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ABSTRACT

The lattice relaxation theory developed earlier by Su and Yu for solitons and
polarons in conducting polymers is applied to systems with both electron-phonon and
electron-electron interactions, described by a single band Peierls-Hubbard model. The
localized excitations in the competing bond-order-wave (BOW), charge-density-wave
(CDW) and spin-density-wave (SDW) systems show interesting new features in their dy-
namics. In particular, a non-monotonic dependence of the relaxation rate on the coupling
strength is predicted from the theory. The possible connection of this effect with photo-
luminescence experiments is discussed. Similar phenomena may occur in other quasi-one-
dimensional systems as well.
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I. INTRODUCTION

For the- last two decades the experimental and theoretical studies of qtiasi-

one-dimensional(lD) systems, like conducting polymers, charge-transfer solids {e.g.

TTF-TCNQ), charge-density-wave systems {e.g. NbSe3) and halogen-bridged mixed-

valence, transition-metal linear-chain complexes (HMMC or MX chains) have at-

tracted great attention of physicists and chemists. Apart from potential applications,

the scientific interest is mainly due to the availability of a variety of symmetry broken

ground states like BOW, CDW, SDW and Spin-Peierls state, their competition and

possible coexistence determined by the interplay between electron-electron (e-e) and

electron-phonon (e-ph) interactions. Even more interesting are the localized excita-

tions such as solitons, polarons, bipolarons and excitons on these ground states and

their contributions to various observable effects like optical absorption and resonant

Raman scattering. Among these quasi-lD systems, the MX chains are of particular

interest because members of this family share the same crystalline structure, while

their physical properties depend strongly on the species and structures of the con-

stituent metal (M) or halogen (X) ions, and also on the organic ligands (L) and

counter ions (X or CIC^). By " tuning " the strengths of e-e and e-pk couplings,

a big variety of states ranging from SDW (e.g. NiBr), weakly distorted CDW (e.g.

Ptl) to strongly coupled CDW (e.g. PtCl) can be materialized. Therefore, these com-

pounds are ideal prototypes for the study of competing BOW, CDW and SDW states,

which is evidenced by the large volume of experimental and theoretical investigations

devoted to them [1],

From the theoretical point of view, the phase diagram of these compounds has

been studied within the extended Peierls-Hubbard model by Nasu [2], while the map-

ping of the MX chains with on-site e-ph coupling and Hubbard repulsion onto the
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SSH model of polyacetyiene [3] and the existence of solitons were considered by Ichi-

nose [4j. The weak coupling continuum model was studied by Onodera [5], whereas

the strong coupling limit with competing BOW and CDW order was investigated

by Baeriswyl and Bishop [6]. Furthermore, Bishop et al. have proposed a two-band

model [7] to describe various physical properties of the MX chains and an extensive

series of studies have been carried out using this model [8].

The localized excitations in these compounds are accompanied by strong lattice

distortions. Hence the lattice relaxation effects are essential in studying their dy-

namics. The lattice relaxation theory for polarons and solitons in quasi-lD systems,

developed by two of us earlier [9] has been applied to these systems with compet-

ing e-e and e-ph interactions and some new interesting features have been observed.

In particular, a non-monotonic dependence of the relaxation rate upon the coupling

strength is predicted from the theory. Such unexpected" behaviour is mainly due to

the change of the number of bound states in the energy gap as a function of the

coupling strength. Brief reports of this study appeared earlier [10], while full details

will be published elsewhere [11, 12]. In this paper we summarize the main results

and discuss them in the context of a general quasi-lD system. For simplicity and

emphasis of the basic physical effects we use the one-band extended Peierls-Hubbatd

model.

It is interesting to note that as for homogeneous states, these competing ground

states may coexist (like BOW and CDW) or exclude each other (like SDW and CDW

without BOW), but the local distortions of the order parameters can always coexist,

only subject to the symmetry requirements of the problem. For example, a BOW kink

will be accompanied by a CDW polaron, and vice versa. Similarly, a self-trapped

exciton (STE) in the CDW dominating regime will contain local SDW distortion and

vice versa. This effect has been observed in studies on polyacetyiene [13] and MX



chains [S, 14, 15]. In view of difficulties with analytic solution of the problem, most

of our studies were performed numeriMlly using the self-consistent Bogoliubov-de

Gcnnes (BdeG) formalism [L6]. We have varied the number of lattice sites to exclude

the finite size effects.

II. THE MODEL HAMILTONIAN

The model Hamiltonian for the MX chain systems is written as [2,6]:

V
K

where c|3(c,3) aie ^-electron creation (annihilation) operators at site i of the M

(metal) ion with spin s; vt and «, are static displacement coordinates for the i-th

X (halogen)-ion and M-ion, respectively; /8 and a are the intra-site and inter-site e-ph

coupling constants, which describe the couplings of 7r-electron to two different phonon

modes; t0 is the hopping integral and A' is the stiffness constant; the kinetic energy

of M-ions is neglected here for our static calculations. It is assumed that each metal

atom in the MX-chain contributes a ir-electron, which can super-transfer between or-

bits of neighboring M-atoms bridged by the X-ions forming a conduction band, while

the tr-electrons contribute to the stiffness constant K.

The total number of ^-electrons JV is equal to the total number of M-ions in the

ground state. The charge transfer rate is determined by t0 - a("i+i - «i), while the

on-site energy of the ff-electron depends on the distance between neighboring X-ions

as -0(v,+\ — Vi) in the tight-binding picture. U and V denote the on-site and nearest-

neighbor Coulomb interactions between 7r-electrons. Therefore, this Hamiltonian will

exhibit obvious competition between the PeierSs instability coming from the intra-site

e-ph coupling (/?-term) producing CDW, and the inter-site e-ph coupling (a-term)

yielding BOW'', and the Hubbard instability coming from the e-e correlations (U and

V terms) giving rise to the magnetic SDW. It is convenient to introduce dimensionless

parameters

and to measure energy in units of to, i.e. H/ta —> //, bjt0 —> [/, V/fo —• V.

The intra-site e-ph coupling (/3-term) spoils the single-particle charge conjugation

(e-h) symmetry possessed by the SSH model [6,16]. However, several other symme-

tries are available in this problem. In particular, the Hamiltonian (1) is invariant

under the following operations

• 7-0-0 }— t

(3)

These are combined parity and translation symmetries valid for arbitrary electron

filling and any excitations. Moreover, at At = 0 and for half filling, another two kinds

of symmetry operations are valid for the periodic boundary conditions, namely,

I 7. 7- i -7-{.-i)
(4)

which are combined parity, translation and charge-conjugation symmetries. It is noted

that the CDW lattice distortions 7,- and BOW lattice distortions Si are of opposite

parity in Eq. (3), and they possess different symmetry centers. Therefore, a CDW

polaron will be accompanied by a kink-like BOW distortion and vice versa.

The homogeneous ground state properties of such a system (Si = 60, 7i = 70)

have been extensively studied in Ref. [6] with U = V = 0, and in Ref. [2,12] with

if ^ 0, V ^ 0. In Fig. 1, the numerically calculated phase diagram of this system is



shown to illustrate the parameter regions of CDW and BOW dominance. The region

between curve 0.4 and OB corresponds to the coexistence of CDW and BOW, and

the (lashed line in it denotes the phase boundary of Ref. [6]. The line CD divides

regions with different characteristics of localized excitations, as will be explained in

the following text. On the other hand, as U and V are included, it has been shown [2,

12] that the dominance of U leads to a SDW state, while the CDW state prevails in

the A2 dominating region, and that the homogeneous CDW and SDW states cannot

coexist without involving BOW. In this paper, we will focus on the properties of

localized excitations in the CDW dominating region, where the e-e interactions U

and V are first set to zero for simplicity, and their effects will be considered later.

III. STRUCTURE OF STE

Unlike the case of polyacetylene [16], the energy of STE in MX-chains is not

degenerate with that of the soliton-antisoliton pair even in the absence of the Coulomb

interactions. Therefore, STE is a rather stable excitation playing an important role

in the actual relaxation process. We will focus on the study of STE configurations

as a function of coupling strength and its relaxation rate. For simplicity, we assume

Aj = 0 , i.e., consider the case of a pure CDW. If one electron is photoexcited from the

top of the valence band to the bottom of the conduction band, a STE is obtained from

a self-consistent calculation. The gap levels of STE as functions of A? are plotted in

Fig. 2. As expected, the energy gap increases with the increase of As. Two localized

bound states near the midgap are split off from the top of the valence band and the

bottom of the conduction band in the weak coupling range. Each of these two states is

occupied by one electron. As \i increases to around A} = 0.28, two new bound states

emerge out from the continuum resulting in totally four localized bound states inside

the gap. The lower new bound state is occupied by two electrons whereas the upper

3i i».4* «•

one is empty. These two new bound states play an important role in the calculation

of the lattice relaxation rate as will be shown in Sec. IV. As A2 increases further, no

more new bound state will be split off from the continuum. This feature has been

indicated by Baeriswyl and Bishop [6] in the strong coupling limit, A2 > oo, where

they found only four localized states associated with a tightly bound exciton. The

crossover from 2-bound-states region to 4-bound-sta.tes region in the phase diagram

is indicated by curve CD in Fig. 1.

The e-e interaction was not included in the above calculations. Now we include

it, but consider the parameter range within the CDW dominance. Following the

photoexcitation, two single occupied localized states enter the charge-transfer gap.

The multi-electron system is in an odd-parity singlet state [17], i.e.,

* i — (*+- + *-+)/v'2, (5)

where <tn0 = cJ,i<^jk > a nd \v >= ritHTc t l^ > describes the distorted valence

band filled with N — 2 spin-paired electrons, a, @ = ± represents the bonding (+)

and antibonding ( —) state, respectively. The electron operator c\t creates an electron

with spin s in the molecular orbital k. The BdeG equations consist of the eigenvalue

equations and the gap equation, which are obtained through functional differentia-

tions

= 0 ,

and

= 0,

(6)

(7)

where ij>l(n) is the electronic wave function of level k at site n. By using Eqs. (6)

and (7), we calculated the STE configurations when the Coulomb interactions U and

V are taken into account, and found that the emergence of new bound states due to
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the increase of A? is unchanged in the presence of U and V, but the "onset" position

at which new bound states split off from the continuum depends on the strengths U

and V.

IV. LATTICE RELAXATION THEORY AND APPLICATION TO STE

The lattice relaxation theory of multi-phonon processes was developed in the

early 50s by Huang and Rhys [18] and others in connection with the radiative and

non-radiative transitions of the F-center. The difference in the lattice configurations

of the initial and final electronic states gives rise to the multi-phonon processes ob-

served in experiments. This theory has been generalized by Su and Yu to consider

localized excitations in quasi-lD systems, taking into account the self-consistency of

the electronic states with lattice configurations and the multi-electron background[9].

Here we sketch the main steps of the formalism in the context of MX chains.

We start from the original Hamiltonian (1), to calculate the non-radiative tran-

sition probabilities. The phonon part of the Hamiltonian should be normalized as

f E [K - v,)2 + K - vn+lf] = \ '»2
(Q;I<3,<> (8)

where Qqi are normal coordinates, uiqt are phonon frequencies, q is the wave vector

and / is the phonon branch index. After dimerization, each cell contains four atoms,

two M atoms and two X atoms, so we have four branches of phonons. Adding the

kinetic energy of phonons to the original Hamiltonian, having the phonon part second

quantized, the total Hamiltonian can be rewritten as [9]

+ ninl (9)

»(

where

and

c2i+i,c2,a + cJijc2i-i» + h.c.) + Hubbard terms

[l,qyR'. (10)

Here i is the cell index; s is the spin index; A accounts for atoms within one cell; Ri

is the cell coordinate; JV is the total number of cells; mi — m2 is the mass for the

metal atoms whereas 1TJ3 = m4 is the mass for the halogen atoms; Qqi are the normal

phonon operators; £\(l,q) are phonon normal modes which obey the orthogonality

relations. The electronic operators S,x,a in (9) are defined as

S»., = -Q(cJiJc2i_i, - 4i-i.c2.-2. + h. c ) ,

, + h.c),

-2, + h.C.),

Vh.c).

One can see from the rearranged Hamiltonian (9) that all terms having the factors

Qc
ql exactly cancel each other, and the original Hamiltonian (1) is recovered. We can

choose either the initial or the final state lattice configuration as Q\^ The electron

state |e> and the phonon state |n>, each of which depends on the lattice configura-

tion and diagonalizes the non-interacting Ho' and WJ , respectively, should be chosen

such that the following equations are valid

<e|WiB,|e>=0, <n|W,-B(|n>=0. (11)



The former equation leads to the gap equation, whereas the latter provides the def-

inition of Q5J, =< n|<3,i|n >, representing the dynamical symmetry breaking. The

initial state \i > is represented as \i >= |e; > f%)\hi >, whereas the final state as

1/ >= \e j > ® 1"/ >• The Hamiltonian in (9) can be split in two ways, one using the

initial lattice configuration, the other using the final lattice configuration, and they

are equivalent[9].

Within the lattice relaxation formalism applied to quasi-lD systems, the non-

radiation transition probability in the Born approximation is given by [9]

2* Av £ I</I*.J*>|2 6(Wi, + £ K + J)K - Bnf + i)K),

(12)

w =

where J^ means statistical average u.er the initial states and a summation over the

required final state is understood. The energy difference between the initial and final

states W;/ is expressed as

where the summations ^P and £ a r e carried over all occupied single electron states.

Either "H\nt for the initial state or H{nt for the final state can be used here to calculate

the matrix element in (12) and the results should be identical[9]. Hereafter, we use

H'mt in the numerical calculation and set Q = 0.

Making use of the steepest descent method and taking low temperature limit, the

non-radiative transition probability can be explicitly evaluated to yield

2* /»V I - S I M ^ M r*L_L-n-£.\ ( 1 4 )
W =

where p = ; Gi and G2 are electronic matrix elements
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(15)

with n as the number of the metallic sites, while the calculation of the overlap integral

<e,je/ > and the matrix eSement Sn is given elsewhere [11]

A key quantity in this theory is the lattice relaxation energy Et which in the

present context can be written as (in unit of t0):

4EIT:-^ (i6)

where 7^ and 7^ are dimensionless staggered lattice distortions in the initial and final

states, respectively, The Huang-Phys factor S is the average number o_' phonons (with

energy ftwj,) emitted during the transition to bring the initial configuration into the

final one [9]. In the non-radiative decay process, the initial state is the STE state,

whereas the final state is the CDW ground state with constant -y{. The curves of Er

and the energy difference between the initial and the final states W^j in the relaxation

process of STE as functions of A2 are plotted in Fig. 3. In this figure, as expected,

W,/ is a monotoniccally increasing function of Aj. However, an abnormal behaviour

was found for the ET curve. The lattice relaxation energy first increases in the small

A2 region, and then decreases when A2 is greater than about 0.28.

To discuss the origin of this non-monotonic behaviour, we examine the definition

of the lattice relaxation energy (16). In accordance with the BdeG equations, Jn

should satisfy a self-consistent condition coming from Eq. (7)

7, = {-i)n+1^ Ewtfw - #(" -!)]- 07)

where the summation is taken over all the occupied states for the initial and final

state, respectively, and t^t(n) is the wave function of level it at site n. According to

11



the Levinson theorem [16], the number of bound states split off from, say, the valence

band is the difference of the phase shifts at the top and at the bottom of the band,

divided by ;r. The new bound state split off from the valence band will cause the

whole continuum to rearrange. Since the phase shift is defined up to modulo 2ir, the

difference of phase shifts is getting smaller when the number of bound states split

off from a. given band increases from 1 to 2. Therefore, the emergence of the new

bound state level leads to a decrease of the term 51(7^,, — il)7 as seen from Eq.

(17), where 7^ v is the contribution to Yn coming from the valence band. However, a

detailed analysis shows [11] there is a competing factor due to the localization effect,

also associated with the emergence of new bound states. It turns out that in the

range 0.40 > \2 > 0.28 the first effect prevails, whereas for larger A3 the latter effect

dominates.

The non-radiative transition rate in the low temperature limit(14) is determined

by the electronic matrix elements p = Wij/(hnJi,), G\ and Gi depending on the

overlap integral which, in turn, is very sensitive to the presence of new bound states.

When the number of bound states split off from a given band is increased from 1 to

2, the modulo 2;r phase shift at the band edge is reduced, leading to an increase of

the overlap integral.

Considering all the factors analyzed above, it is not difficult to understand the

non-monotonic behaviour of the non-radiative transition probability curve (in the

logarithmic scale) plotted in Fig. 4. This non-monotonicity is unchanged even in

the presence of U and V. The small whiggles on the curve correspond to "almost

orthogonal" initial and final states for certain coupling constants.

V. DISCUSSIONS

We note that the time-resolved photoluminescence (PL) measurements [19] yield

12

very short life-time of the order of 100 ps for STE in PtCl samples. If we adopt

the parameters suggested in Ref. [20], A' = 6.16eV/A2, 0 = 2MeV/A, t0 = Q.7eV,

X2 = 0.41, hui), = 0.038eV, the non-radiative ciecay rate of STE is estimated to be

5.7 x 10105ec"', i.e., slightly larger than the observed value. Very interesting results

on PL of mixed crystals PtCli-.Br, were reported in Ref. [21]. It has been observed

that the linewidth of PL almost does not change with x, while one would expect

broadening in the middle range of mixing because STE on Br and Cl should be quite

different. On the other hand, the intensity of PL drops by a factor of 100 when x

increases from 0 to 1. It seems to us that a possible explanation woulc! be that the

PL is mainly coming from Cl but not from Br. This would happen if we assume that

parameters for Br is in the transition region with high relaxation rate. Of course,

further theoretical and experimental work is needed to check this interpretation.

The localized excitations in the competing BOW, CDW and SDW systems pro-

vide an arena for a variety of interesting physical phenomena to take place. Since

these excitations are accompanied by strong lattice distortions, the lattice relaxation

approach should be a useful tool to describe their dynamics. The non-monotonic

dependence of the relaxation rate on the coupling strength which seems to be against

the conventional wisdom, illustrates the pertinence of this approach. We see no reason

why similar effects should be absent in other quasi-lD systems. With the improve-

ment of the sample preparation and the measuring techniques, the interplay between

theory and experiment will be certainly more intensive and more productive in the

future.
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FIGURE CAPTIONS

FIG. 1. Numerically calculated phase diagram of the system for U = V = 0. The

dashed line is the phase boundary given in Ref. [6], while the area between OA and OB

is the coexistence region. Line CD divides regions of two aad four STE bound states (see

text for a more detailed explanation).

FIG. 2. Intragap levels of of STE between the band edges (solid) as a function of Xi,

A, = 0, I.I = V = 0.

FIG. 3. The energy difference between the initial and the final states W,j (solid) and

the lattice relaxation energy ET (dashed) as functions of A2, N = 64, A, = 0.0, U = V = 0.

FIG. 4. The non-radiative relaxation rate as a function of A2, N = 64, Ai - 0, U -

V = 0.
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