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Abstract

Normal pressure modifications and tentative high-pressure phases of the nitridosilicates MSiN,
with M = Be, Mg, or Ca have been thoroughly studied by density functional methods. At
ambient pressure, BeSiN, and MgSiN, exhibit an ordered wurtzite variant derived from
idealized filled B-cristobalite by a C1-type distortion. At ambient pressure, the structure of
CaSiN; can also be derived from idealized filled S-cristobalite by a different type of distortion
(D1-type). Energy—volume calculations for all three compounds reveal transition into an NaCl
superstructure under pressure, affording sixfold coordination for Si. At 76 GPa BeSiN, forms
an LiFeO,-type structure, corresponding to the stable ambient-pressure modification of LiFeO,,
while MgSiN, and CaSiN, adopt an LiFeO,-type structure, corresponding to a metastable
modification (24 and 60 GPa, respectively). For both BeSiN, and CaSiN, intermediate phases
appear (for BeSiN; a chalcopyrite-type structure and for CaSiN; a CaGeN,-type structure).
These two tetragonal intermediate structures are closely related, differing mainly in their ¢/a
ratio. As a consequence, chalcopyrite-type structures exhibit tetrahedral coordination for both
cations (M and Si), whereas in CaGeN,-type structures one cation is tetrahedrally (Si) and one
bisdisphenoidally (M) coordinated. Both structure types, chalcopyrite and CaGeNy, can also be
derived from idealized filled B-cristobalite through a B1-type distortion. The group—subgroup
relation of the BeSiN,/MgSiN,, the CaSiN,, the chalcopyrite, the CaGeN, and the idealized
filled B-cristobalite structure is discussed and the displacive phase transformation pathways are
illustrated. The zero-pressure bulk moduli were calculated for all phases and have been found to
be comparable to compounds such as «-SizNy, CalrO3 and Al4C3. Furthermore, the
thermodynamic stability of BeSiN,, MgSiN, and CaSiN, against phase agglomerates of the
binary nitrides M3sN; and Si3Ny4 under pressure are examined.

Supplementary data are available from stacks.iop.org/JPhysCM/21/275407
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1. Introduction

Silicon nitride and related nitridosilicates (e.g. o/B/y-
phases of SisNy [1-4], M,SisNg (M = Ca, Sr, Ba,
Eu) [5-7], MSiN, (M = Be, Mg, Ca) [8-10]) exhibit
interesting and useful physical properties. ~ Good wear
resistance, high decomposition temperature, exceptional
oxidation stability [11, 12], luminescence [13, 14] and
nonlinear optical behaviour [15] render them interesting for
industrial applications.

Throughout the last two decades, an increasing number
of dense high-pressure oxosilicates have been synthesized and
their material properties have been characterized [16, 17].
The high technological impact of these high-pressure silicate
phases is vividly illustrated by the discovery of the
extraordinary mechanical hardness of stishovite (rutile-type
Si0;) and post-stishovite (@-PbO, SiO;) [18, 19]. Material
properties of nitrides are often superior to those of the
corresponding oxides, attributed to a higher covalency and
degree of cross-linking in nitride structures [20]. Indeed,
the discovery of spinel-type y-SisNy triggered broad research
efforts targeting new high-pressure nitrides and nitridosilicate
with coordination behaviours of Si beyond that of a
tetrahedron [3, 4].

The high-pressure behaviours of the MSiN, compounds
M = Be, Mg, Ca, Sr, Ba) is a worthwhile endeavour,
since these compounds find application in several commer-
cial/industrial processes. Moreover, they are of significant
importance for the high-pressure chemistry of the prominent
phosphor host lattices M,SisNg (M = Ca, Sr, Ba) [21, 22].
MgSiN; is a thermally stable ceramic (up to 1400 °C [23]), and
due to its wurtzite-analogous structure, discussed to substitute
for AIN [24]. Tt is also widely used as a sintering agent and
additive for SizNy ceramics [23, 25, 26]. CaSiN,, besides pos-
sessing promising properties for ceramics applications [27], is
an auspicious phosphor host lattice. Doped with Eu>* or Ce3*
it is considered for use in LEDs [28, 29]. CaSiN,:Ce’* is one
of the rare phosphor materials that can be excited by yellow-
green light [29].

In this work we report on density functional calculations
of ground-state structures and of several possible high-pressure
phases of BeSiN,, MgSiN, and CaSiN,. We will illustrate
their structural properties, calculate transition pressures and
access their stability against decomposition into binary nitrides
at elevated pressure. Results of the higher homologues, SrSiN,
and BaSiN,, will be reported elsewhere, as their ambient-
pressure phases are structurally quite different from those of
BeSiN,, MgSiN; and CaSiN, [10].

2. Method

Density functional calculations [30] are performed with the
Vienna ab initio simulation package (VASP) to obtain opti-
mized structures, total energies and properties. VASP com-
bines the total energy pseudopotential method with a plane-
wave basis set [31-33]. The generalized gradient approxima-
tion (GGA) [34], as well as the local density approximation
(LDA) for the electron exchange and correlation energy, is used

Table 1. Calculation details.

Formula units / cell ~ k-point mesh

«-CaSiN, 16 4x2x2
«-MSiN, (M = Be, Mg) 4 4x4x4
B-MSiN, (M = Be, Ca) 4 5x5x%x5
(chalcopyrite-type)

y-CaSiN,, B-MgSiN, 3 7Tx7x2
(m-LiFeO,-type)

y-BeSiN, 4 Sx5x4

(s-LiFeO,-type)

and the projector-augmented-wave (PAW) method [35] is em-
ployed. We use 500 eV for the cutoff energy for the expan-
sion of the wavefunction into the plane-wave basis set. Atomic
forces are converged below 5 x 1073 eV A" and stresses be-
low 0.1 GPa. The Brillouin zone is integrated by the scheme
developed by Monkhorst and Pack [36].

We made a comprehensive search of ABX, structure types
within the international crystal structure database (ICSD).
Targeting on structures with cation coordination of four and
larger only, we selected more than a dozen candidate structures.
These were then decorated according to the composition
MSIiN, and subsequently optimized in all parameters. We also
invented additional structures by creating an ordered variant
of AX types with high cation coordination. In total, we
investigated about 20 structures—and table 1 contains only the
most relevant types. While this approach is not a parameter-
free global search, we are nevertheless confident that we
investigate a wide variety of structural motives. Most of them
are indeed observed in similar compounds (oxides).

Structural optimizations are obtained through relaxation of
all structural parameters, positions as well as cell parameters.
Detailed information on the cells used for calculation and the
k-point meshes are given in table 1.

The GGA functional significantly better describes relative
energies of structures with different coordination of the atoms.
See, for instance, the pressure for the 8- to y-Si3Ny transition:
6 GPa are estimated using the LDA and 12.5 GPa within
the GGA—with an experimental value of about 13 GPa [3].
Therefore, GGA is the better choice in comparison to the
LDA for studying structural transformations at high pressure.
Consequently, while we also performed all calculations using
the LDA, all data reported in this work, enthalpy differences
and transition pressures, are based on GGA calculations unless
otherwise noted.

To obtain the zero-pressure bulk modulus, we vary the
volume around the zero-pressure volume V,. We then fit
the resulting E-V data to Murnaghan’s equation of state
(EOS) [37] to extract the bulk modulus By of a structure. We
note that using Birch’s or Vinet’s equations of state [38, 39]
give similar values. From the fitted EOS the pressure p is
calculated by numerical differentiation and the enthalpy H is
calculated via H = E 4 pV. Neglecting entropy effects, we
choose the enthalpy difference AH as an appropriate measure
to compare the relative stability of solid-state structures under
pressure.
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CuFeS,

CaGeN,

s-LiFeQ, m-LiFeO,

Figure 1. MSiN, structures: (1) structure of «-BeSiN, and «-MgSiN, (view along [001], MN, tetrahedra are depicted dark grey, SiN,
tetrahedra light grey); (2) structure of a-CaSiN,; (view along [100]; Ca atoms are depicted light grey, Si atoms dark grey, N atoms black);

(3) structures of S-BeSiN, (CuFeS,, ¢/a ratio 2.01) and -CaSiN, (CaGeN,, c¢/a ratio 1.36) (view along [010] with SiN, tetrahedra drawn;
bottom BeN, tetrahedron and CaNg bisdisphenoid, respectively); (4) structures of y-BeSiN, (s-LiFeO,, top: octahedra layer, view along

[0.5 0.5 0.25]; bottom: view along [—0.5 — 0.5 0]) and S-MgSiN, and y-CaSiN, (m-LiFeO,, top: octahedra layer, view along [001]; bottom:
view along [010]) (M = Be, Mg, Ca atoms are depicted light grey, Si atoms dark grey, N atoms black, MNg octahedra are depicted light grey,

SiNg octahedra dark grey).

3. Results and discussion

3.1. BeSiN,

a-BeSiN, crystallizes in an ordered wurtzite-type structure
(space group Pna2;, no. 33) [8], which can also be described
as a Cl-type distortion of the idealized filled C9 structure of
B-cristobalite [40] (figure 1). We identified two candidate
high-pressure structures: (I) B-BeSiN,, which exhibits a
chalcopyrite-like structure with tetrahedrally coordinated Be
and Si (space group I42d, no. 122) [41]. This structure
can be derived from S-cristobalite as well, however, in this
case through a B1-type distortion [40] (figure 1). Therefore,
both «- and B-BeSiN; are three-dimensional MNy tetrahedral
networks with identical bonding topology, built up of corner-
sharing tetrahedra. (I) y-BeSiN,, which adopts an LiFeO,
structure (further on called s-LiFeO, as it corresponds to
the stable low-temperature modification of LiFeO,) with
tetragonal space group 14/amd (no. 141) [42]. It is a rock
salt superstructure (doubled unit cell) and both Be and Si are
octahedrally coordinated by N (figure 1). In the supplementary
data (available at stacks.iop.org/JPhysCM/21/275407) we
detail the crystallographic data of the three polymorphs of
BeSiN; (as well as those of all later described MSiN, phases)
and compare them with available experimental data. Further
information on bond lengths in BeSiN; (as well as MgSiN,

Table 2. Ey, Vi, By and py for «-, - and y-BeSiN,.

Vo/f.u.
Eo/f.u. (eV) (10° pm?) By (GPa) py (gcm™)
a-BeSiN, —30.902 33.87 220 3.19
B-BeSiN, —30.897 33.82 222 3.20
y-BeSiN, —28.756 28.29 244 3.82

and CaSiNy) is given in the supplementary data (available at
stacks.iop.org/JPhysCM/21/275407).

Referring to our ambient-pressure GGA calculations,
a-BeSiN, has the lowest energy of the four polymorphs
(—30.902 eV/fu.) and also the lowest density, p =
3.19 g cm ™3 (exp. value 3.24 g cm ™3 [8]). B-BeSiN, is only
about 0.005 eV/f.u. higher in energy and about 0.3% denser
(computed 3.20 g cm™3). This result is not surprising given
the close resemblance of the two modifications. y-BeSiN,
then exhibits the highest density. With p = 3.82 g cm™ this
octahedral structure is about 20% denser than both tetrahedral
structures, but also about 2.1 eV per formula units higher in
energy (table 2).

The zero-pressure bulk moduli of the three polymorphs are
220 GPa for «-BeSiN,, 222 GPa for 8-BeSiN, and 244 GPa
for y-BeSiN,. Shaposhnikov ef al [43] and Petukhov et al [44]
report LDA values of By of 264 GPa for «-BeSiN, and of 242
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Figure 2. E-V (top) and enthalpy—pressure (bottom) diagram for all
three considered phases of BeSiN, (E—-V data points connected by a
spline fit; enthalpy—pressure diagram from Murnaghan EOS
evaluation).

and 240 GPa for 8-BeSiN,, respectively, but did not consider
a y-BeSiN,. Their values match our LDA results for the bulk
modulus (241 GPa for both structures). With respect to the
bulk moduli, both B8-BeSiN, and y-BeSiN; are likely to be
hard materials, ranking between B4C (200 GPa) [45], «-SizNy
(229 GPa) [46] and SiC (248 GPa) [45].

In figure 2 the E-V and the enthalpy—pressure curves of
the three structures of BeSiN, are displayed. Apparently, o-
BeSiN; is the most stable polymorph of BeSiN, for pressures
up to 20 GPa, at which it will transform to 8-BeSiN,. Given
the small enthalpy differences between «- and S-BeSiNy, the
actual value of the transition pressure has to be taken with
care (see the inset in figure 2, bottom diagram). However,
once B-BeSiN; is formed, a tetrahedral structure will remain
stable up to about 76 GPa. At this pressure the structure of y-
BeSiN, with octahedral coordination becomes the most stable
polymorph of BeSiN,. The sequence of structures together
with transition pressures and density increases is illustrated in
figure 3.

3.2. MgSiN,

a-MgSiN; crystallizes in the orthorhombic space group Pna2,
(no. 33) and exhibits the same wurtzite-type structure as

61 GPa -
+18.5 %

1-CaSiN,
Figure 3. Sequence of structures of BeSiN,, MgSiN, and CaSiN,

together with transition pressures (in GPa) and values for the density
increase (in percentage).

Table 3. E,, V), By and p, for @- and B-MgSiN,.

Ey/fu. Vo/f.u.

(eV) (10°pm*) B, (GPa) py (gem™)
a-MgSiN, —28.495 4335 172 3.08
B-MgSiN, —27.330 34.42 223 3.88

a-BeSiN, [9] (figure 1). The search for high-pressure
polymorphs revealed only S-MgSiN, (figure 1) exhibiting yet
another LiFeO,-type structure (space group R3m, no. 166,
denoted m-LiFeO,: this type corresponds to the metastable
low-temperature modification of LiFeO, [47]). The m-LiFeO,
structure can be derived from the CdCl, structure (also Rgm),
if the unoccupied octahedral sites in CdCl, are filled with
a second sort of cation. Hence, both s- and m-LiFeO, are
superstructures of the rock salt structure, differing only in the
ordering of cations.

Within the zero-pressure GGA calculations, the ground
state of a-MgSiN; has an energy of —28.495 eV /f.u. and a
density of 3.08 gcm™ (exp. value: 3.13 gem™ [9]). B-
MgSiN; is about 1.1 eV higher in energy than o-MgSiN, and
approximately 26% denser (computed 3.88 g cm™>) (table 3).
The bulk modulus is 172 GPa for «-MgSiN,, well within the
range of previously calculated (182 GPa [48], 174 GPa [49])
and measured values (146 GPa [50], 184 GPa [51]). For B-
MgSiN, we calculate a bulk modulus of 223 GPa, which is
comparable to the bulk modulus of a-SizNy (220 GPa) [46].

Figure 4 then shows both the energy—volume and the
enthalpy—pressure phase diagrams. Accordingly, «-MgSiN,
will transform into B-MgSiN, at 25 GPa, increasing the
coordination for both Mg and Si from four (tetrahedral) to six
(octahedral) (figure 3).

Fang et al [48] reported a high-pressure transition of
a-MgSiN, into a CsICl,-type structure (Rgm, no. 166)
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Figure 4. E-V (top) and enthalpy—pressure (bottom) diagram of the
two considered phases of MgSiN, (E-V data points connected by a
spline fit; enthalpy—pressure diagram from Murnaghan EOS
evaluation).

and proposed a transition pressure of 16.5 GPa using LDA
calculations. The lower transition pressure is explained
by the choice of the different functional that artificially
favours higher coordination. The structure type of CsICI,
is, however, misleading. Both CsICl, and m-LiFeO, (our
choice) adopt the same space group, but have very different
structural parameters. In a hexagonal setting, the c/a ratios
are 1.9269 for CsICl, [52] and 4.9899 for m-LiFeO, [47]
(in a rthombohedral setting the thombohedral angle is very
different). As a consequence, the coordination environments
are different, eightfold in CsICl, and sixfold in m-LiFeO,-type.
Since Fang et al report their optimized structure of 8-MgSiN,
having octahedral coordination, it is better addressed as being
the m-LiFeO, structure type.

3.3. CaSiN,

Ambient-pressure «-CaSiN, crystallizes in the orthorhombic
space group Pbca (no. 61) [10]. Corner sharing SiNg
tetrahedra form a three-dimensional network. The structure is
also related to the B-cristobalite structure (D1-type distortion
of idealized C9 structure of B-cristobalite) [40]. Ca is in six-
and eightfold coordination to nitrogen, respectively (figure 1).
A first candidate high-pressure polymorph, B-CaSiN,, is
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Figure 5. E-V (top) and enthalpy—pressure (bottom) diagram for all
three considered phases of CaSiN, (E—-V data points connected by a
spline fit; enthalpy—pressure diagram from Murnaghan EOS
evaluation).

isostructural to CaGeN, [53] (Bl-type distortion of the
idealized filled C9 structure of B-cristobalite), which in turn is
closely related to the chalcopyrite structure [41]. It crystallizes
in the tetragonal space group 742d (no. 122). Si is tetrahedrally
coordinated by N. Ca exhibits a 4 + 4 bisdisphenoidal
coordination. The main difference between chalcopyrite-type
and CaGeN,-type structures is a different c¢/a ratio, while
the crystallographic position of atoms are quite similar. Both
cations in chalcopyrite are tetrahedrally coordinated. CaGeN»,
on the other hand, has one cation tetrahedrally coordinated
and the other in bisdisphenoidal coordination (figure 1). The
second candidate structure, y-CaSiN,, again adopts an m-
LiFeO,-type structure (figure 1) [47].

The energy of a-CaSiN, is computed as —29.140 eV
per formula unit and its density p 3.24 gem™ (exp.
value 3.30 gcm™> [10]). B-CaSiN; is only slightly higher
in energy, some 0.006 eV, and about 0.6% denser. y-CaSiN,
with octahedral coordination of all atoms exhibits the highest
density. With p = 3.87 gem™ it is about 19% denser
than both - and B-CaSiN,. The energy of y-CaSiN; is
some 1.8 eV higher than that of «¢-CaSiN,. The zero-pressure
bulk moduli of the three phases are 131 GPa, 126 GPa and
189 GPa for -, §- and y-CaSiN,, respectively (table 4). This
places them among compounds as Zr,InC (127 GPa) [54],
AlsCs (130 GPa) [55] and CalrO; (180 GPa) [56]. Along
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Figure 6. Enthalpy—pressure diagram for the formation of CaSiN,
from Caz;N, and SizN,. The phase transition of 8- into y-SizNy as
well as the proposed phase transformations of CazN; («-, y-, §-,

¢- and A-CazN;) have been taken into account (the pressure for each
transition is indicated by a circle).
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Figure 7. Enthalpy—pressure diagram for the formation of MgSiN,
from Mg;N, and Si;N,. The phase transition of 8- into y-SizNy as
well as the proposed phase transformations of MgzN, («-, f- and
y-Mg;N») have been taken into account (the pressure for each
transition is indicated by a circle).

the sequence BeSiN,, MgSiN, and CaSiNy, therefore, CaSiN,
phases show the lowest bulk moduli.

Interestingly, when calculating CaSiN; in the MgSiN,-
type structure [9], we obtained an even lower energy than
that computed for «-CaSiN,. The energy difference, a tiny
0.001 eV, however, is very small, and well within possible
entropy effects or even within a systematic error of DFT
calculations. Employing LDA calculations, on the other hand,
places the a-CaSiN, 0.032 eV below the MgSiN, type.

Energy—volume and enthalpy—pressure phase diagrams of
CaSiN, are shown in figure 5. Accordingly, we find a first
transition of a-CaSiN; into B-CaSiN; already at 1.1 GPa. -
CaSiN; will be the most stable polymorph up to 61 GPa, when
the structure of y-CaSiN, with all-octahedral coordination
is adopted. The sequence of the structures is illustrated in
figure 3.
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Figure 8. Enthalpy—pressure diagram for the formation of BeSiN,
from Be; N, and SizNy. The phase transition of 8- into y-Si3Ny4 has
been taken into account (no phase transformations of Be;N, are
found up to 100 GPa) (the pressure for each transition is indicated by
a circle).

Table 4. Ey, Vy, By and p, for a-, 8-, y-CaSiN, and CaSiN; in the
MgSiN, structure.

Eo/f.ll. VO/f'u'

(eV) (10°pm*) By (GPa) py (g em™)
«a-CaSiN, —29.140 49.26 131 3.24
B-CaSiN, —29.134 48.96 126 3.26
y-CaSiN, —27.309 41.31 189 3.87
‘MgSiN,” —29.141 50.64 121 3.15

3.4. Thermodynamic stability of MSiN, at high pressure

Finally, we access the thermodynamic stability of MSiN,
compounds versus a phase agglomerate of MsN, (M = Ca,
Mg) and SisN4. To achieve this, we took all known high-
pressure phases of CazN, [57], MgzN, [58] and SizNy [3, 4]
into account (figures 6 and 7). We find that both the ternary
phases of CaSiN; and MgSiN, are always lower in enthalpy
than a mixture of the two binary phases MsN, (M = Ca, Mg)
and SizNy4. This opens up another possible synthesis route
for CaSiN; and MgSiN, and its high-pressure phases, as they
should be attainable under high pressure starting from SizNy
and CasN; or MgsNy, respectively. High temperatures should
accompany the high-pressure syntheses to overcome high
activation barriers due to strong bonds in and low interdiffusion
coefficients of SizN4 and CazN,/Mg3N,.

BeSiNj, on the other hand, is stable against decomposition
only up to 66 GPa, at which pressure a phase agglomerate
of BesN; and Si3Ny is more favourable. Interestingly, above
83 GPa BeSiN, should reappear, adopting the y-BeSiN,
structure (figure 8). Consequently, y-BeSiN, will be attainable
only above 83 GPa, possibly from the binary nitrides.

4. Conclusion

The structures of «-MSiN, (M = Be, Mg, Ca), 8-BeSiN; and
B-CaSiN, are related to the filled S-cristobalite structure (filled
C9 structure) by group—subgroup relations (figure 9). They
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Figure 10. Group—subgroup scheme for s-LiFeO, and BeSiN,/MgSiN,.

of the partner structure are enhanced by thick black lines, respectively.

derive from the parent structure (space group Fd3m, no. 227)
by concerted rotations of tetrahedra (for a detailed discussion
on these rotation patterns see the works of Thompson et al
[40] and O’Keeffe and Hyde [59]). Hence, displacive phase
transition pathways are conceivable for a-BeSiN, (Pna2;)
into S-BeSiN, (142d) and for «-CaSiN, (Pnma) into B-
CaSiN, (142d). This might well result in quite low activation
energy barriers for these two phase transitions.

The structures of y-BeSiN, (/4,/amd, s-LiFeO;), B-
MgSiN, (R3m, m-LiFeO,) and y-CaSiN, (R3m, m-LiFeO,)
are all related to the rock salt structure. The difference
between the s- and m-LiFeO,-type structures is a different

Be, Mg, Ca) and the 8-MSiN, (M = Be, Ca) structures to the filled

t2
—_—
-a,-c-b

Pnma
no. 62

Both structures are presented in equivalent detail and the polyhedra

ordering of the two types of cations on octahedral sites. In
m-LiFeO, layers of condensed LiOg octahedra alternate with
layers of condensed FeOg octahedra. In s-LiFeO, structures
every layer is occupied half by Li and half by Fe. The s-
LiFeO;-type structure seems to be preferred for compounds,
with both cations having approximately the same size as in
BeSiN, (r(Be’t) = 59 [60], 31 pm [61]; r(Si*t) = 54 [60],
29 pm [61]). If the two cations differ substantially in size as
in MgSiN; and CaSiN, (r(Mg”) = 86 [60], 70 pm [61];
r(Ca**) = 114 [60], 105 pm [61]), the m-LiFeO-type
structure is favoured, as the height of the octahedral layers can
be adjusted to the size of the cation occupying it.



J. Phys.: Condens. Matter 21 (2009) 275407

S Rebecca Romer et al

14./lamd

double ¢

P6.mc
’m’gi Ses o 186
no.
k2
t3
l 1a, 2b-ac
Pnma
no. 62 Cmce2,
t2 l no. 36
-a,-c-b 2
Pna2, ,l, b,a, -
no. 33 double a
4 ......................
MgSiN
BeSiN _

Figure 11. Relation of the NaCl structure to the s-LiFeO, structure
and of the wurtzite (ZnS) structure to the BeSiN, and MgSiN,
structure (pictures: s-LiFeO,: double unit cell of NaCl drawn in
addition to the tetragonal unit cell; wurtzite: unit cell of wurtzite
drawn as well as of wurtzite reduced to Pna2; and of BeSiN, and
MgSiNy).

The s-LiFeO, structure adopted by BeSiN, (y-phase)
is related to a-BeSiN; (and «-MgSiN,) through a group—
subgroup relation (figure 10). Simply put, by compressing o-
BeSiN, along two unit cell axes and simultaneously elongating
the third (corresponding to the ¢ axis in tetragonal s-LiFeO,),
the distorted hexagonal close packing (hcp) of the anions in
a-BeSiN, is transformed into a cubic close packing (ccp,
distorted as well) and the cations are transferred from the
tetrahedral sites in hep to the octahedral sites in ccp by only a
small movement. This transformation is analogous to the well-
known wurtzite-rock salt transition [62]. «-BeSiN, exhibits
an ordered wurtzite structure and s-LiFeO, the corresponding
ordered rock salt structure (compare figure 11), only that
the ordering of the cations results in a doubled unit cell for
s-LiFeO, and «-BeSiN, if compared to the rock salt and
wurtzite structure, respectively. However, as wurtzite-type
BeSiN, might transform first into a CuFeS,-type structure
according to the enthalpy—pressure phase diagram (figure 2),
which is not related to the s-LiFeO,-type structure, it is unclear
whether a displacive phase transition along the wurtzite—
rock salt transformation pathway will take place. The m-
LiFeO,-type structure, while also exhibiting an ordered rock
salt superstructure, is not related to either of the discussed
structures.

It has to be noted that the s-LiFeO, structure (/4 /amd)
is not related to the filled B-cristobalite structure, even though
the space group sequence [/4/amd to Pna2; is identical
to that of filled B-cristobalite 74,/amd to Pna?2;. In filled

B-cristobalite, reduced to I4,/amd, the X atoms of ABXj,
occupy the 8c positions whereas in s-LiFeO, they occupy the
8e positions.

5. Summary

We investigated the pressure-dependent phase diagrams of
the nitridosilicates MSiN, (M = Be, Mg, Ca). For BeSiN;
two candidate structures, a CuFeS,-type (B-BeSiN,) and a
s-LiFeO,-type (y-BeSiN,) were found to become lower in
enthalpy at high pressure than the o phases. For MgSiN,,
an m-LiFeO;-type (8-MgSiN,) will appear at high pressures.
For CaSiN, we found two potential high-pressure phases, a
CaGeN,-type (8-CaSiN,) and a m-LiFeO;-type (y-CaSiNy).
In each system, the phases most stable at very high pressure—
y-BeSiN,, B-MgSiN, and y-CaSiN,—exhibit ordered rock
salt structures with octahedral coordination of Si.  The
calculated bulk moduli indicate an increase in hardness for
these high-pressure phases. We found that CaSiN, and
MgSiN, are thermodynamically stable against decomposition
into the binary nitrides up to 100 GPa. BeSiN, exhibits a
‘stability gap’ between 66 and 83 GPa. In this pressure region
a phase assemblage of BesN; and SizNy is more favourable.
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