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The honeycomb lattice oF gmphene plcfured below consnsfs of
wo inferpenetrafing triangular sublattices: The sites of one
sublattice (green) are at the centers of friangles defined by the
other {orange). The lattice thus has two carbon atoms, desig-
nated A ang B, per unit cell, and is invariant under 120° rota-
tions around any lattice site. Each atom has one s and three p
orbitals. The s orbital and two in-plane p orbitals are tied up
in graphene’s strong covalent bonding and do not contribute
to its conductivity. The remaining p orbital, oriented perpen-
dicular to the molecular plane, is odd under inversion in the

lane and hybridizes to i!Zrm ar |valence) and 7 {conduction)
Eands as.shown at right.
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MOMENTUM

 Inthe Bloch band description of graphene’s electromc struc-
ture, orbital energies depend on the momentum of charge car-
~riers in the crysfql Brillouin. zone‘-(mse’r rlgh’r) The 7 and 7

- bcmds (blue 1 the'e

elecfronlc' struc refrplo’r} are decoupled from
d of inversion symmetry and

e they;‘parﬂcnpq’re Kess in:
occupied and empty
s is the energy where
energy above, offen
‘bands form comcalval '
mmetry’ pomts -convention-
illovin zone. Near these points
the. 'd mfude oF momem‘um

'_’l"alqubeledK nd
':.'vihe"‘fenervgy .

| an”oum%one corners. are’ re[afed fo K and. K by reCIprocql
| 'lah‘lce vecfors and do nof represent dlshncf elecfronlc states.
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PHYSICAL REVIEW VOLUME 71, NUMBER' 9 MAY 1, 1947

-The Band Theory of Graphite

P. R. Warrace*
National Research Council of Canada, Chalk River Laboratory, Chalk River, Ontario

(Received -December .-19, 1946)

The structure of the electronic energy -bands and Brillouin zones for graphite is developed
using the “tight binding” approximation. Graphite is found to be a semi-conductor with zero
activation energy, i.e., there are no free electrons at zero temperature, but they are created.
at higher temperatures by excitation to a band contiguous to the highest one which is normally.
filled. The electrical conductivity is treated with assumptions about the mean free path. It is
found to be about 100 times as great parallel to as across crystal planes. A large and anisotropic
diamagnetic susceptibility is predicted for the conduction electrons; this is greatest for fields
across the layers. The volume optical absorption is accounted for.

T8/
H11=f¢1*H¢1dT: H12=H21*.=f¢1*H¢2d"" @05 ﬁ%r ]:-gﬁ”ﬁ gn/%

Hap= f b+ Hosdr
: ' NE

and

S= f¢1*¢1d1’ = f(ﬁz*q&sz.

Eliminating X we obtain the secular equation

. Hu“"ES H12
Hy  Hn—ES

from which it is found that

={,

Ee

1 Fic. 6.
E=‘2‘§{H11+H22 A
= ((Hu—~Hz)?+4[H2| %)}, (2.5)



PHYSICAL REVIEW B VOLUME 1, NUMBER 12 15 JUNE 1970

Electronic Band Structure and Optical Properties of Graphite
from a Variational Approach*

G. S. Painter
Metals and Cevamics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37830

and
D. E. Ellist

Physics Depaviment, Novthwestern Univevsity, Evanston, Illinois 60201
{Received 26 January 1970)

The electronic band structure of graphite has been calculated from an ab initio variational
approach using a linear-combination of atomic-orbitals (LCAQ) basis of Bloch states, in-
cluding nonspherical terms in the one-electron crystal potential. Matrix elements of the
Hamiltonian are evaluated directly without any tight-binding approximations. The optical
transitions deduced from the energy bands calculated using a single-layer crystal model
agree nicely with recent polarized-light reflectance measurements, Details of the band
structure are calculated for the three-dimensional Brillouin zone and related to the results
obtained using the single-layer crystal structure. The results are encouraging, not only
from the standpoint that the method employed is an ab initio approach with no special a
pviori assumptions, but also because the band structure is quite insensitive to the partic-
wlars of the crystal potential function,

0.6

TiG. 3. Energy band struc-
ture for graphite in the single-
layer crystal model. Allowed
transitions which contribute

F structure to the reflectance are
indicated for polarization par-
allel (ll) and perpendicular
(L) to the ¢ axis.
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Electronic Structure
and the Properties of Solids

THE PHYSICS OF THE CHEMICAL BOND

Walter A. Harrison

STANFORD UNIVERSJTY

.

W. H. FREEMAN AND COMPANY, SAN FRANCISCO
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