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For the insulating state of (TTM-TTP)I3, extensive studies
such as static magnetic susceptibility,9) electron spin reso-
nance (ESR),10) nuclear magnetic resonance (NMR),11,12)

X-ray scattering,9,10,13) and Raman scattering studies14,15)

strongly suggest the occurrence of charge ordering by
Coulomb correlation although the charge ordered manner is
still controversial. The M–I transition temperature TMI

decreases with increasing pressure, but survives below
TMI ¼ 90K even at 1.1 GPa.7) Hence, a pressure study
above 1GPa will be strongly required for the metallization
of (TTM-TTP)I3.

Our interest is the metallization of (TTM-TTP)I3 with the
highly 1D half-filled band and is to survey the nature of the
metallic state under a high pressure of 8GPa, where the
insulating state will be suppressed. Is it a conventional Fermi
liquid or do electron interactions produce something more
exotic states? The purpose of this study is to investigate the
nature of the metallic state in (TTM-TTP)I3 under high
pressures of up to 8GPa.

Single crystals of (TTM-TTP)I3 were prepared by electro-
crystallization.6) The resistivity, !, of (TTM-TTP)I3 was
measured by a usual four-probe dc method with the electric
current along the c-axis, which is parallel to the 1D chain.
The current was maintained sufficiently low to ensure
Ohmicity all through the measurements. To metallize the
present insulating phase originating from the strong corre-
lation effect, we used a cubic anvil apparatus which makes it
possible to measure the resistance under a high pressure in
the range between 1.0 and 8.0GPa.16,17) We used a Teflon
cell in which the sample is immersed in fluid. We used
Daphne 7373 oil as a pressure-transmitting medium.18) Our
cubic anvil pressure apparatus rigorously maintains constant
pressure in the course of the temperature cycle.16,17)

Figures 2 and 3 show the temperature dependence of
resistivity under various pressures of up to 8.0 GPa. At
ambient pressure, resistivity gradually increases with de-

creasing temperature above TMI (¼ 128K), and then rises
sharply below TMI. Here, TMI is defined by the steep point in
the !ðTÞ curve. The insulating phase is gradually suppressed
with increasing pressure. Above 5.7GPa, metallic temper-
ature variation appears at high temperatures. The expanded
plots for the high-pressure range between 5.7 and 8.0GPa
are given in Fig. 3. We find a slight upturn below TMI ¼
22K even at 8.0GPa. It is theoretically predicted that no
matter how small U is, the ground state in the 1D half-filled
system becomes the Mott insulator.4,5) The occurrence of the
M–I transition even at 8GPa will be discussed later. For
100 < T < 200K, there are small humps in !ðTÞ. With
increasing pressure, the humps shift to higher temperatures
and almost vanish at 8.0GPa. This behavior is seen even in
other organic conductors.19) Probably, the small humps are
caused by the friction between a pyrophyllite gasket and WC
anvils.

Figure 4 shows the pressure–temperature (P–T) phase
diagram of (TTM-TTP)I3. With increasing pressure, TMI

4

6
8

10
-1

2

4

6
8

10
0

2

4

6
8

10
1

2

4

ρ
(m

Ω
·c

m
)

1
2 4 6 8

10
2 4 6 8

100
2

T (K)

1.7 GPa

2.0 GPa

2.9 GPa

4.2 GPa

5.7 GPa

7.0 GPa

8.0 GPa

ambient
pressure

300

Fig. 2. Temperature dependence of resistivity for (TTM-TTP)I3 under
various pressures of up to 8.0GPa.

8

9

0.1

2

3

4

ρ(
m

Ω
·c

m
)

1
2 4 6 8

10
2 4 6 8

100
2

T (K)

5.7 GPa

7.0 GPa

8.0 GPa

α = 0.24

0.35

0.36

300

Fig. 3. Expanded plots for high-pressure range between 5.7 and 8.0GPa.
The metallic behavior is described by !ðTÞ $ T" with " $ 0:3.

200

150

100

50

0

T M
I
(K

)

1086420

Pressure (GPa)

Metal

Insulator

Fig. 4. Pressure–temperature phase diagram of (TTM-TTP)I3. TMI is
determined by the steep point in the !ðTÞ curve.

J. Phys. Soc. Jpn., Vol. 75, No. 5 LETTERS S. YASUZUKA et al.

053701-2

 inversion center is lost in the low-T phase

Intra-molecular charge ordering (ICO)

Raman scattering measurement
K. Yakushi et al .Synth. Met. 135-136 (2003) 583

X-ray measurement
Y. Nogami et al .Synth. Met. 135-136 (2003) 637

Resistivity measurement

S. Yasuzuka et al., JPSJ 75 (2006) 053701

T. Mori et al. PRL 79 (1997) 1702

Ab initio derivation of multi-orbital extended Hubbard model for 
molecular crystals

Intra-Molecular Charge Ordering in  (TTM-TTP)I3

Masahisa Tsuchiizu
Dept. of Phys., Nagoya Unversity, Japan 

ICO pattern was unknown and origin of spin gap was unclear



molecular orbitals of TTM-TTP 

wave function-based ab initio calculations are performed to
rationalize the electronic distribution in the !TTM-TTP"I3
material.

II. MOs OF THE †TTM-TTP‡+ ION

The #TTM-TTP$ organic molecule C14S12H12 is shown
in Fig. 1. The atomic coordinates are read from the
!TTM-TTP"I3 298 K crystal structure.15 In order to assess
the packing influence in the electron trapping phenomenon,
we did not perform any geometry optimization. Based on
this structure, we performed correlated ab initio calculations.
This type of approach is very insightful since important in-
formation is accessible through a reading of the wave func-
tion. In particular, complete active space self-consistent field
!CASSCF" calculations have turned out to be very efficient
to unravel intriguing electronic distribution in organic
radical-based materials.25–28 On top of the CASSCF wave
functions, second-order perturbation theory calculations
!CASPT2" were performed using an imaginary shift of
0.3 a.u. and an ionization potential-electronic affinity !IPEA"
shift of 0.0 a.u. The IPEA shift aims at correcting the energy
differences calculations between states holding different
open shells. Since we are dealing with spin states, it would
be irrelevant to turn on this parameter.29,30 This procedure
allows one to incorporate the important dynamical correla-
tion effects to reach a high level of accuracy. All our ab initio
calculations were performed using the MOLCAS package31

with all electron basis set contractions for the elements
S!7s6p1d"/#4s3p1d$, C!5s5p1d"/#3s2p1d$ and H !3s"/#1s$. We
checked the validity of these particular contractions by in-
cluding diffuse and polarization functions, which did not
lead to any quantitative changes.

At room temperature, the #TTM-TTP$ molecule exhibits
an inversion center. Thus, the MOs can be classified as ger-
ade !g" or ungerade !u" according to the symmetry point
group. As mentioned before, the !TTM-TTP"I3 material is a
charge-transfer salt, consisting of #TTM-TTP$+ and I3

− spe-

cies. In a simple picture, the HOMO of the #TTM-TTP$+ ion
is half filled, i.e., SOMO. It has been usually recognized that
one may concentrate on this SOMO, ignoring the rest of the
spectrum on the assumption that its energy is well isolated
from those of the other orbitals as compared to the
bandwidth.16 This is one particular issue we wanted to exam-
ine. Thus, semiempirical extended Hückel calculations were
first performed.32,33 In the following, the SOMO and
HOMO-1 will be referred to as the u and g orbitals, respec-
tively !see Fig. 1". The energy separation between the g and
u valence MOs !see Fig. 1" is !0.2 eV, while the bandwidth
of the HOMO is !1 eV.16 Thus, the effect of the g orbital
might not be negligible since it is likely to participate in the
intramolecular CO phenomenon expected in the
!TTM-TTP"I3 system. In order to clarify the charge distribu-
tion, CASSCF calculations were then carried out allowing
the occupation of two MOs by three electrons, i.e.,
CAS#3,2$. This method is known to provide very satisfactory
charge distribution as soon as the active space is flexible
enough. The g and u MOs are then treated on the same
footing and both symmetry states can be examined along
these calculations. The CASSCF energy difference between
the g and u doublets is !0.5 eV, confirming the relative
proximity of the frontier orbitals. The energy spectrum was
finally calculated using a restricted open-shell SCF !ROHF"
procedure. Along these ROHF calculations, three electrons
are likely to occupy the frontier MOs u and g. These MOs
are likely to be singly occupied or doubly occupied in the
CASSCF calculations. In order to position the corresponding
energies, we performed a ROHF calculation assuming an
average number of electrons in the g and u MOs, i.e., 1.5
electrons. The calculated energy levels in the vicinity of the
SOMO are shown in Fig. 1. From this inspection, the SOMO
has ungerade character, whereas the HOMO-1 is gerade type
in agreement with our extended Hückel calculations. The
respective ROHF energies are !u=−8.27 eV and
!g=−8.69 eV, while the energy difference between the u and
g MOs is !0.4 eV, a value which is consistent with our
extended Hückel estimation. This combined semiempirical
and ab initio information upon the constitutive unit
#TTM-TTP$+ raises the relevance of a one-band approach to
examine the electronic properties of !TTM-TTP"I3 crystal.

III. EFFECTIVE THREE-FRAGMENT MODEL

In this section, we analyze the chemical origin of the
close-in-energy character of the g and u MOs. Let us split the
#TTM-TTP$ molecule into three fragments—L, R, and C—as
shown in Fig. 2. The L and R parts represent the left and
right parts of the #TTM-TTP$ molecule, whereas C corre-
sponds to the ethylene-type bridging moiety. Based on this
fragments picture, the u MO displays “bonding” character
while the g MO is “antibonding.” Therefore, one may won-
der why the bonding MO lies higher in energy than the an-
tibonding one. Part of the answer can be found in the C
group orbital u which is likely to mix in the L-R “bonding”
orbital !see Fig. 2". As for the interaction between these frag-
ments, we consider two types of hopping integrals here,
namely, tb and ts. The former accounts for the through-bond
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quasi-degenerate 
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(restricted open-shell HF) virtual fragment MOs

tb: through-bond interaction 
ts: through-space interaction ~ -0.04 eV

~ 1.3 eV

Derivation of effecitve tight-binding Hamiltonian from ab initio calculation
M. Tsuchiizu and Y. Omori
Department of Physics, Nagoya University, Nagoya 464-8602, Japan

(Dated: July 4, 2010)

I. INTRODUCTION

This is a memo on the derivation of effective tight-binding
Hamiltonian from ab initoHamiltonian. We focus on the TTF,
TTM-TTP, [Au(tmdt)2] molecules.

εu ≈ ε0 +
2t2b
∆ε

(1.1)
εg ≈ ε0 (1.2)

εu − εg ≈
2t2b
∆ε

≈ 0.4 eV (1.3)

tb ≈ 1.3 eV (1.4)
∆ε ≈ 10.6 eV (1.5)

A. Example: TTF molecule

1. Model Hamiltonian for isolated molecule

Here, we estimate the respective level energy and interac-
tion strength in a single molecule, by perfoming ab initio cal-
culations with a complete-active-space (CAS) method. There
are three electrons in the HOMO and HOMO−1, which are
shown in the figures.
There are some candidates in the construction of the Hamil-
tonian.1 We consider the spin-independent normal-ordered

TABLE I SCF results of the MO energy levels, where 26 electrons
are in gerade orbitals and 25 electrons are in ungerade orbitals. All
the energies are in au. The SCF total energy is ESCF = 74.7559 au.

MO 12g 13g 14g
energy −0.5808 −0.5036 −0.0383

MO 12u 13u(SOMO) 14u
energy −0.5691 −0.3173 −0.0193

1 The naive tight-binding Hamiltonian for these orbitals would be given by

H
naive
1-mol = E

(0) + εn + Un↑n↓

FIG. 1 Molecular orbital of HOMO (13u) of TTFmolecule, obtained
by ECP basis set.

Hamiltonian:

H1-mol = Egs + ε0(n − 1) + U

(

n↑ −
1

2

) (

n↓ −
1

2

)

(1.6)

where ε0 represents the energy level of the HOMO U repre-
sents the Coulomb repulsion between electrons both on the
HOMO orbitals. These parameters are determined by cal-
culating the energies of several configurations in the system
which consists of 0, 1, and 2 electrons.
The respective energies are given in terms of the micro-
scopic parameters:

E(0) = Egs − ε0 +
1

4
U (1.7a)

E(1) = Egs −
1

4
U (1.7b)

E(2) = Egs + ε0 +
1

4
U (1.7c)

where the ground-state energy per molecule isEgs. From Eqs.
(1.7), the respective parameters are given by

ε0 =
1

2
(E(2) − E(0)) = −0.3183 (1.8a)

The respective energies are given in terms of the microscopic parameters:

E
(1) = E

(0) + ε

E
(2) = E

(0) + 2ε + U

where the vacuum energy per molecule is ε(0). The respective parameters
are given by

ε = E
(1)

− E
(0) = −0.4319

U = ε
(2)

− 2ε
(1) + ε

(0) = 0.2271

We note that this ε takes a different value from the SOMO energy level
obtained from the MOLCAS SCF calculation. The magnitude of U is the
same as it obtained above.

ϕu =
1√

2 + a2
(ϕL − aϕC + ϕR)

ϕg =
1√
2
(ϕL − ϕR)εu = −8.2eV

εg = −8.6eV

M.-L.Bonnet, V. Robert, M.Tsuchiizu, Y. Omori, Y. Suzumura:
 J. Chem. Phys. 132, 214705 (2010)

origin of quasi-degeneracy

The presence of the C fragment is crucial
 for realization of quasi-degenerate MOs
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band structure

wave function-based ab initio calculations are performed to
rationalize the electronic distribution in the !TTM-TTP"I3
material.

II. MOs OF THE †TTM-TTP‡+ ION

The #TTM-TTP$ organic molecule C14S12H12 is shown
in Fig. 1. The atomic coordinates are read from the
!TTM-TTP"I3 298 K crystal structure.15 In order to assess
the packing influence in the electron trapping phenomenon,
we did not perform any geometry optimization. Based on
this structure, we performed correlated ab initio calculations.
This type of approach is very insightful since important in-
formation is accessible through a reading of the wave func-
tion. In particular, complete active space self-consistent field
!CASSCF" calculations have turned out to be very efficient
to unravel intriguing electronic distribution in organic
radical-based materials.25–28 On top of the CASSCF wave
functions, second-order perturbation theory calculations
!CASPT2" were performed using an imaginary shift of
0.3 a.u. and an ionization potential-electronic affinity !IPEA"
shift of 0.0 a.u. The IPEA shift aims at correcting the energy
differences calculations between states holding different
open shells. Since we are dealing with spin states, it would
be irrelevant to turn on this parameter.29,30 This procedure
allows one to incorporate the important dynamical correla-
tion effects to reach a high level of accuracy. All our ab initio
calculations were performed using the MOLCAS package31

with all electron basis set contractions for the elements
S!7s6p1d"/#4s3p1d$, C!5s5p1d"/#3s2p1d$ and H !3s"/#1s$. We
checked the validity of these particular contractions by in-
cluding diffuse and polarization functions, which did not
lead to any quantitative changes.

At room temperature, the #TTM-TTP$ molecule exhibits
an inversion center. Thus, the MOs can be classified as ger-
ade !g" or ungerade !u" according to the symmetry point
group. As mentioned before, the !TTM-TTP"I3 material is a
charge-transfer salt, consisting of #TTM-TTP$+ and I3

− spe-

cies. In a simple picture, the HOMO of the #TTM-TTP$+ ion
is half filled, i.e., SOMO. It has been usually recognized that
one may concentrate on this SOMO, ignoring the rest of the
spectrum on the assumption that its energy is well isolated
from those of the other orbitals as compared to the
bandwidth.16 This is one particular issue we wanted to exam-
ine. Thus, semiempirical extended Hückel calculations were
first performed.32,33 In the following, the SOMO and
HOMO-1 will be referred to as the u and g orbitals, respec-
tively !see Fig. 1". The energy separation between the g and
u valence MOs !see Fig. 1" is !0.2 eV, while the bandwidth
of the HOMO is !1 eV.16 Thus, the effect of the g orbital
might not be negligible since it is likely to participate in the
intramolecular CO phenomenon expected in the
!TTM-TTP"I3 system. In order to clarify the charge distribu-
tion, CASSCF calculations were then carried out allowing
the occupation of two MOs by three electrons, i.e.,
CAS#3,2$. This method is known to provide very satisfactory
charge distribution as soon as the active space is flexible
enough. The g and u MOs are then treated on the same
footing and both symmetry states can be examined along
these calculations. The CASSCF energy difference between
the g and u doublets is !0.5 eV, confirming the relative
proximity of the frontier orbitals. The energy spectrum was
finally calculated using a restricted open-shell SCF !ROHF"
procedure. Along these ROHF calculations, three electrons
are likely to occupy the frontier MOs u and g. These MOs
are likely to be singly occupied or doubly occupied in the
CASSCF calculations. In order to position the corresponding
energies, we performed a ROHF calculation assuming an
average number of electrons in the g and u MOs, i.e., 1.5
electrons. The calculated energy levels in the vicinity of the
SOMO are shown in Fig. 1. From this inspection, the SOMO
has ungerade character, whereas the HOMO-1 is gerade type
in agreement with our extended Hückel calculations. The
respective ROHF energies are !u=−8.27 eV and
!g=−8.69 eV, while the energy difference between the u and
g MOs is !0.4 eV, a value which is consistent with our
extended Hückel estimation. This combined semiempirical
and ab initio information upon the constitutive unit
#TTM-TTP$+ raises the relevance of a one-band approach to
examine the electronic properties of !TTM-TTP"I3 crystal.

III. EFFECTIVE THREE-FRAGMENT MODEL

In this section, we analyze the chemical origin of the
close-in-energy character of the g and u MOs. Let us split the
#TTM-TTP$ molecule into three fragments—L, R, and C—as
shown in Fig. 2. The L and R parts represent the left and
right parts of the #TTM-TTP$ molecule, whereas C corre-
sponds to the ethylene-type bridging moiety. Based on this
fragments picture, the u MO displays “bonding” character
while the g MO is “antibonding.” Therefore, one may won-
der why the bonding MO lies higher in energy than the an-
tibonding one. Part of the answer can be found in the C
group orbital u which is likely to mix in the L-R “bonding”
orbital !see Fig. 2". As for the interaction between these frag-
ments, we consider two types of hopping integrals here,
namely, tb and ts. The former accounts for the through-bond
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[001] · · ·
tgg -0.04
tuu -0.29
tgu -0.13
Vgg 2.12
Vuu 2.30
Vgu 2.21

two-orbital model derived from
configuration-interaction (CI) ab initio calculation

- focus on two orbitals
- parameters are determined 
      in order to reproduce CI matrix 

    no fitting parameters



transformation into the fragment MO picture 

t0=-0.17 eV
t1=-0.26 eV
t2=-0.17 eV

inter-fragment Coulomb repulsions

effective two-leg ladder

model on the fragment MO basis
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FIG. 7: Distance dependence of the inter-fragment Coulomb repul-
sions. The repulsion between the L and R fragments within the
molecule is characterized by V0. The dotted line is the least-square
fit to the a/r with a ≈ 14.6 eV Å.

only the nearest-neighbor interactions but the long-range in-
teractions have large amplitude. In order to verify the frag-
ment decomposition, we examine the distance dependence of
the inter-fragment interaction. We define the inter-fragment
distance r by the averaged inverse distance between 6 sulfur
atoms in each fragment, by

1

r
=

1

N2
S

∑

ij

1

rij
, (6.7)

where rij is the distance between the sulfur atoms. and
NS = 6 is the number of sulfur atoms in each fragment. The
r-dependence of the inter-fragment interaction V is shown in
Fig. 7, where the dotted curve denotes the least-square fitting
V = a/r where a ≈ 14.6 eVÅ. In the bare Coulomb inter-
actions, this constant a is given by abare = 14.4 eVÅ. Thus
we conclude that V follows well the Coulomb law including
intra-molecular interaction, and our fragment decomposition
is justified from this evaluation of inter-fragment Coulomb re-
pulsion. We have also checked the inter-fragment Coulomb
repulsion as a function of the inter-fragment distance which
alternatively defined by the distance between the “center” po-
sitions of fragment, i.e., the average position of 6 sulfur atoms,
and we find that similar behavior as in Fig. 7 but the deviation
from the Coulomb law becomes large.
The inter-fragment transfer integral within the molecule,

t0, becomes smaller than that between the molecule t1 along
the stacking direction [001]. This means that From the data
of inter-fragment transfer integral, we find that the stacking
TTM-TTP molecules ([001] direction) can be described as a
two-leg ladder system, where the transfer integral along leg
direction is t2, while those along the rung direction are t0 and

t1. We find that the inter-molecular transfer integral t1 ex-
ceeds the intra-molecular transfer integral t0.
Finally we briefly discuss the low-temperature symmetry-

broken states based on the present model parameters. From
the Raman and X-ray experiments,6,11 the intra-molecular
charge ordering has been proposed, however, the charge pat-
tern and the origin of the spin-singlet behavior are not clari-
fied yet. Based on the evaluated model parameters, we expect
that the superexchange interaction along the t1 bond becomes
largest and it would play a crucial role to induce the spin-
singlet state in the low-temperature phase of (TTM-TTP)I3.
Analysis of possible symmetry-broken states described by the
present Hamiltonian will be shown elsewhere.35

VII. SUMMARY

We derived effective two-orbital tight-binding Hamiltonian
for (TTM-TTP)I3. We evaluated full model parameters which
reproduce the energy obtained by the ab initio calculations.
This is the first theoretical work, to the authors’ knowledge,
evaluating the model parameters for the multi-orbital system.
Especially, for the evaluation of the inter-molecular interac-
tions, we pick up two neighboring molecules from the crystal
and performed the CAS-SCF calculation, and then we deter-
mined the parameters without ambiguity including exchange
integrals. By considering the crystal system, we also analyze
the band structure of the (TTM-TTP)I3 crystal and verified the
multi-orbital feature. Further by applying the fragment de-
composition of the MOs, we have shown that the system can
be described by the two-leg ladder system. We found that the
intersite Coulomb repulsion in the fragment-MO picture fol-
low well the Coulomb 1/r law including the inter-molecular
interaction. This supports our fragment picture of the (TTM-
TTP)I3.
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+
∑

〈i,j〉

V [na,nb,nc]
gg ng,ing,j +

∑

〈i,j〉

V [na,nb,nc]
uu nu,inu,j +

∑

〈i,j〉

V [na,nb,nc]
gu (ng,inu,j + nu,ing,j)

+
∑

〈i,j〉

∑

σ,σ′

I [na,nb,nc]
(

c†g,i,σcu,i,σc
†
u,j,σ′cg,j,σ′ + c†g,i,σcu,i,σc

†
g,j,σ′cu,j,σ′ + h.c.

)

+
∑

〈i,j〉

∑

σ

X [na,nb,nc]
g

[

ng,i (c
†
g,j,σcu,j,σ + h.c.)− (c†g,i,σcu,i,σ + h.c.)ng,j

]

+
∑

〈i,j〉

∑

σ

X [na,nb,nc]
u

[

nu,i (c
†
g,j,σcu,j,σ + h.c.)− (c†g,i,σcu,i,σ + h.c.)nu,j

]

, (5.1b)

where 〈i, j〉 denotes the combination of neighboringmolecule
pair and is assumed that i represents the molecule in a refer-
ence position while j the translated molecule by the vector
[na, nb, nc] shown in Fig. 4.
In order to determine the level energies, the crystal field ef-

fect must be taken into account, in addition to theMO level en-
ergies. In the present calculation, these effects were limited to
the nearest-neighbor [001] molecule pair only. In this approx-
imation, the level energies are expressed as εg ≈ ε0g+2∆ε[001]g

and εu ≈ ε0u + 2∆ε[001]u , where the factor 2 reflects the coor-
dination number along the [001] direction. As shown in the
preceding section, the energy differences of the crystal field
effect (∆εg −∆εu) are small for all the molecule pairs. Thus
we expect that the energy-level difference (εg − εu) does not
depend on the above approximation.
Next we examine the band structure in the normal state

of (TTM-TTP)I3. Since the density operators in Hamilto-
nian (5.1) are represented in the normal-ordered form, there
is no need to consider the Hartree corrections from Eq. (5.1b)
and we simply focus on the kinetic term [Eq. (5.1a)] in the
normal states. The resulting band structure is shown in Fig.
5. This band structure well reproduces the result of direct
calculation for the periodic system obtained by DFT.23 From
an extended Hückel approach,4 the overlap integrals between
the neighboring molecules along the stacking direction were
given by Sgg = −0.19 × 10−3, Suu = −26.22× 10−3, and
Sgu = −12.92 × 10−3. The small transfer integral tgg and
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FIG. 5: (Color online) Band structure of (TTM-TTP)I3 obtained
from the wavefunction-based ab initio calculations. The dotted
curves represent the energy dispersion in the case of tgu = 0.

FIG. 6: (a) The L and R fragment MO of the TTM-TTP molecule.
(b) The fragment-MO picture of the (TTM-TTP)I3 and the definition
of tight-binding parameters.

also the small overlap integral Sgg result from the tilted align-
ment of TTM-TTP molecules along the stacking direction in
the crystal. By taking advantage of the present scheme, we can
clarify the nature of the band structure, by setting the mixing
term to zero, i.e., tgu = 0. Such a fictitious band structure is
also shown in Fig. 5. We observe that the band built on the
u MO is much wider than the one built on the g MO. Impor-
tantly, the two bands overlap, supporting a multi-band system.
Finally, since the inter-orbital transfer integral t[001]gu (= −0.13
eV) is relatively large compared with tgg, the g MO band is
strongly modified, while the u band is not much affected near
the Fermi energy.

VI. FULL FRAGMENT DECOMPOSITION

In this section, we derive the effective model based on a
full fragment MOs, which is the most fundamental model to
analyze the “intra-molecular” degree of freedom. The relevant
fragment MOs are simply the left and right part of MOs, ϕL

and ϕR, and the respective fragment MOs are shown in Fig.
6 (a), where the center fragment is omitted due to its small
weight.22 We denote the corresponding annihilation operators
by cL,j,σ and cR,j,σ . The operator correspondence between
the original MOs and the fragment MOs basis is given by

cg,j,σ =
1√
2
(−cL,j,σ + cR,j,σ) , (6.1a)

cu,j,σ =
1√
2
(cL,j,σ + cR,j,σ) . (6.1b)
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Summary

- characteristics of MOs
       - two-orbital system
- effective two-orbital Hubbard model from CI ab initio calculation
- transform into the fragment picture
   - we propose the two-leg ladder model

- analysis of the model 
   - strong coupling & weak coupling analysis

we have analyzed the intramolecular charge ordering in (TTM-TTP)I3
from the configuration-interaction (CI) ab initio calculation.
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