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Structures and electronic phases of the bis „ethylenedithio …tetrathiafulvalene
„BEDT-TTF… clusters and k-„BEDT-TTF… salts: A theoretical study based
on ab initio molecular orbital methods

Yutaka Imamura,a) Seiichiro Ten-no, Kenji Yonemitsu, and Yoshitaka Tanimura
The Graduate University for Advanced Studies and Institute for Molecular Science, Myodaiji,
Okazaki 444-8585, Japan

~Received 21 April 1999; accepted 9 July 1999!

Electronic and geometrical structures of bis~ethylenedithio!tetrathiafulvalene ~BEDT-TTF!
molecules are studied usingab initio molecular orbital methods. The optimized structure of a
BEDT-TTF monomer is close to the experimental one within errors of 0.02 Å and 0.5 deg in bond
length and angle, respectively, except the ethylene group.Ab initio parameters such as transfer
integrals and Coulomb interactions are determined from the BEDT-TTF dimer and tetramer
calculations. Using model Hamiltonians with theab initio parameters, we investigate the electronic
states based on the exact diagonalization method. The results show that the ground state has
antiferromagnetic correlation which is consistent with experimental results. We study the effects of
long-range Coulomb interactions employing the 2-D extended Hubbard model with the Hartree–
Fock approximation. It is found that the ground state shows various phases; antiferromagnetic,
charge ordering, and paramagnetic ones, controlled by the long-range interactions. ©1999
American Institute of Physics.@S0021-9606~99!30437-2#
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I. INTRODUCTION

The organic conductor, TTF-TCNO, synthesized
1973, gathered much attention because of its high elect
conductivity.1 Since this discovery, many other organic co
ductors have been synthesized and studied. One of the
BEDT-TTF salt, exhibits a high superconducting transiti
temperature,Tc . BEDT-TTF shown in Fig. 1 is a dono
molecule which produces various kinds of charge trans
crystals classified intoa-, b-, k-, etc., phases. Among them
the k-BEDT-TTF salts are composed of two dime
sional ~2-D! donor sheets in which paired BEDT-TTF mo
ecules are arranged almost orthogonal to each other~see Fig.
2!. The formal charges of the BEDT-TTF mole
cule and the counterion are11/2 and 21, respectively.
The space group ofk-~BEDT-TTE!2Cu@N~CN!2#X ~X5Cl,
Br, and I! is Pnma. At ambient pressure, th
k-~BEDT-TTF!2Cu@N~CN!2#Br salt shows superconductivit
below Tc511.6 K, whereask-~BEDT-TTF!2Cu@N~CN!2#Cl
is a Mott insulator with antiferromagnetic~AF! ordering2,3 as
shown in Fig. 3.4 However, under 0.3 kbar, the latter b
comes a superconductor withTc512.8 K. On the other hand
k-~BEDT-TTF!2Cu@N~CN!2#I does not show superconduc
tivity. Electronic properties of the BEDT-TTF salts are ther
fore very sensitive to pressure and counteranions.

Various theoretical studies have been done for
BEDT-TTF salts.5–23 From the first-principles
approach, Xu et al. calculated the Fermi surfaces o
k-~BEDT-TTF!2Cu~NCS!2 using the local density approxi
mation ~LDA ! based on the density functional theo
~DFT!.5 From theab initio molecular orbital~MO! theory,

a!Electronic mail: ima@ims.ac.jp
5980021-9606/99/111(13)/5986/9/$15.00
al
-
, a

r

-

e

Demiralp and Goddard optimized the BEDT-TTF monom
at HF/6-31G** and studied the physical properties using t
2-D Hubbard model within the Hartree–Fock~HF!
approximation.6–10 Kino and Fukuyama adopted the sam
model and explained the different physical pro
erties of k-~BEDT-TTF!2X, a-~BEDT-TTF!2I3, and
~BEDT-TTF!2MHg~SCN!4 using a couple of key parameter
the band overlap and the dimerization.11–13 Fortunelli and
Painelli described theab initio evaluation of Hubbard param
eters for the BEDT-TTF dimer unit of the
k-~BEDT-TTF!2Cu@N~CN!2#Br salt.14–17 Okuno and Fuku-
tome showed an effective Hamiltonian ofb- and k-phases
and concluded that the electron correlation is very stron18

The nesting and pressure effects of the Fermi surface w
discussed in Refs. 19 and 20. Using the dimer Hubb
model within the spin fluctuation exchange~FLEX! approxi-
mation, the pairing symmetry and the superconducting tr
sition temperature,Tc , were studied.21–23

Although the components of the conductors are orga
molecules, to whichab initio methods have been succes
fully applied, there has been no quantitative study of b
properties based on theab initio MO theory. The purpose o
this paper is to clarify the structure and electronic phase
the BEDT-TTF salts started from theab initio MO theory.
This will be of great importance for designing organic co
ductors since their electronic states are very sensitive to c
stitution and arrangement of organic molecules. Such an
ses were made recently for the 1-D dicyanoquinonediim
~DCNQI! salts.24,25 We first performab initio MO calcula-
tions of BEDT-TTF molecules and study their geometric
and electronic structures. Based on those results, we
struct a model Hamiltonian of finite cluster models and c
culate electronic states by the exact diagonalization meth
6 © 1999 American Institute of Physics
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The obtained electronic phases are analyzed by s
correlation functions. The previous 2-D Hubbard model c
culations included only the on-site Coulomb effects.9,11–13

However, Seo and Fukuyama, and Kobayashiet al. sug-
gested the importance of long-range Coulom
interactions.26,27 Therefore, we adopt the 2-D extended Hu
bard model including long-range as well as on-site Coulo
interactions.

The organization of this paper is as follows. In Sec.
we discuss geometrical structures and parametrize tran
integrals and Coulomb interactions. In Sec. III, the elect
correlation ofk-BEDT-TTF salts is investigated by exact
diagonalizing the derived model Hamiltonian. In Sec. IV, w
discuss electronic properties ofk-BEDT-TTF salts using the
2-D extended Hubbard model with different ranges of lon
range Coulomb interactions with the HF approximation. T
conclusion is given in Sec. V.

II. AB INITIO MO STUDY OF ELECTRONIC AND
GEOMETRICAL BEDT-TTF CLUSTERS

A. Ab initio MO calculation

In Fig. 1, we show two stable conformations of th
BEDT-TTF molecule, i.e., the staggered and eclipsed on
As discussed by Demiralp and Goddard, the eclipsed on
slightly lower in energy and is chosen forab initio calcula-

FIG. 1. Molecular structure of the BEDT-TTF molecule.

FIG. 2. Structure of thek-phase BEDT-TTF conducting layer and defin
tions of transfer integrals.
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tions throughout this paper. We optimize the geometri
structure of BEDT-TTF at HF/double zeta plus polarizati
(DZP)28 with a set of coupling coefficients for the forma
charge,q511/2.29

A model Hamiltonian is constructed on the basis of c
culations of BEDT-TTF clusters, the dimer, and a few t
ramers. In all the calculations, the basis set is 31G vale
functions with the Stevens–Basch–Krauss–Jasien~SBK! ef-
fective core potential~SBK-31G!.30 In the dimer calculation,
the original basis functions are augmented byd-polarization
functions for nonhydrogen atoms (SBK-31G* ). The formal
charges are11 and 0 for the dimer and tetramers, respe
tively. We freeze all atoms except hydrogen atoms at
locations determined by the x-ray diffraction~XRD!
experiment3 and optimize the locations of hydrogen atoms
the dimer unit at HF/SBK-31G.

To construct the model Hamiltonian, we obtain highe
occupied molecular orbitals~HOMO! 1–2 for the dimer and
HOMO 1–4 for the tetramers and localize them on ea
BEDT-TTF molecule following the Boys localization
procedure.31 Here, HOMO is spatial orbitals referred to ne
tral species. We evaluate transfer integrals in two differ
manners,t(1) and t(2), based on the dimer calculation
Henceforth, the orbital indices,a,b,..., l,..., and p,q,...,
denote doubly occupied, localized~LMO! and general mo-
lecular orbitals, respectively. The transfer integral,t(1), is
defined as half of the energy difference between the gro
and first excited states, i.e.,2Au and2Ag in theCi frame. This
convention was employed in the previous study of the D
NQI salts.24 The transfer integral,t(2), is defined as

t~2!5^l1u f̃ ul2&, ~2.1!

wherel1 andl2 are LMOs located on the first and secon
BEDT-TTF molecules, and the operatorf̃ is given by

^pu f̃ uq&5^puhuq&1 (
aÞHOMO1 – 2

@2^apuaq&2^apuqa&#.

~2.2!

The one- and two-electron integrals are

FIG. 3. Experimental phase diagram ofk-~BEDT-TTF!2X as a function of
pressure~P! and temperature~T!. Here, PM, AFI, PI, and SC denote para
magnetic metal, antiferromagnetic insulator, paramagnetic insulator, an
perconductor, respectively.
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^puhuq&5E dr1 wp* ~r 1!h~r 1!wq~r 1!, ~2.3!

^pqurs&5E dr1 dr2 Xwp* ~r 1!wq* ~r 2!r 12
21w r~r 1!ws~r 2!,

~2.4!

whereh(r ) is the one-electron Hamiltonian andw(r ) is the
spatial orbital. On-site and nearest-neighbor Coulomb in
actions,^l1l1ul1l1& and ^l1l2ul1l2&, are estimated from
the dimer calculations; other long-range interactions are
termined from the tetramer ones. All of the calculations
performed with theGAMESS32 andGAUSSIAN33 suites of pro-
gram packages.

B. Geometrical structure of BEDT-TTF

In the k-~BEDT-TTF!2@N~CN!2#X ~X5Cl, Br, and I!
crystals, each BEDT-TTF molecule has11/2 charge
according to their 3/4 filling. The optimized structur
parameters of the BEDT-TTF11/2 monomer are shown in
Table I. We also show the XRD parameters
k-~BEDT-TTF!2@Cu~CN!2#Br at 127 K ~Ref. 3! along with
other averaged parameters of BEDT-TTF and BEDT-TT1

calculated by Demiralp and Goddard at HF/6-31G** .6 Defi-
nitions of the carbon and sulfur sites are depicted in Fig
We see that the deviations of our results from the XRD
rameters are within 0.02 Å and 0.5 deg in bond lengths
angles, respectively, except for R(C3–C3) and
u(S2–C3–C3). Two reasons are considered for the dev
tions. One is the effect of neglecting the anion layer. T
other is that the XRD structural parameters of t
– CH2–CH2– group have an ambiguity since BEDT-TT
molecules can take both the staggered and eclipsed co
mations as shown in Fig. 1. Demiralp and Goddard show
the energy difference between the conformations is v
small, i.e., 0.0032 kcal/mol at HF/6-31G** and suggested

TABLE I. Structural parameters of BEDT-TTF11/2 from the HF/DZP cal-
culations.

Theory
present Theorya Expt.2b

Distance
R(C1–C1) 1.355 1.358 1.360
R(C1–S1) 1.746 1.747 1.741
R(S1–C2) 1.758 1.761 1.751
R(C2–C2) 1.333 1.329 1.343
R(C2–S2) 1.763 1.767 1.749
R(S2–C3) 1.811 1.814 1.811
R(C3–C3) 1.527 1.524 ~1.485!

Angle
u(C1–C1–S1) 122.9 123.0 122.4
u(C1–S1–C2) 95.9 96.0 95.1
u(S1–C2–C2) 117.0 117.0 117.1
u(C2–C2–S2) 128.7 128.8 128.9
u(C2–S2–C3) 100.9 100.7 100.9
u(S2–C3–C3) 113.0 112.8 ~115.1!

aAveraged structural parameters of ET and ET1 ~Ref. 6!.
bk-~BEDT-TTF!2CU@N~CN!2#Br ~Ref. 3!.
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the possibility that BEDT-TTF molecule can take both stru
tures even at 10 K.7 Our optimized structure also agrees wi
their calculation.

C. HOMO and ionization potential

The calculated HOMO of the BEDT-TTF molecule
drawn in Fig. 4. The structural parameters used are ta
from the XRD experiment ofk-~BEDT-TTF!2@N~CN!2#Br.3

The antibonding character of – S1–C1– and – S1–C2– and
bonding character of – C1–C1– and – C2–C2– are observed
in HOMO. The HOMO coefficients ofp-type orbitals in
– C1–S1–C2– are large, whereas those of – S2–C3– are
small. In the crystal, the formal charge of BEDT-TTF
11/2 and thep-type orbitals of – C1–S1–C2– contribute to
the conductivity of BEDT-TTF crystals.

The calculated vertical and adiabatic ionization pote
tials ~IPs! are shown in Table II, where IP~1! and IP~2! de-
note those from the Koopmans theorem and from theD self-
consistent field~SCF! method, respectively. Our vertica
IP~1! is overestimated, compared with the experimental o
6.21 eV,34 since the orbital relaxation is neglected in IP~1!.
On the other hand, the vertical and adiabatic IPs~2! are un-
derestimated. The dependence of the basis set is sma
both IPs.

D. Transfer integrals and Coulomb interactions

In Table III, we show transfer integrals and Coulom
interactions derived from the dimer and tetramer calculati
with q510. The transfer integrals are defined in Fig. 2. T
sign of transfer integral,t(2), depends on taking phases
wave function. Fork-~BEDT-TTF!2Cu@N~CN!2#Cl, on-site
and nearest-neighbor Coulomb interactions are calculate
be 5.90 and 3.25 eV, respectively. These Coulomb inte
tions are bare and larger than the effective ones.11–13 tb1(1)

FIG. 4. HOMO of the BEDT-TTF molecule at HF/DZP withq511.

TABLE II. Ionization potential from the HF calculations.

IPVa IPAb

IP~1! at HF/DZP 6.82
IP~1! at HF/SBK-31G* 6.83
IP~1!c 6.87
IP~2! at HF/DZP 6.11 5.83
IP~2! at HF/SBK-31G* 6.15 5.82
IP~2!c 5.77
Experimentd 6.21

aVertical ionization potential~eV!.
bAdiabatic ionization potential~eV!.
cReference 6.
dReference 34.
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TABLE III. Transfer integrals and Coulomb interactions~eV! for ~BEDT-TTF!2Cu@~CN!2#X~X5Cl, Br, I! from the HF/SBK-31G* ~dimer! and HF/SBK-31G
~tetramer! calculations.

Charge
~tetramer! Temperature

On-site
Coulomb

Nearest-
neighboring
Coulomb

tb1(1)
~eV!

tb1(2)
~eV!

tb2(2)
~eV!

tp(2)
~eV!

tq(2)
~eV!

~ET!2Cu@N~CN!2Cl# 10 127 K 5.9004 3.2503 0.2743 0.2804 0.0717 20.1584 20.0319
~ET!2Cu@N~CN!2Br# 10 127 K 5.9025 3.2270 0.2657 0.2687 0.0643 20.1669 20.0260
~ET!2Cu@N~CN!2I# 10 127 K 5.8346 3.2198 0.2392 0.2438 0.0484 0.161020.0162
~ET!2Cu@N~CN!2I# 10 295 K 5.8332 3.1913 0.2328 0.2362 0.0513 20.1480 20.0235
~ET!2Cu@N~CN!2Br#a 127 K 20.301 20.080 20.135 20.047
~ET!2Cu@N~CN!2Br#b RTc 0.244 0.092 0.101 20.034

aqd50, HF level~Ref. 16!.
bExtend Hückel approximation~Ref. 35!.
cRoom temperature.
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and tb1(2) are calculated to be 0.274 and 0.280 eV, resp
tively. The difference is small, so that the orbital r
laxation hardly affects the transfer integrals in t
k-~BEDT-TTF!2Cu@N~CN!2#X system. For X5Cl and Br,
tb1(1) are 0.274 and 0.266 eV, respectively. This order
indicates the strength of dimerization, which is consist
with Kanoda’s diagram in Fig. 3. Basically, our transfer i
tegrals are consistent with the previous results of Fortun
and Painelli at HF/6-31G** .16 However, theab initio trans-
fer integral,tp(2)520.1584 eV for X5Br is larger than the
semiemprical one,20.101 eV, obtained from the extende
Hückel calculation.35 tb2 is a little smaller than the semiem
prical one.

E. Fermi surface and band dispersion

Within the tight-binding approximation, we calcula
band dispersions and Fermi surfaces for X5Cl and Br using
the three transfer integrals,tb1(2), tb2(2), and tp(2). The
tb1(2) are the off-diagonal one-electron matrix elements
tween the two localized orbitals in the dimer calculati
with q510, while thetb2(2) and tp(2) are those betwee
the corresponding two localized orbitals in the tetram
calculations withq510. The results are shown in Figs.
and 6. The gap between the upper~antibonding! two bands
and the lower ~bonding! two bands of X5Cl is larger
than that of X5Br. The calculated Fermi surface of X5Br
is very similar to that of X5Cl. Our theoretical Fermi sur
face is consistent with the experimental one for t
k-~BEDT-TTF!2Cu@N~CN!2#Cl salt obtained by the angle
dependent magnetoresistance oscillation~ARMO! and

FIG. 5. Fermi surface ofk-~BEDT-TTF!2Cu@N~CN!2#Cl.
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Shubnikov–de Haas oscillation experiments und
pressure.36 We find that the ratio of the closed part aroun
the Z point in the Fermi surface is 20.7% for th
k-~BEDT-TTF!2Cu@N~CN!2#Cl salt, which is close to the ex
perimental one, 16%–18%.37,38 The Fermi surface and ban
dispersion are also consistent with first-principles ones
culated by Xuet al. based on LDA.5 On the other hand, the
ratio is calculated to be 26.2% with the semiempirical tra
fer integrals.35

III. EXACT DIAGONALIZATION STUDY OF MODEL
HAMILTONIAN

There are three electrons per dimer so that the up
molecular orbital~UMO! is half-filled. Therefore, the elec
tronic properties mainly depend on the UMOs. To elucid
the effect of electron correlation, we employ a model Ham
tonian over the UMOs,

HU5 (
m,n~mÞn!

s

tmnams
1 ans1(

m
^mmumm&nm↑nm↓

1
1

2 (
m,n~mÞn!

^mnumn&nmnn , ~3.1!

where the indicesm,n,..., ands denote UMOs and spins
nps5aps

1 aps andnp5ap↑
1 ap↑1ap↓

1 ap↓ . The UMOum& is de-
fined by

um&5
1

&
@ ul1&2ul2&], ~3.2!

FIG. 6. Calculated band structures of X5Br ~left! and X5Cl ~right!.
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where both ofl1 – 2 belong to one and the same dime
One- and two-electron interactions over UMOs are cal
lated by transforming the HF integrals for th
k-~BEDT-TTF!2Cu@N~CN!2#Br salt at 127 K.3 In this par-
ticular work, we use two different model Hamiltonians,HU1

andHU2 . These Hamiltonians include the same one-elect
interactions and include the two-electron interactions up
the nearest-neighbor and next-nearest-neighbor dimers
spectively. The off-diagonal one-electron interaction is e
mated from the half of the energy difference between the
and second HOMO orbital energies in the tetramer calc
tion with q510. The one-electron interactions,tmn1

and
tmn2

, defined in Fig. 7 are calculated to be20.114 and
20.045 eV, respectively. The two-electron interactions,
site and long-range Coulomb interactions, are estimated f
the UMOs @Eq. ~3.2!# obtained by the dimer and tetram
calculations withq510. The values of thê mmumm&,
^mn1umn1&, ^mn2umn2&, and ^mn3umn3& are 4.55, 1.88,
1.65, and 1.14 eV, respectively. The periodic boundary c
dition is used for the decamer model shown in Fig. 7. W
employ the Slater-determinant-based direct configuration
teraction ~CI! method for diagonalizing the mode
Hamiltonians.39

We calculate the ground state ofHU1 and analyze its
spin-correlation function,

FIG. 7. BEDT-TTF decamer model.

FIG. 8. Spin configuration in the ground state ofHU1 . Arrows pointing
upwards~downwards! represent up~down! spins. The solid arrows pointing
s at sitej indicate that the spin-correlation function~3.3! D1↑, j s has a strong
amplitude.
-

n
o
re-
i-
st
-

-
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-
e
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Dps,qs85^npsnqs8&/N
2, ~3.3!

whereN5^nps&. The ground state has charge ordering~CO!
correlation as drawn in Fig. 8. The spin correlation functio
D1↑,m↑ (m53,5,7,9) andD1↑,m↓ (m51,3,5,7,9), are 2.00
OtherD1↑,ms are less than 0.01. This implies that the loc
ization is strong. On the other hand, the ground state ofHU2 ,
has the antiferromagnetic~AF! correlation as drawn in Fig
9. The spin-correlation functions,D1↑,m↑ (m53,5,7,9) and
D1↑,6↓ are close to 1.30 andD1↑,m↓ (m52,4,8,10) are close
to 1.47. The otherD1↑,ms are less than 0.75. This ordering
consistent with the experimental one.40 These results indicate
that the next-nearest-neighbor Coulomb interactions are
portant to reproduce the AF ordering correctly.

IV. THE HF STUDY OF THE 2-D EXTENDED HUBBARD
MODEL

A. The 2-D extended Hubbard model within the HF
approximation

To clarify the effects of the long-range Coulomb inte
actions in thek-BEDT-TTF salts, we introduce a 2-D ex
tended Hubbard model by extracting their 2-D conduct
plane and neglecting their anion layers. The indices,i , j ,...,
denote HOMOs localized on the BEDT-TTF molecules. T
Hamiltonian is defined by

H5 (
i , j ,s

t i j ais
1 aj s1(

i
Uni↑ni↓1(

iÞ j
Vi j ninj , ~4.1!

wheret i j , Vi j , andU denote transfer integral and Coulom
interactions betweeni and j sites, and on-site Coulomb
interaction, respectively. In this Hamiltonian, we u
the one- and two-electron interactions calculated for
k-~BEDT-TTF!2Cu@N~CN!2#Br salt at 127 K. The transfe
integrals, tb1(2), tb2(2), and tp(2), and on-site Coulomb
interaction in Table III are used andtq(2) is neglected. We
include Coulomb interaction,Vi j , up to the next-nearest
neighbor dimer as shown in Fig. 10. These parameters
shown in Table IV. The Coulomb interactions,V13 andV27,
are referred to asVNN andVNNN , respectively. The unit cel
includes four BEDT-TTF molecules, that is, two dimers
shown in Fig. 11. We fix the ratios among the neare
neighbor interactions, i.e.,V14/V13, V15/V13, andV16/V13,
and the ones among the next-nearest-neighbor interact

FIG. 9. Spin configuration in the ground state ofHu2 . The meaning of the
arrows is the same as in Fig. 9.
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i.e.,V29/V27, V210/V27, V17/V27, V18/V27, andV110/V27 to
elucidate the physical properties, regarding the BEDT-T
dimer as a unit. The densities are determined s
consistently and the electron occupation is fixed to be
electrons in four molecules.

We apply the HF approximation,

Uni↑ni↓'U~^ni↑&ni↓1ni↑^ni↓&2^ni↑&^ni↓&!, ~4.2!

Vi j ninj'Vi j ~^ni&nj1ni^nj&2^ni&^nj&

2^ai↑
1aj↑&aj↑

1 ai↑2ai↑
1aj↑^aj↑

1 ai↑&

1^ai↑
1aj↑&^aj↑

1 ai↑&2^ai↓
1aj↓&aj↓

1 ai↓

2ai↓
1aj↓^aj↓

1 ai↓&1^ai↓
1aj↓&^aj↓

1 ai↓&! . ~4.3!

FIG. 10. Nearest-neighbor Coulomb interactions~top! and next-nearest-
neighbor Coulomb interactions~bottom!.

TABLE IV. Coulomb interactions of k-~BEDT-TTF!2Cu@N~CN!2#X
~X5Cl, Br, I! salts at HF/SBK-31G~eV!.

X5Cl X5Br X5I

V16 2.428 2.441 2.409
V13 1.428 1.419 1.438
V14 1.529 1.528 1.520
V15 2.160 2.164 2.177
V29 2.139 2.113 2.071
V210 1.640 1.629 1.592
V110 1.247 1.238 1.216
V18 1.389 1.406 1.408
V17 1.118 1.121 1.136
V27 0.909 0.905 0.923
F
f-
ix

The ground state of the Hamiltonian is calculated us
20330 k-points on thea* 3c* conducting plane in the mo
mentum space. The electron densities are given by

nis5
1

Ncell
(

a

occ

(
k

ckais* ckais , ~4.4!

whereNcell represents the total number of cells and the
efficient of theath eigenvector ofi th site atk point in the
Brillouin zone is written asckais .

B. Effects of Coulomb interactions on electronic
states

Since Kino and Fukuyama have already discussed
effect of the intradimer transfer integral,tb1 , based on the
HF model,12 we fix theab initio transfer integrals and con
centrate on the role of Coulomb interactions.

We first study the effect of on-site Coulomb interactio
U, changingU as a variable from 0 to 1.2 eV and neglectin
Vi j . In Fig. 12, the absolute value of spin moment per m
ecule, ^Sz&, is drawn as a function ofU. In the region, 0
,U,0.7 eV, the ground state is a paramagnetic metal. T
hole density (rh) is close to10.5 at each site. In the region
0.7,U,0.95 eV, the HF calculations did not converge d
to quasidegeneracy. AtU50.95 eV, the system becomes a
AF insulator. The configuration of spin alignments wi
Sz(A)5Sz(B) andSz(C)5Sz(D) is shown in the inset of
Fig. 12. Since the direction of the spin moment of dimer
and that of dimer 2 are opposite, the AF ordering occ
between dimers.rh is close to10.5 at each site. The spi
moment becomes about 0.4mB per BEDT-TTF molecule.
This magnitude of spin moment agrees with the experim
tally observed one in the AF ordered state, 0.4– 1.0mB per

FIG. 11. Model of k-~BEDT-TTF!2Cu@N~CN!2#X. The circles represent
BEDT-TTF molecules.

FIG. 12. U dependence of magnetic moment^Sz&. The inset shows the
alignment of spin moments. Arrows pointing upwards~downwards! repre-
sent up~down! spins.
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dimer.40 As U increases, the spin moment becomes large
finally saturated. These results are consistent with the pr
ous results by Kino and Fukuyama,12 and Demiralp and
Goddard,9 who also applied the HF approximation to the 2
Hubbard model of thek-~BEDT-TTF!2Cu~NCS!2 salt.

Then, we change the intradimer Coulomb interacti
Vint , from 0 to 1.0 eV forU50.7 and 0.9 eV. The absolut
value of spin moment per molecule,^Sz&, is shown as a func-
tion of Vint in Fig. 13. In the case ofU50.9 eV, the ground
state is an AF insulator in the entire range, 0,Vint

,1.0 eV. The AF spin configuration is almost the same a
Fig. 12. The magnitude of spin moment increases slightly
Vint becomes larger. AtU50.7 eV, the ground state is th
paramagnetic metal for 0,Vint,0.14 eV. However, when
Vint50.14 eV, the AF insulator has a lower energy. W
check the contribution of transfer integrals,U andVint , to the
HF total energies. The Fock term ofVint is found to mainly
stabilize an AF insulator.

Using the isolated dimer model, we evaluate the eff
tive on-site Coulomb interaction on the dimer,Udimer, de-
fined asE(2)1E(0)22E(1), whereE(n) is the total en-
ergy of the dimer withn electron~s!. We derive the total
energy of the Hamiltonian,

H5«(
i ,s

2

ais
1 ais2tb1(

s
~a1s

1 a2s1a2s
1 a1s!

1(
i

2

Uni↑ni↓1Vintn1n2 , ~4.5!

considering all spin configurations where« is the orbital en-
ergy of BEDT-TTF HOMO. The indices, 1 and 2, represe
different BEDT-TTF molecules in the dimer. The total ene
gies of the lowest states with 1 and 2 electrons andUdimer are
given by

E~2!52«1 1
2~U1Vint!2 1

2~U2Vint!A11S 4tb1

U2Vint
D 2

,

~4.6!

E~1!5«2tb1 , ~4.7!

FIG. 13. Vint dependence of magnetic moment^Sz&. Here, the top figure is
for U50.7 eV, whereas the bottom one is forU50.9 eV.
d
i-

,

n
s

-

t
-

Udimer5E~2!1E~0!22E~1!

52tb11 1
2~U1Vint!2 1

2~U2Vint!A11S 4tb1

U2Vint
D 2

.

~4.8!

Udimer are calculated to be 0.29 and 0.66 eV for two sets
parameters,Vint50 eV, U50.9 eV and Vint50.5 eV, U
50.9 eV, respectively. We showUdimer as a function ofVint

in Fig. 14. This indicates thatVint enhancesUdimer and sup-
ports our HF results.

Next, we inspect the nearest-neighbor Coulomb inter
tion, VNN . The value of charge disproportionation,d ~devia-
tion from the average value, 1.5! and the magnitude of spin
moment per molecule,^Sz&, as functions ofVNN are shown in
Fig. 15. The parameter,VNN , is changed from 0 to 0.5 eV
with U50.9 eV andVint50.5 eV. In the range of 0,VNN

,0.14 eV, the ground state is an AF insulator with spin m
ment, ;0.41mB . At VNN50.14 eV, the ground state be
comes the CO@purely electronic charge-density wav
~CDW!# state. The charge disproportionationd of A and B
sites are 0.47, and those ofC and D are 20.47 at VNN

50.2 eV.
We change the two parameters, next-nearest-neigh

Coulomb interaction,VNNN , and nearest-neighbor Coulom
interaction, VNN , with U50.9 eV and Vint50.5 eV. The
phase diagram ofVNN andVNNN is shown in Fig. 16. In the
range, 0,VNN,0.1 eV and 0,VNNN,0.4 eV, the ground

FIG. 14. Vint dependence ofUdimer with U50.9 eV.

FIG. 15. VNN dependence of magnetic moment^Sz& ~top! and charge dis-
proportionationd ~bottom! with U50.9 eV andVint50.5 eV.
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state is the AF insulator. AtVNN50.15 eV and VNNN

50 eV, the CO state has a lower energy. In the range,
,VNN,0.4 eV and 0.3,VNNN,0.4 eV, the ground state is
paramagnetic metal. Since the unit cell includes only t
BEDT-TTF dimers, we cannot describe the orderings wh
periodicities are larger than that of the unit cell, though ot
ordering states might have lower energies. However, P
blancet al. calculated the ground state of the 1-D extend
Hubbard model by the exact diagonalization method and
found that its ground state is the paramagnetic metal i
certain range of Coulomb interactions41 similar to the presen
case.

As was shown in Sec. III, the dimer model offers a re
sonable description of thek-BEDT-TTF salts. Based upon
this fact, we employ infinite half-filled square-lattice mode
to approximate the 2-D extended Hubbard model at str
coupling,

H5(
i

Uni↑ni↓1 (
i , j PNNsite

V1ninj1 (
i , j PNNNsite

V2ninj ,

~4.9!

where NNsite and NNNsite represent the nearest-neigh
and next-nearest-neighbor sites, respectively, andU, V1 , and
V2 are the on-site, nearest-neighbor, and next-near
neighbor Coulomb interactions, respectively. In this mod
we neglect transfer integrals. Two spin configurations, wh
correspond to the obtained AF and CO states, are show
Fig. 17. The unit cell is shown by the dashed line. Using E
~4.9!, the energies per unit cell of both models are calcula
to be 4V114V2 and U18V2 , respectively. The CO con
figuration is stabilized forV1.V21U/4, whereas the AF
spin configuration is more stable forV1,V21U/4. Actually,
as shown in the phase diagram, the ground state is the
state in the range,VNN.VNNN1U/4 and the ground state i
the AF state in the range,VNN,VNNN,0.2.

V. CONCLUSION

We calculated the geometrical and electronic structu
of a BEDT-TTF monomer at HF/DZP. The optimized stru
ture reproduces the experimental one very well except for
– CH2–CH2– group. Transfer integrals and Coulomb inte
actions were calculated and compared with experimental
other theoretical results. Usingab initio transfer integrals, we
calculated band dispersions and Fermi surfaces

FIG. 16. Phase diagram as a function ofVNN andVNNN5 with U50.9 eV
and Vint50.5 eV. Here, AFI, PM, and CO represent the antiferromagn
insulator, paramagnetic metal, and charge ordering states, respectively
.3
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k-~BEDT-TTF!2Cu@N~CN!2#X ~X5Br, Cl!. The exact di-
agonalization study of the derived model Hamiltonian sho
that the ground state has AF correlation. This result is c
sistent with the experimental one. To study the role of lon
range Coulomb interactions, we calculated the ground s
of a 2-D extended Hubbard model within the HF approxim
tion. Then, we found that the intradimer Coulomb intera
tion, Vint , enhances the effective on-site Coulomb interact
on the dimer (Udimer), which controls the transition betwee
the paramagnetic metal and AF state. The phase diagram
function of representative nearest-neighbor and next-nea
neighbor Coulomb interactions,VNN and VNNN , was eluci-
dated. It is found that the ground state shows various pha
i.e., AF, CO, and paramagnetic metal phases, controlled
the ratio ofVNN andVNNN . WhenVNN is larger than some
critical value in the absence ofVNNN , the ground state is the
CO state. On the other hand, whenVNNN is larger thanVNN ,
the ground state is the AF insulator or paramagnetic me
Therefore, we conclude that it is necessary to consi
enough ranges of long-range Coulomb interactions to ca
late the electronic properties.
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