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Germanium nitride having cubic spinel structure, y-Ge;Ny, is a wide band-gap semiconductor
with a large exciton binding energy which exhibits high hardness, elastic moduli and elevated
thermal stability up to ~700°C. Experimental data on its bulk and shear moduli (B, and Gy,
respectively) are strongly limited, inconsistent and, thus, require verification. Moreover, earlier
first-principles density functional calculations provided significantly scattering B, values but
consistently predicted Gy, much higher than the so far available experimental value. Here, we
examined the elasticity of polycrystalline y-GesN,, densified applying high pressures and
temperatures, using the techniques of laser ultrasonics (LU) and Brillouin light scattering (BLS)
and compared with our extended first-principles calculations. From the LU measurements, we
obtained its longitudinal- and Rayleigh wave sound velocities and, taking into account the
sample porosity, derived B;=322(44) GPa and G¢=188(7) GPa for the dense polycrystalline
v-Ge;Ny. While our calculations underestimated By by ~17%, most of the predicted G, matched
well our experimental value. Combining the LU- and BLS data and taking into account the
elastic anisotropy, we determined the refractive index of y-Ges;N, in the visible range of light to
be n=2.4, similarly high as that of diamond or GaN, and matching our calculated value.

1 Introduction

v-Ge;N,y was independently discovered by two research teams, one from Arizona State University (ASU)
[1, 2] and other from Max-Planck Institute for Chemistry in Mainz and Technical University Darmstadt
[3], in 1999. Paul McMillan participated in this work as a member of the ASU team and continued to
study this and other phases of Ge;N4 when he moved to University College London. Today, we know that
v-GesN, is a multifunctional material exhibiting a wide and direct electronic band gap of E,=3.65(5) eV
combined with a large exciton binding energy, D., between 170 and 300 meV [4, 5], high elastic moduli
(Tables 1 and 2) and hardness. It is thermodynamically stable at pressures above 10 GPa but recoverable
at ambient conditions [2, 3, 6] and persists heating to ~700 °C [7]. In contrast to the low-pressure
hexagonal phases with four-fold coordinated cations, a- and B-Ge;Ny, 2/3 of all Ge-cations in y-Ge;Ny are
six-fold coordinated. This increase of the coordination number leads to a 25% higher density of y-Ge;Ny
(py.0=6.585 g/cm’ at atmospheric pressure, see below) when compared with the a- and p-phases having
almost identical densities of p,(=5.254 g/cm’ and pp=5.287 g/cm’, respectively [8]. (Here and below, the
subscript 0 indicates values for pore-free materials at ambient conditions). The higher density and cation
coordination number resulted in advanced mechanical properties of y-Ge;Ny: Its Vickers hardness, Hy,
measured to be between 23 and 33 GPa [9] is comparable with that of the well-known ceramics a- or
B-Si3N, (31 GPa and 20 GPa, respectively) or B-SiC (23GPa) e.g.[10]. Empirical and theoretical works
predicted, however, significantly lower Hy between 18 and 24 GPa [11-13]. y-GesN, was also found to
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exhibit a high fracture toughness of K;c~2.3 MPa-m'?, similar to that of sapphire [9]. Despite the
advancement in examination of its properties, previous experimental and theoretical reports on elastic
moduli of y-Ges;N, are inconsistent: The so-far measured equations of state (EOSs), p(P), provided very
different values of its bulk modulus of By=295(5) GPa [1] and B,=254(13) GPa [6] (Table 1). Earlier first-
principles calculations based on the density functional theory (DFT) predicted By-values significantly
below the experimental By=295 GPa independent of the applied density functionals, local-density
approximation (LDA) or generalized-gradient approximation (GGA) [9, 11, 15-20] (Table 2). The only
existing experimental value of shear modulus of Gy=124-129 GPa (Table 1), derived from
nanoindentation testing (NIT) [9, 14], is much lower than all so-far predicted values, between 169 GPa
and 176 GPa (Table 2). Thus, independent measurements of By and Gy of y-Ge;N, are essential for the
understanding of sources of the differences between the calculated and experimental values. Also, such
data are useful by establishing relationships between elastic moduli and hardness of a large variety of
materials, in general, e.g. Ref. [21] or within the family of spinel nitrides, y-M3;N, where M=Si, Ge, or Sn
[13, 22].

Table 1: Experimental B, and G, of polycrystalline y-Ge;N, and its cubic lattice parameter, a,. Applied
experimental methods such as LU, NIT or EOS (including the used PTM) are indicated.

By (GPa) Gy (GPa) ay (/OX) Method References
322(44) 188(7) 8.2048(6) LU this work
295(5) 8.2125(1) EOS (PTM: Ar) [1,2]

- 124 - NIT [9, 14]

- 129° - NIT [9, 14]
254(13) - - EOS (PTM: MgO) [6]

*derived from NIT of a polycrystalline sample of y-GesN, with unknown porosity using the experimental B;=295
GPa reported in [1]; " derived from NIT of a polycrystalline sample of y-Ge;N, with unknown porosity using the
theoretical By=260 GPa calculated in the same work.

As mentioned above, y-Ge;N, exhibits not only advanced mechanical properties but also promising
optoelectronic properties: Its wide and direct band gap combined with the large exciton binding energy
makes y-Ge;N, suitable for fabrication of UV-LEDs with a very high efficiency of conversion of electric
energy to light, also at very high temperatures [4, 5]. This makes y-Ge;N,4 advantageous when compared
with GaN, which has a similar band gap of E,=3.39 eV but much lower D.=26 meV [23, 24], because the
ratio D./T defines the energy conversion efficiency in a LED [4, 25]. It is also expected that y-Ge;N,
exhibits, as earlier proposed for oxidic compounds having spinel structure (e.g., MgAl,O4), a high
tolerance to irradiation with energetic particles due to a large number of structural vacancies in the cation
sub-lattice [26, 27].

In this work, we synthesised a macroscopic sample of polycrystalline y-Ge;N, at high pressures and
temperatures and measured its bulk and shear moduli using the technique of laser ultrasonics (LU)
providing velocities of the bulk longitudinal waves (LWs) and Rayleigh surface waves (RWs). Because
our 7-Ge3sNy4 sample was not fully densified, the measured bulk and shear moduli (B, and G, respectively)
were affected by the porosity, p. (Here and below, the subscript p indicates values for the porous sample.)
Applying the Hashin-Shtrikman approach, we derived B, and G, of y-GesNy4 using the measured B, G,
and p [28]. This approach was already demonstrated to deliver reliable elastic moduli of dense materials
using the data for porous samples: In earlier experiments on transition metal nitrides, By-values derived
from such LU measurements [28, 29] agreed very well with those obtained from X-ray diffraction (XRD)
measurements of the unit cell volume on quasihydrostatic compression [30, 31], which is, by definition,
an EOS of a perfectly densified material. We also examined the same y-Ge;N4 sample using Brillouin
light spectroscopy (BLS). Comparison of the BLS- and LU data revealed a difference in the RW velocity,
Vr, which we attributed to the elastic anisotropy of y-Ge;N,. Combining the LU- and BLS data we derived
a very high refractive index, n, of y-Ge;N4. The LU- and BLS measurements were accompanied by first-
principles calculations of the single crystal elastic moduli G (accessible today only theoretically), cubic
lattice parameter a, (Table 2), and refractive index of y-Ge;N,. Comparison with the experimental data
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permitted identification of the most suitable density functional and pseudopotential for the calculation of
the elastic and optical properties of y-Ge;N,.

Table 2: Single-crystal elastic moduli Cj;, By, Gy (derived from the Cj; values using the Hill
approximation), and a, of y-Ge;N, predicted using DFT involving either the local-density approximation
(LDA) or the generalized-gradient approximation (GGA). In the latter case, applied functionals, if
mentioned, are indicated. Choices of projector augmented wave (PAW) pseudopotentials include standard
ones, as well as a hard one indicated notably by -A. Zener ratios, A= 2-C4/(C},-C),), used to quantify
elastic anisotropy of cubic solids are also given.

Cy1 (GPa) | C,(GPa) | Cyy(GPa) | By (GPa) | Go(GPa) | ag (10\) A Methods References
346 143 201 211 153(8) 8.309 1.98 | GGA-PBE this work
377 160 226 232 169(10) 8.228 | 2.08 | GGA-PBEsol this work
435 184 241 267 186(10) 8.207 1.92 | GGA-PBEsol-i4 | this work
387 178 214 248 160(10) 8.196 | 2.05 | META-GGA this work
431 170 248 257 192(10) 8.204 1.91 | HSEO6+PBE-h | this work
402 168 235 246 178(10) 8.178 | 2.01 | LDA this work
392 159 232 237 176(10) 8.204 | 1.99 | LDA this work
368 146 223 220 169 8.288 | 2.01 | GGA-PBE [15]

387 151 224 230 173 8.267 1.90 | GGA [16]

- - - 208 - 8.313 - GGA [17]

- - - 237 - 8.34 - GGA-PBE [18]

395 165 235 242 176 8.168 | 2.04 | LDA [11]

- - - 269 - 8.211 - LDA [19]

- - - 260 - 8.18 - LDA [9]

- - - 266 - 8.12 - - [20]

“cubic lattice parameter was fixed to be equal to our experimental value (s. Table 1)

2 Methods

2.1 Experiment

The examined sample of polycrystalline y-Ge;Ny was synthesized at high pressures and temperatures in a
multi-anvil press following the earlier developed procedure [2]: Powder of B-Ges;N,, used as the starting
material, was prepared via a reaction of GeO, with flowing ammonia heated in a tubular furnace to 880°C
during 12h. The product was annealed under the same conditions for purity purpose and the phase
composition was identified by XRD to be pure 3-Ge;N,. Elemental analyses, performed using a Leco TC-
600 analyser, showed a low level of oxygen contamination of ~0.3 wt%. No traces of carbon, eventually
coming from the synthesis route or from the used vessels, were found. The -Ge;N, powder, compacted in
a graphite capsule, was placed in a multianvil press, compressed to ~13 GPa and heated to 1200 °C for 20
min. The recovered monolithic sample of y-Ge;N, was a cylinder of ~0.5 mm in diameter and ~1 mm in
height exhibiting a low but not neglectable porosity. It was opaque but the cleaved thin slices were
translucent. The sample was first examined using powder XRD and Raman spectroscopy. The XRD
patterns were obtained applying a set-up consisting of a micro-focus source delivering Mo-Ka radiation
focused to a spot of less than 200 um in diameter (IuS high Brilliance-Incoatec Microfocus Source Mo
ELM33, Incoatec) and an imaging plate detector with online readout system (mar345, marXperts). The
collected 2D patterns were converted to standard diffractograms /(20) using the Fit2D software [32]. In
order to maximize the statistics and thus detect possible minor amounts of admixtures, the XRD
measurements were performed in grazing geometry with the incidence angle of ~7°. This approach
permitted detection of potential contaminating phases (e.g. remains of the starting -Ge;N4 or GeO,) in
amounts as small as 0.5 vol.% but none were recognised. Using the XRD patterns we derived the cubic
lattice parameter of our y-Ge;Ny to be ay=8.2048(6) A, slightly below the earlier ay=8.2125(1) A [1, 2].
Applying our a-value, we calculated density of the pores-free y-GesN, to be py=6.585 g/cm’. Raman
spectra were excited using a He-Ne laser (A=632.78 nm) and recorded with a Jobin Yvon HR800
spectrometer (spectral resolution ~1 cm™) equipped with a Peltier cooled CCD detector. The spectra



showed presence of only one compound with Raman-active modes, namely y-Ge;N,, similar to those
described earlier [33].

After the above characterisation, the sample was embedded in epoxy and polished using diamond
abrasives with grain sizes successively reducing from 30 pm down to 0.25 um until a mirror-quality
surface finish was obtained. This was needed to determine the elemental composition by means of the
electron probe microanalysis (EPMA) and to measure velocities of LWs and RWs (V. and Wy,
respectively) applying the LU- and BLS techniques described below. The EPMA was performed using a
Cameca SxFiveTactis electron microprobe, installed at the LMV, operating at an accelerating voltage of
15 kV and a beam current of 20 nA. In order to verify chemical homogeneity of the sample, the elemental
composition was measured in 10 points along a line, from one sample edge to the opposite. The sample
was found to be chemically homogeneous and the average composition to be 79.7 wt.% for Ge, 19.6 wt.%
for N, and 1.3 wt.% for O. The sum of the three elements of 100.6 wt.% indicated that no other element
was present in our product in detectable amounts. The normalised elemental composition was calculated
to be 42.6 at.%, 54.3 at.% and 3.1 at.%, respectively. The standard deviation of the measurement for each
of the elements was typically ~0.6% for Ge, ~3.5% for N and ~8.3% for O. Interestingly, the elements
ratio O:(N+0)=5.4% obtained for our y-Ge;N, was below the ratios O:(N+0)=5.6% and O:(N+0)=6.9%
reported in the works on the high-pressure multianvil synthesis of y-Si;N4 where special precautions were
undertaken to minimize the possible sample oxidation [34, 35]. Thus, the used here graphite capsule
provided an effective barrier against the diffusion of oxygen from the oxide components of the multianvil
assembly into the sample volume. Finally, the obtained elemental composition suggested that 5.4% of the
anion positions in the spinel structure were occupied by oxygen because the amount of oxygen and
nitrogen in our product, (O+N)=57.4 at.%, was almost identical to the amount of anions in an ideal binary
compound having spinel structure, namely 57.1 at.%. However, the presence of a minor amount of a
(partially) oxidised amorphous material between the y-Ge;N, grains could not be ruled out.

To measure V., and Vg, in our y-Ge;N, sample, we applied the LU set-up described in detail elsewhere
[28, 29]. In this set-up, suitable for the measurement of sound velocities on surfaces as small as ~150 pum,
acoustic pulses were excited with pulsed radiation of a Nd:YAG-laser (Teem Photonics, A;=1064 nm,
pulse duration 0.75 ns, pulse energy 70 pJ, repetition frequency 1 kHz) focused to a 5 pmx100 pm line by
an objective (NACHET, x20) and a cylindrical lens in front of the latter. The maximal pump-laser power
was limited by the ablation of the sample material whose traces can be recognised in Figure 1a. Arrivals
of the acoustic pulses at a distance d from the pump-laser spot were detected using a probe laser beam
(Coherent, Verdi 2W, A=532 nm, cw power ~50 mW) focused to a spot of 5 um in diameter. The arrival
time of the acoustic pulses, 7, was determined applying the knife-edge method which recorded deflection
of the probe-laser beam (reflected from the sample surface) when the pulses passed through the probe-
laser spot (Figure 2). For each time ¢, determined using an oscilloscope (LeCroy SDA18000, 18 GHz
bandwidth), we derived duration of propagation of the acoustic pulses, At, through the distance d. The
latter was changed by a calibrated positioning system in steps of 5.35 um.

Figure 1. SEM images of our y-Ge;N,4 sample: (a) Polished surface of the entire sample after the LU measurements
showing traces of the material ablation caused by the pump laser. White arrows indicate fractured edges of the
sample where the material grains could be recognised and their sizes evaluated (see (c¢)). (b) Image of the sample
area collected with a higher magnification where nearly circular pores with diameters below ~0.2 pm can be
recognized; (¢) Image of a fractured sample edge, collected with a high magnification, showing grains of the
examined material.



Afterwards, high-resolution images were collected around the areas of the LU-measurements using a
scanning electron microscope (SEM, Zeiss, SUPRA 40VP, resolution 2 nm at the voltage of 3 kV) in
order to determine the sample porosity (Figure 1). Images of the unaffected polished parts of the sample
surface, coated with a thing carbon film, revealed a minor amount of nearly circular pores (recognised as
dark areas exhibiting very low signal intensities) with diameters below ~0.2 um distributed throughout the
whole sample surface (Figure 1b). In order to determine the sample porosity, we applied a numerical
approach based on the threshold filtering of pixels with the low signal intensities. Such analysis of several
SEM images provided the average sample porosity of p=0.026(3) where the number in brackets indicates
the standard deviation. This porosity value we used to derive elastic moduli of dense y-Ge;Ny4 (with p=0)
from the sound velocities V; , and Vg, measured for our porous sample. SEM images of fractured sample
edges showed grains of y-Ge;N, having sizes between 0.1-0.3 pm (Figure 1c). Because the grains were
much smaller than the characteristic distances in our LU-measurements (Figure 1a), the elastic response
of our sample (e.g., sound velocities) could be regarded as that of an isotropic polycrystalline material, as
required in the Hill approximation used to derive G, from Cj; values [36 ].

Finally, we applied the classical BLS technique to measure intensities of laser radiation scattered by the
LWs and RWs of y-Ge;N4. The sample was irradiated with a solid-state Nd:YAG laser beam (Laser
Quantum, 2y=532 nm) focused to a spot of ~70 um in diameter. The BLS-spectra were recorded using the
tandem 2x3 pass spectrometer [37, 38]. The measurements were performed in the backscattering
geometry where direction of the incident laser radiation was opposite to that of the scattered one,
(ri=-xs). In this geometry, we detected peaks corresponding to the bulk LWs propagating nearly
perpendicular to the sample surface as well as to the RWs propagating parallel to the surface. In the latter
case, the BLS spectra were collected at various incidence angles of the primary beam (0) in order to
confirm the nature of the scattering acoustic waves.

2.2 First-principles calculations

The calculations were performed using the projector augmented wave (PAW) method as implemented in
the Vienna Ab-initio Simulation Package (VASP) [MedeA-VASP, VASP license LSPM-CNRS-
Université Paris 13]. Besides the application of standard (soft) PAW potentials, we used a hard version
[39] which requires high cutoff energies and yields higher accuracy of the total energy. Various exchange-
correlation functionals including the Perdew-Burke-Ernzerhof (PBE) or that revised for solids (PBEsol)
[40] generalized gradient approximation (GGA) and the local density approximation (LDA) were used
[39, 41, 42] together with the META-GGA RevTPSS functional [43]. Plane wave cut-off energy of 520-
980 eV, depending on the pseudopotentials, and 27%27%27 k-point mesh centred on the gamma point,
which corresponds to actual k-spacings of 0.049%0.049%0.049 per Angstrom, were chosen. The electronic
iteration convergence criterion was fixed at 10° eV and the force criterion at 0.01 eV/A for relaxation.
The elastic constants were calculated using the stress-strain method [44]. By applying appropriate strains,
&j, in the range +0.1-0.5%, as implemented in Materials Exploration and Design Analysis (MedeA)
software [45] and VASP, the relaxed cells were deformed, the corresponding stresses, o, calculated and
the stiffness tensor Cj derived using the Hooke’s law. It should be mentioned here that a less dense
k-spacing of 0.188x0.188x%0.188 per Angstrom was applied by calculation of the elastic properties of
v-Ge;Ny using the HSEO6 functional in order to accelerate their processing. In this case, the elastic
constants were obtained with the uncertainty of 3 GPa.

Wavelength dependent optical properties such as permittivity function, e=¢-i-&,, and refractive index,
N=n-i-k, were calculated using only one of the functionals applied above to calculate the stiffness tensor,
namely the hybrid functional HSEO06 [46]. This functional was reported to provide, for multiple insulating
systems, band gaps well comparable to the experimental ones [47, 48], even with a less-demanding k-
point sampling of the Brillouin zone [49]. The exchange-correlation energy for the HSEO6 functional is
given by EHSE (a; 1), where a stands for the Hartree-Fock (HF) mixing parameter which defines the
fraction of exact exchange in a hybrid functional calculation, and p stands for the screening parameter
which specifies the separation range where the HF exchange is calculated. The original parameterization
utilized o= 0.25 and p=0.2 A, With such parameterization, the HSEO6 functional provided the ground
state lattice parameter a,=8.204 A (Table 2) and electronic band gap energy E,=3.44 eV for y-Ge;N,,
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close to the experimental value of E,=3.65(5) eV [4, 5]. In our optical property calculations, the complex
shift used to smooth the real part of the dielectric function was set to 0.1.

3 Results and Discussion

In our LU measurements, propagation of the acoustic pulses was measured for the pump-probe distances
d between ~19 um and ~67 pm. We could recognize strong signals due to the arrivals of the RWs, and
weak signals due to the skimming LWs whose amplitude decreased rapidly with d (Figure 2a). The LWs
signals could not be improved above the shown level because further increase of the pump-pulse energy
only resulted in a stronger ablation of the sample material (see Figure 1a). Linear fits to these two sets of
the experimental data-points, d(At), provided velocities of the both acoustic waves (Figure 2b): For the
RWs and LWs, we measured Vy,,=4.87(5) km/s and Vy,,=9.2(3) km/s, respectively. From these values,
applying the well-known equation [50]

2
(ve-) =2 Jwz-g Jve-vg . M)
we derived velocity of the transversal sound waves (TWs) to be Vr,;=5.29(8) km/s. The values of Vr,,and
V1., were subsequently used to obtain B,=304(43) GPa and G,=179(6) GPa for our polycrystalline sample
of 7-Ge;Ny having a low but not neglectable porosity. Here, we applied the well-known relationships
between the sound velocities, elastic moduli and density [50]:
Vi=(G/p)"; Vi=(3-B+4-G)/(3-p))"” )
In this equation, the sample density p,=6.414 g/em’ was determined using the expression pp=(1-p)-po,
where p=0.026(3) and py=6.585 g/cm’ were obtained in the above-described SEM- and XRD
measurements, respectively. Subsequently, Poisson’s ratio and Young’s modulus of our porous y-Ge;N,
were found to be v,=0.25(3) and E,=450(18) GPa, respectively. In order to derive elastic moduli of the
dense y-GesN, (Bo, Gy, vo, and Ej) from the experimental B,, G,, v,, and E,, we applied the Hashin-
Shtrikman approach as described earlier in Refs.[28, 51]:

_ (1-p)By
P T 1+p(3By/4Go) (32)

_ (1-p)Go
P 14p(8-10v)/(7—5v0) (3b)

and obtained By=322(44) GPa, Gy=188(7) GPa, v(=0.25(4) and E,=472(19) GPa. Using these moduli, we
calculated V,0=9.3(4) km/s, Vg,0=4.92(10) km/s, and Vr,;=5.34(9) km/s for the dense y-Ge;N, (p=0).
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PP
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Figure 2. (a) Photoacoustic signals recorded for our polycrystalline sample of y-Ge;N; when the pump-probe
distance d changed from ~19 um (upper signal) to ~67 pm in steps of 5.35 um. The signals were dominated by
arrivals of the RWs but those of the skimming LWs (indicated by *) were also detected. The insert shows arrivals of
the LWs with a higher magnification. (b) Distance of propagation of the LWs (circles) and of the RWs (squares), d,
as a function of the needed time At. Solid lines show linear fits to the experimental data-points. Their slopes
provided the experimental values of Vi , and Vg, respectively.



Our experimental By=322(44) GPa agrees, within the experimental uncertainties, with the earlier
By=295(5) GPa derived from the equation of state (EOS), p(P), reliably measured upon quasi-hydrostatic
compression of a powder sample to 40 GPa [1] (Table 1). In that work, the quasi-hydrostatic compression
was insured by use of solid argon as a pressure transmitting medium (PTM) confirmed experimentally to
be very soft [52, 53]. Our experimental B, disproves the much lower By=254(13) GPa derived from only
four p(P)-data-points obtained upon nonhydrostatic compression to 90 GPa in a rigid PTM, namely MgO
[6] (Table 1). As a result, these p(P)-data-points scattered stronger than the stated experimental
uncertainties. All previous and present calculations predicted lower B, independent of the used functional
(Table 2). However, the difference is less dramatic for the earlier LDA calculations reporting By=260-269
GPa [9, 19, 20] and for our calculations based on the GGA-PBEsol functional combined with the hard
PAW pseudopotential [39] which provided By=267 GPa.

Our experimental Gy=188(7) GPa exceeds by 33% the Gy=124-129 GPa derived from the earlier NIT [9,
14]. The discrepancy cannot be explained by the application of the two different techniques because the
earlier LU- and NIT measurements on one and the same porous sample of another high-pressure binary
nitride, namely n-Ta,Nj, provided similar results: The NITs led to the reduced elastic modulus E, ;=222(6)
GPa [54], similar to E,,=201(10) GPa recovered from the analogous LU measurements [29]. However,
inconsistencies in treatment of the NIT data in Ref. [9] were noticed in the literature [14]. A higher
oxygen content in the sample of Shemkunas et al. [9], reported to be ~3 wt.% (corresponds to
0:(0+N)~12.5%), could be responsible for the recognised here discrepancy in the G, values even though
the oxygen content appears to be moderately higher than that in our sample, 1.3 wt.% (corresponds to
O:(O+N)= 5.4%). 1t is known from the literature that a similarly moderate increase of the O:(O+N) ratio
in other nitride having spinel structure, namely y-Si;Ny, caused a significant change of the elastic moduli
[35, 55]. In particular, Gy=148(16) GPa was reported for the Yy-Si;N, sample with O:(O+N)=9%
(corresponds to the reported 4 wt.%) [55] while Gy=248(1) GPa was measured for another y-Si;N, sample
with O:(O+N)=5.5% (corresponds to the reported 2.5 wt.%) [35]. This reduction of G, of y-SizN, by 40%
is even higher than the 33% reduction we recognised for y-Ge;N4. However, a significant porosity in the
former y-Si;N,4 sample, not evaluated in that earlier work [55], could also contribute to the much stronger
decrease in G, when compared with our observation for y-Ge;N,.

All calculations, except those based on the Meta-GGA- and GGA-PBE functionals, predicted G, similar
to our experimental G,=188(7) GPa (Table 2). As above for By, the GGA-PBEsol functional with hard
pseudopotential provided G, =186(10) GPa perfectly matching our experimental result, as is also the case
for the predicted and measured, a;=8.207 A and ay=8.2048(6) A, respectively. We note that the hybrid
functional HSEO6 also predicted a,=8.204 (A) and Gy=192(10) GPa in close agreement with the
experimental values. However, the predicted By= 257 GPa is below our and the previous [1] experimental
values, as is the case for all considered here exchange-correlation functionals.

We also performed classical BLS measurements on the same y-Ge;N, sample (Figure 3a and 3b) in order
to compare the obtained sound velocities with those from our LU measurements and to recover the
refractive index n of y-Ge;Ny. In the low-frequency range, between 5 GHz and 20 GHz, we detected a
weak BLS peak corresponding to the RWs (Figure 3a) whose Vi can be derived from the peak frequency
Jr without knowledge of the refractive index:

fR= VR2s1n9/ }\.0 (4)

where 0 is the angle of incidence of the exciting laser beam with A;=532 nm. Thus, the V value obtained
in the BLS measurements can be directly compared with that from the above described LU measurements.
Our BLS spectra, collected for several angles 0, resulted in the Vx=4.42(3) km/s which is ~10% below the
Vr,0=4.92(10) km/s we obtained using the LU technique. The difference can be explained by an
asymmetric distribution of the scattered intensity in the BLS-peak collected from our polycrystalline
samples of y-Ge;N, exhibiting a significant elastic anisotropy (Table 2). Asymmetry of BLS-peaks
collected from polycrystalline samples of elastically anisotropic cubic solids and its influence on the
recovered sound velocities was experimentally revealed and theoretically validated for LWs and TWSs [53,
56, 57]. In the most recent work, the occurrence frequency of all possible Vi values in texture-free
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polycrystalline samples of NaCl and solid argon was analysed and a remarkable and predictable
asymmetry of the collected BLS peaks found. In particular, histograms representing the occurrence
frequency of all possible V;, values exhibited maxima at Vy o), the LW velocity in a single crystal along
the crystallographic direction (110) which is much closer to Vi 1y than to Vi [57]. We note that the
latter two values represent the extremes of Vi in any cubic single crystal. In the case of TWs, the tendency
is similar but the Vr histograms are much broader and not uniform [57]. Because the histograms represent
distribution of the BLS peak intensity, their asymmetry should be detectable in BLS measurements
provided the signal-to-noise ratio is high. However, the opposite is typical for this experimental technique
because accurate shapes of the BLS peaks collected from polycrystalline solids require an unacceptably
long counting. As a result, V. and Vy derived from such BLS peaks are overestimated if the Zener
anisotropy ratio A exceeds unity, as is the case for y-Ge;N, (Table 2).
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Figure 3. (a) BLS spectrum of our y-Ge;Ny collected in the low-frequency range for the incidence angle of 6=55°;
(b) BLS spectrum of our y-Ge3;N, collected in the wide frequency range for the incidence angle of 6=25°. (¢, d)
Simulated intensity distribution in a BLS peak scattered from a polycrystalline isotropic sample of y-Ge;Ny in the
frequency/velocity range of RWs (black solid lines labelled as Vx'®“*). The simulations were performed for two sets
of C;; calculated (Table 2) using the GGA-PBEsol- (¢) and GGA-PBEsol-h functionals (d). Dotted lines indicate
FWHM of the simulated peaks and solid circles their middles. Vertical red solid lines, labelled as VR(HM), indicate
velocities of RWs of polycrystalline y-Ge;N, calculated using the isotropic moduli By and Gy derived from the same
G applying the Hill approximation.

In order to evaluate the influence of elastic anisotropy on the RW-peak shape in our BLS measurements,
we applied a procedure analogous to that developed for the LWs and TWs [57]. We modelled the BLS
peak shape in the relevant frequency/velocity range (Figures 3c-d) in two steps: (1) we derived the
appearance-frequency histogram for frequencies of the sound waves propagating along all directions of
the surface delimiting the semi-infinite single-crystalline medium of y-GesN, with a particular
crystallographic orientation. (2) We summed all such histograms derived for all (uniformly distributed)
crystallographic orientations of the semi-infinite single-crystalline medium of y-Ge;N,. The resulting
histogram represented contribution of randomly oriented grains in an infinitely large polycrystalline
texture-free sample to the RW-peak intensity. In the model, we used our theoretical Cj obtained for the
PBSsol functional in combination with both standard- and hard PAW pseudopotentials. The former
functional provided the highest Zener ratio A while the second one provided By and G, (Table 2) best
matching those from our LU experiments (Table 1). In order to model the BLS peak shape, we
convoluted the resulting histogram with the Gaussian distribution whose width was equal to the
spectrometer resolution at the corresponding frequency. This was realised through an imaginary part of
the RW frequency: For any frequency f3 in the considered region (Figure 3a), the complex frequency was
represented as fp;=fg+ i-fp/100. The modelled profiles of the RW-peaks are shown in Figures 3c-d,
where the frequency scale is converted to the sound-velocity scale in order to compare with the velocity
Vo™ calculated using the isotropic By and G, derived applying the Hill approximation [36]. As follows
from the comparison, position of the modelled RW peak, defined as middle of its full-width-at-half-
maximum (FWHM), provides V® below V™D, Interestingly, the difference §Vr=Vg My BLS) g
similar to the difference in the Vi values in our LU- and BLS measurements. Moreover, &Vg/Vg™iV



increases with increasing A and the change rate is considerable: When A increases from 1.92 to 2.08,
SVr/VR™ increases from 5.5% to 6.2%. Thus, the experimental difference in the Vi values of ~10% can
be attributed, at least partially, to the asymmetry of the BLS peak collected from an isotropic
polycrystalline sample of y-Ge;N,. Because first-principles density functional calculations were reported
to underestimate the value of A [53, 56], the true anisotropy of y-Ge;N, can be even stronger and the ratio
3Vr/Vr™™ can approach that from the LU- and BLS measurements.

Finally, we collected BLS spectra in a wide frequency range and a strong peak with the frequency
fL.0=86.42(1) GHz, due to the LWs, was detected (Figure 3b). V| associated with this peak is related to
the Brillouin frequency according to the well-known equation:

Jro=Vie2:n/kg (5)
where 7 is the refractive index of the sample material. Applying Equation 5, we obtained n- Vi (=22.99(3)
km/s. Using V1,,=9.2(3) km/s from our LU measurements and omitting any correction (e.g. due to the
elastic anisotropy) we found n=2.5(1). In contrast to the RWs, application of the above described
corrections due to the elastic anisotropy didn’t significantly change the recovered n: As already mentioned
above, BLS peaks of LWs from polycrystalline texture-free samples of elastically anisotropic cubic solids
are asymmetric. For A>1, their centres of mass (or middles of FWHM) shift to higher
frequencies/velocities, when compared with the V. derived using the Hill approximation [57], and

CritCipt2C
Vi(i10) = /—11 ;; - (6)

Substituting the theoretical Cj; of y-Ge;N,, calculated using either the PBEsol or PBEsol-h functional
(Table 2), we obtained Vi 110=8.67 km/s or Vi110=9.14 km/s, respectively. The corresponding theoretical
By and Gy, substituted in Equation 2, led to Vo = 8.33 km/s and Vi (=8.84 km/s, respectively. Thus, the
BLS-peak asymmetry should result in an overestimation of the LW velocity by 4.1% and 3.3%,
respectively. Applying the latter value, we corrected the product n-Vy from our BLS measurement to
22.23(3) km/s. Taking V1,0=9.3(4) km/s from our LU measurements, we determined the refractive index
of y-Ge;Ny to be n=2.4(1) at A=532 nm. This experimental value is very similar to our theoretical n=2.46
derived from the dependence n(A) calculated in the wavelength region of visible light (Figure 4). Figure
4 also shows the wavelength dependent absorption coefficient of y-Ge;Ny, x(A), which predicts
transparency of y-Ge;N, at A > 360 nm corresponding to the photon energy h-v=3.44 eV. The latter agrees
well with the spectroscopically measured band gap of y-GesNy of E,=3.65(5) eV, confirmed
experimentally to be direct [4].

Thus, our measurements and calculations provided a very high refractive index of y-Ges;N, similar to that
of diamond and gallium nitride (GaN) reported to be ngiamena=2.42 [58] and ng,n=2.37 [59], respectively.
This result makes y-Ge;N, interesting for advanced optical applications where a high refractive index
combined with high hardness, thermal stability in air, and a possibility of machining using diamond tools
is required.

approach Vi
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Figure 4. Wavelength dependences of (a) refractive index, n(A), and (b) absorption coefficient, x(A), of y-Ge;Ny.
The theoretical dependences (solid lines) were calculated using the HSE06 hybrid functional. Solid circle shows our
experimental n at A=532 nm, obtained from the combined LU- and BLS measurements.



4 Conclusions

In this work, we investigated elastic properties of y-Ge;N4 experimentally, using the techniques of laser
ultrasonics and Brillouin light scattering, and theoretically, using the first-principles density functional
calculations. We measured velocities of the RWs and LWs in our low-porosity polycrystalline sample and
derived its isotropic elastic moduli B,=304(43) GPa and G,=179(6) GPa. Applying the Hashin-Shtrikman
approach, we obtained B;=322(44) GPa and G,=188(7) GPa for the dense polycrystalline y-Ge;N,. Here,
the significant error in By is explained by the low amplitude of the LW-signals in our LU measurements.
Nevertheless, it agrees, within the experimental uncertainties, with the By =295(5) GPa obtained from the
EOS measured upon quasihydrostatic compression [1]. Both the previous and the present first-principles
calculations underestimated B, while the GGA-PBEsol functional with the hard PAW potential showed
the least deviation from the experiment.

Our experimental G, exceeds by ~1.5 times the previous experimental value derived from NIT. This
difference appears to be caused by the higher oxygen-content in the earlier examined sample but a
contribution of porosity cannot be excluded. The calculated G, values were mostly underestimated but
much less significant than the By. However, the G, values of 186(10) GPa and 192(10) GPa obtained from
our calculations based on the hard PAW potential in combination with the GGA-PBEsol- and HSE06
functionals, respectively, agreed with our measurements. Comparison of the Vg, measured using the LU-
and BLS techniques confirmed the theoretically-predicted elastic anisotropy of y-Ge;N4 with A>1. The
anisotropy led to the asymmetric RW peaks in our BLS measurements resulting in the Vo underestimated
by ~10%. Such difference in the RW velocities, obtained using the two techniques, can potentially be
used to evaluate elastic anisotropy of cubic solids available as powders or polycrystalline bodies only.
Here, the main challenge is obtaining of high-quality BLS-peaks with well-defined shapes. Combining
our LU- and BLS results for the LWs, we determined refractive index of the dense y-Ge;N, to be
n=2.4(1). This value ranks y-Ge;N, in the class of very-high-refractive-index materials transparent for
visible light, such as diamond, GaN or TiO, having anatase structure.
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