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The electronic states in two-dimensional organic conductor a-(BEDT-TTF),I5 have been investigated
to show the noticeable property of the massless fermions, i.e., the linear dispersion which exists on the
contact point between the conduction band and the valence band. These fermions are well known in
bismuth and graphite, where the former are described by the Dirac equation and the latter obeys the Weyl
equation corresponding to the massless fermion. In the present study, we show that the effective
Hamiltonian describing the massless fermions in a-(BEDT-TTF),I; contains intrinsically new terms of
Pauli matrices o, and oy in addition to the Weyl equation which consists of o, and o,. The new massless
fermions are robust against the charge disproportionation, and induce the anomalous momentum-
dependence in the charge density.
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1. Introduction

The massless fermions in condensed matter physics,
which display the linear dispersion of the energy band in the
vicinity of the contact point between the conduction band
and the valence band,” have been studied in bismuth®® and
graphite’>'? showing anomalous properties, e.g. the anom-
alous diamagnetism, the absence of the backward scattering
and the universal conductivity. The fermions in bismuth are
described by the Dirac equation with the Hamiltonian which
consists of 4 x 4 components.? The fermions in graphite
obey the Weyl equation for neutrino,>® which is derived
from the Dirac equation without rest mass, and consists of o,
term and o, term.

In two-dimensional organic conductor ¢-(BEDT-TTF),I3,
the zero-gap state (ZGS) with the massless fermions was
found theoretically,'"'? by using the transfer integrals'®
calculated from the experimental data under uniaxial strain.
The characteristic of the ZGS is the existence of the contact
point on the Fermi surface, which is located between
the conduction band and the valence band. The ZGS was
verified by the first principle calculation.'*!'> The puzzled
phenomena of the weak temperature dependence of resis-
tivity and the strong T? dependence of carrier density, which
were discussed as the narrow gap semiconductor,'®!” have
been explained by applying the self-consistent Born approx-
imation to the ZGS.'® In addition to ZGS, there are several
interesting phenomena in «-(BEDT-TTF),I;. The stripe
charge ordering, which occurs at low pressures,'” has been
explained by the mean-field theories.’’?» For the super-
conductivity, which is found in the presence of the stripe
charge ordering under uniaxial pressure,”® has been inves-
tigated by using the extended Hubbard model.?” The paring
mechanism which is mediated by the spin fluctuation has
been maintained and interpreted in terms of the self-doped
pseduo-one-dimenstional Heisenberg chain. Recently, the
charge disproportionation has been observed at temperature
higher than the transition temperature of the stripe charge
ordering.”> We examine the effect of charge disproportio-
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nation on electronic state of the massless fermion by
calculating the momentum dependence of charge density
of the respective site.

In the present study, the electronic states of the massless
fermions in «-(BEDT-TTF),I; are investigated. The ex-
tended Hubbard model describing o-(BEDT-TTF),I; is
given and is treated by the mean-field theory in §2. In §3,
we show that the Hamiltonian describing the massless
fermions has intrinsically new terms of o, and the identity
matrix oy in addition to the Weyl equation which consists of
o, and o,. In §4, we show the robust stability of the massless
fermion against the charge disproportionation, which orig-
inates from the variety of transfer integrals. In §5, we
calculate the anomalous momentum-dependence of the
charge density, which is related to both the massless fermion
and the charge disproportionation. In §6, the anomaly on the
contact point is discussed in terms of the wave function of
the massless fermions and summary is given.

2. Hamiltonian and Mean-Field Theory

The model describing the two-dimensional electronic
system in the a-(BEDT-TTF),l; is shown in Fig. 1.29 The
unit cell consists of four BEDT-TTF molecules with sites 1,
2, 3, and 4, which correspond to sites A, A’, B and C in the
conventional notation.!” There are six electrons in the
four molecules, i.e., the 3/4-filled band. The extended
Hubbard model with the on-site repulsive interaction U and
the anisotropic nearest-neighbor repulsive interaction Vg
is given by!'D

H = Z (tm;jﬁa;rwajﬂg + h.c.)
(iazjB),o

+ ) Udlyyaly, diay iy
io

+ Z Va,ga;wa;ﬁa, Ajgo Aigo (1)
(iazjB),0,0"

where i,j denote site indices of the unit cell, and «, B
(=1,2,3,4) are indices of BEDT-TTF sites in the unit cell.
Hereafter, we take eV as the unit of the energy. In the first
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Fig. 1. The model describing the electronic system of a-(BEDT-TTF),15.
The unit cell consists of four BEDT-TTF molecules 1, 2, 3, and 4 with
seven transfer integrals #4. The the nearest neighbor repulsive interactions
are given by V. and V,,. The a- and b-axes in the conventional notation
correspond to the y- and x-axes in the present paper.

term, a ., denotes a creation operator with spin o (= 1, {)
and tq.jg 1s the transfer energy between the (i, o) site and the
(J, B) site. The transfer integrals under the uniaxial pressure
(P,) along the ag-axis is obtained by the extrapolation
formula

14(Pa) = 14(0)(1 + K4 Py). @

The transfer energies 74 with A =cl,c2,...,p4 and the
coefficients K, are given by the data at P, = Okbar?” and
at P, = 2kbar,'¥ where 1,1(0) = 0.140, 1,,(0) = 0.123,

1,3(0) = —0.025, 1,4(0) = —0.062, 1.1(0) = 0.048, 1.5(0) =
—0.020, 1.3(0) = —0.028, 1.4(0) = —0.028, and K, =
0.011, Ky =0, K3 = 0, Ky = 0.032, K. = 0.167, Koo =

—0.025, K3 = 0.089.
The charge ordering is estimated within the mean field
theory!!20:2 given by

Hyr = Z gaﬁa(k)altagakﬂ(r

koo
= Ualnat)nay) = Y Vap(tao) (nger), (3)
o (a,B)o,07
Eupo (1) = 8uplUs(nus) + ) Vap (npo)] + €ap®),  (4)

/3/0./
Zraﬂe““‘, (5)

where ny,, = a:rwa,w (i.e., independent of the site i),
o = —o, and § denotes the vector representing the nearest
neighbor of the unit cell. The Hamiltonian (3) is diagonal-

ized by

Gaﬁ(k) =

4
D eapoK)dpro(k) = &ro(K)dars(K), (6)
B=1

where &,, are the eigenvalue with a descending order,
§10(K) > §25(K) > &35(K) > &45(K), and  dyo(k)  (r=
1,2,3,4) are the corresponding eigenvectors. In terms of
eq. (6), the number of electrons on a-site with spin o, (nys),
is expressed as
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1
(Nag) Ao (K)o (K )] (D
Z T expl(6ra(k) — w)/T1 + 1
where T is the temperature (kg = 1). Equation (7) is the
self-consistency equation for (n4,). The quantity p is the
chemical potential determined from a condition

3 1
5 =72 e ®)

which gives the electron with 3/4 filling per each molecule.

The mean-field solutions are as follows.>¥ The zero-gap
state (ZGS) accompanied by the charge disproportionation
exists in the region of high pressure (P, > 4.3 kbar). There
are insulator phase (0 < P, < 3.3kbar) and the metallic
phase (3.3 < P, < 4.3kbar) accompanied by the stripe
charge ordering in the region of lower pressure. The
superconductivity in the presence of the stripe charge
ordering, which is mediated by the spin fluctuation, occurs
in the metallic phase. The parameters U = 0.4, V. = 0.17,
and V, =0.05 are chosen so that the stripe pattern is
consistent with that of the experiment.'” The electronic
states which vary with increasing P, reproduce well those of
the experiment.?

3. Massless Fermions

Figure 2 shows the energy bands with the linear dis-
persion in the vicinity of the contact point ky at which the
conduction band (the electron band) and the valence band
(the hole band) degenerate,lz) i.e., so-called the massless
fermions. The Fermi energy coincides with the energy of
the contact point. This state has been called as the ZGS.

In the present study, we investigate the electronic states
in the vicinity of the contact point. By making use of the
expansion with respect to k (= k — k), the Hamiltonian
around the contact point kg is given as

0.04
0.02
0
0.02
x K
ko Y
kx

Fig. 2. The massless fermions in a-(BEDT-TTF),I;. The vertical axis
represents the band energy (eV), on the k,—k, plane (kf —0.1r <k, <
ks + 0.1 and k? — 017 <k, < ks + 0.17), where the contact point is
given by ko = (0.740m, —0.3467) at P, = 4.5kbar, U = 0.4, V. =0.17,
and V), = 0.05. The upper (lower) cone corresponds to the conduction &;
(valence &) band. The Fermi energy coincides with the contact point in
the ZGS. Another contact point with k = —k; also has the massless
fermions.
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(@)

(b)

Fig. 3. The momentum dependence of u{,(k) (a) and the contour plot (b) in the region (K9 —0.17r < ky <k +0.17 and k° — 0.1 < ky, < k¥ 4+ 0.1x) at
11 X X y y y
P, = 4.5kbar. There is anti-symmetric component around ko with a discontinuous jump at K.

H(k) = H(ko) + H'(K), ©)
H'(k) =k - VH(ko) (10)

For H', we take the effective Hamiltonian represented in
terms of 2 x 2 components for the conduction band (y = 1)
and the valence band (y = 2), because the linear components
are dominant at ko and the components related to the other
bands (y =3 or 4) are negligible. By using the velocity
matrix u,, (K) given as
%®=Z%®%®ﬁf)
af T

; (1)

where T=ux,y and y,y = 1,2, the velocities v,(k) are
defined as

vi(k) = Reujp(k), (12)

vy(kK) = — Imuy(k), (13)
1

v.(k) = 3 (uy (k) — upn(k)), (14)
1

vo(k) = 3 (uy1(k) + uxn(k)), (15)

respectively. All the components of v,(K) (o = x,y,z,0) are
of the same order. The effective Hamiltonian H.s can be
expressed as?®

Har(k) = Y~ k- v,(kyo,,

p=x.9,2,0

(16)

where oy, . are the Pauli matrices and oy is the identity
matrix. Since u,, (k) are singular at ko [see Fig. 3(a)], we
introduce a momentum k;, which is infinitesimally different
from the contact point ko. The direction of ki — ko is
arbitrary. The linear dispersion éeff(f() with a cone is
obtained by diagonalization of H.g.

Er(R) =K - vo(kp) = [ (k- v, (kp))?
=Y kvjky) £ > kko Q7 (kp),  (18)

where Q77 = 4%, vlfvf)l and v =ux,Yy,z. Although eq. (16)
depends on the direction of k6 — ko, the eigenvalues &.¢;(k)
are independent of the choice of kj. Here we note that the

a7
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Fig. 4. The momentum dependence of u};(K)+ (k) in the region
of k) =017 <k, <k+0.17r and k) —0.1xr <k, <k)+0.17. The
strong momentum dependences of u},(k) and #),(k) cancel each other
completely.

Hamiltonian describing the massless fermions in graphite
consists of o, and o, terms with v, = (v,0) and v, = (0, v)
and then obeys the Weyl equation for the neutrino. The
Weyl equation is obtained by vanishing rest mass term of the
relativistic Dirac equation which consists of 4 x 4 compo-
nents.*? In eq. (16), new terms of o, and oy are added to the
Weyl equation. The term of oy leads to the anisotropic
velocity. Thus Heg in eq. (16) gives new massless fermions
which have the anisotropy of the velocity and the inclination
of the cone. In addition, the corresponding quantity on
another contact point at —ko shows a fact that v,(—ko +
0k) = —v, (ko — &k) due to the crystal symmetry.

The velocity matrix u,,,(k) has anomalous momentum
dependence around kj. Figures 3(a) and 3(b) show the
momentum dependence of uj,(k) in the vicinity of kg
(k) =017 < ky <k +0.17 and k) —0.17 <k, < k) +
0.17). There are anti-symmetric component around ko with
a discontinuous jump at k. The anomaly comes from the
property of the wave function of the massless fermion
(discussed in §6). The anomaly in the momentum depen-
dence of u,, (k) cancels completely for vo(k) as shown in

©2007 The Author(s)
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Fig. 5. The solid curves show trajectories of a pair of the contact points
+ko which move to the I'-point each other with increasing P,, where
U=04, V.=0.17, and V, =0.05. The small ellipse of solid line
represents the electron and hole pockets for the metallic state at
P, = 4 kbar. The dashed curves are obtained for the non-interacting case.
The contact points also move form open-circle points (P, = Okbar) to the
I-point. The dashed curves around the X- and Y-points represent the
electron and hole pockets at P, = 0. The square, triangle and inverted
triangle points correspond to P, = 10, 20, and 30 kbar, respectively.

Fig. 4 in the vicinity of kg (kfc) -0l <k < kg + 0.17 and
kg —0dnr <k < k;) +0.17), where uj,(K)+ u},(k) =
2v5(k). For example, we obtain fixed values vo(ko) =
(—8.21 x 1072, —1.29 x 1072) (eV with the lattice constant
a=b=1)at P, =4.5kbar.

The anomaly of v, (k) (v = x,y,z) is understood from the
property of the rotation of these vectors. When k goes
counterclockwise around kg, these vectors also rotate
counterclockwise, with the variation of the magnitude of
these vectors. The anomaly in v,(k) vanish in Q7 (k)
completely. Then we obtain fixed values O*(kg) = 4.40 x
1072, Q%(kg) = Q™(ko) = 1.15x 1072 and Q" (ko) =
3.34 x 1072 at P, = 4.5 kbar.

In order to see the degree of anisotropy, we rotate k- and
ky-axis to K, and K,-axis to take the principal axis of the
ellipse. Thus we obtain

> keke Q7 (ko) = ATK] + AR, (19)
7
where A, = 0.227, A, = 0.161, and the rotational angle of
the axis is given by § = —0.568 rad.

Figure 5 shows the trajectories of the contact points with
varying P,, which are calculated by the extrapolation in the
tight-binding model [eq. (2)] with increasing P,. The contact
point emerges at M’-point which corresponds to the metallic
phase accompanied by the stripe charge ordering. The point
moves from M’-point (P, = 3.3 kbar) to the cross (x)-point
(P, = 4.3kbar), where the Fermi energy does not coincide
with the contact point. The contact point in the ZGS jumps
into another cross (x)-points (P, = 4.3kbar) and moves
toward the I'-point. The dashed curves are obtained for the
non-interacting case, where the contact point also moves
form open-circle point (P, = Okbar) toward the I'-point.
A pair of the contact points at £Kg approaching the I'-point
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Fig. 6. The x-dependences of n, (=), nge), where U =0.4x, V. =
0.17x, and V,, = 0.05x, at P, = 4.5 kbar.

each other vanish due to collision at P, = 40kbar. The
electronic system becomes the band insulator at pressures
higher than P, = 40kbar. For pressures just before the
collision, the anisotropy of the velocity and the inclination
of the cone are strongly enhanced, and two Van Hove
singularities approach the Fermi energy each other.

4. Charge Disproportionation vs Massless Fermion

We investigate the origin of the charge disproportionation
observed in a-(BEDT-TTF),13.%> Figure 6 shows the charge
disproportionation as the function of the magnitude of the
interactions U, V), and V., which are chosen as U = 0.4x,
Ve =0.17x, and V, =0.05x (eV). The case of x=1
corresponds to the ZGS which describes the real material
at P, = 4.5 kbar, while the case of x = 0, on the other hand,
corresponds to that of the tight-binding model. It is found
that the charge disproportionation does exist even at x = 0.
Thus, the charge disproportionation originates from the
transfer integrals. The disproportionation is enhanced as x
decreases.

The presence of the interactions (x = 1) gives spatial
variation observed by the NMR experiment,? that the site 3
is hole-rich and the site 4 is electron-rich among four sites.
The stability of the massless fermions against the charge
disproportionation is evidenced by the fact that the ZGS is
found in whole range (0 < x < 1) of the solutions.

Figure 7 shows the temperature-dependences of n,
(x=1,2,3,4) for x=1 at P, =0. The insulating state
accompanied by the stripe charge ordering is obtained in the
region of low temperature 7 < Tco = 0.016. There are large
staggered magnetic moments m; (> 0) and m3 (< 0) on the
hole-rich sites for T < Tco, where miy, = ), sgn(0)ge.
At high temperature regions (T > Tco), on the other hand,
there is the metallic state accompanied by the charge
disproportionation, where the magnetic moments i, vanish.
In the metallic state, the contact point leaves the Fermi
energy because of the appearance of the hole pocket at
Y-point. It is found that there is no critical temperature for
the vanishing of the charge disproportionation even in the
case of x = 1. The stability of the massless fermions against

©2007 The Author(s)
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1.5¢

10 0.05

Fig. 7. The temperature-dependences of ny, ny, n3, and ny at P, = Okbar
forx=1.

Fig. 8. The momentum-dependence of n; (k) [= ny(k)] in the 1st Brillouin
zone.

(@)

(b)

Fig. 9. The contour plots of the momentum-dependence of n3(k) (left) and n4(k) (right) in the 1st Brillouin zone, where n, (k) is large (small) in the light

(dark) region.

the charge disproportionation is also verified since the
massless fermions are obtained in this metallic state
(T > Tco).

5. Anomalous Momentum-Dependence of Charge
Density

We examine the anomaly in the momentum-dependence
of the charge density ny(k) for each BEDT-TTF site (per
spin) which is given by (kg = 1)

1
na(K) =Y di (K)dy (K)
Y

exp(§,(k)/T) + 1

Figure 8 shows the momentum-dependence of n;(Kk)
[=ny(k)]. It is found that the anomalous momentum-
dependence exists on the contact point at k = £+kj, while
the total charge density n(k) = >_, n4(k) is independent of k
at 7 =0.

Figure 9 shows the momentum-dependences of n3(k) and
n4(k). The anti-symmetric component is found in the vicinity
of the center of symmetry k = £k, accompanied by the

(20)

034711-5

discontinuous jumps at k = £ky. The tendency of the
momentum-dependence in n3(k) is opposite to those of
n1(K), ny(Kk), and ny(k). This fact indicates a relevance that
the charge disproportionation of n3 which is much smaller
than 3/4 (hole-rich). The anomaly exists not only in the ZGS
but also in the metallic state discussed in the previous
section. The origin of this anomaly is related to the point-
contact of two bands, and is the same as that of the velocity
matrix u,,(k), i.e., due to the anomaly of the eigenvector
dqy(K) discussed in §6.

6. Discussion and Summary

We discuss the relation between the new massless
fermions and the charge disproportionation. The anomaly
of the velocity matrix u,, (k) and that of the charge density
n,(Kk) originates from the property of the wave function. We
examine the Hamiltonian

H = [c‘i Z] Q1)

©2007 The Author(s)
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which consists of two sites in a unit cell. (¢ = b = 0 and
¢ =k, — ik, in the case of graphite.”) When k = ko, the
diagonal components become equal (a = b) and the off-
diagonal components vanish (¢ = 0) at the contact point of
two bands. The components of the wave function depend on
the phase 6, where ¢ = |c|ei(’, i.e., 0 is the angle of rotation
around k. The anomaly is discussed in terms of the helisity
of neutrino in graphite, i.e., the pseudo spin vector describ-
ing the wave function is always parallel to the momentum
k.” The phase of the wave function jumps from 6 to 6 +
when k passes the contact point kg into —k. Such anomaly is
an intrinsic property of the massless fermions.

Here the instability of the massless fermions in the
presence of the site potential is also understood by using
H®. The diagonal components, which have different values
in the presence of the site potential, violate the condition for
degeneration. Thus the massless fermions in the presence of
the charge disproportionation can not exist in the system
which consists of two sites in a unit cell. In the case for
a-(BEDT-TTF),lI3, the stability of the massless fermions is
robust in the presence of the site potential. It is due to
the electronic system with four sites in a unit cell, since
diagonal components in 4 x 4 matrix with slightly different
values allow degeneracy of eigenvalues. The velocity matrix
u,,/ (k) and the charge density n,(k) have the anomaly in
both the amplitude and the phase, which are related to the
charge disproportionation. Thus the correlation between the
massless fermions and the charge disproportionation gives
rise to a unique property of «-type salts which consists of
four sites in a unit cell.

In summary, we have found that the Hamiltonian
describing the massless fermions in «-(BEDT-TTF),I; has
intrinsically new terms for o, and the identity matrix oy in
addition to the Weyl equation with o, and o,. The massless
fermions in the present case have the anisotropy of the
velocity and the inclination of the cone. Within the
extrapolation scheme of the transfer integrals, we have
found the pair of the contact points +ko are merged to
disappear at a high pressure, which is accompanied by strong
anisotropy of the velocity and by the Van Hove singularities.
The new massless fermions have robust stability against the
charge disproportionation. The charge disproportionation
originates from the variety of transfer integrals, while the
spatial variation observed by the NMR experiment® is
explained by taking account into the interactions. The
anomalous momentum-dependence of the charge density in
the vicinity of ko have been also found. The anomaly is
due to the property of the wave function of the massless
fermions, and is related to the charge disproportionation
through the unitary matrix for the diagonalization.

Recently, anomalous three-stepwise structure in the
magnetoresistance and enhancement of 1/7|7T in the NMR
have been observed in the ZGS under magnetic field and
high pressure in «-(BEDT-TTF),I3,'?® while the two-
stepwise structure has been observed in bismuth and

034711-6

graphite.®” It is expected that these phenomena are related
to the electronic states of the new massless Fermion. The
roles of the new terms for o, and oy on the magnetic
response are interesting problems. It is also expected that
the incorporation of the pair of the contact points +kq at
high pressure induces new phenomena.
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