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Influence of ionic charge and dipole fluctuations on the lattice dynamics,
dielectric properties, and infrared response of La2CuO4

Claus Falter and Frank Schnetgo¨ke
Institut für Festkörpertheorie, Universita¨t Münster, Wilhelm-Klemm-Strasse 10, 48149 Mu¨nster, Germany

~Received 26 February 2001; revised manuscript received 2 October 2001; published 8 January 2002!

We generalize our recently proposed microscopic formulation of the electronic density response and screen-
ing and apply it to lattice dynamics and, also to the dielectric properties of the high-temperature superconduct-
ors~HTSC’s!. Our previously developed method of screening in the HTSC in terms of ionic charge fluctuations
~CF’s! is extended by including additional dipole fluctuations as possible electronic polarization processes. The
latter prove to be important in the HTSC, especially for the ions in the ionic layers. On the other hand, CF’s are
the dominating polarization process in the CuO planes. In particular, we have predicted in the past strong
coupling via CF’s of the high-frequency copper-oxygen bond-stretching modes in the HTSC. These modes are
thought now to cause a kink in the electronic dispersion observed by photoemission. Our model calculations in
this paper deal with both the metallic as well as the insulating phase of La2CuO4 . Complete phonon dispersion
curves are calculated for both phases and specific modes discussed controversially in the literature are studied
in detail. Finally, the macroscopic high-frequency and static dielectric constants, transverse effective charges,
and oscillator strengths of the infrared-active vibrations are investigated.

DOI: 10.1103/PhysRevB.65.054510 PACS number~s!: 74.25.Kc, 63.20.Dj, 63.10.1a
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I. INTRODUCTION

High-temperature superconductors~HTSC’s! are materi-
als displaying an anisotropic mixed ionic-covalent~metallic!
bonding. While the ionic nature of bonding predomina
along thec axis, covalent~metallic! bonding contributions
become important in the CuO plane. In our microsco
modeling of the charge response in the HTSC the ionic
ture is described by anab initio rigid-ion model~RIM! lead-
ing to a local rigid charge response, while the nonlocal, n
rigid part of the electronic density response is modeled u
now parameter free by more or less localized charge fluc
tions on the outer shells of the ions. In this procedure co
lent metallic features of bonding in the HTSC are taken
proximately into account by the electronic band structu
first, in a global way by using effective ionic charges in t
RIM, as calculated from a tight-binding analysis of the~first-
principles! electronic band structure, and second, via
electronic polarizability, which contains the kinetic on
particle part of the charge response~see Sec. II!. The latter is
also calculated from the electronic band structure.

There are many experimental observations of stro
electron-phonon interactions~EPI! in the literature1–6 that
demonstrate that the electron-phonon mechanism is pre
in the HTSC and plays an important role. This point of vie
is supported also by theoretical studies; see, for exam
Refs. 7–14. It is thus of great interest to investigate in de
the lattice dynamical properties of the HTSC and to anal
the type of electronic charge response excited by the vib
ing ions that finally leads to the characteristic features in
phonon dispersion curves and to a strong EPI.

Interesting experimental evidence of a large and ano
lous EPI, accompanied by corresponding phonon soften
is provided by inelastic neutron scattering in La2CuO4. Here
a strong renormalization of phonon branches related to h
frequency copper–in-plane-oxygen bond-stretching mode
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found as holes are doped in the insulating parent compou
i.e., there is a clear correlation of hole doping with the ph
non anomalies. Our calculations8–11 have revealed the type
of charge response leading to the strong coupling and
cordingly to these anomalies and demonstrated that the
ening is driven by nonlocal electron-phonon interaction
fects of ionic charge-fluctuation type. Recently, we ha
extended our calculations to YBa2Cu3O7 ~Ref. 14! and found
that the same strong-coupling effects via ionic charge fl
tuations as in La2CuO4 lead to the pronounced softening o
the high-frequency copper–in-plane-oxygen bond-stretch
modes experimentally observed also in this material.1 In
YBa2Cu3O7 a doubling of the strongly coupling anomalou
oxygen bond-stretching modes is obtained as compare
La2CuO4.

Very recently, direct evidence for the strong EPI has a
been found experimentally by photoemission, causing a k
in the electronic dispersion.5 The strong-coupling phonon
modes responsible for this effect are thought to be just
high-frequency copper-oxygen bond-stretching modes p
dicted by our calculations.8–11,14

These results point to the importance of the nonlocal E
of ionic charge-fluctuation type for the pairing mechanism
the HTSC. One should realize in this context that such a t
of coupling, not present in conventional metals and sup
conductors, is a specific feature of the HTSC favoring a
calized charge response in form of localized charge fluct
tions ~CF’s!. Note, however, that our theoretical method on
deals with coupled lattice and charge degrees of freed
Nothing can be said about the role of spin fluctuations
other possible mechanisms for Cooper pairing of the curr
carriers. In the literature the significance of nonphono
mechanisms is frequently brought into relation with the ve
weak isotopic effect observed in many HTSC materials.

In principle, a density response in terms of CF’s can a
be expected in classical ionic crystals, however, less mar
©2002 The American Physical Society10-1
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as compared to HTSC’s because of their nearly closed io
shells in contrast to the open-shell ions in the CuO pla
From the calculations in Ref. 13 it can be concluded tha
classical ionic crystals electronic polarization effects of
dipole type~dipole fluctuations! govern the screening to
large extent. This, of course, can also be expected from
success of the phenomenological shell model in fitting p
non dispersion curves of ionic crystals. In case of the HTS
besides the dominating screening effect mediated by the C
in the CuO plane, the contribution of the dipole fluctuatio
~DF’s! to the electronic density response can be expecte
become important in particular for the ions in the ionic laye
when vibrating in a polar mode.

Thus, we are left with interesting problems to be d
cussed in this work, namely, the calculation of the effect
the DF in addition to the CF on the phonon dispersion in
metallic and insulating phases and moreover, the invest
tion of the dielectric properties and the infrared respon
which has never been done before on a microscopic bas
the best of our knowledge.

Another topic to be addressed in this work is the probl
of a possible Peierls instability of the planar oxygen brea
ing mode in La2CuO4, which was predicted in other calcu
lations, and the renormalization of the so-called quadrup
mode associated in the literature with a Jahn-Teller elect
phonon interaction. Both statements are not supported by
calculations here.

From a general point of view our treatment of the ele
tronic density response and lattice dynamics in terms of D
and CF’s can be considered as a microscopic~semi-ab-initio!
implementation of the phenomenological dipole shell mo
or the charge-fluctuation models, respectively. For a gen
formulation of phenomenological models for lattice dyna
ics that use localized electronic variables as adiabatic deg
of freedom, see, for example, Ref. 15. This formulation co
ers shell models of all types, bond-charge models,
charge-fluctuation models. While in the latter approach
coupling coefficients are treated as fitting parameters,
essential point of our microscopic scheme is that it allows
a calculation of all the couplings appearing in the dynami
matrix, the dielectric properties, and the infrared respons

In the present paper we investigate for the HTSC the co
bined effect of CF and DF on the lattice dynamics, the
electric properties, and the infrared response using La2CuO4
as an example. For this material the experimental inform
tion is most complete.1,4,6,16–18Concerning the DF’s we ex
pect an anisotropic form of the dipole polarizability of th
ions because of the layered structure of the HTSC with
ternating ionic layers and ionic-covalent CuO planes. T
largest component of the dipole polarizability should
along the~ionic! c direction. The transverse components c
be expected to vanish almost entirely in the CuO planes
cause of the covalent screening contribution and should
general be smaller than the correspondingz component along
the c axis in the ionic layers. The calculation of the dipo
polarizability in our approach is performed with the help
the Sternheimer method in the framework of densi
functional theory~DFT! in the local-density approximation
~LDA !, taking self-interaction effects ~SIC’s! into
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account.13,19,20In this procedure effects of anisotropy of th
dipole polarizability are not taken into account. Thus, w
model this anisotropy by reducing the calculated polariza
ity in the transverse directions and the most likely form
the DF is singled out from a comparison of the calcula
results of the phonon dispersion with the experimental d

In Sec. II the theory and modeling are reviewed to p
vide a certain degree of self-consistency of the paper. Sec
III presents the calculations of the phonon dispersion
La2CuO4 and of the dielectric properties such as the hig
frequency and static dielectric constants, transverse effec
charges, and the oscillator strengths of the infrared-ac
modes taking CF’s and DF’s into account. Starting from
ab initio RIM that serves as a reference system for the
scription of the HTSC, we calculate and discuss in detail
effects of the ionic CF’s and DF’s on the phonon dispers
in the metallic and the insulating phase. The results are c
pared with experiments and other calculations in the field
particular, we address the phonon anomalies driven by n
local EPI effects, and the anisotropy of screening due
dipole fluctuations, which are important for the opticalA2u
andEu modes. Section IV contains a summary and the c
clusions.

II. THEORY AND MODELING

A detailed description of our microscopic approach of t
electronic density response, the lattice dynamics, and
electron-phonon interaction in the HTSC can be found,
example, in Refs. 8 and 13. In this formulation the local p
of the electronic charge response is approximated by anab
initio rigid-ion model taking into account ion softening i
terms of effective ionic charges as calculated from a tig
binding analysis of the electronic band structure. In additi
scaling of the short-range part of the pair potentials betw
the ions is considered in order to simulate covalence effe
in the calculations.21 Scaling is performed in such a way th
the energy-minimized structure is as close as possible to
experimental one. The tight-binding analysis supplies the
fective ionic charges as extracted from the orbital occupa
numbersQm of the m ~tight-binding! orbital in question:

Qm5
2

N (
nk

uCmn~k!u2. ~1!

Cmn(k) stands for them component of the eigenvector o
bandn at wave vectork in the first Brillouin zone; the sum-
mation in Eq.~1! runs over all occupied states andN gives
the number of elementary cells in the~periodic! crystal. The
rigid-ion model with the corrections just mentioned th
serves as a reference system for the description of the HT
For a representation of the~nonrigid! electronic density re-
sponse and screening in the HTSC, particularly in the me
lic phase, more or less localized electronic charge fluct
tions in the outer shells of the ions are considered. The la
dominate the long-ranged, nonlocal contribution of the el
tronic density response and the EPI in the HTSC. In additi
dipole fluctuations can be treated within our approach13
0-2
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Thus, the starting point of our model is the ionic density
the perturbed state, which is given by

ra~r !5ra
0~r !1(

l
Qlrl

CF~r !1pa• r̂ra
D~r !. ~2!

ra
0 is the density of the unperturbed ion localized at the s

lattice a of the crystal.Ql andrl
CF describe the amplitude

and the form factors of the charge fluctuations and the
term in Eq. ~2! gives the dipolar deformation of an iona
with amplitude~dipole moment! pa and a radial density dis
tribution ra

D . r̂ is the unit vector in the direction ofr . rl
CF are

approximated by a spherical average of the orbital dens
of the outer ionic shells calculated in local-density appro
mation taking self-interaction effects into account. The
pole densityra

D is obtained from a modified Sternheim
method in the framework of LDA SIC; see Refs. 13, 19, a
20.

The total energy of the crystal is investigated by assum
that the density of the crystal can be approximated by a
perposition of overlapping densities of the individual io
ra . The ra

0 are calculated within LDA SIC taking environ
ment effects via a Watson sphere potential and calcula
effective charges of the ions into account. Such an appr
mation holds well for HTSC’s.21,22 Moreover, applying the
pair-potential approximation we get for the total energy

E~R,z!5(
aa

Ea
a~z!1 1

2 ( 8
aa
bb

fab~Rb
b2Ra

a ,z!. ~3!

The energyE depends on the configuration of the ions$R%
and the electronic degrees of freedom~EDF! $z% of the
charge density, i.e.,$Ql% and $pa% in Eq. ~2!. Ea

a are the
energies of the single ions.a and b denote the elementar
cells in the crystal anda andb the sublattices. The secon
term in Eq.~3! is the interaction energy of the system, e
pressed by the pair interactionsfab . The prime in Eq.~3!
means that the self-term has to be omitted. BothEa

a andfab

in general depend uponz via ra .
From the adiabatic condition

]E~R,z!

]z
50, ~4!

an expression for the force constants, and accordingly,
dynamical matrix in harmonic approximation can be deriv

t i j
ab~q!5@ t i j

ab~q!#RIM2
1

AMaMb

3 (
k,k8

@Bi
ka~q!#* @C21~q!#kk8Bj

k8b~q!. ~5!

@ t i j
ab(q)#RIM denotes the contribution of the RIM to the d

namical matrix.Ma andMb are the masses of the ions andq
is a wave vector from the first Brillouin zone. The quantiti
B(q) andC(q) represent the Fourier transforms of the co
pling coefficients as calculated from the energy,
05451
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]2E~R,z!

]zk
a]Rb

b , ~6!

and

Ckk8
ab

5
]2E~R,z!

]zk
a]zk8

b . ~7!

The derivatives in Eqs.~6! and~7! must be performed at the
equilibrium positions.k denotes the electronic degrees
freedom~charge fluctuations and dipole fluctuations in t
present model! in an elementary cell of the crystal. TheB
coefficients describe the coupling between the EDF and
ions and theC coefficients the interaction between the ED
Equations~5!–~7! are generally valid and, in particular, ar
independent of our specific model for the decomposition
the perturbed density in Eq.~2! and of the pair approxima
tion ~3! for the energy.

The pair interactionsfab can be decomposed into long
range Coulomb contributions and short-ranged terms.
latter are separated into the interaction between the ion c
and the charge density from Eq.~2!, the interaction between
the densityra and the densityrb ~Hartree contribution!, and
a term representing the sum of the kinetic one-particle
the exchange-correlation contribution of the interaction
tween the two ions. A detailed description of thefab and the
calculation of the coupling coefficientsB andC for the EDF
is given in Ref. 13. In this context it should be mention
that the matrixCkk8(q) of the EDF-EDF interaction, whose
inverse appears in Eq.~5!, for the dynamical matrix can also
be written as

C5P211Ṽ. ~8!

P21 contains the kinetic one-particle part of the interacti
and Ṽ the Hartree and exchange-correlation contributio
The quantityC21 needed for the calculation of the dynam
cal matrix is closely related to the density response funct
~matrix! and to the inverse dielectric function~matrix! «21.
Written in matrix notation we have the relation

C215P~11ṼP!21[P«21, «511ṼP. ~9!

The CF-CF submatrix of the matrixP can be calculated
approximatively from a tight-binding analysis of the~first-
principles! electronic band structure. In this case the ele
tronic polarizabilityP is given by

Pkk8~q!52
2

N (
n,n8

k

f n8~k1q!2 f n~k!

En8~k1q!2En~k!

3@Ckn* ~k!Ckn8~k1q!#@Ck8n
* ~k!Ck8n8~k1q!#* .

~10!

f, E, andC are the occupation numbers, the electronic ba
structure, and the expansion coefficients of the Bloch fu
tions in terms of the tight-binding functions.

Within the framework of our theoretical description of th
electronic density response we can derive expressions fo
0-3
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macroscopic high-frequency dielectric constant«`(q̂) and
the transverse effective chargesZa

T . For «`(q̂), q̂5q/q we
get23

«`~ q̂!5 lim
q→0

1/@12v~q!x0~q!#, ~11!

with

v~q!5
4p

Vzq
2 , ~12!

and

x0~q!5 (
k,k8

rk~q!@C21~q!#kk8rk8
* ~q!. ~13!

Vz denotes the volume of the elementary cell andrk(q) is
the Fourier transform ofrl

CF(r ) ~charge fluctuation! and
r̂ra

D(r ) ~dipole fluctuation!.
The transverse effective charges can be extracted in

limit q→0 from the equation

q̂Z= a
Tq̂5 lim

q→0
H «`~ q̂!FZa1 i

q

q2 S (
k

rk~q!Xka~q! D G J .

~14!

Here Z= a
T is the transverse effective-charge tensor, which

diagonal for tetragonal symmetry with two independent co
ponents. The latter can be calculated from Eq.~14! by using
q̂'c and q̂ic. The quantity Xka(q) describes the self
consistent response of the EDF when a perturbation is
plied and can be shown to be given~in formal matrix nota-
tion! by

X~q!5C21~q!B~q!5P~q!«21~q!B~q!. ~15!

III. LATTICE DYNAMICS, DIELECTRIC PROPERTIES,
AND INFRARED RESPONSE OF La2CuO4

A. The ionic reference system and the experimental dispersion

For a definitive discussion of the phonon renormalizat
induced by the nonlocal EPI effects of the ionic CF and
types, mediated by the second term in the dynamical ma
from Eq. ~5!, a quantitative reference model for the calcu
tion of the phonon dispersion based exclusively on the io
component of binding is necessary. Such a model, repres
ing approximately the local EPI effects, is provided by theab
initio rigid-ion model sketched in Sec. II.

In the following, two versions of rigid-ion models R1 an
R2 are considered. In both models ion softening as ca
lated from a tight-binding analysis of the electronic ba
structure is taken into account, leading to effective io
charges. According to Ref. 21 we obtain the following r
sults: Cu1.221, Oxy

1.422, Oz
1.472, La2.281. In model R2, in

addition to model R1, scaling of the short-range part of
Cu-Oxy , Oxy-La, and Oz-La pair potential is performed. Th
corresponding outcome for the structural parameters in
two models as obtained from an energy minimization
given in Table I. Without scaling, i.e., in model R1, the pl
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nar lattice constanta is overestimated andc is underesti-
mated while the internal positions of Oz and La are well
described. Taking scaling into account as in model R2 i
possible to find a solution that is in excellent agreement w
the experimental crystal structure.24

In Fig. 1 the calculated phonon dispersion of La2CuO4 in
the main symmetry directionsD;(1,0,0), S;(1,1,0), and
L;(0,0,1) as calculated with model R1 is compared w
the experiments for the insulating phase.1,3,16 The width of
the spectrum already agrees quite well with the experime
data. This is mainly due to ion softening, i.e., a global cov
lence effect, expressed by the effective ionic charges
model R1. This can be extracted from the fact that the o
gen breathing mode at theX point, OB

X ~in OB
X essentially the

planar oxygens vibrate in phase along the CuO bon!,
which is the highest mode in the spectrum~end point of the
highestS1 branch; for the notation see the figure caption
Fig. 1!, decreases from 33.35 THz in a model using nomi
ionic charges,21 i.e., Cu21, O22, La31, to 25.82 THz in
model R1. Moreover, some of the branches that are unst
in the model with nominal charges are stabilized in mo
R1, while a few typical branches remain unstable.

In model R1 the unstable modes atG are the lowestEg

~21.88 THz! and Eu modes~Eu
L521.74 THz, longitudinal

optic mode;Eu
T524.89 THz, transverse optic mode!. Note

that imaginary frequencies are represented here by neg
numbers. These modes are characterized essentially by
placements of the apex oxygens, Oz , and the La atoms par
allel to the CuO plane~sliding modes!. In first-principles
density-functional calculations within the LDA these mod
are also found to be soft or unstable, respectively,25,26and are
shown by frozen phonon calculations to display anharmo
energy versus displacement relationships.25,27

Unstable modes atX are again two Oz-La sliding modes
~B2u524.92 THz, B3u521.49 THz!, the tilt mode (B2g5
26.42 THz), which involves a rotation of the CuO6 octahe-
dra along the~1,21,0! direction and two other rotation
modes of the octahedra: one around thec axis (B1g5
27.16 THz) and another one along the~1,1,0! direction
(B3g523.02 THz). The instability of these modes is a co
sequence of the purely ionic nature of the forces in the mo
together with the assumed tetragonal symmetry of the st
ture.

Figure 2 shows the calculated results of the phonon
persion in model R2 taking scaling~predominantly of the
Cu-O bond in the plane! into account. Comparing with Fig. 1
we find a considerable improvement of the phonon disp

TABLE I. Structural parameters of tetragonal La2CuO4 for the
two rigid-ion models R1 and R2 as defined in the text together w
the experimental data. The lattice constantsa andc are given in Å
and the internal positions of the apex oxygen Oz and the La atom
are in units ofc. The experimental data are from Ref. 24.

a c Z(Oz) Z(La)

R1 4.134 12.682 0.1879 0.1333
R2 3.784 13.224 0.1846 0.1337
Expt. 3.790 13.227 0.1820 0.1380
0-4
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FIG. 1. Calculated phonon dispersion of~tetragonal! La2CuO4 in the main symmetry directionsD;(1,0,0), S;(1,1,0), andL
;(0,0,1) as calculated for the rigid-ion model R1 explained in the text. The experimental data are taken from Refs. 1, 3, and 16. Th
open symbols representing the experimental results for the insulating phase indicate different irreducible representations~ID!. The arrange-
ment of the panels from left to right is as follows:D1 ; ~D2 ,¯ ; D4 ,—!; D3 ; S1; ~S2 ,¯; S4,—!; S3; ~L1 ,—; L2 ,¯!; L3 . The solid
circles represent the experimental values of the highestD1 andS1 branches for the optimally doped, metallic phase La1.85Sr0.15CuO4 . As
compared with the notation used in the experiments for the classifying ID’s the following changes should be noted:D3↔D4 , S3↔S4 ,
L3↔L5 . The frequencies are in THz and the imaginary frequencies are represented as negative numbers.
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sion for various single branches, for example, the~xy!-
polarizedL3 modes, as well as for the width of the spectru
which is reduced by about 2 THz (OB

X523.95 THz). In par-
ticular, all the unstable branches have disappeared excep
branch with the tilt mode atX. Freezing in of this distortion
points correctly to the experimentally observed structu
phase transition from the tetragonal to the low-tempera
orthorhombic ~LTO! structure. The actual transition, o
course, cannot be described in the harmonic approxima
because the anharmonic energy must be taken
account.25,27 The anharmonicity of the lattice near the stru
tural phase transition also manifests itself in the anomal
behavior of the oxygen and copper isotopic effects.28,29
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Next we will discuss some typical modes not well repr
sented in the RIM. The so-called scissor mode~end point of
the second highestS1 branch at theX point!, where the
in-plane oxygens vibrate perpendicular to the Cu-O bond
seriously overestimated in frequency in model R2 (Ag

sc

519.12 THz) as compared with experiment@Ag
sc514.7 THz

~Ref. 16!#. As the reason for this high frequency we identi
the large contribution from the long-ranged Coulomb int
actions. A calculation ignoring the short-ranged part of t
pair interactions already leads to 13.88 THz, which is
highest frequency at theX point in a calculation where only
long-ranged Coulomb interactions are considered. For su
bond-bending vibration like the scissor mode it can be
FIG. 2. Same as Fig. 1 with
the calculated results taken from
the rigid-ion model R2~see the
text! taking scaling into account.
0-5
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CLAUS FALTER AND FRANK SCHNETGÖKE PHYSICAL REVIEW B 65 054510
pected that specific covalent bonding contributions are
portant. Our calculations in Secs. III B and III C have sho
that the scissor mode is virtually not influenced by CF on
ions and DF’s lead only to a modest decrease of the
quency by less than 1 THz. Thus, in order to improve
agreement selectively for this mode we propose in Sec. I
a model, where, in addition to the calculated ionic CF
off-site CF’s are installed empirically to simulate the missi
covalency.

In contrast to the scissor mode the high-frequency Cu–
plane-oxygen bond-stretching modes including the breath
mode OB

X and especially the highestD1 branch are strongly
renormalized in the metallic phase by ionic CF’s genera
through nonlocal EPI effects as has been shown in Refs
10, 11, and 14 and is also evident from the investigation
Sec. III B. From experiments there is a clear correlation
hole doping with the strong softening of these modes in
metallic phase as can be extracted from Figs. 1 and 2. H
the solid circles represent the experimental data of th
phonons in the optimally doped metallic phase and the o
circles in the insulating phase. Thus, the enhancement o
ionic CF’s produced by a strong nonlocal EPI is very imp
tant for the doped metallic phase and consequently an im
tant ingredient of the pairing mechanism in HTSC’s. A d
scription of pairing via a nonlocal EPI can be found in R
9. It leads to an interpretation of the experimentally obser
universal relationship betweenTc and the hole content in
HTSC’s. The importance of the Cu-oxygen bond-stretch
modes is emphasized by the fact that the phase spac
strong coupling by these modes has been shown to
large.14 As representatives for the strong-coupling modes
Fig. 3 the displacement pattern of OB

X and of the mode related
to the minimum of the highestD1 branch, called theD1/2
anomaly, is displayed.

As already mentioned in the Introduction, there is no
also direct evidence for a strong coupling of these mode
the electrons leading to a kink in the electronic dispersion
observed by photoemission in Ref. 5. According to a cal
lation in Ref. 30 a very strong renormalization of OB

X leading
ultimately to a Peierls instability of the lattice has been p
dicted, which, however, is not found in the experimen
where this mode appears as the highest mode in the spec

FIG. 3. Displacement patterns of the high-frequency Cu–
plane-oxygen bond-stretching modes of La2CuO4 ~a! for OB

X and~b!
for the D1/2 minimum. In case ofD1/2 the real part~Re! and the
imaginary part~Im! are shown.
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~see Figs. 1 and 2!. Fermi-surface nesting effects leading
gigantic Kohn anomalies that have been proposed to be
reason for the strong softening can be ruled out because
enhancement found in Ref. 30 for the intraband contribut
of the scalar polarizability@which can be obtained from th
full polarizability in Eq. ~10! equatingCkn to 1# is strongly
suppressed if the eigenvectorsCkn are taken into account.14

On the other hand, the calculated behavior found in mod
R1 and R2 and in our earlier results8 is consistent with ex-
periment. The reason for the high frequency of OB

X is found
by our calculation to be related to the fact that the lon
ranged Coulomb interaction between the ions alone alre
leads to a frequency of 11.42 THz for OB

X . The missing con-
tribution from the short-ranged part of the pair interactio
further stabilizes this mode to its actual high value.

In contrast to OB
X and the scissor mode the so-called qu

drupolar mode leading to a rhombic distortion of the oxyg
squares around the Cu ions is strongly destabilized by
long-ranged Coulomb interactions (B1g

Q 5212.53 THz). It is
the most unstable mode atX for the case when short-rang
contributions of the interaction are ignored. Taking the lat
into account, we learn from Fig. 2 that the highestS4 branch
with the quadrupolar mode as its end point is already w
described by the ionic reference model R2, i.e., by the io
forces alone. For symmetry reasons there are no ionic C
The fluctuations add up destructively in this mode. So
conclude that a quadrupolar deformation of the octahedr
very much promoted by the long-range Coulomb inter
tions. A phonon renormalization due to a Jahn-Tel
electron-phonon interaction as proposed in Ref. 31 is
likely and is at most of minor importance. The quadrupo
mode and the scissor mode are virtually uninfluenced
doping.16

Finally, we would like to comment on the modes prop
gating in theL direction, i.e., along thec axis. The doubly
degenerateL3 modes~Eg and Eu at theG point! polarized
parallel to thexy plane are well described by the ionic refe
ence model~see Fig. 2!. On the other hand, in the case of th
L1 modes, which are polarized along thec axis, a consider-
able renormalization is required. It will be shown in Se
III C that the main screening effects for these modes are
to anisotropic dipole fluctuations with a dominatingz com-
ponent along the ionicc axis of the HTSC.

B. Phonon dispersion in the metallic phase: On-site and off-
site charge fluctuations and dipole fluctuations

As far as underdoped and even optimally doped La2CuO4
is concerned the optical infraredc-axis spectra display the
typical features of an insulator. They are dominated by o
cal A2u phonons and are almost unchanged from the ins
tor upon doping.17,32,33 As discussed in Ref. 12 a typica
LDA-like band structure taken as input for the calculation
the electronic polarizability is not able to describe the stro
anisotropy of the charge response in thec direction seen in
the experiments. In this investigation the electronic ba
structure was taken from a tight-binding representation of
first-principles band structure given in Ref. 34 including L
5d; Cu 3d,4s,4p; and O 2p states leading to a 31-ban

-
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FIG. 4. Calculated phonon dis
persion for the metallic phase o
tetragonal La2CuO4 . The experi-
mental values for this phas
(La1.9Sr0.1CuO4), represented by
various symbols as in Fig. 1, ar
taken from Refs. 1, 3, and 16. Th
notation for the irreducible repre
sentations and the arrangement
the panels is the same as in Fig.
The calculations are based on th
model M1 as defined in the text.
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model ~31 BM!. The effective ionic charges used in mod
R1 and R2 are consistent with this model.

It is well known that the insulating phase of the HTS
and in particular the phonons in this phase cannot be
scribed rigorously with a DFT LDA calculation becau
LDA predicts a metallic state for these materials. Moreov
in Ref. 12 it has been shown that even in the metallic, o
mally doped probe of the HTSC’s, calculations that rely
the adiabatic approximation, i.e., static screening, only ap
outside a small conelike region around thec axis ~L direc-
tion!. The charge response inside the cone is nonadiab
and similar to that of an ionic insulator as seen in the opt
experiments. The transition from such an insulatorlike cha
response to a metallic, adiabatic charge response outsid
cone has been explained in Ref. 12. In this context als
possible solution has been provided why, in contrast to
optical experiments, neutron scattering1,16 predicts along the
L;(0,0,1) direction a phonon dispersion that is typical fo
three-dimensional anisotropic metal as calculated in the a
batic approximation. Here, different from the optical resu
the discontinuities of theA2u modes appear to be closed, a
simultaneously, a characteristicL1 branch with a steep dis
persion appears in the spectrum~see, for example, the corre
sponding data points in Fig. 4!.

Following the considerations in Ref. 12 this observ
typical adiabatic behavior can be explained by the fact t
the wave vector in thec direction cannot be fixed with a
sufficiently high precision in the experiments. In such a si
ation the small region of nonadiabatic insulatorlike cha
response around theL direction is overbalanced by a signifi
cantly larger part~within which the wave vector will be scat
tered! where the charge response and the phonon disper
are adiabatic.

An adiabatic calculation based on the 31 BM has be
performed in Ref. 35, which, however, only qualitatively d
plays the characteristicL1 branch. The dispersion is by fa
not so steep as in the experiments. In Fig. 4 we have repe
a calculation in the adiabatic approximation using a simp
model for the polarizability matrix from Eq.~10!. This model
05451
l

e-

r,
i-

ly

tic
l
e
the
a
e

a-
,

t

-
e

on

n

ted
r

has been derived from the 31 BM, taking into account dia
onal matrix elements only.11 With such a model~M1! we
obtain phonon dispersion curves, which are in good agr
ment with those as obtained from the complete polarizabi
matrix of the 31 BM. We find that theL1 branch with steep
dispersion is only qualitatively represented as in the 31 B
Otherwise the overall agreement of the calculated disper
curves with experiment is quite good. In particular, t
anomalous softening of the high-frequency Cu–in-pla
oxygen bond-stretching vibrations~full circles in Fig. 4! in-
duced by the ionic CF’s through the nonlocal EPI in t
metallic phase is well described.

The relatively flat dispersion of the characteristicL1
branch originates from the fact that the LDA-based resu
from the 31 BM or M1 overestimate the coupling along thec
axis and underestimate the anisotropy. A strictly tw
dimensional electronic structure results in a much be
modeling of the charge response along thec axis. This can be
achieved by neglecting in model M1 the CF’s at La and
apex oxygen, Oz . This defines a strictly two-dimensiona
model where only Cu 3d,4s,4p and Oxy 2p CF’s in the CuO
plane are allowed. In the resulting phonon dispersion a m
better representation of the steepL1 branch is obtained. Note
that at this stage of the modeling only ionic CF’s deriv
from the 31 BM and no DF’s are considered. In order
improve the scissor mode selectively, we additionally int
duce empirically off-site CF’s at the centers of the plan
oxygen squares simulating covalence effects.

Now we come to the investigation of the influence
DF’s in addition to CF’s on the lattice dynamics o
La2CuO4. As already noted in the Introduction the dipo
polarizability in HTSC’s should be very anisotropic with
dominatingz component parallel to the ionicc direction and
virtually no ~xy! components in the CuO plane. Such a p
ture is confirmed by our calculation of the phonon dispers
in Fig. 5. In this calculation the two-dimensional model i
cluding off-site CF’s is extended allowing for DF’s only i
thec direction on all ions in the elementary cell~model M2!.
The dipole polarizability of the ions has been calculated
0-7
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FIG. 5. Same as Fig. 4 with
the calculated results as obtaine
from model M2.
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the Sternheimer method in the framework of DFT LDA i
cluding SIC effects. Comparing the calculation of the disp
sion in model M2 with that in M1 we find a considerab
improvement for all phonon branches wherez DF’s are al-
lowed ~D2 , D4 , andL3 do not couple toz DF’s!. In particu-
lar, the characteristicL1 branch is now in excellent agree
ment with the experimental data.

Besides the tilt mode, in model M2 now another bran
becomes unstable, namely, the lowestD3 branch halfway in
the D direction. The origin for this behavior is essential
related to the too large~calculated! dipole polarizability of
the La ion. Nevertheless, the calculation demonstrates
sensitivity of the tetragonal structure against tilting alo
different tilt axes~compare with the discussion in Sec. III A!.
In the unstableD3 mode the CuO6 octahedra are locally
tilted along they axis, and this looks like a low-temperatu
tetragonal~LTT! structure that has been observed in the B
substituted material La22xBaxCuO4 nearx50.12, where the
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superconductivity is drastically suppressed.36 Note in this
context that the calculated Ba21 dipole polarizability is
greater than that of La31, which would further enhance a
instability of the type seen in theD3 mode in case the Ba
content is increased. Thus, in the model M2 we find a m
ture of LTO and LTT local tilt directions corresponding t
unstable mode behavior. Reducing the calculated La pola
ability leads to a stabilization of the lowestD3 branch.

Calculations assuming even only small~xy! components
of the dipole polarizability for the atoms in the CuO plan
results in a considerable softening of the~xy!-polarized pho-
non modes with the largest frequencies in the spectrum,
the Eu modes atG and OB

X at theX point. Consequently the
width of the spectrum decreases rapidly in disagreement w
experiment. In addition, besides the tilt mode, the rotat
mode of the planar oxygens around thec axis (B1g) becomes
unstable. So we conclude that to a good approximation
transverse components of the dipole polarizability can
d

FIG. 6. Same as Fig. 4 with

the calculated results as obtaine
from model M3.
0-8
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FIG. 7. Displacement patterns of the phonon modes for tetragonal La2CuO4 as calculated with model M3 at the symmetry points~from
upper left to lower right! G, Z5(0,0,2p/c), X5(p/a,p/a,0), andD/25(p/a,0,0). The frequencies are in units of THz. The data at thG
point are calculated for numerical reasons for a small wave vector from theD direction, (z,0,0)(2p/a), z50.005. In case of theD/2 point
only the real part is shown.
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neglected for the copper and the oxygen ions in the C
plane.

Finally, in Fig. 6 we present a calculation with partial
reduced dipole polarizabilities at the ions, model M3. A
05451
O

t

of displacement vectors at the symmetry pointsG, Z, X, and
D/2 for this model is shown in Fig. 7. The lowestD3 mode,
being unstable in model M2, is stabilized in model M3
2.44 THz~see Figs. 6 and 7!. Compared with the calculate
0-9
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FIG. 8. Calculated phonon dis
persion for the insulating phase o
tetragonal La2CuO4 . Experimen-
tal data and notation as in Fig. 1
The calculations are based o
model I explained in the text.
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values from the Sternheimer method that are normalized
definition to 100%, the following set of anisotropic polari
abilities has been used in model M3:

Cu~z!5100%, Cu~x,y!50%,

Oxy~z!530%,

Oxy~x,y!50%,

Oz~z!5100%, Oz~x,y!540%,

La~z!530%,

La~x,y!540%.

From a comparison of Figs. 5 and 6 with Fig. 4 it can
concluded that anisotropic DF’s with a dominatingz compo-
nent are of importance for the screening processes
La2CuO4 as a prototype HTSC, in particular, for th
infrared-activeA2u modes polarized along thec axis.

C. Phonon dispersion in the insulating phase:
Infrared-active modes

For a description of the polarizability in the insulatin
phase of La2CuO4 that cannot be performed within DF
LDA we follow the procedure as proposed in Ref. 11. He
the charge response is determined by requiring the ful
ment of rigorous sum rules for the density response in
long-wavelength limit. For an insulator, for example, the fo
lowing sum rule for the polarizability matrix holds:

(
k8

pkk8~q!5O~q!, ~16!

(
kk8

pkk8~q!5O~q!2, ~17!

asq→0. On-site CF’s are allowed in the CuO plane~Cu 3d,
Oxy 2p! and off-site fluctuations at the center of the plan
oxygen squares such that the sum rules hold. For detai
the modeling see Ref. 11. As far as the DF’s are concer
we consider a model for the anisotropy of the dipole pol
05451
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izability that parallels model M3 for the metallic phase. T
outcome for the phonon dispersion of this model~I! is shown
in Fig. 8, and there is good agreement with experimen
data. In particular, the longitudinal and transverse opti
modes ofA2u andEu symmetry are well described, includin
the screening contribution via anisotropic DF’s. This can
seen by comparing Fig. 8 with the calculation within th
RIM ~R2 in Fig. 2!.

In the last topic of this section we look at the infrare
active optical modes of La2CuO4 in more detail. For theA2u
modes polarized along thec axis a consensus about th
eigenvectors and the assignment of the modes has not
reached.17,37 In Table II the experimentally observed TO fre
quencies of the three possible infrared-activeA2u modes
from several sources are collected together with our ca
lated results from model I. The latter compare well with t
experiments, which themselves display some scattering.
other theoretical calculations and for the eigenvectors
also Table III. The oscillator strength of the lowest mod
A2u

TO(3), waspredicted to be very small17 and could not be
detected by infrared spectroscopy. This can also be expe

TABLE II. Comparison of experimentally observedA2u
TO fre-

quencies in units of cm21 from several sources with the calculate
values as obtained from the model I including charge fluctuati
and anisotropic dipole fluctuations as discussed in the text.
values in brackets are in THz. For the corresponding displacem
patterns see Fig. 9.

Source A2u
TO(1) A2u

TO(2) A2u
TO(3)

Ref. 38 493 248 146
Refs. 17 and 39 500 235 135
Ref. 41 509 243 173
Ref. 18 501 342 242
Ref. 40 494 242 -
Ref. 33 492 347 234
I 482 ~14.44! 283 ~8.48! 172 ~5.15!
0-10
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INFLUENCE OF IONIC CHARGE AND DIPOLE . . . PHYSICAL REVIEW B 65 054510
from the small LO-TO splitting of this mode in our calcula
tion ~see Fig. 9! and is verified by the explicit calculation o
the oscillator strengths presented in Sec. III D. So it see
very likely that the experimental groups18,33 ~see Table II!
have wrongly assigned the mode with frequency 347 or
cm21 to the tetragonal phase, believing that it would be
‘‘missing’’ third A2u mode. It is more likely that the mode
around 350 cm21 arise from the orthorhombic distortion o
the structure, as is evident from recent neutr
measurements38 and also from infrared spectroscopy.17 An
indication of the ‘‘missing’’A2u mode from infrared data is
first reported in Refs. 39 and 41, yielding a frequency of 1
and 173 cm21, respectively, while the neutron experimen38

results in 146 cm21.
From the large size of the calculated LO-TO splitting

the A2u
TO(2) mode~see Fig. 9!, we correspondingly expect

large oscillator strength, and this mode will dominate t
infrared response for polarization along thec axis. We will
call this mode the ‘‘ferroelectric mode’’~FM! in the follow-
ing motivated by the fact that in this strong mode the Cu a
La cations vibrate against the Oxy and Oz anions, and as a
consequence the dipole moments generated by the motio
the ions add constructively to a large value. This mode w
carry nearly all contributions to the static dielectric const
along thec direction. Finally, theB2u mode should be men
tioned, which does not induce a dipole moment and so
infrared inactive. As can be seen from Fig. 9 this mode
volves only Ox and Oy atoms moving in opposite direction
along thec axis. The calculated frequency forB2u is in I, 167

TABLE III. Comparison of experimentally observedA2u
TO fre-

quencies~Ref. 38! with calculated values in units of cm21 and
eigenvectors based on different methods as explained in the te

Source nTO eLa eCu eOxy eOz

Ref. 17 493.5 20.07 0.11 20.45 0.53
Ref. 25 446 20.09 0.08 20.42 0.56
Ref. 42 548.5 20.05 0.03 20.44 0.55
Ref. 43 847.6 20.07 0.09 20.41 0.57
Ref. 26 441 20.07 0.10 20.45 0.54
I 482 20.07 20.04 20.35 0.61
Expt. ~Ref. 38! 493
Ref. 17 228.8 0.22 0.26 20.49 20.42
Ref. 25 197 0.29 0.04 20.53 20.37
Ref. 42 305.4 0.29 0.05 20.51 20.39
Ref. 43 370.2 0.18 0.34 20.51 20.38
Ref. 26 182 0.21 0.28 20.50 20.41
I 283 0.20 0.28 20.58 20.30
Expt. ~Ref. 38! 248
Ref. 17 145.2 20.32 0.87 0.12 20.03
Ref. 25 119 20.24 0.93 20.01 20.11
Ref. 42 162.5 20.27 0.92 20.04 20.08
Ref. 43 200.3 20.34 0.85 0.15 0
Ref. 26 132 20.33 0.87 0.12 20.02
I 172 20.33 0.87 0.08 0.04
Expt. ~Ref. 38! 146
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cm21, which can be compared to results from LDA, 20
cm21 ~Ref. 25!, 193 cm21 ~Ref. 26!.

In order to make a comparison between the calcula
eigenvectors and frequencies for theA2u modes as obtained
from our calculation with results reported in other theoreti
investigations in the field based on different methods,
have collected the corresponding data in Table III. We r
ognize that there are considerable differences in the ca
lated frequencies of theA2u modes and thus we have a mo
or less good agreement of the theoretical values with
neutron experiments.38 The good agreement of the data cite
in Ref. 17 with the experimental results is related to the f
that they are obtained by fitting the neutron results with
shell model. The calculations in Refs. 25 and 26 are base
LDA,42 on the shell model, and on the potential-induc
breathing model.43 A common feature arises in all calcula
tions, namely, that the eigenvector for the FM points to
large dipole moment and thus to a large oscillator strengt
agreement with experiment.

The atomic displacement patterns of the longitudinal a
transverse opticalEu modes polarized parallel to the Cu
plane as calculated with model I are shown in Fig. 10. Fr
an inspection of the LO-TO splitting it can be supposed t
the largest oscillator strength by far is related to the mo
with the lowest frequency where the La ion and Oz are slid-
ing in opposite directions parallel to the ions in the Cu
plane. The components of the normalized eigenvector
this mode are@qi(1,0,0)#:

TO: ey
Cu50.14, ey

Ox50.02, ey
Oy50.09,

ey
Oz50.64, ey

La520.28;

FIG. 9. Displacement patterns of the longitudinal~upper row!
and transverse~lower row! A2u modes for tetragonal La2CuO4 as
calculated with model I. In the upper row additionally the infrar
inactiveB2u mode is shown. Frequencies are in units of THz.

.
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LO: ex
Cu50.63, ex

Ox50.17, ex
Oy50.05,

ex
Oz50.38, ex

La520.38.

An explicit calculation of the oscillator strengths in Se
III D then shows that this phonon indeed dominates the
tical Eu response and the static dielectric constant in the~xy!
plane. A comparison of our calculated frequencies for theEu
modes with several experimental sources cited in Ref. 3
provided in Table IV. As for theA2u modes the agreement
rather satisfying. In Table IV also the calculated results
obtained within the LDA~Refs. 25–27! are listed. As far as
the even modes at theG point are concerned the experime
tal data44 and our calculated values are as follows~the ex-
perimental data are specified first!:

A1g~La!: 227 cm21, 207 cm21;

A1g~Oz!: 427 cm21,

FIG. 10. Displacement patterns of the longitudinal~upper row!
and transverse~lower row! Eu modes for tetragonal La2CuO4 as
obtained from model I. Frequencies are in units of THz.

TABLE IV. Comparison of the calculatedEu
TO frequencies in the

model I with several experimental sources~Ref. 37!, and results as
obtained in the local-density approximation in units of cm21 using
different techniques~Refs. 25–27!. See also Fig. 10 for the corre
sponding displacement patterns. The values in brackets are inz.

Source Eu(1) Eu(2) Eu(3) Eu(4)

680 350 170 120
Expt. ~Ref. 37! 667 358 132

695 360 145
Ref. 26 630 319 147 22
Ref. 25 650 312 146 75i
Ref. 27 39
I 655 ~19.65! 343 ~10.29! 182 ~5.45! 94 ~2.81!
05451
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490 cm21.

Eg~La!: 91 cm21, 81 cm21;

Eg~Oz!: 241 cm21,

251 cm21.

D. Dielectric constants, transverse effective charges,
and infrared response

The high-frequency~q̂-dependent! macroscopic dielectric
constant«`(q̂) and the elements of the transverse effect
charge tensorZ= a

T are obtained in our approach from Eq
~11!–~15!. For tetragonal La2CuO4 only the two independen
components«`,zz, «`,xx5«`,yy and Za,zz

T , Za,xx
T 5Za,yy

T

must be calculated. The macroscopic dielectric tensor a
function of frequency in the infrared range follows as45

«= ~v!5«= `1 (
s54

3s
V= 2~s!

v2~s!2v2 [«= `1 (
s54

3s
S= ~s!v2~s!

v2~s!2v2 .

~18!

«= ` is the high-frequency dielectric tensor and the seco
term in Eq.~18! describes the contribution from the lattic
modes.s runs over the 3s-3 optical modes atq[0 andv~s!
is the phonon frequency given by the zero-wave-vector
namical matrix, i.e., without its contribution from the long
ranged effective charge term. The~longitudinal! high-
frequency macroscopic dielectric constant«`(q̂) and the
tensor«= ` are related in the limitq→0 by

«`~ q̂!5q̂•«= `•q̂. ~19!

S= (s) in Eq. ~18! represents the tensor of the oscillat
strength of modes. It provides the contribution of tha
mode to the static dielectric tensor«= (v50)[«= 0 . S= (s)
is defined as

Si j ~s![
V i j

2 ~s!

v2~s!
, ~20!

with

V i j
2 ~s!5

4pe2

Vz
Pi~s!Pj* ~s! ~21!

and the electric dipole moments

Pi~s!5(
a, j

Za,i j
T

ẽj
a~s!

AMa

. ~22!

Hereẽi
a(s) denotes the eigenvector of the zero-wave-vec

optical mode, with eigenfrequencyv~s! andZa,i j
T is the ten-

sor of the transverse effective charges. In this way the os
lator strengths of the infrared-active phonon modes are c
nected with the dipole moments arising from th
displacements of the ions involved in the vibration. Fro
Table V it can be concluded that especially in model I, whe
CF’s and DF’s are allowed, the elements of«= 0 are much
larger than those of«= ` . This means that at low frequencie
the optical phonons govern the dielectric behavior. Comp
ing the result for«`,xx of model CF ~only CF’s in the
0-12
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TABLE V. Calculated matrix elements of the macroscopic high-frequency dielectric tensor«= ` and the
static dielectric tensor«= 0 for tetragonal La2CuO4 together with a corresponding averaged value«̄5

1
3 («xx

1«yy1«zz). R2 denotes theab initio rigid-ion model, CF includes additionally charge fluctuations, and C
~I! is the full model with charge fluctuations and anisotropic dipole fluctuations explained in the text.

«zz «xx5«yy «̄

La2CuO4 R2 CF CFD~I! R2 CF CFD~I! R2 CF CFD~I!

«= ` 1 1 1.93 1 6.33 6.69 1 4.55 5.11
«= 0 3.97 3.98 6.86 15.01 20.35 33.20 11.33 14.90 24.42
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CuO plane! with that of model I, we see that the screeni
contribution of the electrons in the CuO plane is mainly d
to the CF’s. This is different than the situation in the classi
ionic crystals, where the DF’s are the most influential par13

On the other hand, along thec axis screening is essentiall
caused by the DF’s along this axis expressing the ionic c
acter between the layers. Possible small contributions by
CF’s that could enhance«`,zz are related to the Oz and La
ions. According to the discussion in Sec. III B these con
butions, however, can be neglected.

In Table VI the calculated transverse effective charges
the ions in La2CuO4 as obtained from model I are liste
together with the effective ionic charges of the RIM,Za

ion .
The difference between the two types of charges is a co
quence of the corresponding nonrigid electronic polarizat
process~CF, DF! generated during the displacements of t
ions.Za,zz

T is related to theA2u modes, whileZa,xx
T 5Za,yy

T is
apparent in theEu modes. Finally, from Table VII, where th
calculated oscillator strengths of theA2u and Eu modes are
shown, we find that the low-frequency optical response
dominated for polarization along thec axis by the ‘‘ferro-
electric mode’’A2u

TO(2). Here the Cu and La cations vibra
coherently against the Oxy and Oz anions~see Fig. 9!. For
polarization parallel to the CuO plane the strongest mod
the ‘‘sliding mode’’ Eu

TO(4) with the lowest frequency~see
Fig. 10!, where La and Oz are sliding in opposite direction
parallel to the Cu and the planar oxygens.

IV. SUMMARY AND CONCLUSIONS

In this paper we have presented a detailed study of
influence of DF’s in addition to CF’s on the lattice dynamic
the dielectric properties, and the infrared response of HTS
using La2CuO4 as a prototype example. Starting with anab
initio RIM with computed effective ionic charges as a refe
ence model to describe the important ionic contribution
binding in the HTSC and the local EPI effects~rigid charge
response!, we have developed microscopic models for t
05451
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metallic and the insulating phase, allowing for both CF’s a
DF’s as electronic polarization processes. The calculation
the phonon dispersion and of specific modes are comp
with experiments from neutron scattering, infrared spectr
copy, and other theoretical sources.

In the following we summarize our results and conc
sions. Taking into account CF’s and anisotropic DF’s in t
electronic density response, a satisfactory agreement with
experimental data of the phonon dispersion of La2CuO4 in
the metallic and insulating phases is obtained.

From a comparison of different model calculations w
the experimental phonon dispersion we can conclude
screening in La2CuO4 is best described by a two
dimensional electronic structure in the CuO plane leading
CF’s in the plane as the most important process. LDA-ba
calculations seem to be sufficient for the charge respons
the CuO plane in the metallic phase; however, they ove
timate the coupling along thec axis, i.e., they underestimat
thec-axis anisotropy. We also find an important contributi
of anisotropic screening by DF’s where the dipole polar
ability dominates along the~ionic! c direction. In addition to
the nonadiabatic phonons in a small region around theL
direction in the metallic phase, the main difference betwe
the phonon dispersion in the metallic and insulating phase
the strong softening of the high-frequency Cu-oxygen bo
stretching modes generated by the CF’s through the nonl
EPI. It is very likely that this coupling effect is causing
kink in the electronic dispersion, seen by photoemission.

A possible Peierls instability of the OB
X mode that is found

in other calculations and a renormalization of the quadru
lar mode associated in the literature with a Jahn-Te
electron-phonon interaction both are not supported by
calculations. The behavior of the scissor mode in the R
points to specific covalent bonding contributions that can
dealt with by off-site CF’s. Our calculations also have sho
the sensitivity of the tetragonal structure against LTO a
LTT tilt arising from direct Coulomb coupling and electron
dipole coupling, respectively.
l
alysis
TABLE VI. Elements of the transverse effective charge tensorZ= a
T for La2CuO4 as calculated with mode

I. The Za
ion denote the effective ionic charges of the rigid-ion model as obtained from a tight-binding an

of the electronic bond structure.

Za
ion Za,zz

T Za
ion Za,xx

T 5Za,yy
T

I La Cu Oxy Oz La Cu Oxy Oz

Za
ion 2.28 1.22 21.42 21.47 2.28 1.22 21.42 21.47

Z= a
T 2.807 0.864 21.456 21.783 2.475 1.278 21.359 21.625
0-13



d
so
e

n
p

nse

ns
ase

-

ust
ate-
se
the

ut-

e

9
30

CLAUS FALTER AND FRANK SCHNETGÖKE PHYSICAL REVIEW B 65 054510
We further have addressed the infrared-activeA2u andEu
vibrations and clarified the controversially discussed mo
assignment of the former. Moreover, a detailed compari
with other calculations and the experiment has be
achieved.

Finally, we have calculated the dielectric properties a
the infrared response for a HTSC material in our microsco

TABLE VII. Calculated matrix elements for model I and th
rigid-ion model R2 of the tensor of oscillator strengthS= (s) of
La2CuO4 for the axial polarizedA2u modes and theEu modes po-
larized perpendicular to thec axis.

Szz Sxx5Syy

S= (s) A2u(1) A2u(2) A2u(3) Eu(1) Eu(2) Eu(3) Eu(4)

I 0.239 4.275 0.416 0.016 0.590 0.029 12.61
R2 0.002 2.779 0.194 0.019 0.527 0.029 6.4
n-

ne

g
.
en

, a

ev

W
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approach. Note, that a fullab initio calculation for the
phonons, the dielectric properties, and the infrared respo
~transverse effective charges, oscillator strengths! is not
available for the insulating phase. From our investigatio
we find that the low-frequency response is governed in c
of A2u symmetry by the ‘‘ferroelectric mode’’ and forEu
symmetry by the Oz-La sliding mode with the lowest fre
quency. Thus, the infrared response along thec axis and
perpendicular to it, each one of them, is dominated by j
one strong phonon reflecting the ionic character of the m
rial along thec axis and the ionic layers, respectively. The
modes carry nearly all contributions to the components of
static dielectric tensor.
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