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Sensitivity of Doping States in the Copper Oxides to Electron-Lattice Coupling
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Doping states in a two-dimensional three-band Peierls-Hubbard model are investigated with inho-

mogeneous Hartree-Fock and random phase approximations. They are sensitive to small changes of
electron-lattice and electron-electron interactions. For parameters relevant to the insulating copper
oxides a small ferromagnetic polaron is found. Moderate intersite electron-lattice coupling triggers a
nonlinear feedback mechanism resulting in a rapid crossover from a Zhang-Rice regime to a covalent
molecular singlet state in which the local magnetic moment is quenched and local lattice distortion
is large. Various states are characterized by distinct optical and infrared absorption spectra.

PACS numbers: 74.70.Vy, 71.38.+i, 75.30.Fv, 78.30.Er

Considerable modeling of high-temperature supercon-
ductors has focused on the identification of hole doping
states (spin bags, polarons, excitons) defined with re-
spect to insulating stoichiometric antiferromagnetic (AF)
two-dimensional (2D) Cu-0 ground states [1—3]. Here,
we demonstrate that the nature of doping states and
their interactions can be extremely sensitive to eKects
going beyond a pure 2D, one-band Hubbard model. In
particular we find, within a 2D, three-band extended
Peierls-Hubbard Hamiltonian, that a moderate intersite
electron-lattice coupling triggers a rapid crossover from
a small polaron with a well formed moment on Cu to
a local collapse of the Cu magnetic moment and strong
local lattice distortion in the strong AF background [see
Fig. 1(a)]. This can be viewed as a transition from a
Zhang-Rice singlet [4] to a covalent molecular state. For
weak electron-lattice coupling the doping state is very
sensitive to the on-site Cu Coulomb repulsion (Ug). By
slightly increasing Ug from the value inferred from a
local density approximation (LDA) calculation [5], we
find a transition from the above-mentioned small po-
laron to an intermediate-size ferromagnetic polaron with
spin densities perpendicular to the AF background. For
sufficiently strong electron-lattice coupling the ground
state changes completely to a nonmagnetic bond-order or
charge-density-wave state. Large nearest-neighbor Cu-0
Coulomb repulsion drives phase separation [6]. The var-
ious doping states produce distinct infrared and optical
absorption spectra, relevant to chemical-doping [7] and
photodoping [8] experiments.

We have used a Hartree-Fock (HF) technique for the
electronic part, totally unrestricted in both spin and di-
rect space [9—12] —for our problems, this is superior to
traditional homogeneous HF approaches —and a classi-
cal treatment for the lattice part. To the generally inho-
mogeneous HF configurations, we have added a similarly
inhomogeneous RPA analysis of linear fluctuations to cal-

culate infrared (IR) active phonon modes shown here and
other dynamical properties to be reported elsewhere.

The general model Hamiltonian we consider is

H= ) t,, ((uk))ci c, +) e, (( uk)) ctc;
i /3', cr i o'

Uic yc gcjgcj't + g Uij ci c ~ scj ~icjg
(igj),cr, cr'

1 2 & 1+) 2M p( + ) 2Kklukul ~

l k, I,

Here, c, creates a hole with spin cr at site i in the Cu
d ~ &2 or the 0 px „orbital. For the lattice part, we
study only the motion of 0 ions along the Cu-0 bonds
and assume that only diagonal components of the spring-
constant matrix are finite, Kki = 6k iK, for simplicity.
For electron-lattice coupling, we assume that the nearest-
neighbor Cu-0 hopping is modified by the 0-ion displace-
ment uk as t,s = t„d + nuk, where the + (—) applies if
the bond shrinks (stretches) with positive uk. The Cu-
site energy is assumed to be modulated by the 0-ion
displacements uk linearly as e; = ed +p Qk(+uk), where
the sum extends over the four surrounding 0 ions; here
the sign takes + (—) if the bond becomes longer (shorter)
with positive uA, . The other electronic matrix elements
are 0-0 hopping (—t„z) for t,s. , 0-site energy (e„) for e;,
with 6 = e„ed, Cu-site (U—d) and 0-site (U„) repulsions
for U, , and the nearest-neighbor Cu-0 repulsion (U„d)
for U,~. Parameter values are used in regimes relevant
to the copper oxides. We have taken t„d = 1, t„z ——0.5,
6 = 3, Ud = 8, U„= 3, and U„d = l. (This parameter
set is taken from constrained LDA calculations [5].) The
above-defined parameters and A = Ap = 0 are hereafter
termed the reference parameter set: Aa = n~/(Kid),
Ap = P /(Kt„d). We vary A~, Ap, U„d, , and Ug. We
change 4 with U„g and Ug so as to maintain a constant
renormalized energy difference between Cu and 0 levels
in the undoped case. Comparison of our results for lo-
cal lattice distortion and reduced Cu magnetic moments
accompanied by added holes with generalized, inhomoge-
neous LDA calculations [13] is consistent, e.g. , with val-

1992 The American Physical Society 965



VOLUME 69, NUMBER 6 P H YS I CA L R EV I E%' LETTERS 10 AUGUST 1992

1.0
(a) Quantities at the small polaron

0.8- Magnetic

0.6
Lattice
displacernents

0.0

—0.20

0.15

0. 1 0

0.05

0.00

(a) A =0.125 1 hole

-Q-u-Q C)-Q
Q-6 Q-G Q 6

Q. Q ~ Q ().Q
O 0

C - (~ . t 3 . C3 . Q - C)

, 3 Q-C) Q-2-Q

C) - Q C3 Q. 6 - Q
O

C) C3-Q-C)-
O

C) Q. C3-Q C) Q

C)'Q
O

Q-0 ' 0-(")
0

Q . Q C) - ( ~ ! ! )

(b) h, =0.500 1 hole (c) A =1.125 1 hole

6 - Q . C) - Q . C3 - Q - C . Q . C: - (3

Q 0 Q-C3. Q-G- Q. '''

0-
es

—2-
Illlll!l!!Ill!IIII!I!IIII!IIIIIIIIII!!!ill!IIIII!II!III!I!!ill!!IIIIII!ii!IIII!I!I!II)

2.26 (c) Creation energy

2.24 =--

ues of A = 0.28, Ap = 0, and K = 32t„d/A . The efFect
2

of other kinds of electron-lattice coupling, like motion of
the Cu ions or apical 0 [14], will be reported elsewhere

Mean-field states were obtained by solving the unre-
stricted HF Hamiltonian with self-consistency conditions
for on-site and nearest-neighbor charge and spin densi-

ties, as well as lattice displacements, without assump-
tion on the form of these quantities [9—12]. The self-

consistency equations are obtained by minimizing the
total energy with respect to these quantities which are
treated as classical numbers. The kinetic part of the lat-
tice is incorporated with particle-hole excitations into the
RPA analysis below. We have not investigated restora-
tion of translational symmetry. This is necessary for po-
laron band formation and transport but is beyond the
present scope of the RPA. Calculations were made on
systems of 6 x 6 Cu02 unit cells with periodic boundary
conditions.

In the reference parameter set, each added hole is local-
ized primarily on a single Cu site and four surrounding
0 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 densi-
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FIG. l. (a) Magnetic moment on the central Cu site of
the smal1 polaron and ratio of lattice displacement of the sur-
rounding 0 to Cu-0 distance (1.89 A.), (b) gap energy levels,
and (c) creation energy ei = E +' —E —p, for the small
polaron state as a function of A . Other energy levels in the
gap close to the bands (shaded areas) are not shown. E +'

is the total energy with i added holes and p, is the midgap
energy. We also show in (c) ei for the intermediate-size ferro-
magnetic polaron. All energies are in units of tpJ ~ Parameters
aretpd =1, t» ——05, 6=4 Up=10 Up=3 Upd =1,
and K = 32t~d/A . The dotted line at A~, 1.68 marks the
stabi1ity limit of the AF ground state at stoichiometry.
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FIG. 2. Charge (radii of the circles) and spin (arrows)
densities (see Refs. [9,11] for definitions) in the one-hole doped
systems, (a) with the intermediate-size polaron; and (b), (c)
with the small polaron. The arrows are normalized so as to
touch the circle if completely polarized. Big (small) circles
are Cu (0). Parameters are as in Fig. l.

ties at the four 0 sites are small and have the opposite
direction to that at the central Cu site As. A is turned
on, the Cu magnetic moment is reduced and the 0 ions
displace toward the central Cu. Similar structures are
also found for U~ = 10, b, = 4 [see Figs. 2(b) and 2(c)].
For these structures, Gve HF eigenstates appear inside
the charge-transfer gap per added hole. These states are
occupied by holes and their associated HF wave func-

tions are spatially localized. Among the five, two are
located deep inside the gap [Fig. 1(b)] and are well lo-

calized: The higher one corresponds to an oxygen state
formed by the four 0 that surround a Cu and has smaller
weight on the Cu. The lower one corresponds mainly to
the central Cu, has opposite spin to the previous one,
and has smaller weight on the four O. In a Zhang-Rice
picture this many-body state mixes with a similar state
in which the directions of the spins on the Cu and the
0 are reversed. Because such a correlated state cannot
be constructed with a single Slater determinant, HF fails
to describe it properly. However, we expect much of the
energetics of the state to be captured at the unrestricted
mean-Geld level.

Once the added hole is localized around a Cu with a
reversed spin, a very interesting feedback mechanism is

set up between the f and j, spin levels of the central Cu
at energies e~ and e~+ Ud, and the 1' and $ 0 levels

at e„corresponding to the symmetric combination of
the four 0 orbitals. (We neglect here the effect of U„
for simplicity. ) The J, level on the 0 mixes with the
unoccupied J. level at e~ + Ud. This means that some

non-negligible amount of double occupancy is generated
on the central Cu. As a consequence the Cu t' level,

initially at ~p, is pushed up from the lower Hubbard band.
The lower level in the gap [dashed line in Fig. 1(b)] results
from the mixing of this level and the 0 T level. The higher
the Cu t' level moves, the bigger the mixing. This reduces
the amount of charge in the Cu $ orbital pulling down

the state originally at ed+ Ug. The upper level in the gap
results from the mixing of this state with the 0 $ level

[solid line in Fig. 1(b)]. Clearly this process feeds back
positively: The J, level on the 0 mixes more and more
with the i. level on the Cu, generating even more double

occupancy and the two levels on the Cu approach each
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other as do the two levels in the gap.
The interplay with the lattice is also important. The

strong mixing of the four surrounding 0 with the cen-
tral Cu allows the state to gain energy if the 0 approach
(Ao g 0) the Cu. This locally increases the covalency
between Cu and 0 and the above mechanism is strongly
amplified: covalency and the displacements of the 0 ions
reinforce each other synergistically. The result is that for
a moderate value of the electron-lattice coupling strength
A relative to the A, defined below, both $ and J. level on
the Cu become nearly degenerate and the magnetic mo-
ment on the central Cu collapses [see Fig. 1(a)]. One can
visualize this quenching with A as a rapid crossover from
a Heitler-London-like state corresponding to the Zhang-
Rice singlet to a highly covalent molecular state. If the
system is doped with an electron a small polaron is also
formed: an interesting feature of these states is that the
large shifts in the single-particle energy levels toward the
center of the gap result in them lying similarly for both
the hole- and electron-doped cases, as found in spectro-
scopic experiments [15].

If Ao is increased even more, covalency is locally en-
hanced and correspondingly the two levels in the gap go
down. Finally they approach the lower Hubbard band
and one crosses it, whereas the other with opposite sym-

metry (spin flip) gets repelled by the band states. Above
a critical value A, the undoped ground state is replaced
by a nonmagnetic bond-order-wave state. Interesting lo-

cal doping states are found in this regime involving spin
and charge separation, as will be shown elsewhere. Note
that the strong local efFects of intersite electron-lattice
coupling upon doping occur in a regime extending signif-

icantly below Ao, [see Figs. 1(a) and 1(b)].
If the parameters (Ug, 6) are increased simultaneously

from the LDA values to the values (10,4), a new state
appears for small A . The state is an intermediate-
size ferromagnetic polaron [see Fig. 2(a)]. It extends to
about four Cu sites and their surrounding 0 sites, and
if A~ ( 0.4 its energy is lower than the small polaron
energy [see Fig. 1(c)]. When (Ug, b,)=(8,3) the former
becomes unstable. The spin densities at these Cu sites
are almost in the same direction and perpendicular to the
background AF Cu spins. Inside the polaron, the spin
densities at the 0 sites are small. Around the polaron,
the Cu spin densities have small ferromagnetic compo-
nents decaying slowly with distance. Correspondingly,
the HF eigenstates inside the charge-transfer gap appear
closer to the bands, reBecting a more extended texture
than the small polaron. We can anticipate tunneling be-
tween the small and intermediate-size polarons when full

quantum Huctuations are included.
The effect of finite Ap is very weak up to a certain criti-

cal value (Ap, 1.2) at which the ground state changes to
a charge-density-wave state. In contrast to Fig. 1 the Cu
magnetic moment remains almost constant for Ap & Ap, .
When (Uq, 6) is decreased from (10,4) to (8,3) the A~„
Ap„and the crossover A are rescaled towards lower val-

ues by a ratio of 8/10 showing that U& fixes the energy
scale for A, .

Large values of U„~ produce phase separation as found
in other approaches [6]. Details will be given elsewhere.

As seen above, doping states are 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 dis-
tinction between them is possible through their diKering
spectroscopic signatures. In Fig. 3 we show IR absorp-
tion spectra obtained from the current-current correla-
tion functions. Raman spectra and electronic optical ab-
sorption spectra will be described elsewhere. To evaluate
the IR absorption spectra, we used the adiabatic approx-
imation in the RPA [16,17], where quadratic and higher-
order terms with respect to frequency are neglected in the
RPA electronic bubble. In the phonon-frequency range,
including the IR range, this approximation is expected to
work well, as is supported by comparison with nonadia-
batic inhomogeneous RPA results [11,12] on small sys-

2
tems. With K = 32t„g/A, bare phonons (Ao = Ap = 0)
oscillate with w = 0.0914. For t„q = 1.3 eV this cor-
responds to 840 cm which is comparable with the
in-plane stretching IR active mode found in LazCu04
(706 cm ) [8]. As the electron-lattice coupling Ao in-

creases, phonons are further softened. In the state with
an intermediate-size ferromagnetic polaron [Fig. 2(a)], IR
active phonon modes are induced at u = 0.0768 and
u = 0.0875 [Fig. 3(a)], which correspond to "shape oscil-
lations" of the intermediate-size ferromagnetic polaron.
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FIG. 3. Infrared absorption spectra in the one-hole doped
systems, (a) with the intermediate-size polaron; and (b), (c)
edith the small polaron. Arrows indicate the positions of the
undoped infrared peaks. Same parameters as in Fig. 1.
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Namely, the two 0 ions on the horizontal Cu-0-Cu bonds
inside the polaron move in the same direction as do those
on the vertical Cu-0-Cu bonds. Soft electronic modes
mix with the phonon modes giving a very large oscillator
strength for the doping peak (at w = 0.0768) as compared
with the undoped peak at a = 0.0880.

In the states with a small polaron [Figs. 2(b) and 2(c)],
local IR active phonon modes appear at ~ = 0.0722

[2(b)]; and tu = 0.0489, 0.0519 [2(c)], which produce
structure on the low-energy side of the undoped main
peak [Figs. 3(b) and 3(c)]. These modes correspond to
antisymmetric oscillations of pairs of opposite 0 ions
with respect to the central Cu of the small polaron.
These IR spectra are consistent with the experimentally
observed [8] bleaching of phonon modes and intensity
shiR to lower frequencies. Because we are not includ-

ing all the relevant phonons we postpone a detailed com-
parison. Also observed in the same experiments [8] is

a bleaching of the interband 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. 1(b)]. Correlation of
these high-energy features with low-energy structure cor-
responding to particular phonons through Raman excita-
tion profiles is under way. Electron-doped cases will also
be reported elsewhere. Interestingly the IR local modes
lie above the stoichiometric IR frequency in these cases.

In conclusion, we have used a convenient inhomoge-
neous HF plus RPA approach to study hole doping states
in the 2D, three-band Peierls-Hubbard model. We find

that the competition of broken-symmetry ground states
in this model is extremely sensitive to parameter values.
Nonlinear feedback e8'ects 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, induced by intersite-electron-lattice cou-

pling strengths in a regime extending substantially be-
low the critical value for destruction of the AF state in

the undoped system. Other possible states, including
intermediate-size ferromagnetic polarons and phase sep-
aration, were also identified. Possible hole pairing ten-
dencies remain to be studied. However, we emphasize
here that the various doping states are characterized by
distinct high-energy (electronic optical absorption) and
low-energy (IR, Raman) signatures relevant to chemical-
doping and photodoping experiments [7, 8].
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