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Anomalies in the infrared spectra of underdoped Bi2Sr2CaCu2Oz
as evidence for the intrabilayer Josephson effect
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It was found that thec-axis optical conductivity spectra of underdoped Bi2Sr2CaCu2Oz exhibit an anomalous
increase of the electronic background around 450 cm21 belowTc , accompanied by several phonon anomalies.
Our observations confirm that these features, so far observed only in high-Tc compounds with considerably
higher c-axis conductivity, are common in the family of underdoped bilayer cuprates. The data can be well
understood within a model involving variations of the electric field inside the unit cell and the intrabilayer
Josephson effect. Some differences from the cases of the other cuprates are attributed to a highly insulating
property of the blocking layers.
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The c-axis infrared conductivity of the high-Tc supercon-
ductors~HTSC! is one of the most unconventional properti
of these materials. The spectra of the underdo
compounds1,2 are characterized by low electronic bac
ground and well-developed phonon peaks. A drama
change from an incoherent charge dynamics in the nor
state into a coherent one belowTc is the appearance of
sharp reflectivity edge, the so-called Josephson plasma3 be-
low Tc . Another remarkable feature is a growth of the bum
around 450 cm21 at low temperatures in underdope
YBa2Cu3O72d ~Y123!, accompanied by several phono
anomalies. This phenomenon has been found not only
underdoped Y123,1 but also in YBa2Cu4O8 ~Ref. 4! and
Pb2Sr2(Y/Ca)Cu3O8,5 all of which show relatively high con-
ductivity in thec-direction.

The origin of the bump and phonon anomalies has bee
mystery for a long time, while some research groups d
cussed it in relation with a spin gap.6 Recently, van der
Marel and Tsvetkov7 proposed an idea that the spect
growth around 450 cm21 results from the intrabilayer Jo
sephson effect. This idea can be valid if the same phen
enon occurs in all the HTSC with a double CuO-pyram
irrespective of thec-axis conductivity.

In this paper, we report on our studies of the infrar
c-axis response of another typical double layer material,
with low conductivity and high anisotropy-underdope
Bi2Sr2CaCu2Oz ~Bi2212!. We observed an anomalous b
havior around 450 cm21 at low temperature, which sugges
a new excitation related to Josephson tunneling between
closely spaced CuO2 planes. We can fit and understand t
main features in the spectra using a model similar to that
Y123. We also demonstrate the crucial role of local fie
effects for understanding the anomalies.

Our measurements were carried out on two mosaics w
Tc580 K andTc560 K, each consisting of about 25 sing
crystals. The crystals were grown from feed rods by
floating-zone technique using an image furnace equip
with a double ellipsoidal mirror. Further details on the cry
tal growth were described elsewhere.8 The as-grown crystals
0163-1829/2001/63~6!/060502~4!/$15.00 63 0605
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were annealed in a sealed quartz tube with an approp
oxygen pressure for the 80 K sample and in a vacuum
nace (1.131025 Torr! at 600 °C for the 60 K sample to
reduce their oxygen content. The values ofTc were deter-
mined by magnetic measurement. The mosaics of effec
surface area ofac5331.5 mm2 were prepared by burying
the crystals in epoxy and polishing them together with epo
to optical glance. The reflectance spectra were measured
tween 50 and 4000 cm21. We also proved that the reflec
tance of the epoxy plate is frequency independent and
proximately equal to 6%. Therefore, it introduces no ex
features in the mosaic spectra. We estimated a fraction of
actual surface area of the crystals and we calibrated our
flectance spectra by this fraction. The room temperat
spectra of the present samples are in reasonable agree
with that of an optimally doped single crystal.9

Figure 1 shows thec-polarized reflectance spectra o
Bi2212 withTc580 K in the far-infrared region for selecte
temperatures between 7 to 300 K. The optical conductiv
s(v)5s1(v)1 is2(v), determined by the Kramers-Kroni
analysis of the reflectance, is plotted in Figs. 2~a! and 2~e!
for the mosaic withTc580 K andTc560 K, respectively.
The spectra of both mosaics have semiconductive chara
i.e., a relatively low reflectance, the contribution of the ele

FIG. 1. Temperature dependence of thec-axis reflectance for the
Tc580 K sample.
©2001 The American Physical Society02-1
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FIG. 2. ~a! Experimental spectra of the real and imaginary parts of thec-axis conductivity for theTc580 K sample. Experimental dat
~thick lines! and fits~thin lines! for T5300 K ~b!, T5100 K ~c!, andT57 K ~d!. The same plots for theTc560 K sample are shown in
panels~e!, ~f!, ~g!, and~h!. The fitting parameters are given in Ref. 18.
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tronic background tos(v) is small and most of the spectra
weight is due to the six infrared active phonons at 95, 1
208, 305, 366, and 585 cm21 predicted by group analysis. A
temperature decreases, several additional features ap
The phonon peak at 366 cm21 first sharpens and then lose
its intensity. At the same time, both the reflectance a
s1(v) minima at 450 cm21 start to rise and the valley fills
in. Figure 3 shows the differences1(7 K)2s1(100 K!, il-
lustrating the enhancement of the electronic background
tween 400 and 550 cm21 and the strong suppression of th
phonon peak at 366 cm21. It can also be seen that the spe
tral enhancement is slightly shifted towards lower frequ
cies with reducing the doping level, which can be understo
as the result of decrease of the Josephson plasma frequ

In Fig. 2, besidess1(v) and s2(v), their fits are also
displayed. Before discussing them, we outline the main id

FIG. 3. Frequency dependence of the conductivity differe
Ds5s1(7 K)2s1(100 K! for the Tc580 K and Tc560 K
samples.
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of the model. The extremely short coherence length alo
the c-axis justifies the use of the Lawrence and Donia
model,10 i.e., treating HTSC as a stacked array of tw
dimensional superconducting CuO2 layers. The layers are
separated by insulating layers and coupled by Joseph
mechanism. This picture has been verified by the obse
tions of the dc and ac intrinsic Josephson effects11 and the
Josephson plasma resonances in the microwave region.12 Re-
cently, van der Marel and Tsvetkov7,13 ~MT! generalized the
model to the superconductors containing two CuO2 layers
per unit cell. The dielectric function of the model has tw
zero-crossing points, which correspond to the two Joseph
plasmons: interbilayer and intrabilayer. In addition, it exh
its a pole between the two points, resulting in a new tra
verse excitation.14 They suggested to attribute the bump
450 cm21 in Y123 to this excitation. On the other han
Shibata and Yamada observed two absorption features in
T* phase of SmLa12xSrxCuO42d ~Ref. 15! that confirm the
existence of the two plasmons.

Taking into account local field effects explicitly, Munza
et al.16 further extended the model and successfully e
plained most of the spectral changes including the pho
anomalies. The essential physical ideas beyond the~MT! pic-
ture are as follows. The applied electric field induces curre
in the superconductor. Owing to the spatial variations of
local currents, the CuO2 planes get charged and the resulti
dipole moment is responsible for the new absorption ban
the spectrum. The observed renormalizations of the phon
in particular the change of the oxygen bond-bending mo
can be explained by the interaction between the charge
riers and the phonons mediated by the local fields.

The main features of thec-axis conductivity of Bi2212
are similar to those of underdoped Y123, therefore, we ad
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the model used in Ref. 16, keeping the same notation.
describe the optical response of Bi2212 with small contri
tion of charge carriers, we modify the charge carrier susc
tibilities in the fitting approach as follows:~i! The inter-
bilayer region is assumed to be insulating, i.e., the in
bilayer susceptibility (x int) is set equal to zero.~ii ! The intra-
bilayer conductivitysbl of the following form is used:

sbl~v!52 ive0„e`1xbl~v!…

and

xbl~v!52
vbl

2

v2
2

Vbl
2

v~v1 igbl!
1

Sbvb
2

vb
22v22 ivgb

, ~1!

wherevbl is the frequency of the intrabilayer Josephson pl
mon. The second and third terms represent the electr
background. HereVbl andgbl are the plasma frequency an
damping for the Drude term;Sb , vb , andgb are the oscil-
lator strength, resonant frequency, and damping for
Lorenzian term. For simplicity, we include only the thre
phonons at 300, 366, and 585 cm21 in the fitting procedure.
The structural similarity to Y123 leads us to assume that
strongly renormalized phonon at 366 cm21 involves mainly
vibrations of the planar oxygen and the phonons at 300
585 cm21 correspond to vibrations of the inter-bilayer ion
such as apical and BiO layer oxygen. This assignment is
in qualitative agreement with the early lattice dynamic
calculations.17 The fitting was done in the spectral rang
from 300 to 1000 cm21 and the results are shown in Fig.
and Ref. 18. The phonon parameters are denoted
(vP ,gP ,SP) for the 366 cm21 mode and (v i ,g i ,Si ; i 51
and 2! for the other two. The low conductivity along th
c-axis in Bi2212 is due to the blocking inter-bilayers. Th
are formed by Bi and Sr oxides that interact very weakly
the c-direction, as is demonstrated by the easy cleavag
Bi2212 crystal perpendicularly to this direction. This resu
in the positive and large real part of the dielectric functi
(e1'10, evaluated from our data! and the Josephson plasm
suppressed down to 5 cm21.12 These facts justify our as
sumption to setx int equal to zero.

There are some distinct features in the spectra of Bi22
The spectral weight of the anomalous phonon at 366 cm21 is
smaller than in Y123. Surprisingly, the ‘‘bare’’ oscillato
strength of the phonon (SP51.09) ~Ref. 18! is quite similar
to that for Y123 (SP51.3),16 which means that the phonon
strongly renormalized already in the normal state. This
caused by a large difference between the conductivity
intra- and inter-layers for Bi2212, which induces a stro
charging effect within the bilayers and thus enhances
phonon renormalization due to the local field effect. Simi
arguments can be used to explain the small spectral gro
around 450 cm21 in Bi2212, in contrast to a large bump i
Y123.

The most dramatic changes in the spectra occur atTc ,
indicating that the effects are related to the onset of su
conductivity. A small gradual onset aboveTc , which was
observed for Y123,1,2,19 has not been found. In the case
Y123, where the higherc-axis conductivity is due to the CuO
chains in the inter-bilayers, the contribution of the free c
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riers was modeled by a very broad structureless te
~strongly overdamped oscillator!, which aboveTc is reduced
by pseudogap opening and belowTc by condensation.16 The
influence of the pseudogap effect is hardly seen in thec-axis
spectra of Bi2212. This is related to the fact that the el
tronic background is very low already at room temperatu
However, the low-v suppression can be seen in the real a
imaginary parts of the intra-bilayer conductivity obtained
fitting and shown in Fig. 4. It appears that the frequen
dependence of the real part resembles the estimate20 based
on the ARPES data around theX-point in the Brillouin zone.
Another interesting feature of the conductivity spectra is th
as the temperature is lowered, the mode at 366 cm21 shifts
very slightly to lower frequencies for the sample withTc

580 but in the opposite way for theTc560 K sample. This
is related to the fact that the frequency of the additio
excitation is above the phonon frequency for theTc580 K
sample, whereas it is below it for theTc560 K sample@simi-
lar doping dependence was found in Y123~Ref. 16!#.

In conclusion, we have studied thec-axis infrared re-
sponse of underdoped Bi2212 (Tc580 K and 60 K!. We
found that the anomalies in the spectra~the additional band,
the anomalous phonons! and their doping dependence are t
same as in other bilayer cuprates. This shows that the ano
lies are common features for the double pyramid materi
irrespective of thec-axis conductivity. The spectra can b
very well described by the model including the intrabilay
plasmon and local field effects. This confirms that ea
CuO2 plane should be regarded as an independent super
ducting layer even within a double CuO pyramid. A sm
peak intensity for the oxygen bending phonon as well a
small intensity of the growing bump in Bi2212 can be u
derstood as a consequence of enhanced local field effect
to the strong charging within a bilayer, which results from
insulating nature of the blocking layers. The present res
demonstrate that thec-axis charge response cannot be trea
as in a usual system, where electric field is homogeneou
particular, the analysis of the spectral weight-changes
terms of the ‘‘tight-binding’’ sum rule21,22 must be reconsid-
ered, since this sum rule is derived assuming homogene

FIG. 4. Real~thick lines! and imaginary~thin lines! parts of the
intrabilayer conductivitysbl for the Tc580 K sample~a! and the
Tc560 K sample~b!, obtained by fitting the data of Fig. 2.
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distribution of the total electric field, which is obviously no
the case in HTSC.
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