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We report the synthesis, structure, and properties of novel bulk rhenium nitrides, hexagonal Re,N, and
Re;N. Both phases have very high bulk moduli of >400 GPa, similar to the most incompressible binary
transition-metal (TM) carbides and nitrides found to date. However, in contrast to other incompressible
TM carbides and nitrides, ResN is better placed for potential technological applications, as it can be
formed at relatively moderate pressures (13—-16 GPa) and temperatures (1600-2400 K).
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It is well known that the introduction of smaller atoms
such as nitrogen and carbon into interstitial sites in close-
packed TM lattices leads to dramatic changes of the physi-
cal properties of the compound with respect to that of the
metal, such as increasing melting temperatures to nearly
4000 K in some binary TM carbides. Numerous binary TM
borides and carbides have found applications as abrasives
or “ultra high-temperature ceramics’ [1,2]. The origin of
the unusual properties is the complex bonding found in
these compounds, where there are metal-metal, metal-
nonmetal and nonmetal-nonmetal contacts. The systematic
search for further materials with outstanding mechanical
properties such as a very high bulk modulus focuses on two
main approaches: The combination of light elements like
in the B/C/N/O system [3] or new nanocarbon systems
[4,5] to form short covalent bonds, and the formation of
compounds based on metals with high densities of valence
electrons, such as rhenium, osmium, and iridium [3]. Novel
nitrides and carbides formed with these metals would
complement the extensive knowledge available for binary
nitrides and carbides formed by transition metals of groups
IV-VI (Hf, Ta, W) [6]. The known transition-metal nitrides
and carbides of the remaining period 6 elements (Re, Os,
Ir, Pt, Au, Hg) are orthorhombic OsN, [7], trigonal IrN,
[7,8], cubic PtN, [8,9], hexagonal Re,C [10], and cubic
PtC [11]. Rhenium nitrides ReN,, 0.06 < x < 1.35 have
been reported from high-temperature synthesis using pre-
cursors [12—14] and from thin films [15—-17]. However, the
samples had small crystallite sizes, and fcc and hep crystal
structures were proposed. It was claimed that the direct
synthesis of rhenium nitride from the elements is not
possible at high temperature [12,13]. Up to now, there is
no clear crystal chemical understanding on whether dini-
trogen units would be incorporated (such as in OsN,, IrN,,
and PtN,), or whether the N, dissociates. It is undisputed
that nitrogen dissociates during the formation of, e.g., TaN,
TiN, or Ta,Nj3. In this study, we present the synthesis of
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two novel rhenium nitrides at high pressures and tem-
peratures in the laser-heated diamond anvil cell and the
sample characterization by white beam Laue microdiffrac-
tion and complementary density functional theory based
calculations.

Small pieces of rhenium were cut from a rhenium foil
(>99.98%) and loaded into holes of 120-160 wm diame-
ter in tungsten gaskets preindented to thicknesses of
38-46 um in Boehler-Almax diamond anvil cells. For
the thermal insulation single-crystalline sapphire chips of
<5 pm thickness or compressed KCI were placed on top
of both diamond anvils. Pressure was determined by the
ruby fluorescence method [18]. Nitrogen was loaded
within a pressure vessel as both a reaction compound and
a pressure transmitting medium. Powder x-ray diffraction
at high pressure and high temperature was performed at the
Advanced Light Source (ALS, LBNL, Berkeley, beam line
12.2.2) using double-sided laser heating with two 100 W
fiber lasers (1090 nm), 25 keV radiation, and a MAR345
image plate as detector [19]. Data collection was done with
a 10 X 10 wm? beam spot. The laser spots had a diameter
of about 30 um. The diffraction data were processed using
FIT2D [20], DATLAB [21], FULLPROF [22], TREOR [23], and
GSAS [24]. In situ diffraction data were collected at pres-
sures between ambient and 32 GPa during and without
laser heating.

The synchrotron x-ray Laue microdiffraction experi-
ment was carried out at beam line 12.3.2 of the ALS
[25]. A polychromatic (5 keV < E < 22 keV) x-ray beam
was focused to =1 X 1 um? by a pair of Kirkpatrick-
Baez mirrors. The diffraction experiment was con-
ducted in reflection mode with the sample plane inclined
by 45° to the incident beam and the CCD area detector
(MAR133) at 90°. The Laue patterns were indexed using
XMAS V.5 [26]. Monochromator scans on individual grains
were performed by employing a 4-bounce Si(111)
monochromator.
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Density functional theory (DFT) calculations were per-
formed using the CASTEP code [27]. The code is an imple-
mentation of Kohn-Sham DFT based on a plane wave basis
set in conjunction with pseudopotentials. The plane wave
cutoff was set to 600 eV. All pseudopotentials were ultra-
soft and were generated using the Wu-Cohen generalized
gradient approximation functional [28]. The rhenium
pseudopotential is characterized by a core radius of
2.1 a.u. and the 55 and 5p semicore states were treated as
valence states. The nitrogen pseudopotential had a core
radius of 1.5 a.u. The Brillouin-zone integrals were per-
formed using Monkhorst-Pack grids [29] with spacings
between grid points of less than 0.02 A~!. Full geometry
optimizations at pressures between 0-50 GPa were per-
formed so that forces were converged to 0.004 eV/A and
the stress residual to 0.05-0.150 GPa. Elastic stiffness
coefficients were obtained by the stress-strain method,
and phonons were computed by the finite displacement
technique for both phases. For thermodynamic compari-
sons, the reference state for carbon was diamond, while for
nitrogen at ambient pressure, the energy of an N, molecule
ina 15° A3-box was employed. At pressures above 7 GPa,
the reference state for nitrogen was e-nitrogen.

Rhenium foil embedded in nitrogen remains stable dur-
ing heating experiments at 10.0(5) GPa and temperatures
up to 2800 K. A typical x-ray powder diffraction pattern
measured at the ALS at 13.1(1) GPa before laser heating is
shown in Fig. 1. This diffraction pattern can be completely
indexed by assigning peaks to either rhenium, 8-N,, or
tungsten. Weak diffraction lines from the tungsten gasket
stem from the diffraction of weak tails of the 10 X 10 um?
beam. When laser heating the rhenium foil embedded in
nitrogen at 13(1) GPa and temperatures of 1700(200) K, a
novel rhenium nitride (phase 1) is formed (Fig. 1).

This phase is stable on successive laser heating up to
2250(150) K at pressures between 10.5—16 GPa. The reac-
tion of the rhenium foil can easily be observed by the
formation of spotty powder diffraction rings. Phase I can
be fully indexed by a hexagonal cell in space group P6m2
(Table I). During laser heating at about 2000 K at pressures
of 20(2) GPa, another novel rhenium nitride (phase II) is
formed and becomes the stable phase. Phase II can be fully
indexed by a hexagonal cell in space group P6;/mmc
(Fig. 1, Table I). Both phases can be recovered at ambient
conditions.

Rietveld refinement showed that phase I has three Re
atoms in the unit cell and an ABB stacking sequence. Phase
IT has a stacking sequence AABB with four Re atoms per
unit cell, identical to that of Re,C [10,30]. Because of the
strong difference in the scattering cross section, the
Rietveld refinement gave the positions of the rhenium
atoms only. As in our earlier study on rhenium carbide,
the positions of the nitrogen atoms were obtained by
performing density functional theory calculations on a
sequence of trial structures. A systematic and exhaustive
test of all reasonable structures under the constraints of
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FIG. 1. Powder x-ray diffraction patterns (A = 0.4958 A)
showing, from top to bottom, unreacted rhenium foil at
13.1(1) GPa, the presence of Re;N after laser heating at 1700
(200) K at 13(1) GPa, and the presence of Re,N at 31(1) GPa
after reaction during laser heating at 20(2) GPa and pressure
increase. Symbols (+) represent experimental values. The result
of the Le Bail 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 each fit.

hexagonal cells with either three (stacking sequence ABB)
or four (stacking sequence AABB) rhenium atoms in a unit
cell with DFT models showed that the two sets of experi-
mentally known lattice parameters could only successfully
be reproduced by two models related to the Re,C structure.
Phase I corresponds to Re;N [space group P6m2, Re on
Wyckoff positions 1(f) and 2(h) with z = 0.198, N on
1(e)], while phase II has the composition Re,N [space
group P6;/mmc, Re on Wyckoff position 4(f) with z =
0.106 and N on 2(d)]. The crystal structures of Re, ResN,
and Re,N are shown in Fig. 2. While by this approach we
can exclude that, for example, a nitrogen atom is located on
Wyckoff position 2(b) in Re,N (which would be possible
from packing considerations, but leads to a significantly
extension of the c-lattice parameter), we cannot study site
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TABLE 1.
have space group P6;/mmc.

Selected refined and calculated cell parameters. Re;N (phase I) crystallizes in space group P6m2, Re, and Re,N (phase IT)

Phase a/A c/A comment

Re 2.73107(8) 4.4100(09) starting material at 13(1) GPa

Re 2.7251 4.4019 from DFT at 13 GPa

Re;N 2.77759(7) 7.0972(5) reaction product at 13(1) GPa after LH at =1700 K
Re;N 2.7764 7.0566 from DFT at 13 GPa

Re,N 2.7767(1) 9.741(1) reaction product at 20(2) GPa after LH at >2000 K
Re,N 2.7856 9.6833 from DFT at 20 GPa

Re,N 2.7692(2) 9.644(2) reaction product at 31(1) GPa

Re,N 2.7619 9.6436 from DFT at 31 GPa

Re;N 2.8105(5) 7.154(2) recovered, ambient conditions, powder diffraction
ResN 2.78(1) 7.152(4) recovered, ambient conditions from single crystals
Re;N 2.8065 7.112 from DFT at 0 GPa

Re,N 2.8442(5) 9.796(2) recovered, ambient conditions, powder diffraction
Re,N 2.83(5) 9.88(1) recovered, ambient conditions from single crystals
Re,N 2.837 9.799 from DFT at 0 GPa

occupancies in detail. However, the overall agreement
between observed and calculated structural parameters is
so satisfactory that we conclude that the compounds are
either stoichiometric or very nearly so.

White beam x-ray microdiffraction on recovered
samples at the ALS was used to further characterize the
reaction products. A representative map of a sample re-
covered from synthesis conditions favoring the formation
of Re;N is given in Fig. 3, where areas, in which Re;N and
Re were successfully indexed, are shown in black and gray
(blue), respectively.

It can be seen that in the central part, the sample con-
verted to Re;N, whereas in the outside rim, where heating
was less intense, Re remained unreacted. Maps of the grain
orientations (Fig. 3) show the polycrystalline nature of the
reaction product with individual grains between =3 um
and =8 um in size. The quality of the indexation of a
single grain is shown in Fig. 3. Monochromator scans on
selected reflections [e.g., for ResN (00 9), (00 10), (10 8),
(2 1 13)] allowed the determination of the cell parameters
[Re;N: a=278(1) A, ¢=7.152(4) A; Re,N: a=
2.83(5) A, ¢ = 9.88(1) Al, consistent with the results of
the x-ray powder diffraction. This unambiguously confirms
the powder diffraction indexation and shows that the reac-
tion products indeed are single phase ResN and Re,N.
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FIG. 2. Comparison between the crystal structures of Re,
Re;N, and Re,N.
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Structure-property relations were obtained both from
experiment and the DFT model calculations. The com-
puted bulk modulus is 413 and 415 GPa for ResN
and Re,N, respectively. This is in good agreement
with the experimental data, where a fit with a 2nd
order Birch Murnaghan equation of state gave a bulk
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FIG. 3 (color online). Typical results from white beam x-ray
microdiffraction showing a map of the phase distribution (Re;N
and Re in black and gray (blue) areas, respectively, top left), the
distribution of the grains and their sizes (=3-8 um) derived
from the coherent regions of c-axis orientations relative to the
sample normal of Re;N (top right), and an image indexed with
the unit cell of ResN (bottom). The indices of a few reflections
are shown as examples. The dashed curves (red) indicate exten-
sions of the indexed Laue zones.
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modulus of B=395(7)GPa for Re;N, and B=
401(10) GPa for Re,N. The DFT calculations showed
that in the athermal limit, Re,N and Re;N are more stable
by =0.25 eV /Re-atom than the mixture of the elements.
The mechanical stability of Re;N has also been demon-
strated by phonon calculations, which showed no soft
mode in the range of 0-20 GPa. A population analysis of
the Re-N bonds shows that they are rather covalent, with a
bond population of =0.75 e~ /A3,

In summary, we have synthesized and structurally char-
acterized bulk rhenium nitrides for the first time, and, as
was expected, they are very incompressible. In contrast to
other transition-metal nitrides, the synthesis conditions for
ResN can actually be achieved in large volume presses.
There are close relationships between the group IV-VI
carbides and the corresponding nitrides. Such a relation-
ship has also now been established for Re compounds, as
Re,C, Re,N, and Re;N are structurally related and in fact
are all equally incompressible. From crystal chemical ar-
guments, such as the similarity between the radii of C and
N, the observation of these two new structures strengthens
our prediction [30] that an osmium carbide phase will
crystallize in this structure family, i.e., probably will
have the same structure as either ResN or Re,N.
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