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The Band Structure of Diamond
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Within the extended-Hekel theory we present the influence of carbon 3s orbitals on the band structure of
diamond. 3s orbitals are shown to account for the indirect band gap. The results of EHMO-ASED (atom
superposition and electron delocalization) calculations agree well with orthogonalized plane-wave (OPW),
pseudopotential, and ab initio studies; bond length and bulk modulus are nicely reproduced. For comparison,
calculated bond lengths for a few selected hydrocarbons andsfcar€ included.

1. Introduction TABLE 1: Coulomb Integrals Hssand Slater Exponentsés
(k = 1 Was Used)

The electronic structure, lattice constant, bulk modulus, and

other physical properties of diamond have been extensively __€lément  n Ens HefeV Cop Hpr/eV
studied and are well-know#t” Messmer and Hoffmann have H 1 13 —13.6

contributed insight by means of extendededel molecular C 2 17 214 1625  —114
orbital (EHMO) calculations. While Hoffmann focused on the ¢ 3 5.5 3.25

graphite to diamond conversidnylessmer aimed already 25 The extended-Fakel binding energyAEcivo(R) is expressed

years ago at the description of the band structure and obtained, g

good qualitative agreement with ab initio and experimental

studies? He accounted for the indirect band gap by a large = — 00

contraction of the carbon 2s orbital and by applying a different ABeio(R) = Ecio(R) ZbSES ®)

Wolfsberg-Helmholz parameteK for s—p-type interactions.

The EHMO method is noted for its conceptual simplicity with  with 3 b%E? being the sum of atomic valence orbital ionization

respect to the parameters used, thus allowing a transparentnergies, each of them times the orbital occupation number

discussion of the results obtain¥d!? We have therefore  bl. Egnwo is given as a sum over the one-electron stdies

reinvestigated these calculations and have found that inclusiontimes its occupatiot;:

of contracted 3s orbitals is sufficient to obtain a good description

of the band structure of diamond. In addition, bond length and Ecimo = ZbiEi (4)

bulk modulus as calculated by the EHMO-ASED (atom |

superposition and electron delocalization) method compare well

with experimental findings. E= zci,me%OLS +2 Cio GipHop, (5)
For comparison we include bond lengths calculated for a few 0s os<Pr

selected hydrocarbons and the “buckminsterfullereng’aS a

link between the “organic” carbon and the “inorganic” carbon S @ndt indexing the atomic orbitals. The coefficierts,, of
we meet in diamond. the atomic orbitals are determined by the variation principle,

while the Coulomb integralbl,, ., are based on experimental
valence orbital ionization energies (VOIES)}” The off-
2. Method diagonal elementsl, g, are calculated as

The total energ¥E(R) along the coordinat® is given as a H, 5= 1KS(1 ,B(Ha ot H/; ﬂ) (6)
superposition of the extended-ekel314 binding energy 20 AT % o
AEenmo(R) and a two-body electrostatic repulsion téfm

E{R) between the centexs and,3, respectively: For the Wolfsberg-Helmholz parametdf, we use the weighted

formula in a slightly modified distance-dependent form:

EolR) = ABenmo(R) + EelR) (1) K = 1 4 ke ODR-dstR-co) )
where
with
ERep= ;ERegm (2) H —H

o< 2 4 [ENIEN Bubr
k=k+A“"— A« and A= ——— (8)

Hasv“s + H,Bt,[)’t
« The distance-dependent form used in earlier stdeli€g8.19
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TABLE 2: Comparison of Experimental and Calculated C—C and C—H Distances of Some Representative Hydrocarbons

c-C c=C C=C —C—-H =C-H =C-H
compound expt calc expt calc expt calc expt calc expt calc expt calc
CH, 1.094 1.08
CH;—CHjs 1.55 1.64 1.111 1.07
CH,=CH, 1.339 1.33 1.085 1.07
H—C=C-H 1.203 1.24 1.061 1.06
CeHs 1.396 1.40 1.083 1.06
Ceo® 1.439 1.45
aWeighted average of the two different bond lengths.
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Figure 1. (a) Conventional cubic cell of the diamond lattice. For -30

clarity, sites corresponding to one of the two interpenetrating face-

Figure 2. EHMO band structure of diamond without carbon 3s atomic

centered cubic lattices are unshaded. Nearest neighbor bonds have beegypitg)s.

drawn in. The four nearest neighbors of each carbon atom form vertices

of a regular tetrahedron. (b) The first Brillouin zone for the face-
centered cubic lattice. The poirt is the center of the zone and
possesses the highest symmetK,. L, W, andX are points;A, A, Z,
andZ lines of high symmetry.

the internuclear distand® only holds if R overcomes the sum

of the orbital radiidy, calculated by the respective Slater
exponents and quantum numbers (cf. egs 13 and 14 in ref 15)
This avoids the problem oK growing too large for diffuse
orbitals. « is not a new parameter but just another way to
express the weighted Wolfsberglelmholz parametd. This

is best seen by inspection of eqs 7 and 8Rat dy. The

computational treatment of the solid state remains the same,tha yalence band widthng —

but the conception of Bloch sums was introduced to account
for the translational symmetdyj. Calculations were carried out
with the modified programs QCPE1¥6and QCPE57%:
applying the parameters given in Table d.was chosen to be
0.35 AL for the molecules and 0.13 A for diamond,
respectively.

3. Hydrocarbons

The bond lengths of a representative selection of hydrocar-
bons and the “buckminsterfullerene’sCvere determined. In

starting in a cube corner (i.€;) pointing to the centers of the
adjoining vertices. The corresponding Brillouin zone is depicted
in Figure 1b?3

An intensively discussed physical property of diamond is its
band structure. The band structure calculated along the most
relevant symmetry lines in the first Brillouin zone is shown in

‘Figure 2. The computed valence bands are in good agreement

with ab initio calculationg* The conduction band defined by
the pointsLs, I'15, andXs also agrees well. The level ordering
(15 below I'y) is now widely acceptéef?* and contradicts
other tight-binding® and some pseudopotential calculatiéns.
I',o) is 25.8 eV, and the direct
band gap amounts to 4.8 eV compared to the experimental
valueg® of 24.2 + 1 and 6.0 eV, respectiveRf. However,
certain features of the conduction bands are quite poorly
reproduced. I, lies much too high in energy, and no mini-
mum in the[100direction can be found. Messmer tried to
account for these features by contracting the 2s orbitafsdo

= 2.0 and by changing thi value of s-p-type interaction§.

A more general approach is to keep parameters constant but to
augment the basis by carbon 3s-type functions, which is
physically meaningful. The resulting band structure of this

Table 2 the calculated bond lengths are compared to the gas-augmented ASED-EHMO calculation is presented in Figure 3.
phase geometries. In view of the fact that a single parameterThe numerical values are compiled in the second column of
set has been used, the agreement between computation antfable 3. I',; lies at an energy of-8.9 eV. For better

experiment has to be considered good. However, th€ Gond

comparison with calculations reported in the literature it is set

length in ethane is overestimated. As already discussed in anto zero.

earlier study® this could be adjusted by optimizing the
parameters, which is not the aim of the present work.

4, Diamond

The diamond lattice (formed by the carbon atoms in a

Little change is observed in the valence band region, which
is not surprising as the 3s orbitals are too high in energy to
significantly mix into the low-lying bands, even though the
bandwidth is shifted up to 27.1 eV. The energy difference
between the two symmetry poinks; andI';s at the center of

diamond crystal) consists of two interpenetrating face-centered the Brillouin zone and the development of the doubly degenerate

cubic Bravais lattices, displaced along the body diagonal of the
cubic cell by one quarter of the diagonal’s length (cf. Figure
1a)22 It can be regarded as a face-centered cubic lattice with
the two-point basis 0 ané@)(X + ¥ + 2), wherea is the length
of the cube side. To avoid complicated back-foldifig! a
primitive unit cell is used, which is spanned by three vectors

band (A3, As) remain unaffected. Dramatic alteration is,
however, found in the conduction band region. Most striking
is the indirect band gap arising along thdine at (0, 0, 0)—
(0.35, 0, 0) with an energy separation-of,.0 eV. Messmer
reports a minimum in the conduction band at 0.5 in the0
direction of the reciprocal space. An ab initio LCAO band
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Figure 3. EHMO band structure of diamond with carbon 3s atomic
orbitals.

TABLE 3: Comparison of Band Structures of Diamond
Calculated by Different Methods (All Energies Are Given in
eV. For Better Comparison We Setl",5 to Zero)

presentwork  opw-SCE  pseuds ab
state | Il PERT potential EHMGO initiod
I, —-25.8 —-27.1 —-21.0 —-27.5 —-18.8 —29.9
Iy 0.0 0.0 0.0 0.0 0.0 0.0
I'is 4.8 4.8 7.1 8.4 4.7 13.8
Iy 72.5 11.9 14.3 13.1 13.3
X1 —-14.3 —-15.7 —13.5 —18.4 —10.6
Xa -6.2 —6.2 -5.5 —6.6 —4.4
X1 36.7 10.9 6.0 6.0 7.9
X3 23.2 23.2 21.1 >26.0 16.8
L, —-19.8 —20.8 —15.2 —22.8 —15.5
Ly —-12.0 —-12.9 —-12.2 —15.6 —8.6
L; -3.3 —33 —-2.0 -3.1 —2.3
Ly 52.9 12.4 9.8 7.7 8.7 27.8
Ls 11.8 11.8 11.1 9.2 9.1

aReference 1P Reference 30¢ Reference 99 Reference 5.

structure study by Chaney et al. leads to similar conclusibns.
The experimental value of the indirect band gap determined by
neutron diffraction measurements is 5.46 eV at (0, 6;-(P.78

+ 0.02, 0, 0¥8 Moreover, we obtain a correct level ordering
at X with X; below X;. The two lowest bands alongy are
relatively flat and ofA; and A3 symmetry, respectively. They
cross along this line, in agreement with most pseudopoténtial
and ab initio calculation3.

We conclude our study on diamond by calculating two bulk
properties, namely, bond length and bulk modulus. The carbon-
carbon distanc® was altered in a range from 1.3t0 2.0 A, and
the energy per unit celE was sampled at 120 points in the
irreducible Brillouin zone, thus constructing the potential energy
curve E(R). A minimum energy was found &, = 1.6 A, in
good agreement with the experimental value of 1.5% A.

The bulk modulusB is given by?®

2
5
oVt
4

The volume of the primitive unit cell is one quarter of the
conventional fcc cell; hence
1 3
V(R) = —(—R)
V3

whereR is the next neighbor distance. Assuming a harmonic
potential in the region of equilibrium bond lengtR & Ry) we
get

B

(9)

(10)

E(R) ~ kR (11)
for the potential energy and finally arrive at the following

Calzaferri and Rytz

equation for the bulk modulus:
k

B=——

8vV3R,

which holds for diamond and all zincblende-type structures.
With k = 760 J/n? at a bond length of 1.6 A, we calculdie=
3.43 x 10 Pa, compared to the experimental valueBgf, =
4.43 x 10" Pa.

12)

5. Conclusions

The results of EHMO-ASED calculations agree well with
OPW-SCF, pseudopotential, and ab initio studies; bond length
and bulk modulus are nicely reproduced. Augmentation of the
basis set by carbon 3s atomic orbitals can account for the indirect
band gap in diamond by maintaining all advantages of the
EHMO theory. Hence, it seems possible that the extension of
the basis set will be successful in other tight-binding calculations
where the description of the conduction band region causes
difficulties.
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