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Doping states in a two-dimensional three-band extended Peierls-Hubbard
model are invest igated within inhomogeneous Hart ree-Fock and random
phase approximations, They are very sensitive to small changes of interac-
tion parameters and their distinct vibrational and optical absorption spectr~
can be used to identify different doping atates, For electronic parameters
relevant to cuprate superconductors, as intersite electron-phonon interac-
tion strength increases, the doping state changes from a Zhang Rice state
to a c~valent molecular singlet state accompanied by local quenching of
the Cu magnetic moment and large local lattice distortion in an o~herwise
undistorted antiferromagnetic background. tn a region where both intersite
elect ron -phonon interact ion and on-site electron-electron repulsion are large,
we obtiun new stable global phases including a bond. order-wave state and
a mixed state of spin. Peierls bonds and antiferromagnetic Cu spins, as well

as many metaatable states, Doping in the bond-order-wave region induces
separation of spin and charge.

1. Introduction

The importance of lattice effects haa become increasingly recognized in the investi-
gations of high-temperature superconductivity: We believe that both electron-phonon
and electron-electron interactions must be properly considered for an understanding
of its nature It ia demonstrated here that the nature of doping states and their
interactions are indeed extremely sensitive to effccta going beyond a pure 2-d, 1.
band Hubbard model, In particular we find, within a 2-d, 3-band extended Peierls-
Hubbard Hamiltonian, that a moderate interuite electron-lattice coupling triggers
a rapid crosuover from a small polaron with well formed moment on Cu to a lo-

cal collapse of the Cu magnetic moment and strong local lattice distortion in the
AF background (Fig. l(a)), This can be viewed as a transition from a Zhang Rice
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singlet’ to a covalent molecular state. When the intersite electron-phonon interac-
tion is even larger and competing with on-site electron-electron repulsion, we obtain
at stoichiometry a global bond-order-wave state, a spin- Peimls state, and a mixed
state of spin- Peierls bonds aud antiferromagnetic Cu spins as stable states, and also
many metastable states. Doping states in the background of the bond-order-wave are
chwacterized by separation of spin and charge. The various doping states produce

distinct infrared optical absorption spectra, relevant to chemicalz and photodoping
3

experiments.

2. Model and Method

We have considered a 2-d 3-band extended Peierls-Hubbard model:

(1)

Here, CL createa a hole with ~pin u at site i in the CU d,a.p or the O p,,” orbital.
For the lattice part, we study only the motion of O atoms along the CU-O bonds
and assume that only diagonal component of the spring-constant matrix we finite,
Kbl = 4h,IK, for simplicity. For electron-lattice coupling, we assume that the nearest.
neighbor Cu-O hopping is modified by the O-atom displacement uk M 4J = t~ ●au~l

where the + (-) appli~ if the bond shrinks (stretches) with positive uk. The other
electronic matrix ●lements are: O-O hopping ( .-tm) for tajl Cu.site (cd) and O-site (I+)
energies for ei, with A = + - cdl Cu=-ite (~~) and d-site (~p) repulsions for ~,, and
the nearest-neighbor CU=Orepuhion (U~) for U,,. We have taken t~ = 1, tm = 0,5,
UP=3, U4= 1, and changed U~ with A = $f]d -1. (When ~d = 8, this p~ameter

set is almost in proportion to those derived from con-trained LDA calculation for
cuprate superconductors. 4 ). We introduce the dimensionlem electron- phonon COU=
pling strength A- = a2/(Ktd) d vary h! CompuiOon of our results for local

lattice distortion and reduced Cu magnetic moments accompanied by added holesg
W;th gener~ized, inhomogeneou~ LDA calculatiuna for cuprate superconductor~e is

consistent with valuec of C/d= 8, Am= 0.28, and K = 32t~/~a.
We have used a H~tree=Fock (HF) technique, totally unrestricted in both spin and

dire~t apace, where self. consistency condition~ for on.site and neuemt-neighbor, charge
and #pin dentitieo M well aa lattice di~placamento ue imposed without assumption
on the form of them quantities. Cdculationo were made on cystems of 6 x 6 unit
cells with periodic boi.nduy condition. The undoped system refers to that with
one bole per Cu 6ite, To the generally inhomogeneous HF configurations, we have
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added a similarly inhomogeneous RPA analysis of linear fluctuations
7,8

to calculate
infrared-act ive ( IR) phonon modes.

3. Zhang-Rice vs. Covalent Molecular Singlets

In this section, we take strong on-site repulsion (U~ = 8, 10) and vary the strength
of the intersite electron- phonon interaction &.

In the LDA parameter set’ (above) with ~= = O, each added hole is localized
primarily on a single Cu site and four surrounding O sites. The spin density at the
central Cu site is in the opposite direction to the undoped case, so that it, is termed
a small ferromagnetic polaron, The spin densities at the four O sites are small and
have the opposite direction to that at the central Cu sit:. As & is turned on, the
Cu magnetic moment is reduced and the O atoms displace toward the central Cu,
as shown in Fig. l(a) for U4 = 10. Two HF eigenstates per added hole are !ocated
deeply inside the charge-transfer gap (Fig. l(b)) and their associated wavefunctions
are spatially well localized: the higher one corresponds to an oxygen state formed
by the four O that surround a Cu and has smaller weight on Cu. The lower one
corresponds mainly to the central Cu, has opposite spin to the previous one, and has
smaller weight on O. In a Zhang- Rice picture this many-body state mixes quant urn
mechanically with a similar state in which the directions of the spins on Cu and O
are reversed.

At the site where a small polaron resides, reduction of the Cu magnetic moment
results in strong 10CGJmixing of the four surrounding O with the central Cu. When &
is finite, it gains energy by the O approaching the Cu, locally increasing the covalency
between Cu and 0, Covalency and the displacements of the O atoms reinfcrce each
other synergistically. Thus substantially below a critical value of ~mfor destruction of
the stoichiometric AF t!ate, both localized T and L levels become nearly degenerate
and the magnetic moment on the central Cu collapses. This quenching with & can
be visualized aa a rapid crossover from a Heit ler-London-like state corresp mding to
the Zhang-Rice singlet to a highly covalent molecular state. Above a critical value
&@ the undoped ground state i~ replaced by a nonmagnetic bond-order-wave state,

It should be added that, if Ud = 10 and & <0.4, an intermediate-size ferromag-
netic polaron has lower energy than the small polaron above, The former exteuds to
about four Cu oiteu and the spin densi~iea at these si .es are almo~t in the same direc-
tion and perpendicular to the background AF Cu spins, Tunneling between the small
and intermediate-size polarons can be anticipated beyond our HF level calculations.
(For Ud =8, the intermediate.size polaron is unstable for all Jm.)

Doping states are evidently very sensitive to small changes of the parameters
in the Hamiltonian and a purely analytical determination of the true ground state
is very difficult, On the other hand an experimental distinction bctwcec them is
possible through their different spectroscopic signatures. In Fig. 2 we show [R optical
absorption spectra obtained from the current-current correlaticm functions,
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Fig. 1, (a) Magnetic moment on the
central Cu site, ratio of lattirx displace
ment of the surrounding O to CU-O dk
tance (1.89A) and (b) gap energy levels,
for the small polaron state aJ a function
of ,\m, Parameters are * = 1, ~ = 0,5,
A= 4, ud =10,1Yp=3, CJ~= land
K = 32t~/~2. (Shaded bands are ex-
tended states,)

To evaluate them, we used the adiabatic

II? absorption.
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Fig. 2. (a) Lnfiared ●bsorption ~pectra
in the undoped systems and (b) di~erence
spectra for the one-hole doped and the un-
doped 6 x 6 systems, Same parameters as
in Fig. 1.

approximation in the IZPA, where quadratic.-
and higher order terms with respect to frequency are neglected in the RPA electronic
bubble. In the phonon=frequency range, incluoiing the IR range, this approximation
is expected to work well. With X = 32t~/A2 and Ud = 10, rmre phonons (& =
O) oscillate with w = 0.0914t~ N 840mn-t which is comparable with the in-plane

stretching lR active mode found in L~Cu04 (706CM-1). 3 As the electron-lattice
coupling t~ increases, phononm are softened.

[n the state with an intermediate-size ferromagnetic pohron (~a = 0. 12S, ud =
10), IR active phonon modes are induced at w = 0.0768 (Fig. 2(b)) , which correspond
to “shape” occillationa of the polaron. Soft electronic mode~ mix with the phonon
modes giving a very large oscillator strength for the doping peak aa compared with
the undoped peak at w = 0,0880 (Fig. 2(a)). In the statea with ● small polaron
(Aa = 0.500,1.125, fl~ = 10), two local IR active phonon modes appear, which pro-
duce structure on the low.energy side of the undoped main peak. The lower-frequency
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modes correspond to in-phase oscillations of pairs of opposite O atoms surrounding
the central CU of the small polaron. The higher-frequency modes are localized in one
direction and extended in the other direction. When & is close to and smaller than
A.. (Aa = 1.531 ), the undoped peak is shifted to lower frequency and the doping
modes are localized only in one direction. The undopeti phonons have a nonsmooth

dispersion relation, which is reminiscent of a transition by breaking of analyticity, 9
Phonons with u + 0.04 have their symmetry broken and develop IR activity. These

IR spectra are qualitatively consistent with the experimentally observed3 bleaching
of phonon modes and intensity shift to lower frequencies: Because we ~e not in-
cluding all the relevant phon >ns we postpone a detailed comparison, Also observed

in the same experiments 3 is a bleaching of the intc rband electronic absorption and
the corresponding activation of an electronic absorption in the gap, which we can
qualitatively associate with the appearance of gap states (Fig. l(b)).

4. Separation of Spin and Charge

In this section, we study the competition of U~ and Aa, taking strong intersite
electron- phonou interaction (Am= 2) and varying the strength of the on-site repulsion
U&

The undoped ?ystem varies (see Fig, 3) between: a (nonmagnetic) charge-density-
wave state (CDW) accompanied by symmetric lattice distortion with respect to a Cu
site for ~d ~ 4.5; a (nonmagnetic) bond-order-wave state (BOW) with asymmetric
lattice distortion for 3 ~ ~d ~ 11; a mixed state of spin-Peierls bonds and AF Cu
spin8 (SP+AF) for 12 ~ Ud < 13; ~ u~form spin-peierls state (SP) for Ud ~ 13; and
the wt iferromagnet ic st at~ (AF’) withcut lat t ice distortion, relevant to stoichiomet ric
cuprate oxides, for 14 ~ Ud. In the crossover region (BOW and SP+AF), there are
many metastable states with small ener~ differences and quantum fluctuation can
be expected to destroy some of the mean-field states,

Upon doping, various inhomog~neous mean-field states are found in the respective
backgrounds, Doping states in the crossover region are especially interesting: (i)
doping states in the BOW ue characterized by separation of spin and charge (Fig, 4).

Fig, 3. Ph~ diagram of global stoichiom~tric phas~ofor strong intmit~ eletctron.phonon
lnteruticm (Ja = 2). P~mmaters am @ = 1, tw = 0.5, UP = 3, Md U~ = 1.
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Fig. 4. (a) Spin (arrows) and charge (radii
placements of O atoms for the one-hole doped
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of the circles) densities and (b) lattice die-
system with separated spin and charge, The

BOW background consists of CU-O-CU bonds. Here & = 2, and other parameter are aa
in Fig. 1.

An unpaired spin is located on a Cu bite, disfavors and supprems lattice distortion
around it, and redistributes bond charge densities and lattice displacements, Excess
charge is in a covalent molecular singlet described above, which is accompanied by
local symmetric lattice distortion with respect to another Cu site separated from the
unpaired spin. This separation of spin and charge is a consequence of both large Uti
and large & competing with each other. (ii) Doping states in SP +.AF accommodate
excess charges again in covalent molecules. But the covalent molecules are now formed
in AF regions of the undoped case, thus suppressing Cu spins on the molecules.
(iii) As doping increaaes, excess spins, exceso charges, and (redistributed) lattice
displacements frustrate each other, by breaking delicate energy balances between
competing interaction~. Effective interaction among quaaiparticlea are qualitatively
different from those in the CDW and AF regimes.

The IR absorption spectra for the BOW state and the state with the separated
spin and charge are included ia Fig. 2 (a) and (b), respectively (Am= 2). There are
four peaks in the undoped cam due to lower lattice symmetry. The doped IR modes
with w = 0,0240 and 0.0325 correspond to in-phaae oscillations of pairs of opposite
O atoms in the covalent molecule, where~ the weaker active modes around the main
undoped peak correspond to oncillationu in a region between the separated spin and
charge, where phonon frequencies are more or less affected.

The states in the crocsover re[~on can be viewed in term of decoration of a
bipohron lattice, In the BOW, each bipoluon conaistm of two holes on a CU-O.
Cu unit, where one CU-O bond i~lstrong and the other is weak All sites in the
undoped system are completely ccwered by them. In the SP + AF, a bipolaron lms
spin densities on the two Cd sites in a CU-O.CU bond, ( Thus termed a spin- Peierls
bond). They partidly cover the eystem even at .toichiometry and the remaining Cu
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sites are occupied by nearly localized spins. The Cu spin densities on spin-Peierls
bonds and localized-spin sites are aligr,ed antiferromagnetically. Metastable states
are characterized by different configurations oi the bipol~on lattice (including the
numbers of bipolarons in the case of SP+AF).

5. Summary

The competition of broken-symmetry ground states in the 2-d 3-band extecded
Prierls- Hubbard model is very sensitive! to parameter values. Around doping sites,
covalency and displacements of the O i~toms reinforce each other through intersite
electron-lattice coupling and produce a rapid crossover from a Zhang-Rice regime to
a molecular singlet state with local quenching of the Cu moment and large local lat-
tice distortion, This occurs in an electrcm-lattice coupling strength regime extending
substantially below the critical value for destruction of the stoichiometric AF state.
When electron-electron and electron-phonon interactions are competing, we have ob-
served a novel separation of spin and charge in a BOW background. The various
doping states are characterized by distinct high energy (electronic optical absorp-

tion) and low energy (IR,Raman) signatures relevant to chemical~ and photodoping
.

experiments. +
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