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Electronic and geometrical structures of (bthylenedithigtetrathiafulvalene (BEDT-TTF)
molecules are studied usirgp initio molecular orbital methods. The optimized structure of a
BEDT-TTF monomer is close to the experimental one within errors of 0.02 A and 0.5 deg in bond
length and angle, respectively, except the ethylene grébpinitio parameters such as transfer
integrals and Coulomb interactions are determined from the BEDT-TTF dimer and tetramer
calculations. Using model Hamiltonians with thb 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 interactiori999©
American Institute of Physic§S0021-960699)30437-2

I. INTRODUCTION Demiralp and Goddard optimized the BEDT-TTF monomer
at HF/6-31G™* and studied the physical properties using the
The organic conductor, TTF-TCNO, synthesized in2-D Hubbard model within the Hartree—FockHF)
1973, gathered much attention because of its high electricalpproximatiorf~° Kino and Fukuyama adopted the same
conductivity! Since this discovery, many other organic con-model and explained the different physical prop-
ductors have been synthesized and studied. One of them,egties of «-(BEDT-TTF),X, «a-(BEDT-TTF),l;, and
BEDT-TTF salt, exhibits a high superconducting transition(BEDT-TTF),MHg(SCN), using a couple of key parameters,
temperature,T.. BEDT-TTF shown in Fig. 1 is a donor the band overlap and the dimerizatitn®® Fortunelli and
molecule which produces various kinds of charge transfepainelli described thab initio evaluation of Hubbard param-
crystals classified inte-, 3-, x-, etc., phases. Among them, eters for the BEDT-TTF dimer unit of the
the «-BEDT-TTF salts are composed of two dimen- x-(BEDT-TTF),CUN(CN),]Br salt*~" Okuno and Fuku-
sional (2-D) donor sheets in which paired BEDT-TTF mol- tome showed an effective Hamiltonian Bf and «-phases
ecules are arranged almost orthogonal to each ¢ieerFig.  and concluded that the electron correlation is very stfdng.
2). The formal charges of the BEDT-TTF mole- The nesting and pressure effects of the Fermi surface were
cule and the counterion are-1/2 and —1, respectively. discussed in Refs. 19 and 20. Using the dimer Hubbard
The space group ok-(BEDT-TTE),CUN(CN),JX (X=Cl,  model within the spin fluctuation exchangeLEX) approxi-
Br, and ) is Pnma. At ambient pressure, the mation, the pairing symmetry and the superconducting tran-
K'(BEDT'TTF)2CL[N(CN)2]Br salt shows SUperCOﬂdUCtiVity sition temperatureTc, were Studie&_l_ze’
below T,=11.6 K, whereasc-(BEDT-TTF);CUN(CN),|CI Although the components of the conductors are organic
is a Mott insulator with antiferromagnetié\F) ordering*as  molecules, to whicheb initio methods have been success-
shown in Fig. 3! However, under 0.3 kbar, the latter be- fylly applied, there has been no quantitative study of bulk
comes a superconductor with=12.8 K. On the other hand, properties based on treb initio MO theory. The purpose of
«-(BEDT-TTF),CUN(CN),]I does not show superconduc- this paper is to clarify the structure and electronic phases of
tivity. Electronic properties of the BEDT-TTF salts are there-the BEDT-TTF salts started from theb initio MO theory.
fore very sensitive to pressure and counteranions. This will be of great importance for designing organic con-
Various  theoretical studies have been done for theyyctors since their electronic states are very sensitive to con-
BEDT-TTF  saltss®  From  the first-principles  stitytion and arrangement of organic molecules. Such analy-
approach, Xuetal. calculated the Fermi surfaces of g5 were made recently for the 1-D dicyanoquinonediimine
x-(BEDT-TTF);CUNCS), using the local density approxi- (pcNQI) salts?25 We first performab initio MO calcula-
mation (LDA) based on the density functional theory tjons of BEDT-TTF molecules and study their geometrical
(DFT). From theab initio molecular orbital(MO) theory,  ang electronic structures. Based on those resuilts, we con-
struct a model Hamiltonian of finite cluster models and cal-
dElectronic mail: ima@ims.ac.jp culate electronic states by the exact diagonalization method.
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FIG. 1. Molecular structure of the BEDT-TTF molecule.

The obtained electronic phases are analyzed by spin-
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correlation functions. The previous 2-D Hubbard model cal-FIG. 3. Experimental phase diagram ©f(BEDT-TTF),X as a function of

culations included only the on-site Coulomb effetts 3
However, Seo and Fukuyama, and Kobayashal. sug-
gested the Iimportance of long-range

Coulomb
interactions®?” Therefore, we adopt the 2-D extended Hub-

pressurgP) and temperatur€T). Here, PM, AFI, PI, and SC denote para-
magnetic metal, antiferromagnetic insulator, paramagnetic insulator, and su-
perconductor, respectively.

bard model including long-range as well as on-site Coulomb

interactions.

tions throughout this paper. We optimize the geometrical

The organization of this paper is as follows. In Sec. Il,structure of BEDT-TTF at HF/double zeta plus polarization

we discuss geometrical structures and parametrize transfépZP

Y?® with a set of coupling coefficients for the formal

integrals and Coulomb interactions. In Sec. lll, the electrorcharge,q= +1/2%

correlation ofk-BEDT-TTF salts is investigated by exactly

A model Hamiltonian is constructed on the basis of cal-

diagonalizing the derived model Hamiltonian. In Sec. IV, weculations of BEDT-TTF clusters, the dimer, and a few tet-

discuss electronic properties @ BEDT-TTF salts using the

ramers. In all the calculations, the basis set is 31G valence

2-D extended Hubbard model with different ranges of long-functions with the Stevens—Basch—Krauss—Ja&8K) ef-
range Coulomb interactions with the HF approximation. Thefective core potentialSBK-31G).* In the dimer calculation,

conclusion is given in Sec. V.

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

A. Ab initio MO calculation

the original basis functions are augmenteddeyolarization
functions for nonhydrogen atoms (SBK-31)G The formal
charges aret1 and O for the dimer and tetramers, respec-
tively. We freeze all atoms except hydrogen atoms at the
locations determined by the x-ray diffractiofiXRD)
experiment and optimize the locations of hydrogen atoms in

In Fig. 1, we show two stable conformations of the the dimer unit at HF/SBK-31G.

BEDT-TTF molecule, i.e., the staggered and eclipsed ones.

To construct the model Hamiltonian, we obtain highest

As discussed by Demiralp and Goddard, the eclipsed one &ccupied molecular orbital$ii{OMO) 1-2 for the dimer and

slightly lower in energy and is chosen fab initio calcula-

FIG. 2. Structure of thec-phase BEDT-TTF conducting layer and defini-
tions of transfer integrals.

HOMO 1-4 for the tetramers and localize them on each
BEDT-TTF molecule following the Boys localization
procedure’* Here, HOMO is spatial orbitals referred to neu-
tral species. We evaluate transfer integrals in two different
manners,t(1) andt(2), based on the dimer calculation.
Henceforth, the orbital indicesy,b,..., A,..., andp,q,...,
denote doubly occupied, localiz€dMO) and general mo-
lecular orbitals, respectively. The transfer integtdl, ), is
defined as half of the energy difference between the ground
and first excited states, i.éA,, and?Ay in the Ci frame. This
convention was employed in the previous study of the DC-
NQI salts®* The transfer integrak(2), is defined as

t(2)=(\1[T|ny), (2.)

where\; and\, are LMOs located on the first and second
BEDT-TTF molecules, and the operatbis given by

(p[flay=(plhlay+ >  [2(aplag)—(ap|qa)].
a#HOMO1-2
(2.2)
The one- and two-electron integrals are
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TABLE I. Structural parameters of BEDT-TTE? from the HF/DZP cal-
culations.

Theory
present Theofy Expt.?
Distance
R(C,—Cy) 1.355 1.358 1.360
R(C;-S) 1.746 1.747 1.741
R(S-C) 1.758 1.761 1.751 FIG. 4. HOMO of the BEDT-TTF molecule at HF/DZP with= + 1.
R(C,—C)) 1.333 1.329 1.343
R(C,-S) 1.763 1.767 1.749
E(%‘Cs) ig; i-g;‘ 114211 the possibility that BEDT-TTF molecule can take both struc-
(GG ‘ ' (1.489 tures even at 10 K Our optimized structure also agrees with
Angle their calculation.
6(C,—C-S) 122.9 123.0 122.4
0(C,—S— 95.9 96.0 95.1 o .
egsll—é—% e 1170 1171 C. HOMO and ionization potential
ZE%:%:% et v B The calculated HOMO of the BEDT-TTF molecule is
0(322-(‘3—@) 113.0 1128 (115.1') drawn in Fig. 4. The structural parameters used are taken
from the XRD experiment ok-(BEDT-TTF),[N(CN),]Br.2
@Averaged structural parameters of ET and"HRef. 6. The antibonding character of +SC,— and —$-C,— and

"«-(BEDT-TTF),CUN(CN),JBr (Ref. 3. bonding character of —&C,— and —G—C,— are observed

in HOMO. The HOMO coefficients op-type orbitals in
—C—S—-C,— are large, whereas those of ~&;— are
small. In the crystal, the formal charge of BEDT-TTF is
<p|h|Q>:f dryep(roh(ry)eq(ry), (2.3 +1/2 and thep-type orbitals of —G-S,—C,— contribute to
the conductivity of BEDT-TTF crystals.
_ The calculated vertical and adiabatic ionization poten-
(pq|rs>=f drldrzX(P;(rl)‘PE(rZ)r12l‘Pf(r1)‘PS(r2)' tials (IPs) are shown in Table Il, where (P) and IR2) de-
(2.9 note those from the Koopmans theorem and fromAtse|f-
whereh(r) is the one-electron Hamiltonian ang(r) is the ~ consistent field(SCH method, respectively. Our vertical
spatial orbital. On-site and nearest-neighbor Coulomb interlP(L) is Overestimated, compared with the experimental one,
actions (A ;A 1|\ 1A 1) and(A1hs|\1\,), are estimated from 621 €V.” since the orbital relaxation is neglected in(1p
the dimer calculations; other long-range interactions are de@n the other hand, the vertical and adiabatiqZPsre un-
termined from the tetramer ones. All of the calculations areéferestimated. The dependence of the basis set is small in
performed with thesaMesS? and GAUSSIANT suites of pro-  POth IPs.

gram packages.
D. Transfer integrals and Coulomb interactions

In Table IIl, we show transfer integrals and Coulomb
B. Geometrical structure of BEDT-TTF interactions derived from the dimer and tetramer calculations

In the x-(BEDT-TTR,[N(CN),]X (X=CI, Br, and ) V\{i'[h q=+0. The' transfer integrals are defineq in Fig. 2. The
crystals, each BEDT-TTF molecule has1/2 charge sign of tran_sfer integralt(2), depends on taking phas_es of
according to their 3/4 filling. The optimized structural V&€ function. _ForK'(BEDT'TTF)ZCL[N(CN)Z]CI' on-site
parameters of the BEDT-TTR monomer are shown in and nearest-neighbor Coulom_b interactions are calcu_lated to
Table I. We also show the XRD parameters of be 5.90 and 3.25 eV, respectively. These Coulomb interac-

k-(BEDT-TTF),{CUCN),JBr at 127 K (Ref. 3 along with ions are bare and larger than the effective one¥ty, (1)
other averaged parameters of BEDT-TTF and BEDT-TTF

calculated by Demiralp and Goddard at HF/6-31G Defi-  1agLE . Ionization potential from the HF calculations.
nitions of the carbon and sulfur sites are depicted in Fig. 1

We see that the deviations of our results from the XRD pa- IPV? IPA”

rameters are within 0.02 A and 0.5 deg in bond lengths and IP(1) at HF/DZP 6.82

angles, respectively, except forR(Cs—C;) and IP(1) at HF/SBK-31G 6.83

6(S,—C;—C;). Two reasons are considered for the devia- P(V° 6.87

tions. One is the effect of neglecting the anion layer. The 'P(2 atHF/DZP 6.11 583
X IP(2) at HF/SBK-31G 6.15 5.82

other is that the XRD structural parameters of the P2 577

—CH,—CH,— group have an ambiguity since BEDT-TTF  gxperiment 6.21

molecules can take both the staggered and eclipsed confor——— _

mations as shown in Fig. 1. Demiralp and Goddard showeg)ertical ionization potentia(eV).
. . . 'Adiabatic ionization potentialeV).

the energy difference between the conformations is Veryreference 6.

small, i.e., 0.0032 kcal/mol at HF/6-31¥& and suggested CReference 34.
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TABLE Ill. Transfer integrals and Coulomb interactiofe/) for (BEDT-TTF),CU (CN),]X(X=Cl, Br, I) from the HF/SBK-31& (dimer and HF/SBK-31G
(tetramey calculations.

Nearest-
Charge On-site neighboring  t,;(1) tp1(2) tho(2) tp(2) t4(2)
(tetramey Temperature  Coulomb Coulomb (eV) (eV) (eV) (eV) (eV)
(ET),CUN(CN),CI] +0 127 K 5.9004 3.2503 0.2743 0.2804 0.0717 —0.1584 —0.0319
(ET),CUN(CN),Br] +0 127 K 5.9025 3.2270 0.2657 0.2687 0.0643 —0.1669 —0.0260
(ET),CUN(CN),l] +0 127 K 5.8346 3.2198 0.2392 0.2438 0.0484 0.1610-0.0162
(ET),CUN(CN),l] +0 295 K 5.8332 3.1913 0.2328 0.2362 0.0513 —0.1480 —0.0235
(ET),CUN(CN),BrJ? 127 K -0.301 —0.080 -0.135 —0.047
(ET),CUN(CN),BrP RTC 0.244 0.092 0.101  —0.034

3yy=0, HF level(Ref. 16.
bExtend Hickel approximationRef. 35.
‘Room temperature.

andt,;(2) are calculated to be 0.274 and 0.280 eV, respecShubnikov—de Haas oscillation experiments under
tively. The difference is small, so that the orbital re- pressuré® We find that the ratio of the closed part around
laxation hardly affects the transfer integrals in thethe Z point in the Fermi surface is 20.7% for the
x-(BEDT-TTF),CUN(CN),]X system. For XCl and Br, «-(BEDT-TTF),CUN(CN),]CI salt, which is close to the ex-
t,1(1) are 0.274 and 0.266 eV, respectively. This orderingoerimental one, 16%—18%6:>® The Fermi surface and band
indicates the strength of dimerization, which is consistendispersion are also consistent with first-principles ones cal-
with Kanoda’s diagram in Fig. 3. Basically, our transfer in- culated by Xuet al. based on LDA On the other hand, the
tegrals are consistent with the previous results of Fortunellratio is calculated to be 26.2% with the semiempirical trans-
and Painelli at HF/6-31& .1® However, theab initio trans-  fer integrals®®

fer integral,t,(2)=—0.1584 eV for X=Br is larger than the

semiemprical one;-0.101 eV, obtained from the extended
Huckel calculatior™ ty, is a little smaller than the semiem- !ll. EXACT DIAGONALIZATION STUDY OF MODEL
prical one. HAMILTONIAN

There are three electrons per dimer so that the upper
E. Fermi surface and band dispersion molecular orbital(lUMO) is half-filled. Therefore, the elec-
tronic properties mainly depend on the UMOs. To elucidate
the effect of electron correlation, we employ a model Hamil-
tonian over the UMOs,

Within the tight-binding approximation, we calculate
band dispersions and Fermi surfaces for &l and Br using
the three transfer integral,,(2), t,»(2), andt,(2). The
ty1(2) are the off-diagonal one-electron matrix elements be- N
tween the two localized orbitals in the dimer calculation ~Hu= tmnamo“nU“L% (MmN N,

. X m,n(m#n)
with g=+0, while thet,,(2) andt,(2) are those between o
the corresponding two localized orbitals in the tetramer 1
calculations withq= +0. The results are shown in Figs. 5 += > (mammngn,, (3.9

and 6. The gap between the upgantibonding two bands 2 mnfmn)

and the lower(bonding two bands of XCl is larger where the indicesn,n,..., ando denote UMOs and spins,
than that of X=Br. The calculated Fermi surface of=>8r npg=ag’gapg andnp=a‘;}apﬁaglapl . The UMO|m) is de-
is very similar to that of X=Cl. Our theoretical Fermi sur- fined by

face is consistent with the experimental one for the

xk-(BEDT-TTF),CUN(CN),]|Cl salt obtained by the angle- |m)=i[|?\1>—|7\2>], 3.2
dependent magnetoresistance oscillatigARMO) and V2

& 5 = o
5 2 5z
& o =
s S £

Energy(cV)

-3 s &

% = =
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s &

z &

=
=

=

Y T'Z M r M Y r Z M r

FIG. 5. Fermi surface ok-(BEDT-TTF),CUN(CN),]CI. FIG. 6. Calculated band structures of=8r (left) and X=ClI (right).
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Apmqa’:<nponqa’>/N21 (3.3

whereN=(n,,). The ground state has charge orderiGg)
correlation as drawn in Fig. 8. The spin correlation functions,
Aypm (M=3,5,7,9) andA; m (M=1,3,5,7,9), are 2.00.
OtherA;; m, are less than 0.01. This implies that the local-
ization is strong. On the other hand, the ground staté gf,

has the antiferromagnetié&F) correlation as drawn in Fig.
9. The spin-correlation functiongy,; , (m=3,5,7,9) and
Ay, are close to 1.30 andl;; ,,, (m=2,4,8,10) are close
to 1.47. The othedy; ,, are less than 0.75. This ordering is
consistent with the experimental offéThese results indicate
that the next-nearest-neighbor Coulomb interactions are im-
portant to reproduce the AF ordering correctly.

FIG. 7. BEDT-TTF decamer model.

IV. THE HF STUDY OF THE 2-D EXTENDED HUBBARD
where both of\;_, belong to one and the same dimer. MODEL
One- and two-electron interactions over UMOs are calcua_ The 2-D extended Hubbard model within the HF
lated by transforming the HF integrals for the approximation
k-(BEDT-TTF),CUN(CN),]Br salt at 127 K In this par-
ticular work, we use two different model Hamiltoniarké,;
andH,. These Hamiltonians include the same one-electro
interactions and include the two-electron interactions up t . . . e
the nearest-neighbor and next-nearest-neighbor dimers, rg[ane and neglectmg. their anion layers. The indiégs, ..,
spectively. The off-diagonal one-electron interaction is esti- eno'te H.OM.OS Io_callzed on the BEDT-TTF molecules. The
mated from the half of the energy difference between the ﬁrspamlltonlan is defined by
and second HOMO orbital energies in the tetramer calcula-
tion with q=+0. The one-electron interactionismnl and

tn, defined in Fig. 7 are calculated to be0.114 and
wheret;

. . . i» Vij, andU denote transfer integral and Coulomb
—0.045 eV, respectively. The two-electron interactions, on- J . D .
. . . . interactions between and j sites, and on-site Coulomb
site and long-range Coulomb interactions, are estimated from . . o
respectively. In this Hamiltonian, we use

. ) interaction,
the UM.OS [Eq._ (3.2] obtained by the dimer and tetramer the one- and two-electron interactions calculated for the
calculations withq=+0. The values of thegmmmm,

(mnymny), (mm|mny), and (mm|mng) are 4.55, 1.88 k-(BEDT-TTF),CUN(CN),|Br salt at 127 K. The transfer

1.65, and 1.14 eV, respectively. The periodic boundary Con!_ntegralls,,tb.l(Z), tz(2), andty(2), and on site_Coulomb
e . interaction in Table Ill are used artg(2) is neglected. We
dition is used for the decamer model shown in Fig. 7. We. . i
: . ' .~ .7include Coulomb interactiony;;, up to the next-nearest-

employ the Slater-determinant-based direct configuration in- )

To clarify the effects of the long-range Coulomb inter-
I,qatctions in thex-BEDT-TTF salts, we introduce a 2-D ex-
&ended Hubbard model by extracting their 2-D conducting

H:ijz tijai-;_ajg"‘Ei UniTnil-f-iEij Vijninj, (41)

teraction (Cl) method
Hamiltonians®®

for

diagonalizing

We calculate the ground state bff,; and analyze its

spin-correlation function,

@,

)

FIG. 8. Spin configuration in the ground state ldf,;; . Arrows pointing
upwards(downward$ represent uggdown) spins. The solid arrows pointing
o at sitej indicate that the spin-correlation functié®.3) A,; ;, has a strong

amplitude.

the model

neighbor dimer as shown in Fig. 10. These parameters are
shown in Table IV. The Coulomb interactiong,;; andV,-,

are referred to a¥yy andVyyy, respectively. The unit cell
includes four BEDT-TTF molecules, that is, two dimers as
shown in Fig. 11. We fix the ratios among the nearest-
neighbor interactions, i.€V14/V13, V15/V13, andVqg/Vy3,

and the ones among the next-nearest-neighbor interactions,

)

\AaG)

&,
®,

Qg

FIG. 9. Spin configuration in the ground statetbf,. The meaning of the
arrows is the same as in Fig. 9.
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FIG. 11. Model of k-(BEDT-TTF),CUN(CN),]X. The circles represent
BEDT-TTF molecules.

The ground state of the Hamiltonian is calculated using
20x 30 k-points on thea* X ¢c* conducting plane in the mo-
mentum space. The electron densities are given by

occ

1
2 2 C;aiackaia'i (44)

I\Icell a k

Ni,=

where N represents the total number of cells and the co-
efficient of theath eigenvector ofth site atk point in the
Brillouin zone is written ag,,i, -

FIG. 10. Nearest-neighbor Coulomb interactioftep) and next-nearest- . . .
neighbor Coulomb interactiorf®ottom. B. Effects of Coulomb interactions on electronic

states

Since Kino and Fukuyama have already discussed the
i.e.,Vioo/ Va7, Voro/Var, Vir/Vor, Vig/Vay, andVys/Vayy to effect of tr112e intrgdimer trgq;fer integra_{,l, based on the
elucidate the physical properties, regarding the BEDT-TTHIF model;“ we fix the ab initio transfer integrals and con-

dimer as a unit. The densities are determined selfcentrate on the role of Coulomb interactions. ,
consistently and the electron occupation is fixed to be six e first study the effect of on-site Coulomb interaction,

electrons in four molecules. U, changingU as a variable from 0 to 1.2 eV and neglecting
We apply the HF approximation, Vi; . In Fig. _12, the absolute valge of spin moment_per mol-
ecule,(S2, is drawn as a function obl. In the region, 0
Ungng =~ Ui )ng 0y ) =i )(ng ), (42 <u<0.7eV, the ground state is a paramagnetic metal. The
Vi ming= Vi ((nong +ng(ng) —(np)(ny) hole density p;,) is close to+0.5 a.t each. site. In the region,
0.7<U<0.95¢eV, the HF calculations did not converge due
—(ajiaj)ajiai —ajia;(a)jai) to quasidegeneracy. A1=0.95¢€V, the system becomes an
N N . . AF insulator. The configuration of spin alignments with
+H(@ay (g ai) —(ay)8;))a) ;) SZA)=SZB) andSZC)=SZD) is shown in the inset of
_ai-iajL<aﬂail>+<aﬂajl><aj+lail>) _ 4.3 Fig. 12. Since the direction of the spin moment of dimer 1

and that of dimer 2 are opposite, the AF ordering occurs

between dimersp,, is close to+0.5 at each site. The spin

moment becomes about @4 per BEDT-TTF molecule.
TABLE V. Coulomb interactions of x-(BEDT-TTF),CUN(CN).]X  This magnitude of spin moment agrees with the experimen-

(X=Cl, Br, ) salts at HF/SBK-31GeV). tally observed one in the AF ordered state, 0.4-x%.Qer
X=Cl X=Br X=I
Vi 2.428 2.441 2.409 B
Vi3 1.428 1.419 1.438 .
Vis 1.529 1.528 1.520 &
Vis 2.160 2.164 2.177 " ]
Vog 2.139 2.113 2.071 o
Va1o 1.640 1.629 1.592
Vllo 1.247 1.238 1‘216 .G.G 383 () U?QSV) .2 1.2 1.z
Vig 1.389 1.406 1.408
V7 1.118 1.121 1.136 FIG. 12. U dependence of magnetic mome(82. The inset shows the
2 0.909 0.905 0.923 alignment of spin moments. Arrows pointing upwarfdewnward$ repre-

sent up(down) spins.
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FIG. 13. V,, dependence of magnetic mome&Bg. Here, the top figure is
for U=0.7 eV, whereas the bottom one is 10r=0.9 eV. U gimer= E(2) + E(0) — 2E(1)

Aty \?
. 40 . . :th1+%(U""Vint)_%(u_vint) 1+ - ) .
dimer™ As U increases, the spin moment becomes large and U—Viu
finally saturated. These results are consistent with the previ- 4.8
ous results by Kino and Fukuyani,and Demiralp and '
Goddard® who also applied the HF approximation to the 2-D Udimer &re calculated to be 0.29 and 0.66 eV for two sets of
Hubbard model of the:-(BEDT-TTF),CuNC9), salt. parameters,V=0eV, U=0.9eV and V;,=0.5eV, U
Then, we change the intradimer Coulomb interaction,=0-9 €V, respectively. We shoW gime, as a function oy
Vi, from 0to 1.0 eV forU=0.7 and 0.9 eV. The absolute N Fig. 14. This indicates thaf,, enhancesJ jime; and sup-
value of spin moment per molecuk§2, is shown as a func-  Ports our HF results.
tion of Vi, in Fig. 13. In the case dff=0.9 eV, the ground Next, we inspect the nearest-neighbor Coulomb interac-
state is an AF insulator in the entire range<W,, tion, Vyy. The value of charge disproportionatioh(devia-
<1.0eV. The AF spin configuration is almost the same as irfion from the average value, 3.8nd the magnitude of spin
Fig. 12. The magnitude of spin moment increases slightly agoment per moleculéS2, as functions oV/yy are shown in
V, becomes larger. AU=0.7 eV, the ground state is the Fig. 15. The parameteK/y, is changed from 0 to 0.5 eV
paramagnetic metal for ©V,,<0.14eV. However, when With U=0.9eV andV;;=0.5€V. In the range of @Vyy
Vint: 0.14 eV, the AF insulator has a lower energy. We<014 eV, the ground state is an AF insulator with Spin mo-
check the contribution of transfer integralsandV,,,., tothe ~ ment, ~0.41ug. At Vy=0.14eV, the ground state be-
HF total energies. The Fock term Wf,, is found to mainly ~comes the CO[purely electronic charge-density wave

stabilize an AF insulator. (CDW)] state. The charge disproportionatiérof A and B
Using the isolated dimer model, we evaluate the effecsites are 0.47, and those @f and D are —0.47 atVyy
tive on-site Coulomb interaction on the dimétg e, de- =0.2€V.
fined asE(2)+E(0)—2E(1), whereE(n) is the total en- We change the two parameters, next-nearest-neighbor
ergy of the dimer withn electrorfs). We derive the total Coulomb interactionVyyy, and nearest-neighbor Coulomb
energy of the Hamiltonian, interaction, VNN! with U=0.9eV and Vint: 0.5eV. The
phase diagram 0¥y andVyny is shown in Fig. 16. In the
2 range, 0<Vyny<0.1leV and G<Vyw<0.4eV, the ground
HZSE aitrahr_tblE (afrra2fr+a2+(ra1(r)
1,0 o

2
+Ei un;;nj; +Vipniny, (4.5

considering all spin configurations whesds the orbital en-
ergy of BEDT-TTF HOMO. The indices, 1 and 2, represent

ou.'&w'm—'olaw'w-t-b-

] 0.1 02 0.3 04

Charge disproportionation, 3
bbbt ocooo

different BEDT-TTF molecules in the dimer. The total ener- ViMeY)
gies of the lowest states with 1 and 2 electrons dgg,., are 0s
1 04
given by son
&o2
1 1 4tb1 2 0.1
E(2)=2e+3(U+Vip) = 3(U—=Vip) \/ 1+ , 00

U-— Vint 0.0 01 02 03 04
(4.6 VanteV)

FIG. 15. Vy dependence of magnetic momeB (top) and charge dis-
E(l)=e—ty,, (4.7 proportionations (bottom with U=0.9 eV andV,,=0.5 eV.
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FIG. 16. Phase diagram as a function\gfy andVyyy= with U=0.9 eV
andV;,=0.5eV. Here, AFl, PM, and CO represent the antiferromagnetic
insulator, paramagnetic metal, and charge ordering states, respectively.

AF state CO state

) ) FIG. 17. Spin configuration in the antiferromagné#d-) and charge order-
state is the AF insulator. AtVyy=0.15eV and Vyuy ing (CO) states.

=0 eV, the CO state has a lower energy. In the range, 0.3
<V\n<0.4eV and 0.3 Vyyn<0.4 eV, the ground state is a
paramagnetic metal. Since the unit cell includes only twok-(BEDT-TTF),CUN(CN),]X (X=Br, Cl). The exact di-
BEDT-TTF dimers, we cannot describe the orderings whosegonalization study of the derived model Hamiltonian shows
periodicities are larger than that of the unit cell, though otheithat the ground state has AF correlation. This result is con-
ordering states might have lower energies. However, Poilsistent with the experimental one. To study the role of long-
blancet al. calculated the ground state of the 1-D extendedrange Coulomb interactions, we calculated the ground state
Hubbard model by the exact diagonalization method and alsof a 2-D extended Hubbard model within the HF approxima-
found that its ground state is the paramagnetic metal in éion. Then, we found that the intradimer Coulomb interac-
certain range of Coulomb interactidhsimilar to the present tion, V,,, enhances the effective on-site Coulomb interaction
case. on the dimer Ugime), Which controls the transition between
As was shown in Sec. lll, the dimer model offers a rea-the paramagnetic metal and AF state. The phase diagram as a
sonable description of the-BEDT-TTF salts. Based upon function of representative nearest-neighbor and next-nearest-
this fact, we employ infinite half-filled square-lattice models neighbor Coulomb interaction¥,yy and Vynn, Was eluci-
to approximate the 2-D extended Hubbard model at stronglated. It is found that the ground state shows various phases,

coupling, i.e., AF, CO, and paramagnetic metal phases, controlled by
the ratio of Vi and Vyyy - WhenVy, is larger than some
H:Z Unini + > S vining+ > Vonin;, critical value in the absence dy, the ground state is the
' I.] «NNsite I,] « NNNsite CO state. On the other hand, wheRyy is larger tharVyy,

4.9 the ground state is the AF insulator or paramagnetic metal.
where NNsite and NNNsite represent the nearest-neighbdrherefore, we conclude that it is necessary to consider
and next-nearest-neighbor sites, respectively,ldnd,, and  enough ranges of long-range Coulomb interactions to calcu-
V, are the on-site, nearest-neighbor, and next-neareslate the electronic properties.
neighbor Coulomb interactions, respectively. In this model,
we neglect transfer integrals. Two spin configurations, whichh ckNOWLEDGMENTS
correspond to the obtained AF and CO states, are shown in . ) ) )
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