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Prediction of spinel structure and properties of single and double nitrides
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Lattice constants, bulk moduli, band gaps, electronic bonding, and the stability of 20 new nitrides with spinel
structure are studied by first-principles calculations. Double nitr&iBsN, are found to be stable when the
counterpartsBA,N, are metastable except for Tift,. The four single nitrides §N,, SikN,, GeN, and
SngN, have direct band gaps at thepoint ranging from 1.14 to 3.45 eV while £, and TN, have small
indirect gaps. For double nitrides, both metallic and insulating band structures are possible. The total bond
orders of the stable double nitrides are larger than those of constituent single nitrides. Among thgp, CSi
shows exceptionally strong covalent bonding and a large bulk modulus. A simple scaling law based on bond
lengths can describe the bulk moduli of these spinel nitrides quite well.
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Double oxides having spinel or perovskite structures arevalency and larger static dielectric constants compared with
extensively used in modern technology since their propertiethe a- and 8- SizN,.2 In ¢-SiN,, Si atoms are located at both
can be “tuned” in a wide range by appropriate combinationthe octahedral and the tetrahedral sites of the N sublattice.
of cations' Normal spinel oxides are denoted #B,0,, Sixfold coordinated Si has been found only in stishovite, a
whereA andB are, respectively, the tetrahedrally and octa-high-pressure phase of SiOand the perovskite-analogous
hedrally coordinated cations at the&nd 1@l sites. The (Mg, F&SiO;. Very recently, an oxonitridosilicate with six-
formal charges of the two cations are generally different. Fofold coordinated Si has been synthesiZethe interesting
example, ZnAJO, is composed of Z#i and AF*, and is  properties of c-SN, should be related to the presence of the
called a 2-3 spinel. GeM@, and MoNaO, are examples of sixfold-coordinated Si. However, the nature of the role
4-2 and 6-1 spinels. Although magnetite;8g appears to be played by the sixfold-coordinated cations in determining the
an exception, it is actually a double spinel wilk= Fe&* and  properties of these compounds has not yet been fully clari-
B=Fe**. Spinel belongs to the space groupFd3m (No. fied.

227) with one internal parameter for the anion. It is well The formation of double spinel nitride was proposed by
known that significant cation disorder can occur in the spinethe present authorsContrary to oxides or chalcogenides,
structure by interchanging & andB cations. In the extreme nitrides may exhibit 4-4, 2-5, or 6-3 spinels. GI$j is a
case of the so-called inverse spinel, all tredtes and half typical 4-4 spinel. Since the ionic radius to fit the octahedral
of the 16l sites are occupied by catidhand the other half site is greater than that for the tetrahedral site, the substitu-
of the 16l sites by cationA. The distribution of cations is tion by larger ions to gt at the octahedral site or smaller
often somewhere between the normal and the inverse spinelgnes to Si* at the tetrahedral site may stabilize the com-
The oxygen sublattice in the spinel structure is a nearly cubipound. Spinel SiTN, was then proposed as a stable new
close-packindccp or fcg structure. Assuming a hard-sphere phase’. The ¢-SiTiN, phase is found to defy the simple rule
model of the ccp sublattice of anions, the spherical radiusf mixing. It is metallic, although c-gN, has a wide band
that can fit into the tetrahedral interstitial site is smaller thangap and c¢-TjN, has a narrow gap.

that for the octahedral site. As a result, cations with smaller Less than a year after the discovery of gh§i much
ionic radii tend to occupy the tetrahedral site. On the basis oprogress has been made in the synthesis and characterization
these premises, the property of spinel compounds can hef the new spinel nitrides. c-GN, has been synthesized by
“tuned-up” by optimizing cations with different ionic radii at least two different grougs’ Synthesis and characteriza-
and formal charges. tion of spinel SiN, have been reported by two more

Other than oxides, only a few chalcogenides, such agroups®®We are now at an early stage of research in that an
CosS, and Ca@Sey, are known to have the spinel structure. entirely new class of nitride compounds is open for investi-
The discovery of cubic silicon nitride (c-$i;) in 1999 gation. In the present paper, we report a systematic investi-
(Ref. 2 was a major breakthrough in the synthesis of newgation for the new single and double nitrides. Our study will
materials. c-SN, was first synthesized under an extremeprovide a guiding principle in the synthesis of additional new
pressure of 15 GPa and a high temperature of 2000 K. Imeompounds.
mediately after the discovery, we have predicted some very Six single nitrides c-GN,, c-SkN4, c-GeN,, C-SnNy,
interesting physical properties of cs8i, by first-principles  c¢c-TizN,, and c-ZgN,, and most of their double compounds
calculations’ It exhibits a direct band gap of 3.45 eV, much were examined in the present study. All the calculations
smaller than those of hexagonal and 8- Si;N,, which have  were done by the first-principles orthogonalized linear com-
larger and indirect band gaps. The gh&j has a higher co- binations of atomic orbitalfOLCAO) method within the
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TABLE I. Calculated properties of the 20 spinel nitrides.

Lattice Bulk
parameters Band gap modulus  Mulliken charge Bond orders/length
Eqg Eq Total Bond Bond Bond Bond

AE direct indirect B bond order length order length
Crystal a(h) u (eVIA;N,) (V) (eV) (GPa B’ QFf, Qi QF order AN AN(@A) BN B-N(A)
c-CNy 6.8952 0.3833 1.14 3776 3.36 3.70 3.63 5.27 8.647 0.358 1592 0.241 1.669
c-SkN, 7.8372 0.3844 3.45 280.1 3.76 2.65 2.58 6.05 8.670 0.362 1.824 0.241 1.889
c-GgN, 8.2110 0.3841 2.22 268.6 3.14 2.81 2.80 590 7.900 0.327 1.907 0.220 1.981
c-SnyN, 8.9658 0.3845 1.29 203.6 4.98 2.71 2.70 5.97 6.958 0.284 2.089 0.195 2.160
c-TigNy 8.4459 0.3833 0.25 0.07 265.6 356 3.09 3.20 562 8474 0.353 1.950 0.236 2.044
C-ZrgN, 9.1217 0.3830 0.40 0.23 2253 4.17 3.06 3.17 565 8.609 0.356 2.101 0.240 2.210
c-CSpN, LF 7.5209 0.3811 -—0.64 134 126 3095 272 414 444 475 11.231 0.299 1.708 0.368 1.835
c-SiCGN, HE 7.2867 0.3885 3.09  Metal 327.7 4.69 245 3.71 553 8.260 0.359 1.748 0.225 1.729
c-CGeN, 0 7.7407 0.3701 0.00 1.36 266.0 3.53 3.67 2.79 5.68 8.284 0.361 1.610 0.225 1.974
c-GeGN, HE 7.4284 0.3943 3.84 0.71 310.1 4.22 2.85 3.67 545 7.816 0.317 1.857 0.220 1.726
c-SiGeN, LE 8.0871 0.3773 -0.26 1.85 277.1 3.02 3.10 291 577 9.999 0.564 1.783 0.229 2.003
c-GeSj)N, HE 8.0011 0.3899 0.44 264 255 258.3 2.04 3.02 253 598 8.260 0.320 1.939 0.238 1.889
c-CTi,N, LE 7.8351 0.3637 —1.95 Metal 300.3 3.99 3.71 3.23 546 9.005 0.383 1.543 0.248 2.051
c-TiC,N, HE 7.5400 0.3936 451 097 062 317.3 3.13 297 3.77 537 8.030 0.352 1.875 0.217 1.756
c-SiTibN, LE 8.2168 0.3749 —-1.42  Metal 2745 1.99 251 3.31 572 09.075 0.366 1.778 0.256 2.055
c-TiSi,N, Unstable
c-GeTpN, LE 8.4002 0.3829 -0.43  Metal 253.2 1.98 290 3.18 5.68 8.657 0.323 1.934 0.253 2.036

c-TiGeN, HE 8.3158 0.3837 0.90 2.27 1.87 266.6 2.82 3.08 291 577 8.231 0.378 1.926 0.217 2.009
c-Tizr,N, HE 8.9276 0.3800 0.95 0.32 0.15 2275 2.46 3.14 3.14 564 8.482 0.339 2.010 0.240 2.188
C-ZrTi,N, Unstable

local approximation of the density-functional theory. The de-trides are most likely to be formed at high temperature and
tails have been described elsewhte full basis set con-  high pressureAE, as defined by Eq(1) represents the sta-
sisting of core- and valence-electron orbitals and additionability of the double nitride in the zeroth-order approximation.
excited-state orbitals is employed. For each phase, the tot@ther thermodynamic variables such as temperature and
energy €;) is minimized by varying both the lattice constant pressure will also play a role. Nevertheless, we can still con-
and the internal paramet&t!* The number ok points inthe  siderE, to be a reasonable indicator as to whetAd,N,
irrgducible part of the Brillouin zone ranges from 56 to 84, uill be stable or not. Accordingly, we lab&éB,N, as LE
which gave a convergence i to better than 0.001 eV per (low energy in Table I if AE, from Eq. (1) is negative, and

unit cell. The effective chargeQ;, on atoma and the bond 55 HE(high energy if AE, is positive. Thus a double spinel
order p, for each atomic pairsr and g were calculated ity 4 LE is likely to be stable and that of a HE could be

from thﬁ c&sﬁl(wave fu?ct.ions anld qverlip Iijg(t;grals accord'metastable. Of the 12 double spinels whose geometry were
Ing to the Mulliken population analysis scheriei separate optimized, five are HE, six LE, and one show&H,=0. The

minimal-basis calculation was carried out for this purpose o : .
The bulk modulusB and its pressure coefficiedd’ were E, of two more compounds, c-Ti, and c-ZrTpN,, failed

obtained by fitting the total energy data at eight different'® converge, re erctlng the unstable nature of the'se two com-
volumes(with internal parameter relaxgtb the Murnagham pounds. It is instructive to note Fhat whetB,N, is a LE
equation of state¥ compound, the counterpaBA2N4 is a HE c_ompound.

Table | summarizes the calculated results for 20 single "€ bond lengthsBL’s) of the spinel nitrides from the
and double spinel nitrides. To investigate the stability ofoPtimized geometry are summarized in Fig. 1. In the rigid-
double nitrides, we calculate the total energy differengg ~ SPnere model, the BL is determined by the sum of two ionic

betweenAB,N, and a simple mixture of the two constituent radii. Shannon made an extensive list of effective ionic radii
nitrides acczoréing to as a function of coordination number and formal charge on

the basis of a large database of experimental Bf. Egure 1
_ 1 2 shows the BL obtained from the sum of the ionic radii of N
AE=E(ABNY ~[SE(AN) +3E(BoNy) ] (1) and cations at both the tetrahedral and octahedral sites and
In Eq. (1), E; is the total local-density approximatidhDA) compared with our theoretical values. The theoretical BL's
energy at the optimized geometry. SinEe at the equilib- are found to be scattered within10% of the values pre-
rium geometry corresponds to the free energy of the comeicted by the rigid-sphere model. This implies that the rigid-
pound at zero temperature and zero pressure. And spinel réphere model is still useful as a rough estimate of the BL of
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However, the existence of the metastable phases where the

23, C Si Ge Sn Tz . preference of the site occupation is reversed cannot be totally
= £ ; ruled out.
?c: 21E ™ o 3 The band structures for the single and double spinel ni-
2 3 — 2 3 trides have all been calculated. Those gNG SisN,4, TigNy,
4 19E 9 2 3 and SiTiN, can be found in the previous repoftsOthers
2 3 § E will be presented elsewhere. The gap values are listed in
@ 17F o = E Table I. The four single nitrides, #8,, SikN,, GeN,, and
= 3 ‘8‘ Element A SN, with cations from column IV B of the periodic table,
< 15—t t—4 E have direct band gaps &t ranging from 1.14 to 3.45 eV.
< 3 _e 2 3 c-Zr;N, and c-TgN, have small indirect band gaps of 0.23
g 21F o 3 and 0.07 eV and direct gaps of 0.40 and 0.25 e\’ ate-
qé')’ 3 on E spectively. The fact that c-gN, and c-TiN, have smaller,
1—31 1.9 " A : indirect band gaps is related to the electron states near the
5 ] 75" A ] gap being dominated by the Tid3or Zr 4d orbitals. It
o P e o should be pointed out that the LDA calculation generally
E 15 EL = = underestimates the gap value of an insulator. This underesti-

' C Si Ge Sn Ti zZr mation apparently depends on the crystal structure and also

on the orbital compositions of the wave functions near the
FIG. 1. Calculated bond lengti8-N and A-N in single and gap. Since no gap measurement for any of the cubic spinel
double spinel nitrides. Open circles for the LE phases, open trianglaitrides has been reported, we may us&SisN, as an illus-
for the HE phases and solid circles for the single spinels. The bargative example. In3-SisN,, the reported experimental gap
represent the bond lengths estimated from the Shannon’s radii. ranges from 4.6 to 5.5 eV while the calculated indirect band
gap using the same OLCAO method is 4.96'8Wowever,

these spinel nitrides, but for more accurate analysis, a rigofD the silicon nitride case, the measured gap value is compli-
ousab initio quantum-mechanical treatment is desirable. Toc@t€d by the presence of defects and the way the gap value
relate the stability of the double nitrides, we plot in Fig. 2 theWaS éxtracted by extrapolation from the optical absorption

5
A-N BL with the B-N BL for all the stable and metastable sp%:truml. Id t the double nitrides f dqf th
spinel nitrides. The data for the six single nitrides fall closely. ne would expect the double nitrides formed from fhe

insulating single nitrides to have gap values that fall some-

on a straight line. It is interesting to note that the StableWhere in between. This was the case for most double nitrides

phases are distributed on the upper left of this line, and mo%hose cations do not contaghelectrons in the valence shell
of the metastable HE phases are on the lower right of th%xcept for the metastable c-SIT, However, of the four
line. The only exception is c-TiZN,, while c-TiGeN, falls 4, ple nitrides with Ti, three have metallic bands. Only the
almost on the line. Figure 2 demonstrates more vividly that,atastable c-TiziN, has a small indirect gap. Obviously, a
in double spinel nitrides, the tetrahedral site is favored by a5iher complex interplay of the TidBorbitals with the N B
smaller cation, and the octahedral site by a larger catioman thes andp orbitals of the other cation is at work. As has
been shown in Ref. 5 for c-SiJ\,, Si orbitals are signifi-

S — cantly admixed with those of Ti near the Fermi level, exclud-
' an ] ing the formation of a band gap.
22 F Tizey /éy . The effective charges on each atom and the bond order for
- Pt ] each pair of atoms are calculated using crystal wave func-
2.1 ke, SITEN, GeTiN, 1, e 1 tions and overlap integrals according to the Mulliken
< [ O # ] schemé? The total overlap population or crystal bond order
s 2 o SK%M iGe N, ] was obtained by summing up all bond orders in the unit cell.
2 b CGeN, 6N, ] It serves as a single parameter in assessing the overall bond
4 1er . SN ] strength in a crystal. Results for the spinel nitrides are sum-
g 1.8 i CSizN4o / o o ] marized in Table I. It is interesting to note that the effective
a CF // ATICN, ] charge of 4.75 for N in c-Cg@N, is 0.25 electron less than
i 17k - ] the neutral N. It means N can be thought as an *“cation”
L g NG Gan, ] rather than “anion.” On the other hand, both Si and C in
16 3_//QN4 ] c-CSbN, can be recognized as “anions.” This rather uncon-
1 ] ventional scenario can be ascribed to the extraordinarily
- T S P P S PR P T strong covalent bonding between Si/C and N in c-B8gi
16 16 17 18 19 2 21 22 23 As a matter of fact, the total bond order of 11.23 in c-0&i

is remarkably higher than all other crystals listed in Table I.
It should be noted that the total bond orders of the double
FIG. 2. Plot of bond lengthsA-N vs bond lengthsB-N for  nitrides with negative\E such as c-C3N, is always larger
double and single spinel nitrides. Symbols are the same as Fig. 1ithan that of their constituent single nitrides. Obviously,

A-N Bond Length (A)
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double nitrides, by virtue of different sizes of tiheand B 400 ¢ .
cations, can pack themselves in a much more effective man- r(a) ]
ner so as to produce very strong covalent bonding in these __ 300F .
crystals. & : ]

The bulk moduliB of all the single and double nitrides are © 200¢ ]
calculated in the manner described befdte-C;N, shows @ 100 F - Cohens e ]
the highesB of 377.8 GPa. Substitution of octahedral C by ; e L vith . = 1/2 ]
Si, Ge, or Ti results in significant decrease in the bulk modu- Ol v v v e
lus by approximately 20%. On the other hand, the substitu- 0 0.05 0.1 0.15 0.2
tion of the octahedral Si by Ge or Ti in c8i, does not 57 a** ‘(A-f-5)r

change the bulk modulus significantl. increases mono-
tonically with the decrease @for d, the weighted average of
BL's of A-N andB-N. A simple rule for classical ionic crys-
tals states thaB should be proportional tv =42 whereV is

the unit-cell volume. However, experimental data from a
number of oxides and alkali halides showa! dependence
for B.1® For covalent materials, CohErproposed an empiri-

cal formula to estimat® (GPa of zinc-blende solids based 22t

on the BLd (A): 0.2 0.25 o5 0.3 0.35

log B

B=(1971-220\)d 3%, 2)

wherex=0,1,2 for homopolar, IlI-V, and II-VI compounds,
respectively. Liu and Cohéfused\ = % in the discussion of
B for B-C3N, For the spinel nitrides, the above equation

cannot reproduce thB values from Table | independent of g4y 5 bulk modulus exceeding 300 GPa. Most of them are
the choice of the\ value as shown in Fig.(8). Instead, a  gemjiconductors with varying band gaps. Some are expected
simple empirical formula 0B=Cd" " appears to hold pretty 14 pe metallic. These results offer a real hope for synthesiz-
well. A log-log plot shown in Fig. &) givesn=2.0. ThiS S jng these compounds in laboratory, which will potentially

certainly very different from a number of oxides. Alterna- fing a variety of applications in ceramic and semiconductor
tively, it may be more fruitful to consider the bulk modulus ;,qustries.

in spinel nitrides in terms of polyhedral bulk moduli for the
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structure and properties of the new class of materials, nitrideSniversity was supported by the Grant-in-aid for Scientific
with a spinel structure. Double nitrideAB,N, are most Research on Priority Area®o. 751 from Ministry of Edu-
likely stable when the counterparBA,N, are metastable. cation, Science, Sports and Culture of Japan. W.Y.C. and
All of the stable double nitrides show higher covalency thanl.T. acknowledge the support of a NEDO grant for interna-
their constituent single nitrides. Some of the compoundsional collaboration.

FIG. 3. (a) Calculated bulk moduli of the spinel nitrides as a
power laws of the average bond lengtis} a log-log plot of the
same data. Symbols are the same as Fig. 1.

1see, for example, the topical issue, Spinel Compounds: StructuréJ. Z. Jiang, K. Stahl, R. W. Berg, D. J. Frost, T. J. Zhou, and P. X.

and Properties Relationship, J. Am. Ceram. 82(12) (1999. Shi, Europhys. Lett51, 62 (2000.
2A. Zerr, G. Miege, G. Serghiou, M. Schwarz, E. Kroke, R. vy, v. Ching, Lizhi Ouyang, and J. Gale, Phys. Rev6B 8696
Riedel, H. Fuess, P. Kroll, and R. Boehler, Natut®ndon (2000.
400, 340(1999. Lizhi Ouyang and W. Y. Ching, J. Am. Ceram. Sdt be pub-
3S.-D. Mo, L. Ouyang, W. Y. Ching, I. Tanaka, Y. Koyama, and lished.
R. Riedel, Phys. Rev. Let83, 5046(1999. 12R. S. Mulliken, J. Am. Chem. So@3, 1833(1955.
4K. Kollisch and W. Schnick, Angew. Chem. Int. Ed. EngB, BE p. Murnagham, Proc. Natl. Acad. Sci. U.S.20, 244 (1944).
357(1999. 14R. D. Shannon, Acta Crystallogr., Sect. A: Cryst. Phys., Diffr.,
Sw. Y. Ching, S-D. Mo, L. Ouyang, I. Tanaka, and M. Yoshiya, Theor. Gen. Crystallogi32, 751 (1976.
Phys. Rev. B61, 10 609(2000. 15y -N. Xu and W. Y. Ching, Phys. Rev. B1, 17 379(1995.
5G. Serghiou, G. Miehe, O. Tschauner, A. Zerr, and R. Boehler, J*D. L. Anderson and O. L. Anderson, J. Geophys. RE%.3494
Chem. Phys111, 4659(1999. (1970.
K. Leienweber, M. O'Keefe, M. S. Somayazulu, H. Hubert, P. F.1’M. L. Cohen, Phys. Rev. B2, 7988(1985.
McMillan, and G. H. Wolf, Chem.-Eur. B, 3076(1999. 18A. Y. Liu and M. L. Cohen, Scienc@45, 841 (1989.
8T. Sekine, H. He, T. Kobayashi, M. Zhang, and F. Xu, Appl. °L. W. Finger, R. M. Hazen, and A. Hofmeister, Phys. Chem.
Phys. Lett.76, 3706(2000. Miner. 13, 215(1986.

064102-4



