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A systematic study of the zinc-blende-type 4d-transition-metal nitrides, which still need to be synthesized, is
carried out by means of spin-polarized first-principles full-potential-linearized-augmented-plane- wave calcula-
tions using the local spin density approximation. In particular, lattice constants, bulk moduli, band structures
and density of states are reported, and trends are discussed.
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. INTRODUCTION IIl. METHOD OF CALCULATION

We carry out self-consistent, first-principles, spin-polarize:
N _calculations using the full-potential linear augmented plan
Many compounds of the transition elements have certaifyave method within the local-spin-density functional formal-
properties which are not possessed by other compounds, dign [6] in the LSDA approach. In particular we use the FP
to the presence of the partially-filled shells of the d electrons in Apw method as implemented in the Wien2k code [7]. W
the transition-element ions. Because of interesting magnetigave included scalar-relativistic effects for all valence state
superconducting, mechanical, and structural properties, theyncluding the TM-4d states). Core states are calculated full
are materials of fundamental importance for magnetic storaggs|ativistically, retaining only the spherical part of the poten:
devices, superconductors and in the semiconductor industiyy|. The effects of exchange-correlation are treated within th
[1, 2]. Several authors have presented results of electroniggcg| spin-density approximation using the Ceperley-Alde
structure calculations for 4d-transition-metal-nitrides (TMN) gatg [8] for the electron gas exchange term and their pararr
from different view points [2-5]. Theoretically, the cohesive trjzation by Perdew and Wang [9]. The valence part is treate
properties of NaCl-type structure nitrides of the 4d-transitionyith the potential expanded into spherical harmonics up t
metals have been performed by Geétal. [2] with use of the  |=6. The valence wave functions inside the spheres are ¢
augmented-spherical-wave method. Their emphasis is on thganded up to 1=10. In all cases we use an APW-+lo orbitz
contribution of the various electron states to the bonding prop10, 11] type basis with additional local orbitals for the TM
erties. Papaconstantopoulesal. [3] studied the electronic 45 and 4p semi-core states. The muffin-tin radii, k-point se
properties of VN, NbN, TaN, CrN, MoN, and WN. Guillermet and plane-wave cutoffs, K for the 4d-transition-metal ni-
et al. [4] have investigated the electronic, cohesive, and thertriges studied are listed in Table | along with the calculated la
modynamic properties of 3d-and 4d-transition-metal monotice constants and bulk moduli. We used a zinc-blende stru
carbides and mononitrides in the NaCl structure. Recentlyyre (space group43m) with two atoms in the primitive unit
Stampftet al. [5] investigated the bulk electronic and phys- ce|l to simulate the binary compounds. Self-consistency w:
ical properties of the early 4d-transition-metal mononitridesgchieved by demanding the convergence of both the total e

(YN, ZrN, NbN) also in the NaCl structure. They reported, ergy and the eigenvalues to be smaller thanﬁjé)\/_
in particular, lattice constants, bulk moduli, heats of forma-

tion, and cohesive energies as well as bulk band structures

and densities of states,. and discussed trends. We emphasize . RESULTS AND DISCUSSION
that all of these theoretical calculations have been done only
for NaCl-type 4d-transition-metal nitrides. In this paper we s ) o
carry out first-principles spin-polarized band calculations for  1he equilibrium lattice constants and the bulk moduli, liste
the whole series of 4d-transition-metal nitrides in the zinc-iN Table I for the 4d-transition-metal nitrides, were obtaine
blende phase in order to understand or predict systematicalRy Performing total energy calculations for the two-atom unit
their electronic and structural properties. As it has become in¢€"- o ) )
creasingly commonplace to prepare compounds in structures The equilibrium lattice constants and the bulk moduli of
which are not the most stable ones, we find it to be worthy tghose compounds were estimated as follows. First, we ce
investigate these materials, which have not yet been fabricate@lated the total energy for several discrete values of the u
in the laboratory. This paper is organized as follows; section Ic€ll volume, and then the calculated energies were fitted to t
describes the method of calculation and the approximationdylurnaghan equation of states [12]. In Fig. 1 we display th
section 1l shows partial results and discussions of the elecequilibrium lattice constants and the bulk moduli, where tw
tronic structure, and in section IV contains our conclusions. trends can be noted.
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TABLE I: Lattice constant, & and bulk modulus B for all 4d-
transition-metal nitrides in the zinc-blende structure. Also listed ar
the plane wave cutoffs Kax and the muffin-tin radii k1. The num-

471

12 (TM-4d), andr$; (N-2p + TM-4d), at the™ point. It can

ebe seen that all the materials are metallic in the ZB structul

except YN, for which the band structure indicates that thi

ber of k-points used in the irreducible part of the Brillouin zone is 72 Material is insulating.

in all cases.

Syst

Kmax R (bohr)

ao (A) B(GPa)

YN
ZrN
NbN
MoN
TcN
RuN
RhN
PdN
AgN

4.62
4.85
4.48
5.58
5.53
5.56
5.51
5.52

2.00(Y), 1.68 (N)
1.94 (2r), 1.64 (N)
2.10 (Nb), 1.74 (N)
1.70 (Mo), 1.42 (N)
1.70 (Tc), 1.42 (N)
1.70 (Ru), 1.42 (N)
1.70 (Rh), 1.42 (N)
1.70 (Pd), 1.42 (N)

5.19
4.90
4.70
4.58
4.50
4.47
4.51
4.62

4.96 1.90 (Ag), 1.60 (N) 4.79

126.19
202.10
260.37
290.17
310.30
307.32
267.85
217.18
149.57
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FIG. 1. The equilibrium lattice constants (a) and bulk moduli (b) of

T T T T T T T T T
YN ZrN NbNMoN TcN RuN RhN PdN AgN

zinc-blende-type-structure 4d-transiton-metal nitrides.

We start by analyzing the trends displayed by the 4d atom
orbitals which originate from the transition-metals. The 4«
atomic states are split into tHg, andl 15 representations at
theTl point. As the atomic number of the TM increases, the
characteristic band separations and widths change as show
and Figure 3. grefers to the energy gap between the lowe
bandsy andr Y, E3, betweer ™} andl1,, and B, between
M2 andl§s. E(Ys-T1) refers to the energy difference be-
tween thel'y; and Iy levels at thel” point; E(12>-T}5) and
E("$s-T12) have analogous meanings. These enegy gaps ¢
direct and occur always at the X point of the Brillouin zone
The trends, which can be observed from Table Il and Figul
3, are the following: (i) The energy gapé,l:‘decreases slowly
along the series while the energy gar@d:écreases steadily
from ZrN and E has a maximum for NbN and a minimum
for RhN. (ii) The energy difference at the point, E(5-
1) decreases slowly along the series, whil& &{12) in-
creases and E(,-'}) decreases. (iii) The bandwidths$} ;
andAr 12 have both a maximum for MoN.

First, in Fig. 1 (a) it can be seen that the lattice constant
decreases rapidly at the beginning of the series reaching the
minimum value for RuN, and increases to the end of the se-
ries. Second, in Fig 1(b) it can be seen that the bulk modu-
lus has just the opposite behavior as the lattice constant. The
bulk modulus reaches a maximum for TcN, for which the lat-
tice constant is close to the minimum value. It is interest-
ing to note that we have obtained larger lattice constants for
ZB-tpye than those reported for NaCl-type TMNs [1-5]. This
result seems reasonable because in ZB-type the N atoms are
located at the tetrahedral site of the face-centered cubic struc-
ture of the transition-metal atoms, and this site is rather closer
to neighboring transition-metal atoms as compared to the oc-
tahedral site of the N atoms in the NaCl-type structure. The
calculated band structures, at the equilibrium lattice constants,
are depicted in Fig. 2, which are drawn along symmetry di-
rections in the first Brillouin zone. Firstly we observe that al-
though the calculations were carried out in the spin-polarized
mode, no effective polarization of the states occurred at th

originated from atomic statds (N-2s),I'}5 (N-2p + TM-4d),
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I . - G. 2. Band structure for zinc-blende 4d-transiton-metal nitrides ¢
equilibrium distances. The band structures exhibit the levelghe | DA minimum. The horizontal line denotes the position of the

Fermi energy.
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FIG. 3. Characteristic band separations and band widths (see Table
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mainly from N-2s states; (ii) the region at the bottom of the va
lence band complex, originating from TM-5s and N-2p state:
(iii) the region at the top of the valence band complex. This re
gion, except for YN, is cut by E and is mainly due to TM-4d
states mixed with some N-p states; (iv) the energy region ju
above E dominated by unoccupied 4d-transition metal state:
It can be seen that the total valence band width increases w
the increasing of the atomic number. Moreover, along th
series, the d-character of the valence band increases steal
with the increasing of the atomic number. In Fig. 5 we shov
the behavior of the Fermi-level density of states NYEand
also of the Stoner enhancement, 8s calculated considering
the Stoner parametef+0.47 eV, constant along the series [3].

YN ZrN NbN MoN TeN RuN RhN PdN AgN
T T T T T T T T T 2.4

[
1.2 4 N(EF) 22
7978’: -
1.0 4
- 4 2.0
= 0.8 /
- -

Il and text.) E . . o
=S ] —— ot
. o . = J ./ o/(b)- 18
In order to obtain a deeper insight into the changes in elec- o - .
tronic band composition we give the total and partial density = 2] / e 14
of states for all 4d-transition-metal nitrides in Fig. 4. 4 S i
0.0 - 1
@/
4 0.2 - T T T T T T T T 1.0
3] YN total YN Y-4d YN N-2p YN ZrN NbN MoN TcN RuN RhN PdN AgN
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I . N
3] ZN total ZN Zr-4d ZN N-2p
2
; }l /N b . .
A o | o Nodd | o oo FIG. 5. The density of states Nfft at the Fermi energy, and the
=2 Stoner enhancementS
) LA b 2
S 3{MoN total | MoN Mo-4d | MoN N-2p . L.
g ﬂ A A Aside MoN, these nitrides show moderate enhancemer
% 4= N L 5 ” and the paramagnetic state is predicted to be the stable one
-— c total cl Te-4d TeN - .
LR ’ the whole series.
S 8RN total | RuN Ru4d | RuN N-2p
n 2
o 1 Ao N IV. CONCLUSIONS
2R ETY total | RAN Rh-4d | RhN N-2p
a2 . . .
! A /\ N S This work reports partial results of a systematic stud
8P ol | PN Pa-dd | PaN N2 on the electronic and structural properties of zinc-blende
! A N AM type 4d-transition-metal nitrides using spin-polarized first
) ot ol | AGN Agad | AN N2p principles full potential linearized augmented plane wave (FF
! LAPW) calculations within the local spin density approxima-
B0 A8 10 B0 5 0 s 0 S0 5 0 s 0 s 0 s 0 tion (LSDA). The calculations show that all the materials ar
Energy (eV) Energy (eV) Energy (eV)

metallic except for YN, for which the band structure indi-

FIG. 4. Total and partial density of states for the zinc-blende 4d-Cates that this material is insulating. We observe that whe
transiton-metal nitrides at the LDA minimum. The vertical line de- the lattice constant decreases, the bulk modulus increases

notes the position of the Fermi energy.

The DOS features for all systems show close similarity.

e., when going to the center of the series the material becon
harder. The paramagnetic state is predicted to be the stal
one for the whole series.

From the DOS features we see that the N-p states hybridize
strongly with the TM-4d states. The DOS for all systems lies
mainly in four energy regions: (i) the lowest region stemming This work was supported by the Brazilian agencies CNP
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and FAPEMIG. The authors also are grateful to CENAPAD- MG-CO for computational support.
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