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A first principles study of the electronic properties and bulk modulus (Bg) of the fcc and bcc transition metals,

transition metal carbides and nitrides is presented. The calculations were performed by plane-wave pseudopotential

method in the framework of the density functional theory with local density approximation. The density of states and

the valence charge densities of these solids are plotted. The results show that By does not vary monotonically when

the number of the valence d electrons increases. By reaches a maximum and then decreases for each of the four sorts

of solids. It is related to the occupation of the bonding and anti-bonding states in the solid. The value of the valence

charge density at the midpoint between the two nearest metal atoms tends to be proportional to By.
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1. Introduction

Transition metals (TM) and their carbides
(TMC) and nitrides (TMN) usually have good prop-
erties of large hardness, high melting point and good
wear resistance.l!] They are widely used for hard coat-
ing and cutting tools. Many theoretical works have
been devoted to the investigation of their electronic
structure and bonding characteristics.2~17 Sigalas
and co-workersl®] calculated the total energies, bulk
moduli (By), equilibrium lattice parameters and band
structures for 3d, 4d, and 5d TM by augmented-plane-
wave method and presented a study on the crystal
structure stability between fcc and bcc structures.
Higlund and co-workers(® 8] made systematic investi-
gation on the enthalpy of formation and cohesive prop-
erties of TMC and TMN by linear-muffin-tin-orbitals
method. Grossman et all®! investigated the trends in

electronic and structural properties of TM and their

carbides and nitrides, their results showed both in-
creasing the number of d electrons and the presence
of f electrons in the core lead larger By. Simunek and
Vackai!'®! found a correlation in a form of monotonous
dependence between binding energies of core electrons
of the constituent atoms and By of TMC and TMN.
Assuming that the s-state electrons do not contribute
significantly to By, Gilman['%! found that, for the TM,
the log—log plots of the effective d-electron densities
and their corresponding By are linear except for the
magnetic elements. For hard metals (such as TiC), By
are higher than those of the corresponding pure met-
als. Gilman thought that these increases are related

to the increased density of valence electrons.

In this paper, eight TM elements (from Sc to Ni)
are involved. The TM in the fcc and bcc structures
and their carbides and nitrides in the NaCl structure
are taken into account. We make first principles calcu-

lations based on density-function theory (DFT)[18:19]
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to the structural and electronic properties of these
solids. Our results of the equilibrium lattice constants
and By nearly agree with those of the other works.
We focus on the correlation of the valence charge den-
sity and By and find that By and the valence charge
density at the centre of metal-metal bonds tend to be

proportional.

2.Method of calculation

For all the TMC and TMN in the NaCl struc-
ture appearing in this paper, the metal atom is lo-
cated at the origin of the unit cell and the non-metal
atom is placed at (1/2, 1/2, 1/2). We assume that
all the TM in this paper are in nonmagnetic states.
The spin-polarization is excluded in the calculations
in order to eliminate additional variables to let us fo-
cus on the simplest correlation between valence charge
density and By.

The plane-wave pseudopotential total-energy
scheme is used in the current work. The non-semicore
(HGH)

separable dual-space Gaussian pseudopotentials!?®! in

Hartwigsen—Geodecker—Hutter relativistic
the context of local-density approximation (LDA) are

Our calculations are
[21]

adopted in the calculations.
performed by using the ABINIT package in ver-
sion 4.2.3.

plane-wave energy cut-offs and the sampling of the

The convergency studies related to the

Brillouin zone are carried out in order to choose the
proper parameters for the calculations to keep the to-
tal energy errors within 10~° Hartree. The 16x16x16
Monkhorst-Pack[??! k-point sampling grid is used for
all the TM, the 8x8x8 grid is used for the TMC
and TMN. The plane-wave cutoffs varies vary from
80 Hartree for Sc in bce structure to 105 Hartree for
NiN. For each solid, the optimal lattice constant ap
of the cubic cell is obtained by an algorithm of opti-
mization at first. Then, 21 sets of DFT calculations
are performed by varying the lattice parameter with
a step of 0.1 Bohr around aqp for each solid. Fitting
these 21 sets of data with the Vinet equation of state
(E0S),[?%! the theoretical equilibrium lattice constant
agp and Bg are obtained. The P-V relation of the
Vinet EOS is

P =—dE(V)/dV
=[3Bo(1 — a)/a%lexp| 5 (By ~ (1~ )|, (1)

noting that = = (V/V;)'/3. Where V; is the unit cell

volume at zero pressure, B = 0B/0P at zero pres-

sure. At last, a self-consistent calculation with lattice
constant ag is made to generate the valence charge
density and density of state (DOS) of the ground

states.
3. Results and discussion

The calculated lattice constants and By of the
TM and their carbides and nitrides are shown in Ta-
ble 1.
respectively underestimated and overestimated, but
closed to those of the other theoretical works. We

note from Table 1 that, along the row of periodic ta-

Our calculated lattice constants and By are

ble, By does not vary monotonously with the increase
of the number of valence d electrons. As the number
of valence d electrons in the TM atom increases, By
increases and reaches a maximum at fcc-Fe, bce-Mn,
FeC and MnN in each of four sorts of solids respec-
tively. Then By decreases as more d electrons add to
the metal atom. This variation of By with the number
of d electrons indicates the occupation of the bonding
and anti-bonding states in the solids.

The DOS of the TM and their carbides and ni-
trides are shown in Fig.1. Figures 1(a), 1(b), 1(c) and
1(d) are the DOS of the fec TM, bec TM, TMC and
TMN respectively. The vertical lines in the figures de-
note the Fermi energy levels. There is no a priori rea-
son for the existence of a clean separation of electronic
energy spectrum into bonding, anti-bonding and non-
bonding region. But it is often connected with a well-
defined minimum in the DOS.I®! The arrows in Fig.1
point to the valleys, which indicate the transition from
bonding to anti-bonding states. For the four sorts of
solids considered in this paper, the bonding states will
be occupied firstly when the number of the valence d
electrons in the metal atom increases. The more va-
lence d electrons, the more bonding states will be oc-
cupied. It causes increase of By. When the bonding
states reach the saturation, By reaches the maximum.
In this case, the Fermi energy level of the solid which
has the largest By usually locates in a valley which
indicates the transition from the bonding and anti-
bonding states. We can see from Fig.1 that the Fermi
levels of fce-Fe, bece-Mn, FeC and MnN are located in
the valleys that the arrows point to and indicate the
transformation from bonding and anti-bonding states.
When more valence d electrons are added to the metal
atom, they will occupy the anti-bonding states. The
anti-bonding states will weaken the strength of the

solid and then By decreases.
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Table 1. The calculated lattice constants ag (nm) and Bp (GPa) for the transition metals (fcc
and bcc structures) and their carbides and nitrides.[24—33] (ap and Bg denote the results of our
calculations; ag others and Bg others denotes the other theoretical results.
ap/nm a0, others/NM ag,expt/nm By Bo,others Bo,expt
Sciec 0.445 0.44701, 0.452[8] 53 54.1[31
Tifee 0.399 0.40083, 0.406!8! 112 1263
Vice 0.372 0.374031 0.379[8] 195 208[3]
Crece 0.353 0.356[31, 0.360[8] 0.368(261 258 265[3]
Mnjgec 0.343 0.344[3], 0.349(8] 0.386(261 326 335(31
Fefee 0.338 0.3393], 0.338[25! 0.365[261 338 339031 344[25]
Cotee 0.338 0.339031 0.342[8] 0.354(26] 306 24913] 191331
Nifee 0.343 0.34303], 0.345[8] 0.352(26] 261 274[3] 18633
Schee 0.355 0.357(3! 55 59.7(31
Tibec 0.315 0.317031 0.307(261 111 12581 12004]
Vbee 0.292 0.293031 0.303(261 200 223031 200[4] 1620331
Crbee 0.278 0.28013] 0.288(26] 289 305[31, 2804 19033
Mnyp,cc 0.273 0.274[3! 0.308(261 324 322031
Fepcc 0.270 0.271131, 0.270[25] 0.287(261] 322 311031, 314[25]
Cobee 0.270 0.269131, 0.274[24] 0.282(27] 297 354[3]
Nipee 0.272 0.273[3] 258 2343
ScC 0.454 157
TiC 0.423 0.4389] 0.431139] 263 267°] 240[30]
vC 0.407 0.422[9] 332 32109
CrC 0.399 0.410[9] 362 35109
MnC 0.395 376
FeC 0.392 380
CoC 0.393 359
NiC 0.399 311
ScN 0.437 0.44502] 0.450(28! 202 182440028
TiN 0.415 0.432[9] 0.424[29] 296 304l°] 320[31]
VN 0.405 0.41919 0.414129] 330 338l°]
CrN 0.398 0.409!9! 0.416132] 368 361!°]
MnN 0.395 373
FeN 0.393 368
CoN 0.393 362
NiN 0.399 309

It can be also noted from Table 1 that, for the
same element, By of TMC and TMN are larger than
It should be caused by

the presence of C and N. There are only metal-metal

those of the pure metals.
bonds in the pure metals. But except metal-metal
bonds, the presence of nonmetal atoms (C and N) in-
troduces a different kind of bonding between metal

and nonmetal atoms. Figure 2 shows us the partial

DOS of FeC and MnN. Figure 2(a) is the DOS of FeC
and Fig.2(b) is the DOS of MnN. It can be noted
from Fig.2 that there are hybridized nonmetal p-metal
d states between metal and nonmetal atoms. These
hybridized p-d states mainly locate in the bonding re-
gion and cause By of TMC and TMN larger than the

corresponding pure metals.
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Fig.1. The DOS of transition metals and their carbides and nitrides.
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(a) for fcc transition metals, (b) for bec

transition metals, (c) for transition metal carbides and (d) for transition metal nitrides. The vertical lines in the

figures denote the Fermi energy levels.

The arrows in the figures point to the valleys and indicate the transition

from bonding to anti-bonding states. Note: 1Hartree=2Rydberg=27.2eV.
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Fig.2. The partial DOS of Fec and MnN. (a) is for the FeC and (b) is for MnN. The vertical lines denote the

Fermi energy levels. The arrows in the figures point to the valleys and indicate the transition from bonding

to anti-bonding states.

The valence charge densities of TM and their car-

metal atoms in the solids are shown in Fig.3. Fig-

bides and nitrides are also calculated. The valence

charge density distributions between the two nearest

ure 3(a) is for the fcc TM, 3(b) for the bece TM,
for TMC and 3(d) for TMN. All the distances be-

3(c)
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tween the two nearest metal atoms are normalized to
1 in Fig.3. It can be noted that the value of the va-
lence charge density at the centre of the metal-metal

bonding (pmid) increases from the beginning when the

0.10 0.075
2
'@
=1
[
el
£ W

n,

2 0.054 s
Qo
® v
Q
=] -
% Ti
> J} Sc

0.00 - T T ' 0.050 1

0.0 0.5 1.0 1/3 2/3
(a)
0.06 7

2
‘@
=1
Q
T 0.051 e
[
o0 CrC
E Ve
3} CoC
© TiC
g
% S NiC
>

0.00 T !\ 0.03 J

0.0 0.5 1.0 1/3 2/3

(¢)

number of valence d electrons increases. And this
value will reach the maximum and then decrease when
the number of valence d electrons keeps on increasing.

This trend is almost the same as the trend of Bj.
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Fig.3. The valence charge density distribution between the two nearest metal atoms. (a) for fcc transition metals,
along [110] direction; (b) for bcc transition metals, along [111] direction; (c) for transition metal carbides, along
[110] direction; and (d) for transition metal nitrides, along [110] direction. The z axis corresponds to the distance

between the two nearest metal atoms and all these distances are normalized to 1. The y axis corresponds to the

valence charge density, in unit electrons/Bohr3.

The correlation between By and the charge den-
sity is shown in Fig.4. The plots of By and ppiq for
the four sorts of solids are linear with high correla-
For the first four metals, bcc TM
have larger By than fcc TM except that By of bcc

and fcc Ti are almost the same. And then the trend

tion coefficients.

reverses. There are only metal-metal bonds in the
fcc and bee TM. The higher p,,;q indicates the more
bonding states and the less anti-bonding states are oc-
cupied. The value of p,;q reflects the strength of the
metal-metal bonds. pniq of the later four fcc metals
are higher than those of the bce metals, and so they
are stiffer than the corresponding bcc metals. pniq of
the becec V and Cr are higher than the fcc V and Cr
respectively, and as a result By are larger than the fcc
V and Cr. ppiq of the bee and fce Ti are nearly the
same and pp;q of the bee Ti is a bit lower than the fcc
Ti. And this tiny difference still affects Bg of Ti. By of
bee Tiis 111GPa and Bg of fce Ti is 112GPa. Sc is an

exception that fcc structure has higher pp;q but with

lower By. It should be given further consideration.

There are two types of bonds in the TMC
and TMN-—metal-nonmetal bonds and metal-metal
bonds. The additional metal-nonmetal bonds lead By
of the TMC and TMN larger than the corresponding
pure metals. And because of the electronegativities
of C and N, more electrons are attracted around non-
metal atoms and pp,jq of the TMC and TMN are lower
than those of the corresponding pure metals. Since the
electronegativity of N is larger than C, then its ability
of attracting electrons is higher than C and as a result
Pmid of TMN is lower than TMC for the same metal
element.

The metal-nonmetal bonds in TMC and TMN are
dominated by the hybridized p—d states. The metal d
states have small overlap with the nonmetal p states

and contribute more to the metal-metal bonds.!8! For
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Fig.4. The correlation between the bulk modulus

(Bo) and valence charge density. ppmiq is the valence
charge density at the midpoint between the two near-
est metal atoms, in unit electrons/Bohr®. ppiq and
Bg tend to be proportional. r is the correlation coef-

ficient.
each of the four sorts of solids in this paper, the oc-
cupation of the bonding and anti-bonding states is
related to ppia. When the number of the valence d
electrons increases from the beginning, the bonding
states are occupied firstly. The more bonding states
are occupied, the more valence charges are accumu-
lated at the centre of the metal-metal bonds. So pniq

and By increase. When the bonding states are satu-

rated, pmiqa and By reach their maximums. The occu-
pation of the anti-bonding states will cause decrease of
Pmid and the bulk modulus. It can be noted obviously
from Fig.4 that the bulk modulus and p,,;q tend to be
proportional. We can choose pniq as the parameter
to scale the strength of the solids in which there are

metal-metal bonds.
4. Summary

A series of first principles calculations for the elec-
tronic properties and By of the fcc and bec TM and
their carbides and nitrides have been carried out. The
variation of By of these four sorts of solids with the
number of valence d electrons is related to the occu-
pation of the bonding and anti-bonding states. The
more valence d electrons, the more bonding states are
occupied and the larger By is for each of the four sorts
of solids. Bg reaches the maximum when the bond-
ing states are saturated. The anti-bonding states will
be occupied when the number of the valence d elec-
trons keeps on increasing. By will decrease as a result.
The valence charge density at the centre of the metal—
metal bonds tends to be proportional to By for each

of the four sorts of solids.
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