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The Phillips ionicity is modified, simulated and calculated for conductors. The results show that the
percentage of metallic bonding in multiplex chemical bonds of transition metal (TM) carbides and nitrides
is large; this affects the Phillips ionicity. The redefinition of Phillips ionicity has been applied to estimate
the hardness of TM carbides and nitrides; the values obtained are in agreement with experimental and
theoretical evidence. In addition, materials with the zinc blende structure are harder than those with rock
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1. Introduction

Transition metal (TM) carbides and nitrides, which show high
melting point, hardness, strength and diffusion activation energy,
have been used widely as tools, coatings [1], and diffusion barriers
for Cu interconnects [2]. The chemical bonds, which consist of
ionic, covalent, and metallic components, determine the material
properties, such as mechanical, structural, optical and magnetic
properties [3-5]; the separation of the chemical bonds into
these components is meaningful for understanding the physical
background of these properties.

The chemical bond in insulators and semiconductors has been
divided into a covalent part E;, and an ionic part C by Phillips; the
Phillips ionicity is defined as f; = C%/(C* + E2) [6]. Recently, He
et al. rewrote this as f; = [1 — exp(—|P. — P|/P)]%73 [7], where P
is the overlap population of a bond based on Mulliken population
(MP) calculations. P = 0 indicates a perfect ionic bond, while
P > 0 implies increasing levels of covalency. P, is the overlap
population of a bond in a hypothetical pure covalent crystal with a
special structure. For conductors, Gou et al. calculated H with f; and
metallicity f,, using the equation H = 350 AN?/?exp(—1.191f; —

aff)/d*5 8], where A, & and B are constants, which need to be
determined by experimental results. A is the contribution of d
electrons to H, N, = n./v is the electron density expressed in
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number of valence electrons per A3, n, is the total valence electrons
per bond, and d and v are the average bond length and the bond
volume. Gou et al. calculated H using other methods [9].

In conductors, free electrons fill in all interspaces, which are
included partly in the MP values of the chemical bond because the
MP values reflect the grade of the electrons of an atom entering
into that of other atoms. P = 0 indicates a perfect ionic bond, while
P > 0 implies increasing levels of covalency. Thus, P determined
by MP should be divided into two parts: the covalent part P, and
the metallic part Py,;:

P = Py + Py. (1)

It is known that the covalent bonding determines the size
of H [10]. The delocalized metallic bonding in conductors has

little effect on H. Taking account of the above considerations, a
modification for H of conductors can be defined:
H = 350A(N))**exp[(1.191f. — 1.191)/d**] (2)
where f. is the covalency, N, = (n. — n.)/v denotes the redefini-
tion of electron density expressed in number of valence electrons
per A3, and Nfee 1S the number of free electrons per bond. Since
these free electrons do not belong to any atom, they should be de-
ducted from N,. The calculated N values of the considered com-
pounds are listed in Table 1. For conductors, nee > 0, N, < N,.
This contribution reports results of a first-principles simulation
that was carried out for the electronic structures of TM carbides
and nitrides using the MP technique. With some theoretical
analysis, the percentage of metallic bonding in multiplex chemical
bonds of the above compounds was determined. The results
show that, with some improvements, the Phillips ionicity can be
extended to determine the ionicity and hardness of conductors.
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Calculated bond parameters of TM carbides and nitrides, with d being the bond length, f; the modified ionicity, f. the covalency, f;, the metallicity, Heyc the calculated
hardness, Heyy the experimental hardness, and H’ the value calculated using the method in [7]. H', P’ and nf’me are the results without using the spin-polarized and LDA + U

techniques, and P” the results without using the LDA + U technique.

Compound  Structure d ne Mhee  Mie VU A P’ P P Py Py fi fe fm Hee H' Hexp
TiN RS 2.123 1500 0.183 0.173 3.190 0.413 0360 0360 0350 0052 0298 0311 0529 0.160 217 216 21[1]
ZB 1991 2250 0262 0252 3.037 0655 0460 0460 0450 0.087 0363 0589 0267 0.144 25.3

TiC RS 2.167 1.333 0.007 0.001 3390 0391 0420 0420 0410 0002 0408 0.107 0884 0009 315 340 28-35[1]
7B 2.047 2.000 0000 0.000 3303 0606 0550 0550 0540 0.000 0540 0435 0565 0.000 332
ZIN RS 2299 1500 0.181 0.180 4.053 0325 0330 0330 0320 0052 0268 0403 0441 0.156 137 167 15.8[1]
7B 2.151 2250 0252 0249 3.831 0522 0470 0470 0460 0084 0376 0572 0288 0.140 184
ZrC RS 2354 1333 0002 0001 4267 0312 0400 0400 0390 0001 0389 0.181 0817 0002 203 210 259[1]
7B 2203 2.000 0000 0.000 4.117 0486 0580 0580 0.570 0000 0570 0383 0617 0000 254
HN RS 2324 1500 0.182 0.181 4.185 0315 0360 0360 0350 0052 0298 0311 0530 0.159 144 180 16.3[1]
7B 2.187 2250 0243 0242 4.025 0499 0500 0500 0490 0081 0409 0521 0342 0.137 183
HfC RS 2355 1333 0004 0001 4356 0305 0410 0410 0400 0001 0399 0.145 0850 0.005 208 268 26.1[1]
7B 2228 2000 0000 0.000 4257 0470 0640 0640 0630 0000 0.630 0276 0724 0000 27.4
VN RS 2063 1.667 0343 0325 2928 0452 0360 0360 0330 0088 0242 0373 0363 0264 225 149 15.2[1]
7B 1922 2500 0.496 0496 2732 0734 0440 0440 0430 0.149 0281 0623 0.142 0235 286
vC RS 2083 1500 0.151 0.150 3.014 0.447 0.400 0400 0360 0043 0317 0281 0587 0.134 300 230 29[1]
7B 1954 2250 0.000 0.000 2970 0758 0500 0500 0480 0000 0480 0538 0462 0000 43.1
NbN RS 2208 1667 0286 0285 3586 0385 0290 0290 0270 0074 0.196 0553 0234 0213 147 136 13.3[1]
7B 2064 2500 0000 0.000 3372 0741 0450 0450 0440 0000 0440 0.606 0394 0.000 325
NbC RS 2240 1500 0.162 0.161 3744 0357 0340 0340 0330 0046 0284 0373 0487 0.140 191 161 19.6[1]
7B 2093 2250 0255 0253 3530 0565 0560 0560 0.550 0085 0465 0418 0437 0.146 289
TaN RS 2274 1667 0319 0315 3920 0344 0330 0330 0310 0082 0228 0434 0322 0244 140 200 11[1]
ZB 2.118 2500 0499 0489 3.655 0547 0460 0460 0460 0.150 0310 0572 0.184 0244 194
TaC RS 2287 1500 0.172 0.168 3970 0334 0420 0420 0420 0049 0371 0064 0755 0.182 239 260 245[15]
7B 2138 2250 0251 0250 3760 0532 0610 0610 0600 0084 0516 0330 0524 0.146 292
2. Simulations and calculations =20 ;
? 1a j
Calculations of the density of states (DOS), electron density g 3
difference diagrams (EDFDs) and MPs of TM carbides and ni- 8 :
trides with the rock salt (RS) and zinc blende (ZB) structure o 3
were carried out by using first-principles simulations. The cal- 8 10+ |
culations were based on density functional theory (DFT) with % ‘
the Perdew-Burke-Ernzerhof (PBE) functional of the generalized 5 3
gradient approximation (GGA) and with norm-conserving pseu- = E, ,
dopotentials [11], as implemented in the CASTEP code. Geometry g | DOER
optimizations of all materials were made on conventional unit cells a (_)1 0 o 10

using ultra-fine cut-off energies for the plane-wave expansion. The
k-point sampling set was 10 x 10 x 10 division of the reciprocal
unit cell based on the Monkhorst-Pack scheme [12]. The conver-
gence tolerance of energy 5.0 x 107® eV/atom, maximum force
0.01 eV/A, and maximum displacement 5.0 x 10~* A were used.
Both spin-polarized and LDA + U techniques [13] were used. In
the LDA + U method, the strong correlation between localized d
electrons is explicitly taken into account through the screened ef-
fective electron-electron interaction parameter U. U = 2 eV for Ti,
Zr and Hf, and U = 3 eV for V, Nb and Ta, respectively [14].

Based on the definition of ionicity, the modified f;, f., and f;;, are
defined as

fi=C/(C +E; +Ep) = [1—exp(—|P. — P|/P)]*7>,  (3a)
foe=1—1[1—exp(—|Pc — Py|/Pi)1°7®, (3b)
fn=1-fi—f. (30)

where E,; is the metallic part in a multiplex chemical bond. The
MP values of the simulated TM carbides and nitrides are listed in
Table 1, with P, ~ 0.43 for the considered RS structure [8] and
P. ~ 0.75 for the considered ZB structure [7].

Energy (eV)

Fig. 1. DOS diagram of TiN.
3. Results and discussions

The DOS of TiN is shown in Fig. 1, where the vertical broken
line is the Fermi level, Er. There is a deep valley E, at the left
of the Er, which is named the pseudo-gap. Thus, the electrons
occupying the levels above E, become delocalized and the
corresponding materials with such electrons are metalized. All
simulated compounds have a similar DOS. The integral of the
area between E, and Er in the DOS is denoted as the number of
free electrons in each bond ny..; the values are listed in Table 1.
Nfree/Ne > 10% for the most compounds. Since, when P = P, a
material is purely covalent, we define Py, as

Py = Pcnfree/ne- (4)

The corresponding values of f;, f. and f;, are calculated in terms
of Egs. (3) and (4) and are listed in Table 1.
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Fig. 2. The electron density difference diagrams of TiC, TiN, VC and VN. The red and yellow regions show the electron accumulation and the blue and green regions show
the electron loss. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

In Table 1, P” > P implies that if the LDA + U correction
has not been used the results for H will be overestimated. The
LDA + U correction guarantees that the electronic structures of
these materials are consistent with those of experiments. P’ = P”
and ngee = Ny, imply that the spin polarization has little effect on
the overlap population and the number of free electrons, because
they have small magnetic moments in our considered systems [5].
Thus, spin polarizations have little effect on the hardness of these
materials.

Four typical EDFDs of TM carbides and nitrides (TiC, VC, TiN
and VN with the RS structure) are shown in Fig. 2. The red and
yellow regions show the electron accumulation and the blue and
green regions show the electron loss. Between the TM and C or N,
there are red or yellow regions in the compounds, denoting their
covalent bonding characteristics. The electron density difference
values are 0.093, 0.058, 0.022 and 0.018 for TiC, VC, TiN and
VN, respectively, which are related to their f. values of 0.884,
0.587,0.363 and 0.322, respectively. The above results support our
definitions for f, and f;;,.

Since s-p-d hybridization is present where the bond strength of
the s—p-d hybridization is larger than that of s-p hybridization [8],
the contributions of the d valence electrons in TM carbides and
nitrides to H should be considered, which leads to the definition
for Ain Eq. (2):

A =n,/(ne — ng), (5)

where ny is the number of d electrons per bond. A > 1 implies
that there is a higher directionality and a larger orbital strength for
s—p-d bonds than for s—p bonds [10]. Based on Eqs. (2)-(5) and the
data in Table 1, the H values of 12 compounds were determined,
and they are shown in Table 1; the H values for the RS structures are

in good agreement with Gou's results [8] and experimental data.
Moreover, the corresponding H values for the ZB structures are
larger than those for the RS structures, since the RS structure is the
equilibrium structure at ambient pressure while ZB structure is the
equilibrium structure only under tensile strain [5]. Hence, tensile
strain will enhance the hardness of the materials.

4. Conclusion

In summary, DOS and MP values of several TM carbides and
nitrides were calculated by using the LDA + U technique and
theoretical considerations. The results show that the percentage
of metallic bonding in multiplex chemical bonds is large for most
of the compounds. The redefinition of Phillips ionicity results in
good correspondence for the hardness calculation of TM carbides
and nitrides. The additional contribution of s-p-d hybridization
in TM carbides and nitrides to the hardness of materials has
been quantitatively determined. In addition, materials with the ZB
structure are harder than those with the RS structure.
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