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Microscopic modeling of phonon dynamics and charge response in metallic BaBiO;
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We use our recently proposed microscopic modeling in the framework of linear response theory to investi-
gate the complete phonon dispersion, the phonon density of states, certain phonon-induced electronic charge
distributions, and charge fluctuations (CF’s) for anomalous soft modes of metallic BaBiOj; in its simple cubic
phase where superconductivity with 7, up to 32 K appears. The theoretical approach already has been applied
successfully to the cuprate high-temperature superconductors, simple ionic crystals (NaCl, MgO), and perov-
skite oxides (SrTiOs3, BaTiOj3). It is well suited for materials with a strong component of ionic binding and
especially for “ionic” metals. In particular, the giant phonon anomalies related to the breathing vibration of the
oxygen as found experimentally in superconducting doped Baj¢K 4BiO;, resembling those observed in the
high-T, cuprates, are investigated. The origin of these anomalies is explored and attributed to a strong nonlocal
coupling of the displaced oxygen ions to CF’s of ionic type, essentially of the Bi 6s and Bi 6p orbital. This
points to the importance of both of these states at the Fermi energy. Starting from an ab initio rigid ion model
we calculate the effect on the lattice dynamics and charge response of the most important electronic polariza-
tion processes in the material, i.e., CF’s and dipole fluctuations. Taking into account these electronic degrees of
freedom in linear response theory, we obtain a good agreement with the measured phonon dispersion and in

particular with the strong phonon anomalies.
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I. INTRODUCTION

Potassium doped Ba;_ K BiO; with a transition tempera-
ture T, up to 32 K for x=0.4 has been intensively studied
with no final resolution of its high-temperature superconduc-
tivity. Different from the cuprate high-temperature supercon-
ductors (HTSC’s), its bonding is three dimensional and no
antiferromagnetic ordering exists for the insulating parent
compound indicating that there are no strong electronic cor-
relations near x=0. Common to both materials, however, is
the strong component of ionic binding favoring long-ranged
Coulomb interactions and a related strong nonlocal electron-
phonon coupling in terms of localized charge fluctuations
(CF’s) of the ionic orbitals. This type of coupling has been
shown in the cuprate-HTSC’s to lead to the generic phonon
anomalies of the high-frequency oxygen bond-stretching
modes (OBSM).!= Recently, giant phonon anomalies for
similar OBSM (oxygen breathing modes) also have been
found by inelastic neutron scattering measurements in super-
conducting Bay (K, ,BiO;.”° Thus, while spin degrees of
freedom seem to play no decisive role for superconductivity
in Ba-Bi-O the effects of nonlocal coupling of lattice and
charge degrees of freedom in terms of ionic CF’s are still
present, likewise as in the cuprate HTSC’s, and provide a
coupling channel for pairing in a phonon-mediated mecha-
nism.

Ba,_,K,BiO; has a complex structural phase diagram.!
For the insulating composition 0 <x<<0.12 the structure is
monoclinic and may be derived from the cubic perovskite
structure by simultaneous octahedral tilting (z) and symmet-
ric oxygen breathing-mode () distortions (frozen-in OBSM
instability at the R point of the cubic phase). For 0.12<x
<0.37 the structure is still insulating but orthorhombic with
a t, but no b, distortion and for the superconducting, metallic
composition (0.37<x<0.53) the structure is simple cubic,
i.e., no t and b distortion.
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It is widely believed that the insulating phases are gener-
ated by charge density instabilities associated with breathing
and tilting distortions but it has proven difficult to establish
this by first principles calculations. Recent investigations!!
indicate, in contrast to earlier results,'? that the local-density
approximation (LDA) seriously underestimates the breathing
distortions and yields a metallic ground state with no sign of
a charge-density-wave instability.

Moreover, first principles linear response calculations of
the phonon dispersion of cubic Ba-Bi-O (Ref. 11) overesti-
mate the high-frequency branches by about 20% in compari-
son with the experiments. In particular, the most strongly
renormalized anomalous OBSM, 0§, at the R point, which
according to the experiments’ is found at about 10.5 THz has
a frequency of 15.7 THz in the calculations presented in Ref.
11. For the modes with lower frequencies there is a better
agreement of the order of 10%. Thus linear response calcu-
lations based on LDA-like electronic band structures, using a
virtual-crystal approximation seem to underestimate the ki-
netic part of the charge response, i.e., the electronic polariz-
ability matrix. In order to investigate this point, we study
different cases for the polarizability matrix II,,/(q) in our
microscopic model approach to extract the most important
electronic degrees of freedom for the charge response. The
indices k, ' denote the orbital degrees of freedom in an
elementary cell of the crystal.

Empirical shell model calculations’~ incorporating metal-
lic screening by the Lindhard function are also unable to
reproduce the downward dispersion and softening of the
phonon anomalies; instead an upward dispersion is calcu-
lated. Finally, calculations in Ref. 13 based on a tight-
binding representation of the electronic contribution to the
dynamical matrix'* and an empirical contribution for the
short-ranged force constants fitted to the experimental fre-
quencies lead to a remarkable softening for several modes
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especially around the M and the R point with strongest soft-
ening for the (1, 1, 0) direction, in disagreement with the
experiments where only the OBSM of breathing type are
strongly renormalized and the largest softening is along the
(1, 1, 1) direction.

In the present work, we calculate within our microscopic
modeling of the electronic charge response in linear response
theory the complete phonon dispersion, the phonon density
of states, the phonon-induced electronic charge redistribu-
tion, and the CF’s for the OBSM, 0}, O}, O%, of simple
cubic Ba-Bi-O. In the past, this theoretical approach, which
is well suited for systems with a strong component of ionic
binding, has been applied successfully to the
cuprate-HTSC’s,!=¢ i.e., “ionic” metals in which the band
crossing the Fermi level has admixture of both anion and
cation orbitals, simple ionic crystals,!> and the perovskite
oxides (SrTiO;, BaTiO;).'¢

From a general point of view our treatment of the elec-
tronic density response and lattice dynamics in terms of di-
pole fluctuations (DF’s) and CF’s can be considered as a
microscopic (semi ab initio) implementation of the phenom-
enological dipole-shell model or the charge-fluctuation mod-
els, respectively. For a general formulation of phenomeno-
logical models for lattice dynamics that use localized
electronic variables as adiabatic degrees of freedom, see, for
example, Ref. 17. This formulation covers shell models,
bond-charge models, and charge-fluctuation models. While
in such an approach the coupling coefficients are treated sim-
ply as empirical fitting parameters the essential point in our
scheme is that all the couplings are microscopically well de-
fined and can be calculated.

The ionic nature of Ba-Bi-O is described by an ab initio
rigid ion model (RIM) leading to a local rigid charge re-
sponse and electron-phonon interaction (EPI), respectively.
The missing nonlocal, nonrigid part of the electronic density
response and EPI is expressed by microscopically well de-
fined CF’s and DF’s on the outer shells of the ions. Starting
from the RIM as a reference system the effect of the nonrigid
electronic polarization effects in terms of CF’s and DF’s on
the phonon dispersion and, particularly, the anomalies is cal-
culated and compared with the experiment.

The article is organized as follows. In Sec. II we outline
the theory and modeling to provide a better reading of the
article. Section III presents our calculated results of the pho-
non dispersion and gives a detailed discussion of the effects
of screening by DF’s and CF’s on the phonon anomalies by
comparing the corresponding results with those as obtained
from the RIM as a reference system. Moreover, phonon den-
sity of states, the charge redistribution, and the CF’s for the
OBSM of breathing type are presented. Finally, Sec. IV con-
tains a summary and discussion.

II. SKETCH OF THE THEORY AND MODELING

In the following, a survey of the theory and modeling is
presented. A more detailed description can be found in Ref. 1
and in particular in Ref. 15 where the calculation of the
microscopic coupling parameters is given. The local, rigid
part of the electronic charge response and the EPI is approxi-
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mated by an ab initio RIM taking into account ion-softening
in terms of (static) effective ionic charges and scaling of the
short-ranged part of certain pair potentials between the ions
to simulate covalence effects in the model. This is done in
such a way that the energy-minimized structure is as close as
possible to the experimental one.'® Structure optimization
and energy minimization is very important for a reliable cal-
culation of the phonon dynamics through the dynamical ma-
trix.

The RIM with the corrections just mentioned serves as an
unbiased reference system for the investigation of the effect
of the nonrigid electronic polarization processes on the pho-
non dynamics. The latter are modeled in the form of elec-
tronic CF’s on the outer shells of the ions. Especially in the
metallic state the CF’s dominate the nonlocal contribution of
the charge response and the EPI. In addition DF’s are admit-
ted in our approach.>! Thus the basic variable of our model
is the ionic density which is given in the perturbed state by

pa(r’ Q)\s pa) = Pg(’”) + 2 Q)\PSF(’") + pa : fpg(’") . (1)
A

pg is the density of the unperturbed ion, as used in the RIM,
localized at the sublattice a of the crystal and moving rigidly
under displacement. The Q, and pfF describe the amplitude
and the form factors of the CF’s and the last term in Eq. (1)
represents the dipolar deformation of an ion « with ampli-
tude (dipole moment) p, and a radial density distribution pg .
# denotes the unit vector in the direction of r. The p$" are
approximated by a spherical average of the orbital densities
of the ionic shells calculated in LDA taking self-interaction
effects (SIC) into account. The dipole density pZ is obtained
from a modified Sternheimer method in the framework of
LDA-SIC."> All SIC calculations are performed for the aver-
age spherical shell in the orbital-averaged form according to
Ref. 19. For the correlation part of the energy per electron, e,
the parametrization given in Ref. 19 has been used.

The total energy of the crystal is obtained by assuming
that the density can be approximated by a superposition of
overlapping densities p,. The p’ in Eq. (1) are also calcu-
lated within LDA-SIC taking environment effects, via a
Watson-sphere potential, and the static effective charges of
the ions into account. The Watson-sphere method is only
used for the oxygen ions and the depth of the Watson-sphere
potential is set as the Madelung potential at the correspond-
ing site. Finally, applying the pair-potential approximation
we get the total energy

2 DRR-RLY. (2)

1
ER,) =2 EN)+=
aa 2 (a.0)%0b.8)

The energy E depends on both the configuration of the ions
{R} and the electronic (charge) degrees of freedom (EDF) {{}
of the charge density, i.e., {Q,} and {p,} in Eq. (1). E? are the
energies of the single ions. a, b denote the elementary cells
and «a, B the corresponding sublattices. The second term in
Eq. (2) is the interaction energy of the system expressed in
terms of anisotropic pair interactions ® 5. Both Ef, and ® 4
in general depend upon ¢ via p, in Eq. (1).
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The pair potentials in Eq. (2) can be separated into long-
ranged Coulomb contributions and short-ranged terms as fol-
lows:

242 R p,p
D4R, = R E_ (Zapp+ Z,Bpa)ﬁ + ?‘Q

-R)(R - ~
- 3%‘8_) + q)a‘B(R9§)’ (3)

D4R, 0) = K UsR, ) + KgUy(R,0) + W,os(R,0)
+G R, 0). (4)

The first term in Eq. (3) describes the long-ranged ion-ion,
the second the dipole-ion, and the third and fourth term the
dipole-dipole interaction. Z, and Zg are the variable charges
of the ions in case CF’s are excited. The latter reduce to the
ionic charges for rigid ions. K, and K are the charges of the

ion cores. ®,; represents the short-ranged interactions.
These can be expressed by the following integrals:

1 1 -R
Ua(R’g):_fd3rpa(r,€)(m—E-rF)’ (5)
Waﬂ(Rag)=fd3rfd3r’|:pa(r’§)pﬁ(r”§)<m—%
".R
_%)} ©

Gaﬂ(R9 g) = f dSr[pa,B(rv g) e(paﬁ(r’ g)) - pa(n g) €(pa(r’ g))

- pﬂ(r - R7 g) G(pﬂ(r - R7 g))] » (7)
with
paﬁ(r’ g) = pa(rs g) + pﬁ(r - R’ g) . (8)

K,UgR,{) yields the short-ranged contribution of the inter-
action between the core a and the density pg according to
Eq. (1). Wo4(R, ) represents the short-ranged Coulomb con-
tribution of the interaction of the density p, with the density
pp and G,4(R,{) is the sum of the kinetic one-particle and
exchange-correlation contribution of the interaction between
the two ions.!> The short-ranged part of the potentials and the
various coupling coefficients are calculated numerically for a
set of distances R between the ions. The results so obtained
are then described by an analytical function of the form

f(R)= = exp<a+ BR + %) 9)

a, B, and vy in Eq. (9) are fit parameters.
From the adiabatic condition

JER,) 0
a

an expression for the atomic force constants and accordingly
the dynamical matrix in harmonic approximation consistent
with linear response theory can be derived:

(10)
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fflj'g((l) = [tit;ﬁ(q)]RIM

S @ 1 @] )
' B,k

[
/

(11)

The first term on the right-hand side denotes the contribution
from the RIM. M, M g are the masses of the ions and q is a
wave vector from the first Brillouin zone. The quantities
B(q) and C(q) in Eq. (11) represent the Fourier transforms of
the electronic coupling coefficients as calculated from the
energy in Eq. (2), and the pair potentials in Egs. (3)—(8),
respectively:

PE(R,{)
ab _
B.s= SRy (12)
PE(R,{)
ab, ks 1
CKK 69(?((9&, ( 3)

k denotes the EDF (CF and DF in the present model) in an
elementary cell. The B coefficients describe the coupling be-
tween the EDF and the displaced ions (bare electron-phonon
coupling), and the coefficients C determine the interaction
between the EDF. The phonon frequencies, w,(q), and the
corresponding eigenvectors, e“(qo), of the modes (qo) are
obtained from the secular equation for the dynamical matrix
in Eq. (11), i.e.,

> 1P (@)e(q) = X (q)ef(q). (14)
b

The lengthy details of the calculation of B and C cannot be
reviewed in this paper. They are given in Ref. 15. In this
context we remark that the coupling matrix C,,/(q) of the
EDF-EDF interaction, whose inverse appears in Eq. (11) for
the dynamical matrix, can be written in matrix notation as

C=II"+V. (15)

I1-" contains the kinetic single particle contribution to the

interaction C and 17, the Hartree and exchange-correlation
contribution. C~! is needed for the dynamical matrix and the
EPI is closely related to the (linear) density response func-
tion (matrix) and to the inverse dielectric function (matrix)
&7, respectively. Comparing with calculations of the phonon
dispersion and the EPI using the linear response method in
the form of density functional perturbation theory within lo-

cal density approximation (LDA), these calculations corre-

spond to calculating IT and V in DFT-LDA. On the other
hand, in our microscopic modeling DFT-LDA-SIC calcula-
tions are performed for the various densities in Eq. (1) in

order to obtain the coupling coefficients B and V. SIC as a
correction for a single particle term is important for contract-
ing in particular localized orbitals. Written in matrix notation
we get for the density response matrix the relation
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FIG. 1. Calculated phonon dispersion of Ba-Bi-O in the cubic perovskite structure in the main symmetry directions A~(0,0,1),
3~(1,1,0), and A~(1,1,1) for the ionic reference model with covalent corrections (RIM, model 1). The open symbols represent the
experimental results for cubic Bay¢K(4BiO3 (Ref. 7). The full squares are experimental results of the same material (Ref. 9). The arrange-
ment of the panels from left to right according to different irreducible representations is as  follows:
[A{(—), A ) |[A() |21 () [2a(—), 25 ) | [2a(—) | A (—), Ay(---)|A5(—)|. The measured anomalous soft oxygen-breathing vibra-
tions at the X, M, and R point show the following frequencies: Of;x 12.8 THz, OAB/I% 11.8 THz, and ng 10.5 THz, respectively. Imaginary
frequencies of unstable modes are represented as negative numbers.

C'=MA+VI)'=Me!, e=1+VIL. (16)
The CF-CF submatrix of the matrix II can, for example, be
approximated from a tight-binding approximation of a single
particle electronic band structure. In this case the electronic
polarizability II reads

2 fn’(k + q) _fn(k)
Mlao=0==y 2 G ko £,

nn' k
X [Chy(K)C o (K +q)]
X[C. (K)C o (K +q)]". (17)

f» E, and C in Eq. (17) are the occupation numbers, the
single-particle energies, and the expansion coefficients of the
Bloch functions in terms of tight-binding functions.

As a measure of the strength of the EPI the self-consistent
change of an EDF on an ion, induced by a phonon mode
(q,0), can be derived in the form

5o = [— s xm<q>ua<qa>]efq'*i = S,(qo) ",

(18)

with the displacement of the ions

172
) e“(qo)e ™™ = u,(go)e ™",

0=

(19)
The quantity X in Eq. (18), i.e., the self-consistent response

per unit displacement of the EDF, is calculated in linear re-
sponse theory as

X(q) =I1(q)e"'(q)B(q) = C"'(q)B(q). (20)

Another measure of the EPI for a certain phonon mode (qo)
is provided by the change of the self-consistent potential in
the crystal felt by an electron at a space point r, i.e.,
OVi(r,qo). Averaging this quantity with the corresponding
density form factor p,(r—R%) of the EDF located at R%, we
obtain

8Vilqo) = f dVp,(r - R)8Vepr(r.qo). 21

This gives an orbital resolved measure for the strength of the
EPI in the mode (qo) mediated by the EDF considered. For
an expression of 6Vi(qo) in terms of coupling coefficients in
Egs. (12) and (13), see Ref. 20.

III. RESULTS AND DISCUSSION
A. Results within the reference system (RIM)

The rigid, local contribution of the electronic charge re-
sponse and EPI is approximated by an ab initio RIM with
corrections for covalence effects in terms of effective ionic
charges (ion softening) and scaling of the short-ranged pair
potential between the Bi and oxygen ion. In this way, we
obtain a suitable reference system; see Fig. 1 for the calcu-
lated dispersion, which subsequently allows for the investi-
gation of the characteristic nonrigid screening effects in
terms of CF’s and DF’s on the phonon dispersion and charge
response.

The covalent corrections are important because a calcula-
tion of the phonon dispersion of cubic Ba-Bi-O with nominal
charges leads to a significant overestimation of the width of
the phonon spectrum. Moreover, various unstable modes
down to —12 THz emerge if imaginary frequencies of un-
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stable modes are represented as negative numbers. The mode
with the highest frequency (=35 THz) in such a model is the
oxygen-breathing mode, OF, at the R point which, on the
other hand, according to recent experiments® is anomalously
soft (=10.5 THz); see Fig. 1. Similar results are found in
calculations of the phonon dispersion of cuprate high-
temperature superconductors when nominal ionic changes
are used.'?! In our calculation we find a set of effective
(static) ionic charges (Ba 1.5+, Bi 2.7+, O 1.4-) and a cova-
lent scaling of the Bi-O pair potential which leads to an
energy minimized structure in full agreement with the ex-
perimental one for cubic Ba-Bi-O (a=4.2742 A).!* As a gen-
eral rule, partial covalence reduces the amplitude of the static
ionic charges in mixed ionic-covalent compounds like Ba-
Bi-O, because the charge transfer from the cations to the
anions is not complete as in the entirely ionic case.

The phonon dispersion based on this set of reduced ionic
charges is displayed in Fig. 1 (model 1). Potassium doping is
taken into account using a virtual-mass approximation and
implicitly via the reduced static charges. The phonon disper-
sion calculated with such a reference model means a large
improvement compared to the model with nominal charges
(not shown). In particular, the width of the spectrum is con-
siderably reduced and compares well with the experiments if
the missing renormalization related to the nonrigid charge
response (CF’s and DF’s) is taken into account; see Sec.
IIT B. Moreover, unstable modes only appear at the R and M
point. The mode at R is triply degenerate and represents ro-
tations around any cubic axis. The rotation is opposite in
neighboring elementary cells in all cubic directions. The
other unstable mode at M is similar to the most unstable R
point mode, with the exception that the rotation of the octa-
hedra is in the same sense in adjacent cells along the z axis.
Note in this context that, as mentioned in the Introduction,
the structural phase transitions in K-doped Ba-Bi-O are char-
acterized by rotations (tilts) of the BiOg octahedra around
several distinct axes'? and in cubic Bay¢K,4BiO; the fre-
quency of the rotational R point mode is extremely low (Fig.
1), consistent with the tendency of soft rotational modes at R
in harmonic theory. Thus our results within the harmonic
approximation highlight the importance of the ionic forces
for the tilt instabilities and indicate that anharmonic contri-
butions should stabilize these modes. Frozen-phonon calcu-
lations support this argument because they predict highly an-
harmonic potential behavior for the tilting of the BiOg
octahedra corresponding to the R point.'’??

In SrTiO; the rotational modes at R also are found most
unstable in our calculations'® corresponding to an antiferro-
distortive transition in agreement with the experiment while
our calculation for BaTiO; finds the ferroelectric mode at I’
as the most unstable one again in accordance with the ex-
perimental situation. Interestingly, we also obtain, in the case
of the HTSC La,Cu0,,'®?® one partially unstable branch
with the tilt mode at the X point. Freezing in of this distortion
points correctly to the experimentally observed structural
phase transition from the high-temperature tetragonal to the
low-temperature orthorhombic structure. Again this rota-
tional instability is already present in the RIM and thus also
driven by the long-ranged ionic interactions likewise as in
Ba-Bi-O and Sr-Ti-O. In contrast to the situation in Ba-Ti-O
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FIG. 2. Displacement patterns of the anomalous oxygen-
breathing modes 0;5, OZI , and 0§ from left to right for model 3.
Frequencies are given in units of THz.

the strongly polar ferroelectric TO mode at I', where the
oxygen anions vibrate coherently in the opposite direction to
the Bi ion, is stable in Ba-Bi-O. We get 8.6 THz in the RIM
with effective ionic charges and 9.7 THz in the RIM with
nominal ones. Not only is the frequency of the ferroelectric
mode significantly reduced when passing from the model
with nominal ionic charges to the model with effective
charges but the LO-TO mode splittings are also. On inspec-
tion of Fig. 1 with respect to the oxygen-breathing modes,
displayed in Fig. 2, we find that instead of being soft as in
the experiment the latter have the highest frequency at the
X(Og), M (Ogl ), and R(Og) point, respectively. Consequently,
the characteristic downward dispersion of the anomalous
phonon branches cannot be described at all within the RIM,
i.e., by a rigid, local charge response. In the following, we
will show that the anomalous dispersion and phonon soften-
ing characteristic for cubic, metallic Ba-Bi-O is essentially
related to strong nonlocal, nonrigid EPI effects mediated by
CF’s of the Bi 6s and Bi 6p orbitals, pointing to a substantial
character also of Bi 6p electrons in the electronic state near
the Fermi energy.

B. The effects of a nonrigid, nonlocal charge response via CFs
and DFs

Starting from the reference systems (RIM) of the last sub-
section DF’s and CF’s as nonrigid electronic degrees of free-
dom are additionally allowed for the modeling. This means
that on each ion the electrons can redistribute under atomic
displacements in such a way that dipole and charge fluctua-
tions are induced on that ion in order to minimize the energy.

In Fig. 3 we display our calculated results of the phonon
dispersion taking additional DF’s into account (model 2). In
this calculation the ab initio values of the dipole polarizabil-
ity a as calculated from the Sternheimer method in the
framework of DFT-LDA-SIC (Ref. 15) for the corresponding
single ions are reduced by 50% which leads to a better agree-
ment of the phonon dispersion with the experiment. Taking
the ab initio values for a as calculated for the single ions
with the Sternheimer method overestimates the dipole polar-
ization in the crystalline environment and leads to TO fre-
quencies being low as compared to the experiment. These
findings also hold true for our calculations of dipole screen-
ing in the cuprate based HTSC’s,>?* where in addition the
dipole polarizability is found to be very anisotropic dominat-
ing along the (ionic) ¢ direction.

Comparing Fig. 3 with Fig. 1 we find that the width of the
spectrum improves considerably and no additional unstable
branches emerge. Moreover, the LO-TO splittings are further

014508-5



FALTER, BAUER, AND TRAUTMANN

PHYSICAL REVIEW B 75, 014508 (2007)

20
15 fengg T T F Cpan, o f T oo T i
%.% el LM o n®
o L]
T 10— L ] T . - .
£ . Lo ,° =oo 2o FIG. 3. Same as in Fig. 1 with the calculated
g [ # " = 1 e results from the model described in the text
% 0,009 n_pPETh | _soag oo where in addition to the RIM (model 1) dipole
© 5F B . .
& — pone o fluctuations are taken into account (model 2).
moog,, Pog 0 Oppe o % P =~ Ho"%qop
o '—’—\EI—/E%
-5
r A Xr A Xr X Mr )X M X M A RI A R

reduced and the TO modes are well described. In particular,
the ferroelectronic TO mode at I' is reduced from
8.6 to 6.7 THz and is now in quite good agreement with
experiment.7’8 However, the anomalous branches with the
oxygen-breathing modes at X, M, and R have an increasing
dispersion when propagating from the I' point towards the
zone boundary and show no sign of softening. Likewise as in
the RIM, these modes have the highest frequencies in the
spectrum.

Next, we discuss the influence of the ionic CF’s on the
phonon dispersion. The results of a calculation where, in
addition to DF’s (model 2), CF’s are included are shown in
Fig. 4 (model 3). Comparing the calculated results with the
experiments a good agreement is now achieved. This is par-
ticularly true for the phonon anomalies which cannot be de-
scribed well by other approaches up to now as stated in the
Introduction. First principle calculations!' within DFT-LDA
for Ba-Bi-O taking K doping into account by a virtual-crystal
and virtual-mass approximation report that the breathing dis-
tortions are seriously underestimated in the LDA. These cal-
culations yield for the 02 mode a frequency of 15.7 THz
compared to 10.5 THz in the experiment.” We argue in the
following that a reason for the high frequency in this calcu-
lation is the electronic polarizability I1,.,,(q) from Eq. (17),
i.e., the kinetic single particle part of the charge response,
which seems underestimated in LDA-type calculations as in
Ref. 11 or Ref. 24, respectively.

In order to investigate this question in our approach,
I1,,(q) is modeled in an appropriate way to find out which
electronic degrees of freedom are most important for the
phonon anomalies in Ba-Bi-O. So, we express II,,/(q) in
Fourier-transformed (parametrized) form

I, (q) = XTI 1R R, (22)
a

In the metallic phase the electronic partial density of states
(PDOS) at the Fermi level Z,(ep) is related to the polariz-
ability matrix in the long wavelength limit'"* according to

E HKK’(q - 0) = ZK(SF)s

K

(23)

and the total density of states at energy € is given by

Z(e) =2 Z,(e). (24)

In our calculations for the metallic phase of the cuprate
HTSC’s we have found®>¢ that neglecting the q dependence
in the polarizability and taking into account the diagonal
on-site parameters H?f; alone already provides a good ap-
proximation for the calculation of the phonon dispersion, in
particular for the anomalous generic OBSM in these materi-

als. This means that the parameters Hg‘,’( are approximated by

20
15 e o a2 2} 2 o =
-
£ 1ol
e - FIG. 4. Same as in Fig. 1 with the calculated
& L results from the model described in the text
"é 5 g.0.0-0] o oot | 9999/_ M where in addition to the RIM dipole and charge
£ _mu 7 fluctuations are included (model 3).
/E’@Eﬂ L Bo"%qg
¢} \
-5
r A XTI A X I M & MO ¥ MM A RC A R
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FIG. 5. Calculated effect of the Bi 65, Bi 6p, and O 2p charge fluctuations on the softening of the frequency of the anomalous oxygen
bond-stretching (breathing) modes O}, O, and O, respectively, for varying polarizabilities TT(Bi 6s), TI(Bi 6p), and TT(O 2p). 1 is given
in eV~!. X point (full line), M point (dotted line), and R point (broken line).

the corresponding PDOS. However, such a diagonal approxi-
mation does not hold for the insulating state of a material.
Due to the charge gap in the spectrum off-site elements H?:;,
necessarily must occur and interfere in such a way that the
following compressibility sum rules for the kinetic single
particle part of the charge response are satisfied:!>°

2 (g —0)=0(q), (25)

K

> Mo(g —0)=0(g?). (26)

KK

In Fig. 5 we display the calculated effect of the Bi 6s, Bi 6p,
and O 2p charge fluctuations for the softening of the fre-
quency of the anomalous OBSM OX, OM, and 02, respec-
tively, by varying the diagonal on-site parameters I1(Bi 6s)
=Zgi 6s(er), 11(Bi 6p)=Zg;¢,(er), and 11(O 2p)=Zg ,,(ep).
We find that the CF’s in the Bi 65 and Bi 6p orbitals both are
important for the phonon softening, while the dependence on
the O 2p CF’s is very weak. The values actually chosen for
the calculation of the phonon dispersion in model 3 are
II(Bi6s)=1.00 eV~!, TI(Bi6p)=0.5eV~!, and II(O2p)

=0.2 eV~!. The latter value, to a large extent irrelevant for
the softening, was taken to optimize the phonon frequencies
for modes where exclusively O 2p CF’s are excited. The re-
markable softening with increasing Zg; ¢,(ef) indicates that
the band crossing the Fermi energy consists not only of the
Bi 65 and O 2p electrons but also has a substantial admixture
of Bi6p electrons. This is also concluded from electronic
band structure calculations, see Ref. 11 and references
therein, and is consistent with the static effective charge for
Bi in our model pointing out a partial occupation of the Bi 6p
orbital. The latter is the most delocalized one of the orbitals
used in our calculation (see Fig. 6) and consequently very
effective for screening and softening of the oxygen bond-
stretching vibrations.

Such an enhancement of softening, related to the delocal-
ized components of the electronic state at the Fermi energy,
also has been obtained in our calculations of the generic
anomalous OBSM in the cuprate HTSC’s. In this case we
have shown that with increased hole doping the inclusion of
the delocalized Cu 4s state into the orbital basis is an impor-
tant factor for the strength of the anomalies in the optimally
and overdoped state.>%2% Thus doping (similar like pressure)
causes a progressive modification of the orbital character of
the electronic state in the cuprate-HTSC’s. Quite generally,
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ou(r) (o)

FIG. 6. Charge density form factors (times 4772) for the Bi>"*
and O'*" ion. r radial distance in units of ap. Bi6s (full curve);
Bi 6p (dotted curve); O 2p (broken curve).

our investigations in the cuprates point to an interrelation
between electronic structure changes at e, selective phonon
softening via strong nonlocal EPI of CF type, and, finally, to
the appearance of phonon-mediated superconductivity in an
“ionic” metal. A corresponding connection seems also to
hold in doped Ba-Bi-O.

A change of the electronic state in Ba-Bi-O, i.e., a partial
shift of the spectral weight from Bi 6s to Bi 6p, as suggested
from our calculations of the OBSM, obviously occurs paral-
lel with K doping because the OBSM anomalies are not
present in the weakly doped material.® It has been argued in
Ref. 25 that K doping creates localized holes on the O 2p
orbitals, rather than on Bi atoms. One might speculate that an
increased population of the Bi 6p states as the most delocal-
ized ones lowers the energy by an enhanced hybridization
with the O 2p hole states making the latter itinerant at a
certain doping level in the metallic state.

An increasing Bi 6p character of the electronic state at e
also should lead from a more rounded Fermi surface to a

PHYSICAL REVIEW B 75, 014508 (2007)

more distorted anisotropic shape. Such a change of the ge-
ometry of the Fermi surface would of course be mapped to
the “phase space factor” (nesting function) and also to the
matrix elements of the electron-phonon spectral function
o’F(w) and, finally, to the superconducting 7, in a phonon-
mediated mechanism.

Altogether from our results a multiorbital model involv-
ing CF’s, DF’s, and the corresponding interactions V in the
charge response, Eqgs. (15) and (16), between Bi 65, Bi 6p,
and O 2p states is needed to obtain a reliable description of
the phonon dispersion in an “ionic” metal like Ba-Bi-O, as
shown in Fig. 4.

Comparing the results of the dispersion in Figs. 3 and 4
we recognize that the LO-TO splittings at I' are closed by the
metallic screening due to the CF’s. Such a screening of the
long wavelength polar modes does not imply charge local-
ization on a microscopic scale and can also be achieved in a
homogeneous electron gas model. However, localization of
charge on a microscopic scale is necessary for the screening
of the zone-boundary modes like O}, Oy, and O%. In this
case, nonlocally induced ionic Bi 6s and Bi 6p CF’s lead to
the strong softening. Compare with Fig. 7, where the nonlo-
cal part of the phonon-induced charge density redistribution
is shown for O, OY, and O%. The related strong softening of
the modes by the nonlocally excited nonrigid charge re-
sponse via CF’s and DF’s as compared to the RIM can be
extracted from Fig. 8.

In context with the vanishing of the LO-TO splitting char-
acteristic phonon branches along A, 3, and A with the
(stable) ferroelectric TO mode at I' (6.744 THz) appear in
the phonon dispersion which are well described in our
model. Even details, like the steep slopes near I', resulting
from the depression of the LO frequency by metallic screen-
ing, and the flattening out of the branch in A direction, is
obtained in our calculation.

In order to investigate the question of how the phonon
dispersion looks, if we use an electronic density of states at
e for Ba-Bi-O which is typical for a LDA-like calculation®*
in our model for the polarizability, we have performed the

<0,0,1»

<0,0,1>

FIG. 7. Contour plot of the nonlocal part of the phonon-induced charge density redistribution from Eq. (27) for (a) the O mode, (b) the
0? mode, and (c) the 0'; mode in model 3. The units are 10~/ a?;. Full lines (—) describe regions of space where electrons are attracted and

the lines (— --) represent regions where electrons are pushed away.
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calculations shown in Fig. 9. The total density of states from
Ref. 24 is 0.8 eV~!. Taking for IT(O 2p) the same value as in
model 3 and using the same ratio for I1(Bi 65s) and I1(Bi 6p)
we obtain II(Bi6s)=0.4 eV~!, TI(Bi6p)=0.2eV~! and
I1(02p)=0.2 eV~! (model 4). Comparing the results for
model 4 in Fig. 9 with those in Fig. 4 we find that the soft-
ening of the oxygen-breathing mode anomalies is only
poorly developed, consistent with the ab initio calculations
based on DFT-LDA in Ref. 11. This indicates that the ab
initio LDA calculations underestimate the EPI for the
OBSM.

The underestimation of the EPI in the breathing modes
can also be deduced from Table I in terms of the CF’s. Here
the CF’s according to Eq. (18) of the Bi 6s, Bi 6p, and O 2p
orbitals generated by OX, 0@4 , and 0’; are listed. We recog-
nize that in our modeling of the electronic state with en-
hanced PDOS for Bi 65 and Bi 6p at e as compared to the
LDA-based result the CF’s are significantly larger leading to
the correct description of the anomalies in the phonon dis-
persion.

The strong nonlocal EPI of ionic CF type in the oxygen-
breathing modes is also illustrated in the contour plots of the
nonlocal part of the phonon-induced charge density redistri-

bution Jp(r,qo) for the OBSM in Fig. 7, i.e.,

5p(l', qU’) = E 5(7(((10-)pk(r - Ri"(), (27)

with the CF’s 647 according to Eq. (18) and the form factors
p, for the CF’s as in Eq. (1). The total phonon-induced
charge redistribution can be obtained by adding the rigid
displacement of the unperturbed densities, i.e.,

3p,(r.qo) = 2 {p)(r ~ [R: + ui(qo)]) - p2(r — RE)}.

a,«

(28)

p? is the density of the unperturbed ion from Eq. (1) and u®
the displacement of an ion in Eq. (19).

The results shown in Fig. 7 demonstrate that the nonlocal
EPI leads to attractive (—) and repulsive (— ) regions for
electrons mainly at the Bi ions. For symmetry reasons some
charge is also transferred to the silent oxygens in the 0),§ and
0? mode; see Figs. 7(a) and 7(b) and Table I. This, however,
is not possible in Og because all the oxygen ions are vibrat-
ing symmetrically toward or away from Bi. Electrons, i.e.,
negative charge, are flowing to the expanded octahedra from

20

1 FIG. 9. Same as in Fig. 1 with the calculated
5 results from the model described in the text

£ 1o} <l

£ ] B nog R . s . .

> /{\ <nt o] where in addition to the RIM dipole fluctuations
g i ] and charge fluctuations are included. The latter
g ot SN are based on a model where an electronic density
- P o] goEogg ] of states at gy typical for LDA calculations of

o . .
1 Ba-Bi-O (Ref. 24) is used (model 4).
Fr A X A XTI £ M & MM X MM A RC A R
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TABLE 1. Calculated phonon-induced charge fluctuation
8¢, (qo) for model 3 (first row) and model 4 (second row) for O),f,
O, and O% according to Eq. (18). Units are in 10~ electrons.
8¢, (qo) >0 means that electrons are pushed away. The symbol “/”
means that no CF’s are excited.

OCgi 65 OCgi 6p 680 2p
oy 39.369 27.534 -4.169
32.333 18.285 ~1.764
oy 61.329 42.740 -5.791
46.309 26.227 -2.092
o 83.657 57.859 /
56.807 32.220 /

the compressed ones. Thus negative charge is always accu-
mulated in the larger octahedra and so a (dynamical) charge
disproportionation of the Bi ions is generated. The corre-
sponding CF’s of the Bi 6s, Bi 6p, and O 2p orbitals 8,(qo)
for O}, O}, and Of are collected in Table I. Significantly
larger values are found for model 3 compared with the LDA-
based model 4. For example, in the 01; mode 0.142 electrons
are exchanged between the vibrating octahedra in model 3
and only 0.089 electrons in model 4. For lightly K-doped
insulating Ba-Bi-O besides the tilt distortion related to the
rotational modes there is also a breathing distortion
(frozen-in breathing mode) of the octahedra. On the other
hand, our calculations in model 3 for the metallic phase show
that strong nonlocal EPI of CF type lead to a large softening
but a still stable 0§ breathing mode in very good agreement
with experiment. However, the result indicates that this type
of nonlocal EPI also should play a role for the actual breath-
ing distortion in the insulating part of the phase diagram.
One can interpret the dp patterns in Fig. 7 and the CF’s in
Table I as an expression of a precursor effect for polaron
formation. Actually, polarons are not expected to form at a
high enough doping level, because, as mentioned before, the
system can gain sufficient energy by delocalization via the
hybridization of the Bi 6s and in particular the Bi 6p states
with the O 2p hole states created by doping. However, such a
channel for a lowering of the energy by delocalization might
not be favorable in the insulating, lightly doped material due
to the small number of holes and the tilted structure where
the O 2p to Bi 6p hopping is decreased due to misalignment
of the orbitals and hence the energy gain by delocalization.
In this case (polaronic) charge localization by the strong non-
local EPI of CF type might be energetically more favorable
and responsible for the metal-insulator transition. A tendency
to polaron formation is also very likely in the undoped and
weakly doped cuprate-HTSC’s, where our modeling of the
charge response has shown that the delocalized component
of the electronic state, i.e., in this case Cu 4s, is not required
to describe the phonon anomalies in these “phases” of the
cuprates.>>020 Polaronic effects also occur in the small
nonadiabatic region around the ¢ axis of the cuprate HTSC’s,
where an insulatorlike charge response and phonon-plasmon
mixing is found.2%2 As a matter of fact, the electronic struc-
ture of the lightly K-doped insulating phase of Ba-Bi-O is

PHYSICAL REVIEW B 75, 014508 (2007)
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FIG. 10. Phonon density of states (DOS) for cubic Ba-Bi-O as
calculated with model 3, including CF’s and DF’s.

not really understood. However, as discussed, e.g., in Refs.
27 and 28 and from our discussion formation of small po-
laron or bipolarons due to strong nonlocal EPI may be an
important mechanism for insulating behavior persisting over
a wide doping range.

The mode splitting experimentally found in recent experi-
ments for the anomalous branches along % and A for metal-
lic Ba-Bi-O (Ref. 9) (see the full symbols in the figures of
the phonon dispersion) cannot be understood in calculations
assuming an ideal cubic perovskite symmetry. As discussed
in Ref. 9 the split dispersion suggests some charge inhomo-
geneity due to distortions from the cubic perovskite structure
on a time scale larger than the time scale of the phonons. For
example, a structural tilt distortion around the cubic (0, 0, 1)
direction recently reported for superconducting Ba-Bi-O
(Ref. 29) should lead to an increase of the OBSM at the M
and R point because of the reduced O 2p to Bi 6p hopping
due to misalignment of the orbitals and a corresponding re-
duction of the softening via Bi 6p.

Anomalous phonon softening and mode splitting of the
oxygen bond-stretching phonon along (1, 0, 0), most likely
due to a (dynamic) charge inhomogeneity, very recently also
has been observed in La-Ba-Cu-0.%° As discussed in Ref. 6 a
charge inhomogeneity should lead locally to a variation of
the strength of the nonlocal EPI of CF type and a related
variation of the phonon frequency of the OBSM. How the
phonon frequency is changed depends in particular on the
state of the inhomogeneity which could be compressible or
incompressible or a mixture of both. In a phonon-mediated
pairing mechanism such a variation of the nonlocal EPI by
inhomogeneity is expected to induce simultaneously a corre-
sponding change of the pairing strength (gap value) and a
variation of the frequency of the pairing related modes.
Stronger renormalized modes (lower frequencies), i.e., a
stronger nonlocal EPI, correlates to a larger pairing strength
(higher gap value), and vice versa. Interestingly, such a cor-
relation has been observed quite recently in scanning tunnel-
ing experiments in Bi,Sr,CaCu,0yg.%!

In the last topic of this paper we present calculations for
the phonon density of states within model 3 including CF’s
and DF’s; see Fig. 10. Moreover, in Fig. 11 the calculated
atom-resolved phonon density of states is shown. Concern-
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L, respectively, means parallel or perpendicular to the Bi-O bond.

ing the oxygen ion we have further discriminated between
displacements parallel (O;) and perpendicular (O ) with re-
spect to the Bi-O bond in order to demonstrate the strongly
anisotropic behavior of the oxygen vibrations in Ba-Bi-O.

From the figures we see that the frequency range up to
about 5 THz can be attributed to Ba and Bi vibrations with
some contribution from O, including the unstable rotational
modes. The O, vibrations dominate the spectral range from
around 5 THz to about 11 THz. Beyond this frequency range
the high-frequency part from 10—15 THz is exclusively gov-
erned by the O, vibrations including the von Hove points of
the OBSM: Oj3=~13.6 THz, Oy ~11.9 THz, and O}
~10.2 THz. The anisotropy between the O and O, vibra-
tions will, for example, be reflected in the Debye-Waller fac-
tors. The latter are expected to be considerably larger perpen-
dicular to the Bi-O bond in agreement with experiments!'®
and consistent with a tendency towards a structural phase
transition via rotational modes. Finally, the strong almost sin-
gular peak at about 15 THz results from the characteristic
nearly dispersionless branches in Fig. 4 terminating at the I’
point in the TO mode with the highest frequency.

IV. SUMMARY AND DISCUSSION

Within our microscopic modeling of the electronic charge
response in linear response theory we have studied complete

phonon dispersion curves, phonon-induced charge density
redistributions and charge fluctuations, generated by nonlo-
cal EPI, and the total and atom-resolved phonon density of
states in cubic metallic Ba-Bi-O. Our calculated results of the
phonon dispersion curves are in good overall agreement with
the experiments; in particular, the strong phonon softening of
the anomalous oxygen-breathing modes is well described.
This was not possible so far neither with empirical nor with
ab initio calculations based on the LDA using a virtual crys-
tal approximation. The latter seem to underestimate the ki-
netic single particle part of the density response. Increasing
the electronic PDOS for the Bi 6s and Bi 6p orbitals at the
Fermi level as compared with typical values obtained in
LDA calculations has been shown to provide the strong soft-
ening of the OBSM. This is achieved by a characteristic type
of local screening on a microscopic scale in terms of ionic
CF’s being quite generally at work in “ionic” metals with a
significant component of ionic binding like Ba-Bi-O or the
cuprate based HTSC’s. More explicitly, nonlocal coupling of
the displaced oxygen ions in the OBSM essentially to Bi 6s
and Bi6p CF’s, which are favored by the corresponding
large PDOS of these states at e, are found to be responsible
for the softening.

The effect of the strong nonlocal EPI is also visible from
the calculation of the nonlocal part of the charge density
redistribution and the CF’s themselves during the oxygen
vibrations in the octahedra. Accordingly, a considerable (dy-
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namical) charge disproportionation has been calculated. The
patterns of charge rearrangement can be looked upon as a
visualization of a precursor effect for polaron formation.
Small polaron and/or bipolaron formation is very likely an
important mechanism for the insulating behavior in lightly
K-doped Ba-Bi-O.

The strong effect for softening by including the Bi6p
orbitals into the electronic state at the Fermi energy points
towards a change of this state with K doping. This change is
accompanied by a corresponding variation of the topology of
the Fermi surface and possible changes of the electron-
phonon matrix elements. Both effects are important for the
electron-phonon spectral function a?F(w) and the T, value in
a phonon-mediated mechanism for superconductivity. Such a
mechanism is supported by the strong nonlocal EPI effects
found in our calculations. Compared with the cuprate based
HTSC spin degrees of freedom seem to play no role for

PHYSICAL REVIEW B 75, 014508 (2007)

superconductivity in Ba-Bi-O but the strong nonlocal mode-
selective coupling effects of lattice and charge degrees of
freedom in terms of ionic CF’s are present in both Ba-Bi-O
and the cuprate HTSC'’s.

From our calculations of the PDOS of the phonons we
extract that the oxygen vibrations and consequently also the
mean square displacements are very anisotropic. There are
low-frequency O ; vibrations perpendicular to the Bi-O bond
which are well separated from the high-frequency Oy vibra-
tions parallel to the bond.

Quite generally, our investigations for metallic Ba-Bi-O
and the cuprate-HTSC’s point to an interrelation between
doping induced electronic structure changes at the Fermi en-
ergy, selective phonon softening via strong nonlocal EPI of
CF type, and high-temperature superconductivity in “ionic”
metals.
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