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Phenakite-Type BeP,N,—A Possible Precursor for a New Hard Spinel-Type

Material
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Abstract: BeP,N, was synthesized in a
multi-anvil apparatus starting from
Be;N, and P;Njs at 5 GPa and 1500°C.
The compound crystallizes in the phe-
nakite structure type (space group R3,
no. 148) with a=1269.45(2) pm, c=
834.86(2) pm, V=1165.13(4)x 10° pm’
and Z=18. As isostructural and isova-
lence-electronic  a-Si;N, transforms
into -Si;N, at high pressure and tem-
perature, we studied the phase transi-
tion of BeP,N, into the spinel structure
type by using density functional theory
calculations. The predicted transition

of today’s state of the art high-pressure
experimental setups. Calculations of in-
verse spinel-type BeP,N, revealed this
polymorph to be always higher in en-
thalpy than either phenakite-type or
spinel-type BeP,N,. The predicted bulk
modulus of spinel-type BeP,N, is in the
range of corundum and vy-Si;N, and
about 40 GPa higher than that of phe-
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nakite-type BeP,N,. This finding im-
plies an increase in hardness in analogy
to that occurring for the p- to y-Si;N,
transition. In hypothetical spinel-type
BeP,N, the coordination number of
phosphorus is increased from 4 to 6. So
far only coordination numbers up to 5
have been experimentally realized (y-
P;N;), though a sixfold coordination
for P has been predicted for hypothetic
0-P;Ns. We believe, our findings pro-
vide a strong incentive for further high-
pressure experiments in the quest for
novel hard materials with yet unprece-

pressure of 24 GPa is within the reach

Introduction

Phosphorus(V) nitride P;Ns has long been known as a re-
fractory binary nitride and has been used in a multitude of
applications, for example, as a gate insulator material in
metal-insulator semiconductor field-effect transistors (MIS-
EETs),l as a getter material in incandescent and tungsten-
halogen lamps,* or as a flame retardant.”) The compound
has been known for quite a long time,””! even though its
structure was not solved until 1997.1" Similar to other non-
metal nitrides (e.g., Si;N,), P;Njs is built up solely by TN, tet-
rahedra (T=P, Si, ...) forming a three-dimensional network
structure. Yet it exhibits not only corner sharing, but also
edge sharing tetrahedra, which are a unique building block
for binary nitrides. A significant increase in density and me-
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dented structural motives.

chanical hardness is achieved upon transformation into the
high-pressure polymorph y-P;Ns.®? In accordance to the
pressure-coordination rule, a partial increase of the coordi-
nation number of phosphorus from 4 to 5 occurs, thus lead-
ing to a coordination according to P*P,PINPIN,F!. At higher
pressures (about 40 GPa) theoretical studies suggest a trans-
formation into hypothetic 8-P;Ns with a kyanite-type struc-
ture comprising PNy octahedra and PN, tetrahedra.” §-
P;N5 may well distort upon quenching to ambient conditions
along a shear distortion path, resulting in monoclinic &’-P;Nj
built up of PNy octahedra, PNy trigonal bipyramids, and PN,
tetrahedra.!'”)

During the last few years, we succeeded in the high-pres-
sure/high-temperature syntheses of a number of multinary
nitridophosphates starting from P;Ns and the respective
azides. Azides have proven to be very successful precursors,
as they decompose into the corresponding nitrides and ni-
trogen under high-pressure/high-temperature conditions,
which then react with P;N; to give the desired product.!!]
The nitrogen released from the azides helps to prevent a
thermal dissociation of the target compound. Furthermore,
the use of azides circumvents the problem of non-existing or
difficult to synthesize nitrides (e.g., Na;N and K;N). Em-
ploying the so-called azide-route, recently we were able to
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synthesize a variety of new nitridophosphates, among them
the first nitridic clathrate P,N,(NH),(NH;),' MP,N, (M'=
Na-Cs)*l and MP,N, (M"=Ca, Sr, Ba).['"*!l

Within our systematic investigation of group II nitrido-
phosphates we now succeeded in the synthesis of BeP,N,
which crystallizes in the phenakite structure type. As
BeP,N, is isotypic and isoelectronic to (-Si;N,, which can
transform into spinel-type v-Si;N, at 15 GPa,''® a high-
pressure phase transition into spinel-type BeP,N, is consid-
ered and assessed by density functional theory (DFT) calcu-
lations. y-Si;N, has been found to be a very hard material."!
Spinel-type BeP,N, may well show similar mechanical prop-
erties, as phenakite-type BeP,N, is already hard enough to
scratch agate (Mohs Hardness: 6.5-7).12

Results and Discussion

Synthesis of BeP,N,: BeP,N, was synthesized from Be;N,
and P;Nj in a multi-anvil press at 5 GPa and 1500°C accord-
ing to Equation (1).

Be;N, + 2P;N; — 3BeP,N, (1)

To improve crystallinity and remove phosphorus impurities,
the reaction product was annealed for 2 h in a nitrogen at-
mosphere at 680°C. For further details on the synthesis, see
the Experimental Section.

Structure determination of BeP,N,: The crystal structure of
BeP,N, was determined from X-ray powder diffraction data
obtained by using a Stoe StadiP diffractometer in Debye—
Scherrer geometry using Cuy,, radiation. The diffraction
pattern was indexed using the WERNER-algorithm, as im-
plemented in WinXPOW.?"! The structure was found to
be rhombohedral primitive with lattice parameters a=
1269.45(2) pm and ¢=834.86(2) pm (hexagonal setting). As
a starting model for the Rietveld refinement a modified
structure model of phenakite Be,SiO, was employed. All Be
positions of phenakite were occupied by P, Si positions by
Be and O positions by N. Impurities (phosphorus or hexago-
nal and cubic Be;N,) were fitted using the Le Bail method
and subtracted internally by the program from the diffrac-
tion pattern during the refinement. Structure refinement
was possible both for the raw product as well as for an-
nealed samples. However, better results were obtained from
powder diffraction data of annealed samples due to im-
proved crystallinity. All data given here refer to annealed
BeP,N,. For details on the structure refinement, see Experi-
mental Section.

The atomic positions and isotropic thermal displacement
factors of BeP,N, are given in Table 1, the crystallographic
data in Table 2.

Structure description of BeP,N,: BeP,N, crystallizes in the
trigonal space group R3 mno. 148), isotypic with phenakite
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Table 1. Atom positions and isotropic displacement factors of BeP,N,.

Atom X y b4 Ui

Be(1) 0.2080(20) 0.2223(20) 0.249(4) 0.25

P(1) 0.2127(5) 0.0208(4) 0.4165(7) 2.24(17)
P(2) 0.2011(5) 0.0061(5) 0.0770(7) 4.14(20)
N(1) 0.1936(10) 0.0730(8) 0.2486(15) 0.29(11)
N(2) 0.3318(11) 0.3297(11) 0.2611(16) 0.29(11)
N(@3) 0.1293(10) 0.2158(10) 0.0805(15) 0.29(11)
N(4) 0.1297(13) 0.2275(10) 0.4192(15) 0.29(11)

Table 2. Crystallographic data of BeP,N,.

BeP,N,
M, [gmol '] 126.99
crystal system trigonal
space group R3 (No. 148)
a [pm] 1268.97(2)
¢ [pm] 834.69(2)
V [10° pm’) 1164.01(4)
formula units percell 18
o [gem™) 3258
diffractometer Stoe StadiP
radiation CuK,; (A=154.056 pm)
detector lin. PSD A26=5°
step width [°] 0.03
internal step width [°] 0.01
26-range [°] 10.0<26<80.0
data points 6785
obs. Reflections 163
background function shifted Chebyshev
no. of coefficients 18
profile function pseudo-Voigt
R, 0.0864
WwR, 0.1161
Ry Bkna 0.0971
WR Bk 0.1264
R 2 0.1290

Be,Si0,.®! The structure is built up of all corner sharing
BeN, and PN, tetrahedra, resulting in a coordination de-
scription according to BeP,IN,Pl. The tetrahedra form
dreier, vierer and sechser rings,” the latter two forming
channels parallel to [001] (Figure 1), while the dreier rings

Figure 1. Crystal structure of phenakite-type BeP,N, (view along [001];
BeN, tetrahedra depicted black, PN, tetrahedra depicted gray.
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exist only orthogonal to [001] (see the Supporting Informa-
tion). Two thirds of the sechser rings in each unit cell are
built up by alternating BeN, and PN, tetrahedra, one third
only by PN, tetrahedra (cf. Figure 1).

All N atoms are coordinated by one Be and two P atoms,
resulting in almost regular trigonal planar coordination. The
three T-N-T angles sum up to values between 355.5° and
359.3°, which differ only slightly from the regular value of
360° for planarity. The angles N-T-N within the TN, tetrahe-
dra range from 98.7(7) to 118.6(6)° (PN,) and from
101.4(15) to 117.9(15)° (BeNy) and thus are close to the reg-
ular tetrahedron angle of 109.5° (Table 3 and the Supporting
Information). The bond lengths Be—N are found to be
148.1(19)-181.1(23) pm, while the P—N bond lengths vary
from 160.3(10) to 173.0(13) pm (Table 4 and the Supporting
Information), the latter matching perfectly values found in
the literature for P-N (e.g., NaP,N;: 155.3-175.5 pm,™¥ a-
P;N;: 150.7-174.5 pm).”

Table 3. Tetrahedra angles and cation-anion-cation angles in BeP,N, (ex-
perimental and calculated) as well as in phenakite®® and B-Si;N,*! (all
angles given in®).

N-P-N N-Be-N A-X-B

(O-Be-0) (0-Si-0) (A,B=Be, P, Si;
X=N, 0)

BeP,N, 98.7(7)- 101.4(15)- 110.7(11)-
118.5(6) 117.9(15) 125.9(13)

BeP,N, 108.70-112.50  107.11-109.38 110.48-127.98

(LDA)

BeP,N, 107.22-112.78  106.72-109.26 112.28-128.15

(GGA)

Be,SiO, 107.56-11429  107.80-113.01 113.08-123.69

B-Si;N, 108.69-115.64 — 115.64-121.91

Table 4. Bond lengths in BeP,N, (experimental and calculated), com-
pared to values in a-P;Ns! and a-Be;N,?! (all bond lengths given in
pm).

PH-N

160.3(10)-173.0(13)
161.86-163.73
163.58-165.47

Bel-N

148.1(19)-181.1(23)
170.52-173.10
172.58-175.99

BeP,N,
BeP,N, (LDA)
BeP,N, (GGA)

a-P;Ns (Cc) - 150.72-174.46
a-P;Ns (C2/c) - 153.66-172.59
a-Be;N, 172.45-181.55 -

¥ ionic radii (Shannon)® 171 163

Y ionic radii (Baur)®! 175 158

DFT calculations: The structure optimization of BeP,N, re-
vealed a more ideal structure than experimentally found.
This becomes clear when examining the x and y fractional
coordinates of atoms placed above each other viewed along
[001]. In B-Si;N, they are identical, owing to the higher sym-
metry, and in phenakite, they are almost identical with only
very small deviations. In BeP,N, larger deviations are found
(see the Supporting Information). A similar tendency is re-
flected in the tetrahedra angles N-P-N and N-Be-N com-
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pared to those in phenakite (O-Be-O and O-Si-O) and f3-
Si;N, (N-Si-N) (Table 3). Again the values obtained from
the optimized structures are closer to those found in phena-
kite and B-Si;N, (Table 3).

The calculated bond lengths P—N and Be—N in compari-
son to the experimental values are given in Table 4. The
spread of the calculated bond lengths is smaller than that
for the experimentally determined structure. However, all
values (with the exception of the Be—N bonds in BeP,N,)
are similar to those found in a-P;Ns! and a-Be;N,.?!) As for
the very short value of 148.1(19) pm found experimentally
for the Be—N bond length in BeP,N,, it seems clear that the
calculated values are more reasonable.

BeP,N, exhibits the phenakite structure like (-Si;N,,!
which transforms into a spinel-type structure at high pres-
sure (y-SisN,).'71® Si;N, and BeP,N, are iso-valence-elec-
tronic (32 valence electrons per formula unit) and the ionic
radii of Be** (27 pm) and P5* (17 pm) are comparable to
those of Si** (26 pm).! Therefore, a spinel-type high-pres-
sure phase of BeP,N, seems to be likely.

Spinels are compounds of composition AB,X,. The anions
X form a cubic close packing (ccp) and the cations occupy
an eighth of the tetrahedral voids and half of the octahedral
voids. In the normal spinel structure the A atoms occupy
the tetrahedral voids, whereas the B atoms are located in
the octahedral voids. In inverse spinels, half of the B atoms
occupy tetrahedral sites and half occupy octahedral sites,
whereas the A atoms occupy the remaining octahedral sites.
In between these two types of spinel structures countless
partly inverse spinel structures can be envisaged."*

We calculated BeP,N, both in the normal as well as the
inverse spinel structure. Normal spinel crystallizes in cubic
space group Fd3m (no. 227). The Be atoms are located on
the tetrahedral sites, the P atoms on the octahedral sites.
Therefore, in normal spinel-type BeP,N, (sp-BeP,N,), com-
pared to phenakite-type BeP,N,, the coordination number
of P would be increased from four to six for all P atoms. So
far in nitridophosphates only coordination numbers of phos-
phorus up to five have been experimentally realized (cf. vy-
P;N;)®*! and a sixfold coordination for P has been predicted
for hypothetic 8-P;N;.[1"

To construct the inverse spinel structure, the primitive
unit cell of normal spinel was used as a starting point. This
cell contains two formula units, resulting in two tetrahedral-
ly and four octahedrally coordinated cation positions. The
tetrahedrally coordinated positions were solely occupied by
P. For the distribution of the remaining P and Be atoms on
the octahedral positions, from a combinatorial point of view,
six patterns were possible. However, owing to symmetry rea-
sons, all combinations resulted in the same structure
(Figure 2). The resulting inverse spinel structure exhibits the
orthorhombic space group Imma (no.74) (see the Support-
ing Information). An inverse spinel high-pressure phase of
BeP,N, would result in a partially increased coordination
number for P, as only half of the P atoms are occupying oc-
tahedral sites, whereas the coordination number for all Be
would be increased from four to six, which, to the best
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normal spinel inverse spinel

Figure 2. Construction of inverse spinel from the normal spinel structure
(Be atoms drawn light gray, P atoms dark gray, N atoms black; Be/PN,
octahedra are drawn, PNy octahedra light gray, BeNg octahedra black).

knowledge of the authors, is not yet known except for cen-
tral Be in Zr, clusters.*”)

The calculated bond lengths for P-N and Be—N in spinel-
type BeP,N, and inverse spinel-type BeP,N, are listed in
Table 5. They are all in the range found in Be;N, and P;N;
compounds.””*! Bel’'-N distances are longer than Bel'-N
distances, as are the bond lengths of PN in comparison to
the bond lengths of P¥—N.

Table 5. Bond lengths in normal (sp-) and inverse spinel-type (isp-)-
BeP,N,, compared to values in y-P;N*°! and a-Be;N,* as well as the
theoretically predicted P;Ns phases 8-P;Ns" and &-P;NJ!'” (all bond
lengths given in pm).

BeN BellN PN PPN PELN
sp-BeP,N, (LDA) 17376 - - - 176.19
sp-BePN, (GGA) 17991 - - - 182.24
isp-BeP,N, (LDA) 18149 16237 - 176.72
18453 172.23 181.39
isp-BeP,N, (GGA) - 18339 164.05 - 178.93
18722 175.36 183.99
¥-P3N; - 158.65 16571~ -
169.76  177.54
8-P;N; - 1563- - 164.9-
159.9 186.9
&'-P3Ny - - 1539-  1592-  174.3-
1657 1871 185.1
a-Be;N, 17245~ - - - -
181.55

Phenakite-type BeP,N, exhibits both, within LDA and
GGA, the lowest ground state energy (LDA: —58.817 eV,
GGA: —-52.840eV) and density. The calculated density
(LDA: 3.31 gcm™; GGA: 320 gcm™) matches quite well
the experimental value (3.26 gcm™). Spinel-type BeP,N, is
about 22% denser than phenakite-type BeP,N, and
1.105eV (LDA) and 1.611 eV (GGA), respectively, higher
in energy. Inverse spinel-type BeP,N, is the densest phase of
the three considered (about 24-25% denser than phenakite-
type BeP,N, and about 2% denser than spinel-type
BeP,N,). It leads to values 2.428 eV (LDA) and 2.979 eV
(GGA) higher in energy than phenakite-type BeP,N, and
1.323 eV (LDA) and 1.368 eV (GGA) higher than spinel-
type BeP,N,.
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Phenakite-type BeP,N, exhibits the lowest bulk modulus
(GGA: 220 GPa). Spinel-type BeP,N, has a zero-pressure
bulk modulus of 291 GPa within LDA and of 263 GPa
within GGA. The highest bulk modulus was found for in-
verse spinel-type BeP,N,, which amounts to 316 GPa within
LDA and to 278 GPa within GGA. All calculated values are
listed in Table 6. A high bulk modulus is an indicator for

Table 6. E,, V,, By, and p, of phenakite-type, spinel-type (sp-) and in-
verse spinel-type (isp-)BeP,N, within LDA and GGA (E, and V| given
per formula unit).

E, [eV] V, [10° pm’] B, [GPa]  p, [gem™]
BeP,N, (LDA) —58.817 63.66 - 331
sp-BeP,N, —57.721 52.01 291 4.05
isp-BeP,N, —56.389 50.97 316 4.14
BeP,N, (GGA) —52.840 65.99 220 3.20
sp-BeP,N, —51.229 54.11 263 3.90
isp-BeP,N, —49.861 53.11 278 3.97

hardness, but not in itself a sufficient precondition for it, as
the hardness of a material is determined by various factors.
It is widely accepted, that small atoms, short bonds, a high
degree of covalency, a high bond density and a high packing
efficiency are required for hard materials.***! An increase
of the coordination number on its own will not necessarily
effect a higher hardness, as it not only increases the packing
efficiency, but also bond length and ionicity. This results in
opposed effects on the hardness and it remains to be seen
which factor is dominant.®® For spinel-type y-Si;N, an in-
crease in hardness, as compared to [-Si;N,, is paralleled by
an increase in bulk modulus. As BeP,N, is isovalence-clec-
tronic to Si;N,, the ionic radii for Be’* and P°* are similar
to that of Si*+.P*¥ The phase transformation from phena-
kite-type to spinel-type BeP,N, is also accompanied by an
increase of the bulk modulus, and the bulk modulus of
spinel-type BeP,N, adopts a value between that of corun-
dum (B,=252 GPa, H,=20 GPa)®! and v-Si;N, (B, experi-
mental =290-317 GPa,*"*® B, calculated 292-319 GPa,*!
Hy,=30-43 GPa),”” spinel-type BeP,N, is likely to exhibit a
hardness similar to these compounds and higher than that of
phenakite-type BeP,N,, which would render it a quite-hard
material. Furthermore, its bulk modulus is comparable to
those of other nitridic spinels (hypothetic c-FesN,: By=
304 GPa;* y-Ge;N,: By=295 GPa*!) and higher than the
bulk modulus estimated for the mixed oxynitride Ga;O;N
(By=234 GPa)."¥

Energy-volume calculations of high-pressure phase transi-
tions: In Figure 3 the energy-volume curves calculated
within GGA are depicted. From these, the enthalpy-pres-
sure phase diagram, as depicted in Figure 4 was derived. Ac-
cordingly, the transition pressure of phenakite-type BeP,N,
into spinel-type BeP,N, was calculated to 24 GPa within
GGA. Inverse spinel-type BeP,N, was found to be always
higher in enthalpy than either phenakite-type or spinel-type
BeP,N, up to 100 GPa (also Figure 4). Therefore, only
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Figure 3. Energy-volume (E-V) phase diagram of phenakite-type, spinel-

type (sp-) and inverse spinel-type (isp-)BeP,N, (GGA; each symbol rep-

resents a calculation): isp-BeP,N, (a); sp-BeP,N, (0); BeP,N, (m).
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Figure 4. Enthalpy-pressure (H-p) diagram for the transition of phena-
kite-type BeP,N, into spinel-type (sp-)BeP,N, (p,=24 GPa). Inverse
spinel-type (isp-)BeP,N, remains always higher in enthalpy than either
other polymorph (GGA, derived from the evaluation of the E-V data by
the Murnaghan EOS).

spinel-type BeP,N, seems to be a candidate for a high-pres-
sure phase of BeP,N,.

The calculated transition pressure for phenakite-type
BeP,N, into spinel-type BeP,N, is quite low, 24 GPa. This
pressure is just out of reach of our multi-anvil setup but
should be easily attainable in diamond anvil cell setups,
even if, as a result of kinetic effects, the experimental transi-
tion pressure is somewhat higher than the calculated value.

Conclusion

BeP,N,, synthesized in a multi-anvil apparatus at 5 GPa and
1500°C crystallizes in the phenakite structure. Higher crys-
tallinity can be achieved by annealing the sample at 680°C.
Annealing also removes the by-product of black phosphorus,
but leads to the formation of minor quantities of hexagonal
and cubic Be;N,. The crystal structure was refined from
powder diffraction data by using the Rietveld method.
Density functional calculations suggest a phase transfor-
mation into spinel-type BeP,N, at about 24 GPa. This pres-
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sure range is well attainable in today’s high-pressure experi-
mental setups. The calculated bulk moduli for spinel-type
BeP,N,, which are in the range of known hard materials,
such as corundum and y-Si;N,, are higher than that of phe-
nakite-type BeP,N,, which proved hard enough to scratch
agate.

Experimental Section

Synthesis of BeP,N,: BeP,N, was synthesized from the binary nitrides
Be;N, and P;Nj at 1500°C and 5 GPa by using a Walker-type multianvil
apparatus. Be;N, was synthesized from beryllium powder (Chempur) by
heating to 1100°C in a continuous flow of nitrogen.* P;N; was obtained
by heating hexachlorocyclotriphosphazene (PNCl,); (Aldrich, 99%) in a
continuous flow of ammonia (3.8, Messer Griesheim) and subsequent re-
moval of ammonium chloride in vacuo."!! Owing to the hydrolysis sensi-
tivity of Be;N,, sample preparations were carried out in a glove box
(MBraun MB 150, Garching, Germany; H,O <0.2 ppm, O,<1.0 ppm) in
an argon atmosphere. The starting materials phosphorus(V) nitride and
beryllium nitride with a molar ratio of 2:1 were thoroughly mixed and
ground in a micro-ball mill. The mixture was then packed into a hexago-
nal boron nitride crucible (Henze, Kempten, Germany) which afterwards
was placed in the high-pressure experiment assembly. The crucible was
centered within a set of two graphite resistance heaters and held in place
using two spacers of MgO. This heating unit was thermally isolated from
the outer assembly parts by a tube of ZrO,, which was placed in a previ-
ously drilled hole in an octahedral pressure medium (Cr,O; doped MgO,
Ceramic Substrates). Electrical contact to the anvils of tungsten carbide
was achieved by using two pieces of molybdenum. Owing to the toxicity
of beryllium and its compounds,*! the module was sealed prior to the ex-
periment with silicone. The sample was compressed to 5 GPa within
4.5 h, then heated to 1500°C within 40 min. The temperature was held
for 30 min and then reduced to room temperature within 30 min, fol-
lowed by a decompression period of 10 h. After the experiment the cruci-
ble was recovered and wetted with PTFE spray prior to breaking it open
to obtain the reaction product. The raw product appeared to be black,
due to impurities of black phosphorus and was hard enough to scratch
agate. To remove the phosphorus from the sample, the raw product was
sealed in a glass ampoule under nitrogen atmosphere, heated to 680°C
within 2 h, held at this temperature for 1h and slowly cooled to room
temperature. Black phosphorus is thus converted to white phosphorus,
which evaporates and condenses onto the glass walls during cooling. The
obtained BeP,N, powder still contains minor traces of hexagonal and
cubic Be;N,. To synthesize purer samples of BeP,N,, containing less
phosphorus impurities, higher pressures of 8-12 GPa are of advantage.

Powder X-ray diffraction: X-ray diffraction experiments on powder sam-
ples of BeP,N, were performed by using a STOE StadiP powder diffrac-
tometer in Debye-Scherrer geometry, with Ge(111)-monochromatized
Cug,, radiation (4=154.06 pm). Indexing the diffraction pattern using
the WERNER-algorithm as implemented in WinXPOWP'* resulted in
a rhombohedral primitive cell with lattice parameters a =1269.45(2) pm,
¢=834.86(2) pm (hexagonal setting). A Rietveld refinement has been
carried out using the program package GSAS.*! As a starting model for
the Rietveld refinement a modified structure model of phenakite was
used. The Be positions of phenakite were occupied by P, the Si positions
by Be and the O positions by N. All not annealed samples of BeP,N,
contain traces of orthorhombic phosphorus. Its reflections were fitted
using the Le Bail method and subtracted internally by the program from
the powder diffraction pattern during the refinement. Diffraction pat-
terns of annealed samples showed reflections that were assigned to hex-
agonal and cubic beryllium nitride. These were also fitted using the Le
Bail method and subtracted internally by the program from the diffrac-
tion pattern during the refinement. The atomic positions of all atoms as
well as the isotropic displacement factors of phosphorus were refined.
Owing to the low scattering factor of Be, its thermal displacement factors
could not be refined. The isotropic displacement factors of the N atoms
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Figure 5. Rietveld refinement of BeP,N,, showing I, (crosses), I, (line),
Is—1.,. Allowed reflections of BeP,N, as well as those of the by-prod-
ucts (hexagonal and cubic Be;N,) are marked with vertical lines.

were set to equal values and refined together. The observed and calculat-
ed X-ray powder diffraction pattern and the difference profile of the
Rietveld refinement are shown in Figure 5.

Further details of the crystal structure investigations can be obtained
from the Fachinformationszentrum Karlsruhe, 76344 Eggenstein-Leo-
poldshafen, Germany (fax: (449)7247-808-666; e-mail: crysdata@fiz-
karlsruhe.de) on quoting the depository number CSD-421385.

Computational methods: Structural optimizations, total energies, and
properties are calculated within density functional theory (DFT),*” for
which we use the Vienna ab-initio Simulation Package (VASP). It com-
bines the total energy pseudopotential method with a plane-wave basis
set.*>% The electron exchange and correlation energy were treated
within the local-density approximation (LDA)PY as well as generalized-
gradient approximation (GGA).’**3) We employ the projector-augment-
ed wave (PAW) method.’*>! The cut-off energy for the expansion of the
wave function into the plane wave basis was 500 eV. Residual forces
were converged below 5x10° eV A~'. The Brillouin zone integration was
done by using the Monkhorst-Pack scheme.” Structure optimizations
were done by relaxing all internal parameters as well as cell parameters
and the unit cell volume. The unit cell of BeP,N, contains 126 atoms,
which is reduced to 42 atoms (6 formula units) by employing the primi-
tive unit cell. A k-point mesh of 6 x6x6 was used. The unit cell of spinel
BeP,N, contains 56 atoms. By transforming into a primitive unit cell, this
is reduced to 14 atoms per cell (2 formula units). A k-point mesh of 6x
6x6 was used. The unit cell of inverse spinel BeP,N, contains 28 atoms,
the primitive cell 14 atoms (2 formula units). A k-point mesh of 6 x6x6
was employed. To obtain the zero-pressure bulk modulus, we vary the
volume around the zero pressure volume V. We then use Murnaghans,
Birchs, and Vinets equation of state (EOS)*"! as well as a spline fit for
fitting the calculated E-V data. The E-V curves are transformed to en-
thalpy-pressure diagrams by extracting the pressure p through numerical
differentiation of the equations of state (p=—0E/0V) and subsequently
calculating the enthalpy H by using H=E+pV. Neglecting entropy ef-
fects due to the small difference in entropy between solid-state crystal
structures and the comparably larger changes of AH within 1 GPa of
pressure change, we chose the enthalpy difference AH as an appropriate
measure to compare the relative stability of solid-state structures under
pressure.
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