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We discuss the consequences of including both electron-phonon and electron-electron couplings
in multiband models, focusing on numerical studies of a one-dimensional two-band model in the

intermediate regime for both coupling strengths.

Spin-Peierls as well as long-period, frustrated

ground states are identified, reminiscent of those found in axial next-nearest-neighbor Ising models.
We speculate on experimentally observable signatures of this rich phase diagram.

PACS numbers: 75.30.Fv, 64.70.Rh, 71.38.+i, 71.45.Lr

Multiband and multiorbital models have recently been
much studied, primarily due to their relevance for high-
temperature superconductors (HTS) [1]. At stoichiom-
etry, such models can exhibit interesting and unusual
ground states, such as electron-phonon (e-ph) driven
incommensurate long-period or superlattice phases [2].
Here we show that a one-dimensional (1D), two-band
model with competing electron-electron (e-e) and e-ph
interactions also exhibits at stoichiometry qualitatively
new magnetic behavior, namely, frustrated or spin-Peierls
phases in the intermediate regime between the strongly
electron-electron (e-e) correlated antiferromagnetic limit
and the strongly e-ph correlated large lattice distortion
limit. Similar complex phases are found in, e.g., axial
next-nearest neighbor-Ising (ANNNI) models [3].

Considerable effort has gone into solving effective one-
band models. For dominant e-e interactions Zhang and
Rice [4] derived for HT'S, due to the separation of energy
scales, an effective one-band ¢-J Hamiltonian. Imada [5]
suggested that inclusion of an e-ph dependent effective
spin interaction J is crucial, as it opens a spin gap, im-
portant for singlet superconductivity. Here we stress phe-
nomena which extend to several interaction forms and pa-
rameter ranges, and for which keeping the full two-band
model with both e-e and e-ph interactions is essential.

We study the 1D, two-band, 3/4-filled, tight-binding
Peierls-Hubbard Hamiltonian developed [6, 7] to model
an interesting class of 1D compounds—halogen-bridged
transition-metal linear chain complexes (M X chains)
—which exhibit tunable behavior ranging from antifer-
romagnetic or spin-density wave to charge-density wave
(CDW) to semimetallic. This same model can be con-
sidered as follows: a model of CuO chains; a 1D analog
of the models used for CuO2 planes in HTS (8]; a 3/4-
filled analog of the the organic conductor polyacetylene;
a model for charge-transfer salts such as TTF-TCNQ;
or a model of neutral-ionic transitions [9]. If one con-
siders the two orbitals to be on the same site, it is also
related to the Kondo Hamiltonian used to describe heavy
fermions. This model yields quantitative fits for the M X
chain compounds to a variety of experimental data (op-
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tical absorption, Raman spectra, ESR, etc.) [6, 7].
Our 1D, two-band, Peierls-Hubbard Hamiltonian is [6,
7]

H= Z{(——to + a6l)(cj’gcl+l,a + CI+1,acz,a)
l,o
+ [ —Bi(6 + 61_1)10100z,a}
+ (Uil sepe] ey + 3K (61— a1)* + P&}, (1)
1

where c;fa creates an electron at site [ with spin ¢. M

(d;2) and X (p,) Wannier orbitals are situated on even
and odd sites, respectively. Each M>X5 unit cell has 6
electrons, or 3/4 band filling. Parameters are the on-
site energy (e;, epr=—€ex=ep>0), electron hopping (o),
on-site (Bm, Bx) and inter-site (o) e-ph coupling, on-site
e-e repulsion (Ups, Ux ), and pressure P. a; is the natural
length of the effective M-X spring K [10]. &, the relative
displacement of sites [ and [+1, is determined by mini-
mizing the total energy. We have used both Hartree-Fock
and exact diagonalization to study this model [6].

For ep>>0, one starting point for interpreting the ef-
fects of e-e and e-ph couplings is an effective 1/2-filled,
one-band model focusing on the M d,2 orbitals [11]. For
zero e-e correlations, when the on-site e-ph coupling ,Bfg
dominates, the ground state exhibits X-sublattice distor-
tion with an accompanying CDW on the M sublattice
(CDW phase). The case is reversed when the intersite e-
ph coupling a$f dominates: X-CDW and M-sublattice
distortion [bond-order-wave (BOW) phase]. Typical e-
ph phenomena (phonon softening, solitons, etc.) are
found [11]. The full two-band model leads to qualita-
tive modifications: the BOW phase is removed [6], and
upon doping localized intrinsic defects now exhibit elec-
tron/hole asymmetry [12] and local charge, spin, and/or
lattice-distortion character [6, 7], e.g., local lattice distor-
tion around “magnetic” polarons in an antiferromagnet
such as NiCl or NiBr [7]. Near phase boundaries, even at
low defect concentration, strong modification of the back-
ground (stoichiometric “ground state”) also occurs [13].
Our focus here is on intermediate to large e-e correlations
(large Ups), where in the 1D, one-band limit one expects
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TABLE L

The a=a;=0 constant volume period-4 phases, occupancies, distortions, energies, and effective antiferromagnetic

spin correlations J in the to—O0 limit. Here t=to/eo, Um,z=Um,x/eo, bm,mzﬁM,x(Keo)_l/z, and dx(dam) are dimensionless
X (M) sublattice distortion order parameters, §(!)=dx (eo/K)"/?(cos 21 —sin Z1)—dn(eo/K)*/*(cos &l +sin Zl). Er is the total
energy of the N site chain using periodic boundary conditions. The change in average M-X bond length a, a=3 ,61/N, and the
pressure P are related by 0 ET /0P=Na, yielding P=K(a1—a+D) , where D = Zl’a<2ﬂzc{‘och, wa(c;ﬁacH_l,(,+czr_+,1’acly,,) >/NK.

Phase XMXM dr dx D,/ ¥ 2ET/(eoN) J*¥ /eq
4
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a spin-Peierls phase with an effective antiferromagnetic
coupling between M sites [4, 14, 15].

To understand the consequences of e-e correlations for
our multiband model, we first examine the zero-hopping
limit [16]. The period-4 phases for to=a=0 are listed
in Table I. The phase diagram for parameter values near
the CDW /antiferromagnetic crossover, relevant to M1 or
NiX materials, is shown in Fig. 1. The phase diagram is
more complex for Ux,|Bx|ZUn,|Bnm| and/or Bx /Br>0,
where the hybridization-driven competition is most effec-
tive. For to=0 and Ujps dominant, the lower, X-like band
is full and nonmagnetic, while the upper, M-like band is
1/2 full with one electron per M site and uncorrelated
spins. For £35#0, as in the one-band case, there is an effec-
tive antiferromagnetic coupling between spins on neigh-
boring metal sites, Jpsar, which drives antiferromagnetic
order which competes with band splitting driven by the
on-site e-ph coupling 3. However, hybridization between
the two bands also occurs: as the lower band is not com-
pletely full there are effective antiferromagnetic couplings
between neighboring X sites, Jx x, and between M and
X sites, Jyx, not present in one-band models [17]. In
fact, when the splitting due to 3 is on the order of U
and eg, the antiferromagnetic state with neighboring M-
X pairs singly occupied can become the ground state;

see Fig. 1. This implies, in contrast to the one-band
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FIG. 1. to=0 phase diagram, infinite chain: 8x/Bm=-1,

Ux /Um=1. Figures 3 (+) and 4 (---) parameters are shown.
Varying pressure corresponds to a line through the origin.

case, that the combination of e-e and e-ph coupling in
the two-band model drives, in addition to the nonmag-
netic CDW and BOW phases, three (competing) spin-
Peierls phases: one on the X sublattice (XAF), one on
the M sublattice (MAF'), and one involving M-X pairs
and large lattice distortion (MXP). Since Jprar, Jxx,
and Jyx are all antiferromagnetic couplings (J > 0),
they cannot all be simultaneously satisfied and the sys-
tem is frustrated, as illustrated in Fig. 2. The expressions
for the J from fourth-order perturbation theory in tq are
listed in Table I. When only one of the J’s dominates,
one can numerically check these estimates by compar-
ing the energies of the singlet and triplet ground states
(at fixed lattice distortion). Figure 3 shows good agree-
ment for small ¢{;. Note that the CDW phase has an
entirely e-ph driven anitferromagnetic component: even
when the X (M)-sublattice distortion is large, some resid-
ual M(X)-sublattice magnetization remains.

For parameters where the lattice distortion is large and
driven by the on-site e-ph coupling 3, and/or the Hub-
bard U terms are large, Fig. 1 is close to the actual phase
diagram. Figure 4 presents exact diagonalization results
for such a case. As Uys increases (lattice distortion de-
creases), we observe a sharp transition from M-M charge
coupling (CDW) to M-X spin coupling (MXP) to M-M
spin coupling (MAF), in agreement with the ¢o=0 results.

1 2 3 4
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FIG. 2. Schematic energy level diagram in the strongly
correlated limit showing frustration of the effective antiferro-
magnetic couplings due to the partial occupancy of the low-
lying X orbitals induced by M-X hybridization.
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FIG. 3. Exact diagonalization, 16-site ring: to dependence ot L (@)
of the difference in singlet and triplet energies for the CDW, "2-' -0.5
MXP, and MAF phases at the + in Fig. 1. For toc<Uys, this ¥ 3
corresponds to excitations of the effective spin Hamiltonian N '6‘1()'8 t +
H = 4JS?S%; (4Jmum, MAF phase; 2Jpx, MXP phase); in |3 | (d)
the CDW phase this reflects the Peierls gap. The dotted lines “2“ —0.25
are perturbative expressions (Table I). ¥ _osol
h .
For larger tg, the couplings change more smoothly, and FIG. 4. Exact diagonalization, 16-site ring: (a) lattice dis-

charge disproportionation, M-X spin coupling, and M-
M spin coupling coexist, with the phase of the lattice
distortion passing from CDW through MXP to BOW as
the amplitude goes to zero. For large tg, even for Upr=0,
the CDW phase shows a strong tendency towards anti-
ferromagnetic order, but driven by valence fluctuations.

The crossover between the period-4 CDW and MAF
phases is accompanied by long-period superlattice
phases [18] when |Bx/Ba|>1 or the intersite e-ph cou-
pling « is large. We have completed only preliminary
evaluation of the long-period region of the phase dia-
gram, as the many competing metastable states signif-
icantly complicate analysis. Superlattices may be viewed
as ordered arrays of discommensuration defects with re-
spect to nearby commensurate (period-4) order. Consid-
ering the effective J’s discussed above, it may be nat-
ural to view such states in terms of ANNNI-like mod-
els [3, 5, 14] where nearest and longer range couplings
compete leading to frustration and associated complex-
ity phenomena—multi-time-scale relaxation, hysteresis,
metastability, etc.

In the context of the M X class and similar 1D systems,
it will be particularly interesting to investigate materials
in, or near, this crossover regime, and to further control
the crossover with pressure, magnetic field, doping, im-
purities, etc. In terms of doping into such phases, espe-
cially near phase boundaries, besides the usual plethora
of doping and photoinduced nonlinear excitations (soli-
tons, polarons, bipolarons, and excitons [6, 7, 9, 11]), a
dopant-induced global phase transition may exist [13]
and novel pairing mechanisms are anticipated [4, 5, 14,
19]. We expect the complicated spin and charge char-
acter of these unusual broken-symmetry states to be ex-
perimentally accessible with appropriate probes of spin,
charge, and lattice structure (frequency dependent con-
ductivity, susceptibility, precise x-ray analysis, ENDOR,
etc.)—in fact, in the weak CDW system Ptl unexpect-
edly strong diamagnetism has already been reported [20],
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tortion amplitude, (b) total energy Er, and (c) NN and (d)
NNN spin correlations as a function of Ua/eo on the line
in Fig. 1 for MAF, CDW, and MXP phases at to/eo=0.5.
For finite systems lattice distortion strongly pins competing
phases, thus we can follow them across phase boundaries.

which may be the smoking gun. Doping into this com-
plex regime should be highly sensitive to the softness and
competitions of the phases: this is an excellent regime to
study pairing tendencies and metallization, or develop
device applications [21].

In the context of antiferromagnetic-based HTS ma-
terials the role of e-ph coupling is increasingly appre-
ciated [1]. Tuning eg, to, Upn, and Ux in the Hamil-
tonian (1) is a 1D analog of theoretical discussions in
2D which focus on the p-d hybridization in HTS mate-
rials. There, as here, these parameters determine the
broken symmetry (if any) of the ground state, and the
nature of electron or hole doping into those states. The
same CDW /antiferromagnet competition occurs and the
nominal filling is effectively the same in both MX and
oxide HTS materials—3/4 filling of two bands and 5/6
filling of three bands, respectively. Furthermore, both
antiferromagnetic and CDW HTS compounds exist (e.g.,
based on LaCuy;04 and BaBiOg3), much as for MX com-
pounds (e.g., NiCl and PtCl, respectively). Inclusion of
e-ph coupling in 2D leads to effects similar to those re-
ported here: a 2D a-driven long-period phase has re-
cently been found [19]. As in the 1D case, in addition
to complex stoichiometric phases, upon doping unusual
pairing mechanisms are anticipated [4, 5, 14, 19] and gen-
eralized polaronic or “bag” states are predicted [19] with
a rapid crossover from a Zhang-Rice singlet [4] to a co-
valent molecular singlet and with local coexistence of
spin and charge—e.g., strong local lattice distortion in a
strongly magnetic background. Doping and photodoping
spectroscopy [22] support this prediction. Spontaneous
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separation of spin and charge driven by the competition
between magnetism and covalency is also predicted [19]
upon doping into globally complex ground states analo-
gous to those discussed above.

We stress that the 1D, two-band, Peierls-Hubbard
Hamiltonian studied is representative of a very large va-
riety of low-D electronic materials with a richness both
of possible ground states and of consequences of doping
into these states, especially near phase boundaries. We
are exploiting this richness via a systematic “making-
measuring-modeling” approach to the M X class of 1D
compounds, which are realizations of this Hamiltonian
spanning the range of complex broken symmetry ground
states. We believe that experimental investigations of the
template [23], pressure, and magnetic field dependent be-
havior of pure, disordered, and doped M X materials in
the lattice-distortion/antiferromgnetic crossover regime
(PtI, NiBr, or their mixed-metal or -halide analogs) will
continue to yield interesting insights into the nature of
intrinsically multiband effects and the competition be-
tween e-e and e-ph interactions.
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