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Abstract

A series of new nitrides and carbonitrides has been identified with crystal structures similar to those of the hexagonal quaternary nitrides of the
type (Ba,Sr,Eu)YbSN-. The large divalent cations in these structures can be replaced by trivalent cations such as Ln and/or Y, if valency balance
is preserved by the simultaneous substitution of carbon for nitrogen in the unique [4]-coordinated anion site. This has been demonstrated by
carbon-13 magic-angle spinning NMR spectra which for the yttrium member of this series shows a peak at 36.7 ppm corresponding to carbon
atoms occupying the central non-metal atom site in the characteristic [gNSiuctural unit. The resulting compounds have compositions of

the types LaSiyNgC, Y,SisNeC or (La,Y),Si;NsC; the crystal structure of a related mixed (Ca,Y) derivative of composition (gai{I\N,C),

is reported in Part Il of this series. When the two large cations are different, the hexagonal symmetry characteristic of the (Ba,gNEu)YbSi
compounds is maintained; when both cations are the same, lower symmetries are observed. The powder diffraction paB&N.af La
indexes on an orthorhombic unit cell with= 6.0360(7),b = 10.1246(9),c = 10.5664(11) A and the crystal structure has been determined.

An alternative way of achieving valency balance without incorporation of carbon is to replace some of the silicon by aluminium; related
derivatives of the type MBizAIN,, where M= La, Y or mixed La,Y have been prepared and their unit cell dimensions are reported.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction prism. It is more difficult to prepare nitrogen-rich quater-
nary phases without the use of the binary metal nitrides,
Over the last three decades the oxides of yttrium and which are invariably subject to hydrolysis during use. Nev-
the rare earths have been used as additives for the densiertheless, yttrium nitride has been used, together witBsY
fication of silicon nitride and sialon ceramics and phase and SiN4 at 1800-1900C, to investigate the nitrogen-rich
relationship studies in WMD3—Si0—SiN4 systems with  region of the Y-Si—-O-N systethNew phases were ob-
M = Y,Ln have shown that in addition to £,0 and served along the YN-8N4 join, originally reported as
the various polymorphic forms of the ternary silicates, having the compositions “YSNs” (hexagonal:a = 9.814,
there is a range of quaternary phases in these systemg = 10.621 A), “YSisN1o” (orthorhombic:a = 9.854,b =
such as N-apatite (§8i3012N), N-YAM (M 4Si,O7N2) and 10.288, ¢ = 5.978A) and “Y»SisNg” (uncharacterised).
N-wollastonite (MSIQN).2® A fourth phase, N-melilite  The unit cell dimensions of “Y§Ns” are similar to those
(M2Si3O3Ny), is unstable in the La-system and instead of rare earth silicon oxynitrides of the typee8i;1N2gO
the phase L&BigN1104.”8 occurs. The Ce-system contains  and Mg 33Si;iN21 (M = Y,Gd—Lu) 20 and recent work has
both CeSizO3N, and CgSigN1104 phase$. establishet! that the phase “Y$Ns” may contain a small
These compounds are those observed in the oxygen-richamount of oxygen and have a composition in the range
half of the M,O3-Si0,~SN4—MN section of the Janecke Y ¢Si;1N29O-Y3SigN11. Likewise, the phase “¥SisNg”
was found by single-crystal structure determination to have
* Corresponding author. the composition ¥SisNgO.!! Subsequent preparation of
E-mail address: Kath.Liddell@ncl.ac.uk (K. Liddell). these compounds using the carbo-thermal reduction and ni-
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tridation process (CRN¥ has shown that the composition 6.0, ¢ ~ 10.0A and, more recently, by the monoclinic
of “Y gSisN10” is much less Y-rich than previously sup- structures MSisNgC (M = Ho,Tb)23
posed and a revised Y:Si ratio of about 1:2 was suggested,
inferring a composition close to38igN11.
These investigations have been extended into rare-earth2. Experimental
silicon oxynitride systems. Phase relationships in the
SisN4—Y203-La03 systerﬁ?’ at 1750°C included an ad- The present programme of work formed part of a wider
ditional phase, C, reported to have a composition near exploration of new phases in {MMo—Si—Al-O—N systems
0.4Y203:0.6La03-3SisN4. Unindexed X-ray diffraction where My and My are Group Il metals and/or rare earths
(XRD) data were reported for this phase; however, the pat- (including yttrium). In the samples prepared here, the met-
tern could be indexed on a hexagonal unit cell with= als used were Ca, Y and La and these were supplied in the
6.03,c = 9.92 A, almost identical to that of the ‘©SisN1o” form of metal powders (Ca—BDH granules 99.9%, sieved
phase discussed above. A similar phase has been observetb retain particles<150pum; La—metal powder (Aldrich—
by the same autho¥s on substituting Yb for Y. In this 99.9%); Y—supplied as powdered ¥HAldrich B 99.9%),
case thea axis of the hexagonal unit cell was doubled the hydrogen coming off at low temperatures during firing).
(a = 11.994,c = 9.842 A), even though the quoted powder These were mixed with §N4 powder (Starck—B7 grade)
pattern could be indexed on a unit cell with half thigalue. plus in some runs AIN (Starck Grade B) ancb®k (Alcoa,
Research in similar mixed cation systems was also Grade Al7). The relatively low melting points (¢ 1522,
reported® for starting mixes containing SiC particles. A La = 921, Ca= 839°C) of the metals resulted in the for-
SizN4—SiC starting mix was sintered with additions of mation of liquid at reaction temperatures which assisted re-
LapO3-Y203—-Al,03 at 1750°C and produced, along with  action and crystal growth. The La powder was supplied in
other minor products, a phase analogous to the C-phaseil, the latter being removed before use. Powder mixtures
above, with unit cell dimensions af= 6.012,c = 9.896 A. were fired in the reducing atmosphere of a carbon resistance
During the course of this work, the authors also explored furnace at 1700—-190 in nitrogen. Some additional ex-
compositions close to that of phase before C and found aperiments using Mg and Al metal powders (BDH—coarse
maximum amount of this phase in the starting composition powder and fine flakes, respectively) were also carried out,
0.4Y,03-0.6La03-3SisN4, sintered at 1500-165C for but in these cases the firing temperature was restricted to
4 h. The composition Lal¥N-SizN4, prepared solely from  <1700°C to prevent volatilisation of gaseous species and
nitrides (the LaN and YN no doubt hydrolysing in-situ) the formation of silicides. Further experimental details are
sintered at 1750C under 10 MPa of Bblifor 1 h, gave onlya  given below in the sections relating to the specific com-
minor amount of C-phase, together with a high proportion pounds prepared.
of melilite and some wollastonite. These results suggested Samples were analysed by powder XRD using the
that C-phase is rich in Si and N with only small amounts H&agg-Guinier focusing camera technique; CayKadiation
of La and Y present. Since the starting powders always was used and an internal standard of KCl| added. Powder
contain some oxygen, it is generally difficult to determine photographs were measured using an automatic line scanner
whether oxygen is present in the final products. (LS-20) and accompanying SCANPI and PIRUM software.
Ternary nitrides in rare-earth sialon systems have beenEDX analysis was performed by means of a Hitachi 2400
explored in less detail than in the Y-sialon system, but electron microscope and analyser (Oxford Instruments Mi-

there are similarities and also differencé€s The crystal croanalysis ISIS-Il). Crushed powder samples were care-
structures of SaBigN11%° (tetragonal:a = 9.9931,¢ = fully examined by transmission optical microscopy to iden-
4.8361A) and LaSiNs’ (ortho-rhombic:a = 7.838,b = tify good-quality single crystals and diffraction data were

11.236, ¢ = 4.807 A) were reported in the 1980s, the lat- collected for these on the Synchrotron Radiation Source
ter being made by reacting together the binary nitrides at at the CLRC Daresbury Laboratory (Station 9.8) using a
2000°C under 50bar Bl More recently, other LngNs Bruker SMART 1K CCD. Structure solution and refinement
(Ln = La—Nd) and LaSigN11 (Ln = La—Sm) nitrides have  were carried out using the SHELXTL suite of programs
been preparéd by reacting either lanthanide silicides with and structures were plotted using ATOMS 4.1.

nitrogen, or lanthanide metals with Si(NH)n nitrogen at NMR spectra were acquired on a custom-built spectro-
1500-1650C. The latter gave single crystals of 43igN11 meter using a magnet with a field strengthBaf= 5.9 T, the
(Ln = Ce,Pr)!920 relevant resonance frequencies beig@3C) = 62.88 MHz

This paper is concerned with the characterisation of and vo(2°Si)=49.67 MHz. A Bruker MAS probe with an
phases of the type referred to as “C” above, occurring outer rotor diameter of 7mm was used, and the samples
in Y=Si-N, Ln-Si-N and related systems and index- were spun at 4.0kHz (except for théC spectra of Y and
ing typically on a 6x 10A hexagonal or equivalent Ca,Y samples, which were spun at 3.2kHz). Single-pulse
pseudo-hexagonal unit cell. Similar X-ray patterns are excitation with a tip-angle of-z/2 was used for all spec-
shown by the group of compounds of the type MYP&i tra and, due to the longiTrelaxation times of the rigid
(M = Ba,Sr,Euj+?? which are also hexagonal with ~ ceramic samples, a recycle delay of 1h was applied. For



K. Liddell et al. / Journal of the European Ceramic Society 25 (2005) 3747 39

the 13C spectra, 140 transients were acquired (110 for the
La,Y sample) and 92 transients for tFSi spectra (48 for
La,Y and Ca,Y compounds). The spectra were referenced to
(CHa)4Si via the signals for solid adamantane ¥8€, and
solid [(CHs)3Si]4Si for 2°Si.

3. Results

Table 1shows the results of firing M:glN4 mixtures with
a starting M:Si ratio of 1:2; numbers in the product columns
indicate the relative intensities of the strongest lines. In the Fig. 1. The [N(SiN)4] present in M(IM(II1)SisN7 nitrides.
case of the yttrium samples there were always inner and outer
layers, especially for those fired at the higher temperature of (Ba,Sr,Eu)YbSjN- nitrides €ig. 1) but, whereas in the lat-
1900°C, where the inner layers were the oxygen-containing ter compounds the polar [N(S#\k] groups all point in the
phases ¥Si11N200 and Y3SisNgO and the outer layer was  same direction, the present refinement indicated alternate
predominantly C-phase. However, in other samples contain-orientations in the+y and —y directions; the same char-
ing La or mixed cations, a random distribution of the main acteristic that has been observed in the (Hz3NC
phase(s) was observed, with C-phase and a small amountompounds3 This difference appeared to be responsible for
of LaSNs and/or LaSigN1104 (never LaSigN11) also the lowering of symmetry from hexagonal to orthorhombic.

present. Defining a unique space group at this stage of the refine-
ment proved difficult. From the powder data, the presence of
3.1. Crystal structure of LapS4NgC an n glide plane perpendicular to theaxis appeared con-

vincing, but ab-glide plane associated withwas less so.

Crystals large enough for structure determination were Three possible space groups were identifiedr2; (31),
found on the surface of Sample Baple 1), where a thin P21nb (33) andPmnb (62)) but all were equally unsuccess-
yellow coating was mainly C-phase. Powder XRD data ful in reducing the value of R1 below 0.16. At this stage it
(Table 2 indexed very satisfactorily on an orthorhombic unit was noted that large “shadows” of residual electron density
cell with a = 6.0360(7),b = 10.1246(9),c = 10.5664(11) existed approximately 0.4 A from the heavy La atoms, a
A; however, hkl values obtained from single-crystal data feature which further substantiated the suspicion that the
showed a preference for half-integral values along two of crystal was twinned. The space group of highest symmetry
the axesX andz) indicating a high probability of twinning.  (Pmnb) was selected for further refinement and this termi-
Initial attempts at structure determination by direct methods nated at an R1 value of 0.1575 for 844 Bo4sig(Fo) and
using SHELXS, were partially successful, with R1 values 0.1729 for all 1007 data.
dropping below 0.20. The structure at this stage consisted The structure at this stage is illustratedrig. 23 along
of a distribution of [N(SiN)4] units (four [SiNy] tetrahedra  with that of BaYbSiN7 (Fig. 2b); in both figures, just over
meeting at a central nitrogen atom) similar to those in the half the height of the unit cell is illustrated, in order to

Table 1
Experimental results of firing samples with M:(Si,Al) atomic ratios of 1:2
Sample M M:Si:Al T (°C) Time (h) C-phase ¥Si11N20O Y3SisNgO LaSgNs Other
(a) Samples prepared from M3Bl; mixtures
3 (Main) La 2:4:0 1700 1 100 - - 4 -
3 (Crystals) 100 - - - -
4a LaY 1.1:4.0 1700 2 100 7 - 2 4
4b 1900 1 100 - - - <2
2 CaY 1.1:4.0 1900 1 100 - - - -
5 (Main) Y 2:4:.0 1900 0.5 100 70 48 - -
5 (Shell) 100 4 8 - -
6a Y 2:4:.0 1700 15 - 100 4 - -
6b Y (+C) 2:4:0 1700 15 100 2 12 - -
(b) Samples with Al also present
8 (Main) Y 2:3:1 1700/1450 3/16 - 100 - - 5
8 (Outer) 100 71 - - 2
7 La,Y 1.1:3:11 1700 2 100 7 - - 3

9 La 2:3:11 1700 2.5 31 - - - 100
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Table 2

X-ray powder diffraction data for LeSiaNgC

hkl dcalc (A) dobs (A) 290bs (o) |obs
002 5.2832 5.2752 16.793 12
101 5.2411 5.2442 16.893 13
020 5.0623 5.0645 17.497 11
012 4.6838 4.6814 18.941 6
111 4.6545 4.6562 19.045 17
021 4.5654 45747 19.387 2
120 3.8787 3.8801 22.901 6
112 3.7004 3.7033 24.010 3
022 3.6552 3.6528 24.347 2
121 3.6412 3.6421 24.420 7
013 3.3266 3.3261 26.781 3
031 3.2149 3.2153 27.722 3
103 3.0421 3.0419 29.337 44
200 3.0180 3.0180 29.574 22
130 2.9457 2.9412 30.365 3
131 2.8375 2.8394 31.481 100
211 2.7896 2.7899 32.055 1
004 2.6416 2.6409 33.916 2
202 2.6206 2.6207 34.186 3
123 2.6075 2.6070 34.371 47
220 2.5923 2.5926 34.568 25
132 2.5728 2.5730 34.840 12
014 2.5560 2.5552 35.090 15
212 2.5370 2.5365 35.357 35
033 2.4368 2.4359 36.869 2
114 2.3537 2.3540 38.200 6
024 2.3419 2.3412 38.417 4
222 2.3272 2.3266 38.668 3
042 2.2827 2.2822 39.451 5
133 2.2596 2.2607 39.842 1
213 2.2352 2.2352 40.316 8
231 2.2004 2.2001 40.988 6
124 2.1833 2.1845 41.294 2
142 2.1351 2.1349 42.299 3
034 2.0802 2.0803 43.465 6
232 2.0698 2.0693 43.708 17
204 1.9877 1.989 45.569 9
301 1.9765 1.9768 45.867 4
134 1.9666 1.9655 46.146 4
115 1.9569 1.9564 46.373 2
214 1.9505

025 1.9502 1.9494 46.549 9
240 1.9394 1.9393 46.806 5
151 1.8908 1.8893 48.122 9
224 1.8502 1.8505 49.197 3
321 1.8411 1.8409 49.470 3
152 1.8043 1.8038 50.559 2
035 1.7911 1.7908 50.952 2
006 1.7611 1.7615 51.862 5
053 1.7555 1.7553 52.059 2
303 1.7470 1.7470 52.325 13
135 1.7171 1.7179 53.280 2
234 1.7127 1.7131 53.441 16
331 1.7055 1.7053 53.705 15
106 1.6906 1.6932 54.120 1
060 1.6874 1.6872 54.329 3
061 1.6663 1.6668 55.049 10
026 1.6633 1.6615 55.240 9
323 1.6515 1.6508 55.629 10
332 1.6425 1.6412 55.983 5
160 1.6251 1.6246 56.606 3
045 1.6222 1.6216 56.720 1
062 1.6074

Table 2 Continued)

hkl dealc (A) dobs (A) 200bs (°) lobs
054 1.6071 1.6068 57.291 3
252 1.6023 1.6027 57.451 15
340 1.5750 1.5737 58.612 2
145 1.5666 1.5670 58.887 4
162 1.5533

154 1.5530 1.5528 59.479 4
206 1.5210 1.5220 60.808 17
400 1.5090 1.5096 61.362 11
163 1.4756 1.4758 62.925 3
420 1.4461 1.4460 64.376 3
315 1.4423 1.4412 64.616 1
245 1.4289 1.4294 65.215 4
262 1.4188 1.4189 65.759 8
254 1.4185

351 1.4144 1.4142 66.005 2
422 1.3948 1.3947 67.049 1
164 1.3842 1.3841 67.631 2
263 1.3588 1.3573 69.153 9
344 1.3528 1.3522 69.452 1
137 1.3434 1.3424 70.032 2
217 1.3382 1.3399 70.182 2
335 1.3378 1.3356 70.442 5
432 1.3330 1.3315 70.691 3
316 1.3139 1.3137 71.796 7
246 1.3038 1.3026 72.504 5
047 1.2964 1.2956 72.959 6
165 1.2883 1.2873 73.506 3
361 1.2833 1.2834 73.767 3
118 1.2799 1.2786 74.090 3
128 1.2503 1.2488 76.168 3
180 1.2386 1.2377 76.976 4
434 1.2215 1.2209 78.235 5
363 1.2137 1.2152 78.673 11

Orthorhombic:a = 6.0360(7),b = 10.1246(9),c = 10.5664(11) A.

show more clearly the distribution of tetrahedra. As in the
(Ba,Sr,Eu)YbSiN7 structures, the Si—N bonds not involv-
ing the central atom in the [N(S#)y] units were similar

in length and consistent with the sum of the radii of Si
and N ¢~1.7A), while bonds involving this central atom
were significantly longer (1.88-1.96 A). In addition, the dis-
placement factor for this atom was much larger than for the
other nitrogen atoms. A further observation was that the sto-
ichiometry of LaSisN7 did not demonstrate valency bal-
ance, i.e. whereas the unit cell contents of 8 La and 16 Si
agreed with the measured EDX La:Si atom ratio of 1:2, the
28 non-metal sites provided too few non-metal valencies
for electrical neutrality. By analogy with (Ho, TE5isNgC .23

it was appreciated that all these observations could be ex-
plained if the central atom in the [N(S§\] groups was
carbon rather than nitrogen, giving a formula of the type
LaySisNgC. This has the correct valency balance and ac-
cepted values for Si—C bond lengths are consistent with
the observed value of 1.9 A; moreover, carbon is extremely
suited to a regular tetrahedral [4]-coordination by silicon.
Placing carbon in this site also allowed the displacement
factor to refine to a very acceptable value (Sedble 3.
Refinement of anisotropic temperature factors made little
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Table 4
Bond lengths (A) and angles)(for LaySisNgC
Lal-N2 2.43(3) La2-N5 2.55(5)
Lal-N2 2.43(3) La2-N4 2.62(3)
‘ A Lal-N3 2.48(4) La2-N4 2.62(3)
9 oV Lal-N4 2.62(3) La2-N3 2.74(4)
\v)\ ﬁ\w‘ \ Lal-N4 2.62(3) La2-N2 2.94(3)
mﬁﬁmh‘!@u ,.mm}jm lal-N2  2.793) La2-N2  2.94(3)

L7 RN
Lal-N2 2.79(3) La2-N5 3.02(1)
A A*x @ La2-N5 3.02(1)
(’ AA Si1-N5 1.60(5) Si2—-N4 1.70(3) Si3-N3 1.73(3)
A A Si1-N2 1.76(3) Si2-N4 1.70(3) Si3-N4 1.79(3)
| @ Si1-N2 1.76(3) Si2-N5 1.70(6) Si3-N2 1.79(3)
A Si1-C1 1.92(6) Si2-C1 1.88(5) Si3-C1 1.96(4)

N2-Sil-N2 105(2) N4-Si2-N5 103(2) N2-Si3-N4 106(2)
N2-Si1-N2 106(2) N4-Si2-N5 103(2) N2-Si3-N3 108(2)
N2-Sil-N5 106(2) N4-Si2-N4 115(2) N3-Si3-N4 110(2)
N2-Si1-C1 113(2) N4-Si2-C1 116(2) N2-Si3-C1 106(2)
@ B N2-Sil-C1 113(2) N4-Si2-C1 116(2) N3-Si3-C1 111(2)
N5-Si1-C1 115(3) N5-Si2-C1 102(3) N4-Si3-C1 115(2)

pears to be a result of the lattice attempting to compensate
for the similar sized large cations. In the (Ba,Sr,Eu) Yh&i
structures, the large divalent cations lie in [12]-coordination,
with the smaller Yb cations [6]-coordinated; in the present
structure, the La atoms are [7]- and [8]-coordinated by ni-
trogen in the two large cation sites.

The presence of carbon in these samples is not unexpected
because they were fired in carbon crucibles and the graphite
heating element is also adjacent; moreover, any traces of oil
Fig. 2. Crystal structures of (a) k&8isNeC perpendicular to [010] and  retained from the storage medium for the lanthanum powder
(b) BaYbSiN7 perpendicular to [001] (after Huppertz and SchAigk would combust to give very reactive carbon. These results
In the latter, large circles represent Ba, and smaller circles Yb. also explain why, in the present work, the similar cation

ratio compound LgSigN11 was never observed; researchers
difference to the value of R1 (a reduction from 0.1575 to \yho have prepared this phase have usually done so at lower
0.1456), however, whilst the values of{and Us3 became  temperatures in a carbon-free environment. To confirm the
0.0055 and 0.0057, respectively, consistent with isotropic presence of carbon in this compound, other techniques were

bond. Final atomic coordinates are listedTable 3 based
on Pmnb as the space group; bond lengths and angles are3.2. Characterisation of YoS4NgC, LaYS4NgC and

(b)

shown inTable 4 CaYdsNy

The departure of the structure from the hexagonal sym-
metry observed for the (Ba,Sr,Eu)YQSi; phases is due to Similar results were obtained when yttrium was used in
the alternate inversion of the [C(SiIM] units, which ap- place of lanthanum in the starting mix as showable 1
Table 3
Final atomic coordinates for L&isNsC
Atom Site/symmetry X y z Sof Uiso (A2)
Lal 4c/m 0.25 0.0911(3) 0.4385(3) 1.0 0.0047(86)
La2 4c/m 0.25 0.9526(3) 0.3954(3) 1.0 0.0070(7)
Si1 4c/m 0.25 0.4817(14) 0.7397(11) 1.0 0.0098(22)
Si2 4c/m 0.25 0.7036(12) 0.9241(10) 1.0 0.0056(21)
Si3 ad/l —0.0044(14) 0.7290(9) 0.6700(7) 1.0 0.0050(14)
c1 4c/m 0.25 0.792(6) 0.768(5) 1.0 0.020(10)
N2 ad/l 0.020(5) 0.552(3) 0.664(3) 1.0 0.006(3)
N3 4c/m 0.75 0.769(4) 0.746(3) 1.0 0.006(3)
N4 8d/l 0.488(4) 0.716(3) 0.009(3) 1.0 0.006(3)

N5 4c/m 0.25 0.452(6) 0.879(5) 1.0 0.024(10)
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Again, the samples showed outer and inner regions, with Table 5 - _
the outside substantially C-phase and the inside consist-X-ray powder diffraction data for (La,¥5isNeC

ing of other phases such as%i11N20O and Y3SisNgO. hkl dealc (A) dobs (A) 200bs(°) lobs
A maximum amognt of C.—phase was observed .at the Y:Si 100 5 2024 52009 17.034 17
ratio of 1:2, consistent with EDX data for the final POW-  go2 4.9405 4.9398 17.942 10
der. The X-ray powder patteth'? is very similar to that of 101 4.6033 4.6027 19.268 21
LapSiyNgC shown inTable 2 but with systematically de- 102 3.5824 3.5817 24.838 8
creased d-spacings and unit cell parameters; for sample Gbilo 3.0036 3.0038 29.717 62
a=59677(7)b = 9.8937(13)c = 102648(13) A. ;08 2102 oo S o
A crystal, mounted for single-crystal structure determina- 11, 2 5665 2 5667 34.928 81
tion, produced data good enough to confirm a similarity to 201 2.5155 2.5155 35.662 68
LayxSiyNgC in composition and structure, but refinement was 004 2.4702 2.4707 36.331 7
inconclusive due to twinning and imperfections in the crys- 292 2.3018 2.3018 39.102 1
L TN 104 2.2314 2.2309 40.397 4
tal. Likewise, use of the monoclinic unit cell reported for the 203 20413 20415 44.334 18
Ho and Tb analogUé% (a ~ 5.9, b~ 9.9,c~ 119 A, ﬁ ~ 210 1.9663 1.9664 46.123 4
120°) made no improvements in the result. FopEaNgC, 211 1.9285 1.9283 47.089 6
it was argued that the carbon could have come from the oil 114 1.9079 1.9081 47.618 2
in which the La powder was supplied. This possibility could ;05 12‘2‘;3 ig‘z‘gg jgggg 1;
ngt have arisen _here becaqse_the yttrium powder was SUP3 4o 17341 17341 52744 13
plied as YH, notimmersed in oil, and yet gave the samere- 513 1.6883 1.6882 54.294 43
sults. A deliberate addition of carbon powder to the yttrium o006 1.6468 1.6468 55.776 6
sample 6b, as compared to a merely stoichiometric mixture 302 1.6363 1.6362 56.169 23
(sample 6a), also confirmed clearly the significance of car- 205 1.5736 1.5733 58.628 33
bon as one of the atomic constituents, since C-phase is veryi(i6 12;22 1'2223 gg'ggg é
strong in the carbon-containing sample, whilst non-existent 55 g 15018 15020 61.706 30
in the other (se@able 1. This, combined with the fact that 116 1.4440 1.4436 64.496 6
the C-phase is more usually observed on the outside of the310 1.4429
sample, strongly suggests that the carbon comes from the?22 1.4369 1.4369 64.833 2
CO gas present in the furnace environment. géi ﬂi;; ﬁjgg 22:323 i
When half the La is replaced by Y, C-phase is again 515 1.3939 1.3926 67.163 29
the main product, with (Y,LaBi11N20O and (La,Y)SiNs 206 1.3914
as minor additional phases. However, in this case C ap-312 1.3850 1.3850 67.581 1
pears at lower temperatures{700°C), which would sug- ;2; iggig iggig si-ggg 21
gest that t_he structure forms more readily when mixtures of 1.3006 1.3001 72,666 1
different-sized cations are used. The powder XRD pattern 4q4 1.2895 1.2892 73.380 6
of this (La,Y)»SisNgC phase Table § indexes on a hexag- 224 1.2832 1.2837 73.746 20
onal unit cell of dimensiong = 6.0072,¢ = 9.8809 A, 216 1.2625 1.2617 75.253 5
showing it to be isostructural with the (Ba,Sr,Eu)Y§i$i 314 1.2459 1.2451 76.435 1
series. Clearly the presence of equal numbers of large an 07 1.2407 1.2404 et 2
) i ) i : 1.2351 1.2348 77.190 1
small cations is responsible for the higher symmetry; sin- 4¢3 1.2097 1.2096 79.108 1
gle crystals of this sample were not available for structure 108 1.2017 1.2015 79.748 3
determination. 306 1.1941 1.1936 80.383 2
Table 1also includes the result of reacting equimolar 332 i-igig L 1846 61120 X
a_m_ognts of Ca a_nd Y powders with S|I|(?0n powder and 11653 11647 82 807 5
nitriding, and again this shows the formation of a C-phase ;g 1.1423 1.1408 84.941 7
product at 1900C. Since the starting composition of 410 1.1352 1.1339 85.581 7
CaYSiN7 has the same stoichiometry and the large Ca and 323 11221 1.1210 86.808 12

Y cations havg relativg atqmic radii similar to those in the Hexagonala — 6.0072(3),c — 9.8809(6) A.

(Ba,Sr,Eu)YbSIN7 series, it was expected that the struc-

tures would be identical. However, the low boiling point of

calcium caused some loss of Ca by evaporation, and ele-by a small amount of carbon substitution for nitrogen and
mental analysis carried out by EDX on the centre of the fired was explored by3C NMR analysis (see below). The com-
pellet showed the Ca:Y ratio to be not 1:1 but approximately position of the sample is therefore & 12SiaNggCo.2,
2:3, resulting in an overall Ca:Y:Siratio of 0.8:1.2:4.0. With representing ther = 0.2 member of the more general
an excess of ¥ relative to C&t, valency balance would  solid solution series Ga )Y (14x)SisN7—C,. As with
require additional negative charge. This is easily provided the (La,Y»SisNgC phase above, the XRD pattern is hexag-
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onal rather than orthorhombic, as expected with different (Ca,Y)SisNg(N,C) (b) (La,Y)SisuNeC (c) Y2SisNeC (d)
large cations present, and indexed on a unit cell with LapSisNgC. The pattern of (Ca,¥bisNg(N,C) shows an in-

a = 5.9874(4),c = 9.7849(8) A. Powder diffraction data

teresting feature compared to the other phases, in that there is

and a single-crystal structure determination on this phaseno line at~18 26. This line represents the (00 2) reflection

are described in the next pagér.
X-ray powder diffraction patterns are shownhig. 3 for
the four main structures studied in this work, namely, (a)

(d)

15 20 25 30 35

()
15 20 25 30 35 29 40
(b)

el

40

15 20 25 30 35

20

Fig. 3. X-ray powder diffraction patterns for (a) (Caz8)sNs(N,C) (b)
(La,Y)2SisNgC (c) Y2SisNgC (d) LapSisNeC.

in the basic hexagonal unit cell and can be seen clearly in the
other hexagonal structure (b) and also in the orthorhombic
structures of (c) and (d). Since the patterns of Ba¥N%i

and SrYbSiN7 both also contain an (00 2) reflection, this
absence cannot be attributed merely to the different Si-C or
Si—N bonds, but probably arises because of the significantly
reduced atomic number of calcium compared with the other
large cations used here.

3.3. NMR analysis

295j and3C MAS spectra for the four carbonitrides char-
acterised in the previous sections are showikitn 4 and
the data (including linewidths) summarisedTable 6 For
the hexagonal compound (LapQisNeC, the 2°Si spec-
trum (Fig. 49 consists of two peaks &j = —33.1 and
—39.1 ppm, in the intensity ratio 1:3.6. The silicon atoms in
this compound are essentially those in the [C&3iNunit
and, even though all of them are surrounded by gJ\en-
vironment, three of the sites are related by triad symmetry,
whilst the fourth sits uniquely on the triad axis. This would
suggest a two-peaf®Si spectrum, in which the peaks are
in the intensity ratio of 1:3, which is in quite good agree-
ment with the results observed. Th&C spectrum for this
compound Fig. 4b shows a single peak & = 36.3 ppm,
consistent with expectations.

The other hexagonal compound, (Ca3kNg(N,C), dif-
fers in that the central site of the [N(SM] unit is now
occupied by both nitrogen and carbon in the approximate
ratio 0.8:0.2. In addition to the 1:3 intensity rafiesi spec-
trum, provided by the 0.2 carbon atoms in this site, the other
0.8 nitrogen atoms also have the same four gpiNits sur-
rounding them; these would give a similar spectrum, but
probably shifted to slightly lower frequencies. The overall
result would therefore be a four-ped®Si spectrum, with
the intensities of the peaks (normalised to a total of 100%) in
the ratio 5(C):20(N):15(C):60(N), where C and N here refer
to either C- or N-centred [(C,N)(Si)4] units respectively.
The observed®Si spectrumFig. 4h) is not inconsistent with
expectations, if it is assumed that the main peaksat=
—36.9 ppm corresponds to the 60N peak above, while the
three other peaks are not resolved, but distributed between
dsi = —22 and—36 ppm. The small peak & = —19 ppm
is due to impurity silicon carbide (probably present in such
small amount as to be not visible on the XRD spectra), and
the unusually sharp feature &; = —40 ppm (which oc-
curs in all the spectra) is an artefact and can be ignored.
Prior to carrying out the NMR work, it was expected that
the 13C NMR spectrum would not give any peaks because
the anticipated composition was Ca¥S¥, with no carbon
presentFig. 4ashows that this is not the case, and the chem-
ical shift of S5c = 34.0 ppm is not dissimilar to that of the
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Fig. 4.13C (a—d) and®’Si (e-h) MAS NMR spectra of the carbonitride samples.

mixed (La,Y) phasedc = 36.3 ppm), showing that carbon

purity present in the sample and the peaBgt= —20 ppm

is indeed present and is in a similar site in both structures. arises from silicon carbide impurity (the sample used here
The intensity of this peak is perhaps higher than expectedfor NMR analysis was a different one from that used for
for the 0.2 carbon atoms per formula unit deduced from the the XRD work in Table 1. The remaining two peaks at

EDX analysis?* The small subsidiary peak at 15 ppm cor-
responds to the small amount of impurity SiC present.
The LaSisNgC and Y>SiuNgC phases differ from their
mixed cation equivalents in having lower symmetry due to
the inversion of the [(N,C)(SiB)4] units and the adoption
of [7]- or [8]-coordination by all the large cations, rather
than the [12]/[6] split in the hexagonal modifications. In
the 29Si spectrum of LaSisNgC (Fig. 48, the two small
peaks absi = —57 and—64 ppm are due to Lagls im-

Table 6
NMR results for the carbonitride samples

dsj = —332 and —43.7 ppm are then attributable to the
LaySiyNgC phase, and the intensities of these are approxi-
mately in the ratio~1:3.3. In fact the spectrum is not very
different from that of the (La,¥)SisNgC phase discussed
above, but with a slightly larger separation of the two peaks.
Despite the symmetry degeneration, the environments of the
silicon atoms appear to be not significantly altered, and the
spectrum retains a similar appearance. Inff@ spectrum
(Fig. 40, the peak ac = 16.1 ppm is probably due to sil-

Transients ¥3C/29Si) v (kHz) (*3C/29Si) 5 (ppm) (3C) Iw (Hz) 8 (ppm) @°Si) Iw (Hz)
LaySigNgC* 144/92 4.0/4.0 16.1, (SIiC) 355 —19.7 (SiC) 98
45.6 305 —43.7 256
—-33.2 170
—57 () -
~63.9 &) 125
Y 2SigNeC 144/92 3.2/4.0 36.7 300 —-37.6 305
—60 (+)
(La,Y)2SisNgC 109/48 4.0/4.0 36.3 309 —-39.1 228 d
—-33.1 142 d
(Ca,Y),SisNg(N,C) 140/48 3.2/4.0 34.0 381 —-36.9 378
~19 (SiC)

d—deconvoluted; lw—Ilinewidth at half-heightx) LaSiNs; (+) probably Y;SisNgO; (#) a separate sample from that shownTable 1
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icon carbide, and once again there is a single carbon peak 630 1 T 10.4
(atSc = 45.6 ppm) for the carbonitride phase, in agreement
with expectations from the proposed structure, though at a
higher chemical shift than for the other carbonitrides. 1102
For the Y>SisNgC compound, thé°Si spectrum is shown 62571
in Fig. 4f. The small feature aisi =~ —60 ppm is due to
Y 3Si5NgO impurity. This impurity phase was also present in
a sample examined by Le&chwho, at the time, thought it 620 1
had the composition XSi3sNg; he measured three peaks for
the 29Si spectrum in the intensity ratio 2:2:1, occurring at
3si = —57.3,—60.2 and—-64.8 ppm, consistent with our ob-
servations. Th&°Si spectrum obtained in the present work 6.15 1
(Fig. 4f) appears to consist (apart from the impurity peak and
the small artefact) of a single resonancégat= —37.6 ppm. I T96
However, this is rather broad so presumably the expected
two peaks cannot be resolved. Indeed, Léaatiso exam-
ined Y2SiyNgC (at that time thought to be gBizN1g) and i + 9.4
found two peaks alsi = —36.0 and—38.5 ppm with inten-
sity ratio~1:1.6, again consistent with our result. The sub- 6.05 1
stantial difference in chemical shifts from the spectrum of
the LgSiyNgC system is surprising, but may be due to the
distortion imposed on the structure by the relatively small
size of the yttrium cation compared with that of lanthanum 6.00 1
or calcium. Clearly the single peak seen farSi;NgC can-
not be due to a uniform [7]- coordination of the cations. The
carbon spectrumFig. 49 again gives a single carbon peak
atdc = 36.7 ppm, in complete agreement with expectations.
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4. Discussion 5.90 — 8.6
088 092 096 100 104 108 1.12

Deviation from 1:1 in the ratio of the large cations in Mean ionic radius /A
(Ca,Y)SisNe(N,C) not only required mixed occupation of 5 5 ynit cell dimensions of (MM1),Si(N.C); phases
one of the large cation sites but also necessitated modifi-(m" = Ba,Sr,Eu,Ca; W = La,Y,Yb) (— present work; --- after Hup-
cations to the non-metal site occupation scheme to achievepertz and Schnicd??).
charge neutrality. In fact this is achieved by the intro-
duction of carbon into the central non-metal site of the
[N(SiN3)4] units as confirmed by>C NMR spectra. For all  orthorhombic structures mean valuesaofind b/+/3 have
the La- and Y-containing samples, it was difficult to prepare been calculated and plotted along wétor the hexagonal
single-phase specimens, suitable for single-crystal structurestructures. All these lie on an approximately straight line,
determination. However, in these structures the large cationsas do the hexagonal parameters of the (Ba,Sr,Eu) samples,
are all trivalent, so there is no change in electronic charge ondemonstrating a linear increase with increasing mean ionic
altering the cation ratio, and the [4]-coordinated non-metal radius. Thec parameter of the ¥SisNgC phase surprisingly,
sites remain fully occupied by carbon. It is therefore prob- does not fit in with this trend. Attempts to produce a mixed
able that a range of orthorhombic solid solutions exists Ca,La or Mg,Y derivative of C-phase were unsuccessful,
at the ends of the L®isNgC-Y2SiuNgC pseudo-binary showing that there is a limit to the range of cation sizes
system whilst at a certain composition from both ends of which can be incorporated into this structure. However, if
the system, the symmetry changes to hexagonal and this iswo trivalent cations are used, a pure nitride can result if
preserved throughout the central region of the system. Aone Si atom is simultaneously replaced by one Al atom
change in the symmetry is readily detectable on X-ray pow- per formula unit. Based on this principle, the three phases
der diffraction patterns, and therefore the La:Y ratio in such of composition LaSizA|N7, Y2Si3A|N7 and LaYS§A|N7
a composition can readily be determinédg. 5 shows a were prepared (seBable J). It was noted that in all cases
plot of the unit cell parameters of the {iW''"),Sis(N,C); there was an increase in theparameter and a decrease in
phases prepared in the present work, along with those inthe ¢ parameter relative to the non-substituted structures.
the (Ba,Sr,Eu)Yb3N7 series, as a function of the mean The former is consistent with the substitution of a maximum
ionic radius of the large cations in each compound. For the of one Al atom for one Si atom, while the latter represents
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Table 7
Unit cell dimensions of some (MM"')5(Si,Al)4(N,C); compounds
(M" = Ba,Sr,Eu,Ca; M = La,Y,Yb)

2.

Sample a(A) b (A) c(A)

BaYbSiN7 6.0254(3) 9.8118(7)
SrYbSiN; 5.9854(3) 9.7459(9) 3
EUYbSiN7 5.9822(3) 9.7455(4)
CaYSpN/2 5.9846(4) 9.7861(8)
LaYSisNgC? 6.0072(3) 9.8809(6) 4
LaYSizAIN 72 6.0223(5) 9.8381(11)
Y,SiaNgC 5.9677(7) 10.2648(13) 9.8937(13)

Y 2SizAIN 72 5.9863(7) 10.2797(15) 9.8449(14)
La,SisNeC 6.0307(7) 10.5664(11) 10.1246(9) 5,
LapSiAIN 72 6.0538(8) 10.5773(24) 10.1209(12)

a |dealised compositions (see text).

an equivalent substitution of N for C. Measured unit cell
parameters are shown fable 7 the accompanying com-
positions are idealised for the purpose of illustration only.

7.

5. Conclusions

Experiments have confirmed that series of compounds of ©-
the type MM SiyNeC and M'M" (Si,Al)4(N,C); can be
formed by the nitriding of La, Y, and/or Ca metal mixtures
in the presence of Si (and Al). Where a large divalent cation

is present along with a smaller trivalent cation the structure 10.

is hexagonal and consists of regularly spaced [N¢&N
tetrahedral groups linked together, with the large cations in-
serted in the interstices. In compositions where both cations
are trivalent, such as La and/or Y, valency balance is pre- {4
served by the substitution of C for N in the central [4]-fold
site of the resulting [C(Si®)4] group, as confirmed by

carbon-13 magic-angle spinning NMR. In addition, where 12.

both cations are of similar atomic radius, the structure
changes to give a lower orthorhombic symmetry. As an
alternative to carbon substitution, the extra valency can be
compensated for by replacing one Si atom by Al to allow
the formation of pure nitrides of the type (Y,Lla9izAIN 7.
Clearly, numerous other compositional permutations are
possible in this group of structures.
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