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Correlation between the Josephson coupling energy and the condensation energy
in bilayer cuprate superconductors
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2Max-Planck-Institut fu¨r Festkörperforschung, Heisenbergstrasse 1, D-70569 Stuttgart, Germany

~Received 1 September 2000; revised manuscript received 6 March 2001; published 21 June 2001!

We review some previous studies concerning the intrabilayer Josephson plasmons and present ellipsometric
data of thec-axis infrared response of almost optimally doped Bi2Sr2CaCu2O8. Thec-axis conductivity of this
compound exhibits the same kind of anomalies as that of underdoped YBa2Cu3O72d . We analyze these
anomalies in detail and show that they can be explained within a model involving the intrabilayer Josephson
effect and variations of the electric field inside the unit cell. The Josephson coupling energies of different
bilayer compounds obtained from the optical data are compared with the condensation energies and it is shown
that there is a reasonable agreement between the values of the two quantities. We argue that the Josephson
coupling energy, as determined by the frequency of the intrabilayer Josephson plasmon, represents a reason-
able estimate of the change of the effectivec-axis kinetic energy upon entering the superconducting state. It is
further explained that this is not the case for the estimate based on the use of the simplest ‘‘tight-binding’’ sum
rule. We discuss possible interpretations of the remarkable agreement between the Josephson coupling energies
and the condensation energies. The most plausible interpretation is that the interlayer tunneling of the Cooper
pairs provides the dominant contribution to the condensation energy of the bilayer compounds; in other words
that the condensation energy of these compounds can be accounted for by the interlayer tunneling theory. We
suggest an extension of this theory, which may also explain the high values ofTc in the single-layer com-
pounds Tl2Ba2CuO6 and HgBa2CuO4, and we make several experimentally verifiable predictions.

DOI: 10.1103/PhysRevB.64.024523 PACS number~s!: 74.72.2h, 74.25.Gz, 74.20.Mn, 74.50.1r
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I. INTRODUCTION

The interlayer tunneling~ILT ! theory1–3 provides a simple
explanation of the surprisingly high values ofTc in the cu-
prate superconductors. It is based on the idea1–4 that the
pairing mechanism is substantially amplified by a decre
of the effectivec-axis kinetic energy of the electrons upo
entering the superconducting state. A prerequisite for
decrease is the absence~or at least a strong suppression! of
the coherent single-particle tunneling between the cop
oxygen planes. The onset of the Cooper pair tunneling by
Josephson mechanism atTc then leads to the decrease of t
kinetic energy. According to the ILT theory, this gain
energy, which can be expressed5 as the negatively taken cou
pling energy of the internal Josephson junctions (EJ), repre-
sents the dominant part of the condensation energy of
superconductor (U0),

EJ'U0 . ~1!

This relation, which should be exact in the limit of negligib
in-plane contribution to the condensation energy and ne
gible coherent single-particle tunneling, has been shown
be only moderately violated for La22xSrxCuO4 ~Ref. 6! but
strongly violated for Tl2Ba2CuO6 ~Tl-2201! ~Refs. 6–9! and
for HgBa2CuO4 ~Hg-1201!.10 Here we show that Eq.~1! is
fulfilled for two compounds that have two copper-oxyg
planes per unit cell~bilayer compounds!: YBa2Cu3O72d
~Y123! and Bi2Sr2CaCu2O8 ~Bi-2212!.

So far the relation~1! has been tested only for single-lay
compounds, since it was not clear what kind of coupli
takes place for the closely spaced copper-oxygen plane
0163-1829/2001/64~2!/024523~14!/$20.00 64 0245
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the bilayer compounds. Anderson assumed that even t
planes are only weakly coupled and argued that the bila
compounds consist of two kinds of Josephson junctions:
terbilayer and intrabilayer.11 The Josephson plasma fre
quency of the interbilayer junction (v int) is lower than that
of the intrabilayer junction (vbl). The former determines the
c-axis penetration depth while the latter determinesU0. Van
der Marel and Tsvetkov12 proposed a phenomenologic
model of the dielectric response of such a superlattice
interbilayer and intrabilayer Josephson junctions. Th
showed that it exhibits a transverse resonance between
two zero crossings corresponding to the two plasmons. It

been suggested13 that this new excitation~‘‘transverse
plasma excitation’’!, which can be visualized as a resona
oscillation of the condensate density between the two clos
spaced copper-oxygen planes, has indeed been observ
an additional absorption peak that appears at low temp
ture in the spectra of the infraredc-axis conductivity of un-
derdoped Y123.14–17 Very recently, this interpretation ha
been put on a firm basis by a detailed analysis of thec-axis
conductivity data for Y123 with different oxygen
concentrations.18,19 Note that the observation of the tran
verse plasma excitation also implies the existence of the
ond ~intrabilayer! Josephson plasmon that is a vital ingred
ent of the ILT theory. This opens a possibility to test also
bilayer compounds the relationship between the Joseph
coupling energy and the condensation energy predicted
the ILT theory@Eq. ~1!#.

In this paper we review some of the previous experim
tal observations of the transverse plasma excitation~TPE!. In
addition, new data for almost optimally doped Bi-2212 wi
©2001 The American Physical Society23-1
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DOMINIK MUNZAR et al. PHYSICAL REVIEW B 64 024523
Tc'91 K are reported and analyzed~Sec. II!. In Sec. III, the
Josephson coupling energies of different bilayer compou
obtained from thec-axis conductivity data of Refs. 18–2
and of the present work are compared with the condensa
energies obtained from the specific-heat data.22,23Section IV
contains a discussion of the frequently used sum-rules-b
estimates of the changes of thec-axis kinetic energy.24–26

Finally, an extension of the interlayer tunneling theory
proposed in Sec. V, which allows one to explain the h
values ofTc in the single-layer compounds Tl-2201 and H
1201.

II. RESULTS AND DISCUSSION

Since the early days of the high-temperature supercon
tivity, it was known that some of the infrared-activec-axis
phonon modes of the cuprate superconductors exh
changes~so-called ‘‘phonon anomalies’’! in the vicinity of
the superconducting transition temperature~see, e.g., Refs
27–29!. The most pronounced anomalies have been
served for underdoped Y123.15–18

A. YBa2Cu3O7Àd

The anomalies are illustrated in Fig. 1, which shows o
experimental spectra of thec-axis conductivity of
YBa2Cu3O6.55 with Tc553 K.18 Note the following anoma-
lies. ~A! As the temperature decreases, the oxygen-bo
bending mode at 320 cm21 that involves the in-phase vibra
tion of the planar oxygens against the Y-ion and the ch
ions31–33 loses most of its spectral weight and softens
almost 20 cm21; ~B! at the same time a new broad abso
tion peak appears in the spectra around 410 cm21; ~C! the
spectral weight of the peak corresponding to the apical o
gen mode at 560 cm21 decreases. The additional absorpti
peak @feature ~B!# has been sometimes considered to b
new phonon.15 On the other hand, van der Marel and c
workers suggested13 that it corresponds to the TPE of the
model.12 We believe that this interpretation is correct, b
one has to keep in mind that some part of the spectral we

FIG. 1. ~a! Experimental spectra of thec-axis conductivity,s
5s11 is2, of Y123 withTc553 K. Experimental data~thick solid
lines! and fits~thin solid lines! for ~b! T5300 K and~c! T54 K.
The symbols~A!, ~B!, and ~C! indicate the most pronounce
anomalies as discussed in the text. A slightly modified version
Fig. 1 from Ref. 30.
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of the peak (;50%) indeed comes from the phonons~see
Ref. 17 for a detailed discussion!. With increasing doping the
additional peak shifts toward higher frequencies and it
comes broader and less pronounced.18,17 Although the
anomalies start to develop aboveTc in strongly underdoped
compounds, the pronounced and steep changes always o
right at Tc .17 Similar though less spectacular effects ha
also been observed for other values ofd,14–19,34for several
other bilayer compounds,35–39and for the trilayer compound
Tl2Ba2Ca2Cu3O10.40 Also shown in Fig. 1 are the fits ob
tained using the model of Ref. 18. Since we are going
refer to this model rather frequently, we summarize its m
ideas in the Appendix A. It can be seen that the mode
capable of providing a good fit of both the normal and t
superconducting state data. The same values of the oscil
strengths of the phonons have been used for the normal
for the superconducting states. This means that the cha
of the spectral weight are accounted for by the model rat
than simply fitted.

B. Bi2Sr2CaCu2O8

Very recently, Železný et al.20,21 have reported similar
anomalies in the infraredc-axis conductivity of underdoped
Bi-2212. The spectra exhibit an increase of the electro
background around 450 cm21 below Tc accompanied by
characteristic phonon anomalies. The increase of the b
ground corresponds to the additional absorption peak suc
observed in the spectra of underdoped Y123. The most
nounced phonon anomaly again consists in a sizable
crease of the spectral weight of the 355 cm21 phonon mode,
which has—according to the shell model calculations41—a
similar eigenvector as the 320 cm21 mode in Y123. The
doping and temperature dependence of the anomalies is c
to that observed in Y123. These findings of Zˇeleznýet al.
confirmed that the anomalies are a common property of
bilayer cuprate compounds.

Figure 2 shows our experimental spectra of thec-axis
optical conductivity of an almost optimally doped Bi-221
single crystal withTc591 K that have been obtained b
ellipsometric measurements~see Ref. 17 and reference
therein for a description of the technique!. The measure-
ments have been performed on a large ac-face of siz
30.5 mm2. As shown in Fig. 2~b! the spectra exhibit the
same kind of anomalies as underdoped Y123~Refs. 14–18!
and underdoped Bi-2212.20,21 Below Tc the electronic back-
ground increases in the frequency region around 550 cm21

@feature~B!# and simultaneously some of the infrared-acti
phonon modes are renormalized; in particular, the pho
mode at 355 cm21 loses a large part of its spectral weig
@feature ~A!#. As compared to the data for underdop
Bi-2212, the region of the spectral weight increase is shif
toward slightly higher frequencies. This can be expected
cause the frequency of the TPE is known to increase w
increasing hole doping~see Ref. 18 for a discussion!. The
onset temperature of the anomalies coincides withTc @cf. the
insets of Fig. 2~a! and Fig. 2~b!# which confirms that they are

f
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CORRELATION BETWEEN THE JOSEPHSON COUPLING . . . PHYSICAL REVIEW B64 024523
related to superconductivity. Note that some signatures of
anomalies can also be found in the reflectivity data
Ref. 42.

Figure 3~a! displays the region near the anomalies on
enlarged scale and Fig. 3~b! shows the fits obtained by usin
a slightly modified version21 of the model of Ref. 18. The
modification concerns only the description of the featurel
electronic background. First, the interbilayer susceptibility
set equal to zero (x int50 in notation of Ref. 18!. This is a
reasonable approximation considering the very low value
the unscreened interbilayer plasma frequencyv int (v int
<20 cm21, see Ref. 43!. Second, the regular part of th
intrabilayer susceptibility (xbl) has been fitted by a comb
nation of a broad Drude term and a broad mid-infrared L
entz oscillator instead of the single very broad Lorentz
centered at high frequencies that was used previously.
thermore, we have adopted the simple picture of the pho
eigenvectors used in the fits of the spectra of underdo
Y123 and underdoped Bi-2212, i.e., we assume that
355 cm21 mode corresponds to the vibrations of the plan
oxygens, whereas the modes at 300 cm21 and 580 cm21

correspond to vibrations of the interbilayer oxygens, i.e.,

FIG. 2. Experimental spectra of thec-axis conductivity of al-
most optimally doped Bi-2212 withTc591 K. ~a! Data for T
5300 K andT5100 K. ~b! Data for T5100 K andT510 K.
The insets of~a! and ~b! display the differencess1(T5100 K)
2s1(T5300 K) and s1(T510 K)2s1(T5100 K), respec-
tively. Note that the former and the latter difference correspond
temperature change of 200 K and 90 K, respectively. The sym
~A! and ~B! in ~b! indicate the most pronounced anomalies as d
cussed in the text.
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apical oxygens and the oxygens of the BiO layers. The v
ues of the fitting parameters and other numerical factors u
are summarized in Table I. Those corresponding to
room-temperature spectrum have been obtained by fitting
measured frequency dependence of the complex diele
function in the frequency region above 300 cm21 ~with
vbl50 andSbl50, Sbl being the oscillator strength of th
mid-infrared Lorentz oscillator!. Those used in calculating
the 1002K spectrum have also been obtained by fitting t
data~with vbl50 andSbl50), except for the values of«` ,
SP , S1 , S2 ~oscillator strengths of the phonons!, vP ~fre-
quency of the oxygen-bond-bending mode!, v1 ~frequency
of the 300 cm21 mode!, which have been fixed at the room
temperature ones. Finally, the values of«` , SP , S1 , S2 ,
vP , gP , v1 , and gbl ~broadening parameter of the broa
Drude contribution!, have been fixed at the 100 K one
when fitting the low-temperature spectrum. It can be se
that the most pronounced features of the experimental s
tra, in particular the increase of the electronic backgrou
around 550 cm21 and the spectral-weight anomaly of th
oxygen bond-bending mode, are well reproduced.

a
ls
-

FIG. 3. ~a! Experimental spectra of thec-axis conductivity of
optimally doped Bi-2212-region of the spectra near the anoma
on an enlarged scale.~b! Fits of the spectra obtained by using th
model of Ref. 18 as described in the text.~c! Spectra ofs1(T
5100 K)2s1(T510 K). ~d! Spectra of the quantityNn2Ns de-
fined in the text.
r of the
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31
33
36
TABLE I. Values of the fitting parameters and other numerical factors used in fitting the measuredc-axis
infrared conductivity of optimally doped Bi-2212. The plasma frequency and the broadening paramete
broad Drude peak are denoted byVbl andgbl , respectively. The meaning of the other symbols is the sa
as in Ref. 18. The temperatures are given in K, the frequencies and the broadening parameters in cm21. The
values of the numerical factorsa, b, g,18 a52.28, b50.64, g51.28 have been obtained in the same w
as in Ref. 18~see also Ref. 44! using the following values of the effective ionic charges:eBi* 53, eSr* 52,
eCa* 52, eCu* 52, eO* 522. The distances between the planes of a bilayer and between the neighb
bilayers aredbl53.37 Å anddint512.03 Å, respectively.

T «` vbl Vbl gbl Sbl vb gb SP S1 S2 vP v1 v2 gP g1 g2

300 3.8 0 3000 1220 0 0 0 1.05 0.24 0.50 455 332 639 10 36
100 3.8 0 3000 1300 0 0 0 1.05 0.24 0.50 455 332 638 12 35
10 3.8 1180 2520 1300 2.04 1000 900 1.05 0.24 0.50 455 332 636 12 34
3-3
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TABLE II. Values of the intrabilayer plasma frequencyvbl , the Josephson coupling energyEJ and the
condensation energyU0 for several bilayer compounds. The values ofvbl are taken from Ref. 18~under-
doped Y123!, Ref. 19~optimally doped Y123!, and Ref. 21~underdoped Bi-2212!; the value for optimum
doped Bi-2212 has been obtained as described in the text. The values of the condensation energies
from Ref. 22~Y123! and Ref. 23~Bi-2212!.

Compound Tc (K) vbl (cm21) EJ (meV) U(0) (meV) EJ /U(0)

YBa2Cu3O6.45 25 950 0.08 0.01 8.0
YBa2Cu3O6.55 53 1200 0.13 0.05 2.6
YBa2Cu3O6.75 80 1780 0.30 0.16 1.8
YBa2Cu3O6.93 91 3480 1.14 0.36 3.2
Bi2Sr2CaCu2O8 60 620 0.035 0.02 1.5
Bi2Sr2CaCu2O8 80 970 0.085 0.06 1.4
Bi2Sr2CaCu2O8 91 1180 0.13 0.13 1.0
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Figure 3~c! shows the frequency dependence of the diff
ences1(T510 K!Tc)2s1(T5100 K'Tc). The value of
the difference is positive in the frequency region betwe
420 cm21 and 580 cm21, whereas it is negative both fo
lower frequencies~in the region between 340 cm21 and
420 cm21) and for higher frequencies~in the region be-
tween 580 cm21 and 650 cm21). The positive values in the
first region are caused mainly by the increase of the e
tronic background belowTc ~i.e., the additional peak due t
the TPE!. The negative values in the second region cor
spond to the spectral weight anomaly of the oxygen-bo
bending mode. The negative values in the third region
mainly due to a slight shift of the apical-oxygen mode
580 cm21 toward lower frequencies. The agreement b
tween the difference of the measured data~full line! and the
difference of the fitted spectra~dashed line! is excellent.
Note, that this agreement has not been achieved by chan
the values of the parameters of the phonon modes. The s
shift of the 580 cm21 mode accounts only for a part of th
spectral weight increase around 550 cm21.

Finally, the frequency dependence of the quantityNn
2Ns , whereNn(v)5N(T5100 K'Tc ,v), Ns(v)5N(T
510 K!Tc ,v) and

N~T,v!5E
01

v

dv8s1~T,v8!, ~2!

is displayed in Fig. 3~d!. We take our low-frequency cutof
of 70 cm21 as the lower limit of the integration in Eq.~2!,
but it is rather unlikely that below this frequency there is a
considerable difference between the normal state and the
perconducting state data. For a conventional supercondu
the value ofNn2Ns increases with increasing frequency a
it approachesrs , the spectral weight of thed peak atv
50, within a range of;6D, D being the superconductin
gap.45 It has been shown by Basovet al.25 that for several
high-temperature superconductors the value ofNn2Ns also
increases with increasing frequency but it saturates at a v
of only about one half ofrs for v;10D. Our result for
Bi-2212 exhibits an even more surprising tendency:Nn
2Ns stays approximately constant up to;350 cm21, it
changes considerably in the frequency region betw
350 cm21 and 620 cm21 and it seems to saturate abo
02452
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;650 cm21 at a negative value of approximate
2300 V21 cm22. The corresponding value of the rati
uNn2Nsu/rs is larger than 25. The fact that the value ofNn
2Ns above;550 cm21 is negative signals an increase
the low frequency spectral weight belowTc that is caused by
the formation of the peak due to the TPE. Note that such
increase cannot be easily explained by any conventio
theory. We shall come back to this interesting issue in S
IV B.

III. JOSEPHSON COUPLING ENERGIES
AND CONDENSATION ENERGIES

In Table II we summarize the values of the intrabilay
plasma frequency (vbl), the corresponding Josephson co
pling energy per unit cell (EJ), and the condensation energ
per unit cell (U0) for Y123 and Bi-2212. The values ofEJ
have been calculated using the formula46

EJ5
\2«0a2

4e2dbl

vbl
2 or equivalently

EJ @meV#5
C

dbl @Å #
~vbl @cm21# !2. ~3!

Here a is the in-plane lattice constant,dbl is the distance
between the closely spaced copper-oxygen planes, anC
53.131027. We neglect the contribution of the interbilaye
plasmon toEJ that is by at least one order of magnitud
lower than that of the intrabilayer one. Note that Eq.~3! does
not contain any adjustable parameters. The values of the
densation energies have been obtained from the specific-
data in Ref. 22~Y123! and in Ref. 23~Bi-2212!. We esti-
mate the error bars of the values ofvbl to be about 20
230 %. These error bars arise mainly from the uncertai
in the description of the electronic background.47 The corre-
sponding uncertainties of the values ofEJ are about 50%.
Taking this into account, the agreement between the Jos
son coupling energies obtained from the optical data and
condensation energies obtained from the specific-heat da
reasonably good as described in the following.
3-4
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CORRELATION BETWEEN THE JOSEPHSON COUPLING . . . PHYSICAL REVIEW B64 024523
~i! The values of the two quantities are of the same or
of magnitude.

~ii ! Both quantities exhibit a rather similar dependence
doping. It is even possible to understand, why the value
the ratio EJ /U0 are higher for the strongly underdope
samples than for the less underdoped ones or the optim
doped ones. It is, namely, likely that for strongly underdop
samples some fluctuation effects set in well above the m
roscopic transition temperatureTc . This suggestion is con
sistent with the finding that the phonon anomalies star
occur well aboveTc in strongly underdoped samples.17,18,48

The contribution of the fluctuation effects to the conden
tion energy is not likely to be contained in the values ofU0
presented in Table II, since they have been obtained by
analysis of the specific-heat data where only the chan
occurring belowTc are properly taken into account. On th
other hand, the values ofEJ do contain the contribution o
these effects, since they are determined by the lo
temperature values ofvbl ~i.e., in a way that does not requir
any assumptions concerning the onset of superconductiv!.
As a result the values ofU0 for strongly underdoped sample
can be expected to be smaller than the values ofEJ .

~iii ! The values ofEJ for Y123 are systematically highe
than those for Bi-2212, in agreement with the trend in
condensation energies. It may be argued that the differe
in the condensation energies is related to the presenc
metallic chains in Y123. However, the chain condensat
cannot fully account for the difference, since Ca-substitu
samples with broken chains also have a significantly hig
condensation energy than Bi-2212.22

This agreement means that the values of the condens
energies of the bilayer compounds can be explained u
the ILT theory. Further implications will be discussed in Se
V. It certainly remains an open question why different co
pounds with almost identical values ofTc have rather differ-
ent values of the condensation energy.

IV. SUM RULES

There is another approach to estimate the changes o
c-axis kinetic energy, pioneered by Chakravarty4 and
Chakravarty, Kee, and Abrahams,24 which is based on the
use of the optical sum rule. For the bilayer compounds,
approach yields an opposite result, namely, that the valu
the condensation energy cannot be accounted for by
change of thec-axis kinetic energy. In the first part of thi
section we clarify several conceptual points that have m
the discussions of the kinetic energy changes somewhat
fusing ~Sec. IV A!. Next we discuss some specific properti
of the bilayer compounds~Sec. IV B!. In particular, we show
that for these compounds the change of thec-axis kinetic
energy cannot be estimated using the conventional ‘‘tig
binding’’ sum rule of Refs. 4 and 24.

A. Conceptual issues

For simplicity, we focus in our considerations first on t
single-layer compounds. In the present context, there ar
least three different quantities denoted asc-axis kinetic en-
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ergy. First, the ‘‘true’’ c-axis kinetic energy, Kc

5( i pi ,c
2 /2m. Second, the ‘‘tight-binding’’c-axis kinetic en-

ergy Hc ,

Hc52 (
l ,i , j ,s

t'~ l ,i , j !cj ,l 11,s
1 ci ,l ,s1H.c., ~4!

where l is the layer index,i and j refer to the sites of the
two-dimensional layers,s refers to spin,t' is the interlayer
hopping matrix element, and H.c. means the Hermitian c
jugate operator. Third, the effective low-energyc-axis ki-
netic energy of the ILT theoryHJ ,

HJ52(
l ,k

TJ~k!ck,l 11,↑
1 c2k,l 11,↓

1 c2k,l ,↓ck,l ,↑1H.c.,

~5!

i.e., the Josephson coupling energy. The experimental
are discussed in terms of at least two different sum ru
First, the ‘‘general’’ sum rule~for derivation see, e.g, Ref
49!,

E
0

`

s1~T,v! dv5
pne2

2m
, ~6!

which is fulfilled for any real system and second, the ‘‘tigh
binding’’ sum rule valid only for model Hamiltonians whos
single-particle part is of the tight-binding form~for deriva-
tion see, e.g., Refs. 50,4 and references therein!,

E
0

`

s1~T,v! dv52
pe2d

2\2a2
^Hc&~T!. ~7!

In Eq. ~6!, n is the total electron density, in Eq.~7! a is the
in-plane lattice constant,d is the lattice constant along thec
axis, andHc is the tight-binding kinetic energy@Eq. ~4!# per
unit cell (^Hc& represents an average of this quantity,T is the
temperature!.

Let us discuss possible changes of the three kinetic e
gies upon entering the superconducting state and the
tions between them and the sum rules.

~i! There is no obvious relation between^Kc& and the sum
rules. Upon entering the superconducting state, the total
ergy of the superconductor decreases. This implies—by
tue of the virial theorem (̂K&52^V&/2, whereK andV are
the kinetic and the potential energy, respectively; see, e
Ref. 51!—that its total kinetic energy increases. It is possib
to assume that even̂Kc& increases at the superconductin
transition.

~ii ! It is very likely that the degrees of freedom essent
for superconductivity are contained in some model sing
band HamiltonianH1b whose ~tight-binding-like! single-
particle part is derived by a downfolding process in which
of the higher-energy bands are integrated out52 and whose
interaction part describes the most pronounced correla
effects. In our opinion, there are no general reasons why
average of itsc-axis kinetic energy termHc @Eq. ~4!# should
decrease or increase belowTc . The arguments invoking a
frustration of thec-axis kinetic energy in the normal stat
and a ‘‘deconfinement’’ of bosonic pairs belowTc ~See, e.g.,
3-5
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DOMINIK MUNZAR et al. PHYSICAL REVIEW B 64 024523
Ref. 2, Chapter 2, Dogma VI, and Ref. 3! are usually based
on asymptotic properties of the quasiparticle propagat
i.e., they concern rather the asymptotic behavior forv→0
than the actual changes of^Hc&. Possibly these argumen
could be formulated more precisely in terms of yet anot
effective kinetic energyHc8 characterizing thec-axis electro-
dynamics in a frequency scale intermediate between tha
Hc (;10 000 cm21) and the frequency scale ofHJ of the
order of 100 cm21 ~Ref. 53! ~see Fig. 4!.

It follows from Eq.~7! that the possible change of^Hc& at
the superconducting transition is related to the change of
spectral weight as follows:

@^Hc&s~T!Tc!2^Hc&n~T'Tc!# @meV#

52
4C

d @Å #

120

p S E
0

Vc
s1~T!Tc ,v! dv

2E
0

Vc
s1~T'Tc ,v! dv D @V21 cm22#, ~8!

whereVc is a cutoff frequency required to exhaust the su
rule ~7!. Note that in a model involving strong correlation
the value ofVc may be much higher than the bandwidth
the corresponding noninteracting model. In addition, t
value~and also the changes of the kinetic energy themsel!
may depend on the kind of model that is used, i.e., on
interaction part of the model HamiltonianH1b .

~iii ! We emphasize that it is the effectivec-axis kinetic
energyHJ of the ILT theory@Eq. ~5!# whose changes at th
superconducting transition were predicted to be respons
for the high values ofTc in Ref. 1. The only ‘‘sum rule,’’
which can be associated withHJ , is Eq.~3! with dbl substi-
tuted byd ~note thatEJ52^HJ&).

What is the experimental status? The analysis of Ba
et al.25 demonstrates that at least for the underdoped highTc
superconductors, the low-frequency spectral weight

a~T,v!5E
0

v

s1~T,v8! dv85rs~T!1N~T,v! ~9!

FIG. 4. Schematic representation of the spectral-weight chan
upon entering the superconducting state. The increase of spe
weight at low frequencies belowTc is compensated by a decrea
around some frequencyv* . This frequency may be either~a! higher
or ~b! lower than the interband cutoffvc . The horizontal lines
below the frequency axis of~b! indicate the three frequency scale
corresponding to the three effectivec-axis kinetic energies dis
cussed in the text.
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increases considerably upon entering the superconduc
state for cutoff frequenciesv ranging up to at leas
1200 cm21. More precisely, as one increases the value ofv,
the value of the differencea(T!Tc ,v)2a(T'Tc ,v) satu-
rates atv'500 cm21, reaching typically 50% ofrs . The
only way to reconcile this interesting finding with the gene
sum rule~6! consists in assuming25 that a substantial part o
a(T!Tc,1200 cm21) is collected from frequencies excee
ing 1200 cm21. In other words, since the total spectr
weight has to be conserved, the increase
a(T,1200 cm21) belowTc is compensated by a decrease
spectral weight around some frequencyv* higher than
1200 cm21. A sketch of the situation is shown in Fig. 4.

What do we learn from these results about the change
the tight-binding kinetic energŷHc&? Let us denote byvc
the interband cutoff, i.e., the upper limit of the frequen
interval for which the response of the superconductor can
properly described using a certain effective HamiltonianH1b
~e.g., the Hubbard Hamiltonian!. Let us further assume, fo
the sake of simplicity, thatvc>Vc of Eq. ~8!.54 There are
two different possibilities, which are both compatible wi
the infrared data:~a! v* .vc and ~b! v* ,vc ~see Fig. 4!.
In case~a!, it follows from Eqs.~6! and~8! that ^Hc& indeed
decreases belowTc . In order to establish this decrease e
perimentally, however, one would have to estimate the to
low-frequency spectral weight above and belowTc , i.e., to
integrates1(v) up to vc . We believe that the case~b! is
more likely to happen. The increase ofa(T,1200 cm21)
below Tc and the corresponding decrease of the spec
weight aroundv* then both can be described by usingH1b .
It follows from Eqs.~6! and~8! that ^Hc& does not change a
Tc . To conclude, it is only the tight-bindingc-axis kinetic
energyHc @Eq. ~4!# of an effective single-band Hamiltonian
whose change at the superconducting transition can be
tained using Eq.~8!. The results of Basovet al.25 nicely re-
veal the unconventional properties of the high-temperat
superconductors, in particular the extremely large freque
scale involved, but they cannot be used to yield reliable
timates of this change because of the uncertainties conc
ing the cutoff frequenciesVc andvc . In addition, there are
no a priori reasons, whŷHc& should change upon enterin
the superconducting state.

Another example of a modelc-axis kinetic energy is rep-
resented by the effective low-energyc-axis kinetic energy
HJ @Eq. ~5!# of Ref. 1. It acquires a nonzero~negative! value,
2EJ @Eq. ~3!#, only in the superconducting state and it w
predicted to be responsible for the high values ofTc . It is
certainly a crude approximation to identifyEJ with thec-axis
contribution to the condensation energy, as we did it in
previous section, since possible ‘‘countereffects’’55 are not
included. They are to some extent included when estima
the changes of thec-axis kinetic energy using Eq.~8! with
the upper limit of the integrals well belowv* ~instead of
vc), i.e.,

DEkin,c @meV#52
4C

d@Å #

120

p
@a~T!Tc ,v,v* !

2a~T'Tc ,v,v* !# @V21 cm22#.

~10!
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This is an appealing possibility, but the physical meaning
the result is not completely clear~in contrast to the change o
the well-defined quantitŷHc&). It may be perhaps viewed a
an estimate of the change of some kinetic energyHc8 char-
acterizing thec-axis electrodynamics in an intermediate fr
quency scale~see our discussion above and Fig. 4!. Note
finally that the fact thatDEkin,c includes the countereffect
does not necessarily imply thatuDEkin,cu,EJ because of the
additional factor of 4 entering the sum-rules-bas
formulas.56 On the contrary, for moderate countereffec
uDEkin,cu.EJ . For underdoped La22xSrxCuO4, e.g.,
uDEkin,cu is by a factor of;2 larger thanEJ .56

B. Some specific properties of the bilayer compounds

In Fig. 3~d!, we have encountered a rather unusual sit
tion. First, the value of the quantityN(T, 690 cm21) de-
fined by Eq.~2! increases with decreasing temperature.
phenomenon not observed for any of the single-layer co
pounds~see, e.g., Ref. 25!. Second, the increase of the int
grated spectral weighta(T, 690 cm21) defined by Eq.~9!
upon entering the superconducting state is lower by a fa
of ;30 than the value required to yield a kinetic-ener
change comparable toU0 @when inserted into Eq.~10!!. On
the other hand, using simply the formula~3! for the Joseph-
son coupling energy, we have obtained a value fairly clos
U0. Here we propose a qualitative explanation of these p
doxes.

Let us consider the superlattice of intrabilayer and int
bilayer Josephson junctions. The low-frequency spec
weight a(T!Tc ,v.vp), wherevp is the frequency of the
TPE @Eq. ~A2!#, contains both the contribution of thed peak
at v50, Sd @Eq. ~A3!#, and the contribution of the TPE a
v5vp , Spl @Eq. ~A4!#. The appearance of the second o
below Tc explains the first paradox. It is easy to show tha

a~T!Tc ,v.vp!5
p

2
«0

dblvbl
2 1dintv int

2

dbl1dint
'

p

2
«0

dblvbl
2

dbl1dint
,

~11!
wheredint is the distance between the bilayers. The Jose
son coupling energy is approximately given by Eq.~3! ~ne-
glecting the contribution of the interbilayer Josephson ju
tion!, whereas the change of thec-axis kinetic energy
estimated using Eqs.~10! and ~11! is given as follows:

DEkin,c @meV#52
4C

~dbl1dint! @Å #

dbl~vbl @cm21# !2

dbl1dint
.

~12!

It can be seen that

EJ@uDEkin,cu. ~13!

This is the explanation of the second paradox. The effect
the electronic background make the discrepancy even m
pronounced. At the same time, it is obvious that within t
simple model of the superlattice of intrabilayer and inter
layer Josephson junctions, it is the Josephson coupling
ergyEJ , rather thanDEkin,c , which represents the change
the c-axis kinetic energy upon entering the superconduct
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state. We conclude that for the bilayer compounds
change of thec-axis kinetic energy can be estimated usi
Eq. ~3! but cannot be estimated using Eq.~10!. We refer the
reader to Appendix B for a more rigorous discussion.

V. POSSIBLE EXTENSION OF THE ILT SCENARIO
FOR SINGLE LAYER COMPOUNDS

In Sec. III we have shown that for the bilayer cupra
compounds the Josephson coupling energy such as estim
from the optical data can account for the condensation
ergy. In Sec. IV B we have shown that this result is n
invalidated by the fact that Eq.~10! yields a much lower
estimate of the change of thec-axis kinetic energy upon en
tering the superconducting state than Eq.~3!. The main rea-
son of the discrepancy is that the tight-binding sum rule
Eq. ~7! used to derive Eqs.~8! and~10! is only valid for such
single-layer compounds, for which the distribution of the t
tal electric field is homogeneous. The results presented
Sec. III thus suggest that the high-temperature supercon
tivity in the bilayer compounds can be accounted for by
ILT theory. We are left with three possible explanations.

~a! The agreement between the Josephson coupling e
gies and the condensation energies reported in Sec. III
resents a mere coincidence.

~b! The interlayer tunneling indeed provides the domina
contribution to the condensation energy of the bilayer co
pounds. Another mechanism is responsible for the high v
ues of Tc in the single-layer compounds Tl-2201 and H
1201.

~c! A modified ILT theory may explain the high
temperature superconductivity both in the bilayer co
pounds and in the single-layer compounds.

In our opinion, it is unlikely that case~a! is realized. It
would mean either that the assignment of the additional
sorption peak to the TPE~Refs. 13,18,19! is wrong or that
the Josephson coupling energy is completely~or almost com-
pletely! compensated by the countereffects.55 There are sev-
eral important arguments supporting the present interpr
tion of the data. Let us mention two of them. First, th
doping dependence. The frequency of the maximum of
additional absorption peak increases considerably with
creasing doping. This is easy to explain within the pres
scenario~the squared frequency of the maximum should
proportional to the condensate density! but difficult to ex-
plain within theories where the additional peak is assigned
a pair-breaking excitation.57,58 According to these theorie
the frequency of the maximum should be close to the p
breaking frequency observed in other experiments, wh
seems not to be the case for strongly underdoped sam
One could argue59 that the final-state interactions may sh
the peak toward lower frequencies. Second, both the
quency and the spectral weight of the additional peak
determined by a single parametervbl .

60 In other theories, at
least two parameters are required to fit the data, e.g.,D and
t' . Starting from our interpretation of the data, large cou
tereffects would represent the only possibility to rule out t
ILT mechanism from the role of the mechanism providi
the dominant contribution to the condensation energyU0.
3-7
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DOMINIK MUNZAR et al. PHYSICAL REVIEW B 64 024523
Note that the values of the Josephson coupling energies
sented in Table II are so high that even sizable countereff
of the order of 80% would not invalidate our interpretati
~see Ref. 56!. A possible analysis of the countereffects alo
the lines of Appendix B is complicated by the fact that t
normal-state data for very low temperatures, which should
compared to the superconducting-state data rather than
data obtained for temperatures aboveTc , are not available. If
case~b! were realized, there would be two different mech
nisms causing the high values ofTc . This is certainly not
impossible. In the remaining part of this section we arg
that even the possibility~c! should not be excluded. We pro
pose an extension of the ILT theory, which may explain
high-Tc values in the single-layer compounds Tl-2201 a
Hg-1201. For concreteness we focus on the Tl-2201 co
pound, for which some optical data are alrea
available.6,8,9,61,25,62

According to the ILT theory as formulated, e.g., in Ref.
the c-axis kinetic energy is frustrated in the normal sta
because of the spin-charge separation mechanism. The
trons or holes are composite objects that cannot escape
the copper-oxygen planes~so-called ‘‘confinement’’!. For
Cooper pairs this confinement is relaxed and conseque
the c-axis kinetic energy decreases at the superconduc
transition. To our best knowledge, it has been previou
always assumed that this decrease is related to the ons
Josephson tunneling between the superconducting cop
oxygen planes. This is, however, only one possible mec
nism for the decrease. We suggest that in Tl-2201 thec-axis
kinetic energy decreases via some delocalization of the C
per pairs that involves the apical-oxygen orbitals. By t
delocalization we mean the fact that the superconduct
state wave function acquires a larger contribution of
apical-oxygen orbitals than the normal-state wave functi
Quite generally, thec-axis kinetic energy decreases at t
superconducting transition, whenever the Cooper pairs
more delocalized along thec-axis than the single electrons o
holes in the normal state. Note that our extension of the
theory is based on a radical form of the ‘‘confinement’’ h
pothesis. Not only the hopping between the copper-oxy
planes is assumed to be blocked in the normal state but
~at least to some extent! the hopping between the orbitals o
the copper-oxygen planes and the apical-oxygen orbit
The conjecture can be experimentally tested in several w
First we discuss thec-axis infrared spectra, which may a
ready provide some evidence in favor of the proposed s
nario. Next we briefly mention some other experimenta
verifiable consequences.

Recently, some infrared data for Tl-2201 have be
reported.25,62 The spectra of thec-axis conductivity exhibit
four peaks corresponding to thec-axis infrared phonons
—instead of five as dictated by symmetry—and two oth
distinct features, which have not been discussed previou

~i! A pronounced step around 210 cm21. For conve-
nience, the relevant part of the conductivity spectra is sho
in the inset of Fig. 5~b!. Note that a weak feature a
;230 cm21 in the grazing incidence reflectivity data o
Ref. 61 may be related just to this step. We suggest that
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step is due to the missing fifthc-axis infrared phonon.
~ii ! An increase of the spectral weight of the phonon pe

at 390 cm21 upon entering the superconducting state. It c
be concluded from Fig. 3 of Ref. 25 that the spectral wei
in the frequency region between 280 cm21 and 440 cm21

slightly ~but not negligibly! increases belowTc . For conve-
nience, the important part of the data is shown in the inse
Fig. 5~c!. We estimate that the spectral weight increase r
resents 3–5 % of the spectral weight of the phonon.

Below we show that both features~i! and~ii ! are compat-
ible with the suggested extension of the ILT theory.

Figure 6 shows the crystal structure of Tl-2201 such
reported in Ref. 63. The simplest way to explore the poss
consequences of our hypothesis consists in dividing
structure into regions A and B~denoted in Fig. 6!, assuming
that they exhibit different properties~region B being rather
insulating and region A being more metallic!, and applying
the model of Ref. 18. In order to be able to apply the mod
we have to make some assumptions concerning the ei
vectors of the phonons. Similarly as in case of Bi-2212
concentrate on the three phonons located at higher freq
cies ~see Fig. 2 of Ref. 25! presumably corresponding t
vibrations of the oxygens: the phonon mode at 600 cm21,
the mode at 390 cm21, and the phonon that shows up as t
step at 210 cm21. According to the shell model calculation
of Ref. 64, the highest frequency mode involves vibrations

FIG. 5. Results of model computations of thec-axis infrared
conductivity of Tl-2201. The results shown in~a! and~b! have been
obtained using the assignmentA1 ~the Tl-layer oxygens vibrate a
the highest frequency, the apical oxygens at;400 cm21), those
shown in ~c! and ~d! correspond to the reverse assignment (A2).
The results shown in~a! and~c! have been obtained considering th
region A as ‘‘intrabilayer,’’ those shown in~b! and ~d! have been
obtained considering the region A as ‘‘interbilayer.’’ The plan
oxygen mode manifests itself as a step around 240 cm21 in ~b! and
~d!. The dashed and solid lines correspond to the two values of
plasma frequency of region A,VA1 andVA2 , VA1,VA2, respec-
tively, as discussed in the text. The dotted and dashed-dotted
in ~d! represent results forVA51500 cm21 and VA5600 cm21,
respectively. The inset of~b! displays the step in the experiment
data of Ref. 25. The inset of~c! displays the experimental spectra
(Nn2Ns)/rs taken from Ref. 25. The arrow demonstrates the
crease of the spectral weight of the phonon peak at 390 cm21 in
the superconducting state, as discussed in the text.
3-8
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CORRELATION BETWEEN THE JOSEPHSON COUPLING . . . PHYSICAL REVIEW B64 024523
the TlO-layer oxygens, the second one mainly vibrations
the apical oxygens, and the third one vibrations of the pla
oxygens. Besides this assignment~assignment A1!, we have
also considered the possibility that the highest-freque
mode corresponds to vibrations of the apical oxygens~as in
many other cuprates! and the second one to vibrations of th
TlO-layer oxygens~assignment A2!. In reality the vibrations
of the apicals and the TlO-layer oxygens are proba
strongly coupled. Figure 5 shows the results of our simu
tions. Parts~a! and ~b! have been obtained using the assig
ment A1, parts~c! and ~d! using the assignmentA2. The
model in the form presented in Ref. 18 allows us to treat o
two phonon modes at the same time~the ‘‘interface’’ one,
i.e., the apical-oxygen mode, and only one of the other
modes!. This is the reason why there are two figures fo
given assignment, each showing only two structures rela
to the phonons. The electronic conductivities of the two
gions A and B (sA andsB) have been modeled, for the sak
of simplicity, by broad Drude terms, the plasma frequency
the region A,VA , being much higher than the plasma fr
quency of the region B. The results are shown for two d
ferent values ofVA : VA1 ~dashed line! andVA2 ~solid line!,
VA1,VA2. The increase ofVA may simulate the change
brought about by the superconducting transition: the m
delocalized the ground-state wave function, the more me

FIG. 6. Crystal structure of Tl2Ba2CuO6.
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lic the region A and the higher the value ofVA . For the sake
of simplicity, we do not consider the changes ofsB caused
by the onset of superconductivity. The values of the para
eters used are given in Table III.

It can be seen in Figs. 5~b! and 5~d! that the lowest-
frequency mode manifests itself as a step rather than
Lorentzian peak, in agreement with the experimental d
Note that the step is getting less pronounced with increas
value ofVA , i.e., with increasing metallicity of the region A
This may correlate with an apparent absence of the struc
in the data for strongly overdoped Tl-2201~see Fig. 2 of Ref.
62!. As seen in Figs. 5~a! and 5~c!, the phonon mode involv-
ing vibrations of the TlO-layer oxygens exhibits distin
changes with increasing value ofVA , in particular its spec-
tral weight increases.65 This may correspond to the observe
spectral weight anomaly of the 390 cm21 phonon mode~as-
suming that the assignmentA2 is closer to reality than the
assignmentA1). Finally, the increase ofVA results in an
increase of the electronic background around 1000 cm21

~concerning the absolute values, see Ref. 66!. Such an in-
crease should be observed in future experiments. Note th
the present simulations, the increase ofVA is intentionally
relatively high so that the anomalies are clearly seen. S
an increase would correspond to a change of thec-axis ki-
netic energy much higher@by a factor of;4, a rough esti-
mate obtained by using Eq.~B11!# than the condensation
energy.67 The actual changes of the electronic background
be observed experimentally therefore should be consider
smaller~e.g., by a factor of 4!. Also the frequency range o
the increase may be somewhat different. To summarize,
simulations demonstrate that the anomalous features~i! and
~ii ! can be explained within a model involving the variatio
of the electric field inside the unit cell, whereas they can
be easily explained in a conventional way. The importa
point is that if the electric field indeed changes considera
inside the unit cell, the changes of thec-axis kinetic energy
upon entering the superconducting state cannot be estim
simply from the value of the plasma frequency of the sup
conducting condensate or by using the modified tig
binding sum rule~10!.

Let us compare thec-axis conductivity of Tl-2201 with
that of another single layer compound with considera
lower Tc , Bi2Sr2CuO6 ~Bi-2201!. The spectra for Bi-2201
exhibit five peaks corresponding to thec-axis infrared
phonons~See Fig. 2 of Ref. 61, similar results have be
obtained by our group68!, i.e., there is one phonon peak mo
than in the spectra for Tl-2201. This difference finds a na
e

25
TABLE III. Values of the parameters and other numerical factors used in modeling thec-axis infrared
conductivity of Tl-2201. The plasma frequency and the broadening parameter ofsA andsB are denoted by
VA andgA , andVB andgB , respectively. The parameters of the phonons are denoted byS1 , v1 , g1 , S2 ,
v2 , g2 , S3 , v3 , g3. The frequencies and the broadening parameters are given in cm21. The values of the
numerical factorsa, b, g have been obtained in the same way as in Ref. 18~see also Ref. 44! using the
following values of the effective ionic charges:eTl* 53, eBa* 52, eCu* 52, eO* 522. The distances between th
apical-oxygen planes aredA55.3 Å anddB56.3 Å, respectively.

«` VA1 VA2 gA VB gB S1 S2 S3 v1 v2 v3 g1 g2 g3

5 2500 3000 2000 600 2000 0.6 0.5 0.5 300 440 640 25 20
3-9
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DOMINIK MUNZAR et al. PHYSICAL REVIEW B 64 024523
ral explanation within our extension of the ILT theor
Bi-2201 has a substantially lower condensation energy t
Tl-2201.69,70This suggests that in Bi-2201 the apical-oxyg
orbitals are less accessible for the charge carriers. Co
quently, the region A is much less metallic than in case
Tl-2201 and the planar-oxygen mode manifests itself rat
as a peak than as a step feature. This is demonstrated in
5~d!, where the results forVA51500 cm21 ~dotted line! and
VA5600 cm21 ~dashed-dotted line! are shown.

An observation of the infrared anomalies discussed ab
in more precise future experiments would represent a c
but indirect evidence in favor of the suggested extension
the ILT theory. Direct evidence could be provided by expe
ments probing the occupation of individual atomic orbita
as, e.g., the near-x-ray absorption fine structure~NEXAFS!
measurements~see, e.g., Ref. 71!. We predict that such ex
periments will reveal a sizable increase of the number
holes on the apical sites atTc accompanied by the corre
sponding decrease of the number of holes in the cop
oxygen planes. Note that this prediction does not conc
only Tl-2201 but all the single-layer high-Tc cuprates. It
may, of course, also be fulfilled for some of the bilayer c
prates. The changes of the hole distribution atTc should
further result in some structural changes, in particular,
changes of the distance between the apical oxygens an
copper-oxygen planes, and in anomalies of some Ram
active phonon modes involving vibrations of the apical ox
gens. Such anomalies may already have been observed72

VI. SUMMARY

The c-axis infrared conductivity of optimally dope
Bi-2212 exhibits the same kind of anomalies as that of
derdoped Y123. BelowTc the electronic background in
creases in the frequency region around 550 cm21 and at the
same time the oxygen-bond-bending mode at 355 cm21

loses a large part of its spectral weight. The anomalies ca
explained within a model involving the intrabilayer Josep
son effect and variations of the electric field inside the u
cell. We have compared the Josephson coupling energie
Y123 and Bi-2212 with different oxygen concentrations o
tained from the optical data with the condensation energ
obtained from the specific-heat data and we have found
there is a remarkable agreement between the values o
two quantities. The Josephson coupling energy is show
represent a reasonable estimate of the change of thec-axis
kinetic energy upon entering the superconducting state a
is also shown that the latter quantity cannot be obtained
using the simple ‘‘tight-binding’’ sum rule, since this su
rule has been derived assuming homogeneous distributio
the total electric field within the unit cell. The most plausib
interpretation of the agreement between the Josephson
pling energies and the condensation energies is that the
densation energy of the bilayer compounds can be accou
for by the interlayer tunneling theory. We propose a mod
cation of this theory that may also explain the high values
Tc in Tl-2201 and Hg-1201. The main idea is that thec-axis
kinetic energy of these compounds decreases atTc via a
delocalization of the Cooper pairs onto the apical-oxyg
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orbitals. We have investigated, using a toy model, the c
sequences of this hypothesis for thec-axis infrared response
and we have demonstrated that it offers a simple explana
of two features observed in the measuredc-axis conductivity
of Tl-2201. In addition, we propose that for Tl-2201 an i
crease of the electronic backround around 1000 cm21 takes
place atTc . We further predict a sizable increase atTc of the
number of holes on the apical sites, related structural chan
and related anomalies of some Raman-active phonon mo

Note added.There are some similarities between o
model18 of the charge dynamics and the models of Re
73–77. In Ref. 75 it is argued that the role of the intrabilay
plasmon could be played by an antiphase oscillation betw
the copper-oxygen planes and the ordered blocking-la
plaques. After submitting the paper, O. K. Andersen h
drawn our attention to a preprint of Pavariniet al.,78 where it
is shown that there is a correlation between the maxim
value ofTc for a given compound,Tc max, and the value of
the parameterr that expresses the range of the intralay
hopping,t8/t, obtained from band structure calculations. T
higher the value ofr, the higher the value ofTc max. It re-
mains an open question to what extent this correlation
consistent with the extension of the ILT theory proposed
Sec. V. There we have suggested that the condensation
ergy of the single-layer compounds is largely due to
change of thec-axis kinetic energy atTc connected with an
increase of the number of holes on the apical sites. The
son for this change is the confinement of the holes to
copper-oxygen planes in the normal state and a decon
ment of the Cooper pairs belowTc . In case of the single-
layer systems the condensation energy—and alsoTc—thus
should be the largest~ignoring the material dependence
the orbital energies! for the compounds with the largest valu
of the hopping matrix elementtpa between the relevant or
bital of a copper-oxygen plane~predominantlydx22y2) and
the 2pz orbital of the neighboring apical-oxygen plane. Th
2pz orbital of an apical oxygen couples to the coppers
orbital andtpa is thus determined~a! by the matrix element
tsc between the 2pz orbital and the Cu 4s orbital and~b! by
the ratio of the Cu 4s to Cudx22y2 character,R. The value of
tsc decreases78 with increasing distanced between the
copper-oxygen plane and the apical-oxygen plane and
thus somewhat smaller for Tl-2201 (d'2.7 Å) and Hg-
1201 (d'2.8 Å) as compared to LaSrCuO4 (d'2.4 Å).
On the other hand, the value ofR increases with increasing
value of r as r 2,78 which means that it is much larger fo
Tl-2201 (r'0.33) and Hg-1201 (r'0.33) than for
LaSrCuO4 (r'0.17).78 For this reason it is possible thattpa
increases with increasingr, i.e., that the correlation reporte
in Ref. 78 is consistent with what one would expect on t
basis of the extended ILT theory. Obviously, a careful ana
sis involving the details of the Cu 4s–apical-oxygen 2pz
bonding is required.

Note added in proof.The TPE has been recently observ
also in SmLa0.8Sr0.2CuO42d.79 In Ref. 80, the issue of a
possible kinetic energy change atTc is discussed in connec
tion with the ARPES data. Some of the anomalies we pre
to occur in Tl-2201~a charge redistribution and a change
the distance between the apical oxygens and
3-10
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copper-oxygen planes aroundTc! have been observed i
x-ray diffraction studies of Tl-2212 single crystals.81
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APPENDIX A: THE MAIN IDEAS OF THE MODEL
OF REF. 18

Figure 7~a! shows a schematic representation of the el
tronic part of the model of Ref. 18. The effects related to
ionic degrees of freedom will be discussed subsequen
Thick horizontal lines correspond to the two-dimension
copper-oxygen planes. The distance between the clo
spaced copper-oxygen planes forming a bilayer is denote
dbl , the distance between the bilayers is denoted bydint . If
an electric fieldE8 is applied, the currentsj bl ~intrabilayer
current! and j int ~interbilayer current! flow between the
planes. Since they are not equal, the planes become cha
The resulting surface charge density that alternates from
plane to the other is denoted byk. It modifies the average
electric field in the intrabilayer region,Ebl5E81(k/«0«`),
whereas it does not change the average electric field in
interbilayer region,Eint5E8. The currentsj bl and j int are
determined by the fieldsEbl and Eint , respectively, j bl
5sblEbl and j int5s intEint , so that a self-consistent set o

FIG. 7. ~a! Schematic representation of the model.~b! The av-
erage electric fieldEbl between the charged planes corresponding
the planar oxygens~thick horizontal lines! displaced from their
equilibrium positions~thin horizontal lines! possesses a contribu
tion DEbl due to the chargedY plane ~dashed line!, DEbl

5@$(dbl/2)1a%EY1$(dbl/2)2a%(2EY)#/dbl . HereEY is the field
due to theY plane in the upper region of the figure. A slight
modified version of Fig. 2 from Ref. 30.
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equations is obtained. Heresbl ands int are the intrabilayer
and the interbilayer conductivities, respectively. The eq
tions can be readily solved yielding the following formu
for the macroscopic dielectric function:

«~v!5~dbl1dint!Y F dbl

«bl~v!
1

dint

« int~v!G . ~A1!

Here «bl(v)5( i /«0v)sbl(v) and « int(v)
5( i /«0v)s int(v). For a superlattice of intrabilayer and in
terbilayer Josephson junctions we have«bl(v)5«`

2(vbl
2 /v2) and « int(v)5«`2(v int

2 /v2). The dielectric
function of Eq.~A1! then exhibits two conventional plasm
resonances atv5vbl /A«` and atv5v int /A«`. In addition,
it exhibits a pole at

v5vp5Adblv int
2 1dintvbl

2

~dbl1dint!«`
, ~A2!

corresponding to a resonant oscillation of the condens
density between the two closely spaced copper-oxy
planes~transverse plasma excitation!. The spectral weight of
the d peak atv50 is

Sd5~p/2!«0

~dbl1dint!vbl
2 v int

2

dblv int
2 1dintvbl

2
, ~A3!

and the spectral weight of the resonance atvp is

Spl5~p/2!«0

dbldint~vbl
2 2v int

2 !2

~dbl1dint!~dblv int
2 1dintvbl

2 !
. ~A4!

Equations~A1! and ~A2! have been previously derived i
another way by Van der Marel and Tsvetkov12 ~see also Ref.
19!. As far as only the electronic degrees of freedom
concerned, the two approaches yield completely equiva
results. However, the present approach can be more e
extended to incorporate the phonons.

Assume for a moment that the displacements of the i
do not modify the electric fieldsEbl andEint . The ions lo-
cated in the intrabilayer and in the interbilayer regions ex
rience then the electric fieldsEbl andEint , respectively. The
ions located in the copper-oxygen planes experience a
ElocP that is equal to the average of the two fields,ElocP
5(Ebl1Eint)/2. This can be easily explained using Fig. 7~a!.
Let us consider, e.g., the ions in the middle copper-oxyg
plane. They experience the applied fieldE8 and the electric
field generated by the charge density2k of the upper
copper-oxygen plane~the contributions of the other plane
cancel each other!. The total electric field acting on thes
ions is then ElocP5E81(k/2«0«`)5(Ebl1Eint)/2. Even
this simplified picture of the electric fields acting on the io
allows us to explain the spectral weight anomalies. The sp
tacular reduction of the spectral weight of the 320 cm21

phonon mode in underdoped Y123 shown in Fig. 1, e.g.
due to the fact that in the frequency region around the p
non the two fieldsEbl andEint have opposite signs~see Ref.
18 for a discussion!.

o
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In reality, the displacements of the ions modify the ele
tric fields Ebl andEint , so that the model equations becom
slightly more complicated. As an example, we show in F
7~b!, how the displacement of the planar oxygens of Y1
@O~2! and O~3!# from their equilibrium position influence
the electric fieldEbl . We refer the reader to Refs. 18 and
for further details of the model.

APPENDIX B: APPROXIMATE ‘‘TIGHT-BINDING’’ SUM
RULE FOR BILAYER COMPOUNDS

In this appendix we put the conclusions of Sec. IV B on
more rigorous basis and we present a way of estimating
contribution of the countereffects.55 We shall discuss a mi
croscopic counterpart of the model outlined in Appendix
For this reason, it may be helpful for the reader to follo
Fig. 7. Let us consider a model defined by the followi
Hamiltonian

H5Hin-plane1Hbl1Hint , ~B1!

whereHin-plane contains the intraplanar single-particle term
and interaction terms,Hbl and Hint contain the hopping
terms between the closely-spaced copper-oxygen planes
between the widely spaced ones, respectively,

Hbl52t' bl (
l 51,3,5, . . . ;i ;s

ci ,l 11,s
1 ci ,l ,s1H.c., ~B2!

Hint52t' int (
l 52,4,6, . . . ;i ;s

ci ,l 11,s
1 ci ,l ,s1H.c. ~B3!

In the presence of an electric field along thec axis, the
Hamiltonian reads

HA5H2Na2 (
l 51,3,5, . . . ,

S dbl j
p~ l !Abl1

e2dbl
2

2a2\2
k~ l !Abl

2 D
2Na2 (

l 52,4,6, . . .
S dint j

p~ l !Aint1
e2dint

2

2a2\2
k~ l !Aint

2 D .

~B4!

Here

j p~ l !5
iet'a

Na2\
(
i ,s

~ci ,l 11,s
1 ci ,l ,s2ci ,l ,s

1 ci ,l 11,s!, ~B5!

where a5bl for l P$1,3,5, . . . % and a5 int for l
P$2,4,6, . . . %, are thec-axis paramagnetic current densitie
Further,

k~ l !52
t'a

N (
i ,s

~ci ,l 11,s
1 ci ,l ,s1ci ,l ,s

1 ci ,l 11,s! ~B6!

*Permanent address: IFD, Warsaw University, Hoza, 69, PL-
681 Warsaw, Poland.
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are thec-axis kinetic energies~per unit cell!, N is the number
of lattice sites in one copper-oxygen plane,Abl is the vector
potential in the intrabilayer region (Abl5Ebl/ iv), Aint is the
vector potential in the interbilayer region (Aint5Eint/ iv).
When studying the optical response of the system, s
consistent values of these two vector potentials have to
used~random-phase approximation!. Using similar manipu-
lations as in Ref. 50, we obtain the following relation b
tween the averaged total current densitiesj a and the two
electric fieldsEa ,

j a5sa,bEb . ~B7!

Here

j a5K j p~ l !1
e2da

2Aa

\2a2da

k~ l !L , ~B8!

where l 51 for a5bl and l 52 for a5 int. Note that all
intrabilayer regions are identical and all interbilayer regio
are identical, the long-wavelength limit is assumed. Fina
the four conductivitiessa,b (a,bP$bl,int%) are given as
follows:

sa,b~v!5
^k~ l !&e2dada,b /~\2a2!1Na2daLa,b~v!

i ~v1 id!
.

~B9!

Here

La,b~v!5
i

\(
l 8

E
2`

`

d~ t2t8!^@ j p~ l ,t !, j p~ l 8,t8!#&

3Q~ t2t8!eiv(t2t8), ~B10!

where l 51 for a5bl and l 52 for a5 int; the sum runs
over the odd values ofl 8 for b5bl and over the even value
of l 8 for b5 int. We are not going to discuss the gene
case here. Instead we concentrate on the case wheret' int
!t'bl , i.e., the case of negligible interbilayer kinetic ener
^k(2)&. In this case we can neglectsbl,int , s int,bl , and
s int,int and we havej bl'sbl,blEbl , j int'0. The current-
current correlation functions of Eq.~B10! have the analytic
properties required for the validity of the sum rules and
obtain

E
0

`

sbl~v! dv52
pe2dbl

2\2a2
^k~1!&, ~B11!

wheresbl(v)[sbl,bl(v). The sum rule~B11! yields a for-
mula for the change of the kinetic energy upon entering
superconducting state analogous to Eq.~8! or Eq.~10! @s(v)
is substituted bysbl(v) and d is substituted bydbl]. For
vanishingly small values of the regular part ofsbl , we ob-
tain D^k(1)& @meV#524C(vbl @cm21#)2/dbl @Å #. This
is nothing else than Eq.~3! except for the factor of 4.56 In a
general case, Eq.~11! yields a recipe for how to treat th
countereffects.
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