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Abstract

We report here, for the first time, synthesis of the Fe,N type hexagonal phase of ruthenium
carbide by a high pressure—high temperature technique using a laser heated diamond anvil cell
(LHDAC). The synthesis is carried out by laser heating a mixture of pure elements, Ru and C,
at very low ‘pressure’ of 5 GPa and T' ~ 2000 K. The structure of the temperature quenched
high pressure phase is characterized by in sifu high pressure x-ray diffraction (HPXRD) and is
corroborated by ex situ TEM imaging and diffraction, carried out for the first time on the
retrieved sample synthesized by LHDAC. The lattice parameters of RuyC at ambient pressure
are found to be @ = 2.534 A and ¢ = 4.147 A. In situ HPXRD studies up to 14.2 GPa yield a
bulk modulus of 178(4) GPa. Electronic structure calculations reveal the system to be metallic
in nature with a degree of covalence along the Ru—C bond. As ruthenium is isoelectronic to
osmium, this result for Ru,C has significant implications in the synthesis and study of osmium

carbides.

(Some figures may appear in colour only in the online journal)

Transition metal (TM) carbides and nitrides have many
industrial applications due to their high hardness, high
melting point, excellent thermal conductivity, good wear and
corrosion resistance [1]. The exploration of novel phases
of TM carbides and nitrides is an alternative route in the
quest for super hard materials as compared to systems
formed with low atomic number (Z) elements like cubic
boron nitride [2—4]. The essence of this approach is to
have maximum valence electron charge density, basically
contributed by the TM, and forming a p-d hybridized
covalent bond between C and TM respectively. Among TMs
Os is the least compressible and has the highest valence

3 Address for correspondence: High Pressure Physics Section, Condensed
Matter Physics Division, Materials Science Group, Indira Gandhi Centre for
Atomic Research, Kalpakkam 603102, Tamilnadu, India.
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electron charge density of 0.572 electrons A, Due to the
wide ranging interest in these systems, several electronic
structure calculations have been carried out to understand the
stability and structural properties [5-9]. It is observed that
the formation energies (enthalpy of formation) of carbides
and nitrides of the later TMs are positive and low compared
to those of the early TMs and hence they are not easily
formed. For example, the carbides of Ir, Rh, Pd etc have not
yet been synthesized. As pressure is known to change the
electronic structure considerably and enhance the chemical
reactivity of elements, it may be possible to synthesize
these novel carbides and nitrides under high pressure—high
temperature conditions, which otherwise are not possible by
the conventional methods. Recently, high pressure synthesis
of PtC [10], RepC [11], IrNp, OsN» [12], ReoN and Re3N [13]
have been reported. RuC has been reported to be synthesized

© 2012 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. HPXRD plots showing the synthesis of ruthenium
carbide after laser heating pure Ru + C at 5 GPa. The arrows
indicate peaks belonging to the newly formed ruthenium carbide
phase and * denotes NaCl peaks at 5 GPa. The tick plots for Ru and
NaCl are at ambient pressure.

by inductive heating of the elements in an inert atmosphere in
the hexagonal phase which is isomorphous to WC with very
high micro-hardness [14]. However, the above result has not
yet been reproduced. As Ru is isoelectronic to Os, it would be
interesting to study the formation of ruthenium carbide by the
high pressure synthesis technique, the structure it adopts and
its stability regime.

A laser heated diamond anvil cell (LHDAC) facility
setup in our lab is used to carry out high pressure—high
temperature synthesis experiments [15]. The LHDAC setup
consists of a Mao-Bell type diamond anvil cell (DAC) into
which a CO; (A = 10.6 um, 120 W, CW mode) laser beam
is focused to heat the sample. The DAC is mounted on a
XYZ-9 stage, in which the motion along the X-Z directions
is brought about by two computer controlled nanomovers.
By the controlled movement of the stages, various regions
of the sample can be brought into focus with the laser beam.
Heating of the sample is monitored by a CCD based imaging
system. Sample assembly for the LHDAC experiment is
crucial and has to be optimized for efficiently converting the
incident IR beam into heat concentrated on the sample without
much dissipation. A stainless steel gasket is preindented to
a thickness of ~80 um and a through hole of diameter
~150 pm is drilled at the centre. This is completely filled
with NaCl and pressed for compaction. A small pit is scooped
in the NaCl layer into which a pelletized sample of size
~100 pum is mounted. The sample is then covered with a
layer of NaCl and compacted. NaCl acts as a good thermal
insulator, an IR window, pressure transmitting medium and
is also used for pressure estimation. The sample assembly
is standardized by including an optimum ratio of ruthenium
and graphitic carbon, both 99.9% pure. This is important, as
a sufficient quantity of C is required which predominantly
couples with the laser for good sample heating. Similarly, a
smaller quantity of Ru may lead to synthesis of a novel phase
with very low volume fraction and may not be deciphered
from XRD measurements. Towards this end, many trial runs
were carried out with different ratios of Ru and C and
we found the optimum ratio of Ru:C to satisfy the above
requirements to be 1:4. Temperature measurement is done by
the spectroradiometric technique [16]. In this technique the
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Figure 2. HPXRD plots of the novel Ru,C at ambient temperature.
The numbers on the right indicate pressure in GPa. The peaks
labelled with * are of the carbide phase and unlabelled peaks are
that of NaCl.

black body radiation spectrum of the hot microscopic sample
is recorded using a CCD based spectrometer, and temperature
is estimated by fitting the thermal spectra with Planck’s law
or using Wien’s law. The equation of state (EOS) for NaCl is
used to estimate pressure [17]. The laser heated samples are
characterized by a high pressure x-ray diffraction (HPXRD)
technique in angle dispersive geometry. The incident Mo Ko
x-ray beam is obtained from a 18 kW rotating anode x-ray
generator. The diffracted beam is collected by an image plate
based mar345dtb giving an overall resolution of 0.001 A.
Ru:C in the ratio 1:4 is loaded into the DAC and
pressurized to ~5 GPa. The CO; laser is focused to a spot
size of ~40 um to heat the sample. A persistent glow seen
on the sample indicates that the coupling of the laser to the
sample is very good. The temperature of the hot microscopic
sample is found to be ~2000 K. In figure 1, the HPXRD
pattern before laser heating contains intense Bragg peaks of
ruthenium and that of NaCl. After laser heating the sample
we observe a significant reduction in intensity of all the Ru
peaks. Associated with this, the appearance of new peaks
at 18.67°, 20.22° and 21.23° is observed. This signifies
consumption of ruthenium in the formation of carbide. The
HPXRD pattern of the high pressure phase does not match
with the earlier reported RuC in hexagonal phase [13]. The
sample cell is then taken to higher pressures (up to 14.2 GPa)
to study the structural stability and also the compressibility
behaviour of the novel phase formed. Figure 2 shows the
HPXRD patterns of the novel phase as a function of pressure
at ambient temperature. The ambient pattern shown in figure 2
is obtained in the reverse cycle and it is seen that the high
pressure synthesized phase is retained at ambient pressure.
At lower pressures, there is overlap of the NaCl(220) peak
with an intense peak of the high pressure synthesized phase,
which clearly gets separated above 7.4 GPa. The HPXRD
pattern at 14.2 GPa is considered for the determination of the
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Calculation: Bu =302 GPa, B; =447
Experiment: Bn = 178(4) GPa, B'n: 4.9(1)
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Figure 3. Experimental and calculated P-V data of Ru,C fitted
with the Birch—-Murnaghan equation of state.

crystal structure. At this pressure, the 26 peak positions of
the high pressure synthesized phase are 18.89°, 20.25° and
21.43°. Lattice determination is carried out using powder data
interpretation and indexing (POWD) [18], and a hexagonal
lattice with @ = 2.495 A and ¢ = 4.035 A is obtained with
a very good figure of merit (F = 84.2). The ambient lattice
parameter is found to be a = 2.534 A, ¢ =4.147 A and

V = 23.05 A’. The P-V curve for the new phase is shown
in figure 3 and Birch—-Murnaghan equation of state is used
to fit the P-V data. Bulk modulus and its pressure derivative
obtained are 178(4) GPa and 4.9(1) respectively.

The Mao-Bell DAC has a limited 260 opening which
imposes constraints in probing small d values and the
retrieved sample quantity is too small to take normal XRD.
TEM characterization will enable us to probe a larger d range
compared to the XRD studies. A high pressure synthesized
sample is retrieved from DAC wherein NaCl is used as the
pressure transmitter/thermal insulator. Thus NaCl is manually
separated from the sample. The sample is then mounted
between diamond anvils and sheared. This is done so as
to obtain some significant portion of thin crystallites which
are transparent to electrons. The sample quantity obtained is
not enough to disperse in methanol for subsequent pouring
onto a carbon coated copper grid to observe the particles
under a transmission electron microscope. Hence, the sheared
sample is transferred on a carbon coated copper grid on
which deionized water is placed drop by drop to dissolve
residual NaCl. The samples as prepared above are imaged
under diffraction contrast conditions with a JEOL JEM
2000 EX II transmission electron microscope operating at
200 kV accelerating voltage and the diffraction patterns
are recorded at 100 cm camera length. The images and
the diffraction patterns are calibrated with the standard
microscope calibration data obtained from the standard Au
sample and are analysed by Image J. The bright field image
and the diffraction pattern from the ruthenium carbide sample
are given in figure 4.

It is observed that the particles are agglomerated as they
are not ultrasonicated and dispersed onto the grid before
microscopy observation. The particles are mostly facetted
and the sizes of the particles vary from 100 to 500 nm.
In the diffraction pattern, a number of almost continuous
Debye—Scherrer rings can be observed. Some incomplete
rings can also be seen decorated with localized bright spots.
The discontinuous Debye—Scherrer rings are due to the small

Figure 4. TEM bright field image and diffraction pattern from the
ruthenium carbide sample.

number of crystallites present in the sample. Apart from the
reflections seen in the HPXRD patterns, five more interplanar
spacings are seen in the extended d-range of 3.5-0.7 A in
the electron diffraction pattern. The d spacings observed in
the diffraction patterns are given in table 1. Micro-Raman
measurements have also been carried out on the retrieved
sample. No Raman modes apart from diamond like carbon
features were observed.

Solving the crystal structure of the novel phase obtained
in the LHDAC based experiments is a nontrivial task,
since (i) few interplanar spacings are obtained in HPXRD
experiments, (ii) there are preferred orientation effects,
(iii) the volume fraction is very low to carry out normal XRD
on the retrieved sample and (iv) the presence of un-reacted
starting elements leads to difficulty in the estimation of
stoichiometry. To arrive at the possible list of candidate
structures, a survey on the phase diagrams of the existing
TM carbides is carried out. It is seen that mono-carbides
of group IVa, Va and VIa adopt a cubic lattice with the
exception of MoC and WC, which are found in hexagonal
lattices. Theoretical diffraction patterns were generated for
MoC and WC structure types but they do not correspond to
the experimental pattern. The formation energy for RuC and
Ru,C is estimated to be +26 and +15 kJ mol~! of atoms
respectively [19] and also in group VIIa and VIII carbides,
the ratio of metal to carbon is greater than one, signifying that
the formation of Ru,C is thermodynamically more favourable
than RuC. Recently hexagonal rhenium carbide (Re;C) has
been reported by high pressure synthesis [12]. In view of these
facts, a closer look at the phase diagram of TM carbides of the
type TM,C reveals that these systems predominantly adopt
the following space groups: P3121 (152), P3m1 (164), P6m2
(187) and P63 /mmc (194). While indexing the observed new
peaks with POWD, the space group P321 is ruled out as the
intense peak of the high pressure phase is left unindexed. Also,
space group P6m2 yields a very low figure of merit of 1.9.
This leaves us with two options: P3m1 and P63/mmc space
groups, which are to be evaluated.

At this stage, we use electronic structure calculations
to fix the space group. The electronic structure calculation
is carried out for these two possible space groups. The full
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Table 1. List of the d-spacings (at ambient pressure) observed in electron diffraction experiments along with the calculated values for the
space group P3m1 (164). * PDF (No. 05-0628) for NaCl and # PDF (No. 06-0663) for Ru of ICDD, USA.

TEM observed  Calculated d (A)  d (A) forNaCl  d (A) for Ru

d A for Ru,C * # Remarks

3.46 3.26 From NaCl only
2.84 2.82 From NaCl only
2.14 2.19 2.14 Mainly from Ru,C
2.06 2.07 2.05 Mainly from Ru,C
2.01 1.94 1.99 Mainly from Ru,C
1.54 1.51 1.62 1.58 Mainly from Ru,C
1.43 1.38 1.35 From Ru and NaCl
1.27 1.27 From Ru,C only
1.24 1.26 1.22 From Ru and NaCl
1.16 1.17 From Ru,C only
1.07 1.08 From Ru,C only
0.91 0.86 0.90 Mainly from Ru,C
0.71 0.71 0.71 Mainly from Ru,C

potential linear augmented plane wave (FP-LAPW) method
as implemented in WIEN2k code [20] is used to calculate
the total energy and the electronic structure of Ru,C in both
the space groups. The band structure and the density of states
are calculated using 1000 k-points in the irreducible Brillouin
zone (IBZ) for the non-magnetic state. An improved version
of generalized gradient approximation [21] (GGA-PBE96) is
used. The plane-waves with a cut off of RMT*xKmax = 10 are
used, where RMT denotes the smallest atomic sphere radius
and Kmax is the magnitude of the largest k-vector in the plane
wave expansion. We have first considered P63/mmc (space
group 194). However, with relaxed lattice parameters this

structure model predicts a cell volume of 60 A’ which does
not correspond with the experimentally determined volume.
Next, the hep structure (P3m1, space group No:164) as seen
in the Fe,N type structure is considered and the calculations
are performed. In this case, the calculated lattice parameters
match reasonably well with the experimental values. The
calculated lattice parameters obtained are: a = 2.8849 A and

¢ = 4.8769 A with a cell volume of 35.15 A The simulated
pattern for RuyC (SG 164) with Fe;N structure type is shown
in figure 5. The calculated and experimentally obtained XRD
patterns match very well. Moreover, the list of d-spacings
predicted by the FepN structure type agrees well with that
obtained in the XRD and TEM measurements (table 1). It is
thus clearly seen that the structure of the novel Ru,C phase
formed is hexagonal Fe,N structure type with space group
P3ml (164). A unit cell of RuyC is shown in the inset given
in figure 5.

The computed bulk modulus of Rup;C is 302 GPa,
whereas experimentally it is found to be 178 GPa. It is
interesting to note here that the large difference between
the experimental and theoretical values of bulk modulus
have also been reported for the high pressure synthesized
group VIII nitride IrN, [12]. The lattice parameters and
physical properties of TM carbides are strongly correlated
with stoichiometry and TMs are well known to form in non-
stoichiometric compounds. Simulations of off stoichiometry
effects on lattice parameters show 10-15% change in the
Re-C system [22]. Here, it may be noted that the bulk

Experimental data

Simulated pattern

Intensity (Arbitrary Units)

NaCl | |
RU,C I
| PR | P

| s 1 L | s | L | |

14 16 18 20 22 24 26 28
2 Theta (Deg.)

Figure 5. Experimental and simulated XRD plots for Ru,C + NaCl.
Inset: unit cell of Ru,C, the corner atoms are C and two Ru atoms
are at (1/3,2/3,1/4) and (2/3, 1/3, 3/4) respectively.

modulus of elemental Ru is quite high (320 GPa) compared
with the experimental as well as computed values for Ru,C
178 GPa and 302 GPa respectively. First principle calculations
on OsC, OsyC3 and OsC; in cubic and hexagonal structures
have been reported [23]. It is seen that bulk moduli in
these systems vary between 245 and 383 GPa which are
significantly lower than the reported bulk modulus of 405 GPa
for elemental Os [24]. Thus the calculated bulk modulus for
Ru;C seems to be in the same range as for the other similar
systems, but the large discrepancy between the calculated and
experimental values still remains inexplicable. The density
of states (DOS) and the band structure for Ru,C are shown
in figure 6(a) and the electronic charge distribution on the
(110) plane is shown in figure 6(b). The DOS at Ef is mostly
dominated by the d-states of Ru. From the DOS plot Ru,C is
found to be metallic in nature. This can be compared with
the Os—C system where it is seen that hexagonal OsC; is
metallic whereas cubic OsC is seen to be semiconducting [23].
In figure 6(b) the corner atoms are C and the nearest C-C
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Figure 6. (a) Electronic band structure and DOS plots for Ru,C with space group P3m1, (b) electronic charge distribution on the (110)

. . . . -3
plane (maximum intensity shown in red corresponds to 1.33 electrons A~ "), the corner atoms are C.

distance is 2.553 A. There is very low charge density between
the C atoms and a signature of covalence is seen between Ru
and C.

Recently, a semi-empirical method has been proposed
to estimate hardness from the structural details [25, 26].
The expression for hardness with systems having two bond
strengths is given as H = (C/Q)2(b12512b34534)' /%> =,
where C and « are constants (1450 and 2.8 respectively) and
Q2 is the volume of the unit cell. 51> and s34 are bond strengths
given by the expression s;; = (el-ej)l/ 2 /ninjd;j, where e; is the
valence electron charge density given by e¢; = Z;/R, Z; is the
valence electron number and R is the atomic radius. In the case
of ruthenium we have used Z = 6 as suggested for heavy TMs
by Simunek et al [26]. From the structure obtained for Ru,C,
the following values are used in computing hardness: the
number of bonds b2 (Ru — C) = 6 and b34(Ru — Ru) = 1; the
bond distances djy = 1.7967 A; d3g = 2.5292 A respectively.
Each C is coordinated by six Ru at dj» (n; = 6) and Ru is
coordinated by 12 Ru atoms (n; = n3 = nq = 12) at distance
dz4. With this semi-empirical model, we estimated hardness
to be 6.26 GPa. For TM carbides the estimated hardness value
of Ru,C is low. This can be understood from the unit cell of
Ru,C shown in figure 5, the structure can be thought of as two
layers of ruthenium atoms stacked between two carbon layers
and the electronic charge distribution shown in figure 6(b)
suggests the bonding to be metallic between the Ru layers.
This implies a very low shear modulus for RuyC. Also, the
ratio of metal to carbon is reported to be directly related to
shear and bulk modulus, signifying that metal carbon bonds
withstand larger stress [23]. In Ru;C, the metal to carbon ratio
is 0.5, and this may be the possible reason for the nominal
hardness value estimated.

In summary, Ru;C has been synthesized for the first
time by the high pressure-high temperature route using the
LHDAC technique. With respect to other carbides, ruthenium
carbide is formed at a moderate pressure of 5 GPa, which is
easily achievable with multianvil cell apparatus. Multianvil

cell synthesis will result in a bulk quantity of the novel
phase thereby enabling complete structural and mechanical
characterization. In situ HPXRD and electronic structure
calculations on the novel phase have been carried out. Also the
sample retrieved from LHDAC has been studied for the first
time by the electron diffraction technique. The structure of the
novel phase has been found to be Fe;N type hexagonal with
space group P3ml. In situ HPXRD studies up to 14.2 GPa
yield a bulk modulus value of 178(4) GPa. Electronic structure
calculations reveal the RuyC system to be metallic in nature. It
is suggested that osmium carbide may adopt crystal structures
as seen in Re nitride and carbide systems [13]. However,
as osmium is isoelectronic to ruthenium one would expect
similar trends to those seen in ruthenium carbide.
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