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A decomposition of the electronic-density response recently worked out for the description of local,
nonlocal, and nonadiabatic electron-phonon interaction effects in the high-temperature superconductors
is applied to the lattice dynamics and phonon-plasmon mixing in La,CuQ,. The local part of the density
response and the electron-phonon interaction is approximated by an improved model of rigid ions using
effective ionic charges as calculated from a tight-binding analysis of the first-principles electronic band
structure. Moreover, covalence effects are simulated by scaling the short-range part of the relevant ab
initio pair potentials. Such a model serves as a reference system describing the insulating phase. Phonon
dispersion curves are calculated in this model and good overall agreement with recent experiments is
found. In the case of the metallic phase, specific nonlocal screening effects in terms of localized charge
fluctuations are additionally introduced at the ions by a parameter-free procedure. In the framework of
the improved reference system, phonon dispersion curves and phonon-induced changes of the crystal po-
tential are calculated for the metallic phase. Characteristic changes in the phonon dispersion produced
by the insulator-metal transition are discussed and compared with the experiments. Further, c-axis
phonon-plasmon mixing is investigated. Phonon-plasmon coupling leads in particular to an additional
softening of the symmetrical apical oxygen breathing mode at the Z point (O%) being important in con-
text with nonlocal electron-phonon interaction and pair binding. In this way the already large decrease
in frequency of this phonon predicted in our earlier work in the adiabatic approximation as compared to
the calculated frequency of O% in the insulating phase is further enhanced. The anomalous large renor-
malization of this mode has been confirmed quite recently by the experiments. A final remark is con-
cerned with the oxygen isotope effect in the high-temperature superconductors from the viewpoint of
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phonon-plasmon coupling.

I. INTRODUCTION

On the route towards an understanding of the mecha-
nism leading to an increased pair binding in the high-
temperature superconductors (HTSC’s), it is quite natural
to investigate first the electron-phonon interaction (EPI)
and to separate features which are normal, like local EPI
effects, from those which are specific for the HTSC’s.
Such attempts have been undertaken, e.g., in Refs. 1-5.
In particular, the calculations in Refs. 2—4 indicate that
unusual strong nonlocal (long-range) EPI effects appear
for certain phonon modes as a consequence of an inter-
play of the layered crystal structure, the quasi-two-
dimensional electronic band structure, and strong ionic
forces which are only weakly screened through a mecha-
nism dominated by ionic charge fluctuations. So far most
of these calculations [and of course also all frozen-
phonon calculations within density-functional theory
(DFT)] have been performed using the adiabatic approxi-
mation, which relies on static screening. As a conse-
quence the important long-range Coulomb correlations
which give rise to the (low-lying) plasmon modes via
dynamical screening and the coupling to the phonons as
discussed below are excluded. The local (rigid) part of
the density response and of the EPI in our description
has been approximated by a proper ab initio model of rig-
id ions.2~*% Using such a model as a reference system to
approximate the insulating phase of the HTSC’s, nonlo-
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cal (nonrigid) contributions to the density response are
additionally taken into account in the form of electronic
charge fluctuations on the ions in order to generalize the
model for a suitable representation of the metallic phase.
Our calculations in Refs. 2-4 for La,CuO, have shown
that many important features of the experimental phonon
dispersion can be understood within such an approach.

A certain problem with the ionic reference model in
these calculations using nominal charges for the ions is
the width of the phonon spectrum which apparently is
overestimated, similarly as in the potential-induced
breathing model.! In the present paper we shall improve
upon this point by employing effective ionic charges in-
stead of the nominal ones. These charges are derived
from a tight-binding analysis of the electronic band struc-
ture as given in Ref. 7. A further improvement can be
achieved simulating covalence effects by scaling the
short-range part of the relevant pair potentials.

A nonadiabatic view of electron-phonon coupling and
lattice dynamics has been suggested for high-frequency
phonon modes propagating along the A~(0,0,1) direc-
tion, i.e., along the c axis, in the HTSC’s* and recent cal-
culations on the basis of the ionic reference system with
nominal ionic charges and without covalence corrections
have shown that there should be mode mixing between
these phonons and a low-energy plasmon whenever the
dispersion of the electronic bands in the ¢ direction is
sufficiently small at the Fermi level.® The latter is very
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likely to be the case.">® The question of possible c-axis
phonon-plasmon mixing, phonon renormalization, and a
nonadiabatic enhancement of the phonon-induced
changes of the site-potential being crucial for pairing will
be investigated in this paper, applying the improved mod-
el for the description of the insulating phase of La,CuO,
and simultaneously as a reference model for the metallic
phase.

The remaining part of the paper is organized in the fol-
lowing way. In Sec. II a sketch of the main aspects of the
theory and the model is provided. Section III gives a
comparison of the results for the phonon dispersion in
the old and the improved reference models for the insu-
lating phase as well as for the metallic phase in adiabatic
approximation. The nonadiabatic enhancement of
electron-phonon coupling is discussed in Sec. IV using
the symmetrical apical oxygen breathing mode at the Z
point (O% mode) as an important example. Further, the
coupled phonon-plasmon dispersion along the ¢ axis is
calculated on the basis of the new model. Finally, conse-
quences for the oxygen isotope effect are outlined. In
Sec. V we summarize our main results and mention a pos-
sible implication of the low-energy coupled modes for the
c-axis transport.

II. THEORY AND MODELING

The details of the electronic-density response descrip-
tion which finally yields the coupled phonon-plasmon
modes can be found in Refs. 2-4, and 6. So in the fol-
lowing only a sketch of the main aspects of the theory is
given.

The local part of the density response and the EPI, re-
spectively, is approximated by a proper (ab initio) ionic
model of rigid ions of Kim-Gordon type to represent the
important effects of the ionic forces in the HTSC’s. In
this model the crystal energy E as a function of the
configuration {R]} of the ions is given by a sum of pair
potentials ¢, and the sum of the (constant) self-energies
of the rigid ions (E):

E(RD=Eg+5 3 duslIR§—R7]) . M
b,a,8

b denotes the unit cells in the crystal, a, B are sublattice
indices, and R§=Rb+R’3. The method of Gordon and
Kim® is used to calculate the pair potentials from the ion-
ic densities together with the Watson-sphere approxima-
tion!® to treat the unstable oxygen anion. The ionic den-
sities are obtained with a modified version of the
Herman-Skillman program!'! including averaged self-
interaction corrections.'? In our earlier work we have as-
sumed the nominal charges (La*t, Cu?*, O27) for the
ions which is by no means necessary. Actually, the (part-
ly) covalent character of the Cu-O bonding suggests ap-
plying somewhat decreased charges.*

In the present paper we employ effective ionic charges
instead of the nominal ones which are derived from a
tight-binding analysis of the electronic band structure.’
This can be achieved by integrating the partial density of
states of the u (tight-binding) orbital,
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Zp(E)=%%8(E,,(k)—-E)|C,m(k)|2 2)

up to the Fermi energy E in order to obtain the occupa-
tion number Q #( Ey) of this particular state,

Q#(EF)=%%@(EF—En(k))IC#n(k)IZ . 3

C,.(k) means the u component of the eigenvector of
band n at the wave vector k from the first Brillouin zone.
Note that 3,0,(E) yields the number of electrons per
unit cell. The effective ionic charges are immediately
given by the orbital occupation numbers as calculated
from Eq. (3).

The long-range Coulomb contribution of the pair po-
tentials is separated and treated exactly using the Ewald
method, while the remaining short-range part, #(R), is
calculated numerically on a mesh of ion distances, and is
fitted by a generalized Born-Mayer-type form. As com-
pared to our previous work we here fit the different con-
tributions to #(R) separately® and use, moreover, an ex-
tended functional form,

f(R)=xexpla+BR+y/R), 4)

for each contribution of ¢ (a, B, and y are fit parame-
ters).

In order to simulate to a certain degree covalence
effects in the calculations, the short-range potentials ¢(R)
of the most important interactions are scaled according
to the procedure proposed in Ref. 13,

#(R)—>@(R—R,) . (5)

The values of R, are determined in such a way that the
interaction energy in Eq. (1) takes its minimum as close
as possible to the experimental structure. From the pair
potentials the dynamical matrix for the ionic reference
system is set up using the Ewald method for the long-
range Coulomb part of the pair potentials. Such a model
is employed to represent the insulating phase of the
HTSC’s.

In order to generalize the model for a suitable descrip-
tion of the metallic phase, additional long-range, nonlocal
contributions to the density response and the EPI are in-
troduced in the form of localized electronic charge fluc-
tuations (CF’s) on the ions by a parameter-free procedure
and are calculated consistently with the ionic model,
making the occupation numbers of the orbitals variable
and consequently the ionic charges, too. Finally, within
this formulation the displacement-induced change of the
electronic density, P3(r), is given by

PL(r)=[P0) Jarm— 3 pu(r — RDX . ©)
bk

The R? describe the localization centers the CF’s are as-
sociated with, and « numbers the different CF’s in the
unit cell. [P2(r)]gm gives the explicit change in the den-
sity related to the movement of the rigid ions. The densi-
ties p,(r) (form factors) in Eq. (6) yield the shape of the
change in the density associated with the CF’s and are
approximated in the present model by the spherically
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averaged orbital densities of the Cu d and O,, p shells
(O,, is the oxygen in the CuO plane). The decomposition
of the vector field P2(r) into a rigid (local) part and a
nonrigid (nonlocal) part has been done in the spirit of the
quasi-ion concept where such a partition can be rigorous-
ly proved.!*

The quantity X that expresses the self-consistent reac-
tion of the CF’s in response to an ion displacement can be
represented, in compact notation, as

X=Ile"'B with e=1+VII . @)

Here we have introduced the dielectric function € and the
quantity B which describes the interaction between the
CF’s and the displaced ions. ¥ contains the Coulomb in-
teraction between the electrons as well as exchange-
correlation contributions. ¥ and B can be calculated
from the ionic self-energies and pair potentials by allow-
ing for variable occupation numbers.® Dynamical screen-
ing enters via the polarizability II,,.(q,®) of the electron-
ic system. o denotes the frequency of the perturbation
(phonon); q is a wave vector of the first Brillouin zone.
For the calculation of II for La,CuO, we use an eleven-
band tight-binding model for the CuO plane®*® including
all Cu d and O,,, p orbitals. Thus Il becomes an (11X 11)
matrix and the indices k can be identified with the orbital
indices p. In order to introduce interlayer coupling, we
extend this model by coupling the Cu d orbitals in one
layeﬁr to the nearest O, p orbitals in the two adjacent lay-
ers.
The free plasmon dispersion is extracted from the con-
dition
det(e,(q,0)]=0, (8)

and the coupled mode frequencies of the phonons and the
plasmons must be determined self-consistently from the
secular equation for the dynamical matrix which con-
tains @ implicitly via X in Eq. (7). Furthermore, we
calculate the phonon-induced site-potential changes
8V (qo,w,(q)) being defined as the self-consistent
change of the crystal potential 6§V 4 weighted with the
density form factor p,(r—R*) of the electronic CF local-
ized at R, i.e.,

8VK(qa,a)0(q))=fdeK(r—R")SVe,f(qa,a)a(q),r) .
9

0,(q) is the frequency of the phonon mode with wave
vector q and polarization o.

III. CALCULATION OF PHONONS
IN THE ADIABATIC APPROXIMATION

In this section, we compare the calculated (adiabatic)
phonon dispersion of La,CuQy, as obtained from our pre-
vious model using nominal ionic charges with the disper-
sion from the improved model developed in this paper for
a description of the insulating phase of the HTSC’s and
with new experimental results.’> Further, calculations in
the adiabatic approximation are presented for the metal-
lic phase, demonstrating the relevance of nonlocal EPI
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effects of charge-fluctuation type, in particular for the re-
normalization of the O7 mode. The strong decrease in
frequency of this phonon when passing from the insulat-
ing to the metallic phase, which has been predicted in our
earlier calculations,?? is also present in the new model
and has been confirmed quite recently by the experi-
ments. !

In Fig. 1 the phonon dispersion curves of our old ionic
model using nominal charges (La3>", Cu?*, O%7) for the
ions are reproduced from Ref. 3. The results are given
for the tetragonal phase of La,CuO, and are shown for
the main symmetry directions A~(1,0,0), A~(0,0,1)
and 2 ~(1,1,0). Figure 2 displays the corresponding re-
sults for the new ionic model with effective ionic charges.
The latter are determined from a tight-binding analysis of
the first-principles electronic band structure of La,CuO,
as given in Ref. 7. The orbital occupation numbers
Q,(EF) are calculated from the electronic band structure
and the eigenfunctions with the help of Eq. (3), leading to
the following electron configurations: Cu, 3d°?* 4s°3
4p0-24, 0,,,2p 542, 0,, 2p>*"; and La, 5d°">. The corre-
sponding ionic charges are Cu'**, 0, 147, 0,147~
La2 28+,

The structure parameters for the two models, denoted
as Nom (nominal charges) and Eff (effective charges), are
obtained by minimization of the interaction energy in Eq.
(1). The calculated values are collected in Table I. In-
specting both data sets we find only small differences,
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FIG. 1. Calculated phonon dispersion of the ionic reference
model for La,CuQ, as reproduced from Ref. 3 using nominal
ionic charges. The dispersion curves are shown for the main
symmetry directions A~(1,0,0), A~(0,0,1), and =~(1,1,0).
The symmetry classification of the phonon branches by irreduc-
ible representations (with labels 1-4) is realized in the figure by
using different line types. Imaginary frequencies are represent-
ed as negative numbers.
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Frequency (THz)

FIG. 2. Phonon dispersion of the ionic reference model for
La,CuO, in the main symmetry directions A, A, and = using
effective ionic charges as calculated from a tight-binding
analysis of the first-principle electronic band structure. In con-
trast to Fig. 1 the irreducible representation Nr. 2 is given by
the line type, - - - -.

while a comparison with the experiments shows that both
models lead in particular to an enhanced planar lattice
constant and to a (c /a) ratio which is too small.
Comparing the results for the phonon dispersion in
Figs. 1 and 2 for the two models we realize that the main
drawback of the model with nominal charges, namely,
the too large width of the spectrum, which also has been
found for the set of charges used in recent calculations
for YBa,Cu;04 and YBa,Cu;0,,'13 is considerably re-
laxed in the model with the effective charges as obtained
from the tight-binding analysis of the electronic band
structure. Taking the frequency of the planar oxygen
breathing mode at the X point (OF) (being the highest
mode in both spectra) as a measure for the width we find
a decrease from 33.68 to 26.24 THz. As will be seen
below an approximate modeling of covalency will further
decrease the frequency of Of to 24.27 THz and finally,
the inclusion of nonlocal screening of CF type in the me-

TABLE 1. Structure parameters for La,CuQO, as calculated
for several models (Nom, Eff, Cov 1, and Cov 2) explained in the
text. For a comparison the experimental results (Ref. 20) are
also given. z(0O,) and z (La) are in units of c.

La,CuO, a(A) c/a z (0,) z (La)
Nom 3.98 3.02 0.190 0.137
Eff 4.10 3.07 0.188 0.133
Cov 1 3.79 3.48 0.186 0.137
Cov 2 3.80 3.49 0.185 0.136
Expt. 3.79 3.49 0.182 0.138
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tallic phase leads for Of to 21.46 THz, which is in very
good agreement with the experiment (21.2 THz).!3

Another property of the new model is that the number
of unstable phonon branches is reduced while many other
features of the calculated dispersion, already present in
the old model, and which can be partly seen in the experi-
ments too, are also contained in the new model. This fact
demonstrates that the dispersion is governed essentially
by the long-range Coulomb forces in the crystal. In par-
ticular, we still find that Of has a very high frequency,
which is in agreement with the experiments but quite in
contrast to a calculation in a conventional metallic
screening approach neglecting long-range Coulomb in-
teractions.!”” The latter calculation predicts Of to be
soft.  Typical longitudinal-optical-transverse-optical
(LO-TO) splittings of the E, modes are found in the cal-
culation as well as in the experiments, and there is a large
“ferroelectric” split ( 4,, discontinuity) in both the cal-
culations (dots in Figs. 1, 2, 4, and 5 at ') and the experi-
mental dispersion; see, for example, Fig. 3, where new ex-
perimental results for selected phonon branches in
La,CuO, from Ref. 15 have been reproduced and from
which a large A4,, discontinuity is obvious. In contrast
to the notion in Fig. 3, we have chosen the upper LO
mode to define the “ferroelectric” split because we ex-
tract from our calculations that in this mode and in the
corresponding lower TO mode the anion and cation sub-
lattices vibrate against each other generating a large di-
pole moment. Finally, the O mode is found to be the
highest A; mode at the Z point in the insulating phase.
This fact and also the strong increase of the correspond-
ing A, branch is now also confirmed by the experimental
neutron results in the insulating phase (Fig. 3).
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FIG. 3. Experimental phonon dispersion for selected phonon
branches in the insulating phase of La,CuQ, in the main sym-
metry directions A, A, and X as reproduced from Ref. 15. The
dispersion curves indicated by triangles should be labeled by the
irreducible representations A4, =4 and not by A,, =, in the nota-
tion of Ref. 15 and by A;, =, in our notation.
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Note in context with the calculations in the insulating
phase of the HTSC’s that we have introduced in Refs.
2—4 beyond the description by the purely ionic reference
model an extension which likewise as in the case of the
metal additionally allows for nonlocal, nonrigid screening
effects of the charge-fluctuation type at the ions. To
discriminate between the density response of a metal and
that of an insulator the different long-wavelength
behavior of the electronic polarizability II is taken into
account to set up the particular model for the insulating
phase; see Refs. 2—4, 17 for more details. As far as the
screening of the polar modes induced by such nonlocal
charge response in the insulating phase is concerned, we
find that the LO-TO splittings of the E, modes are re-
duced in comparison to the ionic model. On the other
hand, the “ferroelectric” splitting does not change at all
and the highest A; branch, including O%, remains practi-
cally unchanged from the ionic model because of the
two-dimensional electronic structure assumed. OF, on
the other hand, is decreased about 3 THz by the CF’s
leading to an agreement with the experiment.

Figure 4 collects our results for the phonon dispersion
of the model with effective ionic charges in case we addi-
tionally allow for a simulation of covalence effects in the
pair potentials by scaling the short-range part of the Cu-
O,, and La-O,, potentials according to Eq. (5). With
such a scaling procedure we can find by varying the R’s
a solution where the total interaction energy takes its
minimum at structural parameters which are in excellent
agreement with the observed structure;?° see the model
denoted as “Cov 1” in Table I. The width of the phonon
spectrum in this model is again considerably reduced to-

Frequency (THz)

FIG. 4. Calculated phonon dispersion of the reference model
Cov 1 for La,CuQ, using effective ionic charges and allowing
for a scaling of the short-range part of the pair potentials Cu-
O,, and La-O,,. The labeling of the curves is the same as in
Fig. 2.
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wards the experimental result and a good overall agree-
ment throughout the Brillouin zone with the experimen-
tal dispersion is achieved; compare with Fig. 3. More-
over, nearly all unstable phonon branches disappear.
One of the two remaining unstable phonon branches in
the X direction corresponds at the X point to the tilt
mode and the instability of this mode announces correct-
ly the phase transition from the tetragonal to the low-
temperature orthorhombic structure, which is shown by
this calculation to be related to the ionic character of the
forces. The other unstable branch along 2 corresponds
at the X point to a (O,, La) sliding motion perpendicular
to the ¢ axis. This displacement pattern leads to the con-
jecture that the scaling procedure additionally applied to
the short-range part of the La-O, potential will render
this mode stable. This is indeed the case. The corre-
sponding dispersion curves are shown in Fig. 5. Besides
the now stable mode the dispersion is practically un-
changed from the results displayed in Fig. 4. As a major
effect only the low-frequency modes related to (O,, La)
sliding are improved. Moreover, the calculated structure
parameters (Cov 2 in Table I) are in very good agreement
with the experiments. In our subsequent calculations for
the metallic phase we use the model Cov 1 as the refer-
ence model for the insulating phase.

Figures 6 and 7 show our results for the metallic phase
of La,CuQ,, including nonlocal screening effects of the
CF type at the Cu and O, ions in the CuO plane. Physi-
cally this means that d-like and p-like localized electrons
are not rigidly bound to their cores and thus allow for a
nonlocal (nonrigid) contribution to the electronic-density
response and to the EPI in the form of localized CF’s at

Frequency (THz)

FIG. 5. Phonon dispersion of the reference model Cov 2 for
La,CuQ, with effective ionic charges and scaling the short-
range part of the pair potentials Cu-O,,, La-O,,, and La-O,.
The labeling of the curves is the same as in Fig. 2.
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Frequency (THz)

FIG. 6. Phonon dispersion of metallic La,CuO, in the main
symmetry directions A, A, and I taking charge fluctuations in
the adiabatic approximation into account. As reference model
the ionic model with nominal charges shown in Fig. 1 has been
used. The labeling of the curves is the same as in Fig. 2.

these ions. In this way a strong nonlocal charge response
can be induced in the CuO plane in particular for axial
movements of the ions in the ionic layers of the HTSC’s
(like in O%) because of the reduced electronic screening
along the ¢ axis. At the same time a nonadiabatic
description is essential for certain high-frequency modes

25

-
(o)}

Frequency (THz)
o

5

-5
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FIG. 7. Calculated phonon dispersion curves for metallic
La,CuO, along the A, A, and = directions including charge fluc-
tuations in the adiabatic approximation. As reference model
the model from Fig. 4 is used. The curve labeling is as in Fig. 2.
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propagating along the c direction; see Sec. IV. This local-
ized ionic picture for the metallic phase of the HTSC’s is
quite different from the charge response in conventional
metals and superconductors where the (delocalized)
homogeneous electron gas description for the electrons is
a good starting point and correlated electron behavior is
not so important in general. Figure 6 shows the results
which are based on the ionic reference system with nomi-
nal charges (Fig. 1). The dispersion is almost unchanged
from that in Ref. 3 where a simpler model for the elec-
tronic polarizability and different values for the B’s and
7s have been used. In Fig. 7 the new model with
effective charges and inclusion of covalence effects in the
Cu-O,, and La-O,, potentials (Cov 1, Fig. 4) is taken as
the reference system.

The calculations for the new model essentially reflect
all the important features which can be seen in the exper-
iments and which can be explained by the screening
mechanism based on CF’s and strong Coulomb correla-
tion effects as discussed in detail in Ref. 3, using the old
ionic model as a reference system. For example, the
highest A, branch is decreased below A, in such a way
that the experimentally observed situation is realized. At
the same time the pronounced A, /2 minimum seen in the
experiments appears and the LO-TO splitting is closed.
The experimental and the calculated widths of the spec-
trum are now in very good agreement. As mentioned be-
fore, the OF mode as the highest mode of the spectrum is
at 21.46 THz, which has to be compared with 21.2 THz
from the neutron study.'®

Other prominent changes in the dispersion of the me-
tallic phase as compared to the insulating phase are relat-
ed to the screening effects brought about by the CF’s for
the polar modes. So all the LO-TO splittings are closed
and a drastic renormalization of the spectrum occurs in
context with the vanishing of the large 4,, discontinuity
(ferroelectric split). Simultaneously this leads to a strong
decrease of the second highest A branch near the Z point
as compared to the insulator and finally results in the ap-
pearance of a A; branch with a very steep dispersion,
which is also found in the neutron-scattering results. At
the same time the O% mode is strongly renormalized as
compared to its value in the insulating material. The
latter effect is due to the interplane charge transfer
screening in the metallic phase which, on the other hand,
is blocked in the insulating phase for a quasi-two-
dimensional band structure; see Ref. 3 for details. From
our calculations, displayed in Figs. 4 and 7, we conclude
a renormalization for O% of Av=4.28 THz. [The predic-
tion of our former calculation (Refs. 2,3) was even higher,
Av=6.13 THz]. Such an anomalous renormalization
which may be additionally enhanced in the nonadiabatic
regime by mode coupling (see Sec. IV) has been confirmed
quite recently by the experiments reporting a value of
about 5 THz.!6

IV. NONADIABATIC EPI
AND PHONON-PLASMON MIXING

In the following we present the results of the new mod-
el (Cov 1) for the electron-phonon coupling in the adia-
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batic and nonadiabatic regimes and investigate phonon-
plasmon mixing along the ¢ axis. Furthermore, conse-
quences for the oxygen isotope effect due to the mode
coupling are illustrated with an example. Different from
the nonadiabatic case, in the adiabatic approximation the
CF’s do not spontaneously occur as plasmons but are
driven by the ions in an adiabatic manner. In the nonadi-
abatic treatment the Cu d and O p CF’s appear in the
form of c-axis plasmons within the frequency range of the
vibrational modes, mixing dynamically with the phonons
of the same symmetry.

Our results for the phonon-induced site-potential
changes 8V, according to Eq. (9), which measure direct-
ly the strength of the EPI in a certain mode, are given for
OZ in Table II. In agreement with the calculations per-
formed using the old reference system® and with density-
functional calculations reported in Ref. 5 we find also for
the new model a large coupling strength in the adiabatic
approximation, at least at the O,, ions (Table II). From
these investigations it becomes evident that the physical
origin of the strong coupling is related to the weakly
screened ionic forces present in the HTSC’s especially in
the c direction which are absent in the conventional met-
als and superconductors, respectively. Furthermore, it
can be understood that the absolute values in Table II for
8V, in the adiabatic approximation are smaller than the
corresponding data in Ref. 6 because there is a reduction
of the ionic charges and an increase of the distance be-
tween O, and the CuO plane in the new model. Another
source for the differences in 8V, in the nonadiabatic re-
gime is related to the fact that the reduced ionic charges
together with the scaling of the short-range potentials
lead to an exchange of the relative position of the free
plasmon and the uncoupled phonon [dashed and dash-
dotted lines in Fig. 8(a)] as compared to the situation
found in Ref. 6. Simultaneously, the difference in fre-
quency between the phononlike mode and the free
plasmon is increased in comparison with the correspond-
ing result in Ref. 6 and consequently the values for 8V,
are smaller in the new model. The reverse is true for the
plasmonlike mode and thus the already very large cou-

TABLE II. Magnitudes of the phonon-induced site-potential
changes 8V, according to Eq. (9) for the O% mode. The first
line of each entry gives 8%, in units of meV and the second line
displays the results for (8¥,)? normalized by #/2M»(0%) in
units of (eV/a.u.)%. M is the total mass in the unit cell. The data
indicated by Ad correspond to the metallic phase of La,CuQ,
treated in the adiabatic approximation. The last two entries col-
lect the results for the phononlike (Ph) and plasmonlike mode
(P1) of the nonadiabatic calculation.

0% Cu 0,
Ad 9.44 81.71
0.31 23.12

Ph 188.57 78.07
112.37 19.26

Pl 1938.10 1716.36
24 458.14 19181.73
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pling strength of this mode in the old model is even in-
creased in the new one. Altogether, the important phys-
ics is the same in both calculations, namely, the strong
enhancement of the coupling strength in the nonadiabatic
regime which in detail depends on the relative position in
the spectrum of the phononlike and plasmonlike modes
with respect to the uncoupled plasmon.

Besides the position of the uncoupled phonon being
determined to a large extent by the magnitude of the
effective ionic charges, the relative position of the cou-
pled modes is governed by the frequency of the uncou-
pled plasmon which is fixed by the electronic band struc-
ture in the axial direction. The latter will vary for
different materials and with doping. These degrees of
freedom may be utilized to obtain favorable conditions
for pair binding via exchange of both elementary excita-
tions by shifting the resonance frequencies of the phonon-
like and plasmonlike modes close together in order to op-
timize the attractive interaction between the electrons
(holes) in the corresponding frequency range. In order to
investigate these things more quantitatively it is neces-
sary to improve the calculation of the electronic polariza-
bility IT in our formalism installing for the calculation of
II, for example, the complete tight-binding parametriza-
tion of the local-density approximation band structure.’
Such kinds of studies looking for the doping dependence
of the phonon-induced site potentials and of the phonon-
plasmon mixing are presently being performed. From the
experimental fact that La,CuO, is a HTSC with a rela-
tively low T, value it can be expected that the favorable
resonance conditions mentioned above are not so well
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FIG. 8. (a) Calculated phonon (plasmon) dispersion in
La,CuO, along the A~(0,0,1) direction. ——, A; symmetry
branches of the coupled system; —-—.—-, uncoupled phonon;

— — —, uncoupled plasmon; - . . . borderline for damping.
(b) A, phonon branches in the adiabatic approximation. The
reference system Cov 1 is used (Fig. 4).
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fulfilled in this material.

In Fig. 8(a) we display our results for the phonon-
plasmon mixing along the A~ (0,0, 1) direction using the
new reference model. For II the same model as in Ref. 6
(model M) is used where the interlayer hopping parame-
ters were chosen to give a maximal bandwidth in the ¢
direction of about 50 meV at the Fermi level, in accor-
dance with typical band structure results (Refs. 1,8).
Comparing with the calculation in Ref. 6 the free
plasmon and uncoupled phonon have interchanged their
positions in the spectrum as discussed above and the pho-
nonlike branch at the I' point (lower dot) has changed.
The other features of the dispersion curves are similar to
those in Ref. 6. The plasmon in Fig. 8(a) will couple
along the A direction (mainly) to 450 (ferro) at T and to
O3 at the Z point. Comparing our result for the O fre-
quency in the insulating phase [upper dot at Z in Fig.
8(a)] with the result for OZ in the adiabatic metal [dot in
Fig. 8(b)] we extract the strong renormalization of
Av=4.28 THz already mentioned in Sec. III and related
to an adiabatically phonon-driven interplane charge-
transfer process in terms of CF’s localized at the ions.
This large decrease in frequency is further enhanced in
the present model by the mode-coupling effect in the
nonadiabatic calculation [lower dot at the Z point in Fig.
8(a), Av=5.63 THz]. It should be remarked that this
nonadiabatic contribution to the O renormalization will
depend in particular on the position of the free plasmon
and thus on the realistic dispersion of the electronic band
structure in the ¢ direction. In any case, there will be a
nonadiabatic contribution; the large value of 1.35 THz
might be an intrinsic property of the present model. An
implementation of the full tight-binding parametrization
of the electronic band structure for the calculation of Il
and an investigation of the nonadiabatic O% renormaliza-
tion as a function of doping would be necessary to obtain
a more quantitative understanding of this mode-coupling
effect. Looking to the experimental situation for O%, an
anomalous decrease in frequency of about 5 THz as pre-
dicted by our calculations has been communicated quite
recently.!®

In the adiabatic approximation, Fig. 8(b), there are six
A, branches (see also Fig. 7), while in the nonadiabatic
coupled-mode treatment as shown in Fig. 8(a) an addi-
tional plasmonlike branch appears. This extra branch is
the highest branch in the spectrum. Note in this context
that a plasma frequency of about 30 THz has been ob-
served in the c-axis optical response in YBa,Cu,;0,.%!
Further experimental evidence for the existence of low-
lying coupled phonon-plasmon modes in the HTSC’s
comes from the analysis of the E||c infrared reflection
spectra of YBa,Cu;0,.22 The phononlike branch starts at
I'" with A}0 (ferro) (lower dot) and terminates at Z with
OZ% (lower dot at the Z point). Increasing the dispersion
of the electron band structure in the ¢ direction in our
model means that we approach the adiabatic regime and
the phononlike mode turns into its adiabatic shape, Fig.
8(b). At the same time, the ferroelectric split between
ALO (ferro) and 472 (ferro) [upper dot in Fig. 8(a) at T']
is closed from below and the plasmonlike mode is shifted
to high frequencies.
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A final remark is concerned with the oxygen isotope
effect in the HTSC’s. The strong mode coupling of the
plasmon with oxygen-dominated phonons like O} leads
to a reduction of the oxygen isotope effect in proportion
to the plasmon character of these modes (provided they
give a substantial contribution to the pairing as indicated
by our calculations). We illustrate this matter by means
of polar scattering in the diatomic case in the long-
wavelength limit. Under the assumption that the Allen-
Dynes strong-coupling equation can be applied for a
determination of T, and if we assume a mass dependence
through the frequency prefactor only, the isotope ex-
ponent a can be derived as

a=K_12kjaj , k=z A (10)
j J

The A; are the mode-coupling strengths and the o ; are

defined by

dlno;
&= T3 (11)
In our case we have j== and o, are the frequencies of
the coupled phonon-plasmon modes.

oi=Haoloto})ti(0lot+wl P —40dado]? . (12)
Finally, we obtain

a+=%_ﬁj: >
> (£2) (0} —0%0)

Bi=—"

4a)%_r [(a){o—i-cog )2-—4(0!2,(0%-0]1/2

(13)

®10, @10, and wp are the frequencies of the LO and TO
mode and the (uncoupled) plasmon, respectively.

In the adiabatic limit, where we can neglect phonon-
plasmon coupling, we have w, >> o, @1o. This leads to
a;—0, a_—0.5 and the normal isotope exponent
a=0.5 is recovered from Eq. (10), if the coupling
strength of the plasmon is neglected. On the other hand,
in case we have resonance coupling (0, = 1), we obtain

——— -3

0.00 . .

6 8 10
w5/ w0

FIG. 9. B+ from Eq. (13) as a function of co,z, /% for a fixed
ratio of w}o/wio=0.75. wLo, ®ro, and w, are the frequencies
of the LO mode, the TO mode, and the uncoupled plasmon.

- = =B+ »B-.
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a,=a_=0.25 (see also Fig. 9), and thus the isotope ex-
ponent is reduced to @ =0.25, independent from the indi-
vidual mode-coupling strengths. Furthermore, the re-
sults displayed in Fig. 9 point towards the importance of
the carrier concentration (via @, ) in determining the size
of the isotope exponent. The corresponding a for the
phononlike mode (pieces of the curves in Fig. 9 with
B+ =0.25) has its minimum at the specific concentration
related to the resonance condition and increases for devi-
ations. The opposite is true for the plasmonlike mode
(pieces of the curves in Fig. 9 with B, between 0.25 and
0.5).

V. SUMMARY

We have improved our microscopic model of rigid ions
used for the description of the local part of the
electronic-density response and the EPI in two steps. In
the first step we have calculated effective ionic charges
from a tight-binding analysis of the first-principles elec-
tronic band structure of La,CuQO,. Subsequently, these
charges are used instead of the nominal charges of our
previous model for the calculation of the phonon disper-
sion. This calculation demonstrates that the overestima-
tion of the width of the spectrum in the old model is con-
siderably relaxed in the new model. In the second step
we approximately include covalence effects in the pair po-
tentials and find a further improvement of the phonon
spectrum, which is now in good overall agreement
throughout the Brillouin zone with the experimental
dispersion for the insulating phase of La,CuO,. More-
over, all unstable phonon branches of the purely ionic
model except the tilt mode have been shown to disappear.

In the case of the metallic phase, nonlocal screening
effects in terms of charge fluctuations localized at the ions
are taken into account in a parameter-free procedure.
The calculated phonon dispersion explains the charac-
teristic changes of the experimental results introduced by
the insulator-metal transition. This gives additional sup-
port for the suitability of our density response description
for the HTSC’s. In particular, the large renormalization

CLAUS FALTER, MICHAEL KLENNER, AND GEORG A. HOFFMANN 52

of the O7 mode predicted by the calculations has been
confirmed quite recently by the experiments. In the
nonadiabatic regime, which is necessary for a description
of the high-frequency phonons along the A direction, the
mode-coupling effect with a low-lying plasmon addition-
ally contributes to the renormalization of OZ. The
dynamical screening in the nonadiabatic calculation leads
to an increase of the already large nonlocal electron-
phonon coupling strength found in the adiabatic approxi-
mation. Especially for the plasmonlike mode very large
changes of the phonon-induced site potentials are calcu-
lated. Furthermore, a low-energy plasmon and its mixing
with certain phonons as seen in Ref. 6 is also present in
the calculation given in this paper using the improved
reference model. In this context it is important to realize
that the existence of strong coupling low-energy plasmon-
like and phononlike modes along the ¢ axis as supported
by our calculations may help to understand that part of
the c-axis resistivity in the layered cuprate superconduc-
tors which displays a semiconductinglike temperature
dependence as discussed in Ref. 23, where this part is re-
lated to a dynamical boson modulation of the interlayer
hopping. The latter can be achieved by the low-energy
plasmons and coupled c-axis phonons as intrinsic sources
providing an activated hopping mechanism between the
layers. Finally, we have outlined by means of a simple
example that the oxygen isotope effect will depend on the
carrier concentration in a characteristic way and can be
severely reduced via phonon-plasmon mode coupling
showing a minimum for the resonance case.
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