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The detailed electronic structures of several materials of organic solids, (R1,R2-DCNQI!2M , were studied
with the first-principles method based on the local-density approximation supplemented by the generalized
gradient approximation. The present calculations account well for the qualitative differences in the electronic
properties produced by different metal cations (M5Li, Ag, and Cu!. Unique aspects of the systems with
R15R25I are also explained based on the present calculations. The very small hole Fermi surface observed by
the de Haas–van Alphen measurement for~DMe-DCNQI!2Cu was well reproduced by the calculation with the
observed crystal structure.@S0163-1829~96!02939-6#

I. INTRODUCTION

Organic solids, especially the conducting ones, form one
of the most attractive categories of materials. Organic solids
belong to molecular crystals, in general. In contrast to some
examples of simple molecular crystals such as H2, N2,
Cl2, and so on, the constituent molecules in organic solids
are rather complex and a variety of modifications of the mol-
ecules are possible even with only a few kinds of elements
involved. This leads to very rich variety in organic solids.
Many of the organic molecules are planar in shape and they
are stacked face to face to form solids. Therefore, physical
properties show a strong anisotropy with respect to the di-
rection of stacking molecules. Very often they show strong
one-dimensional~1D! character, which is very suitable for
studying physics of 1D systems. However, 1D systems be-
come insulating at low temperatures due to the Peierls tran-
sition even if they are metallic at higher temperatures. There-
fore, in order to maintain the conducting state at low
temperatures particularly aiming to realize superconductiv-
ity, efforts have been made to add three dimensionality to
organic solids. The DCNQI~dicyanoquinonediimine! sys-
tems have very unique aspects with regard to dimensionality
although none of them has shown superconductivity so
far.1–4

In the molecular crystals, the constituent molecules keep
essentially the characters of isolated molecules because in-
termolecular interactions are generally much weaker than the
intramolecular interactions. Therefore, even in the solids, the
electronic structures near the Fermi level are mostly deter-
mined by highest occupied molecular orbital~HOMO! and
lowest unoccupied molecular orbital~LUMO! of the con-
stituent molecules. This is a justification for the use of the
tight-binding ~TB! Hückel approximation to analyze the
electronic properties of molecular crystals. In fact, there are
several examples where such a simple analysis works very
well.5,6

However, in organic solids, the constituent molecules are
generally large and as a molecule becomes larger, the energy
separation between intramolecular levels becomes smaller.
There is no guaranteea priori that the intermolecular inter-
action is smaller than the intramolecular HOMO-LUMO en-

ergy separation and therefore no guarantee either for the va-
lidity of the TB Hückel approximation. Another problem of
the TB Hückel approximation, in general, is that there are
some parameters to be determined empirically by using ex-
perimental data. However, if we aim to study really new
materials, relevant experimental data may not be available.
For these reasons, it is highly desired to check the capability
of the first-principles calculations to describe the electronic
structures of organic solids.

The electronic structure calculations based on local-
density approximation7 ~LDA ! and recently generalized gra-
dient approximation8 ~GGA! have been playing important
roles in the physics and chemistry of inorganic solids. How-
ever, because of the complexity of the structure, it has been
rather difficult to perform such calculations with the same
order of accuracy for organic solids. Organic solids are co-
valently bonded systems with many atoms and with low
symmetry. The efficient methods based on the muffin-tin po-
tential or atomic sphere approximation, for example linear
muffin-tin orbital!9 ~LMTO! or augmented spherical wave10

~ASW! method, are not accurate enough to describe the wave
functions of low-symmetry systems. In fact, Ku¨bler et al.
performedab initio calculations forb-~BEDT-TTF! 2I 3 by
ASW method,11 but they could not correctly reproduce the
Fermi surface observed by experiments, while a semiempir-
ical method gave a much better result.5 On the other hand,
the ordinary pseudopotential method is not efficient for de-
scribing the electronic states of the first-row elements which
are always contained in organic solids, because pseudopoten-
tials of 2p orbitals for these elements are deep and many
plane waves are needed to describe these orbitals accurately.

Two major progresses in the computational methods have
overcome the difficulties mentioned above. First, Car and
Parrinello introduced a computational method for the mo-
lecular dynamics based on the electronic structure
calculation.12 Subsequent analyses clarified the fact that the
Car-Parrinello method provides also an efficient algorithm
for the electronic structure calculation itself. It is, of course,
important that the Car-Parrinello method enables us to do
efficient structural optimization. Several improvements have
been made to the Car-Parrinello method to enhance the effi-
ciency. Second, Vanderbilt proposed a formalism in the
pseudopotential theory.13 He pointed out that the constraint
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of norm conservation is not necessary for constructing
pseudo wave functions. This pseudopotential called ultrasoft
pseudopotential reduces the number of plane waves signifi-
cantly for the first-row elements and 3d transition-metal el-
ements.

In the present work, we have calculated the electronic
structures of~2,5-R1,R2-DCNQI! 2M by using the modified
Car-Parrinello method and the ultrasoft pseudopotential.R1
andR2 are substituents of a DCNQI molecule andM a me-
tallic element. We will demonstrate, in this paper, that the
theoretical study of organic solids based on the first-
principles calculations is now in the same level of reliability
as that for inorganic solids.14,15We have studied several ma-
terials obtained by different combinations ofR1, R2, and
M : R15R25CH3, Br, and I; M5 Li, Ag, and Cu. The
present calculation accounts well for the similarity and the
difference among these materials.

All the crystal structures used in the present work are
taken from experiments. However, it is now possible to de-
termine the crystal structure fairly accurately by the first-
principles electronic structure calculation. Theoretical struc-
ture determination has been playing crucial roles in aperiodic
systems and will also play important roles for organic mate-
rials whose crystal structures are hard to determine experi-
mentally in several circumstances. In the next paper, we will
discuss the accuracy of the theoretical structure determina-
tion.

This paper is organized as follows. In Sec. II, we will
review the experimental backgrounds. Section III is devoted
to a description of the details of the calculations. The results
and discussion are given in Sec. IV. Finally, Sec. V is for
concluding remarks.

II. EXPERIMENTAL BACKGROUNDS

The molecular structure of the planar molecule 2,5-R1,
R2-DCNQI is shown in Fig. 1. In~2,5-R1,R2-DCNQI! 2M ,
the molecules DCNQI are acceptors and are stacked face to
face along one direction as in many other organic conduc-
tors. For Cu, Ag, and Li as a cationM , the crystal is iso-
structural with the space group I41 /a as shown in Fig. 2.
The bravais lattice of the crystal structure is body-centered
tetragonal and the lattice parameters ofa;21 Å and
c;4Å suggest strong anisotropy particularly in the transport
properties. The main direction of electron conduction is par-
allel to thec axis, which is the stacking direction of DCNQI
molecules. These 1D columns of DCNQI molecules are con-
nected to each other by the cationM through cyano groups at
the end of molecules. The cationM is coordinated by N
atoms with a local symmetry ofD2d , i.e., in a distorted
tetrahedral fashion.1 The anglea in Fig. 3, which ranges
from 122° to 127° for Cu salts, indicates the degree of dis-
tortion from theTd symmetry (a;109°). Some of the struc-
tural data of the systems treated in this paper are listed in
Table I.

Although the crystal structure is almost the same, physical
properties strongly depend on the choice ofM . In the case of
Ag and Li salts, they show very strong 1D characters. Most
of them are metallic at room temperature and it becomes
insulating at lower temperatures. The fact that the change of
the conductivity around the metal-insulator~MI ! transition is

continuous suggests that the transition is of second order.
This transition is associated with the Peierls transition with
the 2kF instability which produces a charge density wave
~CDW! with fourfold periodicity. The appearance of fourfold
periodicity is easy to understand. As both of Li and Ag take
11 charge state, the charge state of a DCNQI molecule is
20.5 leading to quarter-filled 1D bands formed by DCNQI
LUMO orbitals with the Fermi wave vectorkF5(p/4c).
Therefore, the 2kF instability produces fourfold periodicity
along thec axis.

However, there is another important aspect to be noted.
According to Moret16 for the Ag salt, the 4kF instability
occurs at 100 K, which is followed by the 2kF instability at
83 K. This implies that the electron-electron interaction is
important in the DCNQI LUMO bands. The general features
of Ag and Li salts mentioned above are insensitive to the
choice ofR1 andR2.

On the other hand, properties of Cu salts strongly depend
on their substituentsR1 andR2 and are categorized into three
groups.2–4 For example, ~DMe-DCNQI! 2Cu with R15
R25CH3 ~Me! and~DI-DCNQI! 2Cu withR15R25I belong
to the group I and they are metallic in ambient pressure down
to very low temperatures (<1 K!. The group II materials,
some examples of which are~DBr-DCNQI! 2Cu and com-
pletely deuterated~DMe-DCNQI! 2Cu,

4,17 show a metal-
insulator transition. Some~DMe-DCNQI! 2Cu materials with
selective deuteration18 belong to the group III and they show
successive phase transitions, metal→ insulator→metal, as the
decrease of temperature. There is another unique aspect
that the group I materials are converted to the group II or
III materials by applying pressure. For example,~DMe-
DCNQI! 2Cu becomes a group III material only by applying
pressure higher than 100 bar.19 This means the unusual fact
that the insulating phase becomes more stable under pres-
sure.

FIG. 1. Molecular structure of theR1,R2-DCNQI molecule.

54 10 453FIRST-PRINCIPLES THEORETICAL STUDY OF . . .



The metallic states of Cu salts show some 3D characters
in their transport properties.20 The 3D character was also
confirmed by de Haas–van Alphen~dHvA! measurements6

and by polarized reflectance spectra.21 The MI transition is
accompanied with the CDW formation with threefold peri-
odicity along thec axis. In contrast to the fourfold periodic-
ity in the Li and Ag salts, the threefold periodicity in the Cu
salt cannot be explained in simple terms. In the insulating
phase, a charge ordering of Cu, Cu21-Cu11-Cu11-Cu21

- •••, is observed and Cu21 is supposed to have a localized
spin magnetic moment. In fact, the susceptibility shows a
Curie-Weiss behavior in the insulating phase. Most Cu salts
are supposed to have qualitatively the same insulating and
metallic phases and have similar phase diagrams except~DI-
DCNQI! 2Cu.

Among several Cu salts,~DI-DCNQI! 2Cu shows unique
physical properties.~DI-DCNQI! 2Cu belongs to group I and
its metallic state is much more stable against pressure than

~DMe-DCNQI! 2Cu. The critical pressure of 15 kbar22 is the
highest among Cu salts at the present stage. The most unique
aspect of~DI-DCNQI! 2Cu is that it has another metallic
phase under higher pressures than 20 kbar.22 This metallic
phase has not been observed in other Cu salts. Very recently
it has been reported that there are additional phases under
higher pressures in~DI-DCNQI! 2Cu.

23 Moreover, the metal-
lic states of~DI-DCNQI! 2Cu at ambient pressure are also
unique: the temperature dependence of resistivities and
susceptibilities24 are different from those of other Cu salts,
the anisotropy of the conductivities is very small,22 and the
electronic specific heat coefficientg of 75 mJ/mol K2 is
three times or even larger than that for~DMe-
DCNQI!2Cu.

25 It is suggested that the electron correlation is
important in this system. The uniqueness of I as substituents
is seen not only in the Cu salt, but also in the Li and Ag salt.
~DI-DCNQI! 2Li and ~DI-DCNQI! 2Ag show semiconducting
behavior in its electronic conductivities even at room tem-

FIG. 2. A stereo view along thec axis of a crystal structure of (R1,R2-DCNQI!2M .
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perature, and no superstructures have been reported.26 More-
over, their magnetic behavior at low temperatures is different
from other Li and Ag salts.27

Judging from the experimental facts described in the
above, we can set the following aspects as targets of our
theoretical study:

~1! threefold periodicity of the CDW in the Cu salt,
~2! whether or not the first-principles calculation can re-

produce the tiny hole Fermi surface at theG point observed
experimentally,

~3! qualitative difference between the Ag and Cu salts,
~4! uniqueness of I as substituentsR1,R2 in both Cu salts

and Li salts.

III. COMPUTATIONAL DETAILS

The present calculation is based on GGA~Ref. 8! in the
density functional theory, while the LDA was used in our
previous work.14 We adopt the GGA here in order to main-
tain the consistency between the present calculation and the
structure optimization in the next paper. It is known that the
accuracy in the theoretical structure determination is im-
proved by the GGA particularly for systems containing the
first-period elements and 3d transition-metal elements. The
difference in the electronic structure between the LDA and
the GGA is almost negligible if we use the same lattice pa-
rameters and atomic coordinates. The functional of
exchange-correlation part is taken from Ref. 8.

In the present calculations, ultrasoft pseudopotentials are
used for thep states of C and N, thed states of Cu and Ag,
ands state of H. For other states, we employ the optimized
norm-conserving pseudopotentials.28 The cutoff energy in
the wave functions used in most calculations is 25 Ry. This
value is determined mainly by the requirement for generating
reliable pseudopotentials of C and N. In~DCNQI!2M, there
is a very short bond length of C-N~;1.16 Å! at the end of
the DCNQI molecule. Therefore, small core radii have to be
adopted for C and N resulting in a large cutoff energy for the
wave functions. On the other hand, the cutoff energy of 196
Ry in the plane-wave expansion of the charge density is
needed to describe the deficit charge13 for 3d orbitals of Cu
properly. For some systems we compared the band structure
obtained by using 36 Ry as a cutoff energy with that by
using 25 Ry, both calculations being performed by using a
small number ofk points, and found that the difference was
negligible. As for thek point sampling, 19 irreduciblek
points in 1/8 of the first Brillouin zone are used in the self-
consistent calculations. To obtain the precise band structure
near the Fermi level eigenenergies of some additionalk
points are calculated by using the charge density obtained by
the self-consistent calculations. A tetrahedron method is
adopted to estimate the Fermi energy accurately. In the case
of DMe salts there are 90 atoms in the unit cell with two
formula units and there are about 150 band branches only for
the valence states for Ag and Cu salts. We take 155 band
branches for the self-consistent calculations in the case of
M5Cu and Ag. Due to the large unit cell size, about 13,000
plane waves are needed to expand a wave function for each
band and eachk point.

In order to produce the Fermi surface in detail, the band
structure at manyk points has to be obtained. The first-
principles calculation for manyk points, enough to produce
detailed Fermi surfaces is practically not feasible for this
kind of complex system at the present stage. Therefore, we
fit the band structure obtained by the first-principles calcula-
tion with a simple TB model. This fitting can be done with
high accuracy, except for~DI-DCNQI! 2Cu.

IV. RESULTS AND DISCUSSION

In this section, we present calculated results and discuss
the differences of the electronic structures between different
choices ofR1, R2, andM .

A. „DMe-DCNQI …2Ag and „DMe-DCNQI …2Li

Before discussing solids we show the LUMO of a DMe-
DCNQI molecule in Fig. 4. The LUMO has an antibonding

FIG. 3. The coordination geometry of a cationM with its near-
est nitrogen atoms.RM2N denote the bond length between the cat-
ion M and the nitrogen atom. The bond angle/NMN is repre-
sented bya.

TABLE I. Some of the structural data for systems (R1,R2-DCNQI!2M treated in this paper.a andc are
lattice parameters.a is shown in Fig. 3.RM2N is the bond length between cationM and its nearest N atom.

M Ag Li Cu

R15R2 Me ~Ref. 29! Me ~Ref. 29! I ~Ref. 26! Me ~Ref. 4! Br ~Ref. 1! I ~Ref. 26!

a ~Å! 22.348 21.901 21.961 21.654 21.558 21.759
c ~Å! 3.818 3.788 3.991 3.792 3.896 4.004
a ~degree! 128.34 128.31 125.8 126.3 125.3 123.27
RM2N ~Å! 2.306 2.051 2.060 1.972 1.973 1.989
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character with the nodes of its wave function in the
DCNQI molecular plane and its wave function has a
significant weight on the N atom at the end of the molecule,
which is the nearest neighbor atom of a cation in the solids
~DCNQI! 2M . It should be noted that the LUMO has little
weight on methyl radicals.

Figure 5 shows the band structure near the Fermi level for
~DMe-DCNQI! 2Li. The corresponding one for~DMe-
DCNQI! 2Ag is almost the same as the one shown in Fig.
5~b! of Ref. 14, although the former and the latter were ob-
tained by a GGA and a LDA, respectively. The atomic co-
ordinates and lattice parameters used in the calculations are
those of the metallic phase and determined by experiments at
room temperature for Ag and 118 K for Li salt.29 In both
salts the Fermi level is located within the four LUMO bands
which come mainly from the LUMO’s of~DMe-DCNQI!
molecules. These four LUMO bands are almost degenerate
and they have very weak dispersions along the direction per-
pendicular to thec axis ~along theYG andGX lines!, while
the width of the bands along the direction parallel to thec
axis (VY, XU, andZG lines! is about 0.9 eV and the shape
the bands is essentially a 1D cosine type. Although there are
some differences in the shape of the bands along the direc-
tion perpendicular to thec axis, Ag and Li salts have quali-
tatively the same LUMO bands. The above results suggest

that both Ag and Li salts have a strong 1D character in the
transport properties and this is consistent with the experi-
mental results.

The d levels of a cationM should split into two levels
eg (d3z22r2 and dx22y2) and t2g (dxy , dyz and dzx) if the
crystal field at the cationM site is determined only by the
four nearest N atoms and the coordination of the four N
atoms has theTd symmetry. In~DCNQI! 2M , the N atom
coordination is distorted fromTd symmetry and has the local
symmetry ofD2d . Thus, the high-lyingt2g states split into
two levelsdxy and (dyz , dzx) whose energy split is deter-
mined by the anglea in Fig. 3. In Fig. 5~b! of Ref. 14, the
two bands about 0.6 eV below the bottom of the LUMO
bands come mainly from thedxy states of Ag. The four bands
of thedyz anddzx origin are located about 0.5 eV below the
dxy bands and thed3z22r2,dx22y2 states merge into the
HOMO bands. The band structure near the Fermi level can
be well reproduced by the TB model calculation. Alld or-
bitals are included in the present TB fit in order to reproduce
the detailed band structures near the Fermi level. Table II
shows some of the fitting parameters. The projected density
of states~DOS’s! for each orbital of the Ag salt is calculated
by this TB fit and is shown in Fig. 6, while the total DOS’s
is obtained by the original band structure. The mixing ofd
states into the LUMO bands is fairly small but not negligible.
By using the projected DOS’s in Fig. 6, the charge state of
Ag is estimated to be 1.19, while its formal value is 1.0.

Four Fermi surfaces obtained by these band structures are
almost planar because of their strong 1D characters implying
the instability of nesting along thec axis. As was mentioned
in the previous section, the four LUMO bands are a quarter
filled on average. The fact that the four LUMO bands are
almost degenerate leads to the result 2kF; 1

4c* for all four
LUMO bands withc* the reciprocal lattice constant in the
c direction. The arrows in Figs. 5 and in Fig. 5~b! of Ref. 14
denote the Fermi wave vector corresponding to the CDW
formation with fourfold periodicity along thec axis.

FIG. 4. The LUMO wave function of a DMe-DCNQI molecule.
The red~blue! part indicates the region where the wave function has
the positive~negative! sign.

FIG. 5. Band structures of~DMe-DCNQI!2Li. The labeling in
k space according to Ref. 40 is also shown in parentheses. The
origin of energies is taken at the Fermi level. The arrows along the
horizontal dotted line indicate the Fermi wave vector corresponding
to the CDW formation with fourfold periodicity along thec axis.
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B. „DMe-DCNQI …2Cu

Figure 7 shows the band structure near the Fermi level for
~DMe-DCNQI! 2Cu. The lattice parameters and atomic posi-
tions are taken from Ref. 4 which are obtained at 20 K.
Comparing the present GGA result with the previous result
shown in Fig. 2~a! of Ref. 14, we can hardly see the differ-
ence between them.~DMe-DCNQI! 2Cu belongs to group
I and it remains metallic down to 0.5 K. The shape of the
four LUMO bands is very different from those of~DMe-
DCNQI! 2M with M5Ag or Li. Some of the four LUMO
bands have significant dispersion even along the direction
perpendicular to thec axis, suggesting that the hybridization
between the LUMO and Cud states is important and that the
electronic structure has some 3D characters. The existence of
the hybridization can be seen also in the dispersion of the
dxy bands, which are located about 0.2 eV below the bottom
of the LUMO bands. Otherd bands of Cu are located in

between thedxy bands and the HOMO bands of DCNQI
molecules. Alld bands are located between the LUMO and
HOMO bands in this system. This aspect was demonstrated
more clearly in our previous paper14 by comparing the band
structures between~DMe-DCNQI! 2Cu and the artificial sys-
tem without Cu.

By comparing the present result with those of Li and Ag
salts, the role ofd orbitals can be understood more clearly.
The band structure of~DMe-DCNQI! 2Li, which includes no
d orbitals, is similar to that of a system with only DMe-
DCNQI columns shown in our previous paper,14 except the
position of the Fermi level. The interaction between DMe-
DCNQI columns is very small and unless there is significant
hybridization between the LUMO and the orbitals of cation
M , the band structure shows very strong 1D character. As
Ag has much deeperd levels than Cu, the Ag salt has smaller
pp-d hybridization than the Cu salt and the electronic struc-
ture of the Ag salt is essentially the same as that of the Li

TABLE II. Some of the fitted parameters in the TB model~in eV!.

~DMe-DCNQI!2Ag ~DMe-DCNQI!2Cu ~DBr-DCNQI!2Cu ~DI-DCNQI!2Cu

Hopping integrals
LUMO-LUMO ~interchain! -0.01 -0.01 -0.02 -0.03
LUMO-LUMO ~intrachain! -0.22 -0.25 -0.18 -0.14
LUMO -dxy 0.13 0.12 0.12 0.11
LUMO -dyz -0.04 -0.04 -0.03 -0.09
LUMO -dzx -0.17 -0.15 -0.13 -0.10
LUMO -dx22y2 0.09 0.13 0.08 0.08
LUMO -d3z22r2 0.15 0.16 0.12 0.10
dxy-dxy (ic axis! 0.05 0.02 0.03 0.03
dyz(zx)-dyz(zx) (ic axis! -0.06 -0.03 -0.03 -0.02
dxy-dxy ('c axis! 0.01 0.01 0.01 0.01
Energy levels
LUMO 0 0 0 0
dxy -0.98 -0.44 -0.44 -0.48
dyz,zx -1.56 -0.85 -0.81 -0.76

FIG. 6. Total DOS’s~solid line! and projected DOS’s~dashed
line! onto thedxy orbital of Ag for ~DMe-DCNQI!2Ag. The pro-
jected DOS’s is obtained by the TB calculation fitted to the elec-
tronic structure of the first-principles calculation.

FIG. 7. Band structure of~DMe-DCNQI!2Cu. The arrows along
the horizontal dotted line indicate the Fermi wave vector corre-
sponding to the CDW formation with threefold periodicity along
the c axis.
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salt.30 This is the reason why Cu and Ag salts have such
different electronic properties.

The four Fermi surfaces obtained by the TB fit are almost
the same as those shown in Fig. 3 of Ref. 14. Two particu-
larly important aspects should be noted. First, a small hole
pocket around theG point, which is observed by the dHvA
measurement, is reproduced in the present calculation. The
area of the hole pocket in thekz50 plane is 35% of the first
Brillouin zone in the present calculation,31 while the ob-
served value is 27%. Second, there exist some pieces of flat
Fermi surfaces with nesting vector of approximately1

3c* .
The existence of such Fermi surfaces is consistent with the
experimental fact that~DMe-DCNQI! 2Cu is on the verge of
the instability of CDW formation with 3c periodicity.

The DOS’s of ~DMe-DCNQI! 2Cu and the projected
DOS’s onto thed levels of Cu obtained by the TB model
calculation are shown in Fig. 8. Thedxy orbital of Cu makes
an appreciable contribution to the states at the Fermi level.
Again with the TB fit, the charge state of Cu is estimated to
be 1.46. This value should be compared with 4/3 as the for-
mal charge of Cu as suggested by experiments.3,32 The
DOS’s value at the Fermi level,D(EF), gives the electronic
specific-heat coefficientg of 12.9 mJ/mol/K2. The corre-
sponding experimental value has some ambiguity, but it
seems to be converging to a value25 of about 20 mJ/mol/
K 2. Similarly, the Pauli susceptibilityx estimated by the
presentD(EF) is 0.1831023 emu/mol and the experimental
value is 0.531023 emu/mol.24 The calculated effective mass
of the hole around theG point is about 2.0m0 with m0 the
mass of free electrons, while the experimental cyclotron
mass of the dHvA oscillation is 3.5m0. The electron-phonon
interaction and the electron-electron interaction which may
be required to account for the above discrepancy by factor of
1.8–3 will be of moderate strength.

C. „DBr-DCNQI …2Cu, „DI-DCNQI …2Cu, and „DI-DCNQI …2Li

Next we discuss the electronic structures of halogen sub-
stituted Cu and Li salts.~DBr-DCNQI! 2Cu belongs to the

group II with the MI transition temperatureTMI;160 K and
shows physical properties typical to the Cu salt family. On
the other hand,~DI-DCNQI! 2Cu shows very unique proper-
ties among Cu salts, as is already mentioned in Sec. II.
Therefore, we will discuss in detail how and why~DI-
DCNQI! 2Cu is unique. In the last part of this section we also
present the electronic structure of the iodine substituted Li
salt, ~DI-DCNQI! 2Li and discuss how it is different from
~DMe-DCNQI! 2Li.

The structure used in the calculation for~DBr-
DCNQI! 2Cu is the one at room temperature and is taken
from Ref. 1. Those of~DI-DCNQI! 2Cu and ~DI-DCNQI!

2Li are at 9 K and 18 K, respectively.26 The band structure
of ~DBr-DCNQI! 2Cu is shown in Fig. 9. It is qualitatively
the same as that of~DMe-DCNQI! 2Cu: two of the four
LUMO bands show 3D character and the other two show
strong 1D character of cosine bands. The present band struc-
ture can be reproduced by a simple TB model with high
accuracy and again we found that some pieces of Fermi sur-
faces are almost planar and the nesting vector associated
with these Fermi surfaces corresponds to threefold CDW for-
mation along thec axis. Note that the present calculation
uses the lattice parameters and the atomic positions of the
metallic phase. The strong tendency towards instability to the
threefold CDW formation for the metallic phase of~DBr
-DCNQI! 2Cu is consistent with the experimental results.

On the other hand, the band structure of~DI-
DCNQI! 2Cu in Fig. 10 is significantly different from those
of ~DMe-DCNQI! 2Cu and ~DBr-DCNQI! 2Cu. Figure 11
shows the DOS’s of~DI-DCNQI! 2Cu and some of the mo-
lecular orbitals of an isolated DI-DCNQI molecule are
shown in Fig. 12. We also calculated the band structure of
the DI salt and that of an artificial system with only DI-
DCNQI columns both by LDA. From these results, we note
the following important aspects:

~1! The bandwidth of the LUMO for the DI salt is much
narrower than that of DMe salt.

FIG. 8. Total DOS’s~solid line! and projected DOS’s~dashed
line! onto thedxy orbitals of Cu for~DMe-DCNQI!2Cu. The pro-
jected DOS’s is obtained by the TB calculation.

FIG. 9. Band structure of~DBr-DCNQI!2Cu. The arrows along
the horizontal dotted line show the Fermi wave vector correspond-
ing to the CDW formation with threefold periodicity along thec
axis.
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~2! The hybridization between the neighboring 1D LUMO
bands is slightly stronger in the DI salt than in the DMe salt
and all four LUMO bands show appreciable deviation from
1D cosine bands.

~3! The gap between the HOMO and LUMO bands is
about 0.8 eV for the DI salt which is much reduced from 1.2
eV for the DMe salt.

~4! Thepp-d hybridization in the DI salt is reduced com-
pared with that in the DMe salt.

~5! The Fermi-surface nesting vector deviates appreciably
from the commensurate one of13c* in the DI salt.

~6! The density of states at the Fermi energy of~DI-
DCNQI! 2Cu is about twice as large as that of~DMe-
DCNQI! 2Cu.

Aspect~1! can already be seen in the electronic structure
of the system with only~DI-DCNQI! columns. The width of
the LUMO band is mainly determined by the overlap be-

tween the LUMO-pp orbitals of neighboring DCNQI mol-
ecules along thec axis. The LUMO-pp state of the DI-
DCNQI molecule has an antibonding character like that of
the DMe-DCNQI molecule, as can be seen in Fig. 12~a!.
Therefore, the hopping integral between the neighboring
LUMO-pp orbitals will be reduced due to plus-minus can-
celation in their overlap integral with the increasing of the
overlap displacement~see Fig. 13! between the neighboring
DCNQI molecules. In fact, the overlap displacement is the
largest in the DI salt among several~DCNQI! 2Cu. This re-
duction due to plus-minus cancelation is very sensitive to the
crystal structure. For example, the bandwidth of LUMO
bands of~DI-DCNQI! 2Cu reported in our previous paper
@Fig. 5~a! of Ref. 14# is smaller than the present one by 0.1
eV. This is not due to the difference between the LDA and
GGA, but due to the difference in the crystal structure. In our
previous paper, we used the experimental lattice parameters
and atomic positions at room temperature, while those at 9 K
are taken at present. The overlap of the LUMO of~DI-
DCNQI! 2Cu estimated by the first-principles calculation
with plane-wave basis sets is 53% of that of~DMe-
DCNQI! 2Cu. This difference of the overlap integral can ex-
plain most of the difference in the LUMO bandwidth be-
tween the DI and DMe cases. On the other hand, the calcu-
lation based on the extended Hu¨ckel approximation with a
localized orbital basis did not result in such a large differ-
ence: the overlap of the LUMO for the DI salt is 87% of that
for the DMe salt.33 In a subtle case where the overlap inte-
gral is determined by significant plus-minus cancelation, a
very accurate treatment of the tails of molecular orbitals is
required. The plane-wave basis set is more approximate than
the localized orbital basis set for this purpose.

Aspect~2! may correspond to the experimental observa-
tion that the anisotropy of~DI-DCNQI! 2Cu is small
compared with those of other Cu salts.r i /r' in ~DI-
DCNQI! 2Cu is about 1/3, while it is about 1/10 in~DMe-
DCNQI! 2Cu @r i (r'): the resistivity along~perpendicular
to! the c axis#. Kashimuraet al.22 pointed out that LUMO-
LUMO interchain coupling is important for this small anisot-
ropy. We can see from Fig. 12 that the LUMO has noticeable
weight on the I atom and that the weight is much larger for
some occupied orbitals near the HOMO.

The hybridization between the neighboring 1D LUMO
bands comes through two possible paths: one is between the
I atoms and the other is the I-N(2) interaction~N(2) : the N
atom directly attached to the benzene ring, see Fig. 1!. The
intercolumn I-I and I-N(2) distances are only 3.63 Å and
3.49 Å, respectively. These distances are fairly short in the
sense that the ionic radius ofI2 is 2.16 Å. If there is a
significant interaction between LUMO’s of neighboring col-
umns, the shape of the LUMO bands is not a simple cosine
type @aspect~2!#. The shape of the LUMO bands is approxi-
mately reproduced by considering these intercolumn interac-
tions. However, the detailed band structure in thekz50
plane cannot be reproduced well by the present TB model
calculations. We have to consider additional interactions, for
example, the effect of other orbitals which are not considered
in the present simple TB model Hamiltonian. The electronic
structure of~DI-DCNQI! 2Cu is unique also in this respect. It
is suggested that the HOMO may have some significant ef-

FIG. 10. Band structure of~DI-DCNQI!2Cu. The arrows along
the horizontal dotted line indicate the Fermi wave vector corre-
sponding to the CDW formation with threefold periodicity along
the c axis.

FIG. 11. Total DOS’s~solid line! and projected DOS’s~dashed
line! onto thedxy orbitals of Cu for~DI-DCNQI!2Cu. The projected
DOS’s is obtained by the TB calculation.
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fects because of aspect~3!. Figures 14~a! and ~b! compare
the quality of TB fitting between DMe and DI salts.

The small HOMO-LUMO energy separation in~DI-
DCNQI! 2Cu @aspect~3!# can be seen also in the isolated
molecule, as is shown in Table III. The HOMO-LUMO en-
ergy separation in the DI-DCNQI molecule is much smaller
than those of DMe-DCNQI and DBr-DCNQI molecules.
From Fig. 12, the intracolumn LUMO-HOMO interaction
seems to be small because of their different symmetry. How-
ever, the intercolumn LUMO-HOMO interactions may be
large because the HOMO has significant weights on the I
atoms and they may interact with LUMO’s of neighboring
columns. The effects of the HOMO are also suggested by the
following analysis.

We show the electron density associated with the states
whose eigenenergies are within 0.10 eV from the Fermi en-
ergy for ~a! ~DBr-DCNQI! 2Cu and~b! ~DI-DCNQI! 2Cu in
Fig. 15. By comparing these figures with that of~DMe-
DCNQI! 2Cu ~not shown here!, we can see significant
weights on Br and I atoms. Moreover, these weights of DI
salts are appreciably larger than those of DBr salts though we

cannot see such a large difference in the LUMO of isolated
molecules. The interactions of I-I and I-N(2) between differ-
ent columns seem to be important in Fig. 15~b! while the
corresponding Br-Br and Br-N(2) interactions may not be
important in Fig. 15~a!. If the HOMO has some contributions
to the eigenorbitals near the Fermi level, the weight on the I
atom becomes larger because the HOMO has more weight
on the I atom. We projected the eigenorbitals to the molecu-
lar orbitals and found that the contribution of the HOMO to
the eigenorbitals near the Fermi level is much larger in~DI-
DCNQI! 2Cu than in ~DMe-DCNQI! 2Cu and ~DBr-
DCNQI! 2Cu, although the absolute value is small: the con-
tribution of the HOMO and its neighboring occupied orbitals
to the norm of the eigenorbitals near the Fermi level is less
than 1/10.

With regard to aspect~4!, we first note in Table II that the
pp-dxy hybridization parametertp,xy ~LUMO-dxy in Table
II ! in the TB fit for ~DI-DCNQI! 2Cu is only 10% smaller
than that for~DMe-DCNQI! 2Cu. The reduction intp,xy may
have some origins. The N-Cu distance is about 1% larger in
~DI-DCNQI! 2Cu than in ~DMe-DCNQI! 2Cu, leading to a

FIG. 12. Some of the molecular orbitals of DI-DCNQI.~a! 35th ~LUMO!, ~b! 34 th ~HOMO!, ~c! 33rd, and~d! 32nd molecular orbitals
are shown. The red~blue! part indicates the region where the wave function has the positive~negative! sign.
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reduction oftp,xy by about 4%. The mixing of the HOMO
and its neighboring occupied states into the LUMO band can
also contribute a few % reduction intp,xy , because those
orbitals have a negligible weight on N(1) . Another important
reason of the reducedpp-dxy hybridization is the large en-
ergy separation between the bottom of the LUMO band and
the top of thedxy bands for~DI-DCNQI! 2Cu. This energy
separation is larger for~DI-DCNQI! 2Cu than for ~DMe-
DCNQI! 2Cu by factor 2.5, as we can see from Fig. 7 and
Fig. 10. One of the reasons for this is the narrow bandwidth
of LUMO @aspect~1!#. Another is the fact that thedxy level is
located at a lower energy because of the smaller value ofa
~closer toTd symmetry, see Table I!. The HOMO and its
neighboring occupied states may play substantial roles in the
states near the bottom of the LUMO bands for
~DI-DCNQI! 2Cu.

As for aspect~5!, the appreciable deviation of the nesting
Fermi-surface vector from the commensurate one of1

3c* is
consistent with the experimental fact that the metallic state of
~DI-DCNQI! 2Cu is much more stable against the insulating
state compared with the situation in~DMe-DCNQI! 2Cu.

22

Aspect~6! is a result of aspect~1!. The calculated values of
g andx are 21.9 mJ/mol/K2 and 0.3031023 emu/mol, re-

spectively. The corresponding experimental values25 are 75
mJ/mol/K2 and 0.931023 emu/mol,24 respectively. Again,
the present calculations underestimateg andx to the extent
similar to the case in the DMe salt.

The uniqueness of the DI case among DCNQI-Cu systems
can be seen also in the Li salt. The band structure of~DI-
DCNQI! 2Li is shown in Fig. 16. This band structure is com-
pletely different from that of~DMe-DCNQI! 2Li shown in
Fig. 5. The four LUMO bands show a clear deviation from a

TABLE III. Energy levels~in eV! of molecular orbitals for DMe-DCNQI, DBr-DCNQI, and DI-DCNQI.
The origin of energies is taken at the energy level of LUMO.

Orbital number DMe-DCNQI DBr-DCNQI DI-DCNQI

30 -3.12 -2.21 -2.01
31 -2.32 -1.80 -1.53
32 -2.04 -1.63 -1.47
33 -1.96 -1.59 -1.37
34 ~HOMO! -1.79 -1.55 -1.27
35 ~LUMO! 0.0 0.0 0.0
36 2.87 2.75 2.64

FIG. 13. A schematic diagram for the definition of the overlap

displacementdW between the neighboring DCNQI molecules. The
blank and hatched areas denote the areas with positive and negative
sign of the LUMO wave function@see Fig. 12~a!#.

FIG. 14. Band structure of~a! ~DMe-DCNQI!2Cu and~b! ~DI-
DCNQI!2Cu obtained by the TB model calculations~solid line!.
The dots in the figure indicate the results of the first-principles
calculations.
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1D cosine band though Li has no orbitals which have signifi-
cant contributions to the eigenstates near the Fermi level.
They show some 3D characters; the lack in degeneracy of the
four LUMO bands suggests that the interaction between dif-
ferent columns of DCNQI molecules is significant. The ar-

rows in Fig. 16 indicate the Fermi wave vector correspond-
ing to the nesting vector for the fourfold periodicity. The
band structure of~DI-DCNQI! 2Li does not show a feature of
the formation of the CDW with fourfold periodicity in the
present calculation. Moreover, it has a very large density of

FIG. 15. Isovalue surface for the electron density associated with the states whose eigenenergies are within 0.10 eV from the Fermi
energy for~a! ~DBr-DCNQI!2Cu and~b! ~DI-DCNQI!2Cu.
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states at the Fermi energy, which is about 2.5 times larger
than that of~DMe-DCNQI! 2Cu. As was mentioned in Sec.
II, ~DI-DCNQI! 2Li shows the semiconducting behavior even
at room temperature, and no superstructures have been
reported26 so far. It has been recently reported that~DI-
DCNQI! 2Ag, which shows physical properties similar to
~DI-DCNQI! 2Li, and shows antiferromagnetic order, while
other Ag or Li salts show spin Peierls transition at low tem-
peratures, implying that DI salts have much reduced 1D
characters compared with other salts.27 At the present stage
we do not have much experimental information about the
physical properties of~DI-DCNQI! 2Li. However, it is obvi-
ous from the present calculation that~DI-DCNQI! 2Li has
some unique features among the Li salts.

D. Supplementary discussion

There remain several works to be done. Among them we
point out three important problems. First, the most interest-
ing and important aspect to be elucidated is the nature of the
insulating state of Cu salts. The first-principles calculation
for the insulating phase is a very challenging task, but is too
difficult to perform at the present stage. It is not only due to
a large system size caused by the threefold modulation, but
also due to the fundamental problem of the local spin density
approximation~LSDA! and even the GGA. This is a problem
similar to that for the parents compounds of high-TC cuprates
whose antiferromagnetic insulating phase has not been prop-
erly described by the LSDA band calculations. Fukuyama
argued that the insulating state is realized by the Mott tran-
sition in the LUMO bands which hybridize with Cud states,
because these bands become essentially half filled when the
Peierls gap opens in the other LUMO bands which have a
strong tendency of CDW formation with threefold
periodicity.34 Ogawa and Suzumura analyzed the phase dia-
gram of DCNQI-Cu systems by using the periodic Anderson
model including the electron-phonon coupling.35 In both ar-
guments, the electron-electron interaction is considered only
for the Cud states. However, as was mentioned in Sec. II,
the LUMO of a DCNQI molecule has a strong electron-

electron interaction. This was more directly confirmed by a
recent experiment.36 As the states near the Fermi level are
dominated by the LUMO of DCNQI molecules, the electron-
electron interaction in the LUMO has to be included in
model calculations.

Second, we would like to compare our results with the
recent photoemission~PE! measurement by Sekiyamaet al.
for the metallic state of deuterated~DMe-DCNQI! 2Cu.

37

Their PE spectrum has a vanishingly small intensity near the
Fermi level and they attributed this feature to the character-
istics of the Tomonaga-Luttinger~TL! liquid.38,39 However,
the present calculation suggests that the effective intercol-
umn interaction is an order of 0.1 eV which may be large
enough to destroy the characteristic behavior of the TL liquid
near the Fermi level. In order to solve the discrepancy be-
tween the present calculation and the PE measurements, a
study on the electronic structures near the surface may be
required.

Third, the present calculations have confirmed the unique-
ness of I as substituents. Experimentally, the second metallic
phase appears under pressure beyond 20 GPa for~DI-
DCNQI! 2Cu and this metallic phase seems to have a differ-
ent character from the one in the normal pressure.22 The
elucidation of the basic nature of the second metallic phase is
an interesting subject of theoretical study. However, the de-
tailed crystal structure under pressure is not easy to deter-
mine experimentally for organic solids with many atoms per
unit cell. Therefore, the crystal structure has also to be de-
termined theoretically. This is now a feasible task and will be
discussed in a forthcoming paper.

V. CONCLUDING REMARKS

We have performed the electronic structure calculations
based on a GGA for the metallic states of the organic solids
~2,5-R1,R2-DCNQI! 2M with the following combination of
R1,R2 andM : for M5Cu,R15R25CH3, Br, I; for M5Li,
R15R25CH3, I; for M5Ag, R15R25CH3. The main re-
sults are as follows:

~1! For M5Li and Ag andR15R25CH3, the LUMO
bands are essentially 1D like and the Fermi surfaces show a
strong tendency of formation of a CDW with fourfold peri-
odicity along thec axis.

~2! For M5Cu andR15R25CH3 and Br, thepp-d hy-
bridization is strong enough to produce a small 3D Fermi
surface. The calculated size of the Fermi surface forR15
R25CH3 agrees well with the experimental result.

~3! ForM5Cu andR15R25CH3 and Br, the Fermi sur-
faces produced by two~among four! LUMO bands show a
strong tendency of formation of a CDW with a threefold
periodicity along thec axis.

~4! The qualitative difference between the Ag and Cu
salts comes from the difference in the energy level ofd
states: Ag has a deeperd level so that thepp-d hybridiza-
tion is weak.

~5! The systems withR15R25I are rather unique among
several DCNQI systems. The unique features are caused by
three reasons. First, the large ionic size of I2 produces an
appreciable interaction between neighboring DCNQI col-
umns. Second, the LUMO bandwidth is much narrower com-
pared with those for other substituents. Third, the Fermi

FIG. 16. Band structure of~DI-DCNQI!2Li. The arrows in the
figure show the Fermi wave vector corresponding to the CDW for-
mation with fourfold periodicity along thec axis.
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wave vectors deviate appreciably from the commensurate
nesting wave vectors,c* /3 for ~DI-DCNQI! 2Cu andc* /4 for
~DI-DCNQI! 2Li.

In this paper, we discussed the variety in the electronic
structure of (R1,R2-DCNQI! 2M for different choices of sub-
stituentsR1, R2 and metallic elementsM . Another interest-
ing aspect in the electronic structure of the DCNQI-Cu sys-
tems is that it is very sensitive to the crystal structure. We
will discuss this point in the next paper together with the
subject about the accuracy of theoretical determination of the
crystal structure.
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