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Emergence of massless Dirac electrons in graphene and related materials

Mikito Koshino
Department of Physics, Tohoku University, Sendai, 980-8578, Japan

We review recent theoretical studies on the emergence of massless Dirac electrons in
graphene and related materials. The band structure of graphene monolayer is equivalent to a
relativistic massless particle where the conduction band and valence band with linear
dispersion touch each other at the so-called Dirac point [1]. The band touching at the Dirac
point is protected by the time-reversal symmetry and the space inversion symmetry [2], and it
is robust against perturbations unless either symmetry is broken. In a graphene multilayer
composed of two or more graphene layers, the interlayer coupling drastically changes the
band structure in a manner depending on the number of layers and the stacking configuration.
Nevertheless the band touching and the Dirac-spectrum appear when the lattice structure has
the space inversion symmetry, such as in ABA-stacked even-layered graphenes, and also in
arbitrary ABC-stacked graphenes [3,4].

A massless Dirac spectrum can also occur for different symmetrical reason. Our recent study
[5] shows that the ABA-stacked odd-layered graphene with a perpendicular gate electric field
exhibits a number of emergent Dirac cones touching at zero energy, even though the system
obviously lacks the special inversion symmetry. The band-touching points are then protected
by the chiral symmetry hidden in the Hamiltonian.

The Dirac point is a singular point in k-space around which the Berry phase rotates by angle
pi. This singularity is closely related to the emergence of the edge modes which is localized to
the boundary of the system [6]. In the multi Dirac cone system mentioned above, we show
that the edge state channels appear to connect different Dirac points, and then the system
exhibits a nontrivial valley Hall state where chiral edge modes propagating in opposite
directions between two valleys (K, K”) in Brillouin zone [5].

[1] J. W. McClure, Phys. Rev. 104, 666 (1956).
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Thermal properties of organic Dirac fermion system
Univ. of Tokyo, ISSP T. Konoike
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Thermoelectric Transport Coefficients for Massless Dirac Electrons
in Quantum Limit

Igor Proskurin and Masao Ogata

Department of Physics, The University of Tokyo, Hongo 7-3-1, Bunkyo-ku Tokyo 113-0033
email: iprosk@hosi.phys.s.u-tokyo.ac.jp

Unusual thermoelectric properties of graphene have recently attracted considerable interest.
In quantizing magnetic field, when chemical potential p is close to zero, Nernst and Seebeck co-
efficients in graphene show anomalous behaviour, while for large i their behaviour is consistent
with early theoretical predictions for non-relativistic two-dimensional electron gas [1].

While the p-dependence of thermoelectric coefficients for massless Dirac electrons is now
rather well understood [2,3], the magnetic field and temperature dependences in quantum limit
are less studied. The aim of the present work is to clarify the magnetic field and temperature
dependencies for the Nernst coefficient in quantum limit for the case when p is close to the
Dirac point. For this purpose we perform an analytical calculation of the thermoelectric co-
efficients for massless Dirac fermions using the approach based on the Kubo—Stfeda formula
and generalized Mott’s relation. In the case when the broadening of Landau levels due to the
impurity scattering, I', is weak in comparison with temperature broadening, we obtain an ana-
lytic formulae which can be useful for qualitative analysis. In order to compare our results with
recent experiments in a-(BEDT-TTF),l3 organic conductor [4], we also include Zeeman split-
ting of Landau level which is important for understanding of experimental data in quantizing
magnetic fields.

The figure shows calculated magnetic field (a) and temperature (b) dependencies for the
Nernst coefficient at p = 0 for Fermi velocity vp = 0.5 x 10° m/s and g-factor g = 2.

¥y

S, [mV/K]

(a) Magnetic field dependence of the Nernst coefficient (b) Temperature dependence of the Nernst coefficient at
for different I' at 1.5 K different magnetic fields.
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Feedback effects in Dirac and Rashba ferromagnets
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Spin torque for a system with Rashba spin-orbit couling
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Quantum Hall Effect in Molecular Dirac fermion systems
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First bulk (multilayered) two-dimensional (2D) zero-gap state with massless
Dirac particles was realized in an organic conductor a-(BEDT-TTF),l; under pressure
[1-3]. The Shubnikov-de Haas oscillations (SAHO) or the quantum Hall effect
(QHE) originated from the Dirac particle, however, have not been observed yet until
now because Fermi level always locates at the Dirac point. Thus, we have succeeded
In detecting the zero-mode Landau level and its spin-split levelsin this system probed
by inter-layer magnetoresistance [3]. Quite recently, we made a breakthrough in the
detection of SAHO and QHE in this system [4]. The hole-doping was successful by
only fixing a crystal on a substrate weakly negatively charged by contact
electrification. The QHE plateaux for v= 6, 10, (14 and 18) were detected in the
magnetic field up to 7 T at the temperature below 2 K. Those steps are essence of 2D
Dirac fermion systems.

In this work, SAHO and QHE were investigated in the magnetic field up to 14 T.
We succeeded in detecting the QHE plateau for v=4
which is the spin-splitting state of N=1 Landau level.
In this state, the v=4 quantum Hall ferromagnetic state
Is anticipated. This multilayered Dirac fermion system
IS characterized further from the detection of SAHO
and QHE and its interpretation.
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