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Phase stabilities and homogeneity ranges in 4d-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 diagrams atT50 of 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 Me2C ~Me being Zr, Nb, or Mo! 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 orthorhombic Nb2C and Mo2C phases were also studied.

DOI: 10.1103/PhysRevB.63.134108 PACS number~s!: 64.60.My, 71.15.Nc, 71.20.Be
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I. INTRODUCTION

Several semiempirical methods exist to construct ph
diagrams based on approximate free energy functions fi
to existing thermodynamic data. Though these methods
all very useful it would be even more useful, and scient
cally more gratifying, to obtain phase diagrams and therm
dynamic functions strictly from knowledge of the constitue
atoms. Such a first principles approach to calculating
phase diagrams of compounds has long been a sought
goal for theoreticians and provides enormous challenges
order to calculate phase equilibria the Gibbs free ene
must be known for the competing structures over a w
range of concentrations. The energies of formation fo
large number of phases over a range of stoichiometries n
to be determined. A technologically attractive and theor
cally challenging group of compounds with consistent tren
yet significant differences in the phase diagrams are the t
sition metal carbides. This class of materials is an import
testing ground for theoretical first principles calculations
phase diagrams since they are particularly complex to
scribe theoretically. This complexity is due to the presen
of vacancies, difficult to treat accurately with most availab
methods, and in addition the bonding characteristics
diverse.

The transition metal carbides have a unique combina
of properties, e.g., high hardness, high melting point, a
excellent electrical conductivity, making them suitable
bulk or thin film materials in many technological applic
tions. Today, a large number of transition metal carb
phases is known. However, thermodynamically stable bin
carbides are only formed by the transition metals in gro
IV, V, 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. As
moves across the Periodic Table, the structure of the car
0163-1829/2001/63~13!/134108~11!/$20.00 63 1341
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phases will change. The group IV carbides~TiC, ZrC, and
HfC! only crystallize in the cubic NaCl structure. This stru
ture is also found among the group V metals~V, Nb, and Ta!
but in this group, hexagonal Me2C phases are also formed
lower carbon contents. In contrast, the group VI metals~Cr,
Mo, and W! can form several different carbide phases. At t
same time the experimental phase diagrams of the group
V, and VI transition metal carbides show many similaritie
In Fig. 1 we show the phase diagrams of ZrC, NbC, a
MoC.1 In all three groups one finds a substoichiometric cu
phase where the composition is varied by changes in
occupancy of carbon atoms in the interstitial sites. A gene
rule seems to be that the width of the homogeneity range
the cubic phase decreases when going from the group IV
the group VI metals. This is well illustrated by comparin
the phase diagrams of ZrC andd-MoC. While both exhibit
the NaCl structure, ZrC has a fairly wide homogeneity ran
varying from about ZrC0.45 to ZrC0.95, whereas thed-MoC
phase has a much more narrow composition range var
from aboutd-MoC0.66 to d-MoC0.75. To understand this dif-
ference in homogeneity ranges one must study the ener
of formation of the competing phases found in the transit
metal carbides. Combining the information from the pha
diagrams of the three groups one finds that there are, at l
four competing phases at 50% carbon content; the cu
NaCl phase and in MoC three additional competing hexa
nal phases termedg ~WC!, g8 ~TiAs!,2 andh. The substo-
ichiometric cubic carbides form in the carbon content ran
of 33% to 50%. At 33% several competing Me2C phases
have been verified, and a high temperature hexagonal s
ture is followed first by a more stable hexagonal and the
low temperature orthorhombic structure. A general feat
seems to be that these Me2C phases compete with the sub
toichiometric cubic phase and that the Me2C phases define
the lower limit of the homogeneity range for the substoich
metric cubic phase. The high temperature hexagonal M2C
phase crystallizing in thee-Fe2N type structure is common
©2001 The American Physical Society08-1
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to both the 4d ~among them Nb and Mo! and the 5d ~among
them W! transition-metal hemicarbides.

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. Early work in this field is summariz

FIG. 1. Experimental phase diagram for the Zr-C, Nb-C, a
Mo-C systems~Ref. 1!. Stoichiometric and substoichiometric Zr
forms in the cubic NaCl structure. Stoichiometric and substoich
metric NbC forms in the cubic NaCl structure, whileg andb-Nb2C
are hexagonal phases. Stoichiometric MoC forms in the hexag
WC structure, whiled-MoC is the NaCl structure andh-MoC is a
second hexagonal structure. Theb and b8-Mo2C are hexagona
phases.
13410
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in two review articles by Calais3 and Neckel4 and two later
comprehensive reviews of the field are due to Schwarz5 and
Johansson.6 A study of the relative phase stabilities betwe
the cubic NaCl structure and the hexagonal WC structure
the TiC and WC system has been made by Price
Cooper.7 Theoretical calculations of substoichiometric com
pounds have been done on cubic MoC12x by Ivanovskii and
co-workers8 using a Green’s function LMTO method and b
Krainik et al. using a LCAO-CPA method.9 Theoretical
studies of other substoichiometric transition metal carbi
include work on TiC using the APW method by Reding
and co-workers10,11 and studies of the elastic and therm
properties by Wolf and co-workers.12 Substoichiometric TiX
and VX; X5C, N, O, has been studied by Ivanovskii an
co-workers using a LMTO-Green’s function method13

Hugosson and co-workers have also previously reporte
study on the effect of vacancies on the relative phase stab
of the four experimentally verified MoC phases.14 Previous
attempts at determining the phase stabilities and phase
grams have been limited to the effective cluster interacti
for single phases15 or to systems with simpler metallic bond
ing such as FeCr.16

The object of the present study is to explain similariti
and differences in the phase diagrams of the group IV,
and VI transition metal carbides by calculating the energy
formation of several competing phases and to gain additio
insight about the bonding in these compounds by study
the differences and changes in the electronic structure of
phases. This has been done for the 4d-transition-metal car-
bides in a wide range of carbon content using a full-poten
all-electron method thereby obtaining what one can regar
theoretical zero-temperature phase stability diagrams c
taining not only the experimentally verified phases but a
the pertinent hypothetical phases. In order to obtain the
phase diagram additional phases should be taken into
count and the temperature effects must included, but this
been outside the scope of the present study.

The paper starts with the method and setup of the st
tures in Sec. II, in Sec. III the energy of formation and eq
librium volumes for the different structures are presented
nally leading up in Sec. IV to a theoretical zero temperat
phase diagram. In Sec. VI the electronic structure of the
ferent phases is examined and contrasted. The articl
ended with a brief conclusion and discussion of the resu

II. METHOD AND SETUP

The calculations presented have been made using a
potential linear muffin-tin orbital method~FP-LMTO! within
the local density approximation~LDA ! of density functional
theory~DFT!.17,18 The function used for the exchange corr
lation has been the Hedin-Lundqvist parametrization.19 In the
FP-LMTO method the unit cell is divided into non
overlapping muffin-tin spheres, inside of which the ba
functions are expanded in spherical harmonics up to a cu
in angular momentum,l max56. The basis functions in the
interstitial region, outside the muffin-tin spheres, are Ne
mann or Hankel functions. This division of space impli
that one must take care to use the same ratio of muffin
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volume versus interstitial volume in order to compare en
gies between several phases with varying degrees of pac
To speed up convergence each eigenvalue is convoluted
a Gaussian with a width of 20 mRy.20 Energy convergence in
terms of the number ofk points has also been reached so t
this has a minimal effect when comparing energies of diff
ent structures and compounds. When describing the atom
the crystal the electronic states are divided into co
pseudocore, and valence states. For the transition meta
oms the 5s and 4d states were treated as valence states w
the 4p and 4s states were treated as pseudocore. T
pseudocore and valence states were allowed to hybridiz
one common energy panel. In the carbon atom the 1s level
was treated as a core state while the 2s and 2p levels were
treated as valence states. To find the final equilibrium en
gies the carbon basis set was extend to include also 3d or-
bitals. This lowered the ground-state energies while it did
influence the equilibrium volumes.21

All the structures were relaxed in the lattice parametea
and, for the WC,h and TiAs structures also inc. Local
relaxations around the impurity atoms have not been ta
into account here, such a relaxation is likely to lower t
equilibrium energies somewhat.22 The total energy vs vol-
ume was calculated for several, from 6 to 9, volumes in e
structure and stoichiometry and the resulting energy ve
volume curves were fitted to a Murnaghan equation of s
to find the theoretical ground state energies, and equilibr
volumes.

Several phases and stoichiometries were investigated
a total of 13–14 structures were studied for all three tran
tion metal compounds, ZrC, NbC, and MoC. In the case
50% carbon content the cubic NaCl structure and the h
agonal WC, TiAs, andh-MoC phases were studied. For 0
carbon the metal bcc and fcc structures were studied for
and Mo and for Zr also the hcp structure. A presentation
the geometric structures of the MeC phases is given in Fig
The WC phase has a hexagonal structure with an experim

FIG. 2. Structures of the stoichiometric MeC~Me being Zr, Nb,
or Mo! transition metal carbide phases studied. They are sh
here as variations in stacking sequence of close-packed-like pl
of metal and carbon atoms.
13410
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tal axis ratioc/a50.969. The TiAs andh structures are also
hexagonal withc/a53.741 andc/a54.86. The fourth struc-
ture is the well-known cubic NaCl structure with an fcc Br
vais lattice. For the Me2C phases the hexagonal phase h
been chosen as a model structure for all three Me2C com-
pounds while the orthorhombic Nb2C and Mo2C structures
have also been studied for sake of completeness.

III. ENERGIES OF FORMATION AND EQUILIBRIUM
VOLUMES

In order to study the relative phase stabilities the ene
of formation,Eform , needs to be calculated for the structur
and stoichiometries studied. The energy of formation
atom is defined as

Eform5
E~MemCn!

n1m
2

mE~Me!

n1m
2

nE~Cgraphite!

n1m
, ~1!

wheren andm are the number of atoms used in the superc
and with the energy of the metal being calculated in the
phase for Nb and Mo, and in the hcp phase for Zr~and Tc!.

For ease of discussion in the coming sections, chan
that decrease the energy of formation~thus increasing the
stability! for a compound or structure will be described
stabilizing. For example, if NbC is found to be more stab
~having a higher heat of formation! than ZrC for a given
structure, then the electronic states that are filled in NbC w
be denoted as being stabilizing. The description of electro
states as stabilizing/destabilizing is thus analogous to the
tation bonding/antibonding states commonly used when
cussing cohesive energies. When discussing bond
antibonding states the electronic states of the parent at
are used as references while the notation stabilizi
destabilizing states use the electronic states of the parent
ids as references. The distinction into stabilizin
destabilizing states is made in order to identify changes
the electronic structure that lead to a stabilization of a co
pound or structure, something that an increase in the co
sive energy in itself does not uniquely indicate.

A. Stoichiometric MeC phases

In the case of MoC no less than four competing Me
phases are experimentally found, while this is not the c
for ZrC and NbC were the only experimentally verifie
phase is the cubic NaCl phase. Furthermore the stable
ichiometric MoC phase is the hexagonalg ~WC! phase. To
understand more about the competition between the ph
the energy of formation has been calculated for the four M
phases in all three compounds. The formation energies
equilibrium volumes of these phases and all the other pha
studied in the present work are collected in Table I. From
inspection of the energies of formation of the stoichiomet
structures a drastic change in the relative order of stabilit
found to occur between NbC and MoC, where the cu
phase ceases to be the most stable. In order to fur
ascertain this trend, highly hypothetical, TcC in the cub
NaCl and hexagonal WC structures have also been stud
From the changes in the formation energy it is found that

n
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effect of band-filling is that that the WC structure is slight
stabilized (Eform is fairly constant! up to MoC and then de
stabilized (Eform increases! up to TcC. The electronic state
that are filled in the WC structure are thus slightly stabilizi
up to MoC and then destabilizing. In the other three str
tures the effect of band-filling when traversing the ser
from ZrC to TcC is destabilizing. The WC structure ther

TABLE I. Number of atoms in structure, equilibrium volume
Veq, and formation energiesEform for all the phases studied.

Phase Atoms Veq @Å 3# Eform @mRy#

Zr~hex! 1 22.0 0
Zr~bcc! 1 21.2 5
Zr~fcc! 1 21.8 4
ZrC ~NaCl! 2 25.3 -67
ZrC ~WC! 2 26.0~Ref. 34! -6
ZrC ~TiAs! 8 24.7~Ref. 34! -37
ZrC-h 12 25.2~Ref. 34! -59
ZrC0.875 15 25.0 -63
ZrC0.75 7 25.0 -53
ZrC0.75 14 24.8 -58
ZrC0.50 6 24.5 -36
ZrC0.50 12 24.3 -46
ZrC0.25 5 23.6 -18
Zr2C ~hex! 3 24.9 -44
Nb~bcc! 1 17.2 0
Nb~fcc! 1 17.9 29
NbC ~NaCl! 2 21.9 -43
NbC ~WC! 2 20.4~Ref. 34! -9
NbC ~TiAs! 8 21.3~Ref. 34! -25
NbC-h 12 21.9~Ref. 34! -41
NbC0.875 15 21.6 -43
NbC0.75 7 21.4 -33
NbC0.75 14 21.3 -42
NbC0.50 6 20.7 -22
NbC0.50 12 20.6 -27
NbC0.25 5 19.7 -3
Nb2C ~hex! 3 20.6 -37
Mo~bcc! 1 15.2 0
Mo~fcc! 1 15.4 32
MoC ~NaCl! 2 20.3 10
MoC ~WC! 2 20.3~Ref. 34! -11
MoC ~TiAs! 8 20.3~Ref. 34! 5
MoC-h 12 20.2~Ref. 34! 9
MoC0.875 15 19.9 4
MoC0.75 7 19.4 5
MoC0.75 14 19.4 -1
MoC0.50 6 18.5 4
MoC0.50 12 18.3 -6
MoC0.25 5 17.3 14
Mo2C ~hex! 3 18.6 -6
Mo2C ~ortho! 12 18.3 -12
Tc ~hex! 1 13.8 0
TcC ~NaCl! 2 19.6 43
TcC ~WC! 2 19.2 3
13410
-
s
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fore becomes the most stable structure for MoC not by
coming more stable in itself but because the other phases
destabilized. The difference in energies of formation betwe
the structures is the smallest for MoC. This span in energy
formation indicates how easily the less stable phases ma
formed and a small span shows why MoC has so many st
and meta-stable phases while the other transition metal
bides do not.23

B. Substoichiometric cubic MeC1Àx

The cubic phases of ZrC, NbC, and MoC were stud
over a wide range of vacancy concentration, from MeC
Me ~fcc! first using a supercell setup with a simple cub
lattice with a basis of 4 transition metal atoms and 4 carb
atoms. The carbon atoms were subsequently removed on
one creating MeC0.75, MeC0.50, MeC0.25 and finally fcc Me.
The substoichiometric cubic phase was also studied usin
larger supercell with an fcc lattice and a basis of 8 transit
metal atoms and 8 carbon atoms to allow for a larger a
different choice of stoichiometries and vacancy positions24

The equilibrium volumes and energies of formatio
Eform , of the different phases and stoichiometries are p
sented in Fig. 3 and collected in Table I. The differen
between the two supercells used, 8 atoms and 16 atom
significant. In the larger supercell one can spread out
vacancies more evenly in the structure, thereby minimiz
the number of metal atoms with more than one carbon
cancy neighbor, while this is not possible in the smaller
percell. This is seen to have a large effect on the total ene
of the system and the stability trends. The smaller super
should, however, be more representative when the vaca
concentrations are large, like in MoC0.25, where nearly all
the carbon atoms have been removed.

FIG. 3. Energies of formation for substoichiometric cub
ZrC12x , NbC12x , and MoC12x shown as a function of carbon
content. The results from the 8 atom supercell are indicated
circles and the results from the 16 atom supercell by the fil
circles. The dash-dotted lines indicates the energy of formation
the stoichiometric cubic phases plus the pure metal phase.
8-4
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The energies of formation for the substoichiometric cu
carbides are seen to be very different in the three co
pounds. For ZrC12x the energy of formation,Eform , is nega-
tive almost over the whole region, in NbC12x it is so above
20% carbon content while theEform of MoC12x is negative
between 33% and 43% carbon content. Comparing theEform
of the substoichiometric carbides against that of the resp
tive stoichiometric carbide plus the pure metal it is seen t
ZrC12x is stable down to ZrC0.50 while NbC12x is not stable
for NbC0.50. Cubic MoC12x is more stable than cubic MoC
plus bcc-Mo down to around 33% carbon.

Figure 3 also clearly shows the very different behavior
the three compounds when vacancies are introduced into
supercell. In ZrC12x the energy of formation increases whe
vacancies are introduced while for NbC12x the energy of
formation,Eform , decreases or is unchanged for the first t
stoichiometries and then increases. For MoC the chang
negative until MoC0.50. This is a clear indication that th
states which are being unoccupied by the removal of car
atoms are of a very different nature in ZrC, NbC, and Mo
All the states removed in ZrC are stabilizing states while
MoC one is first removing non-stabilizing or destabilizin
states, until below 33% carbon content. In NbC one fi
removes destabilizing states and then stabilizing states.

C. Equilibrium structures of hexagonal Me2C

The hexagonal Me2C ~Me 5 Zr, Nb, and Mo! phases
presents a challenge since for the group IV transition me
this phase is not found experimentally and for MoC and N
several competing Me2C phases exist. In our study the he
agonal Nb2C structure, also found as a high temperatu
phase in Mo2C and W2C, was used as a model structure f
the Me2C phases even if this is not the equilibrium structu
for all three compounds. In the Me2C phases the distanc
between the layers of the carbon atoms and metal ato
here calledz ~see Fig. 4!, is not known experimentally for
Zr2C, since it has never been synthesized. Therefore
equilibrium structures, interlayer distances and lattice par
eters have been calculated theoretically using relaxation
the structures with quantum mechanical forces. The sa
ratio of c/a51.566, from Mo2C, was used for all phases.25

First a model structure of the hexagonal Me2C phases was
studied by using the layer distancez50.25c and the equilib-
rium lattice constant was found from this setup. The la
distance was then allowed to relax for this preliminary eq
librium lattice constant, this new layer distance was th

FIG. 4. Structure of the hexagonal Me2C phases, Me being Zr
Nb, or Mo, showing thec-axis and the layer distancez which is
relaxed.
13410
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used in a new search for the equilibrium lattice constant. T
result was, however, that for some lattice constants the o
nal guess ofz50.25c had a lower total energy than the stru
ture with ‘‘relaxed’’ layer distance. The total energies of th
systems were thus found to be very sensitive to the la
distances. Layer distance relaxations, using forces im
mented in the FP-LMTO method,17 were therefore per-
formed for all lattice parameters when searching for the eq
librium energy and volume in each compound. The lay
distance was found to be strongly dependent on the lat
parameter indicating that the actual bond distance betw
the atoms in these compounds is important. The equilibri
volumes, layer distancesz and formation energies for th
fully relaxed hexagonal Me2C structures are collected i
Table II. The theoretical lattice parameters agree well w
the experimental lattice parameters in those compou
where they are known.26 Since the interlayer distances a
not known experimentally for Zr2C the values given here ar
predictions. The stability of the Me2C carbides decrease
when going from Zr2C to Mo2C, most drastically between
Nb2C and Mo2C, showing that the electronic states that a
being filled are less bonding than the states of the individ
solids.

D. Orthorhombic Nb 2C and Mo2C phases

The orthorhombic structures of Nb2C and Mo2C have
also been investigated. The lattice parametera was varied in
order to find the equilibrium structure and energy while t
experimentalb/a andc/a ratios were used.

In the case of Nb2C some controversy exists as to th
determination of the structure of the orthorhombic phas27

Two of the reported orthorhombic structures have been s
ied and compared with the hexagonal phase. The resu
however, that both reported orthorhombic structures
found to have higher energies of formation, thus being l
stable, than the hexagonal Nb2C phase. The result for Mo2C
is that the orthorhombic structure is more stable than
hexagonal phase and stable versus cubic MoC plus bcc
in agreement with experimental reports. The theoretical v
ues for thea54.711 Å , b55.988 Å , andc55.185 Å
axes are also in good agreement with experimental resul28

IV. THEORETICAL ZERO TEMPERATURE PHASE
STABILITY DIAGRAMS

Combining all the hitherto calculated energies of form
tion one can derive theoretical zero temperature phase st

TABLE II. Experimental and theoretical lattice parameters, th
oretical layer distances, and energies of formation for the Me2C
phases.

Phase aexpt @Å # atheor @Å # zexpt @Å # ztheor @Å # Eform @mRy#

Zr2C 3.32 1.23 -44
Nb2C 3.13 3.12 1.23 1.22 -37
Mo2C 3.02 3.00 1.18 1.19 -6
8-5
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ity diagrams for ZrC, NbC and MoC and they are display
in Figs. 5–7. The theoretical phase stability diagrams can
compared with the experimental phase diagrams in Fig.
shed more light upon the experimental results. From the
oretical phase stability diagrams one can extract much of
phase stabilities and trends seen in the experimental p
diagrams. All the phases are collected here, the whole ra
of carbon content is shown and the energies of the m
stable stoichiometric phases plus the pure metal phase~or
carbon graphite phase! is indicated by dot-dashed lines.

Starting with the phase stability diagram of ZrC, in Fig.
the NaCl structure is predicted to be the stable stoichiome
compound and substoichiometric ZrC12x is stable compared
to the competing phases down to at least 33% carbon. If
energy of formation is extrapolated towards the point

FIG. 5. Theoretical zero temperature phase diagram for Z
The dash-dotted lines indicates the energy of formation of the
ichiometric cubic phases plus the pure metal phase~or the carbon
graphite phase!. Dotted line indicate the approximate phase regio
at 0 K.

FIG. 6. Theoretical zero temperature phase diagram for N
The key to this figure is the same as in Fig. 5.
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20% the stability range is predicted to be from 50% carb
down to 32% which is in excellent agreement with expe
ment. The hexagonal Zr2C phase is less stable than subs
ichiometric ZrC12x which is also in agreement with exper
ment since the Zr2C phase is not observed. The pha
stability diagram of NbC, Fig. 6, also predicts the corre
stable NbC phase, being the NaCl structure, but here
behavior of the substoichiometric phase is somewhat dif
ent to that of ZrC12x . Substoichiometric NbC12x is seen to
be stable versus stoichiometric NbC plus Nb~bcc! only
down to 35% carbon and stable versus hexagonal Nb2C only
down to 38% carbon~indicated in the figure with a dashe
line!. MoC in Fig. 7 shows yet another picture of pha
stabilities with a stable WC structure and a substoichiome
cubic structure that is unstable over the whole range of c
bon content, in accordance with experiment. It has b
shown in previous work that the inclusion of vacancies in
the WC structure drastically reduces the stability of th
phase having the effect that at substoichiometric comp
tions the NaCl phase is the most stable.14 The hexagonal
Mo2C phase is also seen to be unstable while orthorhom
Mo2C is very stable. Thus only orthorhombic Mo2C and
MoC in the WC structure are stable while the substoich
metric cubic phase is unstable, this all being in agreem
with the experimental situation.

The variation in the homogeneity range of the subs
ichiometric cubic carbides can thus be understood from th
phase stability diagrams as arising from the differences
electronic structure with the deoccupation of stabilizing a
destabilizing electronic states when vacancies are introdu
to the structure. These differences couple into two sepa
mechanisms stemming from either a competition betw
the substoichiometric cubic phase and the Me2C phases plus
graphitic carbon or from a competition with stoichiometr
cubic MeC plus pure metal Me. The range where the su
toichiometric carbide is more stable than both these comp
tors determines the homogeneity range.

In the figures the regions of solid solution at zero te
perature have been indicated by dotted lines. Comparing

.
o-

s

.

FIG. 7. Theoretical zero temperature phase diagram for M
The key to this figure is the same as in Fig. 5.
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theoretical regions from Figs. 5–7 with the experimental
gions in Fig. 1 it is seen that the experimental situation
perfectly reproduced by the theoretical calculations. T
equilibrium composition is also seen to vary, ZrC12x is seen
to be most stable in the stoichiometric composition29

whereas both NbC12x and MoC12x are seen to have minim
in Eform situated at a vacancy concentration not equal to z
The equilibrium carbon content for MoC12x is seen to be
around 40% carbon and for NbC12x it is seen to be around
46% carbon. Concerning the stabilities of the hexago
Me2C phases the figures show that Mo2C and Zr2C are not
stable, while Nb2C is seen to be stable. This is in accordan
with the phase diagrams since Zr2C is not found experimen
tally. For hexagonal Mo2C this instability can be explaine
since experimentally this is a high temperature structure
Mo2C, the stable structure for Mo2C being an orthorhombic
structure which is also seen to be stable according to
calculations.

V. COHESIVE ENERGIES

The stability range of the various compounds is det
mined from a competition between the chemical binding
the pure elements, i.e., graphite~a covalentsp2 bonded ma-
terial! and a transition metal~where the bonding is deter
mined by the Friedel model!, and the binding in the MeC
phase and the Me2C phase. In order to analyze the nature
the chemical bonds in the latter types of systems we disp
in Fig. 8 the cohesive energies (Ec) of the MeC compounds
in the NaCl and WC structure, the pure elements in the
structure and of the Me2C phases. Several conclusions m
be drawn from this figure. First we note the well establish
fact that for the pure elements a parabolic behavior
observed.30 For the pure elements, Zr, Nb, and Mo, the ele
tron states are bonding, and the transition from bonding
antibonding states is known to lie close to the electron fill
of Tc. For the NaCl compounds the trend is different main
due to the bonding part of a strong covalent C-p Me-d hy-
brid that is just filled in ZrC.2 The strong binding this result

FIG. 8. Cohesive energies for the bcc metals, MeC in WC a
NaCl structures and for the hexagonal Me2C phases.
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in shows up in a considerably larger value ofEc for ZrC in
the NaCl phase compared to the value of the pure elem
which explains the large value of the heat of formation
this compound. However,Ec is actually a little larger for
NbC, where the extra cohesion comes mostly from meta
bonding of the Nbd-states. This is in accordance with pr
vious analysis, since the bonding in NaCl transition me
carbides is composed of metallicd-binding in addition to a
stronger covalent contribution from thep-d hybridization.31

Additional electron filling corresponding to antibondin
states andEc drops in value for MoC and TcC. This pictur
is somewhat modified for the compounds when they are
the WC crystal structure, sinceEc is here actually maxi-
mized for MoC and the general trend of the cohesive ene
is quite similar to the tend of the pure elements. This s
gests a more metallic nature of the chemical bonds in
structure, and the electronic structure14 is indeed consisten
with this. In passing we note that an inspection of the tren
of Ec , to identify the transition from bonding to antibondin
states, is in some cases dependent on the crystal struc
However, irrespective of this dependence one may note
the transition from bonding to antibonding states lies ear
in the series for the transition metal carbides, compared
the pure elements, a finding that is in accordance with
analysis of Brooks on the chemical binding of the actini
carbides.32 This is a direct effect of the hybridization be
tween metallicd and carbonp states.

VI. 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
differences in the chemical bonding between different pha
and the changes in the bonding between stoichiometric
substoichiometric phases. A detailed study of the bond
and changes in the bonding is also made by studying
charge density distribution in the compounds and
changes in this distribution coming from the occupation
deoccupation of states in different energy ranges.

A. DOS of stoichiometric MeC phases

The partial DOS for the four structures studied are sho
in Fig. 9. For ease of discussion, we can divide the DOS
all four structures into three main regions:~I! a region of
predominantly carbons states with a small degree of hybrid
izedd states from the transition metal containing 2 states,~II !
a region of hybridized carbonp states and transition metald
states containing 6 states, and~III ! predominantly transition
metald states with a small degree of hybridizedp states from
carbon, containing 10 states. Region II is usually viewed
the bonding part of the Mo-d C-p hybridization complex,
while region III is the corresponding nonbondin
antibonding part overlapping with metallicd-states. The dif-
ference between the three compounds is qualitatively, in
four cases, a difference in band-filling where simple rig
band arguments explain the raising of the Fermi level wh
going from ZrC to MoC. This is also expected and has be

d
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shown to be the case for transition metal substitutions
earlier works.33 The figures indicate the Fermi level for th
ZrC phase by a solid line and the qualitative position of
Fermi level for NbC is indicated by a dashed line and
Fermi level for MoC by a dot-dashed line.

In the topmost part of Fig. 9 the DOS is shown for t
cubic NaCl structure. Returning to the discussion regard
the energy of formation of the substoichiometric cubic c
bides one can find an explanation of the trends in the e
tronic structure. In NbC and MoC states in region III a
becoming filled. These states are of a very different nat
compared to the states in region II which are hybridized c
bon p states and transition metald states. Using a simple
rigid band picture the first electron removed in NbC, goi
from NbC to NbC0.75, is destabilizing where after the state
like in ZrC, are stabilizing. For cubic MoC the first tw
electrons removed are destabilizing, even though the pic
of rigid bands is over simplified it indicates the corre
trends.

In order to understand the different behavior as rega
the relative phase stabilities for the four structures one m
find the difference in the states being filled when going fro
ZrC to MoC. In ZrC, for all four structures, the Fermi level
in a local minimum of the DOS, a pseudogap, just hav
filled the 6 states in region II. The largest difference betwe
the four structures is that in the WC structure a fairly bro
peak with a larger amount of hybridized metal-d carbon-p,
containing exactly 2 states, is filled when going to Mo
while in the other structures the region filled is with mo
metal-d character with a smaller amount of carbon-p. The
stability of the WC structure is not much changed when
ing from ZrC to MoC, see the discussion about formati
energies in Sec. III and cohesive energies in Sec. V. T
shows that the states of the broad peak in the DOS above
Fermi level ~which is filled in the MoC case! for the WC
structure of ZrC is comprised of slightly stabilizing stat
that are slightly bonding/nonbonding while the destabilizi
states above the Fermi level being filled in the other str

FIG. 9. Density of states for the cubic NaCl~top!, hexagonal
WC, hexagonal TiAs and hexagonalh-structures~bottom! for ZrC.
The Fermi level is indicated by a solid line. The approximate po
tion of the Fermi level for NbC12x , indicated by a dashed line, an
of MoC12x , indicated by dot-dashed line, is also shown.
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tures are mostly antibonding. For TcC the WC structure is
longer stable having now filled antibonding electronic sta
above the slightly bonding/nonbonding peak.

B. DOS of substoichiometric cubic MeC1Àx

In Fig. 10 the calculated partial density of states for
different vacancy concentrations of cubic ZrC12x are dis-
played and the trends and changes in the DOS are cle
seen when introducing vacancies in the carbon sublatt
This DOS is representative of all three substoichiometric c
bides, the DOS of the other two, NbC12x and MoC12x being
qualitatively the same. The only major difference in the DO
between the three carbides at each stoichiometry can be
derstood in terms of a simple rigid band filling. The appro
mate position of the Fermi level in NbC12x and MoC12x is
indicated in the DOS for ZrC12x . Note that when removing
atoms in the carbon sublattice the symmetry of the system
changed and therefore there is more than one type of
atom in these systems. For sake of clarity only the par
density of states of one of these is displayed, the others b
qualitatively similar to the one displayed or not significan
changed from the MeC case~for those atoms not having
carbon vacancies as neighbors!.

The topmost plot of Fig. 10 displays stoichiometric cub
MeC, as seen previously in Fig. 9. Below this plot the DO
for MeC0.75 is shown where regions I and II remain large
unchanged, with the peak in region II becoming lower a
more narrow. The largest changes are found in region
where the minimum which separated regions II and III
now pierced by two peaks with mostly Me-d character.
These peaks are the so-called vacancy peaks and are a
ated with unscreened Me-Me bonds through the vacancy
and have been more extensively studied in our previ

i-

FIG. 10. Density of states for substoichiometric cubic ZrC12x .
The Fermi level is indicated by a solid line. The approximate po
tion of the Fermi level for NbC12x , indicated by a dashed line, an
of MoC12x , indicated by dot-dashed line, is also shown.
8-8
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PHASE STABILITIES AND HOMOGENEITY RANGES IN . . . PHYSICAL REVIEW B63 134108
work.14 The Fermi level of ZrC0.75 is between the two peaks
for NbC0.75 it is found on the first peak and in MoC0.75 above
both vacancy peaks.

Starting from the top-most DOS for MeC and proceed
downwards the DOS is gradually changed from a clear
bridization between Me-d and C-p, with emergence of va-
cancy peaks in the 25% vacancy case. These vacancy p
become more and more pronounced at 50% and at 75%,
in the pure transition metal thed-band is seen in the lowes
picture. The Fermi level is also lowered from high up in t
d-band towards the center of thed-band for the pure fcc
metal. It is also clear that the inclusion of vacancies in
carbon sublattice cannot be viewed in a rigid band filli
picture and for all the MeC12x compounds the Fermi level i
fairly inert, giving more a picture ofplastic bandswere the
vacancies drastically changes the nature of the bonding.

C. Electronic structure of the Me2C phases

The DOS for the hexagonal Me2C phases for Zr2C, Nb2C
and Mo2C are shown in Fig. 11. For clarity of discussion t
DOS can be divided into four main regions~indicated in the
topmost part of Fig. 11!. The main features in the electron
structure is a low sharp peak with C-s character hybridized
with Me-d at around -10 eV in region I followed by region
containing 6 electrons comprised of strongly hybridized Cp
and Me-d electronic states above -5 eV. The electronic sta
around the Fermi level, region III, are mainly Me-d and a
small part C-p and Me-p containing 6 states while the highe
energy region IV is only Me-d and C-p.

As for the previously studied phases the difference
tween the DOS of hexagonal Zr2C and hexagona
Nb2C/Mo2C is seen to be mostly a rigid band shift of th
Fermi level. The main differences in the bonding betwe
the compounds is seen to be that there is an increased

FIG. 11. Density of states for the hexagonal Me2C phases for
Zr2C, Nb2C, and Mo2C. The Fermi level is indicated by a soli
line.
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bridization between the C-p and metal-d states in region II
when going from Zr2C to Mo2C. The stabilization by the
increase of hybridization is however negated by an increa
filling of the states in region III. Combining results from th
discussion on energies of formation in Sec. III C and co
sive energies in Sec. V, the last part of region III, from -2 e
to 1 eV which is filled in hexagonal Nb2C, is of a destabi-
lizing but bonding nature. The states above 1 eV in reg
IV, filled in hexagonal Mo2C, are nonbonding but less bond
ing than the states in the individual elements and thus de
bilizing.

As discussed above, a closer study of the DOS for
hybridized Me-d C-p states in region II indicates that th
degree of hybridization is increased when going from Zr2C
to Mo2C. Figure 12 shows the charge density originati
from region II in a@2 4 3# plane of the crystal. The left-mos
figure, Fig. 12~a!, shows the charge density from region II
Zr2C while the next two figures, Figs. 12~b! and 12~c! show
the difference in charge density when going to Nb2C and
Mo2C, respectively. Fig. 12~a! clearly shows the very lay-
ered nature of the bonds in region II, where all the charg
in bonds between metal and nonmetal atoms and even s
bonding between carbon neighbors is seen~the charge seen
between the top two metal atoms!. Figures 12~b! and 12~c!
then clearly show that the difference in bonding when go
to Nb2C and Mo2C is that more charge is placed in the me
to nonmetal bonds. This is due to an increase in thep-d
hybridization as indicated from the changes in the DOS. T
distribution of total charge densities have also been stud
for a plane in the crystal indicating the very layered nature
the bonding in the hexagonal Me2C phases.

The DOS of orthorhombic Mo2C is shown in Fig. 13. The
main differences between the DOS for the hexagonal and
orthorhombic Mo2C phases is that there is no gap betwe
the strongly hybridized Mo-d C-p states in region II and the
Mo-d states in region III. The strongly hybridized states
region II are also found to be situated lower in energy for
orthorhombic structure thereby correctly indicating that t
structure is more stable than the hexagonal structure.

VII. CONCLUSIONS

The results of this study of the phase stabilities and
mogeneity ranges of the 4d-transition-metal carbides can b
summarized in seven points.

FIG. 12. Charge density contours from the electronic state
region II ~as indicated in Fig. 11! seen in the@2 4 3# plane. The
regions inside the dark contours have more electron density
those inside lighter contours. Figure~a! shows the total charge den
sity for Zr2C while figures~b! and~c! show the difference in charge
density for this region when Zr is exchanged for Nb and Mo,
spectively.
8-9
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~i! Theoretical zero temperature phase stability diagra
have been calculated for the 4d-transition-metal carbides
Calculation of the energies of formation of the competi
hexagonal Me2C phases explains the differences found
homogeneity ranges and equilibrium composition for
substoichiometric cubic MeC12x phases. The values of th
formation energy and equilibrium volumes should also be
interest as input in other theoretical schemes for construc
phase diagrams.

~ii ! The variation in the homogeneity range of the subs
ichiometric cubic carbides can be understood from the ph
diagrams as arising from the differences in electronic str
ture with the deoccupation of stabilizing and destabilizi
electronic states when vacancies are introduced to the s
ture. These differences couple into two separate mechan
where the variation stems from either a competition betw
the substoichiometric cubic phase and the Me2C phases plus
graphitic carbon or from a competition with stoichiometr
MeC plus pure metal Me. The range in where the subs
ichiometric carbide is more stable than both these determ
the homogeneity range.

FIG. 13. Density of states for orthorhombic Mo2C. The Fermi
level is indicated by a solid line.
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~iii ! From the changes in formation energy it is indicat
that the states that are filled when going from ZrC to MoC
the hexagonal WC structure are nonstabilizing/stabiliz
~sinceEform is fairly constant! up to MoC and then destabi
lizing (Eform increases!. In the other three structures, amon
them the cubic NaCl structure, all the states filled when t
versing the series from ZrC to MoC are mostly destabilizin
The WC-structure is therefore seen to become the m
stable structure for MoC not by becoming more stable
because the other phases are destabilized. This picture is
supported by studies of the electronic structure.

~iv! The order of stability for the four MeC phases, foun
in MoC, was calculated for ZrC, NbC, and MoC~and TcC!.
The changes in relative phase stability was explained by
ferences in the filling of states in the electronic structure.

~v! The combined results from the studies of the cohes
energies and energies of formation indicate that the regio
maximal stability of the phases is shifted from the beginn
of the series~Zr! for the transition-metal carbides toward
the middle~Mo, Tc! when increasing the metalization via th
transition-metal hemicarbides to the pure metals. It is th
concluded that carbides MexC, x.1, should be more preva
lent closer to the middle of the series, obtained for exam
by alloying.

~vi! Theoretical equilibrium structures for the hexagon
Me2C phases have been calculated, showing good agree
with experiment. Studies of the electronic structure in the
hexagonal phases show a very layered bonding.

~vii ! The electronic structures and stabilities of the expe
mentally reported orthorhombic Nb2C and Mo2C phases
have also been studied. The two reported orthorhom
structures of Nb2C were found to be less stable than t
hexagonal phase. The stability of the orthorhombic Mo2C
phase was greater than the hexagonal phase, in agree
with experiment.
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