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Synthesis and Structure of One-, Two-, and Three-Dimensional Alkaline Earth Metal
Gallium Nitrides: Sr 3GasN4, CazGazNa, and SrsGagNs

S. J. Clarke' and F. J. DiSalvo*
Department of Chemistry, Baker Laboratory, Cornell University, Ithaca, New York 14853-1301
Receied October 18, 1996

We report the structures of three new alkaline earth metal gallium nitrides synthesized as crystals from the elements

in sealed Nb tubes at 76 using Na/Sr and Na/Ca melts as growth media. The materials are all transparent
insulators. Yellow $YGaN, is isostructural with the previously reported &N, and SgAloN,. 1t crystallizes

in Pnna(No. 52) witha = 5.9552(6) A,b = 10.2753(8) A.c = 9.5595(9) A, andZ = 4. It contains infinite
chains, L[GaNy*"], of transedge-shared tetrahedra extending along Ithexis. Colorless C#aN, is
isostructural with CgAl,As, and y-CaAloN4. It crystallizes inC2/c (No. 15) witha = 10.6901(11) Ab =
8.3655(7) A.c = 5.5701(4) A8 = 91.194(6}, andZ = 4. It contains infinite sheet§[GaNs3"], of edge- and
corner-sharing tetrahedra in the plane. Orange-yellow $Ba:Ns has a new structure; it crystallizesii (No.

2) with a = 5.9358(6) A,b = 7.2383(8) A,c = 8.6853(12) A,a = 108.332(10), 8 = 103.783(9), y =
95.326(8j, andZ = 2. It is one of the few materials prepared from Na melts which has an infinite three-
dimensional framework structure. It contains>pGagNs®~] framework of edge- and corner-sharing GaN

tetrahedra.
Introduction products, often as the major constituent. Also, the other metal
Several binary nitrides, such as GaNa\i and AIN, are or non-metal, M, usually forms discrete,N?~ nitridometallate
' ' units.

technologically useful. However, the chemistry of ternary
nitrides has largely been neglected until recently. The main gxperimental Section
reason for this is that the synthesis of such materials is more

difficult than that of the analogous oxides, sulfides, halides, or . ; :
drybox in which the argon atmosphere was constantly circulated through

phosphlde_s_ as summ_arlzed else_WHe?re.'I'he presence of molecular sieves and a Dow Q-5 Reagent copper catalyzer, and in which
e!eptroposmvg meta_ls in terngry nitrides helps to stablllz.e the e combined @and HO content was below 1 ppm. Then 8 cm long
nitride ion by inductive donation of electroAsjowever, this Nb tubes with a wall thickness of 0.5 mm and an internal diameter of
often renders such nitrides very air-sensitive. We have beeng mm were cleaned using a mixture of 15% HF, 40% concentrated
investigating ternary nitrides containing alkaline earth metals HNO; and 45% concentrated,80,. Starting materials were NaN
and later main group metals in order to assess the range of(Aldrich Chemical Co., 99%), Na (Aldrich Chemical Co., 99%), Sr
structures exhibited by these compounds, and their relation to(Aldrich Chemical Co., 98-%), Ca (Aldrich Chemical Co., 98%)
other classes of materials such as oxides, sulfides, and phosand Ga (Cerac 99.999%). The two strontium gallium nitrides may be
phides. prepared from the same reaction mixture, and one can adjust their ratio
Techniques for ternary nitride synthesis are summarized in 2Y @ppropriate adjustment of the Sr:Ga ratio. However it has not yet
refs 1 and 2. We focus on the use of Na/AE (AECa, S, proved possible to synthesize either material exclusive of the other. In

B | h dia f Kali h | ’ . atypical reaction, reaction 1, which produced both of these phases in
a) melts as growth media for alkaline earth metal containing approximately equal abundance, the following amounts of reactants

nitrides, and have used this route in the synthesis of many newyere placed in the tube: NaN81 mg), Na (54 mg), Sr (20 mg), and
phases1? Species such as AR are presumably responsible  Ga (11 mg) so that the molar ratio Na:Sr:Ga:N was about 20:1.4:1:22.
for introducing N into the mel}~13 In these reactions the  In the synthesis of G&aN,, reaction 2, the reactants were: NaN
alkaline earth elements are always incorporated into the (80 mg), Na (50 mg), Ca (10 mg), and Ga (15 mg) so that the molar
ratio Na:Ca:Ga:N was about 15:1.2:1:17. The Nb tubes were sealed
T Current address: Inorganic Chemistry Laboratory, South Parks Road, under 1 atm of clean Ar in a Centorr Associates arc furnace, taking

Synthesis. All materials were handled in an MBraun MB 150M

OX;;O'&% tOX1t SQI?I" #lﬁ'md ACS AbstractEeh 15 1997 care that the NajNwas not allowed to reach its decomposition
stract published if\dvance stract§ebruary 15, . i
(1) DiSalvo, F. J.; Clarke, S. Curr. Opin. Solid State Mater. SA996 temperature. The Nb tubes were then sealed inside guartz tubes under
1, 241, vacuum to prevent oxidation at elevated temperatures and placed upright
(2) zur Loye, H.-C.; Houmes, J. D.; Bem, D. S. The chemistry of in a mqfﬂe furnace. The temperature was raised tp"KB@ver 15 h,
transition metal carbides and nitride©yama, S. T., Ed.; Blackie maintained at 760C for 24 h, and then lowered linearly to 10C
Academic and Professional: Glasgow, Scotland, 1995. over 200 h, whereupon the furnace was turned off. The tubes were
% s?mugl\eeauﬁ ?-BE‘;VIt\'/eor' FJ'hMiﬂgyf'cﬂl%ﬁﬁa%?%ﬂggg 188 1. cut open using a tube cutter so that no Nb chips were produced, which
(5) Yamane. H.. DiSalvo, F. . Alloys Compd1996 241,69, could_ have contaminated the products. _The pa_rt of the Nb _tub_e
(6) Yamane, H.: DiSalvo, F. J. Solid State Cheni995 119, 375. contalnllngtthe sampletr\]/va;wast:jed anaeroblcal:i v;{lth anh}[/r?I'OUf |||qu|dd
(7) Yamane, H.; DiSalvo, F. J. Alloys Compd1996 234, 203. ammonia to remove the Na and any excess alkaline earth metal, an
(8) Trail, S. S.; Yamane, H.; Brese, N. E.; DiSalvo, FJ.JAlloys Compd., the sample was then dried for several hours under vacuum. The bulk
In press. ) of the crystals could then be poured freely from the tube, although
9) gamane, {|§§6D|SS§I\§%,OF. HActa. Crystallogr., Sect CCryst. Struct. some material was stuck to the sides.
(10) Gl S 3+ Kowmch G. R DiSalvo. F \dorg. Chem 1996 35 Elemental Analysis. The approximate ratio of the heavy elements
7009. T Y ' ’ ' (Na or heavier) was determined using the energy dispersive analysis
(11) Snyder, G. J.; Simon, Al. Am. Chem. S0d 995 117, 1996.
(12) Rauch, P. E.; Simon, Angew. Chem., Int. Ed. Endl992 31, 1519. (13) Snyder, G. J.; Simon, Angew. Chem., Int. Ed. Endl994 33, 689.
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Table 1. Crystallographic Data for g6&N4, CaGaNa4, and SgGaNs

SrGaNs CaGaNgy SrGaNs
fw 458.3 315.7 542.1
space group Pnna(No. 52) C2/c (No. 15) P1 (No. 2)
a/A 5.9552(6) 10.6901(11) 5.9358(6)
b/A 10.2753(8) 8.3655(7) 7.2383(8)
c/A 9.5595(9) 5.5701(4) 8.6853(12)
o/deg 90 90 108.33(1)
pldeg 90 91.194(6) 103.78(1)
yldeg 90 90 95.33(1)
VIA3 585.0(1) 498.0(1) 338.3(1)
VA 4 4 2
D (calcd)/g cnt® 5.204(1) 4.211(1) 5.322(1)
TIK 295 295 295
wavelength/A 0.710 69 (Mo K) 0.710 69 (Mo k) 0.710 69 (Mo Kv)
Abs. coeff/mnt?! 36.2 13.8 35.2
max, min transm 0.19, 0.035 0.62, 0.39 0.12,0.0013
R12 0.033 0.020 0.044
R.? 0.059 0.042 0.102

aR1=S||Fo| — IFc|l/3|Fol. ® Ry = [SW(Fo? — FAYS (WFA?Y2, wherew = 1/[o(Fd)? + (gP)3, P = (Max(F2,0) + 2F?)/3, andg = 0.0221
for SGaN4, 0.0139 for CaGaN4, and 0.0706 for SGagNs.

of X-rays (EDAX) method on a JEOL 733 Superprobe instrument distinguished. Automatic indexing of the reflections measured
equipped with software for standardless quantitative analysis. This using single-crystal diffraction confirmed that the two materials
technique could not be used to determine the N content of the materialSWere new phases and Suggested that the platy materﬁl, Sr
because the X-rays produced from N are absorbed by the Be Wi”dOWGe2N4 is isostructural with BeGaN.® and SpAl,N,.18 The
of the detector. - _ product of reaction 2 contained a large number of air-sensitive
d ﬁCrystaI Structure Detgrmmatlon. Crystals for smgle-cLystalI X'r"ﬁ’) colorless crystals up to 0.1 mm in dimension together with some
iffraction were mounted using 5-min epoxy cement on thin glass fibers . ; . o .
dark powder which could not be identified using X-ray powder

inside dry glass capillary tubes which were sealed in the drybox using = . . 7
ahot Ptwire. Diffraction data were collected using a Siemens P4 four- difffaction. EDAX analysis of the colorless crystals indicated

circle diffractometer and Mo K radiation ¢ = 0.710 73 A) with a  that the Ca:Ga ratio was 1.1(1):1. Many calcium gallium
graphite monochromator. Accurate cell dimensions were determined nitrides have been reported previously?? however, only
from between 35 and 40 well-centered reflections using a least squaresCaGaN?® has a similar Ca:Ga ratio and is black and conducting.
procedure. Data were collected using the Siemens XSCANS softfvare. Automatic indexing of the reflections measured using single-
During data collection the intensities of three strong reflections were crystal diffraction confirmed that this was a new phase and the
measured every 100 reflections; they were observed not to change theilstrycture solution revealed that it had the stoichiometry- Ca
intensities S|gn|f|cantly, |nd|c_at|ng that _the crystals did not decompose GaN,. A third reaction in which both Ca and Sr were included
or move during data collection. The intensity data were reduced by in similar proportions produced mostlysS@Ns and CaGaN,

profile analysis and corrected for Lorentgolarization and absorption . . e
effects. Scattering factors and anomalous dispersion terms WereWlth no evidence for any phases containing both Ca and Sr.

obtained from standard tablésnternal to the software. Absorption 1 N€ crystallographic information for all three phases is presented
corrections on all three crystals were carried out by face indexing N Table 1.

because this was found to be much more satisfactory than using a 1-D Crystal Structure of SrsGayN4. The crystal used was
y-scan, especially when the strongly absorbing Sr was present. a thin plate, the large faces of which had a distorted hexagonal
Refinements carried out usingscan corrected data h&factors and shape. The crystal dimensions were approximately<0®25

estimated standard deviations for the atomic parameters which were at,, 0 03 mm. One quarter sphere of data was collected with the
least double those obtained when analytically corrected data were USEdfOIIOWing index limits: —=6 < h < +6: -1 < k < +10 and—1

However, the positions of the atoms were the same within their standard _ | < +11 and a maximum @ of 4&. The absorption

deviations irrespective of the method employed for the absorption " ied out by indexi d ina the f
correction. Structure determination by direct methods and structure correction was carried out by indexing and measuring the faces

refinement using a nonlinear full-matrix least-squares minimization of Of the crystal. The systematic extinctior;s suggested th?BSpace
the goodness of fit t&,2 was carried out using the SHELXTL version ~ group Pnna the same as in B&aNs’ and SgAloNa.
5 suite!® An extinction correction was applied during the refinements.

(14) XSCANS single crystal data collection software version 2.10B.

Results Siemens Analytical X-ray Instruments, Inc. 1995.
(15) Wilson, A. J. C. (Ed.)nternational Tables for Crystallography;

The product of reaction 1 was a yellow powder. When Kluwer Academic Publishers: Dordrecht, Netherlands, 1995; Vol. C,
i i ; ; ; Part 4.2.
inspected USI.ng an optical microscope, it was clear that the(16) Sheldrick, G. MActa Crystallogr., Sect A: Found. Crystallogr990
sample contained two types of clear yeHO\_’V cr_ystals_. Ong, Sr 46, 467. Sheldrick, G. MA Crystal Structure Solution Program
GaNg4, was present as plates up to 1 mm in dimension, and the Institut fir Anorganische Chemie: ‘@mgen, Germany 1993. SHELX-
other, S§gGaNs, which was more orange in color, was present '{lég\éerSIon 5 software. Siemens Analytical X-ray Instruments, Inc.,
as fairly spherical fagetgd blocks. EDAX analy§|s on a few (17) Cordier, G.; Ludwig, M.; Stahl, D.; Schmidt, P. C.; Kniep,Atgew.
crystals of each type indicated that the Sr:Ga ratio was .21 Chem., Int. Ed. Engl1995 34, 1761.

0.08:1 in the former case and 0.850.05:1 in the latter case.  (18) Blase, W.; Cordier, G.; Ludwig, M.; Kniep, B. Naturforsch1994,

P : 49B,501.
No Na or other elements were detected in this experiment. The(lg) Verdier, P.; L'Haridon, P.; Maunaye, M.; Marchand, &cta Crys-
only other previously reported compound containing Sr, Ga, tallogr. Sect. B1974 30, 226.
and N is black $NGas.1” An interesting point is that 96N, (20) Cordier, G.; Ronninger, <. Kristallogr. 1988 Suppl. 27. AGKr/
is, like most nitrides of this type, very air-sensitive and rapidly DMG-Tagg 60.

. . . . h (21) Cordier, GZ. Naturforsch. BL98§ 43, 1253.
decomposes, producing ammonia, whilgGgNs is stable in (22) Cordier, P.; Hbn, P.; Kniep, R.; Rabenau, &. Anorg. Allg. Chem

air for several days. This fact enables the materials to be easily 199Q 591,58.
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Table 2. Atomic Parameters for S6aN,

atom site X y z (U3

Sr1 &  0.1105(1) 0.3450(1) 0.9132(1) 10.1(2)
Sr2 4 0.25 0 0.9032(1) 10.4(3)
Gal &£ 0.25 0 0.2289(1) 7.2(3)
Ga2 4 0.1612(1) 0.25 0.25 7.1(3)
N1 8e 0.3756(9) 0.1474(5) 0.1239(6) 9(1)
N2 8 0.0071(9) 0.0951(5) 0.3323(5) 9(1)

aThe equivalent isotropic thermal displacement paramétgyjn
A3 x 10®is defined as one-third of the trace of the orthogonalidgd

tensor.

Table 3. Atomic Separations (A) and Bond Angles (deg) in

SrgG@Nf
Gal-N1 1.965(6)[2] GazN1 2.048(5)[2]
Gal-N2 2.006(5)[2] GazN2 1.999(5)[2]
N1-Gal-N1  118.6(3) NEGa2-N1  102.9(3)
N1-Gal-N2 98.7(2)2] NE-GazN2 96.2(2)[2]
N1-Gal-N2  110.7(2)2] NEGa2-N2  117.7(2)[2]
N2-Gal-N2  121.0(3) N2Ga2-N2  125.3(3)
Sri-N1 2.491(5) Sr2N1 2.703(5)[2]
Sr1-N2 2.561(6) Sr2N1 2.708(5)[2]
Sr1-N2 2.584(5) Sr2N2 2.893(5)[2]
Sr1-N2 2.773(5)
Sri-N1 3.100(5)
Sr1-N1 3.267(6)

2 The numbers in square brackets designate the number of symmetr

equivalent bonds or angles.
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linked tetrahedra extend along thaxis. Ga-N distances range
from 1.965(6) to 2.048(5) A, which are very similar to the
distances in B&GaN,,? and quite similar to those of about 1.94

A found in hexagonal GaN and 1.95 A in LiGaN,24 in which

Ga is in a regular tetrahedral environment. The average
N—Ga—N angles in S§GaN4 are about 98if the two N atoms

are in the same bridge and about 116the N atoms are in
different bridges. The angular distortion of the tetrahedra
presumably arises from Gd5a repulsion and is similar to that
found in BaGaN,, although the reason for the large variation
in bond lengths is not clear. Gal and Ga2 alternate in each
chain, and their separation is a short 2.630(1) A which is actually
shorter than the separation in elemental Ga (2.72°AJhe
edge sharing of tetrahedra never occurs in gallium oxide
chemistry, but is relatively common in nitrides and is even found
to occur in the case of silicon in B&i-Ng,* where SiNglo~
units are composed of a pair of edge-sharing tetrahedra. Another
nitride which shows this type of infinite chain, apart from those
which are isostructural with 6aNj, is LisFeN».2® The
propensity for these edge-sharing motifs to occur in nitrides
presumably arises from the more covalent nature of the materials
when compared to oxides. Edge sharing also occurs in the
GaPs'2~ units present in BgsaPe;2? similar infinite chains to
those described here occur, for example, in,%igd SiSg?®

and in KFe$?® and are even reported to occur in an unusual
yfibrous modification of Si@.3°

2-D Crystal Structure of CazGayN4s. One hemisphere of
data was collected with the following index limits:1 < h <
+11; -8 < k< +8 and—5 =< | < +5, and a maximum  of
45°. The systematic extinctions suggested the space ¢eélp
c. The absorption correction was carried out by indexing the
faces of the parallelepiped. Structure solution for the heavy
atoms by direct methods revealed that the true Ca:Ga ratio was
3:2 and thus larger than the ratio determined by standardless
EDAX. The nitrogen atoms were located during the early stages
of nonlinear least-squares refinement, and it was clear that the
material is isostructural with GAl,As;3! and with they
polymorph of CgAlN4.32 Refinement inC2/c produced a final
R1 of 2.0% and awR2 of 4.2% for all data. There were
sufficient data in this case for the N atoms to be refined
anisotropically and maintain a data to parameter ratio greater
than 10:1. The atomic parameters were standardized using
STRUCTURE TIDY3 and are given in Table 4, where
comparison with the published setting of B&As,3! is also
given. Selected interatomic distances and bond angles are given
in Table 5.

The structure of this material is shown in Figures 2 and 3.
2[GaNy*"] sheets are constructed from f8& units which are
composed of a pair of edge sharing tetrahedra. These units are
each linked to four others via the corners which are not involved

Figure 1. Crystal structure of 36aN,4 showing the GaN bonding.
The thermal ellipsoids are shown at the 99% level. N atoms were refined
isotropically and are shown as spheres.
Structure solutlo_n for the heavy atoms by_ direct met_hods (23) Juza, R Hahn, HZ. Anorg. Allg. Chem1938 23, 282.
produced a starting model from which the nitrogen positions (54) juza' R’ Hund, iz, Anorg. Allg. Chem1948 257, 13.
were immediately obvious from the difference Fourier map, (25) Donohue, JThe Structures of the Elemenwijley: London, 1972;
during the early stages of the refinement. This confirmed that Chapter 6, p 236. ] B
the material is isostructural with B&aN,® and SgAl;N,.18 (26) S:g?/zt'c’%%'gzi%’gsl'ﬁg‘ﬂ'} Kniep, R.; Milius, W.; Rabenau, A.
Refinement inrPnnaproduced a final R1 of 3.3% and awR2 of  (27) peters, K.; Carrillo—Cab’rera, W.; Somer, M.; von Schnering, HZ.G.
5.9% for all data, with a data to parameter ratio of 14:1. The Kristallogr. 1996 211, 53. ‘
atomic parameters are summarized in Table 2, and selected@® Peters, J- Krebs, Bicta Crystallogr., Sect B: Struct. Sdi982,38,
interatomic distances and bond angles are given in Table 3. (29) Bronger, Wz. Anorg. Allg. Chem1968 359, 225.

The structure of SGaN,4 is shown in Figure 1, which (30) Weiss, A.; Weiss, AZ. Anorg. Allg. Chem1954 276, 95.

includes an anisotropic representation of the heavy atoms with (31) fgoégielg (3-? Czech, E.; Jakowski, M.; SééraH. Rev. Chim. Miner.
the major axes proportional to the diagonal elements of the (32) Jayer, J. Ph.D. Thesis, University of Darmstadt, Germany, 1995.

orthogonalized vibration tensor:[GaNy*"] chains of edge- (33) Gelato, L. M.; PartheE. J. Appl. Crystallogr.1987, 20, 139.

in the edge sharing. Thus half the N atoms participate in edge
sharing (N1) and the other half participate in corner sharing
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Table 4. Atomic Parametefsfor CasGaN4 As Given by
STRUCTURE TID¥®®

-h
atom  site X y z U ﬁ %2 V‘&u
Cal §  0.11609(6) 0.13531(8) 0.5419(1)  8.9(2) ~, w %

[0.11609] [0.13531] [0.4581] ;
Ca2 & 0 0.3992(1) 0.25 6.9(2) * f ?A .
[0] [0.1008] [0.25] LA S A m _
Gal &  0.29721(3) 0.11910(4) 0.09431(6) 5.5(2) . n AVww Ve .
[0.20279] [0.38090] [0.09431] 5 ﬂ@ﬁ, . _i \
N1 g  0.1177(3) 0.1749(3) 0.0209(5)  8.0(6) Y b ‘E‘ 4 y .
[0.3823] [0.3251] [0.0209] aﬁ : &\ . &@
N2 &  0.3426(3) 0.0809(3) 0.4320(5)  7.3(6) ?v X @ &9
[0.8426] [0.4191] [0.0680] e hi o .

2The numbers in square brackets denote the values corresponding
to the setting of the isostructural £4,As,.3* P The equivalent isotropic
thermal displacement parametely, in A3 x 10% is defined as one -a

Ca2-N1 2.607(3) [2] &

o o o et “© ¢ o o

third of the trace of the orthogonalizéd); tensor. Gia N
Table 5. The Atomic Separations (A) and Bond Angles (deg) in ! ! [ 'y
CaGaNs b * U—a ot & 0
Gal-N1 2.009(3) GatN1 2.058(3) i o N8 g ‘P' L
Gal-N2 1.959(3) GatN2 1.967(3) ' 'f
o K = y
N2—Gal-N2 104.1(1) N2-Gal-N1 116.8(1) o ‘f-: ? j“ a o< *
N2—Gal-N1 109.5(1) N2-Gal-N1 110.4(1) Wl L / %
N2—Gal-N1 117.0(1) N+GaN1 99.7(1) S T e g ™
Cal-N2 2.419(3) CatN1 2.538(3) e O n a0 G .
Cal-N2 2.551(3) CatN1 2.598(3) At f A N o
Cal-N1 2.688(3) CatN1 2.921(3) " e g Y e
A ¥ )
Ca2-N2 2.423(3) [2] Caz N2 2.498(3) [2] .;;_’1 e G . At ®

(N2). All N atoms are bonded to two Ga atoms, all of which :
are crystallographically equivalent. The G bonds in the o 4 e

edge-shared bridges are at least 0.05 A longer than those in theFigure 2. Representations of the layered crystal structure of Ca
corner-shared bridges; the latter are similar in length to those GaN.: (a, top) polyhedral representation of thEGaNy,*] sheets;
in GaN3 and LisGaN,24 which contain only corner-linked GaN (b, bottom) edge-on view of the sheets showing-Giabonds.
tetrahedra. The N2Ga—N1 angles in the edge-shared bridges
are 99.7(1) which is considerably less than the ideal tetrahedral
angle. The angular degree of tetrahedral distortion is similar
to that in SgGaN, and the isostructural GAl ,As,3! andy-Cas-
AloN432 In CasGaN4 one can rationalize all the tetrahedral
distortion in terms of GaGa repulsion across the short Ga
Ga distance of 2.622(1) A. Both Ca atoms are octahedrally

consequence of the difficulty of performing the absorption
correction, either analytically or usingyascan on such a highly
absorbing crystal. The atomic coordinates were standardized
using the program STRUCTURE TIFYand are presented in
Table 6. Selected interatomic distances and bond angles are
given in Table 7.

. . A f as fragments of the infinite chains ins&@N4, or as edge-
and five Ca) and N2 is in a roughly octahedral coprdlnatlon linked pairs of the Gas units found in CaGaNs. The
(two Ga and four Ca). One of the Cal1 distances is fairly  gycture also contains @ds units. The GaNso units are corner
long: 2.921(3) A. linked to one another at their ends in overlapping fashion, and
3-D Crystal Structure of SrsGaaNs. The use of JG&N, they form ribbons which extend along thexis. These ribbons
as an EDAX standard indicated that the Sr:Ga ratio in the second,¢joineq in the other two crystallographic directions via corner

product from reaction 1 was probably 1:1. A crystal with i uing \ith the GaNg units. Some N atoms are coordinated

dimensions 0.1% O.16><_0.07 mm was u_sed, an_d gfull sphere by three Ga; others, by just two. The i and Ga-Ga

of dat_a was collected with the following index I|m|t§—:6 <h separations are very similar to those found iG8sN, and Ca-

= +(2, —r=ks+7and-9 =< I.S +9’ apd amammgm&l G&N4. The Ga-N distances are generally shorter when the
of 45°. There were no systematic extinctions In the diffraction bond participates in corner linking than when it participates in
data, and the values of the cell parameters indicated that theedge linking, although the situation is much less clear in this

unitk;:elfl was tc;iclilnic. Tk(;e absorptionlcqrrecl:)tiogl was carrr]ieg case than it is in GaNs. The average GaN distance
out by face indexing, and structure solution py direct methods ;,,4ying N atoms shared by three Ga atoms is 0.03 A longer

in P1 aIIo_wed the heavy atoms to be found. _The N atoms Were w1 that involving N atoms shared by just two Ga atoms. This
then easily located from the difference Fourier map during the o e 3 phenomenon similar to that of the lengthening of
mmz;l stzgehs 01;1 nonl!nﬁ_ar least-squares reflnef(nent. This bridging bonds relative to terminal bonds in silicatésyhich
confirmed that the stoic 'Om?‘”y wassGeeNs. Refinement is ascribed to competition for bridging oxygen by the two silicon
on data corrected for absor_ptlon_by measurement of the facesy1oms bonded to it. This phenomenon also seems to occur in
of the roughly hexagonal prismatic crystal produced a final R1

of 4.3% and wR2 of 10.1% for a!l data with a data to parameter (34 Liebau, FStructural Chemistry of SilicateSpringer-Verlag: Berlin,
ratio of 12:1. The relatively highR factors are probably a Germany, 1985.
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o=
Figure 4. Crystal structure of $6aNs viewed down thé axis. The
condensation of the Gl units is clearly shown; the Glds units

join the ensuing ribbons and point into the page. Sr atoms are shown
as spheres.

Table 7. Atomic Separations (A) and Bond Angles (deg) in

c SrsGaNs
Gal-N5 1.926(8) GatN3 1.977(9)
Gal-N1 1.971(8) GatN3 2.016(9)
Ga2-N2 1.945(9) GazN1 1.959(9)
Ga2-N4 1.957(9) GazN4 2.068(9)
Ga3-N5 1.932(9) Ga3N2 2.029(9)
Ga3-N1 2.010(9) Ga3N4 2.033(9)
Gal-Gal 2.633(2) Ga3Ga2 2.677(2)
Figure 3. Coordination geometry of (a, top) the Ga atoms and (b, Gaz2-Ga2 2.721(2)
bottom) the Ca atoms in @@aN.. All atoms were refined anisotro-
pically, and the ellipsoids are shown at the 99% level. N1-Gal-N5 115.2(4) N5-Gal-N3 111.2(4)
N1-Gal-N3 112.2(3) N5-Gal—-N3 115.9(4)
Table 6. Atomic Parameters for §6a:Ns (All Atoms on the 8 N1-Gal-N3 103.4(3) N3-Gal-N3 97.5(3)
Site) N2—Ga2-N4 117.8(4) N4-Ga2-N1 123.1(4)
atom X y z U N2—Ga2-N1 96.5(4) N4-Ga2-N4 95.0(3)
sr1 0.1830(2)  0.5879(2)  0.3919(1)  10.6(4) N2-Gaz-N4  116.8(4) NEGaz-N4 108.8(3)
Sr2 0.3306(2)  0.1391(2)  0.1264(1) 8.0(4) N5—Ga3-N1 116.9(3) NtGa3-N2 92.3(4)
Sr3 0.3438(2)  0.3452(2)  0.7982(1) 9.9(4) N5—Ga3-N2 118.7(4) N1t-Ga3-N4 110.8(4)
Gal 0.0919(2) 0.6840(2) 0.0272(1) 5.1(4) N5—Ga3-N4 107.7(4) N2-Ga3-N4 109.8(3)
Ga2 0.2904(2)  0.0443(2)  0.4310(1) 6.0(4)
Ga3 0.8772(2) 0.1217(2) 0.2844(1) 6.1(4) Sr1-N2 2.490(9) SrEN2 2.688(9)
N1 0.045(2) 0.892(1) 0.221(1) 9(2) Sr1—N3 2.554(7) SriN1 3.094(9)
N2 0.165(2) 0.289(1) 0.475(1) 8(2) Srl-N4 2.671(9) Sr&N5 3.376(10)
N3 0.236(1) 0.476(1) 0.095(1) 4(2) Sr2-N5 2.527(9) Sr2N4 2.723(10)
N4 0.615(2) 0.054(1) 0.382(1) 10(2) Sr2-N3 2.631(9) Sr2N1 2.783(8)
N5 0.744(2) 0.223(1) 0.109(1) 8(2) Sr2-N5 2.686(9) SraNl 3.221(9)
aThe equivalent isotropic thermal displacement paramelgrin Sr2-N2 3.295(8)
A3 x 10® is defined as one third of the trace of the orthogonalidgd Sr3-N3 2.514(9) SI3N2 2.639(9)
tensor. Sr3-N1 2.688(9) Sr3N3 2.705(7)
Sr3-N4 2.882(9) Sr3N5 3.100(9)

the framework ternary silicon nitrides which have been
prepared>38 For example in Ci#BisNg® the Si-N bonds
involving N atoms shared by three Si atoms are, on average
0.05(1) A longer than those involving N atoms shared by two
Si. The Sr atoms in $6aNs occupy the cavities formed by
the 3[GagNs®~] framework. Srl is 4+ 2 coordinated by N,
Sr2 is 5+ 2 coordinated and Sr3 is-b 1 coordinated, although
this latter is roughly octahedral. N1 is-5 2 coordinated by
metals, N2 is 5+ 1 coordinated, N3 and N4 are 6 coordinated
and N5 is 4+ 2 coordinated. The shortest-SX distances are
about 2.5 A. The more tenuous-SX bonds, given by thern
notation, are up to 3.3 A in length, and are slightly longer than ~ The structures of the three compounds discussed here should
some of the StGa distances, which are close to 3.0 A. The be contrasted with those of the silicates and the known silicon-
containing ternary nitrides. Silicates are based on tetrahedral

Sr atoms are anisotropic by up to 30%, although not all in the
'same crystallographic direction. This suggests that the anisot-
ropy is a consequence of their irregular coordination spheres
rather than merely due to the difficulty of performing the
analytical absorption correction on such a multifaceted crystal.
A full list of anisotropic thermal displacement parametéfg,

for the heavy atoms is available as Supporting Information.

Discussion

(35) Schlieper, T.; Milius, W.; Schnick, WZ. Anorg. Allg. Chem1995 building blocks which are condensed together with bewildering
(36) g%]ﬁ"ﬁ%?' T Schnick, W, Anorg. Allg. Chem1995 621, 1037. variety, but always by the sharing of a tetrahedral comer with
37) Sch"eperj T Schnick. WZ. Anorg. Allg. Chem1995 621 1535. zero or one other. The silicon nitrides synthesized at temper-

(38) Woike, M.; Jeitschko, Winorg. Chem 1995 34, 5105. atures in excess of 150 in the group of Schnick include
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(up to 300 atm) in the autoclaves. #da{WsNig}] has a
framework of corner-sharing WNetrahedra, and is the only
framework ternary nitride apart from $8aNs to have been
synthesized by this relatively soft approach. It has been
observed empirically that nitrides grown from a melt of
electropositive metals usually contain discrete units composed
of one or two polyhedra or infinite chains which are separated
by the alkali or alkaline earth metal. However appropriate
condensation of the species present in the melt, which in the
cases discussed here may include Gahlits, can also lead to
nitrides with sheet and framework structures. In the case of
SrsGaNs the framework structure, which is partly a consequence
of the relatively low alkaline earth metal content compared to
most other alkaline earth metal ternary nitrides, results in kinetic
stability to moist air, since it remains unaffected after several
days. Most of the alkaline earth metal gallium nitrides
synthesized previously contain Ga in a reduced oxidation state
and with Ga-Ga bonds. These include (3gaGaN7,%° Cas-
GaNg?! CaGaN!® and ABNGa (AE = Sr, Ba)l” The
Figure 5. Ga—N bonding in SsGaNs showing the thermal ellipsoids ~ compounds discussed here contain fully oxidized Ga in the
at the 99% level. N atoms were refined isotropically and are shown as expected tetrahedral coordination, rather than in the unusual
spheres; the Sr atoms have been removed for clarity. bragis is trigonal coordination found in G&aNs.22 We have previously
perpendicular to the page. synthesized both reduced and fully oxidized alkaline earth metal
germanium nitrides by this rout€*°and it seems reasonable
to expect that reduced ternary gallium nitrides may also be
attainable under similar conditions.

AE,SisNg (AE = Ca, Sr, Ba}*3¢and LrsSigN11,3"38 and these
are built up from SiN tetrahedra sharing corners with up to
two others. This apparently reflects the trivalency of nitrogen Ca and Sr have highly colored binary nitrides with modest

compared to the divalency of oxygen. The materials described
in this article all have in common edge sharing of tetrahedra, _charge transfer band gaps. GaN has a band gap of 3.4 eV and

which reflects the fact that nitrides are more covalent than oxides 'S colorless. It seems tha_t the baqd structure of the weakly
and can thus accommodate close approach of metals across °'°fe_d transparent materials considered here re_s_ults_fror_n a
tetrahedral edge. In this respect, nitrides show more similarities owerlrllg in enlergy of thebN \:quence barq by. patr)tlmgatlon In
with sulfides and the heavier pnictides than with oxides. The Strongly covalent GaN bonding, resulting in band gaps
largest building block common to the three materials described intermediate between those of alkaline earth metal nitrides and
here is the Ga\s unit composed of a pair of edge-sharing those of GaN.
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pressure autoclaves at 780. This route is similar in principle

to that described here, although the pressure pfsNyreater 1C9612562
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