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Vibrational properties of Re;N from experiment and theory
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We report the elastic, electronic, and vibrational properties of hexagonal ResN rhenium nitride from experi-
ment and theory using density-functional-theory-based atomistic model calculations. Res;N was formed at 12
and 20 GPa at about 2000 K in a laser-heated diamond-anvil cell and recovered at ambient conditions. The
structural model proposed recently is confirmed by a comparison of the vibrational properties obtained from
Raman spectroscopy and from theory, which are in very good agreement. The mode Griineisen parameters are
reported from the pressure-dependent shift of the vibrational modes. The calculated density of electronic states
at the Fermi level shows that ResN is metallic in the pressure range 0-20 GPa.

DOI: 10.1103/PhysRevB.82.224106

I. INTRODUCTION

It is well known that the introduction of smaller atoms
such as nitrogen and carbon into interstitial sites in close-
packed transition-metal (TM) lattices leads to dramatic
changes in the physical properties of the compound with
respect to that of the metal, such as increasing melting tem-
peratures to nearly 4000 K in some binary TM carbides.
Numerous binary TM borides and carbides have found ap-
plications as  abrasives or  “ultrahigh-temperature
ceramics”."? The origin of the unusual properties is the com-
plex bonding found in these compounds, where there are
metal-metal, metal-nonmetal, and nonmetal-nonmetal con-
tacts. One of the main approaches in the systematic search
for further materials with outstanding properties focuses on
the formation of compounds based on metals with high den-
sities of valence electrons, such as rhenium, osmium, and
iridium.>* 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).> The known TM nitrides and car-
bides of the remaining period 6 elements (Re, Os, Ir, Pt, Au,
Hg) are orthorhombic OsN,,° trigonal IrN,,%’ cubic PtN,,”$
hexagonal Re,C,” and cubic PtC.!° Recently, we have syn-
thesized two rhenium nitrides, ResN and Re;,N, at high pres-
sures and temperatures and characterized them using powder
x-ray diffraction, white-beam microdiffraction, and quantum-
mechanical calculations based on density-functional theory
(DFT).!'! Structural models for the rhenium nitrides were de-
rived from crystal chemical considerations, Rietveld refine-
ment of the rhenium positions, and from DFT. It was found,
that N, dissociates, like during the formation of, e.g., TaN,
TiN, or %-Ta,N;.>!>13 No N, entities are incorporated in the
crystal structures as is the case in OsN,, IrN,, and PtN,.%7
The crystal structure of Re;N was described in space group

P6m2 with an ABB stacking sequence of the rhenium atoms
[Wyckoff positions 2(h) and 1(f)] and the nitrogen atoms
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occupying Wyckoff position 1(e) between the BB layers (Fig.
1).!' However, in the earlier study no structure-property re-
lations were presented. In this study we present the vibra-
tional properties of Re;N as derived from Raman spectros-
copy and DFT, and also discuss elastic and electronic
properties.

II. EXPERIMENTAL DETAILS

Small pieces of rhenium were cut from a pure
(>99.98%) rhenium foil with an initial thickness of 25 um
and loaded into holes of 140—160 um diameter in tungsten
gaskets preindented to thicknesses of 38—44 um in Boehler-
Almax diamond-anvil cells. For the thermal insulation com-
pressed KCI plates were placed on top of both diamond an-
vils. Small pieces of ruby were loaded for pressure
determination using the ruby fluorescence method.'* Nitro-
gen was loaded at a pressure of 0.18 GPa within a pressure
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FIG. 1. Crystal structure of ResN (space group P6m2).
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FIG. 2. Powder x-ray diffraction pattern (\=0.4959 A) show-
ing the presence of ResN and Re in a sample recovered to ambient
conditions after synthesis. Symbols (+) represent experimental val-
ues. 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.

vessel as both a reaction compound and a pressure-
transmitting medium.

Synthesis experiments were conducted in house at pres-
sures of 12(1) GPa and 20.1(3) GPa by one-sided laser heat-
ing with a 100 W ytterbium fiber laser (1.07 wm wave-
length) at powers of 20-28 W, which gave temperatures of
about 2000 K as estimated from the optical emission of the
samples. An exact temperature determination was not pos-
sible with the current setup. As the current experiment was
aimed to synthesize more material of Re;N, and not to con-
firm the stability field of the previous study,'® this shortcom-
ing had no consequences in the present context. The reaction
products were characterized still within the gasket hole after
recovering to room conditions by synchrotron powder x-ray
diffraction at the Advanced Light Source (ALS, LBNL, Ber-
keley, beamline 12.2.2). A typical powder-diffraction pattern
of one of the samples analyzed shows the presence of both
ResN and Re within the sample as well as diffraction from
the tungsten gasket and the KCl pressure medium (Fig. 2).
No Re,N was observed.

For the micro-Raman measurements, the samples were
removed from the gasket hole and put on a glass plate. The
KClI thermal insulation was removed and mainly rhenium
nitride and rhenium as well as small ruby chips were present.
Micro-Raman measurements were then performed on both
samples in 180° reflection geometry with a Renishaw Raman
spectrometer (RM-1000) equipped with a HeNe laser (633
nm, 50 mW) and a Nd/YAG laser (532 nm, 200 mW). The
system was calibrated using the band at 519 cm™! of a sili-
con wafer.!> We employed a 20X objective lens. In order to
avoid any damage of the sample by the laser radiation, only

TABLE I. Lattice parameters of ResN from DFT at various
calculated pressures.

Expt. DFT-PBE DFT-WuCohen
p (GPa)  0.0001 0 100 20 0 10 20
a(A) 281055 2.825 2.800 2.777 2.806 2.782 2.761
c(A)  7.154(2) 7.159 7.115 7.076 7.114 7.072 7.035
cla 2.545  2.534 2541 2.548 2.535 2.542 2.548
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TABLE II. Elastic stiffness coefficients c;; and bulk modulus B
of ResN from DFT calculations using the PBE and the Wu-Cohen
exchange potentials, respectively. All values are given in gigapas-
cal. The experimentally obtained bulk modulus is 395(7) GPa
(Ref. 11).

1 €33 Ca4 C12 13 B

PBE 662(3) 757(4) 194(1) 207(1) 273(1) 394(1)
WuCohen 691(3) 791(7) 207(1) 220(1) 287(1) 413(1)

10% of the full laser power was applied when using the
green Nd/YAG laser. The spectra were recorded at different
positions on the samples in the spectral range from
100 to 4000 cm™' and in the limited range of
100700 (or 100-900) cm™!, respectively. The latter was
selected in order to reduce measurement times and to avoid
overexposure of the charge coupled device camera by fluo-
rescence at higher wave numbers during long exposure
times. Exposure times varied between 10 and 180 s. The
Raman bands were fitted to pseudo-Voigt functions using the
program DATLAB.!®

III. COMPUTATIONAL DETAILS

DFT calculations were performed using the CASTEP
code.!” The code is an implementation of Kohn-Sham DFT
based on a plane-wave basis set in conjunction with pseudo-
potentials. The plane-wave cutoff was set to 600 eV. All
pseudopotentials were ultrasoft.'”® One set of calculations
was done by employing the PBE-GGA exchange-correlation
functional'® while in a second set the Wu-Cohen-GGA func-
tional was employed.'®?° The rhenium pseudopotential is
characterized by a core radius of 2.1 a.u. and the 5s 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 performed using Monkhorst-Pack grids?!
with spacings between grid points of less than 0.02 A~!. Full
geometry optimizations at pressures between 0 and 20 GPa
were performed so that forces were converged to
0.004 eV/A and the stress residual to 0.05-0.15 GPa. Elas-
tic stiffness coefficients were obtained by the stress-strain
method and phonons were computed by the finite displace-
ment technique? for both phases. Phonon dispersion curves
were calculated along the high-symmetry directions in recip-
rocal space, i.e., from I' to the A, K, and M points of the
Brillouin zone, from 0 to 20 GPa using the PBE-GGA func-
tional and a rectilinear supercell elongated only along the
same direction. This method avoids aliasing error only for ¢
vectors in the elongation direction but permits the use of a
primitive or small cell in perpendicular directions, avoiding
the very high computational cost of a supercell extended in
all three directions. It is formally equivalent to the planar
force constant method of Ref. 22. The electronic density of
states (DOS) was computed from 0 to 20 GPa applying the
adaptive smearing technique.>>>* The PBE-GGA functional
and a 36 X36 X 15 k-point grid were used. The Fermi energy
has been rebased to 0 eV.
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FIG. 3. (Color online) Raman spectra of ResN applying a HeNe
laser (top, 633 nm, 50 mW) and a Nd/YAG laser (bottom, 532 nm,
20 mW). The broad band indicated by a star is attributed to ruby
fluorescence.

IV. RESULTS AND DISCUSSION

Lattice parameters at various pressures obtained from ge-
ometry optimizations are given in Table I while the com-
puted elastic stiffness coefficients c;; and bulk modulus B are
given in Table II.

The bulk modulus computed from the elastic stiffness co-
efficients is 394 GPa using the PBE exchange potential and
413 GPa using the Wu-Cohen exchange potential in the cal-
culations. This is in good agreement with the experimental
data, where a fit with a second-order Birch Murnaghan equa-
tion of state gave a bulk modulus of B=395(7) GPa for
Re;N. Hence, ResN is significantly less compressible than
rhenium, which has a bulk modulus B=360-372 GPa.2526
The larger value of ¢33 if compared to c¢;; shows a slightly
stiffer behavior of the ¢ axis with respect to the a axis. As
there is no pressure-induced structural phase transition and as
the atomic positions are constrained by symmetry, the struc-
tural compression proceeds via bond compression. The only
unconstrained atomic z coordinate (z=0.198) of the rhenium
atom on Wyckoff position 2(h) does not change at increasing
pressure up to 20 GPa within the numerical uncertainty of
the calculations.
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According to group theory, hexagonal ResN has six vibra-
tional modes in the long-wavelength limit: I'=2E’+2A]
+1E"+1A]. Four optic modes are Raman active: I'y,=2E’
+1E"+1A]| and four optic modes are infrared active: 'z
=2E’+2A. Typical Raman spectra of Re;N are shown in
Fig. 3. All four Raman-active modes could be measured us-
ing a green laser for excitation (Table III). The Raman bands
exhibit a sharp linewidth of 3.5-6 cm™', which is in contrast
to the broad band at 510 cm™' with a linewidth of about
30 cm™'. Hence, this broad band is not attributed to Re;N. It
might be due to fluorescence as it is not observed using the
red laser with a different wavelength. Only two distinct Ra-
man bands were observed using the red laser for excitation as
the lowest frequency mode was cut off by the edge filter at
higher frequency compared to the edge filter utilized with the
green laser. That the Raman band at 476 cm™' is not ob-
served with the red laser is probably due to its lower inten-
Sity.

All of the experimentally measured frequency shifts of the
Raman modes coincide very well with the calculated shifts
of Raman-active bands from phonon calculations using ab
initio modeling (Table III). The frequency shifts obtained
from calculations using the PBE and the Wu-Cohen ex-
change potential, respectively, differ only slightly in the low-
frequency range by a few cm™! while the difference is up to
25 cm™! at higher frequencies. Consistently, frequencies ob-
tained with the Wu-Cohen exchange functional show larger
frequency shifts.

There is only one Raman-active vibrational mode at zero
wave vector for pure rhenium (hcp lattice), i.e., the E,, mode
at 121 cm™'.?7 The frequency shift of this band is very close
to that of the E” mode of Re;N with 123 cm~'. This is con-
sistent with the structural model of ResN, which is built up
by hexagonally close-packed layers of rhenium atoms in an
ABB stacking sequence. The presence of all Raman-active
ResN modes in the measured spectra, however, unambigu-
ously demonstrates the presence of Re;N rather than of pure
rhenium. No additional Raman bands were observed that
could indicate the presence of N, entities within the crystal
structure. This confirms, that nitrogen dissociates during syn-
thesis, like during the synthesis of TiN, TaN, and
7]-T32N3.5’12’13

TABLE III. Phonon frequencies (cm™!) of ResN at the T point from experiment at ambient conditions and from DFT at various pressures
(GPa). Mode Griineisen parameters y; were calculated considering By=394 GPa for the results using PBE and By=413 GPa using Wu-

Cohen exchange potentials, respectively.

Mode Expt. PBE WuCohen Activity v; (PBE) v; (Wu-Cohen)

p 0.0001 0 10 20 0 10 20

E’ 0 0 0 0 0 0 Acoustic

A) 0 0 0 0 0 0 Acoustic

E” 123 121 127 132 125 130 135 Raman 1.79 1.65

E’ 133 132 137 141 136 140 144 Raman/IR 1.34 1.21

A'z' 193 205 216 200 211 221 IR 2.35 2.17

Ai 237 235 244 253 241 250 258 Raman 1.51 1.46

E’ 476 479 503 524 495 518 538 Raman/IR 1.85 1.79

Ag 506 540 570 530 562 590 IR 2.49 2.34
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FIG. 4. Frequency shifts of the vibrational modes of Re;N ob-
tained from DFT calculations using the PBE (dotted lines and open
symbols) and Wu-Cohen (solid lines and filled symbols) exchange
potentials, respectively. Experimental data (large crosses) are plot-
ted at ambient pressure.

The pressure-induced shifts of the vibrational modes con-
firm the mechanical stability of ResN, which shows no soft
mode at any wave vector along the high-symmetry directions
in reciprocal space in the range of 0-20 GPa (Figs. 4 and 53,
Table IIT). The mode-Griineisen parameter y was calculated
for each vibrational mode i according to v,=B(dv;/dp)/ v,
where By is the bulk modulus at zero pressure (GPa), v is the
frequency (cm™'), p is the pressure (GPa), and v, is the
frequency of the vibrational mode i at zero pressure (cm™).
The values for B, were calculated from the elastic stiffness
coefficients (Table II). To be consistent, the values for the
bulk modulus and frequency shifts obtained with the same
exchange potential (PBE or Wu-Cohen) were used for the
calculation of the mode Griineisen parameters. The mode
Griineisen parameters range between 1.2 and 1.85 for most
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FIG. 5. (Color online) Phonon dispersion curves of Re;N be-
tween 0 and 20 GPa obtained from DFT calculations along high
symmetry directions in the Brillouin zone using the PBE exchange
potential.
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FIG. 6. (Color online) Electronic density of states, g(E), of
Re;N between 0 and 20 GPa obtained from DFT calculations using
the PBE exchange potential. The Fermi energy has been rebased to
0eV.

of the modes, except for two infrared-active A’z' modes,
which show larger mode Griineisen parameters with 2.17
< ¥,;<<2.49 (Table III). For the E,, mode of pure rhenium at
121 cm™' a mode-Griineisen parameter of 1.8 was reported
considering a bulk modulus of 372 GPa.?” This value is close
to v, of the E” mode of Re;N at 123 cm™! with 1.79 and 1.65
using PBE and Wu-Cohen exchange potentials, respectively.

The calculated electronic DOS of Re;N shows a large
DOS at the Fermi level (Fig. 6). The bulk of the states
around the Fermi energy are Re d states. At increasing pres-
sure a slight narrowing of the d bandwidth occurs. Hence, we
can conclude, that Re;N is metallic in the investigated pres-
sure range from 0 to 20 GPa.

V. SUMMARY AND CONCLUSION

In summary, we have verified the proposed structural
model for Re;N as obtained from x-ray diffraction and
density-functional theory by studying the vibrational proper-
ties. All Raman-active modes, which have been predicted by
density-functional theory, could be measured experimentally.
The experimentally measured frequencies of the Raman
modes coincide very well with the calculated frequencies of
Raman-active bands from ab initio modeling. Hence, nitro-
gen dissociates during the synthesis of ResN similar to the
phase formation of TiN, TaN, and 7-Ta,N; from the ele-
ments. This is in contrast to the other known TM nitrides of
period 6 elements with higher atomic numbers, i.e., OsN,,
IrN,,%7 and PtN,.”8
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