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Influence of ionic charge and dipole fluctuations on the lattice dynamics,
dielectric properties, and infrared response of LgCuO,
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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,6fu@, . 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.
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[. INTRODUCTION found as holes are doped in the insulating parent compound,
i.e., there is a clear correlation of hole doping with the pho-

High-temperature superconductdisTSC’s) are materi- non anomalies. Our calculatichs® have revealed the type
als displaying an anisotropic mixed ionic-covalémtetallic) of charge response leading to the strong coupling and ac-
bonding. While the ionic nature of bonding predominatescordingly to these anomalies and demonstrated that the soft-
along thec axis, covalent(metallic bonding contributions ening is driven by nonlocal electron-phonon interaction ef-
become important in the CuO plane. In our microscopicfects of ionic charge-fluctuation type. Recently, we have
modeling of the charge response in the HTSC the ionic naextended our calculations to YBauO; (Ref. 14 and found
ture is described by aab initio rigid-ion model(RIM) lead-  that the same strong-coupling effects via ionic charge fluc-
ing to a local rigid charge response, while the nonlocal, nontuations as in LgCuQ, lead to the pronounced softening of
rigid part of the electronic density response is modeled up tehe high-frequency copper—in-plane-oxygen bond-stretching
now parameter free by more or less localized charge fluctuanodes experimentally observed also in this matéri.
tions on the outer shells of the ions. In this procedure covaYBa,Cu;0; a doubling of the strongly coupling anomalous
lent metallic features of bonding in the HTSC are taken apoxygen bond-stretching modes is obtained as compared to
proximately into account by the electronic band structureia,CuQy.
first, in a global way by using effective ionic charges in the Very recently, direct evidence for the strong EPI has also
RIM, as calculated from a tight-binding analysis of tfiest-  been found experimentally by photoemission, causing a kink
principles electronic band structure, and second, via then the electronic dispersioh.The strong-coupling phonon
electronic polarizability, which contains the kinetic one- modes responsible for this effect are thought to be just the
particle part of the charge respor(see Sec. )l The latter is  high-frequency copper-oxygen bond-stretching modes pre-
also calculated from the electronic band structure. dicted by our calculation® '

There are many experimental observations of strong These results point to the importance of the nonlocal EPI
electron-phonon interactionEP) in the literaturé=® that  of ionic charge-fluctuation type for the pairing mechanism in
demonstrate that the electron-phonon mechanism is presetiite HTSC. One should realize in this context that such a type
in the HTSC and plays an important role. This point of view of coupling, not present in conventional metals and super-
is supported also by theoretical studies; see, for exampleonductors, is a specific feature of the HTSC favoring a lo-
Refs. 7—14. It is thus of great interest to investigate in detaitalized charge response in form of localized charge fluctua-
the lattice dynamical properties of the HTSC and to analyzéions (CF’s). Note, however, that our theoretical method only
the type of electronic charge response excited by the vibradeals with coupled lattice and charge degrees of freedom.
ing ions that finally leads to the characteristic features in théNothing can be said about the role of spin fluctuations or
phonon dispersion curves and to a strong EPI. other possible mechanisms for Cooper pairing of the current

Interesting experimental evidence of a large and anomeearriers. In the literature the significance of nonphononic
lous EPI, accompanied by corresponding phonon softeningnechanisms is frequently brought into relation with the very
is provided by inelastic neutron scattering in,Ca0,. Here  weak isotopic effect observed in many HTSC materials.

a strong renormalization of phonon branches related to high- In principle, a density response in terms of CF’s can also
frequency copper—in-plane-oxygen bond-stretching modes ise expected in classical ionic crystals, however, less marked
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as compared to HTSC's because of their nearly closed ioniaccount:®1%2°|n this procedure effects of anisotropy of the
shells in contrast to the open-shell ions in the CuO planedipole polarizability are not taken into account. Thus, we
From the calculations in Ref. 13 it can be concluded that inmodel this anisotropy by reducing the calculated polarizabil-
classical ionic crystals electronic polarization effects of theity in the transverse directions and the most likely form of
dipole type (dipole fluctuations govern the screening to a the DF is singled out from a comparison of the calculated
large extent. This, of course, can also be expected from thgesults of the phonon dispersion with the experimental data.
success of the phenomenological shell model in fitting pho- [N Sec. 1l the theory and modeling are reviewed to pro-
non dispersion curves of ionic crystals. In case of the HTSCVide a certain degree of self-consistency of the paper. Section
besides the dominating screening effect mediated by the CrlYl presents the calculations of the phonon dispersion of
in the CuO plane, the contribution of the dipole fluctuationst@CUQ; and of the dielectric properties such as the high-
(DF’s) to the electronic density response can be expected iflequency and static dielectric constants, transverse effective

become important in particular for the ions in the ionic layerscharges, and the oscillator strengths of the infrared-active
when vibrating in a polar mode. modes taking CF’s and DF’s into account. Starting from an

Thus, we are left with interesting problems to be dis-ap initio RIM that serves as a reference system for the de-

cussed in this work, namely, the calculation of the effect ofScription of the HTSC, we calculate and discuss in detail the
the DF in addition to the CF on the phonon dispersion in the2ffects of the ionic CF’s and DF's on the phonon dispersion
metallic and insulating phases and moreover, the investigd? the metallic and the insulating phase. The results are com-
tion of the dielectric properties and the infrared responsePare,d with experiments and other calculations in the field. In
which has never been done before on a microscopic basis frticular, we address the phonon anomalies driven by non-
the best of our knowledge. chal EPI effe_cts, and. the anisotropy of screening due to
Another topic to be addressed in this work is the problenflipole fluctuations, which are important for the optiegl,

of a possible Peierls instability of the planar oxygen breath&ndE, modes. Section IV contains a summary and the con-
ing mode in LaCuQ,, which was predicted in other calcu- clusions.

lations, and the renormalization of the so-called quadrupolar

mode as;ouated in the literature with a Jahn-Teller electron- II. THEORY AND MODELING
phonon interaction. Both statements are not supported by our
calculations here. A detailed description of our microscopic approach of the

From a general point of view our treatment of the elec-electronic density response, the lattice dynamics, and the
tronic density response and lattice dynamics in terms of DF'®lectron-phonon interaction in the HTSC can be found, for
and CF's can be considered as a microsc@géeniab-initio)  example, in Refs. 8 and 13. In this formulation the local part
implementation of the phenomenological dipole shell modebf the electronic charge response is approximated bgitan
or the charge-fluctuation models, respectively. For a generahitio rigid-ion model taking into account ion softening in
formulation of phenomenological models for lattice dynam-terms of effective ionic charges as calculated from a tight-
ics that use localized electronic variables as adiabatic degreéinding analysis of the electronic band structure. In addition,
of freedom, see, for example, Ref. 15. This formulation cov-scaling of the short-range part of the pair potentials between
ers shell models of all types, bond-charge models, anthe ions is considered in order to simulate covalence effects
charge-fluctuation models. While in the latter approach then the calculation$? Scaling is performed in such a way that
coupling coefficients are treated as fitting parameters, théhe energy-minimized structure is as close as possible to the
essential point of our microscopic scheme is that it allows forexperimental one. The tight-binding analysis supplies the ef-
a calculation of all the couplings appearing in the dynamicafective ionic charges as extracted from the orbital occupation
matrix, the dielectric properties, and the infrared response. numbersQ,, of the u (tight-binding orbital in question:

In the present paper we investigate for the HTSC the com-
bined effect of CF and DF on the lattice dynamics, the di- 2
electric properties, and the infrared response using L&), QM:—Z |C,m(k)|2- (1)
as an example. For this material the experimental informa- N
tion is most completé*®1%-18Concerning the DF's we ex-
pect an anisotropic form of the dipole polarizability of the C,,(k) stands for theu component of the eigenvector of
ions because of the layered structure of the HTSC with albandn at wave vectok in the first Brillouin zone; the sum-
ternating ionic layers and ionic-covalent CuO planes. Thamation in Eq.(1) runs over all occupied states ahdgives
largest component of the dipole polarizability should bethe number of elementary cells in thgeriodig crystal. The
along the(ionic) c direction. The transverse components canrigid-ion model with the corrections just mentioned then
be expected to vanish almost entirely in the CuO planes beserves as a reference system for the description of the HTSC.
cause of the covalent screening contribution and should ifror a representation of th@onrigid electronic density re-
general be smaller than the correspondimgmponent along sponse and screening in the HTSC, particularly in the metal-
the ¢ axis in the ionic layers. The calculation of the dipole lic phase, more or less localized electronic charge fluctua-
polarizability in our approach is performed with the help of tions in the outer shells of the ions are considered. The latter
the Sternheimer method in the framework of density-dominate the long-ranged, nonlocal contribution of the elec-
functional theory(DFT) in the local-density approximation tronic density response and the EPI in the HTSC. In addition,
(LDA), taking self-interaction effects (SIC's) into  dipole fluctuations can be treated within our approsch.
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Thus, the starting point of our model is the ionic density in b PE(R,)
the perturbed state, which is given by i S : (6)
ILGIRy
. and
Pa(N)=pe(1)+ 2 QXN +parfp(D). ()
a  PERY)
p? is the density of the unperturbed ion localized at the sub- KKr——b_agiagK, : @)

lattice « of the crystal.Q, andp$" describe the amplitudes

and the form factors of the charge fluctuations and the lasthe derivatives in Eq96) and(7) must be performed at the
term in Eq.(2) gives the dipolar deformation of an iom  equilibrium positions.x denotes the electronic degrees of
with amplitude(dipole momentp, and a radial density dis- freedom(charge fluctuations and dipole fluctuations in the
tribution p . f is the unit vector in the direction of p$"are  present modglin an elementary cell of the crystal. Tl
approximated by a spherical average of the orbital densitiegoefficients describe the coupling between the EDF and the
of the outer ionic shells calculated in local-density approxi-ions and theC coefficients the interaction between the EDF.
mation taking self-interaction effects into account. The di-Equations(5)—(7) are generally valid and, in particular, are
pole densityp? is obtained from a modified Sternheimer independent of our specific model for the decomposition of
method in the framework of LDA SIC; see Refs. 13, 19, andthe perturbed density in E¢2) and of the pair approxima-
20. tion (3) for the energy.

The total energy of the crystal is investigated by assuming The pair interactiongh,; can be decomposed into long-
that the density of the crystal can be approximated by a suange Coulomb contributions and short-ranged terms. The
perposition of overlapping densities of the individual ions latter are separated into the interaction betwe_en the ion cores
p.. The p? are calculated within LDA SIC taking environ- and the charge density from E(@), the interaction between

ment effects via a Watson sphere potential and calculatet® densityp, and the density ; (Hartree contributiop and
effective charges of the ions into account. Such an approxi@ [€rm representing the sum of the kinetic one-particle and
mation holds well for HTSC'é+22 Moreover, applying the the exchange-correlation contribution of the interaction be-
pair-potential approximation we get for the total energy ~ tWeen the two ions. A detailed description of t#ig,; and the
calculation of the coupling coefficien& andC for the EDF
) N is given in Ref. 13. In this context it should be mentioned
E(RO=2 EZ((H%; bap(Rp—RS,0). (3 that the matrixC,,.(q) of the EDF-EDF interaction, whose
ax b inverse appears in E¢), for the dynamical matrix can also

i ) . be written as
The energyE depends on the configuration of the iofi

and the electronic degrees of freeddiBDF) {{} of the C=TI"1+V. @)
charge density, i.e{Q,} and{p,} in Eqg. (2). E2 are the
energies of the single ions and b denote the elementary I1-?! contains the kinetic one-particle part of the interaction
cells in the crystal and and 3 the sublattices. The second and V the Hartree and exchange-correlation contribution.
term in Eq.(3) is the interaction energy of the system, ex- The quantityC~! needed for the calculation of the dynami-
pressed by the pair interactiolfs, ;. The prime in Eq.(3)  cal matrix is closely related to the density response function
means that the self-term has to be omitted. Bsihand Dap (matrix) and to the inverse dielectric functigmatrix) € .
in general depend upafvia p,, . Written in matrix notation we have the relation
From the adiabatic condition
C l=II(1+VI) '=Me" !, e=1+VIL. (9

JE(R, . .
(_{):0 (4) The CF-CF submatrix of the matrikl can be calculated

9 ’ approximatively from a tight-binding analysis of thfrst-

an expression for the force constants, and accordingly, thBNCiples electronic band structure. In this case the elec-
dynamical matrix in harmonic approximation can be derived:ronic polarizabilityll is given by

2 for(k+g)—fn(k)

1 H ’ = —
tﬁﬁ(q):[tﬁﬁ(Q)]RlM_W o (9 N%’ En (k+0) —Eq(k)
aMp
, X[CEA(K)C e (K+Q)][CT, (K)Crpr (K+ ) ]*.
xS (B IIC )] wB) #(@). (6) ol G (DK Cormt q)<]10)

[tﬁ‘ﬁ(q)]RN denotes the contribution of the RIM to the dy- f, E, andC are the occupation numbers, the electronic band
namical matrixM , andM ; are the masses of the ions apd ~ structure, and the expansion coefficients of the Bloch func-
is a wave vector from the first Brillouin zone. The quantitiestions in terms of the tight-binding functions.

B(qg) andC(q) represent the Fourier transforms of the cou-  Within the framework of our theoretical description of the
pling coefficients as calculated from the energy, electronic density response we can derive expressions for the
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macroscopic high-frequency dielectric constant{§) and
the transverse effective chargfé§. Fore..(4), §=09/q we
get?

£-(8) = lim 1[1=v(a)xo(@)], (11)
q—0
with
41
U(Q): qu21 (12)
and
Xo(@= 2 p@ICHD wpl(@. (13

K,K
V, denotes the volume of the elementary cell andq) is

the Fourier transform ofp$(r) (charge fluctuation and
p2(r) (dipole fluctuation.
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TABLE I. Structural parameters of tetragonal,lCauQ, for the
two rigid-ion models R1 and R2 as defined in the text together with
the experimental data. The lattice constamtndc are given in A
and the internal positions of the apex oxygenpdadd the La atom
are in units ofc. The experimental data are from Ref. 24.

a C Z(0y,) 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

nar lattice constana is overestimated and is underesti-
mated while the internal positions of,@&nd La are well
described. Taking scaling into account as in model R2 it is
possible to find a solution that is in excellent agreement with
the experimental crystal structuf®.

In Fig. 1 the calculated phonon dispersion of,Ca0O, in
the main symmetry directions~(1,0,0),>~(1,1,0), and

The transverse effective charges can be extracted in th&~(0,0,1) as calculated with model R1 is compared with

limit g— 0 from the equation

zm%(g pK(q)XK%q))H.
(14

4Z.0=lim [ £.(8)
q~>0

the experiments for the insulating phdset® The width of
the spectrum already agrees quite well with the experimental
data. This is mainly due to ion softening, i.e., a global cova-
lence effect, expressed by the effective ionic charges in
model R1. This can be extracted from the fact that the oxy-
gen breathing mode at thepoint, G5 (in Of essentially the

Here ;Z is the transverse effective-charge tensor, which iplanar oxygens vibrate in phase along the CuO bpnds
diagonal for tetragonal symmetry with two independent com-which is the highest mode in the spectriemd point of the

ponents. The latter can be calculated from 8d) by using

gLc and gllc. The quantity X“*(q) describes the self-

highestX ; branch; for the notation see the figure caption of
Fig. 1), decreases from 33.35 THz in a model using nominal

consistent response of the EDF when a perturbation is apenic chargeg?! i.e., C¥*, O?~, La®", to 25.82 THz in

plied and can be shown to be givén formal matrix nota-
tion) by

X(q)=C Y a)B(q)=1I(q)e "*(q)B(q). (15

Ill. LATTICE DYNAMICS, DIELECTRIC PROPERTIES,
AND INFRARED RESPONSE OF La,CuO,

A. The ionic reference system and the experimental dispersion

model R1. Moreover, some of the branches that are unstable
in the model with nominal charges are stabilized in model
R1, while a few typical branches remain unstable.

In model R1 the unstable modes latare the lowesE,
(—1.88 TH2 and E, modes(E;= —1.74 THz, longitudinal
optic mode;EI= —4.89 THz, transverse optic modeNote
that imaginary frequencies are represented here by negative
numbers. These modes are characterized essentially by dis-
placements of the apex oxygens,,&@nd the La atoms par-

For a definitive discussion of the phonon renormalizationallel to the CuO plangsliding modeg In first-principles
induced by the nonlocal EPI effects of the ionic CF and DFdensity-functional calculations within the LDA these modes
types, mediated by the second term in the dynamical matriare also found to be soft or unstable, respectizefand are
from Eq. (5), a quantitative reference model for the calcula-shown by frozen phonon calculations to display anharmonic
tion of the phonon dispersion based exclusively on the ioni@nergy versus displacement relationsHip5.
component of binding is necessary. Such a model, represent- Unstable modes at are again two @La sliding modes

ing approximately the local EPI effects, is provided by &he
initio rigid-ion model sketched in Sec. Il.

(Boy=—4.92THz, B3,= —1.49 TH2, the tilt mode B,4=
—6.42 THz), which involves a rotation of the Cy@ctahe-

In the following, two versions of rigid-ion models R1 and dra along the(1,—1,0 direction and two other rotation
R2 are considered. In both models ion softening as calcumodes of the octahedra: one around theaxis (Biq=
lated from a tight-binding analysis of the electronic band—7.16 THz) and another one along th#&,1,0 direction
structure is taken into account, leading to effective ionic(B;,=—3.02 THz). The instability of these modes is a con-
charges. According to Ref. 21 we obtain the following re-sequence of the purely ionic nature of the forces in the model

sults: Cd?%, O, 14, 04", La*?® . In model R2, in

together with the assumed tetragonal symmetry of the struc-

addition to model R1, scaling of the short-range part of theure.

Cu-Qy, Oyy-La, and Q-La pair potential is performed. The

Figure 2 shows the calculated results of the phonon dis-

corresponding outcome for the structural parameters in thpersion in model R2 taking scalingpredominantly of the
two models as obtained from an energy minimization isCu-O bond in the planénto account. Comparing with Fig. 1
given in Table I. Without scaling, i.e., in model R1, the pla- we find a considerable improvement of the phonon disper-
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FIG. 1. Calculated phonon dispersion @étragongl La,CuQ, in the main symmetry directionda~(1,0,0), %~(1,1,0), andA
~(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. The various
open symbols representing the experimental results for the insulating phase indicate different irreducible repregidjafitiesarrange-
ment of the panels from left to right is as follow&;; (A,,-+; As,—); Ag; 2 Coyv; 2a—); 2a; (A,—; Ap,++); Ag. The solid
circles represent the experimental values of the highesind3; branches for the optimally doped, metallic phase 4581, 1:CuQ,. As
compared with the notation used in the experiments for the classifying ID’s the following changes should be\getéd;, 3 ;—3,,
Az~ Ag. The frequencies are in THz and the imaginary frequencies are represented as negative numbers.

sion for various single branches, for example, tixg)- Next we will discuss some typical modes not well repre-
polarizedA ; modes, as well as for the width of the spectrum,sented in the RIM. The so-called scissor md@eed point of
which is reduced by about 2 THz & 23.95THz). In par- the second highest; branch at theX poiny), where the
ticular, all the unstable branches have disappeared except theplane oxygens vibrate perpendicular to the Cu-O bonds is
branch with the tilt mode aX. Freezing in of this distortion seriously overestimated in frequency in model R&JY(
points correctly to the experimentally observed structural=19.12 THz) as compared with experimeﬁmgcz 14.7 THz
phase transition from the tetragonal to the low-temperaturéRef. 16]. As the reason for this high frequency we identify
orthorhombic (LTO) structure. The actual transition, of the large contribution from the long-ranged Coulomb inter-
course, cannot be described in the harmonic approximatioactions. A calculation ignoring the short-ranged part of the
because the anharmonic energy must be taken intpair interactions already leads to 13.88 THz, which is the
account®?’ The anharmonicity of the lattice near the struc- highest frequency at th¥ point in a calculation where only
tural phase transition also manifests itself in the anomaloubng-ranged Coulomb interactions are considered. For such a
behavior of the oxygen and copper isotopic effééts. bond-bending vibration like the scissor mode it can be ex-

25(

FIG. 2. Same as Fig. 1 with
the calculated results taken from
the rigid-ion model R2(see the
text) taking scaling into account.

Frequency [THz]

r A r A r A 2r X Xr xro XCA ZI AZ
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(see Figs. 1 and)2Fermi-surface nesting effects leading to
gigantic Kohn anomalies that have been proposed to be the
reason for the strong softening can be ruled out because the
enhancement found in Ref. 30 for the intraband contribution
of the scalar polarizabilitywhich can be obtained from the
full polarizability in Eq. (10) equatingC,, to 1] is strongly
suppressed if the eigenvectdEs,, are taken into account.
On the other hand, the calculated behavior found in models
R1 and R2 and in our earlier res(lis consistent with ex-
periment. The reason for the high frequency gf i® found
by our calculation to be related to the fact that the long-
ranged Coulomb interaction between the ions alone already
leads to a frequency of 11.42 THz foPB(OThe missing con-
tribution from the short-ranged part of the pair interactions
further stabilizes this mode to its actual high value.

In contrast to @ and the scissor mode the so-called qua-
N ) o _ drupolar mode leading to a rhombic distortion of the oxygen
pected that specific covalent bonding contributions are iMsquares around the Cu ions is strongly destabilized by the
portant. Our calculations in Secs. Il B and Il C have Show”long-ranged Coulomb interactionB, = — 12.53 THz). It is
that the scissor mode is virtually not influenced by CF on thene most unstable mode Xtfor the g:ase when short-range
ions and DF's lead only to a modest decrease of the frez,nriputions of the interaction are ignored. Taking the latter
quency by less than 1 THz. Thus, in order to improve th&n, 4ccount, we learn from Fig. 2 that the highBstbranch
agreement selectively for this mode we propose in Sec. Il B, the quadrupolar mode as its end point is already well

a model, where, in addition to the calculated ionic CF'S,yegcriped by the ionic reference model R2, i.e., by the ionic
off-site CF’s are installed empirically to simulate the missing -as alone. For symmetry reasons there are no ionic CF's.
covalency. _ The fluctuations add up destructively in this mode. So we

In contrast to the scissor mode the high-frequency Cu—ingqncjyde that a quadrupolar deformation of the octahedra is
plane-oxygen bond-stretching modes including the breathmgery much promoted by the long-range Coulomb interac-

mode Cﬁland especially the highest; branch are strongly tions, A phonon renormalization due to a Jahn-Teller
renormalized in the metallic phase by ionic CF’s ge”erate%lectron-phonon interaction as proposed in Ref. 31 is un-
through nonlocal EPI effects as has been shown in Refs. $ikely and is at most of minor importance. The quadrupolar

10, 11, and 14 and is also evident from the investigations ifnode and the scissor mode are virtually uninfluenced by
Sec. Il B. From experiments there is a clear correlation ofggpingl®

hole doping with the strong softening of these modes in the Fina|ly, we would like to comment on the modes propa-
metallic phase as can be extracted from Figs. 1 and 2. Hergating in theA direction, i.e., along the axis. The doubly

the solid circles represent the experimental data of thes&egeneratexs modes(E, andE, at thel" point) polarized
phonons in the optimally doped metallic phase and the opegaralel to thexy plane are well described by the ionic refer-
circles in the insulating phase. Thus, the enhancement of thg,ce mode(see Fig. 2 On the other hand, in the case of the
ionic CF’s produced by a strong nonlocal EPI is very impor-Al modes, which are polarized along thexis, a consider-
tant for the doped metallic phase and consequently an impogpje renormalization is required. It will be shown in Sec.
tant ingredient of the pairing mechanism in HTSC's. A de-)| ¢ that the main screening effects for these modes are due

scription of pairing via a nonlocal EPI can be found in Ref. 15 anjisotropic dipole fluctuations with a dominatingom-
9. It leads to an interpretation of the experimentally observeq)onem along the ionic axis of the HTSC.

universal relationship between, and the hole content in

HTSC'’s. The importance of the Cu-oxygen bond-stretching _ o _ _

modes is emphasized by the fact that the phase space foP- Phonon dispersion in the metallic phase: On-site and off-
strong coupling by these modes has been shown to be site charge fluctuations and dipole fluctuations

largel* As representatives for the strong-coupling modes in  As far as underdoped and even optimally dopesidLe0,
Fig. 3 the displacement pattern of@nd of the mode related is concerned the optical infrareddaxis spectra display the
to the minimum of the highesh; branch, called the\;/2  typical features of an insulator. They are dominated by opti-
anomaly, is displayed. cal A,, phonons and are almost unchanged from the insula-
As already mentioned in the Introduction, there is nowtor upon dopind’*223As discussed in Ref. 12 a typical
also direct evidence for a strong coupling of these modes toDA-like band structure taken as input for the calculation of
the electrons leading to a kink in the electronic dispersion, aghe electronic polarizability is not able to describe the strong
observed by photoemission in Ref. 5. According to a calcuanisotropy of the charge response in thdirection seen in
lation in Ref. 30 a very strong renormalization oﬁ@ading the experiments. In this investigation the electronic band
ultimately to a Peierls instability of the lattice has been pre-structure was taken from a tight-binding representation of the
dicted, which, however, is not found in the experimentsfirst-principles band structure given in Ref. 34 including La
where this mode appears as the highest mode in the spectrsd; Cu 3d,4s,4p; and O 2 states leading to a 31-band

FIG. 3. Displacement patterns of the high-frequency Cu—in-
plane-oxygen bond-stretching modes ofCaQ, (a) for Of and(b)
for the A;/2 minimum. In case ofA,/2 the real par{Re) and the
imaginary part(lm) are shown.
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FIG. 4. Calculated phonon dis-
persion for the metallic phase of
tetragonal LagCuQ,. The experi-
mental values for this phase
(Lay ¢S1p1CuQy), represented by
various symbols as in Fig. 1, are
taken from Refs. 1, 3, and 16. The
notation for the irreducible repre-
sentations and the arrangement of
the panels is the same as in Fig. 1.
The calculations are based on the
model M1 as defined in the text.
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model (31 BM). The effective ionic charges used in model has been derived from the 31 BM, taking into account diag-
R1 and R2 are consistent with this model. onal matrix elements onff. With such a modelM1) we

It is well known that the insulating phase of the HTSC obtain phonon dispersion curves, which are in good agree-
and in particular the phonons in this phase cannot be damnent with those as obtained from the complete polarizability
scribed rigorously with a DFT LDA calculation because matrix of the 31 BM. We find that thd ; branch with steep
LDA predicts a metallic state for these materials. Moreoverdispersion is only qualitatively represented as in the 31 BM.
in Ref. 12 it has been shown that even in the metallic, opti-Otherwise the overall agreement of the calculated dispersion
mally doped probe of the HTSC's, calculations that rely oncurves with experiment is quite good. In particular, the
the adiabatic approximation, i.e., static screening, only applanomalous softening of the high-frequency Cu-in-plane-
outside a small conelike region around thexis (A direc-  oxygen bond-stretching vibratioriull circles in Fig. 4 in-
tion). The charge response inside the cone is nonadiabat@uced by the ionic CF's through the nonlocal EPI in the
and similar to that of an ionic insulator as seen in the opticametallic phase is well described.
experiments. The transition from such an insulatorlike charge The relatively flat dispersion of the characteristig
response to a metallic, adiabatic charge response outside theanch originates from the fact that the LDA-based results
cone has been explained in Ref. 12. In this context also &om the 31 BM or M1 overestimate the coupling along the
possible solution has been provided why, in contrast to thexis and underestimate the anisotropy. A strictly two-
optical experiments, neutron scatteriffpredicts along the dimensional electronic structure results in a much better
A~(0,0,1) direction a phonon dispersion that is typical for amodeling of the charge response alongdtais. This can be
three-dimensional anisotropic metal as calculated in the adiaachieved by neglecting in model M1 the CF’s at La and the
batic approximation. Here, different from the optical results,apex oxygen, @. This defines a strictly two-dimensional
the discontinuities of thé,, modes appear to be closed, and model where only Cu@,4s,4p and Q, 2p CF’s in the CuO
simultaneously, a characteristic; branch with a steep dis- plane are allowed. In the resulting phonon dispersion a much
persion appears in the spectrysee, for example, the corre- better representation of the ste&p branch is obtained. Note
sponding data points in Fig.)4 that at this stage of the modeling only ionic CF's derived

Following the considerations in Ref. 12 this observedfrom the 31 BM and no DF's are considered. In order to
typical adiabatic behavior can be explained by the fact thaimprove the scissor mode selectively, we additionally intro-
the wave vector in the direction cannot be fixed with a duce empirically off-site CF's at the centers of the planar
sufficiently high precision in the experiments. In such a situ-oxygen squares simulating covalence effects.
ation the small region of nonadiabatic insulatorlike charge Now we come to the investigation of the influence of
response around the direction is overbalanced by a signifi- DF's in addition to CF's on the lattice dynamics of
cantly larger partwithin which the wave vector will be scat- La,CuQ,. As already noted in the Introduction the dipole
tered where the charge response and the phonon dispersigrolarizability in HTSC'’s should be very anisotropic with a
are adiabatic. dominatingz component parallel to the ionizdirection and

An adiabatic calculation based on the 31 BM has beervirtually no (xy) components in the CuO plane. Such a pic-
performed in Ref. 35, which, however, only qualitatively dis- ture is confirmed by our calculation of the phonon dispersion
plays the characteristid; branch. The dispersion is by far in Fig. 5. In this calculation the two-dimensional model in-
not so steep as in the experiments. In Fig. 4 we have repeatetlding off-site CF’s is extended allowing for DF’s only in
a calculation in the adiabatic approximation using a simplethec direction on all ions in the elementary céthodel M2.
model for the polarizability matrix from Eq10). This model  The dipole polarizability of the ions has been calculated by
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the Sternheimer method in the framework of DFT LDA in- superconductivity is drastically suppressédNote in this
cluding SIC effects. Comparing the calculation of the disper<ontext that the calculated Ba dipole polarizability is
sion in model M2 with that in M1 we find a considerable greater than that of [%a, which would further enhance an
improvement for all phonon branches wher®F's are al- instability of the type seen in thA; mode in case the Ba
lowed (A,, A4, andA 3 do not couple t@ DF’s). In particu-  content is increased. Thus, in the model M2 we find a mix-
lar, the characteristia\; branch is now in excellent agree- ture of LTO and LTT local tilt directions corresponding to

ment with the experimental data. unstable mode behavior. Reducing the calculated La polariz-
Besides the tilt mode, in model M2 now another branchability leads to a stabilization of the loweAt branch.
becomes unstable, namely, the lowastbranch halfway in Calculations assuming even only sm@ll) components

the A direction. The origin for this behavior is essentially of the dipole polarizability for the atoms in the CuO plane
related to the too largécalculated dipole polarizability of  results in a considerable softening of txg)-polarized pho-

the La ion. Nevertheless, the calculation demonstrates theon modes with the largest frequencies in the spectrum, like
sensitivity of the tetragonal structure against tilting alongthe E, modes afi" and C§ at theX point. Consequently the
different tilt axes(compare with the discussion in Sec. LA width of the spectrum decreases rapidly in disagreement with
In the unstableA; mode the Cu@ octahedra are locally experiment. In addition, besides the tilt mode, the rotation
tilted along they axis, and this looks like a low-temperature mode of the planar oxygens around thaxis (B,4) becomes
tetragonal(LTT) structure that has been observed in the Ba-unstable. So we conclude that to a good approximation the
substituted material L,a ,Ba,CuQ, nearx=0.12, where the transverse components of the dipole polarizability can be

25
20 had
15 oozt
= ne
z 00 4
= & !
& 10 I FIG. 6. Same as Fig. 4 with
& 1k ] the calculated results as obtained
% %g o Szl from model M3.
v [o]
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FIG. 7. Displacement patterns of the phonon modes for tetragon@u@, as calculated with model M3 at the symmetry poititem
upper left to lower rightI’, Z=(0,0,27/c), X=(m/a,w/a,0), andA/2=(=/a,0,0). The frequencies are in units of THz. The data afithe
point are calculated for numerical reasons for a small wave vector from thieection, (,0,0)(2m/a), {=0.005. In case of tha/2 point
only the real part is shown.

neglected for the copper and the oxygen ions in the Cu®f displacement vectors at the symmetry poihtZ, X, and

plane. A/2 for this model is shown in Fig. 7. The lowest mode,
Finally, in Fig. 6 we present a calculation with partially being unstable in model M2, is stabilized in model M3 to

reduced dipole polarizabilities at the ions, model M3. A set2.44 THz(see Figs. 6 and)7 Compared with the calculated
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FIG. 8. Calculated phonon dis-
persion for the insulating phase of
tetragonal LaCuQ,. Experimen-
tal data and notation as in Fig. 1.
The calculations are based on
model | explained in the text.
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values from the Sternheimer method that are normalized by, pjjity that parallels model M3 for the metallic phase. The
definition to 100%, the following set of anisotropic polariz- outcome for the phonon dispersion of this modigis shown

abilities has been used in model M3: in Fig. 8, and there is good agreement with experimental
Cu(z)=100%, Cuix,y)=0%, data. In particular, the longitudinal and transverse optical

modes ofA,,, andE, symmetry are well described, including
Oyy(2) =30%, the screening contribution via anisotropic DF’s. This can be

seen by comparing Fig. 8 with the calculation within the

Oxy(X,y)=0%, RIM (R2 in Fig. 2.

0,(2)=100%, Q(x,y)=40%, In the last topic of this section we look at the infrared-
active optical modes of L&ZuUO, in more detail. For thé\,,
La(z) =30%, modes polarized along the axis a consensus about the
L _ 40% eigenvectors and the assignme_nt of the modes has not been
a(x.y) 0 reached.*"In Table Il the experimentally observed TO fre-

From a comparison of Figs. 5 and 6 with Fig. 4 it can bequencies of the three possible infrared-actikg, modes
concluded that anisotropic DF’s with a dominatingompo-  from several sources are collected together with our calcu-
nent are of importance for the screening processes imted results from model I. The latter compare well with the
La,CuQ, as a prototype HTSC, in particular, for the experiments, which themselves display some scattering. For

infrared-activeA,, modes polarized along theaxis. other theoretical calculations and for the eigenvectors see
C Ph i ion in the insulati hase: also Table Ill. The oscillator strength of the lowest mode,
- ~honon dispersion In the insuating phase: AJX(3), waspredicted to be very smalland could not be

Infrared-active modes

For a description of the polarizability in the insulating
hase of LaCuQ, that cannot be performed within DFT . .
EDA we follgw th4e procedure as prgposed in Ref. 11. Here, /\BLE Il. Comparison of experimentally observets, fre-
the charae response is determined by requiring the fulfill-duencies in units of cim from several sources with the calculated
ment of ?i oroups sum rules for the de);lsitq res gonse in th alues as obtained from the model | including charge fluctuations
9 y P and anisotropic dipole fluctuations as discussed in the text. The

long-wavelength limit. For an insulator, for example, the fol- ) . : }
lowing sum rule for the polarizability matrix holds: values in brackets are in THz. For the corresponding displacement
’ patterns see Fig. 9.

detected by infrared spectroscopy. This can also be expected

2 e (A)=0(0), (16) Source AI%(1) A(2) A%(3)
Ref. 38 493 248 146
> (@) =0(q)2, (17) Refs.17and 39 500 235 135
KK Ref. 41 509 243 173
asq—0. On-site CF’s are allowed in the CuO plaf@u 3d,  Ref. 18 501 342 242
Oy 2p) and off-site fluctuations at the center of the planarRef. 40 494 242 -
oxygen squares such that the sum rules hold. For details dfef. 33 492 347 234
the modeling see Ref. 11. As far as the DF's are concerned 482 (14.44 283(8.48 172(5.15

we consider a model for the anisotropy of the dipole polar-
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TABLE IIl. Comparison of experimentally observed; fre-
quencies(Ref. 3§ with calculated values in units of cm and
eigenvectors based on different methods as explained in the text.

Source 10 etd et €%y e°:

Ref. 17 4935 -0.07 0.11 -0.45 0.53
Ref. 25 446 -0.09 0.08 —-0.42 0.56
Ref. 42 548.5 —-0.05 0.03 -0.44 0.55
Ref. 43 847.6 —-0.07 0.09 -041 0.57
Ref. 26 441 _0.07 0.10 —0.45 0.54 13.028 A2u 17.328 A2u 5.007 B2u
| 482 -0.07 -0.04 -0.35 0.61
Expt. (Ref. 38 493
Ref. 17 228.8 0.22 0.26 —0.49 —-0.42
Ref. 25 197 0.29 0.04 -0.53 -0.37
Ref. 42 305.4 0.29 0.05 -0.51 -0.39
Ref. 43 370.2 0.18 0.34 -0.51 -0.38
Ref. 26 182 0.21 0.28 —0.50 -041
| 283 0.20 0.28 —-0.58 —-0.30
Expt. (Ref. 38 248 ’ ¥ ‘
Ee]:' ;; ﬁ'g 2 782421 83; 00(')112 782? 5.154 A2u 14.442 A2u 8.475 A2u

ef. -0. . -0. -0.
Ref. 42 1625 —0.27 092 —-0.04 -0.08 FIG. 9. Displacement patterns of the longituditapper row
Ref. 43 200.3 —0.34 0.85 0.15 0 and transvers@lower row) A,, modes for tetragonal L&EUOQ, as
Ref. 26 132 033 0.87 012 -0.02 calculated with model 1. In the upper row additionally the infrared
| 172 033 0.87 0.08 0.04 inactive B,, mode is shown. Frequencies are in units of THz.
Expt. (Ref. 38 146 _1

cm -, which can be compared to results from LDA, 201
cm ! (Ref. 29, 193 cm* (Ref. 26.

In order to make a comparison between the calculated
from the small LO-TO Spllttlng of this mode in our calcula- eigenvectors and frequencies for TA@J modes as obtained
tion (see Fig. 9 and is verified by the explicit calculation of from our calculation with results reported in other theoretical
the oscillator strengths presented in Sec. IlID. So it seemgvestigations in the field based on different methods, we
very likely that the experimental groufis* (see Table I have collected the corresponding data in Table IIl. We rec-
have wrongly assigned the mode with frequency 347 or 342gnize that there are considerable differences in the calcu-
cm ! to the tetragonal phase, believing that it would be thelated frequencies of tha,, modes and thus we have a more
“missing” third A,, mode. It is more likely that the modes or less good agreement of the theoretical values with the
around 350 cmi® arise from the orthorhombic distortion of neutron experiment€. The good agreement of the data cited
the structure, as is evident from recent neutronin Ref. 17 with the experimental results is related to the fact
measurements and also from infrared SpectroscoByAn that they are obtained by fitting the neutron results with a
indication of the “missing”A,, mode from infrared data is Shell Zrznodel. The calculations in Refs. 25 and 26 are based on
first reported in Refs. 39 and 41, yielding a frequency of 135-DA, ™ on the shell model, and on the potential-induced

and 173 cm™, respectively, while the neutron experimnt breathing modet® A common feature arises in all calcula-
results in 146' crml ’ tions, namely, that the eigenvector for the FM points to a

From the large size of the calculated LO-TO splitting of gr?eee(rj:lzﬂtevxmzrz(imeﬁrrfe;qus to a large oscillator strength in
the AJ9(2) mode(see Fig. §, we correspondingly expect a 9 vith €Xp : N
! . . . The atomic displacement patterns of the longitudinal and
large oscillator strength, and this mode will dominate the, . :
) o . . transverse opticak, modes polarized parallel to the CuO
infrared response for polarization along thexis. We will . I
. " X ) plane as calculated with model | are shown in Fig. 10. From
call this mode the “ferroelectric mode(FM) in the follow- n inspection of the LO-TO splitting it can be suoposed that
ing motivated by the fact that in this strong mode the Cu an b piting PP

. X : . he largest oscillator strength by far is related to the mode
La cations vibrate against the,Pand G anions, and as 3 \yith the lowest frequency where the La ion and &@e slid-
consequence the dipole moments generated by the motion o ; A . ;

) . . .INg in opposite directions parallel to the ions in the CuO
the ions add constructively to a large value. This mode will lane. The components of the normalized eigenvector for
carry nearly all contributions to the static dielectric constan his m.ode ard qll(1,0,0Y:
along thec direction. Finally, theB,, mode should be men- qiLLuo:
tioned, which does not induce a dipole moment and so is . aCu_ Oy oy_
infrared inactive. As can be seen from Fig. 9 this mode in- TO: €,7=0.14, €y 0.02, €y 0.09,
volves only Q and Q, atoms moving in opposite directions
along thec axis. The calculated frequency B85, is in |, 167

O, _ la_ _ .
e;"=0.64, e}7= —0.28;
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490 cm L.
Eg(La): 91 cmt, 81 cm';
Eq(O): 241 cm' !,

251 cm L.

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

The high-frequencyg-dependentmacroscopic dielectric
constante..(§) and the elements of the transverse effective
charge tensogl are obtained in our approach from Egs.
(11)—(15). For tetragonal LgCuQ, only the two independent
COMPONENtSE.. 17, £uxx=Ewyy AN Z) ., Z1 =71y
must be calculated. The macroscopic dielectric tensor as a
function of frequency in the infrared range follows'as

< 0%0) < S(0)w?(0)
5.445 BuT 2.811 BT 10.285 EuT 19.647 EuT §(“’):§°°+;4 m5§m+(;4 m'
FIG. 10. Displacement patterns of the longitudiGabper row (18)
and transvers¢lower row) E, modes for tetragonal L&uO, as ¢, is the high-frequency dielectric tensor and the second
obtained from model I. Frequencies are in units of THz. term in Eq.(18) describes the contribution from the lattice
modes.o runs over the 8-3 optical modes aj=0 andw(o)
LO: e$'=0.63, efX=o.17, e)?y:0.0S, is the phonon frequency given by the zero-wave-vector dy-
namical matrix, i.e., without its contribution from the long-
efz: 0.38, el?=—0.38. ranged effective charge term. Th@ongitudina) high-

o _ _ ) frequency macroscopic dielectric constant(§) and the
An explicit calculation of the oscillator strengths in Sec. tensore., are related in the limig—0 by

[1I D then shows that this phonon indeed dominates the op- o .

tical E,, response and the static dielectric constant in(tyg £x(4)=0-£~-Q. (19
plane. A comparison of our calculated frequencies forEhe  g(5) in Eq. (18) represents the tensor of the oscillator
modes with several experimental sources cited in Ref. 37 i8trength of modeo. It provides the contribution of that

provided in Table IV. As for thé\,, modes the agreementis mode to the static dielectric tensew=0)=g,. (o)
rather satisfying. In Table IV also the calculated results asg defined as . T

obtained within the LDA(Refs. 25-2Y are listed. As far as

the even modes at tHe point are concerned the experimen- Qizj((r)
tal data** and our calculated values are as folloftise ex- Sij ()= W (o)’ 20
perimental data are specified first )
with
Aig(La): 227 cm't, 207 cm'*; i Are? )
Ay4(O,): 427 cm'?, Qjj(o)= V—ZPi(U)Pj (o) (21)

TABLE IV. Comparison of the calculatel© frequencies in the and the electric dipole moments

model | with several experimental sourgé®f. 37, and results as ()
T 7

obtained in the local-density approximation in units of ¢nusing Pi(o)= E zl. . (22
different techniquegRefs. 25—2Y. See also Fig. 10 for the corre- @] Y \/M_a
sponding displacement patterns. The values in brackets are in THHere’éi“(a) denotes the eigenvector of the zero-wave-vector
Source E,(1) E,(2) E,(3) E,(4) optical mode, with eigenfre_quen@(a) andZLij is the ten- .
sor of the transverse effective charges. In this way the oscil-
680 350 170 120 lator strengths of the infrared-active phonon modes are con-
Expt. (Ref. 37 667 358 132 nected with the dipole moments arising from the
695 360 145 displacements of the ions involved in the vibration. From
Ref. 26 630 319 147 22 Table V it can be concluded that especially in model I, where
Ref. 25 650 312 146 5 CF's and DF's are allowed, the elements &f are much
Ref. 27 39 larger than those of.,. This means that at low frequencies

I 655 (19.65 343(10.29 182(5.45 94 (2.8 the optical phonons govern the dielectric behavior. Compar-
ing the result fore. , of model CF (only CF’s in the
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TABLE V. Calculated matrix elements of the macroscopic high-frequency dielectric tensand the
static dielectric tensog, for tetragonal LaCuQ, together with a corresponding averaged valiel (e,
+&,yT€,,). R2 denotes thab initio rigid-ion model, CF includes additionally charge fluctuations, and CFD
(1) is the full model with charge fluctuations and anisotropic dipole fluctuations explained in the text.

€2z Exx= Eyy e
La,Cu0, R2 CF CFD(I) R2 CF  CFD() R2 CF  CFD(l)
Eo 1 1 1.93 1 6.33 6.69 1 4.55 511
€0 3.97 3.98 6.86 15.01 20.35 33.20 11.33 14.90 24.42

CuO plang with that of model I, we see that the screening metallic and the insulating phase, allowing for both CF’s and
contribution of the electrons in the CuO plane is mainly dueDF’s as electronic polarization processes. The calculations of
to the CF's. This is different than the situation in the classicakhe phonon dispersion and of specific modes are compared

ionic crystals, where the DF’s are the most influential ﬁ%lrt. with experiments from neutron scattering, infrared spectros-
On the other hand, along theaxis screening is essentially copy, and other theoretical sources.

caused by the DF's along this axis expressing the ionic char- i "the following we summarize our results and conclu-
acter between the layers. Possible small contributions by thgions. Taking into account CF’'s and anisotropic DF’s in the
CF's that could enhance.. ,, are related to the Oand La  electronic density response, a satisfactory agreement with the
ions. According to the discussion in Sec. Il B these contri-experimental data of the phonon dispersion of@aQ, in
butions, however, can be neglected. . the metallic and insulating phases is obtained.

In Table VI the calculated transverse effective charges for From a comparison of different model calculations with
the ions in LaCuQ, as obtained from model | are listed the experimental phonon dispersion we can conclude that
together with the effective ionic charges of the RIE;".  screening in LgCuQO, is best described by a two-
The difference between the two types of charges is a conselimensional electronic structure in the CuO plane leading to
quence of the corresponding nonrigid electronic polarizatiorCF’s in the plane as the most important process. LDA-based
process(CF, DF generated during the displacements of thecalculations seem to be sufficient for the charge response in

ions.Z] ,, is related to thed,, modes, whilez), =7 . is  the CuO plane in the metallic phase; however, they overes-

apparent in th&, modes. Finally, from Table VII, whgrye the timate the coupling along theaxis, i.e., they underestimate
calculated oscillator strengths of tie, and E, modes are the c-axis anisotropy. We also find an important contribution
shown, we find that the low-frequency optical response if anisotropic screening by DF's where the dipole polariz-
dominated for polarization along the axis by the “ferro-  ability dominates along th@onic) c direction. In addition to
electric mode”AJ2(2). Here the Cu and La cations vibrate the nonadiabatic phonons in a small region around Ahe
coherently against the Qand Q anions(see Fig. 9. For direction in the metallic phase, the main difference between
polarization parallel to the CuO plane the strongest mode ighe phonon dispersion in the metallic and insulating phases is
the “sliding mode” E]°(4) with the lowest frequencysee the strong softening of the high-frequency Cu-oxygen bond-

Fig. 10, where La and Qare sliding in opposite directions Stretching modes generated by the CF's through the nonlocal

kink in the electronic dispersion, seen by photoemission.
IV. SUMMARY AND CONCLUSIONS A possible Peierls instability of theé:mode that is found

in other calculations and a renormalization of the quadrupo-
In this paper we have presented a detailed study of thear mode associated in the literature with a Jahn-Teller
influence of DF’s in addition to CF’s on the lattice dynamics, electron-phonon interaction both are not supported by our
the dielectric properties, and the infrared response of HTSC’salculations. The behavior of the scissor mode in the RIM
using LaCuQ, as a prototype example. Starting with an  points to specific covalent bonding contributions that can be
initio RIM with computed effective ionic charges as a refer-dealt with by off-site CF’s. Our calculations also have shown
ence model to describe the important ionic contribution ofthe sensitivity of the tetragonal structure against LTO and
binding in the HTSC and the local EPI effectigid charge  LTT tilt arising from direct Coulomb coupling and electronic
responsg we have developed microscopic models for thedipole coupling, respectively.

TABLE VI. Elements of the transverse effective charge te@slofor La,CuQ, as calculated with model
I. The Z!>" denote the effective ionic charges of the rigid-ion model as obtained from a tight-binding analysis
of the electronic bond structure.

Zic?n Zl,zz Zi((l?n Zl,xx: Z‘cl;,yy
| La Cu Qy O, La Cu Qy o,
Zi;’“ 2.28 1.22 —1.42 —1.47 2.28 1.22 —1.42 —1.47
ZT 2.807 0.864 —1.456 —1.783 2.475 1.278 —1.359 —1.625
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TABLE VII. Calculated matrix elements for model | and the approach. Note, that a fuléb initio calculation for the
rigid-ion model R2 of the tensor of oscillator strengdfo) of  phonons, the dielectric properties, and the infrared response
La,CuQ, for the axial polarizedh,, modes and th&, modes po-  (transverse effective charges, oscillator strengtiss not

larized perpendicular to the:axis. available for the insulating phase. From our investigations
we find that the low-frequency response is governed in case
Szz S Syy of A,, symmetry by the “ferroelectric mode” and foE,

S(0) Aa(l) Au(2) A(3) Eu(1) Eu(2) Eu(3) E.(4) symmetry by the @La sliding mode with the lowest fre-
| 0239 4275 0416 0016 0590 0.029 12.619duency. Thus, the infrared response along thaxis and
R2 0.002 2779 0194 0.019 0527 0.029 6.430Perpendicular to it, each one of them, is dominated by just
one strong phonon reflecting the ionic character of the mate-
rial along thec axis and the ionic layers, respectively. These

) modes carry nearly all contributions to the components of the
We further have addressed the infrared-acfyg andE, static dielectric tensor.

vibrations and clarified the controversially discussed mode
assignment of the former. Moreover, a detailed comparison
With_ other calculations and the experiment has been ACKNOWLEDGMENTS
achieved.
Finally, we have calculated the dielectric properties and We greatly appreciate the financial support by the Deut-
the infrared response for a HTSC material in our microscopische Forschungsgemeinschatt.
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