Downloaded from orbit.dtu.dk on: Dec 17, 2017

Technical University of Denmark

=
—
—

i

Plasma resonance in anisotropic layered high-Tc superconductors

Sakai, Shigeki; Pedersen, Niels Falsig

Published in:
Physical Review B Condensed Matter

Link to article, DOI:
10.1103/PhysRevB.60.9810

Publication date:
1999

Document Version
Publisher's PDF, also known as Version of record

Link back to DTU Orbit

Citation (APA):
Sakai, S., & Pedersen, N. F. (1999). Plasma resonance in anisotropic layered high-Tc superconductors. Physical
Review B Condensed Matter, B60(13), 9810-9816. DOI: 10.1103/PhysRevB.60.9810

DTU Library
Technical Information Center of Denmark

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

e Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
e You may not further distribute the material or use it for any profit-making activity or commercial gain
e You may freely distribute the URL identifying the publication in the public portal

If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.


http://dx.doi.org/10.1103/PhysRevB.60.9810
http://orbit.dtu.dk/en/publications/plasma-resonance-in-anisotropic-layered-hightc-superconductors(7915713c-dd4b-4249-a4dc-ec5e8d504b92).html

PHYSICAL REVIEW B VOLUME 60, NUMBER 13 1 OCTOBER 1999-

Plasma resonance in anisotropic layered highF. superconductors

Shigeki Sakai
Electrotechnical Laboratory, Umezono, Tsukuba, Ibaraki 305-8568, Japan

N. F. Pedersen
Department of Electric Power Engineering, Technical University of Denmark, DK-2800 Lyngby, Denmark
(Received 21 December 1998; revised manuscript received 19 May 1999

The plasma resonance is described theoretically by the inductive coupling model for a large stacked
Josephson-junction system such as the intrinsic Josephson-junction array in anisotrofig $igierconduct-
ors. Eigenmodes of the plasma oscillation are analytically described and a numerical example for the large
stack caséN=50 is given. The scaling length characteristic of each mode is discussed. Numerical results for
the plasma resonance fbr=50 in the presence of an external rf drive with wave numbare given. Fok
different from zero possible resonance modes among the eigen oscillation modes are shown, and it is further
demonstrated that fok=0 the resonance takes place as a collectioN afdependent resonant Josephson
junctions. Some guidelines for possible experiments are shown. It is also shown that very recent microwave
experiments for the plasma resonance can be explained by this theory based on the inductive coupling, and
collective longitudinal plasma oscillations are discus$80163-18209)06637-0

[. INTRODUCTION vector-matrix formalism. The description follows the previ-
ously published theory with respect to the inductive coupling
There has recently been considerable interest in stacketiodel? except that a more general expression for the exter-
Josephson junctions. For the case of I®wsuperconduct- nal current bias terms is introduced. Next, the analytic form
ors, the stacks can be formed, for example, by layers ofor plasma oscillations is presented, also using the compact
(Nb/AIO, /) ,Nb.! For anisotropic layered higfi, supercon- Vector-matrix notation and the results for some special cases
ductors such as BBrLCaCyO, (BSCCO and are discussed. In Sec. lll, eigenmodes of the plasma oscilla-

TI,Ba,CaCu0, (TBCCO) it has been demonstrated that thetion are analytically describe'd and a nume_rical example for
crystal itself shows the features of stacked Josephson jun<T:he Iqrg'e stack casN:50'|s given. The scaling length char-
acteristic of each mode is discussed. In Sec. IV, numerical

tions, in this case often referred to as intrinsic Josephson- its of the ol For 50. in th f
junction stackZ results of the plasma resonance , in the presence o

An interesting case occurs when the thicknessf the an external rf drive with wave numbér are given. Fork

superconductingS) layer is comparable to or less than the different from zero possible resonance modes among the
perco ay P eigen oscillation modes are shown, and it is further demon-
magnetic penetration depi) , of theSlayer. In such cases

inducti i b p h strated that fok=0 the resonance takes place as a collection
strong inductive couplintf’ can be expected among the Jo- ¢ independent resonant Josephson junctions. In Sec. V we

sephson junctions making the stack. In the case of st show some guidelines for possible experiments, and also
(Nb/AIO, /),Nb stack,\ is about 90 nm, and thus the con- giscuss collective longitudinal plasma oscillations. Such os-
dition of t<\_ can be realized easify.For the case of illations have been discussed by several authors in the
BSCCO intrinsic Josephson-junction stacks,is of the or-  framework of the charge coupling mechanism*3

der of 100 nm whilé is about 0.3 nm, i.e., only a few atomic

layers thick® Since t<\,, the inductive coupling is ex- Il. THEORETICAL MODEL
tremely strong. o
Some major important phenomena of this system are the A. System description
Josephson plasma resonantésand the flux flow or fluxon We first review briefly the theory of superconducting mul-

dynamics® that can be described by the inductive couplingtilayers (stacked Josephson junctiorsy Sakai, Bodin, and
mechanism. As for the plasma resonance, we have recentfederseri,based on inductive coupling through the super-
presented the analytical formalism and shown some selectasbnducting layers. For convenience here the results are given
results, in particular for the case where the stack nurder  in a compact vector-matrix form and by using parameters of
small*? the single barrier Josephson junction such as the Josephson
In this paper, we theoretically describe the plasma resopenetration length, the plasma frequency, and the quasiparti-
nance for the case of largé(>1) in order to focus on the cle loss parameters. By using these parameters the plasma
correct understanding of the plasma oscillation in anisotropicesonance phenomena characteristic of stacked Josephson
high-T. superconductors. Since the formalism is general, thgunctions can be understood more easily. Although the analy-
theory can be used also for loW;: stacked Josephson junc- sis in the later sections is based on the assumption of iden-
tions. In Sec. Il, the stacked junction system is described byical layers and junctions, the formalism for general cases is
the inductive coupling model by introducing a compactpresented here, because it will be valuable not only for a
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The bias currentg ;;_; can be a function ok andt. The
simplest case oflg 0=lg="""=Ignn-1(=1g) coOrre-
sponds to the bias currehg entering from the top Nth)
superconducting layer and leaving through the bottoih)
layer. In this paper we will hereafter assume this simplest
case.

D is a tridiagonal matrix including the inductive coupling
mechanism. The nonzero elements are the unity diagonal el-
ements D;=1) and the nearest-neighbor elements
(Dji+1=)S;i -1 that express the coupling strength:

' Si—1 Jic1i-2

® I Si-1= i Jiea
, 3
s, _ S Jirai
i+1 di’iil \J||7l
where
’ _ ti*l ti
dii_;=d;; _1+X\;_, cothl ——]| +X; coth ) (49
i—1 i
(c) \
T Nx.t) §=————. (4b)
fan (60  sinn[ 2
A

As shown in Fig. 1), d;;_, is the insulating layer thickness
of theith junction, and; and\; are the thickness and mag-
netic penetration length of thieéh superconducting layen ;
and J are the diagonal matrices whosth element are the
so-called Josephson penetration length,\;; _

FIG. 1. (8) Schematic picture of a vertically-stacked Joseph- = (i/2euodfi _1Jii -1) Y2 and the maximum supercurrent
son junction.(b) Enlarged diagram showing the parameter notationJ;i -1 Of the ith junction, respectively. Note the difference
for convenience(c) A stacked junction system with a bias current between\;;_; and\;. The former is the Josephson penetra-
set. tion length of theith junction, and the latter is the London

penetration depth of theh superconducting layer. Using this
system having parameter fluctuations but also for intrinsiozector-matrix notation the boundary conditions at both edges
Josephson junctions modulated by advanced atomic-laygx=0,L) in a uniform magnetic field, along they direc-
control technology. tion are

The system ofN-stacked Josephson junctidgechemati-

cally shown in Fig. 1 can be expressedas ¢ N

/ o1 P ad =—A;?DJ tiH,, (5)

) IX Ji=oL
2 A 1-17 -
AS G =D(Q=J ), @ where | is the column vector, all elements of which are
. - . unity.

where¢, Q, andlg are the column vectors whosth com- Two special cases of the system described by(Exare:
ponents are the phase differengg_,, dimensionless junc- (i) The case where the inductive coupling is zero, Bg.,
tion currentQ;;—1, and the bias currertg;; 1, of theith =0 in Eq. (4b). Then the coupling matri® becomes the

Josephson junction, respectivel;; —, is the sum of the diagonal unit matrix. The whole matrix in E¢l) becomes
supercurrent, displacement current, and quasiparticle tunnglagonal, and the system is simply the collection of
current. N-independent Josephson junctions,

2
0= 1 i1 @1 5¢iifl+sin¢“ @ \2 &zqﬁii_l: 1 Pdi_1  ai_q Ibii—1
i, ot et I s .

wjj—1 dt

wii_1=(2eJ;_1/hC;_1)¥? is the ith junction maximum I
plasma frequency, the meaning of which will be discussed +sing;i_1— 3
|ater, and aii,1=(ﬁ/2€\]ii,1Cii,1)l/2Gii,1 is the well- -1
known dimensionless loss parameter, wh€e ., Gj_1, for i=1,2,...N. Thus in this casew;_; is, in an exact

and J;; _, are the capacitance, quasiparticle tunnel conducsense, the plasma frequency of ittle junction, and the Jo-
tance, and the maximum supercurrent of thie junction, sephson penetration lengihy _, defines the length scale of
respectively. theith junction.

(6)
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(i) The case where is uniform in thex direction. Since unnecessary subscripts can be dropped, €85S; .1
the left-hand side of Eq(l) is zero, it is evident that the =s/d’, J=J;_;, andP=P;;_;, and new notations are de-
system equations are decomposed Mo independent fined as\;=\;_;. In that case Eq(8) becomes
Josephson-junction equations, in spite of the presence of the

2y 2

nonzeros; terms, k\5—P —-SP 0 - Ao
-SP  K\I-P . .

1 Phi1 ajj1 3¢+ nd I 0. (7) S . Az
—_— S|n e = s O . . .
oy ot wjj—1 ot RN _

for i=1,2,... N. This means that the inductive coupling

takes place through the tersk¢/9x? as was also discussed 1+S

in Ref. 10. B h 1+2S a1
2]

B. Analytic form for plasma oscillations

The plasma oscillation analysis follows the small signal

; 0,14 H —
expansiort’** and the bias currerits=1gc+1 s COSkX—wt) Ill. ANALYSIS OF EIGEN OSCILLATION MODES
is assumed withl ;| < J;; _; for anyi. | 4 is set to be smaller

than the smallesd;;_; in N junctions. Correspondinglys
has two terms $=¢D+¢M  with ¢,
=arcsin(y./J;i_1). For mathematical convenience
I s coskx—wt) is replaced with K/2)exqd j(kx—wt)], where
j2=—1. The real physical quantity can then be obtained as
sum of the solutions for this case and its complex-conjugat
case. Then the solution of the time-dependent small-signal

term ¢ has the formp1= A ex{fj(kx— wt)], andA can be ( w

2
obtained by solving w—p) =1+[kn{R']%, (12)

In this and the next section, the case where the stack has
all identical layers and junctions will be treated. The eigen-
modes of the system is obtained by solving Ed) with the

' right-hand side equal to zero, and neglecting the loss terms.
The results show that aN junction stack hasN eigen-
fhodes. For thenth mode, thek-w plasma dispersion rela-
on becomes

. | — ; _ 1/2
{szﬁ—DP(w)}AzDJ*I?”. ®) wherew, <upo\/cos¢>(tjj with w,,=(2eJ#C)~%, and
)\J -1/2

HereP(w) is a diagonal matrix, where thi¢h diagonal ele- ANNV=__ = .[1_23(;0{_ (13
mentP;;_; is expressed as ™ Jcosgp® N+1

w \2 o » The asymptotic velocit)cﬂ]\‘) when 0> w, (and alsok)\ST']\‘)

Piil:(w” 1) —005¢i(i)1+Jan1< - 1)' @ >1)isc’=w,\(. The corresponding eigen vector of the
i — i —

mth mode is given by
Let us here confirm that E@8) also has the same properties

as those discussed in Sec. Il A. " 1 Ji(N+1-m)7 )
(i) In the case that the inductive coupling is zebobe-  Aii-1= \/ 1S NT1 , fori=12...N.

comes diagonal. All matrices are diagonal and thus we ob- (14)

tain the uncoupled solutions, A _1=1/{2(k?\2_,

—Pii_1)J;_1}, for i=1,2,...N. This means that the Equation(12) means that ifw andk in the mth mode are

plasma resonance for thih junction takes place k andw  normalized tow, and W)~ all plasma dispersion curves

of the external rf bias term exist on the plasma dispersiofor m=1,2, ... N are identical. It also means that a good

curve, k\ji—1)?=(o/wj; _1)?—cos¢®, scaling factor ok in the mth mode is\{" , in other words,
(||) In the case that the rf biaS term iS Uniform aloﬂge., the Spatia' Sca“ng factor a|on>g depends on the mode ex-

k=0, the coupling matridD can be eliminated from both the jted.

left- and right-hand side of Eq8), and we obtainN un- By recalling the definition o6 (S<0), we find, from Eq.

coupled solutionsA;; 1= — /(2P _1Jji_1). This means (13), )\STII\I)ZM/W for m=(N+1)/2, and )\g‘\l)

that if the rf frequencyw coincides with theith junction <?\J/W for m<(N-+1)/2. In particular, in the limit
plasma frequencyw;; _q- (cos¢{?;)¥2 the resonance ap- of N>1

pears by the inductive coupling mechanism even in the case

when excited uniformly along. AN A 1
Furthermore, it should be remarked that if there is no [\‘N)} = ) - . (15
external rf bias) =0, Eq.(8) defines the eigen oscillation Ay Veosg®  J1+2S

modes of the system by solving Furthermore, if we consider the limit afA| <1 where\

det{szﬁ—DP(w)}zo. (10) :)\i for i=1,2, ... N, then we get

. . . . .. . 1/2
In the final part of this section we give an explicit form in AN h

the case where all junctions and layers are identical. Then N :<2e,u0(d+t)J cosg'?

(163
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and T T T T T
5T (@ m=50 7
™ A 1/2 t 1/2 4 B
M= 2eugd cosg P (2\)) 2)\L) (160 N
3 -
with c(V=[uo,C(d+1)]"¥2 Note thatd+t in Eq. (16) is % 9
the interlayer spacing, and in this limi{}’=\; where\ . is 2 ‘}‘87‘
the characteristic distance often used in the literathité. ] |
The plasma dispersion relatipgqg. (12)] is expressed, using 1
this scaling length\., as 0 1 I 1 1 1
, o 2 0 1 2 3 4 5
(3) =1+ %) (kno)2 it ke
wp AN 20 T T T 1 v
b) m=50
Note that theNth mode in anN stack is always an all in- 2 48 N=50
phase mode and thBl=1 mode is always an antiphase = Kh. = 0.2
mode, i.e., a mode where the ac phase polarity is always € 46 J )
. . . X : o T = | 44 i
opposite between any neighboring two junctions. This is evi- S 0 4
dent by insertingn=N and m=1 into Eq.(14). Thus the =
relevant scaling length of all in-phase modes\[§)(=X.) 8 °r 2 N
and that of the antiphase moden§" . i ' .J
Using typical parameters for EBr,CaCuy0, intrinsic Jo- 0 ] 2 3 4 p
sephson junctionsg=1.2nm, t=0.3nm, A =200 nm, we
have 1+2S=4.5x10"° and the plasma dispersion curves 120 w/w,
for the caseN =50 are shown in Fig. (@), where the scaling ' ' ' ! '
length for the all in-phase mode, is used see Eq(17)]. At %‘ 100 |- © N=50 -
a givenk, Fig. 2@a) predicts the possibility of not only the S 8ol k=0 .
plasma resonance at the in-phase mone=560) but also k=
may other resonance from=1-49. Most of the curves in 5 60 - 7
Fig. 2(a), typically from m=1-40, are condensed into one ® 40 -
zone wherew is rather independent &\ . In other words, § 00 |- _
under the scaling length., the plasma frequency of these w
curves are very insensitive to the variationkof 0 ' ' L
It should be pointed out that the curves not belonging to 0.90 0.95 1.00 1.05 1.10
the above-mentioned zongypically from m=45-49) are /0y,

independent oN in the limit of N>1 and in the very strong
coupling limit, meaning thalg is less than but very close to
0.5. In such case, and whem=N, or mis very close toN
but less tharN,

FIG. 2. (a) Plasma dispersion relation curves fd=50. Used
parameters ard=1.2 nm,t=0.3nm, and\ =200 nm. \. is the
scaling length of the all in-phase moae=N. (b) and (c) Fre-
guency dependence of the resonance intensities(bat k=

AN (N 1 0.2- Jcos¢@/\; and (c) k=0. a/\/cos¢©@=0.01 is assumed. The
ﬁ = ﬁ i (18)  resonance intensity was evaluatedhyA;; _|/N.
N N

In Fig. 2(b), we find a lot of resonance peaks as predicted
in the previous section. The peak with the largest frequency
corresponds to the all in-phase moda=50). The second
and third largest resonance frequencies are alrhasid £
times as large as the largest one, respectively. As is evident
from Eq. (18), the resonance at these frequencies corre-
sponds to the modes at=48 and 46.

We find that every second mode obtained by counting
downwards from the all in-phase mod®€ N) gives a reso-
nance. This confirms the discussion in Ref. 10. The reason
dence of the resonance intensity fdté=50 and k= for this rule may be understood from the relationship be-
0.2-Jcos¢@/\;. We assume the loss parametertween the form of the solution and the bias configuration. Let
Q/W:()Ol The V0|tage appearing per junction in the us, for example, see the solutions of the tOp and bottom
plasma analysis is smaller than the voltage juf@@—30 junctions for them mode. From Eq(14) we haveA{y_,

mV) per junction, and thus the chosen value of the loss pa= = A7} where “+” and “ —" should be chosen whenN
rameter is not unrealistic from the estimation of conduc-—m) is the even or odd, respectivelxyy_ =A%} is a reso-
tances in such cases for BSCCO intrinsic Josephsonance case because it fits to the configuration of the external
junction!® The resonance intensity is evaluated byrf bias.

A Z1|/N. Figure Zc) shows the result fok=0. The same param-

In this limit, A\{} andc{}Y themselves, as shown in E4.6),

are independent oN, and the ratio in Eq(18) does not
depend orN. That isA(NV/A\N=cN/cM=1 1 2 for

m=N—-1,N—-2,N—-3, ..., respectively.

IV. PLASMA RESONANCE ANALYSIS

The plasma resonance for larjecases is discussed by
solving Eg.(11). Figure Zb) shows the frequency depen-
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100 T — T
(a)N=75 m=75
8o~ -
- Stacked Josephson
B Junction
PC.’ 6o}~ - ¥
k= -L/2
S 4o 7 73 . 0
I 1." L2 X
5 20 - . . .
FIG. 4. Experimental configuration demonstrating that the bias
0 1 1 current forms a standing wave. Since the Fourier components have
10E 0.7 0.8 0i9 1.0 forms of coskx—wx)+coskx+wx), the analysis in the present pa-
! ' ' m=50 per can be used directly.
(b) N =50 : N . o : ,
8o}~ - junctions are independent. This is also clear in connection
2z with the discussion in a paragraph between E@sand(10).
g 60 -
£ V. DISCUSSIONS
= 48 .
é 40 46 A. Guideline to possible experiments
= g
S 20k 2 _ It i_s not alwz_iys easy tol sweep the fre.que.ncy widely in
a experiments using waveguides. Instead, siagen Eq. (12)
o { | | is a function of co®”, |4 can be conveniently used to
0.6 0.7 0.8 0.9 1.0 change the ratiod/ wp,).
100 ! m—25| J By using | 4 instead of cog® in Eq. (12), the plasma
(c)N=25 B dispersion curve of then th mode is explicitly expressed by
8o~ - .
> lgc:
B 2 (N)\ 2 2) 12
s 60} - I de 1) Cm
QO _dc_ /) o Ime 2
£ 123 | {1 (wp) ( - (k\ ) (19
c
-% with co=(ued’' C) "Y2 Thus by fixingw andk and varying
% l4c, the plasma resonance peaks can be traced. Figure 3
ai shows a numerical resultw/wp,=0.85, k\;=0.02, «
=0.01, and # 2S=4.5x10"® were assumed. Figuresa3,

(b), and (c) are the result foN=75, N=50, andN=25,
respectively. Again, every second mode can resonate. An
experimentally good evidence may be that the peak position
, . , at them=N mode strongly depends on the stacked junction
i 1 cuent dependere of e resonance erst Fumber. On the ther hand, te lower number mode peaks
%10-5 were asgumeda) N= 75, (b) N=50, and(c) N= 25. The are merged together, an.d its position is very insensitive, to

o - in general agreement with the previous discussion.
peak position at then=N mode strongly depends on the stacked In the ol VS d that the rf
junction numberN. The lower number mode peaks are merged, . n the plasma resona_nce analysis we assume atther
together, and its position is insensitive b b!as current has qtravellng wave fqtmcos((x— wt). ITet us
discuss how spatially dependent bias can be attained. In
general—at least if a ground plane is not used—there will be
eters as in the case of Fig(, except fork=0, were used. 3 nonhomogeneous current distribution with spikes at the

We find only one peak ab= w, which may be understood edges of the electrodé®This will give rise to current and
from the plasma dispersion curve of FigaR k=0 means voltages in the stack, which has a fundamental spatial com-
that the oscillation is uniform along thedirection. Accord-  ponent defined by the length of the junction in thelirec-

ing to the inductive coupling model, the coupling takes placetion. Another intentionally designed example is shown in
through the termy?¢/ax?; in this case, withk=0, the sec- Fig. 4, where the bias electrode size is much smaller than
ond derivative vanishes and the plasma oscillation takegirection lengthL. The bias in the stack has a maximum at
place independently in each junction. Note, however, thax=0, and decreases witk| increasing. Thus the bias forms
Fig. 2(c) is the result of summing the same plasma oscilla2 standing wave. Its Fourier components have forms of
tion of all junctions. This is not any evidence of phase co-COSkx—wt)+coskx+wt). Therefore the analysis in the
herent motion but is a simple mathematical trick, since thePresent paper can be used directly.

parameters of all the junctions are identical. If the parameters _ L .

deviate from each other, the resonance frequency and the B. Collective longitudinal plasma oscillation

phase motion of the individual junctions are shifted from The so-called longitudinal plasma excitation has been dis-
each other, and thus oscillation phases between neighboringissed by several authqiRefs. 11-13in the framework of
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Ze
10 10 h
9 9 P
8 8 N
7 L—— ] s N
e
2 6 6 N
3 5 Lbormomm—m—m—m 5 VN
38
e ]
3 4 4 N
3 3
I- 1 - 1 e
’ -L/2 L2 -2 L2
0.0 | I | | | (@) (b)
000 . 005 010 015 020 025 0.30
k FIG. 6. Schematic snapshot 8f(1/ox as a function ofx for

X explaining the scaling and the longitudinal moda). all in-phase

FIG. 5. Schematic graph showing relationship between themode;(b) antiphase mode. The sample sizdor the all in-phase
plasma dispersion curves and thew conditions. A set of solid mode should be large because its large scaling lexngthis large.
curves is the dispersion of possible eigenmode,at 0, and a set  Under the same driving frequendy for the antiphase mode should
of dashed curves is the dispersion whgp is some nonzero value. be small because of the smaﬂN) . From the figures the excitation
The all in-phase mode dispersion approaches asymptotically to thgatterns are found to vary not only withbut also withz, in other
dash-dot line in the figure with much increasiadw,, regardless  words, the resonance is longitudinal.

of the By, magnitude. . . )
do Mg In order to interpret this, the authors in Ref. 13 assume the

) continuous medium in the direction[Egs. (6)—(8) in Ref.
the theory based on the charge coupling through the supef3], and inevitably the excitation electric fie, is uniform
conducting layers. Here it is shown that the inductive COU-a|ong z. This may Correspond to the in_phase motion in the
pling theory we are proposing can explain the experimentadliscrete model in the present paper. As a consequence of
observations. their model, however, they do not consider other excitation
Kadowakiet al. in Ref. 12 and Kakey®t al. in Ref. 13  modes besides the uniform excitation alandy using the
have investigated sample size dependence of plasma restiscrete stacked junction model with the inductive coupling
nance in single crystalline B$r,CaCyO, and discussed the that results in the presence of multiple plasma resonance
observed resonance modes. In order to adjust the plasnmodes, the phenomena undégliab could be explained.
frequency to a fixed frequency in experiments, they applied The reason why the peak number of the resonance in the
and slowly changed a static magnetic fi@lgl parallel to the  experiment ofH lab was changed is understood by the re-
c axis of BSCCO instead of changing the bias curfeft?!®  lationship between the dispersion curves and the experimen-
In the case that the microwave electric field was appliedal conditions that is shown in Fig. 5. There are many cases,
in the direction parallel to the BSCCO axis (Ejlic), the  depending on experimentibndw conditions. With increas-
resonance frequency was almost constant for the change wofg static magnetic fieldB. in the c direction, plasma dis-
the sample sizé, from 0.8—-1.8 mm wheré, is the sample persion curves are moved downwards. In the figure the
size in theab plane(Refs. 12 and 1B Their interpretation is curves are shown by dashed lines and solid lines, respec-
that, probably due to this very wedk dependence, the reso- tively, according to the conditions with and withdB.. If a
nance mode was the longitudinal plasma mode by the chargpoint in thek-w coordinate decided by the experimental fre-
ing effect modelt in whichk, vs w dispersion is very weakly quency and the sample cavity size is located on the region
dependent otk, .13 (like A in Fig. 5) lower than all dispersion curves when
SinceL,<\4/2 where) is the fundamental wavelength By.=0, the first peak appearing with the increas@gf may
in their cavity box size, the excited plasma is mostly uniformcorrespond to the dispersion curves condensed into one zone
in the samples along i.e.,k,~0. Therefore we can interpret that is very insensitive t&,, and the second and higher
this as simple gathering df,=0 plasma excitation byN peaks are sensitive to,. If the point is set to be like B in
independent Josephson junctions as was shown in . 2 Fig. 5, the peak corresponding to the condensed zone cannot
This means that these experimental results can be explaind@ observed and observable peaks are sensitivg tohe
by the inductive coupling model and do not always necessisample size.,). If the point is located on the right side area
tate introducing the charging effect model in Ref. 11. of the asymptotic straight line for the all in-phase mode
In the case that the microwave magnetic field was appliegvhose gradient is the velocitg{\" (like C in Fig. 5, the
in parallel to theab plane of BSCCO Kilab), Kadowaki  resonance of the all in-phase mode never appears during
et al. observed one peak with showing a strangdepen-  theseB,, sweeping experiments.
dence of the plasma resonarfé&akeyaet al. showed reso- Finally, we further discuss the scaling and the longitudi-
nance with two peakJs". The first peak has very weak, nal mode. As an extreme case we compare the highest ve-
dependence of the resonance frequency and the second hasity (all in-phas¢ mode and the lowest velocity modan-
large dependence, and in their text they also suggested mulphase mode between adjacent junctjor@nce the scaling
tipeak observation more than two peaks in a ldrgease® length is expressed as Ed.3), if the experimental frequency
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is fixed, k is small andL, is large for the highest velocity shown using the scaling length of the all in-phase mode,
mode meaning that the sample cavity size should be demost of the curves become very insensitive to the change of
signed to be large. For the lowest velocity mode the situatiofk and are condensed into one zone. An actual calculation
is opposite. A schematic picture is shown in Fig. 6LIfis  With an rf driving term forN =50, using BSCCO parameters,
fixed, the frequency for the fundamental excitation become$as demonstrated that multiple resonances may appear with
large and small for the highest and lowest velocity modeschanging the frequency. Every second mode obtained by
respectively. As is clear from Fig. 6, the excitation is longi- countingm downwards from the all in-phase mode<{ N)
tudinal. The excitation wavelength alomgs of the order of ~ gives a resonance, that is explained by the symmetric prop-
the interlayer spacingl+t in the case of Fig. ®). In the  €rties of the modes and the rf bias configuration. The calcu-
case of the inductive coupling model, therefore, plasma exlation has also shown that even for the 0 case the plasma
citation modes fork#0 are inevitably longitudinal. There resonance appears as a simple gatherind afidependent

has been similar discussion by Kleiner with respect to theJosephson junctions. As a guideline for possible experiments
Fiske eigenmodé&’ a method of sweeping the dc bias current instead of tuning

the frequency has been discussed; this predicts a strong stack
VI. CONCLUSION size (N) depende_nce of the resonance of the all in-phase
mode. A comparison of the theory with very recent micro-
Plasma resonance in anisotropic layered highsuper- wave experiments of the plasma resonance has been made.
conductors has been described theoretically by the inductivEhe experimental results of the dependence of the resonance
coupling mechanism. ArN junction stack hasN plasma position on the sample dimension in thelirection(for both
eigenmodes. Each mode has a scaling length akpng., in  Ellc andH 4lab caseshave been well explained within the
the ab plane. For example, the difference in this length be-theory by the inductive coupling model described in this pa-
tween the in-phase mode of all the junctions= N) and the  per. It has also shown that for tikez 0 cases, the excitation
antiphase mode of adjacent two junctioma=f1) is quite = waves inevitably have longitudinal wave component alang
large. If thek-w dispersion curves of these eigenmodes areas well as the component alorg
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