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First-principles calculations have been used to study the effect of vacancies and relaxation around the
vacancy sites in substoichiometric TiC . The effect of relaxation on phase stabilities, equilibrium volumes,
and electronic structure of the substoichiometric phases was studied using a combined approach of pseudopo-
tential plane wave and full-potential linear muffin-tin orbital methods. A relaxation away from the vacancies
was found for the titanium atoms, the magnitude of which increased with vacancy concentration and the
inclusion of nearest-neighbor carbon atom relaxation. The inclusion of local relaxations was found to correctly
predict the off-stoichiometric equilibrium composition of titanium carbide. The anomalous volume behavior of
TiC at small vacancy concentration is explained as an effect of the local relaxation of the atoms surrounding
the vacancy sites, but we do not find that the lattice parameter of any of the studied stoichiometries is larger
than that of ideal stoichiometric TiC.
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[. INTRODUCTION studied in previous theoretical works. Redinger and co-

workers studied substoichiometric Tjé using a self-

The transition metal carbides have a unique combinatiogonsistent augmented plane waygPW) method and a
of propertiesi e.g., h|gh hardness, h|gh me|t|ng point, exce|m0de| StrU_CtUre with ordered vacancies not a||0W|ng f_Of lo-

lent electrical conductivity, and, in some cases, supercondué&l relaxations around the vacancfes.recent Investigation
tivity, making them suitable as bulk or thin film materials in ©f TIC1_xN, by Jhi and co-workers reported on a mechanism

many technological applications, for example, as coatings ofoupling the shear modulus of TiC with the valence electron

cutting tools. This combination of attractive properties hasconcen-tratior‘?. Relaxations around vacancies in substo-

also attracted a large number of experimental and theoreticclal(fhiometri.C TiCliX and TiN, _ studied using _complete ne-
investigations. Cubic TiC, which is the subject of study heregIeCt of differential overlapgi cluster calculations were per-
is an important thin-film material used in coating layers andi?&rgiicé b_?_/igap)lgvlaoaon_dosgo et\dlsc,)irne rzciint%-g%rgi[nal'?&%el
in binderless cemented carbides together with WC and as ' : . g 9 9

{ terial in hiah d steels. Th bic Nad at allowed for structural relaxations around the vacancy
component material in high-speed Steels. The cubic Natgites in which a small increase of the lattice parameter was
phase of TiC displays deviations in stoichiometry over

, , ) X Ver 3found for small vacancy concentratiotsThe effect of local
wide range of homogeneity, from TiGo to TiCoe7, thiS  ygjaxations around vacancies has been studied for pure tran-
belng caused by vacancies in the carbon s_ublattlce. The Vajtion metals by Meyer and Rale using a pseudopotential
cancies have unusual effects on the physical properties ghethod® and by Sderlind et al. using a combined approach
TiC, the most conspicuous effect being that the lattice conwith full potential-LMTO and pseudopotentials.
stant appears to be almost constant or increasing for small The concentration of vacancies in pure metals is usually
vacancy concentratiotsExperimentally the lattice param- less than one percent even at pre-melting temperatures. In
eter for TiC, expands for 1.6 x>0.9 and shrinks for 0.9 contrast, up to one-half of the carbon lattice sites may be
>x>>0.5, the total change in lattice parameter being less thamacant in TiG _,, thus a larger number of vacancies and the
1%. effects of their relative positions need to be taken into ac-
Given the technological interest in transition metal car-count in studies of such compounds. The aim of the work
bides and the large experimental activity, many theoreticaPresented here is to investigate the effect of vacancies over a
calculations have been made on these systems using a witge range of stoichiometry in substoichiometric titanium

variety of techniques. The latest comprehensive reviewssarbide using a full-potential all-electron method and ac-
to our knowledge, of the field are due to Schvwfaend counting for the effect of relaxation around the vacancy sites

JohanssoR. Substoichiometric transition metal carbide/ PY making a detailed analysis of the changes in geometric

nitride compounds have been studied, for example, b)gtruc_;[u(rje, ”ph?se stablhtées, anrc]i ek;ctron}c structu_re. S%Ch a
Ivanovskii and coworkers using a Green’s function linear2ctalled all-electron study on the eftect of vacancies and re-

muffin-tin orbital (LMTO) method and the enthalpies of for- axation over a large range of stoichiometry has never before
mation and effective cluster interactions of substoichiometri&Deen d°r!e_ for compouno_ls and, in this particular case, not for
VC, , have been studied by Ozolins andgHand using a e transition metal carbides.

full-potential LMTO method. The effect of vacancies on the
relative phase stabilities of several substoichiometric
MoC, _, phases was studied in a previous work by Hugosson The calculations presented here have been made using a
and co-worker§. The effect of vacancies on TiC has been full-potential linear muffin-tin orbital methodFP-LMTO)

Il. THEORETICAL METHOD
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- (filled squares on the same lat-
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within the local density approximatiofLDA) of density two methods, full-potential and psuedopotential plane wave,
functional theory->* The function used for the exchange- was made in order to combine the efficient implementation
correlation has been the Hedin-Lundqvist parametrizdtion. of forces in the pseudopotential plane wave method with the
In the FP-LMTO method the unit cell is divided into non- high accuracy in total energy of the full-potential method. A
overlapping muffin-tin spheres, inside of which the basistotal of 21 phases and structures were studied and for each
functions are expanded in spherical harmonics up to a cutoffhase and structure, relaxed and unrelaxed, the energy was
in angular momentuml,,,,.=6. The basis functions in the calculated at 6—8 different volumes in order to find the equi-
interstitial region, outside the muffin-tin spheres, are Neudibrium volume and total energy. The total energy vs volume
mann or Hankel functions. To speed up the convergencegurves were fitted to a Murnaghan equation of state to find
each eigenvalue was convoluted with a Gaussian of a widtktheoretical ground state energies and equilibrium volumes.
of 20 mRy!® Energy convergence in terms of the number of The bulk moduli have likewise been obtained from the Mur-

k points has also been reached, 27k3®ints, depending on naghan equation.

setup, in the irreducible part of the Brillouin zone has been

usec_j. When descr_ilging t_he atoms of the crystal, the elec- Il. UNRELAXED TiC ,_, STRUCTURES
tronic states are divided into core, pseudocore, and valence
states. For the titanium atom the &nd 4 electronic states In order to study the cubic phase for several stoichiom-

were treated as valence states while tpeatid 4s electronic  etries, from TiG gqto TiCy 50 (Ti,C), a supercell with an fcc
states were treated as pseudocore. For the carbon atom tiadtice and a basis with 8 titanium atoms and 8 carbon atoms
1s levels were treated as core electronic states while the 2was created. The carbon atoms were subsequently removed
and 2 were treated as valence electron states. Thereating TiG gzs, TiCo7s, TiCqgos, and finally TyC. These
pseudocore and valence states were allowed to hybridize iructures are shown in Figs. 1-3. Here one can clearly see
one common energy panel. the structures of the vacancies formed for every stoichiom-
Substoichiometric titanium carbide was studied from sto-€try. By the gradual removal of C atoms the stoichiometric
ichiometric TiC down to TiG ,s, using four supercell setups; Ti.C phase with “striped” vacancy structures reported in
with 4, 8, 16, and 32 atoms, respectively. Relaxation of theRef. 19 is reached. The energy of formation being defined as
structures was made in three steps, first the NaCl structure
was relaxed in the lattice parameteffor the different sto- E(TimCy) = ME(Tipcp) = NE(Cgyrapnite)
ichiometries. Local relaxations around the vacancy sites were Etorm= n+m o @
then studied by first applying forces to the unrelaxed struc-
ture (at a lattice parameter close to the equilibrjuithe  wheren andm are the number of nonmetal and metal atoms
relaxations have been performed using Hie initio total  used in the super cell, was calculated for the structures and
energy and molecular dynamics programsp.l’ The locally ~ stoichiometries studied. The energies of formation and equi-
relaxed equilibrium structure found using the pseudopotenlibrium volumes as a function of carbon content for all the
tial method was then transfered into the FP-LMTO methodunrelaxed(and relaxedl phases studied are shown in Fig. 4
to find the equilibrium lattice constant and ground-state enand Fig. 5 and are collected in Table I. From the figures we
ergy for the relaxed structurd. The combination of these can see that the substoichiometric TiC phases, from 50%
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©C e Ti = vacancy choice” and is shown in Fig. 2. It is seen that the choice of
vacancy positions greatly affects the energy of formation and
that the second choices are less favorable in energy than the

[Co e ]

¢ -O-@C-@
2=075 6-9-¢- 94 first. This can be understood since in the case of,FiGhe
22:2‘\; first choice, shown in Fig. 1, there are two types of Ti atoms;
one with 1 vacancy nearest neightd®NN) and the other
S99 with 2 VNN's. The second choice, shown in Fig. 2, removes
2=050g.0-9 -9 all the vacancies in one of the repeating layers and none in
p-e- 44 the second, creating a larger number of Ti atoms with 2
- VNN'’s and other Ti atoms with 0 VNN’s. The same reason-
Pocee ing in the case of Tigg,5shows that here also a larger num-
-0 @ . . .
2=025-g-¢r ¢4 ber of Ti atoms with many vacancy nearest-neighbors are
-89 created compared to the first choice. Thus the more even
G450 distribution of VNN's is seen to be the energetically most
S favorable in both cases.
220 ‘: ;ﬁ::;:' A larger supercell containing 32 atoms was also studied
PSSP . with zero and one carbon vacancy, forming {Jigrs Since
o490 — this structure can allow for relaxations also of the nearest-
TiC TiC, s neighbor carbon atoms, which will be discussed more in a

section below. The energies of formation found for this setup
FIG. 2. Structures of the second choice using a 16-atom supeisee Fig. 4 are in good agreement with those from the 16-
cell studied for substoichiometric TiGs and TiGe25. The key to  atom supercell showing that convergence has been reached
the figures is as in Fig. 1. in terms of supercell size and choice of vacancy positions.

A smaller supercell with a simple cubic lattice and a basis
to 33% carbon content, are all less stable than the stoichiazontaining 4 Ti ad 4 C was used so that a comparison of the
metric TiC but more stable than TiC plus hcp Ti, at theirresults could be made to determine the effect of supercell
respective carbon contents. This indicates that the substgize and ordering of vacancies. The setup for the smaller
ichiometric TiG _, phases are all stable down to 33% car-supercell is shown in Fig. 3 and it is seen that the gFiC
bon content that is consistent with the wide homogeneitysetup using this supercell is the same as the “second choice”
range of TiG_,, as known from the experimental phase of vacancy positions using the 16-atom supercell, and the
diagram. energy of these two is also seen to be the same. The 8-atom

Since there are several combinations of vacancies posupercell at TiGsg is seen to be very much less favorable
sible, the choice of vacancy positions has been made in ordehan the TiG s, using the 16-atom supercell and once again
to reach the TiC structure with “stripes” of vacancies. For this can be understood since the 8-atom supercell creates a
TiCq 75 and TiG g05 another choice of vacancy positions hasnumber of Ti atoms that have no less than four vacancy
also been studied, hereafter reffered to as the *“secondearest neighbors. From this study of the smaller supercell a

oC e Ti = vacancy

A
[ FIG. 3. The structures studied
with the eight-atom supercell. The
. — key to the figures is as in Fig. 1.
= ew
TiCOJS
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FIG. 4. The energies of formation for the stoichiometries stud- FIG. 5. The equilibrium lattice parameters for the stoichiom-
ied as a function of carbon content. The results using differenetries studied as a function of carbon content. The results using
vacancy positions and supercells are shown and the energy of stélifferent vacancy positions and supercells are also shown.
ichiometric TiC plus hcp Ti is indicated by a solid line. The equi-
librium carbon content of substoichiometric titanium carbide beinglaxation of the carbon atoms allows for a greater outward
TiCqg7is indicated by a dashed-dotted line. relaxation of the titanium atoms.

The relaxation of the titanium atoms is always outward,
qualitatively different picture of the effect of vacancies onaway from the neighboring vacancies, irrespective of carbon
the structure is observed, even indicating that the substaontent. The relaxation distance as a function of carbon con-
ichiometric TiG _, would not be stable, something that is tent is shown in Fig. 7. The magnitude of the outward relax-
shown to be incorrect from the study using the larger superation is strongly dependent on the stoichiometry, i.e., the
cells. A second smaller setup using 4 atoms was also con-

structed in order to calculate the energy of tHel structure. TABLE I. Number of atoms used in the supercell, if the super-
The total energies and volumes were found to be consisterggll was relaxed or not, equilibrium lattice parametys(a.u) and
with those from the other setups. energies of formatiorEom (MRy/atom for the TiC,_, phases

In total the effect of positions of vacancies is seen to beStudied. P_Iease note that two choi(_:es of vacancy positions have
very important, even to the extent that using a too smalP&en studied for some phases, indicated bg)afor the second
supercell misses important physical properties like overalfoice:
stability of the compounds. The structures resulting in Ti

atoms with a larger number of vacancy nearest neighbors Phase No. of atoms  Relax aeq (@) Efom
than the average is less energetically favorable than those Tic 2 no 8.07 —65.8
with a more even distribution of vacancy neighbors. TiC 4 no 8.07 —65.8
TiC 16 no 8.07 —65.8

IV. RELAXED TiC ;_, STRUCTURES TiC 32 no 8.07 —65.7

The 16-atom supercells allow for relaxation of the  11Cossrs 31 no 806 —647
nearest-neighbor Ti atoms around the vacancy but not for the 1Co.9375 31 yes 807  —657
second coordination shell of carbon atoms. For the structure  1'Co.7s 15 no 807  -631
with one vacancy (Tigg;9 Where the movement of the at-  "Cosrs 15 yes 8.04  —643
oms is the simplest, it is found that theoretically the Ti atoms ~ TiCos 14 no 8.02  —588
relax away from the carbon vacancy by 0.049 A. Thisis  TiCozs 14 yes 805  -608
illustrated in Fig. 6 and is in accordance with experiment TiCo7s(2) 14 no 8.03 —54.8
where an outward relaxation is also found. Experiments by  TiCozs 7 no 8.03 —54.6
diffuse-neutron scattering on TG have found the relax- TiCo 625 13 no 7.99 —53.8
ation of the titanium atoms to be 0.03 @&Ref. 20 while a TiCo 625 13 yes 8.01 —56.6
study using x-ray diffraction measurements on g¢&found TiCp 625 (2) 13 no 7.98 —48.9
it to be 0.097 A%l A supercell with 15 carbon atoms and 16~ TiCq g5 (2) 13 yes 8.04  —498
titanium atoms has also been studied and relaxed. This setup TiCg s 12 no 7.95 —46.7
allows for relaxation of both nearest-neighbor titanium atoms  TiC, <, 12 yes 8.03 —49.7
and next-nearest-neighbor carbon atoms and showed that the TiC, 5, 6 no 7.96 -37.2
outward relaxation of the titanium atoms increased to TiC,s, (L11) 3 no 7.93 —491
0.069 A and that the carbon atoms relaxed inward, towards TiCo 05 5 no 7.85 —15.7

the vacancies, by 0.026 A. This shows that the inward re
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@1 OcC tional p-d bonds between the carbon and titanium atoms. The
titanium atoms that lose one of their nearest-neighbor carbon
atoms are drawn away from the vacancy by the remaiping

@----’--"@""’""@ d bonds that are strengthened. This is in contrast to the re-
E ' ' ' laxation in pure transition metals were the atoms relax in-
| s ward, towards the vacanég,showing the difference to the
‘““@““ ‘ metallic bonding with its more homogeneous distribution of
: charge.
From Fig. 4, Fig. 5, and Table | one can primarily con-
) -@ ®-O clude that the effect of the local relaxations of the atoms
. around the vacancy is a lowering of the formation energies
’____@:___ ____\@____. by something of the order of 1-3 mRy per atom. The effect
? , of local relaxations around the vacancy, as opposed to the
[ . : : total relaxation of the whole lattice, has also been studied in
@“"‘““@““‘"“@ the previous work by Tan and co-workers using a tight bind-
ing method'? In their study the total effect of relaxing the Ti
FIG. 6. The solid arrows indicate schematically the relaxation ofatoms was an increase of the lattice parameter for small va-
the titanium atoms in a structure with one vacancy, shown in th&€ancy concentrations. Our theoretical lattice parameters
[100] plane of the crystal. If next-nearest neighbor relaxations areigree with experiment to within the usual LDA overestima-
also included the C atoms will relax inwards towards the vacancyfion of the bonding, with the theoretical values being 1-2 %
indicated by dashed arrows. When studying more substoichiometritess than those found experimentally. The effect of the local
structures the relaxation was also always found to be outward, awagelaxations on the equilibrium volume is seen, in Fig 5, to be
from the vacancy. an increase of the lattice parameter, though not large enough
to result in a lattice parameter larger than that of stoichio-
more vacancy neighbors a titanium atom has, the larger thgetric TiC. The previous theoretical study by Tan and co-
relaxation is towards the remaining carbon atoms. The relaxyorkers found a small expansion or contraction of the lattice
ation distance in the JC is the largest of the phases Studied,parameter, depending on choice of vacancy positions, for
because every titanium atoms has only three nearesgmall vacancy concentrations. In our study we only find a
neighbor carbon atoms. contraction, this can be attributed to the fact that the outward
Previous theoretical works have given other results for theelaxation of the titanium atoms is smaller in our study, as
relaxation. Cluster calculatiohfiave found the outward re- discussed above. This in turn may be due to the smaller
laxation to be 0.107 A and tight binding methdlisleter-  supercell used in this study; 32 atoms compared to 64.
mined it to be around 0.1 A. Like in our study using a The effect of the magnitude of the outward relaxation of
32-atom supercell, the tight binding work using a 64-atomthe Ti atoms on the equilibrium lattice parameter was also
supercell also showed an inward relaxation of the nearesktudied. The theoretical equilibrium lattice parameter was
neighbor carbon atoms. The outward relaxation of the titacalculated for substoichiometric TjG,s using three magni-
nium atoms can be understood since the bonding in thesgdes of outward relaxation. First a relaxation of 0.030 A
transition metal carbides is dominated by the strong directfrom the diffuse-neutron scattering experiméﬁts{hen the
theoretically relaxed value of 0.049 A and last the experi-
mental value from the x-ray diffraction measurements of
0.100 A (Ref. 21) were used. We found that the theoretical
008 L ° | equilibrium lattice parameter increased with increasing Ti
relaxation distance. The equilibrium lattice parameter was
also larger than the lattice parameter of stoichiometric TiC
for the study using a relaxation distance of 0.100 A. This
indicates that there is a threshold for the Ti relaxation dis-
tance above which the lattice parameter for substoichiomet-

0.09

@ 16 atoms, relaxed

e
o
Q
T
[}

Relaxation distance [A]

0.06 | . ric TiC,_ is greater than that of stoichiometric TiC.
The magnitude of the local relaxation depends on the va-
° cancy concentration and supercell size used; the larger the

0.05 | . ] supercell the more of the relaxation is local around a va-

cancy, and the less is the overall relaxation of the lattice. The
effect of the local relaxation on the lattice parameter is also
30 % 40 45 50 seen to be larger for the more substoichiometric structures,
% Carbon resulting in a “flattening” of the lattice parameter versus

FIG. 7. The relaxation distance of titanium atoms as a functioncarbon content curve. One can note that the total change,
of carbon content. Note that there are two structures with differentvhen going from TiC to TiC, in lattice parameter for the
vacancy positions at some stoichiometries resulting in differentelaxed structures is very close to that found experimentally,
magnitudes of relaxation. the change being around 1%.

0.04
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FIG. 8. Partial density of states for the unrelaxed TiQETi FIG. 9. Partial density of states for the relaxed TiGETi
phases. The Fermi level is indicated by a solid line. phases. The Fermi level is indicated by a solid line.

Comparing the effect of relaxation on the different The bottom picture shows stoichiometric TiC and the top
choices of vacancy positions, the “second choice” for thepicture displays the }C structure. The effect on the elec-
two vacancies in Tigs is clearly less favorable since the tronic structure of transition metal carbides by the inclusion
titanium atom with two vacancies on opposite sides does natf vacancies has already been more closely examined in an
allow relaxation in any direction, and it is also found that earlier work® The TiC density of state€DOS) shows two
there is no relaxation in this structure. When discussing thenain regions where the first region is a highly bonding part
influence of the smaller supercells, one can thus concludgom —5 eV to the Fermi level containing strongly hybrid-
that the largest approximation when studying substoichioized Cp and Tid states followed by a second region ofd’i
metric compounds with a small supercell is not that one exstates representing Ti-Ti bonds. When vacancies are in-
cludes the effect of relaxation around the atofmfen not cluded certain vacancy related structures are seen to emerge
possible for reasons of symmeliiyut rather that one is more below and around the Fermi level, calledcancy peaks
limited in the choice of positions of vacancies. These vacancy peaks are of mainlydrcharacter and very

The effect of local relaxations is also necessary in order tdocalized. The DOS is then gradually changed until the DOS
explain that TiC is experimentally never found to be fully for the Ti,C is reached where there is a separation between
stoichiometric(as seen from its phase diagrarithe unre- the hybridizing Cp Ti d part of the DOS and the Td part.
laxed energy of formation curves does not have a minimum The effect of relaxation on the electronic structure is
at anyx# 1.00. After relaxation the minimum in the energy shown in Fig. 9 and the main difference is that the hybridiz-
of formation as a function of carbon content is seen to béng Cp Ti d part of the DOS is lowered in energy, an effect
situated, since the energies of formation for TiC andthat is best illustrated by an inspection of the,TiDOS.
TiCy 9375 are almost equal, not at the stoichiometric TiC butThis lowering in energy can be understood since the effect of
at a small concentration of vacancies between0.94 and the local relaxation is a decrease of the distance between the
x=1.00. This is important since it means that the formationremaining Ti and C atoms that results in a greater overlap
of vacancies is energetically favorable even at zero temperdetween the electronic orbitals. A general sharpening of the
ture. When carbon atoms are removed the number of carboivacancy peaks can also be seen when relaxations are in-
titanium bonds is reduced, causing an increase in energy &uded indicating a larger localization.
seen in the unrelaxed energies of formation. Since the energy
of formation for the unrelaxed structures does not display a
minimum at low-vacancy concentrations, we see that the for- V. BULK MODULI

mation of vacancies is made favorable by a strengthening of Hardness is one of the most technologically significant

the remaning k_)onds qfte_r relaxgtlon of the tltamum atomproperties of the transition metal carbides. Hardness is deter-
pos[tlons. This is .also indicated in the changes in the elecqined by the creation and movement of dislocations and can
tronic structure, discussed below. therefore be considered to be controlled by two factors; the
first is the energy needed to create the dislocations and the
second how these dislocations are able to move in the sys-
tem. The hardness of a material is thus not entirely given by
The partial density of states for the unrelaxed structurethe electronic structure but the first factor, the energy of cre-
over a range of vacancy concentrations, is shown in Fig. 8ation of dislocations, can be modeled theoretically by calcu-

A. Electronic structure
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TABLE II. Bulk modulus for some of the substoichiometric 280

titanium carbide phases studied. ©—© 16 atoms
®—@ 16 atoms, relaxed
Phase No. of atoms Relaxed Bulk modul@&Pa 250
TiC 16 no 278 _
TiCoa75 15 no 247 g
TiCyg75 15 yes 262 E ol A
TiCo.75 14 no 243 8
TiCy 75 14 yes 243 z
TiCp.25 13 no 228
TiCoe25 13 yes 226 220 |
TiCo 50 12 no 213
TiCo.50 12 yes 204

200

30 3‘5 4‘0 4‘5 50
% Carbon
lating the bulk modulus and/or the shear modulus of the _ o . i
material. The bulk modulus is an isotropic compression of _F'G- 10. The bulk moduli for the stoichiometries studied as a
the lattice and is easily accessible from the theoretical totaflun.Ctlon of carbon content. The experimental value is indicated by
. triangle.

energy versus volume curves necessary for determination o
the equilibrium volumes and energies while a distortion of
the lattice is necessary to calculate the shear modulus. We () The total picture obtained from the different geom-
thus caution the reader that the bulk modulus that is oftef¢tries used, clearly shows the importance of the choice for
regarded as a measure of hardness does not contain the fiile vacancy positions in the substoichiometric structures
information on material hardness. However, a plot of hardWith a large variation in both energy of formation and equi-
ness versus e.g., bulk modulus for some of the technologfiPrium volume being found for different choices. The
cally most interesting material®N, diamond, Ru@) shows choices that generally have lower energy are found to be
a linear relationship? Having said this, we list and display those that minimize the number of titanium atoms having
the calculated bulk moduli for the different TiC stoichiom- More than the average number of vacancies as nearest neigh-
etries in Table Il and Fig. 10. bors, i.e., it is more favorable to have two titanium atoms

The bulk modulus decreases when introducing vacancie¥ith two ne_arest-neighbor vacancies than one with one and
into stoichiometric titanium carbide and this can be underihe other with three. _ o
stood since the bonding energy in the system is decreased. (i) The effect of local relaxations of the titanium atoms
The experimentally reported value for the bulk modulus isround one vacancy is seen to be an outward relaxation, in
242 GPa for TiGe;.2 Generally the bulk modulus of the agree_ment with expenm_ent.and previous studies, and the
relaxed structures is lower than that of the unrelaxed, thignagnitude of the relaxation is dependent on the number of
being due to the increase in lattice parameter from the relaxt@cancy neighbors. This outward relaxation can be under-
ation. However, it is seen that the bulk modulus for the re-Stood as a result of the highly directiorald bonds in this
laxed structure with one vacancy is larger than that of theompound and resu!ts in an increase of the Iattipe parameter.
unrelaxed structure, this is due to the lowering of the energyf @ larger supercell is used the next-nearest-neighbor carbon

(strengthening of the bonjiom the relaxation coupled to a_atoms are found to relax towards the vacancy by 0.026 A
smaller expansion of the lattice. and the outward relaxation of the titanium atoms increases

from 0.049 A to 0.069 A.
(iii) In this study a very small decrease of the lattice pa-
VI. CONCLUSIONS rameter over a large range of stoichiometry, TiC ,Qi of
the order of 1% is found. This is in accordance with experi-
We have performed studies of substoichiometric ;TiC  ment where the lattice parameter also changes with 1% over
for a wide range of vacancy concentrations using an accuratgis range. Previous theoretical studies have found a small
all-electron full-potential method. The structures were re-increase or decrease, depending on vacancy positions, of the
laxed using a plane-wave pseudopotential method, aftdattice parameter at small concentrations of vacancies.
which the relaxed structures were exported to the full-Though the inclusion of local relaxations around the vacan-
potential method. In this work we studied the effect of thecies results in an increase of the theoretical lattice param-
positions of the vacancies and also allowed for local relaxeters, the theoretical lattice parameters found in this study do
ations of the atoms around the vacancies. Such a detailgtbt indicate that the lattice parameter of any of the substo-
all-electron study on the effect of vacancies and relaxatiorichiometric phases is larger than that of stoichiometric TiC.
over a large range of stoichiometry has never before beelm order to achieve an overall increase of the lattice param-
done for substoichiometric compounds. The results can beter when introducing vacancies in the carbon sublattice the
summarized in the following points. outward relaxation of the Ti atoms must be larger than that
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