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Mechanisms of a variety of charge and lattice ordered phases observed in halogen-bridged binuclear metal
complexes are theoretically studied by applying the exact diagonalization and strong-coupling expansion
methods to one- and two-band extended Peierls—Hubbard models. In R4[Pt(pop)4I]nH,0 [R =Na, K, NHy,
(CH;3(CH,»),),NH,, etc., pop=P205H227] containing charged MMX chains, three electronic phases are
suggested by experiments. We find that the variation of the electronic phases originates not only from
competition between site-diagonal electron—lattice and electron—electron interactions but also from competition
between short-range and long-range electron—electron interactions. On the other hand, in Pt,(RCS;)41
(R=CH3;, n-C4Hy) containing neutral MMX chains, a site-off-diagonal electron-lattice interaction and the
absence of counter ions are found to be crucial to produce the recently found, ordered phase. The optical
conductivity spectra are also studied, which directly reflect the electronic phases. Their dependence on the
electronic phase and on model parameters is clarified from the strong-coupling viewpoint.

Introduction

Metal complexes of low-dimensional electronic and crystal
structures have attracted much interest from both chemists and
physicists. Among these, quasi-one-dimensional halogen-
bridged metal complexes have strong electron-lattice and
electron—electron interactions. These interactions compete with
each other to produce a variety of electronic phases. The
electronic properties depend on transition metal (M) atoms,
halogen (X) atoms, ligands, and counter ions. Mononuclear
metal complexes contain chains consisting of repeating MX
units and are called MX chains. Binuclear metal complexes
have chains consisting of repeating MMX units and are called
MMX chains. The electronic phases of the MX chains are
classified into an averaged-valence phase for M=Ni and a
mixed-valence phase for M =Pt and Pd. The former phase is
often called a Mott-Hubbard phase, and the latter a charge-
density-wave phase. Both phases are insulating. The MX
chains have been studied experimentally and theoretically for
some time. '

Meanwhile, studies of MMX chains are still actively ongoing
and novel electronic phases are being discovered. Observed and
suggested electronic phases for MMX chains are schematic-
ally shown in Fig. 1 and classified into an averaged-valence
(AV) phase, a charge-density-wave (CDW) phase, a charge-
polarization (CP) phase, and an alternate-charge-polarization
(ACP) phase. From the valences of the metal atoms, the CDW,
CP, and ACP phases are also called the 2233, 2323, and 2332
phases, respectively. Because electrons are not completely
localized, the formal valences 2 and 3 mean valences 2.5—0 and
2.5+, in reality, with 0<d<0.5. The AV and CP phases are
paramagnetic, while the CDW and ACP phases are non-
magnetic. In the CDW phase, the spin gap is expected to be
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comparable with the charge gap. Meanwhile, in the ACP phase,
the spin gap is generally much smaller than the charge gap. In
principle, all of the four phases are insulating because of the
finite charge gap.

In this paper, we consider compounds with M =Pt. There are
two classes of MMX chains. i) In Ry[Pty(pop)4X]nH,O with
monovalent cations R, four ligands of pop:PZOSsz’
surround the binuclear unit. Compounds with X=Cl and Br
are well characterized. The ground states of K4[Pt>(pop)sX]-
nH,0 with X=Cl and Br are known to be in the CDW phase.>”
Meanwhile, compounds with X =1 have recently been studied
extensively and show different electronic phases.®® The
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Fig. 1 Schematic electronic and lattice structures of MMX chains.
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mechanism of the variation of the electronic phases is clarified
in this paper. ii) In Pty;(RCS;)41, the ligands surrounding the
binuclear unit are RCS, with R=CH;, C,Hs, n-C4H,, etc.
Among these, the compound with R =CHj3 (the ligand is then
dta=CH;CS,) has been studied for many years’ and has been
found to show the AV phase with "metallic" conductivity above
room temperature.'®!! The compound with R =n-C,4Hj clearly
shows the ACP phase.'? The difference between the pop and
dta systems is discussed from the theoretical viewpoint in this
paper.

Among the four phases mentioned above, the AV phase has
the smallest charge gap and the best electric conductivity
because electron correlation, more precisely the Mott mechan-
ism, is the origin of the insulating ground state. It is true that
the more degrees of freedom, compared with those in the MX
chains, are responsible for the greater variety of electronic
phases in the MMX chains, but the smaller charge gap appears
to enhance the controllability of relative stability among the
four phases above. As a consequence, electrons are more
delocalized than in the MX chains. Among the four phases
observed or suggested in the MMX chains, the CP and ACP
phases are new and have not been realized in the MX chains.
The ACP phase is regarded as a spin-Peierls phase because the
spin gap is produced by dimerization of the binuclear units.
The CP phase is, on the other hand, quite new. It is accom-
panied by lattice distortion, but it is paramagnetic. These
characteristics are usually incompatible with each other.
Furthermore, the inversion symmetry is spontaneously broken
to have charge polarization, so that ferroelectricity is generally
expected, although it has not yet been observed. This quite new
phase is realized because of a subtle balance between electron—
lattice and electron interactions, as explained in this paper.

Most of the theoretical studies into the origins of the charge
and lattice orders in the MMX chains are rather new. First,
extended Hiickel band structure calculations were per-
formed.!>!* Electron—electron interactions are, in principle,
incorporated into renormalized transfer integrals only. The
Hartree-Fock approximation is applied to one-dimensional,
two-band'>® and one-band'”!® extended Peierls-Hubbard
models. Recently, the Hartree—Fock calculations are extended
to finite-temperature systems.'® These calculations capture the
qualitative aspect of the electronic origin of each phase, but
miss quantum fluctuations that are inherent in one-dimensional
electron systems. Recently, the quantum fluctuations originat-
ing from electron correlation in these models have been
quantitatively taken into account by using the exact diagona-
lization method®®?! and the quantum Monte Carlo method.?
In this paper, we quantitatively treat the electron correlation by
using the exact diagonalization method and analyze the
numerical results with second- and fourth-order perturbation
theories from the strong-coupling limit. Then, the optical
conductivity spectra are calculated in one- and two-band
models for the MMX chains as well as XMMX monomers. It
will be found that these calculations are useful to evaluate
model parameters and to understand the ground and photo-
excited states systematically. We discuss in detail the relevance
of our theoretical results to the experimentally observed
variation of the ground and photoexcited states.

Extended Peierls—Hubbard models

To describe the ground- and excited-state properties, we adopt
extended Peierls-Hubbard models, which are schematically
shown in Fig. 2. The simpler one shown in the upper panel
takes only M d.. orbitals into account and is called the one-
band model. Their energy levels and transfer integrals depend
on the positions of the X ions,
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Fig. 2 One- and two-band models for the MMX chains.
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where ¢ ¥, ;. (¢}, ,) creates an electron with spin ¢ at site a (b)
in the ith binuclear unit, h.c. denotes hermitian conjugate,
Naio=C" aicCaioc Mpio=C" bisChis) are the number opera-
tors, and n, ;=X N, ;  (Mp,;= ZMp,; ). The unit cell contains two
M sites, @ and b, and an X site. The distance between the M site
a (b) in the ith unit and its neighboring X site, relative to that in
the undistorted structure, is denoted by y,; (). Thus, the
change in the distance between the ith and (i+ 1)th units is
given by y,;+V.i+1. The nearest-neighbor transfer integral
within the unit is fixed at 73, Meanwhile, the nearest-
neighbor transfer integral through the X p. orbital, #3,xas, 18
assumed to be linearly modified by the length change
Vpit+Vair1 With coefficient o. The energy level of the M d.»
orbital is assumed to depend linearly on the change in the MX
bond length with coefficient . The repulsion strengths are
denoted by U,, for the on-site pair of electrons with opposite
spins, Vs for the nearest-neighbor pairs within the unit,
Varxar for the nearest-neighbor pairs accompanied with an X
site in-between, and V), for the next-nearest-neighbor pairs.
They are not assumed to depend on the positions of the X ions



for simplicity. The elastic constants are denoted by K,y for the
MX bond length, and Ky, for the distance between the
neighboring binuclear units. The latter constant is needed when
counter ions hinder the units from being displaced.

The other model we use for the MMX chains takes M d.. and
X p. orbitals into account. It is called the two-band model,
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where p*; 5, d* ;5 and d*,; , create an electron with spin ¢ at
the X, a(M), and b(M) sites, respectively, of the ith - X-M-M-
unit, h.c. denotes hermitian conjugate, #’;;=p" ;Do
nio=d" 4iodyi and n%;,=d"%,;.dy;, are the number
operators, n’;=Z 1", o, 0 1=2on", i 5, and n, ;=3,n, ; . The
changes in the MX bond lengths, y, and y,, are the same as
defined in the one-band model. Note, however, the meaning of
the coefficient « is different from that in the one-band model.
That is, in the present two-band model, the transfer integral
between the nearest-neighbor M d.. and X p. orbitals, 7,y (not
tyvxa), 18 assumed to be linearly modified by the MX bond
length change with coefficient o. The meanings of the
parameters fysaz, By Unr, Varar, Karx, and Kyrxas are the same
as in the one-band model. The energy level of the X p. orbital is
denoted by ¢y, and that of the M d.. orbital by ¢,,. The one-site
repulsion strength at X sites is denoted by Uy. The repulsion
strength between the electrons at nearest-neighbor M and X
sites is denoted by V,,y. Here, we drop the Vjsxa, and V5,
terms for simplicity since the model already contains many
parameters. The two-band model is reduced to the one-band
model in the limit of infinitely large &;,—¢y, where all the X p.
orbitals are completely occupied.

In both of the models above, the periodic boundary
condition is imposed. The electronic ground state is determined
by the exact diagonalization method. The lattice displacements
v, and y, are treated as classical variables and determined in a
self-consistent manner with the electronic ground state, unless
otherwise stated, so that the system is in the lowest-energy
configuration.

Kinetic vs. interaction terms

Electronic phases of Ry[Pty(pop)4l]JnH,O [R=Na, K, NH,,
(CH;3(CH,)7),NH,, etc., pop=P205H227] are suggested to be
classified according to the distance between the nearest-
neighbor M atoms accompanied with an X atom in-between,
drrxart In order to study the effects of changing dj,xas, we first
obtain ground-state phase diagrams by varying 7,y in the
one-band model. Considering these pop systems containing
charged MMX chains and counter ions, we set K,/ to be
infinitely large, prohibiting displacements of M atoms and
allowing displacements of X atoms only. The site-off-diagonal
electron-lattice coupling o is then irrelevant. As a consequence,

the ACP phase is not realized here. In addition, leaving detailed
studies of competition among the charge-ordered phases until
later, we simply neglect the long-range interactions. Exactly
diagonalizing the one-band model, we show a phase diagram in
the space spanned by #y,xas, f, and Uy, in Fig. 3, where ¢,y 18
set to be unity. Because the parameter sets (o, 5, Ky, Karxar)
and (Ao, Af, 22Ky, 22K mxar) are related by the scaling of y,
and y, and thus equivalent, the specific value of K,y is
insignificant. First of all, ¢,,y,, is found to stabilize the AV
phase. In R4[Pty(pop)4l]nH,0, where electrons are the most
delocalized among X =Cl, Br, and I, the AV phase may appear
for small dy;yss because f3xas is expected to become large.
Meanwhile /x5, does not much affect the boundary between
the CDW and CP phases. We show later that this boundary is
more sensitive to #7s.

Electron-lattice vs. electron—electron interactions

In Fig. 3, the CDW phase is stabilized by the site-diagonal
electron-lattice coupling 3, while the CP phase is stabilized by
the on-site repulsion U,,. Thus, the competition between the
electron—lattice and electron—electron interactions determines
the relative stability of these two charge-ordered phases. This
fact is easily understood with the help of the second-order
perturbation theory from the strong-coupling limit, #,,,,=
taxar=0=0. The energies of the CDW and CP phases are
degenerate in the limit when the long-range interactions are
absent. Namely, their energies are both given by —pf|y|+
U+ K rxy* per binuclear unit. Though the effects of the long-
range interactions are discussed later, it is here noted that V,,,
increases the energy of the CDW phase and stabilizes the CP
phase. The second-order processes with respect to 73,3, shown

(@) Kuxm=o

0 i 1 L 1 L 1 I L i
0 02 04 06 08 1
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Fig. 3 Ground-state phase diagram of the 12-site one-band model for
infinitely large Ky xas (a) in the tp,xa—f—Uyps space, and (b) its cross
section at U, =6. The parameters are fp,=1, a=0, Ky x=06,
Varre=0, Varxar=0, and V,=0.
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CDW

Fig. 4 Second-order processes with respect to #,sy, and 7,y in the
CDW and CP phases.

in Fig. 4 lower the energy by %/ Uy, in (the spin-polarized
state, or by 2¢ il Uay in the spin-singlet state, of) the CDW
phase, and by 7,,,//(2fy]) in the CP phase. That is why the
CDW phase is relatively stable for large f, and the CP phase for
large Uy, In a similar manner, the effect of 73,43, can be
discussed from the second-order perturbation theory. It does
not affect the relative stability between the CDW and CP
phases. That is why the phase boundary is insensitive to ¢,y
It is noted that, if the long-range interactions are included, the
second-order terms with respect to #,,y,, for the CDW and CP
phases become different, as presented later just before the
optical conductivity in the one-band model. Even in such a
case, the phase boundary is more sensitive to #y/.

Experimentally, the ground states of K4[Pty(pop)4X]nH,O
with X=Cl, Br and n=2, 3 are shown to be in the CDW
phase.”” In general, when the halogen atom X is either CI or
Br, so far all the ground states are known to be in the CDW
phase. For X=CI and Br, the X p. level is so deep that the
nearest-neighbor transfer integral through the X p. orbital is
effectively given by tMXM~tMX2/(eM—sX+ Uy~ Uy) in terms
of the two-band model. Because of large ¢;,—¢y, the transfer
integral 7,,y3s is expected to be small. Meanwhile, the site-
diagonal electron-lattice coupling f is expected to be large
owing to the short distance between the neighboring M and X
atoms, ds;x. Thus, the CDW phase for X=Cl and Br is
understood from the dominance of the electron—lattice
coupling f over the electron—electron interactions, though
the on-site repulsion U,y is still strong enough to suppress a
phase with bipolarons discussed later.

In Ry[Pty(pop)4X]nH,O with X =1, depending on the cation
R and on the number of water molecules n, three electronic
phases are suggested to appear: the AV phase, the CDW phase,
and the CP phase in the order of increasing dysya.* Though we
have not obtained a phase diagram with the CDW phase
between the other two phases, we believe that, for small dy/xay,
the effect of 75,y is larger than those of various interactions,
so that the larger ¢,y stabilizes the AV phase. Meanwhile, for
intermediate to large djsxa, the competition between the
electron—lattice and electron—electron interactions discussed
here and/or the competition between the short-range and long-
range electron—electron interactions discussed later determine
the relative stability between the CDW and CP phases. As
dyrxar increases, the site-diagonal electron-lattice coupling f
becomes weak, while the on-site repulsion U,;, would not
change so much. If the two phases compete with each other,
then the effect of  dominates for intermediate dy,x), and that
of Uy, for large dysxa. This partially explains why the CDW
phase appears for intermediate d,;x), and the CP phase is
suggested for large dj,x,,. This variation of the charge-ordered
phases can be explained also by the competition between the
short-range and long-range electron—electron interactions, as
discussed below.
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Short-range vs. long-range electron—electron
interactions

Here, the long-range interactions, Vs Varxar and V5, are
included. The competition is easily understood in the strong-
coupling limit, #3,3,=t3rxar=o=0. The contribution from each
interaction term to the total energy per binuclear unit is listed
on the right-hand side of Fig. 5. The bond-charge-density-wave
(BCDW) phase is introduced at the top here just to explain
the competition. Charge ordering is formally represented by
~M?*M*+=X-M?*M?*—X- there. Both the bond-charge and
(site-)charge densities are modulated in this phase. If the site-
diagonal electron-lattice coupling f is so strong that it
dominates over the on-site repulsion U,,, the BCDW phase is
stable, forming a bipolaron lattice. The energy gain from the
electron-lattice coupling f is the largest, approximately given
by 3f|y| per unit, though the magnitudes of the lattice
displacements are not uniform in the lowest-energy configura-
tion. In any case, the BCDW phase is not experimentally
observed probably because it is destabilized by the strong
on-site repulsion U, The energy loss is also the largest,
(3/2)Uy,. For a fixed magnitude of the lattice displacements, all
of the CDW, ACP, and CP phases gain energy by f|y| and lose
it by U,,. Then, the long-range interactions differentiate their
energies. The CDW phase loses energy by (5/2)Vys the
ACP phase by (5/2)Vaxa, and the CP phase by 5V5.
Otherwise, the energy loss is given by 2Vaa+2Varxar+4V5.
When the nearest-neighbor repulsion within the unit V,,,, is
dominant, the CDW phase is unstable. As the dominant
interaction becomes longer-ranged, the ACP phase and finally
the CP phase become unstable. Since we reasonably expect
Upr> Ve > Virxar > Va, the CP phase is the most stable in the
strong-coupling limit if f is weak enough.

In Ry[Pty(pop)4l]nH,0, the CDW phase appears for inter-
mediate dysyas, and the CP phase is suggested for large dasyast
First of all, it is unreasonable to assume that only Vy,xas is
small and that the other repulsion strengths including ¥, are
large enough to stabilize the ACP phase. Indeed, as far as
Ky rxar 1s infinitely large, the ACP phase was not realized in our
calculations. As djsxys increases, the next-nearest-neighbor

ﬁ Un
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__\'_.x_._ M+ M) ——X-
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=
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Fig. 5 Schematic structures of the electronic phases and the coefficients
of their partial energies per binuclear unit with respect to site-diagonal
electron-lattice coupling f, on-site repulsion U,,, nearest-neighbor
repulsion Vysas, Varyu, and next-nearest-neighbor repulsion V5, in the
strong-coupling limit.



repulsion 7, would become weak. Meanwhile, the distance
between the nearest-neighbor M atoms within the unit is almost
unchanged, so that the corresponding nearest-neighbor repul-
sion Vs, would not change so much in comparison with V5.
Then, as djsyys increases, the CP phase becomes more stable
relative to the CDW phase. This would be the other reason why
the CDW phase is changed into the CP phase with increasing
dyrxy. So far, we have limited the discussions to the case of
infinitely large Ky xas, prohibiting displacements of M atoms
and keeping dj;x,, constant.

Before going to the next section, we point out similarities in
the electronic phases of the MMX chains and those of the
quasi-one-dimensional organic conductors, (TMTTF),X
(X=PFq, Br) and (TMTSF),X (X =PF,, ClO4).2*?* In these
organic conductors, TMTTF and TMTSF molecules are
crystallographically dimerized. If we neglect the dimerization,
the m band is 3/4-filled in the electron picture, or 1/4-filled in the
hole picture. Electron—lattice interactions are generally believed
to be weak [though they are necessary in the spin-Peierls phase
of (TMTTF),PFg] in comparison with electron—electron
interactions. Then, the quasi-one-dimensional organic
conductors correspond to the MMX chains without lattice
distortion. In these organic conductors, the dependence of
physical properties on the donor molecule or on the anion can
be understood as an effect of chemical pressure. On the low-
"pressure" side containing (TMTTF),X, the systems are well
described by one-dimensional models especially at low tem-
peratures. In (TMTTF),Br, the ground state is an antiferro-
magnet accompanied by a 4k charge-density wave: the charge
densities are modulated as rich, poor, rich, poor, ... (period 2)
as in the CP phase of the MMX chains. On the high-“pressure”
side containing (TMTSF),X, the dimerization becomes weak
and the inter-chain transfer integral becomes large. In
(TMTSF),PFg, the ground state is a 2ky spin-density wave
coexistent with a purely electronic, 2kr charge-density
wave:2>% the charge densities are modulated as rich, rich,
poor, poor, ... (period 4) as in the CDW phase of the MMX
chains. The mechanism of the purely electronic, 2k, charge-
density wave is explained by the introduction of next-nearest-
neighbor repulsion,”’ as in the present case of the MMX
chains. As far as the charge degrees of freedom are concerned,
the MMX chains and the quasi-one-dimensional organic
conductors are similar in that chemical pressure induces a
transition from the CP phase to the CDW phase. As to the spin
degrees of freedom, the CP phase is paramagnetic, while the
CDW phase is nonmagnetic, contrary to the spin-density-wave
state of (TMTSF),PF.

Site-diagonal vs. site-off-diagonal electron—lattice
interactions

The ACP phase is found at low temperatures in Pt;(RCS;)41
(R =CHj, n-C4Hy),""'? where the MMX chains are neutral.
There is no counter ion that acts as an obstacle to
displacements of M atoms as in R4[Pty(pop)4I]#H,O. Then,
we set Kjrxar to be zero. To start with, we simply neglect the
long-range interactions and study the competition between the
site-diagonal (f/) and site-off-diagonal (o) electron-lattice
couplings and the effect of the on-site repulsion U,, on it.
Exactly diagonalizing the one-band model, we show a phase
diagram on the o—f plane in Fig. 6, where ,,,,1s set to be unity,
tyxym=0.8, and Uy =0 at first. Though the present system
without any electron—electron interaction can be solved for
infinitely large system size, we use the same system size as
before to make comparison easy. The specific value of K,y is
again insignificant. When f is small, the CDW phase is stable
only for very small o. As o increases, it is soon replaced by the
ACP phase, where the binuclear units are dimerized. It is
regarded as a spin-Peierls state because a singlet is formed on

Fig. 6 Ground-state phase diagram of the 12-site one-band model for
Kyrxpr=0, on the o—f plane. The parameters are 7,3, =1, ty7x2s=0.8,
Kuyrx=6, Upy=0, Varar=0, Virxar=0, and V,=0.

the nearest-neighbor M sites accompanied with an X site in-
between in the dimerized binuclear units. When both o« and f
are small, the CDW phase is stabilized by f3, if f§ is not so large,
because the CDW phase gains energy from the f term, as
described in the previous section, but the ACP phase does not.
When f is large enough, the BCDW phase appears because its
energy gain from the f§ term is the largest, as explained in the
previous section.

In Fig. 7, we show how the on-site repulsion U,, modifies the
competition between the o and f§ terms. For small or moderate
o and f3, the AV phase appears. As U,, increases, all the phase
boundaries are shifted to the large-f side, and consequently the
region of the AV phase is widened. This is because the on-site
repulsion U,, favors uniform charge densities, while the site-
diagonal electron-lattice coupling f favors modulation of

(a) Knxm =0

(3]
/ \

\
\

AV
3 1 I 1 l L | 1
0 02 04 06 08 1

B

Fig. 7 Ground-state phase diagram of the 12-site one-band model for
Kyrxar=0, (a) in the a—p—U,, space, and (b) its cross section at U,,=6.
The parameters are zy73,=1, tarxar=0.8, Kprx=06, Varar=0, Varxasr=0,
and V,=0.
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charge densities. Both terms compete with each other. Then,
the BCDW phase is realized only when the f term is strong
enough to dominate over the U,, term. The competition above
is easily understood in the unphysical limit of small ionic mass.
In this limit, the lattice displacements instantaneously follow
the motion of electrons so that the f term gives an attractive
interaction to shift U, to Uy erp= Up— ﬂz/K wx- This equation
is derived from completing the squares with respect to variables
Vai and yp ;. In the present limit of large ionic mass, however,
the lattice displacements are statically shifted to form a
bipolaron lattice, ie., the BCDW phase when f is large
enough. The situation becomes different when the site-off-
diagonal electron-lattice coupling o increases. It favors
modulation of bond-charge densities. The U,, and o terms
do not always compete with each other. In fact, they sometimes
cooperate with each other when modulation of bond-charge
densities is not accompanied with large modulation of
(site-)charge densities.”® That is why the phase boundaries
are not shifted to the large-o side, but to the large-f side, when
U, increases. When « is large enough, the ACP phase is
realized by modulating the distances between the neighboring
binuclear units.

Combined effects of the competitions above

Now we include the long-range interactions Vysas, Vagxar and
Vs: V=3 and V>=2 in addition to the parameters in
Fig. 7(b), U;;=6. We show phase diagrams in Fig. 8(a) for
Varxar=2, and in Fig. 8(b) for Vysxa,=3. The AV phase is
destabilized by the long-range interactions, which favor
modulation of charge densities in the purely electronic origin
and compete with the on-site repulsion U,,. The ACP phase is
realized in a wide parameter space. The nature of the ACP
phase changes continuously from small-« to large-« ranges. For
small «, electrons are more localized, so that the singlet pair of

(@) Up=6 Vyi=3 Vixm=2 V>=2

ACP

(b) Um=6 Vym=3 Vyxm=3 V>=2
T

Fig. 8 Ground-state phase diagrams of the 12-site one-band model for
Kyrxar=0, on the a—f plane, for (a) Viyxar=2, and (b) Vysxar=3. The
parameters are fyar=1, tyxar=0.8, Kyrx=6, Uyy=6, Vipr=3, and
V2:2.
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electrons are well described in the Heitler—London picture. For
large o, the neighboring M d.- orbitals through the X p. orbital
are strongly overlapped to form a doubly occupied bonding
orbital, so that the electrons are as in a covalent molecule.
Comparing Fig. 8(a) with Fig. 8(b), one sees that the nearest-
neighbor repulsion through an X site, Vy xas, suppresses the
ACP phase and stabilizes the other phases relative to the ACP
phase, as already discussed through the aid of Fig. 5.

In recent experiments, the ACP phase is clearly observed in
Pty(n-C4HoCS,)4I below 200 K.'? 1t is indeed nonmagnetic as
expected in the ACP phase. The electronic structure of
Pt,(CH;5CS,)4l is also suggested to be the ACP phase below
80 K, though the magnetic susceptibility does not drop at low
temperatures.'! Since the lattice displacements are very small in
the latter case, this electronic state would be close to another
paramagnetic phase such as the AV or CP phase. The CP phase
is actually proposed above 80 K.!' Because the spin excitation
spectrum is gapless in the CP phase, it can generally gain more
free energy than the ACP phase from the entropy term at high
temperatures, so that it is possible from the theoretical
viewpoint. The presence of the CP phase between the high-
temperature AV phase and the low-temperature ACP phase is
also reproduced in the Hartree—Fock approximation for a two-
band model," although the charge excitation spectra in the
AV and CP phases are gapless owing to the approximation.
Detailed studies of the finite-temperature CP phase in the dta
system are left for the future since the electron correlation is
essential for the charge gap. The X p. orbitals neglected in this
section are expected to be quantitatively important for the
“metallic” (i.e., the resistivity increases with temperature)
conductivity above 300 K (note that a small but finite gap is
observed in the optical conductivity spectrum) and the small
lattice displacements in the ACP phase.

We show phase diagrams containing all of the AV, ACP, CP,
and CDW phases in Fig. 9, which are obtained by exactly
diagonalizing the one-band model. Note that Ky, is not set
to be zero or infinity here. These phase diagrams may become
useful when experimental data are accumulated for the pop
systems in future. The long-range interactions are weaker than
those in Fig. 8. In Fig. 9(a), we use fy=1, taxar=0.8,
Kyrx=06, and U,;=6 as before. For small o, as f§ increases, the
ground state changes from the AV phase, the CP phase, to the
CDW phase, as in the case of infinitely large Ky xa,. It finally
becomes the BCDW phase for very large f (not shown). For
large enough «, the ACP phase appears as usual. The critical
strength of o for the ACP phase is the smallest at the boundary
between the AV and CP phases. In Fig. 9(b), we change only
K,y among the parameters of Fig. 9(a): K;;x=4. The MX
bonds are more easily distorted by the smaller K;,y, while the
distances between the neighboring binuclear units are almost
unaffected because K,y is not changed. Consequently, the
CP and CDW phases are stabilized to shift the phase
boundaries to the small-f side, while the ACP phase is
destabilized relative to these phases and invaded by them. In
other words, some of the ACP states are replaced by the CDW
states for the smaller K,,y. If we want to explain the difference
between the pop and dta systems simply by the difference in
Kyrx (not in Ky, as we do in this paper), we need larger
Ky for the dta systems, contrary to intuition. In Fig. 9(c), we
change only ¢y from the parameters of Fig. 9(a):
taxa=0.5. The ACP phase is the most affected by this
change and destabilized by the reduction of #,,xy,. This is
because the energy gain from forming a singlet pair of electrons
(on the nearest-neighbor M sites accompanied by an X site in-
between in the binuclear units) is proportional to 7,y and
thus reduced. Meanwhile, the boundaries between the AV and
CP phases and between the CP and CDW phases are not much
affected by the change of 7,,y,,. It is not regarded as a main
mechanism for the variation of the electronic phases in
R4[Pta(pop)4l]nH,O.
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Fig. 9 Ground-state phase diagrams of the 8-site one-band model for
Kyxy=1, on the o—f plane, for (a) tpxx=0.8, Kyx=6, (b)
taxm=0.8, Kyx=4, and (¢) tyxr=0.5, Ky;x=6. The parameters
are tMM=ls UM=6, VMM=155 VMXlea and V2=05

Inclusion of X p_ orbitals

Here, we take X p. orbitals into account, using the two-band
model. We do not focus on the features that appear only in the
two-band model, ie., for small (¢3,~ex+ Up—Uy). These
features have already been discussed on the basis of Hartree—
Fock calculations!>'® and quantum Monte Carlo simula-
tions.”> We here aim at connection with the discussions below
for the optical conductivity in the one- and two-band models.
We will clarify the relation between these models. In this
section, we neglect the long-range interactions for simplicity.

We estimate the effective magnitude of the inter-unit transfer
integral £,y in the two-band model. For simplicity, the o and
p terms are neglected and the energy levels are calculated in
the isolated M—X—M system. From the level splitting, we have
tMXM~[(A;,2+SIMXz)”z—Ah]M for the CDW and CP phases.
As A, decreases, f)/xy increases, which corresponds to the
order Cl<Br<I.

In Pt,(CH5CS,)4l, the X p. orbitals are suggested to be
important for the high electric conductivity and the large
deviation from double occupancy on the X sites.!! We then set
Krxar to be zero again and find the competition between the
CDW and ACP phases and the absence of the CP phase. The
findings are understood by using the second-order perturbation

theory with respect to 7,5, and the fourth-order perturbation
theory with respect to #,,y. For Kyxar=0, the energies of the
CDW, ACP, and CP phases are all degenerate in the strong-
coupling limit, 7y,3,=t3,x=0=0, and given by 2ey — Bly| + Ups+
Uy+ Kyxy? per binuclear unit. In the ACP phase, the energy
gain from the intra-unit charge-transfer processes is the same as
that in the CP phase, ,,4,>/(2B|)). Its energy gain from the MX
charge-transfer processes is the same as those in the CDW and
CP phases, (fyry +oly)*/(4,+ Bly]). Therefore, the degeneracy
of the ACP and CP phases is not lifted in the second order with
respect to 7373, and t;,y. However, in the fourth order with
respect to sy, the spin-singlet ACP phase gains energy from
the inter-unit charge-transfer processes by 2(farx +ay)*{(1/
U+ 21245+ 2By + U} /(4,+ Bly))*. Consequently, the CP
phase is always higher in energy owing to the nearest-neighbor
transfer integral strengthened by o, so that it does not appear
for Kjrxar=0. As in the one-band model, the AV phase appears
for small « and f, with the boundary shifted to the large-f side
with increasing U,,. The ACP phase stabilized by « is replaced
by the CDW phase for large 5. The region of the ACP phase is
widened by U,,.

Optical conductivity in the four-site model for
XMMX monomers

We discussed possible mechanisms for the variation of the
electronic phases in Ry[Pty(pop)slJnH,O in the previous
sections. However, we cannot uniquely identify the mechanism
until the model parameters are quantitatively evaluated. In this
section, we discuss how to derive the magnitudes of the model
parameters for X=Cl, Br, and I from the optical conductivity
spectra. In general, there are still too many parameters to fit the
spectra. In addition, approximations are unavoidable when
calculating the spectra for MMX chains of infinite length.
Fortunately, there are systems, K4[Pt(pop)4Xs]nH,O (X=Cl,
Br, I), where XMMX units are almost isolated. The distances
within the XMMX monomer are nearly equal to those in the
X-M**M3T—-X unit of the corresponding MMX chains
(X=Cl, Br). Because the XMMX monomer consists of four
sites, the exact spectrum is theoretically obtained for each set of
parameters freely from any approximation. As demonstrated
below, the optical conductivity spectra contain much informa-
tion. From the dependence of the spectrum on the halogen ion,
all peaks can be assigned. Then, we can considerably narrow
the ranges for the magnitudes of the model parameters.

In recent optical conductivity measurements of Ky[Pt,-
(pop)sXs]nH,0 containing X-M>*M?*T-X monomers, three
peaks are observed for each X.® They are ascribed to the
charge-transfer processes between the M sites (P /), between
the nearest-neighbor M and X sites (P,,x), and between the M
and X sites with the remaining M site in-between (P>,,x). These
processes are schematically shown in Fig. 10(a). The four-site
model is explicitly written as

Hyymy=— Z [tvm(cses5+hic.)
a

+ tax (¢ih 20+ €5 cas +hoc))
+tx (ci ¢34+ ¢ cas +h.c.))]
+ep(m+n3)+ex(n +na)
+ Un(narnz) +n3pnzy)
+ Ux(niymy | +nyyng))
+ Vinnony + Vax (ming +n3ng)
+ Varrx (nin3 +nang)
where ¢, creates an electron with spin ¢ at site i, h.c. denotes

hermitian conjugate, n;,=c " ;,¢;s, and n;=Z,n;,. Six electrons
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are present in the four-site model. Here, we include the transfer
integral and the repulsion strength for the next-nearest-
neighbor M and X sites, ¢ and V5,y, respectively. The
real and finite-frequency part of the conductivity is propor-
tional to the imaginary part of the current—current correlation
function divided by frequency, w.

Before showing detailed results, we will give approximate
relations between the energies and intensities of the three
charge-transfer excitations. The ground state has even parity
and is a spin-singlet, so that it is a linear combination of the
six 'A states in Fig. 10(b). In the strong-coupling limit,
tvum=tyux=tux=0, the ground-state energy is given by
Eyp=—24;+ Ve when a constant term is so subtracted that
the fully occupied state has zero energy. Here, the level
difference in the hole picture is given by 4,=¢&y—ex+ Uy~
Ux+2V s Note that the formula of 4, depends on the
coordination numbers, so that it is different from that for the
MMX chains. The optically allowed, excited states have odd
parity and are spin-singlets. There are four such 'B states, as
shown in Fig. 10(b), though one of them has a negligible
intensity. In the strong-coupling limit, the energies of the
remaining three states are given by Eyy=—4,+Voux
EMM: _2Ah+ UM, and E2MX: _Ah+ VMX‘ Then, the excita-
tion energies AE,=E,—E, are given by

AEyx =Vaux +An—Vyuum

AEyy=Un—Vuu

ABEyyux =Vyux +4r—Vuu
The intensities in the optical conductivity spectrum are
proportional to I,=|<v|0>[/AE,, where [0> and |[v> are
the ground and vth excited states, and j is the paramagnetic
current-density operator. The intensities are calculated in the

lowest-order perturbation theory with respect to #,,x, tasas, and
153750

Iyy= ZI@X/AEMX
Ly :41‘%\4M/AEMM
Lx =80, /AEaux

From the equations for AE, and I, in the strong-coupling limit,
six parameters are independently estimated for each compound
from the fitting to its optical conductivity spectrum, although
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Fig. 10 (a) Schematic electronic structure and charge-transfer excita-
tions in the XMMX monomer, and (b) basis functions for the
representation, 'A and 'B, corresponding to the ground and photo-
excited states, respectively.
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quantitative evaluation needs exact diagonalization. Namely,
the energies AE, give three repulsion strengths (plus a
constant), Vouyx+4,, Uy, and Viyy+ A4, relative to Vg,
while the intensities 7, give the squares of the three transfer
integrals, fy/x, faar, and fpx, divided by the respective
excitation energies.

Relation between parameters obtained from the
optical conductivity

In the optical experiments of Ky[Pty(pop)sX,]nH,O (X=Cl,
Br, I), many relations are found.® We will describe them below.
First of all, from the dependence on the halogen atom X, the
relation AEyx<AEuy<AE>px 1s reasonably derived from
the fact that AE,;,, should be the most insensitive to X among
the three AE,, and I,;;, among the three I,. The previous
analysis of the excitation energies in the strong-coupling limit
suggests that the relation

Vayx < Uy — 4y, < Vux

holds for Ky[Pty(pop)sX;]JnH,O with X=Cl, Br, and 1. The
nearest-neighbor interactions are found to have substantial
strengths. The charge-transfer energies between M and X sites,
AE)x and AE,x, both increase with decreasing X~ radius:
AEp <AEpg, <AEp;,c; and AE;p;<AE>p;p,<AE;p,c;. For
each X, the excitation intensity becomes larger with increasing
excitation energy: I x<Ipmr<Dax- The intensity of the
lowest-energy excitation decreases with decreasing X radius:
Ip;>Ip.>Ip;c;. Meanwhile, the intensity of the highest-
energy excitation shows complex behavior, i.e., it becomes the
largest at X =Br: Lpy<Lpe Lopigr>Lpict, and Lpg~ Lpicr.

The level difference in the electron picture ¢,,—¢&y increases
with decreasing X~ radius: ep,—¢;<éep,—éep <éep,—éecy. If the
on-site repulsion strength at X sites Uy does not change as
much as ¢,,—¢y, the level difference in the hole picture 4, also
increases with decreasing X~ radius. This would be one of the
reasons for the relations AEp,;<AEp,p. <AEp;c; and AE>p, <
AE;p;p. <AE;p;c;. The distance between the neighboring M
and X sites d,sy decreases with decreasing X~ radius:
dpy>dpg->dp,c;. Tt is then reasonable that V. and Voyyx
increase with decreasing X~ radius: Vp,;< Vpp < Vp;c; and
Vopiuu<Vopigr<Vapicic Meanwhile, the distance between the
neighboring M sites d,, is almost a constant for all X. Because
the repulsion strengths Uy, and V,z, should not change as
much as V) yand V5,,y, these relations for Vy,yand V5, x also
lead to the observed relations for AE,;y and AE>,y. If we
assume that 7,,y does not change so much as AE,,y, the above
relation for AE,;y leads to the observed relation for Iy,
Ip;>1Ip,p.> Ip,c;. Meanwhile, the observed relation for 15,y is
complex. This would be due to interference among the second-
order process with respect to ;3 and the higher-order
processes with respect to ¢,y and fy.,. In short, except
the complex relation for Iy, the strong-coupling analysis
explains the observed dependence of the energies and intensities
on the halogen atom X.

From the exact diagonalization of the four-site two-band
model for the XMMX monomers, we show the dependence of
the energies AE, and the intensities I, of the three charge-
transfer excitations on the level difference ¢,,—¢y in Fig. 11(a),
on the long-range electron—electron interactions V,,y and
Vaux in Fig. 11(b), and on the transfer integrals 7,y and #;5/x
in Fig. 11(c). As discussed above, the excitation energies AE,y
and AE,,,y are found to increase with ey,—¢x, Vary, and Vourx,
while the energy AE,;,, is insensitive to them. Meanwhile, the
behavior of the excitation intensities is much more complex
than that of the excitation energies: I, is not necessarily
proportional to 1/AE,. With increasing ¢,y and tax, Dy
reasonably increases, but I,y does not increase so much,
and furthermore I,,;, changes greatly. This is due to the



interference among the second- and higher-order processes
with respect to the transfer integrals. In fact, when we take very
small values for the transfer integrals, we of course reproduce
the lowest-order relations for 7, shown above. Consequently, it
is rather easy to fit the parameters to the excitation energies,
but not to the excitation intensities. In the optical experiments,
all of the parameters, ¢y —ey, Vux. Vomrxs tux. and foax
change with X, leading to the non-monotonous dependence of
Ly on the X~ radius. We can say, at least, the numerical
factors 2, 4, and 8 for Iy, Insa, and Dy, respectively, are
rather important for the relations AE;x<AE s <AE>3x and
Iy <Iyg < Lpgx to be compatible with each other. In other
words, we do not need a relation like 75,y <?fasar <t>arx, in fact,
to have IMX<IMM<12MX in Flg 11.

Implication for the mechanism of the phase variation

Compared with any relation concerning the intensities, the
relation derived above from the energies, Voyx<Up—
A, < Vux, is rather robust unless the transfer integrals are
very large. This indicates substantial strengths of the nearest-
neighbor repulsion V,x in the two-band model and of Vi xas
(at least for the M>*—X-M>* unit of the ACP phase) in the
one-band model. The intra-unit nearest-neighbor repulsion
Ve would also be substantially strong. Therefore, we believe
that the variety of the electronic phases in R4[Pty(pop)41]nH,O
originates from both the competition between the electron—
lattice and electron—electron interactions and that between the
short-range and long-range electron—electron interactions.
As discussed in the following sections, the present scenario
qualitatively explains the experimentally observed variation of
the optical properties also.

Including the long-range repulsion strengths Vsyrx, Varxar
and V,, we estimate the energies of the charge-ordered phases
per binuclear unit in the strong-coupling limit, #3/,3,=
tyux=trmx=tyuxmu=0=0, of the two-band model (¢,,=0) as

Ecpw=E1+ /2 Vyum +2Vyxu +4V>
Eycp=E\+2Vyu +(5/2)Varxaur +4V2+ 2Ky y?
Ecp=E1+2Vym +2Vixmu +5V>

where
E; =28X—ﬂ|y|+ Uy +Ux+6Vyx +6Voux
+ Ky y*

Of course, these energies are reduced to those in the one-band
model in the limit of infinitely large &3,—¢y. For large Ky xas
and Vs, the CP phase is the most stable in the limit. The
relative stability between the CDW and CP phases is again
discussed with the help of the second-order perturbation theory
with respect to 7575, and ¢,y In the CDW phase, the energy
gain from the intra-unit charge-transfer processes is 7747/
(Uar— Varn) (in the spin-polarized state, or 2¢ it Uni—=Varas)
in the spin-singlet state), and that from the inter-unit processes
is tarxar!CPY|— Vare+2V5). It is noted that the energy
denominators presented here for the second-order corrections
appear again in the context of charge-transfer excitations in the
next section. In the CP phase, the energy gain from the intra-
unit processes is 4722 /(2Y|+ Varxsr—2V>), and that from the
inter-unit processes is a2 /(2B + Varar—2V5). Therefore,
the CDW phase becomes stabilized when the site-diagonal
electron-lattice coupling f is strong enough. Note that the
second-order terms with respect to 7,y for these phases are
now different owing to the long-range interactions.

Optical conductivity in the one-band model for MMX
chains

We come back to the MMX chains and calculate the optical
conductivity spectra. The low-energy excitations are now
mainly caused by inter-unit collective charge-transfer pro-
cesses. In fact, the optical absorption for the MMX chains of
K4[Pta(pop)sBr]jnH,O in the CDW phase containing the
X-M>*M?**-X unit® takes place at a much lower energy
than for the corresponding XMMX monomers of Ky[Pt,-
(pop)sBro]nH,0.% So, we adopt the one-band model, having
Ry[Pta(pop)4I]lnH,O in mind. Here, we focus on differences
among the spectra in the AV, CDW, and CP phases. We do not
calculate the lattice displacements self-consistently but fix them
to be a constant, |y|=y,, although we change the distortion
pattern according to the electronic phase. The elastic constants
are then meaningless. The lattice displacements are y, ;= ;=0
in the AV phase, y,;=y5:=(—1)yo in the CDW phase, and
YVai=—Ypi=yo in the CP phase. The optical excitation
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Fig. 11 Energies AE, and intensities /, of the photoexcitations as a function of (a) eyy—ex (Varx=1.5, Vorrx=0.5, tyrx=1t41x=0.55), (b) Vasx and
VZMX: VMxl3 (CM_CX: 1, tyx=byux= 055), and (C) ZMXand byx= 0-8tMX(VMX: 15, VZMX: 05, EM—ExY= l) The other parameters are Ly = 1,

Uy=2, Uy=4, and Vy=1.
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processes are schematically represented in Fig. 12 for the CDW
and CP phases. The illustration becomes realistic only near the
strong-coupling limit. In this limit, the excitation energies in the
CDW phase are given by

Espl =Un—Viu

ESRh =281 =V +272
while those in the CP phase are given by

Esf=2B191+ Varxm —2Va
ESfor =2B19|+ Vs —2V

Among the four energies, E“?" )4, is expected to be much
larger than the others because of the strong on-site repulsion
U M-

From the exact diagonalization of the one-band model, we
show optical conductivity spectra in the three phases for
Ujyr=21n Fig. 13(a), for Uy,=4in Fig. 13(b), and for Uy,=61n
Fig. 13(c), with varying V., and Viayas according to the
relations V= Up/2 and Vixpr= Updd. As the electron—
electron interactions are not so weak, a single peak appears at a
similar position in both of the AV and CDW phases, while two
peaks generally appear in the CP phase, in the energy range of
the figures. The difference in the number of peaks between the
CDW and CP phases is due to the strong on-site repulsion Uy,
as discussed above. We then focus on the CP phase and show
the dependence of the energies and intensities of the two
excitations on the long-range interactions Vs, and Vysxay in
Fig. 14. The lower energy E*,/,, increases with Vjyyas, while
the higher energy ECF 1 xar increases with Vg, as expected
from the strong-coupling analysis. The excitation intensities are
comparable when the energy difference is small. Meanwhile,
the low-energy excitation is much stronger when the energy
difference is large.

In the optical experiments, so far all Ry[Pty(pop)4l]nH,O
compounds have a single peak below 3 eV.® Observation of a
single peak is reasonable in the phase suggested to be the AV
phase and in the CDW phases because of the strong on-site
repulsion U,,. Meanwhile, observation of a single peak in the
phase suggested to be the CP phase indicates that the nearest-
neighbor repulsion through an X site Vj sy, is substantially
weaker (at least for the M>T—X-M?>* unit of the CP phase)
than the nearest-neighbor repulsion within the unit V..
Recall that, in the XMMX monomers, substantially strong
Vyx, and consequently strong Visya for the M2 T—X-M>*

CDW

4+ GS

CP 4+

Fig. 12 Schematic electronic structure and charge-transfer excitations
in the CDW and CP phases of the one-band model.
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Fig. 13 Optical conductivity in the AV, CDW, and CP phases of the
12-site one-band model, for (a) Uy=2, Vyy=1, Vaxar=0.5, (b)
UM=4, VMM=25 VMXMZI, and (C) U,\/]=6, VM.’VI=3a VMXM=15
The other parameters are 7y,4,=1, tyrx3r=0.8, 0=0.2, f=4, yo=0.1,
and V,=0.

unit, are suggested from the optical conductivity. It is quite
possible for the repulsion V,,x), to depend on the inter-unit
distance d,/xa,s rather sensitively, though we do not take
account of this effect in order not to make the model more
complex. We can say at least that the repulsion V), is very
strong, which is actually needed to stabilize the CP phase.
Among the energies of the experimentally observed peaks,
that in the CDW phase is lower than those in the phase
suggested to be the CP phase. The energy difference between
the CDW and CP phases is reproduced in Fig. 13 for each



(a) ‘{VIM_Z
. .
EMMJ *EMXM :
JIL Vuxm=2.0
’é\ B “ A 1.57
hSY
A 1.0
i } \ 0.5
i ” 0
1 ﬁ 3
w
(b) Wim=3
. T :
- Evxu P 1
Evmi ' VMX’;[; 1
A A 2.5
E A R 2.0 1
S JL 15]
i A 107
A 05
g/lL 0]
1 2 3
)

Fig. 14 Optical conductivity in the CP phase of the 12-site one-band
model, as a function of V,yas, for (a) V=2, and (b) Vyma,=3. The
parameters are 5= 1, tyrx17=0.8, 0=0.2, =4, yo=0.1, Up,=6, and
V2 = 0

parameter set. This is easily understood in the strong-coupling
limit. The low-energy charge-transfer excitation takes place at
ECDWMXM=2/3|y|—VMM+2V2 in the CDW phase, and at
ECPMM=2/)’|y|+ Varxa—2V> in the CP phase. We concluded
above that the nearest-neighbor repulsion through an X site
Varxas 18 substantially weaker, at least for the CDW and CP
phases, than the nearest-neighbor repulsion within the unit
Vv Furthermore, we reasonably expect that the next-
nearest-neighbor repulsion V5 is smaller than V,,x,. There-
fore, we can derive the relation EPY y xar<EE 1as, which
explains the observed energy difference between the CDW and
CP phases. This relation is intuitively understood in the
following way. In the CDW phase, holes reside at M3+ M3+
units. By any charge-transfer process, the hole pair in a unit is
so separated that an electron and a hole attract each other by

Fig. 15 Schematic electronic structure and charge-transfer excitations
in the ACP phase of the two-band model.

the amount of V.. In the CP phase, however, holes are so
located that the distance between the neighboring holes is the
largest among the possible electronic structures. By any charge-
transfer process, some pairs of holes approach each other, so
that it costs repulsive energy.

Optical conductivity in the two-band model for
MMX chains

We now employ the two-band model to discuss the optical
conductivity spectrum in Pty(CH5CS,)4I, where the X p.
orbitals are generally expected to be located at a shallow
position and to contribute to the electrical and optical
conductivity. Here, we focus on the dependence of the
spectrum on the model parameter governing the itinerant
character of electrons, #,,y. Again, we do not calculate the
lattice displacements self-consistently but fix them to be a
constant, |y|=y,. We consider the ACP phase observed in
Pt(RCSy)4l (R=CHj3, n-C4Hy), using y,;=—ys=(—1)yo.
The optical excitation processes are schematically represented
in Fig. 15 for the ACP phase. Though the itineracy of elec-
trons in Pty(RCS,)4l is higher than that in R4[Pty(pop)4I]nH,0,
we first analyze the excitation energies in the strong-coupling
limit. The charge-transfer process from an X site to the
neighboring M site Py,, costs energy, EACP =4, +
Byl + Varx, where the level difference in the hole picture is now
given by A, =epr—éex+ Upr— Ux+2Varp—2Varx- Note that this
equation is different from that in the four-site model because
the coordination numbers are different. The charge-transfer
process within a binuclear unit P,;;, costs energy,
E*CP ) =2ply], in the strong-coupling limit. In the optical
experiment for Pt,(CH3CS,)41, the peaks are so assigned that
the relation Ey ;< Epgay is satisfied.!! Precisely speaking, an M
d orbital different from the d.. orbital may be involved, but this
relation is not modified in any case. This relation indicates
A+ Varx<Blyl, i.e., substantial reduction of the level differ-
ence in the hole picture 4, and of the nearest-neighbor
repulsion ¥,y in comparison with rather small f§|y| due to the
small lattice distortion. However, ¥,y need not be so small, as
shown below for large ¢,,,,. From this fact, it is clear that the
strong-coupling analysis does not work for Pty(RCS,;)4l.
From the exact diagonalization of the two-band model, we
show optical conductivity spectra in the ACP phase with
varying sy in Fig. 16. For small ¢,,y, three peaks correspond-
ing to the three charge-transfer processes in Fig. 15 appear
distinctly. The parameters are chosen to satisfy the relation
Eyvixmu<Exm<Euu, as assigned in the experiment for
Pt,(CH;CS,),L.!'! Since the transfer integral #,,;, is not so

o(w)

XM F,
Enxm ’ MM

Fig. 16 Optical conductivity in the ACP phase of the 18-site two-band
model, as a function of 7,,y. The parameters are t,,,=1, a=1, f=4,
y()=0.l, SM_S,\/=O.2, U1w=4, U,\/=4, VMM=2, and VM,\/=2
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small, the previous estimation of Ey,; and E,, does not work.
Indeed, in Fig. 16, the used values for 4,, f, and V,,x do not
satisfy the relation E1Fy,,< EASF ;1 for the strong-coupling
limit, but they actually satisfy the relation Ey,, < E,z, in the
spectra. This means that V3, need not be so small as suggested
by the strong-coupling analysis. As the transfer integral
between the neighboring M and X sites 7,y increases, the
intensities of Py, and P, decrease rapidly, and the spectral
weight is concentrated on the inter-unit charge-transfer
excitation Pusyy. At the same time, only this excitation
substantially lowers its energy, reflecting the itinerant nature
for large t5737 and 1,y In the experiment of Pt,(CH;CS,)41, the
lowest-energy excitation has a much larger intensity and a
much lower energy than the other two excitations,!' as in
Fig. 16 for large /x-

Conclusion

We theoretically study the variety of charge and lattice
ordered phases and their respective optical responses in one-
dimensional correlated-electron—lattice systems. One- and
two-band models are used for the MMX chains and a four-
site two-band model for the XMMX monomers. We use the
exact diagonalization method to obtain the numerical results.
The second- and fourth-order perturbation theories with
respect to the transfer integrals as well as the strong-coupling
analysis are found to be very useful in many cases, though not
always, to understand the variation of the electronic phases and
the respective optical conductivity spectra. Various terms in the
model Hamiltonians compete with one another: the kinetic
term controlled by transfer integrals, site-diagonal and site-off-
diagonal electron-lattice interactions, short-range and long-
range electron—electron interactions, and the elastic energies
controlling the modulation of the MX bond lengths and that of
the inter-unit distances.

A variety of electronic phases appear in R4[Pty(pop)41]nH,0,
depending on the counter ion and on the number of water
molecules. It is suggested from experiments that the electronic
phases are classified according to the distance between the
neighboring binuclear units dy;ya.2 The AV phase is suggested
to appear for small dj;xs,. This phase is ascribed to the
enhanced kinetic term by the large inter-unit transfer integral.
For larger dy;xa, the CDW and CP phases compete with each
other. The CP phase is suggested to appear for large disxas,
while the CDW phase is realized between the other two phases.
The relative stability between the CDW and CP phases is
determined by a combined effect of competition between
electron-lattice and electron—electron interactions and compe-
tition between short-range and long-range electron—electron
interactions. As djsxas decreases, the site-diagonal electron—
lattice interaction and long-range electron—electron interac-
tions become larger, and their effects become dominant over
the effect of the short-range electron—electron interaction. Thus
the CP phase is reasonably converted to the CDW phase. The
optical conductivity spectrum changes accordingly.

To evaluate the relative importance between the two types of
competition above, we need quantitative estimation of the
model parameters. For this purpose, we study the optical
conductivity spectra of Ky[Pty(pop)sX5]nH,O containing
almost isolated X-M*TM>**-X monomers. Corresponding
MMX chain compounds, K4[Pty(pop)sX]nH,O with X=Cl
and Br, are fortunately in the CDW phase consisting of
repeating X-M>+*M>**-X and M>TM>* units. The depen-
dence of the energies and intensities of three charge-transfer
excitations in the XMMX monomers are reproduced by
appropriate choice of the level difference, the repulsive
strengths between electrons at M and X sites, and the transfer
integrals between M and X orbitals. From the fitting to the
experimentally observed spectra, we find substantially strong
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nearest-neighbor repulsion between the neighboring M and X
sites. Consequently, the two types of competition are both
quantitatively important and combined.

In Pto,(RCS,)4l, the electric conductivity is rather high.!! The
itinerant character of electrons is much stronger than in the pop
systems. The main difference between the two systems is that
MMX chains in Ry[Pt;(pop)41]nH,0 are charged while those in
Pt>(RCS,)4I are neutral. The former systems need to have
counter ions, which prohibit free modulation of the distances
between the neighboring binuclear units. This strongly
suppresses the appearance of the ACP phase. On the other
hand, the latter systems do not have counter ions so that the
distances between the neighboring binuclear units are easily
modulated by sufficiently strong site-off-diagonal electron—
lattice coupling. As a consequence, the ACP phase appears.
From the optical conductivity spectrum also, it is evident
that the transfer integrals are large and electrons are more
delocalized than in the pop systems. Though the electric
conductivity shows metallic behavior in Pt,(CH3CS;)41 above
room temperature, where the lattice is not distorted, the optical
conductivity spectrum shows a small but finite charge gap.!!
This AV phase as well as the AV phase suggested in
Ry[Ptr(pop)4l]nH,O for small djsxy, is then regarded as a
Mott—Hubbard insulator phase.
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