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A combination of high pressure — high temperature synthesis and laser-heated diamond anvil cell experi-
ments, using synchrotron X-ray diffraction has been used to investigate the phases in the Mo,N—MoN
system under these conditions. Under conditions of high nitrogen activity, 5-MoN appears to be a limiting
phase i.e. there is no evidence for formation of new compounds such as Mo,N, or Mo,N;, that are encoun-
tered in the Zr—N, Hf—N or Ta—N systems. When y-Mo,N is heated or prepared under conditions of high
N, activity, 3-MoN is formed. The results indicate (a) that there is no stable cubic stoichiometric “y-MoN”
phase formed even under conditions of high pressure — high temperature and high N, activity, and () that
no solid solution is formed between y-Mo,N and -MoN.

© 2006 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

1 Introduction

Transition metal nitrides are refractory materials that possess technologically useful properties including
superconductivity and high hardness. The stable and metastable phase relations and the high temperature
— high pressure stability of many of these important compounds still remain to be established, however.
This is especially true within the Mo—N system [1, 2]. To date, known MoN, phases include the
stoichiometric hexagonal compound 6-MoN, a non-stoichiometric cubic phase y-Mo, N, and perhaps a
high temperature distorted cubic B-MoN, phase with y ~0.25-0.3 (Fig. 1) [1, 2].

5-MoN is a high-hardness material with very low compressibility (its bulk modulus, K, was recently
measured to be 345 GPa) [3]. It is also a superconductor with 7, attaining 12—15 K, depending upon the
preparation conditions and the degree of structural order [4, 5]. Synthesis routes often result in a hexago-
nal compound with space group P6;mc, with nitrogen atoms disordered among the anion sites formed by
the metal sublattice (Fig. 2). This material has a superconducting 7, ~ 4 K [4, 5]. Annealing at high pres-
sure and high temperature, or direct synthesis under high pressure — high temperature conditions, results
in ordering of the nitrogen atom positions to give hexagonal 5-MoN with the same space group symme-
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try (P6;mc), but with a doubled c-axis parameter [4, 5]. The ordered structure has a much higher super-
conducting transition temperature (7, = 12—15 K [4, 5]).

The cubic y-Mo,N phase has a B1 structure based on that of NaCl, with ~50% of the anion sites vacant
(Fig. 2). Materials prepared under conditions of low nitrogen activity [6] can exhibit greater degrees of
nitrogen deficiency, and the vacant sites can be ordered, resulting in lower symmetry materials including
tetragonal or orthorhombic distortions from the cubic cell [1]. y-Mo,N is found to be superconducting
with T, ~ 5 K. The related cubic nitride NbN possesses a very high 7, value (17 K) [7], that constituted a
record among binary compounds prior to the recent measurements on MgB, [8]. It has been predicted
that if a fully-stoichiometric cubic compound y-MoN could be obtained, it would have T, values that
might attain 29.4 K [9]. However, a stoichiometric cubic y-MoN phase has not yet been demonstrated in
any synthesis experiments carried out to date. Theoretical calculations by Hart and Klein [10] have indi-
cated that a fully-stoichiometric y-MoN phase with the Bl structure would always present elastic insta-
bilities and never be stable. However, it is possible that distorted B1 structures, or structures with larger
unit cells, might be prepared by appropriate synthesis routes.

It is known that application of high pressures, including generation of high N, activity during synthe-
sis experiments, can be used to achieve formation of new dense nitrides with high nitrogen contents (e.g.,

(b) (c)

Fig. 2 (online colour at: www.pss-a.com) (a) B1 (NaCl) structure with space group Fm3m that provides a base
structure for y-Mo,N. In the nitride, vacancies occur on the anion sites (smaller spheres). Ordering among the anion
vacancies can result in lowered symmetries for y-Mo, N materials, such as Pm3m [1]. The compounds can also
exhibit tetragonal, orthorhombic or possibly trigonal distortions from cubic symmetry. (b) The hexagonal (P6,mc)
structure of ordered 3-MoN, projected down the c-axis and (c) normal to c¢. Note the ordering of the N atom posi-
tions in consecutive layers parallel to the c-axis. In disordered 6-MoN samples, the N positions are not completely
ordered, and the average c-axis dimension is halved, although the space group is unchanged.
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Zr;N, and HEN, [11], PtN [12]). Zhao and Range [13] first carried out a high pressure — high tempera-
ture synthesis of MoN compounds by reacting MoO; and NH,Cl at P =2 GPa and 7= 1500 °C; that
synthesis yielded single phase hexagonal 6-MoN. Zhang and Leinenweber at Arizona State University
[14] reacted Zn;N, + MoCl; mixtures under similar conditions (P = 1.0 GPa; T =700 °C); however,
cubic y-Mo,N was obtained. The X-ray diffraction peaks were broadened, indicating formation of
nanocrystalline material with an average particle size ~10 nm. Syntheses at higher pressures (P =4—
6 GPa) resulted in formation of hexagonal 5-MoN ([4, 5, 14]).

It was of interest to determine the relative stability of -MoN and y-Mo,N phases as a function of the
pressure and the temperature, and also the possible formation of intermediate compounds via high pressure
— high temperature experiments. Here we have used a combination of high pressure — high temperature
synthesis and laser-heated diamond anvil cell (DAC) experiments, using synchrotron X-ray diffraction to
investigate the phases in the Mo,N—MoN system under these conditions.

2 Experimental procedures

Single phase Mo,N was obtained from High Purity Chemicals, Japan. This compound exhibited an or-
thorhombic distortion from cubic symmetry (Fig. 3). This sample was then used to prepare well-
crystallized cubic y-Mo,N following high pressure — high temperature treatment in a flat belt type appa-
ratus at 7.7 GPa and 1673 K [15]. This cubic sample was used to determine the bulk modulus of well-
crystallized y-Mo,N, and was also used as a starting material for laser-heated DAC experiments carried
out at the Advanced Photon Source.

In situ X-ray diffraction experiments and high pressure — high temperature syntheses were carried out
within cylindrical symmetric diamond anvil cells using double-sided laser heating techniques to achieve
high temperature [16, 17]. Powdered starting materials were pressed into thin plates and loaded cryogeni-
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cally with either N, or Ar as pressure-transmitting media, to provide reactive vs. non-reactive sample
environments.

Diamond culet faces were generally ~200 um in diameter and the samples were contained within a
90 pum hole drilled in a Re gasket. Samples were pressurized to between 20—80 GPa before laser heating,
during high pressure — high temperature synthesis runs. Several pm-sized ruby crystals were also loaded
into the cells for pressure determination via the Cr**: Al,O, fluorescence method [18]. In situ X-ray dif-
fraction measurements were performed at the ID13—GSECARS beamline of the Advanced Photon
Source (Argonne National Lab., Illinois, USA), using angle-dispersive techniques with monochromatic
radiation (4= 0.3344 A). Diffraction patterns were collected using an image plate detector (MAR345).
The sample-to-detector distance and image plate inclination angles were calibrated with a CeO, standard.
The 2-D diffraction data were integrated around the diffraction rings and transformed to fully-averaged
1-D plots using the Fit2D software [19].

Samples were heated simultaneously from both sides with a Nd*": YLF laser, using a maximum power
of 80 W and spot size of 20—30 um at the sample surface [20]. Temperatures during the laser heating
runs were obtained from grey-body fits to the thermal emission spectra measured between 400—950 nm.

3 Results and discussion

First, the compression of this well-crystallized material was used to determine a bulk modulus value for
the y-Mo,N phase. Figure 4a shows V/V, as a function of pressure with argon as pressure-transmitting
medium. This data are fitted using a third-order Birch—Murnaghan equation of state with
K, =304(1) GPa with Kj = 4.0(2). These values were obtained using a F'—f plot (Fig. 4b) i.e. representing
the data in terms of the Eulerian strain parameter (f) and normalized pressure (F), i.e.,

)

F=PBf1+2/)>1".
This formalism yields the second-order finite strain equation
F=K,[1-154-K;)f].
The values K, = 304(1) GPa and K| = 4.0(2) were estimated from the intercept and the slope, respetively.
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Fig. 4 a) Plot of measured V/V, for y-Mo,N as a function of pressure along with a 3" order Birch—Murnaghan
equation of state fitted to the data with K, =304(1) GPa and K; = 4.0(2). b) Plot of the normalized pressure (F) as a
function of Eulerian strain (f) for y-Mo,N showing zero slope of the data points, consistent with the value
K =4.0(2) obtained with the fitting procedure.
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One sample was loaded into a DAC and pressurized to 54.1 GPa with Ar as a pressure-transmitting
medium, and then laser-heated to 7= 2000 K for 10—15 minutes. No change was observed in the diffrac-
tion patterns, indicating that this sample of y-Mo,N did not undergo any change under these high pres-
sure — high temperature conditions. A similar sample was then loaded into a DAC with a N, pressure
medium, and pressurized progressively to 55.8 GPa followed by laser-heating at 7=2000 K for 10—
15 minutes. The X-ray diffraction patterns from the sample after heating showed extra peaks due to the
appearance of hexagonal 5-MoN (Fig. 5). These results indicate that stoichiometric 3-MoN, with a hex-
agonal symmetry, is a limiting phase within the Mo—N symmetry at intermediate compositions. Addi-
tional high pressure — high temperature synthesis experiments were carried out within the belt press at
NIMS (Japan) (P =7.7 GPa; T= 1673 K) using commercial Mo,N starting materials and NaN; as a ni-
trogen source. These experiments resulted in formation of coexisting y-Mo,N + 5-MoN phases (Fig. 3).

5 Conclusions

We investigated the high pressure — high temperature stability of y-Mo,N and 3-MoN by a combination
of synthesis and laser-heated diamond anvil cell experiments, using N, or Ar as reactive vs. non-reactive
pressure-transmitting media. Synchrotron X-ray diffraction was used as probe technique to observe the
coexistence and stability ranges of y-Mo,N and 8-MoN and to detect the formation of any new phases.

Under conditions of high nitrogen activity, e.g., during laser heating DAC experiments with N, as a
pressure medium, 3-MoN appears to be a limiting phase i.e. there is no evidence for formation of new
compounds such as Mo;N, or Mo;N;, that are encountered in the Zr—N, Hf—N or Ta—N systems [1, 11].
When y-Mo,N is heated or prepared under conditions of high N, activity (DAC experiments in a N, pres-
sure medium, or synthesis experiments in the presence of a nitrogen source such as NaNj;), 8-MoN is
formed. The diffraction data indicate that this is the fully-stoichiometric phase. The results indicate (a)
that there is no stable cubic stoichiometric “y-MoN” phase formed even under conditions of high pres-
sure — high temperature and high N, activity, and (b) that no solid solution is formed between y-Mo,N
and 6-MoN. Metathesis reactions, such as MoO; + NH,CI or Zn;N, + MoCl; can yield either 5-MoN or
v-Mo,N, depending upon the synthesis conditions and the choice of precursors. The products can be
nanocrystalline, and/or structurally disordered. High pressure — high temperature treatment results in
improved crystallinity.

Bulk moduli of nanocrystalline and microcrystalline y-Mo,N are shown to be similar (301 GPa [3] and
304 GPa, respectively).
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