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Collective excitations in the normal state of Cu-0-based superconductors
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Standard weak-coupling methods are used to calculate the excitation spectrum and the instabil-
ities of the metallic phase of a three-band model for the copper-oxide superconductors with both
intra- and intersite repulsion. Besides the magnetic excitations, a strong charge-transfer reso-
nance of A &g symmetry is predicted. For reasonable parameters, the metallic phase is found to be
unstable to a charge-transfer instability at large deviations from half 611ing, and at small devia-
tions to an antiferromagnet.

One of the questions for the understanding of the high-
T, Cu-0-based superconductors is the spectral function
for effective electron-electron interactions. Towards this
end, in this paper we calculate the collective excitations of
a model for Cu02 planes based on weak-coupling
methods. If the metallic phase of the Cu-0 materials, ex-
trapolated to low temperatures, is a Fermi liquid, ' stan-
dard weak-coupling methods should give a qualitatively
correct description of the ground and excited states. In
such a case, it is probable that low-lying electronic excita-
tions, of charge or spin character, play an essential
dynamical role in the superconductive pairing mechanism.
Even if the metallic phase is not a Fermi liquid, the high-
energy excitations calculated here should still be per-
tinent, and the calculated low-energy excitations can indi-
cate possible instabilities of the metallic phase. Weak-
coupling methods are, of course, inappropriate in the un-
doped material with its antiferromagnetic (AFM) ground
state. However, even in that case, these calculations do
provide an indication of the instability of the Fermi-liquid
phase to such a state.

Consequently, it is of interest to carry out weak-
coupling calculations to obtain the excitation spectrum
and phase diagram in a model of Cu02 planes which in-
corporates features essential and unique to the Cu-0 su-
perconductors. In what follows, we describe the model,
sketch the calculations (which are based on standard
methods), and discuss the results.

We use a Hamiltonian for the Cu02 planes in a tight-
binding basis which is an extended Hubbard model
defined on the d„2 y2 orbital for Cu and (o)p„orbital on
one of the two 0 atoms in the unit cell and the (cr)py or-
bital on the other

H Gg (cJi Cdi c~~icxi cyi. cyi )

sive V. The notation (ij) specifies nearest-neighbor sum-
mation. The band parameters c and t are defined in the
Hartree-Fock approximation, and bn; n; —(n;). We
have neglected repulsion on the 0 atom as well as direct
O-O hopping. They introduce no new qualitative features
in the present calculation (although they may be impor-
tant for superconductivity), and results including their
effects will be presented later. Equation (I) yields three
bands, with the uppermost antibonding band half-611ed
for the d p configuration. Self-consistent band-structure
calculations reveal that there is strong admixture of Cu
and 0 orbitals, with e-0; and photoemission experi-
ments in the insulating phase show that the lowest-charge
excitation has a strong 0 to Cu charge-transfer charac-
ter. Under these circumstances, as noted elsewhere, the
longer-range electronic interactions, which stabilize the
ionic structures to begin with, and which are parametrized
in the model by V, have an important dynamical role to
play.

The model exhibits several different phases depending
upon the values of c, U, V (in units of t) and of the num-
ber of holes b (measured from half-filling). As we discuss
below, in addition to the expected spin-density-wave
(SDW) and charge-density-wave (CDW) phases which
occur for low doping, we find a new charge-transfer insta-
bility (CTI) of the metallic state. Whereas the CDW and
SDW instabilities are driven by q-x intraband excita-
tions (and are suppressed by doping) the CTI is driven by
q -0 interband transitions which are dramatically
softened by the excitonic eA'ect of the intersite coupling V
(and are enhanced by doping).

We first construct the Bethe-Salpeter equation for the
particle-hole propagator P,fbi, (k, k', q), including both
direct and exchange scattering (see Fig. I). Here aP. . .
are the orbital indices, and the superscript ~ refers to

+g(t icJ;c„i+H.c.+x y)
(ij )

+ 2 Ugbnd; bnd; + Vgbnd; (bn„~ + bny~ ) .
i (ij )

ak+q a k+qI
pk P'k

+ W /

Here c- —,
' (Ed Ey ), t;J + i, and we have—included a

repulsive U on Cu as well as the nearest-neighbor repul-
FIG. 1. Diagrammatic representation of the Bethe-Salpeter

equation for the particle-hole propagator P,&ii, (k, k', q).
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charge and spin channels. The equation for P is compli-
cated by the nonlocality of the exchange interaction, but
enormous simplification results because the interactions
can be written as separable functions of the form

a=0 V= 2

V,pf, (k+q, k, k', k'+q)
-gg.,(k, k+q) Vg.«)g.', O, k+q) . (2)

Here D,A' refer to direct and exchange channels, and
the functions g' form a basis for particle-hole pair wave
functions. The integral equation reduces to solving for the
generalized polarizability matrix 0.1 0.2 0.3

P;, (q, ~)- g gg.', (k+q, k)P.». (k, k', q)
aPP'a' kk'

xg~ tr (k'+ q, k'), (3)

with k (k, ko), qo co which is of dimension (11x 11) in
this case. Note that by using a tight-binding basis and the
separability of the resulting interactions, local-field effects
for the model are exactly included in the solution; P'J is a
real-space representation of the dielectric matrix
e(q+ G,q+ 0', ro) in reciprocal space.

P can be separated into the charge- and spin-ffuctuation
channels straightforwardly, leading to the matrix equa-
tions (all indices are suppressed) P — D Po, where-
Po(q, nr) is the bare "bubble, " and we have introduced
propagators for charge and spin fiuctuations

[D+] ' I+Pa(Vx —2VD),

[D ] ' I+PoVx.

(4a)

(4b)

Here I is the unit matrix. The spectral representation
of these operators yields the particle-hale spectrum in-
cluding exchange and local-field corrections, and is a gen-
eralization of the methods used by Hanke and Sham and
by Sinha et al. in other contexts. Were only the spin-
ffuctuations kept, this would be equivalent to the
paramagnon theory, and some recent calculations on the
single-band Hubbard model have followed this approach.

Zeros of the operators D —give the energy spectrum of
collective modes. At q 0 in the charge channel, we dis-
tinguish different modes by their symmetry, and in Fig. 2
we plot their energies as a function of band filling
n —,

' (1 —b) for some representative values of parame-
ters. Spectral weight for nonbonding (rr ) to antibonding
(cr*) transitions begins at an energy & 2t and for bonding
(o) to antibonding transitions at an energy 4t in the
band structure. At an energy just below the a cr on-
set, two excitonic states [B~g(x —y ) and E„(x,y)] are
split off weakly. The state of A&g(x +y ) symmetry
garners its oscillator strength from o o* transitions at
energies ~ 4t and is pulled far down below the band edge
for moderate values of V/t. Note that the only optically-
active transitions are the E„dipole active modes (dotted
line in the figure). Because we have used Hartree-Fock
single-particle Green's functions in the evaluation of P;J,
these excitonic modes are undamped as long as they lie
outside the particle-hole continuum.

It is important to remember that the single-particle
spectrum is renormalized by interaction with the collec-
tive modes. In Fig. 3 we show the single-particle spectral

FIG. 2. Energies of charge-fluctuation collective modes at

q 0 for e 0, V/t 2, U/t 0,2,4. Solid lines: A~r, dashed
line: B~r, dotted line: E,. (The Brr and F., modes are insensi-
tive to U. ) The hatched regions mark the onset of interband
transitions.

weight A(p, v) Trlm[v —Ho —Z(p, v)] with the self-
energy evaluated to second order in perturbation theory
for momenta k (g, g). The free-particle bands become
damped, so that quasiparticles off the Fermi surface at
v 0 acquire a finite lifetime. The bands are also nar-
rowed, i.e., there is an effective-mass enhancement as a re-
sult of interaction with the collective modes. The "band"
which has developed at energies above Ef is the "upper
Hubbard (or charge transfer) band" produced by correla-
tions on the Cu sites as well as a renormalization of the
average gap for charge-transfer excitations. An effect of
V in this model is to shift 0 spectral weight in the non-
bonding band up toward Ef. We shall present more de-
tailed results on the single-particle spectrum elsewhere.

As well as the q 0 particle-hole spectrum shown in
Fig. 2, there is, of course, spectral weight at finite q. In
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FIG. 3. Electron spectral function A(p, v) for a set of mo-
menta p rr((, g), and e 0, 8 0.2, U/t 2, V/t l. The
dashed lines mark the positions of unrenormalized bands, and
energies are measured relative to Ef.
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both charge and spin channels, the large q spectral weight
at low frequency (r0« t) is dominated by intraband exci-
tations across the Fermi surface. Because the Fermi sur-
face is well nested (close to b 0) these fiuctuations are
strongly enhanced; in fact, at small values of U or V these
modes may become soft, leading to a SDW or CDW in-
stability. Close enough to the instability of the metallic
state, either of these processes gives rise to large renor-
malizations of the single-particle behavior familiar from
the usual paramagnon theory.

With the neglect of O-O hopping, at half-filling the me-
tallic state is unstable to either a SDW or to a CDW for
infinitesimal Coulomb repulsion. For nonzero doping 8,
this instability is suppressed and the metallic state has a
finite range of stability. In Fig. 4, we show the calculated
phase boundaries to either SDW (for V=O, dashed line)
or CDW (for U 0, dotted line). These instabilities are
suppressed as soon as self-energy corrections are taken
into account, and in Fig. 4 we also plot the stability region
of the metallic paramagnetic state including self-energy
corrections to second order in the interactions. The three
surfaces in the figure mark the onset of SDW, CDW, and
CTI, determined by the appearance of a zero eigenvalue
of one of the operators (D —(q, co =0)] '. In the cases of
SDW and CDW these instabilities occur at finite q,
whereas the CTI corresponds to the softening of the A~g
mode shown in Fig. 2, at q 0. As the eigenvector for this
mode corresponds to a symmetric charge oscillation be-

tween Cu and 0 neighbors, its instability signals a valence
change from the assumed value. We note that for values
of 6&0.05 the inclusion of moderate O-O hopping does
not significantly affect the phase diagram of Fig. 4.

It is tempting to associate the charge-transfer instabili-
ty in Fig. 4 with the observation that in all known Cu-0
superconductors, doping beyond a certain deviation from
half-filling is not possible, ' and that the maximum T, 's

are obtained close to this point. We speculate that the
valence change at the CTI might correspond to the disin-
tegration of the lattice structure, " and we believe that the
CTI is the same instability as that identified as phase sep-
aration in calculations performed in the strong coupling
limit. '

Figure 5 shows the calculated spectral function
ImD+(q O, ru) decomposed into different symmetries,
again with second-order self-energy corrections which
lead to a finite lifetime for the modes. ' Here the strong-
est feature is the A ~~ mode, which for these parameters is
the lowest q 0 excitation.

Optical experiments ' on single-crystal YBa2Cu307 —b

have sho~n the presence of a strong broad feature in the
mid-ir; furthermore, in the energy range 0 & cu ~1.5 eV,
the oscillator strength is somewhat larger than can be
easily accounted for on the basis of intraband transitions.
If this feature is associated with the Cu02 planes, it is pos-
sible that defects, or even metallic fiuctuations, break the
A &g symmetry and allow the lowest CTR mode to acquire
optical activity. The coupling of the A ~g mode to Drude
transitions will also modify the form of rr(ro) by generat-
ing an energy-dependent lifetime and effective mass for
the quasiparticles. ' Recent measurements on La2 —-
Sr„Cu04 thin films' have revealed a sharp absorption
peak in the doped metals (x & 0) at energies (—1.5 eV)
comparable to the absorption edge in the insulator
(x 0). This might be interpreted as the E„symmetry
excitations in Fig. 5, with the sharpness of the feature in-
dicating the strength of longer-range Coulomb interac-
tions. Raman experiments would yield the clearest test of
this model, and some recent experiments in La2 — Sr„-
Cu04 have shown resonance enhancements of two-phonon
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FIG. 4. Stability region of metallic paramagnetic state as a
function of doping (8), intrasite (U), and intersite (V) Coulomb
interaction. The three surfaces mark the instabilities to SDW,
CDW, or CTI. The dashed line (V=O plane) and dotted line
(U=O plane) mark the calculated instabilities to SDW and
CDW, respectively, when self-energy corrections are neglected.
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FIG. 5. Spectral representation of the charge-fluctuation
propagator ImD+ (q =0, c0) projected onto excitations of
diff'erent symmetry (dotted line: dipole active; solid line: A &g,

dashed line: 8~I).
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lines which indicate the presence of an even symmetry
mode at an energy -2-2.5 eV. ' ' In both insulating
and superconducting samples of Ba2YCu30q —~ there ex-
ists A ~g oscillator strength at low energies' which is not
obviously accounted for by spin fluctuations, and which
also shows resonant behavior.

In conclusion, we have outlined a calculational scheme
by which the effects of both spin and charge fluctuations
can be treated on an equal footing in the metallic state.
The values of Coulomb parameters that can be explored
reliably with weak-coupling techniques are not far re-
moved from values estimated by several authors (U/t-8,
V/t —1).' Moderate intersite-Coulomb interaction is
found to lead to a strongly bound resonance of A ~~ sym-
metry, while the optically active spectrum is shifted only
weakly from the particle-hole continuum. Charge-

transfer resonances were suggested as a possible pairing
mechanism; some recent calculations based on Eq. (1)
with V/t —1 support this point of view. ' ' Our calcula-
tion also generates effective interactions between quasi-
particles via Eq. (4), which can be used to test models of
either charge- or spin-fluctuation mediated pairing. Fur-
ther work on the pairing instabilities is in progress and
will be reported elsewhere.
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