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We present evidence identifying the resonance in microwave absorption observed in
Bi,Srp,CaCuyOs. 5 in a fieldH as the Josephson plasma mode. The resonance field displays an unusual
reentrant cusp wheH is very close to alignment with the layers. By fitting to a model of Bulaevskii
et al., we obtain an anisotropy parameter= 400—-420 at 5 K, and a Josephson plasma frequeagy
equal to 5.3 cm! (at H = 0). We also describe the dependenceawgfon H and T when the applied
fieldH || c.

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

When the superconductor £8r,CaCuyOgs (Bi 2212)  corresponds to the charging energy oscillating @0t
is exposed to microwave radiation in the mixed statepf phase with the Josephson coupling energy at the fre-
an unexpectedly sharp resonance in the absorption is olpiencyw; = [(27/®,)I,/C]'/2, wherel, is the critical
served as a function of the applied field [1]. Because theurrent, ®, the flux quantum, andC the junction ca-
resonance field, varies significantly with radiation fre- pacitance. For a layered superconductor in zero field,
guency(w) and temperatur€rl’), the resonant absorption the c-axis critical current density is related toy by
was tentatively described in terms of a collective mode/, = (CI>0/27T)/M0s72A§b, where),,, is the in-plane pen-
of the vortex lattice hybridized with the cyclotron mode etration depths the layer spacing, and, the permeabil-
of quasiparticles [1]. However, several researchers [2jty constant. In the mixed state, the presence of vortices
have pointed out that the resonance may correspond &irongly suppresses the Josephson cutfgf®) (B is the
the Josephson plasma oscillations. InLl&r,CuQ,, a induction) [11]. AtT = 0, the reduction is expressed by
sharp Drude edge has been observed [3] at 60'dfor  the factorJ,,(B)/Jy = (COSp, ,+1), Where ¢, .+ is the
x = 0.16) in the c-axis reflectivity (in zero field) and has gauge-invariant phase difference between adjacent lay-
been attributed to the Josephson plasma mode [4]. Thers indexed by: (where(---) denotes spatial and disor-
larger anisotropy in Bi 2212 implies a lower plasma fre-der averaging) [11]. We may express the field-dependent
quency »;(0). A search down to 30 cnt did not de- Josephson plasma frequency as
tect its presence [5]. Torque experiments obtain estimates ,
for the anisotropy parameter varying from>200 [6] to ~ @s(B) = 27/®o) (sJo/20&,)(COSprn+1) (T — 0)
~900 [7] [equivalent to frequencies;(0) < 12 cm™!]. (1)
An intense magnetic fieldd may further suppress the
mode to within the range of our microwave experiment(ey is the permittivity constant and:;, the dielectric
(1-3 cn1Y). A particularly decisive test of whether the constant). The field affects,; through the phase factor
resonances are Josephson plasma excitations has béeasp, ,+1) only.
proposed by Bulaevskii, Maley, Safar, and Doguez In our experiment, modulation of the microwave power
(BMSD) [8]: WhenH is rotated into alignment with the produces a slight oscillation in the sample’s temperature,
CuO, layers, the resonance field should display a reenwhich is measured with a cernox bolometer by lock-
trant cusp analogous to that observed in thaxis re- in detection [1,12]. The oscillation amplituda7 is
sistivity [8,9]. We present measurements confirming theproportional to the surface resistan® in the mixed
reentrant behavior oB, in Bi 2212. Moreover, using state. As shown in Fig. 1, the sample platform (inside
BMSD’s model, we show that the angular dependenca cylindrical waveguide of radius 3.5 mm) may be rotated
near alignment provides a novel, sensitive way to deterto vary the angle betweenH and the CuQ layers. In
mine the value ofy (400—420) and’;(0) (~5.3 cm™!). all runs,w, 6, andT are held fixed, an®; is recorded as

We recall that, in a junction, a fluctuation of the rela- H is swept from 0to 7 T and back to O T.
tive phase¢ from zero lowers the Josephson coupling Figure 1 displays a subset of the 32 traces taken at
energy and induces a supercurrent which leads to char@- = 5 K. Starting at large, negative tilt angle (lowest
ing of the electrodes. The Josephson plasma mode [1®jace) the resonance fielB, (arrow) moves rapidly to
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FIG. 1. Variation of the resonance fieR}, (arrows) with tilt
angled in Bi,SrCaCuyO0Os. 5 (sample 1), measured at 5.0 K at
w/2m = 47.3 GHz (0 is defined in inset). H is fixed parallel
to the cylindrical waveguide axis. The microwave field
E, lies in the plane ofH and c. Each trace represents the
surface resistanc®; vs the applied fieldH (only sweep-up
traces shown). A9® increases from —5%and 0,B, falls to a
deep minimum. At small, positive (1.5°, 2.5°), we observe a
discontinuous jump oB, from 2 to 5.5 T. Further increase of
0 to 24° moves the peak back to low fields. At= 90° (not
shown), the coupling to the radiation is greatly reduced,Ryut
at 0.8 T may still be resolved.

higher fields as we tilH away from thec axis. While for
large|6|, Bo(0) scales approximately d sing, deviation
from this simple form is apparent #| ~ 10°. At 0 =
—5.5°, By attains a local maximum value of 5.6 T, while
the resonance broadens noticeably. Remarkabl¥ &
brought into closer alignment with the layei, rapidly
decreases to a deep minimum at 1.8 T. At positive

By attains a second maximum (6.2 T) and subsequently

approaches the approximate foihsing (top trace). A

clearer perspective is obtained by plotting the parallel

component of the resonance fieBg co® in each of the
32 traces vsB sind [Fig. 2(a)]. Starting at the leftd =
—45.5°), the trajectory o3, rises almost vertically. A8

approaches zero, the trajectory goes through a maximu

bilayers in triangular coordination. The Josephson vortex
array leads to a strong reduction of the Josephson energy
[8]. At finite tilt angle #, pancake vortices appear. BMSD
[8] find that at T = 0 the total Josephson energy is
optimized when the pancake vortex array assumes a zig-
zag distortion. The distortion leads to a recovery of a
fraction of the loss in Josephson energy engendered by the
parallel array (pinning neglected). Thus,(B) increase
steeply asH is tilted out of the plane, in qualitative
agreement with the angular dependence of thaxis
resistivity [8,9]. We may express? in an oblique field

as ( is the velocity of light) [8]

w; = 2(c/s)*(®o/Bs?) (e, v {(2m) 2 (Po/ A}, B)
+ 6[In(A2, /7s%) + 2(7 AupsB/Dp)*]~ 1}
(T—0,0<1). (2

The term iné represents the compensation effect of the
pancake vortices. Setting; /27 = 47.3 GHz, we solve

Bgsing (T)

B,cosé (T)

B(M

0 (degree)

FIG. 2. (a) Plot of the parallel component of the resonance
field By co® vs the perpendicular componeBg sind with tilt

I5}1gle as a parameter (same conditions as in Fig. 1). The tra-

before falling into a deep cusp. With further increase injectory shows a striking reentrant cusp at sméll  The un-
6, the curve goes through another maximum before fallingertainty in determining th€ = 0 position is=0.3°. The data

to the right (we discuss the slight asymmetry below). Thevere taken in the sequence45° — 0 — 24°. The line is a

reentrant behavior aB, vs 4 is a striking confirmation of
Bulaevskii's prediction.
In parallel field(@ = 0), flux lines exist as Josephson

guide to the eye. (b) Comparison of the resonance figlds
0 with the prediction of BMSD’s model [8] [Eq. (2)]. The lines
are curves fory = 300, 410, 430, and500 (with s = 15.6 A,
Aap = 1400 A, and e, = 25). See explanation of fits in text.

vortices trapped in the potential trough between GuO The data are restricted to the negative branch of the cusp in (a).
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Eq. (2) for the resonance fiel#, in the range0° < the field, viz.«7 ~ B~* (main panel of Fig. 3) [18]. The
f# < 5°, using y as an adjustable parameter (we takeexponent is not sensitive td@" and has the value 0.7-0.8
s =156 A, A, = 1400 A, and &, = 25 [Ref. [5]]). in both crystals. Ifw is held constant, the resonance field
The best fit toBy (for negative #) is obtained with By varies roughly exponentially with" (inset, Fig. 3).

v = 420 *+ 10. [See Fig. 2(b). For comparison, we also Thus we may writew;(B,T) as

show curves withy = 300 and500.] With y = 420, we

calculate/y, = 4870 A/cn? andv,;(0) = 163 GHz (If the w3(B,T) = (B;/B)’@}D(T) (MHllec, T <T,)

fit is repeated witt,, = 1700 A, we obtain the slightly

different valuesy = 400 and v,(0) = 171 GHz.) Pre- 3

vious estimates ofy in Bi 2212 range from~55 [13] . .
to 200 [6]. A recent torque measurement at 77 K by(wo and B, are constants independent Bf. Below its

. . . cusp atT,,, the factor D(T) is a monotonically rising
Steinmeyeret al. [7] obtainedy ~ 900 in Ar-annealed . .
Bi 2212 (T. = 85 K). We have examined several crys- function of 7, well approximated by the form ep/Tp),

tals annealed under different conditions and found tha ith tf(\je character;sﬂci temrr)]efrature N 12 K [aboveT,
oxygen reduction severely decreases the resonance fie d(T) ecreases sowdy wit |Or|1_crea?|ﬂr?[1g_]. inctive beh
(by as much as a factor of 4 in a crystal in whigh . Al preS(_ent, our un erstan_ Ing o the distinctive behav-
. . . ior of wy in perpendicular field is much poorer than for
remains above 80 K). In optimally doped Bi 2212, OUrhe field-parallel case. In an extension of the model de-
value fory ~ 400 implies that the coupling between ad- _ . P Sy
jacentbilayers remains very weak. A useful way to ex- scribed above, Bulaevskii, Pokrovsky, and Maley (BPM)
press this is by the characteristic field scile= ®/ys>
which equals~2.0 T in Bi 2212. It is significant thaH, 10
(280-370 T) is over 100 times larger in optimally doped
LaSrCuO [14]. Oxygen reduction should decrease this
field scale to more accessible values.

We discuss briefly the effect of vortex pinning in our
experiment. The scans in Fig. 1 display considerable hys-
teresis between sweep-up and sweep-down traces when
6 is nonzero. However, the hysteresis becomes negligi-
ble at & = 0, suggesting that the pinning force on vor-
tex pancakes is much greater than that on the Josephson
vortices. The disparity accounts for two observed fea-
tures, namely, the asymmetry relative 1@ in Fig. 2(a)
and the discontinuous jump observedBp as H is ro-
tated out of alignment (& = 1.5° and2.5° in Fig. 1, the
peak is observed to stick at 2 T and then jump discontinu-
ously to 5.5 T). At finite, negative, a large number
of vortex pancakes remain trapped in the sampledas
is cycled from 0 to 7 T and back (finite hysteresis). At .
6 = 0, however, it is possible to expel almost all vortex \\\o\ 3

o Sample 1

w/2m (GHz)

pancakes by field cycling (negligible hysteresis). Next, as
H is tilted slightly out of alignmenté > 0), the sample
remains free of vortex pancakes until the normal com- * Sample 2 \ \&9 2
ponentH sing exceeds the “perpendicular critical field” L |
H.,, for pancake formation [15]. ThuB, sticks at 2 T 300_3 05 07 1 3 5 7
until the field is large enough for pancakes to reenter the B~ (T)
sample. From the jump at 5.5 T in the curve at°l.5 0
we estimateH,.;; ~ 800—-1300 Oe at 5 K. The jump is FIG. 3. (Main panel) The variation of the resonance figid
not seen ford < 0 because a finite number of pancakes(in H || ¢ geometry) with in log-log plot, in samples 1
is always trapped. The lock-in phenomenon has beeﬁngi 2 with T fixed at the values indicated (sample in a
. . o L - -band rectangular waveguide). Each data point is the average
investigated by magnetization studies in Bi 2212 [7’16]’01‘ four peaks detected in a complete hysteresis cycle (e.g.,
TI:Ba;Ca,Cuz044 [7], and (BEDT-TTFLCU(SCN), [17]. -2 T — +2 — —2 T). The straight lines correspond i&* ~

We turn next to the field-perpendicular experimentsB,”. In sample 1,» = 0.70, 0.82, and0.78 at 4, 12, and
(H || ¢), focusing on the vortex solid phase below thel6 K, respectively. In sample 2; = 0.72 and0.80 at 4 and
irreversibility line T,, where the measurements are fairly 10 K- The inset shows semilogarithmic plot 8 vs T for

. . the same crystals at the tw® indicated. Straight lines are

complete. With T flxgd, we tracked the resonance fits by By ~ exp(T/T) [in D(T), Tp = T1/»]. In sample 1,
frequencyw; as a function of field3. In the two crystals 7, ="9.1 K (with & = 30 GHz) and 10 K (47.3 GHz). In
examined, we find thab, varies as a fractional power of sample 27, = 10 and9 K at 30 and 47.3 GHz, respectively.
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[19] propose that, in perpendicular field, disorder in the [1] Ophelia K. C. Tsui, N.P. Ong, Y. Matsuda, Y.F. Yan, and
vortex pancake array is caused by strong pinning (at  J.B. Peterson, Phys. Rev. LetG, 724 (1994).

T = 0). BPM show that this can produce the power-law [2] L.N. Bulaevskii, A.M. Goldman, and T.V. Rama-
behavior w} - B()_V- However, thisT = 0 result can- krishnan, at the MS.HTSC.IV International Conference,
not be meaningfully confronted with experiment, since _ Grenoble (private communication). .

the most dramatic effects involve the behavioriafT), [3] E'et:—%rgafilgg’ (Iéglg?kamura, and S. Uchida, Phys. Rev.
which increases rapldlyt_oacuspga,; and then decreases [4] M. Tachiki, T. Koyama, and S. Takahashi, Phys.
slowly above [1]. Recalling thab; ~ J,,(B), the behav-

: - ] ‘ ! Rev. B 50, 7065 (1994); P.W. Anderson, Scien26é8
ior of D(T) implies thatJ,,(B) increases rapidly as we 1154 (1995).

approachT,, from below. The experimental finding is [5] S. Tajima, G.D. Gu, S. Miyamoto, A. Odagawa, and
that increasing thermal fluctuations counter the disorder-  N. Koshizuka, Phys. Rev. B8, 16 164 (1993).

ing effects of the random pins, so that thatices become  [6] Y. lye, I. Oguro, T. Tamegai, W. R. Datars, N. Motohira,
better aligned with increasing@. This reflects an inter- and K. Kitazawa, Physica (Amsterdat)9C, 154 (1992).
esting competition between strong pinning and thermal[7] F. Steinmeyer, R. Kieiner, P. Mdller, H. Mdller, and
fluctuations in the lattice that is poorly understood. The - LK.I\\Ingﬁgé\I/ES%?thyT\)Ialjlifﬁ 42;;?2% . Domyuez
Debye-Waller form forD(T) suggests that the character- Phys. Rev. B (to be published): N. Bulaevskii (private

istic temperature (foH || ¢) is Tp = 12.5 K. A second communication)
interesting feature is that; does not decrease abruptly to [9] Kazuo Kadowaki and Takashi Mochiku, Physica (Amster-

zero (as would be expected if we assume thds zero in

dam)194B, 2239 (1994).

the liquid state). Instead(7) decreases monotonically [10] p.w. Anderson, irLectures on the Many-Body Problem,

[1]. This remains to be explained.

In summary, we have investigated the absorption of

edited by E.R. Caianiello (Academic Press, New York,
1964), Vol. 2, p. 113.

microwave radiation in Bi 2212 in the presence of an[11] L.I. Glazman and A.E. Koshelev, Phys. Rev4B, 2835

oblique field. AsH is tilted away frome, B, varies
rapidly and displays a narrow, reentrant cuspfat

(1991); L.L. Daemen, L.N. Bulaevskii, M. P. Maley, and
J.Y. Coulter, Phys. Rev. Lettr0, 1167 (1993); L.N.

0. We remark that the reentrant behavior shown in Bulaevskii, M. P. Maley, and M. Tachiki, Phys. Rev. Lett.
Figs. 1 and 2 is unexpected in a highly anisotropic but[ 74, 801 (1995).

. 12] Y. Matsuda, N.P. Ong, Y.F. Yan, J. M. Harris, and J.B.
homogeneousuperconductor. The opposite effects the Peterson, Phys. Rev. 89, 4380 (1994).

Josephson and pancake vortices have on the criticﬂs] D.E. Farrellet al., Phys. Rev. Lett63, 782 (1989).
currentJ,, (the latter partially canceling the effect of the [14] In c-axis reﬂect’ivity measurements in 13Sr.CuQ,
former) seem to be essential in producing the behavior. ~ (; — 0.15) [A. M. Gerrits et al., Phys. Rev. B51, 12049
Thus the tilt experiment provides very strong evidence (1995)] did not resolve any shift in the Drude edge
that we are exciting the Josephson plasma oscillation in  in fields up to 25 T(H Le¢). The large field scale
the presence of Josephson vortices. Using the BMSD  H, = 280-370 T (estimated withy = 15-20 and s =
model, we have estimategd (400—420) and;(0) (160— 6 A) implies the shift may be too small to observe for
170 GHz). In contrast to the field-parallel geometry, the ~ * = 0.15. Recent reflectivity measurements ondoped
behavior of the plasma mode in perpendicular field is '[-S"J‘Slﬁﬁi(gah&)‘ﬁ:t‘écgg;dnfgn'iga‘:ieotsﬁ““9 the shiflid. ¢
oorly understood. Concurrent with our work, Matsuda ' .
gt aI.){ZO] have recently shown that the mode is strongeSFS] S.S. Maslov and V. L. Pokrovsky, Pis’'ma Zh. Eksp. Teor.

. . Fiz. 53, 614 (1991) [JETP Leti53, 636 (1991)].
Whe_n Ew Il ¢ and absent wheikl,, 1 ¢, consistent with [16] N.V. Zavaritskii and V.N. Zavaritskii, Pis’'ma zh. Eksp.
excitation of the Josephson plasma mode.

_ Teor. Fiz.53, 212 (1991) [JETP Leti53, 226 (1991)].
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