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Observation of the Josephson plasma reflectivity edge in the infrared region
in Bi-based superconducting cuprates
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The far-infraredc-axis optical reflectivity spectra of a heavily Pb-doped Bi2212,¢Bh, ¢St {CaCyO, ,
single crystal T,=65 K) were measured in the superconducting state. The crystal was found to be carrier
overdoped as the optical phonons are weakly screened by the electronic excitations in the far-infrared region.
Below T, a sharp reflectivity edge was observed, corresponding to the appearance of the Josephson plasma in
the superconducting state. The plasma edge frequency reached 4@&t8K, which is comparable with that
observed for other cuprates with much less anisotropy. cFagis penetration depth.=12.6um was esti-
mated from the unscreened plasma frequem@yz 126.2cm!. This A, value is one order of magnitude
smaller than that of the optimally doped pure Bi2212, reflecting a drastic enhancement of the interlayer
coupling in Pb-doped Bi2212.

It is known that the superconductivity in the high-su-  Pb doping through in-planep{ and p,,) and out-of-plane
perconducting cupratg$iTSC9 is two dimensional. This is (p.) resistivity measuremenfs.For a heavily Pb-doped
partly caused by the characteristic crystal structure consistingi, Pl St {CaCy0, single crystal withT.=65 K, the an-
of alternate stacking of superconducting Gu@lanes and isotropy parameteryz—pcl(papb)1/2~1 2x10° was ob-
insulating blocking layers along theaxis. In the supercon- tained at 100 K; this value is approximately one order of
ducting state, carriers move in tledirection by tunneling magnitude smaller than that of nominally overdoped Bi2212
the blocking layers via the Josephson interlayer couplingwithout Pb, and is comparable to that of less anisotropic
and the superconducting properties of HTSC are stronglguprates, such as La,Sr,CuQ, (LSCO and YBgCusO,
affected by the strength of this coupling. Observation of the'YBCO) in the underdoped reginfeHowever, the measure-
Josephson plasma reflectivity edge is one of the most pownent of p. for such an extremely anisotropic system is sub-
erful probes for evaluation of such interlayer coupling. Inject to large uncertainty and the effect of Pb substitution is
general, the-axis spectra of HTSC compounds are semiconnot yet clear. It is also nontrivial if the reduced anisotropy
ductive in the normal state, reflecting an incoherent carriepersists in the superconducting state.
dynamics. BelowT., however, a restoration of the coher-  In the present study, we have carried out ¢rexis reflec-
ency occurs and a sharp reflectivity edge appears in the fativity measurements in the infrared region on a heavily Pb-
infrared regimé:? The Josephson plasma frequertﬁS/S or doped Bi2212 single crystal. We report here that the Joseph-
the c-axis penetration depth, _c/wps, wherec denotes the son plasma edge can be pushed into the observable infrared
velocity of the light, is a physical parameter which directly optical frequency region by the Pb doping even in the ex-
measures the strength of the interlayer coupling and thugemely anisotropic Bi2212 system.
gives direct information on the anisotropy in the supercon- Bi(Pb2212 single crystals were grown by the floating
ducting state which is essential in understanding the fluxzone technique® from a feed rod with a nominal cation ratio
pinning behaviors of HTSE. of Bi:Pb:Sr:Ca:Ce1.6:0.6:1.8:1.0:2.0. These cation compo-

Bi,Sr,CaCyO, (Bi2212) is the most anisotropic HTSC sitions of the grown crystals were determined by I@Riuc-
compounds due presumably to the thick blocking layers contively coupled plasma analysis as Bi:Pb:Sr:Ca:Cu
sisting of insulating BiO double layers. Thereforoa is =1.75:0.4:1.8,:1.0,:2.0. Thin plate crystals witlt axis
expected to be very low, far outside the expenmentally ob-along the shortest dimension were picked up from the grown
servable window in the conventional infrared boule and cleaved to obtain fresh surfaces. The crystals with
measurementt® Indeed, microwave measurements havea typical dimension of X2x0.1mn? were treated at
shown an absorption peak in Bi2212 single crystals at les400 °C for 72 h in a sealed quartz tube with pure oxygen gas
than 10 cm* under magnetic fields applied parallel to the of the effective pressur®=2.1 atm. Magnetization mea-
axis, and this peak has been identified as the Josephssnrements using a superconducting quantum interference de-
plasma resonanéeRecently, we have found that the anisot- vice (SQUID) magnetometer showed (midpoint)=65 K
ropy of Bi2212 in the normal state is drastically reduced bywith AT.<5 K. Since the maximunT, of the BiPb2212
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1.0 — T ——T K, a sharp reflectivity edge is observed at around 40 tm

Ellc ‘ C o 295k From the similarities of the behavior reported in thaxis
i Bi(Pb)2212 — (7 reflectivity of LSCO (Refs. 1,2 and YBCO (Ref. 11 sys-

02 tems, the observed edge here is associated witrc-dods
plasma mode of superconducting carriers, presumably corre-
- sponding to a Josephson plasmon. Appearance of a sharp

edge belowr ; indicates that the superconducting gap energy
020 a0 8w 1 is much larger than this edge eneigythe screened plasmon
—— 75K WaveNumber(cm") energy_

In the present study, we thus successfully observed the
Josephson plasma reflectivity edge in the present Bi-based
cuprate which has the largest electromagnetic anisotropy
among the known HTSC compounds. The fact that the Jo-
sephson plasma edge appears in the infrared reflectivity spec-
trum is the most convincing evidence for the remarkably
reduced anisotropy of BPH2212 in the superconducting
state. This feature is quite consistent with our out-of-plane
0 o . A resistivity measurements for gli_XPt;(SrlgCaCLéQy single

102 10° crystals in R(_ef. 7. T_he magnitude f. systematically _de-
creases with increasing Pb contentvhereas no appreciable
change has been observedpinor p, by Pb doping, leading

. . . . . 2
FIG. 1. c-axis reflectivity spectra of BigPhy¢Sr sCaCy0O, ti) ‘? rap'f,'z d.elf rease .Of Ir:)ebs Istivity ar(wjlsotropyyl
single crystal at various temperatures. The inset represents the Pc (papp)™* with increasing content. Coopet al.

room-temperature spectra of (Bb2212 in the present study and "aVe reported in Ref. 12 thp.-T curve of pure Bi2212
pure Bi2212 in Ref. 4. single crystal. From the reporteld and temperature depen-

dence ofp,, andp., we believe that the crystal in Ref. 12 is

. 10ens s sge in the optimally carrier-doped state. Their pure Bi2212
system is reported to be 96 K, this significant decrease of showsp,~12Q cm at 100 K. This value is by a factor of
c .

T is suggestive of carrier overdoping in the present com-_g larger than that of our heavily Pb-doped Bi2212 (
pound. A mosaic sample, which consists of ten pieces of 6): p.=0.210 cm at 100 K

these crystals p|Ie_d up and molded in an epoxy resin, Was The reflectivity spectra were next transformed into the
prgpared and polished along a face parallel to ¢haxis complex dielectric function[ e(w) = e,(w)+iex(w)] by

using alumina powders. Polarized reflectivity measurememﬁramers—Kronig(KK) analysis. It was necessary to extrapo-
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tromete;((al?%lz)eg ”:,81 1133 in the far- and bmid-infraged dthe KK analyses. In the normal state, we applied the Hagen-
range ( cm ) and at temperatures between 8 an Rubens formula using theaxis dc resistivity p.) measured

295 K. Sp.ectra were taken by detecting the reflection frorr]n Ref. 7. On the other hand, in the superconducting state, it
this mosaic crystal. It should b.e noted, hqvvever, th%t th'?s important to decide how the reflectivity approaches unity.
reflectance of our sample unavoidably contains small signalg, o previous study foc-axis spectra of LSC®,it was

from the surrounding epoxy surface. We confirmed that th(?ound that the real part of the dielectric functief(w) in the

epoxy resin shows rather featureless structure in its reflectiv- . . . _
ity with a small absolute value of less than 10% in the wholeS“pe{CQ”d;‘C.“”g state is well approxmated o) = €
—(wpd“/w® in the lowest frequency regime. In the present

f f 30—4000 ci d is almost t - .
requency range o cthy and is almost tempera udy, the reflectivity spectrunt & K was extrapolated so

. . t
ture independent between 8 and 295 K. Reflectivity spectr . :
of the crystals were obtained by subtracting contributions oj:;t Itimsitfgg]zlrﬁ_\f’)afswe” fitted above and below the detec-

the epoxy resin from the original sample spectra. : . . .
Figure 1 shows thec-axis reflectivity spectra of our Figure 2 shows the real partlof the dielectric function
Bi(Pb2212 crystal at various temperatures. At 295 K, the€1(®) of Bi(Ph2212 forE,, at various temperatures. In the
spectrum has semiconductive features, i.e., a relatively lofformal state(295 K and 100 K, €(w) was positive and
reflectivity in the whole frequency range down to 30 ¢m al”lciSt constant-t 10) below the lowest phonon band at 90
with a few pronounced phonon peaks. The phonon spectruff » Whereas &8 K it rapidly decreased and then changed
of the present compound is very similar to that of pure|ts sign shqumg a characteristic (_)f the superconducting state.
Bi2212 forE,. (Ref. 4 as seen in the inset of Fig. 1. How- The reflect_|V|ty e(_jge was determlned to be 38.4 ¢rhy the
ever, in contrast to the spectrum for pure Bi2212, theZ€'© Crossing point 0éy(w). Th'f value corresponds to the
phonons are screened although still weakly, and a slight risécreened plasma frequenej= “’ps/\/f_—w associated with the
of the reflectivity toward lower energy is seen in the fre- superconductmcg carriers aLOlng thaxis. Onsﬂjflf other hand,
quency region below 50 cnt. These imply an existence of €-=11.5 andwy=126.2cm ~(=2.38x 10**s™') were ob-
the electronic contribution. No appreciable change is obtained from theej(w) vs o2 plot. The value ofe,=11.5
served in the spectrum down to 75 K except for sharpeningvas nearly the same as that of pure Bi22&2+12) in Ref.

of the phonon peaks until the sample is cooled belqwAn 4. Thec-axis penetration dept]qc=c/wlf,S is then calculated
edge structure develops with lowering temperature, and at ® be 12.6um. For our Pb-doped Bi2212 crystal, we have
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FIG. 2. Real part of the dielectric function

from Kramers-Kronig analysis on theaxis reflectivity spectra.

magnetization measurements under high fields A\ag
=0.20um. This is in good agreement with the reported

of

value for Pb-doped Bi221¥ \ ,,=0.19—0.23wm. From the

measured\ 5, value, the superconducting anisotropy param

eter vy, is calculated to be/s=\./\ 5~ 63. This value is not

so different from the resistivity anisotropy in the normal

state,y,= Vpc/pap~ 34 at 100 K’

Basov et al’® reported that the magnitude of, inti-

mately correlates with the — 0 extrapolatea-axis conduc-

tivity (o) just aboveT,: )\g is inversely proportional ter.
line in )\§ vs o, plot. In Fig. 3, we plot\. and o of our
Bi(Pb2212 together with the data for Bi22%32 LSCO?
3 also demonstrates a strong dependence.an doping in

and YBCO in Fig. 3 scan the doping range frgm0.10 to
0.20 and fromp~0.12 to ~0.23, respectivel§.|t is also

for the optimally doped sample. However, thg of our

p only larger by 0.06 than the optimal carrier density, pre-

sumably p~0.16 (T.=96 K).1° Estimatedp~0.22 in the

temperature dependence of the in-plane resistiviy). "’

YBCO,'® and the exponentr of the T dependence

«T%) is only slightly larger than onea=1.2—1.4). There-

overdoped, and the observed decreaskdfor the increase

nearly the sam@ (=71 K) in Ref. 5 has much longex,
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FIG. 3. Correlation between, and o, of Bi(Pb2212 together
Bi1 ¢Ply ¢St sCaCy O, single crystal at 8, 100, and 295 K obtained with the data for Bi2212(Refs. 5 and 12 LSCO (Ref. 8, and
YBCO (Ref. 8. The three lines are guides to the eye, representing

, _ _ _ A2xg_ ! for Bi2212, LSCO, and YBCO systems.
estimated the in-plane penetration depth from reversible

(=35um)

compared

to our

Pb-doped Bi2212),

=12.6um. It is also difficult to explain this difference i,
only taking the carrier doping level for each crystal into con-

sideration. We speculate that the Pb substitution would have
an additional effect, changing the electronic structure of the
BiO double layers so that to enhance the coupling between
CuG, planes.
It seems that the Josephson plasma edge observed in
Bi(Pb2212 is relatively sharp despite the overdoped state, in
/ X f contrast to the rather broadened reflectivity edge in the over-
for a variety of HTSC compounds, leading to the unlversaldoped L4 sSh2CUO, (Refs. 2,8 and YBaCu,0,.° A
broadening of the observedaxis reflectivity edge is consid-
ered as a common feature in the overdoped HTSC, and this
and YBCO(Ref. 8 with various doping levels in the litera- may be due to residual conductivity in the superconducting
ture. The present results just follow the universal line. Figureyap region. The existence of the residual conductivity is also
suggested in our BPH2212 from a finiteo;(w—0) in the
the LSCO and YBCO systems. The data points for LSCOsyperconducting state as will be mentioned later. However,
the magnitude of the-axis conductivity in the normal state
is far smaller compared to LSCO and YBCG®eflecting the
found that the available data for the Bi2212 system Startingarger anisotropy of Bi-based cuprates. Therefore, the re-
from the optimally dopetf (shown by the closed diamond  sidual conductivity of Bi2212 in the superconducting state
to the present overdoped ofaouble diamoni span nearly  would be still small even in the overdoped crystal, resulting
the same\;— o range. In this regard, the Pb-doped Bi2212in the relatively smaller broadening effect. As a matter of
is heavily overdoped witlp larger by at least 0.10 than that fact, the edge broadening~G cm™t), defined from the
width of a peak in Ifi— 1/e(w)], was much larger than the
overdoped crystal is still 65 K, which, if we use the “uni- width of the Josephson plasma resonance observed for an
versal parabola” foiT,, vs p relation’® would correspond to  optimally doped Bi2212 in the microwave regibn.

The optical conductivityr.(w) spectra are shown in Fig.

4. In the normal-state spectra at 295 and 100 K, a Drude
present crystal is consistent with the measured values ansbmponent is hardly seen and the phonon peaks dominate
down to 100 cm?, evidencing weak electronic contribution
The magnitude op,,, transformed into the resistance per along thec axis even in the present overdoped crystal. How-
CuG, plane, is comparable to that for the fully oxygenatedever, the conductivity below the lowest phonon band
(~90 cmY) is finite, ando¢(w—0) is in good agreement
with the dc resistivity value at 295 and 100 K. This indicates
fore, Pb-doped Bi2212 is indeed overdoped but not heavilyhat the relatively smalb, and metallic feature of the spec-
trum are bulk properties, and not caused by an extrinsic fac-
of wgs) is more than that expected from the increase in cartor such as an imperfection of the grown crystals. At 8 K,
rier doping. In addition, the overdoped pure Bi2212 with disappearance of a part of spectral weight is seen in the low-
frequency region below-250 cmi %, and this must be due to
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80 , T , T , T dominated by a cohereibrude term which make the fea-
Biy sPbo,sSt 6CaCu0, ture around 400 cm' indiscernible. The overdoped
O T.-65K ] Bi(Pb2212 is interesting in this respect as it maintains fairly
6ok ) large anisotropy even in the overdoped regime and hence the

electronic contribution is not large enough to smear out the
L %% ] features around 400—450 crh In Fig. 4, very weak features
- appear to develop between 400 and 500 ¢rbelow T,.

Some of these features might correspond to the 400%cm
bump in the underdoped YBCH??°but the spectral change
is too weak to conclude whether this anomaly has the same
origin as in the YBCO system.

In summary, we have successfully prepared carrier-
overdoped Bi-based cuprates and observedagis Joseph-
\ . . . . son plasma edge in the far-infrared optical frequency region
0 200 400 600 for the first time. The overdoping was made by heavily Pb-

Wave Number (cm™) doping into Bi2212 single crystal and by annealing it in oxy-

) ) o gen atmosphere. The reflectivity edge is pushed up to 40
_FIG. 4. caxis optical conductivity spectra of -1 well above the lower detection limit for the conven-
Bi; 6Pl ¢S £CaCyOy single crystal at 8, 100, and 295 K obtained {jnng) infrared reflectivity measurement. From the observed

from Kramers-Kronig analysis on theaxis reflectivity spectra. Josephson plasma frequency at 8 K, thaxis penetration

the opening of a superconducting gap. A small but ﬁnitedemh)“::12'6’le Is estimated. Thid. value is being re-
pening ,1p oY 'g gap. 7 duced by almost one order of magnitude compared with that
conductivity (~2 Q~~cm™*) remains even in the supercon-

ducting state. Thus, the Pb-doped Bi2212 shares a commofﬁJr the optimally doped pure Bi2212. The plasma frequency

X s . or A, is well correlated with the value of the dc conductivity
feature with the other cuprates in the overdoped regime. . . . :
: st aboveT. and follows a universal relationship between
Finally, we comment on the anomalous bump seen arou

1 . . .~ Acando(T.). We find that the reduction of. is more than
400 cm = for other bilayer cuprates. In the previous StleIeZthat expected from the increase of carrier doping in the LuO

of the c-axis reflectivity measurements for an underdope lanes and hence the Pb doping must have an additional

YBCO and the other bilayer cuprates, an anomalous bum . ; . . .
was found to develop at around 46@50cn ® with de- gffect in reducing the anisotropy in the Bi-based cuprates.

creasing temperature and particularly bel@w.'*% In the We would like to thank H. Eisaki for fruitful discussions.
overdoped regime of YBCO, however, it was far from clearThis study was supported, in part, by Core Research for Evo-
whether or not similar feature develops in tb@xis spec- lutional Science and Technolog€REST Program of Japan
trum in the superconducting state, since the spectrum waScience and Technology CorporatiQisT).
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