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Abstract:The realistic ZrN nanostructures namely ZrN nanocube-4, nanocube-6, nanocube-8, nanosheet-12 and 
buckycage-10 are constructed and optimized using density functional theory utilizing B3LYP/LanL2DZ basis 
set. ZrN nanostructures stability is studied using calculated energy, binding energy and vibrational studies. The 
dipole moment and point symmetry are discussed. The electronic properties of ZrN nanostructures are invoked 
with HOMO-LUMO gap, ionization potential and electron affinity. The embedding energy gives the insight to 
incorporate the foreign atom in the nanostructure. The stability and electronic properties of nanostructures leads 
to tailor new materials of ZrN with enhanced properties. 
Keywords: Zirconium nitride, nanostructures, electronic properties, HOMO-LUMO, embedding energy. 
 

 
 
Introduction 

Zirconium nitride (ZrN) exhibit sodium chloride crystal structure, space group of ZrN is Fm3m with 
lattice parameter of 4.57 Å. ZrN possess different properties such as metallic like thermal and electronic 
conduction, which seems to be similar to most ceramics, it exhibits very hard and brittle nature [1, 2]. In its 
structure zirconium occupies face centered cubic (FCC) lattice with nitrogen in the octahedral interstices, 
forming its own FCC sublattice. The presence of nitrogen atom with different stoichiometry gives rise to altered 
physical properties [1]. ZrN shows interesting optical, electrical and structural properties which are related with 
nitrogen stoichiometry. ZrN shows material transition from stable metallic ZrN to metastable semi- transparent 
insulating Zr3N4 [3]. The transition metal nitrides find its potential applications in refractory material [4], hard 
coating for cutting tools [5] and Josephson junction in electronics [6]. ZrN nanoparticles are synthesized by ball 
milling process [7] and benzene-thermal method [8]. Due to the mechanical properties, ZrN has much attention 
in hard coatings, coatings for improved corrosion resistance and diffusion barriers in microelectronic devices 
[9-11]. 

 The motivation behind the work is tailoring the proper structure of ZrN leads to improved structural 
stability and electronic properties of ZrN nanostructures. With this as motivation, the literature survey was 
conducted and from the survey it is inferred that most of the reported work deals with the synthesis and 
characterization of ZrN. In the present work, realistic nanostructures of ZrN are constructed and optimized 
using density functional theory (DFT) [12 ]. DFT is a better approach to optimize the nanostructures of ZrN 
precisely to fine-tune its properties.  

 
http://sphinxsai.com/framesphinxsaichemtech.htm 



R. Chandiramouli et al /Int.J. ChemTech Res.2014,6(1),pp 21-30,                                                               22            
 

 

Computational Details 

 The nanostructures of ZrN are completely optimized using NWChem package [13].Density functional 
theory is a better choice to compute the ground states of atoms in the nanostructures that is based on the 
electron density functionals. The DFT is implemented by Becke’s three- parameter hybrid function (B3LYP) 
with LanL2DZ basic set [14-18]. LanL2DZ basic set is preferred basis set since it is applicable for the elements 
such as H, Li-La and Hf-Bi gives the best results with the pseudo potential approximation [19 ]. Since 
zirconium has an atomic number of 40 and nitrogen has the atomic number of 7, LanL2DZ is a suitable basis set 
to optimize the nanostructures. In the present work, different nanostructure of ZrN are simulated and optimized 
successfully by using NWChem package with LanL2DZ basic set. 

 

Results And Discussion 

Structures of  ZrN  

 The present work mainly concerns with calculated energy, dipole moment, HOMO-LOMO gap, 
ionization potential (IP), electron affinity (EA), binding energy, embedding energy and vibrational studies of 
ZrN nanostructures. Five different structures of ZrN are constructed and studied namely, ZrN nanocube-4, ZrN 
nanocube-6, ZrN nanocube-8, ZrN nanosheet-12 and ZrN buckycage-10 are shown in the Figure. 1(a) – 1(e) 
respectively. In the case of ZrN nanocube-4, there are four Zr atoms and four N atoms forming a cube structure. 
Looking at the ZrN nanocube-6, six Zr atoms and six N atoms forms an extended cube structure. The structure 
of ZrN nanocube-8 has eight Zr and eight N atoms forming a cube structure. ZrN nanosheet-12 has twelve Zr 
and twelve N atoms forming a sheet like two dimensional structure. The ZrN buckycage-10 has ten Zr atoms 
and ten N atoms forming a three dimensional bucky ball like structure.  

  

Figure.1(a) Structure of  ZrN nanocube-4                Figure.1(b) Structure of ZrN nanocube-6 

 

 

 

 

 

Figure.1(c) Structure of ZrN nanocube-8 
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Figure.1(d) Structure of ZrN nanosheet-12              Figure.1(e) Structure of ZrN buckycage-10 

 

 

 

 

 

 

The calculated energy for ZrN nanocube-4 is found to be -405.46 Hartrees. For ZrN nanocube-6 it is 
calculated to be -608.27 Hartrees. The stability increases for ZrN nanocube-8 with the energy of -811.10 
Hartrees. From all the nanocube structures it implies that upon addition of atoms in the structures leads to 
increase in the stability of the structure. The same is also true for ZrN buckycage-10 which has the energy of -
1012.88 Hartrees and ZrN nanosheet-12 has energy of -1216.54 Hartrees. Initially in the premature stage; the 
stability is low and with increase in the number of atoms the stability increases. Dipole moment (DM) arises 
due to the unequal distribution of charges inside the nanostructures. The high value of dipole moment indicates 
that the charges inside the structure are not properly balanced. In nanocube structure the DM is found to be low 
and varies only between 0.23 – 0.65 Debye due to the well packed atoms in the structure. In contrast, DM for 
bucky cage-10 is more which 2.1 Debye. This structure is a 3D structure with protruding atoms inside the 
buckycage leads to high value of DM. In the case of nanosheet which is 2D structure the DM moment is more 
due to arrangement of atoms with two dimensional structure. The point group for all the structures is found to 
be C1 which infers the high order of asymmetry. Table 1 represent the Energy, Dipole moment and Point group 
of ZrN nanostructures. 

 
Table.1 Energy, Dipole moment and Point group of ZrN Nanostructures 

 

 

 

 

 

 

HOMO-LUMO gap of ZrN nanostructures 

 The electronic properties of ZrN nanostructures can be invoked with the highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) [20,21]. The HOMO-LUMO gap for ZrN 
nanocube-6 is found to be around 1.31 eV, this means to move the electron from the HOMO level to LUMO 
level requires more energy. A wide gap requires more energy and narrow gap requires less energy to move the 
electron from HOMO level to LUMO level. Interestingly, all the other structures except nanocube-6 have a 
narrow gap in the order of 0.33-0.83 eV. Looking at the density of states (DOS) spectrum which gives the 
information about the localization of charges within the energy interval indicates that the localization of charges 
in the conduction band is more compared with valence band. Near the Fermi energy (EF) the localization of 
charge is seen more which implies that small energy is sufficient to move the electrons from valence band to 
conduction which is also in agreement with the HOMO-LUMO gap. Table 2 represents the HOMO-LUMO gap 
and DOS spectrum of ZrN nanostructures.  

 
 

Structure E (Hartrees) DM (Debye) Point group 

ZrN nanocube-4 -405.46 0.23 C1 

ZrN nanocube-6 -608.27 0.65 C1 

ZrN nanocube-8 -811.10 0.45 C1 

ZrN nanosheet-12 -1216.54 1.87 C1 

ZrN buckyball-10 -1012.88 2.10 C1 
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Table. 2 HOMO, LUMO and DOS Spectrum of ZrN nanostructures.  

 
 
 
 
 
 

Sl. 
No. Structure HOMO 

(eV) 
LUMO 

(eV) 
Gap 

Eg(eV) HOMO, LUMO and DOS Spectrum 

1 
ZrN 

nanocube-4 
-3.09 -2.32 0.77 

 

2 
ZrN 

nanocube-6 
-4.19 -2.88 1.31 

 

3 
ZrN 

nanocube-8 
-3.06 -2.23 0.83 
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Ionization potential and Electron affinity of ZrN n anostructures 

 The ionization potential (IP) and electron affinity (EA) gives the perception for the electronic properties 
of ZrN nanostructures [22]. EA has more importance in the Plasma Physics and Chemistry and gas discharge. 
EA also plays an important role in chemical sensors. The IP and EA trend is found to be almost same for all the 
structures. IP and EA value is more for ZrN nanocube-6 and ZrN nanosheet-12, this arise due to the positions of 
atoms in the structures. For nanocube-4 and nanocube-8 the value is low and for bucky cage-10 the value is 
moderate. The structures with high value of EA are suitable for chemical sensors. Figure. 2 depict the IP and 
EA values of ZrN nanostructures. 

 

Binding energy and Embedding energy of ZrN nanostructures 

 The binding energy (BE) per atom of ZrN nanostructures are calculated by equation 1, 

     BE= [(n * E(Zr) +  n * E(N) – n * E(ZrN)] /n  ------------ (1) 

where E(Zr) is the energy of Zr atom, E(N) is the energy of N atom, E(ZrN) is the energy of the ZrN 
nanostructure and n is the number of atoms present in the structure. BE also provides the information about the 
stability of the structure [23, 24]. High value of BE indicates the stable structure. BE of all the structure seems 
to be almost same except bucky cage-10. The high value is due to the overlapping of orbitals between Zr and N 
atoms in the structure which leads to the stability of the structure. Figure. 3 refers the BE of ZrN nanostructures.  

4 
ZrN 

nanosheet-
12 

-3.8 -3.47 0.33 

 

5 
ZrN 

buckyball-
10 

-3.45 -2.78 0.67 
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 The embedding energy (EE) is used to study how far the foreign atoms can be incorporated in the 
structure [25]. A high value of EE infers that it requires more energy to embed foreign atom and low value of 
EE implies less energy is required to embed the substitution impurity. EE is given by equation 2 as, 

   EE= [(n * E(Zr) +  n * E(N) – n * E(ZrN)]  --------------- (2) 

Among all the structures nanocube-4 has low value of EE which is easy to include a foreign atom, in contrast, 
nanosheet-12 has high value of EE that is difficult to embed the foreign atoms in the structure. Figure. 4 
indicate the EE of ZrN nanostructures. 

 
Figure.2 Ionization potential and Electron affinity of ZrN nanostructures 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure.3 Nanostructures size vs Binding Energy. 
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Figure.4 Nanostructures size vs Embedding Energy. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Vibrational Studies of ZrN nanostructures 

 The vibrational studies provide the stability of nanostructures. The structure with no imaginary 
frequencies are said to be more stable [26]. Table. 3 represent the vibrational frequency and IR intensity of ZrN 
nanostructures. For ZrN nanocube-4, the prominent vibrational frequency is seen at 510.94 and 408.23 cm-1 
which has the IR intensity of 219.78 and 68.57 km/mole respectively. In the case of nanocube-6, the vibrational 
frequencies are observed at 665.91 and 574.30 cm-1 for IR intensity of 109.33 and 47.77 km/mole respectively. 
ZrN nanocube-8 has the vibrational frequency of 711.06 and 435.49 cm-1 with the IR intensity of 126.43 and 
113.05 km/mole is observed. In the case of nanosheet-12, IR intensity of 294.02 and 148.60 km/mole is noticed 
at the vibrational frequency of 541.8 and 546.92 cm-1 respectively. ZrN bucky cage-10 has IR intensity of 
146.02 and 87.18 km/mole for the vibrational frequency of 311.96 and 1407 cm-1 respectively. 

 

Conclusion 

 The realistic ZrN nanostructures are completely optimized using DFT utilizing B3LYP/LanL2DZ basis 
set. The stability of the ZrN nanostructures is analyzed using calculated energy, binding energy and vibrational 
studies. The electronic properties are discussed in terms of HOMO-LUMO gap, IP and EA. The stability 
depends upon the number of atoms in the structures, when the atoms in the structure increases the stability of 
the structure also increases. The dipole moment and point symmetry of nanostructures are discussed for 
different nanostructures. The embedding energy provides the information about the incorporation of foreign 
atoms in the nanostructures. The information reported in the present work will give an insight to tailor a suitable 
ZrN nanostructure with enhanced electronic properties which finds its potential applications in hard coatings 
and microelectronic devices.  
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Table.3 Vibrational Frequency and IR Intensity of ZrN nanostructures.  
 

Structure 
Vibrational 
Frequency 

Cm-1 

IR 
Intensity 
km/mole 

Mode 
assignme

nt 
IR spectrum 

510.94 219.78 

ZrN Nano 
cube-4 

408.23 68.57 

Molecular 
stretching 

 

665.91 109.83 

ZrN Nano 
cube-6 

574.30 47.77 

Molecular 
stretching 

 

711.06 126.43 

ZrN Nano 
cube-8 

435.49 113.05 

Molecular 
stretching 

 



541.8 294.02 

ZrN Nano 
sheet-12 

546.92 148.60 

Molecular 
stretching 

311.96 146.02 

ZrN 
Buckyball-10 

1407.00 87.18 

Molecular 
stretching 
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