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Collective Josephson vortex dynamics in a finite number of stacked intrinsic Josephson junctions
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We report the experimental confirmation of the collective transverse plasma modes excited by the Josephson
vortex lattice in stacks of intrinsic Josephson junctions in Bi,Sr,CaCu,Qg,, single crystals. The excitation was
confirmed by analyzing the temperature (7) and magnetic-field (H) dependencies of the multiple sub-branches
in the Josephson vortex-flow region of the current-voltage characteristics of the system. In the near-static
Josephson vortex state for a low tunneling bias current, pronounced magnetoresistance oscillations were ob-
served, which represented a triangular-lattice vortex configuration along the ¢ axis. In the dynamic vortex state
in a sufficiently high magnetic field and for a high-bias current, splitting of a single Josephson vortex-flow
branch into multiple sub-branches was observed. Detailed examination of the sub-branches for varying H field
reveals that sub-branches represent the different modes of the Josephson vortex lattice along the ¢ axis, with
varied configuration from a triangular to a rectangular lattice. These multiple sub-branches merge to a single
curve at a characteristic temperature, above which no dynamical structural transitions of the Josephson vortex

lattice is expected.
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I. INTRODUCTION

It has been known that stacked intrinsic Josephson junc-
tions (IJJs) form in naturally grown Bi,Sr,CaCu,Og,, (Bi-
2212) single crystals.! The collective Josephson plasma os-
cillation, manifested by the electromagnetic resonant
absorption in such Josephson-coupled layered superconduct-
ors, has provided the key to understanding the superconduct-
ing state and the vortex phases’ forming in the materials.
Two kinds of collective Josephson plasma modes, longitudi-
nal and transverse, exist in such a system of an infinite num-
ber of stacked 1JJs.> The longitudinal plasma mode oscilla-
tion, excited in an externally applied c-axis-oscillating
electric field, propagates along the ¢ axis of a stack of 1JJs
with the interlayer phase difference of a junction being uni-
form in a planar direction. The resonant absorption of exter-
nally applied microwaves by the excitation of the longitudi-
nal modes enables one to directly obtain the Josephson
plasma frequency w,. This, in turn, provides information on
the interlayer Josephson coupling strength and the c-axis su-
perfluid density in Bi-2212.* By contrast, the transverse
plasma modes can be excited by the oscillating magnetic
fields in the ab plane. The resulting induced current along the
¢ axis generates the oscillating electric field that resonates
with the transverse Josephson plasma oscillation.

On the other hand, a system with a finite number (N) of
stacked 1JJs, described by linearized coupled sine-Gordon
differential equations with the inductive interjunction cou-
pling, exhibits collective transverse plasma (CTP) eigen-
modes, with the eigenfrequencies lying between those of the
longitudinal and the transverse modes found for a system of
an infinite number of stacked junctions.>® The corresponding
dispersion relation is expressed as
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Here, N, (\,) is the c-axis (ab-plane) London penetration
depth, N the number of the junctions in a stack, s=0.3 nm
(D=1.2 nm) the thickness of a superconducting (insulating)
layer, and k (=27m/L; L the length of a stack; m the number
of the vortices present in a junction) the wave number of the
plasma oscillation.’ The mode index # runs from 1 to N.

The CTP modes can be excited by the moving Josephson
vortex lattice forming in high magnetic fields, which are al-
ternative solutions of the coupled sine-Gordon equations.’
The temporal oscillation of the interlayer phase difference
due to the moving Josephson vortex lattice, with the fre-
quency matching with that of any CTP modes, excites a reso-
nant plasma oscillation. The Josephson vortex lattice also
transforms its spatial configuration along the ¢ axis in accor-
dance with the c-axis standing-wave modes of the plasma
oscillation. The resonance of Josephson vortex lattice to the
CTP modes is revealed in the form of the multiple Josephson
vortex-flow branches in the tunneling current-voltage (I-V)
characteristics of a stack of 1JJs.8-1°

Experimental observation of the multiple CTP modes in a
stack of a finite number of 1JJs has often been attempted in a
mesa or an S-shaped stack of 1JJs fabricated on the surface of
a large stack of 1JJs, which is called a pedestal or a basal
layer.!*!* Since each superconducting bilayer in a stack of
JJs is much thinner than the c-axis London penetration
depth \,,, Josephson vortices in a usual mesa or an
S-shaped-stack structure are in a strong inductive coupling to
those in the basal layer that contains a large number of 1JJs
by itself, although measurements are intended to be made on
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a finite number of stacks in the structure of interest. Thus, the
stack of 1JJs with a coupling to the basal layers corresponds
to a system containing a nearly infinite number of junctions,
which does not support the CTP mode formation along the ¢
axis. This situation significantly affects the dynamics of the
Josephson vortices in the mesa or the S-shaped stack itself.
This may explain the usual failure of observing the multiple
resonating modes in those structures.

In this paper, we present the static and dynamic states of
Josephson vortices in stacks of 1JJs, each sandwiched be-
tween two Au electrodes without the basal layer, thus con-
sisting of a genuinely finite number of 1JJs. In the near-static
state in a low tunneling bias region of a single Josephson
vortex-flow branch, pronounced magnetoresistance oscilla-
tions were observed with #/4e magnetic flux period. These
half-flux-quantum periodic resistance oscillations indicate
that the Josephson vortex lattice in the near-static state con-
stitutes a triangular lattice along the ¢ axis. In the dynamic
state in a high tunneling bias current, on the other hand, a
single Josephson vortex-flow branch splits into multiple sub-
branches. Detailed examination of the sub-branches for vary-
ing magnetic fields and temperatures revealed that the ob-
served sub-branches were caused by the resonance between
the Josephson vortex lattices and the CTP modes.

II. BASIC CONCEPTS

The Josephson vortex configuration in stacked 1JJs of Bi-
2212 single crystals is determined by the magnetic flux den-
sity in the junctions and the junction size.'> Josephson vor-
tices are introduced to the insulating layer of a junction when
its length L is longer than the Josephson penetration depth \;
[=\@o/2mpaj(D+2)2,/5)], where @ (=h/2e) is a flux
quantum. One can identify various characteristic magnetic
fields in relation with the dynamics of Josephson vortices
(see Fig. 1). For a stack of junctions of length L, Josephson
vortices start entering the junctions above a characteristic
field H! ,'®17 defined as

HY, = (DA JLN ) I[N/ (s + D)]. )

This field can be higher than the nominal value of one flux
quantum threading a junction of length L, that is, H'C‘0
=®d,/(s+D)L, especially for a junction comparable to \,.
Even above H!.O, the tunneling screening current prevents an
external magnetic field from entering the junctions until it
reaches H' . Thus, for a junction with its length in the range
of \,<L<L,, [=\,In(\,,)/(s+D)], one can observe the
usual oscillatory Fraunhofer modulation of the tunneling
critical current as a function of an external magnetic field of
H <HL, although the junction size is larger than \; (region
0)‘18

The Josephson vortices entering the junctions for H
>H"1 form a regular lattice as the magnetic field reaches the

c
value'® H!, defined as

H')=1.4®)/27(s + D)\,. 3)

In this field range (region 1), since the field-induced vortices
exist in arbitrary configurations in a given magnetic field,
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FIG. 1. The phase diagram of the Josephson vortex configura-
tion for different ranges of transverse magnetic field and the length
of the intrinsic-Josephson-junction stack. A schematic figure in each
region represents the supercurrent distributions in layered struc-
tures, where the centers of the Josephson vortices are indicated by
black dots.

disordered multiple vortex-flow sub-branches are generated
in the I-V characteristics. In this region, the number of vor-
tices in a junction and the propagation velocities of different
vortex configurations are not correlated with each other.?’
Thus, in this field range, the vortex-flow sub-branches in the
I-V  characteristics are not related to vortex mode
velocities®?! or geometrical resonances.??

In an external field above H', (region 2), Josephson vor-
tices start forming a triangular lattice. Recent observation of
the oscillatory vortex-flow resistance arising from the inter-
action between the vortex lattice and the crystal boundary
potential clearly confirmed the existence of the triangular
vortex lattice?>** above H',.

On the other hand, the resonance between the Josephson
vortex lattice and CTP modes is well known in the vortex
dynamics.® The collective resonance revealed as voltage
peaks (in the case of the voltage bias) or voltage jumps (in
the case of the current bias) has been searched extensively
both theoretically and experimentally.>!'>? The collective
resonance has been observed in the dense-vortex state corre-
sponding to the field range of H>H!, for

1= Dy/2\ (s + D), (4)

where the shortest intervortex spacing becomes comparable
to the diameter of a Josephson vortex 2\ (region 3). Thus,
Josephson vortices in regions 2 and 3, although they form
triangular lattices in both regions in a static state without a
tunneling bias current (Fig. 1), behave differently in the
vortex-flow state in the presence of a finite tunneling bias
current. In the dynamic state, Josephson vortices in region 2
remain in a triangular lattice, while those in region 3 trans-
form their lattice configuration to fit the plasma propagation
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(a) (&)

FIG. 2. (Color online) (a) An optical micrograph of a sample
during the fabrication process. The scale bar represents the length of
10 wm. (b) Schematics of sample and measurement configurations.

modes in the stacked junctions.”® The non-Josephson-like
emission from the Josephson vortex motion?’ and the Sha-
piro resonance steps in the Josephson vortex-flow state®
have been observed in this dense-vortex state. These results
confirm the existence of the coherent motion of the Joseph-
son vortex lattice through the entire thickness of stacked (in-
trinsic) Josephson junctions.
For the highest characteristic field H‘L',4 given by

H',=®y/\(s+D)~4T for Bi-2212, (5)

the shortest intervortex spacing becomes comparable to the
Josephson penetration depth?® \,. In this region (region 4),
the Josephson current along the length of a junction distrib-
utes almost sinusoidally so that the collective resonance be-
havior between the vortex motion and the plasma modes is
expected to be stronger than in a field lower than H',.

III. EXPERIMENT

As-grown slightly overdoped Bi-2212 single crystals were
prepared by the conventional self-flux method. We fabri-
cated, using the double-side-cleaving technique,’® three
samples of 1JJs sandwiched between two Au electrodes at the
top and the bottom of a stack of 1JJs without the basal part
[Fig. 2(b)]. This structure, which is in contrast to the usual
mesa or the S-shaped-stack structure fabricated on the sur-
face of a single crystal with a large basal layer, is more
coincident with the model systems usually adopted in the
theoretical analysis.?! The geometry with the basal layer
eliminated by the double-side cleaving enables one to inves-
tigate the Josephson vortex dynamics in coupled 1JJs without
the interference from the vortex motion in the basal layer.
Furthermore, the top and the bottom Au-film leads in a stack
help the formation of the standing plasma oscillation modes
along the ¢ axis while forming a transmission guide of the
plasma oscillations along the length of the stack.

The samples containing sandwiched stacks were prepared
in the following way.*' A single crystal was first glued on a
sapphire substrate using negative photoresist and was
cleaved until an optically clean and flat surface was obtained.
Then, a 100-nm-thick Au film was thermally deposited on
top of the crystal to protect the surface of the crystal and to
make a good Ohmic contact. A mesa structure was then pre-
pared by photolithographic patterning and Ar-ion-beam etch-
ing. The surface of the patterned mesa was fixed to another
sapphire substrate using negative photoresist and the basal
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layer of the mesa was subsequently cleaved away. This pro-
cess, called the double-side-cleaving technique, was devel-
oped by Wang et al.’® A 100-nm-thick Au film was again
deposited on this freshly cleaved crystal surface, leaving a
stack of IJJs sandwiched between two Au electrodes. A few
micrometer long portions on both ends of the sandwiched
stack were etched away subsequently [see Fig. 2(a)] to get
the bottom Au electrode exposed for c-axis transport mea-
surements, as schematically depicted in Fig. 2(b). Finally, a
300-nm-thick Au-extension pad was attached on each of the
Au electrode. The lateral sizes of the three samples were
13.5X 1.4 um? (SP1), 15X 1.4 um?> (SP2), and 16
X 1.5 um? (SP3).

The magnetic field was aligned in parallel with the plane
of junctions within the resolution of 0.01° to minimize the
pinning of Josephson vortices by the pancake vortices that
can form in CuQ, bilayers due to the vertical component of a
misaligned field. The alignment was done, in a field of 4 T
and at a temperature around 60 K, by tuning to the angle that
gives the maximum Josephson vortex-flow resistance or the
minimum pinning of the Josephson vortices by the pancake
vortices generated by the angle misalignment.'*> To minimize
the external noise, transport measurements were performed
with a low-pass filter connected to each electrode located at
room temperature.

IV. RESULTS AND DISCUSSION
A. Static and dynamic state

Figure 3(a) shows the oscillation of Josephson vortex-
flow resistance of SP1 (N=35) as a function of external mag-
netic fields at 7=55 K in bias currents from 1 to 10 uA at
intervals of 1 uA. The field period of the oscillation, H,
=510 G, is one-half of H, [=®y/L(s+D)] through the junc-
tion area of length L=13.5 um and thickness (s+D)
=1.5 nm. The oscillation of the Josephson vortex-flow resis-
tance is known to be caused by the interaction between the
triangular Josephson vortex lattice along the ¢ axis and the
vortex-flow boundary potential at the junction edges.?>?*32
The observation of the Josephson vortex-flow resistance os-
cillation in our sandwiched stack without the basal layers
indicates that, as the S-shaped-stack geometry, our sand-
wiched geometry also supports the Josephson vortex triangu-
lar lattice in the steady state [see the inset of Fig. 4(a) and
Fig. 7]. The oscillation in Fig. 3(a) is reduced by increasing
bias current as the bias current tilts the boundary potential.3?
The oscillatory-magnetoresistance behavior is also sup-
pressed completely at 7~80 K near T, (=92 K) as in the
inset of Fig. 3(b), which is related to melting of the near-
static Josephson vortex lattice (refer to Fig. 7).3

The inset of Fig. 3(a) shows the single Josephson vortex-
flow branch (the low-bias region) and quasiparticle branches
(the high-bias region) in H=1.2 T at T=55 K. The field, be-
longing to region 2 in Fig. 1, corresponds to the position
indicated by the arrow in the main panel. In this field region,
the single-curve Josephson vortex-flow branch caused by the
triangular lattice persists even down to 4.2 K (not shown). In
Fig. 3(b), I-V characteristics of SP1 in a field of region 3 at
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FIG. 3. (Color) (a) The Josephson vortex-flow resistance R as a
function of an external magnetic field H for SP1 at 7=55 K in bias
currents from 1 to 10 wA at intervals of 1 uA. (b) Temperature
dependence of the Josephson vortex-flow sub-branches and quasi-
particle branches of SP1 at H=3.9 T. Inset of (a): a single Joseph-
son vortex-flow branch and quasiparticle-tunneling branches in H
=12 T at T=55 K. Inset of (b): the temperature dependence of
R(H) in a bias current of 3 uA. Curves in the main panel and the
inset of (b) are shifted vertically for clarity.

T=25 K also show a single Josephson vortex-flow branch
corresponding to the triangular lattice. Table I shows the
characteristic field value of HQ3 of each sample.

Contrary to the field range of region 2, however, the
single Josephson vortex-flow branch in region 3 evolves into
the multiple Josephson vortex-flow sub-branches with de-
creasing temperature. Figure 3(b) shows the temperature de-
pendence of the Josephson vortex-flow branches, where the
multiple sub-branches start appearing at 7~20 K and be-
come clearer with decreasing temperature. At 7=4.2 K, a
single branch representing the triangular lattice below the
current bias of I,~2 pA splits into multiple Josephson
vortex-flow sub-branches for the higher current bias. The
Josephson vortex flow then transits to the McCumber quasi-
particle tunneling for 7, above 8 nA. The multiple Josephson
vortex-flow sub-branches are rapidly suppressed with in-
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FIG. 4. (Color online) The magnetic-field dependencies of the
Josephson vortex-flow sub-branches and the McCumber branches
of (a) SP2 and (b) SP3 at T=4.2 K. The I-V characteristics in all the
figures are shifted vertically for clarity. A voltage V,,,, denoted by a
vertical dotted line in each set of curves demarcates the Josephson
vortex-flow region (JVFR) from the McCumber quasiparticle-
tunneling region (QPR). Inset of (a): (i) the triangular-lattice and (ii)
the rectangular-lattice configurations of the Josephson vortex lattice
along the ¢ axis. The contact resistance was subtracted numerically
in the main panels of (a) and (b).

creasing temperature above 4.2 K and disappear completely
as the temperature reaches 25 K. On the contrary, the
quasiparticle-tunneling branches are robust to the tempera-
ture variation and persist up to 7=25 K. These contrasting
temperature dependencies of two different regions strongly
imply that the multiple branches in the two regions are of
different physical origins.

We also observed the separation of the two characteristic
multiple-branch regions in SP2 and SP3. Figures 4(a) and
4(b) show the magnetic-field dependencies of I-V character-
istics of two sandwiched stacks, SP2 and SP3, respectively,
at 4.2 K. The number of zero-field quasiparticle-tunneling
branches of SP2 and SP3 is 22 and 45, respectively (not
shown), which coincided with the total number of 1JJs in the
given stacks. The differentiation of the multiple branches by
the collective Josephson vortex flow (the low-bias region)
from the ones by the quasiparticle tunneling (the high-bias
region) is based on the fact that the delimiting current, rep-
resented by the current values marked by the dotted vertical
lines, stemmed from the zero-field Josephson critical current.
Nonetheless, a finite resistance is present in the region below
the critical bias point because of the Josephson vortex flow,
although the region itself represents the dissipationless pair
tunneling state.

214502-4



COLLECTIVE JOSEPHSON VORTEX DYNAMICS IN A...

PHYSICAL REVIEW B 75, 214502 (2007)

TABLE I. Sample parameters. N is the total number of intrinsic Josephson junctions in a stack, A\; the
Josephson penetration depth, Hg3=(l>0/ 2N\,(s+D) (s and D the thickness of the superconducting and the
insulating layers, respectively), c,,,, the maximum propagation velocity of vortices in region 3, and c; the
velocity of the fastest collective plasma mode estimated by the RCSJ model.

Sample Stack size Ny H'C‘3 Conax c
No. (um?) N (um) (T) (X10° m/s) (X10° m/s)
SP1 13.5X1.4 35 0.25 2.8 3.8 35
SP2 15X 14 22 0.32 2.1 3.9 3.7
SP3 16 X 1.5 45 0.24 2.9 4.2 35

The observed sub-branches for SP2 and SP3 have com-
mon features: (i) a single Josephson vortex-flow branch
splits into multiple sub-branches for regions 3 and 4, (ii) the
number of the quasiparticle sub-branches is ~18 and ~42,
respectively, which is close to the number of the junctions in
each sample, and (iii) the sub-branches in the Josephson
vortex-flow region become clearer and wider with increasing
the transverse magnetic field (in contrast to the case of qua-
siparticle sub-branches, which keep shrinking with field in-
stead). These three common properties of sub-branches are
consistent with the prediction of the inductive coupling
theory for the electrodynamics of stacked Josephson junc-
tions.

Since the speed of vortices c,,,, is limited by that of the
maximum electromagnetic wave in a junction, Josephson
vortex-flow state changes to quasiparticle-tunneling state
near the maximum cut-off velocity or equivalently by the
limiting voltage V,,,,, in the outermost sub-branch. Using the
relation’ of V,,,,=NH(s+D)Cu» We could get ¢, as
~3.9%10° and ~4.2X 10° m/s for the corresponding de-
limiting bias point V,,,. in SP2 and SP3, respectively. These
values are similar to those obtained from a Josephson vortex-
flow branch in mesa structures.!® In the case of the usual
mesa or the S-shaped-stack structure with a basal layer, only
a single Josephson vortex-flow branch used to be observed
below the critical bias point, regardless of the temperature
and the magnetic-field intensity. The velocity c,,,, corre-
sponding to the delimiting value on this single branch has
been regarded as the slowest mode velocity, n=N. As illus-
trated below, however, in our case without the basal layer,
Cmars COrresponding to V. in the outermost sub-branch, rep-
resents the propagation velocity of the n=1 plasma mode.

The nth CTP mode corresponding to the dispersion rela-
tion in Eq. (1) has its own characteristic propagation velocity
given by

€o
cp= ,
V1 = cos[na/(N + 1)]

(6)

where ¢, is the Swihart velocity, the propagation velocity of
electromagnetic waves in a single Josephson junction. In the
resistively and capacitively shunted junction (RCSJ)
model,® the junction capacitance is obtained by the relation

@ .

Ci= ECFZ)R%’ where B, [=(41./7I,)*] is the McCumber pa-
rameter, R, is the normal-state junction resistance, and I, is
the retrapping current. In SP2, C; is obtained to be about

47 pF, with I.=0.2 mA, 1,=4.8 pA, and R,=10 (). The Swi-
hart velocity co=VsA/2u,C j)\Z,], estimated from the junction
capacitance, is 3.6 X 10* m/s, with A»=200 nm and the
junction area of A=21 um?. The resulting fastest mode ve-
locity ¢;=3.7 X 10° m/s is in remarkable agreement with the
observed value of c,,,, in SP2. Experimental values of c,,,, in
Table I are consistent with the calculated ones of ¢; for all
three samples. This indicates that the outermost sub-branch
is the fastest-velocity mode of n=1.

In general, Josephson vortex resonance branches by the
interlayer inductive coupling have been predicted to generate
current steps near the resonance voltages on the background
of a single resistive branch.’ In the present study, however,
Josephson vortex resonance to the CTP modes constitutes
multiple sub-branches over almost the entire bias range. A
recent theory for an interlayer inductive coupling hybridized
by a capacitive coupling predicts that the resistive sub-
branches corresponding to the collective resonance modes
show linear /-V characteristics in the low-bias region with
varied slopes from one another.>® More spread in the slopes
is predicted for a higher capacitive coupling. Figure 5(a)
shows the Josephson vortex-flow sub-branches for SP2 at
H=5T. As predicted by the theory, all the sub-branches in
the Josephson vortex-flow regime exhibit linearities with
varied slopes in the low-bias range. The extrapolation of the
linear low-bias region converges to a single point on the
current axis, although the inductive-capacitive hybrid cou-
pling theory predicts that they should converge to the origin.
The discrepancy indicates a finite pinning of Josephson vor-
tex motion due to the presence of any defects in the stacked
junctions or pancake vortices due to any field misalignment,
with the converging current point corresponding to the de-
pinning current. The inductive-capacitive hybrid coupling
model indicates that the extent of the spread in the low-bias
slope of the resonant branches is proportional to the strength
of the capacitive coupling represented by the parameter « as

-1 V.
Vo= ) et
the depinning current of the Josephson vortex and /. is the
tunneling critical Josephson current at a given applied field.
Here V. is the maximum mode voltage corresponding to a
given bias current as represented by the curve denoted with
an arrow in Fig. 5(a). The gray region illustrates the best fit
to the sub-branches in the low-bias region. The best-fit value
of « turns out to be 0.45 with V,.=4.22 mV. The best-fit
values of « were found to be almost insensitive to magnetic
fields as @=0.43-0.45 for H=4-5 T [see the inset of Fig.
5(a)], which is consistent with the assumption of capacitive

where n=12,...,N. Here, I, I
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FIG. 5. (Color) (a) Josephson vortex-flow sub-branches for SP2
for H=5 T with the current axis normalized by the critical bias
current. Splitting of the near-static low-bias Josephson vortex-flow
curve into multiple sub-branches indicates the effectiveness of the
interjunction capacitive coupling. (b) Josephson vortex-flow sub-
branches for SP2 at H=4.35 and 4.5 T. The contact resistance was
subtracted numerically in (a) and (b). Inset of (a): magnetic-field
dependence of the capacitive coupling parameter «.

coupling and reasonably close to the theoretical
expectation®® of 0.1 <a<0.4. Therefore, as shown in the
upper inset of Fig. 4(a), we consider that the first (n=N; the
leftmost) and last (n=1; the rightmost) sub-branches corre-
spond to (i) the triangular and (ii) the rectangular Josephson
vortex lattices along the ¢ axis, respectively.

The dielectric constant from the junction capacitance
value of 47 pF in SP2 is nearly 300, which is much higher
than the previous report.>” The effective dielectric constant
can be enhanced significantly in our stacked Josephson junc-
tion structure consisting of very thin (0.3 nm) superconduct-
ing layers, which are comparable to the Thomas-Fermi
charge screening length and thus lead to the breaking of the
charge neutrality in superconducting layers.” In an external
electric field, under this circumstance, the total electric field
existing in an insulating layer consists of an externally ap-
plied field and an additional field induced by the unscreened
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FIG. 6. Temperature dependence of I-V characteristics for (a)
SP2 in H=5.2T and (b) SP3 in H=3 T. The curves are shifted
vertically for clarity. The insets of (a) and (b) show a single Joseph-
son vortex-flow branch above the characteristic temperature 7, in
two different magnetic fields for SP2 and SP3, respectively.

charges in the superconducting layer. It can be estimated that
the enhanced polarization induced by this additional field
due to breaking of the charge neutrality results in the signifi-
cant enhancement of the effective dielectric constant of the
insulating layer.’® The large effective dielectric constant has
been observed in our previous measurements also.’3!

Figure 5(b) shows the change of Josephson vortex-flow
sub-branches for SP2 when magnetic field increases from
H=4.35to 4.5 T. More changes take place in the voltages
between the two magnetic fields for branches in the higher
voltages (branches more to the right). This behavior can be
compared to the dispersion relation of Eq. (1), which states
that the lower-index modes are more dispersive than the
higher-index modes. This is equivalent to stating that the
lower-index modes are faster than the higher-index ones, as
represented by Eq. (6). Thus, the right-most branches among
multiple Josephson vortex sub-branches in Figs. 3-6 are
again considered to represent the square vortex lattice [see
the inset of Fig. 4(a)] corresponding to the n=1 plasma ex-
citation mode.

The maximum number of vortex-flow sub-branches
counted for various fields in SP2 is 20, which is two modes
smaller than the number of quasiparticle branches (or,
equivalently, than the number of junctions). Recently,
Ryndyk'? proposed that the additional dissipation due to the
charge-imbalance relaxation due to quasiparticle injection in
a junction can prevent the structural transformation of Jo-
sephson vortex lattice along the ¢ axis. In our sample geom-
etry, quasiparticles are injected directly from the outside
through the outermost two junctions, which may cause the
nonequilibrium charge-imbalance effect in the two outermost
CuO, bilayer. The resulting suppression of the configura-
tional transformation of Josephson vortex lattice reduces the
number of observable resonance modes. For inner CuO,
planes, on the other hand, with the pair tunneling for a bias
below the critical current of the junction, the quasiparticle
injection can be neglected.

B. Temperature dependence

Figures 6(a) and 6(b) show the temperature dependencies
of I-V characteristics for SP2 in H=5.2 T and for SP3 in
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FIG. 7. (Color online) The dynamic Josephson vortex phases for
SP3, drawn on the static Josephson vortex phase diagram deter-
mined in Ref. 35. In comparison with this dynamic vortex lattice
configuration, in the static case, all the region bounded by the char-
acteristics fields H, and H,, represents a triangular Josephson vortex
lattice configuration.

H=3 T, respectively. The temperature dependencies of the
sub-branches in the Josephson vortex-flow region and
quasiparticle-tunneling region are much different from each
other. Although not clearly illustrated in the figures, the qua-
siparticle branches survived up to temperatures close to 7.
The sub-branches in the Josephson vortex-flow region, how-
ever, disappeared at a characteristic temperature 7, near 18
and 28 K for SP2 and SP3, respectively, leaving a single
branch as SP1 in Fig. 3(b). These characteristic temperatures
are almost insensitive to the fields applied [see insets of Figs.
6(a) and 6(b)].

In the vortex flow state for the magnetic-field range of
regions 3 and 4, the triangular vortex configuration and the
multiple-mode configuration resonating with the CTP modes
compete with each other (refer to Fig. 7). At low-enough
temperatures, the triangular vortex configuration wins in the
low-bias near-static region, while the multiple-mode con-
figuration predominates in the high-bias dynamic region. For
T>T,,, however, thermal fluctuation and quasiparticle dissi-
pations prevent the Josephson vortex lattice from resonating
with the CTP modes. Then the vortices stay on the
triangular-lattice configuration without a structural transfor-
mation even in the high-bias dynamic state.'> The value of
the delimiting voltage V,,, of the outermost Josephson
vortex-flow sub-branch turns out to be insensitive to tem-
perature near 7., which means that the triangular Josephson
vortex lattice can reach the maximum velocity corresponding
to the fastest mode, n=1, without the structural transforma-
tion in resonance with the CTP modes. In this branch above
T, therefore, the lattice structure may be the modulated
triangular lattice but with the propagation velocity still
locked to that of the fastest mode. Accordingly, in Figs. 3(b)
and 6, although the rightmost sub-branch below T, appears
to directly transform into the single branch above T, its
characteristics correspond to very different Josephson vortex
configurations.

As mentioned earlier, the single Josephson vortex-flow
branch without sub-branches has been observed in the usual
mesa structure.'3 In the usual mesa or the S-shaped-stack
structure, it is hard for the structural transformation from the
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triangular lattice to the rectangular lattice in resonance with
the CTP modes to take place because of the strong coupling
to the near-static triangular lattice in the basal layer even at
sufficiently low temperatures. In this case, the velocity of the
Josephson vortex lattice may reach that of the fastest mode
without the structural transformation.'?

V. CONCLUSION

The Josephson vortex dynamics was comprehensively
studied in compactly stacked intrinsic Josephson junctions
over a wide range of magnetic fields and temperatures. Mea-
surements were made on three stacks of intrinsic Josephson
junctions, each sandwiched between two (top and bottom)
normal-metallic electrodes, thus eliminating the interference
from the basal layer(s). The dynamic Josephson vortex
phases determined in this study are summarized in Fig. 7,
where different dynamic phases are drawn on the static Jo-
sephson vortex phase diagram from Ref. 35. The static Jo-
sephson vortex phase, obtained by measuring the edge-
potential-modulated  oscillatory Josephson vortex-flow
resistance in the low-bias limit, shows that the whole region
bounded by the critical fields H, and H, represents the trian-
gular Josephson vortex lattice. The critical field H, in Ref. 35
corresponds to H', in this study. In the field range H', <H
<Hl3 (region 2 in Fig. 1), a triangular vortex lattice forms,
which retains the lattice configuration in the whole tempera-
ture range bounded by H, both for the low-bias static state
and for the high-bias dynamic state. The I-V characteristics
for high external magnetic fields (regions 3 and 4 in Fig. 1)
show a single branch corresponding to the near-static trian-
gular Josephson vortex state. In the high-bias dynamic state,
however, the I-V characteristics split into multiple sub-
branches as the Josephson vortex motion becomes resonant
with the CTP modes. In the dynamic vortex state, each sub-
branch corresponded to a different configuration of the Jo-
sephson vortex lattice along the ¢ axis from a triangular to a
rectangular lattice.’> With increasing temperature, because of
the enhanced thermal fluctuation and quasiparticle dissipa-
tions, the Josephson vortices fail to resonate with the CTP
modes, resulting in the disappearance of the multiple sub-
branches in the /-V characteristics. Thus, for 7> T, the tri-
angular Josephson vortex lattice is retained although the
propagation velocity of the lattice increases with increasing
bias. In this state, the Josephson vortex lattice reaches the
maximum plasma mode velocity corresponding to V...
above which Josephson vortex state is completely sup-
pressed, replaced by the quasiparticle-tunneling state. The
characteristic fields and temperatures in the phase diagram of
Fig. 7 vary in different samples depending on the interlayer
coupling strength or the doping levels, but the general trend
illustrated in the diagram of Fig. 7 is valid for samples in any
doping level.

Due to the strong inductive coupling to many junctions in
the basal layer(s), the mesa or the S-shaped-stack structure,
although containing a finite number of junctions in the stack
under study, behaves effectively as consisting of an infinite
number of junctions along the ¢ axis. Thus, these structures
cannot support the formation of the multiple Josephson
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vortex-flow modes predicted theoretically for a finite number
of junctions. Although the c-axis boundary condition is not
strictly imposed in these systems, the transverse vortex mo-
tion is still restricted by the boundary conditions at the side
edges. This is the main reason why, in the mesa or the
S-shaped-stack structure, clear magnetoresistance oscilla-
tions are observed by the interplay between the near-static
triangular Josephson vortex configuration>* and the boundary
potential in the systems, while the transverse Josephson vor-
tex multiple modes are not obtained. One should note that
the multiple collective Josephson vortex modes can be ob-
tained only in a stack containing a finite number of (intrinsic)
Josephson junctions. The triumph of this study is that our
samples truly satisfied this condition of a finite number of
junctions in a stack and, as a result, both the near-static Jo-
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sephson vortex state highly coupled to the edge potential and
the collective transverse Josephson vortex state were identi-
fied in each junction. This facilitated the detailed identifica-
tion of the vortex configurations illustrated in Figs. 1 and 7.
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