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Relative stability of P63/m and P65 structures of 8-SizN,
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The relative stability between thHe6;/m and P65 structures of3-silicon nitride (3-SizN,) crystal has been
examined using thab 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 constantsP®/m structure is naturally recovered through the relaxation
from the P63 initial configurations. There exist no energy minima of #@; structure for the examined sets
of lattice parameters. Thus it is concluded that the ground-state structy@eSaiN, hasP65;/m symmetry
contrary to a recent orthogonalized-linear combination of atomic orbitals calculation. However, the energy
increases by the displacements of theoordinates of N atoms constituting a coplanar configuration on the
(000 plane are very small. This should be concerned with the conflicting experimental observations.
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Silicon nitride (S§N,) is an important material as a struc- difference method. This study showed that B@; structure
tural ceramic and as a dielectric insulator. The atomic conis more stable than thB6;/m structure.
figuration of the SjN, crystal is very complex with a large The relative stability between the63;/m and P65 struc-
number of atoms in the unit cell. The fundamental structuratures is concerned with the shape of the potential energy
aspect of SiN, is still critically unresolved and causes un- surface in the multidimensional hyperspace of the inner co-
certainty as mentioned in publications on crystal-structureordinates and lattice parameters. Thi; kind of information is
related research? Under usual pressure and temperature N0t necessary enough in Ref. 9. We think that the plane-wave
there are two crystal forms of $,, a-SikN,, and pseudopotential method is very suitable to the present prob-

B-SisN,. Concerning the space group BESisN,, a dis- lem, because the relaxation of complex configurations can be

agreement among researchers in this field has remained fBFrformed according to the Hellmann-Feynman forces easily

_16 . . ‘and accurately if the plane-wave cutoff energy is enough
many years:*Two a_t omic struct.ures hav_e been experimen large. It should be noted that the relative stability and shape
tally proposed fop3-SigN,, one with the mirror symmetry in of potential energy surface can be examined directly by
the space group dP63/m (Refs. 4, 5, and 11-3@nd the 5 ying the relaxation behavior as described in the present
other without mirror symmetry in the space group P8, paper.

(Refs. 3, 6, and 16 For the higher-symmetri?65/m struc- We calculate the total energy and Hellmann-Feynman
ture, one-half of the atoms are exactly located on the plangyrces using the plane-wave pseudopotential méfhoased

=3¢ and the other half are exactly @3¢, as shown in  on the DFT-LDA. In order to reduce the number of required
Fig. 1. Two nitrogen atom@&\1 group, atoms 1 and 2 in Fig.

1) in the unit cell are at special positionsd)2 where these Heglee e
atoms are coplanar with the neighboring Si atoms. The re-

maining six N atoms belong to the N2 gro(gtoms 3-8 in Si N1 N2 [Si NI N2
Fig. 1). For the noncentrosymmetrR6; structure, the co- ~ «f$ 9 @@ 9
ordinates of N atoms deviate from=3c, or z=3c, as . °

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

The exact stable structure Bf Si;N, at zero temperature
is still unresolved. Only recently, the relative stability be-
tween theP65;/m and P63 structures has been studied by
first-principles calculations using the orthogonalized-linear
combination of atomic orbitalOLCAO) method based on FIG. 1. Atomic arrangement in the unit cell 8%63/m or P65
the density-functional theoryDFT) with the local density structure including atoms from neighboring cells. Main differences
approximationLDA).1"*8|n this study, the relaxation of the between theP65/m and P65 structures are the coordinates of N
internal parameters was achieved using a simple finiteatoms.
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plane waves, Troullier-MartinscTM-) type’® pseudopoten-

tials in the separable Kleinman-Bylan&eform were em- 2.96
ployed. Details of the electronic configurations and cutoff
radii for the construction of Si and N pseudopotentials are
given in our preceding papé.We use the conjugate gradi-
ent techniqué to efficiently obtain the electronic ground

state. We used six speciklpoints in the irreducible part of o
the Brillouin zoneg(BZ) and a plane-wave cutoff energy of 65
Ry. These conditions were examined in our preceding paper
Both theP65/m and P65 structures have the same irreduc-
ible part of the BZ, because the necessary region in the BZ
can be reduced to half by time—revgrsal symmetry even in the

case ofP65. Thus we use the saniepoints for both struc-
tures with the same lattice parameters.

In our preceding pap& we determined the most stable 2.86
configuration for the?65/m symmetry, where we performed
relaxation of the lattice constants and atomic positions with
the constraint of thé65/m symmetry. In the present paper,
we examine the stability of th®65 structure as compared 740 745 750 755 760 165 770 775
with the P65/m structure. For several sets of lattice param- o
eters, we perform a relaxation of atomic positions according Lattice constant a, ()
to the atomic forces with the constraint of tRé5; symmetry
from the initial atomic positions of the experimentally pro-

pto se? Peg3.|_ structuré 3823 of th?nertfcﬁrqt%eog;g:;:(ﬁ%“ 1 obtained in Ref. 22. Sa& is the experimental ones proposed as the
structure. 10 preserverog sym Y ’ P65 structure(Ref. 3. SetG is the lattice constants of the6,

atoms in Fig. 1 are fixed in they pla_ne "’?“d theiz coordi- structure obtained by the OLCAO meth(®ef. 9. SetF is the 1%
nates f’;‘re relaxgd. Th% '\!2 at,oms in F'g', 1 are allowed t(Bompression of seA. SetsC, D, andE are the 2% compression of
move in allx, y, and z directions. The Si atoms can be e parameters oB. SetH is the 2% expansion of s@. The

relaxed in the(-g/ plane with theirz coordinates fixed to the  experimental lattice constants of tR&,/m structure(Ref. 15 are
value of;c, or 3¢,. Thus a total of six independent atomic jngicated byO.

parameters are optimized for each set of lattice constants.
Atomic displacements in the relaxation are given by simplyby the condition of the atomic force values. For each con-
multiplying the Hellmann-Feynman forces by some factor.verged configuration of nearly?6;/m, we forced thez
Transformation of atomic displacements into changes iratomic parameters of N atoms to be exactly 0.25, and then
atomic parameters is easy, because the atomic forces als@ performed relaxation of the remaining atomic parameters.
have the same symmetric property. For each relaxation ruhe red square in Fig. 3 shows the energy of this exact
we observe a variation of total energy and atomic coordiP65/m structure at the end of the track. We have observed
nates. The initialz atomic parameters of N1 and N2 atoms that the obtained exa&t65/m structure is really a little more
are not 0.25 for thé65 structure. If thez atomic parameters stable than the nearl?65;/m structure. And there exist no
of N1 and N2 atoms become 0.25 in the relaxation, it meancal energy minima except for the exd6;/m structure in
that theP63/m structure is naturally recovered from tR€;  each track. Thus it is concluded that tRé;/m structure is
structure, and thus th65/m structure is more stable. more stable than thB6 structure for all sets of lattice pa-
We have performed the relaxation for several sets of latrameters. It should be noted that bét6;/m and P65 struc-
tice parameters around the experimental values as shown fares are dealt with under exactly the same conditions for
Fig. 2. For the initial inner parameters of the atomic posi-each set of lattice parameters. Therefore, the uncertainty
tions in the unit cell, we used the experimental ones of theaused by the DFT-LDA is unsupported with regard to this
P64 structure® where thez atomic parameters of N1 and N2 point.
atoms are 0.2392 and 0.2628, respectively. Only fotsaid In Fig. 3, the parameter of N2 reaches 0.25 rapidly,
we used the atomic parameters by the OLCAO calculation,whereas the parameter of N1 reaches 0.25 very slowly in
where thez parameters of N1 and N2 atoms are 0.2353 andtach case. It is clear that the total energy increase by the
0.2726, respectively. In Fig. 3, the three-dimensional repredisplacement of the coordinate of N1 is very small. In other
sentations in energy-position space show the relaxatiowords, the curvature of the potential energy surface against
tracks for all sets of lattice constants. For all sets, the totathe z atomic parameter of N1 is very small. Thus the atomic
energy is really decreased by the relaxation, andz@iemic  force on N atoms of the N1 group is very small when the
parameters of N atoms naturally reach nearly 0.25. Thigonfiguration nearly reaches tf6,/m structure. However,
means that thd>65/m symmetry is naturally recovered in the atomic force on N atoms of the N1 group has the direc-
the relaxation. The converged structure is not exactlytion so as to recover thB6;/m symmetry in the relaxation
P6s/m, but nearlyP65;/m because the relaxation is stopped and is zero in th&65/m structure. The present feature of the
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FIG. 2. Map of the lattice constant sets examined in this paper.
SetA is the lattice parameters of the most staBlg; /m structure
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FIG. 3. (Color The relaxation track from initiaP65 structure for various sets of lattice parameters fidito H. The tracks are shown
three-dimensionally for the total energy and thatomic parameters of N1 and N2.

potential energy surface indicates that the displacement of 1§.007 999 35 Ry/cell and 0.007 995 45 Ry/cell fok oints
atoms of the N1 group along tredirection is rather easy. and 75 Ry and for 1X points and 75 Ry, respectively. For
This should cause very slow lattice vibration modes. Thergne |attice parameters of sé the difference is 0.026 202 68
Shouid et  Substanta probablty of such dsplacementRyicel for 6 i ponts and 65 Ry. The diference i
presence of lattice defects or impurities. This point should be-026 220 58 Ry/cell and 0.026 37347 Rylcell fok oints
concerned with conflicting experimental observations. [tBnd 75 Ry/cell and for 1R points and 75 Ry, respectively.
should be noted that the detailed features of the potentidiote that the initial atomic parameters for dgtare those
energy surface with rather small curvatures can be effecf_rom Ref. 9. It is very |mp0rtantgthat both the eXperImenta'
tively examined by the present scheme utilizing theand the calculate@6s structured® have higher energy than
Hellmann-Feynman forces, because the forces contain ricthe P63 /m structure regardless of the calculation conditions.
information on the potential surface. Of course, the energy difference values for the initial and
Finally, we have examined the dependence of the presefifal configurations are rather small, which are in the same
essential results on the calculation conditions such as therder of numerical errors thought to be associated With
plane-wave cutoff energy and the number of speciabints. ~ Points sampling and plane-wave cutoff energy. However,
Only the total energy is calculated using a cutoff energy ofSuch numerical errors mainly affect absolute total energy val-
75 Ry and 6 or 12 speci:ﬂ points for the initial and final  Y&S: and the present kind of energy differences for fixed cells
atomic parameters in the relaxation shown in Fig. 3. It can b&@'€ essentially little affected. .
said that the energy differences between the initial and final V& have examined only several sets of lattice parameters
confiaurations do not seriously depend on the numbes of ™ the region of2% of the experimental lattice parameters
Mg y dep as shown in Fig. 2. However, it does not seem that the po-
points and the plane-wave cutoff energy, although the absq'ential energy surface is so complicated at least against the
lute total energy values depend on the calculation conditionﬁ. : gy . P 9
For the lattice parameters of sét the energy difference attice parameters. As seen in the_conve.rg.ed total energy val-
between the initial and final configurations is 0.008 224 2gH€s of th_eE63/m structures in Fig. 3, 't. is clear tha’_[ the
Rv/cell for 6 Kk . d 65 Rv. The diff . energy minimum of thé65/m structure exists at the poiAt
y/cell tor points an y. Ihe QITerence IS i, the region of+2%. On the other hand, the shape of each
0.008 227 73 Ry/cell and 0.008 223 26 Ry/cell fok @oints  re|axation track itself in Fig. 3 does not reveal significant
and 75 Ry and for 1%k points and 75 Ry, respectively. For

: _ _ dependence on the lattice parameters, where only energy val-
the lattice parameters of sBt the difference is 0.007 99022 yes are shifted according to the lattice parameters, except for

Ry/cell for 6 k points and 65 Ry. The difference is the track of the poinG with different initial inner coordi-
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nates. These points indicate that tA63;/m structure is al- sphere has?6;/m symmetry. In other words, th®65;/m

ways more stable than tHe6 structure and that there exist structure obtained in our preceding stélig the most stable

no local energy minima for th®63 structure in this region phase of3-Si;N,. By the way, there exists a dynamical

of lattice parameters. Of course, we do not deny the possischeme to examine the present problem, which is the first-

bility that the P63 structure could be more stable than theprinciples molecular-dynamics method combined with a

P63 /m structure for some other region of the space of latticevariable unit-cell shape algorithm. Such a scheme can per-

parameters. However, it does not seem that such a regidorm simultaneous relaxation of both lattice parameters and

should exist at least near the experimental lattice parameterstomic parameters, and has recently revealed the relative sta-
We think that the physical origin of the relative stability bility of the P65/m structure for3-C3N,.2* However, if we

of the P65/m structure may be concerned with some kind ofrepeat the relaxation of inner coordinates for each set of lat-

local tensile atmosphere around the N1 atom on the basa@te parameters, the results should coincide with those of

plane, where tensile forces of the Si-N bonds should stabilizeuch a simultaneous full relaxation.

the planar configuration. If the compressive stress occurs

around the N1 atom along the basal plane for some smaller

lattice constant od,, the N1 atom may stick out of the plane ~ We express our thanks to Dr. T. Hashimoto and Dr. S.

by the compressive forces of the Si-N bonds, which induceJanaka for useful comments and discussions. We used the

the P65 structure. However, such a phenomenon was notomputer programs developed by the support of the ACT-

observed for the examined lattice parameters. JST (Research and Development for Applying Advanced
From the present examination, it is concluded that theComputational Science and Technology, Japan Science and

most stable configuration oB-Si;N, in the usual atmo- Technology Corporation
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