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First-principles full-potential linear muffin-tin orbital calculations have been used to study the effect on the
cohesion and electronic structure of cubiiMoC 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 charagtamic, covalent, or metallicof the states becoming occupied
(or unoccupiefl due to the substitution. A study is also made on the properties of the quaternary alloy
MO0y 7eWg 2:Co 78N 25. This substitution is shown to hardéiMoC. [S0163-18289)02646-4

[. INTRODUCTION the studied compounds are somewhat hypothetical since they
have yet to be synthesized. However, we chose to study them
Today, a large number of transition-metal carbide phases order to obtain a broader understanding of the chemical
are known. However, thermodynamically stable binary carbonding in these systems.
bides are only formed by the transition metals in groups IV, Given the technological interest in transition-metal com-
V, and VI and by Mn in group VII. From a structural point of pounds and the large experimental activity, many theoretical
view, most of these carbidéexcept chromium carbidgsan  calculations have been made on these systems using a wide
be described as a stacking of close-packed metal layers witrariety of techniques. Earlier work in this field is summa-
carbon interstitial sites between the metal planes. Theized in two review articles by Caldisand NeckeP The
transition-metal carbides have a unique combination of propreviews by Johanssbrmand Schwarzare other good starting
erties, e.g., high hardness, high melting point, and excellerpoints in the field. Theoretical studies of substitutional impu-
electrical conductivity, making them suitable as bulk or thinrities in transition-metal carbides are reviewed by lvanovskii
film materials in many technological applications. Moreover,and Shveikin which include some studies af &1d 4d metal
some group-V! transition-metal carbides, like MoC, have aimpurities in §-MoC2 Ivanovskii and co-workefs have
high catalytic activity being comparable to Pn order to  also done work on metal and nonmetal substitutional impu-
make technological use of this catalytic property MoC isrities in TiC using a linear muffin-tin orbitalLMTO)-
deposited as thin films. Many studies have shown that th&reen’s function method and we have ourselves presented
cubic 5-MoC phase(NaCl structurg usually is formed dur- studies of phase stability and bonding in stoichiometric and
ing thin-film depositior?. It is therefore important to study substoichiometric MoG® A recent study of TigN, has been
the 5-MoC phase, a high-temperature phase, in more detaimade by Jhi and Ihm using pseudopotential metHbdintil
Stoichiometric binary refractory compounds have been studrow, to the best of our knowledge, there has been no work
ied in detail and have found wide application. It has beerstudying a range of both metal and nonmetal substitutional
found that substituting the nonmetal sublattice of binaryimpurities in MoC. Furthermore, to our knowledge no other
compounds with atoms of another kind often makes it poswork on substitutional impurities in transition metal carbides
sible to increase the hardness and elastic moduli. Since thi®as been made using accurate all electron, full-potential
alloying leads to noticeable changes in the electro- and thermethods. The aim of the present investigation is to study
mophysical, magnetic and superconducting param@ieis, trends in cohesive energy, electronic structure, and bulk
important to also study the ternary compounds with respeanodulus when introducing metal and nhonmetal substitutional
to stability. It is especially interesting to investigate theimpurities in 5-MoC.
chemical bonding and structural properties of the transition- The 5-MoC phase is the analog of the well-known NacCl
metal carbides in a widened perspective, and to make a constructure with a fcc Bravais lattice and Mo(&t0,0 and C at
parison of phase stability and other cohesive properties of thg},3,3). When studying theS-MoC phase with 25% substitu-
carbides, borides, nitrides, and oxides. Admittingly, some otional impurities a supercell consisting of 4Mo and 4C was
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FIG. 1. Generalized cohesive energy for 25% substitutional im FIG. 2. Generalized cohesive energy for 25% substitutional im-
R () - e

urities, M b , M , MoC, and Mg ;W .
purities, MoG, 788 25, MOC, MoCy 7No 25, and MoG, 760,25 P @.78ND0 2C, Mo 75RUp 26C B.75Wo2sC

created; one of the carbon atoms was then replaced wit round the "‘.‘P“”W atoms; such avﬁlaxation would _Iikely
either a B, N, or O atom creating M6,B, Mo,CsN, and ower the equilibrum energies somewtdiut would require
a larger supercell. The total energy vs volume curves were

Mo,C50, respectively. Similarly, one of the Mo atoms in the ubsequently fitted to a Murnaghan equation of state to find
supercell was replaced by Nb, Ru, or W when studying met . . L
heoretical ground-state energi&s,,, and equilibrium vol-

substitutions. Due to the presence of the substitutional impu-mes V... The bulk moduli have likewise been obtained
rity the symmetry of the structure is changed and there ar ' eqr .
rom the Murnaghan equation.

now two inequivalent types of Mo atoms or C atoms, respec-
tively: one which has a substitutional impurity as its nearest
neighbor and one that does not. The choice of nonmetal sub- lll. COHESIVE ENERGIES AND PHASE STABILITIES
stitution for B, N, and O comes naturally, while the choice of
Nb, W, and Ru is made to illustrate the effect of substitution
with an atom species with one less valence electi) and

an atom with the same number of valence elect(ovs The
choice of Ru which has two more valence electrons than M
is made since substitution with Tlone more valence elec-
tron) is unlikely to be realized in experiment.

To illustrate the influence of the substitutional impurities
on the phase stability of the compounds we display the gen-
eralized cohesive energy as a function of volume for 25%
substitutional nonmetal impurities in Fig. 1 and for 25% sub-

titutional metal impurities in Fig. 2. The generalized cohe-
sive energy is defined by

Il METHOD Ezoh: Esolid(AB) — Eaton(A) — Eatom(B)- 1)
Here, we have consistently used the total energy of the spin
d%generate atom from LDA calculations, subtracting this
from our equilibrium energy of the compound. The calcu-

}/:/Jlrgrgtri]orgg? tlhoé:(?rl ((g;eg_?)'t%/z%p%ce)x;znr?ct&%zég dO;orq?r:]eSng- lated generalized cohesive energies and equilibrium volumes
Y ' re extracted from these plots and tabulated in Table I.

change correlation has been the Hedin-Lundgvist scheme. iy When carbon is substituted by boron, nitrogen, or oxygen

the FP-LMTO method the unit cell is divided into nonover- the cohesive energy is decreased. The largest reduction in

lapping muffin-tin spheres, inside of which the basis func- hesi i f foll d bv b d th
tions were expanded in spherical harmonics up to a cutoff jyonesive energy is for oxygen followed by boron an the

: : ; .~ “smallest reduction is obtained from the substitution with ni-
angular momentuml,,,,,=6. The basis functions in the in-

terstitial region, outside the muffin-tin spheres, are Neumann

. . TABLE I. Equilibrium volumes, \,q, and generalized cohesive
or Hankel functions. To speed up the convergence each eé'nergies, E.., for 25% substitutional impurities in MoC.

genvalue was convoluted with a Gaussian of a width of 2Q

The calculations presented here have been made using
full-potential linear muffin-tin orbital methodFP-LMTO)

mRy. Energy convergence in terms of the numbek pbints 45 \, (A¥f.u. Mo) E..p (€V/f.u. Mo)
has also been reached so that this has a minimal effect when a °

comparing energies of different compounds. When describMoC 20.261 21.834
ing the atoms of the crystal the electrons are divided intaMioCq 758 25 20.553 21.350
core, pseudocore, and valence states. For the Mo atonsthe $10C; 78Ny 5 20.136 21.725
and 4 were treated as full valence electrons while the 4 MoC, 70, 55 20.314 20.971
and 4 were treated as pseudocore. The pseudocore and V&to, ;gNbyg ,:C 20.681 21.953
lence states were allowed to hybridize in one common enmo, ;Ruy ,:C 20.094 20.994
ergy panel. All the structures were relaxed in the lattice pamo, ;W ,C 20.316 21.875

rametera. This setup does not allow for local relaxations
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TABLE II. Bulk moduli for 25% substitutional impurities in  metal substitutions the bulk modulus is decreased for both

MoC. Nb and Ru substitutions but increased for substitution with
W. This can be attributed to the fact that though the equilib-

Phase Bulk moduluGPa rium volume is increased the cohesive energy is also in-
MoC 364 creased resulting in a net effect of increased stiffness.
MoCo 78B0.25 347
MOCo.reNo 20 370 IV. ELECTRONIC STRUCTURE
M0Co 7600 .25 346 The density of state€DOS) is an important quantity for
Moy 7Nbg 2:C 353 understanding the bonding in a compound. From the charac-
Moy 7sRUp 2:C 359 teristic features of the density of states one can understand
Moy 79Wg 2:C 370 the bonding and the changes in the bonding upon substitu-

tion. One can also go further and make predictions about the
effect of substitutional impurities using some simple models,
trogen. In the case when Mo is substituted for another metabne of which will be discussed in a coming section. A de-

the generalized cohesive energy is increased in substitutionailed study of the transfer of electronic charge is also made
of W and Nb, most in the case of Nb, and decreased for Rupelow.

It is thus seen that the stabilization is greater for elements
with lower valence and greater fod5compared to d met-

als. This trend is in agreement with Ivanovskii and Shvéikin ) ) ) )
who found that the most effective stabilization 6fMoC In Figs. 3-5 the changes in the density of states is shown
with metal substitution may be reached forlower valence When 25% and 100% of the carbon is substituted for boron,
metals and(ii) 4d metals as compared tod3metals. The hitrogen, or oxygen i5-MoC. The DOS for 100% substitu-
theoretical results are also in agreement with experiment foion is shown in order to illustrate consistent trends in the
these ternary systems where one finds that both Nb and WOS. Though it is of importance for the study of bonding
have high solubility with thes-MoC phase while Ru does rénds to include MoB, MoN, and MoO it is good to keep in
not® One needs to remember that since there are alway®ind that of the structures studied here only MoC is found
several competing possible phases for a given compound ttfPerimentally in the NaCl structure and that MoB, MoN,
fact that a certain structure is found to have a high cohesiv@nd MoO are not. In each figure the topmost DOS is for the
energy does not necessarily imply that the compound will beo-MoC, the middle DOS is for 25% substitutional impurities,

found in this phase and that it is possible that a substitutiog"d the bottom DOS is for the 100% substitution. This al-
will be accompanied by a phase transition. lows a clear view of the changes in the DOS when substitut-

ing the carbon atoms. For the DOS of 25% substitutional
impurities the partial DOS for only one of the two inequiva-
lent Mo atoms is shown. The DOS for the other Mo atom

The equilibrium volume is increased in the cases of bororcontains, to a large extent, the same information. Figures
and oxygen while it is decreased for nitrogen substitution6—8 show the changes in density of states when 25% of the
One also finds that the equilibrium volume is decreased inmolybdenum is substituted for Nb, W, or Ru. As in the cases
the case of ruthenium substitution but increased in the casedove there are two inequivalent carbon atoms but since they
of niobium and tungsten, most for niobiuth. contain qualitatively the same information only one is dis-

Hardness is one of the most technologically significantplayed.
attributes of the transition-metal carbides. The hardness of a For the 5-MoC phase we can divide the DOS into three
material is, however, not entirely given by the electronicmain regionsl — a region of predominantly carbasistates
structure but also depends on plastic deformation of the mawith a small degree of hybridized states from molybde-
terial and motion of dislocations. We thus caution the readenum, I — a region of hybridized carbop states and mo-
that the bulk modulus which is often regarded as a measurgbdenum d states, Il — predominately molybdenurah
of hardness does not contain the full information on materiabtates with a small degree of hybridizedtates from carbon.
hardness. However, a plot of hardness versus, e.g., bulRegion Il can be viewed as the bonding part of the &lo-
modulus for some of the technologically most interestingnonmetalp hybridization couples, while region Ill is the cor-
materials (BN, diamond, Ru@) shows a linear responding antibonding part. By studying differences and
relationship'’ Having said this, we list the calculated bulk changes in these three regions we can extract valuable infor-
moduli for MoC with the different substitutional impurities mation concerning the bonding character and the changes in
in Table II. the bonding.

The bulk modulus is decreased by inclusion of boron and Starting with the nonmetals, treestates are shifted down
oxygen but is slightly increased by the inclusion of nitrogen;in energy as we move from boron, through carbon and nitro-
this is probably strongly connected to the volume reducinggen to oxygen. This is due to the increased electronegativity
effect of nitrogen inclusion in the carbon sublattice. This isof the atoms as we move across this series. There is also a
so since, generally, a reduction of volume together with adownward shift in energy for the nonmetalstates and the
maintained cohesive energy, which is the case for nitrogeenergy split between theandp states increases. The impor-
inclusion, will give a stiffer material. That the inclusion of tant hybridization between nonmetaland molybdenund
nitrogen in a transition-metal carbide increases the bullstates is retained but shifted in energies for substitution of
modulus has also been found in TiC by Jhi and frivith boron and nitrogen while for oxygen this hybridization is

A. Density of states

A. Equilibrium volumes and bulk moduli
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greatly decreased. This is reflected in the large decrease pfovides a stabilization mechanism. Our results for the
cohesive energy for the systems with oxygen substitution. Ithanges in electronic structure from boron substitution are
order to understand why the cohesive energy is larger for theonsistent with the ones found by Ivanovskii and Shvefkin.
substitutional system with nitrogen than for the substitutionalComparing the cohesive energies of MoC and Mefl; s
system with boron we note that though both systems retaiit is evident that this downward shift does not compensate
hybridization between nonmetpland molybdenund states, for the loss in relative hybridization between nonmetaind

in the case of boron these states are shifted up in energyolybdenumd states. In the case of O substitution the shift
while for nitrogen this shift is downwards, something which is even greater, but thg-d hybridization is reduced strongly
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causing a weakening of the-d bonds and decreased cohe- B. A rigid-band model
sive energy? The DOS at the Fermi levél(Eg) can provide an expla-

In the case of metal substitution the changes in the DOSation, and sometimes a prediction, of the relative order of
are much smaller and changing 25% Mo for Nb, apart fromstability. That the order of structural stability sometimes cor-
changing the Fermi level, only introduces some extra strucrelates withN(Eg) has, for instance, been found in Refs. 8
ture in the unoccupied metal states. Substitution with W and 19. In the subsection above it was observed that the
does not change the DOS in any significant way, as is exdensity of states is greatly changed by the inclusion of non-
pected since Mo and W are isoelectronic and chemicallynetal impurities, so one would immediately say that a rigid-
very similar. When studying Ru substitution we see a largdand model for predicting changes from the pure MoC to the
difference in region Il where the occupietistates for Ru  compounds with nonmetal substitutions will not work while
differ from Mo states but otherwise the features are similarit should work better for the metal substitutions. Of course, a
Contrasting the changes in DOS for the nonmetal impuritie$igid-band model would predict no change when substituting
with those of the metal impurities one finds that the DOS isMo for W, and as seen above this is almost true. Though the
significantly altered for nonmetal impurities with shifts of f19id-band model is a simple model it is often used and there-

bands and widths and even the emergence of separate sdpre it is worthwhile to look closer at the predictions made
bands while for metal impurities the DOS is largely un- and to see if and why it breaks down in the case of metal and

changed. This effect has also been found in previous studk—:‘réonmetal substitutions.

of impurities in TiC by Ivanovskii and co-workers. ' '
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T T 15F 0 C-s ] ]
10 | ——-Wd
I
S 28 AN
2 g 00 =
2 _ 2, \ /~
Z 3 05 ;
8 a = /
a
-1.0 }
] -15 f
150 10,0 50 0.0 5.0 -15.0 -10.0 5.0 0.0 5.0
Energy [eV] Energy [eV]

FIG. 6. Density of states for substitution with niobium: MoC, FIG. 7. Density of states for substitution with tungsten: MoC,
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FIG. 8. Density of states for substitution with ruthenium: MoC,
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In a rigid-band model for predicting the changes in struc- |
tural stability for 25% substitution th&l(Eg) is compared  (c)
with the DOS at 0.25 fewer electrons in the valence bi#od
boron/niobiun), 0.25 more (nitrogen, and 0.50 more FIG. 10. Difference in electron densitg) MoCo 78, 25 minus
(oxygen/rutheniurn This procedure is illustrated in Fig. 9 MOC: (€) M0Co7eNo 5 minus MoC, and(d) MoCo 760,25 minus

- MoC. The electron density of MoC is shown (h) for reference.
and the predictedi(Eg) can be compared to the calculated The positions of the atoms are indicated in the figure. The cuts have

N(Ef) .from Figs. 3 to 8. In Nb SUbSt,'IUt,'on’ as predlgted, been made in th@01) plane. The contours are shaded from dark to
N(Ey) is decreased and for Ru substitution the DOS iS eXjight, dark being the areas with largest difference in electron density
pected to move into a valley or just to the edge of a peak angtom the reference MoC.

this is also seen to be the case. In both cases the predictions

of the rigid-band model turn out to be correct for metal sub- C. Charge density

stitutions. Substitution with Ru does, however, influence the To more C|ear|y illustrate the trends in bonding when go-
stability of the compound though it does not significantly ing from substitution of boron to substitution of oxygen we
changeN(Eg). For nonmetal substitution it is different; with have studied the changes in electronic density in the crystal
boron a rigid-band model predicts tHd{E) is slightly de- by taking the difference between the charge densities of the
creased, but from Fig.(B) the actualN(Eg) is not signifi-  substitutional compound and the charge density of MoC,
cantly changed. For substitution of nitrogen and oxygen the.g., the charge density of MoC is subtracted from that of
N(Eg) is expected to move down from a peak to a smallMoCy 758, 25 to see the characteristics of the changes in
valley but, from Figs. 4 and 5, this region is filled with Mio ~ charge density(e.g., ionic versus covalentand where in
states andN(Eg) is once again not significantly changed. space the changes are most pronounced. In Figs. 10 and 11

The expected, from rigid-band arguments, decreadi )  these differences are displayed in a plane of the crystal. In
is therefore never realized. both figures the electron density of MoC is shown for refer-

ence. The position of the atoms are indicated in the figures.
The contours are shaded from dark to light, the darker the
; ' ' contour the larger the change in electron density from that of
! the reference state . Note that the difference is taken between
! calculations with different number of electrons with the ref-
| erence point always being the MoC charge density. In the
|
|

@
=}
T

case of alloy substitutions with a smaller number of valence
electrons the lightest shaded contour represents a small
T depletion and the darkest shaded contour shows a larger
0.0 L ] . ‘ . depletion of electrons. In the case of alloys with higher va-
-100 -050 o000 050 100 150 200 250 lence electron density dark contours represent a large surplus
Energy [eV] . . .
of electron density and lighter contours show areas with a
FIG. 9. DOS at the Fermi level from rigid-band reasoning for Smaller surplus.
8-MoC with substitutional impurities. The solid line denotes the ~ Figure 10 shows that in a substitution of carbon for boron
Fermi level for MoC. The dot-dashed line shows the Fermi level forthe largest change in electron density is from a highly cova-
MoC, 74Bo 25 (equivalently Mg -Nby,<C), the dotted line for lent p-d bond which in the substituted system is between B
MoC, 7Np.25, and the long dashed line for Mg&O, »5 (equiva- and Mo atoms. For nitrogen substitution most of the extra
lently Mog 7R U »:C). charge is found at the nitrogen atom and the structure of the
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the carbon-molybdenum covalepid bond. When substitut-

ing for W charge is shifted from the carbon and Mo atoms
and the bond between them to the W atom and the tungsten-
carbon bond. For Ru substitution charge is accumulated on
the Ru atoms and on the Mo-C covalgntl bond. From the
DOS in Fig. 8 it is also seen that the states occupied when
substituting Mo for Ru haved character. Figure 8 also
clearly shows that the electronic states on the Ru atom are
isolated with clear minima in the electronic density between
the Ru atom and its neighboring C and Mo atoms, illustrating
why the filling of these states does not increase the bonding
in the compound. Comparing the effect of niobium and ru-
thenium substitution, electrons are removed or added to a
covalentp-d bond with only a smaller component of charge
transfer.

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

25% Niobium
_=l(Mo

FIG. 11. Difference in electron densitg) Mog 7g\bg »4C minus
MoC, (c) Mog 7e8Wq »<C minus MoC, andd) Mog 7sRU »C minus
MoC. The electron density of MoC is shown {h) for reference. V. THE QUATERNARY ALLOY Mo .78W0 25C0.78No.25
The positions of the atoms are indicated in the figure. The cuts have
been made in thé01) plane. The contours are shaded from dark to
light, dark being the areas with largest difference in electron densit
from the reference MoC.

Following up our results that both a substitution with ni-
);rogen and one with tungsten lead to a slightly increased bulk
modulus, it is natural to study the quaternary alloy
Mog 78Wj 2£Co 79Ng 25. The equilibrium volume of this alloy
. . . is found to be 20.192 A, the cohesive energy 21.783 eV,
electron density difference is different from the B substltu-and the bulk modulus 370 GPa. This alloy thus has a smaller

tion. In particular it may be seen that the extra valence elecéquilibrium volume than MoC, a smaller cohesive energy,

tron accompanying the N substitution enters orbitals Whicrbnd a slightly larger bulk modulus, only of the order 1

are centered on the N atom. Hence substituting C for N N"_2 0. Though the increase in bulk modulus is not large this

creases the ionic component of the chemical bond. This iisS a compound that retains the high bulk modulus of MoC

also the case for oxygen SUbStiu.Jtior." where the tenc_jency .foa{nd might have other qualities that could be of interest and
an ionic component to the bonding is even larger, since Fi orthy of experimental study

10 shows that the extra valence electron charge is almos
entirely located on the O atom. The charge contour plots
discussed in Fig. 10 show that the nature of the bonding
characteristics for the electron which is removed or added
when we substitute C for B, N or O, is neither completely We have studied the cohesion and electronic structure of
ionic, covalent, or metallic. If the bonding had been metallicMoC with substitutional impurities of nonmetal boron, nitro-
then the charge density would be removed added in a  gen, and oxygen and metal niobium, tungsten, and ruthenium
more uniform manner over the entire crystal interstitial. If using first-principles full-potential LMTO calculations.
the bonding had been entirely covalent the charge would be Examination of the electronic structure and charge density
removed(or addedl only from the bonds between the atoms, gives an explanation to the trends in cohesive energies, equi-
and if the bonding was ionic we would find all the surplus librium volumes, and bulk moduli. The results from changes
(or depletion on atomic sites. In our case we observe a mix-in the energy and equilibrium volumes are contradictory to
ture of all these archetypal bonding characteristics but theimple pictures of the nature of the bonding in these com-
trends are clear that Mo binds more covalently to B and Gpounds. In order to further understand the ionic, covalent, or
whereas the ionicity becomes more important especially fometallic nature of the bonding a study of the changes in DOS
O substitution. This is a clear indication of the increasedand charge density shows that the chemical bonding between
electronegativity when going from boron to oxygen in com-anion and cations in this class of materials changes from
bination with thep-bands becoming less extended as webeing dominated by covalemt-d bonding for B and C to a
traverse the series. This results in a smaller overlap with thenore ionic bonding for the more electronegative compounds,
Mo atom and a reduced covalent bonding. especially the oxide. The maximum cohesive energy and
For metal substitutions the differences in charge densityninimum equilibrium volume for a band filling somewhere
are shown in Fig. 11. For 25% Nb substitution the electrorbetween MoC and MoN are thus an effect of the fact that for
density is removed both from the Mo atom as well as fromthese band fillings the covaleptd bonds start to weaken

VI. CONCLUSION
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and are replaced by a weaker more ionic component of thevhich retains the highest cohesive energy is nitrogen and
chemical bonding which becomes quite strong for the oxidesthat this also increases the bulk modulus of the compound,
This situation is likely to occur also for other transition-metal indicating that such a substitution might increase the macro-
carbides, nitrides, and oxides and our analysis is in certaiscopic hardness af-MoC. Our studies of metal substitutions
aspects consistent with the analysis of Gelatt, Williams, anghow that replacement with W increases the bulk modulus of
Moruzzi, who found a decrease in thed bonding when the  5-MoC. Combining this with the effect of nitrogen substitu-
valence states of the constituent atoms become lesfon the quaternary alloy Mg:aWg20:Co78Ng s has been
degeneraté® However, our analysis is somewhat in conflict studied and found to be a material with similar volume to
with the work of Price and Cooper who came to the conclu-5-MoC and slightly increased hardness that could be a can-
sion when comparing TiC and WC that the two additiodal didate for technological applications.

electrons in WC engage in W-W metallic bonding rather
than W-C covalent bond?.

The trend that5-MoC is stabilized more by the lower
valance element and more by thd Bompared to 4 metals This work has been supported by the Swedish Natural
complies with the order found previously by Ivanovskii and Science Research Coun¢MFR and TFR. We are grateful
Shveikin® and with experimental results on these ternaryto Dr. J.M. Wills for supplying his FP-LMTO code. Fruitful
systems? Our studies show that the nonmetal substitutiondiscussions with Dr. M.S.S. Brooks are also acknowledged.
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