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The long-wavelength phonon spectrum of an alternating chain, consisting of molecules with in-

ternal degrees of freedom and ions (atoms) in between, is investigated within a frozen-phonon-type
approach for the period-4 mixed charge-density-wave —bond-order-wave (CDW-BOW) ground state
of an one-dimensional Hamiltonian with --6lled bands, diagonal, and off-diagonal electron-phonon
interaction. Raman and infrared data of the recently synthesized quasi-one-dimensional system
Cay. SSrp.2Cu03 are analyzed within this model. The occurrence of "forbidden" Raman modes is ex-
plained semiquantitatively as the consequence of the period-4 CDW-BOW ground state. The param-
eters derived from the experimental data are consistent with intermediately strong electron-electron
interaction. Necessary experiments to check the relevance of the proposed model are discussed.

I. INTRODUCTION

There is a continuing interest in the study of quasi-
one-dimensional systems with variable chemical com-
plexity. A large number of papers has been devoted
to polyenes and transition-metal halogen-bridged (MX-
chain) compounds (see, e.g. , Refs. 1—5). Dynamical
properties of the commensurate charge-density-wave
(CDW) and/or bond-order-wave (BOW) states of one-
dimensional Peierls systems with more than one degree
of &eedom have been reported for the half-filled band
case (period 2) by Rices for charge-transfer salts and by
Horovitz for polyacetylene. The paper of Rice and Mele
contains also a microscopic consideration of the dynam-
ics of period-2 alternating chains, but without internal
modes. Some aspects of the dynamics of period-4 alter-
nating chains with applications to MX chains have been
discussed microscopically2 and phenomenologically. ' In
Ref. 4 symmetric ligand vibrations have been considered
also.

Another interesting class of materials which has at-
tracted less attention so far are the metal- oxygen-
bridged chains present in some high-T, superconductors
(HTSC's) and related compounds, e.g. , the CuOs chains
in the well-known YBa2Cu307 system or the, recently
synthesized Ca2 Sr Cu03 compound. According to
local-density-approximation (LDA) band-structure cal-
culations carried out for YBa2Cu307, there is a par-
tially filled quasi-one-dimensional (1D) band arising from
these chains. It is noteworthy that the electronic struc-
ture near the Fermi level and the electron-lattice inter-
action of metal-oxygen-bridged chains seem to be essen-
tially affected by the side groups attached to the metal
ion.

The charge per Cu03 unit in Ca2Cu03 is —4, and the
corresponding highest occupied band is half-filled (see

also the Appendix). Within a simple tight-binding ap-
proach these chains can be modeled by a two-band Hamil-
tonian using the antibonding orbitals of the Cu(1)O(4)2
"molecules" (A sites) and the p„orbital of the bridg-
ing oxygen O(1) (B sites), where the site notation
of YBa2Cus07 has been adopted. [Notice the dif-
ferent notations in Ref. 9 used for the description of
Csi sSrp zCuOs'. "O(1)" for the "apical" ("axial" ) oxy-
gen and "O(2)" for the bridging oxygen. ] In the corre-
sponding two-band model the band filling ratio is 3/4.
The corresponding Raman active totally symmetric Cu-
O(4) stretching mode can be regarded as an internal
mode strongly coupled to the chain electrons. The in-
chain vibrations giving rise to modulations of the trans-
fer integral between A and B sites seem to be impor-
tant, too. The model Hamiltonian for Cu03 chains pro-
posed recently contains also further, partially compet-
ing, terms of these two modes. We report here as a first
step on dynamical properties of a reduced Hamiltonian
containing only four electronic parameters (instead of
eight parameters) but having the same symmetry of the
CDW ground state, first considered in Ref. 13. There-
fore, the Hamiltonian parameters should be considered
as effective ones.

Applying this Hamiltonian to Ca2Cu03, we yield
the ground state with a period-4 superstructure which
should be observed experimentally. We have also investi-
gated the reduced Hamiltonian with respect to nonlinear
excitations. A rich variety of polaronic and solitonic
excitations has been found.

Thus, the aim of the present paper is twofold: (i) to
continue the systematical study of that reduced Hamil-
tonian, to deduce information from the analysis of the
phonon spectrum on the chain ground state, and (ii) to
contribute to the clarification of the role of the electron-
lattice interaction in Cu-0 systems.

The paper is organized as follows. In Sec. II the Hamil-
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tonian and the method used to calculate phonons are de-
scribed. Results obtained for a parameter set similar to
the set used for YBa2CusOr (Ref. 12) are reported in
Sec. III. A critical comparison with experimental data
of Ca2 Sr Cu03 is given, too. In Sec. IV, based on a
brief consideration of the electronic structure of Cu02
molecules given in the Appendix, we propose a simple
scenario to illustrate why the electron-electron correla-
tion efFects might be somewhat suppressed and why an
effective one-particle two-band Hamiltonian can be ap-
plied to Ca2Cu03.

II. THE MODEL AND THE METHOD

A schematic view of a single Cu03 chain, its lattice,
and internal coordinates as well as the ground state su-
perstructure (for —-filled bands) are shown in Fig. l.

The chain is oriented along the y(b) axis and the Cu02
molecules are directed along the z(c) axis (see Fig. 2).
The adopted Hamiltonian reads

H = H.)+ H).„
where

H~ —— e e,e c +~,e, + H.c.

(2)

+z ——to —pvm

As usual the transfer integral and the on-site energies
are linearized with respect to the in-chain bond length
change v = y +q —y and the internal coordinate u
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Here Ac ) 0 denotes the difFerence of on-site energies
between molecular (A) sites and atomic (B) sites in the
undistorted metallic state. Molecular (A) sites are sup-
posed to be odd numbered sites. Finally, treating the
lattice degrees of freedom as classical variables, the lat-
tice part of the Hamiltonian reads

~ ~ Hi t = —) (M y' + I xu' + I~„u' + Z'„v' ),

('ll'(I „'(' (1( l)iitx

where p~ ——0.5M~ is the reduced oxygen mass connected
with the internal mode, M~ ——2MO + Mc„ for m g 2
and M~ ——Mg for m g B. For Axed values of u and
v, an eigenstate of H, ~ is

1 1('( t l (illl( +t I'1 l( t
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FIG. 1. Superstructure and electronic structure for
filled bands. Schematical view of the structure (a) of the
metallic equidistant undistorted chain with uniform molecules

(A sites) and atoms (B sites) in between, (b) of the distorted
insulating chain with enlarged and shortened molecules and
pairwise displaced atomic sites, (c) of the charge density wave

[in units of
I

e
I

the maximal charge density is 0.69 for pa-
rameter set I (see text and Table I)], and (d) of the band
structure. Here 2AO ——2.12 eV denotes the upper Peierls gap
and 2b.~

= 1.48 eV is the lower Peierls gap [see Eq. (A6)].
The middle gap 2A = 0.98 eV stems mainly from the elec-
tronic heterogeneity Ae = 1.23 eV between A and B sites.
W = 6.33 eV denotes the total bandwidth. The Fermi level is
given by p+ [Eq. (A7)]; i.e. , bands b, b, and u are occupied,
whereas a* is empty.

where the quantum number p, contains the spin index
8. In the static approximation the minimum of the total
energy (equilibrium structure) is reached if u and v

satisfy the self-consistency equations

) 0(2)
q-Cu
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)0 @-Ca
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FIG. 2. Crystal structures of Ca2CuOs (a) and La2Cu04
(b) [with permission of Yoshida et ol. (Ref. 9)]. Notice the
different notation of oxygens used in the text.
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u = (A +P ),K„

where

27 (A„—P +i),
V

(7)

OCCP, =) y„(m)y„(m'), A„= ——)
P m6A

1A„= —) P

P denote the charge and bond order matrix, Na the
chain length, and a the Cu-O(1) distance. The Lagrange
multipliers A„,A„have been introduced to avoid renor-
malizations of tp ~ tp —pv (Ref. 1) and b, e' ~ As —au
(Refs. 13 and 14) due to constant shifts u and v of u
and v resulting &om the addition of the electrons de-
scribed by Eq. (2) to the core Hamiltonian and to a lesser
extent &om the Peierls transition. The CDW-BOW in-
duced period-4 superstructure can be characterized by
two equilibrium parameters up) vp.

7r
tL~ = Bp Sln fA —

)
2

vm = vp cos 7Th ———
)

2 4

(8)

E i = 2 ) Er„
k

with H, i/i, = Er,gi„

is obtained readily in the Bloch-wave representation &om
a 4 x 4 electronic eigenvalue problem yielding EI, (—vr/4 (
ka ( z'/4). is i~ Alternatively it can be obtained also
from the diagonalization of the periodic chain Hamilto-
nian with N 120—200 sites. It has the calculational
advantage of real eigenstates convenient for the determi-
nation of matrix elements entering the optical conductiv-
ity (absorption) in the random phase approximation, is

which depend on the coupling constants

(9)K 4p' K tp'

and the electronic heterogeneity parameter Ac.
In order to discuss long-wavelength phonons, we con-

sider small vibrations around the equilibrium values of
(u, v ). Within a &ozen-phonon-type calculation used
here one calculates the total energy in the static approx-
imation at slightly displaced (nonequilibrium) lattice po-
sitions to get a second order expansion [the first order
terms vanish due to the self-consistency Eqs. (7)]. The
electronic part of the total energy,

~(~) = —) I
1, I' s(z, —zp —h~)

(d
l

= —) I
z., I' s(E. E-, —n~), (1o)

(d
a,P

where J~ or J p denotes the matrix element of the total
current operator,

N

J, = (ep
I ) Z(n)

I
Ci)X n=i

N

) t-,-+i[& (n)&p(n+1)
n=i

—@ (n+ 1)gp(n)],

between final (4~) and initial (4p) states with total en-
ergies Ei and Ep, respectively. E ~~l and @ yl denote
the one-particle energies and wave functions of occupied
(unoccupied) states [Eq. (6)], respectively. The current
operator reads as

J(n~ s) = &etn, n+i c,en+i, s c„+i,,cn, a
t

The second order derivatives of E',
~ with respect to the

lattice displacements entering the dynamical matrix D
(see below) have been calculated at the minimum of the
total energy using the standard finite differences expres-
sion.

In the period-4 superstructure we have four longitudi-
nal degrees of freedom, yl, ..., y4, and two internal ones
uq and uq per unit cell, where the subscript denotes the
site number. Hence, there will be six modes to be found
as the eigenvalues of the 6 x 6 problem,

II
~'s„,„—D„,„ II= o,

where D„„denotes the dynamical matrix which is easily
obtained from the classical equations of motion includ-
ing also electronic Hellmann-Feynman forces. The modes
can be classified as symmetric or antisymmetric with re-
spect to a mirror plane (perpendicular to the chain axis)
containing the molecule (A) site. According to Fig. 1(b)
and to Eq. (8), the same symmetry with respect to B
sites is broken by the superstructure. Thus the matrix D
can be written as a direct sum of a 3 x 3 matrix describing
the Raman active symmetric modes, a 2 x 2 matrix de-
scribing infrared (ir) active antisymmetric modes, and a
1 x 1 matrix corresponding to the inactive acoustic mode
with cu = 0, which is of no interest.

It is convenient to introduce dimensionless nota-
tion Z, i m t,i/t p, u m nu/tp = Q, u
cos(mz /2) o;u /'t p = Q, and v + ~2 sin(mn /2—
vr/4)pv /tp = q, where u describes a small homogeneous
transverse deformation of all A sites. The 3 x 3 "Raman"
block reads

(2K„(1+~AB s,))Mg 2 Bq

A„K„A„K„BE 1

2@~M~ BqBQ

l
a„K„X.K. B'C.l

2y, ~M~ BqBQ

A„Ku Ae Kv B Ce&
2p~ Mgy BqBQ

~K (1 + A„s E )
)p~ 2 BQ'

A„K„BCl
2@~ BQBQ

A„K„A„K B C 1

2@AMz BqBQ
A„K„BEi
2p~ BQBQ

~K(1 + A„B E )) )PA 2 BQ

(12)
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and there is an analogous expression for the 2 x 2 matrix
describing the ir active modes:

( 2K„(1+ A„B E,))
D(2) P, ~ ~ 4 g(1

72 A„A„BE'
l

v'2@x a M~ &6 &(2

A„K„BS,l

v'2@~a M~ 41(2
2K„(1+A„B F. i)iM~ 2

Here the new coordinates (, (i = 1, 2) are related to the
displacement y, at the ith site as follows:

( 9i + 92 —92 + 94) ~

2tp

b b
~int, ZC = ~int, ZB = K„b

~ ~opt, za-p'
2K„

b
~opt, ZB—

2K
~ ~ac,ZB-

CVl g
(14)

The off-diagonal elements describe the mixing of bare
modes due to the electron-phonon interaction. All fre-
quencies are softened at least for the parameter sets con-
sidered. The softening, especially for the infrared active
low-frequency mode, and the mode mixing effects can be
quite large. The softening effects should be taken into ac-
count if one tries to extract spring constants for effective
Hamiltonians from measured phonon modes. Interest-
ingly, the longitudinal mode with the stronger coupling
constant is more softened than the weaker coupled in-
ternal mode. This is in contrast to the one-component
Peierls model where the softening is the stronger the
weaker the coupling is (e.g. , cu oc ~A„cu, zB for A„(( 1).
It is a consequence of the joint distortion of in-chain dis-
placements and internal degrees of freedom, and it will
be investigated in more detail in subsequent work.

III. APPLICATION OF THE MODEL
TO CagCu03

The crystal structure of Ca2 Sr Cu03 shows certain
similarities with YBa2Cu307. In both cases there is a
parallel arrangement of CuOs chains [in the y(b) direc-
tion]. The apical oxygens are sixfold coordinated by
divalent cations, by four earthalkalines Ca(Sr) and Ba

and pa~ = M~M~/(M~ + M~) denotes the reduced
mass.

It should be noted that the present approach is for-
mally equivalent to a phenomenological, purely elastic,
description provided forces up to second-nearest neigh-
bors are taken into account. Hence, phenomenological
descriptions restricted to nearest neighbor forces, ' in
comparison with a microscopic approach, are approxi-
mate only.

The diagonal elements of the dynamical matrix de-
scribe a simple renormalization of the bare internal,
acoustical, and optical frequencies [two zone-center (ZC)
and three zone-boundary (ZB) modes of the undistorted
chain]:

in the ab plane, as well as by two cations along the
z(c) direction, Cu(l) and Ca(Sr) or Cu(2), respectively.
The structures of both compounds differ from each other
by the absence or presence of anionic metallic Cu(2)02
planes and a cationic Y plane. The Ca2Cu03-type crys-
tal (see Fig. 2) with undistorted chains has an orthorhom-
bic structure with space group Dzz(I ). By symme-
try there are only two Raman-allowed modes (having Ag
symmetry): one of them connected with displacements
of Ca and the other with O(4) diplacements along the
z axis. The observed peaks near 306 cm and 530—535
cm were assigned to these modes. At least three ad-
ditional peaks in the Raman spectrum, forbidden by the
crystal symmetry, near 690 cm, 500 cm, and 440
cm have been observed and should be explained theo-
retically. As shown below two of them can be explained
easily supposing that the ground state of Cu03 chains is
of the CDW-BOW type, leading at least to a doubling
of the unit cell in the y direction (in-phase ordering of
neighboring chains) and a doubling along the z and z

axes, too, for antiphase chain ordering.

A. Parameter choice and mode assignment

Applying Eqs. (1)—(5) to Ca2, Sr Cu02, we adopt a
parameter set similar to the sets based on a linear com-
bination of atomic orbitals (LCAO) deformational study
we have used recently for the description of Cu03 chains
in YBa2Cu307. Some changes, e.g. , for on-site ener-
gies are expected due to the different environment of
the chains in both systems: a purely ionic environment
for the former and a combination of ionic and metal-
lic environments for the latter. Furthermore, the total
charge per chain unit is different as explained in the Ap-
pendix. There is an empirical finding that the frequency
of the total symmetric Raman mode increases with in-

creasing electronic charge transfer to the Cu03 chain
unit: it comes out about 475—480 cm for the insulat-
ing YBa2CusOs system [having Cu + ions and isolated
Cu(1)O(4)2 molecules instead of Cu02 chains; the total
charge per molecule equals —3], it increases to 500—505
cm ~ for YBa2Cu207 (hereafter denoted as 1-2-3) (Ref.
17) (the total charge of the chain unit Q,h -- —3.5) and
to 524 cm for the nonmetallic PrBa2Cu307 system
(the precise value of Q,h is not established yet due to
difBculties with the intermediate valency of Pr) and it
amounts to 530—535 cm for Caq sSrp 2Cu02 (Ref. 9)
(Q,h = —4). This increase in the apical oxygen fre-

quencies upon introduction of carriers is a quite gen-
eral phenomenon which has been observed also for other
HTSC's. Thus, the assignment of the 530—535 cm
mode given in Ref. 9 is in accord with this picture.

According to our calculations in a broad parameter re-
gion considered (see below), the aforementioned Raman
active mode is only slightly aBected by the CD&-BOW
induced superstructure. Therefore, the experimentally
observed frequency of 530—535 cm can be used for a
guess of the internal spring constant K„=8.3—8.5 (7.78
eV/A for YBa2Cu207). The longitudinal spring con-
stant K is expected to be larger than in the 1-2-3 system
due to the absence of screening metallic cuprate planes.
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For the same spring constant K as in YBa2Cu307,
K„=7.57 eV/A2, the two "low"-frequency "forbidden"
Raman modes could be in principle obtained. The two
"high"-frequency "forbidden" Raman modes can be ob-
tained with an enlarged spring constant K only. Thus,
we examine two values: K„=18 eV/A (parameter set
I) and 7.57 eV/A [parameter set II (Refs. 19 and 20)I.
In parameter set I the large value of K has been ob-
tained fitting the high-frequency infrared mode to the
experimentally observed highest-frequency I 0 phonon
at 700—710 cm . The remaining parameters for both
sets, the coupling constants A„= 0.4 (set I), 0.35 (set
II) (0.18), A„= 0.8(0.85), the electronic heterogeneity
As = 1.23 eV (set I), 1.33 eV (set II) (1.71 eV), and
the transfer integral tp ——1.4 eV (1.67 eV), are taken near
the 1-2-3 values (given in parentheses). The same order
of magnitude for coupling constants, the hopping inte-
gral, its derivative, and longitudinal lattice distortions
has been found in the related MX chains. Calculating
the phonon frequencies we have used Mg ——16 a.u. and
Mo ——18 a.u. , respectively. In order to describe approxi-
mately a mixture of the Cu and Cu isotopes found in
nature we have adopted an "intermediate" copper mass
Mcu=64 a.u.

With parameter sets I (II) one obtains Eg=2.12 eV
(2.04 eV), i.e. , nearly the experimental gap value (2—2.1
eV), up = 0.15 A. (0.14 A.), and vp=0. 2 A (0.3 A) for the
internal and longitudinal amplitudes of the superstruc-
ture, respectively. Two z positions of the apical oxygen,
0.1—0.13 A apart &om each other, have been observed
by extended x-ray-absorption fine-structure (EXAFS)

measurements for YBa2Cu307. Thus, the slightly
larger value of 0.14—0.15 A. we predict for Ca2CuOs, hav-
ing the lower commensurability 3/4 compared with 5/8
for 1-2-3, seems to be quite reasonable.

The resulting frequencies are collected and compared
to the experimental data in Table I, which contains also
the dominant and minor polarization directions. This
information derives &om the directions and sizes of the
atomic and molecular displacements, which are given
more quantitatively in Fig. 3. One can observe a substan-
tial mode mixing as a consequence of the electron-phonon
coupling. In principle, the mode mixing could be mea-
sured by site-selective-isotope substitutions as it becomes
possible now for high-T, superconductors2~ (provided an-
harmonic corrections can be neglected). Thus, substitut-
ing the bridging oxygen or the apical one only, deviations
from the standard mass dependence ~ oc Mo occur.
According to our calculations such effects can be of the
order of several percent; see Table II. The total isotope
effect, of course, remains unchanged.

For parameter set I two "forbidden" high-frequency
(& 500 cm ~) Raman modes with the displacement pat-
terns shown in Fig. 3 have been obtained near the exper-
imentally observed values, one of them at slightly lower
A~/~ ~t = —3'%%up and the other at slightly higher fre-
quency 6u/ur, „~t ——1'%%up. Parameter set II yields the ob-
served "forbidden" modes at lower frequencies with some-
what smaller accuracy +2'%%up (—5%%up) for the higher (lower)
frequency. Hence, we would prefer set I. In the follow-
ing subsection the polarization properties of the modes
obtained with set I are discussed in detail.

TABLE I. Comparison of theoretical and experimental phonon modes. K„and K denote the
internal and longitudinal spring constants, and A„and A stand for the internal and longitudinal
coupling constants, respectively. The dominant (minor) polarization direction is denoted by capitals
(small letters) (compare Fig. 3). Modes forbidden by the symmetry of a crystal with undistorted
chains are denoted by (*).

K„
(eV/A. )

8.5

K„
(eV/A')

18 0.4 0.8

theor
(cm ')

~expt
(cm ')

Polarization activity

700 700

Parameter set I

669

530

505

135

690

530

500

Y;z

Z y

Z, y

Raman (*)

Raman

Raman (*)

8.3 7.57 0.35 0.8

Parameter set II

530

508

455

530

500

430

Z, y

Raman

Raman (*)

419

85

440 Y, z Raman (*)
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DISPLACEMENTS OF OPTICAL PHONONS

!
Infrared active modes

(00 135

Raman active modes

530

FIG. 3. Atomic and molecular lattice displacements in the
optical modes of the two-component alternating chain. Dis-
placements are given for parameter set I of Table I using the
same notation as in Fig. 1 for A sites (Cu02 molecules) and
B sites [bridging oxygen 0(1)]. The z displacements of the
apical oxygens are enhanced by a factor of 2 for better visi-
bility.

B. Mode polarization

First, let us discuss shortly the Raman active modes.
The dominant polarization of the calculated 669 cm
peak is in the y direction with a small admixture of a z-
directed component [resulting from the incomplete com-
pensation of the antiphase internal vibrations of neigh-
boring A sites, A„+ A„=+0.18 (all atomic displace-
ments involved in Raman active modes are measured
in units of the B displacements of this mode)]. This
agrees well with the experimentally observed peak near
690 cm . The mode at 505 cm exhibits the domi-
nant polarization along the z direction and some admix-
ture from y polarization. However, the apical oxygens of
neighboring molecules of the 505 cm mode move out
of phase {the corresponding displacements are —1 for the
shortened and 0.35 for the enlarged molecule) in contrast
to the in-phase motion for the 530 cm mode (—1 for the
enlarged and —0.38 for the shortened molecule). The ratio
of the squared sum of effective diplacements over the unit
cell in the z and y directions,

[ A„+A„~ /(A&, +A„, )
yielding a crude estimate of the orientational dependence
of the peak intensity, is for the 505 cm mode more than
4 times smaller than for the 530 cm mode. Experi-
mentally, a weak peak (or a shoulder; see Fig. 4 of Ref. 9)
near 500 cm has been found for y polarization in the
resonance regime [i.e. , when the laser frequency (1.96 eV)
is near the gap frequency = 2 eV]. Unfortunately, in Ref.
9 no figure for the X(Z, Z)X scattering configuration in
the resonance regime is given. The latter should be com-
pared with the X(Y,Y)X spectrum. The 530 cm mode
in the undistorted metallic chain is polarized along the
-(c) direction only, whereas in the CDW phase it gets a
small admixture of a component in the chain direction.
For off-resonance excitation (laser frequency of 2.54 eV),
large intensities polarized in the z direction have been
observed as expected. However, weak intensities of polar-

TABLE II. Renormalization of bare phonon modes w& [see Eq. (14)] due to the electron-phonon
interaction and the partial isotope effects [' 0 ~ 0 substitutions of bridging oxygen 0(1) (B
sites) or apical oxygens 0(4) (A sites)]. Upper half, parameter set I; lower half, parameter set II.
All quantities are given in cm

~theor

135.1

504.6

529.8

668.6

700.3

418.8

454.9

508.3

530.1

l60

319.4

537.6

537.6

782.4

845.1

207

507.4

548

531.3

531.3

135.1

503.8

529.1

319.4

537.6

537.6

632.3 737.6

666.6

433

507.5

529.3

803.8

207.1

487.4

521.3

531.3

531.3

0(1) substitution
~theor

0(4) substitution
~theor

132.4

476 ~ 2

500.0

667.3

698.2

416.6

453.5

480.4

501.1

312.9

506 ~ 9

506.9

782.4

842.6

132.4

475.7

499.5

630.4

664.3

202.9

507.4

546.5

394.8

431.6

500.9
1

479.2

500.9 499.8

312.9

506.9

506.9

737.6

801.3

202.9

478.4

519.6

500.9

500.9

Total oxygen substitution
~theor Mb
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ization in the x direction have been detected also. This
might be caused by a zigzag chain deformation due to
out-of-chain displacements [along the x(a) axis] 0.1 A
of the highly anharmonic bridging oxygens O(1), analo-
gously to its behavior in YBa2Cu307 observed by high-
resolution neutron powder diffraction. Another possi-
bility would be interchain coupling effects, e.g. , an out-
of-phase ordering of the CDW's at neighboring chains.
Such two-dimensional effects are beyond the scope of the
present paper.

Turning now to the infrared (ir) active modes, let us
note that they are also affected by the mode mixing. It
manifests itself in the occurrence of small (0.25) B-site
(atomic) displacements and slightly difFerent displace-
ments of out-of-phase moving A sites (e.g. , 0.92 for the
enlarged molecule against —1 for the shortened one, where
the latter diplacement is taken as the unit of all atomic
displacements involved in ir modes) in the low-frequency
("descending" &om the zone-boundary acoustic mode of
the undistorted chain) infrared active mode at 135 cm
(see Fig. 3). Analogously, the A displacements within the
high-frequency infrared active mode (descending from
the zone-center mode of the undistorted chain) differ sig-
nificantly from each other and deviate consequently also
&om the mass ratio —M~/Mg = 0.2 (in units of the
B-site displacements). Thereby the shortened (enlarged)
molecule with the maximum (minimum) of the CDW [see
Fig. 1(c)] shows the smaller (larger) displacements 0.12
(0.22). This differs from results of the phenomenological
description of the longitudinal modes of the Pt-Cl chains
given in Fig. 3 of Ref. 3, where in the high-frequency in-
frared active mode the Pt sites are much more affected
than the Pt sites.

C. Discussion

tions due to their small y components. As an illus-
tration we refer the reader to the MX chains, i where
K —0.11K ' has been adopted for the second-
nearest neighbor (Pt-Pt) force constants to fit the Ra-
man and infrared modes of the PtBr compound whereas
the calculated &equencies for the PtC1 compound hav-
ing the strongest electron-lattice interaction were about
20% below the experimental frequencies. No matter how,
such problems are beyond the scope of our simple model.
They could be discussed quantitatively provided the ba-
sic assumption of the present paper, the period-4 CD%-
BOW ground state of Cu03 chains, will be confirmed
experimentally. The other electron-lattice interactions
of the general Hamiltonian can be treated easily in
the same manner as the interactions taken into account
above, but additional fit parameters appear. In order
to avoid such a situation where the number of predicted
modes is reduced we have preferred the approach where
the neglected interactions are lumped at least partially
in the two effective parameters o. and p of the reduced
Hamiltonian, Eqs. (1)—(3). In particular, for fixed p and
vo the experimental gap value could be reproduced for
2i/2Pvo ——nun, i4 yielding an upper limit of P (1.09
eV/A, where P = P~ = P~ denotes the intersite diago-
nal electron-lattice interaction widely used for the MX
chains. i Adopting the P values of Ref. 1, P 0.1—0.2
eV/A, which are an order of magnitude smaller than
this maximal value, we arrive with even larger numbers
P 0.5 eV/A. at only slightly changed &equencies. How-

(
ever, at fixed values of a, the P-interaction terms could
be helpful to reduce somewhat the large value of p=4.48
eV/A towards the estimated value of 3—3.2 eV/A. [see Eq.
(A4)].

Finally, the calculation of the frequency-dependent
longitudinal optical conductivity (see Fig. 4) has been

The low-frequency infrared active mode calculated at
135 cm involves large in-chain displacements of the A
sites. Hence, it is probably strongly affected by the in-
teraction of the apical oxygens with Ca ions residing in
the same crystallographic (001) plane. Introducing an
additional term in Eq. (5) accounting for the hindered
motion of the O(4) ions along the chain axis,

20 I f I
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where K„10—20 eU/A. 2 denotes the spring constant
for the absohste longitudinal displacements of the A sites,
we get a large increase of this mode. Thus, it could be
easily shifted to 260 cm, the lowest so far observed
IO phonon. However, we should mention that in the
frequency region about 200—450 cm the Cu02 molecule
can be treated as a rigid object approximately, only.

Some additional hardening required for the 669 cm
and the 135 cm modes can be easily obtained intro-
ducing second-nearest neighbor force constants K and
K . This would be in accord with the long-range na-
ture of Coulomb forces in systems having partially ionic
character. The 530 crn and the 505 cm modes are
nearly unaffected by possible second neighbor interac-

40—

20—

0
0

~o [eV]
FIG. 4. Optical conductivity cr ~& in chain direction vs

frequency (for parameter set I; see text and Table I). In the
inset the experimental data [Yoshida et al. (Ref. 9), in 10
fI cm ] are shown for comparison (with permission from
the authors).
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performed for a long periodic chain with N = 120—200
sites [replacing the b functions in Eq. (10) by Lorentzian
functions to smooth oscillations resulting from discrete
level effects caused by the finite chain length]. The op-
tical absorption consists of two strong and one weak ab-
sorption bands corresponding to a + a*, 6* ~ a*, and
5 —i a* interband transitions, respectively [see Fig. 1(d)].
The first absorption band extents from 2.12 eV until
2.92 eV and the second one from 3.9 eV until 4.47 eV.
Comparing the theoretical optical absorption spectrum
with the experimental one, qualitative agreement can
be found. Quantitative comparison requires structural
data as the volume fraction of a chain and the inter-
atomic distances within the chain which were not given
in Ref. 9. The calculated optical conductivity clearly
exhibits two Van Hove singularities: at the Peierls gap
E i = 260, resembling the asymmetric shape of the
experimental curve near 2 eV, and at the onset of in-
terband transitions from the second absorption band at
E 2 = 0.56'' + pF + Ap=3. 9 eV [see Eqs. (A6) and
(A7)]. The experimentally observed minimum near 3.2
eV is assigned to the gap between the first and second
absorption bands mentioned above. Unfortunately, ex-
perimental data of oriented single crystals are available

for ~ 3.5 eV only. In order to check our model it would
be interesting to extent the measurements until = 5—6
eV since the second peak predicted near 4 eV is sensi-
tive to the value of Ac. The experimentally observed
intragap absorption might be caused by the absorption
of photoexcited nonlinear excitations as polarexcitons,
breathers, etc. , vibronic effects, quantum effects such
as zero-point motion, by a temperature-dependent pure
excitonic effect, or simply by chemical disorder (e.g. ,

random Sr positions or vacancies). Further experimen-
tal and theoretical work is required to elucidate its origin.
Nonlinear excitations or defect states which break locally
the translational symmetry could be responsible also for
additional Raman-forbidden lines.

In principle, retaining also nonlinear expansion terms
in the on-site energies and hopping integrals within a
more detailed description of the molecular A site re-
sulting in a four-band model for the chain (see the Ap-
pendix), the infrared active mode associated with the
in-phase vibrations of two apical oxygens perpendicu-
lar to the chain (in the c direction) can be considered
in a generalized Hamiltonian. In the zero-hopping limit
[Cum O(1), O(4)i O(1)] of this Hamiltonian the chain
has either a CD& ground state with total charges of
—5~e~ and —3~e~ of both A sites, respectively, or a ground
state with dynamical intramolecular charge fluctuations
between Cu and O(4) sites (all A sites with the total
charge of —4~e~) (Ref. 28) for large quantum corrections
tending to a ferroelectric (or an antiferroelectric) ground
state for small quantum corrections. For finite values
of the transfer integrals mentioned above and a large
enough electron-phonon interaction favoring the Peierls
transition a coexistence of intramolecular charge Huctu-
ations and a static CDW-BOW in the chain direction is
expected. The coupling of the transverse ir mode to, e.g. ,

O(4)-p, states results in two additional modes having a
strong intensity in the ir spectrum and a weak intensity

in the Raman spectrum. The magnitude of the splitting
of these modes depends on the details of the CD&-BOW
state.

IV. CONCLUSIONS AND FINAL REMARKS

The strength of electron-phonon effects in the planar
(2D) Cu02 systems and in the chain (1D) CuO& systems
is different because the Peierls mechanism in a half-Riled
2D band is much weaker in comparison with an 1D one.
However, it is commonly believed that correlation effects
in many Cu-0 systems play important role. For these
reasons, probably, the CDW instability in the quasi-two-
dimensional La2Cu04 system having also a half-filled an-
tibonding Cu-0 band is suppressed.

To estimate the effective Coulomb interactions on the
chain A and B sites one obtains with help of Eq. (A2)

Uefi, A (dUd + 2(pUp + 4Vpd(d(p VAB 4Ud VAB~

(15)

(16)V~~ = (dV„d+ 2(„V~„,Ueff, B = Up +AB~

where Ug —7—10 eV, U„= 2—4 eV, Vpg = 1.2 eV, and

Vpp 0.5 eV stand for atomic site values. For typical

chain values to, Bed/Bu, Bsz /cpu 0.5 eV/A, ted 1.2—

1.6 eV, the fitted value of n=2. 18 eV/A can be repro-
duced provided the electronic heterogeneity at A sites is
not too large: s, 0.7 [see Eqs. (A3) and (A5)]. In
that case from Eqs. (15) and (A2) —(A5) it follows that
(d = 0.7 and we arrive at the values U, ir ~ = 3—4 eV and
U, ff Q 1 3 eV due to the delocalized character of the
molecular antibonding state.

Note that the longitudinal interaction parameter p is
expected to be larger than internal one o. due to the re-
ducing factor s(s, )/s, in Eq. (A3). This is in qualita-
tive agreement with the rather large empirical value of
4.48 eV/A. For (d4 0.5 an appreciable negative oxygen-
oxygen transfer integral t„„=—(0.4—0.6) eV is required
to reproduce the value of the effective transfer integral
to ——1.4 eV assuming ti = 1.3—1.4 eV somewhat smaller
than tpg = 1.5 eV. This is in accord with the expected
larger values of a = 1.94 A in comparison with the in-
tramolecular distance Rzd = 1.85 A (all distances are
estimated by YBa2Cus07 data).

Comparir g now the average mean-field Coulomb en-

ergy per site (considering the period-4 CDW-BOW
state), Wg „~, with the corresponding one-particle elec-
tronic energy WcD~, we have found out that both
quantities are of nearly the same magnitude Wc „~

~WcDvv ~= 1.6 eV. Hence, we arrive at a similar inter-
action regime as in the polyacetylene (PA) case. Since

many physical properties of PA have been successfully de-
scribed within the one-particle SSH model, we expect
that the present one-particle approach may be regarded
also as a reasonable starting point for more sophisticated
investigations.

According to recent polarized x-ray absorption data of
Niicker et a/. for untwinned YBa2Cu307 there is an
appreciable part of oxygen holes with p, character which
means that the corresponding coefficient (2 cannot be
very small and therefore we arrive again at a somewhat
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suppressed value of (& ( 0.7, pointing to a moderate U, ir
in agreement with the estimate given above. Further-

more, from Eq. (A2) a relatively small value of s~ —s~
(4)

follows in agreement with the fitted electron-phonon in-
teraction a and Eq. (A3) mentioned above. Hence, there
are also experimental hints that the electron-electron cor-
relations in these Cu03 chains can be weaker than in
cuprate planes.

Quite interestingly, Fehrenbacher and Ricesi have
shown that the optical absorption connected with
the CuOs chains (possibly s filled) of the insulating
PrBa2Cu307 compound cannot be described within a
one-dimensional t Jm-odel only (as the manifestation
of strong correlation efFects) but that moderately strong
electron-phonon coupling to the internal Raman active
mode considered above should be taken into account.

These hints for the non-negligible role of electron-
lattice interaction and the fact that the present model
Hamiltonian describes well several experimental data
lead us to the assumption that in Ca2 Sr Cu03 a
period-4 CDW-BOW ground state may survive the in-
termediately strong electron-electron interaction. Oth-
erwise an antiferromagnetic ground state would be
expected. ' However, the observation of magnons as
the corresponding collective excitations or that of the
upper Hubbard band have been reported so far for two-
dimensional cuprates, only.

Regarding the nature of the ground state one should
keep in mind that the omitted electron-electron inter-
actions are strongly distant dependent. Thus, on the
one hand they are expected to supress the CDW-BOW
ground state and to favor magnetic states; on the other
hand they give additional sources to the electron-phonon
interaction [see, e.g. , Eq. (15) in connection with the
modulation of (&4 by the internal mode].

In conclusion, within the present one-particle approach
based on optical, ir, and Raman data, the magni-
tude of the accompanied superstructure has been pre-
dicted. Corresponding experimental structural refine-
ments would be highly desirable. A number of other
experimental studies, such as site-selective-isotope sub-
stitution, extension of the optical conductivity measure-
ments until = 5—6 eV, and Raman-scattering spectra of
Ca2 Sr CuOs in a X(Z, Z)X configuration in the res-
onance regime, could also check the main conclusions of
the present paper. Doping studies by the substitution of
Sr by alkalines (hole doping) or trivalent metals (elec-
tron doping) would be of great interest for the study
of charged nonlinear excitations as polarons, bipolarons,
polarexcitons, and solitons. ' Considerable asymmet-
ric behavior between electron and hole doping is pre-
dicted within the framework of these models. Finally,
we emphasize that the relative structural simplicity of
the Ca(Sr)2CuOs compound compared with other metal
oxides and MX chain compounds should stimulate fur-
ther experimental and theoretical studies of this remark-
able system. The detailed study of metal-oxygen-bridged
chains can be helpful for a better general understand-
ing of the interplay of the electron-lattice interaction and
correlation effects and in this context it might contribute
also to the elucidation of the high-T, mechanism itself.

Rote added in proof A further consequence of a CDW
at the apical oxygens of neighboring Cu02 molecules
would be the occurrence of two difFerent Ca-O(4) spring
constants within a nearest-neighbor three-dimensional
approximation for Ca2Cu03. Hence, the Ca vibrations
are likely affected by the CDW-BOW, too. One might
alternatively assign the observed additional "Raman-
forbidden" mode near 235 cm (below the strong mode
near 306 cm i ascribed to Ca) to a further Ca-vibrational
mode instead of to a Cu-vibrational mode as suggested
in Ref. 9. The weak shoulder seen near 470 cm and
a peak near 670—675 cm could be interpreted as two-
phonon scattering, where in the latter case the 440 cm
mode is involved.
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APPENDIX: ELECTRONIC STRUCTURE
OF CuOs CHAINS

In this appendix we give some elementary molecular
orbital (MO) type remarks on the electronic structure of
Cu03 chains for readers not familar with the electronic
structure of Cu-0 systems. Supposing that Ca and Sr are
fully ionized (+2), i.e., having the electron occupancy
[Ar] 4s, [Kr] 5s, respectively, and all oxygens to be
(—2), ([Be] 2p ) one gets Cu(+2), i.e. , a 3d@4so electronic
occupancy. Because of the crystal field, the degeneracy
of the five Cu 3d states is lifted. The highest (nondegen-
erate) orbital becomes singly occupied. Accounting now
for the hybridization between this orbital and doubly oc-
cupied 2p, and 2p& orbitals of the apical and the bridging
oxygens, respectively, there is some charge redistribution
between Cu and 0 sites, but the highest occupied band
remains half-filled.

According to a tight-binding analysis of LDA band-
structure calculations for YBa2Cu307 and to Huckel-
type calculations for Cu04 clusters, the chain band can
be constructed approximately as follows. Considering at
first a Cu02 "molecule" with two 2p, orbitals of the
O(4) (apical) oxygens with the on-site energy s„, the
Cu 38 2 y2 orbital with the on site energy cp, and the
transfer integral t~~ between them, one gets three states:
an antibonding (a) state, a bonding (b) state at

I, ~ j
2t2 (A1)
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respectively, and a nonbonding (n) state at E„=s~
(4)

The latter two MO orbitals are doubly occupied while
the antibonding one is singly occupied. The square of the
d(Cu) expansion coefficient in this antibonding orbital
reads

2+ s2 + s, gs2 + 2 j

e.„=(sg —c( ))/2t„g,

(A2)

and the apical oxygen coefficient becomes
—/0. 5(1 —(zz). The antibonding MO is thought to hy-
bridize with the p„orbitals of the bridging oxygen O(1)
yielding the one-dimensional two-band complex under
consideration. The bonding and nonbonding molecular
orbitals are included in the core Hamiltonian. The degree
of band filling of this two-band complex is apparently 3/4.
Thus s~ of Eq. (4) stands for E and sB for s„.The di-(i)

agonal electron-lattice interaction [Eq. (4)] described by
n results from the Cu(1)-O(4) overlap oc t„g oc 1/R"d,
where R„g = 1.84 A and n = 3—4, as well as from the

change of eg and e„due to the changed crystal poten-(4)

tial,

n = " * + ~ [s(s„)—1] — " [s(s.) + 1],

where

.(*) = (I+2z-') ".
The oH'-diagonal electron-lattice interaction described by
p [Eq. (3)] results from the modulation of the overlap
between the antibonding MO and the p„orbital of the
bridging oxygen with contributions from p„-dz2 y2 over-
lap as well as from p, -py, both being of the same order
of magnitude,

Oto «i
tp =(dt, +2(„tp„, p = — = (4+ v2(p~),

Oa a

(A4)

YBazCusOy). Finally, the effective electronic hetero-
geneity of the chain Ac can be rewritten in the form

Es = s —s + tp(gs„ I + s(s~) ] (A5)

&0=&i+ P

PF

where

(A6)

~o ——0.56E;, p = nup(epnup + 2~2tppvp)

have been introduced. The Fermi level p,F is given by

(I 3~3p &

p~ —— pp cos
~

—arccos
l3 4Pp

where

pp
—

e2p + 2tp2+ (pvp)z + 0.5(nup)z —Ap2.

Finally, we collect some approximate analytic expres-
sions valid in the case of a predominant in-chain electron-
phonon interaction and both moderate internal phonon

coupling and electronic heterogeneity Ac to .
The middle gap 2A

~2nupyvp
2A

tp
(A8)

stems mainly from the electronic heterogeneity between
A and B sites. For A„~ 0 the Peierls gap can be esti-
mated as

2~2tppvp
26p ——

gep'+ 2t,"

convenient to estimate the di8'erence of oxygen on-site
energies from experimental data.

The Peierls gap 260 and its "counterpart" 2A~, the gap
between the occupied bonding bands [see Fig. 1(d)], arise
directly from the superstructure. Assuming the Fermi
level pF at the center of the Peierls gap, one obtains
that 26O exceeds 2A~,

where r = t„~/tq —(0.3—0.5) and tq denote the O(4)-
O(1) and the Cu(1)-O(1) transfer integrals, respectively,
and a is the AB-chain lattice constant with the expected
value = 1.92—1.94 A. (all distances are estimated from

and the total bandwidth R' becomes

~=4&o I+
I I

+
I

(pvp'l ( ep 5
(A10)
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