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Structural properties and electron density of NaCl
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The validity of all-electron total-energy local-density calculations for ionic insulators is investigat-

ed for NaC1 using our full-potential linearized augmented-plane-wave method. We find that the ex-

perimental zero-temperature structural parameters are accurately described within the local-density

approximation. Comparison of theoretical and experimental form factors shows large discrepancies
for odd high-indexed reflections which is attributed to the procedure used to extract T=O results

from the room-temperature measurements. %'e conclude that a more stringent test of the charge
density awaits the availability of more precise experimental form factors measured at low tempera-
tures.

It has often been debated whether the electronic struc-
ture of NaC1 could be determined accurately from total-
energy calculations within the local-density approxima-
tion. Since NaC1 is an ionic insulator, the electrons are lo-
calized on a very long time scale. Density-functional
theory pertains to the ground state and in principal con-
siders an average over all times to obtain the minimal
ground-state energy. In the local-density approximation
one performs this average in an approximate way, which
works very well for metals, but there is no clear theoreti-
cal a priori justification why it should yield accurate re-
sults for insulators where the electrons are highly local-
ized. There exist, however, a posteriori proofs because ac-
tual calculations for atoms and molecules give results in
agreement with experiment. For NaC1, the work of Willi-
ams et al., ' based on the augmented spherical wave
method, indicated that good agreement could be obtained
for the structural properties (lattice constant, heat of for-
mation, bulk modulus).

Subsequent pseudopotential calculations, however, pro-
duced inconsistent results: Froyen and Cohen~ have pub-
lished results which were in good agreement with experi-
ment, whereas previously Andreoni et ttl. 3 obtained rela-
tively large differences with experiment.

We have investigated the electronic structure of NaC1
with our precise all-electron full-potential linearized
augmented-plane-wave (FLAPW) method~ in which all
numerical approximations are controlled and as a result
all numerical errors can be made as small as is desired.
We have used the Hedin-Lundqvist form of the exchange
and correlation potential. In our final iterations we use
more than 200 basis functions, and we obtained the energy
eigenvalues at 50 points in the irreducible wedge of the
Brillouin zone. This yielded a sufficient precision for our
total-energy values. In this paper we present our results
for the structural properties and the charge density of
NaC1 and we find good agreement with experiment for
the structural properties. The charge density is compared
~ith its semiexperimental counterpart which is derived
from the room-temperature experimental form factors.
Here we find good global agreement, but large differences
for some reflections with high, odd indices.

TABLE I. Structural parameters of NaCl: lattice constant a,
cohesive energy E, (with respect to neutral atoms), and bulk
modulus 8. The values within parenthesis are corrected for
zero-point motion.

This work
Expt.
Ref. 1

Ref. 2
Ref. 3

a (A)

5.64
5.60
5.40
5.52 (5.56)
5.28

E, (eV)

6.61
6.39
6.57

a (GPa)

30.4
26.6
32.0
31.2 (28.4)
24.0

Table I summarizes theoretical and experiinental results
for the lattice constant, the cohesive energy, and the bulk
modulus. Our numerical error is 1% in the lattice con-
stant and 10% in the bulk modulus. Table I shows that
within these errors the local-density approximation yields
an accurate description of the structural properties of
NaC1. The theoretical value of the cohesive energy is too
low by 0.2 eV. This discrepancy is mainly due to the
description of the atom, where we make small errors in
the low-density outer regions, which affects the valence
electrons. We did not try alternative forms of the ex-
change and correlation potential, but one expects the
cohesive energy to change most by using approximations
which have a different low-density behavior, like the
Wigner interpolation formula. Because of the simple
structure of the atoms (only one electron in the open
valence shell) there are no multiplet effects on the total
energy of the atom. (When more valence electrons are
present, the local-density approximation introduces much
larger errors up to 1 eV in the atoinic total energy and
hence in the cohesive energy. )

The electronic charge density is the fundamental quan-
tity in density functional theory. It is therefore of great
importance to coinpare the theoretical density with its ex-
perimental counterpart as derived from x-ray diffrac-
tion ' measurements. Unfortunately, the only experi-
mental data we have been able to find are x-ray atomic
form factors measured at room temperature. These form
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(b)

FIG. 1. (a) Experimental and (b) theoretical charge density contours in a (100) plane. The same set of contour levels is used in both
cases.

factors are analyzed in terms of several parametrized
atomiclike form factors which allow extrapolation to
large scattering angles so that a Fourier transform pro-
cedure can be used to obtain the charge density. In order
to obtain r=0 values of the form factors from the
room-temperature values, which include the effects of lat-
tice vibrations, one can take out these effects in an ap-
proximate way using for each atom its appropriate

Debye-%aller factor. 7 In this way one obtains semiempir-
ical form factors at T =0 for all reciprocal-lattice vectors.

Figure 1 compares the experimentally derived and
theoretical contour plots of the densities in a {100)plane.
The qualitative agreement of the two pictures in quite
good. The iona are spherical to a high degree and the in-
terstitial density is low. The contour levels in both figures
have the same values and are on a logarithmic scale. The

TABLE II. Form factors of NaCl. The experimental data at each refiection (Alki) are from (a) Ref. 10, (b) Ref. 9, (c) Ref. 8, and

(d) Ref. 7. Column (e) gives the standard deviation {in 9o) of the four measurements, while column (f) displays the experimental error
(in %) as given in Ref. 7. The form factors of Ref. 7 are then fitted to a sum of parametrized form factors (see text) and given in
column (g). The values extrapolated to T =0 are given in column (h). Our theoretical results are displayed in column (i), and column

{j)shows the error (in %) between "experiment" [column {h)] and theory [column (i)].

( hlkl)
Experiment at room temperature

b C d
Analysis

111
200
222
400
331
333
600
442
533

F

551
800
555
771

1000
666

1200
777

1400

4.36
19.65
14.01
12.24
2.28
2.27
7.18
7.10
2.04
5.72
2.08
4.03
1.87
1.01
2.30
2.01
1.13
0.83
0.65

4.81
20.55
14.35
12.52
2.52
2.55
7.85

6.17

4.74
1.71

2.58
2.40

4.71
20.19
14.42
12.45
2.49
2.64
8.00
8.00
2.30
6.20
2.19
4.68
1.77
1.34
2.73
2.58
1.50
0.74
0.73

5.05
20.50
13.80
12.46
2.58
2.85
8.37
8.27
2.48
6.72
2.35
4.97
1.65
1.24
2.88
2.89
1.56
0.62
0.69

6
2
2
1

5
9
6
8

10
7

9
5

14
9

15
17
14
6

2
4
4
2
1

2
1

1

2
2
3
2

10
2

6
10
6

4.80
20.74
14.48
12.84
2.73
2.83
8.36
&.36
2.61
6.78
2.41
5.10
1.79
1.28
3.03
2.70
1.58
0.66
0.73

4.80
21.51
16.15
14.84
2.73
2.95

11.50
11.50
2.98

10.35
2.85
9.20
2.31
1.76
7.31
6.98
5.64
0.94
4.20

4.65
21.19
15.86
14.59
2.65
2.92

10.91
10.74
3.12
9.47
3.11
8.39
2.95
2.55
6.56
6.16
5.20
1.89
4.23

3
—1
—2
—2
—3
—1

—5

7
+5
+ 9
+9
—9

+28
+45
—10
—12
—8

+ 101
+1
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lowest contour in the interstitial region corresponds to a
0

density of 0.007 electrons per A and adjacent contours
differ by a factor of ~2. On the average, the experimen-
tal density in the interstitial is lower by about 30%. The
origin of this discrepancy may be found in the extrapola-
tion to zero temperature, as we discuss next.

In Table II we make a quantitative comparison of the
form factors themselves. We are not aware of more re-
cent experimental data, and therefore we only show this
older work, ' which was performed at room tempera-
ture. In general, the theoretical and experimental data
(see last three columns in Table II) agree within the errors
of the measurements, although these error bars are too
large to consider very fine details. One large discrepancy,
however, is very striking: the form factors corresponding
to directions with odd integers are completely different
for higher q values. This indicates that there is a problem
in extracting from the experimental data the T =0 values,
i.e., to properly account for the effect of the optical pho-
nons. In such an extraction, the use of atomic Debye-
Waller factors is essential. One assumes that the charge
density at finite temperature can be obtained by broaden-
ing the T =0 atomic charge densities independently.

In the NaC1 structure the Fourier components of the
charge density with even integers correspond to plane
waves which have a value +1 on all atomic nuclei and
—1 in the center of the interstitial. The all-odd com-
ponents belong to plane waves which are +1 on the Na
atoms, —1 on the Cl atoms, and zero in the interstitial.
Hence the (111)component of the charge density gives the

overall charge transfer from Na to Cl, while the higher-
order all-odd components give the redistribution of charge
on one atom due to the presence of the other. Further-
more, the high-order all-odd components are modified in
the presence of optical phonons, where the different ions
move in opposite directions and where each atom induces
changes in the charge distribution on the other atom. As
a result, these terms cannot be extracted accurately from
finite-temperature measurements analyzed in terms of rig-
idly moving ions. In our opinion this is the main cause of
the differences in Table II, and in order to make a direct
comparison one needs experimental data obtained at low
temperatures; otherwise, meaningful quantitative con-
clusions cannot be drawn.

To summarize, we have performed precise numerical
all-electron total-energy calculations of the electronic
structure of NaC1. By comparing with experimental data
we find that the local-density approximation yields an ac-
curate description of the ground-state structural proper-
ties of this ionic crystal. A more stringent test of the
charge density, however, awaits experimental form factors
measured at 1ow temperature.
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