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Excitation of the Josephson Plasma Mode
in Bi2Sr2CaCu2O81d in an Oblique Field
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We present evidence identifying the resonance in microwave absorption observed
Bi2Sr2CaCu2O81d in a field H as the Josephson plasma mode. The resonance field displays an un
reentrant cusp whenH is very close to alignment with the layers. By fitting to a model of Bulaevsk
et al., we obtain an anisotropy parameterg  400 420 at 5 K, and a Josephson plasma frequencyvJ

equal to 5.3 cm– 1 (at H  0). We also describe the dependence ofvJ on H andT when the applied
field H k c.

PACS numbers: 74.50.+r, 72.30.+q, 74.60.Ge, 74.72.Hs
t

th
-
n
d
e
[

d

s
T
e

a

e
n
e
b

e

th

c
te

a
n
a
[1

fre-

ld,

es

y

lay-
-
ent

r

er
re,
k-

de
ed

at
t

When the superconductor Bi2Sr2CaCu2O81d (Bi 2212)
is exposed to microwave radiation in the mixed sta
an unexpectedly sharp resonance in the absorption is
served as a function of the applied field [1]. Because
resonance fieldB0 varies significantly with radiation fre
quencysvd and temperaturesTd, the resonant absorptio
was tentatively described in terms of a collective mo
of the vortex lattice hybridized with the cyclotron mod
of quasiparticles [1]. However, several researchers
have pointed out that the resonance may correspon
the Josephson plasma oscillations. In La22xSrxCuO4, a
sharp Drude edge has been observed [3] at 60 cm– 1 (for
x  0.16) in the c-axis reflectivity (in zero field) and ha
been attributed to the Josephson plasma mode [4].
larger anisotropy in Bi 2212 implies a lower plasma fr
quency nJs0d. A search down to 30 cm– 1 did not de-
tect its presence [5]. Torque experiments obtain estim
for the anisotropy parameterg varying from.200 [6] to
,900 [7] [equivalent to frequenciesnJ s0d , 12 cm21].
An intense magnetic fieldH may further suppress th
mode to within the range of our microwave experime
(1–3 cm– 1). A particularly decisive test of whether th
resonances are Josephson plasma excitations has
proposed by Bulaevskii, Maley, Safar, and Domıˆnguez
(BMSD) [8]: WhenH is rotated into alignment with the
CuO2 layers, the resonance field should display a re
trant cusp analogous to that observed in thec-axis re-
sistivity [8,9]. We present measurements confirming
reentrant behavior ofB0 in Bi 2212. Moreover, using
BMSD’s model, we show that the angular dependen
near alignment provides a novel, sensitive way to de
mine the value ofg (400–420) andnJ s0d s,5.3 cm21d.

We recall that, in a junction, a fluctuation of the rel
tive phasef from zero lowers the Josephson coupli
energy and induces a supercurrent which leads to ch
ing of the electrodes. The Josephson plasma mode
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corresponds to the charging energy oscillating 90± out
of phase with the Josephson coupling energy at the
quencyvJ  fs2pyF0dI0yCg1y2, whereI0 is the critical
current, F0 the flux quantum, andC the junction ca-
pacitance. For a layered superconductor in zero fie
the c-axis critical current densityJ0 is related tog by
J0  sF0y2pdym0sg2l

2
ab, wherelab is the in-plane pen-

etration depth,s the layer spacing, andm0 the permeabil-
ity constant. In the mixed state, the presence of vortic
strongly suppresses the Josephson currentJmsBd (B is the
induction) [11]. AtT  0, the reduction is expressed b
the factorJmsBdyJ0  kcosfn,n11l, wherefn,n11 is the
gauge-invariant phase difference between adjacent
ers indexed byn (where k· · ·l denotes spatial and disor
der averaging) [11]. We may express the field-depend
Josephson plasma frequency as

v2
JsBd  s2pyF0d ssJ0y´0´rd kcosfn,n11l sT ! 0d

(1)

(´0 is the permittivity constant and́ r the dielectric
constant). The field affectsvJ through the phase facto
kcosfn,n11l only.

In our experiment, modulation of the microwave pow
produces a slight oscillation in the sample’s temperatu
which is measured with a cernox bolometer by loc
in detection [1,12]. The oscillation amplitudeDT is
proportional to the surface resistanceRs in the mixed
state. As shown in Fig. 1, the sample platform (insi
a cylindrical waveguide of radius 3.5 mm) may be rotat
to vary the angleu betweenH and the CuO2 layers. In
all runs,v, u, andT are held fixed, andRs is recorded as
H is swept from 0 to 7 T and back to 0 T.

Figure 1 displays a subset of the 32 traces taken
T  5 K. Starting at large, negative tilt angle (lowes
trace) the resonance fieldB0 (arrow) moves rapidly to
© 1996 The American Physical Society 819
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FIG. 1. Variation of the resonance fieldB0 (arrows) with tilt
angleu in Bi2Sr2CaCu2O81d (sample 1), measured at 5.0 K a
vy2p  47.3 GHz (u is defined in inset).H is fixed parallel
to the cylindrical waveguide axis. The microwaveE field
Ev lies in the plane ofH and c. Each trace represents th
surface resistanceRs vs the applied fieldH (only sweep-up
traces shown). Asu increases from –5.5± and 0,B0 falls to a
deep minimum. At small, positiveu (1.5±, 2.5±), we observe a
discontinuous jump ofB0 from 2 to 5.5 T. Further increase of
u to 24± moves the peak back to low fields. Atu  90± (not
shown), the coupling to the radiation is greatly reduced, butB0
at 0.8 T may still be resolved.

higher fields as we tiltH away from thec axis. While for
largejuj, B0sud scales approximately asH sinu, deviation
from this simple form is apparent atjuj , 10±. At u 
25.5±, B0 attains a local maximum value of 5.6 T, while
the resonance broadens noticeably. Remarkably, asH is
brought into closer alignment with the layers,B0 rapidly
decreases to a deep minimum at 1.8 T. At positiveu,
B0 attains a second maximum (6.2 T) and subsequen
approaches the approximate formH sinu (top trace). A
clearer perspective is obtained by plotting the paral
component of the resonance fieldB0 cosu in each of the
32 traces vsB0 sinu [Fig. 2(a)]. Starting at the leftsu 
245.5±d, the trajectory ofB0 rises almost vertically. Asu
approaches zero, the trajectory goes through a maxim
before falling into a deep cusp. With further increase
u, the curve goes through another maximum before falli
to the right (we discuss the slight asymmetry below). T
reentrant behavior ofB0 vs u is a striking confirmation of
Bulaevskii’s prediction.

In parallel fieldsu  0d, flux lines exist as Josephson
vortices trapped in the potential trough between CuO2
820
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bilayers in triangular coordination. The Josephson vort
array leads to a strong reduction of the Josephson ene
[8]. At finite tilt angleu, pancake vortices appear. BMSD
[8] find that at T  0 the total Josephson energy i
optimized when the pancake vortex array assumes a
zag distortion. The distortion leads to a recovery of
fraction of the loss in Josephson energy engendered by
parallel array (pinning neglected). Thus,JmsBd increase
steeply asH is tilted out of the plane, in qualitative
agreement with the angular dependence of thec-axis
resistivity [8,9]. We may expressv2

J in an oblique field
as (c is the velocity of light) [8]

v2
J  2scysd2sF0yBs2d s´rg4d21hs2pd22sF0yl2

abBd

1 uflnsl2
abyps2d 1 2splabsByF0d2g21j

sT ! 0, u ø 1d . (2)

The term inu represents the compensation effect of th
pancake vortices. SettingvJy2p  47.3 GHz, we solve

FIG. 2. (a) Plot of the parallel component of the resonan
field B0 cosu vs the perpendicular componentB0 sinu with tilt
angle as a parameter (same conditions as in Fig. 1). The
jectory shows a striking reentrant cusp at smalljuj. The un-
certainty in determining theu  0 position is60.3±. The data
were taken in the sequence245± ! 0 ! 24±. The line is a
guide to the eye. (b) Comparison of the resonance fieldB0 vs
0 with the prediction of BMSD’s model [8] [Eq. (2)]. The lines
are curves forg  300, 410, 430, and500 (with s  15.6 Å,
lab  1400 Å, and ´r  25). See explanation of fits in text.
The data are restricted to the negative branch of the cusp in
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Eq. (2) for the resonance fieldB0 in the range0± ,

u , 5±, using g as an adjustable parameter (we tak
s  15.6 Å, lab  1400 Å, and ´r  25 [Ref. [5] ]).
The best fit to B0 (for negative u) is obtained with
g  420 6 10. [See Fig. 2(b). For comparison, we als
show curves withg  300 and500.] With g  420, we
calculateJ0  4870 Aycm2 andnJ s0d  163 GHz (If the
fit is repeated withlab  1700 Å, we obtain the slightly
different valuesg  400 and nJs0d  171 GHz.) Pre-
vious estimates ofg in Bi 2212 range from,55 [13]
to 200 [6]. A recent torque measurement at 77 K b
Steinmeyeret al. [7] obtainedg , 900 in Ar-annealed
Bi 2212 sTc  85 Kd. We have examined several crys
tals annealed under different conditions and found th
oxygen reduction severely decreases the resonance
(by as much as a factor of 4 in a crystal in whichTc

remains above 80 K). In optimally doped Bi 2212, ou
value forg , 400 implies that the coupling between ad
jacentbilayers remains very weak. A useful way to ex
press this is by the characteristic field scaleH0  F0ygs2

which equals,2.0 T in Bi 2212. It is significant thatH0

(280–370 T) is over 100 times larger in optimally dope
LaSrCuO [14]. Oxygen reduction should decrease th
field scale to more accessible values.

We discuss briefly the effect of vortex pinning in ou
experiment. The scans in Fig. 1 display considerable h
teresis between sweep-up and sweep-down traces w
u is nonzero. However, the hysteresis becomes negl
ble at u  0, suggesting that the pinning force on vor
tex pancakes is much greater than that on the Joseph
vortices. The disparity accounts for two observed fe
tures, namely, the asymmetry relative to6u in Fig. 2(a)
and the discontinuous jump observed inB0 as H is ro-
tated out of alignment (atu  1.5± and2.5± in Fig. 1, the
peak is observed to stick at 2 T and then jump discontin
ously to 5.5 T). At finite, negativeu, a large number
of vortex pancakes remain trapped in the sample asH
is cycled from 0 to 7 T and back (finite hysteresis). A
u  0, however, it is possible to expel almost all vorte
pancakes by field cycling (negligible hysteresis). Next,
H is tilted slightly out of alignmentsu . 0d, the sample
remains free of vortex pancakes until the normal com
ponentH sinu exceeds the “perpendicular critical field
Hc1' for pancake formation [15]. ThusB0 sticks at 2 T
until the field is large enough for pancakes to reenter t
sample. From the jump at 5.5 T in the curve at 1.5±,
we estimateHc1' , 800 1300 Oe at 5 K. The jump is
not seen foru , 0 because a finite number of pancake
is always trapped. The lock-in phenomenon has be
investigated by magnetization studies in Bi 2212 [7,16
Tl 2Ba2Ca2Cu3O10 [7], and (BEDT-TTF)2Cu(SCN)2 [17].

We turn next to the field-perpendicular experimen
sH k cd, focusing on the vortex solid phase below th
irreversibility line Tm where the measurements are fair
complete. With T fixed, we tracked the resonanc
frequencyvJ as a function of fieldB. In the two crystals
examined, we find thatvJ varies as a fractional power o
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the field, viz.v2
J , B2n (main panel of Fig. 3) [18]. The

exponentn is not sensitive toT and has the value 0.7–0.8
in both crystals. Ifv is held constant, the resonance fie
B0 varies roughly exponentially withT (inset, Fig. 3).
Thus we may writevJsB, T d as

v2
J sB, Td  sBJyBdnv2

0DsT d sH k c, T , Tmd

(3)

(v0 and BJ are constants independent ofT ). Below its
cusp atTm, the factor DsT d is a monotonically rising
function of T , well approximated by the form expsTyT0d,
with the characteristic temperatureT0 , 12 K [aboveTm,
DsT d decreases slowly with increasingT [1] ].

At present, our understanding of the distinctive beha
ior of vJ in perpendicular field is much poorer than fo
the field-parallel case. In an extension of the model d
scribed above, Bulaevskii, Pokrovsky, and Maley (BPM

FIG. 3. (Main panel) The variation of the resonance fieldB0
(in H k c geometry) with v in log-log plot, in samples 1
and 2 with T fixed at the values indicated (sample in
K-band rectangular waveguide). Each data point is the aver
of four peaks detected in a complete hysteresis cycle (e
22 T ! 12 ! 22 T). The straight lines correspond tov2 ,
B2n

0 . In sample 1,n  0.70, 0.82, and0.78 at 4, 12, and
16 K, respectively. In sample 2,n  0.72 and0.80 at 4 and
10 K. The inset shows semilogarithmic plot ofB0 vs T for
the same crystals at the twov indicated. Straight lines are
fits by B0 , expsTyT1d [in DsT d, T0 ; T1yn]. In sample 1,
T1  9.1 K (with v  30 GHz) and 10 K (47.3 GHz). In
sample 2,T1  10 and9 K at 30 and 47.3 GHz, respectively.
821
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[19] propose that, in perpendicular field, disorder in t
vortex pancake array is caused by strong pinning
T  0). BPM show that this can produce the power-la
behavior v

2
J , B2n

0 . However, thisT  0 result can-
not be meaningfully confronted with experiment, sin
the most dramatic effects involve the behavior ofDsT d,
which increases rapidly to a cusp atTm and then decrease
slowly above [1]. Recalling thatv2

J , JmsBd, the behav-
ior of DsTd implies thatJmsBd increases rapidly as we
approachTm from below. The experimental finding i
that increasing thermal fluctuations counter the disord
ing effects of the random pins, so that thevortices become
better aligned with increasingT . This reflects an inter-
esting competition between strong pinning and therm
fluctuations in the lattice that is poorly understood. T
Debye-Waller form forDsTd suggests that the characte
istic temperature (forH k c) is T0  12.5 K. A second
interesting feature is thatvJ does not decrease abruptly t
zero (as would be expected if we assume thatJ0 is zero in
the liquid state). InsteadDsTd decreases monotonicall
[1]. This remains to be explained.

In summary, we have investigated the absorption
microwave radiation in Bi 2212 in the presence of
oblique field. As H is tilted away fromc, B0 varies
rapidly and displays a narrow, reentrant cusp atu 
0. We remark that the reentrant behavior shown
Figs. 1 and 2 is unexpected in a highly anisotropic b
homogeneoussuperconductor. The opposite effects t
Josephson and pancake vortices have on the crit
currentJm (the latter partially canceling the effect of th
former) seem to be essential in producing the behav
Thus the tilt experiment provides very strong eviden
that we are exciting the Josephson plasma oscillation
the presence of Josephson vortices. Using the BM
model, we have estimatedg (400–420) andnJs0d (160–
170 GHz). In contrast to the field-parallel geometry, t
behavior of the plasma mode in perpendicular field
poorly understood. Concurrent with our work, Matsu
et al. [20] have recently shown that the mode is strong
when Ev k c and absent whenEv ' c, consistent with
excitation of the Josephson plasma mode.
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Research at Princeton University is supported by
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