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We review some previous studies concerning the intrabilayer Josephson plasmons and present ellipsometric
data of thec-axis infrared response of almost optimally dopegd®BjCaCyOg. Thec-axis conductivity of this
compound exhibits the same kind of anomalies as that of underdopedC¥2, 5. 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 effectivaxis 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 valuggiofthe single-layer com-
pounds T}Ba,CuQ; and HgBaCuQ,, and we make several experimentally verifiable predictions.
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[. INTRODUCTION the bilayer compounds. Anderson assumed that even these
planes are only weakly coupled and argued that the bilayer
The interlayer tunnelinglLT) theory*~> provides a simple compounds consist of two kinds of Josephson junctions: in-
explanation of the surprisingly high values Bf in the cu-  terbilayer and intrabilayelt The Josephson plasma fre-
prate superconductors. It is based on the jdtthat the quency of the interbilayer junctionu,;) is lower than that
pairing mechanism is substantially amplified by a decreasef the intrabilayer junctiondy,). The former determines the
of the effectivec-axis kinetic energy of the electrons upon c-axis penetration depth while the latter determibigs Van
entering the superconducting state. A prerequisite for thigler Marel and Tsvetkd? proposed a phenomenological
decrease is the absen@® at least a strong suppressi@f  model of the dielectric response of such a superlattice of
the coherent single-particle tunneling between the coppeiinterbilayer and intrabilayer Josephson junctions. They
oxygen planes. The onset of the Cooper pair tunneling by thghowed that it exhibits a transverse resonance between the
Josephson mechanism&t then leads to the decrease of the yg zero crossings corresponding to the two plasmons. It has
kinetic energy. According to the ILT theory, this gain of . N
i . been suggestédl that this new excitation(“transverse
energy, which can be expresses the negatively taken cou- | itation). which be visualized t
pling energy of the internal Josephson junctioks)( repre- plasma excita iony, which can € visualized as a resonan
sents the dominant part of the condensation energy of thgscnlatlon of the condensate density petween the two closely
superconductor,), spaced_ copper-oxygen planes, has indeed been observed as
an additional absorption peak that appears at low tempera-
E,~U,. (1)  ture in the spectra of the infraremsaxis conductivity of un-
derdoped Y123*17 Very recently, this interpretation has
This relation, which should be exact in the limit of negligible been put on a firm basis by a detailed analysis ofctais
in-plane contribution to the condensation energy and negliconductivity data for Y123 with different oxygen
gible coherent single-particle tunneling, has been shown t@oncentrationd®!® Note that the observation of the trans-
be only moderately violated for La,Sr,CuQ, (Ref. 6 but  verse plasma excitation also implies the existence of the sec-
strongly violated for TJBa,CuQ; (TI-2201) (Refs. 6-9and  ond (intrabilaye) Josephson plasmon that is a vital ingredi-
for HgBa,CuO, (Hg-1201.%° Here we show that Eq1) is  ent of the ILT theory. This opens a possibility to test also for
fulfilled for two compounds that have two copper-oxygenbilayer compounds the relationship between the Josephson
planes per unit cell(bilayer compounds YBa,CusO;_5s  coupling energy and the condensation energy predicted by
(Y123) and BjSr,CaCyOgq (Bi-2212). the ILT theory[Eq. (1)].
So far the relatioril) has been tested only for single-layer  In this paper we review some of the previous experimen-
compounds, since it was not clear what kind of couplingtal observations of the transverse plasma excitdfl[&tE). In
takes place for the closely spaced copper-oxygen planes afldition, new data for almost optimally doped Bi-2212 with
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® © of the peak (-50%) indeed comes from the phonofsee
T=300K T=4K Ref. 17 for a detailed discussiprWith increasing doping the
additional peak shifts toward higher frequencies and it be-
comes broader and less pronound&t. Although the
anomalies start to develop aboVg in strongly underdoped
[\ \ compounds, the pronounced and steep changes always occur
\ right at T..2” Similar though less spectacular effects have
W\ also been observed for other values&¥~1°3*for several
0,(T=300K) -~ other bilayer compoundS;3®and for the trilayer compound
00 W — Tl,Ba,CaCu30;4.%° Also shown in Fig. 1 are the fits ob-
200 viem™) 0000 el T0 200 yerh 700 tained using the model of Ref. 18. Since we are going to
, ) » refer to this model rather frequently, we summarize its main
FIG. 1. @ Expenmental spectra of theams conduptlvny,q ideas in the Appendix A. It can be seen that the model is
=0, tioy, of Y123 withT,=53 K. Experimental datéhick solid i .
lines) and fits(thin solid lines for (b) T=300 K and(c) T=4 K. capable of prpwdmg a good fit of both the normal and _the
The symbols(A), (B), and (C) indicate the most pronounced superconducting state data. The same values of the oscillator
anomalies as discussed in the text. A slightly modified version ofStrengths of the phonons have been used for the normal and
Fig. 1 from Ref. 30. for the superconducting states. This means that the changes
of the spectral weight are accounted for by the model rather

T.~91 K are reported and analyzé&8ec. I). In Sec. lll, the than simply fitted.
Josephson coupling energies of different bilayer compounds
obtained from thec-axis conductivity data of Refs. 18—-21 .
and of the present work are compared with the condensation _ B BipSrCaCu;0q
energies obtained from the specific-heat datdSection IV Very recently, Zlezny et al?%?! have reported similar
contains a discussion of the frequently used sum-rules-baseghomalies in the infrared-axis conductivity of underdoped
estimates of the changes of tieaxis kinetic energy’ *®  Bj-2212. The spectra exhibit an increase of the electronic
Finally, an extension of the interlayer tunneling theory ispackground around 450 cm below T. accompanied by
proposed in Sec. V, which allows one to explain the highcharacteristic phonon anomalies. The increase of the back-
values ofT in the single-layer compounds TI-2201 and Hg- ground corresponds to the additional absorption peak such as
1201. observed in the spectra of underdoped Y123. The most pro-
nounced phonon anomaly again consists in a sizable de-
II. RESULTS AND DISCUSSION crease of the spectral weight of the 355 ‘dnphonon mode,
) ) which has—according to the shell model calculatfdrsa
Since the early days of the high-temperature supercondug—lm"ar eigenvector as the 320 crh mode in Y123. The

tivity, it was known that some of the infrared-actieeaxis . Liioping and temperature dependence of the anomalies is close
phonon modes of the cuprate superconductors exh|b1[ -

. S T o that observed in Y123. These findings ofl@znyet al.
changegso-called “phonon anomalieg”in the vicinity of : .

. . confirmed that the anomalies are a common property of the
the superconducting transition temperat(see, e.g., Refs.

27—-29. The most pronounced anomalies have been Obl_)llayer cuprate compounds. . .
served for underdoped Y1288 Figure 2 shows our experimental spectra of thaxis

optical conductivity of an almost optimally doped Bi-2212
single crystal withT,=91 K that have been obtained by
ellipsometric measurementssee Ref. 17 and references
The anomalies are illustrated in Fig. 1, which shows ourtherein for a description of the techniquelhe measure-
experimental spectra of thec-axis conductivity of ments have been performed on a large ac-face of size 4
YBa,CuyOg 55 With T,=53 K.!® Note the following anoma- X 0.5 mnf. As shown in Fig. %) the spectra exhibit the
lies. (A) As the temperature decreases, the oxygen-bondsame kind of anomalies as underdoped Y1R&fs. 1418
bending mode at 320 cnf that involves the in-phase vibra- and underdoped Bi-2212:?! Below T, the electronic back-
tion of the planar oxygens against the Y-ion and the chairground increases in the frequency region around 550 ‘cm
ions’123 Joses most of its spectral weight and softens by[feature(B)] and simultaneously some of the infrared-active
almost 20 cm?; (B) at the same time a new broad absorp-phonon modes are renormalized; in particular, the phonon
tion peak appears in the spectra around 410 EniC) the  mode at 355 cm! loses a large part of its spectral weight
spectral weight of the peak corresponding to the apical oxyffeature (A)]. As compared to the data for underdoped
gen mode at 560 cnt decreases. The additional absorptionBi-2212, the region of the spectral weight increase is shifted
peak[feature (B)] has been sometimes considered to be a@oward slightly higher frequencies. This can be expected be-
new phonon®> On the other hand, van der Marel and co- cause the frequency of the TPE is known to increase with
workers suggestédithat it corresponds to the TPE of their increasing hole dopingsee Ref. 18 for a discussipriThe
model*® We believe that this interpretation is correct, butonset temperature of the anomalies coincides Withcf. the
one has to keep in mind that some part of the spectral weighhsets of Fig. 2a) and Fig. Zb)] which confirms that they are
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FIG. 2 Experimental _spectra qf theaxis conductivity of al- e w L oo 600 > 20 w00 600
most optimally doped Bi-2212 witlT.=91 K. (a) Data for T vlem '] viem™]
=300 K andT=100 K. (b) Data for T=100 K andT=10 K. . ) o
The insets of(a) and (b) display the differencesr,(T=100 K) FIG. 3. (a) Experimental spectra of the-axis conductivity of

—0,(T=300 K) and o4(T=10 K)—o,(T=100 K), respec- Optimally doped Bi-2212-region of the spectra near the anomalies
tively. Note that the former and the latter difference correspond to £n an enlarged scaléb) Fits of the spectra obtained by using the
temperature change of 200 K and 90 K, respectively. The symbol§odel of Ref. 18 as described in the text) Spectra ofo(T

(A) and(B) in (b) indicate the most pronounced anomalies as dis-=100 K)—o1(T=10 K). (d) Spectra of the quantiti,— N de-
cussed in the text. ﬁned in the text.

related to superconductivity. Note that some signatures of thepical oxygens and the oxygens of the BiO layers. The val-
anomalies can also be found in the reflectivity data ofues of the fitting parameters and other numerical factors used
Ref. 42. are summarized in Table I. Those corresponding to the

Figure 3a) displays the region near the anomalies on anyoom-temperature spectrum have been obtained by fitting the

enlarged scale and Fig(t shows the fits obtained by using measured frequency dependence of the complex dielectric
a slightly modified versioft of the model of Ref. 18. The function in the frequency region above 300 chn(with

modification concerns only the description of the feapu_rgle;s%)blzo andS, =0, S, being the oscillator strength of the
electronic backgrounﬂ. First, the _|nterb|layer susce_pt|_b|llty 'Stid-infrared Lorentz oscillator Those used in calculating
set equal to zero;((i_m—(_) in notation of Ref. 1B This is a *he 106-K spectrum have also been obtained by fitting the
reasonable approximation considering the very low value Odata(with —0 andS..=0) excent for the val of

the unscreened interbilayer plasma frequengy; (win wpi =0 and$;, =0), except for the values of..,
<20 cm !, see Ref. 48 Second, the regular part of the Sp, S1, S, (oscillator strengths O.f the phongnsop (fre-
intrabilayer susceptibility ¢,,) has been fitted by a combi- duéncy of the_loxygen—bor)d—bendlng made, (frequency
nation of a broad Drude term and a broad mid-infrared Lor-°f the 300 cm = mode, which have been fixed at the room-
entz oscillator instead of the single very broad Lorentziarfemperature ones. Finally, the valuesf, Sp, S;, S,
centered at high frequencies that was used previously. Fufep. ¥p, @1, and yy (broadening parameter of the broad
thermore, we have adopted the simple picture of the phonoRrude contributiof, have been fixed at the 100 K ones,
eigenvectors used in the fits of the spectra of underdoped@hen fitting the low-temperature spectrum. It can be seen
Y123 and underdoped Bi-2212, i.e., we assume that théhat the most pronounced features of the experimental spec-
355 cm ! mode corresponds to the vibrations of the planarra, in particular the increase of the electronic background
oxygens, whereas the modes at 300 énand 580 cm®  around 550 cm! and the spectral-weight anomaly of the
correspond to vibrations of the interbilayer oxygens, i.e., theoxygen bond-bending mode, are well reproduced.

TABLE I. Values of the fitting parameters and other numerical factors used in fitting the measaxid
infrared conductivity of optimally doped Bi-2212. The plasma frequency and the broadening parameter of the
broad Drude peak are denoted Qy,, and vy, , respectively. The meaning of the other symbols is the same
as in Ref. 18. The temperatures are given in K, the frequencies and the broadening parametets Tihem
values of the numerical factoes, B, y,'® «=2.28, 8=0.64, y=1.28 have been obtained in the same way
as in Ref. 18(see also Ref. 44using the following values of the effective ionic charge§;=3, e%,=2,
er,=2, €8,=2, e§=—2. The distances between the planes of a bilayer and between the neighboring
bilayers ared,,=3.37 A andd;,;=12.03 A, respectively.

T e oy Qp Yo Soi @ % S S S wp @0 w0 Y Y1 V2

300 38 0 3000 1220 O 0 0 1.05 024 050 455 332 639 10 36 31
100 38 0 3000 1300 O 0 0O 105 0.24 050 455 332 638 12 35 33
10 3.8 1180 2520 1300 2.04 1000 900 1.05 0.24 0.50 455 332 636 12 34 36
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TABLE Il. Values of the intrabilayer plasma frequeney, , the Josephson coupling enerBy and the
condensation energy, for several bilayer compounds. The valueswgfj are taken from Ref. 18under-
doped Y123, Ref. 19(optimally doped Y128 and Ref. 21(underdoped Bi-221)2 the value for optimum
doped Bi-2212 has been obtained as described in the text. The values of the condensation energies are taken
from Ref. 22(Y123) and Ref. 23(Bi-2212).

Compound T. (K) wp (cm™ ) E; (meV) U(0) (meV) E;/U(0)
YBa,CuOg 45 25 950 0.08 0.01 8.0
YBa,CuOg 55 53 1200 0.13 0.05 2.6
YBa,CuOg 75 80 1780 0.30 0.16 1.8
YBa,CyOg o3 a1 3480 1.14 0.36 3.2
Bi,Sr,CaCyOg 60 620 0.035 0.02 15
Bi,Sr,CaCyOg 80 970 0.085 0.06 14
Bi,Sr,CaCyOq 91 1180 0.13 0.13 1.0

Figure 3c) shows the frequency dependence of the differ-~650 cm! at a negative value of approximately
encery(T=10 K<T.)—0oy(T=100 K~T,). The value of —300 Q! cm 2. The corresponding value of the ratio
the difference is positive in the frequency region betweer|N,—N|/p; is larger than 25. The fact that the valueNf
420 cm* and 580 cm', whereas it is negative both for — N, above~550 cni! is negative signals an increase of
lower frequencies(in the region between 340 cm and  the low frequency spectral weight beldly that is caused by
420 cm'') and for higher frequencieén the region be- the formation of the peak due to the TPE. Note that such an
tween 580 cm'and 650 cm'). The positive values in the increase cannot be easily explained by any conventional
first region are caused mainly by the increase of the elecheory. We shall come back to this interesting issue in Sec.
tronic background beloW . (i.e., the additional peak due to |V B.
the TPH. The negative values in the second region corre-
spond to the spectral weight anomaly of the oxygen-bond-
bending mode. The negative values in the third region are lll. JOSEPHSON COUPLING ENERGIES
mainly due to a slight shift of the apical-oxygen mode at AND CONDENSATION ENERGIES

580 cm * toward lower frequencies. The agreement be- |n Table Il we summarize the values of the intrabilayer
tween the difference of the measured ddtd line) and the  plasma frequencyy,), the corresponding Josephson cou-
difference of the fitted spectrédashed ling is excellent.  pling energy per unit cellE;), and the condensation energy

Note, that this agreement has not been achieved by changingy unit cell U,) for Y123 and Bi-2212. The values @&,
the values of the parameters of the phonon modes. The sligrﬁ\%ve been calculated using the fornflila

shift of the 580 cm® mode accounts only for a part of the
spectral weight increase around 550 ¢m h2s o2

Finally, the frequency dependence of the quantiy st_oa
—Ng, whereN,(w)=N(T=100 K=T;,w), Ng(w)=N(T 4e2d,,
=10 K<T;,w) and

w?, orequivalently

RS , E [me\/JzL(w [cm 1])? ®)
N(T,w)=f0+ do'oy(T,0'), 2 J dy [AT77P .

is displayed in Fig. &l). We take our low-frequency cutoff Here a is the in-plane lattice constand,, is the distance

of 70 cm ! as the lower limit of the integration in EG2),  between the closely spaced copper-oxygen planes,Gnd
but it is rather unlikely that below this frequency there is any=3.1x 10" 7. We neglect the contribution of the interbilayer
considerable difference between the normal state and the sptasmon toE; that is by at least one order of magnitude
perconducting state data. For a conventional superconductdower than that of the intrabilayer one. Note that B).does

the value ofN,— Ng increases with increasing frequency and not contain any adjustable parameters. The values of the con-
it approachesg, the spectral weight of thé peak atw densation energies have been obtained from the specific-heat
=0, within a range of~6A, A being the superconducting data in Ref. 22(Y123) and in Ref. 23(Bi-2212). We esti-
gap® It has been shown by Basat al?® that for several mate the error bars of the values af, to be about 20
high-temperature superconductors the valudgf Ng also  —30%. These error bars arise mainly from the uncertainty
increases with increasing frequency but it saturates at a valuga the description of the electronic backgroulidrhe corre-

of only about one half ofps for w~10A. Our result for  sponding uncertainties of the values Bf are about 50%.
Bi-2212 exhibits an even more surprising tendendy; Taking this into account, the agreement between the Joseph-
—N, stays approximately constant up t350 cmi’l, it  son coupling energies obtained from the optical data and the
changes considerably in the frequency region betweepondensation energies obtained from the specific-heat data is
350 cm'! and 620 cm?! and it seems to saturate above reasonably good as described in the following.
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(i) The values of the two quantities are of the same ordeergy. First, the “true” c-axis kinetic energy, K.
of magnitude. =2ipﬁC/2m. Second, the “tight-binding’c-axis kinetic en-
(i) Both quantities exhibit a rather similar dependence orergy H..,
doping. It is even possible to understand, why the values of
the ratio E;/U, are higher for the strongly underdoped . 4
samples than for the less underdoped ones or the optimally He= _,JZLS L (LLDC 4 aCig st HC., @
doped ones. It is, namely, likely that for strongly underdoped
samples some fluctuation effects set in well above the madvhere | is the layer index, andj refer to the sites of the
roscopic transition temperatuf . This suggestion is con- two-dimensional layerss refers to spinf, is the interlayer
sistent with the finding that the phonon anomalies start td0pping matrix element, and H.c. means the Hermitian con-
occur well aboveT, in strongly underdoped sampl¥s!®48  jugate operator. Third, the effective low-energyaxis ki-
The contribution of the fluctuation effects to the condensanetic energy of the ILT theoryA;,
tion energy is not likely to be contained in the valuedJgf
resented in Table Il, since they have been obtained by an =_ + +
gnalysis of the specific-heat dgta where only the char}:ges "5 % oG 11€- ka1 Coian Gty +HC
occurring belowT . are properly taken into account. On the 5)

other hand, the values @&, do contain the contribution of ¢ the Josephson coupling energy. The experimental data
these effects, since they are determined by the lowgre giscussed in terms of at least two different sum rules.
temperature values af,, (i.e., in a way that does not require First, the “general” sum rulefor derivation see, e.g, Ref.
any assumptions concerning the onset of supercondudtivity49)'

As a result the values & ; for strongly underdoped samples
can be expected to be smaller than the values jof o mne?

(i) The values off; for Y123 are systematically higher JO oy(T,0) do=—_—, (6)
than those for Bi-2212, in agreement with the trend in the
condensation energies. It may be argued that the differenoghich is fulfilled for any real system and second, the “tight-
in the condensation energies is related to the presence bfnding” sum rule valid only for model Hamiltonians whose
metallic chains in Y123. However, the chain condensatiorsingle-particle part is of the tight-binding forifor deriva-
cannot fully account for the difference, since Ca-substitutedion see, e.g., Refs. 50,4 and references thgrein
samples with broken chains also have a significantly higher
condensation energy than Bi-2242. oc

This agreement means that the values of the condensation Jo oy(T,0) do=- ﬂ“"cxn- @)
energies of the bilayer compounds can be explained using
the ILT theory. Further implications will be discussed in Sec.In Eg. (6), n is the total electron density, in E¢7) a is the
V. It certainly remains an open question why different com-in-plane lattice constant] is the lattice constant along tle
pounds with almost identical values ©f have rather differ- axis, andH., is the tight-binding kinetic energhEq. (4)] per
ent values of the condensation energy. unit cell ((H.) represents an average of this quanfitys the
temperaturg

Let us discuss possible changes of the three kinetic ener-
gies upon entering the superconducting state and the rela-

There is another approach to estimate the changes of tH®ns between them and the sum rules.
c-axis kinetic energy, pioneered by Chakravartgnd (i) There is no obvious relation betwegd.) and the sum
Chakravarty, Kee, and Abraharffsyhich is based on the rules. Upon entering the superconducting state, the total en-
use of the optical sum rule. For the bilayer compounds, thig€rgy of the superconductor decreases. This implies—by vir-
approach yields an opposite result, namely, that the value dtie of the virial theorem(K) = —(V)/2, whereK andV are
the condensation energy cannot be accounted for by thde kinetic and the potential energy, respectively; see, e.g.,
change of thec-axis kinetic energy. In the first part of this Ref. 5)—that its total kinetic energy increases. It is possible
section we clarify several conceptual points that have madt assume that eve(K.) increases at the superconducting
the discussions of the kinetic energy changes somewhat coiransition.
fusing (Sec. IV A). Next we discuss some specific properties (i) It is very likely that the degrees of freedom essential
of the bilayer compound&Sec. IV B). In particular, we show for superconductivity are contained in some model single-
that for these compounds the change of thaxis kinetic band HamiltonianH,, whose (tight-binding-like) single-
energy cannot be estimated using the conventional “tightparticle part is derived by a downfolding process in which all
binding” sum rule of Refs. 4 and 24. of the higher-energy bands are integrated®oand whose
interaction part describes the most pronounced correlation
effects. In our opinion, there are no general reasons why the
average of itg-axis kinetic energy terril . [Eq. (4)] should

For simplicity, we focus in our considerations first on the decrease or increase beldly. The arguments invoking a
single-layer compounds. In the present context, there are &tustration of thec-axis kinetic energy in the normal state
least three different quantities denotedcaaxis kinetic en- and a “deconfinement” of bosonic pairs beldWy (See, e.g.,

2

IV. SUM RULES

A. Conceptual issues

024523-5
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a) - 1T, (b) - T, increases considerably upon entering the superconducting
— T, — T, state for cutoff frequenciesn ranging up to at least

i (R 1200 cm'. More precisely, as one increases the value of
! the value of the difference(T<T.,0w) — a(T~T.,w) satu-

/ AN rates atw~500 cm !, reaching typically 50% ops. The

O,
]

only way to reconcile this interesting finding with the general
o, | o o o, sum rule(6) consists in assumiﬁ@that a substantial part of

<

® —~H, e a(T<T,1200 cm?) is collected from frequencies exceed-
. ing 1200 cm®. In other words, since the total spectral
weight has to be conserved, the increase of

FIG. 4. Schematic representation of the spectral-weight change¢(T,1200 cm ') below T is compensated by a decrease of
upon entering the superconducting state. The increase of specti@Pectral weight around some frequeney* higher than
weight at low frequencies beloW, is compensated by a decrease 1200 cm *. A sketch of the situation is shown in Fig. 4.
around some frequenay* . This frequency may be eithéa) higher What do we learn from these results about the changes of
or (b) lower than the interband cutofb,. The horizontal lines the tight-binding kinetic energyH.)? Let us denote by,
below the frequency axis ab) indicate the three frequency scales the interband cutoff, i.e., the upper limit of the frequency
corresponding to the three effectiveaxis kinetic energies dis- interval for which the response of the superconductor can be
cussed in the text. properly described using a certain effective Hamiltoritbnp

(e.g., the Hubbard HamiltonianLet us further assume, for

Ref. 2, Chapter 2, Dogma VI, and Ref\ &re usually based the sake of simplicity, tha.=> (. of Eq. (8).>* There are
on asymptotic properties of the quasiparticle propagatorstWO .d|fferent p053|b|I|EJes, which are Eoth compauple with
i.e., they concern rather the asymptotic behavior der 0 the infrared data(a) v*>w. and(b) o* <, (see Fig. 4
than the actual changes Ofi.). Possibly these arguments In case(a), it follows from Eqs.(6) and(8) that(H) indeed

could be formulated more precisely in terms of yet anothef\€C/€ases below,. In order to establish this decrease ex-
perimentally, however, one would have to estimate the total

effective kinetic energyH/. characterizing the-axis electro- low-frequency spectral weight above and belGw, i.e., to
dynamics in a frequency scale intermediate between that Qﬁtegrateal(w) up to w.. We believe that the c,as(é))’ is

Hcd(~1f0 000 cr_ﬁll) arf1d the frequ_ency scale &f, of the more likely to happen. The increase a{T,1200 cm')
order of 100 cm- (Ref. 53 (see F|g._4. below T, and the corresponding decrease of the spectral
It follows from EQ-(7) th‘f"? thg possible change (i) at weight aroundw* then both can be described by usidg, .
the superco_nductlng transition is related to the change of thﬁ follows from Eqgs.(6) and(8) that(H.) does not change at
spectral weight as follows: T.. To conclude, it is only the tight-binding-axis kinetic
energyH. [Eq. (4)] of an effective single-band Hamiltonian,

[(He)s(T<Te) = (Ho)n(T=Tc) ] [meV] whose change at the superconducting transition can be ob-
4C 120/ (0. tained using Eq(8). The results of Basoet al?° nicely re-

=— m7 J o(T<T.,0)dw veal the unconventional properties of the high-temperature

0 superconductors, in particular the extremely large frequency

Q. scale involved, but they cannot be used to yield reliable es-
—f o1 (T~T.,w) dw) [Q ! ecm™?], (8 timates of this change because of the uncertainties concern-
0 ing the cutoff frequencie§), and w.. In addition, there are

. . no a priori reasons, why{H.) should change upon entering
where(). is a cutoff frequency required to exhaust the sumy o superconducting state.

rule (7). Note that in a model involving strong correlations, Another example of a modetaxis kinetic energy is rep-

:Ee value ofdc dr_’nay be .m;mh Tgher thgml tr:e ba:jr:jdg(vidthtgf resented by the effective low-energyaxis kinetic energy

B e e ion 3, [0, (5] of Re. . t acuires  nonzetcegatv value

may depend on the kind of model that is used, i.e., on the_ E; [Eq. (3)], only in the superconducting state and it was

interaction part of the model Hamiltonia T predicted to be responsible for the high valuesTef It is
1b-

(iii) We emphasize that it is the effectiveaxis kinetic certainly a crude approximation to identi with the c-axis

energyH, of the ILT theory[Eq. (5)] whose changes at the contribution to the condensation energy, as we did it in the

superconducting transition were predicted to be responsibl revious section, since possible "countereffectsare not
P . 9 X P . P ., Included. They are to some extent included when estimating
for the high values ofl. in Ref. 1. The only “sum rule,

. . . ; " ! the changes of the-axis kinetic energy using Ed8) with
which can be associated witth;, is Eq.(3) with dy, substi- . : 0
tuted byd (note thatE,= —(H,)). the upper limit of the integrals well below™* (instead of

What is the experimental status? The analysis of Basm(/%)' €

et al® demonstrates that at least for the underdoped Tigh- 4C 120 .
superconductors, the low-frequency spectral weight AEyinc [meV]=— aiA] —1a(T<T; <o)
—a(T=Ts,0<w*)][Q' cm 2].

(T, )= jowcrl(T,w') do’=pyT)+N(T,0)  (9) 0
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This is an appealing possibility, but the physical meaning ofstate. We conclude that for the bilayer compounds the
the result is not completely cleéin contrast to the change of change of thec-axis kinetic energy can be estimated using
the well-defined quantityH.)). It may be perhaps viewed as Eq. (3) but cannot be estimated using Ef0). We refer the

an estimate of the change of some kinetic enetidychar-  reader to Appendix B for a more rigorous discussion.
acterizing thec-axis electrodynamics in an intermediate fre-
guency scalgsee our discussion above and Fig. Mote
finally that the fact that\E,;, . includes the countereffects
does not necessarily imply theXE,;, .| <E; because of the
additional factor of 4 entering the sum-rules-based In Sec. Ill we have shown that for the bilayer cuprate
formulas®® On the contrary, for moderate countereffects,compounds the Josephson coupling energy such as estimated
|AEginc/>E;. For underdoped La,SrCuQ, e.g. from the optical data can account for the condensation en-

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

|AEyin o is by a factor of~2 larger tharE,.*® ergy. In Sec. IVB we have shown that this result is not
invalidated by the fact that Eq10) yields a much lower
B. Some specific properties of the bilayer compounds estimate of the change of tiweaxis kinetic energy upon en-

. h h lsi tering the superconducting state than E). The main rea-
In Fig. 3(d), we have encountered a rather unusual situag s, of the discrepancy is that the tight-binding sum rule of

. - B 71
tion. First, the value of the quantit(T, 690 cm°) de- g4 (7) ysed to derive Eqg8) and(10) is only valid for such
fined by Eq.(2) increases with decreasing temperature. Asingle-layer compounds, for which the distribution of the to-

phenomenon not observed for any of the single-layer comg, glectric field is homogeneous. The results presented in
pounds(see, e.g., Ref. 35Second, Ehle increase of the inte- g¢ ) thus suggest that the high-temperature superconduc-
grated spectral weight(T, 690 cm ) defined by EQ(9) ity in the bilayer compounds can be accounted for by the
upon entering the superconducting state is lower by a factof 1 theory. We are left with three possible explanations.

of ~30 than the value required to yield a kinetic-energy () The agreement between the Josephson coupling ener-
change comparable td, [when inserted into Eq10). On  gies and the condensation energies reported in Sec. Il rep-
the other hand, using simply the formu[@ for the Joseph- | asents a mere coincidence.

son coupling energy, we have obtained a value fairly close t0 () The interlayer tunneling indeed provides the dominant
U,. Here we propose a qualitative explanation of these pargsgntripution to the condensation energy of the bilayer com-
doxes. pounds. Another mechanism is responsible for the high val-

Let us consider the superlattice of intrabilayer and inter,a5 of T in the single-layer compounds TI-2201 and Hg-
bilayer Josephson junctions. The low-frequency spectrajogy. ¢

weight a(T<T.,w>wp), wherew, is the frequency of the (c0 A modified ILT theory may explain the high-

TPE[EQq. (A2)], contains both the contribution of tiepeak  temperature superconductivity both in the bilayer com-

at w=0, S; [Eq. (A3)], and the contribution of the TPE at pounds and in the single-layer compounds.

w=wp, Sp [EqQ. (A4)]. The appearance of the second one |y our opinion, it is unlikely that casés) is realized. It

below T, explains the first paradox. It is easy to show that \yould mean either that the assignment of the additional ab-

sorption peak to the TPERefs. 13,18,1pis wrong or that

€0 , the Josephson coupling energy is completelyalmost com-
dpy+ dint pletely) compensated by the countereffetidhere are sev-

(11 eral important arguments supporting the present interpreta-

whered,,, is the distance between the bilayers. The Josephtion of the data. Let us mention two of them. First, the
glecting the contribution of the interbilayer Josephson junc2dditional absorption peak increases considerably with in-
tion), whereas the change of theaxis kinetic energy Creasing doping. This is easy to explain within the present

2 2 2
m  dpop+dinoi; dpiop

™
a(T<Te,0>wp) =50 Qo+ O 2

estimated using Eq¢10) and (11) is given as follows: scenario(the squared frequency of the maximum should be
proportional to the condensate dengibut difficult to ex-
4C dp(wp [cm™1])? plain within theories where the additional peak is assigned to
ABune [MOVI= =g STAT ™ dotde a pair-breaking excitatior.*® According to these theories

(12)  the frequency of the maximum should be close to the pair-
breaking frequency observed in other experiments, which
seems not to be the case for strongly underdoped samples.
Ey>|AEyn (13) One could argu¥ that the final-state interactions may shift

J kin,cl- the peak toward lower frequencies. Second, both the fre-
This is the explanation of the second paradox. The effects afjuency and the spectral weight of the additional peak are
the electronic background make the discrepancy even mometermined by a single parametey, .°° In other theories, at
pronounced. At the same time, it is obvious that within theleast two parameters are required to fit the data, A.gand
simple model of the superlattice of intrabilayer and interbi-t, . Starting from our interpretation of the data, large coun-
layer Josephson junctions, it is the Josephson coupling enereffects would represent the only possibility to rule out the
ergyEj;, rather tham\Ey;, ., which represents the change of ILT mechanism from the role of the mechanism providing
the c-axis kinetic energy upon entering the superconductinghe dominant contribution to the condensation enedgy

It can be seen that
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/J

Note that the values of the Josephson coupling energies pre '
sented in Table Il are so high that even sizable countereffect: .
of the order of 80% would not invalidate our interpretation §*
(see Ref. 56 A possible analysis of the countereffects along ﬁ'g
the lines of Appendix B is complicated by the fact that the &
normal-state data for very low temperatures, which should be
compared to the superconducting-state data rather than th
data obtained for temperatures abdye are not available. If
case(b) were realized, there would be two different mecha- =,
nisms causing the high values ©f. This is certainly not —,;
impossible. In the remaining part of this section we argue =
that even the possibilitic) should not be excluded. We pro- , R
pose an extension of the ILT theory, which may explain the 0 500 1000 1500 0 500 1000 1500
high-T. values in the single-layer compounds TI-2201 and
Hg-1201. For concreteness we focus on the TI-2201 com- FIG. 5. Results of model computations of thexis infrared
pound, for which some optical data are alreadyconductivity of TI-2201. The results shown (@) and(b) have been
available®8:9:61,25,62 obtained using the assignmehl (the Tl-layer oxygens vibrate at
According to the ILT theory as formulated, e.g., in Ref. 2, the highest frequency, the apical oxygens-at00 cm?), those
the c-axis kinetic energy is frustrated in the normal stateS"oWn in(c) and(d) correspond to the reverse assignmehg].
because of the spin-charge separation mechanism. The eledl€ results shown ife) and(c) have been obtained considering the
trons or holes are composite objects that cannot escape froffidion A as “intrabilayer,” those shown itb) and(d) have been

) ) " ) , obtained considering the region A as “interbilayer.” The planar
the copper-oxygen planeso-called “confinement). For oxygen mode manifests itself as a step around 240 'dm(b) and

tcr:]OOper _pall(r_s tthls Conflne(rjnent IS rela)t(et?] and Conseguetr_ltl ). The dashed and solid lines correspond to the two values of the
e c-axis kinetic energy decreases at the superconducting_ frequency of region A2, and Q. Q< sy, respec-

transition. To our best _knowledge, ,it has been previousl ively, as discussed in the text. The dotted and dashed-dotted lines
always assumed that this decrease is related to the onset iﬂf(d) represent results fo,=1500 cm® andQ,=600 cri *

Josephson tunneling between the superconducting coppggspectively. The inset ab) displays the step in the experimental
oxygen planes. This is, however, only one possible mechayata of Ref. 25. The inset ¢f) displays the experimental spectra of
nism for the decrease. We suggest that in TI-2201cth&is (N, —N,)/p, taken from Ref. 25. The arrow demonstrates the in-
kinetic energy decreases via some delocalization of the Co@rease of the spectral weight of the phonon peak at 390dm

per pairs that involves the apical-oxygen orbitals. By thethe superconducting state, as discussed in the text.
delocalization we mean the fact that the superconducting-

state wave function acquires a larger contribution of thestep is due to the missing fifttraxis infrared phonon.
apical-oxygen orbitals than the normal-state wave function. (i) Anincrease of the spectral weight of the phonon peak
Quite generally, thec-axis kinetic energy decreases at theat 390 cm * upon entering the superconducting state. It can
superconducting transition, whenever the Cooper pairs aree concluded from Fig. 3 of Ref. 25 that the spectral weight
more delocalized along theaxis than the single electrons or in the frequency region between 280 thand 440 cm'*
holes in the normal state. Note that our extension of the ILTSlightly (but not negligibly increases below .. For conve-
theory is based on a radical form of the “confinement” hy- nience, the important part of the data is shown in the inset of
pothesis. Not only the hopping between the copper-oxygefrig. 5c). We estimate that the spectral weight increase rep-
planes is assumed to be blocked in the normal state but algesents 3—5 % of the spectral weight of the phonon.

(at least to some extenthe hopping between the orbitals of

. . Below we show that both featuréis and(ii) are compat-
the copper-oxygen planes and the apical-oxygen orbitals . ;
: ; . le with the suggested extension of the ILT theory.
The conjecture can be experimentally tested in several Wayg? Figure 6 shows the crystal structure of Tl-2201 such as

First we discuss the-axis infrared spectra, which may al- ted in Ref. 63. The simplest i lore th bl

ready provide some evidence in favor of the proposed scgeportedin Ret. f ' ehS|mpthes way to ?);p ore d.e.([ja.os&the

nario. Next we briefly mention some other experimentalchonseque.mes of our nypothesis consists In dividing he
structure into regions A and Blenoted in Fig. § assuming

verifiable consequences. N ) . :
Recently, some infrared data for TI-2201 have beer{[hat they exhibit different properti€gsegion B being rather

reported?®®? The spectra of the-axis conductivity exhibit Insulating and region A being more metalliand applying

four peaks corresponding to theaxis infrared phonons the model of Ref. 18. In order to be able to apply the model,

: . : have to make some assumptions concerning the eigen-
—instead of five as dictated by symmetry—and two other'< o : .
y Sy y ectors of the phonons. Similarly as in case of Bi-2212 we

distinct features, which have not been discussed previously: .
P Qéoncentrate on the three phonons located at higher frequen-

(i) A pronounced step around 210 Th For conve- cies (see Fig. 2 of Ref. 26presumably corresponding to
nience, the relevant part of the conductivity spectra is shownibrations of the oxygens: the phonon mode at 600" tm
in the inset of Fig. &). Note that a weak feature at the mode at 390 cm', and the phonon that shows up as the
~230 cm! in the grazing incidence reflectivity data of step at 210 cm®. According to the shell model calculations
Ref. 61 may be related just to this step. We suggest that thef Ref. 64, the highest frequency mode involves vibrations of

I~}
>

(b)

oy [ﬂ'1 cm‘l]

H
150 v[em'] 300

120
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TLBa.CuO lic the region A and the higher the value Qf, . For the sake
272 6 of simplicity, we do not consider the changesaf caused
by the onset of superconductivity. The values of the param-
eters used are given in Table III.
It can be seen in Figs.(b) and 3d) that the lowest-
Apical oxygen plane frequency mode manifests itself as a step rather than as a
Lorentzian peak, in agreement with the experimental data.
Note that the step is getting less pronounced with increasing
value ofQ),, i.e., with increasing metallicity of the region A.

[
%N This may correlate with an apparent absence of the structure
in the data for strongly overdoped TI-22(8ee Fig. 2 of Ref.
o|%el® Region A
(%]

CuO, plane

62). As seen in Figs. & and 5c), the phonon mode involv-
ol ing vibrations of the TIO-layer oxygens exhibits distinct
changes with increasing value 6f, , in particular its spec-
( Ba tral weight increase®. This may correspond to the observed
spectral weight anomaly of the 390 chphonon modéas-
¢ Cu suming that the assignmeAR is closer to reality than the
e 0O assignmentAl). Finally, the increase of), results in an
increase of the electronic background around 1000 ‘tm
(concerning the absolute values, see Ref. &ch an in-
FIG. 6. Crystal structure of JBa,CuG;. crease should be observed in future experiments. Note that in
the present simulations, the increase(df is intentionally
the TIO-layer oxygens, the second one mainly vibrations ofelatively high so that the anomalies are clearly seen. Such
the apical oxygens, and the third one vibrations of the planaan increase would correspond to a change ofctagis ki-
oxygens. Besides this assignme¢assignment Al we have netic energy much highdby a factor of~4, a rough esti-
also considered the possibility that the highest-frequencynate obtained by using EqB11)] than the condensation
mode corresponds to vibrations of the apical oxyg@ssin  energy?’ The actual changes of the electronic background to
many other cuprat¢sind the second one to vibrations of the be observed experimentally therefore should be considerably
TIO-layer oxygengassignment AR In reality the vibrations smaller(e.qg., by a factor of % Also the frequency range of
of the apicals and the TIO-layer oxygens are probablythe increase may be somewhat different. To summarize, our
strongly coupled. Figure 5 shows the results of our simulasimulations demonstrate that the anomalous feat(iyesnd
tions. Partda) and(b) have been obtained using the assign-(ii) can be explained within a model involving the variations
ment Al, parts(c) and (d) using the assignmerm2. The of the electric field inside the unit cell, whereas they cannot
model in the form presented in Ref. 18 allows us to treat onlybe easily explained in a conventional way. The important
two phonon modes at the same tirftee “interface” one, point is that if the electric field indeed changes considerably
i.e., the apical-oxygen mode, and only one of the other twanside the unit cell, the changes of thexis kinetic energy
modes. This is the reason why there are two figures for aupon entering the superconducting state cannot be estimated
given assignment, each showing only two structures relategimply from the value of the plasma frequency of the super-
to the phonons. The electronic conductivities of the two reconducting condensate or by using the modified tight-
gions A and B ¢, andog) have been modeled, for the sake binding sum rule(10).
of simplicity, by broad Drude terms, the plasma frequency of Let us compare the-axis conductivity of TI-2201 with
the region A,Q ,, being much higher than the plasma fre- that of another single layer compound with considerably
quency of the region B. The results are shown for two dif-lower T, Bi,Sr,CuQ; (Bi-2201). The spectra for Bi-2201
ferent values of) 5 : Qa1 (dashed lingandQ p, (solid ling),  exhibit five peaks corresponding to theaxis infrared
0 1<Qps. The increase of), may simulate the changes phonons(See Fig. 2 of Ref. 61, similar results have been
brought about by the superconducting transition: the morebtained by our grodf), i.e., there is one phonon peak more
delocalized the ground-state wave function, the more metakhan in the spectra for TI-2201. This difference finds a natu-

Region B

TABLE Ill. Values of the parameters and other numerical factors used in modelingakis infrared
conductivity of TI-2201. The plasma frequency and the broadening parametgr arfid oz are denoted by
QO andys, andQg andyg, respectively. The parameters of the phonons are denot&] by, v, S,
w,, 2, S5, w3, 3. The frequencies and the broadening parameters are given'ih. dihe values of the
numerical factorsy, 8, y have been obtained in the same way as in Ref(se® also Ref. 44using the
following values of the effective ionic charges$ =3, e§,=2, €,=2, e§=—2. The distances between the
apical-oxygen planes ady=5.3 A anddg=6.3 A, respectively.

€o Qp1 Qpo YA Qg YB S S, S; Wy w3 w3 Y1 Y2 V3
5 2500 3000 2000 600 2000 O6 05 05 300 440 640 25 20 25
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ral explanation within our extension of the ILT theory. orbitals. We have investigated, using a toy model, the con-
Bi-2201 has a substantially lower condensation energy thasequences of this hypothesis for txaxis infrared response
TI-22015%%7°This suggests that in Bi-2201 the apical-oxygenand we have demonstrated that it offers a simple explanation
orbitals are less accessible for the charge carriers. Consef two features observed in the measuceakis conductivity
quently, the region A is much less metallic than in case ofof TI-2201. In addition, we propose that for TI-2201 an in-
TI-2201 and the planar-oxygen mode manifests itself rathecrease of the electronic backround around 1000 titakes
as a peak than as a step feature. This is demonstrated in Figlace afT .. We further predict a sizable increaseTatof the
5(d), where the results fd ,=1500 cm ! (dotted ling and  number of holes on the apical sites, related structural changes
0,=600 cm ! (dashed-dotted lineare shown. and related anomalies of some Raman-active phonon modes.

An observation of the infrared anomalies discussed above Note added.There are some similarities between our
in more precise future experiments would represent a cleanodet® of the charge dynamics and the models of Refs.
but indirect evidence in favor of the suggested extension o73-77. In Ref. 75 it is argued that the role of the intrabilayer
the ILT theory. Direct evidence could be provided by experi-plasmon could be played by an antiphase oscillation between
ments probing the occupation of individual atomic orbitals,the copper-oxygen planes and the ordered blocking-layer
as, e.g., the near-x-ray absorption fine strucINEXAFS) plagues. After submitting the paper, O. K. Andersen has
measurementésee, e.g., Ref. 71 We predict that such ex- drawn our attention to a preprint of Pavaréatial,’® where it
periments will reveal a sizable increase of the number ofs shown that there is a correlation between the maximum
holes on the apical sites 8t accompanied by the corre- value of T, for a given compoundT; ax, @nd the value of
sponding decrease of the number of holes in the coppethe parameter that expresses the range of the intralayer
oxygen planes. Note that this prediction does not concerhopping,t’/t, obtained from band structure calculations. The
only TI-2201 but all the single-layer highs cuprates. It  higher the value of, the higher the value of; a4 It re-
may, of course, also be fulfilled for some of the bilayer cu-mains an open question to what extent this correlation is
prates. The changes of the hole distributionTatshould consistent with the extension of the ILT theory proposed in
further result in some structural changes, in particular, inSec. V. There we have suggested that the condensation en-
changes of the distance between the apical oxygens and tleegy of the single-layer compounds is largely due to a
copper-oxygen planes, and in anomalies of some Ramarhange of thec-axis kinetic energy al, connected with an
active phonon modes involving vibrations of the apical oxy-increase of the number of holes on the apical sites. The rea-
gens. Such anomalies may already have been obsétved. son for this change is the confinement of the holes to the
copper-oxygen planes in the normal state and a deconfine-
ment of the Cooper pairs beloW,. In case of the single-
layer systems the condensation energy—and @lsethus

The c-axis infrared conductivity of optimally doped should be the largegignoring the material dependence of
Bi-2212 exhibits the same kind of anomalies as that of unthe orbital energigsor the compounds with the largest value
derdoped Y123. Belowl, the electronic background in- of the hopping matrix elemerit,, between the relevant or-
creases in the frequency region around 550 tiand at the  bital of a copper-oxygen plan@redominantlyd,. 2) and
same time the oxygen-bond-bending mode at 355 'tm the 2p, orbital of the neighboring apical-oxygen plane. The
loses a large part of its spectral weight. The anomalies can b2p, orbital of an apical oxygen couples to the copper 4
explained within a model involving the intrabilayer Joseph-orbital andt,, is thus determineda) by the matrix element
son effect and variations of the electric field inside the unittsc between the B, orbital and the Cu 4 orbital and(b) by
cell. We have compared the Josephson coupling energies tfe ratio of the Cu 4 to Cud,2_,2 characterR. The value of
Y123 and Bi-2212 with different oxygen concentrations ob-ts. decreasé§ with increasing distanced between the
tained from the optical data with the condensation energiesopper-oxygen plane and the apical-oxygen plane and it is
obtained from the specific-heat data and we have found thdbus somewhat smaller for TI-2201d£2.7 A) and Hg-
there is a remarkable agreement between the values of tH201 d~2.8 A) as compared to LaSrCyQd~2.4 A).
two quantities. The Josephson coupling energy is shown t®n the other hand, the value Bfincreases with increasing
represent a reasonable estimate of the change of-thés  value ofr asr?,’® which means that it is much larger for
kinetic energy upon entering the superconducting state and ®l-2201 (r=~0.33) and Hg-1201 r=0.33) than for
is also shown that the latter quantity cannot be obtained byaSrCuQ (r~0.17)’8 For this reason it is possible thiag,
using the simple “tight-binding” sum rule, since this sum increases with increasing i.e., that the correlation reported
rule has been derived assuming homogeneous distribution @f Ref. 78 is consistent with what one would expect on the
the total electric field within the unit cell. The most plausible basis of the extended ILT theory. Obviously, a careful analy-
interpretation of the agreement between the Josephson cosis involving the details of the Cus4-apical-oxygen B,
pling energies and the condensation energies is that the cobending is required.
densation energy of the bilayer compounds can be accounted Note added in proofThe TPE has been recently observed
for by the interlayer tunneling theory. We propose a modifi-also in SmLg ¢Sty ,CuO,_ 5.”° In Ref. 80, the issue of a
cation of this theory that may also explain the high values ofossible kinetic energy change & is discussed in connec-
T in TI-2201 and Hg-1201. The main idea is that thaxis  tion with the ARPES data. Some of the anomalies we predict
kinetic energy of these compounds decrease3.avia a  to occur in TI-2201(a charge redistribution and a change of
delocalization of the Cooper pairs onto the apical-oxygerthe distance between the apical oxygens and the

VI. SUMMARY
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(a) (b) equations is obtained. Hers,, and g;,; are the intrabilayer
o . 02,00 and the interbilayer conductivities, respectively. The equa-
2 1 tions can be readily solved yielding the following formula
a | E for the macroscopic dielectric function:
bl [ Jol bl .
cwo, i} (dyf2)a ’ E, | .
bl int
dyy e(w)=(dy+d, / . Al)
fo ()= (ordind [ () o)
din | ine Ein dy/2-a \ E, Here epi(w)=(ileqw) op(w) and gint(w)
020G =(ileqw)ojn(w). For a superlattice of intrabilayer and in-
Cu0, _K N T terbilayer Josephson junctions we have,(w)=¢.

—(wilw?) and gy (0)=e.—(wi/w?). The dielectric
FIG. 7. (@) Schematic representation of the modé). The av-  function of Eq.(Al) then exhibits two conventional plasma

erage electric field, between the charged planes corresponding toresonances ab = wy, /\Je., and atw= int! Je... In addition,

the planar oxygensgthick horizontal lineg displaced from their it exhibits a pole at

equilibrium positions(thin horizontal liney possesses a contribu-

tion AE, due to the chargedY plane (dashed ling AEy, \/m

:[{(db|/2)+a}EY+{(db|/2)_a}(_ Ey)1/d, . HereEy is the field W=wp= TR a— (AZ)

due to theY plane in the upper region of the figure. A slightly (dpi+dint) e

modified version of Fig. 2 from Ref. 30. corresponding to a resonant oscillation of the condensate

density between the two closely spaced copper-oxygen

copper-oxygen planes aroun@l;) have been observed in pjaneg(transverse plasma excitatiohe spectral weight of
x-ray diffraction studies of TI-2212 single cryst&s. the 6 peak atw=0 is
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APPENDIX A: THE MAIN IDEAS OF THE MODEL Assume for a moment that the displacements of the ions

do not modify the electric field&y,, andE;,;. The ions lo-
cated in the intrabilayer and in the interbilayer regions expe-
Figure 7a) shows a schematic representation of the elecfience then the electric fields,, andE;,;, respectively. The
tronic part of the model of Ref. 18. The effects related to theions located in the copper-oxygen planes experience a field
ionic degrees of freedom will be discussed subsequentlyE,,.p that is equal to the average of the two fielSy.p
Thick horizontal lines correspond to the two-dimensional=(E,,+ E;,;)/2. This can be easily explained using Fi¢a)7
copper-oxygen planes. The distance between the closelyet us consider, e.g., the ions in the middle copper-oxygen
spaced copper-oxygen planes forming a bilayer is denoted pylane. They experience the applied fi&@d and the electric
dp;, the distance between the bilayers is denotediy. If ~ field generated by the charge densityx of the upper
an electric fieldE' is applied, the currentf,, (intrabilayer  copper-oxygen planéhe contributions of the other planes
curreny and j;,; (interbilayer current flow between the cancel each othgr The total electric field acting on these
planes. Since they are not equal, the planes become chargéohs is thenE,.p=E’ + (x/2e9e..) = (Ep+ Eiy)/2. Even
The resulting surface charge density that alternates from onhis simplified picture of the electric fields acting on the ions
plane to the other is denoted y It modifies the average allows us to explain the spectral weight anomalies. The spec-
electric field in the intrabilayer regiofk, =E’ + («/e¢e.), tacular reduction of the spectral weight of the 320 ¢ém
whereas it does not change the average electric field in thghonon mode in underdoped Y123 shown in Fig. 1, e.g., is
interbilayer regionE;,;=E’. The currentsj,, andj;,; are  due to the fact that in the frequency region around the pho-
determined by the field€y,, and E;,;, respectively,jy, non the two field€,, andE;,; have opposite signsee Ref.
= 0pEp and jini= ointEint» SO that a self-consistent set of 18 for a discussion

OF REF. 18
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In reality, the displacements of the ions modify the elec-are thec-axis kinetic energieger unit cel), N is the number
tric fields E,,; andE;,,;, so that the model equations become of lattice sites in one copper-oxygen plarg, is the vector
slightly more complicated. As an example, we show in Fig.potential in the intrabilayer regiorAg=Ey /i w), Ajy is the
7(b), how the displacement of the planar oxygens of Y123vector potential in the interbilayer regiomA;=Ejn/i ).
[O(2) and O3)] from their equilibrium position influences When studying the optical response of the system, self-
the electric fieldE,, . We refer the reader to Refs. 18 and 30 consistent values of these two vector potentials have to be

for further details of the model. used(random-phase approximatipriJsing similar manipu-
lations as in Ref. 50, we obtain the following relation be-

APPENDIX B: APPROXIMATE “TIGHT-BINDING” SUM tvlvee:[q t?elo?vsraged total current densitigsand the two
electric fieldsE,,, )

RULE FOR BILAYER COMPOUNDS la:("a,ﬁEB- (B7)
In this appendix we put the conclusions of Sec. IV B on aHere

more rigorous basis and we present a way of estimating the . _ e2d2A

contribution of the countereffects.We shall discuss a mi- Jo=\ PO+ 7287, k(1) (B8)

croscopic counterpart of the model outlined in Appendix A.

For this reason, it may be helpful for the reader to followwherel=1 for a=bl and|1=2 for a=int. Note that all
Fig. 7. Let us consider a model defined by the followingintrabilayer regions are identical and all interbilayer regions

Hamiltonian are identical, the long-wavelength limit is assumed. Finally
the four conductivitiess, z (a,8e1{bl,int}) are given as
H= Hin-plane+ Hpi+Hine, (B1) follows:
whergHm-mapecontains the intraplanar sin_gle-particle terms (k(1))€%d,,8, 5/ (h?a?)+ NaPd A, B(“’)
and interaction termsHy, and H;,; contain the hopping Topl®)= :
terms between the closely-spaced copper-oxygen planes and H(w+i6) B9
between the widely spaced ones, respectively, (BY)
Here
Hp=—1, bl 13; CpisCinstHe, (B2 Ay plw)= ,LE f d(t—t")[jP(1,0),jP(1",t")])
=1,39,...1;8
X0 (t—t")e ettt (B10)

Hine=—1, | C41sCirstHC. (B3
int + 'm|=2,4;...i;s Litistils B3 wherel=1 for a=bl and|=2 for a=int; the sum runs

over the odd values df for B=bl and over the even values
of I’ for B=int. We are not going to discuss the general
case here. Instead we concentrate on the case whge
<t,p, i.e., the case of negligible interbilayer kinetic energy
(k(2)). In this case we can negle@ty int, Tinep, and
Oint,int and we havej, ~ oy pEp, jine=0. The current-

22 current_correlat!on functions o_f I_EQBlO) have the analytic
_N&2 ( PP(1) A+ e°din K(1)A2 ) properties required for the validity of the sum rules and we

e |nt int 23 2 2 int obtain

In the presence of an electric field along tbeaxis, the
Hamiltonian reads

242

e-dy,
HA:H_Na2 (dblj (l)Ab|+ k(l)A
=135, ..., 2a?

(B4) o do-- T2y, @1

ﬁZ 2
where oy (@)= oy, p(w). The sum rulgB11) yields a for-

E (ci I+lsC, Is C|,|,sCi,I+l,s)v (B5) mula for the change of the kinetic energy upon entering the
superconducting state analogous to @&).or Eq.(10) [ o(w)
where a=bl for 1e{1,35...} and a=int for | is substituted byo,(») andd is substituted bydy]. For
€{2,4,6 ...}, are thec-axis paramagnetic current densities. vanishingly small values of the regular part @f,, we ob-
Further, tain A(k(1)) [meV]=—4C(wy,, [cm 1])%d, [A]. This
t is nothing else than Eq3) except for the factor of 2% In a

k(l)=— N 1 2 (C141Ci1 st G Cini1s)  (BO) ggﬂﬁ{:rle(;faes;é Ed11) yields a recipe for how to treat the

Here
J.a

”(l)—
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