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Electronic properties of Ti3SiC2-based solid solutions
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The electronic structure of the silicocarbide Ti3SiC2 has been determined by the full-potential linear-muffin-
tin-orbital ~FLMTO! method. The spectra of the core-electron levels and valence bands of Ti3SiC2 have been
obtained by x-ray photoelectron spectroscopy~XPS! and compared with the results of FLMTO calculations
and x-ray-emission spectroscopy~XES! data. Using XPS data of the inner electron levels~Ti 2p3/2, Si 2p, and
O 1s! and the results of band calculations, the nature of chemical bonding in the silicocarbide was analyzed.
The high plasticity of Ti3SiC2 is explained by a weak interaction between the layers comprising Ti6C octahedra
and plane nets composed of silicon atoms. The electronic and cohesive energy properties of the nonstoichio-
metric Ti3SiC and hypothetical Ti3SiC2-based solid solutions~SS’s!, namely Ti3SiCN and Ti3SiCO, were
simulated by the FLMTO method. An analysis of the cohesive properties shows probable destabilization of the
hexagonal structure of Ti3SiC2 in the presence of C vacancies and oxygen impurities. By contrast, the partial
substitution of N for C (Ti3SiCxN12x SS’s! should lead to an increase in the cohesive properties of the crystal.
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I. INTRODUCTION

Recently, considerable attention has been devoted to
development of ceramic materials based on silicon
transition-metal~TM! carbides and nitrides, for which ther
is a great deal of technological interest1–5 owing to the
unique combination of their mechanical, thermomechani
and electrical resistance properties. For example, silic
based structural ceramics such as SiC/M and Si3N4/M
(M – 3d-5d TM) are promising in machinery as joining an
thermistor materials, as coatings for protection against w
and as the materials for microelectronic devices.1–5

More complicated ternary phases formed inM -Si-C and
M -Si-N systems, the majority of which have theM5Si3
(C, N)x composition with the hexagonal Mn5Si3-type struc-
ture (D88), are also considered as promising ceram
materials.6,7 The exception is the Ti-Si-C system, whe
alongside the Ti5Si3Cx phase the high-temperature hexago
silicon-carbide phase Ti3SiC2 ~Refs. 8–10! was found by
chemical vapor deposition~CVD! and self-propagating high
temperature synthesis~SHS! ~Refs. 11 and 12! methods. Ac-
cording to Refs. 6–12, the ternary phase Ti3SiC2 has a
unique-combination of such properties as resistance to h
temperature oxidation and aggressive environments, h
melting point (t<3000 °C), and plasticlike behavior. Thu
these compounds can be favorably compared to some b
ceramic materials.

The crystal structure of Ti3SiC2 includes layers compose
of octahedral Ti6C groups, the main structural element
PRB 580163-1829/98/58~24!/16042~9!/$15.00
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cubic binary carbidesMCx .6 One of the most remarkabl
features of refractory carbides is their ability to contain co
siderable concentration of nonmetal lattice vacancies
substitutional impurities~nitrogen, oxygen! when multicom-
ponent solid solutions~carbonitrides, oxycarbides, etc.! are
formed. Their appearance may result in quite critical chan
in the electronic structure15,16 and the properties of binary
phases.6,13,14Thus, we suppose that the above-mentioned d
ordering effects~in the carbon sublattice! associated with the
presence of C vacancies or impurities can take place for
Ti3SiC2 phase and will also exert a considerable influence
the electronic properties of titanium siliconitride.

Based on FLMTO calculations we investigated in det
the electronic properties and chemical bonding in Ti3SiC2, as
well as the possible role of substitutional defects~in the C
sublattice! in Ti3SiC2-based solid solutions.

II. THEORETICAL AND EXPERIMENTAL METHODS

A. Structures considered and calculational details

According to Ref. 8, Ti3SiC2 has a hexagonal structur
~space groupD6h

4 -P63 /mmc) with two formula units
per unit cell. The lattice constants area53.066 and
c517.646 Å. A fragment of the Ti3SiC2 structure is shown
in Fig. 1. Titanium atoms occupy two structurally no
equivalent positions, one of which@Ti~1!, four atoms per unit
cell# has Si atoms as nearest neighbors while the other@Ti~2!,
two atoms per unit cell# does not. The following interatomic
distances8 ~in Å! were used in the calculations:
16 042 ©1998 The American Physical Society
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Ti~1!-Ti~1!53.068, Ti~2!-Ti~2!53.068,

Ti~1!-Ti~2!52.971, Ti~2!-C52.135,

Ti~1!-Si52.696, Ti~2!-Si52.135,

Ti~1!-C52.135, Si-Si53.068.

The muffin-tin radii of Ti~1,2!, C, and Si were chosen t
be 1.92, 2.14, and 2.89 a.u., respectively. The nonstoic
metric silicocarbide (Ti3SiC) and solid solutions (Ti3SiCN,
Ti3SiCO) were simulated by substituting one carbon at
~in a unit cell! with a vacancy or with a N or Oatom. In this
case, there are three nonequivalent types of titanium at
~Fig. 1!. Calculations have also been performed for the
pothetical siliconitride Ti3SiN2 with lattice distances ob
tained by allowing for the differences in atomic radii of ca
bon and nitrogen.17

The FLMTO ~Ref. 18! calculations were carried out with
out any shape approximation to the potential and charge
sity and with the Hedin-Lundqvist form of the exchang
correlation potential.19 A triple-k basis with kinetic energies
k1520.01, k2521.0, andk3522.3 Ry was used in the
non-spin-polarized calculations. The charge densities
muffin-tin spheres were computed for angular momental up
to 5, and the Brillouin-zone integrations were carried o
using 83834 division in the irreducible part of the Bril
louin zone by means of the tetrahedron method.

B. Experiment

In our experiments, we used a specimen of Ti3SiC2 pre-
pared by a 20-h sintering of a mixture of TiC, Si, and Ti
vacuum at 1500 K as a result of reaction 2TiC1Ti
1Si→Ti3SiC2.

22 According to x-ray phase analysis data, th

FIG. 1. The crystal structure of Ti3SiC2; here Ti~1!, Ti~2!, and
Ti~3! are structurally nonequivalent titanium atoms in Ti3SiC2 and
Ti3SiC2-based solid solutions. ‘‘V’’ denotes sites of C vacancies o
substitutional atoms~N or O! for Ti3SiCN and Ti3SiCO.
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synthesis technique produced single-phase Ti3SiC2 with
crystal lattice parameters identical to those in Refs. 8 an

XPS measurements were made using the electron s
trometer ‘‘VG ESCALAB MK II’’ with x-ray nonmonochro-
matized MgKa1,2 (Eg51253.6 eV) radiation.

This method was successfully used for investigations
binary TM carbides, nitrides, their solid solutions, andB1
thin films TiSiCNO.20

III. RESULTS AND DISCUSSION

A. Ti 3SiC2

Figure 2 shows the valence bands of Ti3SiC2 as calculated
by the FLMTO method. It is seen that the valence bands
Ti3SiC2 may be divided into two basic groups: a low-ener
group composed of metalloid states mainly ofs symmetry,
and bands containing predominantly valence (Si, C)p and Ti
3d states. There is no direct overlap of C and Sis-like bands
~the four lower and the next two bands, Fig. 2!. The energy
dispersion of the Si bands is larger than for C bands du
the more diffuse character of the 3s and 3p orbitals of sili-
con.

FIG. 2. FLMTO band structure of Ti3SiC2.

TABLE I. Parameters of the band structure of Ti3SiC2 and TiC.

Bandwidth~eV! Method

C 2s 3.15
C 2p 4.14

Ti3SiC2 Si 3s 4.59 this work
Si 3p 5.05
gap (C 2s– C 2p) 2.79

C 2s 3.3 (EF-L2) APW ~Ref. 24!
C 2s 3.5 (EF-L2) LMTO ~Ref. 25!
C 2s 3.9 (6t1u-4t2u) DV ~Ref. 26!

TiC C 2p 5.6 (L28-G1) APW ~Ref. 24!
C 2p 5.1 (L28-G1) LMTO ~Ref. 25!
C 2p 5.2 (3a1g-6t1u) DV ~Ref. 26!
gap (C 2s– C 2p) 3.2 (L2-G1) APW ~Ref. 24!

3.1 (L2-G1) LMTO ~Ref. 25!
3.5 (3t2u-6t1u) DV ~Ref. 26!
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FIG. 3. FLMTO band structure of~a! TiC compared with that for~b! nonstoichiometric TiC0.75 from APW calculations~Ref. 54!. The
bands of ‘‘vacancy’’ states are designated by circles.
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The energy location and width of C 2s and C 2p bands
are close to those for TiC~Table I!. This is in agreement with
recent x-ray-emission investigations23 of Ti3SiC2, in which C
Ka spectra~C 2p→1s transitions! of titanium silicocarbide
and titanium monocarbide were found to be similar. Ho
ever, as distinct from TiC~where the energy gap betweens-
and p-like bands is;3.1–3.5 eV! the energy gap betwee
~C,Si! s and ~C,Si! p bands of Ti3SiC2 is very small: the
indirect gap is 0.12 eV and the direct gaps~at theM andL
points! are 0.91 and 1.04 eV, respectively.

The Ti valence states in TiC and Ti3SiC2 differ consider-
ably, too. For TiC the crystal field splits Tid states into
bonding t2g and antibondingeg states which overlap insig
nificantly ~cf., Fig. 3!. For Ti3SiC2 a change both in symme
try and nearest-neighbor composition leads to a substa
overlapping of bonding and antibonding states nearEF ~cf.,
Fig. 2!. The largest contribution to this region comes fro
3d states of Ti~1! atoms located in the vicinity of Si atom
layers. The total and locall-projected densities of state
~TDOS, LDOS! ~Fig. 4! show that for Ti3SiC2, the Fermi
level (EF) coincides with the TDOS peak and the DOS at t
Fermi level is equal to 4.8 states/eV per unit cell. As a res
the Ti3SiC2 phase will exhibit metallic properties, unlik
TiC, which is a semimetal. Note that theN(EF) for TiC does
not exceed 0.1–0.5 states/eV unit cell according to vari
theoretical and experimental estimates.16,21–26As pointed out
above, for Ti3SiC2 the conduction bands nearEF are com-
posed mainly of Ti~1! 3d states. Comparing Figs. 4 and
where an XPS spectrum of the valence band of Ti3SiC2 is
shown, one can observe a good agreement between
TDOS and XPS~see also Table II!.

Table III presents the total and partial electronic char
inside the muffin-tin ~MT! spheres as calculated by th
FLMTO method. They show that the main effects of inte
atomic bonding are due to the participation of metald and
metalloid p states: the occupation of the outers,p titanium
states is low. As regards metalloids states, the correspondin
-

ial
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the

s
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energy bands do not overlap and are separated from the c
mon p-d valence band by a gap.

It is known ~see reviews in Refs. 16 and 27! that the
chemical bonding inB1 carbides is of a combined covalen
ionic-metallic nature and the covalent component is due
the local interactions of hybridizedM d and C 2p states. For
Ti3SiC2, p-d covalent interactions are also retained~Fig. 6!.
However, as distinct from TiC, for Ti3SiC2 individual
ddp-like Ti-Ti bonds for Ti~1! and Ti~2! atoms differ con-
siderably and are much more pronounced for Ti~1! atoms.
Figure 7 shows the network of such metalliclike bonds
Ti~1! and Ti~2! planes. The interaction between Ti planes
mediated by hexagonal layers of C and Si atoms. As for T
the Ti~1,2!-C interaction in Ti3SiC2 of a covalentp-d nature
is very strong~Fig. 8!, while the Ti~1!-Si interaction is defi-
nitely much weaker~Fig. 9!. At the same time, Si-Si atom

FIG. 4. Total and local densities of states for Ti3SiC2.
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form a very rigid covalent bond network inside Si monola
ers ~Fig. 10!. This strong anisotropy of chemical bonding
typical for many layered compounds and may qualitativ
explain the high plasticity of Ti3SiC2-based ceramic
materials.11,12

These data are in agreement with our XPS results
Ti3SiC2 ~Fig. 5, Table IV!. The binding energies of the cor
Ti 2p, Si 2p, and C 1s levels for Ti3SiC2 and for a number
of silicon and titanium-containing compounds are given
Table IV. Note that the energy locations of the Ti 2p3/2 and
C 1s levels ~454.8 and 282.1 eV, respectively! for Ti3SiC2
coincide with those for TiC and the binding energy of the
2p level ~99.5 eV! is identical to its location in Si bulk.
These facts show the similar character of chemical bond
in these compounds and prove the primary localization o
bonds to be within the network of Ti6C clusters. On the othe
hand, Si bonds are localized within a monolayer formi
direct Si-Si bonds.

B. Nonstoichiometric Ti3SiC

The total ~TDOS! and locall-projected density of state
~LDOS! of nonstoichiometric~i.e., vacancies in the C lattice!
titanium silicocarbide are given in Fig. 10.

It is seen that the removal of some C atoms results i
usual decrease in the widths of the C 2s and C 2p subbands,
which are 1.8 and 3.9 eV for Ti3SiC as compared to 3.2 an
4.1 eV for Ti3SiC2. The energy gap between these ban
increases~by ;0.9 eV!. At the same time the LDOS of S
3s,3p states in the stoichiometric and C-deficient silicoc
bides are very close. Consequently, the appearance of C
cancies in Ti3SiCx , as in TiCx , leads to local perturbation
of the electronic structure and affects mainly the LDOS d
tribution of Ti atoms nearest to the vacancy. As noted abo
in this case three types of nonequivalent Ti atoms can
distinguished: Ti~1! has C and Si atoms as its neare
neighbors; Ti~2! has C atoms and carbon vacancies~labeled
‘‘ V’’ !; and Ti~3! has Si atoms and carbon vacancies~cf. Fig.

FIG. 5. XPS spectra of valence bands for Ti3SiC2.

TABLE II. The energy distance between the centers of the
lence bands~eV! of Ti3SiC2 according to XPS, XES~taken from
Ref. 23!, and FLMTO data.

XPS XES FLMTO

EF-(C 2p– Ti 3d– Si 3p) 4.2 3.9
EF – C 2s 10.8 10.2
(C 2p– Ti 3d– Si 3p) – C 2s 6.6 6.9
(C 2p– Ti 3d– Si 3p) – Si 3s 5.2 5.4
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1!. As seen from Fig. 10, Ti~1! atoms participating in Ti-C
and Ti-Si interactions exhibit the strongest bonding with t
metalloid sublattice: Ti~2! atoms occupy the intermediate po
sition, and the minimum bonding takes place for Ti~3! atoms
~weakly bonded with Si atoms!. In the occupied part of the
metallic states subband in the region fromEF to 22 eV,
Ti~3! atoms have the maximum concentration of electro
and Ti~1! atoms have the minimum concentration. As a co
sequence, the most pronounced Ti-Ti bonds~dd-type! are
formed in the monolayers composed of Ti~3! and Ti~2! at-
oms; the weak Ti-Ti bonds are formed in Ti~1! monolayers
~cf., Figs. 11 and 12!.

A decrease in C concentration for Ti3SiCx leads@as in the
case of TiCx ~Refs. 15 and 16!# to the ‘‘metallization’’ of the
silicocarbide: N(EF) increases from 4.8 (Ti3SiC2) to 6.8
states/eV per unit cell (Ti3SiC) ~cf., Table V!. For the Ti
monocarbide,15,16 C defects result in the formation of ‘‘va

FIG. 6. Valence electron densities in Ti~1!-C-Ti~2!-C-Ti~1! lay-
ers of Ti3SiC2.

-

TABLE III. Total and partial charges in muffin-tin spheres o
Ti3SiC2- and Ti3SiC2-based solid solutions. Vs,p,dcharge distribu-
tions in MT sphere of C vacancies, N, O.

Ti3SiC2 Ti3SiC1.0 Ti3SiCN Ti3SiCO Ti3SiN2

s 0.089 0.089 0.091 0.092 0.086
Ti~1! p 0.131 0.133 0.137 0.142 0.133

d 1.560 1.590 1.584 1.606 1.630

s 0.091 0.093 0.089 0.086 0.085
Ti~2! p 0.153 0.126 0.147 0.136 0.141

d 1.513 1.505 1.517 1.622 1.575

s 0.105 0.085 0.081
Ti~3! p 0.107 0.131 0.120

d 1.503 1.621 1.694

s 1.485 1.482 1.487 1.421
C p 2.782 2.785 2.822 2.683

d 0.092 0.098 0.102 0.089

s 1.507 1.511 1.509 1.392 1.449
Si p 2.353 2.307 2.361 2.272 2.243

d 0.374 0.401 0.444 0.349 0.415

s 0.692 1.679 1.863 1.682
N,O,V p 0.197 3.585 4.512 3.625

d 0.052 0.089 0.104 0.097
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cancy states’’ in the vicinity ofEF ~Fig. 3!. They are formed
by Ti d states from broken Ti-C bonds; as a result,N(EF)
increases. For Ti3SiCx , the ‘‘vacancy’’ states~Fig. 10! are
located;1.7 eV belowEF and the increase inN(EF) is due
to the strengthening ind-d bonding between Ti~2! and Ti~3!
atoms.

The bonding properties of Ti3SiC2 and Ti3SiC can be ana-
lyzed by comparing their cohesive energies. For this purp
we estimated the values ofEdif5(Etot

cryst2( i
NEtot

at )/N ~where
Etot

cryst is the total energy of crystal,Etot
at is the energy of con-

stituent atoms, andN is the number of atoms in the unit ce
of the compound!. The comparison ofEdif for Ti3SiC2 and
Ti3SiC ~Table V! shows that the introduction of th
C-sublattice vacancy lowersEdif ~by ;0.03 Ry/atom!. This
may cause destabilization of the silicocarbide hexago
structure and may quantitatively explain the absence of
homogeneity region ~in the carbon sublattice! for
Ti3SiC2.

6,8–10

C. Solid solutions Ti3SiCN and Ti3SiCO

The TDOS and LDOS of the Ti3SiCN and Ti3SiCO solid
solutions are shown in Figs. 13 and 14; some parameter
their electronic spectrum and charge distributions are gi
in Tables III and V. Taking into account that the main effec
of the Ti-C chemical bonding in Ti3SiC2 are determined by
the nearest neighbors, it is instructive to compare the d

FIG. 7. Valence electron densities in~100!-like monolayers in-
cluding Ti~1! and Ti~2! atoms of Ti3SiC2.

FIG. 8. Valence electron densities in Ti~1!-Si-Ti~1! layers of
Ti3SiC2.
se
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obtained for Ti3SiCN with the results for titanium carboni
trides (TiCxN12x) and the hypotheticalB1 solid solutions
~SS’s! in the Ti-Si-N-C system, for which C and N atom
also retain the octahedral environment. TiCxN12x solid solu-
tions have been studied by the relativistic KKR-avera
T-matrix technique,28 as well as in the framework of the
tight-binding-CPA~Ref. 29! and KKR-CPA~Ref. 30! meth-
ods. All the above-mentioned studies assume a random
tribution of C and N atoms over the metalloid sublattice31

Long-range ordered model structures~supercells Ti4CxN42x ;
x50.1– 4.0) were employed to calculate TiCxN12x by the
LMTO ~Ref. 25! and LAPW ~Ref. 29! methods. Metastable
B1 TiSixNyCz SS’s were simulated by the LMTO-ASA
method in Ref. 32.

It follows from Fig. 13 that the formation of Ti3SiCN is
accompanied by noticeable changes in the spectrum of
lence states caused primarily by the appearance of N 2s ~not
shown in Fig. 13! and N 2p subbands occurring with a nar
rowing of C 2s and C 2p subbands~as in the case of Ti3SiC)
and a decrease in the DOS. As a result, thep-d band of
Ti3SiCN is ;1.3 eV wider than the corresponding band
Ti3SiC2 and;1.5 eV wider than that in Ti3SiC. In previous
calculations,16,25,30 a nonmonotonic change in the width o
the hybridizedp-d band of TiCxNy ~relative to TiC and TiN!
was found, which is clearly seen also in the shape of the X

FIG. 9. Valence electron densities in Si-containing plane net
the structure of Ti3SiC2.

FIG. 10. Total and local DOS of nonstoichiometric Ti3SiC.
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spectra, Fig. 15. As follows from our calculations, the te
dencies in changing the valence spectrum are comparabl
Ti3SiC2, Ti3SiCN, and Ti3SiN2 and the TiC, TiCxN12x , and
TiN series. This points to the general similarity of inte
atomic interactions in titanium carbonitride and in Ti~3!-N-
Ti~2!-C-Ti~1! layers of Ti3SiCN.

On the other hand, the specific character of the cry
structure of Ti3SiC2 determines a considerable anisotropy
the interactions of structurally nonequivalent titanium ato
with nonmetal neighbors and with each other. As is se
from Fig. 13,d states of Ti~3! and Ti~2! atoms are concen
trated in the energy region of the N 2p band, whereas the
contributions from Ti~1! d states are negligibly small in thi
energy interval.

The maximum concentration of electron density is o
served in the region of the hybridizedp-d band for Ti~2!
atoms participating in covalent N-Ti~2!-C bonds. The elec-
tron concentration for Ti~1! atoms, the main type of interac
tion for which there will be Ti~1!-C bonding, is smaller.
Ti~3! atoms@Ti~3!-N bonds# are less bound with the meta
loid sublattice~see also Fig. 16!. Metal-metal interactions in
~100! layers composed of Ti~1!, Ti~2!, and Ti~3! atoms are
changed in the reverse sequence~Fig. 17!: the growth of
electronic density in (ddp) Ti-Ti bonding directions is
clearly seen in the series Ti~2!,Ti~1!,Ti~3!. According to

FIG. 11. Valence electron densities in Ti~3!-V-Ti ~2!-C-Ti~1!
and ~100!Si layers of Ti3SiC.

TABLE IV. Core-level binding energies~eV! of Ti3SiC2 and
some compounds in the Ti-Si-C system.

Ti 2p3/2 Si 2p C 1s

Ti 454.1
TiC 454.8 281.9
Ti5Si3~O! 454.1 98.8
TiSixCy (B1) 455.0 99.1 282.2
Ti3SiC2 454.9 99.5 282.1
Si 99.5
SiC 100.4 282.3
SiO2 103.1
-
for

al

s
n

-
the results obtained, the partial contributions toN(EF) are
;0.9 @Ti~1!# and 0.7 @Ti~2!# and ;1.9 states/eV unit cell
@Ti~3!#. The bonding anisotropy of Ti atoms with nonmet
atoms and nonequivalent Ti atoms becomes more p
nounced when oxygen atoms are introduced into the C s
lattice of Ti3SiC2 ~Figs. 14, 16, and 17!.

The increase in the electron concentration from Ti3SiCN
to Ti3SiCO is accompanied by a further increase in the
cupation of the Tit2g-like band and an increase ofN(EF)
~Table V!. Judging by the spatial distribution of the valen
charge density~Fig. 17!, metal-metal interactions becom
stronger in monolayers formed by Ti~2!, Ti~1!, and Ti~3!
atoms, respectively, and in each case they are stronger
the corresponding metal-metal bonds in Ti3SiCN. The con-
tributions from d states of these Ti atoms toN(EF) in
Ti3SiCO are 1.2@Ti~1!#, 0.8@Ti~2!#, and 2.4@Ti~3!# states/eV
unit cell. In contrast to Ti3SiCN, where C and N 2p bands
overlap ~it is possible to consider a common hybridized
2p– C 2p– Ti 3d band!, for Ti3SiCO ~Fig. 14! O 2p states
are separated from the C 2p– Ti 3d band by an energy gap
~;1.47 eV!, and in the range from27.5 to210 eV they are
mixed with 3d states of Ti~2! and Ti~3! atoms. Investigating

FIG. 12. Valence electron densities in~100! monolayers con-
taining Ti~1!-Ti~3! atoms of Ti3SiC.

TABLE V. TDOS at the Fermi level@N(EF), states/eV unit
cell! andEdif ~Ry/atom! for Ti3SiO2- and Ti3SiC2-based solid solu-
tions.

Ti3SiC2 Ti3SiC Ti3SiCN Ti3SiCO

N(EF) 4.76 6.83 4.73 5.76
2Edif 0.904 0.876 0.915 0.884
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the physical-chemical properties of TiCxN12x , some
authors33–37 note their nonmonotonic changes in the ser
TiC→TiCxN12x→TiN. According to Ref. 33, the values o
the Hall coefficient have a maximum for the SS’s, and
minimum values of magnetic susceptibility are measured
nitrogen concentration in the SS’s of about 20 mol. %.

The concentration dependences of the bulk moduli
TiCxN12x , as well as for some isostructural and isoele
tronic SS’s such as ZrxNb12xC and TixV12xC, are of a con-
siderable nonmonotonic character. The minimum of the h
capacity and the values of enthalpy for compositions clos
TiC0.7N0.3 ~Ref. 35! point to a relative strengthening of th
chemical bonding for intermediate members of the serie
TiCxN12x SS’s. Experiments studying the microhardness
these SS’s, in which the maxima of microhardness w
found for the compositions TiC0.65N0.28, TiC0.5N0.4, and
TiC0.8N0.1,

36 may serve as circumstantial evidence tha
relative strengthening of the chemical bonding takes plac
TiCxN12x . A qualitative explanation of this dependence w

FIG. 13. Total and local DOS of Ti3SiCN.

FIG. 14. Total and local DOS of Ti3SiCO.
s

e
a

r
-

at
to

of
f
e

a
in
s

proposed in Ref. 37, where the change in microhardnes
TiCxN12x occurring with a variation of C/N was related to
decrease in the degree of dislocation mobility~owing to their
blocking by interstitial atoms! and the formation of stronge
metal-nonmetal bonds. Calculations of the deformation
ergy reveal that for TiCxN12x , the maximum of microhard-
ness should be atx50.4– 0.6, i.e., for SS’s approximatin
those with equimolar composition.

An attempt to interpret the change of cohesive proper
of TiCxN12x SS’s was made in the framework of the LMT
method.16,25The energy of alloy formation was calculated

Eaf~TiCxN12x!5Ecoh~TiCxN12x!

2xEcoh~TiC!2~12x!Ecoh~TiN! .

Here Eaf(TiC0.5N0.5) was obtained to be216.55 kJ/mol,
which shows that the formation of TiCxN12x SS’s is ener-
getically favorable. Analogous calculations were perform
for B1-TiSixN12x SS’s with partial replacement of N b
C and O.32 The energies of substitution,Esub, for
TiSi0.125N0.750C0.125 and TiSi0.125N0.750O0.125 were deter-
mined according to Ref. 16 to be equal to10.04 and20.05
Ry, respectively. Hence, oxygen impurities in N sites cau
destabilization of theB1 lattice of SS’s whereas in carbon
tride SS’s a reverse process should be observed. To
knowledge, no experimental data on synthesis and prope
of Ti3SiC2-based SS’s are available. According to o
FLMTO calculations, maximum~absolute! value of Edif in
the series Ti3SiC2→Ti3SiCN→Ti3SiN2 has Ti3SiCN ~see
Table V!. In contrast, uEdif(Ti3SiCO)u,uEdif(Ti3SiC2)u.
Therefore, it can be inferred that the formation of carbo
tride SS’s based on Ti3SiC2 will cause an increase in thei
cohesive properties. Finally, the opposite situation sho
take place as a result of the oxidation of Ti3SiC2, where the

FIG. 15. XPS spectra of valence bands of SS’s TiCxNy . 1,
TiC0.95; 2, TiC0.7N0.3; 3, TiC0.5N0.5; 4, TiC0.3N0.7; 5, TiN0.93.
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partial substitution of C by O will initiate the destabilizatio
of the crystal structure of hexagonal titanium silicocarbid

IV. CONCLUSIONS

Using the first-principles self-consistent FLMTO meth
and x-ray photoelectron spectroscopy, we have studied
electronic structure and chemical bonding of the hexago
Ti3SiC2 phase. It was shown that the interatomic interact
in the layers formed by Ti6C octahedra is of a combine
covalent-ionic-metallic type due to hybridization of C 2p
and Ti 3d states, partial charge transfer in the directi
Ti→C, andddp overlapping of metal states. The interatom
interaction in Si atom layers is determined mainly by t
hybridization of Si 3p– Si 3p states; the interaction with th
layers made up of Ti6C octahedra is relatively insignifican
This circumstance provides a qualitative explanation for
high plasticity of Ti3SiC2. A high density of electronic state
was found at the Fermi level@N(EF)54.8 states/eV unit
cell# which is responsible for metalliclike conducting pro
erties of Ti3SiC2, as opposed to the care of TiC.

The tendencies of electronic distributions in C-Ti laye
of silicocarbide SS’s and theB1-TiCxN12x and TiSixNyCz
SS’s were found to change similarly. Finally, we conclu
on the basis of total-energy estimates that the introductio
N atoms into the structure of Ti3SiC2 ~formation of silicocar-

FIG. 16. Valence electron densities in~a! Ti~1!-C-Ti~2!-N-Ti~3!
and Ti~1!-C-Ti~2!-O-Ti~3! and~b! layers of Ti3SiCN and Ti3SiCO.
am
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bonitride SS’s! should lead to an increase in the cohes
properties of the system. By contrast, C vacancies an
partial replacement C→O will cause a destabilization of th
hexagonal lattice of the titanium siliconitride.
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FIG. 17. Valence electron densities in~100! monolayers con-
taining Ti~1!, Ti~2!, and Ti~3! atoms in SS’s Ti3SiCN ~1! and
Ti3SiCO ~2!.
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