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Anomalies in the infrared spectra of underdoped B}Sr,CaCu,0,
as evidence for the intrabilayer Josephson effect
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It was found that the-axis optical conductivity spectra of underdoped®;CaCy0O, exhibit an anomalous
increase of the electronic background around 450tbelowT,, accompanied by several phonon anomalies.
Our observations confirm that these features, so far observed only ifThigpmpounds 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 highz supercon- were annealed in a sealed quartz tube with an appropriate
ductors(HTSC) is one of the most unconventional properties oxygen pressure for the 80 K sample and in a vacuum fur-
of these materials. The spectra of the underdopedhace (1.%10 > Torr) at 600°C for the 60 K sample to
compound$? are characterized by low electronic back- reduce their oxygen content. The valuesTof were deter-
ground and well-developed phonon peaks. A dramatidnined by magnetic measurement. The mosaics of effective
change from an incoherent charge dynamics in the normdiurface area ohc=3x 1.5 mnf were prepared by burying
state into a coherent one beldly. is the appearance of a the crystals in epoxy and polishing them together with epoxy
sharp reflectivity edge, the so-called Josephson pia&ma {0 optical glance. The reflectance spectra were measured be-

low T,. Another remarkable feature is a growth of the bumptWeen 50 and 4000 crt. We also proved that the reflec-
around 450 cm! at low temperatures in underdoped tance of the epoxy plate is frequency independent and ap-

; proximately equal to 6%. Therefore, it introduces no extra
Zr?:écalljigecs)?7‘|['$hi(sYpl)ﬁi)ﬁo%Cgr?gpﬁglsedbeii fsoel:/r?(;alnog?[hg:lc;ni features in the mosaic spectra. We estimated a fraction of the

underdoped Y123, but also in YBaCu,Oq (Ref. 4 and actual surface area of the crystals and we calibrated our re-

. ) . flectance spectra by this fraction. The room temperature
5
Pb,Sry(Y/Ca) CusO,” all of which show relatively high con- spectra of the present samples are in reasonable agreement

ductivity n .the c-direction. . with that of an optimally doped single crystal.

The origin of the bump and phonon anomalies has been a Figyre 1 shows thec-polarized reflectance spectra of
mystery for a long time, while some research groups disgj2212 with T,=80 K in the far-infrared region for selected
cussed it in relation with a spin gdpRecently, van der temperatures between 7 to 300 K. The optical conductivity,
Marel and Tsvetko¥ proposed an idea that the spectral o(w) =0, (w)+io,(w), determined by the Kramers-Kronig
growth around 450 cm' results from the intrabilayer Jo- analysis of the reflectance, is plotted in Figéa)2and Ze)
sephson effect. This idea can be valid if the same phenonfor the mosaic withT,=80 K andT,=60 K, respectively.
enon occurs in all the HTSC with a double CuO-pyramid,The spectra of both mosaics have semiconductive character;

irrespective of thee-axis conductivity. i.e., a relatively low reflectance, the contribution of the elec-
In this paper, we report on our studies of the infrared
c-axis response of another typical double layer material, but 04
with low conductivity and high anisotropy-underdoped
Bi,Sr,CaCy0O, (Bi2212). We observed an anomalous be-
havior around 450 cm® at low temperature, which suggests 0.3
a new excitation related to Josephson tunneling between two
0.2

closely spaced CuQplanes. We can fit and understand the
main features in the spectra using a model similar to that for
Y123. We also demonstrate the crucial role of local field o1k
effects for understanding the anomalies.

Our measurements were carried out on two mosaics with 0.0 ) ) ,
T.=80 K andT.=60 K, each consisting of about 25 single "0 200 400 600 800
crystals. The crystals were grown from feed rods by the
floating-zone technique using an image furnace equipped
with a double ellipsoidal mirror. Further details on the crys-  FIG. 1. Temperature dependence of thaxis reflectance for the
tal growth were described elsewhé&r€he as-grown crystals T.=80 K sample.
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FIG. 2. (a) Experimental spectra of the real and imaginary parts ofctagis conductivity for theT.=80 K sample. Experimental data
(thick lines and fits(thin lines for T=300 K (b), T=100 K (c), andT=7 K (d). The same plots for th&.=60 K sample are shown in
panels(e), (f), (g), and(h). The fitting parameters are given in Ref. 18.

tronic background ter(w) is small and most of the spectral of the model. The extremely short coherence length along
weight is due to the six infrared active phonons at 95, 169the c-axis justifies the use of the Lawrence and Doniach
208, 305, 366, and 585 cm predicted by group analysis. As modell® i.e., treating HTSC as a stacked array of two-
temperature decreases, several additional features appedimensional superconducting CpQayers. The layers are
The phonon peak at 366 crh first sharpens and then loses separated by insulating layers and coupled by Josephson
its intensity. At the same time, both the reflectance andnechanism. This picture has been verified by the observa-
o1(w) minima at 450 cm?® start to rise and the valley fills tions of the dc and ac intrinsic Josephson efféctsd the

in. Figure 3 shows the difference;(7 K)—o04(100 K), il- Josephson plasma resonances in the microwave régive-
lustrating the enhancement of the electronic background besently, van der Marel and Tsvetkbt? (MT) generalized the
tween 400 and 550 cnt and the strong suppression of the model to the superconductors containing two Gu@yers
phonon peak at 366 cni. It can also be seen that the spec-per unit cell. The dielectric function of the model has two
tral enhancement is slightly shifted towards lower frequenzero-crossing points, which correspond to the two Josephson
cies with reducing the doping level, which can be understoogblasmons: interbilayer and intrabilayer. In addition, it exhib-
as the result of decrease of the Josephson plasma frequendsg. a pole between the two points, resulting in a new trans-

In Fig. 2, besidesr;(w) and o,(w), their fits are also verse excitatiod! They suggested to attribute the bump at
displayed. Before discussing them, we outline the main idead450 cn'* in Y123 to this excitation. On the other hand,
Shibata and Yamada observed two absorption features in the
T* phase of SmLa ,Sr,CuQ,_ s (Ref. 15 that confirm the
existence of the two plasmons.

Taking into account local field effects explicitly, Munzar
et all® further extended the model and successfully ex-
plained most of the spectral changes including the phonon
anomalies. The essential physical ideas beyondNfi® pic-
ture are as follows. The applied electric field induces currents
in the superconductor. Owing to the spatial variations of the
local currents, the Cuplanes get charged and the resulting
, , , dipole moment is responsible for the new absorption band in
0 200 400 600 800 the spectrum. The observed renormalizations of the phonons,
in particular the change of the oxygen bond-bending mode,
can be explained by the interaction between the charge car-

FIG. 3. Frequency dependence of the conductivity differencefiers and the phonons mediated by the local fields.

Ao=04,(7 K)—0,(100 K) for the T,=80 K and T,=60 K The main features of the-axis conductivity of Bi2212
samples. are similar to those of underdoped Y123, therefore, we adapt

Frequency (cm’')
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the model used in Ref. 16, keeping the same notation. To 100
describe the optical response of Bi2212 with small contribu-
tion of charge carriers, we modify the charge carrier suscep- -
tibilities in the fitting approach as followsi) The inter- "-'E 50
bilayer region is assumed to be insulating, i.e., the inter- 3
bilayer susceptibility {;,) is set equal to zerdii) The intra- -
bilayer conductivityo, of the following form is used: 9,
5 0F:
Ty @)= —iweg(ext xp(@)) ©
and
-50
Wy 0 S 2 yonly H0 200 yiyty 300
Xol( @)=~ — — T (D o o o
w? o(otiv) -0 ~iey, FIG. 4. Real(thick lines and imaginary(thin lines parts of the

wherewy, is the frequency of the intrabilayer Josephson plasintrabilayer conductivityoy, for the T.=80 K sample(a) and the
mon. The second and third terms represent the electronit.=60 K sample(b), obtained by fitting the data of Fig. 2.
background. Heré€),, and y,, are the plasma frequency and

damping for the Drude tern,, wy, andy, are the oscil-

lator strength, resonant frequency, and damping for theiers was modeled by a very broad structureless term
Lorenzian term. For simplicity, we include only the three (strongly overdamped oscillatomhich aboveT, is reduced

phonons at 300, 366, and 585 chin the fitting procedure. by pseudogap opening and beldw by condensatioh® The
The structural similarity to Y123 leads us to assume that the s .ence of the pseudogap effect is hardly seen incthis

strongly renormalized phonon at 366 Cininvolves mainly pectra of Bi2212. This is related to the fact that the elec-

vibrations of the planar oxygen and the phonons at 300 anaonic background is very low already at room temperature.

285 ci gorresponq to vibrations of the '”tef bilayer ons However, the loww suppression can be seen in the real and
such as apical and BiO layer oxygen. This assignment is also

in qualitative agreement with the early lattice dynamical'.m.aginalry parts of Fhe i_n tra-bilayer conductivity obtained by
calculations:’ The fitting was done in the spectral rangeflttlng and shown in Fig. 4. It appears that the requency
from 300 to 1000 cm! and the results are shown in Fig. 2 dependence of the real part fes‘?m*?'es the .est?f_)nbm;ed
and Ref. 18. The phonon parameters are denoted b3" the ARPES dgta around thepoint in thg Bnlloum zone.
(wp,vp,Sp) for the 366 cm* mode and §;,7,,S : i=1 nother interesting fgature of the conductivity spectra'|s that,
and 2 for the other two. The low conductivity along the s the temperature is lowered, the mode at 366 ‘cahifts
c-axis in Bi2212 is due to the blocking inter-bilayers. They vVery slightly to lower frequencies for the sample with
are formed by Bi and Sr oxides that interact very weakly in=380 but in the opposite way for thE,= 60 K sample. This
the c-direction, as is demonstrated by the easy cleavage dé related to the fact that the frequency of the additional
Bi2212 crystal perpendicularly to this direction. This resultsexcitation is above the phonon frequency for the=80 K
in the positive and large real part of the dielectric functionsample, whereas it is below it for tig =60 K samplg simi-
(e,~10, evaluated from our datand the Josephson plasma lar doping dependence was found in Y1@&f. 16].
suppressed down to 5 cm!? These facts justify our as- In conclusion, we have studied theaxis infrared re-
sumption to sek;, equal to zero. sponse of underdoped Bi2217 (=80 K and 60 K. We
There are some distinct features in the spectra of Bi221Z%ound that the anomalies in the specttiae additional band,
The spectral weight of the anomalous phonon at 366%ci®  the anomalous phonohand their doping dependence are the
smaller than in Y123. Surprisingly, the “bare” oscillator same as in other bilayer cuprates. This shows that the anoma-
strength of the phonon 5 1.09) (Ref. 18 is quite similar  lies are common features for the double pyramid materials,
to that for Y123 ($=1.3) ® which means that the phonon is irrespective of thec-axis conductivity. The spectra can be
strongly renormalized already in the normal state. This isvery well described by the model including the intrabilayer
caused by a large difference between the conductivity oplasmon and local field effects. This confirms that each
intra- and inter-layers for Bi2212, which induces a strongCuQ, plane should be regarded as an independent supercon-
charging effect within the bilayers and thus enhances theéucting layer even within a double CuO pyramid. A small
phonon renormalization due to the local field effect. Similarpeak intensity for the oxygen bending phonon as well as a
arguments can be used to explain the small spectral growtbmall intensity of the growing bump in Bi2212 can be un-
around 450 cm? in Bi2212, in contrast to a large bump in derstood as a consequence of enhanced local field effect due
Y123. to the strong charging within a bilayer, which results from an
The most dramatic changes in the spectra occuf.at insulating nature of the blocking layers. The present results
indicating that the effects are related to the onset of supedemonstrate that theaxis charge response cannot be treated
conductivity. A small gradual onset abovg, which was as in a usual system, where electric field is homogeneous. In
observed for Y123;*1° has not been found. In the case of particular, the analysis of the spectral weight-changes in
Y123, where the higher-axis conductivity is due to the CuO terms of the “tight-binding” sum rul&"?* must be reconsid-
chains in the inter-bilayers, the contribution of the free car-ered, since this sum rule is derived assuming homogeneous
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distribution of the total electric field, which is obviously not Technologies for Superconductivity Applications and by
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