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Relative stability of P63 Õm and P63 structures of b-Si3N4
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The relative stability between theP63 /m andP63 structures ofb-silicon nitride (b-Si3N4) crystal has been
examined using theab initio pseudopotential method. We have performed the relaxation of atomic positions in
the unit cell according to the Hellmann-Feynman forces for several sets of lattice constants around the experi-
mental ones. For each set of lattice constants, theP63 /m structure is naturally recovered through the relaxation
from theP63 initial configurations. There exist no energy minima of theP63 structure for the examined sets
of lattice parameters. Thus it is concluded that the ground-state structure ofb-Si3N4 hasP63 /m symmetry
contrary to a recent orthogonalized-linear combination of atomic orbitals calculation. However, the energy
increases by the displacements of thez coordinates of N atoms constituting a coplanar configuration on the
~0001! plane are very small. This should be concerned with the conflicting experimental observations.
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Silicon nitride (Si3N4) is an important material as a stru
tural ceramic and as a dielectric insulator. The atomic c
figuration of the Si3N4 crystal is very complex with a large
number of atoms in the unit cell. The fundamental structu
aspect of Si3N4 is still critically unresolved and causes u
certainty as mentioned in publications on crystal-structu
related research.1,2 Under usual pressure and temperatu
there are two crystal forms of Si3N4 , a-Si3N4 , and
b-Si3N4 . Concerning the space group ofb-Si3N4 , a dis-
agreement among researchers in this field has remaine
many years.3–16Two atomic structures have been experime
tally proposed forb-Si3N4 , one with the mirror symmetry in
the space group ofP63 /m ~Refs. 4, 5, and 11–15! and the
other without mirror symmetry in the space group ofP63

~Refs. 3, 6, and 16!. For the higher-symmetryP63 /m struc-
ture, one-half of the atoms are exactly located on the pl
z5 1

4 c0 and the other half are exactly onz5 3
4 c0 as shown in

Fig. 1. Two nitrogen atoms~N1 group, atoms 1 and 2 in Fig
1! in the unit cell are at special positions (2c), where these
atoms are coplanar with the neighboring Si atoms. The
maining six N atoms belong to the N2 group~atoms 3–8 in
Fig. 1!. For the noncentrosymmetricP63 structure, thez co-
ordinates of N atoms deviate fromz5 1

4 c0 or z5 3
4 c0 as

shown in Fig. 1. Thus none of the N atoms are exactly
planar with the neighboring Si atoms.

The exact stable structure ofb-Si3N4 at zero temperature
is still unresolved. Only recently, the relative stability b
tween theP63 /m and P63 structures has been studied b
first-principles calculations using the orthogonalized-line
combination of atomic orbital~OLCAO! method9 based on
the density-functional theory~DFT! with the local density
approximation~LDA !.17,18 In this study, the relaxation of the
internal parameters was achieved using a simple fin
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-

l

-
,

for
-

e

e-

-

r

-

difference method. This study showed that theP63 structure
is more stable than theP63 /m structure.

The relative stability between theP63 /m andP63 struc-
tures is concerned with the shape of the potential ene
surface in the multidimensional hyperspace of the inner
ordinates and lattice parameters. This kind of information
not necessary enough in Ref. 9. We think that the plane-w
pseudopotential method is very suitable to the present p
lem, because the relaxation of complex configurations can
performed according to the Hellmann-Feynman forces ea
and accurately if the plane-wave cutoff energy is enou
large. It should be noted that the relative stability and sh
of potential energy surface can be examined directly
tracking the relaxation behavior as described in the pres
paper.

We calculate the total energy and Hellmann-Feynm
forces using the plane-wave pseudopotential method19 based
on the DFT-LDA. In order to reduce the number of requir

FIG. 1. Atomic arrangement in the unit cell ofP63 /m or P63

structure including atoms from neighboring cells. Main differenc
between theP63 /m and P63 structures are thez coordinates of N
atoms.
©2002 The American Physical Society04-1
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plane waves, Troullier-Martins-~TM-! type20 pseudopoten-
tials in the separable Kleinman-Bylander21 form were em-
ployed. Details of the electronic configurations and cut
radii for the construction of Si and N pseudopotentials
given in our preceding paper.22 We use the conjugate grad
ent technique23 to efficiently obtain the electronic groun
state. We used six specialkW points in the irreducible part o
the Brillouin zone~BZ! and a plane-wave cutoff energy of 6
Ry. These conditions were examined in our preceding pa
Both theP63 /m and P63 structures have the same irredu
ible part of the BZ, because the necessary region in the
can be reduced to half by time-reversal symmetry even in
case ofP63 . Thus we use the samekW points for both struc-
tures with the same lattice parameters.

In our preceding paper22 we determined the most stab
configuration for theP63 /m symmetry, where we performe
relaxation of the lattice constants and atomic positions w
the constraint of theP63 /m symmetry. In the present pape
we examine the stability of theP63 structure as compare
with the P63 /m structure. For several sets of lattice para
eters, we perform a relaxation of atomic positions accord
to the atomic forces with the constraint of theP63 symmetry
from the initial atomic positions of the experimentally pr
posed P63 structure3 or of the recently optimizedP63
structure.9 To preserveP63 symmetry in the relaxation, N1
atoms in Fig. 1 are fixed in thex-y plane and theirz coordi-
nates are relaxed. The N2 atoms in Fig. 1 are allowed
move in all xW , yW , and zW directions. The Si atoms can b
relaxed in thex-y plane with theirz coordinates fixed to the
value of 1

4 c0 or 3
4 c0 . Thus a total of six independent atom

parameters are optimized for each set of lattice consta
Atomic displacements in the relaxation are given by sim
multiplying the Hellmann-Feynman forces by some fact
Transformation of atomic displacements into changes
atomic parameters is easy, because the atomic forces
have the same symmetric property. For each relaxation
we observe a variation of total energy and atomic coo
nates. The initialz atomic parameters of N1 and N2 atom
are not 0.25 for theP63 structure. If thez atomic parameters
of N1 and N2 atoms become 0.25 in the relaxation, it me
that theP63 /m structure is naturally recovered from theP63
structure, and thus theP63 /m structure is more stable.

We have performed the relaxation for several sets of
tice parameters around the experimental values as show
Fig. 2. For the initial inner parameters of the atomic po
tions in the unit cell, we used the experimental ones of
P63 structure,3 where thez atomic parameters of N1 and N
atoms are 0.2392 and 0.2628, respectively. Only for setG did
we used the atomic parameters by the OLCAO calculatio9

where thez parameters of N1 and N2 atoms are 0.2353 a
0.2726, respectively. In Fig. 3, the three-dimensional rep
sentations in energy-position space show the relaxa
tracks for all sets of lattice constants. For all sets, the t
energy is really decreased by the relaxation, and thez atomic
parameters of N atoms naturally reach nearly 0.25. T
means that theP63 /m symmetry is naturally recovered i
the relaxation. The converged structure is not exac
P63 /m, but nearlyP63 /m because the relaxation is stopp
09210
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by the condition of the atomic force values. For each co
verged configuration of nearlyP63 /m, we forced thez
atomic parameters of N atoms to be exactly 0.25, and t
we performed relaxation of the remaining atomic paramet
The red square in Fig. 3 shows the energy of this ex
P63 /m structure at the end of the track. We have observ
that the obtained exactP63 /m structure is really a little more
stable than the nearlyP63 /m structure. And there exist no
local energy minima except for the exactP63 /m structure in
each track. Thus it is concluded that theP63 /m structure is
more stable than theP63 structure for all sets of lattice pa
rameters. It should be noted that bothP63 /m andP63 struc-
tures are dealt with under exactly the same conditions
each set of lattice parameters. Therefore, the uncerta
caused by the DFT-LDA is unsupported with regard to t
point.

In Fig. 3, the parameter of N2 reaches 0.25 rapid
whereas the parameter of N1 reaches 0.25 very slowly
each case. It is clear that the total energy increase by
displacement of thez coordinate of N1 is very small. In othe
words, the curvature of the potential energy surface aga
the z atomic parameter of N1 is very small. Thus the atom
force on N atoms of the N1 group is very small when t
configuration nearly reaches theP63 /m structure. However,
the atomic force on N atoms of the N1 group has the dir
tion so as to recover theP63 /m symmetry in the relaxation
and is zero in theP63 /m structure. The present feature of th

FIG. 2. Map of the lattice constant sets examined in this pa
SetA is the lattice parameters of the most stableP63 /m structure
obtained in Ref. 22. SetB is the experimental ones proposed as t
P63 structure~Ref. 3!. Set G is the lattice constants of theP63

structure obtained by the OLCAO method~Ref. 9!. SetF is the 1%
compression of setA. SetsC, D, andE are the 2% compression o
the parameters ofB. Set H is the 2% expansion of setB. The
experimental lattice constants of theP63 /m structure~Ref. 15! are
indicated bys.
4-2
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FIG. 3. ~Color! The relaxation track from initialP63 structure for various sets of lattice parameters fromA to H. The tracks are shown
three-dimensionally for the total energy and thez atomic parameters of N1 and N2.
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potential energy surface indicates that the displacement o
atoms of the N1 group along thezW direction is rather easy
This should cause very slow lattice vibration modes. Th
should exist a substantial probability of such displaceme
of N atoms associated with such lattice vibrations or
presence of lattice defects or impurities. This point should
concerned with conflicting experimental observations.
should be noted that the detailed features of the poten
energy surface with rather small curvatures can be ef
tively examined by the present scheme utilizing t
Hellmann-Feynman forces, because the forces contain
information on the potential surface.

Finally, we have examined the dependence of the pre
essential results on the calculation conditions such as
plane-wave cutoff energy and the number of specialkW points.
Only the total energy is calculated using a cutoff energy
75 Ry and 6 or 12 specialkW points for the initial and final
atomic parameters in the relaxation shown in Fig. 3. It can
said that the energy differences between the initial and fi
configurations do not seriously depend on the number okW

points and the plane-wave cutoff energy, although the ab
lute total energy values depend on the calculation conditio
For the lattice parameters of setA, the energy difference
between the initial and final configurations is 0.008 224
Ry/cell for 6 kW points and 65 Ry. The difference i
0.008 227 73 Ry/cell and 0.008 223 26 Ry/cell for 6kW points
and 75 Ry and for 12kW points and 75 Ry, respectively. Fo
the lattice parameters of setB, the difference is 0.007 990 2
Ry/cell for 6 kW points and 65 Ry. The difference i
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0.007 999 35 Ry/cell and 0.007 995 45 Ry/cell for 6kW points
and 75 Ry and for 12kW points and 75 Ry, respectively. Fo
the lattice parameters of setG, the difference is 0.026 202 6
Ry/cell for 6 kW points and 65 Ry. The difference i
0.026 220 58 Ry/cell and 0.026 373 47 Ry/cell for 6kW points
and 75 Ry/cell and for 12kW points and 75 Ry, respectively
Note that the initial atomic parameters for setG are those
from Ref. 9. It is very important that both the experimen
and the calculatedP63 structures3,9 have higher energy than
theP63 /m structure regardless of the calculation condition
Of course, the energy difference values for the initial a
final configurations are rather small, which are in the sa
order of numerical errors thought to be associated withkW

points sampling and plane-wave cutoff energy. Howev
such numerical errors mainly affect absolute total energy v
ues, and the present kind of energy differences for fixed c
are essentially little affected.

We have examined only several sets of lattice parame
in the region of62% of the experimental lattice paramete
as shown in Fig. 2. However, it does not seem that the
tential energy surface is so complicated at least against
lattice parameters. As seen in the converged total energy
ues of theP63 /m structures in Fig. 3, it is clear that th
energy minimum of theP63 /m structure exists at the pointA
in the region of62%. On the other hand, the shape of ea
relaxation track itself in Fig. 3 does not reveal significa
dependence on the lattice parameters, where only energy
ues are shifted according to the lattice parameters, excep
the track of the pointG with different initial inner coordi-
4-3
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nates. These points indicate that theP63 /m structure is al-
ways more stable than theP63 structure and that there exis
no local energy minima for theP63 structure in this region
of lattice parameters. Of course, we do not deny the po
bility that the P63 structure could be more stable than t
P63 /m structure for some other region of the space of latt
parameters. However, it does not seem that such a re
should exist at least near the experimental lattice parame

We think that the physical origin of the relative stabili
of theP63 /m structure may be concerned with some kind
local tensile atmosphere around the N1 atom on the b
plane, where tensile forces of the Si-N bonds should stab
the planar configuration. If the compressive stress occ
around the N1 atom along the basal plane for some sma
lattice constant ofa0 , the N1 atom may stick out of the plan
by the compressive forces of the Si-N bonds, which indu
the P63 structure. However, such a phenomenon was
observed for the examined lattice parameters.

From the present examination, it is concluded that
most stable configuration ofb-Si3N4 in the usual atmo-
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sphere hasP63 /m symmetry. In other words, theP63 /m
structure obtained in our preceding study22 is the most stable
phase ofb-Si3N4 . By the way, there exists a dynamic
scheme to examine the present problem, which is the fi
principles molecular-dynamics method combined with
variable unit-cell shape algorithm. Such a scheme can
form simultaneous relaxation of both lattice parameters
atomic parameters, and has recently revealed the relative
bility of the P63 /m structure forb-C3N4 .24 However, if we
repeat the relaxation of inner coordinates for each set of
tice parameters, the results should coincide with those
such a simultaneous full relaxation.

We express our thanks to Dr. T. Hashimoto and Dr.
Tanaka for useful comments and discussions. We used
computer programs developed by the support of the A
JST ~Research and Development for Applying Advanc
Computational Science and Technology, Japan Science
Technology Corporation!.
n-

gr.

m.

.

*Present address: Interface Science Research Group, Speci
vision of Green Life Technology, National Institute of Advance
Industrial Science and Technology, 1-8-31, Midorigaoka, Ike
City, Osaka 563-8577, Japan.

1C. M. Wang, X. Pan, M. Ru¨hle, F. L. Riley, and M. Mitomo, J.
Mater. Sci.31, 5281~1996!.

2F. L. Riley, J. Am. Ceram. Soc.83, 245 ~2000!.
3R. Grün, Acta Crystallogr., Sect. B: Struct. Crystallogr. Crys

Chem.35, 800 ~1979!.
4S. Wild, P. Grieveson, and K. H. Jack, inSpecial Ceramics 5,

edited by P. Popper~British Ceramic Research Association
Stoke-on-Trent, 1972!, p. 385.

5P. Goodman and M. O’Keeffe, Acta Crystallogr., Sect. B: Stru
Crystallogr. Cryst. Chem.36, 2891~1980!.

6Y. Bando, Acta Crystallogr., Sect. B: Struct. Sci.39, 185 ~1983!.
7M. Billy, J.-C. Labre, A. Selvaraj, and G. Roult, Mater. Res. Bu

18, 921 ~1983!.
8C. K. Loong, P. Vashishya, R. K. Kalia, and I. Ebbsjo¨, Europhys.

Lett. 31, 201 ~1995!.
9W. Y. Ching, L. Ouyang, and J. D. Gale, Phys. Rev. B61, 8696

~2000!.
10W. Y. Ching, Y. N. Xu, J. D. Gale, and M. Ru¨hle, J. Am. Ceram.

Soc.81, 3189~1998!.
l Di-
d
a

t.

,

t.

l.

11D. Hardie and K. H. Jack, Nature~London! 180, 332 ~1957!.
12S. N. Ruddlesden and P. Popper, Acta Crystallogr.11, 465~1958!.
13O. Borgen and H. M. Seip, Acta Chem. Scand.15, 1789~1961!.
14Y. M. Li, M. B. Kruger, J. H. Nguyen, W. A. Caldwell, and

Raymond Jeanloz, Solid State Commun.103, 107 ~1997!.
15Pearson’s Handbook Desk Edition, Crystallographic Data for I

termetallic Phases, Vol. 2, edited by P. Villars~The Materials
Information Society, Materials Park, OH, 1997!, p. 2437.

16J. Schneider, F. Frey, N. Johnson, and K. Laschke, Z. Kristallo
209, 328 ~1994!.

17P. Hohenberg and W. Kohn, Phys. Rev. B136, B864 ~1964!; W.
Kohn and L. J. Sham, Phys. Rev. A140, A1133 ~1965!.

18J. P. Perdew and A. Zunger, Phys. Rev. B23, 5048~1981!.
19D. R. Hamann, M. Schlu¨ter, and C. Chiang, Phys. Rev. Lett.43,

1494 ~1979!.
20N. Troullier and J. L. Martines, Phys. Rev. B43, 1993~1991!.
21L. Kleinman and D. M. Bylander, Phys. Rev. Lett.48, 1425

~1982!.
22R. Belkada, M. Kohyama, T. Shibayanagi, and M. Naka, J. A

Ceram. Soc.83, 2449~2000!.
23M. C. Payne, M. P. Tetter, D. C. Allan, T. A. Arias, and J. D

Joannopoulos, Rev. Mod. Phys.64, 1045~1992!.
24T. Hashimoto and M. Kohyama, Phys. Rev. B64, 012103~2001!.
4-4


