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Localized rotating-modes in capacitively coupled intrinsic Josephson junctions: Systematic study
of branching structure and collective dynamical instability
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A variety of thel—V characteristics observed in a stack of intrinsic Josephson junctions is systematically
explained in terms of the dynamics of the localized rotating mode in the discrete nonlinear systems. We clarify
the effect of the capacitive coupling constant on th& characteristics, using the capacitively coupled Jo-
sephson junction model. The branch structure inlth¥€ characteristics changes from an assembly of equi-
distance branches to a single hysteresis-loop-like structure as the capacitive coupling constant increases. This
behavior is in accordance with experiments. We predict that dynamical transitions between collective rotating
states take place in the resistive state of a stack of intrinsic Josephson junctions in the strong capacitive
coupling regime. These transitions create step-like structure im-tkecharacteristics, which is observed in
La; S CuOy_s.
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[. INTRODUCTION (Bi-2212) with a weak capacitive coupling constant and
La;,Sr,Cu0,_s (LSCO) with a strong one. Then, the effect
Layered highT, superconductors can be considered ags ignored in the present paper for theoretical clearfiess.
naturally stacked Josephson junctiofistrinsic Josephson It is known that the CCJJ model shows two types of
junctions.! The dynamics of the superconducting phase dif-dynamic868 i.e., the plane-wave like propagating mode
ferences in the intrinsic Josephson junctions have attractedcalled the longitudinal Josephson plagmand the localized
great interest. It is well known that the phase differences irrotating-mode peculiar to the discrete nonlinear systems.
the intrinsic Josephson junctions are affected by the inducBoth modes have been detected in highsuperconductors,
tive coupling between junctions in the presence of a magnamely the longitudinal Josephson plasma has been found in
netic field and also by the charge-imbalance effectd the the microwave absorption experiments in Bi-221and the
phonon effecd Furthermore, since the superconducting |ay_latter Ioc_allzed mode has beer_1 identified to be the_orlgln of
ers forming the junctions are extremely thin in the intrinsicthe mul'gelle-branch structure in thie-V' characteristics of
Josephson junctions, a type of capacitive coupling appear3i-2212>"" From this fact a stack of intrinsic Josephson
between the junctions, which originates from the breakdowdunctions is understood to be the realistic discrete nonlinear

of the charge neutrality in thin superconducting layers a$YStem having the intrinsic localized excitation modes.
discussed ig Refs. 4 a)rlld 5. The cgpacitive cougpliné domi;_ cHce. Using the CCJJ model, one can study the dynamics of

nates the phase dynamics of the intrinsic Josephson junctio both linear propagating mode and the nonlinear localized one

S . ) il detail, which is currently under intensive studies in non-
when no external magnetic field is applied and the chargtﬁnear physicg2

imbalancing effect can be neglected. A new model which™ 1016316 two mechanisms which cause the localization in
describes the phas_e dypamlcs of an array Of_ CapaC'tVeMynamical systems. As is well known, phonons, conduction
coupled Josephson junctio@CJJ was proposed in Refs. 4 gjactrons, etc. in low dimensional systems are localized by
and 5. Thec-axis |-V characteristics of Bi-2212 under no the effect of randomly distributed disorders. The localization
external magnetic field has been successfully analyzed on thsf this kind originates from the lack of translational invari-
basis of this modei-® ance. There is another type of localization phenomena being
In this paper, we present a systematic study for the dyindependent of disorders, which stems from the lattice dis-
namics of the CCJJ model, focusing on the dependence afreteness and the nonlinear interaction in a dynamidal
the phase dynamics on the strength of the capacitive cowsystemt? The localized mode of this kind is called the non-
pling constant from weak to strong coupling regimes. Thelinear localized mode or the discrete breatHérs.has been
charge imbalance effect is not considered in this paper. Aseported that these localized modes have been detected in
discussed in Ref. 6, this effect may be incorporated phenomattice-vibration modés and spin-wave excitatios in
enologically into our model by including a Drude-like damp- some crystal lattices and also in the phase-oscillation modes
ing term in the capacitive coupling constant, which describesn conventional Josephson junctiof¥sHowever, these exci-
the relaxation of total charge. The effect is important for atations are rather special, and the experimental confirmations
quantitativeanalysis of thd —V charactristics of a stack of are not easily accessible in these systems.
intrinsic Josephson junctions, but it cannot explain the large Recently, it has been recognized that the capacitive cou-
difference in thd —V characteristics between f&r,CaCyOg  pling constant takes various values covering the weak to
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FIG. 1. Estimated values of the capacitive coupling consdant 0s
in high-T. superconductors: Bsr,CaCyOg (Bi-2212) (Refs. 5 and a=0.10
8), TlhBa,CaCyOg (TI-2212) (Ref. 16, Tl,Ba,CuQ; (TI-2201) p=0.10
(Ref. 16, SmLa_SrCu0,s (SmLSCQ (Ref. 19, o : - =
La;,Sr,CuQ,_s (LSCO (Ref. 18, and YBaCaCuyO7-_5 (6=0.3 VX1, 120)
~0.5 (YBCO) (Ref. 19. These values are roughly evaluated by
using material paramete(dielectric constant and lattice constant ‘
and (or) by the analysis of thé—V characteristics. 1@ @ P
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coupling is tunable in these systems. This fact indicates that
the systematic studies on the nonlinear localized modes art - iy ‘o
possible under various values of the nonlinear coupling con- L N
stant in a stack of intrinsic Josephson junctions. Figure 1
shows roughly estimated values of the capacitive coupling
constanta defined asa=eu?/sD in several hightF. super-
conductors, where, u, s, andD are the dielectric constant
of the block layers, the charge screening length of the super-
conducting layers, the thickness of the superconducting, anc

NN A
strong coupling regimes in highs superconductors and also Yadl! v
in layered organic superconductors, that is, the capacitive™ ,; ® @ | ®

2 4
V(xw,,u)v 12mc)

the insulating layers, respectivélyEor example, we findv / I
=0.1 in BiSrCaCyOg (Bi-2212, «a=0.4 in ——— =30
SmLa,_,Sr,CuQ,_s" and a=1.0-3.0 in 5010
La;_,Sr,CuQ,_;5 (LSCO). These values were evaluated by Ned

the analysis of the experimental data for thaxis transport P p
or optical properties. From these results one understands the Vxvd,o, /2mc)
Bi-2212 is in the weak-coupling regimer<1.0), whereas
LSCO is in the relatively strong-coupling regime >1).
The |-V characteristics in the weak coupling regimes ar

very different from that in the strong one, that is, they de_two nonequivalent configurations in the periodic boundary condi-

pends strongly orv. Here, we briefly summarize the differ- .. " . . : . .

ence in thd -V characteristics between Bi-2212 and LSCO.EZBédeg:ICC: CE}N tz;ofc;;l;z;i;gﬁtlng modes are excitée) the
In Bi-2212 the multiple branch structure is commonly seen

in the | -V characteristicd® The number of branches is un-
derstood to be nearly equal to the number of junctions. O X
the other hand, the multiple branch structure is not seen iRY the equation:
LSCO and a single or a few hysteresis loops constitute the

| -V characteristicd® The step-like structure with an almost 1

1. B -
equal spacing, which is not seen in Bi-2212, is also observedeat Pere® + = dPeg (D) +SiNPeay (1)

FIG. 2. The branch structure in theV characteristics in four-
ejunction systemsi(a) «=0.10, (b) «=1.00, and(c) «=10.0 The
periodic boundary condition is imposegd) Schematic view for the

ﬁween(?th and (£ +1)-th superconducting layers is described

w
on the resistive branch in LSCO, indicating some dynamical ) P ) ) )
instabilities taking place at the stepss. = a[SiNPyie4a(t) = 2 SiNPyyp o(t) +SINPg 4 (D] + 1],
In this paper we present a systematic study on the nonlin- (2)

ear localized modes covering both strong and weak coupling
regimes, using the CCJJ model. TheV characteristics is where w,, j., and| are, respectively, the plasma frequency,
investigated as a function of the capacitive coupling constanthe Josephson critical current, and the external dc current,
a. We clarify the change in the dynamics of the localizedand g is related with the McCumber parametgg as S
rotating modes as the coupling constant increases. It is alse1 /3.5 Note that the CCJJ model is different from the
shown that a series of dynamical transitions, as observed igonventional RCSJXresistively and capacitively shunted
LSCO, takes place in the strong coupling regime. At thejunction) model only by the term including: which gives
transition points the collective motion of the localized rotat-the coupling between junctions stemming from the charging
ing modes changes. effect. We also notice that the dynamical system described by
Eqg. (1) is equivalent to an array of nonlinearly coupled pen-
dulums. In deriving Eq(1) we assume the relation between
In the CCJJ model the dynamics of the gauge-invarianthe charge density, in €th superconducting layer and the
phase difference,; ¢(t) (=0;.1— 0~ do/ 27[ ' Ad2) be-  scalar potentialp, as

II. MODEL AND NUMERICAL SIMULATION
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FIG. 3. (Color onling (a) Voltage distribution(Ref. 21) in the first branch forx=0.10 anda=5.00. The periodic boundary condition is
imposed on the system witki=40; (b) distribution ofdPy.; ¢/ (dt).
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The chargep, given in Eq.(2), which induces the capacitive Thus, the voltage in a junction site depends not only on the
coupling between junctions, cannot be neglected in then-site rotating velocity but also on those in the neighboring
present intrinsic Josephson junctions, though it is negligiblyjunctions. In this paper we solve E@l) in the range of
small in conventional systems. In the presenceofhe Jo- 0.0<«<10.0 and examine how the dynamics of the phase
sephson relation between voltaye,; , and time derivative differences changes with varying the valuecof

of the phase differencgotating velocity dP., ./t is gen- The numerical procedure is summarized as follows. First,
we solve Eq(1) for various fixed values of and obtain the

eralized a%®
(a)
2 ‘
B=0.10
1s| N=100 a=5.0 |
’ o=3.0
o=1.0 |
== 1
0.5 - - FIG. 4. (a) |-V characteristics for three dif-
ferent values ofv. Thel-V curves fore=3.0 and
5.0 are moved upward for avoiding the overlap.
o ! ! w Step-like structure appears at the positions indi-
50 100 150
cated by arrows(b) the voltage dependence of
V(qu)ﬂmp /2mc) dv/dl. A few high peaks are clearly distinguish-
(b) () able, and their voltage positions are assigned as
80 ‘ ‘ . ‘ Vg1, Vga, andVys from the low voltage side(c)
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FIG. 5. (8) |-V characteristics forr=3.0. The site distributions
of (dPg.q ¢/db), (b) above, andc) belowVy,, (d) belowV,, and(e)

below Vgs.
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long time, the system reaches a certain steady state depend-
ing on the initial condition. For example, in the caselof
=0.5 in a four-junction system the time-averaged total volt-
age converges on one of six values, depending on the initial
conditions in the weak coupling case, i.e50.1, as seen in
Fig. 2@. When the time-averaged total voltages in the
steady states are plotted as a function of the bias current, one
obtains thd —V characteristics, as seen in Figga)22(c). In
the weak coupling regimgx< 1), the multiple branch struc-
ture with nearly equal spacing appears in th& character-
istics. In this case we have five resistive branches, though the
number of junctions is 4 in this system. The branches are
numbered from 1 to 5 in ascending order of voltages. In the
first branch the localized rotating mode appears on one of the
four junctions, while it appears on two sites in the second
and the third branches. As seen in Figd)2 there are two
nonequivalent configurations in the case where the number
of rotating sites is two in the periodic boundary condition,
i.e., the confugurations in which alternate junctions or two
consecutive junctions are resistive. These two configurations
are not degenerate in the presence of the capacitive coupling
and then theid -V curves weakly separate out and form a
pair. Such pairs of thé-V curves have been frequently ob-
served in the intrinsic Josephson junctiqBs-2212).%2

Let us next investigate the case with a larger valuex.of
As seen in Fig. &), the resistive branches from 1 to 4 shift
towards the higher voltage side asis increased. Further-
more, in the case a&#=10.0 all the branches reach the out-
ermost one as seen in Fig(c? In this region all the junc-
tions are in the rotating state, that is, the localized rotating
state is not stable in the strong coupling region. Th&/
characteristics similar to that given in FigstbR and Zc)
have been observed in the intrinsic Josephson junction sys-
tems, as welt® Let us now focus on the voltage shift in the
first branch with increase of the value of Figure Ze)
shows the shifts for three different values @f As seen in
this figure, the first hysteresis loop expands as the capacitive
coupling increases. This effect is understood in the following
way. Whena becomes larger, the number of charging super-
conducting layers near the rotating junction site is increased
(see below, that is, the charging energy in the system in-
creases with increasing the value of the capacitive coupling
constant. Then, the resistive branch shifts towards the higher
voltage side.

Let us next examine the: dependence of the isolated
localized rotating modes in more detdikigure 3a) shows
the spatial variation of the local voltagjén the system com-
posed of 40 junctions in the wedlke=0.1) and strong(«
=5.0 coupling regions under a fixed bias current. In Fig.

time-dependent phase differences, using the fourth-orded(b), we also plot the rotation velocity in this case, i.e., the
Runge—Kutta algorithm. To avoid the boundary effect whichtime average oflP.,, ,/(dt). From these figures one can see
breaks the translational symmetry of the system, we adophat the rotating motion is confined within a single junction
the periodic boundary condition in the present calculationssite in both cases, but the voltage is not confined in the

The voltage appearing in each junctiovy,, ¢, is obtained
using the generalized Josephson relation given in (Byg.
from which one can acquire the current-biased/ charac-

rotating junction site but is widely distributed over many

junctions especially in the strong coupling case. This result

indicates that the voltage required to excite a localized rotat-

teristics. In the numerical simulations we search all kinds ofing mode increases as the capacitive coupling becomes larger
stable rotating motion in this system under a fixed curren{see Fig. 2e)].28 Consequently, the switching probabilty from
valuel by running parallel simulations over more than 100an oscillating state to a localized rotating one is suppressed
CPU for randomly selected initial conditions. After sufficient in the strong coupling region. The multiple branch structure
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is, thus, hardly realized in the strong coupling region. Thisin the rotating sites seen in Fig(c are larger than the value
result explains why the multiple branch structure is not ob-in the homogeneous rotating state in Figh)s This is be-
served in LSCO with a larger value af'8 cause the voltage appearing at the rotating sites compensates
Next, we study the collective rotating states in which sev-the decrease at the nonrotating sites to keep the total voltage
eral junctions are in the rotating state. We concentrate on thgearly the same, which implies that the localization of energy
outermost resistive branch in the CCJJ model. Uemettsill  rapidly occurs at the instability point without a large mount
found regular step-like structures in theV characteristicS of energy relaxation. AtV,, (V,5) the velocity pattern
in LSCO!® They claim that this structure originates from the changes fromc) to (d) [fromg(d) tgo (e)]. At these steps the
resonance with the longitudinal Josephson pla8m@o |\ e of rotating sites is found to be decreased. This result

g;asrt';ynfhoef i%%?uwnit%%?&w dr:rotrﬁee::?ebr(i)orgits E'C)Tllrj]?gg/ngo'ﬂ dailindicates that some of the rotating sites instantaneously ab-
tion. In these simulations, the current is decreased fron§Orb the energy of the other rotating sites at these steps. The

1.9, to 0.0, to simulate the experimental situations. I:iguretransmons between the rotating rotor glasses will be seen in

4(a) shows thel-V curves for three different values af, other measurements. For example, the spectrum of the Jo-
ie., @=1.0, 3.0, and 5.0. The step-like structure appears atcPhson emission is expected to change when one goes
the positions indicated by arrows on these curves. To makgrough the steps.

the positions of the steps clear we also pidt/dl in these

three cases in Fig.(8). We select three large peaks having 1. SUMMARY
peak values bigger than 500 in each case in Fib) 4nd
denote the voltage values giving these peak¥{yV,, and In summary, we performed numerical simulations for the

Vgs in order of decreasing voltage. The dependence of CCJJ model to clarify the origin of the variety observed in
these voltages is presented in Figc)4AlthoughVy, andVyg;  the |-V characteristics of highz, cuprates. We studied the
show large fluctuations, these voltages are basically increagehavior of the localized rotating modes for various values
ing functions ofa and then the separations between the pealof the coupling constant and proved that the dynamics of
voltages increase as becomes larger. In order that these these localized modes primarily determines th& charac-
steps are distinguishable in theV curves these voltage val- teristics. Since the energy required to excite the localized
ues must be well separated with each other, that should  rotating modes increases as the capacitive coupling in-
be large enough. This result is consistent with the experimerereases, several junctions collectively rotate. As a result, the
tal fact that the step-like structure is clearly seen in LSCOgquidistant multiple-branch structure disappears in the strong
but is not in Bi-2212, since is large in LSCO but is very coupling systems. This result explains why the multiple
small in Bi-2212. branch structure is not observed in LSCO. We also found that

Now, let us study what occurs at the steps in th&/  the transitions between the dynamical states occur in the
characteristics. We focus on a typical casensf3.0 below.  current-decreasing process in the strong coupling regime. At
Figure a) shows thel -V characteristics in the case af these transitions the spatial pattern of the rotating motion
=3.0, in which the three steps are clearly seen. The spati@hanges and the system goes into the glassy phases. These
distributions of the time-averaged velocitiddP,.;,/dt)  transitions create step-like structure in the/ curves, which
above and below the first st&fy, are presented in Figs(ly ~ has been observed in LSCO. We emphasize that a stack of
and c). Below Vg, about a half of the junctions changes to intrinsic Josephson junctions is the best system in which sys-
the nonrotating state. The average val(#3,,, ,/dt) on the  tematic studies on the localized rotating modes are possible.
junction sites being in the rotating state are sorted into ap-
proximately four values and show the glassy-like disribution.
We call this state the rotating rotor glass in which some
localized modes are closely overlapped and the others are One of the author¢éM.M.) thanks A. E. Koshelev, T. Ya-
separated irregularly. The pattern @fP,,;,/dt) is stable mashita, S. Uematsu, S. Takeno, M. Tachiki, C. H. Helm, and
until the current is decreased to the value giving the next stepl. Sasa for illuminating discussions, both authors thank
atVg,. Furthermore, we notice that the averageB,,, ,/dt) ~ CREST(JST) for financial support.
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