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The Josephson plasma resonance of Bi2Sr2CaCu2O81d in parallel magnetic fields has been measured by
angular alignment with;0.02 degree precision to reveal the phase collective modes in the Josephson vortex
lattice. When the angleu between the field and the CuO2 plane is tilted from thec axis, the resonance field
scales asH sinu in the rangeu*4°. At lower angles, the resonance field shows anomalous decreases with
decreasingu. A disappearance of the resonance has been unexpectedly found for angles withinu;0.2°, which
may correspond to the angle where the lock-in transition takes place. The origin of the phenomenon is
discussed in terms of the Josephson plasma oscillation and Josephson vortex oscillation modes.
@S0163-1829~97!52214-4#

It is well established that strongly anisotropic high-Tc su-
perconductors~HTSC! behave as stacks of superconductor-
insulator-superconductor~S-I-S! Josephson tunnel junctions.
This peculiar electronic structure is responsible for the un-
usual magnetic and electrodynamic properties of these mate-
rials in the superconducting state. Recently, Josephson
plasma, which is a phase collective mode representing the
Cooper pair oscillation through the insulating barriers in the
crystal, has attracted much interest.1–10 Since the plasma
modes of HTSC lie well below the superconducting gap,
plasma damping processes such as Landau damping and op-
tical phonon damping are prohibited from occurring and a
very stable mode appears in the superconducting state.6 The
Josephson plasma excitation mode as a resonance in micro-
wave absorption has been observed recently in
Bi2Sr2CaCu2O81d ~Refs. 1–3! and Bi2Sr2CuO61d ~Ref. 4!
by applying a magnetic field perpendicular to the conducting
layers. Quite recently, similar resonance has been reported in
the organic superconductork-(BEDT-TTF)2Cu(NCS)2 with
extremely large anisotropy.5 It has been shown that in these
Josephson coupled superconductors the pancake vortices in-
duced by a perpendicular field play an important role in de-
termining the plasma modes, yielding the reduction of the
interlayer Josephson coupling and plasma frequency.7,8,10,11

In a parallel field, on the other hand, Josephson vortices,
which do not have the usual normal core, are known to play
an important role in determining the electromagnetic proper-
ties of layered superconductors.12.13 However, the plasma
modes in a parallel field have so far never been examined
experimentally, not only in the layered superconductors but
also in the single S-I-S junction. Recently, Tsui, Ong, and

Peterson measured Josephson plasma resonance in an ob-
lique field for Bi2Sr2CaCu2O81d and found that the reso-
nance field displays an unusual reentrant cusp whenH is
very close to alignment with the layers.3 This phenomenon
has been discussed by Bulaevskii, Maley, Safar, and
Domı̆nguez~BMSD! in light of the reduction of the plasma
frequency due to the formation of Josephson vortices.9 In
this paper we present a very precise angular dependence of
the resonance of Bi2Sr2CaCu2O81d , particularly in fields
very close to theab plane. We demonstrate that the phenom-
enon in the parallel field is much more drastic than the result
of Ref. 3. When the angleu between the field and layers is
tilted from thec axis, the resonance scales asH sinu in the
wide angle rangeu*4°. At lower angles~u&0.6°!, however,
the resonance fieldB0 shows an anomalous decrease with
decreasingu. A disappearance of the resonance has been
unexpectedly found for angles withinu;0.2°, below which
vortex lines may be locked in a parallel orientation. The
origin of the phenomenon is discussed in terms of the phase
collective modes in the Josephson vortex lattice.14–16 It is
revealed that a collective mode stemming from the vortex
lattice oscillation that has not been considered in the previ-
ous studies plays an important role in determining the plasma
resonance in the parallel fields.

The single crystals of Bi2Sr2CaCu2O81d were grown by
the traveling-solvent–floating-zone technique. In this study,
we used two crystals with different oxygen stoichiometry:
optimally doped (Tc589.5 K! and underdoped (Tc587 K!
crystals. Both samples were cut and cleaved into square
plates with approximate dimensions of 0.930.930.07
mm3. Both were obtained by annealing the as-grown crystals
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in a vacuum or nitrogen atmosphere. The crystal is placed in
a rectangular copper cavity with TE102 mode ~v545 GHz!
and is placed at the maximum microwave electric fieldEac
and oriented such thatEac is parallel to thec axis.17 This
configuration generates the Josephson plasma mode in which
the supercurrent oscillates normal to the layers.2 The mea-
surements of the angular dependence of the resonance were
carried out in the split pair magnet providing a transverse
field. The microwave cavity was rotated in the magnet with a
precision of 0.02°, keepingEac parallel to thec axis.

Figure 1 shows the angular dependence of the resonance
for the optimally doped sample taken atT530.2 K. The
magnetic fields are swept from16 T to 26 T through the
zero field. The resonance in positive and negative fields is
almost symmetric. In Fig. 1, the resonance is plotted as a
function of the field component parallel to thec axis,
H sinu. While the resonance is scaled well asH sinu at
large angles~u*4°!, deviation from this simple form is ap-
parent at lower angles. Figure 2~a! displays the traces near
u50 for the same crystal taken atT540.2 K. The resonance
is plotted as a function ofH. Starting at a negative tilt angle
~top trace! the resonance field moves rapidly to higher fields,
reaches maximum at 0.4°–0.6°, and then decreases rapidly
asu approaches zero. The resonance behavior in positive and
negative angles is almost symmetric. The traces for the un-
derdoped sample are shown in Fig. 2~b!.18 Unexpectedly, the
resonance vanishes within the critical angleuc;0.13° for
this crystal. The angular dependence ofB0 for both samples
is plotted in Fig. 3~a!. Although the reentrant behavior of
B0 vs u resembles that of Ref. 3, the present results are quite
different in the following respects. First, the resonance
broadens noticeably in Ref. 3 nearu;0, but the present reso-
nance does not show such a broadening.19 Second, and more
importantly, the vanishing of the resonancehas not been
observed in previous studies.

We first discuss the resonance at the higher angles. Jo-
sephson plasma frequency,vpl5c/A«0lc («0 is the dielec-
tric constant of the crystal andlc the out-of-plane penetra-

tion length! in the presence of the field is written as

vpl
2 ~B,T!5vpl

2 ~0,T!^coswn,n11&, ~1!

where^coswn,n11& represents the thermal and disorder aver-
age of the cosine of the gauge-invariant phase difference
between layern andn11. The field affectsvpl through the
phase factor only. The reduction of the plasmon frequency is
caused by the Josephson strings that are created by the de-
viation from the straight alignment of the pancakes along the
c axis.7,8,10,11This deviation is caused by thermal fluctuation
and pinning. In the perpendicular field, the plasma frequency
decreases monotonically withH. Consequently, resonant ab-
sorption occurs whenvpl coincides with the microwave fre-
quencyv as a function ofH, if the zero-field plasma fre-
quency is larger thanv.2 According to the recent theory
based on the high-temperature expansion, the plasma fre-
quency is expressed as10

vpl
25

2psF0 j J
2

«0kBTH'

expS 2
ps2H i

2

H'F0
D , ~2!

in the vortex liquid phase, provided

EJF0

H'kBT
!1. ~3!

Here j J is the Josephson critical current in the zero field
which is related to the anisotropy factorg by j J
5cF0/8p2g2lab

2 s (lab is the in-plane penetration depth!,
H i andH' are the field components parallel and perpendicu-
lar to the layers, respectively, andEJ(5F0 j J/2pc) is the
Josephson coupling energy. Equation~3! assumes the almost
decoupled layers. The exponential factor in Eq.~2! arises

FIG. 1. Resonance in oblique fields for optimally doped crystal
measured atT530.2 K atv545 GHz. The resonance is plotted as
a function of the field component perpendicular to the layers,
H sinu.

FIG. 2. ~a! The angular dependence of the resonance in a mag-
netic field nearly parallel to the layers for optimally doped crystal at
40.2 K. ~b! Same data for an underdoped crystal with a lower reso-
nance field at 36.0 K. In both cases, the angle is rotated from2 to
1.
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from the extra phase factor added town,n11 due to the pres-
ence ofH i . SinceF0 /ps

2;100 T, the exponential factor is
not important at high angles and resonance fields are well
scaled byH'5H sinu. Although we do not show it here,
the plasma frequencies in both the optimally doped and un-
derdoped crystals in the perpendicular field (H i50) are well
described by Eq.~2!, assumingg5510 for optimally doped
and 720 for underdoped crystals.~We takee0525 andlab
52000 Å.) Zero-field plasma frequencies atT50 are esti-
mated to be 113 and 81 GHz for optimally doped and under-
doped crystals, respectively. A detailed discussion of these
results will be presented elsewhere.20 We therefore analyze
the angular dependence ofB0 in accordance with Eq.~2!.
Settingvpl545 GHz, we solve Eq.~2! for B0 using theseg
values. The inequality Eq.~3! holds for H'.210 Oe ~u
.0.5°! in the optimally doped andH'.105 Oe~u.1°! in
the underdoped sample. The result is depicted by solid lines
in Fig. 3~b! as a function ofB0 sinu. The deviation from the
scaling relationB0 sinu is appreciable below a few degrees
for both samples. The results of the calculation well repro-
duce the experimental data. Thus the resonance at high
angles is found to be well described by Eq.~2!.

We next discuss the vanishing of the resonance observed
in the underdoped crystal belowuc;0.13°. This phenom-
enon cannot be accounted for by the suppression of the in-
terlayer coupling; hence it calls for a new theory. The van-

ishing admits of two interpretations; a discontinuous jump of
the resonance mode to a different frequency or a strong
smearing of the resonance. We show below that the jump can
be accounted for naturally by considering the electromag-
netic excitation mode of the Josephson vortex lattice. We
assume thatuc corresponds to the lock-in angle below which
no pancake segment exists in the vortex line. This transition
takes place whenH' is less than the lower critical field
perpendicular to the layersHc1

' . The lock-in angleuL is
given as

H sinuL5Hc1
' ~12N!, ~4!

where N is the demagnetization factor.12 Assuming Hc1
'

.100 Oe andN.0.9, uL at H50.5 T is estimated to be
0.12°. This value is close touc . Thus, a Josephson vortex
lattice with no pancake segment would be formed below
uc . We consider the discontinuous jump of the plasma reso-
nance mode on the analogy of the phase collective modes in
the Josephson vortex lattice that have been discussed in the
long single Josephson junction.14 In the Meissner phase,
there is only one collective mode corresponding to a plasma
wave with a dispersion,v2(k)5vpl

21c0
2k2 (c0 is the Swi-

hart velocity!. As a result, the uniform ac electric field causes
the resonance only atv5vpl . However, a parallel field
changes the situation drastically. In the presence ofH i larger
than the lower critical field parallel to the junctionHc1

i

52F0 /p
2dlJ (d is the thickness of the junction andlJ is

the Josephson length!, two different phase collective modes
appear that can be referred to as the vortex oscillations and
the plasma oscillations. Both modes accompany the charge
~Cooper pair! oscillation through the insulating layers. The
former mode corresponds to sound-wave-like collective os-
cillation associated with the sliding mode of the Josephson
vortex lattice. Since the Josephson vortex lattice can move
freely parallel to theab plane, this mode has no gap atk
50. On the other hand, the latter modes are analogous to the
optical branch of the phonon spectra and have gaps which
are always larger than the zero-field plasma frequency. As a
result the zero-field plasma resonance atv5vpl splits into
an infinite number of resonances with frequencies larger than
the zero-field plasma frequency.14 Quite recently, Bulaevskii,
Domı̆nguez, Maley, and Bishop~BDMB! found that the op-
tical weight of the plasma modes shifts to that of the vortex
oscillation mode with the field and finally vanishes in the
limit of strong fieldH@Hc1

i .16

The importance of the mode arising from the Josephson
vortex lattice oscillation in layered superconductors has also
been pointed out by many authors.15,16BDMB predicted that
the behavior of the plasma modes in a layered supercon-
ductor may be similar to those in a single junction, but the
characteristic field scaleH05F0 /gs

2 replacesHc1
i in a

single junction.16 H0 is several T in Bi2Sr2CaCu2O81d with
g5500. The net optical weight of plasma resonance peaks
near the zero-field plasma frequency in low fieldsH!H0 ,
but it shifts to the vortex lattice oscillation mode with the
field and vanishes atH@H0 . Thus the resonance modes of
the layered superconductors in parallel fields exist but they
are always above the zero-field plasma frequency, similar to
those in single junctions. Consequently,if v is less than the
zero-field plasma frequency, no resonance is observed. This

FIG. 3. ~a! Angular dependence of the resonance fieldB0 for
optimally doped~open squares! and underdoped~filled squares!
crystals inH very close to the layers. Solid and dashed lines repre-
sentB0 obtained by Eq.~5! assumingg5250 and 300, respectively.
~b! Comparison ofB0 vs u with the prediction of Eq.~2! for opti-
mally doped~open squares! and underdoped~filled squares! crys-
tals. The lines are curves forg5510 and 720. See explanation of the
fits in the text. The curves are restricted to the region of Eq.~3!.
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is in contrast to the perpendicular and oblique field cases
where plasma frequency decreases monotonically with the
field. Thus the vanishing of the resonance below the lock-in
angle can be accounted for by considering the excitation
mode of the Josephson vortex lattice. The vanishing of the
resonance has not been observed in the optimally doped
crystal @Fig. 2~a!#. The reason for this may be that the high
resonance fields for this sample reduce the lock-in angle to
an inaccessible low angle range that may be within the mo-
saic spread inside the crystal.

We finally discuss the angular dependence of the reso-
nance slightly tilted away from the parallel configuration. In
this orientation, the vortex lines with very long intervals par-
allel to the layers separated by pancake vortices are strongly
pinned by the pancake segments. Recently, BMSD found
that the pancakes adjust to the lattice of Josephson vortices
by forming a zigzag structure along thec axis, giving rise to
the periodic pinning for Josephson vortices.9 As a result, the
sliding mode of the Josephson vortex lattice becomes an os-
cillating mode with nonzero frequency. This theory success-
fully explains c-axis resistance that shows a narrow maxi-
mum as a function ofu near parallel orientation with a width
of ;1°.9 According to BMSD, the plasmon frequency at a
very low angle~uuu!1! may be written as21

vpl
25

8F0c
2u

pg4s4«0B
@ ln~lab

2 /ps2!12~plabsB/F0!
2#21.

~5!

Setting vpl545 GHz, we solve Eq.~5! for the resonance
field B0 , usingg as an adjustable parameter. In Fig. 3~a!, we
plot the result of the fit for the optimally doped crystal. For
comparison, we show curves withg5250 and 300. The
range we can fit is very narrow~u,0.2°!. The g value ob-
tained by this method is about half the value obtained by the
resonance in the perpendicular fields.

In summary, we have investigated the Josephson plasma
resonance of Bi2Sr2CaCu2O81d in parallel magnetic fields.
The angular dependence of the resonance obeys a scaling
relationH sinu for u*4°, but shows significant deviations at
lower angles. A disappearance of the resonance has been
found within angles where the lock-in transition takes place.
We attribute the phenomenon to the phase collective modes
of the Josephson vortex lattice.

We are indebted to L. N. Bulaevskii and A. E. Koshelev
for several valuable comments. Useful discussions with T.
Koyama, E. B. Sonin, and M. Tachiki are acknowledged.
This research was supported by a Grant-in-Aid for Scientific
Research from the Ministry of Education, Science and Cul-
ture of Japan and the Asahi Glass Foundation.

*Present address: Institute for Solid State Physics, University of
Tokyo, Roppongi, Tokyo 106, Japan.

1O. K. C. Tsuiet al., Phys. Rev. Lett.73, 724 ~1994!.
2Y. Matsudaet al., Phys. Rev. Lett.75, 4512~1995!.
3O. K. C. Tsui, N. P. Ong, and J. B. Peterson, Phys. Rev. Lett.29,
819 ~1996!.

4S. Sakamotoet al., Phys. Rev. B53, R14 749~1996!.
5T. Shibauchiet al., J. Low Temp. Phys.105, 1715~1996!.
6M. Tachiki, T. Koyama, and S. Takahashi, inCoherence in High
Temperature Superconductors, edited by G. Deutscher and A.
Revcolevschi~World Scientific, Singapore, 1996!, p. 371.

7L. N. Bulaevskii, M. P. Maley, and M. Tachiki, Phys. Rev. Lett.
74, 801 ~1995!.

8L. N. Bulaevskii, V. L. Pokrovbky, and M. P. Maley, Phys. Rev.
Lett. 76, 1719~1996!.

9L. N. Bulaevskii, M. Maley, H. Safar, and D. Domı˘nguez, Phys.
Rev. B53, 6634~1996!.

10A. E. Koshelev, Phys. Rev. Lett.77, 3901~1996!.
11L. L. Daemen, L. N. Bulaevskii, M. P. Maley, and J. Y. Coulter,

Phys. Rev. B47, 11 291~1993!.
12L. N. Bulaevskii, M. Ledvij, and V. G. Kogan, Phys. Rev. B46,

366 ~1992!.
13J. R. Clem and M. W. Coffey, Phys. Rev. B42, 6209~1990!.
14A. L. Fetter and M. J. Stephen, Phys. Rev. B168, 475 ~1968!.

15A. F. Volkov, Phys. Lett. A138, 213~1989!; N. B. Kopnin, A. V.
Lopatin, E. B. Sonin, and K. B. Traito, Phys. Rev. Lett.74, 4527
~1995!; L. N. Bulaevskiiet al., Phys. Rev. B53, 14 601~1996!.

16L. N. Bulaevskii, D. Domı´nguez, M. P. Maley, and A. R. Bishop,
Phys. Rev. B55, 8482~1997!.

17Y. Matsudaet al., Phys. Rev. B49, 4380~1994!.
18In the underdoped sample, a weaker second resonance occurs at

fields of about 0.1 to 0.2 T for small angles. A similar but much
weaker feature is present in the optimally doped sample. The
shape and position of this second resonance depend on the field
sweep ratio, while those of the main resonance line do not.
Therefore the second resonance lines may be related to the non-
equilibrium properties of the vortex state.

19We note that the experiment of the angular dependence in Ref. 3
was performed by rotating the sample in a waveguide, not in the
cavity resonator. In such a condition, the electric field is not
perpendicular to the layers, and both transverse and longitudinal
plasma modes are excited simultaneously. The transverse
plasma mode is known to be much broader than the longitudinal
one. See Ref. 6.

20Y. Matsudaet al., Phys. Rev. Lett.78, 1972~1997!.
21This result was first obtained in Eq.~9! of Ref. 9, but in the

present equation the first term,Jm(0), is dropped. This revised
result is given in Ref. 16.

R8688 55Y. MATSUDA et al.


