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Anisotropy dependence of thec-axis phonon dispersion in the high-temperature superconductors
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A recent calculation for La2CuO4 using a realistic electronic band structure based on the local-density
approximation~LDA ! for the description of the electronic density response has predicted a low-lying plasmon
branch along thec-axis coupling with the phonons of appropriate symmetry. However, the calculated fre-
quency of the plasmon is still high enough to screen the optical phonons more perfectly as seen in the optical
c-axis spectra which display the typical features of an ionic insulator, namely opticalA2u modes almost
unchanged from the insulator upon doping. On the other hand, this means that correspondingA2u discontinui-
ties must show up in the phonon spectrum. However, this is in contrast with the current interpretation of the
measuredc-axis neutron data for a La1.9Sr0.1CuO4 crystal looking as is typical for a three-dimensional aniso-
tropic metal in the adiabatic approximation, very similar to what we obtained in our LDA-based calculation. A
possible solution for this ‘‘inconsistency’’ between optical and neutron results is presented by investigating
systematically the dependence of the phonon dispersion along thec axis on the anisotropy of the system.
Moreover, calculating the phonon-induced changes of the self-consistent potential an electron feels as a func-
tion of anisotropy we find that LDA-based calculations, which underestimate the anisotropy of optimally doped
LaCuO, lead to a very strong coupling~and thus to a favorable situation for pairing! in the plasmonlike
channel. On the other hand, in a more strongly anisotropic scenario the phononlike modes provide a favorable
situation for pairing.@S0163-1829~98!04822-X#
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A specific motivation for a theoretical investigation of th
variation of the phonon dispersion along thec axis in the
high-temperature superconductors~HTSC’s! with the anisot-
ropy of the system is the apparent inconsistency of the~cur-
rent interpretation! neutron c-axis data with the infrared
c-axis spectra in La-Cu-O. As far as optimally doped a
underdoped La-Cu-O is concerned the opticalc-axis spectra
display the typical features of an insulator. They are do
nated by optical phonons and are almost unchanged from
insulator upon doping, see, e.g., Refs. 1,2. Only in the n
superconducting, overdoped probes are there qualita
changes in the reflectance. Here the spectrum is affected
component resulting from itinerant electron screening,
though the highest-frequency phonon is not complet
screened. In addition there is a ‘‘metallic’’ temperature d
pendence of the resistivity along thec axis for x.0.25, i.e.,
in the overdoped region of La22xSrxCuO4. These properties
point to an anisotropic three-dimensional metal in the ov
doped regime. However, the anisotropy even in the ov
doped probe seems to be stronger than predicted by a re
study based on a realistic local-density approximation~LDA !
band structure taken as input for the calculation of the e
tronic polarizabilityP of La-Cu-O.3 In this localized descrip-
tion of the electronic density responseP is needed in a lo-
calized representation. Thus, the electronic band struc
was taken from the complete tight-binding representation
the first-principles linear-augmented plane-wave~LAPW!
data including La 5d, Cu 3d, 4s, 4p, and O 2p states as
given in Ref. 4 leading to a 31-band model~31 BM!. This
calculation predicts a low-lying plasmon branch along thc
axis3 with a dispersion approximate between 22 and 25 T
However, the frequency is still high enough to screen
optical phonons more perfectly as seen in the optical exp
ments. Thus, from the results as obtained in Ref. 3 we c
570163-1829/98/57~22!/14444~9!/$15.00
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clude that at least optimally doped and underdoped La-C
belongs to a more anisotropic scenario than predicted
LDA.

Next we state the current interpretation of thec-axis neu-
tron data as obtained in the experiments for a La1.9Sr0.1CuO4
probe.5 These data seem to contradict the opticalc-axis re-
sults because they predict a phonon dispersion along thL
;(0,0,1) direction being typical for a three-dimensional a
isotropic metal as calculated in the adiabatic approximati
This may be concluded from the disappearingA2u disconti-
nuities in the spectrum, being accompanied by the app
ance of aL1-symmetry branch with a steep dispersion. E
actly these features are found in the calculations using the
BM in the adiabatic approximation3 ~static approximation for
the electronic polarizabilityP! and also in previous calcula
tions using a simpler 11 band model~11 BM! for the CuO
plane.6,7 A possible solution for this ‘‘inconsistency’’ be
tween the optical and the neutronc-axis data will be pro-
vided below in discussing the question how the degree
anisotropy along thec axis does reflect in the phonons. B
fore proceeding with this item a short review of the theo
and the model for treating screening, the electron-pho
interaction~EPI! and the lattice dynamics in the HTSC’s
presented. More details are given in Refs. 6–8.

In our theoretical model for the electronic density r
sponse and the EPI thelocal part is approximated by anab
initio rigid-ion model ~RIM! taking ion softening into ac-
count as calculated from a tight-binding analysis of t
LAPW band structure. Moreover, covalence effects
treated approximatively. Such a model then serves as a
erence system for theinsulating phase of the HTSC’s. In
case of La-Cu-O good overall agreement throughout
Brillouin zone with the experiments has been obtained.7 For
a description of screening in themetallic phase~phonon-
14 444 © 1998 The American Physical Society
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57 14 445ANISOTROPY DEPENDENCE OF THEc-AXIS PHONON . . .
induced! electronic charge fluctuations~CF’s! more or less
localized on the outer electron shells of the ions depend
on the spatial extension of the electron orbitals in the p
ticular shells are considered additionally. The latter domin
the long-range,nonlocal contribution to the electronic den
sity response and the EPI. Knowledge of the electronic
larizability P is necessary to calculate this type of char
response.

Now we present some more details of the theory and
model. As mentioned above the calculation of thelocal part
of the density response and of the EPI is performed usin
properab initio model of rigid ions of the Gordon-Kim type
to account for the important ionic component of bonding
the HTSC’s. The total energyE of the crystal as a function
of the location$R% of the ions is given by a sum of self
energiesE0 and pair potentialsfab of the rigid ions i.e.,

E~$R%!5E01
1

2 (
b,b,a

8fab~ uRb
b2Rau!. ~1!

b numbers the unit cells in the crystal anda,b are the dif-
ferent sublattices.Rb

b[Rb1Rb. The prime in the sum indi-
cates that the terma5b, b50 has to be omitted.

The method of Gordon and Kim9 is used for the calcula
tion of the pair potentials from the ionic densities. The lat
are obtained from a modified version of the Herma
Skillman program including ~averaged! self-interaction
effects.10 The unstable free oxygen ion is treated with t
help of the Watson-sphere approximation.

As discussed in Ref. 7 the partially covalent character
bonding in the HTSC’s suggests to apply somewhat
creased ionic charges as compared with the nominal o
Such an ion-softening effect resulting in effective charg
has been obtained from a tight-binding analysis of
LAPW band structure by calculating the orbital occupati
numbers of the corresponding~tight-binding! orbitals in
question. The long-range Coulomb contribution to the p
potentials in Eq.~1! is separated and treated exactly using
Ewald method and the remaining short-range partf̃(R) is
calculated numerically for different distances between
ions. The numerical result is fitted for convenience by a g
eralized Born-Mayer-type expression. For it we use the
lowing functional formf (R) for each contribution~electron-
nuclei, Hartree, kinetic, exchange-correlation! of f̃:

f ~R!56exp~a1bR1g/R!. ~2!

a, b, andg are fit parameters.
In order to simulate covalence effects besides ion sof

ing in the calculations, the short-range partf̃(R) of the
Cu-Oxy , La-Oxy , and La-Oz interactions are scaled accor
ing to the method proposed in Ref. 11,

f̃~R!→f̃~R2R0!. ~3!

The values ofR0 are determined in such a way that th
interaction energy in Eq.~1! takes its minimum as close a
possible to the experimental structure. The result obtaine
this way defines the equilibrium structure for the subsequ
phonon calculations. In the case of La-Cu-O the calcula
structural parameters are very close to the experimental
applying this procedure.7 From the pair potentials the dy
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namical matrix of the ionic reference system is set up us
the Ewald method for the long-ranged Coulomb part of
pair potentials. Finally, this model is employed for the d
scription of theinsulatingphase of the HTSC’s.

A suitable generalization of this reference model for
description of themetallic phase of the HTSC’s is achieve
by introducing additional long-range,nonlocalcontributions
to the electronic density response and the EPI in the form
more or less localized electronic CF’s. The CF’s are cal
lated consistently with the ionic model, allowing for variab
occupation numbers of the orbitals. Collecting thelocal and
nonlocalparts of the density response the central quantity
the lattice dynamics and the EPI in linear approximation, i
the displacement-induced change of the electronic den
Pa

a(r ), can be written as a sum of a rigid~local! contribution
and a nonlocal one,

Pa
a~r !5

]r~r !

]Ra
a U

0

5@Pa
a~r !#RIM2(

bk
rk~r2Rk

b!Xk a
b a . ~4!

r~r ! is the electron density at space pointr and the derivative
has to be taken at the equilibrium positions of the ions. T
Rk

b describe the localization centers of the CF’s in the u
cell ~which are identical to the ion locations!. @Pa

a(r )#RIM

yields the explicit change of the electronic density due to
movement of the rigid ions and approximates the local p
of the EPI. The densitiesrk(r ) in Eq. ~4! are the form factors
of the CF’s. They decide upon the local shape and degre
localization of the change in density associated with the
ferent CF’s being admitted in the particular model, i.e., co
sistent with the 31 BM La 5d, Cu 3d, 4s, 4p, and O 2p
CF’s in the present case.

The quantityX in Eq. ~4! comprises the self-consisten
reaction of the CF’s in response to an ion displacement.
physical picture the second term in Eq.~4! contains the elec-
tronic polarization of the ionic shells~CF’s in our model!
nonlocally induced by the phonons. The degree of locali
tion of the CF’s varies with their type. The La 5d, Cu 4s,
4p, and the O 2p states represent in this context the mo
extended~delocalized! part of the charge response, while th
Cu 3d states correspond to the localized more correlated
of the electronic structure leading in our calculations to la
on-site Coulomb interactions@Ṽ, see Eq.~5!# in contrast to
the other states.X can be expressed in linear-response the
in a compact matrix notation as

X5P«21B with «511ṼP. ~5!

« denotes the dielectric function andB describes the interac
tion between the CF’s and the displaced ions. The effec
interaction between the electronsṼ consists of the direct
Coulomb part~Hartree! as well as an exchange correlatio
contribution. Ṽ and B are calculated from the ionic self
energies and the pair potentials, respectively, by allowing
variable occupation of the orbitals. For the exact definition
Ṽ andB in terms of the derivatives of the crystal energy
the pair-potential-approximation with respect to the ion c
ordinates and charge-fluctuation degrees of freedom, res
tively, see, e.g., Ref. 8. The~static! electronic polarizability
P(q,v50), relevant for theadiabaticapproximation of the
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phonons in the density-response approach, can be expre
in the tight-binding representation as

Pkk8~q,v50!52
2

N (
n,n8

k

f n8~k1q!2 f n~k!

En8~k1q!2En~k!

3@Ckn* ~k!Ckn8~k1q!#

3@Ck8n
* ~k!Ck8n8~k1q!#* . ~6!

The f ’s, E’s, andC’s are the occupation numbers, the ele
tronic band structure~Kohn-Sham parameters!, and the ex-
pansion coefficients of the Bloch functions in terms of tig
binding functions.k and q are wave vectors from the firs
Brillouin zone andN is the number of elementary cells in th
crystal. The generalization forP5P(q,v) needed in the
nonadiabaticregime, where dynamical screening comes in
play, can be achieved by adding (\v1 ih) to the differences
of the ‘‘single-particle energies’’ in the denominator of th
expression forP in Eq. ~6!. Using Eq.~5! for the dielectric
function and the frequency-dependent version of the pol
zability P according to Eq.~6!, the free-plasmon dispersio
can be extracted from the condition

det@«kk8~q,v!#50. ~7!

The coupled mode frequencies of the phonons and plasm
along thec axis must be determined self-consistently fro
the secular equation for the dynamical matrix@see Eq.~13!
below# which containsv implicitly via P in the quantityX
in Eq. ~5!.

Further quantities of interest calculated numerically
the CF’sdzk

qs generated by the phonon mode~qs!

dzk
qs52(

a i
X i

ka~q!ui
a~qs!eiqRk

, ~8!

where the displacement amplitudes have been normalize

ui
a~qs!5S \

2Mavs~q! D
1/2

ei
a~qs!. ~9!

vs(q) and ea(qs) are the phonon frequency and corr
sponding eigenvector for branchs and wave vectorq, re-
spectively.Ma is the mass of an ion of the sublattice typea.
X i

ka is the Fourier transform ofX
i

ka
0a

and becomes frequenc

dependent in the nonadiabatic case.
Furthermore, we calculate the self-consistent change

the crystal potentialdVeff(qs,r ) induced by the modeqs at
the frequencyvs(q) and weighted with the density form
factor rk of the CFk localized atRk in the crystal, i.e.,

dVk~qs!5*dVrk~r2Rk!dVeff~qs,r ! ~10!

with

dVeff~qs,r !5 (
a,a,i

Ṽ
a
a
i
~r !u

a
a
i
~qs! ~11!

and

Ṽ
a
a
i
5V

a
a
i
1 ṽP

a
a
i
. ~12!
sed
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-
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e
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V
i
a
a

stands for the~negative! gradient of the bare ion poten

tial, ṽ is the effective electron-electron interaction,Pa
a(r )

was defined in Eq.~4!, and u
i
a
a
(qs)5ui

a(qs)•eiq•Ra
a
. The

dynamical matrixt(q) takes the form

t i j
a b~q!5@ t i j

a b~q!#RIM2
1

AMaMb
(
k

@B i
ka~q!#* X j

kb~q!.

~13!

B i
ka(q) is the Fourier transform ofB

i
ka
oa

.

For completeness the phonon-induced change of the e
tron density in the mode~qs! is also given and reads as

dr~r ,qs!5 (
a,a,i

P
a
a
i
~r !u

a
a
i
~qs!. ~14!

In our model this expression can be decomposed into a l
rigid-ion part and a nonlocal charge-fluctuation part, i.e.,

dr~r ,qs!5@dr~r ,qs!#RIM1(
a,k

rk~r2Rk
a!dzk

qseiq•Ra
.

~15!

From the studies rested on the 31 BM forP in Ref. 3 we
find, as already noted, for La-Cu-O a low-lying plasm
along theL direction~at about 25 THz at theG point in the
case where the Fermi energy is taken at the van Hove sin
larity of the band structure, which is roughly a factor 5 low
than the calculated Drude plasma frequency12!. This plasmon
mixes with the phonons of appropriate symmetry. In suc
coupled system we obtain a phononlike and a plasmon
mode, the latter turns out for the given anisotropy of the
BM to be the highest mode in the spectrum. Qualitative
similar results already have been predicted on a less qu
tative basis with the extended 11 BM~E-11 BM! in Refs. 7,
8. In this calculation we have generalized the tw
dimensional 11 BM introducing interlayer couplings in th
parameterized form. Such a model will also be used below
order to investigate the phonon dispersion along thec axis in
dependence of the degree of anisotropy by choosing ap
priate values for the interlayer coupling parameters.

Our studies in Ref. 3 have explicitly demonstrated that
frequency of the plasmon is determined by the dispersion
the electronic band structure at the Fermi surface along thc
axis and is of course also a function of the Fermi energy~of
doping in a rigid-band model!. We find that for higher dop-
ing the anisotropy of the system is reduced, phonons
plasmons decouple and the phononlike mode assumes
and more pure~adiabatic! phonon character. The optimall
doped region appears as a crossover region between n
diabatic behavior at lower doping and adiabatic behavior
higher doping. Altogether, from our calculations in the
BM, which certainly are representative for a typical ele
tronic band structure based on the local-density approxi
tion ~LDA !, we get the important message that phono
plasmon mixing in a small conelike region around thec axis
is a realistic scenario for the HTSC’s in the case wher
LDA band-structure description for the quasiparticles is a
propriate to the calculation of the electronic density
sponse. In other words, the LDA can be applied if there i
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sufficiently large coherent component due to direct hopp
of the quasiparticles from wave-function overlap to t
charge transport along thec axis. The most likely candidate
for such a moderate anisotropic regime is fully oxygena
Y-Ba-Cu-O, but not optimally doped or underdoped L
Cu-O as the opticalc-axis results indicate. Here we have a
insulatorlike charge response along thec axis pointing to a
considerably smaller coherent contribution with increas
anisotropy. Accordingly, we can expect in reality a cons
erably lower-lying plasmon mode as compared with
LDA-based band-structure calculation of the 31 BM. Mor
over, the plasmon should be strongly damped or even o
damped~in particular for its very low frequency!, because of
the possible coupling of the quasiparticles to the poo
screened nonlocal EPI in the strongly anisotropic case of
HTSC’s and the possible correlation effects not contained
the LDA. In the case of a very low-lying plasmon the slow
oscillating electrons cannot screen the long-range Coulo
interactions between the ions and the phononlike mode lo
insulatorlike, see the results for modelM1 in Fig. 1 where
sufficiently weak interlayer coupling has been assumed.
the other hand, the ions can now follow the oscillations
the electrons and contribute to screening and damping o
plasmonlike mode. However, these damping effects bey
LDA and those introduced by the phonons cannot be ca
lated within the present model. Optimally doped~and under-

FIG. 1. Calculated nonadiabatic phonon dispersion in the mo
M1 ~explained in the text! appropriate for optimally doped La
Cu-O along theL;(0,0,1) direction.— — — — uncoupled plas-
mon branch; coupled phonon-plasmon dispersion ofL1 sym-
metry;¯¯¯ borderline for damping. The lower dot atZ indicates
the plasmonlike and the upper dot the phononlike Laz

z mode. The
lower dot at G indicates the lower of the two coupled LOA2u

~ferro! modes~coupled to the plasmon! and the upper dot the TO
A2u ~ferro! mode. The higher of the two plasmon coupled LOA2u

~ferro! modes belongs to the highestL1 branch.
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doped! La-Cu-O seems to fit this situation quite well in th
normal state, i.e., forT.Tc .13,14Note in this context that on
account of the superconducting gap forT,Tc certain EPI
effects via low-lying optical phonons may be blocked or n
depending on the size of the gap and damping of the plas
by EPI may be reduced in the superconducting phase.

It should be added that in the less anisotropic LDA ban
structure regime the displacement-induced self-consis
changes of the electron-ion potentialdVk given in Eq.~10!,
which are a direct measure for the electron-phonon coup
strength and for pairing, have been calculated in Ref. 3
the 31 BM and in Refs. 6,7 for the E-11 BM in the case
the apical oxygen breathing mode at theZ point of the Bril-
louin zone (Oz

z). The interesting result we get, is that for
LDA-like anisotropy the correspondingdVk values for Cud
and Oxy p orbitals in theplasmonlike mode are substantially
larger than for the phononlike mode and thus provide a v
effective channel for pairing with dominating plasmon cha
acter.

As far as the efficiency of the phonon-plasmon mec
nism for pairing in the strongly anisotropic case is concern
we can say that the plasmonlikedVk most likely do not exist
because of overdamping. However, the contribution of
phononlike dVk will be greatly enhanced because of th
strongly reduced screening as compared to a system w
large, LDAlike coherent component of the charge transp
along thec axis. ThedVk values at the Cu and the Oxy ions
in the phononlike Oz

z mode, for example, turn out to b
nearly as large as in case of the insulator represented by
RIM, according to our model calculations below. This in tu
results in a favorable situation for pairing, this time with
dominating phonon character, however.

In order to classify the HTSC’s with respect to the
c-axis transport a recently proposed model rested on
Fermi-liquid picture explains the experimental situation qu
well.15,16 Here the out-of-plane charge transport comes fr
an interplay of the coherent component due to wave-func
overlap ~direct hopping!, impurity-assisted hopping, an
phonon- ~boson!- assisted interlayer hopping. The relativ
strength of the coherent and the incoherent contributions
ies in the HTSC’s depending on the degree of anisotro
from fully oxygenated Y-Ba-Cu-O~strong direct interlayer
coupling, nearly coherent!, one of the least anisotropic cu
prates, to the very anisotropic Bi-based cuprates~very weak
interlayer coupling, nearly incoherent!. As far as the effi-
ciency of the phonon-plasmon mechanism for pairing
these two extreme cases is concerned we can state that i
first case there is a favorable channel via the plasmon
modes and in the second via the phononlike modes, see
low.

Guided by these findings for the efficiency of pairing
one or the other coupling channel~or eventually in both for
an intermediate situation! we could speculate that it shoul
be possible to switch over in a strongly anisotropic mate
like the Bi-based HTSC’s from the phononlike coupling
the plasmonlike coupling by introducing a sufficiently stro
covalency in the blocking ionic BiO bilayers, thereby ac
vating the coherent component of the charge transport.
deed, in a recent experimental study17 it has been shown tha
Pb substitution on the Bi site in a single Bi2Sr2CaCu2O8
crystal reduces the anisotropy considerably leading to a

el



vi
u-

he
e

-
te
th
th

ar
ce

on

H
to
el
en
f
g

nc
fe

d

re
a
1

a-
n

he
-

. 7
e

d

t-

a
e
c

nd
ve

h

o
m

ile

-
ig.

e
-
led
18
nch
m
ore

he
is

n

ter
for

i-

de

he

e-
-
atic,

14 448 57CLAUS FALTER, MICHAEL KLENNER, AND GEORG A. HOFFMANN
crease of the out-of-plane resistivityrc by four orders of
magnitude. At the same time the temperature beha
changes from semiconductorlike to metallic, without infl
encing the critical temperature significantly@~Bi,Pb! crystal:
Tc582 K, undoped Bi crystal:Tc587 K#.

Next we study the effect of the anisotropy, in terms of t
coherent component of thec-axis charge response, on th
phonon dispersion along theL direction and on the magni
tude of the self-consistent changes of the electron-ion po
tial dVk for selected modes, applying the E-11 BM wi
several sets of interlayer coupling parameters. In this way
influence of the variation of the bandwidth of the quasip
ticles along thec axis, being a direct measure for coheren
can be investigated.

To obtain the results displayed in Fig. 1 a very weak
interlayer coupling has been chosen~model 1[M1!, such
that the resulting frequency of the uncoupled plasmon al
the L direction, as calculated from Eq.~7!, is very small.
Moreover, the dispersion is very flat. We have about 1 T
in this case~broken curve! which seems to be adequate
simulate the situation of optimally doped La-Cu-O quite w
as far as the coherent component is concerned. Also se
the figure are theseven~nonadiabatic! phonon branches o
L1 symmetry~full curves! and the borderline for dampin
due to electron-hole decay~dotted curve!.

The plasmonlike branch is further depressed in freque
below the free plasmon and consists of two pieces of dif
entL1 branches characterized by the lower dot at theG point
and theZ point, respectively. In the~real! optimally doped
La-Cu-O crystal this branch seems to be strongly dampe
even overdamped forT.Tc as mentioned above.13,14 The
~nonadiabatic! phonon dispersion displayed in the figu
looks insulatorlike as can be seen by comparison with
study where the nonadiabatic phonon dispersion for the
BM has been calculated~model 2[M2 in Table I! for the
extreme anisotropic limit of a strictly two-dimensional qu
siparticle band structure with no coherent contribution alo
the c axis. In this situation the intraband contribution to t
electronic polarizabilityP @Eq. ~6!# vanishes in a nonadia
batic treatment along theL direction ~nonadiabatic insula-
tor! and the corresponding phonon dispersion in themetallic
phase is almost indistinguishable from that of the~adiabatic!
insulator as represented by the RIM, see Fig. 5 in Ref
From these results we deduce the consistency of the m
sured~insulatorlike! optical c-axis data with the calculate
~insulatorlike! phonon dispersion along theL direction for
the modelM1 with a small coherent component to the ou
of-plane charge transport.

It should be remarked that the RIM from Ref. 7 is used
the reference system for all phonon calculations in the m
tallic phase presented in this work. As a global covalen
effect it takes into account ion softening as calculated from
tight-binding analysis of the LAPW band structure a
moreover covalent scaling according to the procedure gi
by Eq. ~3!.

As far as the results for thenonadiabatic insulatorare
concerned, qualitatively the same dispersion already
been calculated in Ref. 18, Fig. 5~a!, using a less realistic
ionic reference system with nominal ionic charges and ign
ing covalent scaling. It should be added that in this extre
anisotropic limit the plasmonlike mode along theL direction
or
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will be soft (v50) and disappears from the spectrum, wh
the phononlike mode, being the highestL1 mode in the spec-
trum, is nearly identical to the corresponding uncoupledL1
branch of the ionic insulator~the same holds approxima
tively true for the strongly anisotropic case displayed in F
1!.

The dispersion of thec-axis quasiparticle band structur
in the models denoted asM3 –M5 in Table I has been en
larged in such a way that the frequency of the uncoup
plasmon at theZ point takes on values of about 5, 10, and
THz, respectively. As a consequence the plasmonlike bra
starting inM1 below 1 THz is shifted through the spectru
to higher frequencies, increases its width and becomes m
and more phononlike. A measure for the width of t
coupled phonon-plasmon branch in the different models
provided by the difference in frequency,Dn, of the coupled
mode at theZ point and the lower of the two coupled LO
A2u ~ferro! modes atG, respectively. In particular we obtai
for M1, Dn50.23 THz; M3, Dn50.87 THz; M4, Dn
53.36 THz; andM5, Dn54.95 THz. The situation forM1
andM5 is shown in Figs. 1,2. As far as the mode charac
is concerned, compare with the results of the frequencies
Oz

z and Laz
z as given in Table I.

Owing to phonon-plasmon mixing there exist two long
tudinal optical ferroelectriclikeA2u modes@A2u ~ferro!-LO#
at theG point ~see Figs. 1,2! the lower of which~lower dot!
appears below the TO mode~upper dot!. The splitting be-
tween the lower of the two LO modes and the TO mo
decreases as the coherent charge transport along thec axis is
more and more activated, see Figs. 1,2 forM1 and M5,
respectively, and finally theA2u discontinuity vanishes in the

TABLE I. Magnitudes of the phonon-induced changes of t
self-consistent electron-ion potentialdVk according to Eq.~10! for
the Oz

z and Laz
z mode in units of meV. In the brackets the corr

sponding frequenciesn in THz are given. The following abbrevia
tions have been used pl: plasmonlike, ph: phononlike, ad: adiab
RIM: rigid-ion model. The phonon modelsM1 –M5 are explained
in the text.

udVku, ~n! Cu Ox,y

M1 Laz
z(pl) ~0.74! 1558.24 1003.90

Laz
z(ph) ~4.73! 148.39 199.73

Oz
z(ph) ~19.38! 587.78 578.78

M2 Laz
z(ph) ~4.72! 144.62 196.97

Oz
z(ph) ~19.37! 586.42 577.63

M3 Laz
z(pl) ~3.17! 365.55 178.85

Oz
z/Laz

z(pl) ~5.13! 278.79 294.78
Oz

z(ph) ~19.59! 617.00 603.39
M4 Laz

z(ph) ~4.17! 41.26 65.67
Oz

z/Laz
z(pl) ~7.97! 803.86 640.80

Oz
z(ph) ~20.48! 742.07 708.72

M5 Laz
z('ad) ~4.24! 22.75 80.95

Oz
z(ph) ~11.99! 429.59 284.29

Oz
z/Laz

z(pl) ~23.77! 1211.35 1104.19
Ad Laz

z(ad) ~4.26! 11.14 84.84
Oz

z(ad) ~15.09! 11.80 79.89
RIM Laz

z ~4.76! 108.24 204.50
Oz

z ~19.38! 606.87 573.46
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adiabatic limit shown in Fig. 3. Simultaneously the typic
L1 branch with the steep dispersion ‘‘seen’’ in the neutr
experiments5 appears. As a further typical feature of the e
larged interlayer coupling the highestL1 branch in Fig. 2 is
moved to higher frequencies away from its uncoupled co
terpart ~dashed-dotted curve!. This L1 branch, which is in
the strongly anisotropic regime a phononlike branch,
comes constantly more plasmonlike and ultimately dis
pears from the spectrum shown, to high frequencies in
adiabatic limit occurring for large interlayer coupling.

In Table I thedVk values according to Eq.~10! for the
axial oxygen, and the axial lanthanum breathing mode at
Z point, Oz

z and Laz
z , are listed for the modelsM1 –M5, the

adiabatic metal~Ad! and the~adiabatic! insulator represented
by the RIM. Comparing the data forM1, which should be
representative for optimally doped La-Cu-O with those
the nonadiabatic insulator, (M2) and the adiabatic insulato
~RIM! we find in all cases for the phononlike modes insu
torlike large values differing not very much. Especially t
Oz

z related electron-phonon coupling is very strong and
vorable for pairing. Of course the plasmonlike channel
Laz

z in M1 would be a very desirable source for pairin
however, this mode seems to be strongly damped or e
overdamped in the normal state13,14 but not in the supercon
ducting phase possibly stabilizing pairing in the conden
phase. Comparing with the adiabatic calculation~Ad! the
electron-phonon coupling is strongly increased in
phononlike channel in particular at the Cu ion. It is qu
informative from the quantitative point of view that thedVk
values for the 11 BM in the adiabatic approximation given

FIG. 2. Nonadiabatic phonon dispersion as calculated in
modelM5 along theL direction. Line types as in Fig. 1. Addition
ally the uncoupled highestL1 branch of the ionic insulator is show
by the dash-dotted curve. Dot atZ: Phononlike Oz

z mode. Dots atG
as in Fig. 1.
l
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Table I are not very far from those of the 31 BM.3 In the
latter case we have for Oz

z at Cu: 16.46 meV and at Ox,y :
70.12 meV.

The results for the coupling as obtained withM4 should
be emphasized because here we get two coupled mode
mixed phonon-plasmon character~dominantly Oz

z with a
non-negligible Laz

z component in the displacement patter!
leading to largedVk’s for bothmodes, see Table I. This kin
of calculation points to the possibility that the efficiency
the system with respect to pairing can be optimized by t
ing the c-axis properties of the HTSC’s~e.g., by doping
and/or chemical substitution in the ionic layers! in order to
give a suitable out-of-plane dispersion for the quasipartic
resulting in an optimal coupling.

With the calculations shown in Fig. 2 (M5) we gradually
approach the less anisotropic regime. We find significan
largerdVk values for the plasmonlike mode as compared
the phononlike one, similarly as for the 31 BM~Ref. 3! and
for earlier calculations.7,8

A possible solution for the apparent inconsistency of
neutron and opticalc-axis data will be presented in the fo
lowing. In order to investigate this problem we have to c
culate the phonon dispersion in a~nonadiabatic! conelike
region around theL direction with qz@qx,y .3,7,8 Within a
very small part of the cone~including theL direction! the
charge response is insulatorlike, provided thec-axis disper-
sion of the electronic band structure is small enough. Wh
increasing the slope of the wave vector with respect to thL
direction the charge response becomes more and more
batic like in a conventional anisotropic~coherent! metal with
a sufficiently high plasma frequency. In our studies we se

FIG. 3. Phonon dispersion alongL as calculated for the metallic
phase of La-Cu-O in the adiabatic approximation. L1- ,
¯¯¯ L2- , ---- L3 symmetry branches. Dot atZ indicates Oz

z

mode. Dot atG indicatesA2u ~ferro! mode.

e



ire

h
th
(

ed

c
i-
n
en

r
r

th
di
p

la-

t
ith

ains

in
the

d
ur

ho-
e the
he
ctor
stic
on
nds
-
e

is
ts
ing

s
p-

n-
e

it

g

ot

14 450 57CLAUS FALTER, MICHAEL KLENNER, AND GEORG A. HOFFMANN
for simplicity the extreme anisotropic 11 BM (M2) which is
practically indistinguishable from theM1 model as far as the
phononlike branches are concerned. As representative d
tions in the cone we choseq5z„«(2p/a),0,2p/c…, called
L8 directions, with several values for«: 0.003, 0.010,
0.025, 0.05, and 0.1. The results for the~nonadiabatic! pho-
non dispersion in theL8 directions for«50.003 and 0.1 are
shown in Figs. 4,5. The symmetry forL8 is characterized by
two irreducible representations~IR’s! and only one of these
couples to the charge fluctuations. Only phonon branc
transforming according to the latter IR are displayed in
figures. Except for the insulatorlike dispersion in Fig. 4«
50.003) the frequency of the uncoupled plasmon~dashed
curve in Fig. 4! is too high to be displayed in the present
graphs. The borderline for damping~dotted curve in Fig. 4!
is not drawn in Fig. 5. Note that the plasmon frequen
rapidly increases with larger« values because of the quas
particle dispersion in the (kx ,ky) plane, see also Refs. 3,8. I
Fig. 4 the uncoupled plasmon has about the same frequ
as in M4. Here we find like forM4, two modes with very
large dVk values~namely the two Oz

z-related modes!, indi-
cated by the dots at theZ8 point. Different from M4 the
plasmon has considerably more dispersion which also is
flected in the plasmonlike branch~characterized by the lowe
dot atZ8 andG! and the phononlike branch~highest branch
in the spectrum!. Inspection of Fig. 5 demonstrates that wi
growing« values the phonon dispersion approaches the a
batic result. At«50.01 the typical branch with the stee

FIG. 4. Nonadiabatic phonon dispersion as calculated w
model M2 along the L8 direction defined by q
5z@«(2p/a),0,(2p/c)# for «50.003. Only the branches couplin
to the charge fluctuations are shown.— — — — uncoupled plas-
mon branch,̄ ¯¯ borderline for damping. Lower and upper d
atZ8: Plasmonlike and phononlike Oz

z mode, respectively. Dots atG
as in Fig. 1.
c-

es
e

y

cy
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a-

dispersion appears which is found in the adiabatic calcu
tion in Fig. 3. The frequency for Oz

z is already close to the
adiabatic result~15.09 THz!. However, the ferroelectric spli
at G is still visible. The latter vanishes more and more w
larger «, simultaneously the frequency for Oz

z reaches its
adiabatic limit, see Fig. 5. At«50.025 we practically enter
the adiabatic regime and the dispersion essentially rem
unchanged up to«50.1.

Now we are in a position to resolve the inconsistency
the optical and the neutron data. Let us assume that in
optical measurements thec-axis polarization can be realize
with high precision. Thus we can compare directly with o
calculation of the phonon dispersion in theM1 model with
wave vectors strictly along theL direction being insulator-
like ~Fig. 1!, just as with the opticalc-axis spectra. So there
is no inconsistency between the calculated nonadiabatic p
non data and the measured optical data in the case wher
wave vector is fixed with the same high precision. On t
other hand, in the neutron measurements the wave ve
cannot be fixed with such a high precision. It seems reali
that the wave vector will scatter inside a conelike regi
aroundL where the angle at the top of the cone correspo
to an « value of about«50.1. In such a situation the rela
tively small ‘‘nonadiabatic,’’ insulatorlike part of the con
~«,0.003, see the calculations above! is overbalanced by the
significantly larger part where the phonon dispersion
nearly adiabatic («>0.01). Thus in the neutron experimen
essentially the adiabatic, metallic dispersion with vanish
A2u discontinuities and the typicalL1 branch~eventually a
bit smeared out! with the steep dispersion is ‘‘seen,’’ just a
our calculation for metallic La-Cu-O in the adiabatic a
proximation predicts.

Finally, some arguments will be given to explain that i
creasing« will lead to the adiabatic regime. In Fig. 6 th

h FIG. 5. Same as Fig. 4 with«50.1.
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intraband contributionP0„q5@0.0125(2p/a),0,0#,v… of the
electronic polarizability from Eq.~6! is shown, suppressing
the eigenvectors, i.e., takingCkn(k)51. Note that our calcu-
lations in Ref. 3 indicate that the characteristic structures
function of the frequencyv for the ~reduced! polarizability
P0 essentially do agree with the full expression taking in
account the eigenvectors, in particular for the dominant~Cu
d!-~Cu d! matrix element. Thev dependence ofP0 scales
for small qx as P0(qx ,v)5 f (v/qx). This means that for
smallerqx the characteristic structures ofP0(v) are shifted
to smallerv values and for largerqx , P0(v) is stretched out
to largerv values. Keeping this in mind, we can localize
Fig. 6 the frequency of the Oz

z mode,v(Oz
z), for example, for

several« values. For«50(qx50) all nonzero frequencie
correspond in Fig. 6 tov→` and we haveP0(v)50. In
this case only the interband contribution to the polarizabi
remains and we get the nonadiabatic insulator. For«50.01
v(Oz

z) corresponds in Fig. 6 tov'75 meV. This frequency
is still in the nonadiabatic regime as Fig. 6 indicates a
close to the damping region.«50.025 ~the phonon disper-
sion looks practically adiabatic! corresponds in Fig. 6 to an
Oz

z frequency «'31 meV. This value is localized in th
high-frequency part of the adiabatic regime@passing over to
the nonadiabatic region# where Re@P0(v)#.0 and nearly

FIG. 6. Frequency dependence of the intraband contributio
the electronic polarizabilityP0(q,v) at q5@0.0125(2p/a),0,0# as
obtained from Eq.~6!, taking Ckn(k)51 for the eigenvectors. Re
means real part ofP0(q,v) and Im stands for imaginary part o
P0(q,v).
a,

et
a

d

constant while Im@P0(v)# is small and linear inv. For larger
« values we stay of course in the adiabatic regime.

Summarizing we have studied the anisotropy depende
of the c-axis phonon dispersion and the efficiency for co
pling ~pairing! in the phonon-plasmon mechanism in th
HTSC’s using La-Cu-O as an example. LDA-based calcu
tions underestimate the anisotropy of optimally doped L
Cu-O but lead to a very effective coupling in theplasmonlike
channel. Fully oxygenated Y-Ba-Cu-O seems to be the m
likely candidate for such a scenario. Experimental evide
comes from the results reported in Ref. 19 where thec-axis
reflection spectrum of a YBa2Cu3O7 single crystal was fitted
using phononic oscillators, a midinfrared excitation and
low-energy plasmon. In strongly anisotropic~and extremely
anisotropic! materials with a small coherent component
the c-axis charge-transport like optimally doped La-Cu-
~the Bi-based HTSC’s! the out-of-plane charge response
~nonadiabatic! insulatorlike and as a consequence t
phononlikemode provides a favorable situation for pairin
Tuning thec-axis properties by doping and/or chemical su
stitution in the ionic layers may lead to an optimal coupli
scenario. Further we have shown adopting the strongly
isotropic case for optimally doped La-Cu-O that there is
inconsistency between the measured opticalc-axis spectra
displaying the typical features of an insulator and the cal
latednonadiabaticphonon dispersion along theL direction.
Finally, we have proposed a solution for the inconsisten
concerning the measured optical data and the current in
pretation of the neutronc-axis results by assuming that th
wave vector in the neutron experiments cannot be fixed w
sufficiently high precision along theL direction. In such a
situation the relatively small nonadiabatic~insulatorlike! part
of the cone around theL direction within which the wave
vector will be scattered is overbalanced by a significan
larger part where the phonon dispersion looks adiabatic w
the typical features due to metallic screening, which alrea
have been predicted by our earlier calculations using
adiabatic approximation for the phonon-induced charge
sponse.
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