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We report on the synthesis of tin(IV) nitride having spinel structure, γ-Sn3N4, from the 
elements at high pressures and temperatures, using a laser-heated diamond anvil cell, and on 
the Rietveld refinement of the product structure. The described here procedure is, in our 
opinion, the most reliable method of obtaining high-purity nitrides which are 
thermodynamically only stable at high pressures. Raman spectroscopy and powder X-ray 
diffraction were used to characterise the synthesis products. Pressure dependences of the 
Raman-band frequencies of γ-Sn3N4 were measured and used to determine its average mode 
Grüneisen parameter γ =0.95. Applying this value, we estimated thermal shock resistance of 
γ-Sn3N4 to be about half of that of γ-Si3N4 which, in turn, is moderately surpassed by β-Si3N4, 
known to be highly thermal-shock-resistant. 

 
 

Introduction 

Nitrides of the group 14 elements having spinel structure, γ-M3N4 (where M=Si, Ge, or Sn), and their solid 
solutions [1-5] are promising multifunctional materials which are not only hard and stiff e.g.[6-13] but were 
predicted to exhibit interesting optoelectronic properties answering actual demands in the energy consumption 
and functionality [14-16]. In particular, calculations based on the density functional theory (DFT) predicted 
direct band gaps for the end-members, γ-M3N4, as well as direct or nearly-direct band gaps for the solid solutions 
γ-(Si1-xGex)3N4 and γ-(Ge1-xSnx)3N4 [12, 14, 15, 17]. Only recently, these predictions were confirmed 
experimentally for γ-Si3N4 and γ-Ge3N4 using the synchrotron-based photoluminescence (PL) and PL-excitation 
spectroscopy [18, 19]. Moreover, these experiments also confirmed the prediction of a large free-exciton binding 
energy, De, for γ-Si3N4 and γ-Ge3N4 [17] which is the second main prerequisite for an efficient conversion of 
electric power to light in light emitting diodes (LEDs). The presently used binary and ternary compounds of the 
group 13 and 15 elements (e.g. GaN, InN, (Ga,In)(N,As)) have much lower De [20]: For example, the De of 
GaAs (one of the most efficient LED materials in the IR-range of light) is only 4.2 meV while the earlier DFT 

calculations predicted for γ-Sn3N4, having a similar band gap of Eg =1.6(2) eV, De=69 meV [17]. The latter 
value combined with the thermal stability up to ~300°C [4, 10] suggests that an IR-LED based on γ-Sn3N4 should 
maintain a high energy-conversion efficiency at elevated electric currents passing through the p-n junction. Also, 
γ-Sn3N4 was shown to be one of very few materials combining a direct band gap of Eg<2 eV with alignment of 
its conduction and valence bands with the water redox potentials, needed for an efficient photo-electrochemical 
splitting of water [21]. The above properties and the possibility to deposit γ-Sn3N4 as thin films via economic 
magnetron sputtering [21-23] make γ-Sn3N4 an attractive candidate for the industrial production of green 
hydrogen. Finally, it is widely recognized that lattices of compounds having spinel structure possess an elevated 
neutron tolerance [24, 25] due to an efficient self-healing interstitial-vacancy (i-v) recombination process, the 
prerequisite of which is the presence of a huge number of so-called structural vacancies in the crystalline lattice. 
For compounds described by the general formula AB2O4, e.g. MgAl2O4, the energy costs of formation of antisites 
in the spinel structure are much lower than for all other elementary lattice defects [26]. This means that cation 
sub-lattice easily accommodates disorder or, in other words, is radiation tolerant. An even higher radiation 
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tolerance is expected for single-cation spinels, such as γ-M3N4, because swapping of cation positions does not 
change anything in the lattice and, accordingly, results in null energy costs. 

Despite a significant number of publications on the synthesis of tin nitrides in bulk [27-29] and as thin films 
[23, 30-33], an unambiguous evidence of the existence of stoichiometric Sn3N4 and its spinel structure was first 
reported in 1999 by Scotty et al. [4]. In this work, microcrystalline γ-Sn3N4 was obtained at atmospheric pressure 
via a reaction of a tin tetrahalide (SnI4 or SnBr4) with KNH2 in liquid ammonia at -30 oC and subsequent 
decomposition of solid reaction products in vacuum at 300 oC. However, γ-Sn3N4 having good crystallinity was 
obtained only when elemental tin was present in the sample. Also, dissolving of the potassium halides, the 
second main reaction products, led to the appearance of tin oxides, SnO and SnO2, in significant amounts, up to 
23 wt.%. Attempts to purify the reaction products led to enormous losses of the material of interest [4]. For 
γ-Sn3N4, neutron as well as powder X-ray diffraction (XRD) data resulted in a cubic F-centred cell with the 
lattice parameter a0 = 9.037(3) Å and extinctions due to a d-glide plane, indications of a spinel-type structure 
(space group Fd 3m, no. 227). In this structure, the cations occupy two different Wyckoff positions, 8a and 16d, 
and their coordinates (for the 2nd setting) are fixed at (1/8, 1/8, 1/8) and (1/2, 1/2, 1/2), respectively. The N-
anions occupy the Wyckoff positions 32e with the coordinates, in the same setting, (x, x, x) which can be 
recovered from the structure refinement using the neutron- and/or XRD diffraction patterns. In their structure 
refinement, Scotty et al. obtained x=0.25950(6) (Table 2) and reported the RBragg value of 6.7% for γ-Sn3N4 [4]. 

The first high-pressure synthesis of γ-Sn3N4 was performed in a piston-cylinder apparatus by Shemkunas 
et al. [34] via a solid-state metathesis reaction of tin iodide (SnI4) with lithium nitride (Li3N) in the presence of 
ammonium chloride (NH4Cl). The electron-probe microanalysis (EPMA) of the reaction product obtained at 2.5 
GPa and 350 oC gave a nearly stoichiometric ratio of N:Sn=1.31 but also revealed about 1.8 at.% of oxygen and 
1.05 at.% of chlorine in the sample. The powder XRD measurements on this product resulted in a smaller value 
for the lattice parameter, a0=9.0144(1) Å, but positions of the N-anions were not determined. The size of 
crystallites in the annealed samples was considered to be larger than 10 nm. Furthermore, the authors reported 
a Raman spectrum of their γ-Sn3N4 at atmospheric pressure which showed four sharp peaks having frequencies 
of 160, 416, 524, and 622 cm-1 and a broad weak feature at ~252 cm-1. Two more intense broad bands at ~470 
and ~670 cm-1 were not attributed to γ-Sn3N4 [34]. Synthesis of γ-Sn3N4 from the elements in a laser heated 
diamond anvil cell (LH-DAC) was stated in two recent publications [35, 36] but the provided information was 
not substantial because no quantitative values but just illustrations in “Supporting information” were presented. 
Even though XRD patterns of the product were shown in “Supporting information” [35], neither the cubic lattice 
parameter was determined nor the structure refinement performed. Similarly, frequencies of the Raman bands 
at high pressures were shown in a Figure in “Supporting information” [36] but no numerical values provided. 
The reason for this scarce information was apparent: the two publications were devoted to the synthesis and 
characterisation of other Sn-N phases at pressures above the stability field of γ-Sn3N4. However, the illustrations 
and the measured specific volume of the product at high pressures reported in Refs. [35, 36] implied that the 
obtained compound could have composition different from that of the binary γ-Sn3N4 due to a possible 
contamination with oxygen and/or carbon. A detailed consideration of this issue is given in the Electronic 
Supplementary Material to the present paper. 

In this work, we synthesised γ-Sn3N4 from the elements at high pressures and temperatures in a laser heated 
diamond anvil cell (LH-DAC). The applied here procedure of the sample preparation and synthesis we consider 
as the most reliable way to obtain high-pressure nitrides with a negligible oxygen and/or carbon contamination. 
We collected Raman spectra of the products after the synthesis and upon pressure decrease and provided 
quantitative information of the Raman band frequencies and their pressure dependences. Furthermore, we 
examined the recovered product using powder XRD and performed, for the first time, the structure refinement 
for γ-Sn3N4 synthesised from the elements. From the measured pressure dependences of the observed Raman-
band frequencies, we derived an average mode Grüneisen parameter of γ-Sn3N4. The latter was used to estimate 
the thermal shock resistance of γ-Sn3N4 with respect to that of γ-Si3N4, another member of the spinel-nitrides 
family, and β-Si3N4 known to be highly thermal-shock resistant. This property could be of interest for the 
applications of γ-Sn3N4 in high-flux-density IR-LEDs operating in pulsed modes, e.g., in optical fibre 
communications. Such operation causes temporally- and locally non-uniform resistive heating and thermal 
expansion when high-density electric currents pass through the LED which can cause the material fracture.  
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Table 1.   Frequencies of the Raman bands of γ-Sn3N4 at ambient conditions, ωi0, initial slopes of their 
pressure dependences, ∂ωi/∂P, and mode Grüneisen parameters, γi. The measured here ωi0 values are 
compared with those reported earlier [34]. 

ωi0 (cm-1) ∂ωi /∂P (cm-1/GPa) 

this work 

γ i 

this work Ref. [34] this work 

160    

252 231(3) not determined  

420 419(1) 2.62(9) 0.99 

~470 * 499(3) ~1.6 ~0.50 

529 531(3) 3.2(4) 0.95 

626 628(1) 4.96(9) 1.25 

~670 * ~680 
(broad)  

not determined  

 745(2) 5.5(1) 1.17 

* our estimation 

 
 

Table 2. Experimentally determined structural parameters for γ-Sn3N4 (space group Fd 3m, No. 227, 
Z = 8, 2nd setting) obtained in this work and reported in the literature. 

a0 (Å)  x(N) Reference 

9.037(3) 0.25950(6) [4] 

9.0144(1) n. a. [34] 

9.0187(5) 0.2575(14) this work 

 
 
 

Experiment  

Here, γ-Sn3N4 was synthesised in a LH-DAC via the reaction of elemental tin with molecular nitrogen at 
pressures of 15.7 GPa and 20 GPa at high temperatures around 2000 oC. We used a DAC described in Ref. [37] 
which is well suited for heating of samples with intense IR-laser radiation (Nd-YAG- or CO2-laser). The DAC 
was equipped with diamond anvils having unbevelled culets of ~400 μm in diameter. We used stainless-steel 
gaskets pre-indented to the thickness of ~60 μm. The sample was prepared in a way described earlier [38]: A 
plate of metallic tin of about 10 µm in thickness was loaded in a hole of ~150 μm in diameter drilled in the 
gasket and separated from the lower diamond anvil by a thin NaCl-layer. The latter prevented possible reaction 
of the metal with the diamond anvil or diffusion of carbon from the diamond anvil into the sample during the 
laser heating, as discussed in several publications e.g. [39, 40, 41, 42]. Apparently, the degree of contamination 
with carbon can be high if the heated sample is in contact with one of the diamond anvils, as was the case in 
Refs. [35, 36]. The Sn plate was embedded in the nitrogen pressure medium via compression of high-purity 
nitrogen gas (99.999%) in a gas-loader to 3000 atm. After the sealing of the gas between the diamond anvils, 
the Sn-plate was separated from the upper anvil by a nitrogen layer of 30-40 μm in thickness. Prior to the gas 
loading, the whole sample assemblage in the DAC was dried in vacuum at 110 oC during 24 hours in order to 
remove any oxygen and humidity from the sample volume. Pressures in the compressed sample volume were 
measured using the calibrated shift of the R1 fluorescence line of ruby [43]. 

The laser-heating set-up was analogous to that described earlier [44, 45]: We used radiation of a Nd-YAG- 
or a CO2-laser providing the maximal CW powers of ~35 W and ~200 W, respectively. In each case, the sample 
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was heated with slightly defocused laser radiation to temperatures around 2000 °C. The latter was obtained from 
the fit of the Planck formula with a wavelength independent emissivity to the thermal emission spectrum 
collected from the centre of the laser-heated spot e.g.[45]. In order to ignite the reaction in the entire sample, the 
laser beam was scanned over its surface. Because the sample temperatures fluctuated during the chemical 
reaction and upon the laser-beam scanning, the reported here values are only approximates. The total duration 
of the laser heating was typically shorter than 5 minutes. After the temperature quenching, the reaction product 
was examined in-situ at high pressure and upon decompression using Raman spectroscopy. The spectra were 
excited with a blue solid-state laser (λL=473 nm) and collected with a high-resolution spectrometer equipped 
with a Peltier-cooled CCD detector. 

The recovered samples were further examined using an XRD set-up consisting of a microfocus source 
delivering Mo Kα radiation focused to a spot of less than 200 μm in diameter and an imaging plate detector. In 
order to obtain powder XRD patterns suitable for the structure refinement, the samples were rotated on a 
Gandolfi camera. This excluded (i) appearance of artificial diffraction peaks or peaks splitting when XRD-
patterns are collected from a stationary polycrystalline sample containing a small number of crystallites of 
different size and (ii) graining of the scattered intensity when such a sample is rotated along a single axis. Two-
dimensional XRD patterns recorded using the imaging plate detector were converted to standard one-
dimensional patterns I(2θ) applying the Fit2D software [46]. In our previous studies on high-pressure nitrides 
of the group 4 elements, an identical XRD set-up was successfully used to determine structure of the cubic 
nitrides of Zr(IV) and Hf(IV), both having Th3P4-type structure, c-Zr3N4 and c-Hf3N4 [38]. 

 
 

Results and Discussion 

Examination of the reaction products under an optical microscope revealed that the initially opaque metallic 
samples became transparent to visible light: If illuminated from below, the reaction products exhibited a 
brownish colour (Figure 1). This indicated the formation of a non-metallic tin nitride with a narrow band gap.  

 

Figure 1. Optical image of the quenched product formed upon laser heating and reaction of tin with 
nitrogen at 20 GPa and ~2000 oC. The sample in a DAC was illuminated from the bottom. 

 
The product was also found to be Raman active. Its Raman spectra were measured at room temperature 

immediately after the temperature quenching and upon decrease of pressure to 1 atm. (10-4 GPa) (Figure 2a). In 
addition to the Raman peaks of γ-Sn3N4, we could detect two broad peaks of the nitrogen pressure medium, 
depending on the examined sample region. Their frequencies of ω=265 cm-1 and ω=375 cm-1 (measured at 20 
GPa) agreed with those reported earlier [47]. Upon each pressure step, frequencies of all recognised Raman 
peaks of γ-Sn3N4 were recovered using the PeakFit program (Jandel scientific software): The spectra were 
divided in sections containing only one peak or two overlapping peaks. For each section, the background, 
approximated by a linear function, and the peaks, approximated by symmetric profile functions, were fitted 
simultaneously. 

As seen in Figure 2a, intensities and shapes of some of the Raman peaks of γ-Sn3N4 changed with pressure: 
Two of the three broad Raman peaks, namely those at ω~540 cm-1 and ω~585 cm-1 (measured at P=20 GPa), 
narrowed on pressure decrease but the third one, at ω~780 cm-1 (measured at P=20 GPa), did not change its 
width significantly. Also, an additional low-frequency peak at ω=231(3) cm-1 was recognised at ambient 
conditions. Intensity of the highest-frequency Raman peak at ω=850 cm-1 (measured at 20 GPa) decreased upon 
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pressure release to a nearly undetectable level. Broadening and strong changes in intensities of the Raman peaks 
could be explained by a pronounced susceptibility to nonhydrostatic stress of samples in a DAC embedded in a 
solid pressure medium such as nitrogen or NaCl. However, a contribution of orientational dependences of the 
Raman peak intensities cannot be excluded for our samples because the number of crystallites irradiated with 
the focused laser beam was small and their positions changed upon pressure release due to a displacement of the 
DAC and/or of the sample with respect to the gasket. 
 

Figure 2. (a) Raman spectra of γ-Sn3N4 synthesized at high pressures via a reaction of tin with molecular 
nitrogen in a LH-DAC. A - Spectrum of the sample synthesised at 20 GPa showed, in addition to two 
broad peaks of the nitrogen pressure medium at ω=265 cm-1 and ω=375 cm-1 (stars), three strong and 
narrow Raman peaks as well as three weak and broad ones belonging to γ-Sn3N4. (B-F) Evolution of the 
Raman spectra of γ-Sn3N4 with pressure at RT. The spectra B, C, D, E, and F were measured at 15.7 
GPa, 10.1 GPa, 5.7 GPa, 1.0 GPa, and 1 atm., respectively. (b) Pressure dependences of the Raman-band 
frequencies of γ-Sn3N4 shown in (a). 

 
The Raman spectrum of the reaction product measured at 1 atm. (Figure 2a, spectrum F) was found to be 

similar to that of γ-Sn3N4 synthesised earlier by Shemkunas et al. [34] but some differences were also recognised: 
The three strongest peaks from our sample had frequencies of ω=419(1) cm-1, ω=531(3) cm-1, and ω=628(1) 
cm-1, in agreement with the previous study (Table 1) but the peaks at ω=231(3) cm-1 and ω=499(3) cm-1 were 
significantly narrower than the earlier-detected features at ω~252 cm-1 and ω~470 cm-1 [34]. This broadening 
and shift of the Raman peaks in the previous work could be due to a partial substitution of nitrogen by oxygen 
and/or chlorine resulting in a distortion of the crystal lattice of γ-Sn3N4. 

The measured spectra were used to derive pressure dependences of the Raman-band frequencies of γ-Sn3N4 

(Figure 2b). Their values at ambient conditions, ωi0, and the initial slopes, ∂ωi /∂P, are summarised in Table 1. 
The earlier reported ωi0 values [34] are also shown for comparison. 

Figure 3 shows a powder XRD pattern of our recovered product, obtained at P=20 GPa, after the 
background subtraction. Prior to the measurement, the sample was cleaned with distilled water to dissolve all 
NaCl grains still stuck to it and mounted on a Gandolfi camera. This approach permits collection of ideal powder 
XRD-patterns from polycrystalline samples containing only a limited number of grains. Analysis of the obtained 
diffractogram, I(2θ), revealed the presence of two compounds: γ-Sn3N4 and tetragonal β-Sn (a0 = 5.831 Å and 
c0 = 3.182, space group I41/amd, No. 141 [48]). Accordingly, we used the latter as an internal standard for scaling 
the refined cubic cell parameter a0 of γ-Sn3N4 leading to its increase by 0.15%.  

For our γ-Sn3N4, the Rietveld refinement yielded, after the scaling, a0 = 9.0187(5) Å and x(N) = 0.2575(14). 
Here, we assumed that the cation and anion positions in the unit cell are fully occupied. The Bragg R-factor for 
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the γ-Sn3N4 phase was found to be RBragg=5.4. In Table 2, these values are compared with those obtained in the 
previous synthesis experiments [4, 34]. Our x-parameter agrees, within the experimental uncertainties, with that 
reported in the first publication on the structure solution and refinement of γ-Sn3N4 where large sample amounts 
were available for powder XRD measurements using a standard diffractometer [4]. 

Figure 3.   Result of the Rietveld-refinement of crystal structure of γ-Sn3N4 (solid line) based on the 
XRD powder pattern of the sample synthesised at 20 GPa and ~2000 oC (circles). The pattern was 
obtained upon irradiation of the sample, rotated on a Gandolfi camera, with MoKα-radiation and the 
background was subtracted. A minor admixture of tetragonal β-Sn was present. Upper and bottom tick 
marks indicate positions of diffraction peaks of γ-Sn3N4 and β-Sn, respectively. The peak profiles were 
modelled by the pseudo-Voigt function. Our structure refinement resulted in RBragg=5.4 % and RF = 5.6% 
for γ-Sn3N4 and in RBragg = 18.8 % and RF = 11.1 % for β-Sn. The latter values we explain by a small 
amount of the β-Sn in the sample and by the overlapping of two of the four most intense diffraction 
peaks of β-Sn with the strong peaks of γ-Sn3N4. For the whole XRD-pattern, we obtained the global user-
weighted χ2=1.72. We note that Rietveld refinement of a XRD pattern with subtracted background 
always provide worse quality factors (e.g. RBragg and χ2) when compared with the refinement of patterns 
containing background [83]. According to the author of the latter work, B. H. Toby, “the most important 
way to determine the quality of a Rietveld fit is by viewing the observed and calculated patterns 
graphically”. 

 
Applying the measured pressure dependences of the Raman band frequencies of γ-Sn3N4, ∂ωi/∂P, and their 

values at ambient conditions, ωi0, (Figure 2b and Table 1), we calculated mode Grüneisen parameters γi using 
the equation: 

   �� � ��
���

�	��
	
 �

�
       (1) 

where B0 is bulk modulus of γ-Sn3N4 at ambient conditions. Here, we applied our recently measured value of 
B0=158(11) GPa [49] (see also Electronic Supplementary Material) which confirms an earlier reported estimate 
of B0 = 149(1) GPa [50]. The derived γi values (Table 1) were used to calculate the average mode Grüneisen 
parameter γ  defined as  

γ  = Σ Ci ·γi / Σ Ci           (2) 

where Ci is the Einstein’s heat capacity of the mode i [51-53]. For γ-Sn3N4, we obtained γ =0.95 which is the 
first experimental information on Grüneisen parameter of this compound. This value is comparable with the 
thermodynamic Grüneisen parameter of γ-Si3N4, γth = 1.3, we calculated using the well-known equation: 

    �� � �∙��
��∙�          (3) 

where α is thermal expansion coefficient, ρ mass density, and CV specific heat capacity per mass unit. For 
γ-Si3N4, we used the experimental values at atmospheric pressure: α=1.18·10-5 K-1 [54], B0 =290 GPa [6], 
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CV ≈ CP = 91 J/mol/K = 0.65 J/g/K [55], and ρ = 4.022 g/cm3 [56]. A similar value of γ th=1.194 was predicted 
for γ-Si3N4 from first principals [57] and the acoustic Grüneisen parameter of γel ~1.2 was estimated in model 
calculations [58].  

Below we show that the knowledge of Grüneisen parameters allows a rough comparison of thermal shock 
resistances of solids if their hardnesses or yield stresses are known. According to the literature, thermal stress in 
a body of a regular shape, σt , subjected to a temperature difference ∆T, can be described by the equation 

 � �  �� ∙ �∙�
(��� )  ∆�      (4a) 

or  

� �  �� ∙ (��� )∙�∙�
(���� )  ∆�      (4b) 

where A1 and A2 are numbers between 0 and 1 defined by the body shape, while E and ν are Young’s modulus 
and Poisson’s ratio, respectively [59, 60]. In general, the temperature difference, ΔT, between different positions 
in a body is defined by the difference in amount of heat delivered to the positions 

 ΔQ= CV ·ρ·δv·ΔT      (5) 

where δv is an (infinitesimally small) sample volume at each of the positions. Because Young’s modulus can be 
expressed through bulk modulus and Poisson’s ratio, E = 3·B·(1-2ν) [61], Equations 4 can be modified to  
 

 � �  3��
(����)
(���)

�∙��
��∙�  ∆ 

!" � 3��
(���� )
(��� ) ∙ �� ∙  ∆ 

!" ~$%&'(� · �� ∙  ∆*    (6a) 

or  

 � �  3��(1 − � ) �∙��
��∙�  ∆ 

!" � 3��(1 − � ) ∙ �� ∙ ∆ 
!" ~$%&'(� · �� ∙  ∆*    (6b) 

 
where Δq=ΔQ/δv is the difference in the heat densities delivered to the different body positions and ’Const’ 
represents a constant value. Here, we first used Equation 3 describing thermal Grüneisen parameter and then 
substituted the expressions 3·A1·(1-2ν)/(1-ν) and 3·A2·(1-ν) by Const1 and Const2, respectively, which only 
weakly depend on the body material. Obviously, such simplification is not necessary when elastic moduli of the 
materials of interest are well established. However, this is not the case for γ-Sn3N4. For hard ceramics, the 
approximation of the expressions 3·A1·(1-2ν)/(1-ν) and 3·A2·(1-ν) by the constant values Const1 and Const2 
holds reasonably well, especially if they belong to the same family: Our analysis of the data for several well-
examined hard compounds (Table 3) showed that the ratio (1-2ν)/(1-ν) scatters with a low amplitude (for most 
of the compounds) around 0.76. The hexagonal β-Si3N4, and the conducting TiN and ZrN show lower values of 
0.61-0.67 while diamond exhibits a high value of 0.93. Similarly, the value of (1-ν) varies, for most of the 
compounds, around 0.81 and, again, hexagonal β-Si3N4, and the conducting TiN and ZrN show lower values. 
Ceramics belonging to the same family show a much weaker scattering of (1-2ν)/(1-ν) and (1-ν) (e.g. the 
monocarbides in Table 3). Moreover, this scattering is minor when compared with the differences in thermal 
shock resistances estimated below for γ-Sn3N4, γ-Si3N4 and β-Si3N4. Also, we do not further distinguish between 
Const1 and Const2 because the comparison is meaningful only for bodies having the same shape. 

For any of the compounds, Equations 6 permit determining of ∆qmax describing the maximal contrast 
in the heat density above which the arising thermal stress exceeds tensile strength, σt ≥ σTS, and thus causes 
irreversible damages. In case of ceramics, the main mechanism of the damages is fracturing quantified by the 
value of σTS which, in turn, is limited from above by the yield strength, σy [76]. Accordingly, for two bodies of 
the same shape made of ceramics having equal σy, a greater Grüneisen parameter implies failure at a lower ∆qmax. 
For this reason, the ratio σy /γth can be used for a rough comparison of thermal shock resistances of ceramics. 
Because σy is proportional to hardness, HV ≈ 3σy, [76-78], the ratio HV /γth can equally well be used for the 
comparison of thermal shock resistances of ceramics. The latter expression appears to be more useful because 
hardnesses rather than tensile- or yield strengths are reported in the literature. 

Applying the measured here average mode Grüneisen parameter of γ-Sn3N4 of γ.=0.95 and the earlier 
reported Vickers microhardness of HV = 11 GPa [10], we calculated the ratio HV /γ  = 12 GPa. Here, γ  of 
γ-Sn3N4 was used because its thermodynamic Grüneisen parameter is not known due to the unavailability of big 
samples needed to measure CV or CP. For comparison, we calculated HV /γth for β-Si3N4, the well-known thermal-
shock resistant ceramics, and for γ-Si3N4. Using the experimental value of HV = 20 GPa for the densified 
polycrystalline β-Si3N4 sintered without any additives [79] and γth = 0.59, measured at room temperature [80], 
we obtained HV /γth = 34 GPa. Similarly, applying the experimental HV = 35 GPa measured for the densified 
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polycrystalline γ-Si3N4 [8] and the above calculated γth = 1.3, we obtained HV /γth =27 GPa. Thus, γ-Sn3N4 is 
expected to exhibit a moderate thermal shock resistance when compared with the two phases of Si3N4 estimated 
to have comparable thermal shock resistances. On the other hand, it appears to exceed the thermal shock 
resistance of GaAs with a smaller ratio HV /γth < 8 GPa which we calculated using the earlier reported hardness 
[81] and Grüneisen parameter [82]. 

 
Table 3. Experimental Poisson’s ratios,ν, and the values of (1-2ν)/(1-ν) and (1-ν) of several well-
examined ceramic compounds. The main criteria for the data selection were: (i) The values are taken 
from the original publications; (ii) quality of the samples was stated; (iii) preference was given to the 
measurements on single crystals and ν was derived using the Hill approximation; (iv) experimental 
results for films were included only when reliable data for bulk samples were not available. 

 

Compound ν (1-2ν)/(1-ν) (1-ν) Reference 

α-SiC 0.16 0.81 0.84 [62] 
β-SiC 0.17 0.80 0.83 [63] 
TiC 0.19 0.77 0.81 [64] 
ZrC 0.20 0.76 0.80 [64] 
VC 0.21 0.74 0.79 [65] 
WC 0.23 0.69 0.77 [66] 
β-Si3N4 0.28 0.61 0.72 [67] 
γ-Si3N4 0.18 0.78 0.82 [8] 

TiN 0.25 0.67 0.75 [68] 
ZrN 0.25 0.67 0.75 [69] 
TiB2 0.10 0.88 0.90 [70] 
ZrB2 0.13 0.85 0.87 [71] 
B4C 0.17 0.79 0.83 [72] 
B6O 0.16 0.82 0.84 [73] 
β-B 0.13 0.85 0.87 [73] 

c-BN 0.12 0.87 0.88 [74] 
Diamond 0.07 0.93 0.93 [75] 

 
 
Conclusions 

The reported here synthesis of γ-Sn3N4 from the elements demonstrated that this compound is 
thermodynamically stable at pressures between 16-20 GPa and temperatures around 2000 oC. The brownish 
colour of the sample indicated that γ-Sn3N4 is a narrow-band-gap semiconductor. This is in agreement with the 
earlier soft X-ray spectroscopic measurements reporting the band gap of Eg = 1.6(2) eV, predicted to be direct 
[17] and disproves the much smaller Eg =0.5 eV recently calculated in Ref. [36]. The measured pressure 
dependences of the Raman-active bands of γ-Sn3N4 were used to derive its average mode Grüneisen parameter 
γ =0.95. The latter value permitted the estimation of thermal shock resistance of γ-Sn3N4 using the developed 
here approach. Comparison with two polymorphs of silicon nitride suggested that, among the three materials, 
β-Si3N4 exhibits the highest thermal shock resistance but that of γ-Si3N4 is similarly high. The thermal shock 
resistance of γ-Sn3N4 appears to be moderate but better than that of GaAs presently used for the fabrication of 
IR-LEDs. 
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