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We have performed density functional calculations on the group II-IV nitride MgSiN2. At a
pressure of about 20 GPa the ground state wurtzite derived MgSiN2 structure (LP-MgSiN2) trans-
forms into a rock-salt derived structure (HP-MgSiN2) in agreement with previous theoretical and
experimental studies. Both phases are wide band gap semiconductors with indirect band gaps at
equilibrium of 5.58 eV (LP-MgSiN2) and 5.87 eV (HP-MgSiN2), respectively. As the pressure in-
creases, the band gaps become larger for both phases, however, the band gap in LP-MgSiN2 increases
faster than the gap in HP-MgSiN2 and with a high enough pressure the band gap in LP-MgSiN2

becomes larger than the band gap in HP-MgSiN2.

I. INTRODUCTION

The Group II-IV nitride semiconductors can be derived
from Group III nitrides by substituting pairs of group III
(Al, Ga or In) atoms for a single group II (Be, Mg, Ca, or
Zn) atom and a single group IV (C, Si, Ge or Sn) atom.
Depending on which combination of Group II and Group
IV elements that is chosen the II-IV nitrides have pos-
sible applications ranging from solar cells to ultra violet
light emitting diodes.1 In the case of MgSiN2 the sub-
stitution leads to an ordered wurtzite-like orthorhombic
(space group Pna21, no. 33) crystal structure.2,3 MgSiN2

has been found to possess many favourable physical prop-
erties, such as a high thermal conductivity, thermal sta-
bility and high hardness. It has also been found to have
a large band gap, comparable to AlN.4,5 The band gap
is indirect4,5 and has been measured to be 5.7(2) eV5 in
agreement with theoretical calculations.4,5 This value is
about 1 eV larger than an earlier value of 4.8 eV obtained
by Gaido et al.6 using diffuse reflectance spectra. How-
ever, it is now clear from theory and experiment that the
band gap of MgSiN2 is comparable in size to the band
gap in wurtzite AlN.

It was predicted theoretically7,8 and later confirmed
experimentally9 that at the rather moderate pressure of
about 25 GPa, MgSiN2 transforms from the low pres-
sure (LP) orthorhombic phase, where all atoms are in a
wurtzite-like surrounding, into a rhombohedral caswell-
silverite (NaCrS2) structure type (space group R3̄m, no.
166), where all atoms are found in a rock-salt like oc-
tahedral surrounding.8,9 Furthermore, the high pressure
(HP) phase was found to be meta-stable at ambient
conditions.9 At present, there are a number of theoret-
ical studies on the phase transition from orthorhombic
to rhombohedral MgSiN2,7,8,10 however, an investigation
of the electronic structure of the HP-phase in relation
to LP-MgSiN2 has so far not been performed. The aim
of the present study is, therefore, to investigate the elec-
tronic structure of HP-MgSiN2 in relation to LP-MgSiN2.
In addition, we also provide results regarding the phase
stability of the high and low pressure phases. For this
reason we have performed density functional calculations
using a range of traditional density functional approxi-

mations as well as the hybrid density functional approxi-
mation of Heyd, Scuseria and Ernzerhof (HSE)11,12. For
orthorhombic MgSiN2, it has been shown that traditional
exchange-correlation approximations give band gaps in
the range of 4.1-4.6 eV.7,13,14 These values are in rather
good agreement with the experimental value of Gaido
et al.,6 however, they are too small in comparison to the
recent observation of 5.7(2) eV by de Boer et al.5 As men-
tioned previously, recent calculations using hybrid den-
sity functional theory,4 or the modified Becke-Johnson
approximation,5 provide larger band gaps in very good
agreement with the measured band gap of de Boer et
al. for the LP-phase of MgSiN2. This shows the im-
portance of using approximations that are able to obtain
reliable band structures and therefore to go beyond using
standard local and semilocal density functional approxi-
mations for these types of materials.

II. DETAILS OF THE CALCULATIONS

Density functional calculations have been performed
using the projector augmented wave (PAW) method15

as implemented in the Vienna ab initio simulation pack-
age (VASP).16,17 We have made use of the local density

i

FIG. 1. (Color online) The crystal structure of the or-
thorhombic phase of MgSiN2. Mg, Si and N are shown in
bronze, blue and grey spheres respectively. The solid black
lines show the boundaries of the orthorhombic unit cell.

ar
X

iv
:1

60
5.

00
50

0v
1 

 [
co

nd
-m

at
.m

tr
l-

sc
i]

  2
 M

ay
 2

01
6



2

FIG. 2. (Color online) The crystal structure of the high
pressure rhombohedral phase of MgSiN2 shown in its hexag-
onal representation. Mg, Si and N are shown in bronze, blue
and grey spheres respectively. The solid black lines show the
boundaries of the hexagonal unit cell.

approximation (LDA) and two types of generalised gradi-
ent approximations, namely PBE18 and PBEsol19. Since
we are interested in an accurate determination of the
electronic properties, an accurate determination of the
band gap in particular, in addition to structural and en-
ergetic properties, we have also made use of the hybrid
density functional approximation of Heyd, Scuseria and
Ernzerhof (HSE).11,12 The HSE approximation has been
found to significantly improve the accuracy of calculated
band gaps compared to local and semi-local density func-
tional approximations,11,12,20,21 while providing accurate
energetics20 and structural properties.20,22 The HSE ap-
proximation depends on two parameters α and ω, where
α determines the amount of Hartree-Fock exchange that
is being used and ω determines the spatial range over
which the non-local exchange is important. Here we used
the usual value for α of 0.25, while the screening param-
eter ω was set to 0.2 Å−1.12,20 This combination is often

presented as HSE06.

The plane wave energy cut-off was set to 800 eV and
we have used Γ-centered k-point meshes with the small-
est allowed spacing between k-points of 0.1 Å−1 (0.4 Å−1

when using the HSE approximation). The atomic posi-
tions and simulation cell shapes were relaxed until the
Hellmann-Feynman forces acting on atoms were smaller
than 0.001 eV/Å. In order to calculate the physical prop-
erties of the two phases for different pressures, we applied
a series of pressures from 0 to 30 GPa and for each pres-
sure we allowed the lattice constants and atomic coor-
dinates to relax until the above mentioned condition on
the Hellmann-Feynman forces were met. Hence, we have
not used any fitting to an analytical equation of state.
In the case of Mg, we have made use of PAW poten-
tials that have the Mg 2p semicore states treated in the
valence whenever the LDA, PBE and PBEsol approxima-
tions have been used. In general, the difference between
treating the Mg 2p states in the valence or as cores states
is small. When using the HSE approximation, the Mg 2p
states have not been treated as valence states. For Si and
N the standard valence treatment has been used for all
exchange-correlation approximations.

III. STRUCTURAL PROPERTIES

LP-MgSiN2 has an orthorhombic crystal structure, il-
lustrated in Fig. 1, which can be described as a 2 ×

√
3

superlattice of the wurtzite crystal structure with the c-
axis being common to both lattices. It has 4 formula
units of MgSiN2 per unit cell. The positions of the four
types of atoms (Mg, Si, and two types of N positions)
depend on the general coordinates (x, y, z). We follow
the normal lattice vector convention for these materi-
als such that |ā3| < |ā1| < |ā2|. Note that in general
for orthorhombic structures the convention is to have
|ā1| < |ā2| < |ā3|.23 However, our choice assures that
ā3 remains common with the c-axis in the wurtzite crys-
tal structure. This choice will affect the labels of high
symmetry points in the Brillouin zone when comparing
results obtained using the two different conventions.

The calculated structural properties of LP-MgSiN2 are
shown in Table I. As can be seen, the calculated lattice
constants and atomic positions are in very good agree-
ment with available experimental structures, with devia-
tions in the lattice constants of about 1% or better, as ex-
pected for these exchange-correlation approximations.22

The high pressure phase has a rhombohedral structure,
illustrated in its hexagonal representation in Fig. 2, where
Mg and Si occupies the 3a and 3b positions with coor-
dinates (0, 0, 0) and (0, 0, 1/2), respectively. N occupies
the 6c positions with coordinate (0, 0, z). The calculated
structural parameters are shown in Table II. Once again,
the agreement between theory and experiment is very
good with an error in the lattice constants smaller than
1%.
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FIG. 3. (Color online) Calculated volume (a), total energies (b), pressure-volume terms (c) and enthalpies (d) for LP- (solid
lines) and HP-phases (dashed lines) of MgSiN2. Results obtain using the LDA, PBE, PBEsol and HSE approximations are
shown using black, red, blue and green colour, respectively.

IV. PHASE STABILITY

We have evaluated the relative stability of MgSiN2 un-
der pressure by calculating the enthalpy, H, as

H = E + pV, (1)

where E is the total energy and V is the volume of the
system, for each phase at pressures (p) between 0 and 30
GPa for both phases of MgSiN2. In Fig. 3 we show the
calculated volumes, total energies, pressure-volume (pV )
terms, and enthalpies for the two phases. All energies are
shown with respect to each elements standard reference
state at p = 0 and have been evaluated as

E(MgSiN2)−
(
E(Mg) + E(Si) + E(N2)

)
, (2)

where E(Mg), E(Si) and E(N2) are the energies of hexag-
onal close-packed Mg, diamond structured Si and the N2

molecule, respectively, and E(MgSiN2) is the energy of
of one formula unit of MgSiN2 . In addition, we provide
in Fig. 4 the calculated differences in the enthalpies, to-
tal energies, and pressure-volume terms between the two
MgSiN2 phases. The enthalpy of both phases, shown in
Fig. 3, shows an almost linear increase with pressure. Ini-
tially, the enthalpy is lower for the LP-phase than for the

HP-phase. The enthalpy difference at p = 0 is 0.82 eV
(LDA), 1.12 eV (PBE), 0.86 eV (PBEsol) and 1.08 eV
(HSE), which is in agreement with previous studies.8,10

When the pressure increases, the enthalpy of the HP-
phase increase slower compared to the LP-phase and a
phase transition occurs at 16 GPa (LDA), 22 GPa (PBE),
16.5 GPa (PBEsol) and 21 GPa (HSE), when the rhom-
bohedral phase has the lower enthalpy, which is clearly
shown in Figs. 3 and 4. Römer et al. found the transition
to occur at 25 GPa using PW91,8 Fang et al. reported the
transition to occur at 16.5 GPa using the LDA,7 while
Arab et al.10 recently found the transition pressure to
be 25 GPa, 17.45 GPa and 19.05 GPa using the PW91,
PBEsol and LDA approximations, respectively. The ex-
perimentally evaluated transition pressure is 27 GPa.9

Our calculations are therefore in good agreement with
previous theoretical studies as well as with available ex-
periments. Note that none of the mentioned calculations
(including our results) include any temperature effects
and that the experimental transition pressure was ob-
tained using a high temperature (exceeding 2000 K9). A
perfect agreement with experiment would therefore be
coincidental.

We note that the evaluated phase transition pressures
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TABLE I. Ground state structural properties of LP-MgSiN2.
Wyckoff positions (x, y, z) for Mg, Si and the two inequivalent
N positions are shown.

a (Å) b (Å) c (Å)
LDA 5.240 6.419 4.957
PBE 5.314 6.507 5.033
PBEsol 5.280 6.480 4.999
HSE 5.264 6.443 4.978
Expt.3 5.27078(5) 6.46916(7) 4.98401(5)
Expt.4 5.314 6.466 4.975

LDA
x y z

Mg 0.0838 0.6228 0.9884
Si 0.0707 0.1255 0.9999
N(1) 0.0491 0.0959 0.3479
N(2) 0.1084 0.6551 0.4098

PBE
x y z

Mg 0.0847 0.6228 0.9886
Si 0.0698 0.1254 0.0001
N(1) 0.0480 0.0952 0.3467
N(2) 0.1097 0.6558 0.4107

PBEsol
x y z

Mg 0.0840 0.6227 0.9883
Si 0.0701 0.1255 0.0000
N(1) 0.0481 0.0955 0.3473
N(2) 0.1090 0.6556 0.4105

HSE
x y z

Mg 0.0846 0.6228 0.9881
Si 0.0701 0.1255 0.0000
N(1) 0.0485 0.0954 0.3472
N(2) 0.1093 0.6555 0.4106

Expt.3

x y z
Mg 0.08448(34) 0.62255(30) 0.9866(5)
Si 0.0693(5) 0.1249(4) 0.0000
N(1) 0.04855(17) 0.09562(15) 0.3472(4)
N(2) 0.10859(18) 0.65527(14) 0.4102(4)

follow the calculated enthalpy differences between the
LP- and HP-phases at p = 0, since a larger evaluated
enthalpy difference at p = 0 provides a higher transi-
tion pressure and vice versa. This behaviour can be
explained by analysing the difference in enthalpy, total
energy and pressure-volume characteristics between the
LP- and HP-phases, which is shown in Fig. 4. As can
be seen in Fig. 4, the difference in total energy varies
slightly with pressure and always shows a lower energy
for the LP-phase irrespective of the exhange-correlation
approximation. The difference in the pressure-volume
term of Eqn. (1) show a much larger increase with pres-
sure, but hardly any difference between using the differ-
ent exchange-correlation approximations. The reason for
the phase transition is therefore to be found in the contri-
bution to the enthalpy due to the pressure-volume char-
acteristics of the two phases, which is clearly illustrated

TABLE II. Ground state structural properties of HP-
MgSiN2. Mg and Si atoms are found at the (0, 0, 0) and
(0, 0, 1/2) positions respectively. The z parameter for the N
positions (0, 0, z) is also shown.

a (Å) c (Å) c/a z
LDA 2.810 14.461 5.147 0.2369
PBE 2.852 14.699 5.154 0.2366
PBEsol 2.833 14.604 5.155 0.2367
HSE 2.817 14.510 5.151 0.2367
Expt.9 2.8383(3) 14.558(2) 5.129(1) 0.2385(3)

in Fig. 4. The HP-phase has a much smaller volume than
the LP-phase, which gives a smaller pV -contribution to
the enthalpy of the HP-phase and lower increase of the
enthalpy with pressure compared to the LP-phase.

V. ELECTRONIC STRUCTURE

In Fig. 5 we show the calculated ground state band
structures obtained using the HSE approximation. LP-
MgSiN2 has a large indirect band gap of 5.58 eV in agree-
ment with experimental observations.5 The valence band
maximum (VBM) is positioned at the T-point and the
conduction band minimum (CBM) is found at the Γ-
point. The VBM is doubly degenerate and the CBM is
non-degenerate. The CBM at the Γ-point extends more
than 1 eV lower than the other conduction band states
at higher energies. We note that the main features of
the band structure are very similar when comparing the
LDA, PBE, PBEsol and HSE approximations, apart from
the size of the band gap which is found to be 4.31 eV,
3.95 eV and 4.02 eV for the LDA, PBE and PBEsol
approximations, respectively, and therefore significantly
smaller for the local and semilocal approximations com-
pared to the HSE approximation.

The band gap of the HP-phase within the HSE ap-
proximation is 5.87 eV while the LDA, PBE and PBEsol
band gaps are 4.37 eV, 4.16 eV and 4.25 eV, respectively.
The VBM is found slightly off the Γ-point towards the L-
point, with the Brillouin zone coordinates (δ, 0, 0), with
δ ≈ 0.07. Furthermore, we note that the highest valence
band increases its energy when moving from the Γ-point
towards the L-, F- and X-points, where local maximas
are found slightly off the Γ-point in all directions, while
the energy of the band decrease when moving from the
Γ-point towards the Z-point. We note that the energies
of the highest valence band at the two local maximas
along Γ-L and Γ-X are very similar. This is shown more
clearly in Fig. 6 where the band structure close to the
Fermi level of HP-MgSiN2 is shown. Furthermore, we
also find that the band gap of the HP-phase is indirect
with the CBM at the F-point.

We note that HP-MgSiN2 has a larger band gap in the
ground state compared to the LP-phase; the difference
is 0.29 eV as obtained by the HSE approximation. In
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FIG. 4. (Color online) Calculated enthalpy differences be-
tween the LP- and HP-phases of MgSiN2 (a) and calculated
differences (b) in the total energy, E (solid lines), and the
pressure-volume term, pV (dashed lines), in Eqn. (1). Re-
sults from the LDA, PBE, PBEsol and HSE approximations
are shown in black, red, blue and green, respectively. The
phase transition between LP- and HP-phases occur when the
calculated enthalpy differences cross the zero line, marked by
the vertical solid line. The transition pressure is evaluated to
be 16 GPa (LDA), 22 GPa (PBE), 16.5 GPa (PBEsol) and
21 GPa (HSE).

Fig. 7, we show the calculated energy bands as a func-
tion of pressure. When the pressure increases the valence
and conduction bands become more separated and con-
sequently the band gaps increase with pressure. Further-
more, the band gap in the low pressure phase increases
more with pressure than the high pressure phase. This
change is largely due to the CBM at the Γ-point in the
LP-phase rising compared to the other conduction bands
and becoming more or less degenerate with the other
conduction bands at higher pressures. In the HP-phase
the conduction bands move more collectively away from
the valence bands as the pressure increases. As a con-
sequence, the band gap in the LP-phase becomes larger
than in the HP-phase. This change occur well below the
phase transition pressure of the system, since it is found
already for p = 10 GPa, as shown in Fig. 7.

In Fig. 8, we show the calculated density of states
(DOS) of LP- and HP-MgSiN2 as obtained within the
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FIG. 5. (Color online) Calculated energy bands along high
symmetry direction in the Brillouin zone for LP- (left) and
HP-MgSiN2 (right) obtained using the HSE approximation.
All energies are in relation to the Fermi level, EF .

PBE approximation. Beginning with the LP-phase, we
find that states close to the Fermi-level are dominated
by N. In the region between -8 eV to the Fermi-level, the
N states are completely dominated by N p-states. These
states are to a large part mixed with Mg and Si p-states.
However, there are contributions coming from N p-states
mixed with Mg and Si s-states and also some Mg and Si
states with d-character are mixed with the N p-states in
the upper part of the valence band. In the lower part
of the valence band between -16 eV and -13 eV, the N
states have s-character. These states are mixed with Mg
and Si s- and p-states. Overall, the features in the DOS
of the LP-phase is similar to the DOS of wurtzite AlN.4

For the HP-phase, we find a rather similar DOS as
for the LP-phase, even though the atoms are now six-
fold coordinated in contrast to the four-fold coordinated
LP-phase. Compared to the DOS of the LP-phase the
valence bands in the HP-phase are wider, especially the
lower valence band region which contain N s-states mixed
with Mg and Si s- and p-states are found between -18 eV
and -13 eV. In the region between -8 eV and the Fermi-
level we find, as in the LP-phase, N p-states mixed with
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FIG. 6. (Color online) Calculated energy bands along high
symmetry directions in the Brillouin zone of the HP-phase of
MgSiN2 close to the Fermi level, EF , as obtained using the
HSE approximation.
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FIG. 7. (Color online) Calculated energy bands along high
symmetry direction in the Brillouin zone for LP- (left) and
HP-MgSiN2 (right) for p = 0 (solid green line), 10 GPa
(dashed red line) and 20 GPa (thin solid blue line) obtained
using the HSE approximation. All energies are in relation to
the Fermi level, EF .

Mg and Si s-, p- and d-states.

VI. CONCLUSIONS

In conclusion, we have calculated the phase stability
under pressure of two MgSiN2 phases and found that
there is a phase transition at a pressure of about 20 GPa,
from the ground state orthorhombic phase (space group
Pna21) to the high pressure phase of rhombohedral ge-

ometry (space group R3̄m) in agreement with previous
theory and experiment. We note that the difference ob-
tained using various approximations for the exchange-
correlation energy for the phase transition pressure de-
pends strongly on the total energy difference at p = 0. If
the difference in energy for a specific XC approximation
between LP- and HP-phases at p = 0 is large this moves
the phase transition pressure towards higher pressures
and vice versa.

The electronic structures of these two phases have been
calculated using hybrid density functional theory. Both
phases are wide band gap semiconductors with indirect
band gaps. For the ground states the HP-phase has a
larger gap of 5.87 eV while the LP-phase has a gap of
5.58 eV. However, as the pressure increases the order is
shifted and at the transition pressure the LP-phase has
the larger band gap. This change is due to the CBM
in the LP-phase becoming aligned with other higher en-
ergy conduction bands, while the conduction bands in
the HP-phase shifts away from the valence bands more
collectively.
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FIG. 8. (Color online) Calculated density of states (DOS) of LP- (a) and HP-phases (b) of MgSiN2. The total DOS and the
DOS projected on to Mg, Si and N atoms are shown (black lines with grey shading) as well as the projection onto the s- (red),
p- (blue) and d-states (black) of each atomic species. The DOS shown are obtained using the PBE approximation. All energies
are in relation to the Fermi level, EF .
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