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Theoretical studies of substitutional impurities in molybdenum carbide

Håkan W. Hugosson
Condensed Matter Theory Group, Department of Physics, University of Uppsala, Box 530, S-751 21 Uppsala, Sweden

and Inorganic Chemistry Group, Ångstro¨m Laboratory, Box 538, S-751 21 Uppsala, Sweden

Lars Nordstro¨m
Condensed Matter Theory Group, Department of Physics, University of Uppsala, Box 530, S-751 21 Uppsala, Sweden

Ulf Jansson
Inorganic Chemistry Group, Ångstro¨m Laboratory, Box 538, S-751 21 Uppsala, Sweden

Börje Johansson and Olle Eriksson
Condensed Matter Theory Group, Department of Physics, University of Uppsala, Box 530, S-751 21 Uppsala, Sweden

~Received 27 May 1999!

First-principles full-potential linear muffin-tin orbital calculations have been used to study the effect on the
cohesion and electronic structure of cubicd-MoC when 25% of the carbon is substituted for boron, nitrogen,
or oxygen and when 25% of the molybdenum is substituted for niobium, tungsten, or ruthenium. A thorough
study of the changes in the electronic structure and the effect of these on the properties of the compounds is
made. Special attention is paid to the character~ionic, covalent, or metallic! of the states becoming occupied
~or unoccupied! due to the substitution. A study is also made on the properties of the quaternary alloy
Mo0.75W0.25C0.75N0.25. This substitution is shown to hardend-MoC. @S0163-1829~99!02646-6#
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I. INTRODUCTION

Today, a large number of transition-metal carbide pha
are known. However, thermodynamically stable binary c
bides are only formed by the transition metals in groups
V, and VI and by Mn in group VII. From a structural point o
view, most of these carbides~except chromium carbides! can
be described as a stacking of close-packed metal layers
carbon interstitial sites between the metal planes. T
transition-metal carbides have a unique combination of pr
erties, e.g., high hardness, high melting point, and excel
electrical conductivity, making them suitable as bulk or th
film materials in many technological applications. Moreov
some group-VI transition-metal carbides, like MoC, have
high catalytic activity being comparable to Pt.1 In order to
make technological use of this catalytic property MoC
deposited as thin films. Many studies have shown that
cubic d-MoC phase~NaCl structure! usually is formed dur-
ing thin-film deposition.2 It is therefore important to study
the d-MoC phase, a high-temperature phase, in more de
Stoichiometric binary refractory compounds have been s
ied in detail and have found wide application. It has be
found that substituting the nonmetal sublattice of bina
compounds with atoms of another kind often makes it p
sible to increase the hardness and elastic moduli. Since
alloying leads to noticeable changes in the electro- and t
mophysical, magnetic and superconducting parameters,3 it is
important to also study the ternary compounds with resp
to stability. It is especially interesting to investigate t
chemical bonding and structural properties of the transiti
metal carbides in a widened perspective, and to make a c
parison of phase stability and other cohesive properties of
carbides, borides, nitrides, and oxides. Admittingly, some
PRB 600163-1829/99/60~22!/15123~8!/$15.00
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the studied compounds are somewhat hypothetical since
have yet to be synthesized. However, we chose to study t
in order to obtain a broader understanding of the chem
bonding in these systems.

Given the technological interest in transition-metal co
pounds and the large experimental activity, many theoret
calculations have been made on these systems using a
variety of techniques. Earlier work in this field is summ
rized in two review articles by Calais4 and Neckel.5 The
reviews by Johansson6 and Schwarz7 are other good starting
points in the field. Theoretical studies of substitutional imp
rities in transition-metal carbides are reviewed by Ivanovs
and Shveikin which include some studies of 3d and 4d metal
impurities in d-MoC.8 Ivanovskii and co-workers3,9 have
also done work on metal and nonmetal substitutional im
rities in TiC using a linear muffin-tin orbital~LMTO!-
Green’s function method and we have ourselves prese
studies of phase stability and bonding in stoichiometric a
substoichiometric MoC.10 A recent study of TiCxNx has been
made by Jhi and Ihm using pseudopotential methods.11 Until
now, to the best of our knowledge, there has been no w
studying a range of both metal and nonmetal substitutio
impurities in MoC. Furthermore, to our knowledge no oth
work on substitutional impurities in transition metal carbid
has been made using accurate all electron, full-poten
methods. The aim of the present investigation is to stu
trends in cohesive energy, electronic structure, and b
modulus when introducing metal and nonmetal substitutio
impurities ind-MoC.

The d-MoC phase is the analog of the well-known Na
structure with a fcc Bravais lattice and Mo at~0,0,0! and C at
~1

2,
1
2,

1
2!. When studying thed-MoC phase with 25% substitu

tional impurities a supercell consisting of 4Mo and 4C w
15 123 ©1999 The American Physical Society
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15 124 PRB 60HÅKAN W. HUGOSSONet al.
created; one of the carbon atoms was then replaced
either a B, N, or O atom creating Mo4C3B, Mo4C3N, and
Mo4C3O, respectively. Similarly, one of the Mo atoms in th
supercell was replaced by Nb, Ru, or W when studying m
substitutions. Due to the presence of the substitutional im
rity the symmetry of the structure is changed and there
now two inequivalent types of Mo atoms or C atoms, resp
tively: one which has a substitutional impurity as its near
neighbor and one that does not. The choice of nonmetal
stitution for B, N, and O comes naturally, while the choice
Nb, W, and Ru is made to illustrate the effect of substitut
with an atom species with one less valence electron~Nb! and
an atom with the same number of valence electrons~W!. The
choice of Ru which has two more valence electrons than
is made since substitution with Tc~one more valence elec
tron! is unlikely to be realized in experiment.

II. METHOD

The calculations presented here have been made us
full-potential linear muffin-tin orbital method~FP-LMTO!
within the local density approximation~LDA ! of density
functional theory~DFT!.12,13 The function used for the ex
change correlation has been the Hedin-Lundqvist schem
the FP-LMTO method the unit cell is divided into nonove
lapping muffin-tin spheres, inside of which the basis fun
tions were expanded in spherical harmonics up to a cuto
angular momentum,l max56. The basis functions in the in
terstitial region, outside the muffin-tin spheres, are Neum
or Hankel functions. To speed up the convergence each
genvalue was convoluted with a Gaussian of a width of
mRy. Energy convergence in terms of the number ofk points
has also been reached so that this has a minimal effect w
comparing energies of different compounds. When desc
ing the atoms of the crystal the electrons are divided i
core, pseudocore, and valence states. For the Mo atom ths
and 4d were treated as full valence electrons while thep
and 4s were treated as pseudocore. The pseudocore and
lence states were allowed to hybridize in one common
ergy panel. All the structures were relaxed in the lattice
rametera. This setup does not allow for local relaxation

FIG. 1. Generalized cohesive energy for 25% substitutional
purities, MoC0.75B0.25, MoC, MoC0.75N0.25, and MoC0.75O0.25.
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around the impurity atoms; such a relaxation would like
lower the equilibrum energies somewhat14 but would require
a larger supercell. The total energy vs volume curves w
subsequently fitted to a Murnaghan equation of state to
theoretical ground-state energies,Eeq , and equilibrium vol-
umes,Veq . The bulk moduli have likewise been obtaine
from the Murnaghan equation.

III. COHESIVE ENERGIES AND PHASE STABILITIES

To illustrate the influence of the substitutional impuriti
on the phase stability of the compounds we display the g
eralized cohesive energy as a function of volume for 2
substitutional nonmetal impurities in Fig. 1 and for 25% su
stitutional metal impurities in Fig. 2. The generalized coh
sive energy is defined by

Ecoh* 5Esolid~AB!2Eatom~A!2Eatom~B!. ~1!

Here, we have consistently used the total energy of the s
degenerate atom from LDA calculations, subtracting t
from our equilibrium energy of the compound. The calc
lated generalized cohesive energies and equilibrium volu
are extracted from these plots and tabulated in Table I.

When carbon is substituted by boron, nitrogen, or oxyg
the cohesive energy is decreased. The largest reductio
cohesive energy is for oxygen followed by boron and t
smallest reduction is obtained from the substitution with

-
FIG. 2. Generalized cohesive energy for 25% substitutional

purities, Mo0.75Nb0.25C, Mo0.75Ru0.25C, MoC, and Mo0.75W0.25C.

TABLE I. Equilibrium volumes, Veq , and generalized cohesiv
energies, Ecoh , for 25% substitutional impurities in MoC.

Phase Veq (Å 3/f.u. Mo) Ecoh ~eV/f.u. Mo!

MoC 20.261 21.834
MoC0.75B0.25 20.553 21.350
MoC0.75N0.25 20.136 21.725
MoC0.75O0.25 20.314 20.971
Mo0.75Nb0.25C 20.681 21.953
Mo0.75Ru0.25C 20.094 20.994
Mo0.75W0.25C 20.316 21.875
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PRB 60 15 125THEORETICAL STUDIES OF SUBSTITUTIONAL . . .
trogen. In the case when Mo is substituted for another m
the generalized cohesive energy is increased in substitu
of W and Nb, most in the case of Nb, and decreased for
It is thus seen that the stabilization is greater for eleme
with lower valence and greater for 5d compared to 4d met-
als. This trend is in agreement with Ivanovskii and Shveik8

who found that the most effective stabilization ofd-MoC
with metal substitution may be reached for~i! lower valence
metals and~ii ! 4d metals as compared to 3d metals. The
theoretical results are also in agreement with experiment
these ternary systems where one finds that both Nb an
have high solubility with thed-MoC phase while Ru doe
not.15 One needs to remember that since there are alw
several competing possible phases for a given compound
fact that a certain structure is found to have a high cohe
energy does not necessarily imply that the compound wil
found in this phase and that it is possible that a substitu
will be accompanied by a phase transition.

A. Equilibrium volumes and bulk moduli

The equilibrium volume is increased in the cases of bo
and oxygen while it is decreased for nitrogen substituti
One also finds that the equilibrium volume is decreased
the case of ruthenium substitution but increased in the c
of niobium and tungsten, most for niobium.16

Hardness is one of the most technologically signific
attributes of the transition-metal carbides. The hardness
material is, however, not entirely given by the electron
structure but also depends on plastic deformation of the
terial and motion of dislocations. We thus caution the rea
that the bulk modulus which is often regarded as a mea
of hardness does not contain the full information on mate
hardness. However, a plot of hardness versus, e.g.,
modulus for some of the technologically most interest
materials ~BN, diamond, RuO2) shows a linear
relationship.17 Having said this, we list the calculated bu
moduli for MoC with the different substitutional impuritie
in Table II.

The bulk modulus is decreased by inclusion of boron a
oxygen but is slightly increased by the inclusion of nitroge
this is probably strongly connected to the volume reduc
effect of nitrogen inclusion in the carbon sublattice. This
so since, generally, a reduction of volume together with
maintained cohesive energy, which is the case for nitro
inclusion, will give a stiffer material. That the inclusion o
nitrogen in a transition-metal carbide increases the b
modulus has also been found in TiC by Jhi and Ihm.11 With

TABLE II. Bulk moduli for 25% substitutional impurities in
MoC.

Phase Bulk modulus~GPa!

MoC 364
MoC0.75B0.25 347
MoC0.75N0.25 370
MoC0.75O0.25 346
Mo0.75Nb0.25C 353
Mo0.75Ru0.25C 359
Mo0.75W0.25C 370
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metal substitutions the bulk modulus is decreased for b
Nb and Ru substitutions but increased for substitution w
W. This can be attributed to the fact that though the equi
rium volume is increased the cohesive energy is also
creased resulting in a net effect of increased stiffness.

IV. ELECTRONIC STRUCTURE

The density of states~DOS! is an important quantity for
understanding the bonding in a compound. From the cha
teristic features of the density of states one can unders
the bonding and the changes in the bonding upon subs
tion. One can also go further and make predictions about
effect of substitutional impurities using some simple mode
one of which will be discussed in a coming section. A d
tailed study of the transfer of electronic charge is also m
below.

A. Density of states

In Figs. 3–5 the changes in the density of states is sho
when 25% and 100% of the carbon is substituted for bor
nitrogen, or oxygen ind-MoC. The DOS for 100% substitu
tion is shown in order to illustrate consistent trends in t
DOS. Though it is of importance for the study of bondin
trends to include MoB, MoN, and MoO it is good to keep
mind that of the structures studied here only MoC is fou
experimentally in the NaCl structure and that MoB, Mo
and MoO are not. In each figure the topmost DOS is for
d-MoC, the middle DOS is for 25% substitutional impuritie
and the bottom DOS is for the 100% substitution. This
lows a clear view of the changes in the DOS when substi
ing the carbon atoms. For the DOS of 25% substitutio
impurities the partial DOS for only one of the two inequiv
lent Mo atoms is shown. The DOS for the other Mo ato
contains, to a large extent, the same information. Figu
6–8 show the changes in density of states when 25% of
molybdenum is substituted for Nb, W, or Ru. As in the cas
above there are two inequivalent carbon atoms but since
contain qualitatively the same information only one is d
played.

For thed-MoC phase we can divide the DOS into thre
main regions: I — a region of predominantly carbons states
with a small degree of hybridizedd states from molybde-
num, II — a region of hybridized carbonp states and mo-
lybdenum d states, III — predominately molybdenumd
states with a small degree of hybridizedp states from carbon
Region II can be viewed as the bonding part of the Mod
nonmetal-p hybridization couples, while region III is the cor
responding antibonding part. By studying differences a
changes in these three regions we can extract valuable in
mation concerning the bonding character and the change
the bonding.

Starting with the nonmetals, thes states are shifted down
in energy as we move from boron, through carbon and ni
gen to oxygen. This is due to the increased electronegati
of the atoms as we move across this series. There is al
downward shift in energy for the nonmetalp states and the
energy split between thes andp states increases. The impo
tant hybridization between nonmetalp and molybdenumd
states is retained but shifted in energies for substitution
boron and nitrogen while for oxygen this hybridization
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FIG. 3. Density of states for substitution wit
boron: MoC, MoC0.75B0.25, and MoB.
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greatly decreased. This is reflected in the large decreas
cohesive energy for the systems with oxygen substitution
order to understand why the cohesive energy is larger for
substitutional system with nitrogen than for the substitutio
system with boron we note that though both systems re
hybridization between nonmetalp and molybdenumd states,
in the case of boron these states are shifted up in en
while for nitrogen this shift is downwards, something whi
of
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l
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provides a stabilization mechanism. Our results for
changes in electronic structure from boron substitution
consistent with the ones found by Ivanovskii and Shveiki8

Comparing the cohesive energies of MoC and MoC0.75N0.25
it is evident that this downward shift does not compens
for the loss in relative hybridization between nonmetalp and
molybdenumd states. In the case of O substitution the sh
is even greater, but thep-d hybridization is reduced strongly
FIG. 4. Density of states for
substitution with nitrogen: MoC,
MoC0.75N0.25, and MoN.
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FIG. 5. Density of states for substitution wit
oxygen: MoC, MoC0.75O0.25, and MoO.
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, C,
causing a weakening of thep-d bonds and decreased coh
sive energy.18

In the case of metal substitution the changes in the D
are much smaller and changing 25% Mo for Nb, apart fr
changing the Fermi level, only introduces some extra str
ture in the unoccupied metald states. Substitution with W
does not change the DOS in any significant way, as is
pected since Mo and W are isoelectronic and chemic
very similar. When studying Ru substitution we see a la
difference in region III where the occupiedd states for Ru
differ from Mo states but otherwise the features are simi
Contrasting the changes in DOS for the nonmetal impuri
with those of the metal impurities one finds that the DOS
significantly altered for nonmetal impurities with shifts
bands and widths and even the emergence of separate
bands while for metal impurities the DOS is largely u
changed. This effect has also been found in previous stu
of impurities in TiC by Ivanovskii and co-workers.3,9

FIG. 6. Density of states for substitution with niobium: MoC
Mo0.75Nb0.25C ~mirrored!.
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B. A rigid-band model

The DOS at the Fermi levelN(EF) can provide an expla-
nation, and sometimes a prediction, of the relative order
stability. That the order of structural stability sometimes c
relates withN(EF) has, for instance, been found in Refs.
and 19. In the subsection above it was observed that
density of states is greatly changed by the inclusion of n
metal impurities, so one would immediately say that a rig
band model for predicting changes from the pure MoC to
compounds with nonmetal substitutions will not work whi
it should work better for the metal substitutions. Of course
rigid-band model would predict no change when substitut
Mo for W, and as seen above this is almost true. Though
rigid-band model is a simple model it is often used and the
fore it is worthwhile to look closer at the predictions ma
and to see if and why it breaks down in the case of metal
nonmetal substitutions.

FIG. 7. Density of states for substitution with tungsten: Mo
Mo0.75W0.25C ~mirrored!.
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In a rigid-band model for predicting the changes in stru
tural stability for 25% substitution theN(EF) is compared
with the DOS at 0.25 fewer electrons in the valence band~for
boron/niobium!, 0.25 more ~nitrogen!, and 0.50 more
~oxygen/ruthenium!. This procedure is illustrated in Fig.
and the predictedN(EF) can be compared to the calculate
N(EF) from Figs. 3 to 8. In Nb substitution, as predicte
N(Ef) is decreased and for Ru substitution the DOS is
pected to move into a valley or just to the edge of a peak
this is also seen to be the case. In both cases the predic
of the rigid-band model turn out to be correct for metal su
stitutions. Substitution with Ru does, however, influence
stability of the compound though it does not significan
changeN(EF). For nonmetal substitution it is different; wit
boron a rigid-band model predicts thatN(EF) is slightly de-
creased, but from Fig. 3~b! the actualN(EF) is not signifi-
cantly changed. For substitution of nitrogen and oxygen
N(EF) is expected to move down from a peak to a sm
valley but, from Figs. 4 and 5, this region is filled with Mod
states andN(EF) is once again not significantly change
The expected, from rigid-band arguments, decrease inN(EF)
is therefore never realized.

FIG. 8. Density of states for substitution with ruthenium: Mo
Mo0.75Ru0.25C ~mirrored!.

FIG. 9. DOS at the Fermi level from rigid-band reasoning
d-MoC with substitutional impurities. The solid line denotes t
Fermi level for MoC. The dot-dashed line shows the Fermi level
MoC0.75B0.25 ~equivalently Mo0.75Nb0.25C), the dotted line for
MoC0.75N0.25, and the long dashed line for MoC0.75O0.25 ~equiva-
lently Mo0.75Ru0.25C).
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C. Charge density

To more clearly illustrate the trends in bonding when g
ing from substitution of boron to substitution of oxygen w
have studied the changes in electronic density in the cry
by taking the difference between the charge densities of
substitutional compound and the charge density of Mo
e.g., the charge density of MoC is subtracted from that
MoC0.75B0.25 to see the characteristics of the changes
charge density~e.g., ionic versus covalent! and where in
space the changes are most pronounced. In Figs. 10 an
these differences are displayed in a plane of the crystal
both figures the electron density of MoC is shown for ref
ence. The position of the atoms are indicated in the figu
The contours are shaded from dark to light, the darker
contour the larger the change in electron density from tha
the reference state . Note that the difference is taken betw
calculations with different number of electrons with the re
erence point always being the MoC charge density. In
case of alloy substitutions with a smaller number of valen
electrons the lightest shaded contour represents a s
depletion and the darkest shaded contour shows a la
depletion of electrons. In the case of alloys with higher v
lence electron density dark contours represent a large sur
of electron density and lighter contours show areas wit
smaller surplus.

Figure 10 shows that in a substitution of carbon for bor
the largest change in electron density is from a highly co
lent p-d bond which in the substituted system is between
and Mo atoms. For nitrogen substitution most of the ex
charge is found at the nitrogen atom and the structure of

r

FIG. 10. Difference in electron density~a! MoC0.75B0.25 minus
MoC, ~c! MoC0.75N0.25 minus MoC, and~d! MoC0.75O0.25 minus
MoC. The electron density of MoC is shown in~b! for reference.
The positions of the atoms are indicated in the figure. The cuts h
been made in the~001! plane. The contours are shaded from dark
light, dark being the areas with largest difference in electron den
from the reference MoC.
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PRB 60 15 129THEORETICAL STUDIES OF SUBSTITUTIONAL . . .
electron density difference is different from the B substi
tion. In particular it may be seen that the extra valence e
tron accompanying the N substitution enters orbitals wh
are centered on the N atom. Hence substituting C for N
creases the ionic component of the chemical bond. Thi
also the case for oxygen substitution, where the tendency
an ionic component to the bonding is even larger, since
10 shows that the extra valence electron charge is alm
entirely located on the O atom. The charge contour p
discussed in Fig. 10 show that the nature of the bond
characteristics for the electron which is removed or ad
when we substitute C for B, N or O, is neither complete
ionic, covalent, or metallic. If the bonding had been meta
then the charge density would be removed~or added! in a
more uniform manner over the entire crystal interstitial.
the bonding had been entirely covalent the charge would
removed~or added! only from the bonds between the atom
and if the bonding was ionic we would find all the surpl
~or depletion! on atomic sites. In our case we observe a m
ture of all these archetypal bonding characteristics but
trends are clear that Mo binds more covalently to B and
whereas the ionicity becomes more important especially
O substitution. This is a clear indication of the increas
electronegativity when going from boron to oxygen in co
bination with thep-bands becoming less extended as
traverse the series. This results in a smaller overlap with
Mo atom and a reduced covalent bonding.

For metal substitutions the differences in charge den
are shown in Fig. 11. For 25% Nb substitution the elect
density is removed both from the Mo atom as well as fro

FIG. 11. Difference in electron density~a! Mo0.75Nb0.25C minus
MoC, ~c! Mo0.75W0.25C minus MoC, and~d! Mo0.75Ru0.25C minus
MoC. The electron density of MoC is shown in~b! for reference.
The positions of the atoms are indicated in the figure. The cuts h
been made in the~001! plane. The contours are shaded from dark
light, dark being the areas with largest difference in electron den
from the reference MoC.
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the carbon-molybdenum covalentp-d bond. When substitut-
ing for W charge is shifted from the carbon and Mo atom
and the bond between them to the W atom and the tungs
carbon bond. For Ru substitution charge is accumulated
the Ru atoms and on the Mo-C covalentp-d bond. From the
DOS in Fig. 8 it is also seen that the states occupied w
substituting Mo for Ru haved character. Figure 8 also
clearly shows that the electronic states on the Ru atom
isolated with clear minima in the electronic density betwe
the Ru atom and its neighboring C and Mo atoms, illustrat
why the filling of these states does not increase the bond
in the compound. Comparing the effect of niobium and
thenium substitution, electrons are removed or added t
covalentp-d bond with only a smaller component of charg
transfer.

To summarize this section the charge density conto
give a picture which is consistent with the analysis based
the density-of-states curves, i.e., that the chemical bondin
this class of materials has a large covalentp-d component
which is maximized in strength for alloy concentratio
close to MoC. This covalent bonding is accompanied w
metald-d bonding and an ionic component which grows
strength for the more electronegative anions.

V. THE QUATERNARY ALLOY Mo 0.75W0.25C0.75N0.25

Following up our results that both a substitution with n
trogen and one with tungsten lead to a slightly increased b
modulus, it is natural to study the quaternary all
Mo0.75W0.25C0.75N0.25. The equilibrium volume of this alloy
is found to be 20.192 Å3, the cohesive energy 21.783 eV
and the bulk modulus 370 GPa. This alloy thus has a sma
equilibrium volume than MoC, a smaller cohesive ener
and a slightly larger bulk modulus, only of the order
22 %. Though the increase in bulk modulus is not large t
is a compound that retains the high bulk modulus of M
and might have other qualities that could be of interest a
worthy of experimental study.

VI. CONCLUSION

We have studied the cohesion and electronic structur
MoC with substitutional impurities of nonmetal boron, nitro
gen, and oxygen and metal niobium, tungsten, and ruthen
using first-principles full-potential LMTO calculations.

Examination of the electronic structure and charge den
gives an explanation to the trends in cohesive energies, e
librium volumes, and bulk moduli. The results from chang
in the energy and equilibrium volumes are contradictory
simple pictures of the nature of the bonding in these co
pounds. In order to further understand the ionic, covalent
metallic nature of the bonding a study of the changes in D
and charge density shows that the chemical bonding betw
anion and cations in this class of materials changes fr
being dominated by covalentp-d bonding for B and C to a
more ionic bonding for the more electronegative compoun
especially the oxide. The maximum cohesive energy a
minimum equilibrium volume for a band filling somewhe
between MoC and MoN are thus an effect of the fact that
these band fillings the covalentp-d bonds start to weaken
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and are replaced by a weaker more ionic component of
chemical bonding which becomes quite strong for the oxid
This situation is likely to occur also for other transition-me
carbides, nitrides, and oxides and our analysis is in cer
aspects consistent with the analysis of Gelatt, Williams,
Moruzzi, who found a decrease in thep-d bonding when the
valence states of the constituent atoms become
degenerate.18 However, our analysis is somewhat in confli
with the work of Price and Cooper who came to the conc
sion when comparing TiC and WC that the two additionad
electrons in WC engage in W-W metallic bonding rath
than W-C covalent bonds.20

The trend thatd-MoC is stabilized more by the lowe
valance element and more by the 5d compared to 4d metals
complies with the order found previously by Ivanovskii a
Shveikin.8 and with experimental results on these terna
systems.15 Our studies show that the nonmetal substitut
nd

,

e

e
s.
l
in
d

ss

-

r

y

which retains the highest cohesive energy is nitrogen
that this also increases the bulk modulus of the compou
indicating that such a substitution might increase the mac
scopic hardness ofd-MoC. Our studies of metal substitution
show that replacement with W increases the bulk modulu
d-MoC. Combining this with the effect of nitrogen substitu
tion the quaternary alloy Mo0.75W0.25C0.75N0.25 has been
studied and found to be a material with similar volume
d-MoC and slightly increased hardness that could be a c
didate for technological applications.
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