
Abstract. An analysis of the electronic structure of highly non-
stoichiometric transition-metal carbides in both ordered and
disordered states is given, which explains the influence of atomic
and vacancy order on the physical properties of the carbides. It
is shown that the dependence of carbide properties on the ar-
rangement of carbon atoms in the nonmetal sublattice is related
to both the symmetry space group of the crystal and the sym-
metry of the nearest-neighbour environment of the carbide
atoms. By analysing order±disorder phase transition data, ex-
perimental information on atomic and vacancy order in carbides
is obtained in order to explain the nature of superstructures at
high vacancy concentrations.

1. Introduction

Carbides of the group-IV and group-V transition metals
occupy a special place among nonstoichiometric compounds.
They have a simple Ð and similar Ð structure and possess
extended homogeneity regions. Along with nitrides and lower
cubic oxides, they group into what is often referred to as
substitutional phases (compounds, alloys), variable composi-
tion compounds [1 ± 7], or, most aptly, nonstoichiometric
substitutional compounds [8].

The atomic ordering of the nonstoichiometric compounds
is a widespread but, compared to metal alloys, little studied
phenomenon Ð especially as far as its influence on the
electronic structure and material properties is concerned.
This is presumably due to the difficulties one faces in
disentangling ordering and composition effects, something
which requires particularly careful and highly accurate
experimentation.

The reason for atomic ordering in nonstoichiometric
carbides is the perturbation of the atomic and electronic
structure due to vacancies introduced into the nonmetal
lattice. Although the metal sublattice does not change its
symmetry to a first approximation, it does suffer distortion:
there are static displacements locally of the atoms relative to
the vacancies and there is also a change in the average atomic
spacing (i. e., the lattice parameter). As for the nonmetal
atoms, they rearrange themselves in their sublattice in
addition to undergoing local static displacements. Naturally,
these structural changes should have a significant effect on the
physical and chemical properties of the nonstoichiometric
carbides, and it is this effect which is the subject of the present
review.

2. Crystal structure

2.1 Carbides as nonstoichiometric interstitial compounds
The term 'nonstoichiometric' generally covers all compounds
in which a high concentration of atomic defects exists even in
the absence of impurity atoms. However, since perfect defect-
free crystals do not exist at all, in itself the presence of defects
does not imply nonstoichiometry. The essential feature of
nonstoichiometry is a thermodynamically equilibrium defect
(vacancy) concentration which secures interaction between
the defects. The term nonstoichiometric should therefore be
referred to compounds with homogeneity regions having at
least minimal vacancy concentrations capable of securing the
vacancy±vacancy interaction. Among these are cubic MCy

(MCy&1ÿy) and hexagonalM2Cy (M2Cy &1ÿy) carbides of the
group-IV and -V transition metals (& denoting a structural
vacancy).

A structural feature of MCy and M2Cy carbides is that
carbon atoms occupy (either all or some of) the octahedral
interstitials of the metal sublattice. The carbon atoms and
unoccupied interstitials of the metal sublattice (structural
vacancies) form in the nonmetal sublattice a substitutional
alloy in which a structural vacancy is the analogue of a
nonmetal interstitial atom. The concentration of the struc-
tural vacancies in the nonmetal sublattice determines the
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nonstoichiometry of the carbide (i. e., the deviation from the
stoichiometricMC1:00 orM2C1:00) andmay be as high as 30 to
60 at. percent at the lower homogeneity bound. This is
indicative of the extremely high stability of carbide lattices
to the formation of structural vacancies. In contrast to all
other compounds Ð and along with the cubic nitrides MNy

Ð the MCy carbides may, their structure unaltered, vary all
the way fromMC1:00 to MC0:35ÿ0:40 in chemical composition.

The group-IV transition metals (Ti, Zr, Hf) have the
hexagonal close-packed (hcp) structure and form MCy

carbides only with a face-centred (fcc) metal sublattice. The
transition body-centred (bcc) structure metals (V, Nb, Ta)
form MCy's with an fcc metal sublattice or M2Cy's with the
hcp metal sublattice.

The high concentration of structural vacancies in a crystal
is one of the most important properties of the nonstoichio-
metric interstitial compounds. The presence of defects has a
very important influence on compound properties. This is the
reason why most studies of the 70±80s were concerned with
how compound properties depend on the relative content of
metal, nonmetal, and vacancies. On the other hand, when
discussing the structure and properties of the nonstoichio-
metric interstitial compounds, it has been shown in recent
years that not only the relative number of atoms and
vacancies, but also the nature of their arrangement in the
lattice should be considered.

In nonstoichiometric MCy and M2Cy carbides with
vacancies (y < 1:0) the number of lattice positions exceeds
that of the atoms in them. Under certain conditions, carbon
atoms are distributed in a random and disordered manner
over the available positions, and disordered nonstoichio-
metric carbides do not therefore possess the translational
symmetry characteristic of a stoichiometric crystal. However,
the random distribution of carbon over nonmetal sublattice
sites implies equal site-occupation probabilities, and hence all
the nonmetal sites are equivalent crystallographically. In
other words, the disordered nonstoichiometric carbides have
a translational symmetry of a certain 'site-occupation prob-
ability lattice'.

For vacancy-rich nonstoichiometric carbides, a disor-
dered state is thermodynamically equilibrium above the
order±disorder phase transition temperature Ttrans which
varies from 900 to 1500 K depending on the carbide type.
For T < Ttrans, only the ordered state of these compounds is
thermodynamically equilibrium, but to attain it generally
requires long annealing or another special kind of thermal
treatment. In contrast, the disordered state easily survives an
ordinary cooling or quenching of a high-temperature- sin-
tered carbide, and is stable enough to exist as metastable at
T < Ttrans. Note that at fixed temperature a nonstoichio-
metric carbide of a given composition has different properties
in its ordered and metastable disordered states [9].

The ease of preparation of a disordered state by direct
synthesis of nonstoichiometric carbides has led to a wide-
spread misconception that the disordered arrangement of
atoms and vacancies is themain if not the only structural state
possible for these compounds. For this reason, in most
experimental studies in the 60s and 70s the structural state
of the nonstoichiometric interstitial compounds Ð including
the group-IV and -V transitions metal carbides Ð was
considered to be irrelevant. The property differences at the
same composition were usually explained in terms of experi-
mental errors and composition uncertainties. Only advances
in experimental techniques, and particularly neutron-diffrac-

tion structure studies revealed that, under certain conditions,
nonmetal interstitials and structural vacancies may be
arranged in an ordered manner in nonstoichiometric inter-
stitial compounds.

Group-IV metals (Ti, Zr, Hf) form only TiCy, ZrCy and
HfCy monocarbides with the B1(NaCl)-type structure, whose
compositions may deviate considerably from the stoichio-
metric MC1:00 (0:354 y4 1:00).

Group-V metals Va, Nb, and Ta, along with the cubic
VCy0 , NbCy and TaCy carbides, form disordered lower
carbides V2C, Nb2C and Ta2C with the hcp L03 �W2C�-type
structure at high temperatures. The homogeneity regions of
the monocarbides MCy of the group-V metals, while nar-
rower than for the group-IV monocarbides, are still wide
enough (0:704 y4 1:00). In contrast to other group-IV and
-V transition metal carbides, for the cubic VCy the upper
homogeneity boundary is, under normal conditions, the
nonstoichiometric carbide VC0:87 containing a high concen-
tration of structural vacancies in its carbon sublattice.

Thus, the nonstoichiometric carbides we are considering
crystallise in the face-centred cubic and hexagonal close-
packed structures. These can be thought of as a sequence of
alternating atomic layers. For B1(NaCl)-structure monocar-
bides, planes with either only metal or only nonmetal atoms
alternate in the direction perpendicular to �111�B1 (or equiva-
lently to �1�11�B1, � �111�B1 and � �1�11�B1. Themetal- atom planes,
as far as their relative position is concerned, give the sequence
ABC ABC . . ., the closest cubic-law packing. Denoting by X,
Y, andZ the layers formed by the (both occupied and vacant)
nonmetal sublattice sites (the Y and Z layers are shifted
relative to X in the same way as B and C relative to A), the
general sequence of the atomic layers will be AXBYCZ
AXBYCZ . . . .

2.2 Ordered carbides
Atomic ordering viewed as the disorder±order structural
phase transition results from the atoms being rearranged
over the lattice sites of the substitution solid solution. In a
disordered state the interchangeable solution components are
distributed randomly over the sites of a certain crystal lattice,
and the probability for any site to be occupied by an atom of a
given type is just the concentration of such atoms. As the
temperature is lowered, a disorder±order phase transition
occurs, with the result that the lattice sites of the disordered
solution group into a number of sublattices. The sublattices of
an ordered solution differ in the probability of finding a given
type of atom in their sites.

The phenomenon of ordering is not limited to substitution
solutions. It may also occur in interstitial solutions if there is
more interstitial positions than atoms to be accommodated.
As an interstitial solution is getting ordered, the empty
positions and the interstitial atoms appear as a substitution
solution between them, whereas the solvent atoms form a
stationary atomic framework, with interstitial atoms and
vacancies rearranged within it.

Thus, the presence of structural vacancies in nonstoichio-
metric carbides may lead to ordering under certain condi-
tions. In disordered nonstoichiometric carbides, carbon
atoms are distributed statistically over the sites of the
defective (i. e., containing structural vacancies) nonmetal
sublattice. As a result of cooling-induced ordering, the
disordered nonmetal sublattice divides itself, in the simplest
case, into two sublattices, one made up of carbon atoms, and
the other, of structural vacancies. The ordering reduces the
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symmetry of the space group of the crystal, since some of the
symmetry transformations of the disordered nonmetal lattice
Ð those bringing the occupied into unoccupied sites Ð will
not be among the symmetry elements of the ordered crystal
because these sites become crystallographically nonequiva-
lent.

A detailed description of various superstructures occur-
ring in nonstoichiometric carbidesmay be found inRefs [8, 10
± 12]. We can therefore restrict our attention to the summary
of the most typical ordered phases (Table 1).

From neutron diffraction data [13, 14], the nonstoichio-
metric carbides of titanium and zirconium form ordered cubic
M2C-type phases upon a slow cooling from 1200 ± 1400 K;
the lattice parameter of these superstructures being twice that
of the disordered carbides. The kinetics of formation of the
cubic Ti2C superstructure [50] shows this ordering to be a
first-order transition. The M2C-type ordered phases of the
carbides of titanium and zirconium are believed to be of
trigonal symmetry [15, 18].

According to theoretical calculations [17, 20 ± 23], the
TiCy and ZrCy carbides may form M2C, M3C2, and M6C5

ordered phases depending on the carbon content, and in the
nonstoichiometric hafnium carbide HfCy the Hf3C2 and
Hf6C5 phases may appear.

In the vanadium carbide VCy, the trigonal (space group
P31) and monoclinic (space group C2) ordered V6C5 phases
have been found [27 ± 29]. Monoclinic ordered V6C5 (space
groupC2=m) was observed in an electronmicroscope study of

long-range order (lro) in vanadium carbide [51]. It has also
been found that at 1460 K vanadium carbide exhibits a
disorder±order transition that leads to the formation of the
ordered cubic V8C7 phase [31 ± 33]. Note that the super-
structure M8X7 has not been seen in any other nonstoichio-
metric interstitial compounds, and judging from calculations
[8, 21, 23, 52], its formation is not possible for MXy

compounds with a homogeneity region with y � 1:00 as the
upper boundary. In VCy the V8C7 superstructure appears to
be a boundary effect, due to the fact that the upper boundary
of the homogeneity region of disordered VCy is at y � 0:87
and not at y � 1:00 as in other nonstoichiometric com-
pounds.

For the nonstoichiometric niobium monocarbide NbCy,
electron microdiffraction [28, 35] and neutron diffraction [36
± 42] ordering studies have shown that on annealing under
1300K, theNbC0:83 ordered phase forms over a wide range of
compositions near Nb6C5. It is believed [28, 35, 36] that the
ordered Nb6C5 has the trigonal structure analogous to that of
V6C5 [27]. It is argued [38 ± 42, 51, 53] that the Nb2C5

superstructure is monoclinic and that the unit cell of this
ordered phase belongs to the space group C2=m.

It is shown [21 ± 24] that near the lower homogeneity
boundary of NbCy at T < 900 K, the NbC0:67 ± NbC0:71

ordered phase with a rhombic or monoclinic lattice can exist
in the narrow range Nb3C2.

An electron diffraction study on TaC0:83 [54] revealed a
diffusion band with geometry corresponding to the highly

Table 1. Ordered phases of nonstoichiometric carbides in Mÿ C systems (M: Ti, Zr, Hf, V, Nb, Ta)

Ordered phase Basic phase

composition
formula

range of existence of the phase,
or carbon content (at. %)

lattice type
(symmetry)

space
group

composition
formula

lattice
type

References

1 2 3 4 5 6 7

Ti2C

Ti2C

Ti3C2

Ti2C

Ti3C2

Ti6C5

d0 ÿ ZrCx

ZrCx

ZrC0:75

Zr2C

Zr3C2

Zr6C5

Hf3C2

Hf6C5

bpëV2C

b0ëV2C

V6C5

V6C5

dëVCx

d00MëVCx

V8C7

Nb2C

Nb2C

Nb6C5

Nb6C5

Nb3C2

Nb6C5

Ta2C

Ta6C5

Ta6C5

TiC0:52 ë TiC0:71

33.0 ë 43.0
TiC0:64 ë TiC0:68

TiC0:47 ë TiC0:54

TiC0:62 ë TiC0:70

TiC0:80 ë TiC0:90

39.0 ë 43.0
ZrC0:63 ë ZrC0:74

ZrC0:69 ë ZrC0:77

ZrC0:47 ë ZrC0:54

ZrC0:60 ë ZrC0:71

ZrC0:76 ë ZrC0:92

HfC0:67 ëHfC0:72

HfC0:77 ëHfC0:90

33.0 (VC0:5)
33.0 (VC0:5)
45.5 (VC0:83)
45.5 (VC0:83)
45.5 (VC0:83)
45.0 ë 47.0
46.6 (VC0:87)
33.3 (NbC0:5)
33.3 (NbC0:5)
NbC0:75 ëNbC0:84

NbC0:81 ëNbC0:88

NbC0:67 ëNbC0:71

NbC0:78 ëNbC0:90

33.3 (TaC0:5)
TaC0:79 ë TaC0:89

TaC0:81 ë TaC0:89

cubic
trigonal
rhombic

trigonal
cubic
cubic

rhombic, zÿFe2N type
hexagonal
trigonal
monoclinic
trigonal
monoclinic
cubic
rhombic, zÿFe2N type
hexagonal, eÿFe2N type
trigonal
monoclinic

trigonal
incommensurate phase

Fd3m

P3121

C2221

Pbcn

P 31
C2

P4332

Pnma

C2=m

TiC
TiC
TiC
TiC
TiC
TiC
ZrC
ZrC
ZrC
ZrC
ZrC
ZrC
HfC
HfC
V2C

V2C

VCy

VCy

VCy

VCy

VCy

Nb2C

Nb2C

NbC
NbC
NbC
NbC
Ta2C

TaC
TaC

B1

B1

B1

B1

B1

B1

B1

B1

B1

B1

B1

B1

B1

B1

L03
L03
B1

B1

B1

B1

B1

L03
L03
B1

B1

B1

B1

L03
B1

B1

[13, 14]
[15]
[16]
[17]
[17]
[17]
[18]
[14]
[19]
[8, 20ë24]
[8, 20ë24]
[8, 20ë24]
[8, 20ë25]
[8, 20ë25]
[18,26]
[18, 26]
[27]
[28, 29]
[18]
[30]
[31ë33]
[34]
[34]
[28, 35ë37]
[38ë42]
[8, 20ë24]
[8, 20ë24]
[43]
[44ë49]
[8, 20ë24]
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disordered M6C5 arrangement. Thermodynamical calcula-
tions of the disorder±order phase transition in tantalum
carbide and of the equilibrium Ta±C phase diagram [8, 10,
20 ± 23, 55, 56] show the M6C5 superstructure to be the only
ordered phase possible for tantalum carbide.

A neutron diffraction ordering study of TaCy [47 ± 49]
showed that an incommensurate superstructure close to
TaC0:79 ± TaC0:89 forms in the composition range M6C5.

Because of the large number of superstructures that form
in them, nonstoichiometric carbides are convenient objects
for the study of atom±vacancy ordering. The experimental
results summarised in Refs [8, 10, 11, 57] and briefly discussed
in this section show that, crystallographically, the nonstoi-
chiometric carbides MCy with basic B1 structure may exhibit
ordered phases of the types M2C (space group R�3m, Fd3m,
I41=amd, P4=mmm), M3C2 (C2221, Immm, P2, P�3m1), M4C3

(Pm3m, 14/mmm), M6C5 (C2=m, P31, C2), and M8C7

(Fm3m, P4332), or generally M2tC2tÿ1 (t � 1; 1; 5; 2; 3; 4.
Earlier symmetry analysis of all of the superstructures

crystallographically permissible in the nonstoichiometric
cubic carbides [12, 52] has revealed a structural disorder±
order transition channel for each particular superstructure: a
set of all nonequivalent, superstructural reciprocal vectors
k�j�s located within the site-centred first Brillouin zone for the
basic disordered lattice (k�j�s is the jth arm of the star of the
wave vector fksg; here and hereafter, the wave vector stars for
the first Brillouin zone of a fcc crystal are numbered
according to Refs [58] and [59], and the arms, according to
Ref. [10]).

Symmetry analysis shows [12] that the formation of a
superstructure in the carbide may be associated with one or
more fksg stars. To each fksg star there corresponds an lro
parameter Zs, i. e., the number of the lro parameters
describing a superstructure equals that of the superstructure
wave vector stars.

There are both Lifshitz and non-Lifshitz types among
the carbide phase transitions stars. To the Lifshitz (symme-
trical) stars there correspond points in the Brillouin zone
that have a certain set of symmetry elements. The set secures
either an identical transformation of the points or their
translation into equivalent positions. Such a set necessarily
includes axes intersecting one another or symmetry planes,
or it possesses inversion. Thus, the wave vector group of a
Lifshitz point in the Brillouin zone must have point-
intersecting symmetry elements (such groups are said to
possess a central point).

While Lifshitz star arms are written in terms of the basic
reciprocal lattice vectors by use of fixed numerical parameters
(e. g., the first arms of the fk8g, fk9g, fk10g and fk11g stars of
the fcc-lattice Brillouin zone), for general non-Lifshitz stars
k
�1�
0 � m1b1 � m2b2 � m3b3 the parameters mi for vectors bi

are not contingent on any symmetry factors.
A necessary condition for a phase transition of the second

kind is an identically zero coefficient of the cubic term in the
expansion of the free energy in terms of the lro parameter [60,
61]. This is possible if the symmetry cube of the irreducible
representation responsible for the transition does not contain
a unitary representation of the disordered crystal's space
symmetry group. If a change in translation symmetry is
involved, then the group-theoretical Landau criterion is
equivalent to the following necessary condition [62]: a
second-order transition is possible only if among the phase
transition star vectors no three (not necessarily different)
vectors can be chosen whose sum either vanishes or equals a

structural vector H of the disordered crystal's reciprocal
lattice. Thus, for a second-order phase transition

k�j1�s � k�j2�s � k�j3�s

3k�j�s

)
6� 0 or 6� H : �1�

The condition (1) applies if the space group of the ordered
phase is a symmetry subgroup of the disordered one, which is
true for all the carbide superstructures under discussion.

The disorder±order transitionsMCy ±M2C (space groups
R�3m, Fd3m, I41=amd) are associated with either the fk9g or
fk8g Lifshitz stars, for which (i) the condition (1) is always
met, and (ii) these transitions satisfy the Landau criterion for
second-order phase transitions.

The phase transition channels involving the formation of
tetragonal superstructures M2C (space group P4=mmm) and
M4C3 (space group I4=mmm) and of cubic superstructures
M4C3 (space group Pm3m) and M8X7 (space group Fm3m)
include either the arms of the fk10g star alone, or also the
arms of fk9g and fk8g. For the fk10g star the condition (1) is
not fulfilled, so the formation of these superstructures can
only be a first-order phase transition.

The formation of the M3C2 superstructure involves a
distortion of symmetry for one or two of the non-Lifshitz
fk5g, fk4g, or fk3g stars; also, the transition channel for each
of these superstructures contains a superstructure vector k�j�s
which when tripled coincides with one of the reciprocal lattice
sites: for rhombic (space groups Immm and C2221) super-
structures 3k

�1�
4 � �220�, for the monoclinic (P2) and trigonal

(P3m1) superstructures 3k
�5�
4 � �202� and 3k

�6�
5 � �1�11�,

respectively. This means that condition (1) is not obeyed and
that the formation of disordered M3C2 phases is a first-order
phase transition.

For the cubic superstructure M8C7 (space group P4332),
the phase transition channel includes all arms of the Lifshitz
stars fk9g and fk8g, and those of the non-Lifshitz star fk4g;
the sum (k

�1�
4 � k

�5�
4 � k

�9�
4 ) of all the three superstructure

channel vectors being equal to the reciprocal lattice vector
(111). Clearly the formation of this superstructure can only be
a first-order transition.

The generic superstructure type for all nonstoichiometric
carbides MCy with basic structure B1 �NaCl� is M6C5. The
determination of phase transition channels [10, 12, 63, 64]
showed that the formation of the M6C5 superstructure is
associated with several wave vector stars (Table 2), each with
a corresponding lro parameter. To estimate the type of the
phase transition, only the critical order parameters for non-
Lifshitz stars must be considered. For the monoclinic (space
group C2=m) and trigonal (P31) M6C5 superstructures, the
critical order parameters correspond to the fk4g and fk3g
stars. For the C2 monoclinic M6C5 superstructure, critical
order parameters correspond to fk4g, fk3g, and fk0g. Thus,
for all three M6C5 superstructures the number of critical
parameters is more than one. The simultaneous distortion of
symmetry in several irreducible representations implies that
the disorder±order transitions MCy ±M6C5 are first-order
transitions.

For the experimentally observedM6C5 andM8C7 (P4332)
superstructures, the conclusion about the first-order phase
transitions is supported by the results of Refs [36, 38, 40, 42,
44 ± 47, 65 ± 68].

Analysis suggests that only M2C superstructures (space
groupsR�3m, Fd3m, and I41=amd) can form by a second-order
mechanism. The formation of the superstructures M2C
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(P4=mmm), M3C2, M4C3, M6C5, and M8C7 in MCy B1
carbides may only be a first-order phase transition.

Analysis of the short-range order (sro) to long-range
order (lro) relationship [69 ± 72] in systems under ordering
(AyB1ÿy, MXy &1ÿy) indicates an important correlation
feature, in that if the system may have a maximum-sro no-
lro structure, then the disorder±order transformation occurs
as a first-order phase transition; otherwise, when the attain-
ment of the maximum (or lower) sro in the first coordination
sphere leads to lro, it is second order. This was confirmed in
Refs [69 ± 72] in ordering studies on the bcc and fcc solid
solutions (alloys) AyB1ÿy and nonstoichiometric interstitial
B1 MXy &1ÿy compounds. In particular, it is shown that
ordering in bcc alloysmay be a second-order phase transition,
whereas the formation of the superstructures M2tX2tÿ1
(t � 1; 1; 5; 2; 3; 4) of nonstoichiometric MXy compounds
is a first-order phase transition. This is consistent with the
earlier conclusions about the kind of disorder±order transi-
tions in the nonstoichiometric carbides.

By and large, the literature abounds with experimental
and theoretical studies on the structure of ordered phases of
nonstoichiometric carbides. The changes in their properties at
disorder±order transitions are much less studied though, as
are their properties in various structural states.

2.3 Basic lattice parameter
The effect of nonstoichiometry on the lattice parameter of the
basic crystal lattice of nonstoichiometric B1 �NaCl�-type
carbides has been studied by many authors. It is found that

reducing carbon content, or equivalently increasing the
concentration of structural vacancies, brings about a linear
decrease in the lattice parameter of the compound.

The ordering of a nonstoichiometric MCy carbide not
only reduces the lattice symmetry but also involves a change
in the lattice parameter of its basic cubic lattice.

The influence of ordering on the basic lattice parameter
was found in a study of the structural disorder±order phase
transition in the nonstoichiometric niobium carbide NbCy

[38, 40, 41]. It turned out that within the homogeneity region
of the ordered Nb6C5 phase the lattice parameter of the
ordered niobium carbide exceeds that of disordered carbide
NbCy of the same carbon content. The lattice parameter
difference Da � a �y; Z� ÿ a �y; 0� between the ordered and
disordered niobium carbide varied with carbon content.

Later, a lattice parameter increase was observed at the
VC0:89 ± V8C7 transition in a vanadium carbide ordering
study [67]. At room temperature the basic lattice parameter of
quenched disordered carbide VC0:89 was 4.1662 �A, whereas in
the ordered carbide of the same composition it was 4.1667 �A
(i. e., 8.3334 �A for the cubic superstructure V8C7, whose
lattice parameter is twice that for the basic lattice). This
compares favourably with high-temperature X-ray results
which show a sudden change from 4.202 to 4.200 �A in the
basic lattice parameter of vanadium carbide at the order-
disorder transition at T � 1410� 20 K.

Investigations [73] showed that the basic lattice parameter
of ordered tantalum carbide is greater than for the quenched
disordered TaCy of the same carbon content.

Table 2.MCy ± M6C5 disorder±order transition channels in nonstoichiometric B1 carbides MCy [12, 63]

Ordered phase symmetry Space group Nonequivalent superstructure vectors forming the disorderëorder
transition channel

monoclinic C2=m k
�3�
9 � b2=2,

k
�1�
4 � �b1 � b2 � 2b3�=3, k

�2�
4 � ÿk

�1�
4 ,

k
�3�
3 � ÿ�4b1 � b2 � 2b3�=6, k

�4�
3 � ÿk

�3�
3

triclinic P31 k
�3�
9 ,

k
�1�
4 , k

�2�
4 ,

k
�7�
4 � �b3 ÿ b1�=3, k

�8�
4 � ÿk

�7�
4 ,

k
�9�
4 � �2b1 � b2 � b3�=3, k

�10�
4 � ÿk

�9�
4 ,

k
�3�
3 , k

�4�
3 ,

k
�9�
3 � �2b1 � 3b2 � 4b3�=6, k

�10�
3 � ÿk

�9�
3 ,

k
�23�
3 � �2b1 � b2 ÿ 2b3�=6, k

�24�
3 � ÿk

�23�
3

monoclinic C2 k
�3�
9 ,

k
�1�
4 , k

�2�
4 ,

k
�3�
3 , k

�4�
3 ,

k
�4�
0 � �4b1 � b2 ÿ 4b3�=12, k

�28�
0 � ÿk

�4�
0 ,

k
�13�
0 � ÿ�8b1 � 5b2 � 4b3�=12, k

�37�
0 � ÿk

�13�
0

b1 � ��111�, b2 � �1�11�, and b3 � �11�1� are the basic vectors of the reciprocal lattice (in units of 2p=aB1)
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A detailed study of the basic lattice parameter as a
function of the degree of order was carried out on niobium
and tantalum carbides in Ref. [74]. The lattice parameter was
measured by a standard X-ray photography method at a
stabilised temperature of 294 K. The lro due to carbon-
vacancy rearrangement was examined by neutron diffraction.

Figure 1 shows the variation with carbon content of the
basic lattice parameter in niobium and tantalum carbides in
disordered and ordered states.

As in the earlier studies [38, 75 ± 78], as the vacancy
concentration increased, the lattice parameter decreased
nonlinearly in monocarbides of Nb and Ta. In the region
where the nonstoichiometry of the MCy carbides is relatively
small (0:9 < y < 1:0), increasing vacancy concentration has a
stronger effect on the lattice parameter of TaCy as compared
to NbCy (Fig. 1). This indicates that in TaCy perturbations
from a lattice vacancy are longer ranged than in NbCy. The
data on the basic lattice parameter of disordered (Z � 0)
niobium and tantalum carbides were approximated by a
second-degree polynomial a �y; 0� � a0 � a1 y� a2 y

2 (for
NbCy the coefficients are a0 � 4:1004 �A, a1 � 0:7037 �A,
and a2 � ÿ0:3367 �A, and for TaCy, a0 � 4:1630 �A,
a1 � 0:4675 �A, and a2 � ÿ0:1750 �A [74]).

Experimentally, the appearance of structural vacancies in
disordered carbides is evident from the reduction in the lattice
parameter. In the stoichiometric MC1:00 carbide each metal
atom forms localisedM ±C bonds with six nearest-neighbour
carbon atoms, and partially localised M ± M bonds with
twelve metal atoms. In nonstoichiometric MCy the presence
of one or more vacancies in the first coordination sphere of a
metal atom results in the atom being statically displaced, due
to the asymmetry in the net influence of its nearest neigh-
bours. The magnitude and direction of the displacements
depend, to a first approximation, on the relation between

EMÿC and EMÿM (the total energies of the respective nearest-
neighbourM ±C andM±M interactions the atom is involved
in).

If EMÿM > EMÿC, the metal atoms surrounding a vacant
site must come closer to one another. The compression of
vacant octahedral interstitials &M6 will be hindered by the
MÿC interactions in the occupied neighbouring CM6 octa-
hedra. An increase in the concentration of vacant interstitials,
which areas are smaller in size compared to those occupied,
will reduce the lattice parameter provided the vacancy-
produced static displacements of the metal atoms monotoni-
cally decrease and asymptotically vanish away from the
vacancy. A reduction in lattice parameter will even occur if
the perturbations from the vacancy spread only over the first
coordination sphere.

If EMÿM < EMÿC, the nearest-neighbouring atom metals
move away from the vacancy, and its linear size increases;
hence for the lattice parameter to decrease, the metal atoms
forming the vacancy's second coordination spheremust move
towards it, i. e., the perturbation field of the vacancy must
extend over at least two coordination spheres. For the MCy

carbides it is estimated [79, 80] that the effective perturbation
radius is several times the unit cell period and that the
perturbation extends farther than two coordination spheres.
In this case the attenuation of perturbations away from the
vacancy behaves like Friedel oscillations.

Thus an increase in the lattice parameter of a disordered
carbide with vacancy concentration may involve either an
increase or decrease in vacancy size.

According to Refs [36 ± 42, 47 ± 49] and to the neutron
diffraction results of Ref. [74], niobium and tantalum
carbides form M6C5 superstructures in the composition
ranges NbC0:81 ± NbC0:88 and TaC0:79 ± TaC0:89. The process
of ordering involves an increase in the basic lattice parameter
of the carbides (Fig. 1). An earlier study [77] of the
nonstoichiometric tantalum carbide in the TaC0:81 ± TaC0:89

range also shows an anomalous departure of the lattice
parameter a�y� from a quadratic dependence. Given the
TaCy preparation conditions used in the study, the anom-
alous change in the basic lattice parameter may be accounted
for by a partial disordering of the tantalum carbide samples.

Disordering in NbCy &1ÿy and TaCy &1ÿy carbides is
observed at a comparatively high vacancy concentration
(0:12 < 1ÿ y4 0:21). At such concentrations the vacancy
perturbation regions overlap and partially compensate one
another. In an ordered carbide nearest-neighbour structural
vacancies are absent, so the overlap is significantly less than in
a disordered carbide. But then it is easily understood that a
basic lattice parameter increase is only possible when metal
atoms move away from the vacancy. In contrast, if they come
closer, the basic lattice parameter of an ordered carbide
should be less than in a disordered carbide.

Thus, an increase in the basic lattice parameter of ordered
compared to disordered carbide and a reduction in carbide
lattice parameter with increasing number of vacancies are
experimentally observable only if the metal atoms forming
the first coordination sphere of the vacancy move away from
the vacancy and if the crystal lattice perturbations due to the
vacancy extend over no less than two coordination spheres.
This is consistent with the experimental data on the static
displacement of metal atoms: in nonstoichiometric carbides
of Ti, Zr, and Nb the metal atoms of the first coordination
sphere move away from the vacancy [81, 82]; for NbCy, it is
shown [83] that the Nb atoms in the first coordination sphere
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Figure 1. The dependence of the period of the basic B1-type crystal lattice

on the composition of NbCy and TaCy carbides in disordered (1) and

ordered (2) states (after Ref. [74]).
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move away from the vacancy, and those in the second
approach it.

Ref. [74] suggests a phenomenological model to analyse
quantitatively the increase in basic lattice parameter upon
ordering. In nonstoichiometric carbides with the basic
B1 �NaCl�-type structure, each metal atom in the first
coordination sphere has six sites of the nonmetal sublattice
which can either be occupied by carbon atoms or be vacant.
This allows one to represent a B1 �NaCl�-type crystal as a set
of regular dodecahedron-shaped clusters. Each one of them
contains a metal atom, which is at the centre, and six
nonmetal lattice sites. Such clusters fill the entire volume of
the crystal and account for all the lattice sites with no
exception. Note that the cluster so chosen has the same
shape as the Wigner±Seitz cell used in crystal physics as a
translationally repeated volume element of a spatial lattice (in
our case, this is the Wigner±Seitz cell of the fcc lattice).

Assuming that the cluster volumeVm depends only on the
number of vacancies m in it and is independent of their
arrangement, the crystal volume V in this model can be
represented in the form

V � N
X6
m�0

lm Pm �y; Z�Vm ; �2�

where Pm �y; Z� is the probability of a cluster of m vacancies;
lm � Cm

6 is the multiplicity of the m-configuration of the
cluster;N is the number of sites in the metal sublattice. On the
other hand, the volume of the crystal may be represented in
terms of the basic lattice parameter a �y� as V � �N=4� a3 �y�.
From this, and given the composition dependence of the
lattice parameter, a �y� � a0 � a1 y� a2 y

2, Eqn (2) for a
disordered carbide becomes

X6
m�0

lm Pm �y; 0�Vm � 1

4
�a0 � a1 y� a2 y

2�3 ; �3�

where Pm �y; 0� � �1ÿ y�m y�6ÿm� is the probability of forma-
tion of an m-vacancy cluster in the disordered crystal. The
solution to Eqn (3) is an expression for the volume of the
cluster,

Vm � 1

4

X6
k�m

A6ÿk
k! �6ÿm�!
6! �kÿm�! ; �4�

where A6ÿk are the coefficients of yk on the right-hand side of
Eqn (3).

Each cluster contributes to the total crystal volume with
probabilityPm. For equilibrium conditions, the probability of

a cluster with a varying number of vacancies in a crystal with
an arbitrary degree of order may be represented [8, 10, 52] in
the form

Pm � 1

6

��6ÿm� n�d�1 �n�d�2 ��5ÿm� �1ÿ n
�d�
2 �m

�m �1ÿ n
�d�
1 � �n�d�2 ��6ÿm� �1ÿ n

�d�
2 ��mÿ1�

�
; �5�

where n
�d�
1 � yÿ �5=6� Z and n�d�2 � y� Z=6 are the respective

probabilities for a carbon atom to occupy a site of the vacancy
or carbon sublattice as the M6C5 superstructure is forming.

Using Eqns (2), (4), and (5), one can find the crystal
volume and hence the basic lattice parameter for an MCy

carbide of any degree of order. Calculation of the basic lattice
parameter of ordered carbide was carried out in two ways in
Ref. [74]. In the first approach MCy is taken to have the
maximum lro Zmax, which for M6C5 superstructures is

Zmax �
6 �1ÿ y�; if y5

5

6
;

6y

5
; if y <

5

6
:

8><>: �6�

The second approach assumes that the degree of order equals
the lro parameter at the order±disorder phase transition. In
other words, in the former case one sets Z � Zmax, and in the
latter, Z � Ztr (the Ztr values were taken from Ref. [8]).

Table 3 for NbCy and TaCy lists the difference in the basic
lattice parameter of the ordered versus disordered states,
Da � a �y; Z� ÿ a �y; 0�, both experimental and computed
(in two different approximations). The data in the table
show that the experimental Da are fitted best with the
approximation Z � Ztr; hence, the niobium and tantalum
carbides studied in Ref. [74] had reached the degree of lro
characteristic of the thermodynamically equilibrium carbon
and vacancy arrangement. The reduction of the experimental
Da in TaCy compared to NbCy is attributed to the fact that,
under identical annealing conditions, the nonstoichiometric
tantalum carbide cannot reach the same degree of order as
niobium carbide can.

Physically, to fill the entire volume of the crystal lattice by
Wigner±Seitz-cell clusters is possible when all the clusters
have the same volume. In the model of Ref. [74] clusters with
different number m of vacancies have a different volume Vm.
The condition (2) is then fulfilled due to the cluster overlap
regions being compensated by the regions where the faces of
the neighbouring clusters do not touch. The presence of such
regions implies that the nonmetal sublattice sites are split
between neighbouring clusters and that the continuity of the
medium breaks down. This can be remedied by using the

Table 3. Basic lattice parameter difference Da � aord ÿ adisord of the ordered and disordered MCy carbides NbCy and TaCy [74].

y

Da, �A

NbCy TaCy

Experiment
Calculation

Experiment
Calculation

Z � Ztrans Z � Zmax Z � Ztrans Z � Zmax

0.78
0.80
0.83
0.86
0.88
0.90

ì
0.0020
0.0058
0.0027
0.0010
ì

0.0034
0.0038
0.0045
0.0040
0.0031
0.0034

0.0087
0.0091
0.0098
0.0066
0.0050
0.0021

ì
0.0007
0.0045
0.0021
0.0010
ì

0.0016
0.0020
0.0025
0.0020
0.0015
0.0010

0.0044
0.0047
0.0053
0.0034
0.0024
0.0017
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Dirichlet±Voronoi polyhedron cluster, a distorted Wigner±
Seitz cell with the amount of distortion depending on the
number and mutual coordination of vacancies in the cluster
and its nearest environment.

Note that the change in the lattice parameter of niobium
and tantalum carbides as ordering proceeds, is quite
comparable with lattice parameter changes within that part
of carbide homogeneity regions where ordered phases form.
For example, for a disordered niobium carbide in the region
NbC0:81 ± NbC0:88, the basic lattice parameter changes from
4.445 to 4.466 �A, that is, by 0.021 �A, whereas the minimum
order-induced change in lattice parameter is 0.006 �A. For a
disordered tantalum carbide in the region TaC0:81 ± TaC0:89,
the respective figures are 0.014 �A and 0.005 �A. Thus, as to
the order of magnitude, nonstoichiometry and ordering
have a comparable effect on the basic lattice parameter in
carbides.

The above analysis of the change in volume on M6C5

superstructure formation in niobium and tantalum carbides
[74], together with the data on the effect of ordering on the
basic lattice parameter in nonstoichiometric VCy, NbCy, and
TaCy [38 ± 42, 67, 74], provide evidence that lattice parameter
increases at the transition to an ordered state. The change in
volume caused by the ordering or disordering process
indicates that the disorder±order and order±disorder transi-
tions considered here are first-order phase transitions. This
fully agrees with experimental data [36, 38, 44 ± 46, 67, 68] and
symmetry analysis [12, 52, 63], and is also confirmed by order-
parameter functional calculations [8, 20 ± 24] which show the
M6C5 and M8C7 superstructures to be formed by the first-
order phase transition mechanism.

3. Electronic structure and spectroscopy
of ordered carbides

One of the major methods for obtaining information about
the electronic spectrum of a compound is the first-principles
quantum mechanical calculation of its electronic states. For
transition metal compounds, band calculations rely on the
density-functional method and the local-density and atomic
sphere approximations. The one-electron equations obtained
in this way are solved self-consistently using the augmented-
plane-wave method. For compounds of the heavy transition
metals Hf and Ta, relativistic effects must be added [84].

To date, exact band calculations have only been carried
out for vacancy-free stoichiometric carbides MC1:00. It is
found that the electronic density of states (DOS) at the
Fermi level,N �EF�, is different from zero and that the spatial
distribution of electron concentration through the unit cell is
such as to secure a metallic conduction and metal-metal
interactions. Charge transfer from metal to nonmetal atoms
gives rise to electrostatic interactions and is responsible for
the ionic component of interatomic bonding. In addition to
that, several types of bonding and antibonding covalent
interactions exist. The most important of these are the metal
p-nonmetal d bonds. A covalent metal±metal component is
also present.

Thus, quantum mechanical calculations predict a com-
bined covalent±metallic-ionic chemical bonding for B1 MC
carbides. This is quite consistent with the observation that
these compounds combine the basic properties of a metal
(simple structure and a high conductivity decreasing with
temperature) with those of covalent crystals (high hardness,
brittleness, and low plasticity).

To calculate electronic spectra including nonstoichio-
metry (i. e., structural vacancies) requires by far less
accurate approximations compared to the ideal defect free
case: for example, the cluster approach or the ordered-
structure translational-supercell scheme (the latter securing
in a natural way the Born±Karman condition). The cluster
approach is attractive in that it allows to model local
defects, nonstoichiometry deviations, and lattice distortions
while at the same time significantly reducing computations.
However, modelling a solid by its small fragment runs into
serious problems because of the need to include boundary
conditions and to distinguish between the neighbourhood
of an atom on the cluster surface and its real neighbour-
hood.

The virtual crystal approximation does not work for
nonstoichiometric compounds because it is valid only as
long as the defects have little influence on the spectrum and
when the rigid band model is used. Within the band
approximation framework, the most adequate approach is
to employ the Korringa±Kohn±Rostoker (KKR) coherent-
potential approximation within the LCAO (linear combina-
tion of atomic orbitals) scheme.

Using these approximations permits one to calculate the
electronic spectrum for a carbide with either a single vacancy
or a large concentration of ordered vacancies. To calculate
the spectrum of a nonstoichiometric compound for any
concentration of vacancies arbitrarily distributed in the
lattice is not possible at present. However, it is this informa-
tion which is necessary for and relevant to the interpretation
of the properties of nonstoichiometric carbides.

Now how does the electronic spectrum change as more
and more vacancies are introduced into an originally defect-
free stoichiometric crystal? In other words, what is the change
in the state of those electrons ofmetal atoms that are liberated
from the metal±carbon bonds as a vacancy appears nearby?
How do the conduction electrons alter their state; do metal±
metal bonds pass through a vacancy form; what is the
position of, and the electronic DOS at, the Fermi level; what
is the electron concentration at the vacancy? Modern
quantum mechanical analyses fail to give a clear answer to
these questions.

At present it is considered established that the formation
of a vacancy produces a narrow local peak in the conduction-
band DOS 1 to 3 eV below the Fermi level, implying that the
band does not remain rigid as vacancies are introduced and
the electronic spectrum rearranges itself. Calculations show
that the states forming the vacancy-related density peak are d-
like, but the degree of their localisation has not been
determined [85, 86]. It is also known that the appearance of
vacancies in a carbide alters the relationship between the
charges on themetal and carbon atoms and that an increase in
vacancy concentration brings about a reduction in the atom-
localised charge.

Since electronic spectrum calculations for nonstoichio-
metric compounds offer very limited possibilities at present,
experimental methods for the study of the electronic structure
are coming forward. Some features of the spectra can be
determined by examining the electronic structure sensitive
properties of the compounds.

3.1 X-ray emission and photoelectron spectra
Although electron spectroscopy is used widely for studying
the electronic structure of nonstoichiometric carbides, little
work has been done on carbides in the ordered state.
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Ref. [87, 88] were concerned with theLb2:15 andLg1 X-ray
spectra in NbC0:81, NbC0:83, and NbC0:88 in disordered and
ordered states, and also in stoichiometric NbC1:00 and
disordered NbC0:71.

A comparison of theNbLb2:15-spectra inNbCy in ordered
and disordered state (Fig. 2) reveals that the X-ray emission
spectra of ordered carbide have a simpler form, with fine
structure disappearing in the middle of the C emission band.
This is indicative of the fewer types of positions (or of nearest-
neighbour environments) available for Nb atoms in ordered
versus disordered carbide, and is consistent with the NMR
results on ordering in niobium carbide [38, 89, 90].

The maximum intensity of the high-energy d-like B band
relative to the C2p-like A band is observed in NbC0:71. The
rise in d band intensity with decreasing carbon content implies
an increased filling of the band. This is consistent with the
result [91] that the growth of vacancy concentration in the
carbon sublattice is accompanied by the filling of the d band.
Also, as the concentration of structural vacancies is increased
(fromNbC1:00 to NbC0:71), the energy separation of theA and
B bands decreases: from 3.3 to 1.9 eV in theLb2:15 spectra and
from 3.1 to 1.9 eV in Lg1.

The influence of ordering on the NbLg1 spectra, which
reflect the distribution of Nb 4d3=2 states in the valence band,
was studied for NbC0:83, a carbide which corresponds to the
stoichiometric composition of the ordered Nb6C5 phase. The
ordering effect is stronger in the Lg1 than in Lb2:15 spectra.
Moving from the disordered to ordered NbC0:83 leads to a
marked decrease in the middle-part intensity of the Lg1
spectrum C emission band and reduces from 3.5 to 2.4 eV
the energy separation difference between the A and B
subbands (Fig. 3).

Now what causes the changes in the X-ray emission
spectrum observed as carbon atoms and vacancies are being
ordered in a nonstoichiometric niobium carbide?

Cluster calculations show [92, 93] that the formation of a
vacancy rises the Fermi level by about 0.19 eV inNbCy; this is
accompanied by a high degree of localisation of the electron

distribution perturbations introduced by single vacancies.
The X-ray photoemission spectra of the NbC0:89 and
NbC0:85 [94] show that on deviation from stoichiometry a
new peak, one corresponding to vacancy states, appears
below the Fermi energy. The maximum B, clearly distinct in
the ordered NbC0:83 spectrum (Fig. 3), is very much reminis-
cent of the vacancy-state peak observed in Ref. [94]. A local
DOS peak due to vacancy formation is also suggested by
niobium carbide superconductivity data [95].

However, the appearance of a vacancy in the nonmetal
sublattice not only may produce vacancy states proper but
can also split off some of the neighbouring metal d levels.
According to Ref. [96], the emission L spectra of a transition
metal in a compound is determined by the interaction of the d
wave functions of the metal atom with those of its nearest-
neighbouring atoms, so for each type of metal atom environ-
ment there is a corresponding spectrumwith a certain amount
of d-like B band/C2p-like A band splitting. This accounts
rather simply for the difference in the L spectra of the
disordered and ordered niobium carbides of the same
composition.

In niobium carbide eachNb atom is within an octahedron
of six nonmetal sublattice sites, some of which are probably
vacant. In disordered NbCy, there are all types of octahedral
clusters, from the completeNbC6 to fully defectiveNb&6, but
their probabilities of occurrence are different. In ordered
carbide, the NMR and magnetic susceptibility data [38, 90,
97, 98] suggest that the most probable cluster type is NbC5&,
with one vacancy and five carbons in the niobium nearest-
neighbour environment.

If one assumes that X-ray L emission spectra depend on
the metal atom nearest-neighbour environment and are
superpositions of the contributions from different cluster
types, then each one of the contributions must be propor-
tional to the probability of occurrence of the corresponding
cluster configuration in the crystal. Then the L spectra of
disordered niobium carbide, to which all possible cluster
configurations contribute, are more complex in form com-
pared to ordered carbide, where only one cluster type,
NbC5&, dominates. This is precisely the way the L spectra
change upon ordering (Figs 2 and 3).

For nonstoichiometric TaCy, the experimental and theo-
retical study of the electronic energy spectrum is very
complicated compared to 3d and 4d transitionmetal carbides:
X-ray emission spectroscopy is virtually impossible because
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Figure 2. The X-ray emission NbLb2:15 spectra of the NbC0:81, NbC0:83

and NbC0:88 carbides in disordered (solid line) and ordered (dashed line)

states [87].
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Figure 3. The X-ray emission NbLg1 spectra of the NbC0:83 carbide in

disordered (solid line) and ordered (dashed line) states [87].

January, 1996 Atomic and vacancy ordering in nonstoichiometric carbides 39



of the large (about 10 eV) width of the inner Ta levels [99],
whereas theoretical quantummechanical calculations require
a detailed treatment of the relativistic effects due to the Ta f
electrons. [86]. Consequently, the spectrum of disordered
TaCy was studied by X-ray photoelectron spectroscopy [85,
100 ± 103].

Before discussing the results of these studies, let us dwell
on the role of the C 2s electrons in valence band formation in
carbides.

There is experimental evidence [85, 102, 103] for a band
with an intensity peak approximately corresponding to the
binding energy Eb � 12 eV as measured from the Fermi level.
As carbon content is decreased in TaCy, the band shifts
slightly to the Fermi level and decreases in intensity [85]. It is
shown [104 ± 106] that the 12 eV band in tantalum carbide and
similar bands (with somewhat different binding energies) in
other transition metal carbides and nitrides correspond to the
two nonmetal 2s (valence) electrons. Since the impurity states
of metal valence electrons are a negligible fraction of
nonmetal 2s states, it is expected that the carbon 2s electrons
will take practically no part either in the covalent, or in
metallic or ionic chemical bonding and so are not in fact
valence electrons. Accordingly, the concept of binding elec-
tron concentration, z � zM � 2y, have been introduced [100]
for nonstoichiometricMCy's, where zM is 4 or 5 for the group-
IV and -V transitionmetals, respectively, and the factor of 2 is
the number of carbon electrons participating in chemical
bonding in carbides. It is the binding electron concentration
which determines changes in carbide properties in the
homogeneity region.

Reference [100] focuses on the tantalum carbide energy
bands corresponding to the chemical bonding electrons. In
Fig. 4 the X-ray photoelectron spectra of the TaCy and Ta
valence bands are shown normalised to the integrated
intensity of the Ta4 f-spin doublet. The spectra are shown in
a relative energy scale with zero taken to be the Fermi level of
the respective sample. The spectra have four features, A, B, C
and D (Fig. 4).

As carbide composition is varied from TaC1:00 to TaC0:79,
the A band, with a maximum at about 5 eV, shifts by
approximately 0.2 eV towards the Fermi level (Fig. 4).
Earlier, a similar A band shift of 0.6 eV on moving from
TaC0:97 to TaC0:52 had been found [85]. Analogous results
(0.35-eV A band shift from TaC1:00 to TaC0:72) have been
obtained in a non-self-consistent, relativistic KKR Green's
function calculation [86].

While the position of the B band does not change with
tantalum carbide composition (Fig. 4), its relative intensity
increases with the concentration of structural vacancies [85,
86, 100].

The C band position changes from 2.7 eV for TaC0:92 to
2.4 eV for TaC0:79, its intensity increasing with the deviation
from stoichiometry; in near-stoichiometric TaC1:00 and
TaC0:96 the C band is essentially absent (Fig. 4). All X-ray
photoelectron spectra of tantalum carbide exhibit a super-
position of the D band [100, 102, 103].

Analysis of both the experimental [85, 100 ± 103] and
theoretical [86, 104 ± 106] results on tantalum carbide
electronic spectra shows that the A band reflects the state of
the C2p- and Ta5d-electrons of the covalent Mÿ C bonds,
and the B band reflects the state of the MÿM bond 5d-
electrons. Despite the essentially nonfree nature of the
MÿM bond 5d electrons, they form a wide conduction
band, their DOS function being a distorted Fermi distribu-

tion of the Ta d electrons (Fig. 4, spectrum 7). Against the
background of the wide conduction band with intensity peak
B, there is a much narrower covalent-electron band with anA
peak. The D superposition can be interpreted as due to the
narrow A band being superimposed on the wide conduction
band.

The C band has a direct relation to the formation of
vacancies in the carbide's metal sublattice. According to Ref.
[86], theC band corresponds to the vacancy states of electrons
of p symmetry. This is confirmed by there being no C peak in
theX-ray photoelectron spectra of stoichiometric TaC1:00 and
near-stoichiometric TaC0:96. Earlier [93], this peak was
explained by the MÿM bond electron states splitting off
from the main B band under the vacancy-induced perturba-
tion.

Figure 5 shows the variation with composition of the
bonding energy of Ta4 f 7=2 of the disordered B1 TaCy in its
homogeneity region (data fromRefs [85, 100, 101, 103]).With
the only exception of Ref. [101], the data invariably indicate
an increase in the shift DEb with carbon content. The most
accurate Ð and closest Ð are the results of Refs [85] and
[100], which can me approximated by the linear functions
Eb � 22:31� 1:21y eV and Eb � 21:96� 1:65y eV, respec-
tively.

An estimate of the effective charge qTa�y� of Ta atoms in
TaCy was carried out in Ref. [100] by assuming a linear
relation DEb � kq [107] between the atomic charge q and the
atomic inner level shift DEb, to give qTa�y� � 0:34� 1:65y �e�
[85] or qTa�y� � 0:69� 1:21y �e� [100]. This implies that for
the stoichiometric TaC1:00 the charge of a Ta atom is
approximately �1:9 e and decreases with the concentration
of structural vacancies.

The binding energy of the inner carbon C1s level is
essentially composition independent, so to a first approxima-
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Figure 4. The X-ray photoelectron spectra of the valence bands of

disordered carbides TaC1:00 (1), TaC0:96 (2), TaC0:92 (3), TaC0:90 (4),

TaC0:85 (5), TaC0:79 (6), and metallic Ta (7), normalised to the integrated

intensity of the Ta4 f spin doublet [100].
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tion the charge of C atoms in a carbide does not depend on the
concentration of structural vacancies. Since the charges of C
and Ta atoms in stoichiometric TaC1:00 are equal in absolute
value, the charge of a C atom is qC � ÿ1:9 e. An estimate of
the vacancy charge q& using the obtained qTa�y� and qC
values and the crystal's electrical neutrality condition qTa�y��
�yqC � �1ÿ y� q& � 0 showed [100] that the vacancy charge
is composition independent, negative, and equalsÿ0:34 e [85]
or ÿ0:69 e [100]. The charge of a structural vacancy is much
smaller in absolute value than that of Ta and C atoms. This
means that it is metal and carbon atoms, not vacancies, that
contribute most to the ionic component of chemical bonding
in tantalum carbide.

3.2 Electron-positron annihilation
Electron-positron annihilation (EPA) is a promising method
for the study of the electronic structure of substances with a
perfect or imperfect lattice. In recent years the method has
been widely used in the work on thermal and structural
vacancies [108 ± 112] and in studying vacancy clusters and
radiation-induced pores [113]. The studies have shown the
annihilation to be very sensitive to the vacancy content in a
metal in the concentration range from 1� 10ÿ6 to 1� 10ÿ3

vacancies per atom.
Vacancy content in nonstoichiometric interstitial com-

pounds (for example, in transition metal carbides) are two
orders of magnitude above the EPA sensitivity limit estab-
lished for metals. It should be kept in mind, however, that
structural and thermal vacancies differ in their electronic
properties [6, 7, 10]. This naturally raises the question of
EPA applicability to nonstoichiometric compounds. Works
[114 ± 119] were the first to apply the method to the study of
the electronic properties of nonstoichiometric carbides.

The objective of Ref. [116] was to determine the kinetic
energy spectra of valence electrons in the group-IV and -V
transition metals, in carbon (graphite) C, and in disordered
cubic carbides MCy of the same transition metals, using the
angular correlation of annihilation radiation (ACAR)
method. An attempt to compare the electronic states of pure
metal and carbon with those in carbides was also made.

To obtain ACAR spectra, group-IV and -V transition
metals (fcc Ti, Zr, and Hf, and bcc V, Nb, and Ta), and the
carbides (TiC0:94, ZrC0:88, HfC0:90, VC0:85, NbC0:93, and
TaC1:00) were used. Impurity content was nowhere above
1� 10ÿ3 at. percent. Prior to the experiment, metal plates
were annealed at 1500K for 6 hours and then slowly cooled to
room temperature to release internal stresses and reduce the
thermal vacancy content. The slow coolingmade it possible to
ignore the positron trapping by thermal vacancies. The
reactor graphite used had the hexagonal structure P63=mmc
with impurity content of no more than 1� 10ÿ4 at. percent.

The results of Ref. [116] for metals compare favourably
with the earlier data, for example for annealed Ta [121] and
non-irradiated V and Nb [120]. However, later work [121]
yielded Ta ACAR spectra very different from those of Refs
[108] and [116], presumably due to the impurities present in
tantalum investigated in Ref. [121].

That the ACAR spectra of carbides and transition metals
obtained in Ref. [116] are qualitatively close indicates the
similarity in their electronic structure. Quantitative differ-
ences in the spectra of various carbides are beyond experi-
mental error, which made it possible to examine electronic
structure as a function of the transition metal type.

In the literature, the ACAR spectra are most commonly
approximated by a superposition of a Gaussian and a
truncated inverted parabola [122, 123]. For normal metals,
this picture has a straightforward explanationwhich enables a
theoretical analysis of experimental data. The Gaussian
corresponds to the contribution from the positron annihila-
tion with core electrons, whereas the parabola accounts for
annihilation at conduction electrons. For the transition
metals and their compounds, this explanation is complicated
by band hybridisation near the Fermi level.

In nonstoichiometric carbides a thermalised positronmay
be found either in a free (Bloch) or a bound state, in which
latter case it may be trapped at either a nonmetal or metal
structural vacancy. Thus, in nonstoichiometric carbides (as
opposed to metals) a positron may annihilate from three
states, one free and two bound. The concentration of metal
vacancies in the carbides studied was reduced to a minimum
by annealing followed by a slow cooling to room temperature;
also, the charge of a carbon vacancy in a carbide is
significantly less than a vacancy charge in a metal. So to a
first approximation, only free-state positron annihilation
may be considered [115, 116].

Inmetals, at a certain concentration of defects (thermal or
radiation-induced vacancies) electron-positron annihilation
parameters tend to saturate, i. e., remain unchanged as
vacancy content is increased further [113, 124]. This concen-
tration varies widely but does not exceed 1� 10ÿ3 vacancies
per atom. As the saturation is approached, the vacancy
concentration in a metal turns out to be sufficient to trap all
positrons, but is too low for the vacancies to affect one
another, i. e., for their electronic characteristic to be con-
centration dependent. The situation in nonstoichiometric
carbides is somewhat different. The concentration of struc-
tural vacancies may reach 0.25 per atom. At such a high
concentration, vacancy interaction is inevitable and hence so
is the variation of their electronic characteristics with con-
centration.

Because of the Coulomb repulsion from the nuclei, a
positron in a crystal tends to annihilate in the inter-core space.
In the transition metals, however, the annihilation involves
not only conduction electrons but also those of the partially
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Figure 5. The binding energy of the inner level Ta4 f7=2 in disordered
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filled d shells [125]. Nonstoichiometric transition metal
carbides possess metallic conductivity, and in their inter-
core space there are both hybridised sp conduction electrons
and electrons that form covalent bonds (metal d and non-
metal p electrons), the covalent d and p electrons havingmuch
higher concentration than the conduction electrons. Clearly,
in transition metal carbides the probability of annihilation
with core electrons is negligible. Accordingly, it was assumed
[115] that in nonstoichiometric carbides the free state
annihilation involves conduction electrons and covalent-
bonding electrons, and therefore two contributions to the
positron annihilation spectrum are considered.

Assuming the conduction electrons to be free, the authors
of Refs [122, 126] obtain the following expression for the
intensity of the angular correlation curve for annihilation g
quanta:

Ip�y� � hp

�
1ÿ

�
y
yp

�2�
f
ÿjyj ÿ yp� ; �7�

where

f
ÿjyj ÿ yp� � 1; or jyj4yp ,

0; or jyj > yp

�

is the Heaviside function. The expression (7) describes an
inverted parabola of height hp with cut-off angle yp (the angle
where Ip vanishes).

As for the second contribution, it has been shown
empirically [122] that in transition metals it can be approxi-
mated by the Gaussian distribution

Ig�y� � hg exp

�
ÿ y2

2y2g

�
; �8�

where hg and yg are its height and half-width, respectively.
Equation (8) describes the free positron annihilation with the
valence d electrons (in metals) or with the covalent Mÿ C
bond electrons (in carbides).

From the above, the angular correlation curves for the
nonstoichiometric carbides can be represented as a sum of
two terms,

I�y� � Ig�y� � Ip�y� : �9�
The experimental angular correlation function for anni-

hilation radiation, N�y�, introducing the spectrometer angu-
lar resolution function R�y�, can be represented in the form

N�y� �
�1
ÿ1

R�y0 ÿ y� I�y0� dy0 : �10�

The dependence (10) is described by the parameters hg, yg, hp,
and yp, which were determined from experimental ACAR
spectra in Refs [115, 116].

Fig. 6 shows, as an example, the experimental N�y� and
computed I�y� angular correlation functions for nonstoichio-
metric TaC1:00; a decomposition of the latter function into a
Gaussian and a truncated parabola is also shown. Estimating
the quality of approximation from the w2=n criterion [127]
shows that the function (10) provides a good quantitative
description of the experimental ACAR spectra of carbides.
An attempt to approximate the spectra by one or two
Gaussians led to much larger disagreement between experi-
ment and theory. On the other hand, improvements using
three or more components (for example, a parabola and two
Gaussians, etc.) proved to be statistically insignificant. Thus,

statistical analysis shows that experimental ACAR spectra of
nonstoichiometric carbides are described best by a parabolic
and a Gaussian component [115, 116]. Table 4 lists the
calculated parameters hg, yg, hp, yp and ratios Sp=Sg for the
carbides studied (Sg � hgyg

��������
p=2

p
is the area under the

Gaussian curve, and Sp � 2hpyp=3, that under the truncated
parabola).

Fig. 7 shows the ACAR spectra of NbC0:93 (1), niobium
(2), and graphite (3). The qualitative relation between the
ACAR spectra of a metal and its carbide is the same for other
metals studied inRef. [116]. TheACAR curves of the carbides
lie between those for the metal and graphite. The implication
is that the electronic structure of the carbides is not formed by
the metal atoms alone: carbon atoms also contribute to the
spectrum formation process.

For the more detailed discussion of the experimental data
on positron annihilation in carbides, Ref. [115] modifies the
free-state positron analysis by changing from electron angu-
lar spectra to electron momentum and energy spectra.

According to Ref. [115], the electron momentum density
distribution has the from

r�p� � 4p �m0c�2 Aÿ1p2

�
�
2hp
p2p

f �jpj ÿ pp� � hg
p2g

exp

�
ÿ p2

2p2g

��
; �11�

where A is the normalisation factor; pg � m0cyg and
pp � m0cyp (m0 is the free-electron mass, and c is the velocity
of light). From (11) one can change to the electron kinetic
energy distribution r�Ek�. For the conduction electrons the
dependence of the DOS on Ek has the familiar form

rp�Ek� � 2p �m0c�2
���������
2m0

p
Aÿ1

������
Ek

p 2hp
Ep

f �Ek ÿ Ep� ;
�12�
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Figure 6. Components of the ACAR spectrum of TaC1:00: 1, experimental

spectrum; 2, restored true spectrum; 3, Gaussian component; 4, parabolic

component [115].
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and for the covalent-bonding electrons this dependence was
written in the form

rg�Ek� � 2p �m0c�2
���������
2m0

p
Aÿ1

������
Ek

p hg
Eg

exp

�
ÿ Ek

2Eg

�
;

�13�

where Ep � m0c
2y2p=2 and Eg � m0c

2y2g=2. We note that
adding the expressions (12) and (13) directly is not
physically meaningful because this neglects the fact that
different electronic subsystems have different potential
energies.

From Eqn (12) it is clear that the quantity Ep, as the
maximum energy of conduction electrons, is in fact the Fermi
energy EF. According to Ref. [115], the energy band width of
the covalent electrons isDEg � 3:6Eg. Table 4 presents theEF

and DEg values calculated with the use of the yp and yg
parameters known for carbides.

Comparison of the predicted Sp=Sg and EF reveals a
marked difference between the group-IV (MIVCy) and
group-V (MVCy) transition metal carbides (Table 4). In
MVCy carbides the Fermi energy on the average is by 1 ±
2 eV larger than inMIVCy, which compares qualitatively with
quantum mechanical KKR results [128, 129], and is in
quantitative agreement with X-ray emission data on zirco-
nium and niobium carbides [130]. The rise in the Fermi energy
from the group-IV to group-V carbide is, as indicated by
calculations [128, 129], due to the filling of the metal±metal
band by an additional d electron. On the other hand, for
MVCy carbides Sp=Sg is 1.5 to 2 times less than for MIVCy,
although one would expect it to be larger due to the extra
electron. The model of Ref. [116] does not clarify this point.

Of particular interest are the EPR data on the TaCy in
disordered and ordered states [114, 115]. The carbides studied
were TaC0:85 and TaC0:79 in ordered and quenched states, and
disordered TaCy (y � 1:00, 0:96, 0:92, 0:90).

Approximating the experimental ACAR spectra by the
function (10) enabled the parameters hp, yp, hg, yg, and Sp=Sg
to be calculated for carbides TaCy. The calculation showed
that the ACAR spectrum parameters of nonstoichiometric
TaCy depend rather weakly on the content of structural
vacancies, and that increasing their concentration does not
lead to any significant narrowing of the angular correlation
curves, as is the case for other types of defect [113]. Besides the
weak composition dependence of TaCy spectra, Ref. [115]
also reports a marked difference between the spectra of
ordered and disordered TaC0:85. This suggests that the
electron-positron annihilation parameters are order-sensi-
tive.

The most pronounced changes found in the positron
annihilation experiment on TaCy [115] are those in the
parameter Sp=Sg, which is proportional to the conduction
electron concentration in the crystal. As composition changes
from TaC1:00 to TaC0:79, the ratio Sp=Sg increases about
twofold. Thus, positron annihilation data indicate that the
conduction electron concentration grows as carbon content
decreases in TaCy. Similarly, from the data on Sp=Sg, the
conduction electron concentration in quenched disordered
TaC0:85 is larger than in ordered. This is presumably due to
the fact that the Fermi energy increases and the covalent

Table 4. Characteristics of the ACAR and kinetic spectra of valence electrons in transition metal carbides [115, 116].

Composition
Gaussian
halfwidth yg

Parabola
cut-off angle yp

Parabola
height hp

Gaussian
height hg

Area ratio
Sp=Sg

Fermi
energy EF

Covalent
band width DEg

mrad rel. units eV

TiC0:94

ZrC0:88

HfC0:90

VC0:85

NbC0:93

TaC1:00

TaC0:92

TaC0:85

ordered
TaC0:85

disordered

4.6
4.2
4.5
4.8
4.5
4.5
4.6
4.7

4.8

6.6
6.4
6.3
6.7
7.1
7.0
6.9
7.1

7.6

59
61
80
45
40
30
50
58

64

130
140
116
134
145
152
133
123

112

0.35
0.36
0.51
0.25
0.23
0.16
0.30
0.38

0.48

11
10
10
11
13
12
12
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15
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19
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Figure 7.ACAR spectra of NbC0:83 (solid line), metallic Nb (dashed line),

and graphite C (dash dot line) [116].
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electron DOS decreases, upon ordering. Since the total
number of electrons in TaCy does not change on ordering,
the higher concentration of conduction electrons in disor-
dered compared to ordered carbide indicates that electrons
are redistributed between the metallic and covalent chemical
bonding components during the vacancy ordering process.

According to Ref. [122], the cut-off angle of the parabola
mentioned above characterises the Fermi momentum of the
conduction electrons. Analysis of the parameter yp showed
that, within the accuracy of the experiment, EF does not
change with the composition of TaCy. The average Fermi
energy of carbides of various composition (except for dis-
ordered TaC0:85) is 12 ± 13 eV. The quenching-produced
vacancy disordering in TaC0:85 increasesEF by about 1 ± 2 eV.
The energy band width of covalent electrons is almost
independent of TaCy composition and equals 19 ± 20 eV.
For disordered TaC0:85, the width DEg � 21 eV and is greater
than for the ordered carbide of the same composition.

References [114 ± 116] explain carbide ACAR data by
assuming free state positron annihilation. A strong argument
in favour of this assumption is that a good approximation to
the spectra can only be achieved by including the parabolic
component. In metals the parabolic ACAR component
corresponds to the annihilation of positrons from a free
state on conduction electrons. A second experimental argu-
ment in favour of free positron annihilation is the dependence
of the annihilation parameters on vacancy concentration in
nonstoichiometric TaCy: the insaturability of the annihilation
parameters implies that positrons are not trapped at the
vacancies. However, the concentration of structural vacan-
cies in the investigated tantalum carbides is very high (from
10ÿ2 at. % of nonmetal vacancies in the very-near-stoichio-
metric TaC1:00 to 21 at. % in TaC0:79), and is sufficient to trap
all positrons available. Also, the c& dependence of annihila-
tion parameters observed in Ref. [115] is very weak and may
be due to positron trapping by vacancies provided changing
c& alters the electronic properties of a vacancy. Thus, the
ACARdata [115] do not allow to say unambiguously whether
a positron annihilates from a free state or whether it is first
trapped by a vacancy and then annihilates from a bound one.

ACAR studies in carbides [114 ± 116] showed the spectra
to be weakly sensitive to the concentration of structural
vacancies in the carbon sublattice. The observed weak
changes of annihilation parameters are presumably due to
the variation of the electronic properties of a structural
vacancy with vacancy concentration. The spectra turned out
to be sensitive to the structural (order±disorder) state of the
carbides. Given the data on positron trapping by vacancies
[17, 118], the model (9) can only be useful for estimating
ACAR spectrum parameters but not for the physical
interpretation of the results, and the presence of the
parabolic ACAR component requires a theoretical under-
standing of both bound positron annihilation and the energy
and spatial distribution of electron concentration in a
vacancy.

Studies of the lifetime of positrons in carbides, tMCy
, have

shown [117 ± 119] that positrons are trapped by structural
vacancies and annihilate from the bound (localised) state. The
measurements were performed on the near-stoichiometric
carbides TiC1:00, ZrC0:98, HfC1:00, NbC1:00 and TaC0:99. Also
investigated was the effect of the concentration of structural
vacancies c& on tMCy

in nonstoichiometric NbCy

(0:72 < y < 1:00) samples over the entire homogeneity region
of the disordered phase.

Analysis of the experimental spectra showed them to be
best fitted by a single exponential component. An attempt to
employ two components with different positron lifetimes
yielded a poorer convergence. This means that positron
annihilation in carbides involves one type of defect only.

The positron lifetime t in group-IV carbides is 160±176 ps,
and in group-V carbides 155±161 ps. As the composition
changes from NbC1:00 to NbC0:72, i. e., the concentration of
structural vacancies rises from the minimal to maximal value,
t decreases from 161 to 151 ps. The positron lifetime in NbCy

and TaCy is markedly (by about 40 ps) longer than in Nb and
Ta. For TiCy, ZrCy, HfCy, and corresponding group-IV
metals, the lifetime difference is by far smaller (about 10 ps).

The analysis of the data from Refs [117, 118] showed that
the normalised positron annihilation rate l� � �lÿ l1�=l1
(l1 � 2:004� 109 sÿ1, l � 1=t) does not correlate with the
total electron concentration in metals and their carbides. This
suggests that not all electrons contribute equally to positron
annihilation in these substances. Presumably, positrons
mostly annihilate with those electrons having sufficiently
high concentration away from the positively charge nuclei.

In Fig. 8 the positron annihilation rate l� is shown as a
function of the valence electron concentration Zval � zVB=V,
where z is the number of annihilating valence electrons that
corresponds to the substance formula unit of volume V;
VB � 6:208� 10ÿ31 m3 is the volume of a sphere of Bohr
radius. The points around the straight line 1 correspond to
the dependence of l� in TiC1:00, ZrC0:98, HfC1:00, NbC1:00

and TaC0:99 on the total valence electron concentration (the
total number of bonding electrons z in MCy is z � zM � 2y,
where zM is 4 or 5 for group-IV and -V transition metals,
respectively [100]). The points around the straight line 2 give
the dependence of l� in Ti, Zr, Hf, Nb, and Ta, and their
carbides TiC1:00, ZrC0:98, HfC1:00, NbC1:00, and TaC0:99 on
the metal-atom valence electron concentration
ZvalM � zMVB=V.
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Figure 8. The dependence of the annihilation rate of positrons l� on the

valence electron concentration Zval: 1, l� �Zvaltot� for TiC1:00 (*), ZrC0:98

(!),HfC1:00 (&),NbC1:00 (~) and TaC0:99 (^); 2, l� �ZvalM � for Ti (*), Zr
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The experimental values of l� as a function of Zvaltot for the
carbides studied in Refs [117, 118] fall close to the curve 1
(Fig. 8), indicative of the positron annihilation at valence
electrons, but are below the similar dependence well-known
for metals [131]. Also, the curve 1 does not pass through the
origin. This implies that not all valence electrons participate
in annihilation.

The straight line 2, which does pass through the origin, is
drawn through the experimental points under the assumption
that positrons in the carbides (and, naturally, in the metals)
annihilate only with the metal-atom valence electrons. This
experimental line l� � 17:9 ZvalM is close to that known for
metals [131].

That positrons annihilate only with the metal-atom
valence electrons and do not with the carbon-atom electrons
is confirmed in Ref. [117] by the linear dependences of l� on
Vÿ1M (VM is the volume per metal atom) constructed for the
carbides of group-IV and -V transition metals.

A similar conclusion was drawn from the data on the
concentration dependence of positron lifetime in nonstoichio-
metric niobium carbide. This decreases with the concentra-
tion of structural vacancies c& � 1ÿ y. The rise in c& is
accompanied by a decrease in the metal sublattice parameter
aB1, i. e., a compression of the lattice and a reduction in the
volume VM � a3B1=4. The t�VM� dependence is linear within
experimental error (Fig. 9). To a lower volume VM there
corresponds a shorter lifetime t, i. e., with increasing
nonstoichiometry the concentration of electrons for positron
annihilation increases monotonically. This is possible if it
annihilates only with the metal atom electrons. If carbon
electrons were involved, the t�VM� dependence (Fig. 9) would
have a different sense of slope, since the valence electron
concentration Zvaltot decreases with the concentration of struc-
tural vacancies. Thus, the investigation of nonstoichiometric
carbides in Refs [117, 118] shows that positrons annihilate
only with themetal-atom valence electrons, irrespective of the
type of the metal and the carbon content.

The calculation of the lifetime of nonlocalised positrons
tfMCy

in carbides using a formula from Ref. [131] showed the

lifetime to be shorter than in the respective metals: 105±115 ps
for close-to- stoichiometric titanium, niobium, and tantalum
carbides, and 125 ± 135 ps for zirconium and hafnium
carbides.

The positron lifetime in a metal vacancy tM&MCy
must be

much longer because the first coordination sphere of the
vacancy is formed by carbon atoms and carbon vacancies.
The positron lifetime in a carbon vacancy tC&MCy

is expected to
be between tfMCy

and tM&MCy
, since such a vacancy is surrounded

only by metal atoms.
The carbide positron lifetimes measured in Ref. [118] are

markedly longer than tfMCy
and shorter than the tM&MCy

's
computed in Ref. [132], and correspond to positrons localised
on carbon sublattice vacancies. Further evidence for such a
localisation comes from an annihilation experiment on
carbides irradiated by high-energy electrons at 77 ± 84 K
[119]. The electron energy of 2.5 MeV was sufficient for the
formation ofmetal vacancies [133 ± 135], and the lifetime tM&MCy

of vacancy-trapped positrons must have been 170±180 ps.
Within the accuracy of the experiment (�2 ps), the measured
positron lifetime in TiC0:99, NbC0:98, NbC0:84, and TaC0:99 is
the same prior to and after irradiation and much less than
tM&MCy

. This means that positron annihilation in irradiated
carbides also occurs at carbon vacancies. Presumably, the
radiation-induced defects recombine just at the irradiation
temperature, 80 K, leaving no metal vacancies in the
irradiated carbides.

According to Ref. [119], the lifetime t in disordered
NbC0:84 (a composition close to the perfectly ordered Nb6C5

phase) is about 10 ps longer than in the disordered carbide of
the same composition (Fig. 10). On warming a disordered
niobium carbide, t remains unchanged to 900 K and then
decreases because of disordering. In fact, for NbC0:84 the
temperature interval 1100 ± 1300 K is the two-phase region
where the ordered and disordered phases coexist [8, 20 ± 22].
The decrease in t upon NbC0:84 disordering is consistent with
the t�VM� dependence in Fig. 9, since the disordering of the
carbide involves a lattice parameter decrease [10, 52, 74].

In Ref. [132] an LMTO-ASA calculation of the electronic
structure and positron lifetimes for a number ofB1 carbides is
presented. A nonstoichiometric carbide ismodelled by a cubic
unit cell cluster, with four sites from eachmetal and nonmetal
sublattice, and the vacant site at the centre. Such a cluster
allowed modelling MC0:75 (M4C3) or M0:75C (M3C4) with
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Figure 9. The dependence of the positron lifetime t in NbCy
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25 at. percent of vacancies in the carbon andmetal sublattices,
respectively. A comparison of calculations [132] with mea-
surements [117, 118] shows that the experimental t are smaller
than tM&MCy

and larger than tC&MCy
, the predicted lifetimes in a

metal vacancy (in M3C4) and in a carbon vacancy (in M4C3),
respectively. Using this result, Ref. [132] assumes that the
experimentallymeasured positron lifetime is themean of tM&MCy

and tC&MCy
. This conclusion is incorrect because the averaging

of t has no physical meaning at all: the annihilation of
positrons at two types of defect would produce two
components with different values of t in the experimental
spectrum. In addition, even a formal averaging of t must
include the vacancy concentration and take into account the
difference in positron affinity for a metal and a carbon
vacancy.

The discrepancies between experiment and calculation are
due to the fact that in modelling high vacancy concentration
c& (25 at. percent) Ref. [132] ignores the interatomic spacing
which change results from the introduction of vacancies. In
fact, in calculatingMC0:75 andM0:75C these authorsmade use
of the spacings determined for a perfect defect free MC1;00,
themselves substantially different from the experimental
values; and this when the lifetime depends sensitively on the
spacing. It would seem that Ref. [132] yields a correct
qualitative relation between the positron lifetimes in metal,
tfM, and in carbon (tC&MCy

) and metal (tM&MCy
) vacancies in a

carbide (tM&MCy
> tC&MCy

> tfM), but specific predictions for t
should only be considered as rough estimates.

Basically, the electron-positron annihilation data suggest
that in nonstoichiometric carbides positrons are trapped by
the vacancies in the carbon sublattice, the electronic proper-
ties of the vacancies depending on vacancy concentration.
Thus, the EPA method is capable of giving information
about a structural vacancy and the manner its properties
change with the composition of a nonstoichiometric com-
pound.

4. Effect of ordering on the properties
of carbides

4.1 Electrokinetic properties
Nonstoichiometric carbides MCy realise a combined cova-
lent-metallic-ionic type of chemical bonding, the first two
components being of comparable strength and the third,
relatively weak. The electrical conductivity and other kinetic
properties are determined primarily by the collectivised metal
d electrons participating in MÿM bonds.

In nonstoichiometric B1 �NaCl� carbides all of the near-
est-neighbouring metal atoms lie in �111�B1 (or equivalent
�11�1�B1, �1�11�B1, and �1�1�1�B1) planes producing a close
hexagonal packing in them. This suggests that conduction
electrons are distributed non-uniformly over the crystal
volume, showing concentration peaks near the close-packing
metal planes [10]. Due to the metal and nonmetal planes
alternating in the �111�B1 and equivalent directions in the
compounds under study, the conduction electrons propagate
within a certain spatial grid formed by the close-packed metal
planes. The nonmetal planes may be complete (no structural
vacancies) or defective (vacancies along with carbon atoms),
depending on the MCy composition. Analysis of electrical-
resistivity and other electrokinetic studies, which show the
electrons to be strongly scattered by vacancies, suggests that
the electron mean free path along metal planes depends on

which nonmetal planes (complete or defective) are joined by
metal atomic planes. In Ref. [10] it is assumed that the
conduction electron mean free path is larger when a metal
plane is between complete nonmetal planes and smaller
otherwise. This enables the model of 2D conduction electron
distribution to be used in discussing the electrokinetic proper-
ties of nonstoichiometric carbides.

Ordering in nonstoichiometric interstitial compounds
leads to such a rearrangement of nonmetal atoms and
structural vacancies which gives rise to complete and ordered
nonmetal defective planes alternating in a certain fashion in
the lattice [12]. In disordered nonstoichiometric compounds
the nonmetal atomic planes are all defective. Given this
difference between ordered and disordered nonstoichiometric
compounds, the two-dimensional distribution model predicts
that, all other things being equal, the resistivity r of a
nonstoichiometric compound in the ordered state must be
lower than in disordered. This is borne out by the available
experimental data.

A lower resistivity of ordered compared to a quenched
disordered TiC0:625 is reported in Ref. [136] for the tempera-
ture range 1.5 ± 300 K (for example, at 290 K 234� 10ÿ8 and
208� 10ÿ8 Ohm m in disordered and ordered TiC0:625,
respectively). In the 100 ± 300 K interval the temperature
coefficient of resistivity dr= dT of ordered titanium carbide is
1.8 times that of disordered.

Reference [19] reports a jump in the temperature depen-
dence of resistivity of ZrC0:70 under conditions of slow
warming or slow cooling (at the rate of at most 2 K/min) in
the temperature range 1333 ± 1353K (Fig. 11). X-ray analysis
showed that the jump is due to the cooling-induced crossover
from a high-temperature disordered to a low-temperature
ordered state; the resulting ordered phase has the cubic
Zr4C3-type structure (the conclusion of Ref. [19] about the
type of superstructure of ordered zirconium carbide is highly
suspect).

A 5 ± 10 % drop in resistivity at the disorder±order
transition VC0:833 ± V6C5, and a corresponding rise in
resistivity on disordering in vanadium carbide (Fig. 12) were
found in Ref. [137]. The presence of a hysteresis in the r �T�
dependence indicates that the ordering of vanadium carbide,
VC0:833 ! V6C5, is a first-order phase transition. The beha-
viour of the resistivity near the VC0:875>V8C7 transition
temperature (Fig. 13) is analogous to that for
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Figure 11. The temperature dependence of the resistivity r of nonstoichio-
metric zirconium carbide ZrC0:70 [19].
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VC0;833>V6C5. As in the case of V6C5, the temperature
dependence of the resistivity is hysteretic, indicating
VC0:875>V8C7 to be a first-order phase transition, but the
width of the hysteresis is about three times that for
VC0:833>V6C5 and equals � 25 K.

A study of the kinetic properties of vanadium carbide with
different vacancy content led the authors of Ref. [137] to the
conclusion that the ordered V8C7 phase forms even when the
composition is close to VC0:833. This implies that the ordered
V8C7 phase has, within its homogeneity region, a lower free
energy that the ordered V6C5 phase. This assumption is
substantiated by heat of transition (DHtrans) measurements
for the corresponding phase transitions [138], which show
that the heat released at the VC0:875 ! V8C7 transition is
somewhat greater than that for VC0:833 ! V6C5 (1:5� 0:6
and 1:4� 0:7 kJ/mol, respectively).

Figure 14 shows the polythermals of the resistivity of
quenched disordered NbC0:83 and partially ordered Nb6C5 as
measured in Ref. [139]. The temperature coefficient of
resistivity dr= dT of the latter material is much greater than
that of the former. At temperatures below the order-disorder
transition, the resistivity r of partially orderedNb6C5 is lower
than in disorderedNbC0:83. Note that the r �T� dependence of

partially ordered carbide Nb6C5 is characteristic of com-
pounds with superconducting transition temperatures
around 10 K.

As a whole, the study of nonstoichiometric carbides in
various structural states shows that their resistivity is not only
highly sensitive to the number but also to the mutual
coordination of interstitial atoms and structural vacancies in
the crystal lattice.

4.2 Magnetic susceptibility
Magnetic susceptibility is one of the few properties of solids
which are determined only by the electronic subsystem and do
not depend directly on the phonon energy spectrum.

Although magnetic susceptibility of various nonstoichio-
metric carbides has been extensively studied, the results are
often contradictory. The susceptibility data are usually
explained without accounting for the possible ordering of
carbon atoms and vacancies.

The effect of ordering on the magnetic susceptibility of a
nonstoichiometric compound was first observed in niobium
carbide NbCy [38, 97, 98, 140]. The susceptibility w was
measured in the temperature range 300 ± 1300 K using
niobium carbide samples in both ordered and disordered
state. The structural state of the samples was controlled by
neutron diffractometry. A sample was held at each measure-
ment temperature until a time-constant w was achieved.

The typical temperature dependence w �T� for NbCy in
ordered and disordered state is shown in Fig. 15. For the
carbide NbC0:83 quenched from much above Ttrans (equili-
brium disorder±order transition) and having no superstruc-
ture reflections in its neutron diffraction pattern, measure-
ments show a sudden irreversible drop in w at Tnoneq

trans , due to
the nonequilibrium disordered to equilibrium ordered state
transition (Fig. 15). As the temperature is decreased further
from Tnoneq

trans to Ttrans, the susceptibility of niobium carbide
increases and at Ttrans experiences a jump as a result of the
equilibrium order±disorder transition. The order±disorder
transition is reversible, and with lowering temperature the
susceptibility decreases as a consequence of the transition
from the ordered into a disordered state. On further cooling±
warming (annealing±warming) cycling, only the equilibrium
order±disorder transition is observed. The temperature
behaviour of the susceptibility of samples of other composi-
tions, with a varying degree of disorder, are of the same form
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Figure 12. The change in resistivity r of ordered V6C5 due to heating (1)

and cooling (2) in the neighbourhood of the order±disorder and disorder±

order transitions [137].
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Figure 14. The temperature dependence of the resistivity r of disordered
carbide NbC0:83 and ordered carbide Nb6C5 [139].
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as for NbC0:83. The neutron diffraction patterns obtained
from NbCy (0:814 y4 0:88) samples after a temperature
dependence measurement exhibit superstructure reflections
indicating that the measurement process brings about
ordering and leads to the formation of a M6C5-type super-
structure.

Magnetic susceptibility measurements showed the w�y�
minima for NbCy samples in disordered and ordered state to
occur in NbC0:83 and NbC0:81, respectively (Fig. 16).

A similar study of the susceptibility effect of ordering was
made on TaCy [44 ± 46]. For slowly warmed quenched
tantalum carbides in the composition range
TaC0:82 ÿ TaC0:85, an earlier unknown effect of irreversible

reduction in susceptibility was observed (Fig. 17) at the
nonequilibrium transition temperature T noneq

trans � 960±
1000 K. The temperature of the sudden drop in w is
presumably that for the onset of diffusion of carbon in TaCy

and corresponds to the transition from a quenched none-
quilibrium disordered to an equilibrium ordered state. This is
confirmed by neutron diffraction data, which imply that the
annealing involved in susceptibility measurements to
T < 1100 K does indeed lead to the appearance, for TaC0:82,
TaC0:83, and TaC0:85, of a set of superstructure reflections
corresponding to the ordered M6C5 phase.

A further rise in temperature led to a smooth growth of
Ttrans followed by a jump at w � 1090, 1130, and 1150 K for
TaC0:82, TaC0:83 and TaC0:85, respectively. The same sam-
ples exhibited a temperature hysteresis in susceptibility in
the intervals 1070 ± 1090, 1100 ± 1130, and 1120 ± 1150 K
for TaC0:82, TaC0:83, and TaC0:85. The reversible suscept-
ibility jump corresponding to the w �T� hysteresis region is
related to the equilibrium structural order±disorder transi-
tion. The occurrence of a hysteresis, i. e., the existence of a
two-phase region, shows the order±disorder transition to be
a first-order phase transition. As the temperature was
lowered further, the susceptibility of the tantalum carbide
samples decreased. Note that over the entire temperature
range T < T noneq

trans the susceptibility of a TaCy

(0:824 y4 0:85) sample annealed in the measurement
process was lower than for the quenched disordered sample
of the same composition (Fig. 17). The w �T� dependence for
TaCy (y < 0:80 and y5 0:90) 0.90 shows no special features
(Fig. 17) because these compositions are beyond the region
TaC0:79 ± TaC0:89 in which neutron diffraction data show
that an ordered phase forms.

Measurements showed that ordering is accompanied by a
reduction in susceptibility, the carbide TaCy exhibiting the
greatest susceptibility difference between the disordered and
ordered states, Dw � � w �y; 0� ÿ w �y; Z�. A similar reduction
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has been observed earlier upon the ordering of niobium
carbide [38, 97, 98]. Note that in niobium carbide the effect
of ordering on w is much more pronounced than for tantalum
carbide of the same carbon content: for example, at 300 K for
NbC0:83 and TaC0:83 the values of w are 7:6� 10ÿ6 and
3:9� 10ÿ6 emu/mol, respectively.

What then can be the explanation for the reduction of
magnetic susceptibility in niobium and tantalum carbides
upon ordering?

A reduction in susceptibility is possible if the effective
mass of a collectivised electron in ordered carbide is greater
than that in disordered, i. e., ifm�ord < m�disord. If the change in
the effective mass of conduction electrons upon ordering is
small, then a reduction in w may be due to the change in the
electronic DOS at the Fermi level, N �EF�. However, in
niobium carbide N �EF� is virtually unchanged by ordering
[141]. If the same is true for tantalum carbide, our explanation
fails.

Another possible answer is a change in the orbital
paramagnetic contribution, which depends significantly on
the symmetry of the metal atom nearest-neighbour environ-
ment. In a disordered nonstoichiometric carbide the symme-
try may differ from one metal atom to another, whereas in an
ordered M6C5 carbide the nearest-neighbour environment of
all the metal atoms is identical. Since, on the average, the
symmetry of the nearest-neighbour environment in an
ordered carbide is higher than in disordered, in the former
orbital paramagnetism is weaker than in the latter. Hence
follows the observed reduction of susceptibility at the
disorder±order transition.

The dependence of the susceptibility on the symmetry of
the metal atom nearest-neighbour environment actually
implies that the change in w upon ordering relates to sro
formation. A confirmation of the notion that sro affects the
magnetic susceptibility of the nonstoichiometric carbidesmay
be found in calculations in Refs [38, 46, 97], in which the
experimental data on w �T� were used to obtain the sro
parameters a1�y� and a2�y� in the first and second coordina-
tion spheres of the nonmetal sublattice of the ordered NbCy

andTaCy carbides. In the ordering region 0:814 y4 0:88 the
sro parameters of ordered niobium carbide lie in the intervals
ÿ0:06 > a1�y� > ÿ0:15 and ÿ0:04 > a2�y� > ÿ0:14, and of
ordered tantalum carbides, in ÿ0:06 > a1�y� > ÿ0:08 and
ÿ0:04 > a2�y� > ÿ0:09. The values of a1 and a2 for the
ordered carbides are negative but do not reach the limiting
values �a1 � a2 � ÿ0:20� characteristic of the perfect super-
structureM6C5. The deviation of the predicted a1 and a2 from
their limiting values indicates the lack of complete order in the
samples studied.

Thus, calculations confirm that the reduction in the
susceptibility of carbides upon ordering is due to the change
in the symmetry of the metal atom nearest-neighbour envir-
onment, with a resulting decrease in the orbital paramagnetic
susceptibility.

The magnetic susceptibility reduction in disordered nio-
bium and tantalum carbides upon the composition change
from MC1:00 to MC0:83 is indicative of the decrease in the
electronic DOS at the Fermi level N �EF�.

An attempt to investigate the susceptibility of ordered
titanium carbide TiCy was made in Ref. [142], but the
measurement of w �T� in this work was carried out on samples
outside the homogeneity region of the ordered phase
assumed. In addition, there were no measurements on
disordered titanium carbide, which does not allow one to

deduce from the results of Ref. [142] whether the possible
ordering influences the susceptibility of this compound.

4.3 Superconductivity
Practically all nonstoichiometric B1-structure interstitial
compounds are superconductors with transition temperature
Tc of up to 17 K. The superconducting properties of the B1
compounds are very sensitive to composition: in a disordered
state the highest Tc occurs in vacancy-free stoichiometric
MX1:0 compounds; as the concentration of vacancies
increases, the Tc gets rapidly lower. While the effect of
nonstoichiometry on the superconducting properties of B1
compounds has attracted quite a detailed study and been
repeatedly summarised in the literature [143, 144], virtually
no studies exist on the superconductivity-ordering relation-
ship in nonstoichiometric compounds. Only recently have a
few studies on the Tc of ordered niobium and tantalum
carbides been reported.

The nonstoichiometric B1-structure NbCy has a wide
inhomogeneity region extending from NbC1:00 to NbC0:70.
Near-stoichiometric NbCy (1:00 > y > 0:98) has Tc � 11 K
[145, 146]. Already the early studies of the superconducting
properties of niobium carbide demonstrated that the Tc

decreases rapidly as the concentration of structural vacancies
is increased [145, 147, 148]. This work, however, gives no
analysis of the arrangement of carbon atoms in the nonmetal
sublattice. The change in the niobium carbide structure upon
the ordering of carbon atoms and vacancies must lead to a
rearrangement of its electronic and phonon spectra as well as
to a change in its superconducting properties.

An attempt to elucidate the effect of atomic ordering on
theTc has beenmade inRef. [139] using the resistancemethod
to measure the resistivity and superconducting transition
temperature of disordered NbC0:83 and partially ordered
Nb6C5 �NbC0:83�. From that work, disordered NbC0:83 has
Tc � 1:7 K, and for the partially ordered Nb6C5 �NbC0:83� of
the same composition Tc � 1:1 K. Since the authors of Ref.
[139] failed to obtain a completely orderedNb6C5 crystal, they
are not fully justified in concluding that the reduced Tc of the
ordered niobium carbide is due to the reduction of the crystal
symmetry point group at the disorder±order phase transition.

In contrast to Ref. [139], Ref. [141] shows that ordered
Nb6C5 �NbC0:83� has a higherTc than the disorderedmaterial
of the same composition. This is attributed to the presence of
translational symmetry in the nonmetal sublattice of the
ordered carbide; the lower-Tc disordered niobium carbide
exhibits no such symmetry.

A detailed investigation of the effect of ordering on the Tc

of niobium carbide was performed in Refs [95, 149], in which
an analysis of possible sources of Tc change is also given.

The temperature dependences of the low-temperature
heat capacity cp of the near-stoichiometric carbide NbC0:97

and of ordered carbide NbC0:83 reveal jumps (Ref. [141], see
Fig. 18 of the present work) due to the normal-to-super-
conducting transition (the calorimetric and inductive Tc

values are listed in Table 5). An estimate of the energy gap
D�0� using the relation D�0� � 1:76 kBTc yields 1.2 MeV for a
near-stoichiometric NbC0:97 and 1.1 MeV for disordered
NbC0:83. This compares well with the tunnel experiment
value of D�0� � 1:6� 0:1 MeV for NbC0:96 [150].

For the remaining niobium carbide samples investigated
in Refs [95, 141, 149] (disordered NbC0:845 and NbC0:83 and
partially ordered NbC0:845), no superconducting transition
was observed down to 4 K.
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Of particular note is that the Tc of ordered NbC0:83 turns
out to be nearly four times that of the disordered carbide of
the same composition (8.3 and 2.1 K, respectively). It should
also be noted also that the maximum Tc change induced by
ordering, 6.2K, is comparable to theTc change over the entire
homogeneity region of disordered NbCy (from Tc < 1 K for
NbC0:70 to Tc � 11:1 K for NbC1:00) and exceeds that for
disordered carbide in the composition range NbC0:81 ±
NbC0:88 in which the ordered Nb6C5 phase forms (for
NbC0:81 and NbC0:88 Tc is 1.5 and 4.4 K, respectively, giving
DTc � 2:9 K).

In the analysis of the superconducting properties of B1
carbides, it is customary to employ strong-coupling approx-
imation accounting for the electron-phonon interaction. This
is actually tantamount to renormalizing the electronicDOS at
the Fermi level, N �EF�, via the use of the electron-phonon
coupling constant l.

Approximating the heat capacity data for nonstoichio-
metric niobium carbide at Tc < T < 20 K by

c �y;T� � �1� y� �gT� bT 3� �14�

enabled the coefficient of electronic heat capacity
g � �p2k2BNA=3� �1� l�N �EF� and the Debye temperature
yD � �6p4kBNA=5b�1=3 to be determined for all NbCy sam-
ples studied [95, 149] (Table 5).

The significant difference in magnetic susceptibility w (97,
98, 140) and superconducting transition temperature between
disordered and ordered niobium carbide [95, 141, 149] is

indicative of order-induced changes in the electronic and
phonon spectra. The data obtained enable one to determine
certain characteristics of the electronic structure and to find
out their change upon ordering.

In discussing the phononmechanism of superconductivity
in niobium carbide, it is convenient to use the semi-empirical
McMillan's formula [151]

Tc � y
1:45

exp

�
ÿ 1:04�1� l�
lÿ m� �1� 0:62l�

�
: �15�

The numerical values of the coefficients in Eqn (15) were
obtained by McMillan by analysing the shape of the Nb
phonon spectrum. The pseudopotential m� for electronic
Coulomb repulsion can be determined from the isotope effect,
by measuring the Tc and the isotope shift dTc. For the
transition metals, m� is not large and has a value of 0.10 ±
0.15. The strong-coupled formula (15) and the availability of
data on Tc and yD (Table 5) have enabled the electron-
phonon coupling constant l to be evaluated. The calculation
of Ref. [95] assumed the NbCy Coulomb pseudopotential to
be m� � 0:13 [139, 148].

The electronic DOS at the Fermi level N �EF� was
calculated, using the obtained values of g and l, from

N �EF� � 3g
p2k2BNA �1� l� : �16�

The results on l and N �EF� are presented in Table 5.
The data in Table 5 show that in disordered niobium

carbide a decrease in carbon content (increase in vacancy
concentration) leads to a decrease in the electronic DOS
N �EF�. Analogous results were obtained in Refs [147, 148].
This behaviour of N �EF� as a function of the composition of
NbCy is in good agreement with magnetic susceptibility data
(see Section 4.2), which show that as the composition of
disordered carbide is varied from NbC1:00 to NbC0:83, the
Fermi DOS decreases. Hall coefficient measurements in turn
show that a decrease in carbon content in niobium carbide
increases the concentration of conduction electrons [152].

The conduction band in group-V transition metal car-
bides is less than half filled. A decrease in the electronic DOS
at the Fermi level N �EF� and an increase in the number of
conduction electrons due to vacancy formation can occur
simultaneously if a local DOS peak appears in the conduction
band below the Fermi energy. In fact, a SCF-Xa cluster
calculation of the electronic structure of nonstoichiometric
niobium carbide showed [93] that the formation of a carbon
vacancy leads to a narrow peak in the spectrumof filled states.
The peak is 2 eV below EF. At a sufficiently high carbon
vacancy content the NbCy spectrum exhibits a vacancy band
below NbCy mainly filled by Nb4d electrons [153]. Thus, a
decrease in the carbon content in niobium carbide leads to a
decrease in the electronic DOS N �EF� and to a change in the
fine structure of the energy spectrum below the Fermi level.

Table 5. Some characteristics of the electronic structure of nonstoichiometric carbide NbCy in disordered (1) and ordered (2) state [95, 149].

Composition State g,
mJ g-atomÿ1 Kÿ2

yD,
¬

Tc,
¬

l N�EF�,
eVÿ1 atomÿ1

NbC0:83

NbC0:83

NbC0:845

NbC0:845

NbC0:97

1

2

1

2

1

1:39� 0:01
1:54� 0:01
1:27� 0:01
1:88� 0:02
2:55� 0:02

399� 12

391� 12

325� 10

311� 10

465� 14

2.1
8.3
2.4
<4.0
8.9

0:48� 0:03
0:69� 0:04
0:52� 0:03

0:67� 0:04

0:40� 0:03
0:39� 0:03
0:36� 0:03
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Figure 18.Heat capacity of nonstoichiometric carbide NbCy at T < 20 K:

1, partially ordered NbC0:845; 2, disordered NbC0:845; 3, ordered NbC0:83;

4, near-stoichiometric disordered NbC0:97; 5, disordered NbC0:83 [141].
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According to Refs [95, 149] (Table 5), the behaviour of
the Tc in the ordering process is dominated by the change in
the electron-phonon coupling. The marked change (a factor
of 1.5) in the electron-phonon interaction constant upon
ordering is presumably due to the fact that translational
symmetry does not exist in disordered niobium carbide but
does in ordered. The low Tc for partially ordered NbC0:845

can then be attributed to the deviation of the carbide from
the stoichiometry of the Nb6C5 ordered phase and hence, to
the lack of complete order in the atom and vacancy
arrangement.

For a near-stoichiometric carbide NbC0:97, the value ofTc

is somewhat larger than for ordered NbC0:83; this is pre-
sumably due to the electronic DOS N �EF� being greater in
NbC0:97. The electron-phonon coupling in ordered NbC0:83

and in NbC0:97 is essentially the same (Table 5).
In B1 and A15 superconductors the electron-electron

interaction takes place by exchange of phonons. References
[95, 149] assumed the phonon mechanism of superconductiv-
ity and employed the strong-coupling approximation to
determine l and N �EF�. The calculation used volume-
averaged crystal properties, however. For a disordered
nonstoichiometric carbide with isotropic crystal structure
this is quite justifiable. However, for a disordered nonstoi-
chiometric carbide this estimate of N �EF� characterises the
average of the electronic DOS over the entire volume of the
anisotropic crystal, whereas the true density distribution
N �EF�, depending as it does on the particular manner in
which the atoms are distributed in the lattice of the ordered
compound, may be inhomogeneous in the crystal volume and
may have maxima and minima in its spatial pattern.

The ordered Nb6C5 �NbC0:83� has a peculiar layered
crystal structure [10, 38 ± 42]. Accordingly, in order to explain
the superconducting properties of ordered and disordered
niobium carbide, a two-dimensional model of superconduc-
tivity has been proposed [95, 149, 154]. An outline of the
model is as follows.

Let us consider in detail the crystal structure of the
stoichiometric NbC1:00. In the �111�B1 direction, the structure
may be thought of as alternating close-packed �111�B1 planes
consisting of either metal or nonmetal atoms (Fig. 19a).

As disordered niobium carbide deviates from stoichiome-
try, some of nonmetal lattice sites become vacant, with the
result that the crystal structure is locally distorted, and
instead of complete nonmetal planes of carbon atoms alone,
defect nonmetal planes, with both carbon atoms and vacan-
cies, appear (Fig. 19b). In disordered NbCy vacancies arrange
themselves statistically, so that local atom displacements are
directed at random, and the atomic planes are practically all
distorted.

The disorder±order phase transition in niobium carbide
leads to a fundamentally different arrangement of carbon
atoms and vacancies. Formation of the monoclinic (space
group C2=m) Nb6C5 ordered phase is related to three wave
vector stars fk9g, fk4g, and fk3g (Table 2) and is described by
three lro parameters Z9, Z4, and Z3 [63, 64]. If only the
nonmetal sublattice is considered, then the structure of
completely ordered niobium carbide consists of complete
and defective ordered nonmetal planes alternating in the
�111�B1 direction (Fig. 19c); the parameter Z9 being respon-
sible for the preservation of the order of alternation and for
the rearrangement of carbon atoms and vacancies between
the planes. The Z4 and Z3 parameters are only responsible for
the mutual arrangement of atoms and vacancies in nonmetal

planes and do not affect the relative content of carbon atoms
and vacancies in the planes [63].

The quasi-2D model of Ref. [95] assumes that super-
conductivity in niobium carbide is due to the presence of
type-I layers (Fig. 19) consisting of two neighbouring metal
planes with a complete nonmetal plane in-between. It is also
assumed that the appearance of vacancies in nonmetal planes
degrades the superconducting properties of the quasi-2D
layers. Let us see how the Tc of niobium carbide will change
in this model. For a disordered state, the highest electronic
DOS N �EF� occurs in stoichiometric NbC1:00, in which only
quasi-2D type-I layers are present (Fig. 19a); an increase in
vacancy concentration in disordered carbide is accompanied
by a monotonic decrease in N �EF� (Table 5) and by the
appearance of defect quasi-2D type-N �EF� layers (Fig. 19b).
Then clearly in the complete quasi-2D type-I layers the DOS
is much higher than in defective quasi-2D type-II layers. For
this reason, a deviation of the carbon atom concentration
from stoichiometry should result in a rapid reduction in Tc,
which is in line with the results obtained in Refs [95, 141, 145,
147 ± 149].

As seen in Fig. 19c, ordered niobium carbide contains
complete superconducting type-I layers similar to those in
the defect-free stoichiometric carbide. Note that the forma-
tion of complete nonmetal planes in NbCy in the composi-
tion range �5=64 y4 1� requires that lro (Z9) be as high as
possible, and for y < 5=6 this process is unlikely even then
because of the high vacancy concentration. The appearance
in nonstoichiometric niobium carbide of superconducting
type-I layers with their highest possible N �EF� must raise
the Tc to about values for stoichiometric NbC1:0, as indeed
observed [95, 149].

Thus, in nonstoichiometric niobium carbide a quasi-2D
layered structure appears upon ordering. For ordered quasi-
2DNb6C5 �NbC0:83�Tc � 8:3K, i. e., about four times higher
than Tc � 2:1 K in disordered NbC0:83. Presumably, the rise
in Tc at the formation of a quasi-2D structure is due to the
presence of periodic local N �EF� maxima which correspond
to complete, well superconducting, quasi-2D type-I layers
[95].

The 2D conduction electron distribution model suggests
that the superconducting transition temperature of NbC0:97,
with low content of structural vacancies, should be close to
that of ordered NbC0:83. Experimentally [95, 141], the Tc of
ordered niobium carbide is somewhat lower. There are two
possible reasons for this. First, in ordered NbC0:83 the degree
of lro is somewhat less than the maximum degree. In this case

I
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I
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[111]B1 [111]B1 [111]B1
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Figure 19. Mutual arrangement of the �111�B1 atomic planes in stoichio-
metric carbide NbC1:00 (a), nonstoichiometric disordered NbCy (b), and

fully ordered Nb6C5 (NbC0:83) (c): 1, Nb atom plane; 2 and 3, complete

and defective nonmetal atomic planes; I and II, quasi-2D complete and

defective layers [95, 149].
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some of the complete nonmetal planes become defective, and
the complete superconducting layers reduce in number.
Second, even for the maximum degree of lro in NbC0:83, all
the superconducting type-I layers are in the neighbourhood of
defective nonmetal planes (Fig. 19c). The same kind of
argument is given in Refs [155, 156], which present experi-
mental and theoretical studies of the Nb bicrystal twinning
plane: a unique example of a two-dimensional physical
system. It is shown that a normal metal surrounding the
twinning plane degrades the superconductivity of the two-
dimensional layer significantly.

A rise in the Tc of nonstoichiometric niobium carbide due
to annealing of the NbC0:87 single crystal is found in Ref.
[157]. On quenching to 1600 K, disordered NbC0:87 had
Tc � 4 K, and on annealing at T � 1200 ±1400 K, as a result
of ordering, the Tc reaches a value of 8.6 K. These results are
accounted for completely by the quasi-2D superconductivity
model of Refs [95, 149].

The effect of ordering on the Tc of tantalum carbide was
examined in Ref. [49]. Measurements showed that the Tc of
disordered TaCy decreases rapidly from 10.2 K for TaC1:00 to
1.5 K for TaC0:83 as the carbon content is decreased. The Tc

data on disordered TaCy are in good agreement with those of
Refs. [145, 147]. TheTc values of the ordered carbides TaC0:87

and TaC0:83 turned out to be slightly (by 0.3 and 0.6 K,
respectively) higher than in disordered carbides of the same
composition. The observed effect of ordering was not large,
so one can only speak of an incipient tendency of nonstoichio-
metric tantalum carbide toward higher Tc as a result of
ordering. This distinguishes tantalum carbide from niobium
carbide, for which the Tc increased several-fold upon order-
ing. That the effect of ordering on the Tc is different in these
two carbides is presumably due to the difference in the nature
of superstructures that form in them.

In fact, the ordering of niobium carbide leads to the
formation of an M6X5 type superstructure, with quasi-2D
type-I and -II layers alternating along �111�B1 (Fig. 19). The
presence of complete quasi-2D I layers in the ordered carbide
resulted in a higher Tc compared to disordered material, in
which no such layers exist.

As regards TaCy, this gives rise to an incommensurate
superstructure [47 ± 49] in which even at the maximum lro,
superconducting quasi-2D type-I layers are 8 ± 9 times as rare
as in the commensurate M6X5 superstructure. However, in
the tantalum carbide studied, basic lattice parameter [74] and
heat capacity [65, 66] data show that the maximum degree of
order was not attained, and the percentage of superconduc-
tivity-producing complete quasi-2D layers in ordered carbide
was by far lower than in the ideal commensurate M6X5

superstructure. Hence the small transition temperature dif-
ference between TaC0:83 with a noncommensurate super-
structure and the disordered carbide of the same composition.

If, in the homogeneity region of the ordered phase of
tantalum carbide (TaC0:79 ± TaC0:89), one succeeds in
obtaining a commensurate M6X5 type superstructure with
a degree of order close to the maximal, it might be expected
that the effect of ordering on the Tc will be relatively large
and comparable to the Tc change observed at the ordering
of niobium carbide.

4.4 Heat capacity
To date, the effect of ordering on heat capacity has been
studied, to a greater or lesser degree, for titanium, niobium,
and tantalum carbides.

We shall first discuss the effect of ordering on heat
capacity at temperatures below 30 K.

The low-temperature heat capacity of disordered and
ordered NbCy was investigated in Refs [141, 149]. The
temperature dependence of the heat capacity of NbCy in
various structural states at T < 20 K is shown in Fig. 18. In
the temperature range studied, ordered NbC0:83 and NbC0:845

have a higher heat capacity than disordered carbides of the
same composition.

The effect of ordering on the heat capacity of TiC0:625 at
T < 5 K was examined in Ref. [136]. Measurements showed
that the heat capacity of ordered rhombohedral carbide is
about 3% less than that of disordered TiC0:625. The heat
capacity difference Dc �T� � c �y; Z;T� ÿ c �y; 0;T� was
described by Dc �T� � DgT� DbT 3, where Dg �
ÿ�0:18� 0:03� � 10ÿ3 J molÿ1Kÿ2 and Db � ÿ�0:6�
1:7� � 10ÿ6 J molÿ1Kÿ2.

The most extensive studies of the effect of structural state
on the heat capacity of niobium and tantalum carbides were
made in the temperature range 70 ± 300 K [65, 66, 158, 159].

The polythermals of the heat capacity of MCy for
70 < T < 300 K were described with the use of the super-
position model [160] accounting for the contributions to the
heat capacity from the acoustic and optical phonons:

cp �y;T� � 1� y

2

�
cD

�
yD
T

�
� cE

�
yE
T

��
; �17�

where cD and cE are the Debye and Einstein heat capacity
functions, and yD and yE are the Debye and Einstein
characteristic temperatures. Table 6 lists yD and yE values
for all the niobium and tantalum carbides studied in Refs [65,
158, 159].

Fig. 20 and 21 show the composition dependences of heat
capacity for niobium and tantalum carbides in disordered and
ordered state. As seen in the figures, the heat capacity of the
ordered carbides exceeds that of the same carbides in
disordered state. The maximum value of the heat capacity
difference Dcp�300� � cordp �300� ÿ cdisordp �300� occurs in
NbC0:83 and TaC0:83, which correspond to the stoichiometric
composition of ordered M6C5-type phase.
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Figure 20. Heat capacity of niobium carbide NbCy in disordered (1) and

equilibrium ordered (2) state at 300K (points give the experimental values;

solid line is for the approximation Z � Ztrans). The dash-dot line shows the
boundary of the homogeneity region of the Nb6C5 ordered phase [158,

159].
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In Ref. [66], certain aspects of the order parameter
functional (OPF) method [8, 10, 56] were used to explain the
influence of ordering on the heat capacity of nonstoichio-
metric, interstitial B1 �NaCl�MXy compounds. Whereas the
physical basis for the OPF is the mean field approximation, it
belongs to the family of clustermethods as far as its formalism
is concerned. The description of ordering in Ref. [66] involves
a basic cluster in the form of an octahedron of six sites of the
fcc nonmetal lattice, which constitute the nearest-neighbour
environment of the metal atom located at the centre of the
figure. According to Ref. [66], in the OPF method the heat
capacity of nonstoichiometric MCy in disordered �Z � 0� and
ordered �Z 6� 0� states can be represented as a function of

composition y, lro parameter Z, and temperatureT as follows:

cp �y; 0;T� � qH
�
0�T�
qT

� y
qH�1�T�
qT

� y2
qH�2�T�
qT

; �18�

cp �y; Z;T� � qH
�
0�T�
qT

� y
qH�1�T�
qT

� P
�2�
0

qH�2�T�
qT

�H�2�T�
qP�2�0
qT

; �19�

where P
�2�
0 is the probability of occurrence, within the basic

cluster, of a complete CÿC pair in the nonmetal sublattice of
the MCy being ordered;H

�
0,H

�
1 andH

�
2 are the coefficients of

the power-series expansion in y of the enthalpy of disordered
MCy. Analysis of thermodynamic data suggests that for
disordered carbides this expansion need be kept to the second
order only [8, 10, 143]:

�HT ÿH298�disordMCy
� H�0�T� � yH�1�T� � y2H�2�T� : �20�

When undergoing ordering, niobium and tantalum
carbides give rise to M6C5-type superstructure [52], for
which the probability P

�2�
0 � y2 ÿ Z2=36 under equilibrium

conditions [8, 10]. In view of this and Eqns (18) and (19), the
heat capacity difference Dcp �y; Z;T� � cp �y; Z;T�ÿ
cp �y; 0;T� of nonstoichiometric MCy in ordered and dis-
ordered states is

Dcp �y; Z;T� � ÿ Z
2

36

qH�2�T�
qT

ÿ Z
18

H�2�T� qZ
qT

: �21�

Let us discuss Eqn (21) in more detail. According to Refs
[8, 10, 56], a necessary condition for ordering in substitution
solid solutions and nonstoichiometric compounds, with a
substitution solution formed by substitutional atoms and
vacancies, is the nonlinear dependence of the enthalpy of
formation and free energy on the composition of disordered

Table 6.Debye temperature yD, Einstein temperature yE, and heat capacity cp, of niobium carbideNbCy and tantalum carbide TaCy in disordered (1) and
ordered (2) state at 300 K [66, 159].

Composition State yD, K yE, K
cp�300�,

J (mol K)ÿ1
Dcp �y; Z; 300�, J (mol K)ÿ1

experiment

calculation

Z �300� � Ztrans Z �300� � Zmax

NbC0:75

NbC0:81

NbC0:81

NbC0:83

NbC0:83

NbC0:88

NbC0:88

NbC0:93

NbC0:97

NbC0:98

TaC0:81

TaC0:81

TaC0:84

TaC0:84

TaC0:88

TaC0:88

TaC0:93

TaC0:96

TaC1:00

1
1
2
1
2
1
2
1
1
1
1
2
1
2
1
2
1
1
1

347
375
365
358
359
355
352
375
366
377
256
252
258
243
261
259
256
252
263

844
825
801
823
789
825
825
813
820
827
848
840
818
788
809
803
824
848
875

32.15
33.35
33.85

�
33.89
34.49

�
34.81
34.84

�
35.78
36.48
36.81
33.84
33.98

�
34.91
35.51

�
35.81
35.92

�
36.52
36.66
36.85
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Figure 21. Heat capacity of tantalum carbide TaCy in disordered (1) and

equilibrium ordered (2) state at 300 K (points show the experimental

values; solid line is calculated using the approximation Z � Ztrans). The
dash-dot line shows the boundary of the homogeneity range of the ordered

phase Ta6C5 [65, 66].
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compound. If the enthalpy of a disordered compoundMXy is
quadratic in y, then its OPF free energy is described by

F �y; 0;T� � F0�T� � yF1�T� � y2F2�T� ÿ TSc�y; 0� ; �22�

where F0�T�, F1�T�, and F2�T� are energy parameters, and
Sc�y; 0� is the configurational entropy of the disordered
compound. Given this dependence of the free energy of
disordered compound on y and T, a necessary condition for
ordering is F2�T� > 0 [56]; in particular, ordering is possible if
the parameter F2 is a temperature-independent positive
constant, i.e., F2 � const > 0. This is the case if in Eqn (20)
the coefficient H�2�T� � 0 and hence qH�2�T�=qT � 0, i. e., if
the enthalpy and free energy of disordered compound MXy

are linear functions of its composition y. Thus, the heat
capacities of a nonstoichiometric compound in ordered and
disordered states may be equal �Dcp � 0� when
F2 � const > 0.

Most generally, H�2�T� 6� 0 and qH�2�T�=qT 6� 0. Below
Ttrans the derivative qZ=qT is negative, since as the tempera-
ture is lowered the degree of order increases. But thenEqn (21)
implies that the sign of Dcp is determined by the values of
H�2�T� and qH�2�T�=qT. The derivative qH�2�T�=qT is the
coefficient of the quadratic term in the series expansion (18)
of the heat capacity of disordered compound MXy.

Let cp �y; 0;T� be a convex function of y, then
qH�2�T�=qT < 0 and H�2�T� < 0, rendering the first term in
Eqn (24) positive, and the second negative. With increasing
temperature the former decreases and the latter increases in
absolute value, so that the difference Dcp is also temperature
dependent. At 300 K qZ=qT nearly vanishes, the difference
Dcp > 0, and the heat capacity of a nonstoichiometric
compound in ordered state exceeds that in disordered one.
With increasing temperature the value of Dcp decreases and
may become negative.

If cp �y; 0;T� is a negative function of y, then
qH�2�T�=qT > 0 and H�2�T� > 0; in this case a similar argu-
ment shows that at T � 300 K the difference Dcp < 0, but
with increasing temperature it increases and may become
positive as Ttrans is approached.

For disordered NbCy and TaCy, the cp �y� dependences
are positive functions of y (Figs 20, 21), so according to Ref.
[66], at T � 300 K the heat capacity of the ordered carbides
must be greater than for quenched disordered carbides of the
same composition, i. e., Dcp�300� > 0. The experimental
results of Refs [65, 159] shown in Table 6 support this
conclusion.

A comparison of the experimental and theoretically
predicted values of Dcp�300� allowed estimation [8, 52, 66] of
the degree of lro in the ordered niobium and tantalum
carbides investigated. The value of Dcp�300� was calculated
in two ways.

One approach assumed that at 300 K the carbide sample
studied reach the maximum possible degree of lro, i. e.,
Z�300� � Zmax; then the derivative qZ=qT � 0, since the
order parameter Z�300� is a constant quantity. Within the
homogeneity region of the ordered M6C5 phase that forms in
NbCy and TaCy, the value of Zmax �y� is determined from
Eqn (6).

The second approach to the calculation of Dcp�300�
assumed that, because of the low diffusion mobility of
atoms at 300 K, the lro parameter in ordered carbide samples
remains, in absolute value, the same as at the disorder±order
transition temperature, i. e., Z�300� � Ztrans (Ztrans values are

taken from Ref. [8]). Clearly, qZ=qT � 0 in this approxima-
tion also.

A comparison of the experimental and computed values
of Dcp�300� (Table 6) shows that the values obtained in the
approximation Z�300� � Ztrans come closest to experiment.

5. Conclusions

Recent studies have added considerable insight into the
atomic and vacancy ordering in nonstoichiometric carbides.
While earlier work has focused on structural and crystal-
lographic aspects of ordering in these compounds [11, 12, 18,
81, 143, 161], at present the effects of ordering on carbide
properties are the top priority. There is much evidence to
show that ordering effects are of comparable magnitude to
property changes occurring in the homogeneity region of a
disordered carbide. This allows a modification and subtle
special-purpose tailoring of the properties of nonstoichio-
metric carbides by creating short-range and long-range order
without changing composition. Further study of the proper-
ties and structure of highly nonstoichiometric compounds in
states of varying (from Z � 0 to Z � Zmax) degree of order is
necessary, and this not only for carbides but also for cubicB1-
structure nitrides and oxides of the transition metals. The
collection and evaluation of such data will contribute to the
development of the theory of disorder±order structural phase
transitions in highly nonstoichiometric compounds.

The author would like to thank A I Gusev for much help
and encouragement in preparing the manuscript and the
Russian Foundation for Basic Research (RFBR) for financial
support (project No 95-02-03549-a).
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