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Abstract. The effect of the electron-electron (e-e) interaction on the charge—density wave (CDW)
of MX complexes is studied uvsing the Gutzwiller variational method within the one-band model,
and neglecting the quantum features of the lattice. It is found that the effect of the e~¢ interaction
on the cow in MX complexes is opposite to that on the Bow (hond-order wave) in the conjugated
polymer, although both the cow and Bow have the same crigin, which is the dimerization of the
one-dimensional lattice. The cOW is suppressed by the e—e interaction, and the BOW is initially
enhanced. The physical reason for this contrast is analysed.

1. Introduction

The MX complex consists of an array of linear chains of alternating transitional metal
M atoms (Pt, Pd, Ni) and halogen X atoms (Cl, Br, I), with ligands L (X, ethylamine,
ethylenediamine, cyclohexanediamine, etc) attached to the metal atoms [1}. A prominent
feature of this material is the great flexibility of tuning the competition between electron—
phonont (e—p) and e—e interactions by chemically varying M, X and L, by pressure or
by doping. Thus this kind of complex provides a unique model system to investigate
both theoretically and-experimentally various instabilities, broken-symmetry ground states
and non-linear localized excitations governed by e-p and e—e interactions, as well as
dimensionality [2-6]. On this subject, the Los Alamos group has made extensive studies
with the two-band model by using quantum variational, exact diagonalization, unrestricted
Hartree—Fock and perturbation methods—{7, 8].

In recent years an increasingly interesting topic in condensed matter physics is the
study of electron correlation in some new materials, such as conducting pelymers, high-T;
superconductors, two-dimensional electron gases, CDW systems, and so on. Such studies
can give us insight into understanding many novel phenomena in these materials. This
paper focuses on electron correlation in one-dimensional systems.

As is well known, one-dimensional systems possess Peierls instability caused by the e—p
interaction. In systems with a half-filled band, Peierls instability produces a dimerization.
Both MX complexes and conjugated polymers have a chain structure, and dimerization
occurs in these two materials. But the consequences of their dimerization are different. In
conjugated polymers, the dimerization of-the carbon lattice changes the bond lengths, and
alternating long bonds and short bonds results: this is bond alternation or BOW. In MX
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chains, the dimerization of the X sublattice induces a charge disproportion in the M atoms:
this is CDW. Since the Peierls instability only considers the e—p interaction, an essential
issue is to ask what the effect is of the e-e interaction on the dimerization.

In the case of conjugated polymers, the above issue once caused a dispute. One school
of thought declared that the dimerization should be enhanced by the e—¢ interaction [9], The
other school of thought insisted that the dimerization must be reduced by the e—e interaction
[10]. Later this dispute was clarified by a careful consideration of the e—e interaction [11].
It was found that screening is a crucial factor. If the screening is weak, the dimerization
is enhanced; if the screening is very strong, the dimerization can be reduced. In the case
of weak screening, the off-diagonal part of the screened Coulomb interaction is negligible,
and the on-site repulsion (Hubbard model) is dominant. Therefore, if using the Hubbard
model to describe the e-e interaction, the dimerization in conjugated polymers is enhanced
by it.

One naturally asks what should happen in MX chains. Will the dimerization of an
MX complex be enhanced or reduced by the e—e interaction? Within the Hartree-Fock
approximation, Conradson and co-workers have shown that Hubbard repuision reduces the
dimerization in the CDW of MX complexes [12]. However, electron correlation is very
important in low-dimensional systems, and in this paper we go beyond the mean-field
approach to study this issue. In order to make the comparison between conjugated polymers
and MX complexes more transparent, the model used for the MX complex should be the
same as that used for the conjugated polymer. Therefore, we take the one-band Hubbard
model to describe the e—e interaction and use the Gutzwiller variational method, which was
applied to study the electron correlation in conjugated polymers [13], to discover the effect
of the e~¢ interaction on the dimerization of MX complexes. The quantum fluctuation of
the lattice is neglected.

Interestingly, our results show that the effect on MX complexes is opposite to that
on conjugated polymers, i.¢. the dimerization in MX complexes is reduced by the e
interaction. Section 2 presents the formulation and numerical results. In section 3, we
explain the physical reason why MX chains and conjugated polymers possess such opposite
behaviour when considering the effect of the e—e interaction on the dimerization.

2. Formulation and results

As mentioned in the introduction, in order to make the comparison between MX complexes
and conjugated polymers more transparent, the MX chain is described by 2 one-band
Hubbard model, although a more precise dcscrlptlon needs the two-band model [7,8]. The
one-band Hamiltonian is

A=-TY (e +HO+ @Y 22+ VS0 Y (g — gis)tic +U Y _nppnsy (1)
io i io i

where c and ¢;, denote the creation and annihilation operators of an electron at site {
with spin o, n;; = c;fgc,,, T is the transfer energy of an electron between neighbouring
M atoms, w the elastic constant of the X sublattice, ¢; the displacement of X atoms, 5 the
electron-lattice coupling and &/ the Hubbard parameter of the e—e interaction. In this paper
we only consider the effect of the e—e interaction on the CbW; the quantum effects of the
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lattice vibration will be studied in another paper. The movement of the X atoms is therefore
treated classically and their kinetic energy is dropped.
By introducing

Qi =vw/Sqy  h=H/T s=8/T  u=U/T
the Hamiltonian (1) is converted inte a dimensionless form:
h=- Z.:(CLC:'-H:: +HO) +5 Y OH2+5Y (@i — Qusdtic + 1Y miynyy. (2)
iv i io i
When the band is half-filled, the Peierls instability produces a dimerization, and
0; = (=1)'%
where ¥ is the amplitude of the dimerization. The electronic Hamiltonian is then

he=—" (el cit1c +HC) + 258 (=1'mig + 1 ) niymyy. (3)
i i i

In order to apply the Gutzwiller variational method {13], it is necessary to get an
effective single-particle (mean-field) Hamiltonian, which can be easily obtained from %, by
~ the Hartree—Fock approximation

=Y, M, )
ke

where

_ €x A ) . Cko
= (A —ch) Yoo = (Ck~ecr)
with the prime denoting summation in the region from —»/2 to 7/2, @ = 7, and

e~ ¥¢ & = —2cosk

Croe = \/—Z

with 2A the mean field gap.

Unlike the conjugated polymer, Hubbard repulsion affects the ground state of MX
complexes even in the Hartree—Fock approximation [12]. To clarify the effect of electron
correlation, we determined the gap parameter A by minimizing the mean-field energy of
the system, giving

1 1 2
Bs—u  moAt aZK(J4+-A2) ®
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where K(x) is a complete elliptic integral of the first kind.
The Gutzwiller variational function of the ground state is then [6]

ly} = €%|0) (6)

where {0} is the ground state of the mean-field Hamiltonian (4), and § describes the
correlation effect which is unfavourable to double occupation. In conjugated polymers,
since the carbon atoms are equivalent, only one correlation parameter 7 is needed and the
Gutzwiller ansarz is [13]

S = —-%U Zn”nil. )]

However, in MX chains with a CDW ground state, the charge density is different in odd and
even sites, and one global parameter is no longer appropriate. In the following discussion,
we introduce two parameters, i, and 57—, to describe the correlations at even and odd sites:

= —%(7?+ Z RipRi| + 7- Z ":‘TREL) = —1(n Vi + 1Y) &)

i=even i=odd

The total energy per site of the ground state is

Wlhel¥)

&(4r -, U) = 35> + N { W ()]

Expanding e to second order in 7, and 7_, the total energy per site is

1, . . .
&(14, 1=, ) = 357 + 5 {{OlhelO)c — 5[+ (OHVa, hellO)e + n—(OL{V-. he}i0)c]

+ [ 01 Vi (Vs Be}HOYe + - (O Vi, (VC, e} HOYe
+ 5en— OV, {Vi, he}H0)e + n2 OV, {V_, Ac}H0)]} (10)

where {4, B} = AB 4+ BA, and the subscript ¢ means only the connected diagrams are
taken into account. We introduce the comrelation functions as [13]

Py=Ochceld) 0y = Olawc),|0) = &; — Py ()
It is easy to verify that
Pij =Py Qi; = Oji. (12)

Details of the calculation of P;; are given in appendix A.
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The ground state is obtained by minimizing the total energy. Minimizing the energy
with respect to these two correlation parameters we obtain -

_244B_-4.0) _ 2(A-By - A0

C?_B,B_ =TT BB R

N+ =

where

Az = (O Vi, £e}I0)e
By = (O{Vy. {Vy, Ae}}0) B_ = (O|{V_, {V_, & }}|0)c

= 1[{01{Vy, {V_, B} O} + (O1{V_, {Vi, he}}0)].

So the total energy is written as
— v_ 1 » ~ - - ~
&(@) = §s7° + F[(olheio)c — 74 {0 Vi, 2e}0)e — 41— (01{V., he}I0)c]. (14)

The explicit expressions for A, Bx, C and {0}/|0), in terms of the comelation functions
defined in (11) can be found in appendix B. Minimizing the total energy with respect to 7,
the amplitude of dimerization ¢ and the correlation parameters n,, 7— can be determined
through numerical calculation. Since the function P, n,,, decreases as exp(—|m|A) for large
m [13], we truncate the series by assuming P;; = 0 if [ — j| > 5. The results are shown
in figures 1 and 2. Here, we choose an intermediate electron-lattice coupling strength of
CDW, s = 0.5 [41.

1.0

081 5=05

CORRELATION PARAMETER
p .
'
N
N

DIMERIZATION AMPLITUDE

0.8 . . . : 0.0 .
0.0 0.5 1.0 1.5 0.0 0.5 1.0 1.5

u u
Figure 1. The dependence of dimerization on the Figure 2. The dependencies of correlation parameters
electron interaction parameter u# for 5 = 0.5. The on « fors = (.5. Full and broken curves correspond to
broken curve is the mean-field resuit. 7+ and 7 respectively.
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Figure 1 shows the dependence of the dimerization on the e— interaction for electron—
lattice coupling s = 0.5. It demonstrates that the dimerization of MX complexes is reduced
by the e—e interaction. This behaviour is contrary to that of conjugated polymers. In the
next section we analyse why these two systems show such opposite behaviour.

In figure 1, the broken curve is the mean-field result; the full curve is the result after
taking account of electron comelation. The mean-field approximation only counts the
electrostatic and exchange effects of the e—e interaction, but no correlation. So figure 1
also indicates that the electron correlation further reduces the dimerization.

Figure 2 demonstrates the dependences of correlation parameters on the Hubbard
parameter #. The full and broken curves describe the even-site correlation parameter 7.
and odd-site correlation parameter 5. respectively. The curves show that, for the realistic
e—e interaction I7 ~ T, the correlation parameters are smaller than unity; this ensures the
expansion in (10) is reasonable.

3. Discussion

It has been seen that the e—e interaction has opposite effects on the dimerizations of MX
complexes and conjugated polymers. In order to understand the physical origin behind
such a contrast, it is necessary to look at the chain structures and the consequences of
dimerization in these two systems.

: cell —
a :
Cc C c c
{a) Polyacetylene
ps X X X
Mg M, M, M, M,

(b} MX Complex

Figure 3. The dimerizations in polyacetylene and MX complexes.

The prototype conjugated polymer is polyacetylene, in which the chain consists of
carbon atoms. Before dimerization, all the carbon atoms are equally separated, a unit cell
contains only one atom and each carbon atom possess one @ electron. After dimerization,
two neighbouring C atoms constitute a unit cell, which is shown in figure 3(a), and each
unit cell has two w elecirons. It should be noted that these two C atoms in the cell are
equivalent to each other; they should equally share twoe m ¢lectrons existing in this cell.
This means that each C atom still possesses one m electron. Thus in polyacetylene, no
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matter how large the dimerization may be, there is always one electron in each site, and no
double occupation. Thus the Hubbard repulsion will not obstruct the dimerization. On the
other hand, as was pointed out in [14], the Hubbard repulsion prevents the mixture of long
and short bonds; this effect favours bond alternation. Therefore dimerization in conjugated
polymers is enhanced by the e—e interaction.

The MX complex has other characteristics. In the MX chain, M is fixed; only the
X sublattice undergoes dimerization. Before dimerization, X sits in the middle point
between two neighbouring M atoms; all the M atoms are equivalent and have the same
amount of charge. After dimerization (see figure 3(b)) two neighbouring atoms M, and
M, are no longer equivalent: M, has higher electron affinity than M;, and some electrons
are transferred from M; to M,. Consequently, double occupation appears. The Hubbard
repulsion is unfavourable to the double occupation, so the dimerization in MX chains is
suppressed by the e—e interaction.
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Appendix A. Calculation of the correlation functions

The mean-field Hamiltonian (4) can be diagonalized

A }
o= Ex(Al,Aws — B}, Bia) _ (Al)
ko .

with

Ep = /e + A2 (A2)

where Al and B] are creation operators of conduction and valence bands; their
wavefunctions are :

Qn—1lk) @nlk) 1 on( ea B
(<2n— k) <2n|kv)) =7 (—c‘“ﬁk ak) (A3)

where the subscripts ¢ and v indicate conduction and valence bands, and

o = ﬁ(\/ﬁ.} — & — s/Ek + Ek) _{A4a)-

1
Br=— R

(VE:+ e+ VEr —ex). ' (Adb)
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Using these wavefunctions, the correlation function P;; can be obtained:

1

m/2 3
Ponsam = ) _{heindin+2mlk) = — [ dk e’?’""( (1) )(ASa)
k -f2

1 nf2 . €
P =Y UelnMn +2m —1|ky) = —— di @m0k 2 (ASp
4 2m—1 ;< Vi n o) = = - T, )

Obviously Py ns2m depends on the parity of #, and the charge density of the bW is different
at odd and even sites. We only consider the correlation of two sites not far away from each
other (i — j| < 4}

A 2
Pp=1—(=D" K( — A
R s AW e (o)
A 2
Py Va+ Azz( ) - K( )] A6b
e [ VEFA) JaraE \VEit Az (Bo0)
2 A? 4+ 2A 2
Popiz = —(~1">~| A 4+A2E( )— x( )] A6
nt2 = —(—1) [ Jira N Wy (A6c)
3 Taf11 4 L1, 4
Pon == b gm) P (b (o)
A 3 4 4
P, = —A(=1Y————o | —F(1l 1.3 —_ 1 1.9,
n.n4+4 ( 1) Tr\/m[ 2 F(zv 27 3:4+A2) zjtF(zi 2,2,4+A2)
Vit Az i

where E(x) is a complete elliptic integral of the second kind and F(w, 8; y; z) is the
hypergeometric function.

Appendix B. Explicit expressions for Ax, By, C and (0fe[0).

Using the correlation functions defined in (11) we have
(0hel0). Z{ 4P, i1 + 4s5(—1) P; + uP? (B1)
Ax = O Vs, )0} = Z{—zci(s, P4+1)—2CeG+ 1,0

+ 431'1(—1)!"Ci(i, i)] +2uWa (B2)
where

Cel, )= ) Prom(Pui Qi + Pin Qjm) (B3)

pt=+
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m = + or m = — means that the summation is only over even or odd sites, and
W= ) QPiPunPinQim+ PL0%) (B4)
m=E

By = (Ol Vie, Vi, Ac}0)e = 3 [~2D (i i + 1) — 202G +1,0)

{

't 455(=1)' DG, )] + 4uWa A (B5)
where

D:I:(i» ])‘ = Z D(m,n, 1, ]) = Z [4};annmPnu(ijQmi + Qmj-Pmi)

mn==+ mu==%

-+ Pnanm[(Qni ij + Py Qr;zj)(Qnm - an)
+ Z(sz‘ anpnm = Pmi Pannm)]
+ me[_(QnEij + Pni Qmj) Qnm + ZQmi an Qnm]

+ Qﬁm[(gnf ij + Pm' Qmj)an - 2PmIPnj an]] (BG)
and

wi = Z: W(m’n) = Z E[zﬂil_,mmpnn(ﬂQOnQni — Qim PPt}

mpm= mn==% |
+ 6Pmm Pnn Pz‘m Qim Pin Qin + 2Pii [P,in an Qim(Qin - ?-Pin)
- ng Pimpmn(ﬂn - 2Qin)] + (Qim Pmra Pm’ - Pim an Qm’)z] (B7)

C = (O Vi, {V_, EelHOYe + (OHV-, {Va, he}HO)]
=3 [~(Ds—Ci+ D+ Dozl i+ D) = (DG +1,8) + D_s(i + 1,0))

o+ 255(—1) (D (i, 1) + Doieli, D))] 4+ 2u(Wie + W_y) (BS)
where

D,_. )= Y. Dmmij) DG.j)= ) Dimn,ij)

M=+ R=— m=—n=-

ﬁ:’+_= E W(m,n) ﬁ’_+= E W(m,n).

m=+,n=— m=—n=+
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