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Josephson plasma resonance in Bi2Sr2CaCu2O8¿y with spatially dependent interlayer
phase coherence
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We study the Josephson plasma resonance~JPR! in Bi2Sr2CaCu2O81y ~BSCCO! with spatially dependent
interlayer phase coherence~IPC!. The half-irradiated BSCCO~HI-BSCCO!, in which columnar defects are
introduced only in a half of the sample, shows several resonance peaks, which are not simple superposition of
the peaks in irradiated and pristine parts. JPR in HI-BSCCO changes its character from irradiated to pristine
type at a crossover frequency (vcr). We demonstrate that the one-dimensional linearized sine-Gordon equa-
tion, which takes into account the spatial dependence of IPC, can reproduce most of the experimental findings
including the presence ofvcr .
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Highly anisotropic high-temperature superconduct
such as Bi2Sr2CaCu2O81y ~BSCCO! can be considered a
natural stacks of Josephson junctions. In such systems,
lective oscillation of superfluid density gives rise to t
plasma oscillation along the stacking direction ofc axis.1 A
resonance occurs when the frequency of the incident elec
magnetic field matches the plasma frequency. This reson
is called Josephson plasma resonance~JPR! and its fre-
quency is given by the following equation:

vp
25vp0

2 ^cosfn,n11&. ~1!

Herefn,n11 is the gauge-invariant phase difference betwe
the neighboring layers which determines the interlayer ph
coherence~IPC!, vp0(5c/lcAe0) is the Josephson plasm
frequency at zero field (c, lc , and e0 are light velocity,
c-axis penetration depth, and dielectric consta
respectively!2 and^ & denotes thermal and disorder averag3

JPR gives valuable information on the charge dynamics,
perconducting symmetry, and vortex states2,4–10 in aniso-
tropic superconductors.

Most of JPR experiments, however, have been perform
in macroscopically homogeneous systems. What would h
pen when we have different coupling strengths in a syste
In this context, JPR inT* -phase superconductors, whic
have two Josephson junctions with different coupli
strengths in the unit cell, has been studied extensively b
experimentally and theoretically.11–15 Experimentally found
two plasma modes were analyzed in the framework
Josephson-junction stacks with alternating coupl
strengths. Another interesting question is what would hap
if IPC has in-plane distribution on a macroscopic scale. J
frequency is greatly modified in the presence of vortic
since the configuration of pancake vortices determi
^cosfn,n11& in Eq. ~1!. When the pancake vortices a
aligned along thec axis,^cosfn,n11& is equal to unity andvp
takes the maximum value. A strong suppression
^cosfn,n11&, and hence ofvp , occurs in magnetic fields du
to the misalignment of pancake vortices. Columnar defe
~CD’s!, generated by heavy-ion irradiation, act as directio
0163-1829/2004/69~18!/180502~4!/$22.50 69 1805
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pinning centers and dramatically enhance^cosfn,n11&.
7–9 We

can create an arbitrary distribution of IPC by controlling t
pattern of heavy-ion irradiation. In this paper, we report J
in the simplest inhomogeneous system having two regi
with and without CD’s. We find complicated field depe
dence of resonance peaks including their numbers.
present a clear explanation of this nontrivial behavior of J
through numerical calculations of one-dimensional sin
Gordon equation.

Single crystals of BSCCO are grown by using t
traveling-solvent-floating-zone method.16 The optimally
doped crystals (Tc590.0 K) are irradiated by 600 MeV io
dine ions~A! ~JAERI! and 6 GeV Pb ions (B, C, and D)
~GANIL ! at the matching field ofBF520 kG. The thickness
of these crystals are small enough so that the heavy ions
pass though. The BSCCO crystal is half irradiated~HI-
BSCCO! by covering a half of the crystal with a gold foil
which is thick enough to stop the incident heavy ions into
sample. Dimensions of the samples are 6703670
320 mm3 (A), 6703670320 mm3 (B), and 14803670
320 mm3 (C,D). SamplesC andD have the same dimen
sions but different distributions of CD’s~see Fig. 3!. To
study sample size dependence, sampleB, C, andD are irra-
diated at the same dose. JPR is measured by the cavity
turbation method at microwave frequencies of 24.2, 41
46.3, 49.4, 52.0, 54.9, 56.6, and 61.2 GHz.6 The crystal is set
in a cylindrical copper cavity so that the microwave elect
field is applied parallel to thec axis. The external magneti
field up to 90 kOe is also applied parallel to thec axis by a
superconducting magnet.

Figure 1~a! shows microwave power absorption as a fun
tion of field, Pabs(H), for HI-BSCCO~A! at 50 K for vari-
ous frequencies. The dashed lines in Fig. 1~a! show JPR
fields in irradiated and unirradiated samples with the sa
doping levels. JPR in HI-BSCCO shows a complicated
havior, which is not a simple superposition of resonan
from the constituent parts of the sample. Change of f
quency does not only shift the resonance fieldHp , but also
changes the number of resonance peaks. At 24.2 GHz, on
©2004 The American Physical Society02-1
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single resonance peak appears close to theHp in the irradi-
ated sample. As frequency is increased from 24.2 GHz
61.2 GHz,Hp of the main peak shows characteristic antic
clotronic behavior.5 Small shoulders observed at 41.7 a
46.3 GHz at the low-field side of the main peak are m
probably caused by original inhomogeneity of the crysta17

Above a crossover frequency ofvcr/2p;55 GHz, Hp sud-
denly shifts to lower field. It would be worth mentioning th
when we measure JPR for a pristine and an irradiatedBF

520 kG) samples placed side by side, the observed r
nance peaks are simple superposition of the peaks in
individual sample~not shown!. This indicates that the elec
tromagnetic continuity condition between pristine and irra
ated parts plays an important role to the behavior of JPR
HI-BSCCO.

Spatial and temporal dependence of the phase in a lay
superconductor is described by a coupled sine-Gor
equation.18 According to Koshelev,19 when the IPC alongc
axis is uniform, spatial variation of the amplitude of plasm
oscillation@u(x)# obeys the linearized sine-Gordon equati
~LSGE!,

S v21 incv

vp0
2

2C~x!D u~x!1lc
2¹x

2u~x!52
ivD

4pJ0
, ~2!

FIG. 1. ~Color online! ~a! Pabs(H) for HI-BSCCO at 24.2, 41.7,
46.3, 49.4, 52.0, 54.9, 56.6, and 61.2 GHz at 50 K. Dashed
dotted lines indicate the resonance fields for pristine and irradi
parts of the sample, respectively.~b! Pabs(H) calculated based on
the linearized sine-Gordon equation@Eq. ~2!# for position dependen
IPC.
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wherev andC(x) represent incident microwave frequenc
and spatial dependence of IPC, respectively.nc , D, and
J0(5F0vp0

2 e0/8p2s) are damping frequency, microwav
amplitude, and maximum Josephson current at zero fieldF0
ands are the flux quantum and the interlayer spacing!. In the
present case, the spatial distribution ofC(x) is

C~x!5H C1 0<x,L1

C2 L1<x<L11L2~5L !.
~3!

Here, L1 and L2 are widths of pristine and irradiated par
@see inset of Fig. 1~b!# andL is the total width of the sample
Boundary conditions for Eq.~2!, u8(0)5u8(L)50, are the
requirement from no bias in-plane current at sample edg
Microwave absorption power is originated from Joule he
ing, and is given byP(v)}v2/2*0

Luu(x)u2dx. In the case of
a homogeneous system whereC(x) in Eq. ~2! has a fixed
valueC all over the sample, the resonance occurs at a sin
frequency ofvp

25Cvp0
2 . Figure 1~b! shows the calculated

absorption power as a function of external field. In this c
culation, field dependence ofC(x) for each part is assume
based on our previous results.6 It should be noted, however
since the exact field dependence of IPC in the irradiated
gion is not known, we approximate it by three straight lin
in the double logarithmic plot as shown by dotted lines
Fig. 2.20 We also assume appropriate values ofnc , vp0 , e0,
and lc as shown in Fig. 1~b!. A single resonance peak ap
pears near the resonance field for the irradiated region be
45 GHz and the resonance peak shifts rapidly towards lo
field between 50 GHz and 60 GHz, which we identify
vcr/2p. The LSGE reproduces all characteristic features
JPR in HI-BSCCO well. Slight quantitative disagreemen
could be caused by the nonmonotonic field dependenc
IPC in the irradiated part at low fields.9,21 On the other hand,
abovevcr , new weak peaks start to emerge at higher fiel
These peaks appear since Eq.~2! without the damping term

d
d

FIG. 2. ~Color online! Field dependence ofvp for HI-BSCCO
with L5670 (s) and 1480mm ~red lines! calculated by linearized
sine-Gordon equation. Solid circles (d) and solid squares (j)
show observed resonance peaks at 50 K. The dashed line and d
lines showC1(H) and C2(H) which are used in this calculation
respectively. For explanation ofvcr and v1(C1 ,L), see text and
Eq. ~5!.
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has the same form as the Schro¨dinger equation. The intensit
of the new peaks becomes stronger at higher frequen
Since our measuring frequency is limited, we cannot obse
the new peak in this sample.

Figure 2 shows calculated field dependence ofvp in HI-
BSCCO with the sample size ofL5670 mm ~sampleA) and
L51480mm ~sampleD). We also add experimental data
solid circles in Fig. 2. In this calculation, HI-BSCCO wit
L5670 mm shows three peaks in the frequency range
<(v/vp0)2<1. In the case of isolated system, resonan
peak in irradiated and pristine parts are observed onC1 and
C2 lines, respectively. Within our microwave frequency wi
dow, only the lowest frequency resonance is observed foL
5670 mm sample. Still, calculated results agree quant
tively with experimental data. The calculated field depe
dence ofvp for HI-BSCCO withL51480mm is also shown
with red lines. Since doping levels in samplesA and D are
different,C2 in samplesA andD are shown as blue and re
dotted lines, respectively. To avoid complexity, we draw on
two red lines as the lowest and the next lowestvp for L
51480mm sample. In addition, it is clear thatvcr/2p is
decreased to;30 GHz with increasing the sample size pe
pendicular to the boundary.

To confirm the size dependence ofvcr , we measure
sample (B) –(D) with the same doping levels to each oth
SamplesC andD are twice as large as sampleB with their
irradiation boundaries parallel and perpendicular to
longer edge of the sample, respectively. Figure 3 sho
Pabs(H) in these samples for 41.7 GHz at 50 K. The res
nance in sampleC occurs at almost the same field as
sampleB. This fact is valuable in further convincing ou
selves that it is sufficient to consider only the on
dimensional equation as Eq.~2!. The resonance peak i
sampleD, which corresponds to the above calculation w
L51480mm, shifts to lower field at 2.0 kOe and a new pe
appears at 26 kOe. In Fig. 2, we plot these peaks as clo
squares. The lower field peak and the new peak locate fa
ably on the lowestvp and the second lowestvp curve. These
results strongly suggestvcr/2p in sampleD is reduced be-
low 41.7 GHz and support our claim thatvcr tends to de-
crease with increasing the sample size perpendicular to
boundary.

Let us now discuss the behavior of JPR in HI-BSCCO
more detail. For this purpose, we calculatevp as a function
of C2 with fixed C1. Figure 4~a! showsvp as a function of
C2

21 (0.001<C2<1) with fixed C150.001. Since IPC
changes more significantly in the irradiated part in our
periments, this figure approximates the actual field dep
dence ofvp . Dotted lines in Fig. 4~a! represent the condi
tions of vp

2/vp0
2 5C1 andC2. At the intersection of the two

lines ~1!, namely,C15C250.001, HI-BSCCO becomes un
form and shows only one resonance atvp

25C1vp0
2

50.001vp0
2 . The increase ofC2 causes an increase ofvp

(d), and in addition, brings two new resonance peaks
higher frequencies (j) and (m).

In order to get further insight into the nature of the res
nances, we calculate spatial variation of the real part ofu(x)
(Re@u(x)#). Equation~2! is now analogous to the Schro¨-
18050
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dinger equation for a particle in spatially dependent poten
well with modified boundary conditions. The Re@u(x)#
shows a snapshot of the resonance state in the sample. F
4~b! shows Re@u(x)# normalized by its maximum value in
HI-BSCCO at several values ofC2

21 andvp @~1!–~6! in Fig.
4~a!#. Re@u(x)# is constant for homogeneous case of~1! as
expected, whereas it shows spatial variation forC1ÞC2 as in
~2!–~6!. WhenC2 is slightly larger thanC1 as in~3! and~6!,
Re@u(x)# changes sinusoidally and is antisymmetric~or
symmetric! with respect to the center of the sample. AsC2
increases further, sinusoidal variation of Re@u(x)# is modi-
fied. When vp

2/vp0
2 is equal to C2 as in ~4!, Re@u(x)#

changes sinusoidally only in the pristine part and is nea

FIG. 3. ~Color online! Pabs(H) in three HI-BSCCO samples
with different dimensions and irradiation patterns withBF

520 kG for 41.7 GHz at 50 K. Resonance peaks are marked
arrows. The irradiation pattern for each sample is schematic
shown. The difference between samplesC andD is the direction of
the irradiation boundary.

FIG. 4. ~Color online! ~a! C2 dependence of the peak frequen
(vp) ~solid symbols!. C1 is fixed at 0.001. Dotted lines represe
C1 andC2. Dashed lines representvn

2/vp0
2 (n50,1,2, and 3) with

C150.001 andL11L25670 mm. Here,vn5vn(C1 ,L). ~b! The
distribution of Re@u(x)# in sample at various points in~a!.
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constant in the irradiated part, since the wavelength
Re@u(x)# in the irradiated part diverges to infinity. In th
case ofC1,vp

2/vp0
2 ,C2, the spatial variation of Re@u(x)#

in the irradiated part is damped as shown in~2! and~5!. The
finite amplitude of Re@u(x)# in the irradiated part is the re
sult of the continuity condition at the boundary.

To clarify the origin of additional resonance, we calcula
vp ignoring the damping term in Eq.~2!, which has little
influence on the determination ofvp . The resulting equation
has the same form as the Schro¨dinger equation for a particle
in a box. In an uniform system (C15C2), spatial derivative
of u is neglected, and we have only one resonance
vp

2/vp0
2 5C15C2. In case ofvp

2/vp0
2 .C1ÞC2 , u(x) is rep-

resented by the sum of transverse and longitudinal com
nents as

u j~x!5Aje
ik jx1Bje

2 ik j x2
ivD

4pJ0
S v2

vp0
2

2Cj D 21

~4!

with ( j 51,2). Herekj@5(1/lc)Av2/vp0
2 2Cj # is the wave

number. In the case ofC1;C2 , u(x) is approximately ex-
pressed by a sinusoidal wave as in~3! and ~6!, sincek1 and
k2 are nearly equal. Thenk1 andk2 must satisfy the condi-
tion sin(k1L);sin(k2L)50 by the boundary condition of Eq
~2!, from which we can evaluatevp asvn , where

vn
2~C1 ,L !

vp0
2

5C11S lc

L
np D 2

~5!

with n50,1,2, . . . . In thecase ofC2.vp
2/vp0

2 .C1 , vp can
be obtained from the intersection of two linesk1tan(k1L/2)
5k2tanh(k2L/2) and k2

21k1
25C22C1. Here k2

5(1/lc)AC22v2/vp0
2 is the attenuation coefficient in th

irradiated part. In the limit ofC2@C1, the two lines cross to
each other atk1L/25p/21np, which translates intok1
5p(2n11)/L. This means thatvp started fromvn (n
50,1,2, . . . ) approaches tov2n11(C1 ,L). Dotted lines in
Fig. 4~a! indicate vp5vn(C1 ,L) for n51,2,3 with L
5670 mm and C150.001. Actually, in the limit of C2
18050
f

at

o-

→C1, each resonance frequency (d, j, andm) approaches
to vn with n50,1, and 2. By increasingC2 , vp started from
vn shifts towards higher frequency and it approaches
v2n11 in the limit of largeC2. It should be noted here that i
the real system, the maximum ofC2 is limited by unity.
Therefore, JPR frequencies in HI-BSCCO can be classi
by characteristic frequenciesvn(C1 ,L) (n50,1,2, . . . ).

Finally, we discuss the origin ofvcr . The observed
plasma resonance in HI-BSCCO withL5670 mm corre-
sponds to the lowestvp (d) in Fig. 4~a!, since we measure
at relatively low frequency. In the calculation with fixedC1
shown in Fig. 4~a!, the lowestvp approaches tov1(C1 ,L) in
the limit of C2@C1 at lower fields. However in reality, the
limiting value v1 itself is a functionC1 (}1/H). Consider-
ing the field dependence of C1, we calculate
v1

2
„C1(H),L…/vp0

2 for L5670 and 1480mm, which are
shown in Fig. 2 by dash-dotted lines. Now it is clear that t
crossover frequencyvcr appears since vp

2 follows
v1

2(C1(H),L) at lower fields whenC2 is almost saturated
On increasing field,vp(H) starts to follow the lowest line in
Fig. 4 since the change inC1 is much less than that inC2.

In summary, we study the Josephson plasma resonan
half-irradiated Bi2Sr2CaCu2O81y ~HI-BSCCO! with inho-
mogeneous phase coherence. All experimental results
cluding multiple resonance and the crossover frequency,
well reproduced by calculations based on the linearized s
Gordon equation. Resonance peaks in HI-BSCCO are cla
fied in terms of characteristic frequencies, which belong
different modes with specific wavelength relative to t
sample size. In such layered superconductors with spat
dependent interlayer-phase coherence, microwave ele
field parallel to thec axis can partly excite the transvers
mode, which can only be excited by microwave magne
field in homogeneous systems.
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