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Tantalum nitrides were formed by reaction of the elements at pressures between 9(1) and 12.7(5) GPaand
temperatures >1600-2000 K in the laser-heated diamond anvil cell. The incorporation of small amount of
nitrogen in the tantalum structure was identified as the first reaction product on weak laser irradiation.
Subsequent laser heating led to the formation of hexagonal 3-Ta; N and orthorhombic m-Ta; N3, which was
the stable phase at pressures up to 27 GPa and high temperatures. No evidence was found for the presence
of &-TaN, ¥-TaN, 8-TaN, TasNs-I or TasNs-II, which was predicted to be the stable phase at P > 17 GPa
and T = 2800K, at the P, T-conditions of this experiment. The bulk modulus of n-Ta;N3; was determined
to be By = 319(6) GPa from a 2nd order Birch-Murnaghan equation of state fit to the experimental data,
while quantum mechanical calculations using the density functional theory gave a bulk modulus of By =
348.0(9) GPa for a 2nd-order fit or By = 339(1) GPa and B’ = 4.67(9) for a 3rd-order fit. The values show
the large incompressibility of this high-pressure phase. From the DFT data the structural compression
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mechanism could be determined.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Transition metal nitrides are chemically and structurally closely
related to the binary transition metal carbides. The ‘interstitial’
nitrides of group IV and group V elements are refractory, they have
high hardness and strength and often a high thermal conductiv-
ity [1]. This makes them interesting candidates for applications
such as coatings and diffusion barriers in microelectronics, and this
has driven research specifically for the understanding of tantalum
nitrides. The present study complements earlier work by combined
in situ experimental and theoretical investigations in order to pro-
vide further insight into the formation of tantalum nitrides.

A review of earlier work shows that there are several incon-
sistencies regarding the nomenclature of tantalum nitrides. For
example, TaN in the WC structure has sometimes been designated
as the d-phase (e.g. [2]), while in other instances 6-TaN was used
for the cubic phase with rock salt structure type [3]. In the follow-
ing, the nomenclature used in Table 1 will be employed. There, the
WC-structure (By,) type TaN is designated 9-TaN, the cubic rock salt
structure type TaN is called 8-TaN.
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The ground state structure of TaN is of the CoSn-structure (B35)
type. This polymorph, e-TaN, is hexagonal (space group P62m) with
a=5.196(4)A and c = 2.911(2) A [4]. An earlier assignment of the
space group D, = P& mm or D} = P622 to the e-phase [5,6] was
erroneous.

There are at least two high pressure polymorphs of e-TaN. Boiko
and Popova [7] reported the synthesis of cubic (Fm3m) 8-TaN in
the range of 3-10GPa at temperatures ~ 2073 K when hexago-
nal e-TaN was used as a starting material. At lower temperatures
(T in the range of 673-2073K) they obtained J-TaN in the WC-
structure type. However, no further experimental details are given.
Heating cubic 8-TaN in vacuum leads to a transformation to O-TaN
in the WC-structure type [7]. This is consistent with experiments
by Brauer et al. [8], who found the WC-structure type U-TaN
at high pressure syntheses in the pressure range of 2-10GPa at
1073-1233 K. In all these experiments, the analyses of the products
were done ex situ on quenched samples, and in all these stud-
ies the starting compound was &-TaN. It was later shown [3] that
8-TaN could be produced from e-TaN by heating at high temper-
atures (2273 K) under at least 0.001 GPa (10bar) N,-pressure. In
that study [3] it was also noted that while e-TaN is essentially sto-
ichiometric, 8-TaN shows a compositional range, which influences
the lattice parameter. Other synthesis routes for the production of
d-TaN have also been explored (for a brief review see Mashimo
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Table 1

Overview of stoichiometric tantalum nitrides. References: (1) Christensen and Lebech [4], (2) Brauer et al. [8], (3) Gatterer et al. [3], (4) Brauer and Zapp [5,6], (5) Fontbonne
and Gilles [13], (6) Conroy and Christensen [14], Terao [2], (7) Zerr et al. [12], and (8) Strahle [15], Brese et al. [16]. Theoretical values are from the present study.

Phase Symmetry Lattice parameters Comments Reference
Exp. [A] Theo. [A]

e-TaN P62m a=5.196(4) a=>5.261 CoSn-type(B35) (1)
c=2.911(2) c=2.925 Neutron diffraction

V-TaN P6m2 a=2.936 a=2.949 WC-type (Bp) (2)
c=2.885 ¢ =2.900 HP synthesis (2-10 GPa, 1073-1233 K)

3-TaN Fm3m a=4.331 a=4.441 NaCl-type (B1) 3)

HP synthesis (0.001-10 GPa, 2073-2273 K)
TaN P%mm or a=5.1912 Discredited in (1) (4)
P622 c=2.9107 Possibly e-TaN ?

TaN P& me a=3.048 Possibly Ta,N ? (5)
c=4.918

B-Ta;N P31m a=>5.285 With statistical occupation: P63 /mmc, a = 3.05A (6)
c=4.919

m-TazNs3 Pbnm a=28.191(2) a=38.247 HP synthesis from TazNs (11-20 GPa, 1773-1973K) (7)
b =8.183(2) b =8.308
¢ =2.9823(3) c=3.012

TasNs Cmcm a=3.890 a=3.979 16 K neutron powder diffraction (8)
b=10.26 b=10.415
c=10.26 c=10.392

TasNs 14 a=6.831 (5)
c=4.269

TasNe P%cm a=5.176 (5)
¢=10.353

et al. [9]), including ‘rapid solid state metathesis’, which gives a
mixture of 8-TaN (a = 4.32A) and a hexagonal phase [10], or ion
irradiation [11]. Recently, a novel high-pressure phase of tanta-
lum nitride, orthorhombic m-Ta; N3, was synthesized using TazNs
as starting product and a multi-anvil apparatus in order to generate
pressures between 11 and 20 GPa and temperatures between 1773
and 1973 K[12].Ahigh Vickers hardness of at least H,,(0.5) = 16 GPa
was attributed to this phase.

A number of theoretical studies have addressed the stability of
tantalum nitrides. Stampfl and Freeman [17] studied the stability
of a range of compounds based on a computed chemical potential,
but did not investigate the stability of phases as a function of pres-
sure. For TayN they seem to have studied the unit cell proposed
for space group P63 /mmc with a = 3.05A and ¢ = 4.92 A [2]. How-
ever, in a hexagonal cell with this space group, the occupation of
Woyckoff position 0,0,0 by a nitrogen atom implies a symmetrically
equivalent atom on 0,0,%—and for model calculations, in which all
positions are fully occupied, the stoichiometry would be Ta;N,.
As has also been pointed out by Terao [2], an ordering of vacan-
cies leads to a different unit cell. The structure of 3-Ta;N (which
was called y-TayN by Terao [2]) is then trigonal, with space group
P31m. The cell can then be chosen as described by Terao [2] in his
Fig. 11, which has been discussed and confirmed by Conroy and
Christensen [14]. The unit cell then has an a-lattice parameter of
5.28 A. A comparison of the stability of hexagonal (P%mm) and
cubic TaN, based on the enthalpy of formation derived from DFT
LDA-calculations has recently been given by Violet et al. [18]. In
that study, stoichiometric cubic 8-TaN was significantly more sta-
ble than the hexagonal P% mm-polymorph. However, as has been
mentioned above, the P%mm-polymorph haslong been discredited
[4], and the hexagonal stoichiometric ground state structure of &-
TaN has P62m-symmetry. Kroll et al. [19] predicted that a novel
Ta3Ns-II polymorph could by synthesized from the mononitride at
pressures above 17-25 GPa at 2800 K, while a transformation from
Ta3Ns-I to TazNs-II was thought to occur at 9 GPa. Recently, Jiang
et al. [20] found from DFT calculations that the new orthorhombic
high-pressure phase n-Ta;Nj3 is mechanically unstable because of
a negative cgg elastic constant. They suggested that minor oxygen
substitution for nitrogen stabilizes this structure.

From this summary of previous work, a number of questions
remain. We address here in which sequence and what phases
appear at high-(P, T) conditions in diamond anvil cell based exper-
iments, where nitrogen is present in excess. This is investigated by
an in situ observation of the reaction of tantalum with nitrogen in
a laser heated diamond anvil cell. The synthesis of nitrides in laser-
heated diamond anvil cells has already been explored earlier (see
review by Horvath-Bordon et al. [21]). For example, a number of
transition metal nitrides were synthesized in a laser-heated DAC at
~ 10 GPaand ~ 1800 K and the recovered samples were analysed ex
situ [22], but in that study, the synthesis of tantalum nitride has not
been attempted. Further examples for in situ syntheses of binary
transition metal nitrides include those of c-Hf3N4 and c-Zr3Ny4 [23],
cubic PtN; [24,25], trigonal IrN, [25,26], and orthorhombic OsN,
[26]. Also, the bulk modulus of cubic 8-TaN has not been deter-
mined experimentally yet, nor that of orthorhombic m-Ta; N3, and
theoretical values, obtained from density functional theory calcula-
tions, range from 329 to 372 GPa for 8-TaN [27]. Further, we revisit
the question of the relative stability of e-TaN to 8-TaN and study the
possibility of transition into Pm3m-TaN by parameter-free density
functional theory based calculations. This was thought to be inter-
esting, as B1 (NaCl) type structures often transform into B2 (CsCl)
type structures on pressure increase [28].

2. Experimental

Small pieces of tantalum foil (Alfa Aesar No. 10351, purity 99.95%) with an initial
thickness of 25 pm served as starting material. The foils were thinned to <5-10 wm
thickness while cutting plates with horizontal dimensions of about 30-80 wm. The
pieces were loaded into Boehler-Almax diamond anvil cells, DACs, with conical
anvils and 0.35 mm culets and effective apertures of ~ 48° and 60°, which were used
for pressure generation [29]. Tungsten was used as the gasket material, preindented
to 40-45 wm. Gasket holes with a diameter between 130 and 190 pm were drilled
by a home-built laser lathe. For the thermal isolation of tantalum from the diamond
anvil different materials were used in order to check for a reaction with the isolating
layer. We used thin layers of compressed powder of sodium chloride (exp. 5 and
6, Table 2), magnesium oxide (exp. 2 and 3), and aluminium oxide (exp. 4), and
single-crystalline sapphire chips of 5 um thickness (exp. 1) on top of one or both
anvils. Small pieces of ruby were loaded for pressure determination. Liquid nitrogen
was loaded at a pressure of 0.18 GPa within a pressure vessel as both a reaction
component and a pressure transmitting medium.

Experiments were conducted ex situ in house with a 100 W fiber laser (1.07 um
wavelength) or a 250 W CO, laser (10.6 wm wavelength), and in situ at beamline
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Table 2

Overview of the experiments. In all the experiments a piece of tantalum foil was loaded together with nitrogen as pressure-transmitting medium and reactant, and with
rubies for pressure determination. In situ X-ray diffraction measurements at high pressure, before, during, and after laser heating were performed at ALS, ex situ laser heating

in Frankfurt.

No. Type Isolation Prax/GPa Laser, powermax Final reaction products
1 In situ Al, 05 crystal, sandwich 26.0(1) 2 fiber, 16 W mM-TazN3
2 In situ MgO powder, single layer 27.0(2) 2 fiber, 16 W m-TayN3+unknown phase
3 Ex situ MgO powder, single layer 9(1) CO,, 20W TaN,+B-TayN+n-Ta; N3 +unknown phase
4 Ex situ Al,03, powder, single layer 11(1) Yb fiber, 8 W n-TazN3
5 Ex situ NacCl powder, sandwich 11.5(5) Yb fiber, 9W mM-TayN3
6 Ex situ NaCl powder, single layer 14.1(1) Yb fiber, 9W mM-TayN3
12.2.2. at the Advanced Light Source (ALS, Berkeley, USA) (Table 2). The four sam- 4. Results

ples heated in house at 9(1), 11(1), 11.5(5), and 14.1(1) GPa were recovered from
the diamond anvil cell and measured at the ALS for identification of the reaction
products. For the experiments at the ALS we used 25 and 30keV synchrotron X-
ray radiation and double-sided laser heating with two 100 W fiber lasers (1.09 pm
wavelength). The experimental set-up is described in detail in Caldwell et al. [30].
Tantalum and the tantalum nitride reaction products were laser heated from one
or both sides at different laser power (temperature) up to a total of 16 W with the
fiber lasers. There was little absorption of the CO; laser radiation (10.6 pm) by tan-
talum within the nitrogen medium and high laser power resulted in only weak
hot spots (exp. 3, Table 2), the fiber laser radiation (1.07-1.09 wm) was strongly
absorbed by the opaque tantalum and only moderate laser power was required to
achieve bright hot spots. However, due to technical problems, the determination of
the temperature was problematic during the experiments, and hence only a very
rough estimate of the temperature was obtained from visual observation. Powder
diffraction images were collected with a MAR345 online image-plate scanner. The
sample-to-detector distances of 309.80 and 346.80 mm, respectively, were deter-
mined from a LaBg-reference sample. Counting times varied between 120 and 720's.
Most data collection was done with a 10 um x 10 wm beam spot. The laser spots
had diameters of about 30 wm. The diffraction images were processed and inte-
grated using FIT2D [31]. Intense and well-defined single-crystal diffraction spots
fromindividual larger grains of the sample as well as scattering from the carbon mir-
rors during laser heating were masked manually and excluded from the integration.
The background of the integrated powder diffraction patterns was extracted using
the program DATLAB [32]. Le Bail fits and Rietveld fits with constrained structural
models were performed using the program GSAS (General Structure Analysis Sys-
tem) [33] in order to obtain unit cell parameters. The background was interpolated
between several manually selected points and a shifted Chebyshev function was
used. Pressures were determined with an off-line spectrometer at ambient tempera-
ture using the ruby-fluorescence method [34]. In situ diffraction data were collected
from two samples at ambient temperature prior and after laser heating (at 9.8(7)
and 26.1(2) GPa in exp. 1, and at 12.7(5), 19.7(3), and 27.0(2) GPa in exp. 2, Table 2),
at different positions on the samples, and in steps on pressure increase and decrease.
The final reaction products were further analysed at ambient pressure within the
diamond anvil cell and also after recovering them from the DAC.

3. Computational details

Density functional theory calculations have extensively been
used to model structure-property relations of transition metal car-
bides and nitrides. Here, we use the CASTEP program [35-37],
which employs a plane wave basis set in conjunction with ultra-
soft pseudopotentials. The plane-wave basis set is unbiased (as it is
not atom-centred) and does not suffer from the problem of basis-
set superposition error (BSSE) unlike atom-centred basis sets. It
also makes converged results straightforward to obtain in practice
as the convergence is controlled by a few adjustable parameters.
The PBE [38] exchange-correlation functional was employed in the
calculations.

Geometry optimisations were performed with the CASTEP code
using pseudopotentials from the CASTEP database. Plane-wave
cutoff of 330 eV was used, and Brillouin-Zone integrals were per-
formed using Monkhorst-Pack grids [39] with spacings between
grid points of < 0.03 A~'. Concurrent geometry optimisation of the
unit cell and internal co-ordinates was performed so that forces
were converged to 0.005 eV/A and stress residuals to 0.005 GPa.

The tantalum pseudopotential was tested by computing the
lattice parameter (Gpeo = 3.296A, dexp = 3.301A) and the bulk
modulus (Bg theo = 223 GPa, By exp = 196 GPa [40]).

4.1. Phase stability

The image recorded with an image plate obtained before any
heating and the corresponding powder diffraction pattern of exper-
iment 1 (Table 2) are shown in Fig. 1. Essentially all reflections
could be indexed by an assignment of peaks to either Ta, W
(from the gasket) or 3-N;. Refined lattice parameters are given in
Table 3.

A short irradiation with the laser beams during laser alignment
(2 W each laser) showing a weak hot spot triggered a reaction (exp.
1). The image and diffraction pattern are shown in Fig. 1. While
the strong powder rings, which still show the same texture like
before, can be indexed with the tantalum structure (Im3m), the
obtained unit cell parameter is definitely larger than before laser
heating (Table 3). This can be attributed to the incorporation of
small amounts of nitrogen into tantalum. Already Schénberg [41]
has reported the incorporation of nitrogen in tantalum forming
non-stoichiometric TaNggs with an expanded lattice parameter
of 3.369 A compared to that of pure tantalum with 3.311A [41].
This was confirmed by the nitrogen-tantalum phase diagram
showing the formation of TaN, with x up to 0.15 at high temper-
atures (<3200K) and of TayN and TaN on successive nitridation
([42,43] cited in [1]). Hence, we conclude that the phase observed
here shows the starting nitridation process at high pressure and
increased temperature and that the nitrogen content of this phase
should be not more than about 15 atomic %.

The formation of this phase was also confirmed in experiments
number 2 and 3 (Table 2), where additionally to the major compo-
nent of cubic (Im3m) TaNy, hexagonal B-TayN and small amounts
of the orthorhombic high-pressure phase m-Ta;N3 as described by
Zerr et al. [12] were present (Fig. 2). The laser power of the in situ
experiment 2 was ~ 8 W (4 W eachlaser)at 12.7(5) GPa. Experiment
3 was performed ex situ using the CO, laser, which was only weakly
absorbed by tantalum in nitrogen medium at 9(1) GPa and resulted
in the same three tantalum nitride phases, which were confirmed
from a measurement of the recovered sample. This shows that on
further temperature increase at pressures between about 9 and
13 GPa a further nitridation of TaNy to 3-Ta;N and m-Ta; N3 takes
place. The reaction products might be non-stoichiometric, the com-
positional range, however, was not further investigated here.

Successive laser heating at higher power (up to 16 W, 8 W each
laser) led to the formation of a pure m-Ta,N3 phase in experi-
ments 1, 4, 5, and 6 (Fig. 1, Table 2). Again, the investigation of
the degree of stoichiometry was not a matter of this study. All
the tantalum reacted immediately in all steps of nitridation, pure
tantalum was not present any more in either of the samples. A reac-
tion of the tantalum foil can easily be confirmed visually using a
microscope due to the loss of the metallic luster of the sample sur-
face. n-Ta;N3 remained stable on pressure increase to 20, 26 and
27 GPa and further laser heating at these pressures, and on pressure
decrease down to ambient conditions (exp. 1 and 2). We conclude,
that n-Ta, N3 is the stable tantalum nitride high-pressure phase on
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Fig. 1. Image plate frames (left) and corresponding refined powder X-ray diffraction patterns (right) from top to bottom for the unreacted tantalum foil at 10.5GPa (A =
0.4958 A), the TaNj after short laser alignment with a total of 4W laser power, the fully reacted m-Ta; N3 after strong laser heating with a total power between 6 and 16 W
at 9 and 26 GPa, respectively, and the recovered sample at ambient conditions (experiment 1). On pressure increase the gasket hole was decreased and the isolating single-
crystalline sapphire chip was broken, hence accounting for the diffraction lines of Al;03 at 26 GPa and in the recovered sample. Right: Symbols (+) represent experimental
values. The result of the Rietveld fit is shown by the continuous line through the data points. Vertical bars show the positions of the allowed Bragg reflections of the different

phases. The difference curve is plotted below.

nitrogen excess at pressures between 9 and 27 GPa and tempera-
tures up to at least 1600-2000 K. With our experiments we have
shown in situ the synthesis of this phase for the first time and con-
firmed its high-(P,T)-stability as was already assumed previously
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by Zerr et al. [12], who discovered this phase as a quench product
from ex situ multi anvil press syntheses.
From our experiments using different isolating layers during
DAC loading we can exclude a reaction of tantalum and nitro-
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Table 3
Selected refined cell parameters of starting and reaction products before and after
laser heating (experiment 1).

Table 4
Bulk moduli By obtained from fits of 2nd- and 3rd-order Birch-Murnaghan equations
of state to the experimental and theoretical data of m-TazNs.

Compound Space group alA b /A c/A Vo/A3 Bo/GPa B
Starting material at 9.8(7) GPa Exp-2nd-order 199.5(2) 319(6) 4 (fixed)
Ta Im3m 3.24842(8) Exp-3rd-order 199.6(2) 311(6) 4.67 (fixed)
W Fm3m 3.14 (fixed) DFT-2nd-order 206.36(2) 348.0(9) 4
8-N, Pm3n 5.839 (fixed) DFT-3rd-order 206.42(1) 339(1) 4.67(9)
Reaction products afEer laser alignment at 4 W at 9.8(7) GPa A Bl B
TaNy Im3m 3.3426(2) o/ ao/GPa o
W Fm?zm 3.14 (fixed) Exp-2nd-order 8.190(8) 239(13) 4
3-N; Pm3n 5.839 (fixed) DFT-2nd-order 8.2492(4) 239.6(6) 4
Reaction products after laser heating at 16 W at 9.11(4) GPa DG SR 22 Sl
M-TazN; Pbnm 8.0904(4) 8.1156(5)  2.9511(1) /
w Fm3m 3.1415(6) bo/A Byo/GPa B,
8-Nz Pm3n 5.9 (fixed) Exp-2nd-order 8.198(4) 342(13) 4
Sample after laser heating at 16 W at 26.06(5) GPa DF]'—an—orde.r 8.3067(5) 500(3) 4
1-TasNs Pbrm 7917(1) 8.032(1) 29163(4) DFT-3rd-order 8.3079(2) 471(3) 6.2(2)
w Fm3m 3.0934(8) .
(A1,Cr),03 R3c 4.6308(7) 12.607(4) Co/A Bco/GPa B
€N, R3c 7.266(2) 10.325(9) Exp-2nd-order 2.977(1) 348(8) 4
Sample at ambient conditions DFT-2nd-order 3.01192(8) 391.2(9) 4
M-Ta;N3 Pbnm 8.1474(8) 8.1804(8)  2.9683(2) DFT-3rd-order 3.01211(6) 383(2) 4.6(1)
w Fm3m 3.1520(6)
(ALCr),05 R3¢ 4.757(1) 12.890(7)

gen with NaCl (at 11-14 GPa and on laser heating, exp. 5 and 6,
Table 2) and with Al; O3 (exp. 1 and 4), where tantalum was double-
sandwiched and in close contact with these layers. However, we
cannot exclude a reaction with MgO (exp. 2 and 3), as these in situ
and ex situ experiments showed the appearance of an unidentified
additional phase (Fig. 2). When heating the in situ sample of exper-
iment 2 at 27 GPa with 16 W laser power, strong peaks of another
phase appeared in addition to the n-TayN3 phase. Whether these
unidentifed phases are due to a reaction with MgO or due to impu-
rities in MgO cannot be resolved from our data. However, it can
be excluded due to the results of the other experiments, that this
additional phase is a pure tantalum nitride.

4.2. Bulk and linear compressibility

Results from least-squares fits of 2nd- and 3rd-order
Birch—-Murnaghan equations of state (BM-EOS) to the
pressure-volume (P-V) data and the pressure dependencies
of the individual cell axes using the program EOS-FIT [44] are
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summarised in Table 4 and plotted in Fig. 3. Due to the heating
process at different pressures, the experimental data scatter
significantly. Hence, they were fitted with 2nd-order BM-EOS
using unit weights or 3rd-order BM-EOS and B’ fixed to the values
obtained from fits to the DFT results, while the DFT results were
fitted with both, 2nd- and 3rd-order BM-EOS.

The predicted unit cell parameters of m-Ta; N3 at 0 GPa are larger
by <1.5% compared to the experiment, which is often observed in
DFT-GGA calculations such as those performed here. The bulk mod-
ulus By determined experimentally in this study is smaller by ~ 9%
than the bulk modulus obtained from a BM-EOS fit to the DFT results
(Table 4).

The linear compressibilities of n-Ta; N3 are anisotropic (Table 4).
As the unit cell shows a pseudo-tetragonal metric with the a axis
being slightly larger than the b axis according to Zerr et al. [12], an
unambiguous assignment of these axes was not possible from our
high-pressure data. Further, we cannot exclude a possible cross-
over of the experimental values, such that b > a at high pressure.
In the relaxed theoretical geometry the a axis is shorter than the b
axis. Our experimental and theoretical data are consistent in that
the shorter of these axes is more compressible (Table 4). As the
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Fig. 2. Refined powder X-ray diffraction patterns for another reacted tantalum sample (experiment 2). Left: After laser alignment with 8 W at 12.7(5) GPa the formation
of TaN,, B-Ta;N (reflections marked by stars) and a small amount of m-Ta; N3 was observed (A = 0.4132 A). Right: The recovered sample after subsequent laser heating at
16 W at 27 GPa shows an unidentified phase (reflections marked by arrows) in addition to m-Ta,N3, which might be a reaction product with MgO (A = 0.4958 A). Symbols
(+) represent experimental values. The result of the LeBail fit is shown by the continuous line through the data points. Vertical bars show the positions of the allowed Bragg
reflections of the different phases, which are assigned from top to bottom on the right. The difference curve is plotted below (left).
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Fig. 3. Pressure dependence of the m-Ta;N3 unit cell volume (left) and of the normalised unit cell parameters (right, colour online). Dashed and solid lines represent BM-EOS
fits to the experimental and theoretical results, respectively. Right: DFT data are plotted with open symbols.

compression mechanism of the structural model is plausible (see
next section), we assume that the assignment of the linear com-
pressibilities is correct in the DFT model and that the a axis is the
most compressible axis with Bgg < By < Bjg from model calcula-
tions and Byg < Bpg ~ B.o from experiment. This is also consistent
with the theoretical results by Jiang et al. [20]. They obtained a
smaller value for the a axis as well, which further is softer than the
b axis as derived from the elastic constants. The present data there-
fore disagree with the assignment of Zerr et al. [12], and instead we
currently prefer the assignment given in Tables 3 and 4 and Fig. 3.

4.3. Structural compression from DFT

The structural parameters of the relaxed structures are in good
agreement with experimental data (Table 1). The lattice parame-
ters agree within 2.5%, and the c/a-ratios are reproduced with 0.7%
for all tantalum nitrides investigated here. Hence, we predict the
compression behaviour of n-Ta;Ns.

The crystal structure of m-Ta;Ns is of the orthorhombic U,S3-
structure type (Pbnm) and consists of a network of edge-sharing
Ta(1)N7 and Ta(2)N7+; polyhedra (Fig. 4). Due to the edge-sharing,
the crystal structure is very incompressible and the main com-
pression is achieved via compression of the bond distances. The
anisotropy of the linear compressibilities can be explained by the
orientation of the longest Ta-N bond of the Ta(2)N7.; polyhedron,
which is 2.599 A compared to 2.124-2.238 A for the other Ta-N
bond distances. This longest bond is nearly parallel to the a axis and
is compressed most at increasing pressure, which is responsible for
the larger compressibility of the a axis (Fig. 4). The compression of
this bond is accompanied by an increase of the Ta(1)-N(3)-Ta(1)
and Ta(1)-N(2)-Ta(2) angles by ~ 2.4° and ~ 2.2°, respectively,
between 0 and 30 GPa, and a slight decrease of the N(2)-Ta(1)-N(3)
angle by ~ 1.7° (Fig. 4). All the other inter- and intra-polyhedral
angles change by <1.4°. The Ta(1)-N(3)-Ta(1) angle is oriented
nearly parallel to the b axis, hence accounting for the large incom-
pressibility of this axis.

We also computed the relative stabilities of the mononitrides
as a function of pressure, in order to test if the B2 structure would
become stable onincreasing pressure. We find that at ambient pres-
sure the e- and U-phase have equal total energies, and that the 3-
and the B2-phase are significantly less stable. Pressure stabilises the
VU-phase in relation to all other phases, and at 50 GPa the ¥-phase
is more stable than the other mononitrides by 50-100 kJ/mol.

Ta(1)

Ta(1)

b

Fig. 4. Crystal structure of m-Ta;N; at 0GPa from DFT. The compression of the
long Ta(2)-N(3) bonds parallel to the a axis (dashed lines) is indicated by the bold
arrows. The pressure-induced increases of the Ta(1)-N(3)-Ta(1) angle parallel to
the b axis and of the Ta(1)-N(2)-Ta(2) angle are shown by the thin arrows. The
N(2)-Ta(1)-N(3) angle is indicated by a circular arc.

5. Discussion

We have shown by experiment the occurrence of a sequence
of reactions during laser heating tantalum embedded in nitrogen
within the diamond anvil cell at high pressures (up to 27 GPa)
and temperatures (>1600-2000K, up to 16 W laser power). The
nitridation sequence of tantalum at high pressure and tempera-
ture commences with the direct formation of TaNy (Im3m) upon
short double-sided laser heating with a total laser power of 4W
(each laser 2 W) resulting in weak hot spots, as derived from a
moderate, but significant, enlargement of the unit cell. Hence, the
activation energy for this reaction seems to be small at elevated
pressure. TaNy has been reported in a range of non-stoichiometric
compositions up to x = 0.15 with a cell parameter of 3.369 A for
X~ 0.05 [41]. The cell parameter refined at ambient conditions
from the sample of experiment 3 (Table 2), which was recov-
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ered after CO,-laser heating at 9(1)GPa, is slightly larger with
a =3.39(1)A, which is supposed to be related to a higher nitrogen
content (0.05 < x < 0.15) from nitridation at high pressure and
temperature. Assuming a linear correlation between the nitrogen
content and the lattice parameter, x would be ~ 0.07 in our experi-
ments. Neglecting the influence of pressure, this would correspond
to a synthesis temperature of about 1770K ([42,43] cited in [1]).
The sample of experiment 2 shows a = 3.334(1)A at 12.7(5)GPa
after double-sided laser heating with a total of 8 W (Fig. 2). Pure
tantalum has a lattice parameter of 3.24 A at this pressure applying
the equation of state from Dewaele et al. [45]. Hence, x ~ 0.08 for
this TaNy phase.

We have not observed the formation of e-TaN nor of the high-
pressure phase 8-TaN in our experiments. This result implies, that
8-TaN is obtained from hexagonal e-TaN, which is the stable phase
at room conditions, but not from a direct reaction of the elements
at elevated P, T-conditions. This is an important result with respect
to the exploration of new synthesis routes for tantalum nitrides.

The successive disappearance of cubic TaNy on further laser
heating at increasing temperature is associated with further reac-
tions with excess nitrogen. The increasing nitrogen content leads to
the formation of 3-Ta;N in a next step and of m-Ta; N3 as the final
reaction product and stable high-P, T phase. The composition of
both phases might differ from stoichiometry. Further nitridation is
not observed. In our experiments at elevated P, T-conditions (up to
27 GPa,>1600-2000 K) we did not observe the formation of TazNs-I
or anovel TazNs-Il phase. A TasNs-II phase was predicted to be syn-
thesized from &-TaN at pressures above 17-25 GPa at 2800K [19].
Nor did we observe the tetragonal Ta;N3 phase during synthesis
or on pressure release, which was predicted to be the stable phase
below 7 GPa by Jiang et al. [20].

A comparison of the experimentally obtained bulk modulus of
n-TayN3 (By = 319(6) GPa) with the bulk modulus obtained from
elastic constants calculated from DFT results by Jiang et al. [20]
(Bg =327 GPa) and calculated from the structural compression
(Bg = 323 GPa) shows very good agreement. The oxygen substitu-
tion of nitrogen in Ta1gN3, 0, as proposed by Jiang et al. [20] would
result in a slightly larger compressibility with a By even closer to
our experimental value.

The results further show that m-Ta; N3 is much less compressible
than pure tantalum with By = 194 GPa [45]. It is also less com-
pressible than 8-HfN, 8-ZrN, and the cubic high-pressure nitrides
c-Hf3N4 and c-ZrzNy4 (with bulk moduli 260 GPa, 248 GPa, 241 GPa
and 250 GPa, respectively [46,47,23]), however, more compress-
ible than the transition metal nitrides 8-MoN, 8-NbN, PtN,, OsN5,
or IrN, (with bulk moduli 345 GPa, 348 GPa, 372 GPa, 358 GPa and
428 GPa, respectively [48,46,24,26]) or than c-BN (369 GPa [49]). In
comparison to transition metal carbides, n-Ta;Nj is less or similar
compressible than ZrC, HfC, NbC or TiC (207 GPa, 241 GPa, 296 GPa
and 315 GPa, respectively [1]); and more compressible than VC,
Re,C, TaC or WC (390 GPa, 405 GPa, 414 GPa and 421 GPa, respec-
tively [1,50]).

6. Conclusions

Three reaction products were observed for tantalum and nitro-
gen in the laser-heated diamond anvil cell as a function of laser
power (temperature). In a first step cubic TaNy with 0.05 < x <
0.10 was formed. In a second step on further reaction with nitro-
gen additional, nitrogen-enriched (3-Ta;N was observed. The final
reaction product at high-P, T was n-TapN3 as a pure and stable
phase. This high-P, T polymorph is rather incompressible with a
bulk modulus By ~ 319 GPa. We plan further experiments in the
laser-heated diamond anvil cell using e-TaN as starting material
(1) without and (2) with nitrogen excess in the pressure chamber

in order to answer the question, whether 8-TaN or m-Ta; N3 are the
stable high-P, T tantalum nitrides under these preconditions. Fur-
ther, the lower P, T-limit for synthesis of the n-Ta, N3 phase will be
explored.
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