
frequency dependence of the QP conductivity and thereforeverlap type of long stack geometry, which is known to pro-
may be used to estimate the QP relaxation time. This ap\llde the most uniform current distribution along the
proach allows one to probe the relatively low-frequencyjunction”® The structure sizes werk,=20-30 um, Ly,
range of the QP conductivity, 0.01-3 THz, and thus the re=1—2 um, L,=0.05-0.15um. US'”Q a high-resolution
sults can be easily compared with the data of microwaveptical microscope we selected for the experiment long uni-
measurements. The goal of the present paper is to demofrm whiskers with a length of 500-10Q0m, a thickness
strate the applicability of this method for studies of the QPof 0.5-1 x m, and a width of 10-2@m. Four silver con-
conductivity in BSCCO. tact pads have been evaporated and annealed at 450 ° C in

Motion of JVL induced by a steady current across theoxygen flow before FIB processing to avoid diffusion of Ga
layers results in a specific branch on th& characteristic ions into the junction body. The fabricated structures have
usually referred to as the Josephson flux-fidFP branch. been then tested Wy,(T) measurements to select structures
This is characterized by a rapid current increase when th&ree of inclusions of 2201 or 2223 phases. The presence of
voltage approaches a certain limiting valig,, at which the these phases is indicated as a multiple transition to the su-
lattice velocity approximately reaches the velocity of electro-perconducting state with appropriate dropsR{T) at 90—
magnetic wave propagatiofthis velocity frequently is re- 100 K for the 2223 phase and at 15-30 K for the 2201 phase.
ferred to as the Swihart velocity in analogy with a single Only single-phase 2212 stacked junctions with a single tran-
long Josephson junctionThe JFF regime is well known for sition at 75-80 K[see Fig. 2b)] have been selected for the
conventional long Josephson junctiéhand has also been further measurements. The yield of the single-phase stacks
observed on BSCCO mesa structui&s! Our purpose was was quite high, about 30-50%. The oxygen doping level of
to study the JFF linear and nonlinear regimes on longhe stacks estimated from(T) measurements abovg (see
BSCCO stacks at high magnetic fields above 0.5 T when &ef. 34 was slightly above optimumg~0.25. The critical
dense JVL is formed. Early experiments on JFF in BSCCCturrent densityd, at 4.2 K in the absence of magnetic field
have been done mostly at relatively low fieldf& or at high ~ was 1-2 kA/crd. Measurements of thieV characteristics of
fields of only a few fixed value® In addition, an absence of BSCCO stacks have been carried out in the commercial cry-
the clear upturn curvature on the JFF brafiguggests sig- ostat of the Quantum Design Physical Property Measurement
nificant inhomogeneities in the mesas used in early experiSystem(PPMS facility. The magnetic field has been ori-
ments. We report measurements that allow us to obtain thented parallel to théd axis within an accuracy of 0.1° and
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FIG. 3. Thel-V characteristics of stack no. 4 at 4.2 K without 0,0 b T T AR
magnetic field(a) and with field B applied along theb axis, B 0 1 2 3 4 5
=1.5 T(b), with B increasing from 0.85 T up to 1.5 (E). The first 1o
three branches are not traced on th¢ characteristic in zero field ’ T=60K:
and the stack jumps directly to the fourth branch. 1,0 T R.=13 ’kOhm;

E 0,8 Bo=13T

has been changed in steps of 0.05-0.1 T. In each fixed value 5

of the field thel -V characteristics have been measured using X 0.6
a fast oscilloscope. We have measured six samples with simi- & 0,4
lar results. 0.2

0,0 & e
IIl. RESULTS AND DISCUSSION
0 1 2 3

Figure 3 shows thé-V characteristics of the long stack
no. 4 (30<2x0.14 um?) at T=20 K at zero magnetic field 0.6 E I
[Fig. 3@@] and at the fieldB=1.5 T [Fig. 3(b)] oriented 0,5 + Re = 0.6 kOhm;
along theb axis. At zero magnetic field theV characteris- T 04 1 Bo=065T
tics of the stacks show a well-defined critical current shown & 7 3
at Fig. 3a) as a vertical trace with the following switch to Q03 T
the multibranched structure. TheV characteristic is highly F !
hysteretic. The hysteresis loop is shown in Fi¢a)3che- E = ;
matically by arrowdthe first switch here corresponds to the 0.1 El
jump from the critical current to the fourth branctBoth ottt
features, the hysteresis and the multibranched structures of 0 0,5 1 1,5 P 25

the I-V characteristics, are well known for Bi-2212 stacked
junctions at low temperaturés. B (T)

In the presence of a parallel field the critical current be- FIG. 4. Magnetic field dependence of the Josephson flux-flow
comes essentially suppressed and the JFF branch developsisiancer;, at different temperatures with fits to E€@).
That is characterized by a linear slope at low bRg,, by a
pronounced upturn at higher bias voltages, and by jumps tsuppressed. The accuracy of linear extrapolation ofl thle
the multiple branches at the voltages exceeding the maxiharacteristic atV|<10 mV for the definition ofR;; was
mum valueVy,. The high upturn in the nonlinedrV char-  within 5%. Figure 8c) shows an evolution of the-V char-
acteristics in the parallel field provides evidence of the highacteristics with field. One can see a rapid increasg;pfind
quality of our stacks. To get tHe;(B) dependence we mea- V,, with field. The summarized field dependencieRef and
sured a set of the-V characteristics at some temperatures forv,, for typical sample(no. 4 are shown at Figs. 4 and 5.
the fixed fields, increasing step by step. At each field weBefore analyzing these data we discuss the expected theoret-
measuredRs;. The value ofR¢; has been defined as an ex- ical dependencies.
trapolation of the linear part of thé-V characteristics at First, we will consider the linear limit of the-V charac-
|[V|—0. As seen from Fig. @), this extrapolation can be teristics corresponding to low JFF velocity. In the second
easily done at high fields when the critical current is highlypart, we will focus on the high-velocity JFF limit.
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3 — ; —_— peratures are depicted in Fig. 4. They are evidently nonlinear

; o o ] with the type of nonlinearity predicted by E(B): quadratic

i 0.86 mV/T/unction " 1 growth followed by the saturation. As shown in Fig. 4, the
2 - e | data can be well fitted to Eq3) in a wide range of tempera-

] tures. Two fitting parameters have been used for each curve:

R., the high-field saturation value of the resistaritig(B)

) ] and the characteristic fie,, both defined by Eq3). Us-

- . '/’/'(/)/:12 mV/T/junction ] ing.th.at fit at a set of temperatures we found a temperature

Ot L variation of both parameters. Then, from the temperature de-

0 1 2 3 4 5 pendence ofR, we can directly get the dependence of
B (T) o+(T), while the temperature dependerig contains infor-
mation about the ratio,,(T)/o(T) for given values ofy.

FIG. 5. Magnetic field dependence of maximum voltage of theFor T=4.2 K we foundB,= 3.3 T. We estimate the value of
Josephson flux-flow branch,may. y~500 at 4.2 K from the value of the Josephson critical
current densityd.(0)=1.7 kA/cn? and the value of ,,(0)
=02 m using the well-known expressitd,

The linear flux-flow resistivity of the Josephson vortex =c<1>0/(87723y2)\§b). This gives a quite reasonable value
lattice, pys, is determined by the static lattice structure andfor ¢, at 4.2 K, o4p(4.2)=4x 10" (Q cm)~ L. Finally, we
linear quasiparticle dissipation. At high fieldsB  restored the temperature dependence of the in-plane quasi-
>®/(7ys?), the Josephson vortices homogeneously fill a"particle conductivityo,,(T) taking into account the tem-
the_Iaygrs and the static lattice structure is characterized erature dependence of We used they(T) dependence
ot et i e e avcovopy s C¥1aced fom the known data o (T) (Rel. 38 an

P 9 Y Py A(T) (Ref. 39 in BSCCO. Actually,y* only weakly de-

the London penetration lengthg:=Ac/X4p. At small veloci- ends orT, slowly decreasing within 15%, with a tempera-
ties this pattern slowly drifts along the direction of Iayers,p . ' y 9 ' P
L . . . -'ture increase from 4.2 to 70 K.
preserving its static structure. This motion produces oscillat-"" _. .
Figure 6 demonstrates the temperature dependencies of

ing c-axis (E,) and in-plane ) electric fields leading to o,p and o extracted from the Josephson flux-flow experi-
extra dissipation, in addition to usual dissipation due to the}naent As \7ve foundgr, rapidly increases below, with a
. ab c

gﬁ/;l]egt;c fieldE, . The total dissipation per unit volume is decrease off, reaches a maximum at about 30 K, and then

drops down at low temperatures. This typeogf(T) behav-
2_ 2 =2 T2 ior has been found earlier in the microwave experiments for
o118 = 0cB ¥ ool B2+ ran( B @ YBCO (Ref. 10 and BSCCQ(Refs. 15—1Yand also is con-
whereo ;= 1/py is the flux-flow conductivity(- - -) denotes  sistent with the heat transport measurements of the electronic
the time and space average, ang=1/p. and o,,=1/p,,  part of the thermal conductivif§ As discussed in the Intro-
are thec-axis and in-plane quasiparticle conductivities, re-duction, the peak in the temperature dependence,gfap-
spectively. An expansion with respect to the Josephson cupears due to an interplay between the competing temperature
rent at high fields allows us to relakg, andE, with E,, dependencies of the relaxation rdtand concentration of
quasiparticles. We found that the value and temperature de-
pendence ofr,, extracted from the Josephson flux-flow ex-
periment reproduce quite well the low-frequency microwave
datal® The sharper increase af,,(T) below T, may be
related to weaker scattering of the quasiparticles in the
BSCCO single-crystal whiskers used in our experiments. At
higher temperatures the data are also consistent with the re-
with h=27ys?B/®, and ky=2msB/®,. Here n is the sults of dc measurements of,,(T) in the normal state car-
layer index. Finally, we obtain a simple analytical formula ried out at the whiskers from the same batdlsee the points

U max(MV/junction)

A. Linear flux-flow resistivity

-~ 4E
EnAX,t)=—(— 1)”h—22cos(ka+ wt),

_ 2E
E(X,t)=(— 1)”7—hzsin(ka+ wt),

for the flux-flow resistivity?*>° at T=100 K). We see that, in contradiction to the naive
SCTMA predictions, o,,(T)/ o ap(0)— 1~ (T/¥)?, oap(T)
B2 oap Do has a strong temperature dependencE<at;~ 30 K so that
pit(B)= BZTB(ZTPC’ Bo="\ U_c\/iw—yzsz 3 the saturation to the low-temperature value is not reached
even at 4 K.
The relative importance of the in-plane andxis dissipation In contrast, the temperature dependencerpfextracted

channels is determined by the dimensionless rdfio from the flux-flow experimenfFig. 6(a)] is consistent with
=0.,/(0. ¥?). The in-plane dissipation channel dominateso(T) measured on small mesas in zero magnetic ffeld,
whenI'>1. with o(0) being close to the universal value.(0)

Experimental dependencies of the JFF resistalRg€B), ~2 (kQ cm) ! predicted in Ref. 11. The data also extrapo-
on magnetic fieldB applied along thé axis at various tem- late well to the points of dc measurementsog{T) of the
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60 : : : . . dence of their ratio. In Fig. 7 we plot the temperature depen-
249 (13(T3157) dence of the paramet&y=(o,,/ o)/ ¥? (the ratio of the QP
50~ dissipation anisotropy to the superconducting anisotropy
- The important point is that both components of the quasipar-
’g 40t ticle conductivity were extracted from the same experiment.
O As was mentioned above, the in-plane contribution to the
c 30t flux-flow resistivity becomes considerable whEe-1. Fig-
= ure 7 shows that this condition is indeed valid in a wide
b°20 i temperature range beloW,. Note that the value of ap-

proaches 1 whefi approached .. The value ofl" also de-
creases below 20 K. The interesting issue is the low-
temperature limit of". Without Fermi-liquid and anisotropic
scattering corrections to the universal electrical intralayer
conductivity,I' should approach unity at low temperatures,
T<1y;, but thel' obtained is still well above unity at 4 K.

—_
<

<

(=]
T

B. Nonlinear Josephson flux-flow regime

A nonlinear Josephson flux flow occurs at high velocities
of the Josephson vortex lattice, especially at velocities ap-
proaching the minimum velocity of the electromagnetic
wave (Swihart velocity, cs=cs/(2\ zp\/€). The main source
, . . . , of the nonlinearity is the pumping the energy from a dc
0 20 40 60 80 100 120 source into the traveling electromagnetic wave, generated by

T (K) the moving lattice. Due to the deformation of the the moving
lattice induced by interaction with the boundarf8she 1-V

FIG. 6. Solid triangles show temperature dependencies of theharacteristics in this regime can be calculated only numeri-
out-of-plane quasiparticle conductivity, (a) and in-plane quasi- cally. Below we present the main steps of the calculatsae
particle conductivityo,y, (b). Below T they are extracted from the Ref. 40 for detailsas well as a comparison with the experi-
JFF experiment on BSCCO long stack no. 4 and abbye¢hey  ment. We will consider here only the main flux-flow branch
represent the dc normal-state conductivities of whiskers measuregbrresponding to the case of uniformly sliding triangular lat-
independently on samples from the same batch. Open circles corrgce, The termination point of this branch is related to insta-
spond to ther, data from Ref. 11, obtained on small mesas in Zeropjjity of the moving triangular vortex lattic®*! Behavior at
field, open squares correspond to 14.4 GHz microwave da@for  the high-voltage branches in the JFF regime is more compli-
from Ref. 15 obtained on BSCCO epitaxial films. Solid lines in cated and these branches are beyond the scope of this paper.
both plots are just guides to the eye. Insetta shows the low- \ys emphasize that at high velocity, when the washboard
temperature part ofo(T) plotted versusT™. frequency exceeds the inverse quasiparticle relaxation time,

. one has to take into account the frequency dependence of the
same mesas in the normal state. The temperature depende siparticle conductivity/ which leads to the renormaliza-

of crc_(T) is in agreement with the theoretical prediction Ed. {5 of the plasma frequency and Swihart velocity.
() with ¥~23.5 K. At high fields in the resistive state the interlayer phase

Clearly, the behavior 0fray(T) andac(T) is very differ-  gitterences depend approximately linearly on coordinate and
ent. This can be seen more clearly in the temperature depefjme

10* (Ohm cm)™
£ [«

ab

o
S}

100

0,(t,X)~ wgt +kyx+ ¢, (4)

where wg is the Josephson frequency akgd is magnetic
wave vector. In the following we will use reduced param-
eters:wg— wg/wy, kKy—Kkyys (see Table)l The most im-
portant degrees of freedom in this state are the phase shifts
¢, which describe the structure of the moving Josephson
vortex lattice. In particular, for the static triangular lattice
¢,=mn. The lattice structure experiences a nontrivial evo-
s s s s s s I lution with increase of velocity. The equations f@f, can be
0 10 20 30 40 350 60 70 80  gerived from the coupled sine-Gordon equationség(t,x)
T (K) by expansion with respect to the Josephson current and av-
eraging out fast degrees of freed8frin the case of a steady
FIG. 7. Temperature dependence of the paramefer state for a stack consisting & junctions, this gives the
=(04,0.)! ¥?. Solid line is a guide to the eyes. following set of equations,
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TABLE |. Meanings, definitions, and functional formulas for the reduced parameters used in the paper. In
functional formulasf,= w,/27 means plasma frequency apd and p,, are the components of the quasi-
particle resistivity.

Notation Meaning Definitior{cg9 Functional formulaBSCCO
wg Reduced Josephson frequency 2mcsE, U[mV/junctiori]
Powy 2x 1073 [GHZ]
Ky Magnetic wave vector 27HyS
Dy
Ve c-axis dissipation parameter 47, 1.8x103
Ecp ecpc[ 2 cm]f [GHZz]
Vab In-plane dissipation parameter 47T<Tab>\§bwp 0-7q}\ab[ﬂm])2fp[GHz]
e pasl 182 cm]
| Reduced London penetration depth Nap/S
1N . ) Vabo
3 2 Im{d(n.m) expli(ém—gn)li=is, ) Vab(®) = 7, @

wheren=1,2, ... N andi;=i;(ky,wg) =( sin6,(t,X)) isthe ~ Wherer is the quasiparticle relaxation time. The solution of

reduced Josephson current, which has to be obtained asEél- (5 yields the current-voltage characteristic
solution of these equations. The complex functi@m,m)
describes phase oscillations in theh layer excited by the
oscillating Josephson current in timeh layer. For a finite
system it consists of the bulk ter@(n—m) plus the top and
bottom reflectiongmultiple reflections can be neglecjed

J(Ep)=0cE,+ i i(Ky , wg),

where ky and wg have to be expressed via magnetic and
electric fields(see Table)L
We solved Eqs(5) numerically and calculated thieV
_ B L dependencies for the first flux-flow branch. We usedand
g(n,m)=G(n—m)+BG(n+m)+BG(2N+2-n-m), o4/ ¥* obtained from the fit op(B), assumed ,,=200
where nm, and adjusted to obtain thel-V dependencies closest to
experimental ones. The results are shown in Fig. 8 for two
dq exp(iqn) values of magnetic field3=1 T andB=2 T atT=4.2 K.
om 2 a2 , One can see a very reasonable fit to experiment for both field
o —ivcw—0%K,q,0) o -
values usingy=500. At high fields(see curves at 2)Twe
) ) found that the fit can be significantly improved by taking into
0%k, q,0)= K1+ ivapo) ©6) account the frequency dependenceoqgf, via Eq. (7). The
T 2(1— cosq)+ (1 +ivapw)/1?’ best approximation here was found for 142 =0.6 THz.

) Both fitting parameters were found to be quite reasonable.
and o= wg andk=ky are the frequency and the in-plane The value fory is consistent with the typical value J£(0)
wave vector of the traveling electromagnetic wave generategh, oyr samples at low temperaturek(0)=1—2 Alcn?,
by moving lattice, respectively. The real and imaginary partyhile the value of 1/(2-7) is consistent with the microwave

of Q%(k,q,w) give the spectrum of the collective plasma gata of Corsoret al,}’ where the relaxation rate at low tem-
oscillations and their dumping due to in-plane quasiparticleyerature was found to be 1 THz.

dissipation(in reduced units The dissipation parameterg
andv,, and reduced penetration depthare defined in Table

I. B=B(k,w) is the amplitude of the reflected electromag-
netic wave. For the functional case of the boundary between Relatively low quasiparticle relaxation rates lead to an
the static and moving Josephson lattices, a detailed calculémportant observable consequence: renormalization by qua-
tion of B(k,w) is presented in Ref. 40. siparticles of the Swihart velocity at high frequencies,

In general, the quasiparticle conductivities in the defini->1/7. The Swihart velocity is the in-plane velocity of the
tions of v, and v,, are the complex conductivities at the electromagnetic wave at the maximusaxis wave vector,
Josephson frequency. The frequency dependence is esge— w/s. For this mode, out-of-phase oscillations @axis
cially important for the in-plane conductivity. The maximum current in the neighboring layers induce oscillations of the
Josephson frequency at the termination point of the flux-flown-plane current, leading to strong coupling with the in-plane
branch exceeds the valuerit fieldsB=2 T. Therefore the charge transport. As a consequence, the velocity of this
frequency dependence has to be taken into account. We useode,cs/(2\apV€), is strongly reduced by the Cooper pairs
the Drude-type frequency dependencevgf=v,,(w): in comparison with velocity of the transverse electromag-

G(n)=

C. Renormalization of Swihart velocity by quasiparticles
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VIV _..(B) From this equation one can easily observe that the Swihart
0 gz 04 06 04 velocity cs= w,,/k [in units of sc/(\zp\€)] has two simple
0 B=1T asymptotics
250 | 0.15
< a0 g
5 10l 0.1 = o 1/2 at Cskr<1.
< 100 | OOSL Vit /72 at cgkr>1
50 |
0 . s s ‘ 0 The physical meaning of the quasiparticle renormalization
0 0.1 \(/)'[ZmV/'l?h?E:tion]OA 0.5 factorr = \1+ v,,/7 becomes more transparent if we trans-
] fer to the real units and use the two-fluid expressions\fgr
g 5 OY,P/Vmin(%_)6 08 : and 0. N2=myc% (4mNnge?) and oup=n,7€%/Myy,.
w w T T Then the renormalization factor reduces #g,/7=n,/ng
100 |- B = 2 T | © measurements| | g og and
T ol
§ 60 | lu=17 kaiem® 1004 - o Jrs?ne?emy, at cgkr<l1
— Oy =39 10° [ cm” F & S | Vas?(ngtny)edlem,, at cekr>1
40 3 4 -~ calculations:
6,=2110" [Qecm] 0.02
20 _____,--" _‘C(Dp=0.25
==1=0 i i.e., the renormalization amounts to replacement of the su-
0 w w 1o perfluid densityng by the total densityng+n,,.
02 \c/)"[‘mV/jSﬁction?'S L The first flux-flow branch terminates due to instability of

the triangular lattice configuration at the velocity close to the
FIG. 8. Comparison of the experimentilV characteristics Swihart velocity’>** Therefore, the Swihart velocity can be

measured on the long BSCCO stack at fil8ds1 TandB=2 Tat  €stimated from the voltage at the endpoint of the first flux-
4.2 K and calculated numerically using E@). For both casey  flow branch. As a consequence of quasiparticle renormaliza-
was used as a fitting parameter. The best fit was foung=#500.  tion, one can expect an increase of the maximum voltage for
For thel-V characteristic aB=2 T r also has been varied. The the first flux-flow branch when the Josephson frequency at
best fit was found at»7=0.25. For such a relaxation rate the fre- this voltage exceeds 4/ The estimate of the renormalization
quency dependence ef,, has very weak influence on theV factor for our samples fomw,7=0.25,\;,=0.2 um, oy
shape at 1 T. In the upper axes the voltage scd#lg,(B) =4x10* (Q cm) ! gives the value =2. Experimentally,
=B(2\a\/€) ~0.5 mV/T corresponds to the voltage at which the the Swihart velocity can be extracted from the slope of the
lattice velocity reaches the minimum velocity of electromagneticlinear dependence of the maximum flux-flow voltage on the
wave sc/(2\,p\/€). The parameters assumed in calculations aremagnetic field,Vitma(H)/H. We found(see also Ref. 30
listed in the lower plot. that the slope increases at magnetic fields above XEdr

5). That field corresponds to the washboard frequency about

0.5 THz, which is very close to the quasiparticle relaxation
netic wave,c/\/e. At small frequencies the in-plane motion (ate. Therefore, the increase of the slopeVef,.(H) at
of quasiparticles only contributes to the dissipation. How-higher frequencies may be interpreted as an increase of the
ever, when frequency exceeds the scattering rate, quasiparijihart velocity due to a renormalization of plasma fre-
cles contribute to the inductive response in the same way agency atw>1/7. Experimentally, the slope o ;;madH)

the superconducting electrons do, reducing an effectivgycreases by a factor of 2.1, which is very close to the theo-
screening length and increasing the Swihart velocity. We willetical estimate of the renormalization factor.

analyze this effect quantitatively. The spectrum of the plasma
mode, w,=w,(K,q) and its damping parameter= v(k,q)

are determined by the equatigreduced units wg+|va IV. CONCLUSIONS
=ivca)p+92(k,q,wp) with Q(k,q, ;) defined by Eq(6),
i.e., wp(k,q) is given by the solution of the equation In summary, we carried out detailed experimental and the-
oretical studies of the linear and nonlinear Josephson flux-
w,z): Re[Qz(k,q,wp)]. flow regimes in BSCCO. Both regimes as shown can be well

o ] ] described by the developed theoretical model. This takes into
For the minimum frequency at fixekl corresponding t@  4ccount an additional channel in the dissipation related to the

= we obtain ac in-plane quasiparticle currents accompanying JFF. The
5 . criterion of the applicability of the modet,,/(o, y?)>1 is
w2~k_(1+ R%M ) shown to be valid in a wide temperature range belbw

P4 1+iTw, From the measurements in the linear JFF regime we
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extracted the values of both components of the quasiparticleradiated crystals, and the upper limit fox, may be given
conductivity at the low-frequency limit. The extracted tem- by study ofo.(T) at lower temperatures and frequencies.
perature dependence,,(T) is consistent with the micro-
wave measurements, while.(T) reproduces the dc mea-
surements on small mesas in zero magnetic field. The fit of
the data measured in the nonlinear regime to the theoretical \We would like to thank N. Pedersen and A. Ustinov for
model allowed us to estimate the quasiparticle relaxatiofruitful discussions, M. Graf and K. Gray for a critical read-
time 7 and the renormalized Swihart velocity at high- ing of the manuscript and constructive comments, V. N. Pav-
frequency limitw7>1. All these results demonstrate the ap-lenko for technical assistance, and T. Yamashita for support
plicability of JFF measurements for studies of quasiparticleof this work. Y.I.L. acknowledges support from the CRDF
dynamics in layered higfiz superconductors. Grant No. RP-12397-MO-02 and the Russian Ministry of

We derived from the experimental data tog(T) the im-  Science and Industry Grant No. 40.012.1.111.46. In Argonne
purity bandwidthy; and from the nonlinear part of theV  this work was supported by the U. S. DOE, Office of Sci-
characteristics we estimated the QP relaxation ratg 1/ ence, under Contract No. W-31-109-ENG-38. A.E.K. and
which is consistent withy; . In a similar way, the universality Y.I.L. acknowledge support from NATO Travel Grant No.
of oY may be checked by measurements of pristine andPST.CLG.979047.
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