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We present theoretical results for the electronic structure of graphite using a full potential linear
muffin-tin orbital method. The calculations are performed at ambient pressure and at hydrostatic
pressures of 5 and 10 GPa. Our ambient pressure results are in agreement with recent independent
calculations as well as with experimental photoemission data. Our calculations at 5 and 10 GPa show
a splitting of the o bands indicating an increase in the overlap between wave functions centered on
different carbon atoms. The calculated pressure dependence of the A; and A2 transitions (attributed
to transitions occurring at the symmetry point K) is in agreement with recent optical reflectivity
data. Also, the compressibility is calculated to be highly anisotropic, in excellent agreement with

experimental data.

I. INTRODUCTION

Graphite can be regarded as a prototype of layered
crystals. It is known to have many technological applica-
tions and as a result graphite has been studied vigorously
both theoretically and experimentally for the past few
decades. Hexagonal graphite has an abnormally large c/a
ratio (c/a=2.7259). This gives rise to a large anisotropy
in its structural and electronic properties. The carbon
atoms in the basal plane are bound together by strong
covalent bonds (o) while the atoms in the adjacent planes
are weakly bound by Van der Waal bonds. Thus the in-
terlayer nearest neighbor distance (3.35 A) is much larger
than the in-plane nearest neighbor distance (1.42 A). The
bonding properties of graphite can be explained by so-
called sp? hybrids. Three of the four valence electrons
are assigned to the trigonally directed sp? hybrids form-
ing (o) bonds while the fourth electron lies in the p,
orbital normal to the o bonding plane, forming weak =«
bonds. The weak interaction between layers introduces
small splittings for the = and n* bands.

There exist a number of measurements of the struc-
tural and electronic properties of hexagonal graphite.
The physical properties of graphite have been exten-
sively studied through Raman scattering,!™ infrared
reflectance,?°7 inelastic neutron scattering,® elastic con-
stant measurements,® angle-resolved photoemission,!0"13
and inverse photoemission!37'® experiments. It has been
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established that in general the results of various experi-
ments are in agreement with energy-band calculations at
ambient pressure (see below). However, under pressure,
there seems to have been much less work done as regards
comparison between theory and experiment for graphite.
Our purpose of this work is to provide an electronic struc-
ture calculation for graphite under hydrostatic pressure
and compare it with experimental data. We will also
calculate the compressibility of graphite, and specifically
address the pronounced anisotropy.

The band structure of graphite close to the Fermi en-
ergy (Er) was first calculated by McClure!® and Slon-
czewski and Weins?? (commonly known as the SWMcC
model) using the k - p method. In this model the en-
ergy eigenvalues near Er are given in terms of seven pa-
rameters which define the interaction energies between
the orbitals from different carbon atoms within the basal
plane and carbon atoms in the neighboring planes. As
this model is very usable, it has been popular to use ex-
perimental data and fit the different parameters so that
theory and experiment agree. In this context it is en-
couraging that there is agreement between the values of
the parameters obtained from the de Haas—van Alphen
(dHvA) and optical experiments.2!:22 The model can also
be used to interpret the experimental data obtained un-
der high pressure.®

The electronic structure of graphite has also been
calculated self-consistently by means of the local den-
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sity approximation (LDA) by numerous workers us-
ing different computational methods such as the lin-
ear combination of atomic orbitals method (LCAO),23
the Korringa-Kohn-Rostoker (KKR) method,?* the full-
potential linearized augmented plane wave (FPLAPW)
method,?%2% the pseudopotential (PP) method,2""2° and
the linear muffin-tin-orbitals (LMTO)3® method within
the atomic sphere approximation (ASA). The band struc-
tures obtained by the different methods are in gen-
eral agreement with each other and with photoemission
experiments.2”'2° However, there is a discrepancy with
respect to the position of the top of the o band relative
to Ep. Pseudopotential calculations?”2° put this around
3.0 eV below Ep, while the FPLAPW calculations?5:2¢
put it around 4-6 eV below Ep. Experimentally it is
observed at 4.6-5.5 eV below Er and the agreement be-
tween theory and experiment is fair.

Although there exist ab initio band calculations for
hexagonal graphite at ambient pressure, there is con-
siderably less theoretical work on compressed graphite.
As a matter of fact, only one calculation on compressed
graphite has been performed3’ using a somewhat less ac-
curate method. Such calculations are of interest since un-
der pressure the ¢ axis becomes much more compressed
than the a axis. In fact the linear compressibility parallel
to the c axis is 35 times larger than that perpendicular
to it.# Thus the interlayer distance between the carbon
atoms decreases rapidly whereas the intralayer distances
remain almost constant. With increasing pressure one
should therefore see a gradual change from a quasi-two-
dimensional behavior to a three-dimensional behavior.
Moreover, optical data exist for graphite under pressure
and we will compare our calculations with these data.
The calculation in Ref. 30 yielded eigenvalues near the
symmetry point K which were in agreement with ex-
periment but gave the bottom of the o band around 16
eV below Ep, which is 4 eV less than the experimen-
tal value. This could be attributed to the accuracy of
the calculational method and to the many (14) empty
spheres introduced in the calculation.

In the present paper we report on electronic struc-
ture calculations of graphite at ambient pressure and un-
der compression, using a method which does not rely
on approximations concerning the geometry of the cal-
culated potential and which is based on the so-called
linear muffin-tin-orbital method (see below), i.e., the
FPLMTO.

II. DETAILS OF CALCULATIONS

In our present calculations we used a full-potential lin-
ear muffin-tin-orbital (FPLMTO) technique.?! The cal-
culations were all electron. The charge density and po-
tential were allowed to have any shape inside the muffin
tins as well as in the interstitial region. The basis set,
charge density, and potential were expanded in spher-
ical harmonic series (with a cutoff lax=8) within the
nonoverlapping muffin-tin spheres and in a Fourier series
in the interstitial region. The basis set was comprised
of augmented linear muffin-tin-orbitals.3%:3% The tails of
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the basis function outside their parent spheres were lin-
ear combinations of Hankel or Neuman functions with
nonzero kinetic energy. The integration over the Bril-
louin zone was done using the special point sampling34
with a Gaussian smearing of 20 mRy and using 108 k&
points in —llith of the Brillouin zone. The calculations
were done at the experimental lattice constants. The
potential was calculated using the local density approx-
imation with the Hedin-Lundqvist3®(HL) expression for
the exchange and correlation potential.

III. ELECTRONIC STRUCTURE RESULTS
A. At ambient pressure

We have calculated the electronic structure of graphite
at ambient conditions and at experimental volumes cor-
responding to pressures of 5 and 10 GPa. The lattice con-
stants corresponding to these three pressures are taken
from the work of Hanfland et al.* and are given in Table
I. We first consider the ambient pressure results. The
energy-band structure at this volume is plotted in Fig. 1.
We find that the band structure in Fig. 1 agrees well with
the other calculations.?8:2° To illustrate this we show in
Table II the energy eigenvalues at the symmetry point '
and compare them with some recent calculations and also
with values deduced from photoemission experiments.
Note that there is good agreement between all the the-
oretical calculations and experiment. For the bottom of
the o and m bands the different calculations agree with
experiment to within 1 eV. For the top of the o band the
LAPW?2526 and the KKR2* results are in better agree-
ment with the experimental data compared to the result
of the present investigation as well as with the PP28:2°
and LCAO?3 results which give 1.0-1.5 eV lower values.
For the unoccupied o* bands we have taken the mean
value of the three levels for the different calculations and
compared it with the experimental data; the agreement
is within 1 eV. Such a difference between experiment and
theory is not uncommon in the LDA.3¢ Differences be-
tween the various theoretical calculations might be at-
tributed to differences in the exchange-correlation poten-

TABLE 1. Lattice parameters and the experimental pres-
sure for graphite as a function of volume. Experimental values
are from Ref. 4.

Volume Experimental Experimental Calculated
(A3) pressure (GPa) c/a c/a
8.80 0.0 2.72 2.77
8.44 2.63 2.63
8.25 2.58 2.57
8.01 5.0 2.51 2.48
7.77 2.46 2.43
7.61 10.0 2.42 2.39
7.42 13.0 2.38 2.34
7.04 2.25
6.60 2.15
6.16 2.05
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TABLE II. Characteristic energy levels (in eV) for graphite relative to the Fermi energy.

Present work Other theoretical calculations Experimental
Bottom o -19.2 -19.4> -20.1® -19.6° -20.8¢ -19.5° -20.6f
-19.8°  -19.3° -20.5¢ -19.2¢
Bottom -7.8 -77* -89° 87 919  _g2° -8.1,f-8.58
-6.4 -6.6> -6.8> -6.7° -71.1¢4 -65° -7.257"P6.68
Top o -3.4 -3.0° -35° -46° -34% -43° -4.6,f-5.58
-3.4>  -46° -33¢  .4.3°
Unoccupied o* 5.7 4.0° 3.7° 3.8° 3.7 7.1°
7.9 8.22 7.9® 8.3° 9.0 7.3¢ 6.9f
8.0 7.9® 8.4° 9.3¢ 7.3°
7 bands at point K
ed - €3 0.57 0.80° 0.7 0.44° 0.72,'0.68'
€9 - €9 0.68 0.86" 0.8¢ 0.61° 0.84,10.81

® Schabel and Martins (Ref. 29).
® Charlier et al. (Ref. 28).

¢ Jansen and Freeman (Ref. 25).
9 Holzwarth et al. (Ref. 27).

¢ Tatar and S.Rabii (Ref. 24).

tials or to differences in the number of k points used for
obtaining a self-consistent potential. It might also be due
to differences in the methods used. A far more stringent
test of the calculated electronic structure is provided by
the eigenvalues at the symmetry point K. These are also
given in Table II. Once again there is good agreement
between the present as well as with the previous calcu-
lations and experiment, with deviations in the range of
0.2 eV. It is interesting to calculate the SWMcC model
parameters using our present energy-band structure. We
have not made an attempt to determine all the parame-
ters but using the eigenvalues at the symmetry point K
we obtain vy, = —0.012 eV, v; = 0.315 eV, and A+v5 =
0.043 eV. Using the eigenvalues at the symmetry point
H we obtain that y¢ ~ —0.022 eV. These values are in
agreement with the current accepted values.2®

The density of states (DOS) is shown in Fig 2. Notice
that the DOS is characterized by a very low value at the
Fermi level Er. The occupied part of the DOS is com-
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FIG. 1. Energy bands of graphite at the equilibrium vol-
ume along the major symmetry directions. The Fermi level
(EF) is set at zero energy.

f Eberhardt et al. (Ref. 11).
& Law et al. (Ref. 12).

® Bianconi et al. (Ref. 38).
! Bellodi et al. (Ref. 7).

i Hanfland et al. (Ref. 6).

posed of an s component and a p component, with the s
component dominating at lower energies and the p com-
ponent being more pronounced at higher energies. This
is connected to the fact that the s orbitals participate in
building up the sp? hybrids which then form the low lying
o bands in Fig. 1. The higher lying = bands have p, char-
acter only. Our calculations yield a DOS at the Fermi en-
ergy D(Er) = 0.09 states/Ry cell to be compared with
the experimental value of 0.145 states/Ry cell derived
from heat capacity measurements.3” It should be noted
here that the theoretical DOS at Er does not include ex-
change or phonon enhancements, which are present in the
experiment. The low value of the DOS at EF is also well
documented using X-Ray photoemission spectroscopy.3®
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FIG. 2. Calculated density of states (DOS) for graphite.
The full line shows the total DOS, while the dotted and
dashed lines show the s partial and p partial DOS’s, respec-
tively. The Fermi level is set at zero energy and marked by a
vertical dotted line.
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B. Compressed graphite

The band structures calculated with the experimen-
tal lattice parameters corresponding to 5 and 10 GPa
are plotted in Figs. 3(a) and 3(b). If we now compare
the energy bands obtained at the three different volumes
[Figs. 1, 3(a), and 3(b)] we observe first of all that in
the K-H direction the bands show little dispersion. This
is a reflection of the fact that the system is quasi-two-
dimensional and that the atomic layers along the z axis
have very little wave-function overlap, since the K-H di-
rection corresponds to changing only the z coordinate of
the k vector. However, note that with increasing pres-
sure the dispersion in the K-H direction becomes more
pronounced. This is especially true for the m bands; the
o bands in the K-H direction are affected only very little
by the increased pressure. This is also easily understood
since with pressure it is mainly the interatomic distance
in the z direction which is reduced. The overlap between
the p, orbitals should therefore increase causing a larger
change in the width of the m bands, whereas the sp?
orbitals (which are lying in the zy plane) are not modi-
fied by a decreased intralayer splitting. Thus at 10 GPa
graphite is showing signs of transforming from a two- to
a three-dimensional system. Also, the degeneracy at the
bottom of the o band is another manifestation of the two-
dimensional character of the electronic structure. When
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FIG. 3. Energy bands of graphite along the major symme-
try directions (a) at 5 GPa and (b) at 10 GPa. The Fermi
level (EFr) is set at zero energy.
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FIG. 4. Schematic energy-band structure of graphite near
the edge of the Brillouin zone. The arrows show the A; and
A- interband transitions.
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we compare the zero pressure band structure with those
of Figs. 3(a) and 3(b) we notice that the degeneracy
of the bottom of the o band is lifted and this splitting
increases with pressure. Also some minor splittings are
seen in the other o bands for compressed graphite.
Hanfland et al.® have measured the optical reflectivity
of graphite up to pressures of 12 GPa. From an anal-
ysis of their data they have identified the structure in
the reflectivity as originating from the A4; and A, tran-
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FIG. 5. Pressure dependence of the A; and A2 interband
transitions. The filled circles correspond to the experimental
data of Hanfland et al. (Ref. 6). The theoretical data ob-
tained from the present calculations and the data calculated
by Auluck and Brooks (Ref. 30) are shown by open squares
and triangles, respectively.
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TABLE III. Pressure dependence of optical transitions at
point K.

Pressure Method Aq Az A1 — Az
(GPa) (eV) (eV) (eV)
0 Experiment® 0.68 0.82 0.14
LMTO-ASA® 0.57 0.65 0.08
FPLMTO 0.58 0.69 0.11
5 Experiment® 1.03 1.27 0.24
LMTO-ASA® 0.88 1.06 0.18
FPLMTO 0.88 1.18 0.30
10 Experiment® 1.32 1.62 0.30
LMTO-ASA® 0.97 1.18 0.21
FPLMTO 1.09 1.49 0.40

*Hanfland et al. (Ref. 6).
® Auluck and Brooks (Ref. 30).

sitions occurring at the symmetry point K. These tran-
sitions are illustrated in Fig. 4, where we have plotted
a schematic band structure near K. As a function of
pressure the band structure changes and hence it is ex-
pected that the A; and A, transitions change. From
our calculated electronic structure we directly obtain val-
ues for these transitions as a function of pressure from
the eigenvalues at the symmetry point K (see Figs. 1
and 3). In Table III we list our calculated transition
energies together with experimental data and find that
the agreement is good. We note that the LMTO-ASA
calculation,®® which did not give a good agreement for
the energy eigenvalue at the I' point, also gives a good
agreement with the experimental pressure dependence of
the transitions. The calculated pressure dependence of
the A; and A, transitions is shown in Fig. 5 along with
experimental data. We see that although the LMTO-
ASA calculations give the correct pressure dependence
of the A; and A, transitions, the FPLMTO calcula-
tion shows a marked improvement over the LMTO-ASA
results.3® We have also calculated the logarithmic pres-
sure derivatives of the A; and A, transitions, and these
are given in Table IV.

IV. STRUCTURAL RESULTS

We have calculated the c¢/a ratio of graphite as a func-
tion of volume. That is to say, for each volume we have

TABLE IV. Logarithmic pressure derivative of A; and A,
(see text).

Experiment® LMTO-ASAP FPLMTO

(GPa™) (GPa~1) (GPa™1)
d—lgf—l 0.127(7) 0.109 0.103
d—%‘pﬁl 0.129(7) 0.126 0.142

“Hanfland et al. (Ref. 6).
® Auluck and Brooks (Ref. 30).
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minimized the total energy with respect to the crystal-
lographic c¢/a parameter. The result of this calculation
is displayed in Fig. 6 and in Table I, together with ex-
perimental data. Notice that the agreement between ex-
periment and theory is very good and that the calcula-
tions slightly overestimate the compressibility in the z
direction. At the experimental volume the c/a ratio is
~2.7. However, at the lowest studied volume in Fig. 6
this ratio is reduced to ~ 2.1. Hence, even at a volume of
6.16 A3 /atom graphite is best described as being quasi-
two-dimensional, but for very high pressures it is rapidly
transforming to a more isotropic material, as shown in
Fig. 6. To illustrate this further we display the charge
density contour of graphite. First we show the charge
density contour for graphite at ambient pressure for a
cut in the zy plane (Fig. 7). The hexagonal graphite
layers are in the zy-plane and from Fig. 7 we see the
hexagonal arrangement of the atoms with covalent bonds
between the different atoms with a characteristic butter-
fly electron density distribution. The directionality of the
sp? hybrids can thus be seen immediately from this fig-
ure. The charge density contour in this plane looks quite
similar for compressed graphite and therefore we do not
show it. In Fig. 8 we show the charge density in the yz
plane for two volumes, 8.80 A3/atom [Fig. 8(a)] and 7.61
A3/atom [Fig. 8(b)]. The quasi-two-dimensional behav-
ior of graphite is obvious from the charge density distri-
bution in the yz plane, since most of the charge is found
within the plane, with very little overlap between the
different planes. However, the overlap and interaction
between the different planes is increasing substantially
with pressure, as is obvious when comparing Figs. 8(a)
and 8(b). The charge density in Fig. 8(b) is extended
more in the region between the planes.

2.6

G—=© Theory
u Experiment

22

6.5 7.0 7.5 3 8.0 8.5
Volume (%)

FIG. 6. The variation of the axial ratio ¢/a of hexagonal
graphite as a function of volume. The present theoretical data
are shown by open circles and the filled squares correspond
to the experimental data of Hanfland et al. (Ref. 4).
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=

FIG. 7. Charge-density contours for hexagonal graphite at
the experimental equilibrium volume (8.80 A3/atom). The
contours are shown for a cut in the zy plane.

V. CONCLUSIONS

To conclude, we have calculated the band structure
of graphite using the FPLMTO method and have found
good agreement with the photoemission data as well as
with other ab initio calculations based on the LCAO,
KKR, PP, and LAPW methods. The reflectivity data can
be explained from transitions occurring at the symmetry
point K. Our calculated values for the optical transi-
tions are in good agreement with experimental data. We
have also calculated the band structure of graphite corre-
sponding to hydrostatic pressures of 5 and 10 GPa. Our
calculations show splittings of the o bands when the vol-
ume is reduced and this is associated with an increase in
the interaction between the carbon atoms lying in neigh-
boring planes due to the decrease in the lattice constant
c. The pressure dependence of the optical transitions

FIG. 8. Charge-density contours for hexagonal graphite at
a volume of 8.80 A%/atom (a) and 7.61 A%/atom (b). The
contours are shown for a cut in the yz plane.

(near K) are in agreement with the experimental data.
Finally, the calculated c/a ratio is decreasing rapidly with
increasing pressure, in excellent agreement with experi-
ment.
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