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The development of novel transition metal carbides for improved hard coating technologies requires a
detailed understanding of the factors influencing their stability and mechanical performance. To this end,
we carried out first principles calculations based on density functional theory to tabulate the electronic
structures, formation energies, and phonon dispersion curves of 3d transition metal carbides adopting
zincblende, rocksalt, and cesium chloride structures. By analyzing the corresponding results, we outline a
theoretical framework that describes how valence electron concentration and bonding configuration con-
trol the stability of these compounds. Many early transition metal carbides are predicted to be stable in the
rocksalt and zincblende structures, enabled by filled bonding states, whereas the cesium chloride structure
shows persistent instability. For compounds that are predicted to be stable, mechanical properties were
investigated through calculation of elastic tensors, from which observable properties including Vicker's
hardness and ductility were derived. A robust mechanical performance is shown to be correlated with
complete filling of bonding orbitals as illustrated for rocksalt TiC and VC, which have calculated hardnesses
of 25.66 and 22.63 GPa respectively. However, enhanced ductility and toughness can be achieved by al-
lowing partial occupation of the antibonding states as in CrC, which has a relatively low Pugh’s ratio of 0.51.

Received 25 April 2021

Received in revised form 23 August 2021
Accepted 2 September 2021

Available online 10 September 2021

Keywords:

Coating materials
Crystal structure
Electronic properties
Phonons

Computer simulations
Mechanical properties

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

Many transition metal carbides (TMCs), nitrides, and carboni-
trides are known to display a wide range of remarkable physical and
chemical properties [1-15]. These include but are not limited to
exceptional hardness and wear resistance, robust stability at high
operating temperatures, and high thermal conductivity [4]. More-
over, TMCs have been the subject of intense research interest in the
fields of catalysis and surface science [16]. Detailed reviews of pre-
vious work on well-studied TMCs and their alloys can be found in
Refs. [4-23]. Owing to their versatile properties, several TMCs have
been considered for industrial applications involving hard coatings
[24,25], refractory materials, conducting barriers, energy storage
devices [26,27], catalytic agents [28], and potentially even high-
temperature superconductors [29]. Depending on the application in
focus, many previous studies have aimed to study the electronic
structure and its influence on the bonding characteristics of the
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TMCs [9,19,30]. Because the underlying electronic structure may be
tuned using both structure and composition, it is possible to fine-
tune the materials by design. However, this requires a detailed un-
derstanding of the correlation between atomic-level electronic in-
teractions and macroscopic properties. We therefore aim to build
upon previous work [31,32] to illustrate a clear framework de-
scribing the factors influencing the stability and mechanical per-
formance of TMCs.

Numerous studies have been conducted on TMCs using both
experimental [33-36] and theoretical techniques, primarily focusing
on the rocksalt structure which is most commonly adopted by these
compounds [37-54]. With respect to their mechanical properties,
Balasubramanian et al. [31] identified the valence electron con-
centration as a dominant factor controlling hardness and ductility
across many rocksalt TMCs based on orbital filling. Using similar
arguments, Haglund et al. [11] found that the cohesive energy in 3d
TMCs is correlated with the filling of bonding and antibonding or-
bitals, with TiC showing the most exothermic cohesive energy of all
compounds considered. Moving toward TMCs with higher group
numbers, Singh et al. [42] reported that instability arises as metal-
carbon bonds become weakened upon the increased filling of the
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antibonding orbitals, e.g., in CrC. This effect becomes more pro-
nounced when dealing with the intermediate and late TMCs (FeC,
CoC, and NiC), where previously reported mechanical properties
imply relatively weak bonding [45].

While there has been extensive work done involving TMCs, a
detailed and systematic investigation of 3d TMCs has not yet been
reported across three unique cubic structures: rocksalt (RS), zinc-
blende (ZB), and cesium chloride (CsCl). Here, we address this
shortcoming by presenting the results of first principles calculations
based on density functional theory. We specifically choose to focus
on the electronic structures, formation energies, and phonon dis-
persion curves calculated for all ten 3d TMCs. We restrict our main
analysis to cubic structures as those are suspected to balance good
hardness and ductility, whereas materials with a hexagonal (wurt-
zite) structure tend to be brittle owing to a lack of slip planes [55,56].
Our calculated results comprise a theoretical guide that may be used
to understand how valence electron concentration and bonding
configuration each play a role in the stability of these compounds. In
addition, we have also studied the mechanical properties of com-
pounds that are predicted to be stable using calculated elastic ten-
sors. Derived properties are then considered to reveal insight into
the performance of the TMCs for hard coating applications.

In summary, we present results that imply the stability of seven
TMCs in the ZB structure and five in the RS structure, whereas a
persistent instability is observed in the CsCl configuration owing to
its dense eight-fold coordination. As for the instabilities that arise
through intermediate TMCs in the RS structure, metallic dimers are
predicted to form as a direct result of strong d-d orbital overlap. This
occurs due to an increased valence electron concentration, as well as
a decrease in the metal—carbon bond strengths. In contrast, in-
stabilities in the ZB structure are attributed to Jahn-Teller distortions
[57-59] mediated by degenerate d orbital configurations in the
tetrahedral ligand field. For the stable compounds, an increasing
valence electron concentration leads to higher values of Cy; and Cy5,
which in turn raises the bulk moduli across intermediate TMCs. In
comparing RS versus ZB structures, the former is found to lead to
higher shear resistance (and therefore much higher hardness) given
that its bonding configuration enforces strong d-p orbital hy-
bridization. From these results, we conclude that early TMCs
adopting the RS structure are preferred for hard coating applications,
confirming previous findings and removing the need for further
investigation regarding alternative structures and compositions for
this purpose. Among these compounds, a tradeoff is illustrated be-
tween hardness and ductility, which are predicted to be optimal in
TiC and CrC respectively.

2. Computational methods

All density functional theory (DFT) calculations were carried out
using the Vienna Ab initio Simulation package (VASP) [60-63]. The
projector augmented wave (PAW) [64| method was utilized with
exchange-correlation interactions treated by the generalized gra-
dient approximation (GGA) in the Perdew-Burke-Ernzerhof (PBE)
formalism [65]. For the early 3d transition metals Sc, Ti, and V, semi-
core s and p electrons were included as valence states, whereas only
semi-core p electrons were included for Cr and Mn. Only outer-core
electrons were explicitly considered in the late transition metals Fe,
Co, Ni, Cu, and Zn. A plane-wave basis set was constructed using a
kinetic energy cutoff of 520 eV. I'-centered grids of 4000 k-points
per reciprocal atom (KPPRA) were employed for all calculations in
the Brillouin zone [66,67]. Electron minimizations, for which Gaus-
sian smearing of width 0.05 eV was used, were performed with a
convergence criterion of 107 eV/atom as in previous work [68-70].
Spin-polarization was taken into account for all compounds. Four
possible magnetic configurations were tested with respect to the
transition metal ions: (i) non-magnetic ordering with each moment
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set to zero, (ii) ferromagnetic ordering with all moments aligned
parallel, (iii) antiferromagnetic ordering with moments alternating
along the [001] direction, and (iv) antiferromagnetic ordering with
moments alternating along the [111] direction. For all compounds
studied in this work, a non-magnetic or ferromagnetic configuration
was identified to be the lowest-energy state — these ground states
were used throughout the remainder of the calculations. Ionic re-
laxations were performed using a conjugate-gradient algorithm with
a force constant criterion of 0.01 eV/A as described in earlier works
[71]. To precisely determine equilibrium lattice constants and bulk
moduli, energies were computed for each compound at six volumes
about the approximate energetic minima; these values were then fit
to a Birch-Murnaghan equation of state [72,73].

To study the stability of each compound, we consider two key
aspects: dynamics and energetics. Understanding the dynamical
behavior of the structure is necessary to determine whether it is
stable against perturbations; these include changes to the unit cell
dimensions (strain), as well as collective atomic displacements (vi-
brational modes). To gain insight into the former, we calculated the
independent elastic constants corresponding to the cubic crystal
system (Cyq, Cq2, and C44) by computing the energy of the unit cell
under varied sets of strain and fitting the resulting values to a
quadratic stress-strain relationship, as is described in detail
throughout previous work [74-76]. From the elastic constants, sta-
bility against cell strain was determined using the Born cri-
teria [77,78]:

Gi1— G2>0, Gi+ 2G > 0, and Cy4 > O, (1)

As for the effects of vibrational modes, we computed phonon
dispersion curves along high-symmetry paths in the Brillouin zone.
This was done by calculating the Hessian matrices for 5 x5 x 5
supercells using density functional perturbation theory (DFPT) [79]
as implemented in VASP, with post-processing conducted via the
PHONOPY [80] software. Compounds are deemed dynamically stable
if all phonon frequencies are real, which implies that all atoms oc-
cupy positions corresponding to local energy minima. Should this
condition hold, the next question is whether they are stable with
respect to decomposition into competing phases, i.e., does the
compound represent the energetic ground state. Here, we calculate
the formation energy per atom of each binary carbide with respect
to its constituent elemental ground states using the following
equation:

AEs = Epc — §M—Ec 2

Accordingly, compounds with AEr < O are energetically prefer-
able to the competing elemental phases, whereas compounds with
AEr > 0 are energetically unstable. However, we note that such
compounds may still be metastable assuming kinetic barriers are
significant. The ground state structures of metal and carbon were
used from Ref. [81].

To study the mechanical properties of the TMCs, we used the
calculated elastic constants to obtain the bulk modulus (B), Cauchy
pressure (P.), shear modulus under the Voigt (Gy) and Reuss ap-
proximations (Gg) as well as Hill’s arithmetic mean (G), Pugh’s ratio
(x), Poisson’s ratio (v), and Young’s modulus (Y) using the following
equations:

B = (Gi+2Gy)/3 3)
F=G;—Cau (4)
Gv = [(G1- G2) + 3Cu]/5 (5)
Gr = [5(G1 - G2)Cas]/(4Cas + 3G1 - 3G2) (6)
G = (Gy + Gp)2 (7)
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x = G/B (8)
v =(3-21)/[2(3 + x)] (9)
Y =9G/(3 +«x) (10)

The Vickers hardness (Hy) was calculated using the following
relation by Tian et al. [82]:

Hy = 0.9241-137G0.708 (‘1])

The Debye temperature (0p) was also calculated via the following
relations:

1
= M 3N P
?= ks[%(Mp)” r (12)
=1
v |[2[2 .1 ’
T3 '
1 1
(6)2 (33+4C)2
v= |=|, vi= |/
o 3p (13)

where h is Planck’s constant, kg is Boltzmann’s constant, N, is
Avogadro’s number, p is the mass density, M is the molecular weight
of the primitive cell, and n is the number of atoms in the cell for
which M is calculated. v,, v;, and v, are the transverse, longitudinal,
and mean speeds of sound respectively.

To relate the macroscopic properties of TMCs to their underlying
electronic structure, we calculated the density of states for each
compound using the tetrahedron method with Blochl corrections
[83]. Densities were further separated into elemental and orbital
components to highlight the effects of the ligand field present in
each structure. The ionic characters of individual bonds were re-
vealed using metal-to-carbon charge transfer calculated within Ba-
der’s division scheme [84-86], which partitions real space to
quantitatively attribute charge to each atom. On the other hand,
covalent interactions were studied using Crystal Orbital Hamiltonian
Populations (COHP) calculations performed with the LOBSTER
package [87-91], which separates electronic occupancies into
bonding and antibonding states.

3. Results and discussion
3.1. Structure and stability

The calculated volumes (per formula unit) of the 3d transitional
metal carbides (TMCs) in the ZB, RS, and CsCl structures are listed in
Table 1, showing excellent agreement with previously reported
[92-94] data where available. Analyzing trends in volume with re-
spect to structure, we observe an inverse correlation between the
volume and the coordination number of the underlying atomic ar-
rangement. Namely, Vzg > Vs> Vcscy OwWing to their respective co-
ordination numbers of four, six, and eight. As for the effect of
chemistry, there exists a nearly parabolic relationship between the
volume and group number in all structures. This trend is directly
related to the size of the metal element, which decreases from the
early to intermediate TMs, then increases from intermediate to late
TMs. As displayed in Fig. S1 of the Supplementary Material, subtle
deviations from the parabolic relationship can be attributed to var-
iations in the degree of bonding covalency versus ionicity [95]. Those
elements with a large number of unpaired d electrons (e.g., Mn and
Fe) tend to exhibit bond lengths representative of their covalent radii
[95], whereas those with fewer unpaired electrons more clearly
adopt highly ionic bonds.

Calculated lattice parameters and elastic constants are listed in
Table S1 and S2 of the Supplemental Material respectively, and are in
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good agreement with available experimental [96-99]| and calculated
[100] values. The calculated elastic constants are used to determine
whether each compound is mechanically stable, i.e., if they satisfy
the Born criteria [77,78] and are therefore able to withstand strain
without undergoing a phase transformation. We find twenty total
compounds to be mechanically stable; these include eight ZB, ten RS,
and two CsCl structures. Interestingly, there appears to be a clear
difference in the origin of mechanical instability in the ZB and CsCl
configurations - the former exhibits a lower value of Cy; than Cy,
whereas the latter exhibits a negative value of C44. This suggests that
the ZB structures are prone to instabilities arising from normal
(uniaxial) strain, whereas CsCl structures are more likely to trans-
form via shear strain. This agrees with expectations based on the
connectivity of each structure - the ZB arrangement favors strong
directional and shear-resistant bonding but is less robust against
uniaxial compression owing to its low atomic density. In contrast,
the CsCl structure is amenable to isotropic bonding, which is much
more susceptible to shearing instabilities, while its high density is
more resistant to normal strain. An intermediate situation is found
in RS, which is commonly adopted by compounds formed via strong
covalent (directional) and ionic (isotropic) bonding, including tita-
nium carbides and nitrides which are known to be exceptionally
resistant to deformation. As a result of these hybrid bonding char-
acteristics, all ten 3d TMCs are mechanically stable in the RS
structure.

To further investigate stability, we calculated the phonon dis-
persion curves of all 3d TMCs. As summarized in Table 1, we identify
seven compounds as dynamically stable in the ZB structure, five in
the RS structure, and zero in the CsCl structure. The presence of
imaginary frequencies, as shown in Fig. S2 of the Supplementary
Material, shows the dynamical instability of all the carbides in CsCl
structure. The persistent instability of TMCs in the densely packed
CsCl structure arises from its 8-fold coordination, which is deleter-
ious to covalently bound systems such as the carbides studied here.
The CsCl structure, with an 8-fold coordination, is commonly
adopted by ionic systems as it maximizes (minimizes) the electro-
static attraction (distance) between cations and anions with a radius
mismatch ratio near 0.64, according to Pauling’s rules. In addition,
an 8-fold coordination with square antiprismatic geometry would
require sp>d* hybridization, which is rare owing to its high energy
cost [101,102]. Indeed, previous works have demonstrated that TMCs
may adopt the CsCl structure only at exceptionally high pressures,
coupled with a transition to metallic bonding [103,104]. As we aim to
focus only on materials which may be useful under ambient condi-
tions, we exclude the CsCl structure from consideration for the re-
mainder of this work. With respect to the RS and ZB structures, our
calculations confirm the stability of the previously reported TMCs
based on the early transition metals (e.g., ScC, TiC, VC, and CrC)
[100]. Purely predictive findings are proposed for the intermediate
and late TMCs.

To uncover the origin of instability throughout intermediate
TMCs in the RS and ZB structures, we identify any regions of the
Brillouin zone in which phonon modes exhibit imaginary fre-
quencies. Intermediate TMCs in the RS structure are found to exhibit

instabilities surrounding the L point, with ¥ = 27”(0.5, 0.5, 0.5). As
illustrated for MnC in Fig. 1, the associated phonon mode yields an
off-center displacement of the central transition metal atom toward
an edge of the octahedral complex, therefore shortening the 2nd
nearest-neighbor metal-metal bond. Specifically, the energy of the
system is minimized when the separation between adjacent metal
atoms is equal to 2.605 A, reflecting the formation of Mn** dimers
[105]. From an orbital occupation perspective, this effect can be re-
lated to the nominal d' configuration which Mn adopts owing to the
tetravalent state of the carbides. Each metal ion contributes one
electron to the metal-metal bond, therefore forming an energetically
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Table 1
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Calculated volumes (V), normalized per formula unit (f.u.), for all 3d transition metal carbides (TMCs) in the zincblende, rocksalt, and cesium chloride structures. Previously
computed data, where available, are given for comparison. The mechanical and dynamical stability of each compound are also presented. “MS/MU” correspond to the me-
chanically stable/unstable according to the Born criteria and “DS/DU” correspond to the dynamically stable/unstable as indicated by fully real-valued phonon mode frequencies.

Compound Zincblende Rocksalt Cesium chloride
V (A3/fu.) Stability V (A3[fu.) Stability V (A3[fu.) Stability

ScC 32.78 MU, DU 25.71 MS, DS 23.81 MU, DU
25.72"

TiC 26.50 MS, DS 20.40 MS, DS 19.97 MU, DU
20.37"

vC 23.04 MS, DS 18.08 MS, DS 17.51 MU, DU
18.03"

CrC 21.14 MS, DS 16.91 MS, DS 16.12 MS, DU
16.96""

MnC 20.06 MS, DS 16.31 MS, DU 15.33 MS, DU

FeC 19.27 MS, DS 15.95 MS, DU 15.00 MU, DU

CoC 19.50 MS, DS 16.14 MS, DU 15.48 MU, DU

NiC 20.60 MS, DU 16.82"+ MS, DU 16.35 MU, DU
16.95

CuC 22.72 MU, DU 18.95 MS, DU 18.44 MU, DU

ZnC 25.72 MS, DS 2131 MS, DS 21.06 MU, DU

2 Ref. [92].

b Ref. [94].
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Fig. 1. Illustration of the energy landscapes, modulated along instabilities at high-
symmetry points according to phonon dispersion calculations, for NiC (top) and MnC
(bottom) in the zincblende and rocksalt structures respectively. Insets show local
bonding configurations (tetrahedra and octahedra) before and after application of
distortions. For the latter, bond lengths and angles corresponding to a minimum in
energy are listed.

preferred singlet state. Based on our calculated maps of the electron
localization function (i.e., ELF maps displayed in Fig. S9 of the
Supplementary Material), the metal-metal interactions are mostly
metallic in nature as electrons are delocalized between adjacent
metal atoms with low ELF values (< 0.5) [106]. The effects of metallic
dimerization are further illustrated by the projected electronic
density of states displayed in Fig. 2. While the early TMCs exhibit
complete occupation of the hybridized p-e, orbitals and little to no
occupation of the higher-energy p-t ¢ orbitals, the latter frontiers
display increasing occupation as the electron count is raised
throughout the intermediate TMCs, including MnC and NiC. Since
the apices of the t,, orbitals lie directly between metal-carbon bonds
within the octahedral coordination, they show some degree of
overlap between the 2nd-nearest neighbor metal atoms. As a result,
the initially non-bonding electrons occupying the t,g orbitals begin
to interact with one another, encouraging the formation of metal
dimers. Moreover, the distortions associated with dimerization face
only weak resistance from the exceedingly weak metal-carbon
bonds found in the intermediate TMCs, as will be discussed in
Section 3.2. These combined effects of increased metal-metal inter-
actions and decreased metal-carbon strengths yield the dynamic
instabilities found in the RS configurations of MnC, FeC, CoC, NiC,
and CuC.

For compounds adopting the ZB structure, the origin of instability
can be divided into two major categories: those occurring in ScC, an
early TMC, and those occurring in the intermediate-to-late TMCs of
Ni and Cu. The former case of ScC is characterized solely by elastic
instabilities, as demonstrated by the aforementioned low value of
Cy; and equivalently the soft acoustic phonons surrounding the T
zone-center shown in Fig. S3 of the Supplementary Material. In
addition to the effects of connectivity and density discussed earlier
in this Section, the instability of ScC can also be attributed to its
unsaturated metal-carbon bonds, given that Sc may only contribute
three valence electrons per atom. In contrast to the CsCl and RS
structures, wherein respective metallic and ionic interactions may
play a significant role, the ZB configuration relies heavily on covalent
bonding. These bonds are insufficiently supported by the partially
occupied orbitals in ScC, and therefore its structure is unstable with
respect to cell distortions. In contrast, there is an excess of valence
electrons available to participate in covalent bonding for both NiC
and CuC, with nominal configurations of d® and d’ respectively.
Further distinguishing from ScC, these intermediate TMCs are prone
to dynamic instabilities associated with imaginary phonon
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Fig. 2. Projected density of states (PDOS) and Crystal Orbital Hamiltonian Populations (COHP) of four unique TMCs spanning the 3d row. Compounds considered in the zincblende
and rocksalt [113] structures are presented in the top and bottom panels respectively. For the PDOS, 3d densities are separated into t,, and e; components to illustrate the effects
of crystal field splitting. In the COHP curves, covalent interactions among metal-carbon (M—C), metal-metal (M—M), and carbon-carbon (C—C) bonding pairs are shown. Positive
and negative values of COHP represent bonding and antibonding respectively. For all plots, the Fermi energy is set to 0 eV.

frequencies surrounding the K and W points of the Brillouin zone,

with coordinates of k = 22(0.75, 0.75, 0.0) and k = 2:(0.5, 1.0, 0.0)
respectively. By following the corresponding atomic displacements,
we identify an off-center displacement of the central metal atom
parallel and away from the direction of one of the coordinated
carbon atoms, essentially flattening the tetrahedral complex. This
effect, illustrated for NiC in Fig. 1, leads to a decrease in energy of
10 meV when the nickel atom is displaced by about 0.03 A. The
distortions found in NiC and CuC are suggestive of a Jahn-Teller in-
stability [57-59]. In the tetrahedral ligand field of the ZB structure,
the 3d orbitals are split into two low-energy e orbitals and three
high-energy t, orbitals. When t, orbitals become sufficiently occu-
pied, as in the d® configuration of NiC, there are three degenerate
electron configurations possible. By Jahn-Teller distorting (i.e., by
displacing the central atom and lowering the symmetry of the tet-
rahedral ligand field), a lower-energy configuration is adopted. This

is further supported by the projected electron density of states,
shown for NiC in Fig. 2, which display partially occupied, non-
bonding t, orbitals near the Fermi level. These states are initially
degenerate and high-energy in the ideal tetrahedral coordination.
However, as the orbitals are only partially filled by the d® config-
uration of NiC, the total energy of the system can be decreased via
the aforementioned displacement of the central metal atom, which
serves to enhance hybridization between the t, and p orbitals of the
three nearest carbon atoms. Accordingly, both NiC and CuC are un-
stable in the ZB structure, whereas earlier TMCs may retain their
ideal tetrahedral geometries owing to their decreased electron count
serving to mitigate the incentive for Jahn-Teller [59,107] distortions.

Lastly, we study the thermodynamic stability of the TMCs in each
structure by calculating the formation energy with respect to the
constituent elements in their ground states, with results displayed in
Fig. 3. Agreeing with their previously discussed dynamic instability
in the earlier paragraph, all compounds adopting the CsCl structure
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Symbols represent calculated values, whereas the lines represent interpolations
plotted to highlight general trends. (a): Experimental formation energies are from
Ref. [40].

are highly unstable with respect to decomposition, as signified by
large, positive formation energies. In contrast, compounds in the RS
and ZB structures generally exhibit much lower formation energies
than those in the CsCl structure. Between these two configurations,
RS is preferred for earlier TMCs owing to the substantial ionic
character of their bonds, whereas ZB becomes energetically favor-
able for intermediate to late TMCs for which covalent interactions
play a greater role. We emphasize that the vast majority of TMCs,
regardless of structure, are thermodynamically unstable - agreeing
with previous reports in the literature suggesting the difficulty to
synthesize a variety of crystalline, stoichiometric carbides con-
taining elements beyond Ti and Cr [40,46]. Indeed, the calculated
stability and experimental synthesizability of TMCs are both re-
stricted to the early transition metals. ScC, TiC, and VC are thermo-
dynamically stable and experimentally synthesizable [108-110].
Although CrC is thermodynamically unstable, its formation energy is
relatively low, and it can be accessed using low-temperature
synthesis techniques [111].

Trends in formation energy across the period can be directly
correlated with the effects d orbital filling, which influence the oc-
cupation of bonding and anti-bonding states. To more clearly illus-
trate this effect, we analyze the COHP curves displayed in Fig. 2
wherein positive values (above the y-axis) and negative values
(below the y-axis) represent bonding and anti-bonding interactions
respectively. First, ScC is shown to contain only partially filled
bonding states resulting from the inability of Sc (sd!) to contribute
four electrons to its metal-carbon bonds. Despite this shortcoming,
its high ionicity yields negative formation energies in the RS and ZB
structures. Next, the increase in electron count allows all metal-
carbon bonds to saturate as reflected by completely filled bonding
states in the COHP curves. For this reason, TiC displays the lowest
negative formation energy out of all TMCs studied here. From TiC on
to the intermediate and late TMCs, the increasing electron count
causes the antibonding states to become partially filled. These un-
favorable interactions, mediated by electron repulsion, cause the
formation energies to continuously increase moving from left to
right across the period.

Subtle deviations from the monotonic trend in formation energy
described above are observed in TMCs where magnetic ordering
plays a significant role. Both MnC and FeC adopt a ferromagnetic
ground state caused by a Stoner instability [112] in which the intra-
atomic exchange and electronic occupation at the Fermi level
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become sufficiently strong such that ferromagnetic ordering is pre-
ferred. The ferromagnetic rearrangement of electrons allows the
majority-spin M-M bonding states to become fully occupied (fall
below the Fermi level), while the minority-spin M-M antibonding
states become unoccupied (rise above the Fermi level). This is illu-
strated by our spin-polarized COHP plots provided in Fig. S8 of the
Supplementary Material. A more in-depth analysis of ferromagnetic
instabilities in RS TMCs can be found in our previous work [113].

Lastly, ZnC acts independently owing to its filled, nonbonding d
shell, resulting in a slightly lower formation energy than the car-
bides of nearby metals. Because Zn has no unpaired electrons, it is
more electropositive than nearby metals - e.g., Zn has an electro-
negativity of 1.66, whereas Cu has an electronegativity of 1.75 [114].
Therefore, the ionic contribution to the metal-carbon bonding is
greater in ZnC than in TMCs with a comparable (lower) atomic
number. Despite this difference, ZnC remains highly thermo-
dynamically unstable, with an energy of 1.64 eV/atom above the
convex hull formed by Zn and C.

As mentioned previously, we chose to focus on cubic structures
as they are suspected to have promising mechanical properties.
However, for the sake of completeness in our analysis, we also tested
all ten TMCs in the hexagonal (wurtzite) structure, with the corre-
sponding formation energies listed in Table S6 of the Supplementary
Material. The results indicate the a hexagonal structure is preferred
only for CrC and MnC. However, these still remain unstable with
respect to decomposition into elemental ground states. We note that
while most of the intermediate and late TMCs are thermo-
dynamically unstable, many of those identified as dynamically stable
may still be synthesizable using chimie douce techniques, which are
commonly employed to access metastable states.

3.2. Bonding and mechanical properties

To study the mechanical properties, we look to the calculated
elastic constants displayed in Fig. 4 and provide an explanation of
any trends throughout the TMCs by analyzing their electronic
structure. From the elastic constants, derived quantities including
bulk moduli, shear moduli, Vicker’s hardness, Cauchy’s pressure,
Poisson’s ration and Pugh’s ratio are listed in Table S2 of the
Supplementary Material, and are in good agreement with available
experimental [115,116] and calculated [33] values. The derived
quantities such as bulk moduli, shear moduli, and Vicker’s hardness
are displayed in Fig. 5 to gain insight into directly observable
properties. For both the ZB and RS structures, we find that increasing
valence electron concentrations leads to higher values of Cy; and Cq;
throughout many of the stable TMCs. These changes raise the bulk
moduli across the intermediate TMCs, with maxima occurring at FeC
and CrC in ZB and RS respectively, corresponding to calculated bulk
moduli of 252.9 GPa and 326.4 GPa.

The observed correlation between bulk modulus and group
number can be attributed to three effects. First, the introduction of
additional valence electrons (beyond a configuration of d® in TiC)
mediates increased filling of the antibonding states. In this respect,
the PDOS plots in Fig. 2 illustrate that the Fermi level monotonically
increases moving left to right across the periodic table, leading to
enhanced occupation of the high-lying t, and e, states in the ZB and
RS structures respectively. From the COHP curves, these states are
confirmed to be strongly antibonding in nature. Consequently, a
higher occupation of the antibonding orbitals ensures that the
structures are more resistant to compression given that such de-
formation will decrease the metal-carbon bond lengths and there-
fore raise the energy of the antibonding levels [117,118]. The
changing occupation of the antibonding orbitals are quantified by
integrating COHP curves below the Fermi level, yielding ipCOHP
values whereby larger (more positive) values signify enhanced
bonding and decreased antibonding. As shown in Table S7 in
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Supplemental Material, a maximum ipCOHP is achieved for TiC in
both structures (2.23 eV and 1.55eV for ZB and RS, respectively),
whereas ipCOHP decreases across the later TMCs as the covalent
interaction strength weakens. Second, the amount of electronic
charge transferred between the metal and the carbon ions varies
with the electronegativity of the TM. These changes, quantified by
our Bader charge transfer values listed in Table S4 of the Supple-
mental Material, show that less charge is transferred between the

ions in the late TMCs. Those TMCs with lower charge transfer tend to
have higher bulk moduli as their attractive electrostatic force is
decreased - hence, compression is favored less. Third, intermediate
TMCs adopt structures with higher atomic densities owing to their
short ionic radii. The increased strength of electrostatic repulsions
acting across shorter distances encourages a more robust resistance
to compression and therefore higher bulk moduli. In contrast, both
electronic and steric effects lead to lower values of C{; and C;, in the
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(RS) and zincblende structure (ZB). Symbols represent calculated values, whereas the lines represent interpolations plotted to highlight general trends.
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late TMCs. ZnC, for example, has a filled d shell in which many of its
valence electrons occupy non-bonding states as confirmed by the
COHP curves shown in Fig. 2. The corresponding orbitals respond
weakly to compression, thus contributing little to the mechanical
properties. Moreover, the atomic density of ZnC is relatively low,
further reducing its bulk modulus.

There appears to be a more subtle relationship between C44 and
group number across the TMCs that correlate quite closely with the
calculated formation energies. Initially, C44 exhibits a large increase
from ScC to TiC owing to a complete filling of the bonding orbitals as
shown in the PDOS and COHP curves. For RS-structured compounds
beyond TiC, a clear monotonic decrease in C44 is observed with in-
creasing group number due to enhanced filling of the antibonding
orbitals. Electrons occupying these states favor shearing as it reduces
overlap between o orbitals mediating nearest-neighbor bonds in the
RS structure, thereby lowering the energy of the antibonding levels.
Moreover, an increased electron count favors shearing as it enhances
d orbital overlap between TM neighbors, thereby enabling metal
dimer formation as discussed in the previous section. This further
contributes to low values of C44 in the intermediate-late TMCs.
Interestingly, changes in C44 are somewhat different for TMCs
adopting the ZB structure. In this case, C44 displays a minimum for
CrC before increasing back to relatively high values across the in-
termediate TMCs with a maximum at FeC. Then, a return back to low
Cy44 is shown for the late TMCs such as ZnC. We propose that mag-
netic ordering likely plays a large role in lowering the occupation of
antibonding states in the intermediate TMCs, as the splitting of
majority- and minority-spin states reduces Pauli repulsion between
like electrons. Similar trends may indeed be observed throughout
compounds in the RS structure. However, most intermediate TMCs
are not stable in this structure and therefore cannot be reliably
considered.

To further investigate the effect of structure on the resulting
mechanical properties, we directly compare the elastic constants
calculated for each compound adopting RS and ZB structures. Fig. 4
shows that Cy; and Cy44 are consistently larger in the RS structure, Cq;
is more dominant in ZB. These differences arise from the underlying
bonding configurations of each structure, as the direct o overlap
between metal d and carbon p orbitals in the RS structure ensure is
highly resistant to uniaxial compression (C;;) and shearing (Cyq4).
However, this same configuration is relatively dense and displays
weaker resistance to transverse strain (Cq3). In contrast, direct
o-bonding in the ZB structures requires some energy cost associated
with hybridization as the original (atomic) d orbitals do not directly
overlap with the carbon p orbitals. Furthermore, the tetrahedral
coordination environments comprising the ZB structure are more
readily distorted without causing substantial compression or elon-
gation of individual bond lengths. These features lower the observed
values of C;; and shearing C44. Though, because compounds
adopting the ZB structure have larger volumes, they readily ac-
commodate volume dilation associated with higher values of Cq,.

Differences in atomic interactions can also be illustrated through
analysis of the phonon dispersion curves, which are plotted for TiC
and ZnC in Fig. 6. Between RS and ZB structures, there are several
key distinguishing features. First, the slope of the acoustic branch
near the I" point is higher in the RS structure for the early TMCs (as
shown by TiC), which suggests increased hardness and is in good
agreement with our calculated elastic constants. In contrast, ZnC has
very soft (low-frequency and weakly sloped) acoustic phonon modes
near I when adopting the RS structure, which reflects weaker metal-
carbon bonding due to the filled 3d states as supported by our earlier
COHP analysis. On the other hand, increased covalent interactions in
the ZB structure stabilize a raised slope in the acoustic branches near
I for ZnC. Second, while the RS phonon dispersion curves display
large anomalies (e.g., deviations in the longitudinal acoustic mode
along T-X) that indicate strong electron-phonon coupling, in
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accordance with previous work [113], the ZB phonon dispersion
curves display no noticeable anomalies. This highlights the differ-
ence in local interactions between metal d orbitals; electron-phonon
coupling in RS is mediated by significant d-d overlap between
nearest metal neighbors, whereas the distance between metal atoms
in the ZB structure is too large to support any significant coupling via
d-d interactions. Hence, unconventional superconductivity is sus-
pected in the RS structure, but not in the ZB structure. Last, the
optical frequencies of the ZB structure are shown to be higher than
those in the RS structure for TiC and ZnC, possibly due to enhanced
C-Cinteractions [ 119]. Despite the longer C—C bond lengths in the ZB
structure relative to the RS structure, the tetrahedral coordination of
the ZB structure is suspected to mediate stronger overlap of the p
orbitals when compared to the octahedral coordination of the RS
structure. This is supported by our calculated ipCOHP values, which
show enhanced C-C interaction in the ZB structure (80 meV) relative
to the RS structure (30 meV) for TiC. Interestingly, despite the in-
creased mass mismatch between Zn and C (as opposed to Ti and C),
significant acoustic/optical overlap is observed in RS-structured ZnC,
further signifying the anomalous behavior of that compound due to
its filled d shell and strong electron-phonon coupling.

Last, to consider these TMCs as applications in hard coatings, it is
of interest to determine their hardness (measured by Vicker's
hardness) and ductility. A material is expected to be ductile if its
Pugh'’s ratio is below 0.5-0.6, its Poisson’s ratio is above 0.25-0.28,
and its Cauchy pressure is greater than zero [120]. Here, we find that
TMCs maintain much higher values of Vicker’s hardness in the RS
structure as opposed to ZB. This difference can be traced back to the
lower values of C44 found in the ZB structure as discussed in the
previous paragraph, which preclude them from being used for high-
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Table 2

Calculated Cauchy’s pressure (P.), Poisson’s ratio (v), and Pugh'’s ratio (k) of each stable
3d transition metal carbides (TMCs) in the zincblende structure (ZB) and rocksalt
structure (RS). Instability is denoted by “U”. Since all TMCs are unstable in the cesium
chloride structure (CsCl), the corresponding values are not presented here.

TMCs Pc (cpa) v K
ZB RS ZB RS ZB RS

ScC U 214 u 0.29 U 0.50
TiC 91.6 -53.5 0.39 0.21 0.24 0.73
vC 104.7 -20.1 0.37 0.24 0.30 0.63
CrC 167.3 41.2 0.43 0.28 0.15 0.51
MnC 168.5 U 0.41 U 0.18 U
FeC 143.4 U 0.38 U 0.26 U
CoC 141.9 U 0.39 U 0.24 U
ZnC 82.1 60.2 0.44 0.35 0.12 0.34

hardness coating applications. As for the RS materials, a maximum
hardness of 25.66 GPa is identified in TiC, matching with previous
findings [121]. Though, both VC and CrC also display reasonably high
hardnesses of 22.63 and 16.11 GPa respectively. Of these compounds,
both TiC and VC are predicted to be brittle according to their re-
ported values of Pugh’s ratios, Poisson’s ratios, and Cauchy pressures
in Table 2. For the remaining stable TMCs, their properties instead
show ductile behavior. Therefore, although TiC is the hardest ma-
terial studied here, we propose that CrC may be preferred in appli-
cations where toughness is also required.

4. Conclusion

In summary, our work illustrates how valence electron con-
centration and structure play dominant roles in controlling the
stability and mechanical performance of 3d TMCs. Across early TMCs
adopting the RS structure, comprising the most widely studied
systems, our findings confirm the importance of filled bonding states
to enable robust stability and exceptionally high hardness.
Furthermore, we build upon existing understanding to provide novel
insight into the source of instability of the RS structure throughout
the intermediate TMCs, which is shown to correlate with enhanced
metal-metal interactions and weakened metal-carbon bonds. With
regards to the ZB structure, our calculations reveal several new
compounds that are metastable and potentially synthesizable if the
thermodynamic ground state can be avoided (e.g., via chimie douce
techniques). Although their mechanical properties are not as pro-
mising as those displayed by TMCs in the RS structure, they may
warrant further investigation considering the possibility of poten-
tially interesting and unexpected electronic properties. Lastly con-
sidering the CsCl structure, we predict that all 3d TMCs are unstable
under ambient conditions owing to the dense eight-fold coordina-
tion that constitutes the local bonding environments in CsCl and that
does not accommodate the highly covalent bonding in the carbides.
Though, high-pressure studies may be worthwhile to investigate
whether stabilization can be obtained through many of the TMCs. If
this can be accomplished, there exists a possibility to find new and
interesting properties such as unconventional superconductivity
previously reported [113] in several RS TMCs.

Based on the findings presented above, we focus on the RS
structure and propose several guiding principles for the design of
novel TMCs that may be used in next-generation hard coating ap-
plications. First, to maximize hardness and stability, a valence elec-
tron count of four (e.g., TiC) is critical. In this case, covalent M-C
interactions dominate owing to the completely filled bonding orbi-
tals, whereas metallic M-M interactions are minimized because of
the d° configuration (empty metal orbitals). Second, if ductility ra-
ther than hardness is to be optimized, then a valence electron count
well beyond four is favorable. In this case, M-M interactions play a
larger role as the non-bonding d orbitals become filled, which favor
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shearing deformations that allow the d orbitals to overlap. However,
it is also important to prevent over-filling of the d orbitals so that the
structure does not become dynamically unstable with respect to
metal dimer formation (e.g., as in MnC). Third, to achieve tough
materials with a balance between hardness and ductility, one may
consider a valence electron count that is only slightly higher than
four. Because an increase beyond four electrons causes enhanced
ductility but worsened hardness, we suggest that an optimal tradeoff
may be realized through ion substitution - e.g., between TiC and CrC.
By forming solid solutions with controllable compositions, the me-
chanical properties may be fine-tuned by varying Ti-Cr content.
Although past works suggest that high temperatures are necessary
to form such solutions [122], alternative techniques such as high-
energy ball milling or doping (e.g., high-entropy alloys) may be
considered in the future.
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