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Ab initio pseudopotential description of cohesion in NaCl
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We present the first ab initio pseudopotential calculation of the cohesive properties of NaCl.
The theoretical results for the equilibrium lattice constant and the bulk modulus are in good
agreement with experiment. Our physical picture of cohesion is contrasted to that of widely

used models.

The use of the local-density-functional scheme! for
the description of many-electron interactions in solids
has led to considerable progress in the theoretical
understanding of structural properties of solids. This
was aided by the introduction of first-principles pseu-
dopotentials® 3 in the local density scheme. In partic-
ular, very accurate results have been obtained for a
number of semiconductors* and metals.> In this
Communication we extend the ab initio pseudopoten-
tial scheme to the description of cohesion in insula-
tors with ionic character. We take NaCl as an exam-
ple.

For the ionic pseudopotentials of Na and Cl, we
use the Hamann-Schliiter-Chiang /-dependent pseu-
dopotentials,® whose general analytic form is given by®

v =v@ e + 7)), i=NaorCl ,

where a local (/-independent) potential is defined by
Vi) (r) = —% Sz Perf(—afr) (1a)
J

with
zzj( D= Z,- ,
J

and where nonlocal corrections are given by

3
720 = 3 (@ +5r) exp(—Pr?) . (1b)
j=1
The coefficients in Egs. (12) and (1b) are given in
Table I. For / =2, the nonlocal part V; is assumed
to be zero, in agreement with the fact that there are
no orthogonality effects.

TABLE L Ionic pseudopotential parameters [Egs. (1a) and (1b)] (atomic units).

Vo Yy
Bj0 aj0 Bj1 a1 b1
Na
z1=5.431 0.84 —41680.723 5687 1048.528 7779 0.50 186.0102042 —6.0219275
a;=1.63 0.91 37433.7572602 2439.4858519 0.61 —42.8451282 —29.9439115
z,=1.431 1.11 4251.6620631 280.6369890 0.81 —139.289976 0 —13.6405227
a2= 0.52
Cl
z;=1.0 0.81 139716871 —3.3940491 1.15 2.5399879 —0.5654470
a;=17.86 2.22 169.258 7381 —136.3317924 2.56 77.008 8396 —44.949 404 8
3.68 —162.0862216 —129.8905733 3.97 —62.8019022 —65.127766 6
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We use plane waves as basis functions and obtain
convergence with about 500 plane waves treated ex-
actly and another ~500 treated by perturbation
theory. From the self-consistent charge density of
the valence electrons, we calculate the total energy
within the local density scheme, as described in Refs.
7 and 8. ‘

Figure 1(a) shows the charge-density contour map
of NaCl displayed in the (100) plane, calculated for a
lattice constant @ =5.63 &. It clearly illustrates an
essentially spherical charge distribution around the
anions, in agreement with the familiar picture of ion-
ic bonding.’ In the past this picture was partially con-
tradicted by empirical pseudopotential calculations,!°
which predicted a non-negligible directionality in the
chemical bonding. Our ab initio calculation clarifies
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FIG. 1. Charge density of NaCl i in units of 1/100 a.u.:
(a) in the (100) plane for a =5.63 A; (b) along | the (100)
direction for @ =5 A (solid line) and for a =6 A (dashed
line).

that this anisotropy was due to the inaccuracy of the
empirical pseudopotentials employed.

The overall character of the electronic charge distri-
bution, as given in Fig. 1(a), does not change with
the lattice constant. However, as shown in Fig. 1(b),
the charge density around the anion is not rigid in
detail, but changes with the lattice constant. In par-
ticular, we find a non-negligible shrinkage of the
electronic charge around the anions, when the intera-
tomic distance becomes smaller. This behavior can
be ascribed to either crystal-field or orthogonality ef-
fects. We shall discuss this point in a future publica-
tion.

Our results confirm the basic picture of the breath-
ing shell model,!! which takes into account the isotrop-
ic deformation of the electronic charge distribution
either when the ions are brought together to form a
crystal or when the crystal is subject to a homogene-
ous deformation (e.g., due to hydrostatic pressure).

The nonrigid behavior of the charge density deter-
mines to a large extent the variation of the total en-
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FIG. 2. Results of the total energy cglculations (in Ry) as
a function of the lattice constant a (in A): (a) single contri-
butions (see text); (b) total energy.
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ergy terms as a function of the lattice constant. Fig-
ure 2(a) shows the variation of the different contri-
butions to the total energy E ., which we have writ-
ten as®

Etol=Ekin+EH+Exc+Eei+Eii ’

where Eyi,, Ey, and E, are the kinetic, Hartree, and
exchange-correlation interaction!? energies of the
valence electrons, E.; is the interaction energy of the
valence electrons with the free ions, and Ej; is the
electrostatic ion-ion interaction energy. Each single
term depends strongly on the interatomic distance in
contrast with the predictions of rigid-ion models.!> 14
However, when they are summed up, a slowly vary-
ing curve is obtained for E,,(a). Such a weak
dependence on the lattice constant corresponds to the
high compressibility of NaCl. It implies that an ex-
tremely high accuracy is required to obtain the equilib-
rium lattice constant and the bulk modulus.

We obtain [see Fig. 2(b)] the equilibrium lattice
constant of NaCl to within ~6% [apeor=5.28 A,
while the 0-K value extrapolated from the experi-
mental datum at room temperature is @.,,(0 K) =5.6
A (Ref. 15)] and the bulk modulus to within 12%
[Bineor=2.40 £0.3 x 10" dyn/cm? while By = 2.40
x 10! dyn/cm? (Ref. 16)]. The agreement between
theoretical and experimental values is satisfactory in
view of the difficulties inherent in any fully ab initio

calculation of the equilibrium parameters of a highly
compressible material like NaCl. We can thus con-
clude that an ab initio pseudopotential calculation is
able to describe cohesion even for highly ionic com-
pounds. The remaining discrepancies can be attribut-
ed to both systematic (e.g., exchange-correlation en-
ergy) and numerical inaccuracies.

The pseudopotential description differs substantial-
ly from the extended rigid-ion approach of Gordon
and Kim!*: While we start from the knowledge of
the ionic cores, supposed to be frozen, and solve the
problem for the valence electrons self-consistently at
each lattice constant, Gordon and Kim start from the
knowledge of the free ions, supposed to be frozen,
and allow the crystal charge to change only because of
the mutual overlap of the rigid free ions (Na* and
C17). Their approach excludes from the beginning
the ‘“‘breathing’ of the electronic charge around the
anions, which is the key effect in our description of
cohesion. Therefore the microscopic picture underly-
ing the Gordon-Kim approach!* qualitatively differs
from the one we obtain from our self-consistent cal-
culation. It will be interesting to confront these two
different physical pictures for the case of the
pressure-induced phase transition of NaCl from the
rocksalt structure to the CsCl structure. This is
planned to be the subject of a forthcoming publica-
tion.
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