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Electronic-structure and total-energy calculations are used to elucidate the properties of the recently
synthesized NaCl-structure CrC phase. The lattice parameter, elastic constants, I'-point optic-phonon
frequency, and formation energy are determined using total-energy methods. No sign of lattice instabili-
ties is found, indicating that NaCl-structure CrC is a true metastable phase. In fact, the elastic constants
and optic-phonon frequency have values comparable to those in other known NaCl-structure transition-
metal carbides. On the other hand, and in contrast to VC and NbC, CrC is found to be unstable with
respect to phase separation into C and Cr, explaining the difficulty of its synthesis. The electronic struc-
ture is qualitatively similar to that of TiC and VC except for the placement of the Fermi level E.. A rel-
atively high density of states at E, which is derived from weakly hybridized Cr d states, is found. How-
ever, fixed-spin-moment calculations show that this does not lead to a ferromagnetic instability. Rigid
muffin-tin approximation electron-phonon-interaction calculations lead to a prediction that CrC is a su-
perconductor with a transition temperature in the range 5-10 K.

I. INTRODUCTION

The NaCl-structure transition-metal carbides are
unusual in several respects. They are generally very
hard, corrosion-resistant, high-melting-temperature met-
als. These desirable properties are understood to arise in
large part from strong covalent transition-metal-
d —carbon-p bonding.! Among the 3d materials, TiC has
the highest melting temperature, suggesting the strongest
bonding. VC, which has one more valence electron,
forms with C vacancies and has a lower melting tempera-
ture. Until very recently,’ there were no accepted reports
of the synthesis of NaCl-structure CrC, which is the next
member of the series.

Early self-consistent band-structure calculations® for
these materials have led to a description of the bonding of
these materials, which has been supported by subsequent
studies.*”® In TiC, which, as mentioned, is expected to
have the strongest bonding, the Fermi energy (Ey) lies in
a pronounced pseudogap in the electronic density of
states (DOS), leading to a low DOS at E;, N(Eg). The
states below E; are dominated by strongly hybridized
bonding combinations of Ti 3d orbitals of e, symmetry
and C p-derived orbitals, with some contribution from
Ti-Ti t,,0 and C p-Ti t,,7 bonding orbitals. Both the Ti
e,-C p antibonding states and most of the Ti¢,,-derived
states are found in the region above the pseudogap, al-
though the latter provide by far the largest contribution
to the DOS in this region.

The electronic structure of VC is related to that of TiC
by rigid band behavior (a rather general feature of the
transition-metal carbides); the two-band structures are
qualitatively similar, differing primarily in the position of
Ep. In VC, E lies one electron higher than in TiC, lead-
ing to some occupation of the antibonding and/or non-
bonding states (see below) above the pseudogap, and
thereby offering an explanation of the apparently weaker
bonding in VC.

Zhukov and co-workers® have reported a local-density
approximation (LDA)-based electronic structure and
some total-energy calculations for CrC which, as men-
tioned, is the next member of the series. They find once
again that, at least qualitatively, the electronic structure
is related to that of TiC by rigid band behavior, and that
in CrC, Ej falls near a pronounced peak in the DOS,
which is derived from weakly hybridized Cr d states.
They remark that the additional electron in CrC leads to
the occupation of additional antibonding states and that
this explains the difficulty in synthesizing CrC. This is,
however, somewhat at odds with their calculated bulk
modulus, which is significantly higher than that of TiC.
Based on this elevated bulk modulus and some other con-
siderations, they predict that CrC has the greatest
strength in the series. They did not, however, examine
the lattice stability or other properties of CrC, which
could be anomalous because of the high DOS at E.

Very recently, Liu and Cheng? have reported synthesis
of NaCl-structure CrC by carbon-ion implantation into
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Cr films. Further, they have determined that, although
stable at room temperature, the CrC phase is unstable
above 250 °C, possibly because of the presence of oxygen.
These results suggest that NaCl-structure CrC is a true
metastable phase, possibly with weaker bonding than TiC
and VC. There are, however, other possibilities. For ex-
ample, the observed NaCl phase could be stabilized by
the presence of impurities or by an off-stoichiometric
composition. The purpose of the present paper is to elu-
cidate the properties of NaCl-structure CrC, using
LDA-based electronic-structure and total-energy calcula-
tions.

We calculate the electronic structure, lattice parame-
ter, and bulk modulus, as did Zuhkov et al., but using
the general potential linearized augmented plane-wave
(LAPW) method,” which is free from shape approxima-
tions. Further, we study the bonding and lattice stability
by calculating the enthalpy of formation (AH/), elastic
constants, and I'-point optic-phonon frequency, v, (note
that for the NaCl-structure metallic carbides, the trans-
verse and longitudinal branches are degenerate at I').

It is often the case that an elevated N (Ef) is associated
with magnetic instabilities, frequently towards fer-
romagnetism. Accordingly, we have performed fixed
spin-moment calculations,® searching for a ferromagnetic
state for CrC. Although we have not ruled it out, we do
not expect itinerant antiferromagnetism, because even
with a substantial superexchange interaction between
neighboring Cr atoms, an antiferromagnetic ground state
could be frustrated by the fcc lattice.

Superconductivity is quite common among the NaCl-
structure transition-metal carbides and nitrides, and it is
often the case that an elevated N (E) is favorable for su-
perconductivity provided, of course, that it does not re-
sult in magnetism or structural instabilities. We investi-
gated the possibility of superconductivity in CrC by
evaluating the McMillan-Hopfield parameter,
n=(I*)N(Eg), where (I?) is an electron-ion matrix ele-
ment, which we calculated in the rigid muffin-tin approxi-
mation (RMTA).’

II. METHOD

As mentioned, the calculations reported here were per-
formed using the general potential LAPW method.” This
method imposes no shape approximations on either the
potential or the charge density (except that deep core
states are constrained to be spherical). A local orbital ex-
tension!® was used to relax the linearization and to in-
clude the Cr 3s and 3p core states with the valence states
in a single energy window. The calculations were per-
formed within the LDA using the Hedin-Lundqvist
exchange-correlation function.!! Both the core and
valence states were treated self-consistently, the valence
states in a scalar-relativistic approximation and the core
states relativistically in a spherical approximation. A
well-converged basis consisting of approximately 190
functions was used,'? and self-consistency was obtained
using a sampling of 60 special k points'® in the irreduc-
ible ; of the Brillouin zone. The Fermi energy and elec-
tronic DOS were obtained from a Fourier interpolation'*
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of the self-consistent energy bands, which were calculated
at 145 uniformly distributed points in the irreducible
wedge.

The lattice parameter, elastic constants, Vopt» and AH f
were obtained using total-energy calculations. AH, was
determined using well-converged parallel total-energy
calculations for bcc Cr, diamond-structure C, and CrC,
and was corrected using the very small experimental en-
ergy difference!® between diamond and graphite.

A cubic crystal has three independent elastic constants,
which can be taken as the bulk modulus B=(c
+2c,,)/3 and the two shear constants c, and
(cy;—cyy). These were determined as in Ref. 16; B was
determined by fitting the calculated total energy as a
function of the lattice parameter to an equation of state
(in this case, the Murnaghan form!’). The shear elastic
constants were calculated from the total energy as a func-
tion of volume-conserving orthorhombic (for c¢;; —c,)
and monoclinic (for c4,) strains at the equilibrium lattice
parameter. As mentioned, 60 special k points were used
for the equation of state. Meshes with the same densities
were used for the strained lattices, but because of the re-
duced symmetry the actual number of independent k
points was larger, 306 and 256 for the monoclinic and or-
thorhombic strains, respectively. Vopt Was determined,
using the frozen-phonon technique, by calculating the to-
tal energy as a function of a displacement of the C atom
along a cube axis, and extracting the quadratic term. The
same k-point density was used as for the elastic-constant
calculations. Parallel calculations (see below) were per-
formed for VC and for NbC, to provide comparisons and
to check our procedures.

The fixed spin-moment method® was used to determine
whether or not CrC has a ferromagnetic instability. For
this purpose, the total energy was calculated as a function
of the imposed spin moment at the calculated equilibrium
lattice parameter. In these self-consistent calculations, a
Brillouin-zone sampling of 182 special k points in the ir-
reducible wedge was used. Calculations were performed
for moments between zero and 1.5 up per formula unit.

In the RMTA, the muffin-tin components of the
McMillan-Hopfield parameter are given by

NPNFy
NN
(1)

where the 6f are the scattering phase shifts at E for
atom a and angular momentum I. N/"® are the single
scatterer densities of states, as defined in Ref. 9, and N/
are site-dependent projected densities of states, again at
Ep. These parameters are obtained from the calculated
band structure and the self-consistent potential (the
spherical component of the potential is used in RMTA
calculations). The McMillan equation may then be used
to estimate the superconducting transition temperature,
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FIG. 1. Band structure of NaCl-structure
CrC at the calculated equilibrium lattice pa-
rameter of 7.578 a.u. The dashed line denotes
E;.

A=3 |—L— |a, 3
% M(a?) |* R

where the sum on a is over the different atoms in the unit
cell and (»?) and (w) are averages of phonon frequen-
cies. While we do not know the phonon spectrum of
CrC, we can make estimates based on the elastic con-
stants, v, and knowledge of the phonon frequencies in
NbC, which we find to have similarities to CrC (see
below).

III. RESULTS AND DISCUSSION

A. Electronic structure

The band structure of CrC at the LDA equilibrium lat-
tice parameter of 7.578 a.u. is shown in Fig. 1 and the
corresponding projected DOS is shown in Fig. 2. The
projected DOS for VC at its equilibrium lattice parame-
ter, which was obtained from parallel calculations, is
shown in Fig. 3 for comparison purposes. As may be
seen from Fig. 1, the Cs-derived band lies approximately
12 eV below E and is separated from the valence bands
by a minimum of 2 eV (at L). The valence bands, which
extend from approximately 8 eV below Er to 7 eV above
it, consist of strongly hybridized Cr e,-C p and more
weakly hybridized Crt,,-derived bands. The flat bands
near E. are of the latter type. Our calculated DOS is
similar in shape to that of Zhukov and co-workers® but
there are important quantitative differences. Most
significantly, N(Eg) in the present calculation is 27.9
states/Ry, which is approximately twice the value they
obtained. Further, the details of the peak structures and
the relative heights of the peaks in their DOS differ from
the present results. We do not know the reason for these
differences. Although we are not familiar with the details
of their calculations, we note that it seems unlikely that

the combined effects of the slightly different lattice pa-
rameter and the shape approximations in their atomic-
sphere-approximation calculations could fully account
for them.

Comparing the projected DOS of Figs. 2 and 3, it is ap-
parent that the differences between VC and CrC are well
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FIG. 2. Total and projected DOS of CrC at the calculated
equilibrium lattice parameter. The projections are the DOS in
states/(Ry. f.u.) with each state weighted by its integrated
charge inside the corresponding LAPW sphere. The radii of the
spheres are 2.0 a.u. for Cr and 1.7 a.u. for C. The dashed verti-
cal line denotes Er.
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FIG. 3. Total and projected DOS of VC at its calculated
equilibrium lattice parameter (see Fig. 2 caption).

described by rigid band behavior. The peak structure
and character of the bands is preserved. The main
difference, apart from the position on E, is the slightly
narrower pseudogap in the valence bands of CrC. In
both VC and CrC, E occurs on the low-energy side of a
metal ?,,-derived peak in the DOS, although it is much
closer to the peak in CrC. [N(Ep)=14.6 Ry ' for VC is
approximately half that of CrC.] Accordingly, one might
expect the differences between VC and CrC and, for that
matter, along the series TiC-VC-CrC, to be dominated by
the states comprising this peak. The projected DOS (Fig.
2) shows that the contribution to this peak from C-
derived states is very small and, therefore, it cannot be
described as being comprised of Cr d-C p antibonding
states. These lie at higher energies, as evidenced by the
greatly increased C participation in the DOS starting
with the next peak (approximately 1.2 eV higher).

B. Energetics

The elastic constants, v,, and AH r provide informa-
tion regarding the bonding and the effects of occupying
the t,,-derived states near Er. Results for CrC are listed
in Table I, along with values for VC and NbC obtained
from parallel calculations, except for the elastic constants
of NbC, which are from calculations by Chen et al.®
who used a very similar method.

The calculated value of AH, explains the difficulty in
synthesizing CrC. In particular, the fact that AH is pos-
itive means that CrC is not a stable phase. This is in con-
trast to VC and NbC, both of which are predicted by
parallel calculations to be stable phases, in agreement
with experiment. The experimental AH, for NbC from
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TABLE 1. Calculated properties of CrC, VC, and NbC. All
calculations are at the calculated equilibrium lattice parameter
a. v,y is the transverse optic-phonon frequency and AH is the
heat of formation. The numbers in parentheses are experimen-
tal values.

crC vC NbC
a (A) 4.01 4.10 4.45
a (A) (4.03) (4.47°
B (GPa) 333 351 332¢

¢y —cy; (GPa) 581 570 460°
cq4s (GPa) 140 203 140°
Vop (THZ) 15.6 18.2 16.8 (16.6)
AH, (eV/fu) 0.16 —1.06 —1.22

“Reference 2.

°C.P. Kempter, E. K. Storms, and R. J. Fries, J. Chem. Phys.
33, 1873 (1960).

‘LAPW calculations of Ref. 18; experimental values from neu-
tron scattering are quoted in Ref. 20.

thermochemical measurements'® is —1.43 eV/f.u., which
is 0.21 eV/f.u. different from the value we calculate. Al-
though the errors are expected to be somewhat smaller
for CrC (because the bonding of Nb is much stronger
than that of Cr; 7.6 eV/atom versus 4.1 eV/atom)'® we
interpret the difference between the calculated and exper-
imental AH for NbC as an indication of the reliability of
the calculated values for CrC and VC. Thus, we may
conclude that CrC is unstable, with a small positive
enthalpy of formation, thereby explaining the difficulty in
synthesizing it by conventional means, but not contra-
dicting its formation through highly nonequilibrium pro-
cesses, as in the ion-implantation experiment of Ref. 2.

C. Lattice stability, elastic constants,
and optic-phonon frequency

The optic phonon involves motion of the C sublattice
relative to the transition-metal sublattice and thus is
determined by the force constants that couple metal and
C atoms. The dominant contributions?® to these are from
the nearest-neighbor interaction. A weakening of the
metal-C covalent bonds in CrC relative to VC would be
reflected in a reduction in v,,. (Note that the reduced
mass entering the phonon frequency is dominated by the
light C atom so that while mass differences should be
considered in a quantitative analysis, they can be ignored
in qualitative statements such as the preceding). Con-
versely, evidence that these bonds are not weakened in
CrC would be provided if v, for the two materials were
essentially the same. An examination of Table I reveals
that the v, for CrC is reduced by 14% relative to VC (a
change in the effective force constant of 27%), and is 7%
lower than v,, for NbC. We note that the calculated
Vopt=16.8 Thz of NbC is in very good agreement with
the experimental value®' of 16.6 THz. These results im-
ply some weakening of the metal-carbon bonds in CrC,
although they remain quite strong.

Unlike Vopts the elastic constants contain information
not only about the transition-metal—-C bonding, but also
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about the f,,-mediated direct bonding between the
transition-metal atoms. Weber,? by fitting phonon spec-
tra to a sophisticated model, has shown that the force
constants arising from these interactions, although less
important than the metal-C interactions, are substantial
in the transition-metal carbides. As may be noted from
Table I, the calculated elastic constants for CrC are quite
high, and the elastic-stability criteria are well satisfied.
This, and the stable optic phonon, lead to the prediction
that CrC is a true metastable phase, supporting the mea-
surements of Ref. 2 Moreover, the calculated lattice pa-
rameter @ =4.01 A is in excellent agreement with that re-
ported in Ref. 2 (4.03 A), lending additional support to
the identification of the phase as NaCl-structure CrC.

We obtain a bulk modulus for CrC that is 5% smaller
than that of VC. This is in contrast to the result of
Zhukov et al.’ but is in agreement with the expectation
of weaker bonding in CrC. We note that experimental
elastic constants are available for near-stoichiometric
NbC,?%?! and these are in very good agreement with the
calculations of Chen et al.,'® which are very similar to
those presented here. (Our value for the bulk modulus of
NbC is 326 GPa, essentially identical to that of Ref. 18).

The shear moduli of CrC, like the bulk modulus, are
generally lower than the corresponding moduli in VC.
We find that c4,, which involves shearing the metal-C
bonds, is approximately 30% lower in CrC than in VC;
(cqy—cy3), which involves stretching (and compression)
of metal-C bonds with a combination of bending and
stretching of metal-metal bonds,?? is slightly higher in
CrC. Taking the different lattice parameters of VC and
CrC into account, this means that the effective force-
constant determining c,, is approximately 34% lower in
CrC than in VC, that determining B is 9% lower, and
that determining (¢, —c;,) is only 2% lower.

The reduced value of ¢4 in CrC is consistent with the
reduction in v,,. This supports our earlier conclusion
that the metal-C bonds are somewhat weaker in CrC than
in VC. We emphasize, however, that the states being oc-
cupied in going from VC to CrC are not the metal-C anti-
bonding states, and occupation of antibonding states is
not behind this weakening. Rather, occupation of the
bonding states below the pseudogap in CrC yields an in-
trinsically weaker bond than occupation of the corre-
sponding states in VC. The fact that B decreases more
rapidly than (c¢;; —c,,) suggests a small strengthening of
the metal-metal bonds in going from VC to CrC, al-
though we are unable to make this a quantitative state-
ment. (Determining the parameters of a force-constant
model such as that of Weber?® requires more information
than v, and the elastic constants.) We note that both
the elastic constants and v, of CrC are closer to those of
NbC than to VC, and we will use this in our estimates of
superconductivity.

D. Magnetism

It is often the case that an elevated N (E) is associated
with magnetic instabilities. As mentioned, we investigat-
ed whether CrC has a stable or metastable ferromagnetic
state using the fixed spin-moment procedure.® In this ap-
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proach the total energy is calculated as a function of the
total spin moment of the unit cell. Calculations for CrC
were performed for several spin moments up to 1.5 up at
the equilibrium lattice parameter. The induced moments
were found to be entirely on the Cr sites, with a small op-
posite polarization amounting to approximately —5% of
the total moment within the C spheres. As shown in Fig.
4, the total energy increases monotonically as a function
of the moment and, in particular, there is no evidence of
a magnetic solution. The curvature of the energy-
versus-moment curve is the spin susceptibility Y. Ex-
tracting the quadratic term from a fit of the calculated
energies to fourth-order even polynomial, we obtain
x=4.0X10'® emu/g for CrC.

E. Superconductivity

Since we do not find a magnetic ground state for CrC,
it is reasonable to ask whether CrC is a superconductor,
as are some related carbides and nitrides. We investigate
this issue by performing RMTA calculations of the
McMillan-Hopfield parameters, using Egs. (1)-(3). The
resultmg couplings are 7., =7.5 eV/A? and nc=0.5
eV/A Corresponding values for VC are 5.05 and 1.99
eV/A respectively.”> The low value for 7. arises from
the low C participation in N (E) in CrC (see Fig. 2).
mentioned, the optic-phonon frequency and elastic con-
stants of CrC are similar to those of NbC, implying simi-
lar force constants. Thus, as a crude approximation, we
may use the known phonon spectrum of NbC to assess
the prospect of superconductivity in CrC. Compared to
NbC, the optic phonons in CrC are 7% lower (see above),
and the acoustic phonons near I'" are approximately 15%
higher (based on the density ratio and the elastic con-

40
CrC
301

=
[a 4
€ 201
o

101

0 05 1.0 ' 1.5
m (/le)

FIG. 4. Total energy as a function of the constrained spin
moment m (). The solid curve is a spline interpolation of the
calculated energies.
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stants). Taking into account the larger Brillouin zone in
CrC, we thus estimate that the average acoustic-phonon
frequency is 25% higher in CrC than in NbC and that
the average optic frequency is 7% lower. Using these
crude estimates, and the known properties of NbC, we
can obtain the electron-phonon coupling, A=0.6, and a
transition temperature in the range 5-10 K.

IV. CONCLUSIONS

Full-potential LDA-based calculations have been per-
formed to elucidate properties of CrC. The electronic
structure, magnetic stability, elastic constants, zone-
center optic-phonon frequency, enthalpy of formation,
and electron-phonon coupling have been calculated. The
electronic structure is well described by rigid band behav-
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ior based on VC. Unlike VC or NbC, the enthalpy of for-
mation of CrC is positive (although small), implying that
CrC is not a thermodynamically stable phase. However,
the elastic constants and optic phonon are stable, indicat-
ing that NaCl-structure CrC is a true metastable phase.
RMTA calculations of the electron phonon coupling pre-
dict that CrC is a superconductor with a transition tem-
perature of 5-10 K.
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