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Abstract:

Ab initio restricted Hartree-Fock (RHF) method coupled with the large cell method (LUC)is used to simulate
relatively large tin nanocrystalls that between 216 and1000 atoms that include Bravais and primitive cell
multiples. The properties of core have been investigated. Results revealed that the electronic properties converge
to some limit as the size of the nanocrystal increases .Increasing the size of the core of ananocrystal resulted in
an increase of energy gap , and cohesive energy in agreement with previous studies .

1.Introduction

The semiconducting grey tin crystallizes in the same structure of diamond, Si and Ge which is based on
: . . rir . : L
the face-centered cubic (fcc) with the basis 000, ZZZ as in Fig. (1.1). In this figure the atomic position in the

cubic cell of the diamond structure projects on a cube face; fractions denote height above the base in units of a
cube edge.

1 1 3
The point at 0 and 5 are on the (fcc) lattice; those at — and — are on similar lattice displaced along

the body diagonal by one-fourth of its length [1].

Fig. (1.1) The atomic position in grey tin structure [1]

Thus, the conventional unit cube contains eight atoms and the grey tin crystal is shown in Fig. (1.2).
Each atom has 4 nearest neighbors [2,3].
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Fig. (1.2) Crystal structure of grey tin [1]

2.THEORY:

The chemical and physical properties of solids ,molecules and nanomaterials depend on a subtle interplay of the
spatial arrangement of the ions and the resulting distribution and density of electrons ,which provide the binding
forces of the system .the model chemistry describes a mathematical approach to solving the Schrodinger
equation for any molecule .Inchoosing the model chemistry ,one proposes a level of theory (such as aHartree-
Fock method)and abasis set (described earlier).Ab initio methods state that if one know the molecule, one should
be able to perform a complete calculation of that molecule completely from mathematical principles [4,5].

The approximation of the molecular orbital function as a linear combination of atomic orbitals is chosen as the

basis functions. So the wavefunction of the molecular system can be written in the form [6]:

where C i are the molecular orbital expansion coefficients.

y; : is the molecular orbital.
¢, :is the atomic orbital.

Substituting the linear expansion of Eq. (2-1) in the molecular orbital integrals, yields[ 7,8] :

) H =3 CLC L H

Y

where H " is the matrix of the core Hamiltonian with respect to atomic orbitals,

............. ey H,, =[6,(DH ", ()dr,

v

Similarly we may write [9,10]

28 I = D C |
e K, ="°C.C, . C,.C_(uL/vo)
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where (v / AG) is the differential overlap matrix elements [9,10]

260 (v / A0) = [[ @, (DO, (l)rid)k(Z)d)G(Z)d'cldrz

12

The total electronic energy can be written in terms of integral over atomic orbitals. By substituting the previous
expressions in the equation of the electronic energy, we obtain [9]

1 1
......... 2-7)E=> P H,, 3 > PP, [(,uv//la)—z(,ul/va)]
uv

HVAC

where PHV is the density matrix elements,

occ

................. 2y P, =2>C,.C,

The summation is over occupied orbitals only for closed shell systems which is the case in the present work.
When we applying the variational method to Eq. (2-7), we will get to Roothan Hall Equations as follows [11,
12, 13]:

(229 D (F, —€,8,,)C,, =0

where F

v is the Fock matrix [10]

................. e1F, =H, +> P, [(pw/?»c) —%(u)»/vcs))
Ao

The equations for LCAO with self-consistent field molecular orbitals; Eq. (2.43) is algebraic equation rather than
differential equation (Hartree-Fock equations). They are set forth independently by Hall and by Roothan. These

equations are solved by first assuming an initial set of linear expansion coefficients CMi , generating the density

matrix PHV and computing the first guess at F

4 » then one can calculate a new matrix of CHi . This procedure is

continued until there is no change in C“i between iterations [14, 15].

3.Resuls and Discussion:
The electronic structure properties of (o-sn) ncg, calculated according to the Gaussian program. These
properties are listed in table (3-1).
Table (3-1) The electronic structure of (a-sn) ncg,

Properties 8 atoms 16 atoms 54 atoms
0 6.5 6.45 6.3
Lattis Constant A4

K)(nm3) 0.274625 0.268336 0.25004

VBW (a.u) 0.82115 0.36404 0.28156

EG (a.u) 0.03816 0.25348 0.3117

Etotal (ev) -1298418.182 -2596833.964 -8764346.295

Ecoh (ev) -162395.2193 -324697.49 -1095636.529
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In table (3-1), it is shown that the core part has a converging fluctuating energy gap, valence band width and
cohesive energy (absolute value). These fluctuations are related to the geometry of the nanocrystal. The high
value of the band gap can be attributed to the approximations involved (the self-interaction of the electrons in the
Hartree energy is fully removed) in HF method [16].

The total energy of (a-sn)nc; is calculated from the initial guess of the wavefunction. The new wave function
gives a new value of the total energy. The calculated total energy for(a-sn) ncg, as a function of lattice constant
for the chosen number of core part atoms (8, 16, and 54) is shown in Fig. (3-1) — (3-3), respectively. The
equilibrium lattice constant is at the bottom of the total energy curve.

a(nm)

0.45 0.55 0.65 0.75 0.85
-1298404 f t t !

-1298406 -
-1298408 A

-1298410 A ®

E tot (eV)

-1298412 A

-1298414 A

-1298416 A

-1298418 -

Fig.(3-1) Total energy as a function of lattice constant for 8 atom (core) LUC.
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Fig.(3-2) Total energy as a function of lattice constant for 16 atom (core) LUC.
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Fig.(3-3) Total energy as a function of lattice constant for 54 atom (core) LUC.

From the above figures, one can see that the total energy decreases with increasing the lattice constant till

it reaches the equilibrium lattice constant. After the equilibrium lattice constant, the total energy increases with
increasing lattice constant.
The behavior of total energy as a function of lattice constant is due to the attraction forces that take place at the
large distances between atoms. Decreasing the distance between atoms leads to decreasing the total energy. At
shorter distances between atoms, the repulsion forces become dominant and take place to cause the increase of
the total energy. The stability of the nanocrystal at the equilibrium lattice constant is due to the equality of
attraction and repulsion forces at this point [16]. On the other hand, it is shown that the total energy for core part
decreases with increasing the number of atoms per LUC as shown in fig. (3-4). On the scale shown in this figure,
the size dependence of the energy is linear. The total energy has a high sensitivity to the potential energy of the
crystal.

number of atom

0 5 10 15 20 25 30 35 40 45 50 55 60
0 1 1 1 1 1 1 1 1 1 1 1 1

-1400000 -

-2800000 -

-4200000 -

-5600000 -

Etot (eV)

-7000000 -

-8400000 -

-9800000 -

Fig. (3-4) Total energy as a function of number of atom for all size of core LUC.
Fig.(3-5) shows the relationship between the lattice constant and the number of atoms for all studied
LUC sizes of (a-sn)ncg, core. The lattice constants show decreasing values from 0.65 nm for 8 atoms to 0.632
nm for 54 atoms LUC
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Fig. (3-5) Lattice constant as a function of number of atoms for (a-sn)ncg, LUC.

The lattice constant of the LUC is varied until we determine the minimum energy for each cell. These
minima are plotted in Fig. (3-5). By lattice constant which is inside the core of the nanocrystal.

The LUC calculations are far more stable than molecular dynamics calculations of nanoclusters that
include the surface reconstruction optimization. No optimization is needed for the core part except the
aforementioned lattice constant optimization.

number of atom
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Fig. (3-6). Cohesive energy as a function of number of atom for a-sn (ncy,) LUC.

In Fig. (3-6), the absolute value of the cohesive energy increases with increasing the number of atoms
per LUC, because the small (a-sn)particle revealed more suspension bond and a high activation energy. The
atoms on the particle’s surface reconstructed to a more stable structure. The calculated cohesive energy is
directly proportional to the value of the total energy. The correct calculated value of the total energy gives a
correct value of the cohesive energy. This result is in good agreement with reports on cohesive energy (o-sn)
nanoparticles increases with an increasing particle size [17, 18]. One of the most important electronic properties
of solid is the energy gap. The energy gap is the difference between the Lowest Unoccupied Molecular Orbital
(LUMO) and the Highest Occupied Molecular Orbital (HOMO) [19].

The energy gap in (eV) as a function of lattice constant for all size of (a-sn)ncg, core is shown in Fig.(3-
7).
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Fig.(3-7) Energy gap as a function of lattice constant for(a-sn)ncg, LUC.

In Fig. (3-7), the energy gap is shown to decrease with increasing lattice constant. This result is in good
agreement with reference [20] when they studied Ge nc;, for different size. The energy gap in (eV) as a function
of number of atoms for all sizes of core is (a-sn)ncg, shown in Fig.(3-8).
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Fig.(3-8) Energy gap as a function of number of atom for(a-sn) nc, LUC.

In Fig.(3-8), the energy gap is shown to increase with increasing the number of atoms. After that
the energy gap has nearly stable value with some fluctuations. This figure shows a converging behavior when the
number of core atoms increases. This convergence is associated with fluctuations depending on the geometry of
the nanocrystal core [21]. At the convergence plateau Bravais cubic lattices seem to have high energy gaps. This
is a clear indication of geometry effects on electronic structure of nanocrystals. Energy gap is inversely
proportional to the surface area of core atoms. Parallelepiped cells have less gap values than cubic ones. This
discrimination between the electronic properties is also applicable to cohesive and valence band energies. These
differences diminish as the nanocrystal grows up in size.

The valence band width for the core of different size is shown in Fig. (3-9), and the valence band width as a
function of lattice constant is shown in Fig. (3-10). In Fig. (3-9) the valence band width is shown to increase with
increasing number of atom per LUC, because of the geometry effects on electronic structure of nanocrystals. At
the convergence plateau Bravais cubic lattices seem to have higher valence band width [1] We note from the
above values that the first and third values (Bravais) are higher than the surrounding second and fourth
(primitive) values
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Fig. (3-9). The valence band width as a function of number of atoms for (a-sn) nc, LUC.
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Fig. (3-10) Valence band width as a function of lattice constant for all size of Si nc, LUC.

In Fig.(3-10) one can notice that when the lattice constant decreases the width of the valence band increases,
as it was reported for Grey tin crystals [16, 22].
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