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According to the density functional theory we systematically study the electronic structure, the mechanical prop-

erties and the intrinsic hardness of Si2N2O polymorphs using the first-principles method. The elastic constants of four

Si2N2O structures are obtained using the stress-strain method. The mechanical moduli (bulk modulus, Young’s mod-

ulus, and shear modulus) are evaluated using the Voigt–Reuss–Hill approach. It is found that the tetragonal Si2N2O

exhibits a larger mechanical modulus than the other phases. Some empirical methods are used to calculate the Vickers

hardnesses of the Si2N2O structures. We further estimate the Vickers hardnesses of the four Si2N2O crystal structures,

suggesting all Si2N2O phases are not the superhard compounds. The results imply that the tetragonal Si2N2O is the

hardest phase. The hardness of tetragonal Si2N2O is 31.52 GPa which is close to values of β-Si3N4 and γ-Si3N4.
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1. Introduction

Compounds in the Si–O–N system exhibit good

thermal, chemical, and mechanical stabilities, as

well as adjustable diffusion barriers and dielectric

properties.[1] One such phase is stoichiometric sili-

con oxynitride named Si2N2O, a refractory material

with all the aforementioned desirable properties. Re-

cently, Si2N2O has been intensively studied because

of its better dielectric performance than SiO2- and

Si3N4-based devices.[2,3] Moreover, silicon oxynitride

(Si2N2O) is also a unique compound in the SiO2–

Si3N4 quasi-binary system, and can be considered as

a link between the two important engineering materi-

als, i.e. Si3N4 and SiO2.
[4] Like Si3N4, Si2N2O is an

engineering material and can keep excellent oxidation

resistance in air at temperatures up to 1600 ◦C, and

high flexural strength at temperatures up to 1400 ◦C

without significant degradation.[5,6] The structure and

the compressibility of sinoite Si2N2O have been stud-

ied in detail. The sinoite (Si2N2O) structure is built

from SiN3O tetrahedral linked with puckered hexag-

onal Si2N2 layers through O atoms.[7−11] The rea-

son that Si2N2O has not been widely used recently

is its very wide band gap (5.20 eV). Crudely speak-

ing, sinoite is an insulator. On the other hand, it is

not as hard as α-Si3N4 or β-Si3N4, so it has limited

mechanical applications. In addition, Si2N2O is con-

sidered a promising candidate for electro-optics and

organic light-emitting devices,[12,13] i.e., Si2N2O has

been proposed for use in integrated optical communi-

cation devices.[14] The ground state properties of or-

thorhombic Si2N2O (Cmc21) have been reported in

previous studies, i.e. the electronic structure, stabil-

ity, elasticity, and optical properties.[15−18] Recently

theoretical simulations and experiments on the phase

stability of sinoite Si2N2O predict a series of phase

transformations.[19−21] Kroll and Milko[19] studied the

phase transitions of Si2N2O polymorphs using density

functional theory calculations. They investigated two

dense phases of Si2N2O, i.e., a defect spinel structure

at a moderate pressure and a corundum-type struc-

ture at very high pressure. The decomposition and

the amorphization of Si2N2O are also reported. Sekine

et al.[20] found the partial amorphization of sinoite

at about 34 GPa, and there was no phase transi-

tion in their experiment. Liu et al.[22] studied the

ground state, elastic stiffness and dielectric constants

of orthorhombic Si2N2O with various native point de-

fects. Zhang et al.[23] calculated the electronic struc-

ture, the elastic constants, and the optical proper-

ties of orthorhombic Si2N2O according to the density-

functional theory through the Cambridge Sequential

Total Energy Package (CASTEP), using the local den-
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sity approximation (LDA), with ultra-soft pseudopo-

tential (USPP).

In the present paper, we further study the elec-

tronic structures, the elastic properties, and the Vick-

ers hardnesses of the four Si2N2O (orthorhombic

Si2N2O, β-In2S3-type, alternative spinel-like, and α-

Al2O3-type Si2N2O) structures using first principles

calculations.

2. Calculation methods and mod-

els

Density functional theory (DFT) has played an

important role. This ab-initio approach is applied at

various levels and has been shown to lead to some

significant results regarding the prediction of struc-

tural, elastic, and thermodynamic properties.[24−28]

The first principles calculations based on DFT were

conducted in CASTEP code with PBE for solids

(PBEsol).[29] The plane wave basis set was used for

the energy calculations. For plane wave expansion

in reciprocal space, the kinetic energy cutoff was set

at 350 eV. The frozen core approximation was used

for the pseudo-atoms. The ultra-soft pseudopotential

(USPP) of the Vanderbilt scheme was used to account

for the electrostatic interaction between valence elec-

trons and the ionic core.[30] For elements Si, N, and

O, the valence electron configurations are 2s23p2 (Si),

2s22p3 (N), and 2s22p4 (O), respectively. The energy

integrations were performed on a discretized k grid

in the first irreducible Brillouin zone, and we used

10×10×10, 4×4×5, 5×5×2, 6×6×3 k point meshes

for the four Si2N2O polymorphs. The method pro-

posed by Monkhorst–Pack was used to generate the

k points in this paper. The Pulay density mixing

scheme is applied to the electronic energy minimiza-

tion. For the convergence, the change of total en-

ergy was set at 1×10−6 eV/cell; the mean Hellmann–

Feymann force acting on the atom was reduced to

0.01 eV/Å (1 Å=0.1 nm).

At ambient conditions Si2N2O has an orthorhom-

bic structure with a space group Cmc21 (NO. 36). The

unit cell of orthorhombic Si2N2O contains 20 atoms.

There are at least two different views. The first one

considers hexagonal Si2N2-layers stacked on top of

each other. These layers are puckered and connected

via O atoms, which complete the tetrahedron around

the Si atoms. Half of the Si atoms are linked to the

layer above and the other half to the layer below.

Nitrogen atoms are approximately trigonal-planar co-

ordinated, and the Si–O–Si bond angle is bent. Kroll

et al.[19] studied hypothetical high-pressure modifica-

tions of Si2N2O with three different structures. The

β-In2S3-type has a spinel-like structure. S atoms

are approximately set in tetrahedral siting (16h) in a

cubic-closed packing. However, a third of all tetra-

hedral sites typically filled in the spinel structure are

vacant. The ordering of vacancies causes the atoms to

be appreciably displaced and the symmetry to reduce

from Fd3̄m, the space group of the ideal spinel, to

I41/amd. The unit cell of β-In2S3-type contains 80

atoms. Kroll and Milko[19] probed different substi-

tution patterns and found a monoclinic polymorph

with space group symmetry C2/m. The unit cell of

alternative spinel-like Si2N2O contains 80 atoms. The

(c) (d)
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(b)

Fig. 1. Crystal structures of Si2N2O polymorphs. The

light gray atoms denote silicon atoms, the black atoms

represent nitrogen atoms, and the light black atoms refer

to oxygen atoms. Panel (a) is for orthorhombic Si2N2O

(Cmc21, No. 36, Z = 4), panel (b) for β-In2S3-type

Si2N2O (tetragonal system, I41/amd, No. 141, Z = 16),

panel (c) for alternative spinel-like Si2N2O (monoclinic

system C2/m, No. 12 Z = 16), and panel (d) for α-Al2O3-

type Si2N2O (monoclinic system C2/c, No. 15, Z = 12).
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corundum (α-Al2O3) is the most stable polymorph of

Al2O3 under ambient conditions. The arrangement

of anions is close to a hexagonal-closed-packing. The

mapping of Si2N2O onto the corundum structure leads

to a symmetry reduction. The α-Al2O3-type Si2N2O

takes a monoclinic structure with a space group with

C2/c. The unit cell of α-Al2O3-type Si2N2O contains

60 atoms.

The four crystal structures of orthorhombic

(Cmc21, No. 36), tetragonal (β-In2S3-type, I41/amd,

No. 141), and two monoclinic (spinel type, C2/m,

No. 12; α-Al2O3-type, C2/c, No. 15) Si2N2O poly-

morphs are shown in Fig. 1. The details about the

lattice constants and atomic positions can be found

in Ref. [19]. From the experiments, orthorhombic

Si2N2O is the ground state at low pressure and tem-

perature. The three other crystal structures of Si2N2O

are merely theoretical predictions at present, and

there is no clear evidence to confirm or deny the exis-

tence of these high pressure phases.

3. Results and discussion

3.1. Electronic structures

The densities of state (DOSs) and partial den-

sities of states (PDOSs) of the four polymorphs of

Si2N2O are shown in Fig. 2. The total density of

state (TDOS) and partial density of states (PDOS)

of orthorhombic Si2N2O (Cmc21, No. 36) are shown

in Fig. 2(a). The DOS features are consistant with

those reported by other researchers.[22,23,31] As can

be seen the conduction band is mostly derived from

Si 2p electron states. While the N 2p electrons dom-

inate the top of the valence band, a mixture of O 2p

and Si sp electron states in the valence band (−10 eV

to 0 eV) is also significant. Si electron states are lo-

cated in the conduction band (> 5 eV). N 2p electron

states reside at the top of the valence band (−10 eV

to 0 eV) and significantly N 2s electron states stay

in the valence band (−17 eV to −13 eV). O 2p elec-

tron states are at the top of the valence band (−10 eV

to 0 eV) and O 2s electron states apparently exist in

the valence band (−20 eV to −18 eV). The DOS near

the Fermi level is dominated by 2p bands of N atoms.

The strong hybridizations with the 2p orbital of N and

2p orbital of O can be clearly seen in Fig. 2(a). The

contributions from the 2s and 2p orbital of Si atoms

are relatively small but not negligible. From these re-

sults, we conclude that the main orbital interactions

in orthorhombic Si2N2O are due to 2p (N)–2p (O).

By analysing the PDOS, it is found that the N

2p states have some admixtures with the O 2p and Si

sp states. Thus, the orthorhombic Si2N2O (Cmc21,

No. 36) structure appears to have some covalent fea-

tures.

The electronic structures of the other three struc-

tures (β-In2S3-type Si2N2O, alternative spinel-like

Si2N2O, α-Al2O3-type Si2N2O) have not been cal-

culated in other papers. For β-In2S3-type Si2N2O

(Fig. 2(b)), the conduction bands originate mainly

from the contributions of the 2s and 2p orbitals of Si

and the 2p orbitals of N atoms. The O atoms slightly

contribute to the conduction bands. The bottom of

valence bands between −22.0 eV and −17.5 eV are

from 2s orbitals of O atoms. The valence bands be-

tween−17.5 eV and−12.5 eV come from 2p orbitals of

N atoms. The highest occupied valence band (the top

of the valence band) consists of Si sp electron states,

N 2p orbitals and O 2p orbitals. The electronic DOSs

near the Fermi surface are mainly from the contribu-

tions of O 2p orbitals. The covalent features originate

mainly from 2p orbitals of Si and 2p orbitals of N

atoms. Therefore, we can conclude that β-In2S3-type

Si2N2O also has some covalent features.

For the alternative spinel-like Si2N2O (Fig. 2(c)),

the conduction bands originate mainly from the con-

tribution of the 2s and 2p orbitals of Si and the little

2p orbitals of N atoms, the O atoms make no con-

tribution to the conduction bands. The bottom of

valence bands between −21.0 eV and −17.5 eV are

from 2s orbitals of O atoms. The valence bands be-

tween −17.5 eV and −12.5 eV are from the 2p orbitals

of N atoms. The major contribution of VBs between

−10 eV and 0 eV is mainly from Si sp electron states,

N 2p orbitals and O 2p orbitals. The electronic density

near the Fermi surface is mainly from the contribution

of the N 2p and O 2p orbitals. The covalent features

originate mainly from 2p orbitals of N and 2p orbitals

of O atoms.

The conduction bands and top valence bands of

α-Al2O3-type Si2N2O (Fig. 2(d)) and the alternative

spinel-like Si2N2O (Fig. 2(c)) in DOS are similar. The

bottom valence bands between −21.0 eV and −18 eV

derive from the 2s orbitals of O atoms. The valence

bands between −17.5 eV and −12.5 eV are from the

2p orbitals of N atoms.
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Fig. 2. (colour online) Total densities of state (TDOSs) and partial densities of states (PDOSs) of four Si2N2O

polymorphs: (a) orthorhombic Si2N2O (Cmc21), (b) β-In2S3-type Si2N2O (I41/amd), (c) alternative spinel-like

Si2N2O (C2/m), (d) α-Al2O3-type Si2N2O(C2/c).

3.2.Mechanical properties

The calculated Si2N2O compounds in this work

belong to three crystal classes, orthorhombic, tetrag-

onal, and monoclinic, respectively. For orthorhombic

Si2N2O, we compare our results with other theoretical

calculations. Only the independent elastic constants

are listed for each crystal structure. In the following

section, we will introduce the formulas of elastic mod-

uli and mechanical stability criteria for the considered

crystal systems.[32−34]

Orthorhombic phase (C11, C22, C33, C44, C55,

C66, C12, C13, and C23)

BV =
1

9
(C11 + C22 + C33)

+
2

9
(C12 + C13 + C23) , (1)

GV =
1

15
(C11 + C22 + C33)−

1

15
(C12 + C13 + C23)

+
1

5
(C44 + C55 + C66) , (2)

BR =
1

(S11 + S22 + S33) + 2 (S12 + S13 + S23)
, (3)

GR =
15

4 (S11 + S22 + S33)− 4 (S12 + S13 + S23) + 3 (S44 + S55 + S66)
. (4)

The mechanical stability criteria are given by
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C11 > 0, C22 > 0, C33 > 0,

C44 > 0, C55 > 0, C66 > 0,

[C11 + C22 + C33 + 2 (C12 + C13 + C23)] > 0,

(C11 + C22 − 2C12) > 0,

(C11 + C33 − 2C13) > 0,

(C22 + C33 − 2C23) > 0. (5)

Tetragonal phase (C11, C33, C44, C66, C12, and

C13)

BV =
1

9
[2 (C11 + C12) + C33 + 4C13] , (6)

GV =
1

30
(M + 3C11 − 3C12 + 12C44 + C66) , (7)

BR = C2/M, (8)

GR =
15

(18BV/C2) + [6/(C11 − C12)] + (6/C44) + (3/C66)
, (9)

M = C11 + C12 + 2C33 − 4C13, C2 = (C11 + C12)C33 − 2C2
13.

The mechanical stability criteria are given by

C11 > 0, C33 > 0, C44 > 0, C66 > 0,

(C11 − C12) > 0,

(C11 + C33 − 2C13) > 0,

(2 (C11 + C12) + C33 + 4C13) > 0. (10)

Monoclinic phase (C11, C22, C33, C44, C55, C66,

C12, C13, C23, C15, C25, C35, and C46)

BV =
1

9
(C11 + C22 + C33)

+
2

9
(C12 + C13 + C23) , (11)

GV =
1

15
(C11 + C22 + C33)−

1

15
(C12 + C13 + C23)

+
1

5
(C44 + C55 + C66) , (12)

BR = Ω[a (C11 + C22 − C12) + b (2C12 − 2C11 − C23)

+ c (C15 − 2C25)

+ d (2C12 + 2C23 − C13 − 2C22)

+ 2e (C25 − C15) + f ]−1, (13)

GR = 15{4[a (C11 + C22 + C12) + b (C11 − C12 − C23)

+ c (C15 + C25) + d (C22 − C12 − C23 − C13)

+ e (C15 − C25) + f ]/Ω

+3
[
g/Ω + (C44 + C66)/

(
C44C66 − C2

46

)]
}−1,

(14)

a = C33C55 − C2
35, b = C23C55 − C25C35,

c = C13C35 − C15C33, d = C13C55 − C15C35,

e = C13C25 − C15C23,

f = C11

(
C22C55 − C2

25

)
− C12 (C12C55 − C15C25)

+ C15 (C12C25 − C15C22)

+ C25 (C23C35 − C25C33) ,

g = C11C22C33 − C11C
2
23 − C22C

2
13

− C33C
2
12 + 2C12C13C23,

Ω = 2[C15C25 (C33C12 − C13C23)

+ C15C35 (C22C13 − C12C23)

+ C25C35 (C11C23 − C12C13)

− C2
15

(
C22C33 − C2

23

)
+ C2

25

(
C11C33 − C2

13

)
+ C2

35

(
C11C22 − C2

12

)
+ gC55.

The mechanical stability criteria are given by

C11 > 0, C22 > 0, C33 > 0, C44 > 0, C55 > 0, C66 > 0,

[C11 + C22 + C33 + 2 (C12 + C13 + C23)] > 0,(
C11C55 − C2

12

)
> 0,

(
C44C66 − C2

46

)
> 0,

(C22 + C33 − 2C23) > 0; (15)

[C22

(
C33C55 − C2

35

)
+ 2C23C25C35

−C2
23C55 − C2

25C33] > 0, (16)

2[C15C25 (C33C12 − C13C23)

+C15C35 (C22C13 − C12C23)

+C25C35 (C11C23 − C12C13)]− [C2
15

(
C22C33 − C2

23

)
+C2

25

(
C11C33 − C2

13

)
+ C2

35

(
C11C22 − C2

12

)
+C55(C11C22C33 − C11C

2
23 − C22C

2
13

−C33C
2
12 + C12C13C23] > 0. (17)

The obtained elastic constants of the four Si2N2O

structures satisfy the conditions for stability. As a

result, the crystal structures of Si2N2O polymorphs

are stable. From the calculated elastic constants, we

can see that the mechanical strength along the [010]

direction is weaker than along the other two direc-

tions for orthorhombic Si2N2O, i.e. the [100] and

[001] directions. The obtained C11 (326 GPa) and C33

(324 GPa) values of this phase are close to each other,

and are slightly larger than C22 (302 GPa). Haines

and Santoro[21] reported on the linear compressibility

of orthorhombic Si2N2O using the X-ray diffraction

method for the three main axes, i.e., ka, kb, and kc in
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[100], [010], and [001] directions, respectively. They

found that ka ≈ kc < kb, strong evidence showing

that C11 ≈ C33. We also compare our results with

other theoretical calculations. C11 and C33 values are

smaller than those values obtained by another calcula-

tion in the LDA. However, PBEsol predicts a smaller

C22 value than the LDA, and the reason has not been

clear so far. A force field investigation of orthorhom-

bic Si2N2O in Ref. [22] also provided accurate Cij val-

ues comparable to first principles calculations. Our

PBEsol results are in agreement with the force field

calculations. Zhang et al.[23] also calculated the elas-

tic constants of orthorhombic Si2N2O using the LDA

in CASTEP code. Their values are actually consistant

with those in Ref. [22]. Although the LDA underesti-

mates the lattice constants, most elastic constants ob-

tained by this function are larger than PBEsol values

except for C22. For C11, C22, and C33 of orthorhom-

bic Si2N2O the present results indicate that the me-

chanical moduli are more isotropic in the (010) crystal

plane than in the (100) plane and the (001) plane. In

Ref. [15], the full set of elastic constants of orthorhom-

bic Si2N2O were also obtained by a molecular dynam-

ical simulation method. However, the values reported

in Ref. [15] are quite different from those in other ref-

erences and this paper, for instance, C23 is 5 GPa

which is too small. On the other hand, C44, C55, and

C66 represent the shear moduli in (100), (010), and

(001) crystal planes, respectively. For the orthorhom-

bic Si2N2O, we find that C44 is greatly larger than

C55 and C66, but C66 is close to C55. Therefore, the

shear modulus will show strong directional indepen-

dence. Finally, C12, C13, and C23 are the mechani-

cal moduli which correspond to biaxial strain (stress),

i.e., shear moduli of (110) plane along
[
110

]
direction

((110)
[
110

]
), ((101) [101]), and ((011) [011]) , respec-

tively. The non-central symmetric forces among the

atoms in the crystal structures can be characterized

by the difference between the pure shear and biax-

ial moduli, i.e., the difference between C44 and C12.

For the other three Si2N2O polymorphs, they all have

larger Cij values than the orthorhombic Si2N2O. The

largest C11 value is observed for tetragonal Si2N2O,

and it is 603 GPa. In addition, for tetragonal Si2N2O,

we can observe C11 = C22, C44 = C55, and C13 = C23

which are larger than the values of the orthorhombic

phase. The C12 of tetragonal Si2N2O is the smallest

one of all the Si2N2O structures, which may deteri-

orate the mechanical moduli of this phase. For the

two monoclinic Si2N2O phases, the obtained elastic

constants are slightly different from each other, espe-

cially for the non-diagonal tensor elements, i.e. C23,

C15, C25, and C35. The negative tensor elements are

obtained for the two monoclinic structures; however,

the values of C15, C25, C35, and C46 are smaller than

the diagonal tensor elements. As a result, we can also

use Eq. (5) for the orthorhombic structure, to measure

the mechanical stability of monoclinic crystal class.

Table 1. Calculated independent elastic constants (Cij) of Si2N2O.

Cij/GPa

Species Method C11 C22 C33 C44 C55 C66 C12 C13 C23 C15 C25 C35 C46

Cmc21

CASTEP-PBEsol 326 302 324 131 57 71 112 72 68

Dynamics simulation[15]
319 165 250 99 81 90 46 33 5

343 220 286 108 89 98 64 61 42

CASTEP-LDA[22] 336 264 336 142 61 78 99 63 57

CASTEP-GULP[22] 323 270 336 139 57 72 95 68 55

LDA/UPP[16] 316.0 241.6 320.7 139.1 59.7 76.2 81.3 51.5 31.0

GGA/UPP[16] 313.9 252.3 320.3 136.7 61.6 76.0 84.0 53.6 36.5

CASTEP-LDA[23] 330.4 278.2 329.2 135.5 62.3 75.0 104.3 66.4 51.5

I41/amd CASTEP-PBEsol 603 534 264 138 49 169

C2/m CASTEP-PBEsol 543 548 570 177 173 213 105 59 60 –55 53 –0.14 54

C2/c CASTEP-PBEsol 579 624 645 178 152 217 181 93 94 28 –31 –2 –29

The mechanical moduli, i.e. shear modulus (G),

bulk modulus (B), and Young’s modulus (E) are

calculated using the Voigt–Reuss–Hill approximation

from the elastic constants. The VRH approximation

provides the reasonable mechanical moduli for bulk

polycrystalline material. The fundamental relation-

ships are given as

BH = (BV+BR)/2, (18)

GH = (GV + GR)/2, (19)
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E = 9BHGH/(3BH +GH), (20)

ν = (3BH − 2GH)/[2 (3BH +GH)], (21)

where the subscripts H, V, and R refer to Hill, Voigt,

and Reuss approximations, respectively; ν is Poisson’s

ratio. Voigt and Reuss approximations provide the

upper and lower bounds of mechanical moduli for a

bulk polycrystalline material, respectively.

Table 2. Elastic compliance matrix (Sij) of Si2N2O.

Sij

Species S11 S22 S33 S44 S55 S66 S12 S13 S23 S15 S25 S35 S46

Cmc21 0.0036 0.0039 0.0033 0.0076 0.0174 0.0139 –0.0012 –0.0006 –0.0005

I41/amd 0.0018 0.0018 0.0023 0.0038 0.0038 0.0072 0.0000 –0.0006 –0.0006

C2/m 0.0020 0.0020 0.0018 0.0061 0.0063 0.0051 –0.0004 –0.0002 –0.0002 0.0008 –0.0008 0.0000 –0.0016

C2/c 0.0020 0.0018 0.0016 0.0058 0.0067 0.0047 –0.0006 –0.0002 –0.0002 –0.0004 0.0005 0.0000 0.0008

In the above equations, Cij denotes the elastic

stiffness matrix shown in Table 1, Sij is the elastic

compliance matrix shown in Table 2, and Sij is the in-

verse matrix of Cij and can be calculated easily. The

mechanical moduli for all Si2N2O polymorphous ob-

tained from the Voigt–Reuss–Hill approximation are

given in Table 3. The results are also compared with

other theoretical calculations available. From the re-

sults, we can observe that the bulk modulus of or-

thorhombic Si2N2O is 161.9 GPa which is significantly

smaller than those of the other three Si2N2O struc-

tures. The calculated bulk moduli of high pressure

phases of Si2N2O by PBEsol are 220 GPa and over.

On the other hand, the orthorhombic Si2N2O also has

the smallest shear modulus of those of the four Si2N2O

structures. The shear modulus value (GH) is found

to be 93.7 GPa by the Hill approximation. Experi-

mentally, the shear modulus of this phase is 90 GPa

which approximates the value (93.7 GPa). The calcu-

lated Young’s modulus of orthorhombic Si2N2O is also

close to the experimental value. The results indicate

that our results for the mechanical moduli of Si2N2O

polymorphs are reliable. The mechanical moduli are

usually used to estimate the intrinsic hardness of the

crystal structure. The shear modulus (G) and the

Young’s modulus (E) are considered to be correlated

with hardness better than bulk modulus (B).[36] From

Table 3, compared with the tetragonal and mono-

clinic phases, the orthorhombic Si2N2O is less hard.

The Poisson’s ratios of Si2N2O structures are rela-

tively small. The values are actually close to those

values of covalent-ionic crystals. Ratio B/G reflects

the brittality or ductility of a material, and the crit-

ical value is near 1.75. Below this value, the mate-

rial is brittle; otherwise, it is ductile. Except for or-

thorhombic Si2N2O, the B/G ratios for tetragonal and

monoclinic Si2N2O structures are smaller than 1.75.

For orthorhombic Si2N2O, the obtained B/G ratio is

pretty close to the critical value. In regard to the high

pressure phases, i.e. tetragonal Si2N2O and mono-

clinic Si2N2O, the coordinate numbers of Si, N, and

O might be larger than the numbers in the low pres-

sure orthorhombic Si2N2O structure. As a result, the

ionic bonds in the high pressure phases are stronger

than those in orthorhombic Si2N2O. Therefore, both

the calculated B/G ratio and v of high pressure phases

of Si2N2O are small.

Table 3. Calculated mechanical moduli of Si2N2O, including bulk moduli (BV, BR, and BH), shear moduli (GV, GR,

and GH), Young’s modulus (E), and Poisson’s ratio (v). For the mechanical moduli, which are in units of GPa.

Species Method BV BR GV GR BH GH E v BH/GH

Cmc21

this work 162.1 161.6 98.8 88.6 161.9 93.7 235.6 0.257 1.73

expt. results[35] 93.1 221.6

LDA/UPP[16] 132.7 97.1 234.2

GGA/UPP[16] 136.4 97.3 235.8

CASTEP-LDA[23] 152.3 92.4 242.4 1.65

I41/amd this work 279.4 278.8 223.7 206.9 279.1 215.3 513.8 0.193 1.30

C2/m this work 234.5 234.5 208.4 190.3 234.5 199.4 466.1 0.169 1.18

C2/c this work 286.9 286.4 208.0 195.0 286.7 201.5 489.8 0.215 1.42
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3.3. Intrinsic hardness

To estimate the values of microhardness (Hv) of

the four crystal structures of Si2N2O, we use the fol-

lowing relation[37]

Hv =
(1− 2ν)E

6 (1 + ν)
. (22)

Jiang et al.[36] recently discussed the correlations

between hardness and the mechanical moduli for many

covalent crystals. The following relationships are ob-

tained for bulk modulus, shear modulus, Young’s

modulus, and Vickers hardness, respectively:

B = 10.38Hv, (23)

G = 6.78Hv, (24)

E = 16.48Hv. (25)

From Eq. (22), we can also estimate the Vick-

ers hardness of each Si2N2O phase and the com-

puted values are 15.18, 44.07, 43.99, and 38.30 GPa

for orthorhombic Si2N2O, tetragonal Si2N2O, spinel-

type Si2N2O, and α-Al2O3-type Si2N2O, respectively.

From Eqs. (23)–(25), the computed values are 15.60,

13.82, 14.29 GPa; 26.89, 31.76, 36.18 GPa; 22.59,

29.41, 28.28 GPa; 27.72, 29.72, 29.72 GPa for or-

thorhombic Si2N2O, tetragonal Si2N2O, alternative

spinel-type Si2N2O, and α-Al2O3-type Si2N2O, re-

spectively. We find that the computed values from

the method used by Miao et al.’s[37] are larger than

the values from the method used by Jiang et al.’s,[36]

except for 15.60 GPa which is slightly larger than

the 15.18 GPa of orthorhombic Si2N2O. We can see

that the Vickers hardness of orthorhombic Si2N2O ob-

tained by Eqs. (23)–(25) is close to the experimental

value (∼ 19 GPa).

Furthermore, according to Gao et al.’s theory,[38]

in this work the theoretical hardness of single crystal

can be calculated by the following forms:

Hv =

[
µ∏
(Hµ

v )
nµ

]1
/∑

µ
nµ

, (26)

Hµ
v = 350(Nµ

e )
2/3 e−1.191fµ

i /(dµ)2.5, (27)

where Hv is the Vickers hardness of the crystal struc-

ture; Hµ
v is the hardness of a µ-type bond; nµ is the

total number of µ-type bonds; Nµ
e refers to the valence

electron density of a µ-type bond; fµ
i characterizes the

ionicity of i bond and dµ is the bond length of µ-type

bond. Nµ
e can be calculated by

Nµ
e = (nµ

e )/υ
µ
b . (28)

In the above equation, nµ
e is the total number of va-

lence electrons per µ bond and υµ
b denotes the bond

volume. The two parameters, i.e., nµ
e and υµ

b are cal-

culated by

nµ
e = [(Zµ

A)/NCA + (Zµ
B)/NCB], (29)

υµ
b = (dµ)3/

∑
ν

[(dν)3Nν
b ], (30)

where NCA and Zµ
A are the coordinate number and the

number of valence electrons of A atom, respectively.

The calculated values of Vickers hardness using

the Gao et al.’s[38] method for each Si2N2O structure

are shown in Table 4. In Gao et al.’s method, the

hardness values are found to be less than 32 GPa for

all the Si2N2O polymorphs. We can clearly see that

the hardness values of all the Si2N2O phases are much

higher than those of α-quartz (SiO2), but they are not

as hard as β-Si3N4 nor as γ-Si3N4
[39−43] (in Table 4).

The hardness values of orthorhombic Si2N2O and the

two monoclinic Si2N2O phases are close to each other,

28.9, 28.9, and 29.5 GPa, respectively. The tetragonal

Si2N2O has the highest hardness value of 31.5 GPa,

which is close to those of β-Si3N4 and γ-Si3N4
[39−43]

(in Table 4).

In Gao et al.’s method, one can calculate the hard-

ness of each chemical bond type. From the results in

Table 4, we can conclude that the high hardness of

tetragonal Si2N2O phase is attributed mainly to the

Si–N and Si–O bonds. In this structure, the Si–N bond

is stronger than the Si–O bond. As a result, the Si–

N bond exhibits higher hardness than the Si–O bond.

For two monoclinic Si2N2O structures, α-Al2O3-type

Si2N2O has a lower hardness than the spinel Si2N2O.

For the spinel Si2N2O, the calculated hardness of the

Si–N bond is larger than the hardness of α-Al2O3-

type Si2N2O. Therefore, alternative spinel-like Si2N2O

possesses slightly higher hardness than α-Al2O3-type

Si2N2O.

For tetragonal Si2N2O and two monoclinic

Si2N2O structures, the calculated Vickers hardness us-

ing Gao et al.’s method accords well with that calcu-

lated using Jiang et al.’s method. We can especially

see that the Vickers hardness of E–Hv relationship us-

ing Jiang et al.’s method is more consistent than with

that found using Gao et al.’s method.

From these calculations, we conclude that tetrag-

onal Si2N2O is the hardest phase in the four Si2N2O

structures. The Vickers hardness values of the two

monoclinic Si2N2O phases are close to each other.

Moreover, the hardness of orthorhombic Si2N2O is
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close to that of α-SiO2 which is not a hard compound

as we expected. In previous work, Gao et al.[38] have

calculated the Vickers hardness of α-SiO2. The the-

oretical value was found to be 30 GPa, significantly

larger than the experimental result, i.e. 11 GPa.[11]

The large discrepancy between the two values is due

mainly to the open structure of α-SiO2. The same rea-

son can be used to explain our results for orthorhom-

bic Si2N2O. For a superhard compound, the Vickers

hardness is assumed to be greater than 45 GPa, thus,

all the Si2N2O phases are not superhard compounds.

The empirical G–Hv, E–Hv relationships and Gao et

al.’s method can best estimate the microhardness val-

ues of the Si2N2O polymorphs.

Table 4. Vickers hardness values calculated by Gao et al.’s, Miao et al.’s, and Jiang et al.’s methods, where dµ is the

bond length (Å), nµ the number of µ-type bond, Nµ
e the valence electron density of a µ-type bond (electrons/Å3), Hµ

e

the hardness of a µ-type bond, and Hv the Vickers hardness of the crystal structure (GPa).

Species Bond type dµ nµ Nµ
e Hµ

e Hv (Gao) Hv (Miao) Hv (Jiang) Hv (expt.)

Orthorhombic Si2N2O

Si–O 1.6322 4 0.6055 37.33

28.90 15.18

H
B/10.38
v = 15.60

19[11]Si–N 1.7344 12 0.3364 26.54
H

G/5.68
v = 13.82

H
E/16.48
v = 14.29

Tetragonal Si2N2O

Si–O 1.7756 24 0.7341 34.06

31.52 44.07

H
B/10.38
v = 26.89

Si–N 1.7404 16 0.6578 41.14 H
G/5.68
v = 31.76

Si–N 1.8675 48 0.4649 27.37 H
E/16.48
v = 31.18

Alternative spinel Si2N2O

Si–O 1.7941 6 0.7283 33.01

28.95 43.99

H
B/10.38
v = 22.59

H
G/5.68
v = 29.41

H
E/16.48
v = 28.28

Si–O 1.8072 18 0.7125 31.95

Si–N 1.8601 8 0.4697 27.83

Si–N 1.8742 16 0.4592 26.90

Si–N 1.8742 8 0.4592 26.90

Si–N 1.8517 8 0.4761 28.40

Si–N 1.8443 16 0.4819 28.92

Si–N 1.8608 8 0.4692 27.79

α-Al2O3-type Si2N2O

Si–O 1.9356 16 0.5953 23.87

29.53 38.30

H
B/10.38
v = 27.62

H
G/5.68
v = 29.72

H
E/16.48
v = 29.72

Si–O 1.9319 8 0.5987 24.08

Si–N 1.8586 16 0.5947 32.64

Si–N 1.8556 16 0.5977 32.88

Si–N 1.8560 16 0.5973 32.85

β-Si3N4
[39] Si–N 1.715 14 0.453 33.3 33.3

H
B/10.38
v = 24.80[39]

30±2[40]
H

G/5.68
v = 21.34[39]

γ-Si3N4
[39]

Si(4)–N 1.750 32 0.74 43.88 33.3
H

B/10.38
v = 30.24[39]

30[42], 35[43]
H

B/10.38
v = 29.67[41]

Si(8)–N 1.856 96 0.529 30.34
H

G/5.68
v = 48.05[39]

H
G/5.68
v = 44.37[41]

4. Conclusions

Some fundamental ground state properties of

Si2N2O structures are studied using first principles

calculations, i.e., electric structures, elastic constants,

mechanical moduli, and Vickers hardness. The full

set elastic constants are calculated using the stress–

strain method in the Voigt–Reuss–Hill approximation.

The mechanical moduli are also discussed. The cal-

culated mechanical moduli, i.e., bulk modulus, shear

modulus, and Young’s modulus, indicate that tetrag-

onal Si2N2O are superior to those of the other three

phases. Orthorhombic Si2N2O has a relatively small

mechanical modulus. The Vickers hardness value of

Si2N2O is estimated by three semi-empirical methods.

The results imply that tetragonal Si2N2O is the hard-

est phase in the four Si2N2O structures. The Vickers

hardness values of the two monoclinic Si2N2O phases

are close to each other. The hardness value of tetrag-

onal Si2N2O is 31.52 GPa which is close to values of

β-Si3N4 and γ-Si3N4.
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