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Abstract 
  

     The ab initio restricted Hartree-Fock method is used to simulate the electronic structure of cubic 

boron nitride (c-BN) nanocrystals (NCs) with sizes ranging up to about 1.5 nm in diameter. The 

calculations are divided into two parts, surface and core. The oxygenated (001)-(1×1) facet that 

expands with larger sizes of nanocrystals is investigated to determine the rule of the surface in 

nanocrystals electronic structure. Results show that lattice constant and ionicity of the core part show 

decreasing order as nanocrystals grow up in size. The smallest investigated nanocrystal is 1.35% larger 

in lattice constant and 14.9% larger in ionicity than the converged value of largest investigated 

nanocrystal. Increasing nanocrystals size also resulted in an increase of core cohesive energy (absolute 

value), decrease of core energy gap, and increase of core valence bandwidth. The surface states are 

found mostly non-degenerated because of the effect of surface discontinuity and oxygen atoms. 

Valence bandwidth is wider on the surface due to splitting and oxygen atoms.  

The method also shows fluctuations in the converged energy gap, valence bandwidth and 

cohesive energy of core part of nanocrystals duo to shape variation. The present work suggests the 

addition of ionicity and lattice constant to the quantities that are affected by quantum confinement 

phenomenon. The present model has threefold results; it can be used to approach the electronic 

structure of crystals bulk, surface, and nanocrystals.  

 

 الخلاصة 
ادوسو ةتتم  ادتةل تتم ومقةتتا اد تت ق  فتت ل دترسةتتس  ادمقةةتتت اندةمق وتت  د  تت ق   -استتملت ط يقة تتم ادت تتساس ا سسستتةم ادترتتاا  د تتسقمق         

(  ادتت   ةم ستت  1x1 -(5001 قستتتط ادرستتس سط  دت  نتتماةة  طتتتس ادستتيق  اد  تتت5  قتا اقد اد نتت  ادت ةستتا  .nm15  يتق ةلتتل  دتت  
د   تت   مةسا  رنم اد   ق  ادوسو ةم دمراةا ا ق ادسيق ف  ادمقةةت اندةمق و  د    قاط ادوسو ةم5 أظ تقط ادومتساا ا  بس تط ادكت ةةم  ا ة وةتم

%  ادمأةوةتم اة تق  ت تااق .155ص  مةسا  رنم اد   قاط ادوسو ةم5 ا  بس ط ادكت ةةم د   ت ق  ادوسو ةتم ا لتيق قةتا اداقاستم اة تق  ت تااق مموسق
% ت  قةت تس ف  اد   ق  ادوسو ةم ا ة ق5  ةوط ادومساا أةضس ا  مةسا  رنتم اد  ت ق  ادوسو ةتم فت  اد  تت ةت ا   دت  مةتسا  يسقتم ادمتقا ي 1459
فنتت   اديسقتتم    مةتتسا  متتقل رمتتتم ادمةتتسف 5  د تتا  ةوتتط ادومتتساا أ  رتتساط ادستتيق مةتت   ق ة تتم ادمر تتل قةسستتس موتتسقص د ةتتتم ادتي  تتم(    ا

  سد  ت  س ت مام اسمتقاقةم ادسيق   ن ا  قاط ا  ةسنة 5 
   تت  ومةنتم دميةتقاط كتةل اد  ت ق 5 ادلتتل أظ قط اديقة م م   سط ف  م سقت فن   اديسقتم  متقل رمتتم ادمةتسف   يسقتم ادمتقا ي د         

بتتتت    ادوتتتتت  ح ادرتتتسد  دتتتت ادرتتتسد  ة متتتتق   ضتتتسفم ا ة وةتتتتم  بس تتتتط ادكتتت ةةم د ةتةتتتتسط ادمتتتت  ممتتتأبق  ظتتتتسطق  ادرلتتتتق  ادم ةةتتتا( ادةتتتتت 5 ا  
 ادوسو ةم5 سملتل د رل ل م   ادمقةةت اندةمق و  د تسا  ادل  م   د سيق   د    قاطةةتة  ا    ؛ ف اسملتساط

 

1   Introduction                                                            
 

Boron nitride is a material that has attracted continuous interest for more than 

three decades. Like carbon, boron nitride forms a variety of atomic structures of 

which the hexagonal and the cubic phase, in particular, have been the subject of 

extensive theoretical and experimental work [Hang-Sheng et al., 2010; 
Khavryuchenko et al., 2010; and Zhao and Wang, 2009]. 
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Cubic boron nitride (c-BN) is an indirect, wide-gap semiconductor. The 

minimum of the conduction band is located at the X point of the Brillouin zone. The 

top of the valence band has the structure common to all zinc-blende semiconductors 

[Martienssen and Warlimont, 2005].The cubic phase of boron nitride (c-BN), has a 

zinc-blende (zb) lattice structure with sp
3
-hybridised B-N bonds [Mãrlid, 2001].  

In recent years, more and more attention [McCarson, 1998] has been paid to 

the use of c-BN based field emitters as an electron source of a highly reliable 

performance because c-BN has superior properties such as negative electron affinity, 

chemical inertness, mechanical hardness, high melting point and exhibiting a wide 

band gap with the possibility of bipolar doping. Moreover, field emission experiments 

on flat type c-BN [2] have shown that considerable emission currents are attainable. It 

is a material combining an excellent corrosion resistance and chemical inertness with 

ultrahardness. Obviously, it makes c-BN attractive for a broad field of applications 

like tribological and anti-corrosion coatings or as a starting material for high-

temperature and high-power electronic devices. 

The theoretical work of the last decade, usually performing highly 

sophisticated first-principal self-consistent (SCF) calculations within the Hartree-Fock 

and the local density functional theory was mainly limited to calculations of ground 

state properties of the crystalline phases and electronic band structures. Due to their 

high computational costs, these calculations are restricted to small periodic super 

cells. However, the simulation of dynamical structure formation processes requires 

including hundreds of atoms in the calculation. Therefore, approximate schemes such 

as semiempirical Hartree-Fock or tight-binding schemes became important. These 

methods combine high numerical efficiency with transferability and accuracy 

comparable to that of SCF methods.  

The present work addresses large NCs that have the size range of 216 total 

atoms. These atoms are divided between core and surface. The present lower limit (of 

atoms) is chosen since it provides the first occurrence of idle core part (nearly ideal zb 

structure) that is far from surface reconstruction by more than three surface layers.  

In the present work, we study the electronic structure and physical properties 

of c-BN NCs core and surface part with different sizes by using an ab initio restricted 

Hartree-Fock (RHF) method coupled with large unit cell method (LUC-RHF). LUC 

method was formulated and used before for several kinds of bulk materials including 

diamond and zb structured materials [Harker and Larkins, 1979; Abdulsattar and Al-

Bayati, 2007]. 

 

2   Computational details   
 

Ab initio self-consistent Hartree-Fock (RHF) is used to obtain c-BN NCs 

molecular orbitals. Correlation corrections are neglected in the present calculations 

relying on Koopmans theorem [Hehre et al., 1986]. Simple STO-3G basis is used in 

the present work to reach higher number of core and surface atoms.  

This method uses (k= 0) approximation, that is one point in the wave vector 

space. The LUC method is one kind of supercell methods with the above k = 0 

restriction. In this method, instead of adding more k points, the single central cell is 

expanded to contain more atoms, which are now called core atoms in the present 

work. The LUC method was first suggested and applied to covalent semiconductors in 

the 1970s [Dobrotvorskii and Evarestov, 1974]. The method was found suitable for 

NCs calculations because the k = 0 approximation retains only one central cluster of 

atoms surrounded by other atoms to passivate the outer dangling bonds. The method 
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is used to simulate parts of specific symmetry in the NCs (core and surface) in the 

same way it is used for bulk materials. 

We used 3D PBC (Periodic Boundary Condition) method in GUSSIAN 03 

code [Frisch et al., 2003] to calculate ab initio restricted Hartree-Fock electronic 

structure of c-BN NCs internal core. The 2D PBC calculations are used to simulate 

oxygenated (001)-(1×1) surface.  

In the present work, we divided the work into two parts, core and surface 

which is the traditional method used in microscopic-size solid-state calculations. In 

LUC core part only the lattice constant is optimized, at the surface part all bond 

lengths and lattice constant still need to be optimized because of surface 

reconstruction. The (001) chosen surfaces are terminated by oxygen atoms to 

passivated dangling bonds. The width of surface part is set to one conventional lattice 

that is deduced from BN surface bonds calculations. The oxygenated (001)-(1×1) BN 

surface in the oxygen double bonding configuration is investigated to obtain the total 

electronic structure of the BN NCs with (001)-(1×1) facets. The oxygenated (001)-

(1×1) BN surface is chosen since it is one of the least reconstructed surfaces. Unlike 

the core part, the bond lengths and lattice constant are not unique and a variation of 

geometrical parameters is needed. Normally surface effects do not penetrate more 

than four layers (one lattice constant) from the crystal surface [Kittel, 1976]. On the 

other hand, short-range sp
3
 bonds do not require more than fourth neighbor’s 

interaction range to conduct electronic structure calculations successfully using 

molecular orbital methods. The upper two identical conditions are applied in the 

present calculations.   

Two kinds of core LUCs are investigated, namely cubic and parallelepiped 

cells. The cubic cells are multiples of zb structure Bravais unit cells, while the 

parallelepiped cells are multiples of primitive zb structure unit cells. Cubic core cells 

include 8, 64, and 216 atoms. Parallelepiped cells include 16, 54, and 128 atoms. 

 

 
 

3   Calculations and results 
  
 

    In this section, we present the calculated band structures of BN NCs. Figure 1 

shows the total energy for BN NCs as a function of lattice constant for 8 core atoms, 

from which we obtained the equilibrium lattice constant. Figure 2 shows the variation 

of the lattice constant of BN NCs core as a function of number of core atoms. This 

figure is obtained after minimizing the energy lattice curve of every investigated 

number of core atoms. From this figure we see that the lattice constant for the core 

part of the crystal decrease with increasing number of atoms, the lattice constant for 

BN NCs shows decreasing values from 0.371 nm for 8 atoms to 0.366 nm for 64 

atoms LUC, then the lattice constant tends to be constant for LUC of atoms number 

greater than 64. The present lattice constant of 8 atom large unit cell (0.366 nm) is 

approximately 1.1% larger than the experimental value (0.362 nm) reported by Mujica 

for bulk [Mujica et al., 2003]. The optimization shows that the smallest investigated 

nanocrystal core (8 atoms) has a lattice constant that is nearly 1.35% larger than the 

converging lattice constant value for larger nanocrystals for BN NCs. 
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Figure (1): Total energy of 8 BN core atoms as a function of lattice constant. 

 

 
 

 

 
 

Figure (2): Energetically optimized BN core lattice constant as a function of 

the number of atoms in the core. 
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        The bulk modulus (B) has been calculated from Cohen’s theory [Kaxiras, 2003]: 

 

  
  
 

(         )

    
          (   )                                               ( ) 

 

where NC is the coordination number (= 4),   is s a dimensionless number which 

describes the ionicity: (= 0, 1 and 2 for IV, III-V and II-VI groups respectively) 

[Zheng, 1999],   is the first-neighbor distance in Å, i.e., the interatomic distance, for 

the zb structure we have [Adachi, 2009]: 

 

  
√ 

 
                                                                                        ( )    

 

Bulk modulus of BN nanocrystal as a function of number of atoms in the core is 

shown in Figure (3). This Figure shows that the bulk modulus increases with the 

number of atoms in the core. This relation can be simply attributed to the fact that the 

lattice constant for the core part of the crystal decrease with increasing number of 

atoms, the latter equation means that the decrease in lattice constant entails a decrease 

in interatomic distance (d) which leads to increasing in the bulk modulus according to 

equation (1). We note that the bulk modulus for BN nanocrystal of 349.5GPa smaller 

than the experimental results of 369 GPa [Kulisch, 1999] of the bulk taking into 

consideration that Hartree-Fock theory always overestimates bulk modules values 

[Jappor et al, 2012]. 

 

 
 

Figure (3): Bulk modulus as a function of the number of core atoms for BN NCs. 
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properties of the semiconductors are significantly modified. Due to the quantum 

confinement effect, the energy band gap of nanocrystals decreases with increasing the 

size of the quantum structure [Bruno et al., 2005]. Figure (4) shows the band gap of 

nanocrystalline c-BN NCs changing with the change in the number of core atoms, it 

can be seen that the change in the bandgap is distinct as the number of core atoms is 

larger than 64 atoms. This changing is associated with fluctuations depending on the 

geometry of the nanocrystal core. Figure (4) shows that the size of the cell has 

pronounced effect on the electronic structure of the core of nanocrystals in the large 

number of atoms, whereas the effect of size is less pronounced in the case of small 

LUC size (8, 16, and 54 atoms) this is also found in [Chelikowsky and Saad, 2004]. 

The energy gap of 8 atoms large unit cell 6.77eV is in good agreement with the 

experimentally reported energy gap (6.1-6.6 eV) for bulk c-BN [Kulisch 1999] and 

within the trends of nanocrystals blue shift [Shimazaki and Asai, 2010]. At the SCF 

level, Koopmans’ theorem holds, and the task of determining the band energies and 

energy gap can be reduced to finding the one-electron energies of the respective Bloch 

states. It is well known that SCF (HF) calculations tend to overestimate the energy 

gap, giving too low an energy for the top of the upper valence band and too high an 

energy of the conduction band bottom. The reason for this is that HF theory optimizes 

a wavefunction. SO, to determine the same property using a wavefunction, we need to 

know the correct quantum mechanical operator. HF orbitals, experience varying 

potentials, and, in particular, HF virtual orbitals experience the potential that would be 

felt by an extra electron being added to the molecule. As a result, HF virtual orbitals 

tend to be too high in energy and anomalously diffuse. This fact is especially 

important for crystalline solids and explains why HF band gaps are overestimated 

compared to those in experiment and other ab initio methods .This convergence is 

associated with fluctuations depending on the geometry of the nanocrystal core. 
 
 

 

 

Figure (4): Energy gap of the core part of BN nanocrystals as a function of the 

number of core atoms. 
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The cohesive energies (Figure (5)) of BN NCs have a high value in comparison with 

the experimental value of (13.2 eV) [Wentzcovitch et al., 1986].  

These values of cohesive energy belong not to the nanocrystals as a whole but 

to the core only since the surface consists of two kinds of atoms and when the 

researcher add the surface effect we expect that the cohesive energy will be reduced to 

the experimental value and this is not done in the present work since it takes very long 

time and a lot of memory out of the disk space.  

In present work, we calculated valence bandwidth which is the difference 

between the highest occupied molecular orbital (HOMO) and lowest unoccupied 

molecular orbital (LUMO). The valence bandwidth as a function of number of atoms 

for BN nanocrystal core part is shown in Figure (6). One can see from the figure that 

this band generally increases with increasing number of atoms and become nearly 

stable at the 64 core atoms. The valence bandwidths of 8 atoms are calculated to be 

20.13 eV for BN NCs. The valence bandwidths are in good agreement with that of the 

bulk (20.6 eV) [Jayawardane, 2001].   

        At the HF level, Koopmans’ theorem suggests that the energy of the HOMO is a 

good approximation to the negative experimental ionization potential. Similarly, it 

suggests that the electron affinity for a Ne-electron system is equal to the negative of 

the LUMO energy [Sque et al., 2006], assuming that the orbitals do not relax. Figure 

(7) shows the variation of HOMO and LUMO as the core of nanocrystals grows up in 

size and changes its shape. This curve fluctuates strongly because of the change in 

size and shape that produces different surfaces with different properties. Not all 

quantities have definite convergence behaviour similar to the upper investigated 

quantities.  

 

 
 

 

Figure (5): Cohesive energy of the core part of BN NCS as a function of the 

number of core atoms. 
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Figure (6): Valence bandwidth of the core part of BN nanocrystals as a function 

of core atoms. 

 

 
 

 
 

 

Figure (7): HOMO and LUMO energies that correspond to different core sizes of 

BN nanocrystals. 
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        The ionicity charge is calculated as a function of number of atoms using 

Gaussian program as shown in Figure (8), which is shows that the ionicity charge 

decrease with increasing number of atoms for core part; smaller nanocrystals are more 

ionic than larger ones ionicity nearly converges after 64 core atoms to nearly 0.4. This 

behaviour is encountered not only for the ionicity but also for the energy gap and 

lattice constant. However, the ionic charge of boron atoms equal ionic charge of 

nitrogen atoms and the net charge equals to zero.  

 

 

Figure (8): Ionicity of the core part of BN nanocrystals as a function of the 

number of core atoms. 

 

 
 

 

Figure (9): Degeneracy of states of 8 atoms core part of BN nanocrystal as a 

function of energy levels. 
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         The degeneracy of energy level states for BN nanocrystal as a function of levels 

energy for the lowest energy lattice constant is calculated for core and surface parts. 

Figure 9 shows the degeneracy of states is 5 for 8 atoms of core part. Due to high 

symmetry, the number of degenerate states is high in the core part. The highest 

number of degenerate states in the valence band is 5 for the 8 atom core 

To investigate nanocrystals surface electronic structure, it is natural to assume 

that larger nanocrystals to have larger surfaces. Two oxygenated oxygen terminated 

(001)-(1×1) BN surface stoichiometry slabs are investigated, namely, B8O4N8, and 

B32O16N32 with two surface areas of  2
, and 4 2

, respectively.  

The average lattice constants of the two investigated stoichiometries are less 

than the corresponding core parts, but they follow the same decreasing order. The 

oxygenated (001)-(1×1) surface slab calculations of the nanocrystal converge to 

approximately the same lattice constant value of the core (0.368 nm). This good 

matching between surface and core lattice constants shows that good adhesion is 

expected between the two parts.  

The energy gap of (001)-(1×1) oxidized surface show much smaller gap than 

that of the core part. Oxidized surface gap of BN calculated using slab geometry of 

the stoichiometry B8O4N8 is 0.12 eV. This value is very near to the oxidized 

germanium surface gap 0.19 eV calculated using the same geometry [Aysa et al., 

2011], the same surface for silicon has 1.4 eV [Nama et al., 2010]. From these values 

we can conclude that the core BN part of nanocrystals is the governor of the energy 

gap value and that the oxidized surface gap does not alter final gap value. Figures 10 

represent the degeneracy of states for oxygenated (001)-(1×1) surface part of B8O4N8 

stoichiometry slab nanocrystal surface. This surface has lower number of degenerate 

states compared with core part of Figure 9. This low degeneracy is due to broken 

symmetry at the surface discontinuity. The existence of oxygen atoms leads to varying 

the bond lengths and lattice constant. 
 

 

 
 

 

 
 

Figure (10): Degeneracy of states of surface part of B8O4N8 stoichiometry slab as 

a function of energy levels. 
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Conclusions 
 

      In this paper, we studied some properties of c-BN nanocrystals. The total energy, 

lattice constant, bulk modulus, cohesive energy, energy gap, valence bandwidth, 

ionicity, and degeneracy of energy levels have been calculated by the self-consistent 

restricted Hartree–Fock method coupled with the large unit cell method (RHF-LUC). 

The lattice constant and ionicity decreases with increasing size of large unit cell for 

core and surface parts. Core and surface energy gap decreases with increasing size of 

LUC. Cohesive energy of BN nanocrystals increases (absolute value) with the 

increase of number of atoms. Valence bandwidth increases with increasing size of 

LUC for core and surface part. HOMO and LUMO energy levels show fluctuating 

behaviour. As nanocrystals grow up in size they develop different shapes and 

surfaces. Each of the developed surfaces has different properties such as the upper 

mentioned ionization potential and affinity. The valence bandwidth in surface part is 

larger than for core part caused by the existence of oxygen atoms and surface states 

splitting. The degeneracy of states of core part for all sizes of LUC is larger than the 

degeneracy of surface part. On the other hand, (001)-(1×1) oxidized surface and core 

parts have approximately the same lattice constant that reflects the good adherence of 

the oxide layer at the surface. The present work, in addition to previous LUC results, 

suggests the inclusion of lattice constant, ionicity and other properties to the quantum 

confinement affected properties that already include energy gap of nanocrystals. Some 

properties, such as ionization potential and affinity, continue to fluctuates from nano-

scale to micro-scale because they are the kernels of different shapes and surfaces of 

ordinary size crystals. 
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