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The recently synthesized compound Naz;N has experimentally been shown to be semiconducting much in
contrast to the outcome of standard density-functional theory calculations which find NazN to be metallic. To
address this obvious contradiction, we have systematically investigated the electronic structure of NazN by
density-functional calculations employing self-interaction-corrected pseudopotentials which have been shown
before to yield results in much better agreement with experiment than standard local-density calculations. To
assess the usefulness of such pseudopotentials for a broader class of related materials, we have carried out, in
addition, a comparative ab initio study of the electronic structure of the nine alkali-metal fluorides MF, oxides
M,O0, and nitrides M3N with M=Li, Na, and K. We arrive at valence and conduction bands that are in good
agreement with the restricted results available in the literature from calculations going beyond the local-density
approximation and from experiment. In particular, Na;N turns out to be clearly semiconducting, as observed in

experiment.
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I. INTRODUCTION

Several years ago, Fischer and Jansen' reported the

anti-ReO; structure for films of metastable sodium nitride
(Na3N) deposited at low temperatures. Recently single crys-
talline and polycrystalline Na;N have been synthesized suc-
cessfully on a laboratory scale by reaction of metallic sodium
or a liquid Na-K alloy with plasma-activated nitrogen,? thus
allowing for an intensive experimental investigation of its
structural and optical properties employing powder and
single-crystal x-ray diffraction and optical absorption.?
Based on the respective preliminary experimental data, NazN
appears to be semiconducting with a band gap of 1.6 eV. On
the contrary, concomitant band-structure calculations? based
on density-functional theory (DFT) within local-density ap-
proximation (LDA) have yielded a negative gap of 0.6 eV.
This theoretically predicted metallicity of NasN is in obvious
contrast to the experimental data and the expected formula-
tion as (Na®);N°~.

Now it is well known that the description of electronic
properties of insulators and semiconductors within the
framework of DFT-LDA suffers from the systematic under-
estimation of the fundamental band gap. These deviations
can partially be traced back to unphysical self-interactions
inherent in LDA, as shown by Perdew and Zunger.* For
atomic systems the latter authors proposed a self-interaction-
correction (SIC) scheme and succeeded in overcoming the
problems of the LDA to a large extent. These corrections are
state dependent, however, so that a direct application of this
approach to bulk solids is computationally very demanding.
Nevertheless, full SIC calculations, in which more or less
localized orbitals are calculated in a self-consistent way,
have been carried out with great success, e.g., for transition
metals by Svane et al.,’ for high-T,. superconductors by Tem-
merman and co-workers®” and for transition-metal oxides by
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Arai and Fujiwara.® Thereafter, several approaches have been
developed to transfer the effects of the atomic SIC to the
solid approximately.’!> Here we follow the scheme based on
Refs. 9 and 12 in constructing self-interaction-corrected
pseudopotentials for the solids at hand. Using SIC pseudo-
potentials in DFT calculations has resulted in significant im-
provements in the description of both bulk and surface elec-
tronic properties, as compared to standard DFT-LDA results
for 1IB-VI compound semiconductors,’ group-III nitrides,'®
silicon carbide,'? and alkaline-earth metal oxides.!* Also the
description of the properties of isolated monolayers as well
as nanotubes of SiC, BN, and BeO has greatly been
improved.'> Based on these achievements, we expect the SIC
approach to be also useful in reconciling the apparent con-
tradiction between the computed metallic LDA band struc-
ture and the observed semiconducting properties of NasN.

To scrutinize the use of SIC pseudopotentials for the
broader class of lithium, sodium, and potassium fluorides,
oxides and nitrides, we also perform a comparative study of
the k-dependent electronic structure of these related com-
pounds ranging from wide-band-gap insulators possibly to
metals. For the fluorides, in particular, and less so for the
oxides, there are data in the literature to which we can com-
pare our DFT-SIC results. As it turns out, DFT-SIC yields
electronic band structures for the alkali-metal fluorides and
oxides that are in good agreement with experimental data
and theoretical results of GW quasiparticle calculations.
Based on this agreement, we expect that the DFT-SIC ap-
proach also yields significant improvements over DFT-LDA
calculations concerning the electronic structure of LisN,
Na;N, and K;N.

The paper is organized as follows. In Sec. II, we summa-
rize the methodology of our calculations. In Sec. III, we first
briefly address DFT-SIC calculations for the involved atoms
before we turn to a detailed discussion of the electronic
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structure of the studied alkali-metal fluorides, oxides, and
nitrides. Calculated structural properties of these materials
are briefly addressed in the Appendix. A short summary con-
cludes the paper.

II. METHODOLOGY

Standard LDA calculations constitute the reference point
for our investigations. In these calculations we employ non-
local, norm-conserving ab initio pseudopotentials in sepa-
rable Kleinman-Bylander form'® and use the exchange-
correlation functional of Ceperley and Alder,!” as
parameterized by Perdew and Zunger.* The standard pseudo-
potentials are constructed according to the prescription of
Hamann.'® For the alkali-metal atoms, partial nonlinear core
corrections, as introduced by Louie et al.,'’® are included. The
wave functions are expanded employing a basis set of atom-
centered Gaussian orbitals with several shells of s, p, d, and
s* symmetry per atom with appropriately determined decay
constants.”’ Since we deal with some relatively low-density
substances for the oxides and especially the nitrides, we
place additional slowly-decaying s-like Gaussian orbitals in
the empty regions in order to allow for a satisfying descrip-
tion of extended bulk states. To overcome the usual LDA
shortcomings in describing electronic properties we employ
our SIC approach.”!%1214 First, we perform atomic SIC cal-
culations based on the prescription of Perdew and Zunger.*
The resulting angular-momentum dependent self-interaction-
corrected pseudopotentials are then transferred to the solid'?
and are represented in separable Kleinman-Bylander form.
Brillouin-zone integrations are performed using special
k-point sets in the irreducible wedge generated according to
the prescription of Monkhorst and Pack.?! The number of k
points was tested to yield convergent results.??

III. RESULTS

In this section, we first shortly summarize our results for
the isolated atoms. These constitute the starting point for the
construction of the self-interaction-corrected pseudopoten-
tials. Thereafter, we address the electronic structure of bulk
Li, Na, and K fluorides, oxides, and nitrides, respectively, in
detail.

A. Atomic term values

In Table I we compare the term values of the different
atomic levels, resulting from our SIC and LDA calculations
with one another and with experimental ionization energies.

The results show that the s levels of the valence shell of
the alkali metals experience significantly lower self-
interaction corrections Ae than the 2s and 2p levels of N, O,
and F, respectively. This difference gives rise to a significant
shift of the related bands in the fluorides, oxides, and nitrides
and consequently, the gap can be expected to open up in
these materials due to self-interaction corrections, as com-
pared to the LDA results. It should be noted that the term
values of the highest occupied s levels of Li, Na, and K,
resulting from the SIC calculations, agree with the experi-
mental ionization energies within better that 0.3 eV. In con-

PHYSICAL REVIEW B 78, 125111 (2008)

TABLE 1. Atomic term values (in eV) for Li, Na, K, N, O, and
F atoms resulting from our non-spin-polarized SIC and LDA calcu-
lations. Additionally, the energy shifts Ae=e3'C— P2 of the term
values due to self-interaction correction are given. Experimental
ionization energies for the highest occupied levels from Ref. 23 are
listed for comparison.

Element Level EJP eI ePA Ae
Li 25 =539 -510  -290  -220
Na 3s -5.14 -4.92 -2.82 -2.10
K 4s -4.34 -4.06 -2.42 —1.64
N 2s -25.06 -18.41 —6.65
2p —14.53 -13.47 -7.24 -6.23
(0] 2s -31.38 -23.74 -7.64
2p -13.62 -16.48 -9.20 -7.28
F 2s -38.28 -29.63 -8.65
2p -17.42 -19.60 -11.29 -8.31

trast, the LDA term values deviate from the experimental
data by 2.49, 2.32, and 1.92 eV, respectively. The 2p levels
of N, O, and F resulting from our SIC calculations appear to
deviate stronger from experiment than the alkali-metal term
values calculated within SIC. A direct comparison of the
measured 2p ionization energies with our values in Table I is
misleading, however, since the latter are obtained from non-
spin-polarized calculations while the former include spin po-
larization. For the bulk crystals investigated in this work,
spin polarization is irrelevant since the respective levels are
non-spin polarized in the solids. Taking spin polarization into
account we obtain atomic term values of —14.73 eV for Ny
—13.77 eV for O,,, and -18.09 eV for F,,. These values
agree with experiment (see Table I) within 0.20, 0.15, and
0.67 eV, respectively, lending further support to the appro-
priateness of our results for the non-spin-polarized term val-
ues which apply in the solids. It is only fair to note at this
point that ionization energies can be calculated directly
within LDA by evaluating the difference between the
ground-state energies of the neutral and the singly-ionized
atoms (so-called ASCF calculations) yielding good agree-
ment with experiment.?*

Starting out from this significantly improved description
of the underlying atomic term values we construct self-
interaction-corrected pseudopotentials® according to Ref. 12
and study the bulk electronic structure of the above men-
tioned alkali-metal fluorides, oxides, and nitrides. To allow
for a clear identification of the SIC effects on the LDA band
structures, we evaluate both at the same, namely the experi-
mental lattice constants which we consider to be the most
realistic. Theoretical LDA and SIC lattice constants and their
effect on the band gaps are briefly addressed in the Appen-
dix.

B. Bulk electronic structure

The results of the SIC calculations for the nine bulk crys-
tals are summarized in Figs. 1-3 and Table II, which we
repeatedly refer to in the course of the following discussion.
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FIG. 1. Electronic band structures of LiF, NaF, KF resulting
from SIC calculations.

1. Fluorides

All three fluorides crystallize in the sodium-chloride

structure (space group Fm3m) with lattice constants of
399 A (LiF), 457 A (NaF), and 529 A (KF),
respectively.’® The calculated SIC band structures for the
three fluorides are shown in Fig. 1. In these highly ionic
compounds the valence bands are basically anion-derived
consisting of one low-lying F 2s band (not shown in Fig. 1)
and three F 2p bands defining the top of the valence bands
(see Fig. 1). These groups of bands are separated in energy
by a large ionic gap. The lowest conduction bands are mostly
cationic s bands. All three compounds are ionic insulators
having direct band gaps at I' of 14.7 eV (LiF), 11.6 eV
(NaF), and 10.6 eV (KF), respectively, according to our
DFT-SIC results. The band gaps and average F 2s band po-
sitions, resulting from our DFT-LDA and DFT-SIC calcula-
tions are summarized in Table II. Experimental gap energies
from optical reflection and absorption measurements>26-3
are given in the table for comparison. Those for the fluorides
are significantly underestimated by some 6 eV within DFT-
LDA, while our DFT-SIC results are in very good accord
with experiment constituting a significant improvement over
DFT-LDA. In addition, our DFT-SIC band gaps are in rea-
sonable agreement with other theoretical results from
correlation-corrected Hartree-Fock calculations®’° ranging
from 14.0 to 16.5 eV for LiF, 12.0 to 14.7 eV for NaF, and
10.9 to 13.3 eV for KF. To the best of our knowledge, results
of quasiparticle calculations have only been reported for
LiF?74041 to date. The authors find a quasiparticle gap of
14.4, 14.3, and 14.3 eV, respectively, which is close to our
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FIG. 2. Electronic band structures of Li,O, Na,O, K,O resulting
from SIC calculations.
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FIG. 3. Electronic band structures of LizN, Na3N, K3N resulting
from SIC calculations.

calculated gap of 14.7 eV. In this context it appears worth
mentioning that our DFT-SIC calculations are numerically
not more involved than any standard DFT-LDA calculation.

An earlier SIC study*? arrived at band gaps of 16.6, 13.3,
and 12.5 eV for LiF, NaF, and KF, respectively, overestimat-
ing the experimental values. In this study, an ad hoc ansatz is
made for corrective SIC potential terms and the single-
particle charge densities are evaluated using approximate
Wannier functions. The variational freedom of the single-
particle orbitals is limited in this approach, however, which
could be one reason for the slightly overestimated band gaps.

Along with the reduction in the gap energy from LiF to
KF, we also find a narrowing of the width of the F 2p va-
lence bands from 3.1 eV in LiF over 1.4 eV in NaF to 0.6 eV
in KF (see Fig. 1). They are mainly formed by F,, states.
There is only a negligible admixture from cation s states.
Therefore, the dispersion of the F 2p bands originates almost

TABLE II. Calculated gap energies and average energetic posi-
tion of the anion s band (in €V) resulting from our LDA and SIC
calculations in comparison with experimental results.

Band gap Anion s-band

LDA SIC Expt. LDA SIC

LiF 8.5 14.7 13.6,4 1420 145 -21.3 -215
NaF 5.7 11.6 11.5211.74 202 -20.5
KF 52 10.6 10.8,°10.9,f 11.0¢ -20.1 -20.4
Li,O 4.8 8.3 8.0" -152 -16.0
Na,O 1.8 4.9 (4.4-5.8)1 -143 -14.6
K,0 1.1 3.8 (4.0-5.4)1 -14.1 -15.0
LisN 1.1 2.6 2.2 -11.2  -11.8
Na;N 0.0 0.5 1.6 -10.8 -10.8
K;3N 0.0 0.0 -11.6 -11.3

3rom Ref. 26.
®from Ref. 27.
‘from Ref. 28.
dfrom Ref. 29.
“from Ref. 30.
ffrom Ref. 31.
gfrom Ref. 32.
Mfrom Ref. 33.
i(lower—upper) limits (from Ref. 34-estimated), see text.
Jfrom Ref. 35.
Kfrom Ref. 3.
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exclusively from direct interactions between the anions
which are second-nearest neighbors in the lattice. The in-
creasing size of the cations increases the anion-anion dis-
tance from 2.85 A for LiF over 3.25 A for NaF to 3.85 A
for KF so that the anion-anion interaction and the
F 2p-bandwidths decrease accordingly. The same trend was
also observed in ultraviolet photoemission spectroscopy
experiments.** Concerning absolute values, we note that
Shirley et al.*’ found for LiF a corresponding bandwidth of
3.5 and 3.6 eV from experiment and theory, respectively. For
NaF, Wertheim er al.** observed a width of 1.6+0.2 eV.
Our results are in satisfactory agreement with these data.

2. Oxides

Li,O, Na,O, and K,O all crystallize in the cubic-
antifluoride structure (space group Fm3m), which is antimor-
phous to CaF,. Positive alkali-metal ions are arranged on a
simple-cubic lattice with a spacing of a/2. Alternating cube
centers are occupied by O~ ions. The lattice constants are
4.62, 5.56, and 6.45 A, respectively.45 As these lattices are
comparatively open structures, we include additional slowly-
decaying s orbitals at 5(1,1,1) in order to appropriately rep-
resent extended cation-derived states in the solid. The result-
ing fundamental band gaps and oxide s-band positions are
listed in Table II, as well. Experimental data on the value of
the band gap are relatively sparse. For Li,O there is a more
recent reflectivity study® in which the authors derived a fun-
damental band gap of 8.0 eV from excitonic spectra. The
only reported equivalent for Na,O and K,O is a very early
study of corresponding absorption spectra’* showing transi-
tions at 6.6, 4.4, and 4.0 eV for Li,O, Na,O and K,O, re-
spectively. These spectra, however, contain excitonic contri-
butions which have not been accounted for in Ref. 34.
Considering that the result for Li,O of 6.6 eV deviates from
the more recent exciton-corrected value in Ref. 33 by 1.4 eV,
a very rough estimate for the upper limit of the expected
Na,O and K,O gaps can be made by adding this full differ-
ence to the reported values for Na,O and K,O in Ref. 34.
The resulting values of 5.8 eV (Na,0) and 5.4 eV (K,0) are
given in Table II as upper limits, as well. Certainly, the true
gaps in the two latter cases are smaller than the upper limits
given in Table II since the exciton energies in Na,O and K,O
are bound to be considerably smaller than in Li,O because
the oxides of sodium and potassium have significantly
smaller energy gaps than Li,O (see Fig. 2). So for Na,O one
would expect the gap to be considerably closer to the lower
limit and for K,O it ought to be very close to the lower limit.
It is obvious (see Table II) that for all three alkali-metal
oxides, the band gaps calculated within DFT-LDA show the
usual strong underestimation of the measured gap energies
while the SIC gaps are opened up considerably being in
much better agreement with experiment.

Figure 2 shows the calculated SIC band structures for the
three oxides. In all three cases, a low-lying O 2s band (not
shown in the figures) occurs (see Table II). Near the top of
the valence bands we find a group of three O 2p bands
whose widths decrease again from Li,O to K,O. The bottom
of the conduction bands originates in each case from cation
ns states with n=2, 3, and 4, respectively. For Li,O, we find
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a band gap of 8.3 eV in nice agreement with the experimen-
tal value®® of 8.0 eV and the gap energy of 8.1 eV resulting
from a hybrid-functional calculation.*® The band gap is indi-
rect, with the valence-band maximum located at I" and the
conduction-band minimum at X. In contrast, Na,O has a di-
rect gap at I', which is 4.9 eV wide according to our SIC
results. The situation is different again for K,O. Here the
results show an indirect fundamental gap of 3.8 eV between
X and T'. Similar observations regarding the nature of the
band gaps have recently been reported by Eithiraj et al.¥’
based on a TB-LMTO study. Their calculated LDA band
gaps of 5.8 eV for Li,O, 2.4 eV for Na,O, and 1.8 eV for
K5O are considerably lower, however.

The valence electronic structure of the alkali-metal oxides
has been studied experimentally by Mikajlo and co-workers
using electron momentum spectroscopy.*¥% In particular,
the authors derived the width of the upper O 2p valence
bands to be 1.6 eV for Li,0, 0.6 eV for Na,0O, and 0.3 eV for
K,O with an uncertainty of =0.2 eV each. The respective
values from our SIC calculations of 2.4, 1.0, and 0.5 eV are
in reasonable accord with the data.

3. Nitrides

Lithium nitride (LisN) crystallizes in a hexagonal struc-
ture with the space group P6/mmm. In this peculiar structure
each N atom is surrounded by eight Li atoms in a layered
configuration along the hexagonal axis consisting of one
Li,N layer and a layer of pure Li. The lattice constants®' are
a=3.65 A and c=3.87 A. Accounting for the unique char-
acter of the atomic structure of Li;N, we place additional
slowly-decaying Gaussian orbitals at (a/2, ia/ZV’g,c/Z),
i.e., at positions within the Li layer above and below Li
atoms of the Li,N layer, to accurately represent the more
extended bulk states. From optical-absorption
experiments®>32 a gap energy of about 2.2 eV was obtained.
In contrast, our calculated LDA gap energy is only 1.1 eV
(see Table II) in agreement with the results of previous DFT-
LDA studies.”* In earlier Hartree-Fock calculations,” a
gap energy of 7.8 eV was obtained.

In the left panel of Fig. 3 the band structure of LizN
resulting from our SIC calculations is shown along the high-
symmetry lines of the hexagonal Brillouin zone. Also Li;N
has a low-lying anionic N 2s valence band (see Table IT) and
three N 2p bands near the top of the valence bands. The
lowest conduction band is mainly derived from Li,, states.
The band structure shows an indirect band gap between the A
and I' points. The gap is 2.6 eV wide and deviates only by
0.4 eV from the experimental value® of 2.2 eV. As a conse-
quence of the hexagonal structure, a crystal-field splitting
occurs for the highest N 2p bands at the I" point. While the
components perpendicular to the hexagonal axis remain de-
generate, the p, component is shifted down in energy show-
ing an inverted dispersion. The crystal-field splitting is rather
large amounting to 1.2 eV.

Contrary to Li;N, sodium nitride (Na;N) was experimen-
tally found to occur in a cubic anti-ReO; crystal structure

(space group Pm3m) with a lattice constant® of 4.73 A. This
structure (see Fig. 4) can be interpreted as a cubic perovskite
(CaTiO;) structure with a removed Ca atom so that the N
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FIG. 4. (Color online) Lattice structure of NasN. Positions of
the Na (N) atoms are indicated by large (small blue) circles.

atoms are located in the Ti sites while the Na atoms occupy
the O sites. Slowly decaying Gaussian orbitals are placed on
the cube centers. As noted before, standard LDA calculations
yield an electronic structure with a negative gap of 0.6 eV for
this crystal rendering NasN metallic. The band structure of
Na;N resulting from our SIC calculations is shown in the
middle panel of Fig. 3.

Compared to the band structure of Li;N, the energy sepa-
ration between the top of the N 2p valence bands and the
bottom of the Na 3s conduction band has decreased consid-
erably. Yet, Na;N clearly exhibits a band gap of 0.5 eV in our
SIC results while it appears to be a metal within DFT-LDA.
Nevertheless, it should be noted that the calculated SIC gap
is significantly smaller than the measured gap (1.6 eV). The
width of the three N 2p bands has strongly decreased, as
compared to LisN. The reason appears to be more subtle
than, e.g., for the respective fluorides. The anion-anion dis-
tance is as large as 4.73 A, indeed, but the anion-cation in-
teraction in the N-Na-N bridges (see Fig. 4) comes into play
in NazN. This can happen, since the Na;, bands at I' are
relatively close in energy to the N, bands allowing for a
certain interaction.

In order to elucidate the origin of the metallicity resulting
within LDA we show the LDA band structure of NasN in the
left panel of Fig. 5. In the figure we have marked bands
according to their orbital character, resulting from a Mullikan

7oA =

=y

Energy (eV)

° «\%“:j:} ooasszS

Na s + Na s +

-2 Nap o Nap o

3 LDA Np o SIC Np o
R r X M 'R r X M r

FIG. 5. (Color online) Band structure of NasN resulting from
LDA (left panel) and SIC calculations (right panel), respectively.
Bands derived from N,, states are marked by open circles. Red
triangles and squares label bands that are derived from Nas, and
Nag,, states, respectively.
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FIG. 6. (Color online) Side view of a single KsN column and
top view of the arrangement of the columns in the hexagonal
anti-Til; crystal structure. Positions of the K and N atoms are indi-
cated by light and dark red (light and dark gray) and blue (black)
circles, respectively. The green (gray) line represents the boundary
of the basal plane of the unit cell.

analysis. Bands that can uniquely be identified as being de-
rived from N,, states are marked by open circles. Red filled
triangles and open squares label bands that are derived from
Nas, and Najy), states, respectively. It becomes clear that the
metallic character of NasN resulting within LDA originates
from an overlap of the Na 35 with the occupied N 2p bands
occurring at the I' point of the cubic Brillouin zone. This
leads to a significant mixture of the two orbital contributions
throughout the Brillouin zone. One of the three former N 2p
bands is pushed down in energy due to nonvanishing contri-
butions from Nas, states. At the same time, the anionic 2p
states also mix with the cationic 3s states for energies above
the Fermi level, as can clearly be seen in the left panel of
Fig. 5. This figure also indicates that Nas, and Na, states do
not play a significant role for the metallicity of Na;N result-
ing within DFT-LDA.

The right panel of Fig. 5 shows the orbital-resolved Na;N
band structure resulting from our SIC calculations. From the
band markings according to the Mullikan orbital decomposi-
tion it becomes apparent that the inclusion of self-interaction
corrections significantly reduces the previously discussed
mixture of N,, and Naj; states around the Fermi level so that
a gap opens.

Potassium nitride (K5N) is the third compound in the row
of alkali-metal nitrides addressed in this work. It exists in a
low-density anti-Til; crystal —structure (space group
P6;/mem) with lattice constants® of ¢=7.80 A and ¢
=7.59 A. A top view of the lattice is shown in Fig. 6. This
structure can be considered as hexagonal columns consisting
of K3N, in which the K and N atoms are ionically bonded.
The length of the K-N bond is 2.78 A. Within the potassium
planes, the K atoms form trigonal arrays with a mutual dis-
tance of 3.51 A. To accurately represent the more extended
bulk states in this fairly open structure, we place 20 slowly-
decaying s-type Gaussians in the unit cell. They are located
in the same four planes as the K and N atoms of the K;N
columns (see side view in Fig. 6) and are stacked on five
respective columns of orbitals. These columns pierce the top
view of the lattice in Fig. 6 in the middle between neighbor-
ing K;N units (three of them) and in the middle of the two
triangles formed by the K;N units (the other two).
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FIG. 7. (Color online) Charge density contours (in 102ay) of
the occupied K-derived state at the I' point of the hexagonal Bril-
louin zone at E=—0.81 eV (see right panel of Fig. 3, for reference).
The density is shown in a [100]-[010] plane containing one potas-
sium layer. Filled rose and open blue circles represent positions of
K atoms within and N atoms above and below the plotting plane.

The band structure of K;N is shown in the right panel of
Fig. 3. Obviously, KsN turns out to be metallic even after
inclusion of self-interaction corrections. Also in this case,
there is a low-lying N 2s band (see Table II). The lowest
bands shown in the figure can mainly be attributed to occu-
pied N, states. They exhibit only a very small dispersion,
which is due to the rather large unit cell. Above the Fermi
level there is a group of bands that shows similarities to
loosely bound, almost free-electron-like s bands extending
down in energy to —0.81 eV at I'. They originate from K
atoms. Thus SIC leads to a certain separation of the K 4s and
N 2p bands but it is not as complete as the related separation
of the Na3s and N 2p bands in NasN. The situation re-
sembles more the LDA result for NasN in the left panel of
Fig. 5 where the Na 3s and N 2p bands overlap near I'.

Along the high-symmetry lines on the k,=0 plane from I
to K and from M to I" of the hexagonal Brillouin zone, the
lowest of the free-electron-like bands is resonant in energy
with the N 2p bands leading to the metallicity of K5N ac-
cording to our calculations. In our results, the columns at the
corners of the hexagonal base plane appear bonded together
by metallic electrons between K atoms over a distance of
5.15 A. This peculiar atomic structure has interesting conse-
quences on the electronic structure. Figure 7 shows charge-
density contours of the lowest occupied free-electron-like
state at I'. The density is rather delocalized and fills the
empty space between the columns. The free-electron-like
bands in the right panel of Fig. 3 can be attributed to this
charge density and the associated metallic binding between
the stacked K5N columns on the hexagonal lattice. The mix-
ture of the ionic intracolumn bonding and the metallic inter-
column binding manifests itself in the overlap of the metallic
and ionic bands near the Fermi energy. The SIC effects turn
out to be less pronounced for K;N. Nevertheless, they have
some influence on the band structure as can be exemplified
for selected points in the hexagonal Brillouin zone. The di-
rect gap, e.g., at the A point opens up from 0.35 eV in LDA
to 0.72 eV in SIC. To the best of our knowledge, there are no
experimental band-structure data available on the highly
fragile KsN for comparison, as yet.
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From a chemical point of view, KsN is expected to be
ionic in accord with the formulation (K*);N3~ and thus its
electronic structure should feature a band gap between the
filled N 2p and empty K 4s states. However, the self-
interaction corrections alone, as employed in this work, are
not sufficient to open up such a gap, perhaps due to the
remaining underestimation as also in the related Na;N with
the expected formulation (Na*);N3~. This aspect of the elec-
tronic structure remains to be resolved by further experi-
ments or by more advanced calculations.

IV. SUMMARY

We have presented the bulk electronic structure of alkali-
metal fluorides, oxides, and nitrides resulting from density-
functional theory including self-interaction corrections by
employing corresponding pseudopotentials. The calculations
are not more demanding than standard DFT-LDA calcula-
tions. Except for K;N, all other alkali-metal fluorides (MF),
oxides (M,0), and nitrides (M;N) with M=Li, Na, and K
turn out to be semiconductors or insulators. In particular, we
have analyzed the band structure of Naz;N in more detail
since this compound has been synthesized more recently and
was shown to be a semiconductor much in contrast to the
results of DFT-LDA calculations which find Na;N to be me-
tallic. On the contrary, our DFT-SIC results clearly corrobo-
rate that Nas;N is a semiconductor. In general, our DFT-SIC
results for all compounds studied are in good agreement with
available experimental data and with the results of calcula-
tions going beyond DFT-LDA, such as correlation-corrected
Hartree-Fock or GW quasiparticle calculations. The latter
have been restricted so far to the fluorides, however. KsN
results as a metal both from our LDA as well as from our
SIC calculations. According to our results, this appears to
originate from the peculiar lattice structure of K;N giving
rise to a mixed metallic-ionic bonding. More advanced cal-
culations, such as many-body quasiparticle band-structure
calculations, might be necessary to eventually clarify this
point. They are, however, beyond the scope of this work.
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APPENDIX

In Sec. Il we have presented electronic properties of
alkali-metal fluorides, oxides, and nitrides, as calculated at
the experimental lattice constants (dyp), to allow for a most
meaningful direct comparison of LDA and SIC results and a
clear identification of the SIC effects on the band structures.
In addition, the use of experimental lattice constants appears
to be the most realistic for comparison with experiment. If
one were to use theoretical lattice constants (ay,), which de-
pend on the theoretical method employed, their differences
would have an additional effect on the band structures ob-
scuring the pure SIC effect to a certain extent.

To identify this combined effect we have first calculated
the lattice constants of the investigated solids within LDA
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TABLE I1I. Calculated lattice constants (in A) and bulk moduli
(in Mbar) resulting from our LDA and SIC calculations in compari-
son with other theoretical and experimental results.

LDA SIC Other Exp

LiF a 3.97 3.91 3.912.4.03° 3.99¢
B 0.80 0.95 0.87%,0.76° 0.77¢

NaF a 4.52 4.44 4.5124.63% 4.57°
B 0.64 0.72 0.632,0.51° 0.544

KF a 5.20 5.13 5.49° 5.29¢
B 0.50 0.65 0.30° 0.36¢

Li,O a 452 4.50 4.53¢4.57 4.628
B 0.88 0.91 0.95¢,0.95 0.89"

Na,O a 5.35 5.29 5.47°5.48f 5.56¢
B 0.62 0.67 0.59¢,0.61f

K,O a 6.46 6.42 6.36° 6.45¢
B 0.30 0.34 0.33¢

LisN a 3.56 3.55 351 3.650
c 3.80 3.79 3.75 3.87
B 0.60 0.61

Na;N a 4.57 4.56 4.73k
B 0.27 0.28

K;N a 7.76 7.89 7.65! 7.80!
c 7.29 7.10 7.50" 7.59!
B 0.19 0.18

4from Ref. 57 LDA.

"from Ref. 58 Hartree-Fock.
“from Ref. 36.

dfrom Ref. 59.

‘from Ref. 47 LDA.

ffrom Ref. 60 Hartree-Fock.
efrom Ref. 45.

bfrom Ref. 61.

ifrom Ref. 62 LDA.

ifrom Ref. 51.

Kfrom Ref. 1.

'from Ref. 56 LDA, Expt.

and SIC. In Table III we summarize optimized lattice con-
stants and bulk moduli for the nine bulk crystals studied.
While LDA is known to underestimate lattice constants of
common elemental, III-V and II-VI semiconductors only by
roughly 1%, in the case of the alkali-metal fluorides, oxides,
and nitrides the respective underestimates span a range from
0.5% to about 4% (see Table III). This can be viewed as an
indication that the calculation of structural properties of the
latter, partially much more ionic materials, is more intricate.
This seems to apply to K;N, in particular.

The lattice constants resulting within SIC are even some-
what smaller than those resulting from LDA. This appears to
be related to the fact that both term values of the anions are
drastically lowered relative to those of the cations due to SIC
by similar amounts (see Table I). As a consequence, the
atomic 2s and 2p orbitals of the anions become more local-
ized in SIC than in LDA and the lattice constants are reduced
accordingly. The underestimate of the lattice constants in
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TABLE IV. Slope S of the variation of calculated band gaps
with lattice constants (in eV/A) according to Eq. (1).

LDA SIC
LiF 6.21 7.10
NaF 3.53 4.49
KF 222 3.00
Li,O 1.23 1.97
Na,O 1.99 2.88
K,0 0.97 1.70
Li;N 0.97 1.22
Naz;N no gap 0.38
K5N no gap no gap

LDA and SIC results in respective overestimates of the bulk
moduli, as compared to experiment. We note in passing that
our SIC approach yields larger lattice constants than LDA for
IIB-VI semiconductor compounds,’ group III-nitrides, ! sili-
con carbide polytypes,'? and earth-alkali metal oxides'*
which are in close agreement with experiment. In all of these
cases, SIC also leads to a stronger localization of anionic
orbitals. This does not give rise to smaller lattice constants,
however, since the stronger orbital localization is accompa-
nied by a partial weakening of the bonds in these materials
giving rise to an increase in lattice constants. In the alkali-
metal fluorides, oxides, and nitrides studied in this work, the
valence bands are built up exclusively from anion orbitals
while the cation orbitals give rise to the lower conduction
bands. As a result, there is no reduction in ionic bonding and
no increase in lattice constants involved when the anion or-
bitals become more localized.

As is well known, energy gaps are sensitive to the lattice
constants and to the theoretical method used to calculate
them. Very recently, for example, von Lilienfeld and
Schultz®® have investigated in great detail the sensitivity of
the band gaps of GaAs, GaP, and GaN on pseudopotentials
and lattice constants where the Ga 3d semicore states are of
particular importance. Concerning the materials studied in
this work, we find the band gaps to vary linearly with the
lattice constants around E,(dcy,). The dependence of E, on
the lattice constant a can be described as

Eg(a) = Eg(aexp) + (aexp - a)S9 (1)

where S is the slope. The resulting slopes are given in Table
IV in eV/A. For the hexagonal Li;N the slope is calculated
at cqy,. Note that the differences between measured oand
calculated lattice constants are only in the order of 0.1 A in
most cases. The gap dependence on lattice constants turns
out to be stronger in SIC than in LDA and it is largest for
the most ionic solids in the studied material class. With the
lattice constants in Table III and the slopes in Table IV the
band gaps for the LDA and SIC lattice constants can easily
be calculated. For example, the largest effect of the lattice
constants occurs for the gap of LiF. It results as 8.5 and 14.7
eV from LDA and SIC at a.,,, respectively, (see Table II)
while the LDA gap at alngA is 8.6 eV and the SIC gap at atshlc
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is 15.3 eV. Thus in the former case the pure SIC-induced
opening of the gap amounts to 6.2 eV, while in the latter case
the combined influence of the lattice constants and of SIC
opens the gap by 6.7 eV seemingly increasing the SIC effect
by 0.5 eV. Nevertheless, also the gap energies at the different
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theoretical lattice constants clearly reveal the superiority of
SIC as compared to LDA. In any case, we consider it to be
most realistic to use the experimental lattice constants when
the results are to be compared with experiment, as we have
done in Sec. IIL
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