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Electronic band structures, equilibrium lattice constants and structural parameters, cohesive en-

ergies, and bulk moduli calculated by means of the linear-muon-tin-orbital method are presented
for BeCNq, MgCNq, BeSiNq, MgSiNq, and MgSipq in the chalcopyrite structure. The relationships
of these compounds to the "parent" III-V compounds are clari6ed.

I. INTRODUCTION

This paper presents a theoretical study that we ini-
tiated on a class of wide-band-gap semiconductors with
chemical formula II-IV-Vz, including carbonitrides, sili-
conitrides, and one silicophosphide, having the chalcopy-
rite structure. Using first principles calculations for the
total energy, the lattice is allowed to fully relax. This
allows for the determination of all structural parameters,
the cohesive energies, and bulk moduli, as well as the
electronic band structures.

The motivation for this study comes Rom several re-
cent developments. First of all, there has been an increas-
ing interest in wide-band-gap semiconductors, i among
which are the group-III nitrides (c-BN, A1N, GaN, InN).
A member of the class of materials that we study here
can be pictured as being derived from a III-N compound
by replacing every other group-III element by a group-
II element (e.g., Be, Mg, Zn) and the other one by a
group-IV element (e.g., C, Si). The octet rule of chemi-
cal bonding clearly remains satisfied by this substitution
and one may thus expect these materials to have similar
tetrahedrally coordinated structures. By analogy to the
corresponding II-SiPz and II-GeP2 compounds, the chal-
copyrite structure appears to be a plausible candidate
crystal structure.

Among the ternary compounds having the chalcopyrite
structure, ZnGeP2 is currently being studied intensively
for its promising nonlinear optics applications. 2 The fa-
vorable properties of this group of semiconductors for
second-harmonic generation were predicted by Levine. s

Also, it was recently proposed that II-IV-V2 com-
pounds could be useful as burr layers in heterovalent
epitaxial growth. Alerhand et aL4 suggested that the in-
terface charge neutrality would be more easily satisfied by
these materials grown on Si(001}than by GaAs. Their
argument is simply based on the electron count per bond.
A similar effect may thus be expected for II-SiN2 mate-
rials in the growth of A1N and GaN on Si (or on SiC).
The resulting structure of say MgSiN2 on Si {001}would
actually not be the chalcopyrite structure, but rather a
fairly similar (001}1+ 1 superlattice of (MgN)i(SiN)i.
Although this would only seem to defer the charge neu-
trality problem to the MgSiN2/GaN interface, the impor-

tant point may be facilitating the initial stages of planar
growth. One might then envision a gradual change from
the MgSiN2 to A1N or GaN. The carbonitrides and sil-
iconitrides thus might be of interest as buffer layers for
improving III-N growth.

In addition, the proposed compounds may have more
interesting and perhaps even superior optical properties
than the III nitrides themselves. For example, they may
have larger nonlinear coefficients and they may have di-
rect band gaps in cases where the parent compound has
an indirect band gap (e.g. , c-BN and ZB-AlN; see be-
low). To our knowledge BeCNz and MgCNz compounds
have not yet been synthesized, while BeSiN2 and MgSiNz
were synthesized in a structure derived from the wurtzite
structures s which is very similar to the chalcopyrite
structure. More precisely this structure is built from
the same elementary atomic tetrahedra, but since the
arrangement of these tetrahedra is wurtzitelike, it has
32 atoms per unit cell. It is thus reasonable to expect
that the cohesive and elastic properties as well as general
trends in the electronic structure of BeSiNz and MgSiNz
can be described very well by those they would have in
the chalcopyrite structure. Moreover, it is quite possi-
ble that these materials can be grown in the chalcopyrite
phase. That is why some guidance &om theory as to what
lattice constants, elastic properties, and band structures
one can expect for these materials should be very useful.
Knowledge about these properties is important for se-
lecting epitaxial pairs with minimal lattice-constant mis-
match and for the identification and characterization of
these new compounds.

We previously published the results of a study of
BeCN2 in the chalcopyrite structure. Further work on
this material and on the MgCN2 in the (001} layered
superlattice is in progress.

Previous first principle calculations of a number of II-
IV-V2 compounds other than the nitrides (but includ-
ing MgSiP2 which is considered here) were performed
by Continenza et al. Using experimental values of the
lattice constants a and c, these authors determined the
internal distortion parameter u (defined below). Prior
to that Zunger and Joe reported first principles results
for a series of chalcopyrites compounds, i.e., the ternary
compounds I-III-VI2, with I=Cu, Ag and for InGaP2.
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II. COMPUTATIONAL METHOD

The computational method employed in this work
is the density functional theory in the local density
approximation (LDA) with Hedin-Lundqvist exchange
and correlation. is The linear muffin-tin-orbital (LMTO)
method is used in the atomic sphere approximation
(ASA) including both the combined correction term and
the muffin-tin (MT) or Ewald correction. s As usual for
tetrahedrally bonded solids, empty spheres are intro-
duced in the tetrahedral interstices.

The calculations were performed nonrelativistically
since only light elements are involved. The Brillouin zone
integrations were performed with a special k-point set of
11 Monkhorst-Pack points or with a regular tetrahe-
dron mesh of 59 points in the irreducible part of the
zone. These were found to give equally well-converged
results. The MT correction was found to be necessary to
obtain meaningful behavior of the total energy as a func-
tion of the internal structural degree of freedom u (de-
scribed below) and the c/a ratio. This correction must
be distinguished from the combined correction term. The
latter corrects the overlap matrix for the geometric error
associated with the slightly overlapping spheres and for
the neglect of higher partial waves in the expansions of
the mufBn-tin tails inside the spheres. The ASA total
energy includes an electrostatic term arising &om the in-
teractions between the point charges associated with the
net charge per sphere. In the MT approach, the dou-
bly counted charge in the overlap region of the spheres
is corrected for by calculating the electrostatic energy
corresponding to that of charged spheres in a uniform
background charge density. The latter is estimated &om
the charge density at the sphere radius. This approach
has been found to give important improvements for re-
laxation calculations of c/a in a tetragonal form of CsI,
metal structural energy differences, and the trans-
verse optical phonon in Si. We test the approach on
a compound having the chalcopyrite structure for which
the structure parameters are known, MgSiP2.

III. CRYSTAL STRUCTURE

The chalcopyrite structure ABC2 is a body centered
tetragonal (bct) lattice which has eight atoms per unit
cell. It can be thought of as a tetragonally distorted
A2Bz (or 2 + 2) face centered cubic (fcc) superlattice in
the {201)direction of the cations A and B with an inter-
penetrating fcc lattice of common anions C displaced by
(1/4, 1/4, u). The structural parameters are the lattice
constant a [corresponding to the cubic lattice constant
of the zinc-blende (ZB) structure from which the chal-
copyrite is derived], the q = c/a ratio, and the internal
displacement parameter u. In the ideal structure g = 2

and u = 1/4. In terms of these parameters, the bond
lengths are given by

d~c = agu2 + (1/4)2 + (g/8)2

dac = ag[u —(1/2)]2 + (1/4)2 + (q/8)2.

The total energy in the present calculations was min-
imized as a function of the three structural parameters.
The approach followed was to minimize the energy for
fixed a by successive steps on a mesh of u and g values
and then to vary a. With u and g fixed at their equilib-
rium value, the Rose et aL equation of state was then
fitted to the E(a) curves in order to determine the equi-
librium a, "bulk modulus" B, and its pressure derivative
B' = dB/dp It w. as found that u and il are rather in-
sensitive to changes in a around the minimum. To the
precision of our calculation, the total energy at each a
thus corresponds to the minimum with respect to u and

g and provides the correct bulk modulus corresponding
to hydrostatic deformation.

IV. RESULTS

A. Total energy

In Tables I and II, we present the results of our struc-
tural relaxation calculations: the a, g, and u. In addition,
the two bond lengths, the corresponding sums of Pauling
radii, and the "ideal" bond lengths are listed. We notice
that the equilibrium u values, which have an estimated
uncertainty of +0.01, are close to 0.3 in all cases (in agree-
ment with the experimental data for MgSiP2). They thus
difFer significantly from the ideal value of 0.25. The ten-
dency towards shorter C-V, Si-V than Be-V, Mg-V bond
lengths is in agreement with what is expected &om Paul-
ing s ionic radii. The only exception dB, N ) ds; N can be
understood from the fact that Be is less ionic (and hence
has a larger radius) here than in the Be-VI compounds
(used in Pauling's determination of the ionic radii) and
that Si is partially ionic (and hence has a smaller radius
than neutral Si).

Quantitatively, we see that neither the sum of atomic
(i.e., Pauling) radii nor the bonds lengths for the ideal
structure accurately matches the calculated first princi-
ples values for the case of the ternary nitrides. Only for
MgSiP2 do the sums of Pauling radii yield satisfactory
agreement. The above conclusion for the nitrides differs
from that for the other pnictides (P, As, and Sb) found
in previous studies of the II-IV-V2 semiconductors.
The calculated c/a values are on the other hand close to
the ideal value of 2. For MgSiP2, the reported exper-
imental value is significantly smaller. Further theoreti-
cal work (with a full potential approach) and also addi-
tional measurements would be desirable. We note that
the energies as functions of g for the various compounds
have very shallow minima. This makes a precise deter-
mination of this parameter rather difEcult. On the other
hand, we obtained an excellent agreement with the ex-
perimental bond lengths for BeSiN2 (Ref. 5) and MgSiN2
(Ref. 6), which as we noted above have the wurtzitelike
structure. This can be understood Emm the fact that the
short-range atomic surroundings in the wurtzitelike crys-
tal structure of these compounds, which were observed
experimentally, are essentially the same as in the chal-
copyrite structure. That is, in both these structures me
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TABLE I. Structural properties. d» v and dgg v are the sums of Pauling radii of the corre-
sponding elements; d; is the calculated bond length for the ideal chalcopyrite structure.

II-IV-Vs a (A)

BeCNq
MgCNg
BeSiNq
Expt.
MgSiNg
Expt. b

3.71
4.11
4.10

0.30 1.96
0.32 1.84
0.29 2.04

4.44 0.31 1.96

1.50
1.58
1.70
1.76
1.77
1.76

1.71
1.92
1.88
1.76
2.08
2.08

dIV-V (A.) dII-V (~) dIV V (A)

1.47
1.47
1.87

1.76

dII-V (@
1.76
2.10
1.76

2.10

d; (A)

1.61
1.78
1.78

1.92

MgSiPg
Expt. '

5.64
5.72

0.30 1.94
0.29 1.77

2.26
2.25

2.59
2.53

2.27 2.50 2.44

Experimental values for BeSiNs (Ref. 5).
Experimental values for MgSiNs (Ref. 6).' Experimental values for MgSiPs (Ref. 21).

have similar AN4, SiN4, and NSi2A2 atomic tetrahedra
where A=Be,Mg. We believe that this local structure
is the most important factor in determining the struc-
ture and electronic properties of the BeSiN2 and MgSiN2
compounds.

The cohesive and elastic properties of the ternary com-
pounds and of the "parent" zinc-blende compounds along
with the energies of relaxation from the ideal structure
are listed in Table II. We note that the relaxation ener-
gies associated with the deviation from the ideal struc-
ture are signi6cant, particularly for the compounds con-
taining C. The cohesive energies per atom and bulk mod-
uli of the ternaries are close to those for their "parents"
while those for MgCN2, BeSiNz, and MgSiNz are closer
to those for AlN than those for c-BN. We note that in gen-
eral MgCN2 and BeSiN2 have properties closer to those of
A1N than those of c-BN. MgSiN2 is best lattice matched
to A1N and has a lattice constant in between A1N (4.37
A) and GaN (4.49 A).

B. Electronic band structures

The band structures are shown in Figs. 1—4. It is
useful to compare the band structures of BeCN2 and
MgSiN2 with those of their "parents" c-BN and ZB-AlN

displayed in the same bct Brillouin zone. The band struc-
tures for BeSiN2 and MgCNz are compared with that for
AlBNz with the ideal chalcopyrite structure and a lattice
constant a = 4.07 A. , the average of lattice constants for
BN and A1N. The band structures of III-V compounds
are labeled using the notations for the zinc-blende Bril-
louin zone (BZ) and symmetry. The folding effects and
relations between symmetry points of the BZ are illus-
trated in Fig. 5 (the notation follows Ref. 7). The point
Zb, t (0, 0, z/a) is equivalent to the point (2z/a, 0, 0) la-
beled D in the adjoining BZ since they are related by a
reciprocal lattice vector. A reQection of this is the sym-
metry of the bands of the line ZD about its midpoint
N which is on the zone boundary. The I'-Xf„bands are
folded on I'-Zb, t. Thus, at Zb, t one finds both the eigen-
values which occur at the center of the b,r„ line and at
the Xr„point. At the I' point, one finds I', Xr„, and
R'f„eigenvalues. The folding of R"g„onto 1 is a con-
sequence of the superlattice ordering along (201). At
Xb,q, one 6nds the Lg„point and the point along Zg„,
2z /a(~, ~, 0) with tc = 1/2.

A rather unusual feature of all these band structures
except the one for BeCN2 is that the valence-band max-
imum does not occur at the I' point for the relaxed con-
figurations and even for the ideal MgSiN2. This is also

TABLE II. Cohesive and elastic properties.

II-IV-V2

c-BN
BeCN2
ZB-AlN
MgSiNg
AlBNg
MgCNq
BeSiN2
ZB-AlP
MgSiP2

E,~h (eV/atom)

7.9
7.7
6.3
5.7
6.1
5.1
6.1
4.3
3.8

E„~ (eV/atom)

1.2

0.6

0.8
0.2

0.3

B (GPa)

412
333
220
195
247
210
240

83
75

3.6
3.8
3.9
4.0
3.9
2.9
3.9
4.1
4.3

Cohesive energy (eV/atom) with respect to neutral atoms in their spin polarized LDA ground
state. Zero point motion is not included.

Relaxation energy (eV/atom): E, z for the relaxed structure minus E, h for the ideal chalcopyrite
structure.
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found to be the case for ZB-AlN. The positions of the
maxima (k ) and their difference bE = Em (k )—
E" (I') from the maximum at I' are summarized in Ta-
ble III. In view of the uncertain precision of the ASA for
distorted structures, we consider only the differences for
MgCN2 and MgSiN2 to be signi6cantly above the error
bar. The origin of the shift &om I' can be traced back
to the very Hat heavy hole band along the Zg„direction
for the III-V compounds. The maxima along the I'-D
axis occur close to the intersection (at 2) of the Zr„ line
with the line (k, 0, s'/a), which is folded onto the bct
F Dlin-e (see Fig. 5). For ZB-A1N, one sees a local max-
imum in the bands near this point. An additional local
maximum in the valence bands occurs near the point B
in Fig. 5. The exact k-space location of the valence-band

maximum is sensitive to the relaxations: For MgCN2,
BeSiN2, and MgSiP2 the maxima for the ideal structure
occur at the I' point, while for the ideal MgSiN2 it occurs
at (0.25, 0.25, 0)2s /a.

Table III also summarizes the locations of conduction-
band minima. The situation is similar for all compounds
considered except MgSiP2. One can see that for c-BN
and ZB-A1N the conduction-band minima at the I' and
D points are degenerate, because they both correspond
to the folded XP state. This degeneracy is almost ful-
filled also for the "ideal" ternary nitrides. In the case
of MgSiP2 we have three almost degenerate conduction
band minima at the I', X, and D points. But as is ev-
ident in the figures, this near degeneracy disappears in
the relaxed structures. As a result, the conduction-band
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FIG. 1. Electronic band structure of the "parent" zinc-
blende coxnpound c-BN plotted in the BriHouin zone for the
bct structure (a) and the "derived" ternary compound BeCN&

(b). See Fig. 5 for labeling.

FIG. 2. Electronic band structure of the "parent" zinc-
blende colnpound A1N plotted in the Brillouin zone for the
bct structure (a) and "derived" ternary compound MgSiNq

(b). See Fig. 5 for labeling.
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TABLE III. Location in k space of the valence-band maxima and conduction-band minima and
the energy difFerence in the upper valence band at the maxim~am and at the I' point.

Compound

c-BN
BeCNs (ideal)
BeCNq(relaxed)
ZB-AlN

MgSiNs (ideal)
MgSiNq (relaxed)
A1BNg

MgCNq (ideal)
MgCNs (relaxed)
BeSiNq (ideal)
BeSiNq (relaxed)
Alp
MgSiPs(ideal)
MgSiPq(relaxed)

k (2s/s)

(o,o,o)
(0,0,0)
(0,0,0)

(0.12,0.12,0)
(0.25,0.25,0)

(0.7,0,0)
(0,0,0)
(o,o,o)

(0.7,0,0)
(0,0,0)

(0.22,0.22,0)
(0,0,0)
(0,0,0)

(0.6,0,0)

bE above I' (meV)

360

242

33

77

kmin (2s'/a)

(0,0,0),(1,0,0)
(0,0,0),(1,0,0)

(o,o,o)
(0,0,0),(1,0,0)
(0,0,0),(1,0,0)

(0,0,0)
(0,0,0),(1,0,0)

(0.9,0,0)
(0,0,0)

(0,0,0),(1,0,0)
(o,o,o)

(0,0,0),(1,0,0)
(0.9,0,0)
(0.8,0,0)

10
(a)

. L

-10—
-12—
-14
-16

D N Z 1"

0—
-2I

4

-6
-s

-10
—12

-14
-16

D N Z I'

4) 2

-4
Q)
L

-8—
-10—
—12—
-14
-16

D N Z j.

FIG. 3. Electronic band structure of the "parent" compound AIBN& (a) and "derived" ternary compounds MgCNq (b) and
BeSiNq (c).
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minimum is found at I b,t for all ternary compounds con-
sidered except MgSiP2. For the "parent" materials c-BN,
ZB-AlN, and AlP, however, the conduction-band minima
occur at the X~„point.

It is clear that the strength of the "pseudodirect"
(I'" „M I"; ) optical transition depends on the amount
by which Be(Mg)-C(Si) substitution for 8 or Al leads to
a significant breaking of the zinc-blende symmetry and,
as a result, the lifting of the forbiddeness associated with
the indirect transition. The perturbation reflects both
the nonvanishing difference between the potentials of the
group-II and group-IV elements and the structural de-
viation from the "ideal, " or zinc-blende, structure. The
significant changes in the band structure between c-BN,
ZB-AlN, and ZB-A1P and their "derived" ternaries indi-
cates that the perturbation must be reasonably strong.

One can see these &om Table IV which summarizes the
in8uence of the lattice relaxation on the energies of dif-
ferent conduction-band minima relative to the valence-
band maximum in each of the ternary compounds. The
perturbation is thus also expected to lead to reasonably
strong optical transitions at the direct band gap. In-
deed, the perturbation potential due to Be(Mg)-C(Si)
substitution for 8 or Al possesses the tetragonal symme-
try of the group of Xf„. This perturbation alone seems
to be sufBciently strong to provide significant mixing of
the I"~ and Xz conduction-band states of the correspond-
ing "parent" compound even in the absence of the lat-
tice relaxation. Moreover, the same potential induces
large anion displacements toward the group-IV elements.
One can represent these displacements as a superposi-
tion of frozen phonons of difFerent equivalent W points

(b)

0
0)

-2

-4
Q
C

w -6

—10

-12—

D N 2 1" D N Z I'

D N Z I'

FIG. 4. Electronic band structure of the "parent" zinc-blende compound AlP plotted in the Brillouin zone for the bct

structure (a) and "derived" ternary compound MgSiPs for calculated (b) and experimental (c) structure parameters. See Fig. 5

for labeling.



49 ELECTRONIC STRUCTURE OF WIDE-BAND-GAP TERNARY. . . 4555

k, ,

X.b: X,b
k, ,

Xzb I I

R'b

DW = Xzb

3 iL 3 ii 2'rT

Tat Tcc

& Pbci

Xzb

v(1. 1.0)

FIG. 5. Relation between the zinc-blende

(fcc) and chalcopyrite (bct) Brillouin zone

symmetry Ic points. The notation follows
Ref. 7.

of the fcc Brillouin zone. The resulting &ozen-phonon
mode has the symmetry of the Xz irreducible represen-
tation. An elementary group-theoretical analysis shows
that this &ozen-phonon perturbation leads to the further
mixing of I'y and Xy states. Thus we can expect reason-
ably strong optical transition at the direct band gap in
the ternary compounds due to the contribution &om the
I y5 I y dipole transition of the corresponding "parent"
compound. We note, however, that while the I'y Xy
splitting in ZB-A1N is only 1.1 eV it is 6.0 eV in c-BN.
Thus, we can expect a larger mixing and hence larger
dipole matrix element for the direct optical transition in
the AlN-derived compounds than in BeCN2. The lowest
conduction state at I' is actually I'z5, which does not mix
with Xz in first-order perturbation theory.

This fact may have special interest for BeCN2 which
has lattice parameters, elastic constants, and electronic
structure that are rather close to those of c-BN. On
the other hand, this direct-band-gap semiconductor evi-
dently has superior optical properties compared to those
of c-BN. In fact, all carbo- and siliconitrides have their
absolute conduction band minima at the I point due to
strong lattice distortions (see Table IV). We note that
only in BeSiNg are the energies of the minima at I' and
Zb, t nearly equal (as they are exactly in AlN). In other
materials, however, the minima at I' are 0.5—1 eV lower
than those at Zb, t, thus indicating a stronger perturba-
tion of this state.

For MgSiP2, the conduction-band minimum is found
at (0.8, 0, 0)2vr/a for the relaxed structure and near the

Xb,t point for the ideal structure. The conduction-band
minimum of the relaxed structure bears a resemblance
to the second lowest minimum in BeCN2, which lies a
bit closer to the D = Z point. At that point, all the
bands are doubly degenerate because of the presence of
a nonsymmorphic space-group symmetry element in the
group of the k point. This is the origin of the shift of the
minimum away &om D. This situation is reminiscent of
the 6 minima of the Si and diamond-C band structures.
The valence-band maxima along the line I'-D may have
a similar correlation to the nonsymmorphic nature of the
space group.

Because the majority of valence-band maxima (and
for MgSip2 also the conduction-band minimum) do not
occur at I', the materials of concern here (except for
BeCNz) are predicted to have slightly smaller indirect
gaps than the direct, or "pseudodirect, " gaps discussed
above. The fact that there are several valence-band max-
ima and conduction-band minima closely spaced in en-
ergy but at different k points may have significant effects
on the p- and n-type transport, the optical emission and
absorption properties, and the nature of shallow defect
states.

We note that for the relaxed MgSiP2 band structure,
the lowest band gap, although not at I', is close to di-
rect since the valence-band maxima and conduction-band
minima occur at close-lying k points. This means that
small q, low-energy phonons would be involved in the
band-edge optical transitions. In contrast, we note that
the band gap for the experimental structure parameters

TABLE IV. Calculated conduction-band minima (eV) with respect to the valence-band maxima
at diferent symmetrical points.

Compound

c-BN
BeCNz(ideal)
BeCNz (relaxed)
ZB-A1N
MgSiNs (ideal)
MgSiNz (relaxed)
AlBN2
MgCN2 (ideal)
MgCNs (relaxed)
BeSiN2(ideal)
BeSiN2(relaxed)
ZB-Alp
MgSiP2 (ideal)
MgSiPz (relaxed)

4.73
4.21
4.63
3.44
3.44
4.03
3.71
3.04
3.69
3.60
4.4?
1.65
1.73
1.88

4.73
4.24
5.24
3.44
3.36
4.50
3.77
2.85
4.68
3.60
4.60
1.65
1.47
2.16

X
10.66
5.96
7.76
7.86
5.40
6.96
6.96
2.97
5.57
7.55
8.23
2.65
1.63
2.34
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[Fig. 4(c)] is, in fact, direct at I'. This illustrates the
significant effects that relaxation produces in the band
structure of these materials. The minimum band gaps
are summarized in Table V.

It is of interest to consider the magnitude and the
origin of the difference between the band gaps for the
ternary compounds and their "parents. " The change
in the gap AE~ can be divided into two terms: one
DE'h' = Eg(ideal) —Es(parent) is due to the replace-
ment of the two group-III atoms in the enlarged cell by
a group-II atom and a group-IV atom in the ideal struc-
ture, and the second b,E"i = Eg(relaxed) —Es(ideal) is
due to the relaxation. As can be seen from the Table V,
where these quantities are listed, AE'"' is negative and
AE"' is positive in all cases. The total change is negative
(i.e. , the gap is reduced) in the two compounds contain-
ing carbon and positive in the remaining three. A part
of AE'"' —generally small —arises from the splitting of
the threefold-degenerated valence-band maximum at I' in
the zinc-blende compounds. The fact that the relaxation
tends to widen the gap is due to the increased bonding-
antibonding splitting associated with the enhanced inter-
action due to the displacement of the anion towards the
group-IV atom. In addition, the shifts in the locations of
the extrema also have an effect on AE"'.

As an example of the local density of states (DOS)
for the compounds investigated, Fig. 6 shows those for
MgSiN2 both for the ideal (dashed curves) and for the
relaxed (solid curves) configurations. To be noted are
the signiicantly difFerent ordinate scales used for the N,
Si, and Mg panels. The lower valence bands, which lie
between —12.5 eV and —15.5 eV and are largely N 1s-
like, are omitted. Clearly, the N orbitals are dominant in
the valence bands while the Si DOS are larger than those
for Mg in the valence and lower conduction bands. The
increase in band gap due to the relaxation is evident. The
latter consists mainly of a displacement of the N towards
the Si and away from the Mg (u ) 0.25). Associated
with this is the expected increase (decrease) in the Si(Mg)
DOS in the valence bands and the reverse occurring in
the lower conduction bands.

The LDA is well known to underestimate the band
gaps. For wurtzite AlN, for example, our calculated LDA
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FIG. 6. Calculated local densities of states of MgSiNq in
the ideal (a) and relaxed (b) chalcopyrite structures

gap is 4.9 eV while the experimental gap is 6.2 eV.
Thus, we can expect a 1.3+0.5 eV correction for MgCN2,
BeSiN2, and MgSiN2. For ZB-A1N, the LDA gap was
found to be 3.4 eV.23 A simple scheme suggested by Bech-
stedt and del Sole24 for estimating GW corrections to the
LDA band gaps provides a reasonable agreement with
experimental band gaps for most of the A~BS ~ com-
pounds. The corrected band gaps are summarized in Ta-
ble V. The experimental value of 4.8 eV for the MgSiN2
band gap reported in the literature is not too far below
our estimated value of 5.3 eV. The reported value, be-

TABLE V. Calculated (LDA) band gaps (in eV), estimated band gaps with "GW" corrections
included, and band gap shifts due to atomic substitution and lattice relaxation.

Compound LDA (ideal) LDA (relaxed) "GW" (relaxed) AE~"' ~Erel b ~Etot

c-BN
BeCN2
ZB-A1N
MgSiN2
AlBN2
MgCN2
BeSiN2
ZB-AlP
MgSiP2
MgSxP2 (expt. )

4.73
4.22
3.44
3.36
3.71
2.83
3.60
1.65
1.47

4.62

4.03

3.69
4.47

1.77
1.20

6.4
6.3
4.7
5.3
5.0
5.0
5.7
2.3
2.5

-0.51

-0.08

-0.88
-0.11

-0.18

0.40

0.86
0.87

0.30

-0.11

0.59

-0.02
0.76

0.12

Calculated according to Ref. 24.
De6ned in text.
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ing based on photoluminescence measurements, may well

be an underestimate and needs further verification. We
note that BeCN~ and c-BN and MgCN2 and ideal AlBN2
have almost equal band gaps. The two other ternary
nitrides, however, have larger band gaps than the corre-
sponding group-III nitride. Superlattice structures based
on the hexagonal wurtzite structure instead of the cubic
ZB structure conceivably might have lower total energies
for these rather ionic compounds. Since wurtzite AlN

has a direct band gap, the compounds with these struc-
tures might also have larger and conceivably strongly di-

rect gaps in contrast to the "pseudodirect" band gaps
considered here. (Recall, however, that the argument
given above indicates that the optical matrix element is
not expected to be very weak for the zinc-blende-based
structures. ) Further work will be necessary to study this
possibility.

For MgSip2, Continenza et al. obtained a smaller min-
imTTm band gap (1.16 eV) which is direct at I'. This
discrepancy results from the difference in structure used.
They used the experimental c/a value and only mini-
mized the total energy with respect to u. At the exper-
imental lattice parameters, we obtained a direct gap at
I' of 1.13 eV, in agreement with their result. However,
it should be noted that our calculated total energy is of
the order of 0.2 eV/atom higher at the experimental lat-
tice parameters than at the theoretical equilibrium. As
noted in Sec. IV A, full-potential calculations will be re-
quired to determine the structural parameters with high
confidence. It is interesting to note that the band struc-
tures are sensitive to these structural changes. Similar
uncertainties probably also exist for the other ternary
compounds investigated here.

V. CONCLUSIONS

AIN, AIP (in the zinc blende structure), and AIBN2 (in
the ideal chalcopyrite structure); (2) the properties of
MgCN2 and BeSiN2 are more similar to those of A1N than
BN; and (3) BeCNz is a direct-band-gap semiconductor
in contrast to BN. The fully relaxed structures found
by the first principles calculations exhibit significant dis-
tortions from the ideal chalcopyrite structure leading to
shorter Si-anion and C-anion bond lengths and longer Be-
anion and Mg-anion bonds. The result for MgSiP~ is in
fair agreement with experiment. However, we obtained
an excellent agreement with experimental data for the
bond lengths in BeSiN2 and MgSiNq which were synthe-
sized in a wurtzitelike structure having the same short-
range order as the chalcopyrite form. We found in gen-
eral that the calculated bond lengths are not accurately
given by the sum of atomic (e.g. , Pauling) radii nor by
the values for the ideal structures.

We found that all compounds studied have conduction-
band minima at the center of the Brillouin zone for the
body centered tetragonal lattice. These minima corre-
spond to the Xf„ folded states in the fcc Brillouin zone
of the "parent" compounds. Except for BeCN2, all the
ternary compounds studied are found to have the max-
imum of the valence band away from I', and as a re-
sult are indirect. This unusual behavior was found to
be related to the very Bat upper valence band for the
"parents" along the Z direction. The minimum direct
transition at I' is"pseudodirect" since in all zinc-blende
"parents" it is an indirect transition from I' to a zone
boundary Xg„ folded state. Nevertheless, this transition
is expected to be reasonably strong because of the sig-
nificant difference in potentials between the group-II and
group-IV elements, which breaks the zinc-blende symme-

try, and because of the additional mixing of I'z and Xz
states due to the lattice distortion.

The main general conclusions of this work are the fol-
lowing: (1) The properties of BeCN2, MgSiN2, MgSiP2,
and MgCN2 and BeSiN2 in the chalcopyrite structure
are similar to those of their respective "parents" BN,
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