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Introduction

Nitridosilicates and oxonitridosilicates (e.g., g-Si3N4,
[1,2]

SiAlONs,[3] Sr2Si5N8,
[4] Eu2Si5N8

[5]) are well known to exhibit

interesting physical properties,[6,7] such as good wear resist-
ance, high decomposition temperature, exceptional oxida-
tion stability, luminescence,[8–10] or nonlinear optical behav-
ior.[11] These material properties are of special interest for
industrial applications.[1–11]

During the last two decades, an increasing number of
dense high-pressure oxosilicates have been synthesized and
their material properties characterized.[12,13] The high tech-
nological impact of high-pressure silicate phases is illustrat-
ed by the discovery of the extraordinary mechanical hard-
ness of stishovite and post-stishovite SiO2 polymorphs,
which crystallize in the rutile and a-PbO2 structure types, re-
spectively.[14,15] Their extreme hardness seems to justify their
rating as the hardest oxides known so far.[14,15]

The material properties of nitrides are often superior to
those of the respective oxides. This observation is attributed
to the higher covalency of the constituent chemical bonds
and the higher degree of cross-linking in nitride structures
compared to oxides.[16] The discovery of spinel-type g-Si3N4

triggered broad research efforts targeting new high-pressure
nitridosilicate and oxonitridosilicate phases.[1,2]
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With the characterization of the new high-pressure phase
HP-Ca2Si5N8, we illustrate that reconstructive phase transi-
tions for ternary high-pressure nitridosilicates are possible.
Through density functional calculations we access the
Ca2Si5N8–HP-Ca2Si5N8–CaSiN2/Si3N4 phase diagram up to
100 GPa, by considering phase stability under pressure.

Results and Discussion

Synthesis : For the synthesis of Ca2Si5N8, a mixture of Ca
metal and Si(NH)2 powder was heated in a radio-frequency
furnace at 1650 8C under a nitrogen atmosphere
[Eq. (1)].[17,18]

2 Caþ 5 SiðNHÞ2 ! Ca2Si5N8 þ 5H2 þN2 ð1Þ

Starting from the respective ambient-pressure polymorph,
the high-pressure phase HP-Ca2Si5N8 was synthesized by
employing the multianvil press technique. HP-Ca2Si5N8 was
synthesized at pressures ranging from 6 to 12 GPa and tem-
peratures between 900 and 1200 8C.[19–21] The molar ratio Ca/
Si=2:5 of HP-Ca2Si5N8 was confirmed by energy-dispersive
X-ray (EDX) measurements, and no oxygen was detected
(see the Experimental Section).

Structure determination : Very small single crystals of HP-
Ca2Si5N8 were obtained by mechanical fragmentation of the
sample from the multianvil experiment. Systematic absences
suggested the orthorhombic space group Pbca (no. 61). The
very low scattering intensity rendered the solution and re-
finement of the structure difficult. The structure could not
be solved by conventional direct methods; however, a solu-
tion in space group P212121 was achieved by means of the
dual-space approach.[22] The structure turned out to be cen-
trosymmetric and could be transformed into Pbca. It was re-
fined with anisotropic displacement parameters for all
atoms. The crystallographic data and details of the data col-
lection are listed in Table 1.

All strong reflections of the powder pattern of HP-
Ca2Si5N8 were indexed on the basis of the unit cell deter-
mined from the single crystal. b-Si3N4 was present as a
minor impurity. Rietveld refinement was carried out, start-
ing from the atomic parameters of the single-crystal struc-
ture of HP-Ca2Si5N8. The observed and calculated X-ray
powder diffraction patterns as well as the difference profile
of the Rietveld refinement are shown in Figure 1.

Structure description : The HP-Ca2Si5N8 structure is built up
by a three-dimensional, highly condensed nitridosilicate
framework with N[2] and N[3] bridging. Corrugated layers of
corner-sharing SiN4 tetrahedra are interconnected by further
SiN4 units. The Ca2+ ions are situated between these layers,
with coordination numbers 6+1 and 7+1, respectively.
Figure 2 shows the crystal structure of HP-Ca2Si5N8 viewed
along [010]. Half of the nitrogen atoms connect two Si tetra-

hedral centers (N[2]: N1, N2, N3, N4), whereas the others
(N[3]: N5, N6, N7, N8) bridge three Si atoms.

The characteristically corrugated layers of the high-pres-
sure phase extend perpendicular to [001], and consist of
highly condensed “dreier” rings.[23] Within these layers all Si
atoms are solely connected by N[3] atoms (see Figure 3).
Similar layers of dreier rings also exist in M2Si5N8 (M=Ca,
Sr, Ba),[4,18] but the configuration pattern of the SiN4 tetra-
hedra within these layers and the pattern generated by verti-
ces pointing up and down is different for monoclinic
Ca2Si5N8 and M2Si5N8 (M=Sr, Ba). In HP-Ca2Si5N8, be-
tween zigzag lines (along [010]) with vertices pointing either
up or down, another zigzag line is inserted with pairs of tet-
rahedra vertices pointing alternately up and down (see

Table 1. Crystallographic data for HP-Ca2Si5N8.

formula Ca2Si5N8

molar mass [gmol�1] 332.63
crystal system orthorhombic
space group Pbca (no. 61)
cell parameters [pm] a=1058.4(10)

b=965.2(4)
c=1366.3(10)

cell volume [106 pm3] 1395.7(7)
formula units/cell 8
X-ray density [gcm�3] 3.17
absorption coefficient [mm�1] 2.46
F ACHTUNGTRENNUNG(000) 1328
crystal size [mm3] 0.1280.0880.04
diffractometer Stoe IPDS
radiation, monochromator MoKa (l =71.073 pm),

graphite
temperature [K] 293
2q range [8] 6.0–50
total no. of reflections 5883
independent reflections 1063
observed reflections 505
absorption correction semiempirical
refined parameters 137
GOF 0.814
R values [I>2s(I)] R1=0.0555, wR2=0.1153
all data R1=0.1191, wR2=0.1377
max./min. residual electron density [eP�3] 0.521/�0.698

Figure 1. Observed (+) and calculated (c) X-ray powder diffraction
patterns and the difference profile of the Rietveld refinement of HP-
Ca2Si5N8 (l =154.06 pm).
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Figure 3). The cycle-class sequence (i.e., the relative fre-
quency of the SinNn-ring sizes occurring in the network for
n=1, 2, 3…) for HP-Ca2Si5N8 has been calculated with the
program TOPOLAN.[24–27] A comparison to the cycle-class
sequence of monoclinic Ca2Si5N8 and M2Si5N8 (M=Sr, Ba)
is given in Table 2. For a detailed discussion, see the next
section.

The Si�N bond lengths in HP-Ca2Si5N8 are in a typical
range of 167–173 pm for N[2] (Ca2Si5N8 167–171 pm,[18]

Sr2Si5N8 165–169 pm,[4] Ba2Si5N8 166–171 pm[4]) and 174–
180 pm for N[3] (Ca2Si5N8 173–180 pm,[18] Sr2Si5N8 174–
179 pm,[4] Ba2Si5N8 174–179 pm[4]). The angles Si-N[2]-Si
range from 119 to 1408 and correspond well with those of
previously published nitridosilicates (Ca2Si5N8 116–1328,[18]

Sr2Si5N8 125–1428,[4] Ba2Si5N8 128–1488[4]). The same holds
true for the Si-N[3]-Si angles (HP-Ca2Si5N8 107–1288,
Ca2Si5N8 107–1278,[18] Sr2Si5N8 107–1278,[4] Ba2Si5N8 108–
1288[4]). The sums of the bond angles Si-N[3]-Si for each N[3]

adopt values of 344–3558, which are in accordance with
those found in other M2Si5N8 (M=Ca, Sr, Ba) structures

(Ca2Si5N8: 352–3608,
[18] Sr2Si5N8:

341–3608,[4] Ba2Si5N8: 344–
3608[4]), which indicates nearly
planar units N[3]

ACHTUNGTRENNUNG(SiN3)3.
[4,18] The

Ca2+ ions are 6+1 and 7+1 co-
ordinated by nitrogen atoms in
distances of 241–330 pm (ambi-
ent-pressure Ca2Si5N8

(CN(Ca)=7): 232–313 pm).
The coordination is described
as 6+1 and 7+1 rather than 7
and 8, due to the small contri-
bution of the last nitrogen
atoms to the effective coordina-
tion number, as calculated by
the program MAPLE.[28–30]

The calculation of bond-va-
lence sums for HP-Ca2Si5N8

with the help of bond length/
bond strength[31,32] (SV) and
Chardi[33] (SQ) yielded the ex-
pected formal ionic charges of
the atoms (Ca +1.96 to +1.99,
Si +3.93 to +4.12, N �2.87 to
�3.18). As expected, the Made-
lung part of the lattice energy
(MAPLE)[28–30] of HP-Ca2Si5N8

is almost identical to the sum of
the respective MAPLE values of the components CaSiN2

and b-Si3N4 (see Table 3).

Comparison to Ca2Si5N8 and M2Si5N8 ACHTUNGTRENNUNG(M=Sr, Ba): HP-
Ca2Si5N8 exhibits rather similar structural features to mono-
clinic Ca2Si5N8 and M2Si5N8 (M=Sr, Ba). The ambient-pres-
sure phase of Ca2Si5N8

[18] crystallizes in the monoclinic non-
centrosymmetric space group Cc (no. 9) and HP-Ca2Si5N8 in
the orthorhombic centrosymmetric space group Pbca
(no. 61). Sr2Si5N8 and likewise isotypic Ba2Si5N8 crystallize in

Figure 2. Structures of Ca2Si5N8 (view along [001]), HP-Ca2Si5N8 (view along [010]), and M2Si5N8 (M=Sr, Ba)/
o-Ca2Si5N8 (view along [3=4 0

1=4]). Ca: light gray, Si: gray, N: black). Layers are highlighted by dark tetrahedra;
interconnecting tetrahedra are light gray.

Figure 3. Layers in Ca2Si5N8, HP-Ca2Si5N8, and M2Si5N8 (M=Sr, Ba)/o-Ca2Si5N8. Tetrahedra with vertices up:
black; tetrahedra with vertices down: light gray.

Table 2. Cycle-class sequence[24–27] of Ca2Si5N8, o-Ca2Si5N8, and HP-
Ca2Si5N8.

SinNn rings n=3 4 5 6 7 8 9 10

Ca2Si5N8 12 4 32 40 166 438 1604 5020
o-Ca2Si5N8 10 6 32 50 180 478 1708 5284
HP-Ca2Si5N8 39 23 126 191 693 1852 6130 19023

Table 3. MAPLE values for HP-Ca2Si5N8 [kJmol�1].

Compound Ca2Si5N8 HP-Ca2Si5N8 CaSiN2 b-Si3N4

MAPLE 98561 98536 22633 53226

MAPLE Difference Difference [%]

2CaSiN2+ b-Si3N4 23524
Ca2Si5N8 23541 17 0.07
HP-Ca2Si5N8 23535 10 0.04

Atom[a] Ca12+ Ca22+ Si34+ Si44+ Si54+ Si64+ Si74+

MAPLE 2078 2029 9596 9653 9671 9607 10190

Atom[a] N13� N23� N33� N43� N53� N63� N73� N83�

MAPLE 5347 5481 5448 5354 5962 5977 6078 6049

total MAPLE (HP-Ca2Si5N8) exp. 98514
total MAPLE (28 CaSiN2 +b-Si3N4) theor. 98531
difference D [%] 0.01

[a] Typical partial MAPLE values [kJmol�1]: Ca2+ : 1900–2100, Si4+ :
9000–10200, N[2]3� : 4000–6000, N[3]3� : 5200–6300.
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the orthorhombic noncentrosymmetric space group Pmn21

(no. 31).[4] The three structures share common basic structur-
al motifs. They are built up by layers of corner-sharing SiN4

tetrahedra comprising dreier rings. These layers are inter-
connected by further SiN4 units to form a three-dimensional
network. The M2+ ions are situated between these layers
and are predominantly coordinated by N[2] .

The SiN4 tetrahedra in the layers of all three structures
have three N[3] and one N[2] , where the N[3] exclusively form
the intralayer bonds, whereas the N[2] are situated on the
vertices pointing either up or down. The molar fraction of
tetrahedra pointing up and down is equal according to the
formula [(Si[4])5(N

[2])4(N
[3])4]

4� of the nitridosilicate network.
The layers in the three M2Si5N8 structures differ in their
degree of corrugation and the pattern of tetrahedra pointing
up and down. Although the layers are strongly corrugated in
M2Si5N8 (M=Sr, Ba) and HP-Ca2Si5N8, they are significantly
less corrugated in monoclinic Ca2Si5N8 (see Figure 2).

The known M2Si5N8 structures are related to that of the
mineral sinoite, Si2N2O.[34] Sinoite contains the same honey-
comb layers, even though none of the M2Si5N8 layers exhib-
its the same up–down pattern as the layers in sinoite. The
vertices of tetrahedra pointing up and down in Si2N2O are
occupied by O atoms, which connect two layers. For M2Si5N8

the bridging O atoms are substituted by SiN4 tetrahedra,
which results in a three-dimensional charged network:
3
1[[Si

[4]N[3]]4[Si
[4]N4

[2]]]4�.
The layers in monoclinic Ca2Si5N8 exhibit a rather simple

pattern of alternating zigzag lines of tetrahedra (along
[001]) with their vertices pointing either up or down, where-
as the pattern becomes more complex for HP-Ca2Si5N8. The
up and down pattern in M2Si5N8

(M=Sr, Ba) is not related to
the pattern of either Ca2Si5N8

structure, but exhibits groups of
four tetrahedra with their verti-
ces pointing in the same direc-
tion. These groups are arranged
in “corner-sharing” rows along
[100] (see Figure 3).

HP-Ca2Si5N8 can be de-
scribed as a centrosymmetric
variant of the noncentrosym-
metric ambient-pressure modifi-
cation. From Figure 2 it is evi-
dent that the application of
pressure formally shifts two
single unit cells of Ca2Si5N8 to-
wards each other. This introdu-
ces a center of inversion which
doubles the unit cell of HP-
Ca2Si5N8 compared to its ambi-
ent-pressure phase and still
allows for the extreme corruga-
tion of the SiN4 tetrahedra
layers. Despite the similarity
between monoclinic Ca2Si5N8

and HP-Ca2Si5N8, the phase transformation is reconstructive,
as required for transforming the differently patterned layers.
Therefore, the activation energy for the retransformation
into the ambient-pressure phase is high enough to render
HP-Ca2Si5N8 metastable. Monoclinic noncentrosymmetric
Ca2Si5N8 exhibits nonlinear optical behavior,[11] whereas HP-
Ca2Si5N8 unequivocally crystallizes with a center of inver-
sion. Furthermore, the Raman spectra of both monoclinic
Ca2Si5N8 and HP-Ca2Si5N8 are different (for further details
on the Raman spectra, see Figures S1 and S2 in the Support-
ing Information).

For all three structures, monoclinic Ca2Si5N8, HP-
Ca2Si5N8, and M2Si5N8 (M=Sr, Ba), the coordination num-
bers of the M2+ ions were determined by calculating effec-
tive coordination number (ECoN)[28] values with
MAPLE[29,30] and searching for gaps in the M2+–N distance
distributions. For Ca2Si5N8 the coordination number 7 was
derived for both crystallographically independent Ca2+ ions,
whereas in HP-Ca2Si5N8 one Ca2+ ion is 6+1 coordinated
and the other exhibits 7+1 coordination. This results in an
increased coordination number for half of the Ca atoms. For
both Sr2Si5N8 and Ba2Si5N8 a coordination number of 10 was
derived for both M2+ ions (see Figure 4).

Luminescence : To study photoluminescence, samples of HP-
Ca2Si5N8 were doped with 1 mol% Eu2+ . Under daylight
HP-Ca2Si5N8:Eu2+ exhibits a light orange body color due to
4f7ACHTUNGTRENNUNG(8S7/2)!4f65d absorption of Eu2+ in the blue to green
spectral range. Figure 5 shows the excitation and emission
spectra of several samples of HP-Ca2Si5N8:Eu2+ . The lumi-
nescence spectra exhibit a broadband emission peaking at

Figure 4. CaNx polyhedra in Ca2Si5N8, HP-Ca2Si5N8, o-Ca2Si5N8, and Sr2Si5N8.
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627 nm, typical for Eu2+ in a nitridosilicate network, which
resembles that reported for Sr2Si5N8:Eu2+ .[11] No Eu3+ emis-
sion line spectrum was detected by UV excitation at 365 nm.
A comparison of the emission spectra of Ca2Si5N8:Eu2+ and
HP-Ca2Si5N8:Eu2+ in Figure 6 shows that the high-pressure

phase has a narrower emission band (full width at half maxi-
mum, FWHM=97 nm) compared to the monoclinic ambi-
ent-pressure phase (FWHM=111 nm). In both phases, that
is, HP-Ca2Si5N8:Eu2+ and ambient-pressure Ca2Si5N8:Eu2+ ,
comparable Stokes shifts are observed. Thus, differences in
emission bandwidths can be explained by different chemical
differentiation of the cation sites in the ambient and high-
pressure phases, respectively. Its spectroscopic properties
render the HP-Ca2Si5N8:Eu2+ phase as a promising phos-
phor for warm white-light light-emitting diode applica-
tions.[8,35–37]

DFT calculations : Two structures were considered as possi-
ble high-pressure phases for Ca2Si5N8: 1) the structure of the
experimentally found HP-Ca2Si5N8 and 2) that of hypotheti-
cal orthorhombic o-Ca2Si5N8, which is isostructural to the
ambient-pressure modifications of Sr2Si5N8 and Ba2Si5N8.
We also looked for further high-pressure phases among de-
fective NaCl and CsCl structures as well as filled spinel and

Th3P4 structures. None of the additional candidates we
found will be attainable below 70 GPa, however.

Structure optimization for Ca2Si5N8, HP-Ca2Si5N8, and o-
Ca2Si5N8 : Structure optimization for monoclinic Ca2Si5N8

[38]

and HP-Ca2Si5N8 within the local density approximation
(LDA) and general gradient approximation (GGA) shows
the trends of slightly under- and overestimating cell parame-
ters and accordingly the cell volumes typical for such com-
pounds. Nevertheless, the calculated unit cell parameters
and equilibrium volumes are in good accordance with exper-
imental values. No significant changes in bond lengths or
substantial distortions of the structure were observed (for
detailed data on bond lengths for any discussed structure,
see the Supporting Information). Data on the structure opti-
mizations of Ca2Si5N8 and HP-Ca2Si5N8 are given in Tables 4
and 5.

The resulting cell parameters and the obtained equilibri-
um volumes for the hypothetical o-Ca2Si5N8 are given in
Table 6. The calculated bond lengths (LDA: Si�N 166–
175 pm, Ca�N 235–308 pm; GGA: Si�N 168–178 pm, Ca�N
238–314 pm) are all in the range of those in Ca2Si5N8 and
HP-Ca2Si5N8. As expected, Si�N[2] bonds are shorter than
Si�N[3] bonds.

Figure 5. Excitation (black, lexc =390 nm) and emission (gray, lmon=

627 nm) spectra of different samples of HP-Ca2Si5N8:Eu2+ . I : intensity.

Figure 6. Comparison of the emission spectra of Ca2Si5N8:Eu2+ (black,
lmon=616 nm) and HP-Ca2Si5N8:Eu2+ (gray, light gray, lmon =627 nm).

Table 4. Structure optimization of Ca2Si5N8.

Experimental[18] LDA GGA

space group Cc (no. 9, monoclinic)
a [pm] 1435.2(3) 1426.7 1442.1
b [pm] 561.0(1) 555.8 563.4
c [pm] 968.9(2) 960.5 974.9
b [8] 112.06(3) 112.033 111.922
V [106 pm3] 723.00 705.98 734.73
V f.u. [106 pm3] 180.75 176.50 183.68
1 [g cm�1] 3.06 3.13 3.01

Table 5. Structure optimization of HP-Ca2Si5N8.

Experimental LDA GGA

space group Pbca (no. 61, orthorhombic)
a [pm] 1058(2) 1048.3 1065.9
b [pm] 965.2(4) 957.3 970.8
c [pm] 1366(2) 1352.3 1368.2
V [106 pm3] 1395(2) 1357.01 1415.79
V f.u. [106 pm3] 174 169.63 176.97
1 [g cm�1] 3.17 3.26 3.12

Table 6. Structure optimization of o-Ca2Si5N8.

Sr2Si5N8
[4] LDA GGA

space group Pmn21 (no. 31, orthorhombic)
a [pm] 571.0(2) 562.2 570.4
b [pm] 682.2(2) 665.0 675.3
c [pm] 934.10(2) 926.2 937.9
V [106 pm3] 363.9(2) 346.26 361.24
V f.u. [106 pm3] 182.0 173.13 180.62
1 [g cm�1] 3.90 3.19 3.06
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For all optimized structures the coordination numbers of
the M2+ ions were determined by calculating ECoN[29]

values with MAPLE[29,30] and searching for gaps in the M2+–
N distance distributions, to compare them with the data for
the experimentally determined structures. For both mono-
clinic Ca2Si5N8 and HP-Ca2Si5N8 the same coordination
numbers as in the experimentally determined structures
were derived. In o-Ca2Si5N8, one Ca2+ is sixfold coordinated
and one is sevenfold coordinated by N, whereas M2+ in
M2Si5N8 (M=Sr, Ba) is tenfold coordinated by N.

The coordinative bond lengths Ca�N (Ca2Si5N8: Ca�N-
ACHTUNGTRENNUNG(LDA) 228–315 pm; Ca�N ACHTUNGTRENNUNG(GGA) 232–320 pm; HP-
Ca2Si5N8 Ca�N ACHTUNGTRENNUNG(LDA): 237–331 pm; Ca�N ACHTUNGTRENNUNG(GGA) 240–
337 pm; o-Ca2Si5N8 see values given above) correspond
quite well to the sum of the ionic radii (ionic radii after
Shannon:[39] S(Ca(VI)–N 246 pm, S(Ca ACHTUNGTRENNUNG(VII)–N 252 pm;
ionic radii after Baur:[40] Ca(VI)–N 247–249 pm).

Comparison of the density of the three considered
Ca2Si5N8 structures shows that the ambient-pressure phase
Ca2Si5N8 has the lowest value (1=3.06 (experimental), 3.13
(LDA), 3.01 gcm�1 (GGA)). The next denser structure is o-
Ca2Si5N8 (1=3.19 (LDA), 3.06 gcm�1 (GGA)), with HP-
Ca2Si5N8 being the densest phase (1=3.17 (experimental),
3.26 (LDA), 3.12 gcm�1 (GGA)). Within the GGA,
Ca2Si5N8 has the lowest energy (�116.6048 eV per formula
unit), followed by HP-Ca2Si5N8 (�116.5358 eV) and o-
Ca2Si5N8 (�116.0932 eV).

E–V calculations for high-pressure phase transitions : For
calculating the enthalpy–pressure phase diagram of
Ca2Si5N8, the GGA is preferred over the LDA, because the
latter tends to favor higher coordinated structures and, con-
sequently, fails to reproduce the experimental transition
pressures. The GGA performs much better on this behalf.[41]

Therefore, all calculated enthalpy differences and transition
pressures given in this work are based on GGA calculations.

The energy–volume (E–V) curves of our three structures
of Ca2Si5N8 are depicted in Figure 7, from which the enthal-

py was extracted as a function of pressure as illustrated in
Figure 8. Accordingly, the transition pressure of monoclinic
Ca2Si5N8 to HP-Ca2Si5N8 was calculated with 1.7 GPa (for
details, see Table 7), which reasonably agrees with the exper-

imental value. The phase transformation of Ca2Si5N8 into
HP-Ca2Si5N8 could be observed at 6 GPa and 900 8C. We at-
tribute the difference between the calculated and experi-
mental transition pressure to kinetic effects of the phase
transformation.

At 20 GPa the enthalpy of o-Ca2Si5N8 becomes more fa-
vorable than that of monoclinic Ca2Si5N8. However, HP-
Ca2Si5N8 remains the energetically most stable phase, which
is in accordance with the experiment (see Figure 8).

Furthermore, calculations of the phonon band structure
indicate that o-Ca2Si5N8 comprises imaginary vibrational
modes within the Brillouin zone already at ambient pres-
sure, amplified at higher pressures. Hence, this particular
structure is already dynamically unstable at ambient pres-
sure. Monoclinic and HP-Ca2Si5N8 were proven to be free of
such imaginary vibrational modes.

Decomposition reactions under pressure : In addition to
pressure-induced phase transformations, two possible de-
composition pathways under pressure were examined: 1) the
decomposition of Ca2Si5N8 into the binary nitrides Ca3N2

and Si3N4 [Eq. (2)] and 2) decomposition into CaSiN2 and
Si3N4 [Eq. (3)].

3 Ca2Si5N8 ! 2Ca3N2 þ 5 Si3N4 ð2Þ

Ca2Si5N8 ! 2CaSiN2 þ Si3N4 ð3Þ

Structure optimization for Si3N4, Ca3N2, and CaSiN2 : The
structures of b-Si3N4 and g-Si3N4 were optimized within
LDA and GGA. b-Si3N4 crystallizes in the hexagonal space

Figure 7. E–V diagram for all three considered phases of Ca2Si5N8.

Figure 8. Enthalpy–pressure diagram for the transition of Ca2Si5N8 to
HP-Ca2Si5N8 (pt=1.7 GPa) and o-Ca2Si5N8 (pt=20 GPa) (Murnaghan
equation of state (EOS) evaluation).

Table 7. Transition pressures [GPa] derived from different fitting proce-
dures of E–V data for Ca2Si5N8 into HP-Ca2Si5N8 and o-Ca2Si5N8.

HP-Ca2Si5N8 o-Ca2Si5N8

spline 1.6 20.2
Murnaghan 1.7 19.9
Birch 1.7 19.9
Vinet 1.7 19.8
Dmax 0.1 0.4
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group P63/m (no. 176) and is isotypic to phenakite
Be2SiO4.

[42] g-Si3N4 crystallizes in Fd3̄m (no. 227) in the
spinel structure.[1,2] Si occupies half of the octahedral voids
and one eighth of the tetrahedral voids in the cubic close
packing of N atoms. Our results of the zero-pressure optimi-
zation of the crystal structures for both b- and g-Si3N4 are in
agreement with previous calculations (for further details, see
the Supporting Information).[1,43]

CaSiN2 crystallizes in the orthorhombic space group Pbca
(no. 61).[44] The structure is built up by all side corner-shar-
ing SiN4 tetrahedra, to form a three-dimensional network re-
lated to the b-cristobalite structure (D1-type distortion of
idealized filled C9 structure of b-cristobalite).[45] The Ca2+

ions are six- and eightfold coordinated by nitrogen, respec-
tively. Coordinative Ca�N bonds can be divided into three
distance groups: 235–250, 270–285, and 300–315 pm.
ECoNs[28] have been calculated with MAPLE[29,30] to verify
the coordination sphere of the Ca2+ ions. Structure optimi-
zations for CaSiN2 within the LDA and the GGA were per-
formed. The calculations reproduced the unit cell parame-
ters and the equilibrium volume (see Table 8) as well as the

bond lengths quite well. No significant distortion of the
structure after structure optimization was observed.

For CaSiN2 we also considered a possible high-pressure
phase, termed b-CaSiN2 and isostructural to CaGeN2

[46] (B1-
type distortion of the idealized filled C9 structure of b-cris-
tobalite), which is closely related to the chalcopyrite struc-
ture.[47] It crystallizes in the tetragonal space group I4̄2d
(no. 122). The Si atoms are tetrahedrally coordinated by N,
and the Ca2+ ions exhibit a 4+4 bisdisphenoidal coordina-
tion. The resulting cell parameters and the obtained equilib-
rium volumes for the hypothetical b-CaSiN2 are given in
Table 9 (for bond lengths, see the Supporting Information).

Ca3N2 crystallizes in the anti-bixbyite structure in the
body-centered space group Ia3̄ (no. 206).[48] The N atoms are

octahedrally coordinated by Ca, and the Ca atoms are four-
fold coordinated by N. Our results of the zero-pressure opti-
mization of the crystal structures for Ca3N2 are in agreement
with previous calculations (for further details, see the Sup-
porting Information).[49]

E–V calculations for decomposition reactions under pres-
sure : The phase transition of b-Si3N4 into g-Si3N4 and the
phase transition of a-CaSiN2 into b-CaSiN2 were taken into
account for all decomposition reactions. The transition pres-
sure for b-Si3N4–g-Si3N4 was calculated to 11.5 GPa, and the
transition pressure of a-CaSiN2–b-CaSiN2 to 1.6 GPa. Below
these transition pressures, the enthalpy H for b-Si3N4 and
a-CaSiN2, respectively, was used; at higher pressures H for
g-Si3N4 and b-CaSiN2 was employed.

It is found that the enthalpy of a phase agglomerate of
Si3N4 and 2CaSiN2 is always lower than the enthalpy of a
system consisting of (2/3 Ca3N2 + 5/3 Si3N4). Consequently,
decomposition of Ca2Si5N8 will result in the formation of
CaSiN2 and Si3N4 rather than Ca3N2 together with Si3N4 (see
Figures 9 and 10, Tables 10 and 11).

The reaction enthalpy of the decomposition of Ca2Si5N8

into Si3N4 and CaSiN2 is displayed in Figure 9. Accordingly,
above 15 GPa Ca2Si5N8 will decompose into Si3N4 and

Table 8. Structure optimization of CaSiN2.

Experimental[44] LDA GGA

space group Pbca (no. 61, orthorhombic)
a [pm] 512.29(3) 505.61 516.32
b [pm] 1020.74(6) 1006.25 1027.50
c [pm] 1482.33(9) 1470.26 1485.69
V [106 pm3] 775.13(8) 748.07 788.19
V f.u. [106 pm3] 96.90 93.51 98.52
1 [g cm�1] 1.65 1.71 1.62

Table 9. Structure optimization of b-CaSiN2.

CaGeN2
[46] b-CaSiN2 LDA b-CaSiN2 GGA

space group I4̄2d (no. 122, tetragonal)
a [pm] 542.60 519.83 524.60
c [pm] 715.40 685.66 711.65
V [106 pm3] 210.62 185.28 195.85
V f.u. [106 pm3] 52.66 46.32 48.96
1 [g cm�1] 4.44 3.45 3.26

Figure 9. Enthalpy–pressure diagrams for the decomposition reactions of
Ca2Si5N8, HP-Ca2Si5N8, and o-Ca2Si5N8 into CaSiN2 and Si3N4 (Murna-
ghan EOS evaluation).

Figure 10. Enthalpy–pressure diagrams for the decomposition reactions
of Ca2Si5N8, HP-Ca2Si5N8, and o-Ca2Si5N8 into Ca3N2 and Si3N4 (Murna-
ghan EOS evaluation).
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CaSiN2. This process is mainly driven by the favorable en-
thalpy of g-Si3N4 at higher pressures. g-Si3N4 is the only
structure in this pressure range for which partially octahe-
dral coordination of Si, which results in a higher density, is
achieved. The possibility to further densify the matter at
high pressure hence causes the decomposition of the ternary
compound Ca2Si5N8 into binary Si3N4 and CaSiN2.

Conclusions

With the synthesis of the new high-pressure phase HP-
Ca2Si5N8, we have demonstrated that denser ternary nitrido-
silicates are accessible through high-pressure experiments.
The HP-Ca2Si5N8 structure consists of a centrosymmetric
highly condensed network of SiN4 tetrahedra, with N[2] and
N[3] bridging. Ca2+ ions are enclosed in the three-dimension-
al nitridosilicate network, with coordination numbers of
6+1 and 7+1. Even though the structures of the ambient-
pressure Ca2Si5N8 and HP-Ca2Si5N8 are closely related, the
phase transformation is reconstructive and takes place at
quite low temperatures and pressures (900 8C and 6 GPa).

Density functional calculations predicted the transition
pressure of Ca2Si5N8 into HP-Ca2Si5N8 quite well. Monoclin-
ic Ca2Si5N8 is favored up to 1.7 GPa when HP-Ca2Si5N8 be-
comes thermodynamically more stable. Above 15 GPa, a
phased agglomerate of 2CaSiN2+g-Si3N4 becomes energeti-
cally more favorable (see Figure 11). Until now, we could
only prove the phase transformation of Ca2Si5N8 into HP-
Ca2Si5N8 occurring between 6 and 12 GPa by experiment.

The calculated bulk moduli (see Table 12) for both
Ca2Si5N8 modifications are quite similar, because the struc-
tures are closely related and the coordination numbers are
similar. However, a remarkable property of HP-
Ca2Si5N8:Eu2+ is its narrower emission band compared to
the emission bandwidth of ambient-pressure Ca2Si5N8:Eu2+ .

Our further studies will be dedicated to the search for fur-
ther high-pressure phases of ternary nitridosilicates. In anal-
ogy to g-Si3N4, in which the coordination number of Si could
be increased to 6, we hope to access CN(Si)>4 by applying
higher temperatures and pressures, thereby also aiming at
the improved material properties that are already evident in
HP-Ca2Si5N8.

Experimental Section

Synthesis of Ca2Si5N8 : In a typical experiment Ca (1.86 mmol; dendritic
pieces, purified by distillation, 99.99%, Aldrich) and silicon diimide
(3.02 mmol; synthesized according to the literature[50]) were placed into a
tungsten crucible under an argon atmosphere inside a glove box (Unilab,
Fa. MBraun, Garching, O2<1 ppm, H2O<1 ppm). Subsequently, the cru-
cible was heated inductively in the reactor of a radio-frequency fur-
nace[17,18] under a N2 atmosphere (dried over silica gel/KOH/molecular
sieve (pore width 4 P)/P2O5 and activated BTS catalyst) to 1650 8C at a
rate of 6.9 8Cmin�1 and then kept at this temperature for 1 h. Subse-
quently, the reaction product was cooled to 1200 8C at a rate of about
0.75 8Cmin�1 and then quenched to room temperature by switching off
the furnace. A colorless, coarsely crystalline product was obtained, which
according to the X-ray powder pattern was single-phase Ca2Si5N8.

Synthesis of HP-Ca2Si5N8 : The high-pressure synthesis of HP-Ca2Si5N8

was carried out by using the multianvil technique[19–21] with a hydraulic
press. Cr2O3-doped MgO octahedra (Ceramic Substrates & Components
Ltd., Isle of Wight, UK) with an edge length of 14 mm were used. Eight
truncated tungsten carbide cubes separated by pyrophyllite gaskets
served as anvils for the compression of the octahedra. The truncation
edge length was 8 mm. Powder of ambient-pressure Ca2Si5N8 was loaded
into a cylindrical capsule of hexagonal boron nitride (Henze, Kempten)
with a capacity of 9 mm3 and sealed with a BN cap. The capsule was cen-
tered within two nested graphite tubes, which acted as an electrical resist-
ance furnace. The remaining volume at both ends of the sample capsule
was filled with two cylindrical pieces of magnesium oxide. The arrange-
ment was placed into a zirconium dioxide tube and then transferred into
a pierced MgO octahedron. The electrical contact of the graphite tubes
was arranged by two plates of molybdenum. The assembly was com-
pressed up to 8 GPa at room temperature within 2.5 h and then heated to

Table 10. Decomposition pressure [GPa] derived from different fitting
procedures of E–V data for Ca2Si5N8 into CaSiN2 and Si3N4.

Ca2Si5N8 HP-Ca2Si5N8 o-Ca2Si5N8

spline 10.7 15.0 4.8
Murnaghan 10.7 14.6 4.8
Birch 10.8 14.8 4.9
Vinet 10.8 14.9 4.9
Dmax 0.1 0.4 0.1

Table 11. Decomposition pressure [GPa] derived from different fitting
procedures of E–V data for Ca2Si5N8 into Ca3N2 and Si3N4.

Ca2Si5N8 HP-Ca2Si5N8 o-Ca2Si5N8

spline 33.9 50.5 38.0
Murnaghan 33.9 50.5 38.0
Birch 33.9 50.3 38.3
Vinet 34.0 50.5 38.4
Dmax 0.1 0.2 0.4

Figure 11. Enthalpy–pressure diagram for the Ca2Si5N8–CaSiN2–Si3N4

system (Murnaghan EOS evaluation).

Table 12. Calculated bulk moduli B0 [GPa].

Ca2Si5N8 HP-Ca2Si5N8 o-Ca2Si5N8

LDA GGA LDA GGA LDA GGA

B0 175 162 158 147 146 139
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1000 8C within 12 min. The sample was treated for 12 min under these
conditions and then cooled to 600 8C within 30 min. After that the
sample was quenched to room temperature, followed by decompression
for 7.5 h. By this procedure about 5 mg of HP-Ca2Si5N8 was obtained as a
dark gray substance. The temperature was calculated from the electrical
power applied to the furnace, which was determined on the basis of cali-
bration curves from measurements with W97Re3W75Re25 thermocouples,
as described in reference [51].

Single-crystal X-ray diffraction : Small single crystals of HP-Ca2Si5N8

were isolated by mechanical fragmentation and checked by Laue photo-
graphs. Single-crystal X-ray data were collected on a Stoe IPDS diffrac-
tometer (MoKa radiation). The program SHELXD[22] was used for solu-
tion of the structure and SHELXL97 for refinement. Further details of
the crystal structure investigations can be obtained from the Fachinfor-
mationszentrum Karlsruhe, 76344 Eggenstein-Leopoldshafen, Germany
(fax: (+49)7247-808-666; E-mail : crysdata@fiz-karlsruhe.de) on quoting
the depository number CSD-419318.

Powder X-ray diffraction : X-ray diffraction experiments on powder sam-
ples of HP-Ca2Si5N8 were performed on a Stoe Stadi P powder diffrac-
tometer in Debye–Scherrer geometry, with Ge ACHTUNGTRENNUNG(111)-monochromatized
CuKa1 radiation (l =154.056 pm). The microcrystalline sample was en-
closed in a glass capillary of diameter 0.1 mm. A Rietveld refinement
was carried out by using the program package GSAS.[52] The atomic pa-
rameters of the single-crystal structure of HP-Ca2Si5N8 were used as start-
ing values and were refined together with the isotropic displacement fac-
tors. b-Si3N4

[43] was present in the powder diffraction pattern as a minor
impurity and was refined as a second phase. (The observed and calculat-
ed X-ray powder diffraction patterns and difference profile of the Riet-
veld refinement are shown in Figure 1.) Further details on the refinement
are given in Table 13. The refined atomic coordinates do not differ by
more than 0.0075 pm from those obtained from single-crystal data. Ca�N
distances range from 239.11 to 300.78 pm and Si�N distances from 166.01
to 182.74 pm, and differ only by a maximum of 5.23 pm for Ca�N and

2.39 pm for Si�N relative to the distance ranges obtained from single-
crystal data.

Luminescence : Photoluminescence measurements were carried out with
a spectrofluorimeter equipped with a 150 W Xe lamp, two 500 mm
Czerny–Turner monochromators, 1800 1/mm lattices, and 250/500 nm
lamps, with a spectral range from 230 to 820 nm.

EDX measurements : The carbon-coated sample was examined with a
scanning electron microscope (JSM-6500F, Joel, Japan; maximum acceler-
ation voltage 30 kV). An energy-dispersive spectrometer Model 7418
(Oxford Instruments, UK) allowed qualitative and semiquantitative ele-
mental analysis.

Raman measurements : Raman spectra were recorded on a Jobin Yvon
Horiba HR800 UV/Raman microscope with a He–Ne laser emitting at
632.8 nm (for further details, see the Supporting Information).

Computational methods : The total energies and atomic structures of all
materials were calculated within DFT.[53] The Vienna ab initio simulation
package (VASP) was used, which combines the total-energy pseudopo-
tential method with a plane-wave basis set.[54–56] The LDA[57,58] and
GGA[59] were used to approximate the electron exchange and correlation
energy. The pseudopotentials taken were based on the projector-aug-
mented-wave (PAW) method.[60] The cutoff energy for the expansion of
the wave function into the plane-wave basis set was 500 eV. Residual
forces were converged below 5810�3 eVP�1. The Brillouin-zone integra-
tion was carried out by the Monkhorst–Pack scheme.[61]

Structure optimizations were performed by relaxing all internal parame-
ters as well as cell parameters and the unit cell volume. The unit cell of
Ca2Si5N8 contains 60 atoms. By transforming it into a primitive unit cell,
this could be reduced to 30 atoms per cell, which corresponds to two for-
mula units. A k-point mesh of 38382 was used. The unit cell of HP-
Ca2Si5N8 contains 120 atoms. This unit cell is already the primitive cell,
and contains eight formula units. A k-point mesh of 28282 was used.
The unit cell of o-Ca2Si5N8 contains 30 atoms, which corresponds to two
formula units, and is already a primitive cell. A k-point mesh of 48482
was used. The unit cell of b-Si3N4 contains 14 atoms and is already a
primitive cell that contains two formula units. A k-point mesh of 38388
was used. The unit cell of g-Si3N4 contains 56 atoms. By transforming it
into a primitive unit cell, this could be reduced to 14 atoms, which corre-
sponds to two formula units. A k-point mesh of 48484 was used. The
unit cell of CaSiN2 contains 64 atoms (16 formula units). Calculations
were carried out in the conventional cell. A k-point mesh of 48282 was
used. The unit cell of Ca3N2 contains 80 atoms (16 formula units). Calcu-
lations were performed in the conventional unit cell. A k-point mesh of
28282 was used.

To obtain the bulk modulus the volume was varied around the zero-pres-
sure volume V0 and the calculated energies were fitted to MurnaghanUs,
BirchUs, and VinetUs equations of state (EOS).[62–64]

The E–V diagrams can be transformed easily to give enthalpy versus
pressure diagrams. To obtain the pressure p from the E–V graph, a
simple numerical differentiation of a spline fit and MurnaghanUs, BirchUs,
and VinetUs EOS was employed: p=�@E/@V. Evaluation of the E–V data
by fitting to a spline fit or different EOS resulted in virtually the same
transition pressures. The largest difference observed was 0.4 GPa in the
pt for Ca2Si5N8 into o-Ca2Si5N8 and 0.5 GPa for the decomposition pres-
sure of o-Ca2Si5N8 into Ca3N2 and Si3N4 (see Tables 7, 10, and 11).

For reasons of simplicity, all figures and values given in this work are de-
rived from evaluation by MurnaghanUs EOS (see Tables 7, 10, and 11 for
details). The enthalpy H was calculated by H=E+pV. In equilibrium a
system will adopt the structure with the lowest free energy G. A phase
transformation is therefore governed by the difference in free enthalpy:
DG=DE+pDV�TDS. The contribution of the entropy is usually neglect-
ed, due to the small difference in entropy between solid-state crystal
structures and the comparably larger changes of DH within 1 GPa of
pressure change. Therefore, DH=DE+pDV is a good measure to com-
pare the relative stability of solid-state structures under pressure.

Table 13. Crystallographic data of HP-Ca2Si5N8 derived from Rietveld
refinement.

formula Ca2Si5N8

formula mass [gmol�1] 332.65
crystal system orthorhombic
space group Pbca (no. 61)
cell parameters [pm] a=1057.11(2)

b=963.81(2)
c=1362.50(2)

cell volume [106 pm3] 1388.19(4)
formula units/cell 8
X-ray density [gcm�3] 3.18
F ACHTUNGTRENNUNG(000) 1328
diffractometer Stoe Stadi P
radiation [pm] CuKa1 (l=154.056 pm)
monochromator Ge ACHTUNGTRENNUNG(111)
temperature [K] 293
profile range (2q) [8] 5 �2q�89.89
no. of data points 8489
hkl 0�h�9, 0�k�8, 0� l�12
observed reflections 611
no. of refined parameters:
atomic parameters 58
profile parameters 12 (6 each phase)
other parameters 3
structure refinement Rietveld refinement, GSAS[52]

background function shifted Chebyschev
profile function pseudo-Voigt
Rp 0.0289
wRp 0.0382
R jF j 2 0.07644
GOF 1.11
reduced c2 1.222
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