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Superconducting-plasma resonance along the axis in various copper oxide superconductors
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Superconducting plasma along thexis in the far-infrared region are observed in various higttuprates
including electron-doped and Bi cuprates. It is shown that the sphere resonance of the powder samples occurs
near the frequency where the plasma alongdfaxis exists, since it is only sensitive to theaxis dielectric
constant in the far-infrared region due to the metal-like property inathglane. This method provides an
alternative to the reflectivity measurement of single crystals for investigating the plasma aloogtise
By measuring down to 7.5 cm, the resonance is observed in 1BiPbg 355r,Ca,Cus 10y,

Lay gLa114CU206. 5,  (NdgseST0.20C€0.139 2CUO,  (T*  phasg,  (BagseSro.4d 2CU1.102 2+ 5(CO3) 0.9,

Pry gCey.1£CUO,, and No,CuO,_,F,. Among the Bi cuprates, however, no resonance is observed in
Bi,Sr,CaCy,0, and Bi,Sr; dLag ,CuO, in this frequency region, which suggests that the resonance exists
below 7.5 cnT!. The resonance frequencies are discussed based on the Josephson-coupled layer model, and
thec-axis penetration deptk, are estimated from the resonance frequencies. It appears tbapends on the
insulating nature of the barrier layer between Gu@anes. Substitution effects on the resonance are also
investigated in La_,Sr,(Cu; _,Zn,)O,, Nd; gCey 14Cu; _,Zn,)O,, and YBa(Cu,;_,Co,) 304, s, and com-

pared to the results of YB&Cu, _,Zn,) ;06 5. Through the substitution, the resonance frequencies strongly
decrease for all samples, indicating the strong increase Apf The frequency decrease in
YBa,(Cu,_,Co0,) 306, s suggests that the resonance frequency is determined by the barrier at the
(BaO)[Cu(1)O4](BaO) chain layer, not at the Y layer.

[S0163-18296)08234-3

[. INTRODUCTION since the absence of this edge abdyemay be caused by
the confinement mechanisth!? The plasma has been ob-
One of the unique features in high-temperature coppeserved in  La_,Sr,CuOQ,, YBa,Cuz04,5, and
oxide superconductors is the appearance of sharp reflectan¥®a,Cu,04.5*'* However, due to the limitation of the
edge along thec axis below T., which is attributed to available sample size for the reflectivity measurement and
plasma excitation. To our knowledge, this feature was obthe low-frequency limit of the infrared measurement, there
served by both the transmission and reflectivity spectra ofire no reports of the observation of the plasma in other high-
La,_,Sr,CuO, ceramics, which were wrongly interpreted as T, cuprates. For example, theaxis reflectivity measure-
the superconducting gdg.Bonnet al.interpreted the reflec- ments of BpSr,CaCwO,, Tl,Ba,Ca,Cuz0;4, and
tance edge of ceramics as the plasma excitations withowta,CuQ,. s did not show the reflectance edge in the mea-
assigning its directiod,and then Noket al. correctly inter-  sured frequency regiolt=*’
preted the powder transmission peak as the plasma excitation In this paper, we show that the measurement of the sphere
along thec axis*® The presence of the plasma excitation resonance of powder samples is an alternative to the reflec-
was widely recognized and established in 1992, whernivity measurement of single crystals to observe the plasma
Tamasaket al. directly measured the reflectivity along the along thec axis, since it is only sensitive to theaxis di-
c axis using the large La ,Sr,CuQ, single crystals and electric constant in the far-infrared region. It is free from the
confirmed the above interpretatibue to the large anisot- limitation of sample size and the difficulty of crystal growth.
ropy of the materials, the frequencies of the plasma are in th®ur measurements, extending down to 7.5 ¢m
far-infrared region, which are extremely low compared to theshow the resonance in BgsPbg355r,Ca,Cus Oy,
plasma frequencies along other directions and in conven:a; gLa; 14CU,05¢. 5, (Ndg 665rg.20:C€0 139 2CUQO,,
tional metals. Since they are smaller than the superconductBag 5¢Srg 44 2CU1 102 51 5(CO3) .9, Pry g£Cep 1£CUO,,
ing energy gap and optical-phonon frequencies, the plasmand Nd,CuO,_,F,, but not in Bi,Sr; d.ag,CuO, and
damping process is almost totally prohibited and the edgeBi ,Sr,CaCu,0, . Substitution effects on the resonance fre-
become sharp. This behavior provides useful informatiorgquencies are also investigated.
such as c-axis penetration depth, and many exotic electro-
magnetic phenomena have been predicted and some of them
have been observéd!®For example, Matsudet al. found a Il EXPERIMENTAL
sharp microwave magnetoabsorption resonance in Ceramic samples were synthesized by conventional solid-
Bi,Sr,CaCw,0, for E| B| c, whose frequencies reduce as state reactions. After multiple calcinations with intermediate
the magnetic fleld |ncrea38§'h|s behavior is also concerned grinding, the powders were pressed into pellets and sintered.
with the mechanism of high-temperature superconductivityThe powder x-ray diffraction, electrical resistivity, and mag-
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TABLE I. The critical temperatures, resonance frequencies, and London penetration depths of various
copper oxide superconductops, is estimated assuming the listed values égr.

Chemical formula T, (K) wpeak (5 K)(cm ™) Ae (5 K) (um)
Bi 1,85Pb0,35Sr2CaZCu3,10y 107 17.0 23 €.=12)
La, gLay 1dCU506, 5 52 22.0 15 €,=20)
(Ndolebsrolz()&eO.l:gg 2CUO4 24 120 29 é—x:17)
(Bag 565r9.44 2CU1 10751 5(CO3) 09 35 38.5 8 €.=20)
Pr1.85Ceo_15CuO4 20 7.5 50 ex:126)
Nd,CuO,_,Fy 22 8.5 40 €,=17.0
netic susceptibility measurements showed that the pellets had (1+2f)e(w)+2(1+F)en
single phases, large Meissner signals and high transition tem- eM(w)=en (I-Delw)+(2—Der - 2)
C m

peratures comparable to the published d4t&’ The transi-
tion temperatures determined by the midpoint of resistivityAt .

) : 1c(w) =—2€,, the real part of the denominator of Eq.
curves are summarized in Table 1. The oxygen contents 0(f2) becomes zero and sphere resonance occurs. The reso-
YBa, [Cu;_,(Zn,C0,]30¢. s were determined to be 6.66 '

*+0.02 by iodometric measurements. For,8i,CaCy,0,, nance determined by,(w) andep(w) have no effect in this

. . . requency region, since they are shifted to the near-infrared
single crystals were used instead of ceramics. These pellets * . . LT
i . . L region due to the metal-like property in these directions.
were ground into fine particles about 2 um in diameter,

mixed with Teflon or polyethylene powder in a volume frac- Figure 1 shows the absorption spectra of the
tion f from 0.1 to 1% and pressed into pellets about 2 m media composed of La Sr,CuQy, YBa,CusOgee, and

thick. Since the grain size of the ceramics before grindingaBazcu“oz’partICIES in polyethylene. The low-temperature

bsorption peaks shift to higher frequencies as the doping
were ‘f’lbOUt 1010 10.¢°m’ we assume_that most of the par- increases, and shift to smaller frequencies and weaken as the
ticles in the composite pellets were single crystals.

Transmission spectra were measured between 7.5 and zbﬂnperature approachds ’ No peaks are opserved N 'the
cm~1 using a rapid scan interferometer. Below 20 ¢hna normal state. The absorption peak frequencies and their tem-
Si Bolometer operated at 1.5 K was uséd. Background Spe(g)_erature dependency correspond Well o the ch_anges in the
trum were measured just before the sample spectrum meg_omt wheree; (w) crosses zero, which is determined by the

. C.axis reflectivity measurement of single crystafs:!
surement at each temperature, which were between 5 a : . .
. ese observations confirm that the absorption peaks of the
120 K. For each composition of the samples, samples mea-

. medium are determined by.(w) =~ —2¢, and the plasma
sured in Teflon and polyethylene pellets were measured an%sonance along the axis can be observed by this method.

it was confirmed that essentially the same resonance is oy
served in both samples.

Ill. RESULTS AND DISCUSSION

Sphere resonance is the absorption of small particles in a
host material and its analysis is the conventional way to in-
vestigate the phonon spectrum of a solid sample. As shown
below, the resonance occurs at the frequency wheraw)
~—2¢€n,, Wheree;.(w) is the real part of the axis dielec-
tric constant of the superconductor agg( ) is that of the
host material. The resonance frequency is a little smaller than
the sharp reflectivity edge along tleaxis that occurs at
e,c(w) = 0. The effective dielectric constant of the medium,
€M w), including the isolated sphere anisotropic crystals,
which are smaller than the wavelength, is calculated accord-
ing to the relation

o (ecm™

20 40

o (cm‘l)

eav(w)—em _f Ei(a))_Gm 1 3.0 T
o)1 2e, 3% e(w)t2e, (1) 100 110 120 130

v (em™)

where €;(w) and f are the dielectric constants of a single G, 1. Absorption coefficients of the mediums composethpf
crystal along theth crystal axis and the volume fraction of a,  sr.cuo,, (b) YBa,Cus;Oges, and(c) YBa,Cu,Og particles

the particles:>* In the far-infrared region, since,, is neg-  in polyethylene. The arrows indicate the peaks. The peak at 127
ligible compared toe;,(w) and €;,(w) in the highT, cu-  cm™? for YBa,Cu,O4 may arise from the coupling between the
prates, Eq(1) becomes plasma and a phonon at 132 ci(Ref. 14.
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It is interesting to compare this method with the reflectiv-
ity measurement of ceramic samples. The strong edge in the
far-infrared region belowrl', has also been reported in the
reflectivity measurement of La,Sr,CuO, ceramic
samples??23 |f the spectra can be analyzed by a short-
wavelength approximation, it may be possible to assign that
the edge comes from the plasma alomgaxis. However,
since the grain size of the ceramic is comparable to the
wavelength, we can neither apply the short-wavelength ap-
proximation nor long-wavelength effective-medium approxi-
mation. In this case, the low-frequency reflectivity depends
on the grain sizeab plane, and:-axis contribution, and it is
quite difficult to deduce &-axis response from the spectra.
In contrast to the reflectivity measurements of ceramics, the
present method can determine the plasma alongcthgis
unambiguously. Since the size of the particles in the com-
posite pellet is about 2um, we can apply the long-
wavelength electrostatic approximation. In this approxima-
tion, the ab-plane contribution has no effect in the far-
infrared region, as shown above.

Figures 2a)—2(f) show the absorption coefficients of me-
diums composed of BigsPbg 3551,Ca,Cus 10y,

La; gLCay.16CU206+ 5, (Nd,665r0.206C€0.135 2CUOy,

(Bap 565r0.49 2CU1.102 24 5(CO3) 0.9, Pr1gsCe 18CUO,, and
Nd,CuO,_,F, particles in polyethylene. All of them show

peaks belowl ., and the peaks shift to higher frequencies as
the temperature decreases. These changes are the same as
those observed for La,Sr,CuO,, YBa,Cu;04es,
YBa,Cu,Og, and confirm that the peaks are plasma reso-
nance along the axis. The appearance of plasma in the
superconducting state and the absence of it in the normal
state seem a common feature of most highcuprates.
In Fig. 2, the peaks of Lggfa; Lu,04,5 and
(Bag 565rg.44 2CU1 105 5, 5(CO3) o9 are broad compared to
the others. This suggests the existence of unpaired carriers
below T. in these materials, which is also seen in
La, gSrp,CuQy, in Fig. 1(a). The reflectivity measurement of v (em™)
La, gSrp,CuQ, single crystal has revealed that the existence
of the unpaired carriers is intrinsic in highly doped cuprates, . - i
which was explained by the electronical phase separation, F'C: 2. Absorption coefficients of mediums composed (af
not by the effect of strong disorder or by an anisotropicB'1-85Pb0-355rzca2cu3-1oyv B Laigla 6., (©
gap?* In the present experiment, however, it seems that th Ndo.66510.206°€0.139 2CUOs (T phase, o
broadenings are mainly due to sample inhomogeneity rathei\rlBao-wer-“") 2CUL1022: 5(CO3) 00, () PrigeCeo;CUO, (P)
. . L e d,CuQ,_,F,, (g) Bi,Sr,CaCu,0,, and(h) Bi,Sr; gLay ,LCuO
than the above explanation, since it is difficult to _2~ " ~*4x x y y

ticles i lyethylene. Th indicate th ks.

make good Samples of |i§2C3.1.18CU206+5 and partcies In polyetnylene € arrows Inaicate the peaks
(Bag 56510.40) 2CU1.102.2+ 5(CO3) g.0- % - 20 for Lay gCay14CU206+ 5 and

If we neglect the unpaired carriers in the superconductingBag 5¢5r¢.42) 2CU1.102 24 5(CO3) 0.0, and 12 for
states, the low-frequency dielectric function of the superconBi 1 ggPbg 355r,Ca,Cus 10, . Table | summarizes the peak
ductor can be written as;¢(w) = €., — wgs/wZ, wheree,, and  frequencies and penetration depths for these compounds. It is
wps are the high-frequency dielectric constant and plasm&lear thath . depends on the insulating nature of the buffer
frequency of the condensed carrier. In this approximationlayer between Cu@ planes: it becomes progressively

the London penetration depi). becomes shorter for (Pr, Ce,0,, Nd,O»,
(Bag 555r0.49 2CU0.1002+ 5(CO3) g9, (LA, Sp,0, layers,

which is the same order in whickc-axis resistivity

o (em™)

o (cm'l)

o (cm™)

aem™)

s ° decrease® It is known that\? is proportional top, and
N¢ . (3 - c cd
Wps  \€xt 2€mwpeak A~ 1in the Josephson-coupled layer model alongdfsis,

where p, and A are thec-axis resistivity and gap value,
So\. can be calculated from the peak frequengy.,cand  respectively:*?” Our result shows that the model qualita-
€. €, can be estimated by the single-crystal valuetively explains thep. dependence of. in the present single-
of the materials for PsCuO,, Nd,CuO,* and e, is layered high¥; cuprates, so it is used as the basis for the
assumed to be 17 for(NdgeeSro20:C€0 139 2CUO,,  following discussion.
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It has been reported that tleaxis reflectivity of Bi2212 25
is essentially independent of temperature in a frequency
range down to 30 cm*.’® We also measured the absorption
coefficients of mediums composed of Jf&ir,CaCu,0,
(Tc~ 88 K) and Bi,Sr; gLag ,CuO, (T~ 28 K) particles in
polyethylene. As shown in Figs(@ and Zh), they show no
remarkable changes down to 7.5 ch However, the de-
crease of the absorption coefficients in the superconducting
state in this frequency region suggests that peaks exist below
7.5 cm L. The difference in the plasma frequency among
Bi2201, Bi2212, and Bi2223 can be explained by the larger
anisotropy of Bi2201 and Bi2212 compared to Bi2223: the
anisotropy parameter determined from the upper critical field
in Bi2212 is 50-140, which is much larger than that of
Bi2223, which is 37° From this difference, it is roughly
estimated that the plasma of Bi2212 may exist between 4 to
10 cm™ %, which is difficult to measure in the present
experiment®2?° This is consistent with the results of the mi-
crowave absorption experiment under magnetic field, which
predicts that the plasma of Bi2212 exists at 5.5 ¢nat zero
magnetic field® The same explanation also applies to the 0r@e) 2200 y___
Bi2201 case. 25(Te=60K)

In Figs. 3a)-3(e), the effects of Zn substitution '
on the resonance in La,Sr,(Cu;_,Zn,) 0y,
Nd g5C€0.15CU; - ;ZNn;)Oy4, and YBag(Cu;_,Zn,) 306+ s
are summarized. For unsubstituted NdCe; 1:CuO,, essen-  S5E " T2 | SELLT ToTe
tially the same resonance has been reported previdusly. R TR a—— T ST
Through Zn substitution, the resonance frequencies strongly 1 4
decrease for all samples. Fukuzuetial. found a similar v (emD) Ve
strong shift for the reflectivity measurements of
YBa,(Cu;_,Zn,) 30443 Single crystals, and explained the
shift as follows® In the Josephson-coupled layer model, the

; ; —1/2 112 e
plasma frequency is proportional g ~“ and A< as dis YBay(Cly_,Z,) 106 o5, and(f) YBas(Cu; -.C0,) 404 o particles

cussed above. Assuming thalfconSt and taking the in polyethylene. The arrows indicate the peaks. All successive spec-
temperature-dependent valuefjust aboveT,, the strong 5 are shifted up.

shift of the plasma frequencies can be explained by the in-
crease ofp. through Zn substitution, since. shows semi-
conducting behavio(dp./dT<0) and follows the same line
for all Zn concentrationgz< 0.02. Although we cannot
measurep, in the experiment, the strong shift of the plasma In summary, we showeq that the
frequencies through substitution also seems to be explaindgéasurement of sphere resonance is an easy way to
by the increase ... In this case, the increase pf may be  determine the plasma along the axis, and found that
due to the increase in the residual resistivity and/or the semfh® resonance exists in  BigPby355r,Ca;Cuz10y,
conductive temperature dependence of the sample. La; gLCay 16CU06- 5, (Nd,66510.206C€0.139 2CUO,,
There seem to be two Josephson junctions alongcthe (BaoseSro.44) 2CU1.102.2+ 5(CO3) 0.9, Pr1.gsCe0.15CUO,, and
axis in YBa,CuzOggs: ONe at the(BaO[Cu1)O,](Ba0)  Nd,CuO,_(Fy. N was estimated from the resonance fre-
chain layer and the other at the Y layer. So, it would bequencies. No resonance was observed ipSBjCaCu,0,
interesting to know which junction determines the plasmaand Bi,Sr; ¢La,,CuQy; it may exist below 7.5 cmi A
frequency. Figure @) shows the absorption of strong plasma frequency decrease was observed through Zn
YBa,(Cu;_,Co0,) 306¢6. It also shows a strong frequency and Co substitution, and was discussed on the basis of the
decreases through Co substitution, which suggests that thiwsephson-coupled layer model. From the analysis, it was
above explanation may be applicable to this case. In thifound that the chain layer determines the junction resistivity
case, the increase pf may be due to an increase of junction jn the model.
resistivity at theBaO[Cu(1)O ;](BaO) chain layer, since Co
substitutes primarily the chain copper site(Qu This indi-
cates that th_e junction that determines the plasma frequ_ency ACKNOWLEDGMENTS
is at the chain layer, not at the Y layer. If the latter junction
determined the plasma frequency, a small frequency shift We would like to acknowledge Dr. A. Matsuda for valu-
corresponding to the slightt. reduction would occur, since able discussions, Professor S. Uchida for useful comments,
the junction resistivity does not change through Co substituand Professor K. Kon and Professor I. Ohba for their encour-
tion. agement for this study.
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La, gSrpCu;,Zn,04  (d)  NdpglCepsCuy ,Zn,04,  (€)



7504

17 Schlesinger, R. L. Greene, J. G. Bednorz, and K. A. Muller,

Phys. Rev. B35, 5334(1987.
27. Schlesinger, R. T. Collins, and M. W. Shafer, Phys. Re@5B
7232(1987.

3D. A. Bonn, J. E. Greedan, C. V. Stager, T. Timusk, M. G. Doss,

H. SHIBATA AND T. YAMADA

Physica C235-24Q 1145(1994.

7M. A. Quijada, D. B. Tanner, F. C. Chou, D. C. Johnston, and
S.-W. Cheong, Phys. Rev. B, 15 485(1995.

18H. Shibata, K. Kinoshita, and T. Yamada, Physic&2&2, 181
(1994.

S. L. Herr, K. Kamaras, C. D. Porter, D. B. Tanner, J. M. Taras-'°K. Kinoshita, H. Shibata, and T. Yamada, PhysicalTl, 523

con, W. R. McKinnon, and L. H. Greene, Phys. Re\31 8843
(1987.

4T. W. Noh, S. G. Kaplan, and A. J. Sievers, Phys. Rev. |68t.
599 (1989.

5T.W. Noh, S. G. Kaplan, and A. J. Sievers, Phys. Re¥1B307
(1990.

6K. Tamasaku, Y. Nakamura, and S. Uchida, Phys. Rev. Bétt.
1455(1992.

M. Tachiki, T. Koyama, and S. Takahashi, Phys. Re\a(B7065
(1994.

8L. N. Bulaevskii, M. P. Maley, and M. Tachiki, Phys. Rev. Lett.
74, 801(1995.

%Y. Matsuda, M. B. Gaifullin, K. Kumagai, K. Kadowaki, and T.
Mochiku, Phys. Rev. Letf75, 4512(1995.

100, K. C. Tsui, N. P. Ong, and J. B. Peterson, Phys. Rev. [Z6tt.
819(1996.

1p. W. Anderson, Scienc268 1154(1995.

12N, Nagaosa, Phys. Rev. ®, 10 561(1995.

13C. C. Homes, T. Timusk, R. Liang, D. A. Bonn, and W. N.
Hardy, Phys. Rev. Let71, 1645(1993.

(1990.

20y Tokura, H. Takagi, and S. Uchida, Natuiieondon 337, 345
(1989.

21c. F. Bohren and D. R. Huffmambsorption and Scattering of
Light by Small ParticlesWiley, New York, 1983.

22T, Timusk and D. B. Tanner, iPhysical Properties of High
Temperature Superconductors édited by D. M. Ginsberg
(World Scientific, Singapore, 1989

23M. S. Sherwin, P. L. Richards, and A. Zettl, Phys. Rev3B
1587(1988.

243, Uchida, K. Tamasaku, and S. Tajima, Phys. Re3B14 558
(1996.

253, Tajima, T. Ido, S. Ishibashi, T. Itoh, H. Eisaki, Y. Mizuo, T.
Arima, H. Takagi, and S. Uchida, Phys. Rev.43, 10 496
(1991).

265, L. Cooper and K. E. Gray ifPhysical Properties of High
Temperature Superconductors, I'¥dited by D. M. Ginsberg
(World Scientific, Singapore, 1994

27T, Shibauchi, H. Kitano, K. Uchinokura, A. Maeda, T. Kimura,
and K. Kishio, Phys. Rev. Let#2, 2263(1994).

14D, N. Basov, T. Timusk, B. Dabrowski, and J. D. Jorgensen,zsA. Maeda, M. Hase, |. Tsukada, K. Noda, S. Takebayashi, and K.

Phys. Rev. B50, 3511(1994.

Uchinokura, Phys. Rev. B1, 6418(1990.

155, Tajima, G. D. Gu, S. Miyamoto, A. Odagawa, and N. Koshi- ?°|. Terasaki, S. Tajima, H. Eisaki, H. Takagi, K. Uchinokura, and

zuka, Phys. Rev. B8, 16 164(1993.

S. Uchida, Phys. Rev. B1, 865(1990.

18 van der Marel, J. H. Kim, H. S. Somal, B. J. Feenstra, A.3°Y. Fukuzumi, K. Mizuhashi, K. Takenaka, K. Tamasaku, and S.

Wittlin, A. V. H. M. Duijn, A. A. Menovsky, and W. Y. Lee,

Uchida (unpublishegl



