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Wide bandgap semiconductors are crucially significant for optoelectronic and thermoelectric device applications.
Metal nitride is a class of semiconductor material with great potential. Under high pressure, the bandgap of magnesium
nitride was predicted to grow. Raman spectra, ultra-violet-visible (UV-Vis) absorption spectra, and first-principles calcula-
tions were employed in this study to analyze the bandgap evolution of MgzN,. The widening of the bandgap has been first
detected experimentally, with the gap increasing from 2.05 eV at 3 GPa to 2.88 eV at 47 GPa. According to the calculation
results, the enhanced covalent component is responsible for the bandgap widening.

Keywords: high pressure, electronic structures, first-principles calculations, alkaline-earth metal nitride

PACS: 62.50.—p, 71.20.-b, 78.40.—q, 71.20.Nr

1. Introduction

In the search for novel functional materials, the multi-
faceted family of metal nitride compounds exhibiting diverse
properties is widely studied as a model system. Binary nitrides
with large bandgap, such as AIN and GaN, have long been em-
ployed as high-performance semiconductor materials.!! By
modulating the distances between atoms, pressure would have
a significant impact on the character of the materials. In some
cases, new phase with unique properties would form under
high pressure condition.>*! Obviously, research on the high
pressure behaviors of semiconductors is of great significance
to clarify the regulatory mechanism of material properties.

There have been several investigations into the high pres-
sure structure of MgzN,. Under pressure, Romer predicted
that the ambient /a-3 structure would transform into C2/m
structure and P3m]1 structure in order.[*! This phase sequence
was largely validated by Hao et al., who discovered the C2/m
phase by synchrotron x-ray differaction (XRD) from 20.6 GPa
to 40 GPa, and anticipated the formation of the P3m1 struc-
ture at 67 GPa.[! As can be seen, there is little disagreement
about the high pressure structure of Mgz N,. Furthermore, the
electronic and optical properties of Mgz N, have been aroused
considerable attention because of its prospective application
in phosphor-converted light emitting diodes (pc-LEDs), as a
visible-light-activated luminescent material.!” In particular,
MgsN, was suggested to be an promising alternative to AIN
and GajAl;_,N in optoelectronics.®! It is generally believed
that Mgz N, has a direct bandgap structure. However, the com-
putational data present largely different values of the bandgap,
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ranging from 1.10 eV to 2.25 eV.>-11]

In addition, the bandgap of Mg3zN, was predicted to in-
crease under pressure, different from the cognition that the en-
ergy band is usually widened under high pressure, accompa-
nied by a reducing of gap value.!'”) Unfortunately, only rare
research on this phenomenon has been reported so far. The
lack of systematic investigations hampers our understanding
of the corresponding mechanism. Further investigations are
needed to clarify the mechanism of pressure on the bandgap
of magnesium nitride.

Moreover, nitrogen-rich compounds with low bond or-
der N-N bonds are generally considered to be potential high
energy density materials (HEDM).!!314] Alkaline earth metal
nitrogen-rich compounds have made breakthrough progress
as an HDEM candidate.!'>!%" Several nitrides with uncon-
ventional chemical stoichiometry have been synthesized ex-
perimentally, such as Mgy,Nys with an N4 unit and MgNy
with a one-dimensional (1D) N chain.!'”! But the theoreti-
cally predicted MgNo with an N5 ring, which was supposed
to possess a higher energy density, has not yet been obtained

(18] The interaction between Mg and N atoms

experimentally.
plays a critical role in the evolution of nitrogen configurations
and related structures at high pressures. However, the mech-
anism of interatomic interaction in the ambient phase is not
clear, and further research into this interaction is needed to
provide theoretical guidance for the subsequent synthesis of
nitrogen-rich nitrides.

In the present study, Raman spectra and ultra-violet-

visible (UV-Vis) absorption spectra, were conducted to inves-

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

066205-1


http://dx.doi.org/10.1088/1674-1056/ac4cbe
mailto:wugang614@163.com
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B 31, 066205 (2022)

tigate the high pressure behavior of MgszN;, up to 50 GPa.
The increasing bandgap of Mg3zN, with elevated pressure was
first observed experimentally. Theoretical calculations such
as band structures, density of states (DOS), and differential
charge density were combined to clarify the evolution of the
bandgap and the interaction between atoms under high pres-

sure.

2. Experimental and computational methods

The experiment employed A diamond anvil cell (DAC)
with 300-um culet faces to generate high pressures up to
50 GPa. A tungsten gasket pre-compressed to around 40 pm
was placed between the two diamond anvils, and a laser was
used to drill a hole with a diameter of 12 pm in the middle
of the gasket that served as the sample chamber in the DAC.
A moisture-sensitive lump of MgzN; (Alfa Aesar, 99.5%) of
approximate size 40 um x 50 pm was placed into the sample
chamber in an argon-atmosphere glove box, whereupon sili-
cone grease served as the pressure transmitting medium and
was sealed in the DAC. The pressure in the sample chamber
was determined by the frequency shift of the Rjline of the
Ruby ball.!"’!

The high pressure Raman experiment was performed us-
ing a JY-T64000 spectrometer with a nitrogen-cooled CCD de-
tector and a 532-nm laser generated by a doubled solid-state
diode Nd:yanadate laser (Coherent Company). The UV-Vis
absorption spectra were measured by the optics of Ocean Op-
tics QE65000 in conjunction with a deuterium—halogen light
source with a wavelength range of 350 nm to 2000 nm.

The density functional theory, as implemented in
the CASTEP code, was used to perform first-principles
computations.?’! To determine precise exchange and corre-
lation energies for a particular structural arrangement, the
generalized-gradient approximation (GGA) with Perdew—
Burke—Ernzerh (PBE) functional was utilized.?!) Norm-
conserving pseudo-potentials for N and Mg were used to ex-
plain the atomic electrical configuration. The 2s22p® and
2p®3s? electrons were considered as the valence electrons for
N and Mg, respectively. The geometry optimization and prop-
erties computation, including band structure, DOS, and dif-
ferential charge density, were performed using a plane-wave
cutoff energy of 1000 eV and a k-point spacing of 0.04 A~!
derived from a convergence test. All of the calculations
adopted the same self-consistent energy convergence criteria
of 1 x 107 eV/atom.

2.1. Results and discussion

2.2. Raman experiments and calculations

According to the group theory analysis, the irreducible
representations of optical modes in the Ia-3 structure can be

written as: I = 9A + 9E + 30T, in which A, E, and T repre-
sent the nondegenerate, double degenerate, and triply degen-
erate vibration modes respectively. Four of the A modes are
Raman-active, and in the case of £ modes and 7 modes, it is
4 and 14, respectively.

As shown in Fig. 1, Raman spectra of the Ia-3 structure
at 0 GPa was calculated with the CASTEP code to assign the
relative vibration mode. Only some of the calculated peaks
have relatively strong peak strengths (2 A modes, 3 E modes,
and 8 T modes), whose vibration mode is marked below the
corresponding peak. The strongest peak (Vs) is assigned to
the symmetrical stretching vibration of Mg and N. By com-
paring the Raman spectra measured at 2.2 GPa, it is found that
most of the calculated Raman peaks are observed experimen-
tally, except for small differences in the relative intensity of
some weak peaks, which indicates an excellent coincident is
achieved between the calculated spectra and experimental re-
sults. In addition, the observed Raman spectra at 2.2 GPa are

22]

quite close to the previous results,/?*! guaranteeing the purity

of the Mg, N3 sample.
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Fig. 1. Raman spectra measured at 2.2 GPa (red line) was in contrast with
the calculated result at 0 GPa (black line). The corresponding vibration
modes are marked below the peaks of calculated spectra. The inset shows
the magnification of the observed spectra in the region between 415 cm ™!
and 650 cm~!. The symbol v above the experimental results indicate the 12
observed vibration modes.

Due to the sensitivity of vibration frequency to atomic co-
ordinates, Raman spectroscopy is an effective probe to detect
the local and cooperative changes in structure under pressure.
In this study, in-situ Raman spectra have been conducted on
MgsN, up to 43.5 GPa. As shown in Fig. 2, all the peaks
move towards high frequency approximately linearly, indicat-
ing a general decrease in the atomic distance under pressure.
All of the Raman peaks soften and broaden obviously as pres-
sure increases, and some weak peaks at 2.2 GPa (such as vg—
V1o and vy») vanish completely at 5 GPa.

A shoulder peak emerges near 413 cm™! (indicated by the
arrow in Fig. 2) without any other obvious change. According
to the calculation results, this peak is assigned to a triply de-
generated mode, which is overlapped by the most intense Vs
mode. The strongest peak (Vs) persists till 25 GPa, after which
no signal can be observed until 43.5 GPa. This might indicate
a total phase transition to a new phase with a relatively weak
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Raman signal. It should be emphasized that the weakening of
Vs peak starts from 17 GPa, which is very similar to the first
order phase transition in MgzN, at 20 GPa in previous high
pressure diffraction research.’! The Raman signal of the /a-3
structure reappears as pressure is released to 2.4 GPa.
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Fig. 2. (a) Selected Raman spectra of Mgz N, with increasing pressure up to
43.5 GPa. The dash line represents the spectra of 2.4 GPa after decompres-
sion process. (b) Variation of the Raman shift of main peaks under pressure.

2.3. UV-Vis absorption experiments

As shown in Fig. 3, the color of Mg3zN, changes from
deep yellow (3 GPa) to light yellow (47 GPa). In general,
a more transparent sample corresponds to a larger bandgap.
From the trend of the color changes under pressure, we can
preliminarily infer that the bandgap of the sample increases.
In the optical absorption experiments, more detailed informa-
tion about the bandgap can be obtained. The absorption edge
distributes from 460 nm to 530 nm at 3 GPa, which is related
to the energy threshold of photons allowed to be absorbed. Ac-
companied by the color change of Mg3N; changes, the absorp-
tion edge shows a blueshift trend under pressure, indicating an
increase in the minimum energy required in inter-band transi-
tion.

According to the Tauc plot method, in the case of di-
rect bandgap, a series plots of (athv)? versus photon energy
hv were obtained based on the absorption spectra under every
pressure, known as the Tauc plot.[?3?4 The estimated bandgap
can be obtained from the intercept of a linear region extrapola-
tion on the energy axis. The evolution of the bandgap is shown
in Fig. 5(d). The bandgap value increases from 2.05 eV at
3 GPato 2.88 eV at 51.9 GPa. There is a change in the increas-
ing ratio of bandgap value to the pressure at nearly 25 GPa,
which is very similar to the pressure at which vibration peaks
of Mg3;N; disappear thoroughly in our Raman measurement.
This might be regarded as another manifestation of the /a-3 to
C2/m phase transition reported in the previous study.

Thus, the bandgap of Mg3;N; widening under pressure
is first observed in UV-Vis absorption experiments. Pressure
clearly has a strong ability to tune the bandgap of Mg3zNj,

which would make Mg3N; more suitable for wide bandgap
applications.
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Fig. 3. (a) Optical absorption spectra of MgzN, under high pressure. (b)
The photo of sample chamber taken at 7.4, 18, 28, and 47 GPa. (c) Direct
bandgap Tauc plot under 51.9 GPa. (d) Evolution of bandgap under pressure
obtained by absorption experiments and DFT calculations.

2.4. Electronic structures calculations

To further investigate the bandgap evolution, the elec-
tronic band structure and projected density of states (PDOS)
for la-3 and C2/m structures were also calculated. As pre-
sented in Fig. 4, both the /a-3 and C2/m structures possess the
direct type bandgap, which widens with elevated pressure. The
gap value of the Ia-3 structure varies from 1.27 eV (0 GPa) to
1.96 eV (20 GPa), and for the C2/m structure from 1.95 eV
(20 GPa) to 2.79 eV (50 GPa). These values are similar with
the previous results calculated by VASP (1.6 eV for Ia-3 phase
at ambient condition and 2.3 eV for C2/m phase at 25 GPa).
However, these values are rough estimates, as the standard
exchange correlation functionals of DFT, such as generalized
gradient approximation (GGA), underestimate the gap values.
Thus, for the analysis of bandgap evolution trends, our calcu-
lation results could still provide relative accuracy qualitatively.

The PDOS of the Ia-3 and the C2/m structures are also
shown in Fig. 4. The valance band is dominated by Mg 2p
orbitals, and the conduction band is mainly attributed to N 2p
orbitals. The dissimilarities in the strong peak positions in the
PDOS of Mg with N, indicate the mainly ionic interaction of
Mg with its neighboring N, which is consistent with a differ-
ential in atomic electronegativity of up to 1.8. However, a
very small chemical bond can also be seen, because of the par-
tially overlapped PDOS of Mg and N. Therefore, the bonding
in MgzN> can be regarded as a mixture of mainly ionic and
minorly covalent components.
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Fig. 4. Calculated band structure and PDOS of Ia-3 structure at (a) 0 GPa, (b) 20 GPa, and C2m structure at (c) 20 GPa, (d) 50 GPa. The red dash line

represents the Fermi level (Ef).

As pressure increases, the valence band expands toward
the lower energy, and the conduction band widens toward the
higher energy, which is mainly induced by the compression
of the lattice and the consequent shortening of the bond under
pressure. By comparing the PDOS of specified orbitals under
different pressures (Fig. 5), it is found that the PDOS of N 2p
softens obviously, indicating the delocalization of electrons.
However, the PDOS peak value of Mg 2p in the conduction
band increases under pressure both in the /a-3 and the C2/m
structure, indicating an enhanced localization of electrons in
Mg. This is equivalent to the weakening of the tendency of
magnesium to lose electrons and form ionic bonds, in other
words, the increasing electronegativity of Mg under high pres-
sure. Combined with the change of nitrogen PDOS, the ion-
icity of Mg—N bonds decreases under pressure, instead of the
enhanced covalent properties.

Looking at the differential charge density in some se-
lected planes is also an efficient way to understand the bond
property of Mg3N,. The differential charge density is obtained
by subtracting the spherically symmetric charge density of Mg

and N in the free state from the charge density of Mg3zN».
In the Ia-3 structure, the plane across the central N and four
neighboring Mg is selected to project the differential charge
density. And in the C2/m structure, the (1 0 0) plane is se-
lected. As presented in Fig. 6, positive values (colored in red)
indicate gaining electrons, which are mainly distributed near
N atom. This is in accordance with the ionic properties of the
Mg-N bond. As pressure increases, the electrons obtained by
the N atom tend to be distributed toward its neighboring Mg
atom. This is in good agreement with the enhanced covalent
bond found in our PDOS analysis.

The increasing covalent component is considered to be
responsible for the widening of the bandgap.>>-?8] The evo-
Iution of the Mg3zN; bandgap should take into account two
effects: on one hand, the shortened atomic distances under
pressure induce widening of both the valence band and the
conduction band, which tend to reduce the bandgap. On the
other hand, the shortened bond length increases the overlap of
the electron cloud, accompanying with the enhanced covalent

bond, which tends to widen the bandgap. The competition of
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these two effects results in the increasing bandgap of Mg3zN»
under pressure.
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Fig. 5. PDOS of 2p orbital under different pressure. (a) N in /a-3, (b) Mg in
Ia-3, (c) N in C2/m and (d) Mg in C2/m.

Fig. 6. Differential charge density projected onto selected plane in (a) /a-3 at
0 GPa, (b) Ia-3 at 20 GPa, (c) C2/m at 20 GPa, and (d) C2/m at 50 GPa.

3. Conclusion

In summary, we have conducted a systemic study of the
high pressure behaviors of Mgz N, up to 50 GPa. The pressure
induced bandgap widening is observed experimentally for the
first time. The bandgap increasing ratio changes at 25 GPa,
which is in good agreement with both our Raman results and
previous phase transition research. The calculated electronic
structures present the increasing bandgap as well. The PDOS
shows a localization of the Mg 2p electron, thereby inducing
an enhanced covalent character in the Mg-N bond, which is
responsible for the increasing bandgap. The present work will

be helpful for understanding the atomic interaction in alkaline
earth metal nitride and designing nitrogen-based semiconduc-
tors with unique properties.
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