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Ground-state electronic properties of diamond in the local-density formalism*
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We use our previously reported method for solving self-consistently the local-density one-particle equations in

a numerical-basis-set linear combination of atomic orbitals expansion to study the ground-state charge density,

x-ray structure factors, directional Compton profile, total energy, cohesive energy, equilibrium lattice constant,

and behavior of one-electron properties under pressure of diamond. Good agreement is obtained with available

experiment data. The results are compared with those obtained by
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and correlation in determining these observables.
Comparisons are made with earlier Hartree-
Fock results" "and with experiment.

II. METHOD OF CALCULATION

Since the method was described at length else-
where, "we give only a brief description here in
order to place our work in proper perspective.
Basically, our aim is to solve the effective one-
particle equation in the local density functional
formalism, i.e. , the Bloch equation in which the
potential consists of a Coulomb and an exchange
and correlation potential V„(p{r))which is given
as a functional derivative of the total exchange and
correlation energy E„,( p(r)) of an interacting (in-
homogeneous) electron gas with respect to the
charge density. ' In our work, we use only the
free-electron exchange and correlation potential

terms" which are the first two terms in a general
expansion'" of E„(p(r)}. For the free-electron
correlation term we use the results of Singwi
et al. as fitted to an analytic form.

One writes the ground- state charge density p(r)
as

NQ &c
p(r) =

(2 )' n'{k
BZ

x ()(*,. (k, r) P&(k, r) dk,

where n, (k) is the Fermi occupation number of the
o„occupiedcrystal eigenfunctions (t(,.(k, F) of band

j and wave vector k; and N and 0 denote the num-
ber of unit cells and the
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tionals to p'"'(r) (i.e. , without linearizing these
potentials with respect to the individual"'" p» s).
Note that all aspherical contributions originating
from the overlapping tails of the one-site density

p (r), as well as those contributed by the point-
ion electrostatic crystal field, are fully retained.
However, owing to the nonlinearity of the ex-
change and correlation functionals with respect
to the individual single-site densities p„(r), the
initial superposition potential V'"'(r) is not rep-
resentable as a lattice sum of one-center terms
and hence even at this zeroth iteration stage the
one-particle equation constitutes a multicenter
problem. After convergence of the direct lattice
sums [Eqs. (3} and (5)] is obtained, V'"'(r) is
completely defined by specifying the atomic num-
bers Z, the postulated crystal structure and the
assumed populations and changes P„„Q"j. The
latter are subsequently used as free parameters
in the SC procedure to optimize the superposition
potential (see below). By changing the relative
proportions (i.e. , hybridization ratio) of the popu-
lations in the atomic LDF equations (e.g. , the car-
bon 2s to 2p populations) the superposition density
and potential can be made to better simulate the
output crystal density and potential so as to facil-
itate the convergence of the SC cycle.

The crystal wave functions {{,.(R, r) are expanded
in terms of ht) Bloch functions 4„,(k, r) in stand-
ard form:

t/r, (k, r) = g g C„„(k)4, (k, r),
n= 1 II, =1

where C (k, r) is defined in terms of the pth
basis orbital y„'(r) situated on the nth site:

(8)

4 (k, r) = N ' ' g e' '"»
y (r —d —H ) . (7)

We use as LCAO basis functions nume~icajt atomic-
like LDF orbitals. These are obtained from a
solution of an atomiclike equation, similar to that
used to generate the superpostion potential

= &, X, (r [f; ~ Q ]') (8}

Here, the one-site potentialg (r) can be taken as
a generalized atomiclike potential as long as it
generates through Eq. (8) orbitals that form an
accurate and rapidly convergent basis set for
expanding the crystal orbitals g,.(k, r). Such basis
orbitals have to maintain the correct cusps near
the nuclei (which are absent in a Gaussian basis)
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and three- center integrals. The computational
difficulty in handling these integrations has led

many workers in both molecular and solid-state
electronic structure theory to resort to somewhat

artificial analytic basis functions (e.g. , Gaussians)
or to simply neglect a large number of these in-

tegrals. In the present work, we resolve that prob-
lem by evaluating the integrals directly from Eq.
(10) (using numerical forms for the potential and

Bloch functions) employing a three-dimensional
Diophantine integration scheme. " The details of

the application of this scheme are given else-
where. ""Here we only note that in using this
approach all the multicenter integrals are avoided
and that any general form for the potential (various
forms for correlation, non-muffin- tin corrections,
etc. ) or basis functions can be treated equally in a
direct manner. The use of an exact numerical
basis set along with a superposition potential gen-
erated from the same set Q„„Q ) offers another
advantage": the integrand appearing in Eq. (10a)
exhibits an algebraic cancellation
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the next iteration is attempted} or conventional
local-density I.QAO schemes (in which only

charge and configuration SC is maintained using
either Mulliken populations" or spherical Gaus-
sians ' as a superposition projection set). In what
follows we will discuss the results of the treatment
described above for the ground state electronic pro-
perties of diamond using our final fully self-
consistent results.

III. RESULTS AND DISCUSSION

A. Charge density and x-ray scattering factors

In order to examine the effects of exchange and
correlation on the ground- state charge density in
diamond we have performed three fully self-con-
sistent calculations; the first employed only the
electrostatic electron- electron and electron-
nuclear potential in the one-particle equation
("electrostatic model" ), the second incorporated
also the local exchange ("exchange model" ),
while in the third calculation the correlation po-
tential was also considered ("exchange and cor-
relation model"}. All three calculations used an
extended numerica, l set (ls, 2s, 2p, 3s, and 3p
orbitals per carbon) and all lattice sums were
performed to convergence. The lattice constant
was fixed at 6.740 a.u. We arbitrarily define
"exchange charge" as the total valence (i.e. , the
two lowest
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factors in diamond at the three levels of local
density approximations, together with the ex-
perimental results"'" and the canonical Hartree-
Fock results of Euwema et al. obtained using an
s and p Gaussian basis set."'" It is apparent that
exchange acts to increase the low-angle scattering
factors quite dramatically, reflecting the in-
creased localization of
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crease of the direct gap by 3.5 eV. The bottom
of
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de~(k) deq(k)

dP dlnV ' (13)
3,5

where P is the pressure, K is the volume com-
pressibility (0.18 x 10 "dyn/cm' in diamond ')
and V is the unit-cell volume. Inspection of Fig.
9 indicates that the one-electron energy levels
can be divided into distinct groups according to
their pressure coefficients. In the valence band,
the states near the bottom of the band having

predominantly 2s character (e.g. , 1,„X,„L,'„,
etc.) have a rather large pressure coefficient
[(3-5)x 10 ' eV/bar] while those near the top of
the valence band are characterized by lower pres-
sure coefficients (1.2 x 10 8 eV/bar for F»„
and 1.6x 10 ' eV/bar for L,'„). In the conduction
bands, most states possess an antibonding charac-
ter and have a large pressure coefficient [(4-7)
x 10 ' eV/bar]. The nonbonding conduction states
however have a very low coefficient (e.g. , 0.32
x10 8 eV/bar for X„, 0.78x 10 6 eV/bar for Ls,).
Transitions from the upper valence band to the
low-lying nonbonding conduction state (e.g. , I'»,
-X„)would thus have a vanishingly small
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TABLE V. Compton profile in diamond along the [100]
direction.

SC
Non-SC exchange and

Momentum exchange correlation
{a.u.) model ' model

SC
HF

Expt. b model c

0.0
0.4
0.8
1.2
1.6
2.0
4.0

2.230
2.075
1.575
0.890
0.455
0.300
0.080

2.05
1.93
1.52
0.96
0.48
0.33
0.11

2.09,2.08
1.91,1.94
1.46, 1.55
0.86,0.94
0.47, 0.45

0.31
o ~ ~ 0 10

2.180
2.046
1.548
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expansion, muffin- tin approximations and lack of
self-consistency. Further studies on other systems
like BN, LiF, and TiS, are under way and wiQ

hopefully further elucidate the role of local versus
nonlocal exchange in determining ground-state in

properties of solids.
Note added in proof. We have been informed by

Dr. O. Gunnarsson that a total energy calculation
of the carbon atom in the spin-polarized local-spin
density formalism (using the functional of Refs. 3

and 66) yields the value of -1019.83 eV. Using
this value and our best result for the total energy

of the solid (-1027.64 eV/atom, Table 1V), gives
a binding energy of 7.81 eV/atom, which is in

remarkable agreement with the observed value of
7.62 eV/atom .We are grateful to Dr. Gunnarsson
for this communication.

ACKNOWLEDGMENT

The authors would like to acknowledge R.
Euwema and E. Lafon for helpful discussions.
We would like to thank A. Seth for making available
his Compton routine and for helpful discussions.

*Supported by the NSF (DMR Grant Nos. 72-63101 and
72-03019) and the Air Force Office of Scientific Re-
search (Grant No. 76-2948).

'P. Hohenberg and W. Kohn, Phys. Rev. 8 136, 864
(1964)~

~W. Kohn and L. J. Sham, Phys. Rev. 140, A1133
(1965)~

30. Gunnarsson and B. I. Lundqvist, Phys. Rev.



15 GROUND-STATE ELECTRONIC PROPERTIES OF DIAMOND IN. . . 5065

the HF (Refs. 23 and 25) calculation for that reflection
does not reflect the nonlocal exchange effect but rather
a basis set effect.

4~P. M. Raccah, R. N. Euwema, D. I. Stukel, and T. C.
Collins, Phys. Rev. B 1, 756 (1970).

4~K. H. Bennemann, Phys. Rev. 133, A1045 (1964).
~ L. Kleinman and J. C.


