VOLUME 80, NUMBER 15 PHYSICAL REVIEW LETTERS 13 ARIL 1998

Collective Dynamics of Intrinsic Josephson Junctions in HighF. Superconductors

Dmitry A. Ryndyk*
Institute for Physics of Microstructures, Russian Academy of Sciences, GSP-105, Nizhny Novgorod 603600 Russia
(Received 14 October 1997

The dynamics of one-dimensional arrays (mesostacks) of intrinsic Josephson junctions T bigh-
perconductors is theoretically investigated with both the quasineutrality breakdown effect and the quasi-
particle charge imbalance effect taken into account. The current-voltage characteristics are obtained
at various parameters and their peculiarities are discussed. The results of recent experiments on the
intrinsic Josephson effect in high- superconductors are compared with the presented theory. Nonequi-
librium effects inside superconducting layers are proposed to be the origin of the collective dynamics.
[S0031-9007(98)05845-1]
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Strong anisotropic high temperature superconductorsollective dynamics of intrinsic Josephson junctions in
(e.g., Bi-2212, Bi-2223, and TI-2223 compounds) areone-dimensional geometry.
generally considered as a set of superconducting layers A theory of electromagnetic coupling in layered struc-
of atomic thickness connected by intrinsic Josephsonures is developed in Refs. [15,16] and applied to the
junctions. Direct measurement of dc and ac Josephsagoroblem of the synchronization of the Josephson vortex
effects with the external current perpendicular to themotion in [17]. In [17] it was also suggested that in the
layers have been carried out recently [1-13]. Fourcase of thin superconducting layers some nonequilibrium
different one-dimensional (without Josephson vorticiesmechanisms are to be taken into account. In recent pa-
dynamical regimes have been observed. pers [18] a time dependent Ginzburg-Landau equation in
(i) First of all, multiple branchesat the current- the framework of a Lawrence-Doniach model was used to
voltage characteristics have been observed in ordinargccount the nonequilibrium effects and a similar approach
Bi,SrLCaCuyOgs+s [1,3,8-10,12], TIBaCaCuwOjp+s was used in [19]. The microscopic mechanisms of dis-
[1,7,8], and voltage-basedPhb,Bi;-,)>,S»hCa&Cuw 00+ 5 equilibrium inside layers are discussed in [20—22].
[11,13] structures. It is obviously a result of step by The key point of our theory is a nonequilibrium nature
step switching of intrinsic junctions into a resistive of the ac Josephson effect in layered superconductors
state with a current increase and hysteretic behavidrl8,20—22]. It means that superconducting layers are in
of individual S-I-S junctions [1]. Microwave emission the nonstationary nonequilibrium state due to the injection
measurements at rather high currents show that there aoé quasiparticles and Cooper pairs, and a nonzero invariant
several groups of many coherently oscillating junctionspotential
The current-voltage characteristics can be explained, if
one assumes some difference in the junction parameters (1) = ¢i — (h/2e) (00:/01)

or interaction between them. In any case, we have t(i)s generated inside them, whegg is the electrostatic po-

introduce interaction to explain coherent emission be- ntial andg; is the phase of superconducting condensate
1 1 1 ’
cause mutual phase locking is necessary (see, e.g., [14] 0 in the equilibrium state. (Here and bel lel)

e e 1 R SiCCUO) edfhe mportan poit 0 noice s hai n the noncail
(Ph,Bi,_,)»SnCaCsO+5 [11,13), which are less rium regime an ordinary Josephson relati@hy /dt) =

anisotropic, a single hysteresis has been observed instegﬁf / f)g _b%tweeg tr:te JgseEhSO”_ pha_se .dllﬁj[erdence
of multiple branching due toollective switchingpf many goié 2_0 i25 ]I an (;’0 agr(]e i _f i h¢é ']f .V.'On‘i‘be
junctions into a resistive state, coherent emission hag1 20-25]. Instead, we have (from the definitiondy
also been measured. These structures are considerably dei;  2e 2e

less anisotropic than lead free Bi-2212, thus interaction o n Vij + W (®; — d)). 1)
between the junctions is strong. (iii) In some other

samples multibranching and hysteresis are absent; thiEhus®;(¢) are the new important dynamical variables of
behavior can be explained, if one assumes that normahe theory. The layer thicknes# is smaller than the
resistance is mainly determined by parasitic shunts [l]characteristic length of the disequilibrium relaxatign

(iv) Finally, in some nonhysteretic samples microwaveand the Debye lengthp, so that superconducting layers
measurements show that junctions are unlocked and a&e in a homogeneous nonequilibrium state. Note that
broadband radiation frequency spectrum is observedhe shift of the chemical potential of the superconducting
Summing up all of these experimental results we carcondensate from its equilibrium valuedg.; = e® andis
conclude that some coupling mechanism determinedetermined from the expression for charge density inside
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a superconducting layer [23—-26] av; + T+ QP — W, — P,
, 2N(0) (q) \P) 1 ((I) \I,) Tq dt i 77( i 1—i z+1)
pi = —2e i LR i) _ n£<d§0i71i B d@iiﬂ) (5)
(2) 2e\ dt dt )’
where ¥; is determined by the electron-hole chargewr1ere77 = 2w, f(T) is the parameter of disequilibrium,

imbalance v = [4e>N(0)RySdo]~" is the “tunnel frequency,Ry is

T — _fm(n,- Cni ) de 3) the normal resistivity of the tunnel junctiory = Sd,

! A€ —€ ’ is the volume of the superconducting layev,(0) =
where we use the averaged-over-momentum-directioWPF/27253’_a”q 74 is the well-known charge imbal-
quasiparticle distribution functionn’ introduced by &nce relaxation time, which can be estimated-as- 7.
Eliashberg [26], which describes quasielectrone(at 0)  at low temperatures and, ~ (47/wA)7e at T ~ T,
and quasihole (ate < 0) energy distributions,|e| is 7o' = 14gh~'0,°T3£(3) is the inelastic electron-phonon
the quasiparticle energy. In equilibrium. = n’_ =  scattering frequency.f(T) is the temperature factor de-
”(50) = 1/2[1 — th(lel/2T)]. scribing quasiparticle freezing at low temperatuges; 1

From Eq. (2) one can see that the quasineutrality breal@t 7 — 7.. In ordinary isotropic BCS superconductors
down effect p # 0) as well as the charge imbalance ef- f(t) = 1 — tani(A/2T), and the number of quasipar-
fect (' # 0) lead to generation of a nonzerb. Both ticles is exponentially small at low temperatures. How-
these mechanisms can take place in layered supercofiver, in layered superconductors, especially in the case of
ductors. Quasineutrality breakdown has been consideredpairing, it may be zeros in the energy gapkispace and
from this point of view by Koyama and Tachiki [20]. the quasiparticle effects may be more significant. This
The importance of charge imbalance generation has bed¥pssibility is strongly supported by recent experiments
stressed by Artemenko and Kobelkov [21] and Ryndyk9—13], so it is better to use for estimations temperature
[22]. In this work we consider dynamical equations of adependent resistivitg = Ry/f(T), which can be deter-
general type and apply them to the problem of the onemined askR = V./J.; J. and V. are the critical current

dimensional intrinsic Josephson effect. and the voltage at this current belonging to the resistive
To obtain the full set of equations we use, following branch. Finally, if we express (0) through Debye radius
Refs. [16,18—21], the continuity equatidpS(dp;/dt) =  rp and assumep =~ do = 3 A, we obtain useful formula
Ji—1: — Jii+1, and the expression describing voltage
(electric field) boundary condition on a superconducting vf(T) =17 X IOSM (6)
layer V;iy1 — Vi—1; = (4mdod/€o)pi, here d is the Ve[mV]
mterlay_er dlsta}nceS is the area of the intrinsic junction, |y the same approximation we derive the expression for
ande is the dielectric constant. From these equations ife nonequilibrium interlayer current
follows that )
)2 V)
€S dVi; J.o =7 1_& 1_(6—1 sin(o::
Jij + m 7 = J(1), 4 ij ¢ A2 A2 (¢’«7)
J(#) is the external current. hodei Vi -
) N . + + . @)
The dynamics of quasiparticles can be taken into 2¢R dt R

account with the help of the kinetic equation. Following ] o
the method presented in Ref. [22], where the quasineutrd]€r€¢ We take into account variation of the energy gap
dynamics of a multilayer structure was considerpd«  2i depending on potentialt; [27] and, consequently,

0 and®; = W,), we propose the equation for the chargeVaration of critical currentd.;; = A;A;. _ ,
imbalance in linear and low frequency limit Finally, we obtain the set of equations in the dimension-

| less form
ﬁ% + % + (1 — ky}) (1 — kyf?) sin(ey) + by — o + ﬁ(% - %) = j(®), (8)
a% + i+ Qi — Yo — Yis1) = n(dq;;;li - dwﬁ;fl)’ 9)
i+ {Qui — pi-t — piv) = i + §<dgoa;-;1,- - di;;ﬂ), (10)
> dei-ti _ v(1), (11)

dr

i
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where j(¢) is the external current id,. units, v(z) is the  to single hysteresis instead of multibranching. At lgu

external voltage inV, units, u(r) = ®(¢)/V., () =  multibranching is preferable because gap suppression is
Y()/Ve, and a = T0., B = wf/wf,, ¢ = (eorp)/  proportional toy2. At large n gap suppression “wins
(dod), w. = 2eRJ./H, wf, = (87edJ.)/(heyS), k =  the game” and collective switching takes place. At low

(eV./A)?, T = w.t. These equations may be considereds hysteresis is absent and th&’ curve is single valued.

as a good phenomenological approximation at all tempera- There are four typical regimes corresponding to four

tures. In the limity — 0 the quasiparticle contribution experimentally observed situations.

can be neglected (if the voltage is less tfzan and pair (i) Multiple branchegqFig. 1) similar to those observed

braking is forbidden), so tha#y = 0 and we have the experimentally appear in the strong anisotropic case

equations fok andy similar to that obtained in Ref. [20]. J./S ~ 10° A/cm?, V. ~ 10 mV, thus »£(T) ~ 10'°,

If { — 0 then u = ¢, and we obtain the equations of w. ~ 103, k ~ 0.1. Takeney, ~ 10 we getw, ~ 10'2,

Ref. [22], which are valid for thick enough layers or large 8 ~ 100, { ~ 2. For 7, ~ 10~!! sec we obtainm ~

interlayer distancerp < d, dy). 0.1, « ~ 100. The observed dispersion of critical currents
Now we go to discuss various regimes of intrinsic may be significantly larger than the initial one (1 percent

Josephson effect qualitatively and also present the resulis our calculations) because of the current effect.

of numerical calculations of the current-voltage character- (i) In the less anisotropic case/S ~ 10* A/cn?, thus

istics in the case of ten junctions with equilibrium edgevf(T) ~ 10", w, ~ 10'3, B ~ 1-10, and n ~ 1-10.

layers in the fixed-current limit (Figs. 1-4). The parame-In this case the structure of multibranches is fine and

ters of intrinsic junctions are taken from [1-13]. The a single large hysteresis appears (Fig. 2) due to the gap

weak dispersion of critical currents (less than 1 percentsuppression effect.

has been introduced additionally. (iii) In the case of parasitic shunt§, ~ 1 mV is
The shape of the current-voltage characteristic is detedess than in an ordinary case and hysteresis is absent,

mined by the paramete8 (at 8 > 1 there is hysteresis) . ~ 10'2, 8 < 1. The example aix = 1, 8 = 0.1,

and by the competition of two quasiparticle effects: “cur-n = 0.5, £ = 0.2 is shown in Fig. 3. This regime is

rent effect” and gap suppression effect. If one of intrinsicphased locked and; 4(r) and ¢s ¢(¢) dynamics afj = 2

junctions switches into resistive state, then nonequilibis shown in the inset.

rium quasiparticle distribution is induced in the neighbor (iv) Finally, at small 8 and larger couplings{ > 1),

junctions. Inhomogeneity of charge imbalance distribu-which can take place in shunted junctions, we consider

tion leads to the quasiparticle current through the neighbathe casex = 0.1, 8 = 0.1, n = 2, { = 2 (Fig. 4). The

junctions, and because of that supercurrent through thesmirrent-voltage characteristic looks like the previous one,

junctions decreases and larger external current is neededhat the dynamical regime is rather different. The time

switch these junctions into resistive state (“current effect”).dependencies a4 5(t) and¢s ¢(¢) are shown in the inset.

In the case of3 > 1 this leads to the enhanced multi- Unlike the coherent state, intrinsic Josephson junctions are

branching. The effect of gap suppression is opposite tphase unlocked. This result can explain the broadband

the current effect because the critical current is suppressedicrowave emission observed experimentally. The same

(k terms in the equations). Inthe casg®f> 1 thisleads result (broadband emission) may be explained by thermal
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FIG. 1. The current-voltage characteristic of most anisotropid=IG. 2. The current-voltage characteristic of less anisotropic
structure withJ./S ~ 10> A/cn? (e = 100, 8 = 100, n =  structure withJ./S ~ 10* A/cn? (a = 100, B8 =10, 5 =
0.1, £ = 2). Multiple branches are clearly observed. 10, £ = 2). Collective switching takes place &t= J..
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