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Microwave absorption was measured in the mixed stat¢Bofor TI),(Sr or Bg,Ca, 1Cu,0,. In a
La-substituted BjSr,CuO, (Bi-2201), a sharp resonant structure was found in the absorption as a function of
magnetic field only when the microwave current flowed across the ,Cplnes, as well as in
Bi,Sr,CaCy,0, (Bi-2212). Together with the frequency-dependence data, the resonant structure in the ab-
sorption in Bi-2201 is considered to be the Josephson plasma resonance. The anisotropy ratio
y=(m./m,,)Y? was tentatively estimated to be750. A striking difference was found in the temperature
dependence of the resonance field between Bi-2201 and Bi-2212. We argue that this comes from the difference
in the dimensionality of the vortex systems. In,Ba,CaCu,0,, no such resonance was found in the micro-
wave region, which is probably due to a smaller anisotropy in this mat€88l63-18206)51622-X]

The ac response of the mixed state is one of the mosBi,(La,Sn,CuO, (Bi-2201), as well as in Bi-2212. Al-
interesting issues in the physics of high-superconductors. though in TI-2212, no such resonance was observed, in Bi-
We can discuss either pinning properties or quasiparticle dy2201 there was a resonancelike structure, which is observed
namics in the vortex core, depending on frequency, temperasnly for the microwave electric field perpendicular to the
ture, and magnetic fiell. Reflecting the quasi-two- CuO, plane, as was the case in Bi-22%Plowever, several
dimensional character, a large number of peculiadifferences were remarkable. In particular, the most striking
phenomena have been reported. In particular, recently, mudtifference was found in the temperature dependendg,of
attention has been paid to a sharp resonance in the magn#tte argue that this comes from the difference in the dimen-
icfield dependence of the microwave absorption in the mixegionality of the vortex systems.
state of B,Sr,CaCu,0, (Bi-2212.2 The absorption-peak Single crystals were prepared by a flux technique using
magnetic fieldB, was found to decrease with increasing fre-gold capsules for TI-2212 at ISSRef. 6 and the floating
quency of the microwave field. The temperature dependenceone technique for Bi-2212 at Tokjoand Bi-2201 at
of B, also showed a cusp around the irreversibility temperail'sukubaf? In the case of Bi-2201, Sr was partially substituted
ture. A subsequent stutiglarified that the phenomenon was by La to achieveT, which is close to the optimum value.

a resonance of the collective plasma oscillation of the super¥.'s of the crystals used in this study are 113(R-2212),
current across the intrinsic Josephson junction between th89 K (Bi-2212) and 26 K(Bi-2201). In terms of “the hole
CuO, planes(Josephson plasma oscillatjon concentration vs th@. map,” the TI-2212 crystals are al-

Prior to the microwave experiments, the appearance of thenost optimally doped, whereas the Bi-2212 crystals are
sharpc-axis plasma edge in the superconducting state disslightly overdoped, and Bi-2201 crystals are slightly under-
covered in(La,S) ,Cu0, (LSCO) (Ref. 4 was interpreted in  doped.
terms of the Josephson plasma modeus, the Josephson Microwave absorption was measured by a bolometric
plasma oscillation is a common feature of the cuprate supetechniquée®® The microwave electromagnetic field was gen-
conductors. The details on this collective excitation, how-erated by a HP-8350B sweeper. To control microwave fields
ever, have not been known yet. In particular, the experimentor current$, cylindrical cavities with arMgy;; mode and a
tal observations in Bi-2212described above, have not been TEy;; mode were used. A platelike sample, with a typical
understood yet completely. Therefore, it is quite important todimension of 0.50.5x0.02 mn¥, was put at the bottom for
guestion which aspects of the observed peculiar featurethe TMg,, cavity, and at the center for thEEy,; cavity. In
(temperature- and frequency dependence of the plasma fréhe former configuration, microwave curreht is perpen-
guency, etg.in Bi-2212 are universal to other cuprates. We dicular to the CuQ plane. On the other hand, in the latter
have performed a microwave absorption study of the mixeatase| ; exists only within the CuQ@ plane. TheQ values of
state in materials which have similar, but slightly differentthese cavities were found to be 608000. In all experi-
crystal structures; namely in JBa,CaCu,0, (TI-2212 and  ments, the dc magnetic field was applied perpendicular to the
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fields of the superconducting magnet, hysteresis was ob-

T1,Ba,CaCu,0g,; @ % © served. On the other hand, in the configuration whigre
Euf//c//Bye  ThBaCaCu0s:s exists only in the Cu@ plane, a gradual increase of the
24GHz w Heg//c//Buc 1 absorption(sublinear inB) can be seen without any peak

%‘ TMonmode g 25GHz structure[Fig. 2 (b)]. We also performed the same measure-
> K =18 TEoumode ments in a differenfT Mg, cavity operating at 16 GHz. In
£ \ £ |2 12.0K ; X
LIRS, & “ this case, although the resonance structure was obtained,
g g when compared at the same temperatBigis larger for 16
g g% GHz than for 24 GHz. All of these are similar to the reso-
£ 2 nance observed in Bi-22%2 This strongly suggests that the
resonancelike structure in Bi-2201 has the same origin as in
Bi-2212; Josephson-plasma resonance.
There are, however, several remarkable differences in the
ol ' O details of the resonance. First, the peak field+2lorders of

magnitude smaller than that in Bi-2212. As will be discussed
later, this is related to the rather large anisotropy in Bi-2201.

FIG. 1. Microwave absorption as a function of magnetic field in The data up to 8 kOe was shown in the inset of Fi@).2

a Tl-2212 crystal at 12 K. Arrows indicate the direction of the field After the resonance in the lower field region, the absorption
sweep.(a) For the configuration wherg;L CuO, at 24 GHz.(b) '

For the configuration wherk; is only in the plane at 25 GHz.

decreases monotonically up to the highest field measured.
Thus, the line shape of the resonance in Bi-2201 is highly
asymmetric which is quite different from the data in Bi-

CuO, plane. For experiments where the detailed frequenc 212

dependence was needed, the sample was placed in a wave-__ o : .
! . : The most striking difference was found in the temperature
guide, as in Ref. 2, and the absorption was measured fo . .
ependence oB,. Figure 3a) showsB, of Bi-2201 as a

microwave fields with various frequencies. i f 1 A d at two f ; ;
Figure 1 shows the microwave absorption as a function ofunction of temperature measured at wo frequencies, to-

magnetic field in a TI-2212 crystal. Although a large peakge’[her with an irreversibility line for dc mggnetization mea-
can be seen, it is observed only for the initial sweep aftesuréd by a superconducting quantum interference device
zero-field cooling. It is not considered to be the Josephsonlagnetometer. With decreasing temperature, it shows a
plasma resonance as reported in Bi-2212, for the fonowingbroad maximum at around the irreversibility line. With fur-
reasons(1) the peak was observable in both configurationsther decreasing of the temperature, however, there was an-
(I,+L CuO, andl 4|Cu0,), and(2) the peak field depends on other cusp at some temperatdrg (for example, 3.8 K for
frequency very weakly, increasing slightly with increasing16 GH2. Below T*, a difference inB, for increasing field
frequency. and decreasing field increases rapidly, which suggests that
Figure 2 shows the microwave absorption in a Bi-2201the nature of the vortex pinning changes suddenly below
crystal, taken in the two different cavities. In the configura-T*. This behavior is distinctly different from that in Bi-
tion where the microwave electric fiel; is perpendicular 2212, shown in Fig. ®). Our data in Bi-2212 are essentially
to the CuG plane, a definite peak was observed in the magthe same as was reported in Refs. 2 anB3shows a rela-
netic field dependence of the absorptjéiig. 2 (a)]. Because tively sharp maximum at some temperature, which almost
of the pinning in the sample, and also because of the residuabincides with the irreversibility temperature.
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=f a E,//c//By = magnetic field in a Bi-2201 crystal, measured in the
S \\ © 43K] <S4t cavities.(a) For the configuration wherg:L. CuO, at
£ < 24 GHz. The inset shows the microwave absorption
g * 1 8 Biy(St1.4L2g.6)CuO¢4s up to 8 kOe as a function of magnetic field in the
"é’ Zof Bi2201 ‘é H.,¢//c//Bae same crystal, measured in tfi&1 011 cavities at 16
2 Z 2 GHz, wherel +1 CuO,. Origins for absorption were
2l o B 2 2 25GHz i shifted. (b) For the configuration wherk is only in
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FIG. 3. The temperature dependence of the
peak fieldB, . Open and closed marks are for the
data with increasing and decreasing field, respec-
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To obtain the detailed frequency dependencpf we  where, Jo=c®y/872\%s is the Josephson critical current
also measured the absorption of the same sample in a wavgensity,s is the interlayer spacing\. is the c-axis penetra-
guide, without using cavities. In this case, however, manytion depth,(ﬁn nt1 is the phase difference between adjacent
peaks appeared at different fields. Some of them agree Wityers ¢ is the dielectric constant in the high frequency limit,
the peak which is observed in the cavity experiments. Atq)0 is the flux quantum, and) represents an average value.

present, we do not understand the process through whicfne field dependence is contained in tloes factor. With
many peaks appear. The peak field as a function of frequencx

al 45 K is shown in Fig. 48, was found to vary aw * ~ CORnO, e TR PR PREERRE (O
where v is 3.8 for the two series appearing in the highest : 9 '

field region, and 1.5 for the remaining two series. A sudder\oort"’“,"t factor is the interplane'penetration dppgh Thus,
decrease 0B, around 30 GHz suggests that the zero-fielgthe difference ofB, between Bi-2212 and Bi-2201 should
Josephson plasma frequency at 4.5 K-80 GHz. be attributed to the dlfferen_ce }Q in the mgasurgd §ample_s.
In the above, we have shown that the Josephson plasnfithough a detailed quantitative comparison is impossible
resonance exists in Bi-2201. However, there are several réince the temperature dependenceBgfis quite different
markable differences as has already been pointed out. Firdf! the two materials, we will discuss the order of magni-
B, is 1~2 orders of magnitude smaller than that in Bi-2212.tude. The difference in; roughly corresponds to the dif-
In terms of a theoretical modef the Josephson plasma fre- ference in the anisotropy of the effective mass. In terms of
quency,w,, as a function of dc magnetic fiellis given by ~ this picture, the anisotropy parametey=(m./m,;,)*?
can roughly be estimated as750 for Bi-2201%° This is
82cs 8.2cs coqsi;tgnt with the ar;isotropy ratio gstimated from the dc
wS(B)=Js 5 (COSpy ny1)=I(B) = 1) resistivity [pe/pap~10 _(Ref. 8 leading to y~300]. On
€Pg €Pg the other handy of a Bi-2212 crystal from the same batch
was~ (5% 10°%)2=70.1 Thus, the ratio of the/s is ~10.
This explains the difference iB, qualitatively. For more

3

Aw N 38 quantitative understanding, the detailed datdgB) should
8 st 15 Y . AN be taken into account.
=t \~\(”.\_ . \\ The absence of a resonance in the microwave region in
ta \‘i’?@\-\ v °%\ TI-2212 is understood from the same standpoint. The anisot-
Qo W ° o\o~o\7\vvv 0%\\ ropy of the resistivity just abov&, was reported to be 258,
*q;) 107 sa® o, - °°m;,?0-0\_\° o, N E leading toy~16. The anisotropy of the coherence length was
ot W faf 0% ‘\-\,ii\ ] reported to be 38which corresponds tg~33, assuming the
= Bis(Sry.4Lag,6)CuOgys o N anisotropic Ginzburg-Landa(GL) theory®® These suggest
=5 ° that the anisotropy in TI-2212 is smaller than that in Bi-2212.
& 45K To be more quantitative, if we take=16, assuming a simi-

10! lar temperature dependence as shown in Hb) 8nd a re-

FfequleHCY(GHz) ! ; ¥ lationshipB,xw~1® as shown in Fig. 4, a magnetic field of

FIG. 4. B, as a function of frequency at 4.5 K. The data were 180 kOe is necessary to observe the resonance at 25 Hz at 12
taken in the waveguide with increasing field after zero-field cooling.K. This is consistent with the fact that the Josephson plasma
Two dashed-solid lines representest 38 law and aw ™ *® law,  resonance was not found in the microwave windows in the
respectively. measurement up to 50 kOe.
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The second striking difference is the line shape of the Although the origin of the difference d,(T) between
resonance. As was seen in Fig. 2, the line shape of Bi-2201 8i-2201 and Bi-2212 is not clear at present, we consider that
highly asymmetric, which is in sharp contrast to that in Bi- the difference in the magnitude &, is important. The in-
2212. According to a recent theoretical calculation, the linecrease ofB, at lowest temperatures means that the elastic
shape of the resonance is determined by the dispersion of therce of the vortex exceeds the pinning force. In other words,
plasma mode and the magnetic-field dependence of the comMortices are three dimensional rather than two dimensional.
plex conductivity** At present, however, we do not under- The dimensional crossover in the vortex 2syéstems has been
stand the meaning of the highly asymmetric line shape ofharacterized by a crossover figdd,=®/y°s", whered,
Bi-2201 in terms of this theory at all. Further studies arelS the flux quantumy is the anisotropy parameter, asds
necessary. the distance between layeffsif we usey’s of 70 and 750

The most striking difference is the behavior Bf at the for Bi-2212 and Bi-2201, respectivel3, s are found to be

lowest temperature®, of Bi-2201 (measured with increas- 0.15 T for 8'62212 andf25 G for B|-22hOl. Th? dat{;\ in Fig.
ing field) increases with decreasing temperature in the lowe (a>)> rgear_}_sht a?ﬁ’NBCf ?rt '?."2201{. w tereas ?r B'C]thu’
temperature region. This is in sharp contrast toBR€T) in P tthcr' b us, i qualn |fa I\t/e estlme: ?_a_? ound fo s:up—
Bi-2212, where it decreases with decreasing temperature p@rt th€ above picture. in 1act, our tenta iBe(T) measure

low the irreversibility temperature, which has been inter.MeNt of BI-2201 in the waveguide, where several series of
preted as follows.In the higher temperature region, the de- €Sonance were observed simultaneously, showed that for the

crease oB, with increasing temperature corresponds to theSeries in the higher field region, the temperature dependence

decrease of the interplane correlatidtoss, . ,) with in of B, becomes more similar to that in Bi-2212.

nn+1 b i ; ; ;
creasing thermal fluctuation. When the temperature is der-ni)l(gg?sr,:ggs(';fj(girg'rcfl_ol‘)’v?;? 2??305‘)2%: WacsumOeaSlIJrr]e_lql_m the
creased( cosh,,.y) is considered to be reduced because th92212 there was no Joszephson plgsmaglresgnayn.ce in the mi-

pinning strength by randomly distributed centers increases : Ry
which makes vortices more two-dimensional pancakelike. | rowave window. On the other hand, in BI-2201, a sharp

terms of the same picture, the low-temperature increase Jpsonant structure was found in the absorption as a function

B, in Bi-2201 means the recovery of the interplane correla-Of magnetic field only when the microwave current flows

tion at the lowest temperatures. Very recently, Machida andcross the Cu@planes, as observed in Bi-2212. Together

Tachiki performed a numerical simulation based on the timey\”th the frequency dependence data, this shows that the ab-

dependent GL equatiori,and obtained a temperature depen-Sorptlon n 3"2201 is the Josephson pla§ma resonance. The
S I small peak field results from the large anisotropy of this ma-
dence of(cospnn1), Which is very similar to that oB,

measured with increasing field shown in Figa@According terial (the tentatively estimated anisotropy ratio 4s750).

to them, a nonmonotonic temperature dependence was ofglo,)<F08E B TIL FR0EaC e T e
tained by introducing pinning. Even in that case, however

(COShuns 1) inCreases with decreasing temperature at the Iow.tOpy in this material. The most striking difference was found

est temperatures. Thus, Wi, decreases so rapidly at low in the temperature dependence of the resonance field, which

temperatures in Bi-2212 remains a difficult question. As tor'S thought to result from the difference in the dimensionality
the data of Bi-2201, the exact correspondence to thé simuIé)-f. the vortex system. A further systematic study in samples
. P . : .- With various magnitudes of anisotropy is in progress.
tion cannot be made, since it was performed in an equilib-
rium state and does not correspond to the field swept experi- We appreciate T. Onogi, Y. Matsuda, M. Machida, and
ment. However, the above mentioned similarity isM. Tachiki for helpful discussions and also for sending their

interesting. results prior to publication.
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