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We present a density functional theory study of a variety of nitridosilicate and oxonitridoaluminosilicate systems. For the nitridosilicates, we have shown that the DFT-calculated equilibrium structures of BaYb-Si 4 N 7 , SrYb-Si 4 N 7 and EuYb-Si 4 N 7 are in good agreement with experiment. We then used the virtual crystal approximation (VCA) to study the effects of oxygen-doping on the nitrogen sites. We then added Si/Al disorder into our system, in order to model the properties of BaYb SiAlON for pressures up to 50 GPa, in order to investigate recent experimental findings. We have found that this system is stable over the whole pressure range, and that the compression mechanism is pure bond length shortening.

Introduction

The nitridosilicates and oxonitridoaluminosilicates are of technological interest due to their high mechanical hardness and strength, their thermal and chemical stability, and their relatively low density [1]. The characteristic building blocks in the nitridosilicates are SiN 4 -tetrahedra, which readily form a three-dimensional tetrahedral network by sharing corners [1]. In contrast to oxosilicates, where oxygen atoms are either terminally bound to silicon, or connect two tetrahedrally-or octahedrally-coordinated Si atoms, nitrogen atoms can be shared by two, three or even four SiN 4 -tetrahedra.

Throughout this work, nitrogen atoms shared by two, three or four SiN 4 -tetrahedra are denoted N [2] , N [3] and N [4] , respectively. Of the nitridosilicates synthesized so far, BaYb Si 4 N 7 is particularly interesting, as it was the first nitridosilicate that was found to contain both N [2] and N [4] atoms [2]. Furthermore, it represents the aristotype of several substitutional derivatives MYb Si 4 N 7 [3,4].

The synthesis of the nitridosilicates is experimentally demanding, as the presence of oxygen has to be excluded. Furthermore, it is challenging to detect the incorporation of small amounts of oxygen by chemical analysis of the products, and little is known about the influence that small amounts of oxygen can have on structural and physical properties. Specifically, magnetic investigations may be difficult to interpret, as oxygen impurities would lead to a partial reduction of the magnetic moments per formula unit, but these could also be due to the presence of vacancies in the anion sub-lattice [5]. The magnetic properties of MYb Si 4 N 7 , with M = Sr, Ba, Eu, have recently been investigated experimentally [5]. In these measurements, a significant decrease of the magnetic moment of the Yb-ion with respect to its free ion value has been observed.

A combined partial substitution of Si by Al and N by O leads to the oxonitridoaluminosilicates ("SiAlONs") [6]. This coupled substitution is difficult to quantify, but has influence on the properties of this system. A specific problem during the investigation of SiAlONs is to establish if the Si 4+ /Al 3+ and O 2-/N [6] and Nd 2 Si 2.5 Al 0.5 O 3.5 N 3.5 [7].

In addition to the order/disorder question, there is also uncertainty concerning the high pressure behaviour of the BaYb SiAlONs. Recently, we have investigated the BaYb Si 2 Al 2 O 2 N 5 system by in situ high-pressure powder X-ray diffraction at pressures of up to 37 GPa using the diamond-anvil cell technique [8]. However, due to inherent restrictions related to in situ high-pressure powder X-ray diffraction, it was not possible to determine the compression mechanism. Furthermore, from the f-F Eulerian strain versus normalized stress plots, the linear behaviour of the experimental data became strongly non-linear at Eulerian strain values which correspond to pressures higher than A c c e p t e d m a n u s c r i p t 3 30 GPa. This deviation from the low-pressure behaviour could be indicative of an approach to the limit of phase stability. Whether this non-linearity is real was one of the issues we wanted to answer with this study.

Density functional theory (DFT) based calculations are well established in the study of structure-property relations of solids [9]. Furthermore, it has been demonstrated that DFT is capable of reproducing the effects of the lanthanide and actinide elements present in the materials studied here [10,11]. The virtual crystal approximation (VCA) can, at least in principle, be used to investigate and predict the effect of doping and of disorder, and has already proven accurate for studies of Si/Al order/disorder [12,13] and for solid solutions of perovskites [14].

In Section 3.1, after investigating the structures of the pure MYb Si 4 N 7 (M = Ba, Sr, Eu) systems, we employ the VCA technique to study the effects of small amounts of oxygen on the crystal structure of BaYb Si 4 N 7 : a typical nitridosilicate. In Section 3.2, we extend this study to the simulation of a typical SiAlON system. In order to investigate our recent experimental findings described above, we have calculated the structures of BaYb Si 2 Al 2 O 2 N 5 at simulated pressures in the range 0 -50 GPa. To our knowledge, this is the first time that the VCA technique has been used for a system containing coupled disorder.

Computational details

The quantum mechanical calculations described here are based on density functional theory and the PBE-version of the generalized gradient approximation (GGA) [15], adapted for spin-density calculations. Ultrasoft pseudopotentials were used with a plane wave basis set, truncated at a kinetic energy of 500 eV. In addition to this cut-off energy, one further parameter determines the quality of the calculations, namely the density of points with which the Brillouin zone is sampled. The wave vectors for the sampling points were chosen according to the scheme proposed by Monkhorst and Pack [16]. Here, we use a sampling of reciprocal space such that distance between grid points is about 0.03 Å -1 . Full geometry optimization calculations were performed in which all structural parameters not constrained by the space group symmetry (P6 3 mc) were relaxed. After the final self-consistency cycle, the remaining forces on the atoms were less than 0.01 eV/Å, and the remaining stress was less than 0.05 GPa. The present calculations are restricted to the athermal limit, in which temperature effects and zeropoint motions are neglected. For all calculations we used both the academic and commercial versions of the CASTEP program, which has been described elsewhere [9,17].

The VCA calculations are based on a weighting of the contribution of the pseudopotentials according to the site occupancies [14]. This VCA approach could, in principle, be used to study any composition in a solid solution. However, the number of electrons in the unit cell changes when a nitrogen ion is partially replaced by an oxygen ion. In the general case, this leads to a non-integer number of electrons in the unit cell.

A treatment of this condition would require major modifications to CASTEP2 , and hence the current study was restricted to those compositions with an integer number of electrons.

For our study of oxygen doping, we have investigated the possible incorporation of oxygen on the three available nitrogen sites. The smallest possible unit cell for the undoped Ba-containing end-member is Ba 2 Yb 2 Si 8 N 14 . To clarify the different coordinations, this is better written as Ba 2 Yb 2 Si 8 N(1) [4] 2 N(2) [2] 6 N(3) [2] 6 . Here, the values in parentheses are consecutive labels for nitrogen atoms occupying different Wyckoff sites (N(1) is located on Wyckoff position 2b with 00z, N(2) and N(3) are on Wyckoff position 6c -see figure 1). For the smallest possible oxygen concentrations, the constraint of having an integer number of electrons then leads to a composition of Ba 2 Yb 2 Si 8 N 13 O, if the unit cell size is unchanged. The oxygen could either be incorporated by a VCA model for N(1), N(2) or N (3). For the two substitutions on N (2) and N(3), i.e. on Wyckoff position 6c, this corresponds to an N:O ratio of 83.33:16.67 on that site. For the N(1) site, the ratio would be 50:50. 

Results

Nitridosilicates

The results of the full geometry optimization of BaYb Si 4 N 7 , SrYb Si 4 N 7 , and EuYb Si 4 N 7 are given in table 1. It is clear that in all cases the computed structural parameters agree with the corresponding experimental values to within the accuracy usually obtained in DFT-based calculations [9]. It is worthwhile to note that the relative lengths of the cell parameters (a EuYb < a SrYb < a BaYb ) and the constant a/c-ratio are reproduced, which convincingly demonstrates the relative accuracy of the calculations.

[Table 1 around here]

All calculations were performed using a spin-polarised exchange-correlation functional.

The energy differences between spin-polarised and non spin-polarised ground states were found to be rather small. For example, in BaYb-Si 4 N 7 the spin-polarised ground state with a total spin density of 1 ћ is only 0.2 eV per unit cell more stable than the unpolarised structure. The change of the spin state does not seem to affect the structural parameters significantly in the present cases. The spin at the Yb ion was 0.36 ћ for SrYb Si 4 N 7 , 0.39 ћ for BaYb Si 4 N 7 and 0.47 ћ for EuYb Si 4 N 7 , in agreement with the value that would be expected for the Yb 3+ . For the europium ions the spin is 3.0 ћ.

As the integrated spin density in EuYb Si 4 N 7 is 7.5 ћ, and as there are two Yb and two Eu ions in the unit cell, there is some itinerant magnetism.

We have found that incorporation onto N(2) is slightly preferred (∆E ~ -5. ). As these numbers are very small, we will assume that in a realistic system, the doped oxygen is spread equally over the two sites N(2) and N(3) (see Section 3.2).

Similar comparisons with the N(1) site are not possible, as the total energies from the VCA calculations are dependent upon the site-occupancies, which differ between N(1)

and N(2)/N(3). However, previous neutron diffraction experiments and Monte Carlo simulations have shown that incorporation at the N(1) site is not likely as this would involve 4-coordinated oxygen [18].

[Table 2 around here]

The unit cell volume does not change significantly when ~10% of the nitrogen is replaced, as the relaxed structure of BaYbSi 4 N 7 has a unit cell volume of 316.2 Å 3 , while the VCA model gives 315.9 Å 3 and 316.0 Å 3 for the N(2) and N(3) sites respectively. The doping has a noticeable effect on the spin density, as the spin on the Yb-ions decreases on doping by about a third to 0.25 ћ, while the total spin density drops to 0.5 ћ. This strengthens the arguments brought forward to explain the significant decrease by ~ 35% of the experimentally observed magnetic moments with respect to the free ion value [5], although the quantitative agreement is probably fortuitous.

BaYb-SiAlON

While in the nitridosilicates, special attention was paid to the anion sites (N [4] (1), N [2] (2) and N [2] (3)), in BaYb-SiAlON the tetrahedral cation sites also have to be considered, which we will call T(1) and T(2). T( 1) is located on Wyckoff position 2b with 00z and T(2) is on Wyckoff position 6c, as shown in figure 3. 4).

[Tables 3+4 around here]

In BaYb SiAlON, the results of the calculations suggest that the T(1) and T(2) sites are occupied in equal parts by Si and Al. The N [2] (2) and N [2] (3) sites have a N:O ratio of ⅔:⅓, while N [4] (1) is fully occupied by N (based on the results of the previous section).

Again very good agreement with the experimental results is observed [19].

The [T(1)-T(2)]-N [2] bond length (1.759 Å average value) is shorter than [T(1)-T(2)]-N [4] (1.896 Å average value). If the values of 0.325, 1.42 and 1.46 Å are used as the ionic radii of Si 4+ /Al 3+ , O 2-/N 3-and N 3-, respectively [20], the [T(1)-T(2)]-N [2] distances agree with the sum of the corresponding ionic radii (1.745 Å). The [T(1)-T(2)]-N [4] average value is higher than the sum of the corresponding ionic radii, due to the increased coordination of the nitrogen ion from N [2] to N [4] . This phenomenon is present in all the isotypic nitridosilicate and SiAlON compounds [3,4,19,21].

Bulk and linear compressibility.

The dependence of the theoretical volume as a function of pressure is plotted in figure 4. From a fit of a third-order Birch-Murnaghan equation of state (EOS) to the calculated p-V data up to 50 GPa using the program EOS-FIT [START_REF] Angel | Program EOS-FIT[END_REF] we have obtained the isothermal bulk modulus, B 0 , and the first pressure derivative of the bulk modulus, B′;

the results are shown in table 5. From the table, it can be seen that the theoretical values are systematically smaller than the experimental values. However, the errors in B 0 are smaller than 10%, which is typical for GGA DFT calculations [START_REF] Winkler | [END_REF]. [Table 5 around here]
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In order to make complex trends visible which are not directly apparent from a p-V plot, the data were transformed into normalized pressure, F, and Eulerian strain, f [24].

For a Birch-Murnaghan EOS the Eulerian strain is given by f = 1/2[(V 0 /V) 2/3 -1] and the normalized stress is defined as F = P/[3f(1+2f) 5/2 ]. The f-F plot gives a direct indication of the compression behaviour. The f-F plot of both the theoretical and the experimental data is shown in Figure 5. From Figure 5, while the linear behaviour of the experimental data becomes strongly non-linear at Eulerian strain values higher than around 0.045, which correspond to pressures higher than 30 GPa, the calculated data shows linearity over the whole interval. As the lack of a pressure-induced phase transition could be due to the symmetry imposed on these calculations, we repeated the highest-pressure calculation (50GPa) with the symmetry reduced to P1. However, this calculation resulted in the same structure as our P6 3 mc calculation. Therefore, the VCA calculations give no evidence for a pressure-induced structural phase transformation due to elastic instabilities in BaYb SiAlON, and the unusual stability at high pressures reported experimentally by Juarez-Arellano et al. [8] is confirmed. The dependence of the theoretical cell parameters as a function of pressure is plotted in figure 6. The p-a and p-c theoretical data were fitted with a third-order Birch-Murnaghan EOS. The resulting parameters are summarized in table 5. Unlike in the experimental data, the DFT calculations suggest that the compressibility is smaller in the a-direction than in the c-direction. However, the difference between the two values is small, 4GPa, and is likely to be below the resolution of these calculations. We therefore believe that the compressibility is approximately isotropic, in agreement with experimental data. The variation in the polyhedral angles between the VCA results at 0 and 50 GPa (table 4) is less than 1%. This implies that the tetrahedral network (figure 3) is so stiff that a homogeneous bond length compression is the only pressure effect. These results confirm the high pressure stability of the crystal structure of BaYb SiAlON, and pure bond length compression has been identified as the compression mechanism.

Conclusions

We have shown here that the VCA approach is useful for modelling both sitedependent O 2-/N 3-disorder, and coupled Si 4+ /Al 3+ and O 2-/N 3-disorder. We have shown that when a nitridosilcate is oxygen-doped, the oxygen tends to substitute for nitrogen on the N(2) and N(3) sites. The behaviour of the BaYb SiAlON crystal structure at high pressure was calculated, and the results are in good agreement with the experimental results. Pure bond length compression was identified as the compression mechanism.

The VCA results give no evidence for a pressure-induced structural phase transformation and confirm the unusual stability of BaYb SiAlON at pressures up to 50 GPa. = N [4] (1), = N [2] (2), = N [2] (3) (relative sizes adjusted for ease of visualization in greyscale). 14) 0.0461 N [4] (1) z 0.1216(4) 0.1236 0.1210(5) 0.1226 0.1207(4) 0.1225 N [2] (2)
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[Fig 1

 1 around here]To obtain smaller concentrations, the unit cell can be doubled, such that the unit cell then contains Ba 4 Yb 4 Si 16 N 27 O. For the substitution on N(2) and N(3) the on-site N:O ratio is then 91.67:8.33, while for the N(1) site it still would be a high value of 75:25.
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 5 investigate the influence of a more realistic N(1) concentration, an additional calculation for a unit cell with a volume of 1264 Å 3 containing Ba 8 Yb 8 Si 32 N 55 O was performed. For our study of the double-substituted BaYb SiAlONs, we have introduced Si/Aldisorder (50:50) in addition to O/N disorder across the N(2) and N(3) sites (33.3:66.7), resulting in the experimentally-determined stoichiometry BaYb Si 2 Al 2 O 2 N 5 . Although other proportions can lead to the same stoichiometry, these values were considered more realistic, based on the results in Section 3.1.
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 6 8 kJmol -1 ) to the incorporation on N(3) at the lower concentration (27:1), but the situation is reversed the higher concentration (13:1) (∆E ~ 12.6 kJmol-1 

[ Fig 2 A c c e p t e d m a n u s c r i p t 7 corresponding

 27 around here]The calculated BaYb SiAlON structures at 0, 30 and 50 GPa, and the bonds lengths and angles, are summarized in tables 3 and 4, respectively. From table 3 it is clear that the computed structural parameters in BaYb SiAlON at 0 GPa agree well with the experimental values obtained by powder x-ray diffraction[19]. The theoretical lattice parameters and the atomic position values deviate from the experimental data by less than 0.62% and 0.48%, respectively. The computed bond lengths and angles are in good agreement with the experimental values (table

[Fig 3

 3 around here]

[Fig 4

 4 around here] Although a difference between the theoretical and experimental f-F plot is clearly seen in figure5, the shift is a direct consequence of the different values of the predicted and experimental bulk moduli. The slope of the plots is approximately the same, as can be confirmed by comparing the first pressure derivative values (4.3 and 4.7 for theory and experiment, respectively).
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 9 Figs 5a+b around here]

Figure 1 .

 1 Figure 1. The nitridosilicate structure, showing the labelling scheme used here.

Figure 2 .

 2 Figure 2. The BaYb SiAlON crystal structure. T 1 (black) and T 2 (grey) tetrahedral-sites form star-like units.= N[4] (1), = N[2] (2), = N[2] (3) (relative sizes adjusted for ease of visualization in

Figure 3 .

 3 Figure 3. Variation of the theoretical unit cell volume versus pressure of BaYb SiAlON. Equation-ofstate fits to experimental (37 GPa) and theoretical data are represented by solid lines.

Figure 4 .

 4 Figure 4. Theoretical and experimental volume-pressure data as a plot of the normalized pressure F against the Eulerian strain f of BaYb SiAlON.

Figure 5 .A c c e p t e d m a n u s c r i p t 11 Table 1 .

 5111 Figure 5. Variation of the theoretical cell parameters, a (figure 6a) and c (figure 6b), versus pressure of BaYb SiAlON. Equation-of-state fits to experimental (37 GPa) and theoretical data are represented by solid lines.
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Table 2 .

 2 Predicted changes due to oxygen doping of BaYbSi 4 N 7 as calculated in the VCA. The unit cell volume is normalized to contain two formula units.

			)	0.0252	0.0212(3)	0.0230	0.0204(3)	0.0222
		y	0.5113(3)	0.5126	0.5106(3)	0.5115	0.5102(3)	0.5111
		z	0.0994(3)	0.0987	0.0993(1)	0.0982	0.0992(3)	0.0973
	N [2] (3)	x	0.8466(3)	0.8477	0.8465(3)	0.8472	0.8463(3)	0.8473
		y -0.3068(5)	-0.3046	-0.3071(6)	-0.3056	-0.3074(6)	-0.3054
		z	0.3730(3)	0.3741	0.3717(3)	0.3734	0.3713(2)	0.3733

Table 3 .

 3 Comparison of experimental[19] and theoretical structure of BaYb SiAlON, space group P6 3 mc.

				0 GPa	0 GPa	0 GPa	30 GPa	50 GPa
		Wyckoff				Difference		
		position		Experimental Theoretical	(%)	Theoretical Theoretical
	a		Å	6.0996(9)	6.075	0.40	5.7943	5.6707
	c		Å	9.923(2)	9.9422	-0.19	9.5007	9.3100
	V		Å	319.74(9)	317.76	0.62	276.24	259.27
	Ba	2b	z	0.25457(3)	0.2544	0.07	0.2539	0.2538
	Yb	2b	z	0.627280(4)	0.6277	-0.07	0.6288	0.6292
	Si,Al (1)	2a	z	0.6998(2)	0.7008	0.14	0.6978	0.6968
			occ	½ / ½	½ / ½	-	½ / ½	½ / ½
	Si,Al (2)	6c	x	0.66020(16)	0.6582	0.02	0.6601	0.6608
			y	0.83010(8)	0.8291	0.01	0.8301	0.8304
			z	0.94074 (16)	0.9393	0.08	0.9400	0.9402
			occ	½ / ½	½ / ½	-	½ / ½	½ / ½
	N [4] (1)	2a	z	0.0121(5)	0.0115	5.22	0.0096	0.0092
	(O,N) [2] (2) 6c	x	0.6918(6)	0.6916	0.30	0.6869	0.6855
			y	0.8459(3)	0.8458	0.01	0.8435	0.8427
			z	0.7619(3)	0.7641	-0.29	0.7621	0.7615
			occ	⅓ / ⅔	⅓ / ⅔	-	⅓ / ⅔	⅓ / ⅔
	(O,N) [2] (3) 6c	x	0.4911(3)	0.4888	0.47.	0.4912	0.4922
			y	0.9823(5)	0.9776	0.48	0.9824	0.9844
			z	0.9923(3)	0.9918	-0.05	0.9944	0.9951
			occ	⅓ / ⅔	⅓ / ⅔	-	⅓ / ⅔	⅓ / ⅔

Table 4 .

 4 Comparison of experimental[19] and theoretical bond and angles of BaYb-SiAlON. Space Group P6 3 mc.

	Bonds / Å		0 GPa	0 GPa	0 GPa	30 GPa	50 GPa
					Difference		
			Experimental Theoretical	(%)	Theoretical Theoretical
	Yb	(O,N) [2] (2) 3 x	2.285(3)	2.3222	-1.60	2.1803	2.1232
		(O,N) [2] (3) 3 x	2.318(3)	2.3083	0.42	2.175	2.1202
	Ba	(O,N)					

Table 5 .

 5 Parameters fitted from third order Birch-Murnaghan equations of state of BaYb SiAlON.

				1 x	108.90(19)	107.796	1.02	108.222	108.487
		(O,N) [2]							
	Si,Al (1)	(2)	Si,Al (2)	-	111.529	116.966	-4.87	115.815	115.469

During the preparation of this manuscript, we became aware that the recently-released CASTEP 4.1 includes these modifications.
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