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Abstract
       Ab – initio restricted Hartree – Fock (RHF) method coupled with the large unit cell method (LUC) is used to investigate the electronic structure of AlP nanocrystals core part with different sizes. Energy gab and valence band width are obtained from the electronic structure calculations. Final electronic energy levels are used to draw electronic density of states distribution. The results are compared with available experimental data and the theoretical results of other investigators. Results revealed that electronic properties converge to some limit as the size of the LUC increases and that the 128 atom LUC is  near to the bulk of these materials . Increasing the size of LUC also resulted in an increasing of energy gap and increasing valence band width. The calculated lattice constant  shows decreasing trend as the nanocrystal increases in size that converges to 0.523 nm which is in good agreement with experiment. The present method can be used to investigate the electronic structure of bulk, surface and nanocrystals.
الخلاصة

تم استعمال نظرية المبادئ الأساسية وطريقة هارتري- فوك المقيدة  ضمن إطار خلية الوحدة الكبيرة لدراسة التركيب الالكتروني لبلورة فوسفيد الألمنيوم  النانوية و لإحجام مختلفة. فجوة الطاقة و عرض حزمة التكافؤ تم الحصول عليها من حسابات التركيب الالكتروني . بالنهاية استخدمة مستويات الطاقة الالكترونية لرسم التوزيع الالكتروني لكثافة الحالة. النتائج التي تم الحصول عليها قورنت مع نتائج عملية و نظريه لدراسات سابقة . أظهرت النتائج إن الخصائص الالكترونية تقترب من قيمة محدد كلما ازداد حجم خلية الوحدة الكبيرة, وبالتالي فان     128ذرة تكون قريبة من البلورة كبيرة الحجم لتلك المادة. زيادة حجم خلية الوحدة الكبيرة سوف ينتج زيادة بفجوة الطاقة و زيادة حزمة التكافؤ. إن حسابات ثابت الشبيكة توضح تناقص بزيادة الحجم النانوي يقترب من  0.523 nm   وهو يتفق بصورة جيدة مع النتائج العملية. إن الطريقة الحالية يمكن استعمالها لدراسة التركيب الالكتروني للمواد الصلبة والسطوح والبلورات النانوية.

1. Introduction
Aluminum phosphide (AlP) is a wide-indirect band gap semiconductor. At normal conditions, AlP crystallizes in the zinc-blende (zb) structure .  AlP is unstable in air [Mujica et al. 2003]. Industrially, AlP is a semiconductor material that is usually alloyed with other binary materials for applications in devices such as light-emitting diodes (e.g. aluminium gallium indium phosphide) [Corbridge ,1995].      
       Theoretical studies of properties of solids continue to be of great importance. The calculation of energy levels of electrons in solids, that is the determination of energy bands, is a central theoretical problem of solid state physics. Quantum-mechanical methods take into account the motion and interactions of electrons in material. Among the quantum mechanical methods, the choice is between first principle and semiempirical approaches [Hassan,2001].
      The simplest type of ab-initio electronic structure calculation is the Hartree–Fock (HF) scheme, in which the instantaneous Columbic electron-electron repulsion is not specifically taken into account. Ab-initio electronic structure methods have the advantage that they can be made to converge to the exact solution, when all approximations are sufficiently small in magnitude.  The downside of ab-initio methods is their computational cost. They often take enormous amounts of computer time, memory, and disk space [Hehre et al.1986].
       In this paper, we  shall perform the core part using the LUC method, the  periodic boundary condition (PBC) method available in GUSSIAN 03 program [Frisch et al.2003]. This method was used [Noor, 2010] to calculate the values of lattice constant, valence band width, energy gap and density of states for germanium nanocrystals. 

AlP is a subject of extensive theoretical studies ranging from the semiempirical [ Mujica et al. 2003] to the first principles methods[ Wallwork et al. 2003] within the density function theory framework [ Guo,  2009]. 
In the present work we introduce the ab-initio version of large unit cell method and apply the method to AlP nanocrystals. We shall discuss the various benefits over molecular dynamic methods that can be gained in this application such as reaching higher number of AlP atoms, reducing computational efforts, investigating nanocrystals physical properties that were not investigated before, obtaining more accurate result than that obtained from approximate semiempirical method. This present work is the first discussion for AlP nanocrystal core with different sizes to the best of our knowledge.
II . Theory

    We shall use the framework of large unit cell coupled with restricted Hartree – Fock method (LUC- RHF) . The   Restricted Hartree – Fock (RHF) method uses the linear combination of atomic orbital (LCAO):
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 are the combination coefficients. The determination of the expansion coefficients is based on the variation methods in  quantum mechanics. The variation of these coefficients leads to a set of algebraic equations which are called Roothan –Hall equations. [Hehre et al.1986].
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In the above equation 
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is the operator matrix given by [Harker and Larkins, 1979(a)].
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is the matrix element of the core Hamiltonian of a single electron in the field of the nuclei, Its operator representation is given by 

[image: image6.wmf]ò

å

-

Ñ

-

=

t

j

j

m

m

d

r

Z

H

v

A

v

)

1

(

]

2

1

)[

1

(

2

    ………(5)

The density matrix Pµv is defined by 
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The two – electron integral is defined by 
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All the above integrals are evaluated using Gaussian function [Frisch et al.2003].
In the LUC method, a unit cell that is a multiple of the Bravais cell or primitive cell of diamond structure is used to represent the bulk of crystals [Harker and Larkins, 1979(b)]. Cells that have integral multiple of lattice constant (a) are multiples of Bravais and primitive cells. Fig (1a) shows the geometry of LUC calculations for a nanocrystal, while Fig. (1b) shows the geometry of 8 atom cell.  We used 3D PBC method in Gaussian 03 code to calculate ab-initio restricted Hartree-Fock electronic structure of AlP nanocrystals internal core. Results of nanocrystals bulk  calculations can be compared with available experimental AlP nanocrystals bulk properties [Froyen and Cohen,1983].
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Fig. 1: (a) LUC and surface geometry for nanocrystals, (b) the geometry for 8 atom cell.

III . Calculations and Results

In the present work we used ab-initio LUC-RHF to calculate the lattice constant, energy gap, valence band width and degeneracy of states for AlP nanocrystal (core ). In the beginning we calculate the lattice constant for all sizes of core part. Fig. (2)  shows the total energy as a function of the lattice constant. While Fig. (3) shows lattice constant as a function of number of atoms.
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 Fig. 2: Total energy of 16 atoms AlP LUC as a function of lattice constant.
From Fig. 2, 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. Cluster calculations of nanoparticles require the use of molecular dynamics for geometry optimization which includes all the atoms of the nanoparticle. In LUC method the lattice constant is optimized for core AlP nanocrystals.   
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Fig. 3: Lattice constant  as a function of the number of  atoms per LUC.

The energy gaps of the lowest energy lattice constant of each cell are given in Fig. 4. The energy gap value tends to increase with the increase of atoms number per LUC up to 54 atom LUC, then the energy gap value decreases for 64 atom LUC and it tends to stabilize for larger LUC to a value of nearly  4.73 eV. The valence band width values of  different nanocrystals core sizes are shown in Figs. 5.
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Fig. 4: Band gap of AlP nanocrystal core as a function of number of atom per LUC.
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Fig. 5: Valence band width of AlP nanocrystal core as a function of number of atom per LUC.

Density of states as a function of levels energy of ( 8 and 64) atoms LUC is shown in fig. (6a and 6b) respectively.  A high degenerate states can be seen in these figure. This reflects the high symmetry, equal bond lengths, and angles. 
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Fig. 6: (a )Degeneracy of states of  8  atoms LUC as a function of levels energy, and (b) Degeneracy of states of  64  atoms LUC.  

IV. Discussion And Conclusions

The present method involves the use of interaction range that results in an approximately ideal zinc-blende (zb) structure at the core of relatively large nanocrystals. The present method has a threefold results. The method can be used to obtain the converged electronic structure of bulk, surface, and nanocrystals. The method shows that there is a cut off distance of the quantum confinement effects after which the energy gap begins to rise.
Fig.2 shows 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 [Mohammad, 2005].
Fig.3 shows the varitation of lattice constant with the number of core atoms. The variation of lattice constant is all what we need to assign the equilibrium geometry for the core part. The group of equilibrium constant for each of the investigated core sizes is ploted against the number of atoms in Fig.3. This figure shows that core lattice constant converges to some value as the nanocrystal grows up in size. The value is 0.523 nm which is in a good agreement with the experimental value of  5.451AO [Froyen and Cohen,1983].

The present calculations show that the energy gap increases with converge behavior as the number of core atoms increases as in Fig. 4.  At the convergence plateau bravais cubic lattices seem to have higher energy gaps. . The value of energy gap is 4.76 eV for 128 atom LUC which is in fair agreement with the experimental value of 3.63 eV [Vurgaftman et al.2001].

The present work value of the valence band width of 13.91 eV for the 128 atom cell in Fig. 5. is in good agreement with the corresponding value of 13.49 eV calculated using (LUC-CNDO) formalism [Jappor et al,2010]. 
Fig. 6 shows the degenerate energies of core states. Core states show larger energy gap and smaller valence band. The present method can be used to simulate nanowires or nanfilms [Arenal et al.2007] by elongating one or two of the coordinates of the cluster to be larger than the others.
Summarizing the upper mentioned conclusions: the lattice constant of AlP nanocrystals core shows a decreasing trend as the number of core atoms increases. The energy gap of nanocrystals tends to approach the bulk limit as the nanocrystals increase in size. The core part has a converging fluctuating energy gap and valance band width. These fluctuations are related to the geometry of nanocrystal. Due to perfect symmetry of the core, the core states are more degenerated.  
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				-1.43755713		-1.43755713				0		8

				0		0				0		3

		0.17358		4.72328538		4.72328538				0		1

		0.19576		5.32682536		5.32682536				0		4

		0.23029		6.26642119		6.26642119				0		6

		0.24446		6.65200106		6.65200106				0		12

		0.24977		6.79649147		6.79649147				0		3

		0.2549		6.9360839		6.9360839				0		3

		0.27401		7.45608611		7.45608611				0		3

		0.27696		7.53635856		7.53635856				0		6

		0.3107		8.4544577		8.4544577				0		6

		0.34709		9.44466599		9.44466599				0		8

		0.35386		9.62888446		9.62888446				0		12

		0.36782		10.00875002		10.00875002				0		6

		0.38944		10.59705184		10.59705184				0		12

		0.40094		10.90997834		10.90997834				0		12

		0.42068		11.44712348		11.44712348				0		6

		0.4416		12.0163776		12.0163776				0		12

		0.49783		13.54645213		13.54645213				0		6

		0.51088		13.90155568		13.90155568				0		6

		0.51366		13.97720226		13.97720226				0		4
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ورقة1

		N.OF.Atoms		l.c						N of Atoms		Energy Gap						N of Atoms		VBW

		8		0.532						8		3.952						8		-13.6808744						8		13.6808744

		16		0.531						16		4.046						16		-13.694752						16		13.694752

		54		0.524						54		5.284						54		-13.892848						54		13.892848

		64		0.523						64		4.72						64		-13.93801						64		13.93801

		128		0.523						128		4.762						128		-13.915433						128		13.915433
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8-alp

		-13.6808		-10.606		-7.102071		-3.26994587		0		3.95239775		6.55948366		6.96492756		13.10264072

		-13.6808		-10.606		-7.102071		-3.26994587		0		3.95239775		6.55948366		6.96492756		13.10264072
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8-alp data

				E(X)								التكرار(Y )

		-13.6808		-13.6808						0		1

		-10.606		-10.606						0		3

		-7.102071		-7.102071						0		3

		-3.26994587		-3.26994587						0		6

		0		0						0		3

		3.95239775		3.95239775						0		1

		6.55948366		6.55948366						0		6

		6.96492756		6.96492756						0		3

		13.10264072		13.10264072						0		6





تخطيط1

		4.72328538		-12.81012247		-11.66617203		-10.74888922		-10.6639909		-7.38207219		-7.102071		-6.74125314		-5.76301769		-4.12083384		-3.93335005		-3.81824752		-3.69688646		-3.33117062		-2.06286591		-1.49470023		-1.43755713		0		4.72328538		5.32682536		6.26642119		6.65200106		6.79649147		6.9360839		7.45608611		7.53635856		8.4544577		9.44466599		9.62888446		10.00875002		10.59705184		10.90997834		11.44712348		12.0163776		13.54645213		13.90155568		13.97720226

		4.72328538		-12.81012247		-11.66617203		-10.74888922		-10.6639909		-7.38207219		-7.102071		-6.74125314		-5.76301769		-4.12083384		-3.93335005		-3.81824752		-3.69688646		-3.33117062		-2.06286591		-1.49470023		-1.43755713		0		4.72328538		5.32682536		6.26642119		6.65200106		6.79649147		6.9360839		7.45608611		7.53635856		8.4544577		9.44466599		9.62888446		10.00875002		10.59705184		10.90997834		11.44712348		12.0163776		13.54645213		13.90155568		13.97720226
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ورقة2

		64 - AlP		E(X)								التكرار(Y )

				-13.93801842		-13.93801842				0		1

				-12.81012247		-12.81012247				0		6

				-11.66617203		-11.66617203				0		16

				-10.74888922		-10.74888922				0		3

				-10.6639909		-10.6639909				0		6

				-7.38207219		-7.38207219				0		4

				-7.102071		-7.102071				0		3

				-6.74125314		-6.74125314				0		6

				-5.76301769		-5.76301769				0		12

				-4.12083384		-4.12083384				0		6

				-3.93335005		-3.93335005				0		6

				-3.81824752		-3.81824752				0		12

				-3.69688646		-3.69688646				0		6

				-3.33117062		-3.33117062				0		6

				-2.06286591		-2.06286591				0		12

				-1.49470023		-1.49470023				0		12

				-1.43755713		-1.43755713				0		8

				0		0				0		3

		0.17358		4.72328538		4.72328538				0		1

		0.19576		5.32682536		5.32682536				0		4

		0.23029		6.26642119		6.26642119				0		6

		0.24446		6.65200106		6.65200106				0		12

		0.24977		6.79649147		6.79649147				0		3

		0.2549		6.9360839		6.9360839				0		3

		0.27401		7.45608611		7.45608611				0		3

		0.27696		7.53635856		7.53635856				0		6

		0.3107		8.4544577		8.4544577				0		6

		0.34709		9.44466599		9.44466599				0		8

		0.35386		9.62888446		9.62888446				0		12

		0.36782		10.00875002		10.00875002				0		6

		0.38944		10.59705184		10.59705184				0		12

		0.40094		10.90997834		10.90997834				0		12

		0.42068		11.44712348		11.44712348				0		6

		0.4416		12.0163776		12.0163776				0		12

		0.49783		13.54645213		13.54645213				0		6

		0.51088		13.90155568		13.90155568				0		6

		0.51366		13.97720226		13.97720226				0		4
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ورقة1

		N.OF.Atoms		l.c						N of Atoms		Energy Gap						N of Atoms		VBW

		8		0.532						8		3.952						8		-13.6808744

		16		0.531						16		4.046						16		-13.694752

		54		0.524						54		5.284						54		-13.892848

		64		0.523						64		4.72						64		-13.93801

		128		0.523						128		4.762						128		-13.915433
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