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MX CHAINS: 1-D ANALOG OF CuO PLANES?

J. Tinka Gammel, I. Batistic, A.R. Bishop, E.Y. Loh. Ir., and 5. Marianer

Theore tical Division and Center for Non- Linear Studics,

Los Alamos Natwonal Laboratory, Los Alamos, NM

ADSTRACT

We study a two-band Peierls-Hubbard model for halogen-bridged mixed-valence transition
metal linear chain complexes (MX chains). We include olectron-electron correlations (both Hub.
hard and PPP like exprossions) using several techniques including calenlations in ihe zero-hopping
himit, exact diagonalization of small systems, mean field approximation, and a Gutzwiller like
Amsatz for quantum phonons. The adiabatic optical absorption and phonon spectra for both photo
exeited and doping induced defects (kinks, polarons, bipolarons, and excitons) are discussed. A
long period phase which occurs even at commensurate filling for certain parameter viadues may he
related to twinning. The effset of including the electron: phoron in addition to the electron electron
interaction on the polaron/bipolaron {(pairing) competition is especially interesting when this class

of compounds s viewed as a LD analog of high temperacure supereonductorns,



INTRODUCTION

Halogen-bridged transition-metal linear chain complexes (MX chains) have been of interest to
chemists for many decades as dyes and strongly dichroic materials {1]. However they have only
recently begnn to receive detailed consideration in the physics community (2-5]. A typical crystal
of this material vonsists of an array of linear chains of alternating metal (M) and halogen (X)
atoms; with ligands attached to the metals, and possibly counterions hetween the chains to give
charge teutrality. A typical chain is shown schematically in Fig 1. The potential importance of
MX chains arises because of:

(i) The increasing appreciation of strong, competing electron-electron and clectron-phounorn in-
teractions in low-dimensional materials and “he consequent need to expand many-body tech-
niques. The MX materials offer a rapidly expanding, near single-crystal, class of quasi-1-D
sv'stems which can be “tuned” (by chemistry, pressure, doping, etc.) hetween various ground
state extremes: from strong charge-disproportionation and large lattice distortion (~ 15%
distortion in PtC’] chains) to weak charge-density-wave and small lattice distortion (~ 5%
distortion in 'tl chains), to magnetic and undistorted (a recently synthesized NiBir chain [6]):

tit) The opportunity to probe doping- and photo-induced local defect states (polarons, bipolarons,
kinks, excitons) and their interactions in controlled environments and the same large range of
ground states' and

vt} The similarities between models and theoretical issues in these n.atetials and the recently
discovered high temperature oxide supercenductors, as well as the 3aPbBiO compounds. The

MN materials are adso closely connected conceptually with mixed.stack charge-transfor salts

and organic conductars,

Focusing on the similarity of the MX chains to the oxide superconductors, we note that they hoth
van he deseribed by a 3/4-filled, two-band tight-binding Peierls- Hubbard model; though 1 d for
the MX compouads and 2-d for the oxide superconductors. Intrinsic defects in both these ma
terials are thought to bhe “polaronic™ obtained via doping or photoexcitation, The electron hole
asvmmetry has been experimentally observed in MX compounds [5], and is perhaps important to
supersonductivity (see the contribution to this volume by J. Hirseh). The model deseribed below
manifests long period (“superlattice™) phases, posibly observed in recent experimental measnre
ments on the MX compounds (5], which may be related to twinning or real space pairing in the
onade snpereonductors,

Fhe MX class, then,is important in its own right, but also as a | d testing ground for concepts
and many boa,,cectronic stracture techniques in strongly interacting (bothh electron electron and

vlectron phonon), electronic materials.



THE MODEFEL

Focusing on the metal d,2 and halogen p, orbitals and including only near neighbor interac-

tions, we use the frilowing two-band model for the isolated MX chain [3]:

H = Z{( —totad)(Clo Clpt0 + Clarolere) + (= 1) eo — 3i(A; + Al—-l)](‘;‘”"l,n}
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which includes as parameters the difference between metal and halogen electron affinities ( 2¢4 =
¢y — ¢x ) electron hopping (tg). on-site (\Ip,, Jy) and inter-site (a) electron-phonon coupling,
on-site ('yy, Uy ) and intersite (17, Vigar) electron-electron repulsion, and inally effective metal-
halogen (/') and wetal-metal ( A'yyys) springs to nodel the elements of the siructure not explicitly
included. M atoms sit on even sites, X atoms on odd sites. N} = u;4y — u; and p; are the lattice
distortion and momentum. For the discussion here we set Vagay = 0. We have also constrained
the sum of the displacements to be zero (renormalizing tp). We have chosen not to include a
halogen-halogen though there is no conceptual difficulty in including it. The model parameters are
shown schematically in Fig. 1. At stochiometry there are 6 electrons per MX unit, or 3/4-filling.
We expect this model to be applicable to many systems. To insure approximation independent
results we have used a aumber of theoretical techniques in our investigation (3], including Hartree.
Fock approximation, perturbation theory (both weak and strong coupling), exact diagonalization
of small systems, quantum Monte-Carlo methods, adiabatic molecular dynamics techniques to
investigate photoexcitation, and variational approaches to investigate quantum phonons. We focus
here on the mean-field, (static) adiabatic results, and note that quantum phonon corrections are not
important for the heavy atoms considered here. We have checked our mean field code aganst the
exact results obtained using a Lanczos diagonalization procedure on 12 sites [1] and find essentially

no difference for small to intermediate correlations.
GROUND STATES

The values of K yay and Jy do not alfect the CDW ground state, and we have sot KNy 0,
Sy de batacand Uy Uy U in the ensuing discussion of the ground states, to rednee the

number of parameters and to explore the possibility of & BOW phase.
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A. Long Period

While Peierls’ theorem guarantees that a commensurate distortion is lower in energy than
no distortion in one-dinensional e-p coupled systems, it does not rule out the possibility that
another distortion will be even iower in energy. The J term drives a long period phase at exactly
commensurate filling [4]. Consider the trivial zero-hopping limit (f; = a = 0) where the electronic
Hamiltonian is site-diagonal and the eigenstates are fully described by their site occupancy. The

period 4 phase is then:
o XN M XMY M o = 0020220022 -

First consider ' = V' = 0. [t is casily seen that the lowest energy state for small g phase separates
into two regions, one of which has all the sites fully occupied and one of which has all the sites
empty:

222 e 22200

The hopping drives the competing period 4 phase. A roughly period 10 distorticn, lower in energy
than the period 4 phase, is shown in Fig. 2. Long range (Cculomb effects clearly also disfavor such
long period phases. In Ref. 4 we investigate this phase using an unscreened Coulomb interaction
plus an on-site exchange, treating the hopping to in perturbation theory. Defining at 3/4-filling

the period o states €, and (",,;

222 22200
" 3or sites o aitea

g 22 22U e 11
v Qa1 Sites 20 sites

we find that for small ty and fixed strength of the electron-electron correlations there is a sequence
of transitions through the states 'y Yy, L CF 0 i o CF G as s inereased, Recent STM
dataindicates that this long period phase may be realized experimentally [5]. We speculate that this
tendeney toward charge-clumping may he related to twinning (superiattice discommensurations),
or read space (hipolaronic) paiting in the 2 d extension of our model. For the rest of the diseussion

we restrict the ground state to be in the period 4 phase.
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In the ground state in the absence of e-e correlations, this problem can be analyzed analytically.
The resulting phase diagram is rather featureless: for positive J the lowest energy period 4 phase
is ncarly always a charge-density-wave on the M sites (CDW) [3]. (We label the states by the M
behavior in analogy with the one-band model notation [2].) This is in agreement with the fact
that all known MX mate-ials with structural distortion are in the ('DW phase, and demonstrates
one important diflerence between the two-band model and one-band models 2], where the BOW
phase is {ound for a substantial range of parameter values. It also implies there can never be an
exact mapping to a one band model.

We have mapped out the phase diagram as a function of U/ and V' numerically. We find [3] (for
K rgay = 0) for small ' that the system has a CDW with decreasing magnitude as U is increased.
but for intermediate [’ the system switches over to a BOW, again with decreasing magnitude, and

finally a SDW phase develops. The Hubbard V term lowers the transition from ('DW to SDW (3).
EXCITATIONS AND ASSOCIATED OPTICAL ABSORPTIONS

We have studied polarons, bipolarons, kinks, and polarexcitons in the CDW phase numerically
(3]. We focus here on the results for static polarons. We stress that this model has no electron-hole
symmetry even in the absence of correlations, and this is reflected in the fact that the ¢lectron and
hole defects have slightly different absorptions. This asymmetry is not preseat in the one-band
modei 2], again emphasizing the necessity of using the full two-band model. We have investigated
the parameter dependence of the optical absorption spectra for polarons at ' = 0. Three distinct
intragap absorptions are observed, which are historically labeled as the (', A, aud '} bands (in
order of increasing energy). For small A the C peak is at lower energy and has larger amplitude
than at large M. The B peak is lost at small A. The electron polaron is insensitive to rq and .Jy,,
whereas the hole polaron absorptions are quite sensitive.

We have investigated the dependence of the optical abgorption spectra on Ky and 'y,
We have sealed the parameters when including U'ap x to keep the uniform structure bands and
distortion constant; in keeping with the interpretation of the {7ag xv = 0 parameters as the effective
mean field values, Decreasing K yyay irom infinity tonds to move the B absorption to the gap edge
and the A and €' absorptions to the gap center, an<d a BOW roughly following the derivative of
the CDW amplitude develops. 17y has hitule effect, and Uyg effectively increases the polaron A
gap state absorption energy. The Hubbard V' ofirst delocalizes the defect in the CDW phase, then
drives the SDW phase where the defect is again localized.

Fhe spectenm in Fig, 3 agrees fairly well with the experimentally measured spectrum for

Preen) ] IP0en ), CLCIONO e (en = NHCHRCHRNHY) [5). The parameters were derived by fithing
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the known uniform structural and band structure data: A = 3RA, Ejver = 2.5 ~3.0eV. Epov —
Ec = 4.7eV; vielding for the dimensionless parameters modeling PtCl tq = .3, a = .3, ¢ = .3,
Iy = .03, A = 354, and A = .58. As we expect the ligands to strongly constrai,. the metal-metal
distance. we used R'yar = 5. Th~ defect peak locations were then calculated and compared with
experiment: vielding good agreement. Experimentally observed Raman resonances are observed
at 1.3-1.4 and 1.9-2.1 eV enhancing a 263 cm~! mode, 1.1-1.7 and 2.2-2. eV enhancing a 287
cm™! mode. and 1.7-1.9 eV enhancing a 272 cm~! mode, with a peak at .4 eV obterved in infrared
absourption [3]. The IVCT edge is at 2.5 eV. We identify these peaks as the A and B peaks of the
clectron polaron; the A and B peaks of the hole polaron; a bipolaron absorption: and a polaron
(" absorption, respectively. We stress that this identification means that the separate absorptions
for the electron and hole polaron are seen in the resonance Raman studies (5]. The  ~ss charge

density for these defects is shown in Fig 4. Note that the hole defect is more delocalized.
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FIGURES
Fig. 1: (a) Schematic of the MX chain showing the model parameters and a CDW distortion: (b)

the corresponding to = a = 0 energy levels.

Fig. 2: A long period distortion of roughly period 16. Shown are the lattice distortion (solid) and

charge density (dotted). Parameter values are tg = 1., @ =0, e = .5, Jar,x = .7, and A = .7

Fig. 3: The optical absorption spectra, with the IVCT scaled to 1, for the hole (solid) and electron

(dotted) polaron and bipolaron with PtCl parameters. Note the electron-hole asymmetry.

Fig. 4: The lattice positions of the metal (circle) and halogen (diamond), excess charge density
(solid), and excess spin density (dotted) for the defects of Fig. 3, stressing the electron-hole

asymmetry.
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