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Electronic structure and structural stability of TiC ,N,_, alloys
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We have investigated the structural stability and elastic stiffness ofNIiC, alloys using theab initio
pseudopotential total-energy method. Our calculation of the formation energy indicates that the alloy is stable
in the whole range of the carbon concentratioand the maximum stability is obtained for &%=<0.75. The
bulk modulus increases as nitrogen atoms replace carbon atoms and starts to saturate when the nitrogen
concentration exceeds 0.5. Trends in the formation energy and bulk modulus are explained in terms of the
detailed electronic structure of titanium carbonitride. Calculated results are in good agreement with available
experimental datd.S0163-18207)00745-3

[. INTRODUCTION alloy. We present the computational methods in Sec. Il, the
calculational results and analysis in Sec. lll, and the conclud-

Transition-metal carbides and nitrides have recently ating remarks in Sec. IV.
tracted much attention due to their extraordinary mechanical
and physical properties, e.g., high hardness, high melting Il. COMPUTATIONAL METHOD
points, and wear and corrosion resistance. Many theoretical
works have been devoted to the investigation of their prop- We perform the self-consistent pseudopotential total-
erties in connection with electronic structure and bondinggnergy calculations with the plane-wave basis’sate em-
characteristics. Previous works implied that the cohesion anBIloy the LDA to the density functional theory. Pseudopoten-
the structural stability could be characterized by the averagals are generated semirelativistically for Ti and
number of valence electrons per atom and the rigid_bandlonrelatiViStica”y for Cand N through the Troullier-Martins
model~2 In a series of calculations of transition-metal car- Schem&and cast into a fully nonlocal form as suggested by
bides and nitrides, Hgund et al,* showed that the cohesive Kleinman and Bylandet.The cutoff energy for the plane-
energy has the largest value when the average number ¥fve basis is 56 Ry which gives the total-energy conver-
valence electrons per atonmg) is 4 and decreases ag ~ 9ence within 1 mRy. We adopt the Ceperly-Alder-type
deviates from this value. For example, in the first-row€Xchange-correlation potenti@las parametrized by Perdew
transition-metal compounds, TiC was shown to have thénd Zungef' The Brillouin zone is sampled using the
largest cohesive energy and the replacement of carbon Hgonkhorst—Pack special point methiddvith 60 k points in
nitrogen or titanium by vanadium decreased the cohesivée irreducible part of the Brillouin zone for the total-energy
energy. If the rigid-band model is applicable to alloy sys_calculation. Atomic positions and structural parameters are
tems, it is possible to design systems with the maximal stafully relaxed until the Hellmann-Feynman force and the dif-
bility (i.e., the largest cohesive eneJdy tuning the average ference between stress components are reduced to less than 5
electron number density appropriately. This assumption cafRY/ag and 5x 10”2 mRy/a3, respectively.
be verified by accurate calculation on alloy systems. Experi-
mentally, there has been much effort to improve the me- IIl. RESULTS
chanical properties and stability of the system by alloying
metal-metal or nonmetal-nonmetal elements. For the case of
TiC which is regarded as a potential replacement of tungsten We are specifically interested in the formation energy de-
carbides for a cutting tool material, it has been known thafined as
alloying with TiN improves mechanical properties such as
hardness, ductility, and phase stability. It has been reported Eform(X) =Eric,n, ,~XEric—(1=X)Eqin, @
that the TiGN,_, alloy is stable in a wide range of carbon
concentration and even the hardness of [ NC , improves as a function of the carbon concentration. Since the plane-
with ~50% of nitrogen concentration although the hardnessvave basis always presumes periodic systems, we use the
of TiN itself is lower than that of TiC:® supercell method with the configuration of ;TiN,_,

In this paper, we report the electronic structure and matetn=0, 1, 2, 3, and %#in order to simulate alloys. Figure 1
rial properties of titanium carbonitride alloy in various struc- shows the supercell configurations for alldps=1,2, and 3)
tures with a varying carbon concentration. Calculations haveised in our calculation with only sublattice sites of nonmetal
been done using the plane-wave-basédinitio pseudopo- atoms showrimetal (Ti) atoms reside at the other sublattice
tential method within the local-density approximation sites of the NaCl structute Atomic relaxations are very
(LDA). The results indicate that the trends in the formationsmall (the maximum atomic displacement is 0.032 A in the
energy and bulk modulus as the carbon concentratisar-  CH structurg¢ and not shown in the figure. Structural nota-
ies are closely correlated with the electronic structure of theaions are quoted from Ref. 13.

A. Cohesive properties
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.__. FIG. 3. The band structures of TiC and TiN. The Fermi level

lies at the energy zero in each case.

ated by the entropy term above the room temperature and the
alloy is likely to be random. Our calculations do not show a
miscibility gap in any case.

FIG. 1. Supercell configuration of Ti®; _,. Only nonmetal We have found that the cohesive properties and the for-
(Cc or N)_ atomic sites are indicated in filled or open circles for pation energy of the alloy are closely related with the elec-
clarity. First threg structures are fRe=0.5 and the'last two are for tronic structures of TiC and TiKFig. 3). The lowest valence
x=0.75 (or,.equwalently, 0.2b Structural notations follow the band is derived from the nonmetalelectrons. TiN has a
structurbereichtsymbols in Ref. 13. lower band energy and a smaller bandwidth than TiC due to

a greater electronegativity of nitrogen than carbon. The top

Figure 2 shows the results of our calculation of the for-of the valence band of TiC or TiN is mainly derived from
mation energy. The negative formation energy for the entirestrong covalent bonding between Td drbitals ofey sym-
concentration range dt=0 indicates that it is energetically metry (i.e.,x*—y? and ¥?—r?) and C or N 2 orbitals and
favorable for TiC and TiN to mix and form alloys in agree- the conduction band is in large part derived from the weak
ment with experimerﬁ‘_"lsThe formation energy for a given bonding between next-nearest-neighbor metal atoms. Some
concentration differs depending on structures and has an agifferences in band splitting and order near the Fermi level
preciable variation at=0.5. The curve obtained by polyno- are due to the different bond strength of Ti-C and Ti-N. The
mial fitting to our calculation has a rather asymmetric shapd €rmi level of TiC lies 0.7 eV below the valence-band maxi-

and shows that the Til;_, alloy has the maximal stability Mum at thel’ point in Fig. 3. As nitrogen atoms replace
at x~0.75. The maximum absolute value of the formationcarPon atoms, extra electrons from nitrogen atoms fill the

energy afT=0 is ~3.5 mRy at the carbon concentratian unoccupied bonding states lying just above the Fermi level

=0.75. However, the difference of the formation energy be—Of TiC. The energy gain of mixing two compounds will pre-

tweenL1, (x=0.75) and CH {=0.5) structures is less than sumably be maximum at the concentration of completely fill-

ing the bonding states. The integrated total density of states

0.3 mRy, nearly comparable to the error bar of our calcula—Of TiC up to the aforementioned band maximum at the

tion. As most experiments are performed well above roo oint gives the electron number 8.26 corresponding to the
temperature, where the contribution of the entropy to the free o b on concentratior=0.74. This simple argument agrees

energy is significant, the Ti®l; , alloy would be even || with the results of the maximum absolute value of the

more stable at finite temperatures. The maximum stabilityymation energy ak=0.75.

occurs in the range of 0<5x<<0.75 under such conditions.  Ag nitrogen concentration increases over 25%, additional

[Assuming random distribution of carbon and nitrogen at-gjectrons from nitrogen begin to fill the states of metal

oms, the entropic contribution{TS) Iower_s the free energy pands mainly with thé,, symmetry(i.e.,xy, yz, andzx). In

of the x=0.5 alloy by ~0.3 mRy relative to that ok  tjs regime §=0.75), the trends in formation energy turn

=0.75 at the room temperatufelhe structural dependence oyt to be dependent on the details of the electronic structure

of the formation energy observed above is probably obliteryng g rather careful analysis is required as presented below.
In order to specify the bonding character precisely, we inves-

=~ 0 . . . tigate the density of statd®OS) and the site-projected par-

& tial density of state$SPPDO$ as plotted in Fig. 4° Figure

T -lr L1, ] 4 shows that the metal orbitals oft,; symmetry in TiC

g & appear predominantly above the Fermi level. In contrast to

L;J 2r ¢ CuPt ) clearly observable splitting between antibonding and bond-

2 4| CuAu | ing states oy symmetry above and below the Fermi level,

E *C :L1222 there are no pronounced features in the SPPDQg,afym-

= 4 - s s metry that sharply distinguish the bonding and antibonding
0.00 0.25 0.50 0.75 1.00 states. Threel orbitals of a Ti atom with the,, symmetry

x point to the 12 next-nearest-neighbor Ti atoms and make

FIG. 2. Calculated formation energy of Ti€,_ for various ~ Wweako bonds with them. The charge-density plot of a state
structures and x’s &= 0. The solid curve is a polynomial fitting to above the Fermi level in Fig. 5 shows such weak bonds as
the data points for a guide to eyes. expected. If the extra electron contributed from nitrogen
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15 . TiN (very weak bonding or nonbonding between metal at-
10 F oms unambiguously and the magnitude of the formation en-
05 L ’ ergy drops to zero rapidly.
' There have been relatively few theoretical works on the

TiC,N;_, alloy to our knowledge. Zhukowt al!® per-
formed similar calculations to ours using the linear muffin-

FIG. 4. Total density of states and the symmetry decompositiortin orbital method. The sign of the formation energy in their
of the site-projected partial density of states of TiC. The Fermi levelcalculation agrees with ours, but the magnitude and the po-
lies at the energy zero. sition of the maximum formation energy exhibit discrepan-

_ i o cies. The maximum value of the formation energy reported

occupies this state, the energy gain will be very small. Whenly, Ref. 15 occurs ak=0.25 with the magnitude of-13
the two compounds are mixed to make an alloy, the banghry  approximately 4 times our maximum value xt
splitting gets complicated due to the lowered symmetry, dif-— 75 Qur calculated cohesive energies of bulk TiC and
ferent electronegativity, and the different number of valencerin are 1.292 and 1.216 Ry, respectively, compared with
electrons between carbon and nitrogen. Strpdg bonding  experimental values of 1.04 and 0.97 EyAs expected for
states and weak metallic bonding states coexist near the, | pA calculation in general, the present calculation over-
Fermi level. This gives a rather slow change of the formatiorgstimates the cohesive energy, but the calculated difference

energy inx from 0.75 down to 0.5. In this regime, the rigid- i, energy(0.078 Ry is in excellent agreement with experi-
band model may not give an accurate description of the coment (~0.07 Ry.

hesive properties of the alloy system. Relatively large differ-

ences in cohesive energy among different structurez at

=0.5 also indicate that detailed band structures and bonding B. Bulk modulus

charact_ers are important for a precise analysis of cohesive p5rdness is one of the most important issues in the study
properties of the alloy. Ax decreases well below 0.5, the f the TiC,N,_, alloy. Hardness involves the plastic defor-
bonding character near the Fermi level approaches that Ghation of materials which in turn depends critically on the

motion of dislocations. Fully quantum- mechanical calcula-

tions of such properties are extremely difficult even with the
state-of-the-art computational schemes and facilities. In the
o present work, we will confine ourselves to the study of the
elastic stiffness, namely, the bulk modulus of the alloy which
is feasible within theab initio pseudopotential method. We

.03 . S
caution the reader that the bulk modulus, which is often re-
' garded as a measure of hardness of materials, is not always
4 0 positively correlated with the experimentally measured hard-

ness. TiN has a larger bulk modulus than TiC but its hard-
ness is lower than that of TiC. With this caveat, we calculate

01 the bulk modulus of each structure by fitting the total energy-
volume curve to the Birch-Murnaghan’s equation of state
and present the results in Fig. 6. The calculated equilibrium

0 volume of the TiGN;_, alloy almost obeys the Vegard's

O @ law [Veg(X) =XV +(1-x)Via']. The lattice constants of

TiC and TiN are obtained to be 4.332 and 4.261 A, respec-
FIG. 5. Charge density of a state of TiC in tmo) p|ane with tiVer, in gOOd agreement with experimenta| values of 4.33
k lying in the middle of thel'-L line. The energy eigenvalue of this and 4.24 AY" The calculated bulk moduli of TiC and TiN are
state is 1.46 eV above the Fermi level. The atomic sites of Ti atom@50 and 297 GPa, respectivéf/These values agree well
are indicated in open circles. Weald bonding with thet,, sym-  with the experimental values of 240 and 318 GPa for TiC
metry shows up. The unit is electroag/. (Ref. 20 and TiN (Ref. 21) with the error of~4 and~ 7%,
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respectively. The bulk modulus of the alloy increases as ni- IV. CONCLUSION
trogen replaces carbon. We note that tteviation of the
bulk modulus from the average valyiB,(x)=xBric+ (1 In summary, we have investigated the phase stability and

—X)Brin] is approximately proportional to the formation en- bulk modulus of the TigN;_, alloy through theab initio
ergy, having a large value at 8x=0.75 and almost van- pseudopotential calculation. Our results show that the alloy
ishes(i.e., the calculated value agrees with the linear inters stable in the whole range of the carbon concentration and
polation curve in the figujefor x=0.25. This is partly ijts bulk modulus increases as the nitrogen concentration in-
explained by the electronic structures near the Fermi level ofyeases. The maximal stability is obtained for carbon concen-
TiC and TiN. TiN has a greater bulk modulus than TiC Sim-ation 0.5cx=<0.75. Whenx decreases to less than 0.5, the
ply because TiN has omaoreeleciron n asmal_lerumt-cell bulk modulus starts to saturate and the formation energy de-
volume. The bulk modulus should obwously Increase as th‘Ereases rapidly. By examining the bonding characters of
qarbon concentration decreases. Thg question Is hOW. effec'states near the Fermi level of TiC and TiN, we explain these
tively the extra electrons from nitrogen atoms in the . . L

trends in terms of filling thepdo bonding states between

TiC,N;_, alloy contribute to the enhancement of the bulk . . -
modulus. Those additional electrons occupy the metal 3 metal and nonmetal nearest neighbors first and then filling
: Py the weak ddo bonding states between next-nearest-

bands ott,, symmetry ifx is well below 0.5 as mentioned in ‘ahb wal at " th b t elect :
the description of the formation energy above. Since tliese gre;gsegr metal atoms next as the humber o electrons n-

electrons are relatively weakly bonded comparedptir
bonds involvingd electrons with thes; symmetry, the con-
tribution of thesed electrons to the bulk modulus will be
smaller than that of electrons occupying the main valence ACKNOWLEDGEMENTS
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