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The structural behavior of Mg3N2 has been investigated up to 40.7 GPa at room temperature by means of angle-
dispersive X-ray diffraction. A reversible, first-order structural phase transition from the ambient cubic phase (Ia3h)
to a high-pressure monoclinic phase (C2/m) is found to start at ∼20.6 GPa and complete at ∼32.5 GPa for the
first time. The equation of state determined from our experiments yields bulk moduli of 110.7(2) and 171.5(1) GPa
for the cubic and monoclinic phases, respectively, indicating higher incompressibility of the high-pressure phase
of Mg3N2. First-principles calculations reproduced the phase stability and transition pressure determined in
our experiment. In addition, a second phase transition from the monoclinic phase to a hexagonal phase (P 3hm1)
was predicted around 67 GPa for Mg3N2. The electronic band structures of three phases of Mg3N2 are also calculated
and discussed.

Introduction

Solid nitridematerials have become a rapidly growing field
of interest in recent years.1,2 Some binary nitrides, such as
AlN and Si3N4, have been widely used as high-performance
engineering and substrate materials in the semiconductor
industry.1 Magnesium nitride, Mg3N2, is a salt-like nitride3

and is well-known for its role as a nitriding agent for the
practical preparation of various nitrides such as rare-earth
nitrides,3 MgSiN2,

4,5 and AlN.6 Mg3N2 also possesses cata-
lytic properties, which are useful in the synthesis of superhard
silicon nitride and cubic boron nitride.7,8

Under ambient conditions, Mg3N2 crystallizes in the cubic
antibixbyite (anti-C-type, space group Ia3) structure of the
mineral (Mn,Fe)2O3 known also for other group II metal

nitridesM3N2 (M=Be, Ca, Zn, Cd).9-12 The cubic bixbyite
(C-type) structure has been considered as the type structure
and has been carefully refined for many sesquioxides such as
Sc2O3,

13 Y2O3,
14 Er2O3,

15 Gd2O3,
16 In2O3,

17 and so on. The
structural behavior of these cubic bixbyite materials under
high pressures has been the topic issue of research in recent
years. Interestingly, sesquioxides present different phase
sequences at high pressures and/or high temperatures. Most
sesquioxides usually follow the sequence of C f B (mono-
clinic, space group C2/m) f A (hexagonal, space group
P3m1) at high pressures and/or high temperatures.15,18-20

However, different phase sequences have been reported in
some C-type sesquioxides. It is verified that Gd2O3 trans-
forms directly to the A-type structure at high pressure16 and
In2O3 transforms to the corundum (hexagonal, space group
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R3c) structure21-24 and then to the Rh2O3 (II)-type
(orthorhombic, space group Pbna) structure under high
pressure and temperature.17 Surprisingly, there has been no
report on what phases the corresponding anti-C-type com-
pounds will adopt under pressure. Therefore, the pressure-
induced phase sequence of the anti-C-type Mg3N2 is moti-
vated in relation to the high-pressure transitions in C-type
sesquioxides.
Here, we report the outcome of a high-pressure study on

anti-C-type Mg3N2 up to 40.7 GPa at room temperature
using in situ angle-dispersive X-ray diffraction (ADXD)
measurement. A high-pressure phase with the monoclinic
C2/m (anti-B-type) structurewas observed for the first time in
Mg3N2 at pressures higher than 20.6 GPa. In addition, our
theoretical results predicted that there is a second phase
transition from the anti-B-type to the hexagonal P3m1

(anti-A-type) structure at about 67 GPa.

Experimental and Computational Details

Commercially available Mg3N2 powder (Alfa Products,
purity of 99.6%) was loaded into a gasketed high-pressure
Mao-Bell-type diamond anvil cell with 400 μm culet dia-
mondanvils.A120-μm-diameter holewasdrilled through the
center of a preindented 60-μm-thick T-301 stainless steel
gasket to form a sample chamber. Mg3N2 is extremely
sensitive to moisture and readily hydrolyzes with common
pressure-transmittingmedia. In order to restrain such hydro-
lyzation, silicone greasewas used as thepressure-transmitting
media. The pressure was determined from the frequency shift
of the ruby R1 fluorescence line.

25

ADXD experiments were carried out up to 40.7 GPa at
room temperature using a synchrotron X-ray source (λ =
0.6199 Å) of the 4W2 High-Pressure Station of Beijing
SynchrotronRadiationFacility (BSRF).Thediffractiondata
were collected using MAR165 CCD detector. The Bragg
diffraction rings were recorded with an imaging plate detec-
tor, and the two-dimensional X-ray diffraction (XRD)
images were analyzed using the FIT2D software, yielding
one-dimensional intensity versus diffraction angle 2θ pat-
terns.26 The average acquisition time was 300 s. The sam-
ple-detector distance and geometric parameters were
calibrated using a CeO2 standard from NIST. High-pressure
synchrotron XRD patterns were fitted by Rietveld profile
matching using the MATERIAL STUDIO program. Unit
cell parameters were obtained using the DICVOL91 pro-
gram. During each refinement cycle, the scale factor, back-
ground parameter, and cell parameter were optimized.
First-principles calculations were carried out using

the plane-wave pseudopotential method within the frame-
work of density functional theory (DFT) with the VASP
code.27 The generalized gradient approximation (GGA)28

exchange-correlation functional was employed. The all-elec-
tron projector-augmented wave method29 was adopted with
a same plane-wave kinetic energy cutoff of 520 eV for all
possibleMg3N2phases.Theuse ofMonkhorst-Packk-point
meshes of 4� 4� 4, 6� 6� 3, 14� 14� 8, and 6� 6� 6 for

anti-C-type, anti-B-type, anti-A-type, and anticorundum
structures, respectively, was shown to give excellent conver-
gence of the total energies, energy differences, and structural
parameters at both ambient and high pressures.

Results and Discussion

The schematic ambient crystal structure of the cubic anti-
C-type Mg3N2 is shown in Figure 1a. In this structure, Mg
and two inequivalent N (labled as N1 and N2) atoms occupy
Wyckoff 48e, 24d, and 8b positions, respectively. The Mg
atoms are in tetrahedra sites of an approximately cubic close-
packed array of N atoms. Each N1 has four shorter and two
longer bond distances with Mg, while N2 is octahedrally
coordinated with six Mg atoms, forming a Mg6N polyhe-
dron. The selected XRD patterns of Mg3N2 with increasing
pressure are shown in Figure 2. The Rietveld refinement of
Mg3N2 performed at 1.5 GPa (Figure 3a) shows a good
agreement with the ambient cubic structure with a lattice
constant of 9.936(7) Å. During compression, all diffraction
peaks shift toward higher 2θ angles. However, no shape
change is observed below 20.6 GPa, indicating that the
sample remained as the anti-C-type.
Above 20.6GPa, it is observed that the relative intensity of

the five main peaks (2,1,1), (2,2,2), (4,0,0), (3,3,2), and (4,4,0)
of the anti-C-typeMg3N2 decreases with increasing pressure.
At the same time, two new diffraction peaks marked with
asterisks begin to appear in the XRD patterns at 20.6 GPa.
These results indicate that a pressure-induced phase trans-
formation occurred at 20.6 GPa. However, the peaks of the
anti-C-type Mg3N2 persist until 32.5 GPa. These peaks
completely disappear, and the sample is fully converted to
the new phase up to nearly 32.5 GPa. The large pressure
coexistence region (20.6-32.5 GPa) of two phases may be
partially due to the nonhydrostatic stresses created by using
the grease oil as a pressure medium.30 Figure 3b presents the
Rietveld refinement of Mg3N2 performed at 32.5 GPa,
showing good agreement with a monoclinic cell with space
group C2/m with lattice parameters a=12.229(9) Å, b=
3.157(9) Å, c=7.618(5) Å, and β = 99.03(9)�. In this struc-
ture, there are fiveMgand threeN sites in a unit cell, ofwhich
four Mg and three N atoms occupy the 4i (x, 0, z) position
while the otherMg atom takes the 2b (0, 0.5, 0) position. The
corresponding atomic positions at 32.5 GPa are listed in
Table 1. It is found that the C2/m structure is isostructural
with the high-pressure B-type structure observed in bixbyite
sesquioxides15,18-20 but with an interchange of the cation and
anion; we thus call this phase anti-B-type. As shown in
Figure 1b, anti-B-type structure is a layer type with all atom
sites at y = 0 or 1/2. In each plane, corrugated sheets of Mg
atoms alternating with similarly corrugated sheets of N
atoms along the c axis are found. EachNatom is coordinated
by seven Mg atoms, forming a Mg7N polyhedron. The
coordination of N1 and N2 is a distortion trigonal prism
with six Mg atoms, while the seventh Mg-N bond is along
the normal to a prism face. In addition, the coordination
about the N3 atoms can be formally described as a distorted
octahedron. However, the seventh Mg atom is almost too
far away to be included in the primary coordination shell.
With the pressure increasing, no further discontinuous
change is observed in the XRD profiles up to 40.7 GPa.
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The high-pressure anti-B-type phase of Mg3N2 is rever-
sible and transforms back to the ambient phase during
decompression back to zero pressure (Figure 2), indicating
that the anti-C f anti-B phase transition is fully reversible.
The refinement of the XRD pattern at room condition of
Mg3N2 after decompression gives a lattice constant of
9.970(3) Å, which is in good agreement with the literature
values.10,12

The normalized lattice parameters of the anti-C- and anti-
B-type phases from the refinement as a function of the
pressure are presented in Figure 4a. For comparison, our
first-principles calculated results are also presented. One
observes that the theory and experiment are in excellent
mutual agreement. All lattice parameters in two phases
decrease monotonically with increasing pressure, and the
compressibilities of the a, b, and c axes in the anti-B-type

Figure 1. Schematic crystal structures ofMg3N2polymorphs: (a) anti-C-type; (b) anti-B-type; (c) anti-A-type.The latticeparameters of the predictedhigh-
pressure anti-A-type structure at 70GPa are a= b=3.1767 Å, c=4.7844 Å,with atoms atWyckoff positions 1a (Mg) (0, 0, 0), 2d (Mg) (1/3,

2/3, 0.661), and
2d (N) (1/3,

2/3, 0.231).

Figure 2. Selected XRD patterns ofMg3N2 with increasing pressure up
to 40.7GPa and thendecompression to ambient pressure (frombottom to
top) at room temperature. Asterisks marked in the profile at 20.6 GPa
represent the peaks of the new phase. A pressure-induced structural
transition is observed around 20.6 GPa and completed at 32.5 GPa.

Figure 3. Rietveld refinement of the XRD patterns of Mg3N2 taken at
1.5 and 32.5 GPa: (a) structural refinement of the ambient cubic structure
with space group of Ia3; (b) structural refinement of the high-pressure
monoclinic phase in the anti-B-type structure with space group C2/m.

Table 1. Atomic Coordinates and Isotropic Displacement Factors Uiso (Å2) of
the Monoclinic Anti-B-Type Structure for Mg3N2 at 32.5 GPa

atom position x y z Uiso

Mg1 4i 0.827(6) 0 0.031(4) 0.0019(6)
Mg2 4i 0.795(1) 0 0.372(1) 0.0077(6)
Mg3 4i 0.127(8) 0 0.285(6) 0.0050(9)
Mg4 4i 0.469(1) 0 0.339(6) 0.0090(5)
Mg5 2b 0 0.5 0 0.0025
N1 4i 0.636(1) 0 0.484(2) 0.0037(4)
N2 4i 0.686(4) 0 0.136(9) 0.0023(7)
N3 4i 0.967(1) 0 0.184(5) 0.0075(6)
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structure are very close, suggesting that the high-pressure
phase of Mg3N2 is isotropy. The pressure dependence of the
volumes per Mg3N2 formula unit (fu) for the anti-C- and
anti-B-type structures is shown in Figure 4b. There is about
10% volume shrinkage during the phase transition at ∼25
GPa, indicating the first-order nature of the phase transition.
The experimental pressure-volume data for the anti-C- and
anti-B-type phases of Mg3N2 were fitted to a third-order
Birch-Murnaghan (BM) equation of state (EOS)31

P ¼ 1:5B0½ðV=V0Þ-7=3 -ðV=V0Þ-5=3�
½1þ0:75ðB0

0 -4Þ½ðV=V0Þ-3=2 -1Þ�
whereV0 is the volume per formula unit at ambient pressure,
withV being the volume per formula unit at pressure P given
inGPa,B0 is the isothermal bulkmodulus, andB0

0 is the first
pressure derivative of the bulk modulus. With B0

0 fixed at 4,
we yield B0 and V0 of 110.7(2) GPa and 61.7(1) Å3 for the
anti-C-type phase and 171.5(1) GPa and 53.0(9) Å3 for the
anti-B-type phase, respectively. The large values of bulk
moduli suggest that Mg3N2 is a high-incompressibility ma-
terial. It is interesting to note that the bulk modulus of the
high-pressure phase increases∼55% compared to that at the
ambient-pressure phase, indicating an increasing incompres-
sibility of Mg3N2 at extreme conditions.
The current XRD experiments revealed that Mg3N2 fol-

lows a phase sequence of anti-C f anti-B under pressure,
which is consistent with most sesquioxides adopting a Cf B
phase transition. In order to confirm the transition pressure
of the anti-Cf anti-B transition for Mg3N2, a detailed first-
principles calculation was performed. In addition to the anti-
C- and anti-B-type structures, two hexagonal structures
derived from the A-type and corundum structures of sesqui-
oxides by interchanging the cations and anions were also
considered to predict the possible post-anti-B-type phase for

Mg3N2.Wedenoted these twohexagonal structures as anti-A
and anticorundum. The static enthalpies (T = 0 K) of
different phases relative to that of the anti-C-type as a
function of the pressure are plotted in Figure 5. It is obvious
that the anti-C-type structure transforms to the anti-B-type
structure at ∼22 GPa. The value 22 GPa falls between the
transition pressure ranges of 20.6-32.5 GPa observed in
our X-ray experiments. Moreover, our results predict that
the anti-A-type structure (Figure 1c) should also exist in
Mg3N2 above 67 GPa. The stable field of the predicted
anti-A-type polymorph is within reach of the current ex-
perimental techniques, and further experiments are nece-
ssary to investigate this high-pressure phase. The calcula-
tion rules out the existence of an anticorundum structure
by the relatively higher enthalpy at all pressures. The phase
sequence of anti-C f anti-B f anti-A for Mg3N2 is similar
to the sequence found in most sesquioxides.11-13 Other

Figure 4. Pressure dependence of the lattice parameters (a) and cell volumes per formula unit (b) of the anti-C- and anti-B-type structures ofMg3N2. Solid
and open symbols in part a represent experimental and theoretical results, respectively. The inset in part a is the β angle of the anti-B-type phase as a function
of the pressure. Solid lines in part b are the fittings with BM EOSs.

Figure 5. Calculated static enthalpies of the anti-B-type and two other
considered anti-A-type and anticorundum structures with respect to the
ambient anti-C-type structure as a function of the pressure.

(31) Birch, F. J. Appl. Phys. 1938, 9, 279.
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group II metal nitrides (Ca3N2, Zn3N2, and Cd3N2)
possess the same equilibrium structure as Mg3N2. There-
fore, we suggest that these nitrides may adopt the same
phase transitions as Mg3N2 at high pressures. However, in
view of the different phase sequences found in the C-type
sesquioxides,11-19 future experimental effort is thus in great
demand.
Electronic band structures for the three phases of Mg3N2

were calculated and presented in Figure 6. These suggest
that all three phases of Mg3N2 are semiconducting because
of the existence of direct band gaps at the Γ point. The
calculated band gap of the anti-C-type Mg3N2 is 1.65 eV at
ambient pressure, in agreement with the earlier theoretical
results (1.63 and 1.85 eV),32 whereas it is only about 59% of
the measured value (2.8 eV33). The discrepancy between
the theory and experiment is typical of the calculation
method that we used, in which DFT-GGA calculations
systematically underestimate the band gap in semiconduc-
tors and insulators (in most cases just 50-80% of the
experimentally observed band gap).With increasing pressure,
the band gap increases to 2.35 eV in the anti-B-type structure
at 25GPa and 3.48 eV in the anti-A-type structure at 70GPa,
as shown in Figure 6b,c.

Conclusions

In conclusion, a reversible phase transition from the
ambient anti-C-type structure to a monoclinic structure has
been unambiguously identified around 20.6 GPa and com-
pleted at 32.5 GPa based on synchrotron XRD. The refine-
ment results suggest that the monoclinic phase is structurally
identical with the anti-B-type (C2/m) structure. The observed
phase stability and transition pressure are well explained by
first-principles calculations. A second phase transition from
the anti-B-type structure to the anti-A-type structure was
predicted for Mg3N2 at 67 GPa by enthalpy calculations.
Electronic band structure calculations show that the band
gap increases with increasing pressure, suggesting the poten-
tial optical application of Mg3N2 at high pressures.
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Figure 6. Calculated electronic band structures of Mg3N2 with (a) the anti-C-type structure at ambient pressure, (b) the anti-B-type structure at 25 GPa,
and (c) the anti-A-type structure at 70 GPa.
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