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We theoretically study optical excitations in K4[Pto(pop)sXs]
monomers (X=Cl, Br, I), using an extended Hubbard model. We
show that long-range transfer integrals and long-range Coulomb in-
teractions are substantially large to reproduce the experimental re-
sults, and discuss effects of long-range Coulomb interactions on the
electronic phases and the optical conductivity spectra of the MMX
chains.

Keywords: MMX chain, optical conductivity, long-range transfer
integral, long-range Coulomb interaction

INTRODUCTION

The halogen-bridged binuclear metal complexes (MMX chains) are
quasi-one-dimensional materials consisting of dimer units of transition-
metal (M) ions bridged by halogen (X) ions. They show a vari-
ety of charge ordering states accompanied with lattice modulations
caused by strong electron-lattice coupling and electron-electron in-
teraction; an averaged-valence (AV) state, a charge-density-wave
(CDW) state, a charge-polarization (CP) state, and an alternate-
charge-polarization (ACP) state [Fig.1(a)] [1, 2]. In R4[Pto(pop)sX]
(pop=P505H,), the AV, CDW and CP states are realized by choos-
ing the counter ions (R=K, CH;3(CH,);NH,, Na, Li) and the halo-
gen ions (X=I, Br) [3-7]. In Pty(dta),] (dta=CH3CS,), a metal-
insulator transition has been found[2]. Above 300K it is a metal-
lic AV state, and at least below 80K it is suggested to be the ACP
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Figure 1: (a) Electronic states in the MMX chains, and (b) excita-
tions in the XMMX monomer.

state. Theoretical studies for the origins of these ordering states have
been performed with the extended Hiickel calculation [8, 9], in the
mean field approximation [10-12], and by the exact-diagonalization
method[13, 14].

Recently, the optical conductivity of K4[Pt2(pop)sX2] monomers
(X=Cl, Br, I), which hereafter we call XMMX monomers, have been
measured, and three peaks are found[15]. These peaks are ascribed
to the excitation between the metal sites (Pyy) and the two exci-
tations between the metal and halogen sites (Pyx and Poyx), as
schematically shown in Fig.1(b).

In this paper we study the optical conductivity of the XMMX
monomers by using an extended Hubbard model. We determine the
model parameters of the XMMX monomers to reproduce the exper-
imental results, and discuss the electronic phases and the optical
conductivity spectra of the MMX chains.

EXTENDED HUBBARD MODEL

We use a four-site system composed of two metal (M) sites (i = 2, 3)
and two halogen (X) sites (i = 1,4),

H = =Yt e +he] =St eiio0 +hec

1,0 1,0

+ Z €n; + Z Uini,Tni,i + Z V;TL,‘TL,‘_H + Z Vi'nmi“, (1)
i i i i

where c;r,(, creates an electron with spin o at site 4, n; , = c:f,ucivf, and

n; = 3 ,Nis. Lhe transfer integral between the M sites is denoted by
ta = tyu, that between the neighboring X and M sites ¢, = ¢35 = tyx,
and the next-nearest-neighbor transfer integral by t| = ¢, = tomx.
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The levels of the M d,z- and X p,-orbitals are denoted by €2 = €3 = em
and €; = ¢4 = ex, respectively. The on-site repulsion strengths are
Uy = Uy = Uy for M and U; = Uy = Ux for X. The nearest-neighbor
interaction between the M and X sites is denoted by V; = V3 = Vyx,
and that between the M sites is Vo = Viypy. The parameter V! is for
the next-nearest-neighbor interaction V =V, = Vaux.

We exactly diagonalize the 4-site system. The real part of the
optical conductivity is expressed, with the use of the current-current
correlation function x;;(w), by

o1(w) = Dé(w) + %zlmxjj(w), (2)

1 .

where |¢g) is the ground state, Ej is its energy, j is the paramag-
netic current-density operator, N is the number of sites, and 7 is a
small positive number. The current-current correlation function was
obtained as a continued fraction by using the Lanczos method[16].

1
Xji(w) = ——ﬁ(¢0|j

RESULTS AND DISCUSSIONS

We consider a system with 6 electrons (2 holes) on the 4-site sys-
tem. In the atomic limit (¢qm = tux = fomx = 0), the energy
of the ground state is By = —2Ay + Vaum in the hole picture with
Ap = ey — ex + Uy — Ux + 2V (i-e., by subtracting a constant
term), that of the excited state Pyy in Fig.l (b) is E(Pum) =
—2Ap + Uy, that of Py is E(PM)() = —Ay+Vomx, and that of Poyx
is E(Pamx) = —Ap + Vax. The intensities of the optical conductiv-
ity arc proportional to |{¢,|j|¢0)|?/(E, — Es), which are estimated
by the lowest-order perturbation theory with respect to the transfer
integrals,

I(Pum) = 430/ (Um — Vaam), (4)
I(Pux) = 28x/(Vamx — Vam + An), (5)
I(PZMX) = Sthx/(VMX - ‘/MM + Ah)' (6)

According to the experimental results for K4[Pt2(pop)sXs] (X=Cl,
Br, I) monomers, the relation E(Pux) < E(Pwum) < E(Paux) is
suggested[15]. Then, the relations E(Ppci) > E(Ppsr) > E(Ppu)
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Figure 2: (a) Optical conductivity for ey —ex = 0.8,1.0, and 1.2, and
the peak positions and the intensities as a function of (b) ey — €x,
(C) ‘/MX» and (d) tMX-

and E(Papic1) > E(Papspr) > E(P2py) are satisfied. The intensities
of these peaks satisfy the relation I(Pyx) < I(Pyu) < I(Pamx). The
X dependence of the intensities is not simple: I(Ppyc1) < {(Ppipr) <
I(Ppy); I(Popicr) < I(Papigr) > I(Popur) ~ I(Papyci). For Py, the
peak position and the intensity do not depend so mach on X. From
the relative peak positions for Pyx, Py, and Poyx, we obtain the
relation,

Vomx < —Ap + Un < Vux. (7)

Note that the peak positions appear in the denominators of eqgs.(4-6).
The distance between the neighboring M and X sites dyx has the
relation, dpic; < dpipr < dpy1, while that between the neighboring M
sites dyv is almost a constant for all X. Therefore, it is reasonable
to assume that Vyx and Voux decrease in order of Cl, Br and 1.
Furthermore, ey — €x should also decrcase in order of Cl, Br and I
because of the relation, ey < e, < €. Thus F(Pyx) and E(Payvx)
would decrease in order of Cl, Br, 1, while E(Pyy) would be al-
most independent of X, which is consistent with the experimental
results[15].

In Fig.2 (a), the ey — ex dependence of the optical conductivity
is shown. The three peaks are shifted to lower energies as ey — €x
decreases. The peak positions and intensities are shown in Fig.2 as a
function of (b) EM — €X, (C) VMX; VQMX and (d) th, t2MX' The peak
positions are found to be determined mainly by ey — €x, Vmx and
Vamx. The tyx or tamx dependence of the peak positions is relatively
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weak. Meanwhile the tyx and tox dependence of the intensities is
substantially large, which is evident in eqs.(4-6). The intensity of
Pomx decreases with decreasing toyx. The transfer integrals tyx and
tamx for X=Br are expected to be smaller than those for X=Cl. In
the experimental results, the intensity of Poyx is larger for X=Br
than for X= Cl. Therefore, tamx for X=Br may be larger than for
X=Cl, or it is due to the differences in ey — €x, Vux and Voux. It
has been expected that tyx for X=I is larger than those for Cl and
Br[18]. It may be due to neglect of ¢tax in Ref.[18]. Since the tmx
and toyx dependence of the intensities is opposite to the ey — ex,
Vux and Voux dependence, we need care in searching for proper tyx
and thx.

The relation (7) indicates substantial importance of the long-
range repulsion strengths, Vi, Vux, and Vayx. In our previous
paper[17], we have studied the optical conductivity of the MMX
chains and shown that two peaks appear in the CP state, where the
intensities depend sensitively on the intradimer repulsion strength
Vmum and the interdimer repulsion strength Viyxy. When Viyxy is
substantially weaker than Vjp, only a single peak may be clearly
observed because the oscillator strength of the interdimer charge
transfer is much weaker. According to the present results, Vyxm
is expected to be not so small. Then, two peaks may be observed in
the CP state, especially for X=Cl (if the CP state is realized with
X=Cl).

For the MMX chains, the energy for each state in the atomic limit
is

EAV = 2UM + 4VMM + 12VMX + 12‘/21\/[)( + 6€M + 46)(, (8)

Ecpw = 2Uym + 5Vum + 12Viux + 12Voux + Gey — 26 + 4ex, (9)
Ecp = 2Uy + 4Vm + 12Vux + 12Voux + 6ey — 28 + 4ex, (10)

per two MMX units, where § is the deviation of the M d,2 level
from its position in the AV state due to site-diagonal electron-lattice
coupling. Thus, the CP state is stable among the three states. For
finite transfer integrals, the relative stability between the CDW and
CP states can be estimated in the second-order perturbation the-
ory with respect to the transfer integrals. In the CP state, the ki-
netic energy gain through the intradimer charge transfer is t3;,,/(26)
per dimer unit, and the gain through the interdimer transfer is
20/ (20 + Vaum).  In the CDW state, on the other hand, it is
t2/[2(Un — Vau)] for the intradimer transfer and t3;,,/(26) for
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the interdimer transfer. Then, the CDW state becomes relatively
stable for strong electron-lattice coupling (9).
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