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We derive effective Hubbard-type Hamiltonians of �-(BEDT-TTF)2X, using an ab initio downfolding

technique, for the first time for organic conductors. They contain dispersions of the highest occupied

Wannier-type molecular orbitals with the nearest neighbor transfer t � 0:067 eV for a metal

X ¼ Cu(NCS)2 and 0.055 eV for a Mott insulator X ¼ Cu2(CN)3, as well as screened Coulomb

interactions. It shows unexpected differences from the conventional extended Hückel results, especially

much stronger onsite interaction U � 0:8 eV (U=t � 12{15) than the Hückel estimates (U=t � 7{8) as

well as an appreciable longer-ranged interaction. Reexamination on physics of this family of materials is

required from this realistic basis.
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Organic conductors with BEDT-TTF molecules [where

BEDT-TTF is bis(ethylenedithio)-tetrathiafulvalene, abbre-

viated as ET hereafter], (ET)2X with a number of choices

of anions X, offer a variety of prototypical behaviors of

strongly correlated electron systems with two-dimensional

(2D) anisotropies.1) Examples range from correlated metals

with superconductivity at low temperatures to Mott insu-

lators either with a quantum spin liquid or with antiferro-

magnetic, charge-density or spin-Peierls orders. Intriguing

Mott transitions are also found. They are all in front of

recent active research for unconventional quantum phases

and quantum critical phenomena in nature, while their

essences of physics are still under strong debates.

In particular, an unconventional nonmagnetic Mott-insu-

lating phase is found near the Mott transition in the �-type

structure of ET molecules, X ¼ Cu2(CN)3 referred to as

�-CN, where no magnetic order is identified down to the

temperature T ¼ 0:03K, four orders of magnitude lower

than the antiferromagnetic spin-exchange interaction

J � 250K.2) The emergence of the quantum spin liquid

near the Mott transition has been predicted in earlier

numerical studies,3–5) while the full understanding of the

spin liquid needs more thorough studies. It is also crucially

important to elucidate the real relevance of the theoretical

findings to the real �-ET compounds. Most of numerical6)

and theoretical7) studies have also been performed for a

simplified single-band 2D Hubbard model based on an

empirical estimate of parameters combined with extended

Hückel calculations.8,9) A more realistic description of �-ET

compounds is certainly needed beyond the empirical model.

Another fundamental finding achieved in this series of

compound is the unconventional Mott transition found for

X ¼ Cu[N(CN)2]Cl under pressure.
10) The novel universal-

ity class of the Mott transition is in good agreement with the

marginal quantum criticality at the meeting point of the

symmetry breaking and topological change.11–14) Because of

its significance to the basic understanding on the physics of

quantum criticality, the relevance of theoretical concept to

the experimental observation needs to be further examined

on the realistic and first-principles grounds. Furthermore, an

unconventional superconductivity is found in the metallic

sides of these compounds at low temperatures (T < Tc �
10{13K), where the mechanism is not clearly understood

yet.15,16) These outstanding properties of �-ET compounds

encourage systematic studies based on realistic basis. As

mentioned above, however, the first-principle studies are

limited17) and most of the studies so far were performed

using the empirical models inferred from the Hückel studies.

The purpose of this letter is to derive ab initio effective

Hamiltonian of the real �-ET compounds to serve in

establishing a firm basis for studies on the unconventional

phenomena and open issues. The present work is the first

challenge aiming at ab initio model construction of organic

conductors containing a large number of atoms with four

complex ET molecules in a unit cell. We derive models

of two contrasting compounds, spin-liquid �-CN and

superconducting compound X ¼ Cu(NCS)2 abbreviated as

�-NCS,18) to get insights into the whole series of �-(ET)2X

compounds from metals to Mott insulators. Our ab initio

results indicate a substantial difference from the previous

simple extended Hückel results;2,8,9) in particular, a large

ratio of the onsite Coulomb repulsion to the nearest neighbor

transfer U=t � 12 even in metallic �-NCS compared to �7

in the Hückel estimate requires reexamination of the model

studies.

A reliable first-principle framework has been proposed for

the methods to derive effective low-energy Hamiltonians of

real materials. This treatment consists of ab initio density-

functional calculations of the global electronic band struc-

ture and a subsequent downfolding procedure by elimination

of degrees of freedom far away from the Fermi level.19–22)

Recently, the technique was combined with a framework of

maximally localized Wannier orbital (MLWO).23,24) The

MLWO25) has a distinct computational advantage, because

it enables construction of localized orbitals even for the

present complex molecular solid. Below we will demon-
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strate how the Wannier-framework downfolding and the

derivation of effective models have successfully been

worked out.

Now, we consider ab initio derivations of a single-band

extended Hubbard Hamiltonian describing the low-energy

electronic property of �-(ET)2X. For the system, the basis of

the Hamiltonian is the Wannier functions associated with

antibonding states of the highest occupied molecular orbitals

(HOMOs) of ET molecules forming a dimer. The explicit

form of this Hamiltonian is given by

H ¼
X

�

X

ij

tija
y
i�aj� þ

1

2

X

��

X

ij

Vija
y
i�a

y
j�aj�ai� ; ð1Þ

where a
y
i� (ai�) is a creation (annihilation) operator of an

electron with spin � in the Wannier orbital localized at the

ith ET dimer. The tij parameters are written by

tij ¼ h�ijH0j�ji ð2Þ

with j�ii ¼ ayi j0i and H0 being the one-body part of H. The

Vij values are screened Coulomb integrals in the Wannier

orbital, expressed as

Vij ¼
ZZ

dr dr0 ��i ðrÞ�iðrÞWðr; r0Þ��j ðr
0Þ�jðr0Þ; ð3Þ

where Wðr; r0Þ is a screened Coulomb interaction. The Vij at

i ¼ j corresponds to onsite Hubbard repulsion U. Here, W is

practically calculated in the reciprocal space as

Wðr; r0Þ ¼
4�

�

X

qGG0

eiðqþGÞr

jqþ Gj
��1
GG0ðqÞ

e�iðqþG0Þr0

jqþ G0j
; ð4Þ

where q is a wave vector in the first Brillouin zone and G is

a reciprocal lattice vector. The crystal volume is � and

��1
GG0ðqÞ is the inverse dielectric matrix which is related to

the irreducible polarizability � by �GG0ðqÞ ¼ 	GG0 � vðqþ
GÞ�GG0 ðqÞ, where vðqÞ ¼ 4�=�jqj2 is the bare Coulomb

interaction. The polarization matrix �GG0ðqÞ with a random

phase approximation (RPA) is calculated as

�GG0ðqÞ ¼
X

k

X


�

h 
kþqjeiðqþGÞrj �ki

� h �kje�iðqþG0Þrj 
kþqi
f
kþq � f�k

E
kþq � E�k
; ð5Þ

where  
k, E
k, and f
k are the Bloch state, its energy,

and the occupancy, respectively. The calculation of �

is straightforward with eq. (5) but there is a notice when

we consider the model construction. The screened inter-

action put in the Hubbard model [Vij in eq. (1)] should

not include screening formed in a target band of the

model.19,20) This screening should be considered at the step

of solving the effective model and, at the downfolding stage,

we must exclude the target-band screening effects in the

calculation of Vij. In RPA, this exclusion is easily imple-

mented, since the RPA polarization in eq. (5) is written in

terms of the sum of the band pairs 
� associated with

individual transitions. We thus generate the polarization

function with cutting the transitions between the target bands

and then evaluate the screened interaction W by using this

polarization function. Finally, we compute the Vij parame-

ters as the Wannier matrix elements of the W interaction.

The practical details for the matrix evaluation can be found

in ref. 24.

Our ab initio calculations were performed with Tokyo

Ab initio Program Package.26) With this program, density-

functional calculations27) with the generalized-gradient-

approximation (GGA) exchange-correlation functional28)

were performed using a plane-wave basis set and the

Troullier–Martins norm-conserving pseudopotentials29) in

the Kleinman–Bylander representation.30) The energy cutoff

in the band calculation was set to 36 Ry and a 3� 5� 5

k-point sampling was employed. We checked that the band

dispersions near the Fermi level, being the target band of

the effective model, are well converged enough with this

condition. The experimental crystal-structure data were

taken from ref. 18 for �-NCS (neutron diffraction data for

15K) and ref. 16 for �-CN (x-ray diffraction data for room

temperature). The dielectric matrix was expanded in plane

waves with an energy cutoff of 3.5 Ry and we checked that

diagonal and off-diagonal elements of the dielectric matrix

are well converged to unity and zero, respectively, with this

energy cutoff. The total number of bands considered in the

polarization calculation was set to 634 for �-NCS and 612

for �-CN. [The total number of the occupied (unoccupied)

states is 234 (400) for �-NCS and 242 (370) for �-CN.] The

Brillouin-zone integral over wavevector was evaluated by

the tetrahedron method. The additional terms in the long-

wavelength polarization function due to nonlocal terms in

the pseudopotentials was explicitly considered following

ref. 31. The singularity of the Coulomb interaction in the

q ! 0 limit, in the evaluation of the elements Vij, was

carefully handled on the manner described in ref. 31.

We show in Fig. 1 ab initio GGA band structures of

�-NCS (a) and �-CN (b). The ab initio results clearly show

that the band near the Fermi level (energy zero) is totally

isolated from other bands, thus justifying employing this

band as the target band of the extended Hubbard model.

The entangled bands below �0:5 eV and above +1 eV are

associated with deeper and upper states of the ET molecules,

as well as the anion electronic structures. We find that the

bandwidth of �-NCS estimated as 0.56 eV is larger than that

of �-CN (0.45 eV), which generates a discernible difference

in transfer integrals of the two compounds (see below). We

also note that the ab initio dispersion of the target band is

basically similar to the result of the extended Hückel model

but our bandwidth is somewhat smaller than the Hückel

results of 0.57 eV for �-NCS and 0.50 eV for �-CN.9)

Figure 1(c) visualizes our calculated maximally localized

Wannier orbitals for �-NCS, for the isolated band discussed

above. An initial guess for generating the Wannier function

is the p-type Gaussian sitting on the dimer center. The

resulting plot for the Wannier orbital clearly exhibits that the

basis state of the low-energy effective model of the �-NCS

compound is the antibonding states consisting of a linear

combination of the ET HOMOs in the dimer.32) We note

that there is no discernible difference between the MLWO of

�-NCS and that of �-CN.

The transfer integrals in eq. (2) calculated as matrix

elements of the Kohn–Sham Hamiltonian in the Wannier

orbital are listed in Table I. We list only the four parameters

(ta, tb, tc, and td) and the absolute value of other transfers are

all less than 5meV. The schematic diagram for the transfer

network is illustrated in Fig. 1(d). The band dispersion

calculated with the four transfers is given as blue dots in
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Figs. 1(a) and 1(b) and, from the figures, we see that the

original band structure is well reproduced with these four

transfers. Considering ta � tb � t (nearest-neighbor trans-

fer), tc � t0 (next-neighbor transfer), and td � 0, a rough

estimate for geometrical frustration jt0=tj is 0.66 for �-NCS

and 0.80 for �-CN, thus indicating that the degree of

frustration in �-CN is larger than that in �-NCS, while the

estimates are still far from the perfect situation jt0=tj ¼ 1

inferred by the extended Hückel result for �-CN.9)

We next show in Fig. 2 calculated ab initio macroscopic

dielectric function for �-NCS (a) and �-CN (b). The plots for

�Mðqþ GÞ � 1=��1
GGðqÞ with �GGðqÞ being the dielectric

functions calculated with constrained RPA are illustrated

as a function of jqþ Gj. We see that, in the limit qþ
G ! 0, �Mðqþ GÞ converges to the two finite values. It

should be noted here that the metallic screening effects are

excluded in the constrained RPA calculations. In �-NCS, the

higher value of 5.3 is the constrained-RPA dielectric

constant for the electric field perpendicular to the two-

dimensional layer, while the smaller value of 3.8 is the in-

plane value. This is characteristic feature of the anisotropic

system. For �-CN, the higher dielectric constant is 4.8 and

the smaller one is around 3.4.

The data quality of the dielectric function critically affects

the accuracy of the screened Coulomb interaction of W

[eq. (4)]. In general, the dielectric function severely depends

on the number of the conduction bands considered in the

calculations.31) In the ET compounds, the conduction states

were found to be fully continuous and highly-entangled. So,

the convergence of the dielectric function of this system

was checked by increasing the number of the conduction

bands. We found that the convergence requires more than

350 conduction bands, which corresponds to considering

the excitation up to 16 eV above the Fermi level in the

polarization calculation.

The lower two panels of Fig. 2 plots our calculated

ab initio screened Coulomb interaction Vij [eq. (3)] with

constrained RPA, denoted by green dots, as a function of

the distance between the centers of the MLWOs; r ¼
jh�ijrj�ii � h�jjrj�jij. The panels (c) and (d) show the results

for �-NCS and �-CN, respectively. We found that Vij decays

as a nearly isotropic function of 1=ð�rÞ (dotted line) in the

range from 7 Å corresponding to nearest-neighbor distance

�20 Å being maximum distance in consideration with the

present 3� 5� 5 superlattice. The parameter � specifies a

decay constant determined by the fitting to the ab initio data

and the resulting � is 5.1 for �-NCS and 5.0 for �-CN. We

note that, for example for �-NCS, the interaction value at

20 Å in the bc plane is 0.195 eV, while that perpendicular to

the bc plane is 0.189 eV. Thus, anisotropy in the screened

Coulomb interaction is negligibly small within the fitting
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Fig. 1. Calculated ab initio GGA band structures (red line) of �-(BEDT-

TTF)2Cu(NCS)2 (a) and �-(BEDT-TTF)2Cu2(CN)3 (b). The crystal

structure contains alternating layers (parallel to the bc plane) of BEDT-

TTF donor molecules and polymeric Cu(NCS)�2 or Cu2(CN)
�
3 anions.

Band dispersions are plotted along the high-symmetry points in the

bc plane, where � ¼ ð0; 0; 0Þ, Y ¼ ð0; b�=2; 0Þ, Z ¼ ð0; 0; c�=2Þ, and

M ¼ ð0; b�=2; c�=2Þ. The zero of energy is the Fermi level. The blue

dotted dispersions are obtained by the four transfer parameters listed

in Table I. (c) Calculated maximally localized Wannier functions of

�-(BEDT-TTF)2Cu(NCS)2. The amplitudes of the contour surface are

þ1:5=
ffiffiffi

v
p

(blue) and �1:5=
ffiffiffi

v
p

(red), where v is the volume of the

primitive cell. S, C, H, N, and Cu nuclei are illustrated by yellow, green,

silver, blue, and red spheres, respectively. (d) Schematic diagram for

transfer network in the triangular lattice.

Table I. List of the parameters in the single-band extended Hubbard

Hamiltonian in eq. (1) for �-(ET)2X.

X

Cu(NCS)2 Cu2(CN)3

ta (meV) �64:8 �54:5

tb (meV) �69:3 �54:7

tc (meV) 44.1 44.1

td (meV) �11:5 �6:8

U (eV) 0.83 0.85

� (hartree�1 bohr�1) 5.1 5.0
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Fig. 2. Calculated macroscopic dielectric functions of �-(BEDT-

TTF)2Cu(NCS)2 (a) and �-(BEDT-TTF)2Cu2(CN)3 (b) as a function of

jqþGj. Calculated screened Coulomb interactions of �-(BEDT-

TTF)2Cu(NCS)2 (c) and �-(BEDT-TTF)2Cu2(CN)3 (d) as a function of

the distance between the centers of maximally localized Wannier orbitals.

The red and green dots represent the bare and screened interactions,

respectively. The solid and dotted curves denotes 1=r and 1=ð�rÞ, where a
decay constant � (see Table I) was determined by the fitting to the

ab initio data.
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error (�0:02 eV). For comparison, we also plot bare

Coulomb interactions as red dots, which should decay

as 1=r (solid line).33) We see that the screening by the

constrained RPA reduces the bare onsite Coulomb repul-

sions to the values less than a quarter. The onsite Hubbard U

thus obtained is found to be 0.83 eV for �-NCS and 0.85 eV

for �-CN.

Our derived low-energy models differ from the conven-

tional ones considered so far for the �-type compounds. The

ab initio calculations give a larger ratio U=t � 12{15 than

the Hückel results �7{8.2,8,9) Also, the ratio of the nearest

neighbor repulsion V to the onsite Hubbard U is 0.45 for

�-NCS and 0.43 for �-CN, which are definitely larger than

the cases of transition-metal oxides [for example, SrVO3

(V=U � 0:2)] and an iron-based oxypnictide LaFeAsO

(�0:25).24) On top of that, we observe a remarkable long-

range tail decaying as 1=ð�rÞ. We note that numerical

studies for simple Hubbard models at U=t � 12 without

intersite repulsions are well inside the insulating region4,6)

contrary to the metallic behavior of �-NCS. The results

strongly suggest a relevant contribution of the offsite

interactions to the low-energy physics of the �-type

compounds, requiring careful reconsiderations for the

effective interactions of the �-type compounds.

To conclude, effective low-energy Hamiltonians of

organic compounds are established from first principles

with the parameters shown in Table I for �-NCS and �-CN.

The derived parameters indicate that (i) the geometrical

frustration parameter jt0=tj is substantially smaller than the

extended Hückel results and �-CN estimated at jt0=tj � 0:8

has turned out to be away from the right triangular structure

and (ii) the onsite Coulomb repulsion (U � 0:8 eV charac-

terized by U=t � 12{15) is unexpectedly large compared to

the Hückel estimate given by U=t � 7{8, while the intersite

Coulomb interaction was found to be also appreciable.

Reexaminations on the low-energy physics of the �-ET

compounds are desired on the present quantitative and

reliable basis, which will need future studies using accurate

solvers for the realistic model.
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