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a b s t r a c t

The formation of a hexagonal rhenium carbide phase, Re2C, from the elements has been studied in a laser
heated diamond anvil cell in a P, V range of 20–40 GPa and 1000–2000 K. No indication for the existence
of cubic rhenium carbide, as suggested in the literature, or any other phase was found and Re2C is the only
phase formed in the Re–C system up to around 70 GPa and 4000 K. A fit of a 3rd­order Birch–Murnaghan
equation of state to the Re2C P, V­data results in a bulk modulus of B0 = 405(30) GPa (B′ = 4.6). The linear
compressibility of Re2C along [0 0 1] (∼ 500 GPa) is significantly larger than the compressibility in the
(0 0 1) plane (∼ 360 GPa ‖[1 0 0]). Based on the observations for Re2C, we predict the structure and elastic
properties of an analogous Os2C phase, which is, at least in the athermal limit, more stable than any other
osmium carbide studied previously by density functional theory based calculations.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In a previous study, we have provided strong experimental
and theoretical evidence of the formation of a hexagonal rhenium
carbide at high­(P, T) conditions up to Pmax = 67 GPa and Tmax =

3800 K [1]. Based on our DFT calculations, Re2C was identified as
the most likely composition of this phase and a P–T field, in which
Re2C is formed, was proposed. However, due to the restricted avail­
ability of synchrotron beam time the proposed phase diagram was
sketchy. The scarcity of data also implied that our rejection of a pro­
posed cubic polymorph with rock­salt structure was preliminary.
Such a rhenium carbide polymorph had been reported by Popova
et al. [2] and Popova [3], based on quenched samples synthesised
at ≈ 17 GPa and 1300 K, with a lattice parameter of 4.005 Å. The gap
in our earlier data in the pressure range of 20–60 GPa left open the
possibility that the proposed cubic polymorph could be stable at
P, T conditions not been investigated. Therefore, here we extend
our earlier study to the investigation of the reaction of rhenium
with carbon in the 20–60 GPa range, and to the pressure dependent
behaviour of Re2C.

∗ Corresponding author at: CIICAp, The Autonomous University of the State of
Morelos, Av. Universidad 1001, Cuernavaca, Mexico.

E­mail address: ejuarez@uaem.mx (E.A. Juarez­Arellano).

As the crystal chemical behaviour of osmium is similar to that
of rhenium, we extended the present investigation to an analogous
Os2C compound. Osmium carbides have long been studied, as they
are thought to be outstanding candidates for ultrahard and/or ultra­
stiff materials. However, the experimental basis for this discussion
is slim. In fact, there are only two experimental studies in which an
osmium carbide was produced [4,5], and these studies are limited
to the presentation of d­spacings for an assumed WC­structure type
compound. In contrast to this, there are numerous theoretical stud­
ies aimed at studying superhard or ultrastiff osmium carbides e.g.
[6–10]. These studies are, however, limited to osmium carbides with
a 1:1 composition, and in parts contradict each other. For example,
osmium carbide with the WC­structure type is sometimes com­
puted to be ‘mechanically and electronically’ unstable [6,7,9], while
in other studies this polymorph is found to be the most stable [8,10].
The simulated X­ray powder patterns of OsC in either the WC­ or
NiAs­structure type bear no resemblance at all to the experimen­
tally determined pattern [7]. We therefore thought it worthwhile
to compare a hypothetical Os2C to the existing Re2C and predict its
properties.

2. Experimental

High pressure experiments were performed at the European Synchrotron Radia­
tion Facility (ESRF, Grenoble, beam line ID27) and at the Advanced Light Source (ALS,
Berkeley, beam line 12.2.2). The experimental set­up at the ESRF has been described
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Fig. 1. Powder diffraction pattern before laser heating at 27–30 GPa, depending
on which pressure scale is employed. Only rhenium, tungsten (gasket) and NaCl
(pressure­transmitting medium and thermal insulation) were detected.

earlier [1]. Here, we present further data from these experiments which had not
been analysed previously and which now allow to discuss the pressure dependence
of Re2C quantitatively.

For the experiments at the ALS, we used 30 keV radiation and double sided laser
heating performed with fibre lasers. The experimental set­up is described in detail
in [11]. We employed Boehler–Almax diamond anvil cells with conical anvils and
0.35 mm culets and effective aperture of ≈ 60◦ . We used tungsten gaskets, prein­
dented to 42 mm. Gasket holes with a diameter of ≈ 120 mm were drilled by a
home­built laser lathe. We used NaCl as a pressure­transmitting medium and for
thermal insulation. Small pieces of rhenium foil (Alpha Aesar, purity 99.99%) with
a thickness of 25 mm and graphite served as starting materials. Both materials had
been characterised earlier [1,12]. A ruby was loaded to allow pressure determination
by the ruby fluorescence method. Due to the strong absorption of the laser radiation
by the opaque samples, only moderate laser power was required to achieve bright
hot spots. However, due to technical problems with the temperature determination,
only approximate temperatures could be determined. Laser heating with moderate
laser power (around 10–15 W per laser) led to temperatures of about 1600–2200 K
in the sample. Experience shows that the optical emission of samples which react
on laser heating is very variable and a more reliable temperature determination
was not possible. Powder diffraction patterns were acquired with a MAR345 image
plate detector. The sample­to­detector distance of 307.45 mm was determined from
a LaB6reference sample. Counting times varied between 120 and 3600 s. Most data
collection was done with a 10 mm × 10 mm beam spot. The laser spots had a diameter
of about 15–30 mm. The diffraction images were processed, corrected for distortion
and integrated using FIT2D [13]. Intense and well defined single­crystal diffraction
spots from individual larger grains of the sample, and from the diamonds were
masked manually and excluded from the integration. The background of the inte­
grated powder diffraction patterns was extracted using the program DATLAB [14].
Le Bail fits were performed using the program FULLPROF [15] in order to obtain
unit cell parameters. A linear interpolation between approximately 30 manually
selected points for the background and a pseudo­Voigt profile function were used.
Pressures were determined with an off­line spectrometer using the ruby fluores­
cence method [16] and from the known equation of state for NaCl [17,18] during
the diffraction measurements. The two pressures determined independently from
each other agreed typically within 2 GPa. Diffraction data were collected at different
pressures without heating; at pressures of around 30 and 40 GPa prior to heating,

Fig. 3. Overview of the pressure–temperature range in which Re2C can be synthe­
sised. The hexagonal rhenium carbide Re2C is the only phase present up to around
70 GPa and 4000 K. Grey filled squares represent results from this study while the
other data points were taken from [1].

during heating and on temperature quenched samples. For each temperature run, a
new sample position was selected.

3. Density functional theory

Density functional theory (DFT) calculations were performed
using the CASTEP code [19]. The code is an implementation of
Kohn–Sham DFT based on a plane wave basis set in conjunc­
tion with pseudopotentials. The plane­wave basis set is unbiased
(as it is not atom­centered) and does not suffer from the prob­
lem of basis set superposition error unlike atom­centred basis
sets. It also makes converged results straightforward to obtain in
practice, as the convergence is controlled by a single adjustable
parameter, the plane wave cut­off, which we set to 330 eV. All
pseudopotentials were ultrasoft, and were generated using the
PBE exchange­correlation functional [20] to allow for fully con­
sistent treatment of the core and valence electrons. The rhenium
atom was described with core (in parentheses) and valence
regions of ([Kr]4d104f14)5s25p65d56s2, the osmium was repre­
sented by ([Kr]4d104f14)5s25p65d66s2 while the carbon was simply
([He])2s22p2. The Brillouin­zone integrals were performed using
Monkhorst­Pack grids [21] with spacings between grid points of
less than 0.02 Å−1. Simultaneous geometry optimisation of unit
cell and internal co­ordinates was performed so that forces were
converged to 0.005 eV/Å and the stress residual to 0.005 GPa.

In addition to a re­analysis of our earlier calculations [1] we com­
puted the pressure dependence of the c/a­ratio of Re and Re2C in
order to be able to compare the theoretical data with experimental
data, we performed a population analysis of the Re–C bonds, and
we computed the structures and properties of osmium carbides.

Fig. 2. Powder diffraction pattern (left: full range, right: enlargement to show the absence of any non­indexed reflections) after laser heating the sample at 40 GPa. Only Re2C,
Re and B2­NaCl (thermal insulation) were detected.
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Fig. 4. Pressure dependence of the Re2C normalised unit cell parameters. Dashed
and solid lines represent 2nd­ (dashed line) and 3rd­order (solid line) BM­EOS fits,
respectively, to the experimental results. The DFT results (open symbols [1]) were
not used for the fits. The dotted line represents a 3rd­order BM­EOS fit to the DFT
results. Markers within a circle represent results from this study, while the rest were
taken from [1]. Enlarged symbols represent data collected using NaCl (ALS) while
the rest were collected using Ar (ESRF) as a pressure­transmitting medium.

4. Results and discussion

A typical powder diffraction pattern obtained at high pressure
before any laser heating at the ALS is shown in Fig. 1. This powder
diffraction pattern can be completely indexed by assigning peaks
to either rhenium, tungsten (gasket) or NaCl (pressure­transmitting
medium and thermal insulation). Carbon is not detectable due to
its comparatively low scattering cross­section. The pressure deter­
mined by ruby fluorescence was 27(1) GPa. At this pressure, the
NaCl had started to transform from the B1 (Fm3̄m) to the B2 struc­
ture (Pm3̄m). The pressure determined by the equations of state of
B1­ and B2­NaCl was ≈ 30 GPa [17,18]. The co­existence of the B1
and B2 phases and the pressures we obtained are consistent with
earlier reports [22].

After laser heating the sample with low laser power (4–10 W per
laser), the presence of the hexagonal Re2C phase was detected. As
mentioned above, due to technical problems an accurate temper­
ature determination was not possible. However, typically the low
laser power we used leads to temperatures of about 1000 K. The for­
mation of the hexagonal Re2C phase was also detected at pressures
around 40 GPa at low and moderate laser power (Fig. 2). In these
cases, powder diffraction patterns obtained after laser heating the
sample at this pressure could be fully indexed by an assignment
of peaks to either Re2C, Re or B2­NaCl. Within our detection lim­
its, no other phases during and after heating and on temperature
quenched samples were detected. These observations reflect the
high stability of the Re2C phase, which, once it is formed, remains
stable (Fig. 3).

In our previous study [1] Re2C was identified, based on DFT cal­
culations, as the most likely composition of the hexagonal phase,
but due to the lack of data, further confirmation was required. Here,
we present a more complete data set which allows an evaluation
of the pressure dependence of the hexagonal unit cell parameters
(Fig. 4). The scatter of the data is, in part, due to the use of differ­
ent pressure scales and different pressure­transmitting media. The
argon equation of state was used for the pressure determination
at the ESRF, while at the ALS NaCl served as an internal stan­
dard complemented by ruby fluorescence measurements. Also, as
we could only determine the temperature semi­quantitatively and
thermal expansion is assumed to be small, we neglect the influence
of temperature in the compressibility study, which adds further
uncertainty. However, it is clear that the pressure dependence of
the unit cell parameters obtained here from the experiments agrees

Fig. 5. Comparison between the Re and the Re2C crystal structure. The space group
symmetry of both structures is P(63/m)mc, but the carbon incorporation leads to an
expansion of the a­axis from 2.803 Å for Re to 2.843 Å for Re2C, while the c­axis is
doubled and expanded from 4.461 Å for Re to 9.858 Å for Re2C.

well with the predictions from the DFT calculations, as the EOS fit­
ted to the experimental data describes the DFT results very well
(Fig. 4). This strengthens our arguments that the composition of
the hexagonal rhenium carbide phase is Re2C, as derived from the
model calculations.

It is known that transition metal carbides can be highly
non­stoichiometric, and that the lattice parameters and physical
properties are strongly correlated with the composition. For exam­
ple, the carbon content in cubic TiCx can vary between 1 > x > 0.5
with corresponding lattice parameters of a = 4.33 Å (TiC) and a =

4.30 Å (TiC0.5) [23,24]. In our earlier study [1], a series of simulations
in which the amount of carbon introduced into the Re­lattice was
varied were performed. From these calculations, large variations
in the unit cell were observed as a function of composition (a =

2.75–2.90 Å and c = 9.50–11.00 Å). In contrast, all samples inves­
tigated at ambient pressure had lattice parameters which were,
within 3� identical, despite their very different thermal and baro­
metric history (a = 2.840(1) Å, c = 9.85(1) Å, for samples quenched
from 6 GPa and 1100 K [25]; a = 2.8425(1) Å, c = 9.8584(1) Å, for
samples quenched from 12 GPa and 1700 K [1]; a = 2.8407(1) Å,
c = 9.8580(6) Å, for samples quenched from 40 GPa and 2000 K, this
study). This is a strong indication that at ambient conditions there
is no significant deviation from a constant or nearly constant com­
position, which we have shown is likely to be Re2C, independently
of the synthesis conditions used.

4.1. Re2C crystal structure

A comparison between the Re and the Re2C crystal structure is
shown in Fig. 5. In titanium carbide we have shown that the diffu­
sion of carbon into an hcp structure is energetically more favourable
in the basal plane than along the c­axis [12]. This seems to be the
case here as well, where the carbon atoms are located on (0 0 1)
planes between identical Re layers, which leads to the characteris­
tic AABB stacking sequence of Re2C (Fig. 5). From the DFT model, it
follows that the carbon incorporation increases the Re–Re distances
from 2.74–2.76 Å in the Re structure [26] to 2.78–2.85 Å in the Re2C
structure, leading to Re–C distances of ≈ 2.16 Å.

4.2. Bulk and linear compressibility

The new data obtained in the present study allowed us to inves­
tigate the pressure dependence of Re2C. Results from fits of 2nd­
and 3rd­order Birch–Murnaghan equations of state (BM­EOS) to the



580 E.A. Juarez­Arellano et al. / Journal of Alloys and Compounds 481 (2009) 577–581

Table 1

Bulk modulus and linear compressibilities obtained from fits of 2nd­ and 3rd­order
Birch–Murnaghan equations of state to the experimental and theoretical data of
Re2C.

V0/Å3 B0/GPa B′ �2

Exp—2nd­order 68.4(4) 423(30) 4(fixed) 26.4
Exp—3rd­order 68.5(4) 405(30) 4.6(fixed) 21.8
DFT—3rd­order 70.75(9) 385(3) 4.6(7) 1.1
DFT a 70.84 378(1) – –

a0/Å Ba0/GPa

Exp—2nd­order 2.835(4) 372(18) 4(fixed) 9.3
Exp—3rd­order 2.836(4) 363(18) 4.26(fixed) 9.3
DFT—3rd­order 2.8478(1) 349(3) 4.26(8) 1.2

c0/Å Bc0 / GPa

Exp—2nd­order 9.85(4) 521(90) 4(fixed) 17.7
Exp—3rd­order 9.86(4) 473(91) 5.50(fixed) 15.9
DFT—3rd­order 10.0731(1) 484(3) 5.50(9) 1.2

a Derived from the elastic stiffness coefficients reported in [1].

p–V data and the pressure dependencies of the individual cell axes
are summarised in Table 1. Due to the different temperatures, the
use of different pressure scales and pressure­transmitting media,
the numerical uncertainties of the BM­EOS parameters are large
(generally < 8%, but up to 19% for Bc0). The slightly lower �2 value
for the fit with a 3rd­order BM­EOS, in conjunction with the DFT
results, implies that the use of a 3rd­order BM­EOS is more appro­
priate than the use of a pressure derivative of the bulk modulus, B′,
set to 4. However, due to the availability of comparatively few data
points, B′ could not be independently varied during the fitting pro­
cedure. Instead, the fit was constrained using the B′ value obtained
from the fit to the DFT results (Table 1). Hence, we cannot associate
a statistical error with it.

The bulk modulus determined experimentally in this study is
very close to the bulk modulus obtained using the elastic stiffness
coefficients derived from quantum mechanical calculations in our
early study [1], and to the bulk modulus obtained from a BM­EOS
fit to the DFT results (Table 1).

These results show that Re2C, within a B0 ≈ 405 GPa is one of the
least compressible carbides. Re2C is less compressible than ZrC, HfC,
NbC or TiC (with bulk moduli 207 GPa, 241 GPa, 296 GPa, 315 GPa,
respectively [23]); and it has a compressibility similar to VC, TaC
or WC (390 GPa, 414 GPa, 421 GPa, respectively [23]). The experi­
mentally and theoretically determined linear compressibilities of
Re2C agree within the error bars (Fig. 4, Table 1). The c­axis is sub­
stantially less compressible than the a­axis and, hence, the c/a­ratio
increases with increasing pressure (Fig. 6). For comparison, we com­
puted the compression behaviour of pure rhenium. In contrast to
Re2C we find, in perfect agreement with experiment [27–29], that
in rhenium the axial ratio c/a is virtually independent of pressure
(Fig. 6). A re­analysis of our DFT data published earlier [1] showed
that the Re–C bond has a significantly covalent character, as a bond
population analysis gave a bond population > 1.0 e−/Å3.

5. Osmium carbide

The full geometry optimisation of hypothetical Os2C in the Re2C
structure type under the symmetry constraints of space group
P(63/m)mc gave lattice parameters a = 2.7777 Å, and c = 10.293 Å.
Os occupies the position 4f with parameters (1/3), (2/3), 0.1121.
A comparison to the values for the theoretical Re2C structure [1]
shows that the c/a­ratio is larger for Os2C (3.71) than for Re2C
(3.54). In the theoretical models the Re–C bonds (dRe–C = 2.16 Å)
are slightly longer than the Os–C bonds (dOs–C = 2.14 Å). The bond
population, which is a semi­qualitative indication for the ‘covalent

Fig. 6. Pressure dependencies of the c /a­ratios of rhenium and Re2C. Open squares,
solid circles and solid squares represent experimental data of Liu et al. [27], Vohra et
al. [28] and Duffy et al. [29], respectively. Lines are guides to the eyes. The values for
the length of the c­axis of Re2C data was normalized to correspond to a cell with two
Re atoms in order to facilitate a comparison with pure Re. Clearly, the DFT results
have predicted the pressure­induced stiffening of the c­axis of Re2C with respect to
the a­axis very well.

character’ of the bond, is similar in both compounds (≈ 1 e−/Å3),
confirming the similar crystal chemical behaviour of the two ele­
ments.

We can compute the enthalpy of formation in the athermal limit
according to

2Os + C ↔ Os2C (1)

and compare this to the enthalpy of formation of OsC in the WC­
or NiAs­structure type. Our calculations show that the mechani­
cal mixture of the elements is less stable than the compound by
≈ 68 kJ/(mol of osmium). This result is not very dependent on pres­
sure, at 50 GPa the energy difference is 70 kJ/(mol of osmium). At
3000 K, which is a typical temperature at which we have synthe­
sised Re2C, corresponds to 360 kJ/mol. Hence, even if the entropy
difference is small, as long as it favours Os2C the reaction will pro­
ceed and Os2C will be formed. It is worthwhile to note that a similar
calculation for Re2C also predicted the mechanical mixture to be
less stable than the compound, showing that the TDelta S con­
tribution can be large enough to lead to a free energy difference
stabilising the carbide. Furthermore, given that the bonding in the
various osmium carbides is not very different, we can assume a sig­
nificant cancellation of errors when we compare the enthalpy of
formation of Os2C with that of OsC in the WC­structure and NiAs­
structure type. In our calculations the mechanical mixture of the
elements is less stable by ≈ 160 kJ/(mol of osmium) than OsC in
either the WC­ or NiAs­structure type at ambient pressure, and
hence it seems that Os2C would be formed if a reaction takes place
in a carbon­saturated environment.

As the interest in osmium carbides is due to their potential use
as ultrastiff materials, we have computed the elastic stiffness coef­
ficients (Table 2). Os2C has a similar bulk modulus (377(1) GPa)
similar to that of Re2C and is less compressible than any of the OsC
compounds studied with DFT calculations by Guo et al. [7]. But it

Table 2

Elastic stiffness coefficients cij and
bulk modulus B of Os2C from DFT cal­
culations. All values are given in GPa.

c11 707(2)
c33 724(2)
c44 188(2)
c12 160(2)
c13 238(1)

B 377.6(7)
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does not qualify as ultrastiff material, if these are taken to be those
compounds which are more incompressible than diamond.

6. Conclusions

The present set of experiments complements our previous study
[1] and allows us to strengthen the conclusions of some of the ideas
sketched there. No indications of a cubic polymorph or another
phase, such as ReC in the WC­ or NiAs­structure type, suggested by
Chen et al. [9] were observed in either this or in our previous study.
Hexagonal Re2C was the only phase detected up to around 70 GPa
and 4000 K. From our data we are unable to unambiguously show
that the cubic polymorph of rhenium carbide reported by Popova
et al. [2] and Popova [3] does not exist. But what our data show is
that if this phase exists it should have a very narrow stability field.

As the unit cell parameters of the rhenium carbide obtained in
this and earlier studies seem to be independent of the synthesis
conditions, we conclude that the composition of the hexagonal rhe­
nium carbide phase is always close to Re2C. We have also shown
that our earlier DFT calculations correctly predicted the anisotropic
compressibility of Re2C and we have obtained an experimental bulk
modulus of Re2C which agrees within the errors with the predicted
value. Clearly, what is required now are experiments to further con­
strain the formation conditions at comparatively low (P, T) and to
provide material for the investigation of properties. Since Re2C can
be quenched, in situ studies are not required and such experiments
can be performed in large volume multi­anvil presses.

We have also predicted by DFT calculations that an Os2C phase
is more stable than OsC with a WC­ or NiAs­structure type and we
have computed the elastic properties of this phase. We suggest that
this phase can be synthesised at extreme (P, T)­conditions and are
currently planning such experiments.
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