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Phase stabilities and homogeneity ranges ind¢transition-metal carbides: A theoretical study
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First-principles full-potential linear muffin-tin orbital calculations have been used to study the
4d-transition-metal carbides ZrC, NbC, and MoC. The experimental phase diagrdmsabf the refractory
compounds ZrC, NbC, and MoC have been reproduced with great accuracy from first principles theory. The
energy of formation for these compounds has been calculated for several phases and stoichiometries in order
to understand the differences in phase stabilities and the changes in homogeneity ranges found between these
systems is explained. The results can be regarded as theoretical zero-temperature phase stability diagrams for
the three compounds containing not only the experimentally verified but also hypothetical phases and many of
the experimental properties and trends are reproduced and explained. A study of the changes and differences in
electronic structure and bonding of the studied compounds, phases and stoichiometries is also presented. As a
part of this study the hexagonal Me (Me being Zr, Nb, or M9 phases were studied and the theoretical
structures, with relaxed interlayer distances and lattice parameters, were obtained. The phase stabilities and
electronic structure of the experimentally reported orthorhombigNind Mg C phases were also studied.
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I. INTRODUCTION phases will change. The group IV carbiddsC, ZrC, and
HfC) only crystallize in the cubic NaCl structure. This struc-
Several semiempirical methods exist to construct phasture is also found among the group V met@ls Nb, and Ta
diagrams based on approximate free energy functions fittebut in this group, hexagonal M€ phases are also formed at
to existing thermodynamic data. Though these methods ad@wer carbon contents. In contrast, the group VI met@ls
all very useful it would be even more useful, and scientifi-Mo, and W can form several different carbide phases. At the
cally more gratifying, to obtain phase diagrams and thermosame time the experimental phase diagrams of the group 1V,
dynamic functions strictly from knowledge of the constituentV, and VI transition metal carbides show many similarities.
atoms. Such a first principles approach to calculating thén Fig. 1 we show the phase diagrams of ZrC, NbC, and
phase diagrams of compounds has long been a sought aftoC." In all three groups one finds a substoichiometric cubic
goal for theoreticians and provides enormous challenges. Iphase where the composition is varied by changes in the
order to calculate phase equilibria the Gibbs free energpccupancy of carbon atoms in the interstitial sites. A general
must be known for the competing structures over a widgule seems to be that the width of the homogeneity range of
range of concentrations. The energies of formation for dghe cubic phase decreases when going from the group IV to
large number of phases over a range of stoichiometries neglie group VI metals. This is well illustrated by comparing
to be determined. A technologically attractive and theoretithe phase diagrams of ZrC adMoC. While both exhibit
cally challenging group of compounds with consistent trendghe NaCl structure, ZrC has a fairly wide homogeneity range
yet significant differences in the phase diagrams are the trarvarying from about Zrg s to ZrC, g5, whereas thes-MoC
sition metal carbides. This class of materials is an importanphase has a much more narrow composition range varying
testing ground for theoretical first principles calculations offrom about5-MoCy g¢ to 6-MoCy 75. To understand this dif-
phase diagrams since they are particularly complex to deference in homogeneity ranges one must study the energies
scribe theoretically. This complexity is due to the presencedf formation of the competing phases found in the transition
of vacancies, difficult to treat accurately with most availablemetal carbides. Combining the information from the phase
methods, and in addition the bonding characteristics ardiagrams of the three groups one finds that there are, at least,
diverse. four competing phases at 50% carbon content; the cubic
The transition metal carbides have a unique combinatioNaCl phase and in MoC three additional competing hexago-
of properties, e.g., high hardness, high melting point, andial phases termeg (WC), y' (TiAs),” and . The substo-
excellent electrical conductivity, making them suitable asichiometric cubic carbides form in the carbon content range
bulk or thin film materials in many technological applica- of 33% to 50%. At 33% several competing Mg phases
tions. Today, a large number of transition metal carbidehave been verified, and a high temperature hexagonal struc-
phases is known. However, thermodynamically stable binaryure is followed first by a more stable hexagonal and then a
carbides are only formed by the transition metals in groupgow temperature orthorhombic structure. A general feature
IV, V, VI and by Mn in group VII. From a structural point of seems to be that these M& phases compete with the subs-
view, most of these carbidéexcept chromium carbidgsan  toichiometric cubic phase and that the J}ephases define
be described as a stacking of close-packed metal layers withe lower limit of the homogeneity range for the substoichio-
carbon interstitial sites between the metal planes. As oneetric cubic phase. The high temperature hexagonglQVvie
moves across the Periodic Table, the structure of the carbidehase crystallizing in the-FeN type structure is common

0163-1829/2001/633)/13410811)/$20.00 63 134108-1 ©2001 The American Physical Society



HUGOSSON, ERIKSSON, JANSSON, AND JOHANSSON

Weight Percent Carbon
10
i

26 a0
A
g T

40 5]0 'Ilﬂ 160
T

3000-

2500

2000
1855°C]

Temperature °C

1500+

180;

S
~68

3827°C &P

BERTC

rC

(€)1

% 10 350 60 7
Atomic Percent Carbon

T
a 59 W00

[

3000

k
&

2000

Temperature °C

Nbs

NbCj-x + (C)

Nb

20 30 4 50
Atomic Percent Carbon

Weight Percent Carbon

PHYSICAL REVIEWGB 134108

in two review articles by Calatsand Neckél and two later
comprehensive reviews of the field are due to Schivan
Johanssofi.A study of the relative phase stabilities between
the cubic NaCl structure and the hexagonal WC structure in
the TiC and WC system has been made by Price and
Cooper’ Theoretical calculations of substoichiometric com-
pounds have been done on cubic Ma¢ by Ivanovskii and
co-worker§ using a Green’s function LMTO method and by
Krainik etal. using a LCAO-CPA method. Theoretical
studies of other substoichiometric transition metal carbides
include work on TiC using the APW method by Redinger
and co-worker®!! and studies of the elastic and thermal
properties by Wolf and co-workel8.Substoichiometric TiX
and VX; X=C, N, O, has been studied by lvanovskii and
co-workers using a LMTO-Green’s function methi3d.
Hugosson and co-workers have also previously reported a
study on the effect of vacancies on the relative phase stability
of the four experimentally verified MoC phasésPrevious
attempts at determining the phase stabilities and phase dia-
grams have been limited to the effective cluster interactions
for single phasés or to systems with simpler metallic bond-
ing such as FeC®

The object of the present study is to explain similarities
and differences in the phase diagrams of the group IV, V,
and VI transition metal carbides by calculating the energy of
formation of several competing phases and to gain additional
insight about the bonding in these compounds by studying
the differences and changes in the electronic structure of the
phases. This has been done for tletdansition-metal car-
bides in a wide range of carbon content using a full-potential

e o 2 SRR all-electron method thereby obtaining what one can regard as

s L g S o theoretical zero-temperature phase stability diagrams con-
25004 i\ A taining not only the experimentally verified phases but also
AV, ) the pertinent hypothetical phases. In order to obtain the full

200 ]| wsessee phase diagram additional phases should be taken into ac-
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count and the temperature effects must included, but this has
been outside the scope of the present study.

The paper starts with the method and setup of the struc-
tures in Sec. Il, in Sec. lll the energy of formation and equi-
librium volumes for the different structures are presented fi-
nally leading up in Sec. IV to a theoretical zero temperature
phase diagram. In Sec. VI the electronic structure of the dif-
ferent phases is examined and contrasted. The article is
ended with a brief conclusion and discussion of the results.

FIG. 1. Experimental phase diagram for the Zr-C, Nb-C, and
Mo-C systemgRef. 1). Stoichiometric and substoichiometric ZrC

forms in the cubic NaCl structure. Stoichiometric and substoichio- . )
metric NbC forms in the cubic NaCl structure, whijeand 8-Nb,C The calculations presented have been made using a full-

are hexagonal phases. Stoichiometric MoC forms in the hexagondlotential linear muffin-tin orbital methodP-LMTO) within
WC structure, whiles-MoC is the NaCl structure ang-MoC is a  the local density approximatioft DA) of density functional
second hexagonal structure. Tjgeand 3'-Mo,C are hexagonal theory(DFT).*”*®The function used for the exchange corre-
phases. lation has been the Hedin-Lundqvist parametrizatitim. the
FP-LMTO method the unit cell is divided into non-
to both the 41 (among them Nb and Maand the & (among  overlapping muffin-tin spheres, inside of which the basis
them W) transition-metal hemicarbides. functions are expanded in spherical harmonics up to a cutoff
Given the technological interest in transition-metal com-in angular momentuml,,,.,= 6. The basis functions in the
pounds and the large experimental activity many theoreticahterstitial region, outside the muffin-tin spheres, are Neu-
calculations have been made on these systems using a widenn or Hankel functions. This division of space implies
variety of techniques. Early work in this field is summarizedthat one must take care to use the same ratio of muffin-tin

IIl. METHOD AND SETUP
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@c O Me@rNborMo) tal axis ratioc/a=0.969. The TiAs and; structures are also
hexagonal wittc/a=3.741 andc/a=4.86. The fourth struc-

we PR R Tids o i ture is the well-known cubic NaCl structure with an fcc Bra-
S S o vais lattice. For the MgC phases the hexagonal phase has
o o o o been chosen as a model structure for all three ®leom-
. ~ ~ pounds while the orthorhombic NG and MgC structures
7 - - ~ - ~ - have also been studied for sake of completeness.
v A4 A4 L
O o o o
Ill. ENERGIES OF FORMATION AND EQUILIBRIUM
~ s - VOLUMES
- - @ —& In order to study the relative phase stabilities the energy
S - o of formation, E¢,,,, needs to be calculated for the structures
i e e . and stoichiometries studied. The energy of formation per
) ) 7 atom is defined as
L) J N
cAB cAB cal cAr _E(MenCp) ME(Me)  NE(Cgrapnied

Y

FIG. 2. Structures of the stoichiometric Mé®le being Zr, Nb, n+m n+m n+m

or Mo) transition metal carbide phases studied. They are shown h d h b f din th I

here as variations in stacking sequence of close-packed-like plangg eren andmare the number o ator_ns usedint € superce

of metal and carbon atoms. and with the energy of the metal being calculated in the bcc
phase for Nb and Mo, and in the hcp phase for(aird T9.

volume versus interstitial volume in order to compare ener For ease of discussion in the coming sections, changes
P that decrease the energy of formatithus increasing the

grles betv&/een several phases V\r’]'th.varymﬁ degrees Olf Ft’agk'ngiability) for a compound or structure will be described as
0 Speed Up convergence each eigenvalle Is convoiuted wi abilizing. For example, if NbC is found to be more stable

a Gaussian with a width of 20 mR§ Energy convergence in (having a higher heat of formatiprthan ZrC for a given

terms of the number & points has also been reached so thatstructure, then the electronic states that are filled in NbC will

this has a minimal effect when comparing energies of d|ffer-b denoted as being stabilizing. The description of electronic
ent structures and compo_unds. When desquplng the atoms Qates as stabilizing/destabilizing is thus analogous to the no-
the crystal the electronic states are d|V|de(.j. IO COTe,4tion bonding/antibonding states commonly used when dis-
pseudocore, and valence states. For the transition metal Ussing cohesive energies. When discussing bonding/
%ntibonding states the electronic states of the parent atoms
Qre used as references while the notation stabilizing/
I('i‘estabilizing states use the electronic states of the parent sol-
ids as references. The distinction into stabilizing/
destabilizing states is made in order to identify changes in
'the electronic structure that lead to a stabilization of a com-
ound or structure, something that an increase in the cohe-
ive energy in itself does not uniquely indicate.

the 4p and 4 states were treated as pseudocore. Th
pseudocore and valence states were allowed to hybridize
one common energy panel. In the carbon atom thdelel
was treated as a core state while treeahd 2o levels were
treated as valence states. To find the final equilibrium ene
gies the carbon basis set was extend to include atsor3
bitals. This lowered the ground-state energies while it did no
influence the equilibrium volumés.

All the structures were relaxed in the lattice parameter
and, for the WC,» and TiAs structures also in. Local
relaxations around the impurity atoms have not been taken In the case of MoC no less than four competing MeC
into account here, such a relaxation is likely to lower thephases are experimentally found, while this is not the case
equilibrium energies somewh#t.The total energy vs vol- for ZrC and NbC were the only experimentally verified
ume was calculated for several, from 6 to 9, volumes in eaclphase is the cubic NaCl phase. Furthermore the stable sto-
structure and stoichiometry and the resulting energy versughiometric MoC phase is the hexagonalWC) phase. To
volume curves were fitted to a Murnaghan equation of statenderstand more about the competition between the phases
to find the theoretical ground state energies, and equilibriunthe energy of formation has been calculated for the four MoC
volumes. phases in all three compounds. The formation energies and

Several phases and stoichiometries were investigated armgjuilibrium volumes of these phases and all the other phases
a total of 13—14 structures were studied for all three transistudied in the present work are collected in Table I. From an
tion metal compounds, ZrC, NbC, and MoC. In the case ofinspection of the energies of formation of the stoichiometric
50% carbon content the cubic NaCl structure and the hexstructures a drastic change in the relative order of stability is
agonal WC, TiAs, andy-MoC phases were studied. For 0% found to occur between NbC and MoC, where the cubic
carbon the metal bcc and fcc structures were studied for Nphase ceases to be the most stable. In order to further
and Mo and for Zr also the hcp structure. A presentation ofascertain this trend, highly hypothetical, TcC in the cubic
the geometric structures of the MeC phases is given in Fig. 2NaCl and hexagonal WC structures have also been studied.
The WC phase has a hexagonal structure with an experimeiom the changes in the formation energy it is found that the

A. Stoichiometric MeC phases

134108-3
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TABLE |. Number of atoms in structure, equilibrium volumes
Veq, and formation energiey,, for all the phases studied.

Phase Atoms Veq [A3] Eorm [MRY]
Zr(hex 1 22.0 0
Zr(bco 1 21.2 5
Zr(fce) 1 21.8 4
ZrC (NacCl) 2 25.3 -67
ZrC (WC) 2 26.0(Ref. 39 -6
ZrC (TiAs) 8 24.7 (Ref. 39 -37
ZrC-g 12 25.2(Ref. 39 -59
ZrCy 75 15 25.0 -63
ZrCy.75 7 25.0 -53
ZrCy 75 14 24.8 -58
ZrCy 50 6 24.5 -36
ZrCy 50 12 24.3 -46
ZrCy 5 5 23.6 -18
Zr,C (hex 3 24.9 -44
Nb(bco) 1 17.2 0
Nb(fcc) 1 17.9 29
NbC (NaCl) 2 21.9 -43
NbC (WC) 2 20.4(Ref. 39 -9
NbC (TiAs) 8 21.3(Ref. 39 -25
NbC-7 12 21.9(Ref. 39 -41
NbC g75 15 21.6 -43
NbCy 75 7 214 -33
NbCy 75 14 21.3 -42
NbC 59 6 20.7 -22
NbGC, 50 12 20.6 -27
NbGCy 25 5 19.7 -3
Nb,C (hex) 3 20.6 -37
Mo(bco) 1 15.2 0
Mo(fcc) 1 15.4 32
MoC (NacCl) 2 20.3 10
MoC (WC) 2 20.3(Ref. 39 -11
MoC (TiAs) 8 20.3(Ref. 39 5
MoC-7 12 20.2(Ref. 39 9
MoCy g75 15 19.9 4
MoCy 75 7 19.4 5
MoCy 75 14 19.4 -1
MoCy 50 6 18.5 4
MoCy 50 12 18.3 -6
MoCy »5 5 17.3 14
Mo,C (hex) 3 18.6 -6
Mo,C (ortho 12 18.3 -12
Tc (hex 1 13.8 0
TcC (NaCl) 2 19.6 43
TcC (WC) 2 19.2 3
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FIG. 3. Energies of formation for substoichiometric cubic
ZrCy_y, NbC,_,, and MoG_, shown as a function of carbon
content. The results from the 8 atom supercell are indicated by
circles and the results from the 16 atom supercell by the filled
circles. The dash-dotted lines indicates the energy of formation of
the stoichiometric cubic phases plus the pure metal phase.

fore becomes the most stable structure for MoC not by be-
coming more stable in itself but because the other phases are
destabilized. The difference in energies of formation between
the structures is the smallest for MoC. This span in energy of
formation indicates how easily the less stable phases may be
formed and a small span shows why MoC has so many stable
and meta-stable phases while the other transition metal car-
bides do not?

B. Substoichiometric cubic MeG _,

The cubic phases of ZrC, NbC, and MoC were studied
over a wide range of vacancy concentration, from MeC to
Me (fcc) first using a supercell setup with a simple cubic
lattice with a basis of 4 transition metal atoms and 4 carbon
atoms. The carbon atoms were subsequently removed one by
one creating Megs, MeG, 59, MeG, o5 and finally fcc Me.

The substoichiometric cubic phase was also studied using a
larger supercell with an fcc lattice and a basis of 8 transition

metal atoms and 8 carbon atoms to allow for a larger and

different choice of stoichiometries and vacancy positiths.

The equilibrium volumes and energies of formation,
Eiorm, Of the different phases and stoichiometries are pre-
sented in Fig. 3 and collected in Table I. The difference
between the two supercells used, 8 atoms and 16 atoms, is
significant. In the larger supercell one can spread out the
vacancies more evenly in the structure, thereby minimizing

effect of band-filling is that that the WC structure is slightly the number of metal atoms with more than one carbon va-
stabilized Eioy, is fairly constank up to MoC and then de-
stabilized €, increasesup to TcC. The electronic states percell. This is seen to have a large effect on the total energy
that are filled in the WC structure are thus slightly stabilizingof the system and the stability trends. The smaller supercell
up to MoC and then destabilizing. In the other three strucshould, however, be more representative when the vacancy
tures the effect of band-filling when traversing the seriesconcentrations are large, like in Mg&s, where nearly all
from ZrC to TcC is destabilizing. The WC structure there-the carbon atoms have been removed.

cancy neighbor, while this is not possible in the smaller su-
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Q C _a TABLE II. Experimental and theoretical lattice parameters, the-
~ - oretical layer distances, and energies of formation for theQ/e
O Me u phases.
O C-axis Phase Qexpt [A] Atheor [A] Zexpt [A] Ziheor [A] Eform [MRY]
T z O Zr,C 3.32 1.23 -44
B A C Nb,C 3.13 3.12 1.23 1.22 -37
Mo,C 3.02 3.00 1.18 1.19 -6

FIG. 4. Structure of the hexagonal M& phases, Me being Zr,
Nb, or Mo, showing thec-axis and the layer distancewhich is
relaxed.

used in a new search for the equilibrium lattice constant. The
result was, however, that for some lattice constants the origi-

The energies of formation for the substoichiometric cubic, guess oz=0.25 had a lower total energy than the struc-
carbides are seen to be very different in the three com;:

ounds. For Zr. .. the energy of formatiorE is nega- ture with “relaxed” layer distance. The total energies of the
F_ | ' { g*t?] hol gy orfor N .ftor.m’ bg systems were thus found to be very sensitive to the layer
Ivé aimost over the who'e region, in BG i IS SO above  jistances. Layer distance relaxations, using forces imple-
20% carbon content while thés,,,, of MoC, _, is negative

: mented in the FP-LMTO methdd, were therefore per-
between 33% ar_1d 43% carbo_n content, Comparind=ihis; formed for all lattice parameters when searching for the equi-
of the substoichiometric carbides against that of the respe

Sibrium energy and volume in each compound. The layer
afjistance was found to be strongly dependent on the lattice
. . ) parameter indicating that the actual bond distance between
for NbG 5p. Cubic MoG ., is more stable than cubic MOC 0 atoms in these compounds is important. The equilibrium

plus_ bcc-Mo down to around 33% Cafbof‘- _ volumes, layer distances and formation energies for the
Figure 3 also clearly shows the very dlfferent beha\{|or OffuIIy relaxed hexagonal M&£ structures are collected in
the three compounds when vacancies are l_ntroduced into thIeable [I. The theoretical lattice parameters agree well with
supercell. In ZrG._ the energy of formation increases when yhe - experimental lattice parameters in those compounds
vacancies are introduced while for NpG the energy of \ hare they are know#f Since the interlayer distances are
forr_napon,Efprm, decreases or is unchanged for the first tWOnot known experimentally for 2€ the values given here are
st0|ch.|ometr|_es and then INcreases. Fo.r MOC. the change Eredictions. The stability of the ME carbides decreases
negative gntll Mog__So. This is a clear indication that the | . going from ZsC to Mo,C, most drastically between
states which are being unoccupied by the removal of carboRlb2C and MaC, showing that the electronic states that are

atoms are of a very diff_erent hature ‘”?f_cr NbC, and _MOC'being filled are less bonding than the states of the individual
All the states removed in ZrC are stabilizing states while for

7 : I . solids.
MoC one is first removing non-stabilizing or destabilizing
states, until below 33% carbon content. In NbC one first
removes destabilizing states and then stabilizing states. D. Orthorhombic Nb,C and Mo,C phases

ZrC, _, is stable down to Zrgsowhile NbC, _, is not stable

The orthorhombic structures of BB and MgC have
C. Equilibrium structures of hexagonal Me,C also been investigated. The lattice paramateras varied in

The hexagonal Mg (Me = Zr, Nb, and M9 phases order to find the equilibrium structure and energy while the

presents a challenge since for the group IV transition metal§XPerimentab/a andc/a ratios were used.

this phase is not found experimentally and for MoC and Nbc, N the case of NEC some controversy exists as to_the
several competing M& phases exist. In our study the hex- determination of the structure of the orthorhombic ptdse.

agonal NBC structure, also found as a high temperatureTWO of the reported orthorhombic structures have been stud-

phase in MgC and WC, was used as a model structure foried and compared with the hexagonal phase. The result is,

the Me,C phases even if this is not the equilibrium structurepowzvfr’hthat hl_aort]h report(_ed o;t?orho;rjblc tﬁtru%ures Iare
for all three compounds. In the M€ phases the distance ound to have nigher energies of formation, thus being 1ess

between the layers of the carbon atoms and metal atomé,table’ than the hexagqnal W’phas‘?- The result for MG
here calledz (see Fig. 4 is not known experimentally for IS that the orthorhombic structure is more stable than the

Zr,C, since it has never been synthesized. Therefore thgexagonal phase and stable versus cubic MoC plus bce Mo,

equilibrium structures, interlayer distances and lattice aram? agreement with experimental reports. The theoretical val-
d Y b s for thea=4.711 A, b=5.988 A, andc=5.185 A

eters have been calculated theoretically using relaxations . _ .
the structures with quantum mechanical forces. The sam@Xes are also in good agreement with experimental reSults.
ratio of c/a=1.566, from MgC, was used for all phasés.
First a model structure of the hexagonal J@ephases was
studied by using the layer distanze 0.25 and the equilib-
rium lattice constant was found from this setup. The layer
distance was then allowed to relax for this preliminary equi- Combining all the hitherto calculated energies of forma-
librium lattice constant, this new layer distance was thertion one can derive theoretical zero temperature phase stabil-

IV. THEORETICAL ZERO TEMPERATURE PHASE
STABILITY DIAGRAMS

134108-5
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FIG. 5. Theoretical zero temperature phase diagram for ZrC. FIG. 7. Theoretical zero temperature phase diagram for MoC.
The dash-dotted lines indicates the energy of formation of the stoThe key to this figure is the same as in Fig. 5.
ichiometric cubic phases plus the pure metal ph@sehe carbon
graphite phase Dotted line indicate the approximate phase regions
at O K.

20% the stability range is predicted to be from 50% carbon
down to 32% which is in excellent agreement with experi-
ment. The hexagonal Z€ phase is less stable than substo-

ity diagrams for ZrC, NbC and MoC and they are O|isp|ay(_3dichiome.tric ZrG_, which is algo in agreement with experi-
in Figs. 5—7. The theoretical phase stability diagrams can bB'€nt since the ZC phase is not observed. The phase
compared with the experimental phase diagrams in Fig. 1 t§t@bility diagram of NbC, Fig. 6, also predicts the correct
shed more light upon the experimental results. From the the3t@ble NbC phase, being the NaCl structure, but here the
oretical phase stability diagrams one can extract much of thB€havior of the substoichiometric phase is somewhat differ-
phase stabilities and trends seen in the experimental pha§8t to that of ZrG_, . Substoichiometric NbC , is seen to
diagrams. All the phases are collected here, the whole randi€ Stable versus stoichiometric NbC plus Ko only
of carbon content is shown and the energies of the mo<{own to 35% carbon and stable versus hexagonaO\imly
stable stoichiometric phases plus the pure metal pkase QOwn to 38% ca}rbomlndlcated in the figure 'Wlth a dashed
carbon graphite phajsés indicated by dot-dashed lines. line). MoC in Fig. 7 shows yet another picture of phase
Starting with the phase stability diagram of ZrC, in Fig. 5, stab|lltles with a stab_le W(C structure and a substoichiometric
the NaCl structure is predicted to be the stable stoichiometri€ubic structure that is unstable over the whole range of car-
compound and substoichiometric ZrG, is stable compared PON content, in accordance with experiment. It has been
to the competing phases down to at least 33% carbon. If thehown in previous work that the inclusion of vacancies into

energy of formation is extrapolated towards the point forthe WC structure drastically reduces the stability of this
phase having the effect that at substoichiometric composi-

40 ‘ : N ‘ ‘ ‘ ‘ ‘ tions the NaCl phase is the most stalfleThe hexagonal
Mo,C phase is also seen to be unstable while orthorhombic

o @®—@NaCl-structure, 8 atoms
G~—ENaCl-structure, 16 atoms

20

OWC-structure

O TiAs-structure
Aeta-structure
*Nb,C, hexagonal

Nb + Nb2C

Energy of formation [mRy/atom]
L
(=]

| Nb2C
.
! NbC iNbC:

NbC+C
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FIG. 6. Theoretical zero temperature phase diagram for NbC.

40 50 60 70 80
% Carbon

The key to this figure is the same as in Fig. 5.

90

100

Mo,C is very stable. Thus only orthorhombic Mo and
MoC in the WC structure are stable while the substoichio-
metric cubic phase is unstable, this all being in agreement
with the experimental situation.

The variation in the homogeneity range of the substo-
ichiometric cubic carbides can thus be understood from these
phase stability diagrams as arising from the differences in
electronic structure with the deoccupation of stabilizing and
destabilizing electronic states when vacancies are introduced
to the structure. These differences couple into two separate
mechanisms stemming from either a competition between
the substoichiometric cubic phase and the,@l@hases plus
graphitic carbon or from a competition with stoichiometric
cubic MeC plus pure metal Me. The range where the subs-
toichiometric carbide is more stable than both these competi-
tors determines the homogeneity range.

In the figures the regions of solid solution at zero tem-
perature have been indicated by dotted lines. Comparing the
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500 ‘ ‘ in shows up in a considerably larger valueEf for ZrC in
€4—<qMe: bee structure the NaCl phase compared to the value of the pure element,
(G—EMeC: NaCl structure H H H
D5 IMeC: WG strusture Whlch explains the large valge of the heat_ of formation for
1 #—%Me,C: hexagonal structure this compound. Howeverk, is actually a little larger for

NbC, where the extra cohesion comes mostly from metallic
bonding of the Nbd-states. This is in accordance with pre-
vious analysis, since the bonding in NaCl transition metal
carbides is composed of metallizbinding in addition to a
stronger covalent contribution from thed hybridization®!
Additional electron filling corresponding to antibonding
states andE.. drops in value for MoC and TcC. This picture
is somewhat modified for the compounds when they are in
the WC crystal structure, sincgé; is here actually maxi-
mized for MoC and the general trend of the cohesive energy
is quite similar to the tend of the pure elements. This sug-
zr Nb Mo Te gests a more metallic nature of the chemical bonds in this
Transition metal structure, and the electronic structtfrés indeed consistent
d/vith this. In passing we note that an inspection of the trends
of E., to identify the transition from bonding to antibonding
states, is in some cases dependent on the crystal structure.

theoretical regions from Figs. 5—7 with the experimental reHowever, irrespective of this dependence one may note that
gions in Fig. 1 it is seen that the experimental situation ithe transition from bonding to antibonding states lies earlier

perfectly reproduced by the theoretical calculations. Thdn the series for the transition metal carbides, compared to
equilibrium composition is also seen to vary, ZrG is seen  the pure elements, a finding that is in accordance with the
to be most stable in the stoichiometric composftfon analysis of Brooks on the chemical binding of the actinide

whereas both NbC , and MoG_, are seen to have minima carbides’? This is a direct effect of the hybridization be-

in Eq,m, Situated at a vacancy concentration not equal to zerdeen metallicd and carborp states.

The equilibrium carbon content for MQC, is seen to be

Cohesive energy [mRy/atom]
&
o

-800 -

-900

FIG. 8. Cohesive energies for the bcc metals, MeC in WC an
NaCl structures and for the hexagonal J@ephases.

around 40% carbon an_d for NRC, it.i.s. seen to be around V1. ELECTRONIC STRUCTURE
46% carbon. Concerning the stabilities of the hexagonal _ _ _ _
Me,C phases the figures show that oand Z5C are not The density of state€DOS) is an important quantity for

stable, while NbC is seen to be stable. This is in accordanceunderstanding the bonding in a compound. From the charac-
with the phase diagrams since,Zris not found experimen- teristic features of the density of states one can understand
tally. For hexagonal MgC this instability can be explained differences in the chemical bonding between different phases
since experimentally this is a high temperature structure ofnd the changes in the bonding between stoichiometric and
MOZC, the stable structure for M@ being an orthorhombic substoichiometric phases. A detailed StUdy of the bonding
structure which is also seen to be stable according to ou@nd changes in the bonding is also made by studying the

calculations. charge density distribution in the compounds and the
changes in this distribution coming from the occupation or
V. COHESIVE ENERGIES deOCCUpation of states in different energy ranges.

The stability range of the various compounds is deter-
mined from a competition between the chemical binding of
the pure elements, i.e., graphie covalentsp? bonded ma- The partial DOS for the four structures studied are shown
teria) and a transition metalwhere the bonding is deter- in Fig. 9. For ease of discussion, we can divide the DOS of
mined by the Friedel modgland the binding in the MeC all four structures into three main regiond) a region of
phase and the M€ phase. In order to analyze the nature ofpredominantly carbos states with a small degree of hybrid-
the chemical bonds in the latter types of systems we displaizedd states from the transition metal containing 2 staiés,
in Fig. 8 the cohesive energiegE{) of the MeC compounds a region of hybridized carbop states and transition metdl
in the NaCl and WC structure, the pure elements in the bcstates containing 6 states, afitl) predominantly transition
structure and of the M€ phases. Several conclusions maymetald states with a small degree of hybridizedtates from
be drawn from this figure. First we note the well establishedcarbon, containing 10 states. Region Il is usually viewed as
fact that for the pure elements a parabolic behavior ighe bonding part of the Md- C-p hybridization complex,
observed For the pure elements, Zr, Nb, and Mo, the elec-while region Il is the corresponding nonbonding/
tron states are bonding, and the transition from bonding t@ntibonding part overlapping with metallgestates. The dif-
antibonding states is known to lie close to the electron fillingference between the three compounds is qualitatively, in all
of Tc. For the NaCl compounds the trend is different mainlyfour cases, a difference in band-filling where simple rigid
due to the bonding part of a strong covalenp®4e-d hy-  band arguments explain the raising of the Fermi level when
brid that is just filled in ZrC? The strong binding this results going from ZrC to MoC. This is also expected and has been

A. DOS of stoichiometric MeC phases
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FIG. 9. Density of states for the cubic Na@bp), hexagonal 2
WC, hexagonal TiAs and hexagongistructuregbottom for ZrC. '
The Fermi level is indicated by a solid line. The approximate posi- ‘

tion of the Fermi level for Nbg_, , indicated by a dashed line, and -15 -10
of MoC, _,, indicated by dot-dashed line, is also shown. Energy [eV]

FIG. 10. Density of states for substoichiometric cubic Zrg.
shown to be the case for transition metal substitutions ifnThe Fermi level is indicated by a solid line. The approximate posi-
earlier works® The figures indicate the Fermi level for the tion of the Fermi level for Nbg_, , indicated by a dashed line, and
ZrC phase by a solid line and the qualitative position of theof MoC,_y, indicated by dot-dashed line, is also shown.

Fermi level for NbC is indicated by a dashed line and the
Fermi level for MoC by a dot-dashed line. tures are mostly antibonding. For TcC the WC structure is no
In the topmost part of Fig. 9 the DOS is shown for thelonger stable having now filled antibonding electronic states
cubic NaCl structure. Returning to the discussion regardingbove the slightly bonding/nonbonding peak.
the energy of formation of the substoichiometric cubic car-
bides one can find an explanation of the trends in the elec-
tronic structure. In NbC and MoC states in region Il are
becoming filled. These states are of a very different nature In Fig. 10 the calculated partial density of states for 5
compared to the states in region Il which are hybridized cardifferent vacancy concentrations of cubic 4rG are dis-
bon p states and transition metdl states. Using a simple played and the trends and changes in the DOS are clearly
rigid band picture the first electron removed in NbC, goingseen when introducing vacancies in the carbon sublattice.
from NbC to NbG, ;s5, is destabilizing where after the states, This DOS is representative of all three substoichiometric car-
like in ZrC, are stabilizing. For cubic MoC the first two bides, the DOS of the other two, NpC, and MoG _, being
electrons removed are destabilizing, even though the picturgualitatively the same. The only major difference in the DOS
of rigid bands is over simplified it indicates the correct between the three carbides at each stoichiometry can be un-
trends. derstood in terms of a simple rigid band filling. The approxi-
In order to understand the different behavior as regardsnate position of the Fermi level in NQC, and MoG _, is
the relative phase stabilities for the four structures one mushdicated in the DOS for ZrC , . Note that when removing
find the difference in the states being filled when going fromatoms in the carbon sublattice the symmetry of the system is
ZrC to MoC. In ZrC, for all four structures, the Fermi level is changed and therefore there is more than one type of Me
in a local minimum of the DOS, a pseudogap, just havingatom in these systems. For sake of clarity only the partial
filled the 6 states in region Il. The largest difference betweerdensity of states of one of these is displayed, the others being
the four structures is that in the WC structure a fairly broadqualitatively similar to the one displayed or not significantly
peak with a larger amount of hybridized metakarbonp,  changed from the MeC cadgor those atoms not having
containing exactly 2 states, is filled when going to MoC carbon vacancies as neighbors
while in the other structures the region filled is with more  The topmost plot of Fig. 10 displays stoichiometric cubic
metald character with a smaller amount of carbpnThe  MeC, as seen previously in Fig. 9. Below this plot the DOS
stability of the WC structure is not much changed when gofor MeG, ;5 is shown where regions | and Il remain largely
ing from ZrC to MoC, see the discussion about formationunchanged, with the peak in region Il becoming lower and
energies in Sec. Il and cohesive energies in Sec. V. Thisnore narrow. The largest changes are found in region Il
shows that the states of the broad peak in the DOS above thvehere the minimum which separated regions Il and Il is
Fermi level (which is filled in the MoC casefor the WC  now pierced by two peaks with mostly Me-character.
structure of ZrC is comprised of slightly stabilizing states These peaks are the so-called vacancy peaks and are associ-
that are slightly bonding/nonbonding while the destabilizingated with unscreened Me-Me bonds through the vacancy site
states above the Fermi level being filled in the other strucand have been more extensively studied in our previous

B. DOS of substoichiometric cubic MeG_,
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b) Nb2C-Zr2C
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= No2e FIG. 12. Charge density contours from the electronic states in
227 ; region Il (as indicated in Fig. D1seen in thd2 4 3| plane. The
2 ! regions inside the dark contours have more electron density than
§1 I those inside lighter contours. Figuf@ shows the total charge den-
! sity for Zr,C while figures(b) and(c) show the difference in charge
0 :

density for this region when Zr is exchanged for Nb and Mo, re-

Mo2C spectively.

0 bridization between the @-and metald states in region Il
when going from Z5C to Mo,C. The stabilization by the
increase of hybridization is however negated by an increased
filling of the states in region Ill. Combining results from the
discussion on energies of formation in Sec. IllC and cohe-
sive energies in Sec. V, the last part of region Ill, from -2 eV
to 1 eV which is filled in hexagonal NE, is of a destabi-
lizing but bonding nature. The states above 1 eV in region
IV, filled in hexagonal MgC, are nonbonding but less bond-
ing than the states in the individual elements and thus desta-
bilizing.

I
' it
S
; " "w\‘ A
J R A
-15 -10 -5 9] 5 10
Energy [eV]

FIG. 11. Density of states for the hexagonal J@ephases for
Zr,C, Nb,C, and MgC. The Fermi level is indicated by a solid
line.

work ! The Fermi level of ZrG,sis between the two peaks,
for NbG, 7sit is found on the first peak and in M@Gs above As discussed above, a closer study of the DOS for the
both vacancy peaks. hybridized Med C-p states in region Il indicates that the

Starting from the top-most DOS for MeC and proceedingdegree of hybridization is increased when going fromCZr
downwards the DOS is gradually changed from a clear hyto Mo,C. Figure 12 shows the charge density originating
bridization between Me and Cp, with emergence of va- from region Il in a[2 4 3] plane of the crystal. The left-most
cancy peaks in the 25% vacancy case. These vacancy peafigure, Fig. 12a), shows the charge density from region Il in
become more and more pronounced at 50% and at 75%, unflr,C while the next two figures, Figs. (® and 1Zc) show
in the pure transition metal thdband is seen in the lowest the difference in Charge density when going tozthnd
picture. The Fermi level is also lowered from high up in thepmo,C, respectively. Fig. 1@) clearly shows the very lay-
d-band towards the center of thieband for the pure fcc  ered nature of the bonds in region I, where all the charge is
metal. It is also clear that the inclusion of vacancies in thQn bonds between metal and nonmetal atoms and even some
carbon sublattice cannot be viewed in a r|g|d band f|”|ngbond|ng between carbon neighbors is Sed,’ﬂ Charge seen
picture and for all the MeC , compounds the Fermi level is petween the top two metal atomgigures 12b) and 1Zc)
fairly inert, giving more a picture oplastic bandswvere the  then clearly show that the difference in bonding when going
Vacancies drastica”y ChangeS the nature Of the bonding. to NbZC and MQC is that more Charge is p|aced in the metal
to nonmetal bonds. This is due to an increase in fihe
hybridization as indicated from the changes in the DOS. The
distribution of total charge densities have also been studied
for a plane in the crystal indicating the very layered nature of
the bonding in the hexagonal M@ phases.

The DOS of orthorhombic MgC is shown in Fig. 13. The
main differences between the DOS for the hexagonal and the
orthorhombic MgC phases is that there is no gap between
the strongly hybridized Mat C-p states in region Il and the
g/lo—d states in region lll. The strongly hybridized states in
region Il are also found to be situated lower in energy for the
orthorhombic structure thereby correctly indicating that this
structure is more stable than the hexagonal structure.

C. Electronic structure of the Me,C phases

The DOS for the hexagonal M€ phases for ZC, Nb,C
and Mo,C are shown in Fig. 11. For clarity of discussion the
DOS can be divided into four main regiofiadicated in the
topmost part of Fig. 11 The main features in the electronic
structure is a low sharp peak with eharacter hybridized
with Me-d at around -10 eV in region | followed by region I
containing 6 electrons comprised of strongly hybridizeg C-
and Med electronic states above -5 eV. The electronic state
around the Fermi level, region lll, are mainly Meand a
small part Cp and Mep containing 6 states while the higher
energy region 1V is only Met and Cp.

As for the previously studied phases the difference be-
tween the DOS of hexagonal A and hexagonal
Nb,C/Mo,C is seen to be mostly a rigid band shift of the  The results of this study of the phase stabilities and ho-
Fermi level. The main differences in the bonding betweermogeneity ranges of theddtransition-metal carbides can be
the compounds is seen to be that there is an increased hgummarized in seven points.

VII. CONCLUSIONS
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2 . . . (iii) From the changes in formation energy it is indicated
------------ C-s that the states that are filled when going from ZrC to MoC in
—-= C-p the hexagonal WC structure are nonstabilizing/stabilizing
T mg:g (sinceE¢yy, is fairly constant up to MoC and then destabi-
15 ] lizing (Esom increaseks In the other three structures, among

them the cubic NaCl structure, all the states filled when tra-
versing the series from ZrC to MoC are mostly destabilizing.
The WC-structure is therefore seen to become the most
stable structure for MoC not by becoming more stable but
because the other phases are destabilized. This picture is also
supported by studies of the electronic structure.

(iv) The order of stability for the four MeC phases, found

DOS [states/eV]

05 in MoC, was calculated for ZrC, NbC, and Mad@nd TcQ.
The changes in relative phase stability was explained by dif-
. ferences in the filling of states in the electronic structure.
0 = AN 1.0 ~75\ e (v) The combined results from the studies of the cohesive

energies and energies of formation indicate that the region of
maximal stability of the phases is shifted from the beginning
FIG. 13. Density of states for orthorhombic M2 The Fermi of the series(Zr) for the transition-metal carbides towards
the middle(Mo, Tc) when increasing the metalization via the
transition-metal hemicarbides to the pure metals. It is thus
oncluded that carbides M@, x>1, should be more preva-
ent closer to the middle of the series, obtained for example
by alloying.

Energy [eV]

level is indicated by a solid line.

(i) Theoretical zero temperature phase stability diagram
have been calculated for thed4ransition-metal carbides.
Calculation of the energies of formation of the competin . . .
hexagonal MgC phasesg explains the differences foupnd ir? (vi) Theoretical equilibrium structures fpr the hexagonal
homogeneity ranges and equilibrium composition for theM.eZC phages have begn calculated, ShO.W'“g good agreement
substoichiometric cubic MeC, phases. The values of the with experiment. Studies of the electronic strycture in these
formation energy and equilibrium volumes should also be O]hexagonal phases show a very layered bonding.

interest as input in other theoretical schemes for constructinﬁ1 (vii) The electronic structureg and stabilities of the experi-
phase diagrams. entally reported orthorhombic N6 and MgC phases

o o - have also been studied. The two reported orthorhombic
The variation in the homogeneity range of the substo-
(i) vanation | genery rang . fructures of NbEC were found to be less stable than the

ichiometric cubic carbides can be understood from the phas%

diagrams as arising from the differences in electronic Struchexagonal phase. The stability of the orthorhombic,Mo

ture with the deoccupation of stabilizing and destabilizingpr_1ase was greater than the hexagonal phase, in agreement
electronic states when vacancies are introduced to the stru$/ith €xperiment.
ture. These differences couple into two separate mechanisms

where the variation stems from either a competition between

the substoichiometric cubic phase and the,®@hases plus This work has been supported by the Swedish Research
graphitic carbon or from a competition with stoichiometric Council (NFR and TFR and the Swedish Foundation for
MeC plus pure metal Me. The range in where the substoStrategic ResearctSSH. Dr. J. M. Wills of Los Alamos
ichiometric carbide is more stable than both these determindsational Laboratories is acknowledged for supplying the FP-
the homogeneity range. LMTO code used in these studies.
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