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 A comprehensive study on the structural, electronic and nonlinear optical (NLO) properties of alumina nanostructures (Al2O3)n with n 
= 2-5 belonging to the groups III and VI dopants carried out by density functional theory. The NBO charges exhibit dopant atoms caused to 
the increasing charge transfer and introduces acceptor-donor model for NLO response of alumina nanostructures. Under the influence of 
doping S and Se, the energy gap decreases, because high energy level is formed as the new HOMO orbitals in the primary gap of pristine 
nanostructures. Furthermore, the results of the present study show that dopant atoms enhance NLO response in the alumina nanostructures 
and the greatest values are obtained for and γtot through doping Se in Al10O15.  
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INTRODUCTION 
  
 The fabrication of nanoscale-structure materials is 
considered for applications in new electric, magnetic and 
optical devices [1]. Tubular or spherical nanoparticles of 
multiple inorganic compounds with different 
stoichiometries have been previously synthesized [2,3]. 
These contain, for example, nanotubes of boron nitride (1:1 
stoichiometry) [4], silica (1:2) [5], and alumina (2:3) [6]. 
Chemical and physical properties of these new materials are 
also dependent on the shape and size of the nanostructures. 
In recent years, molecular structures of alumina (Al2O3) 
nanotubes have been synthesized [7]. Alumina is the most 
significant ceramic material that has widespread 
technological use such as electronics, optics, biomedical, 
and mechanical engineering to catalyst support. The 
importance of these materials is mainly due to their external 
hardness, high melting point, and low electrical conductivity 
[8-10]. In recent years, aluminum oxide clusters have been 
extensively      studied        experimentally      [11,12]     and 
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theoretically [13-20] as well; mainly due to their importance 
in underestanding the different properties of ceramic 
materials.  
 The (Al2O3)2-5 cages are lower in energy than other 
isomers and might exist under normal conditions [19,20]. 
For (Al2O3)6–10, the cage-dimer structures are shown to be 
more stable than the corresponding cage structures. Thus, 
the (Al2O3)5 cages would be the largest cage as a global 
minimum. This is the reason for our motivation to focus on 
cluster with n = 2-5 in the present study. 
 Nonlinear optical (NLO) materials research has 
progressed surprisingly over the last four decades [21]. An 
appreciable attempt has been made for discovery high-
performance NLO materials [22-27]. To the present time, 
many approaches have been suggested to increase the NLO 
response of materials, including the use of molecules with 
extended π-electron systems, twisted π-electron systems, 
octupolar molecules, enhanced push-pull effects, bond 
length alternation (BLA) theory, incorporation of ligated 
metal into the organic compounds [28-33], and the 
introduction of donor/acceptor groups [34]. Also, excess 
electron compounds were suggested as new potential high-
performance  NLO  materials   [35,36].  Li  and  co-workers 



 

 

 

Solimannejad/Phys. Chem. Res., Vol. 4, No. 4, 627-641, December 2016. 

 628 

 
 
have made many attractive reports on NLO material with 
Li-doped electride/salt complexes [37,38]. Moreover, 
nonlinear optical properties such as hyperpolarizabilities are 
connected to an enormous classify of physical phenomena 
with potential applications in future nanostructure 
technologies where technologically appropriate 
nanostructures approach the size of atomic clusters [39,40].  
 In this study, the elements of groups III and VI of the 
periodic table are considered to be doped in the lowest-
energy structures of (Al2O3)n with n = 2-5. Previous studies 
have reported the synthesis and experimental study such as 
vibrational properties and monitoring the intensity of the 
mass peak of these nanostructures [41,42]. In the present 
study, alteration of structural, nonlinear optical and 
electronic properties of these nanostructures with 
enlargement of nanostructure and location of doping are 
reported for the first time. 
 
COMPUTATIONAL DETAILS 
 
 The geometries of studied alumina nanostructures were 
fully optimized employing Becke-style 3-parameter [43] of 
density functional theory (DFT) [44] with the standard 6-
31+G(d) basis set. It should be noted that B3LYP is the 
usual approach for inspecting the nanostructures [45,46]. 
The harmonic vibrational frequencies were calculated to 
approve that an optimized geometry properly fits a local 
minimum that has only real frequencies. The natural bond 
orbital (NBO) charges [47] were computed at the same 
level. To appraise the electronic and optical properties, it is 
necessary to select a proper method. The CAM-B3LYP 
method has been found to be appropriate for calculating the 
NLO properties [48,49]. It has been shown that this 
functional provides good results for electronic excitation 
energies [48,50,51], first [52], and second hyper-
polarizabilities [53]. The standard 6-31+G(d) basis set has 
been recommended for large molecules [54]. The results of 
previous studies show that there is a little difference 
between the results of calculations with the 6-31+G(d) and 
larger basis sets [55,56]. Therefore, the static first and 
second hyperpolarizability of alumina nanostructures are 
evaluated by the finite-field (FF) approach under an electric 
field magnitude of 0.0001 a.u., at the CAM-B3LYP/6-
31+G(d) level in this work. All calculations  are  carried  out  

 
 
using the Gaussian 09 package [57] with default 
convergence criteria. The SCF convergence criteria are set 
to 10-8  Hartree on the density (SCF = Tight), while the 
convergence of geometric optimizations are adjusted to 
maximum force and root-mean-square (rms) force of 4.5 × 
10-4 and 3.0 × 10-4 Hartree. Bohr-1, respectively, and 
maximum and rms displacements of 1.8 × 10-3 and 1.2 ×   
10-3 Bohr, respectively. 
 The energy gap (Eg) value is calculated to study 
electronic properties of the considered nanostructures. 
These amounts have the subsequent operational equation: 
                                                                                                
 Eg = (εL - εH)                                                                 (1) 
 
where εHand εL are the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital 
(LUMO) energies, respectively. 
 The total energy of a molecular system in the attendance 
of a homogeneous electric field can be noted as [58,59], 
 
 E = E0 – μi Fi -

2
1 αij Fi Fj - 

6
1 βijk Fi Fj Fk -  

      
24
1 γijkl Fi Fj Fk Fl …                                                      (3)  

 
where E0 is the molecular total energy lacking the electric 
field and Fi is the electric field component along i direction. 
The μi, αij, βijkand γijkl mark dipole, polarizability, the first 
hyperpolarizability and the second hyperpolarizability, 
respectively. The average polarizability (), first 
hyperpolarizability () and second hyperpolarizability (γtot) 
are written as: 
 
 α = 

3
1 (αxx + αyy + αzz)                                                    (4) 
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β0is static first hyperpolarizability identified as a second-
order nonlinear optical response (NLO) coefficient and γtot 
is static second hyperpolarizability known as the third-order 
nonlinear optical response coefficient [60]. 
 
RESULTS AND DISCUSSIONS 
 
Optimized Structure and NLO Response of 
Alumina Nanostructures  
 The lowest energy structures for each size of  (Al2O3)n 
nanostructures, with n = 2-5 and real frequency, have been 
obtained at the B3LYP/6-31+G(d) level as exhibited in Fig. 
1. These nanostructures consist of 6-, 8-, or 10-membered 
rings with saturated valence states of Al and O atoms on the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
surfaces. The bond lengths of Al-O in these nanostructures 
are listed in Table 1. These results are in good agreement 
with the previous studies [7,20]. Previous analysis of the 
atomic structures reveals that the lowest energy structures 
evolve with 4-membered Al2O2, 6-membered Al3O3, and 8-
membered Al4O4 rings having alternate Al and O atoms. 
Among these, there is a preference for 4-membered and 6-
membered rings [20]. 
 The electronic and optical properties of these 
nanostructures are also investigated. The achieved frontier 
molecular orbital energies (εHand εL), and the calculated 
energy gap (Eg) values for the considered alumina 
nanostructures are listed in Table 2. The obtained energy 
gaps  for  these  nanostructures  are in the range 4.286-5.177  
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  Fig. 1. Geometry of pristine nanostructures.           
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      Table 1. Calculated Equilibrium Bond Lengths (Å) in Doped Alumina Nanostructure 
 

Bond 

length 

Compound Bond 

length 

Compound Bond 

length 

Compound Bond 

 length 

Compound 

 Al10O15  Al8O12  Al6O9  Al4O6 

1.782 Al8-O25 1.716 Al1-O9 1.951 Al1-O9 1.744 Al1-O4 

1.828 Al9-O15 1.766 Al7-O9 1.792 Al6-O9 1.744 Al5-O7 

1.697 Al9-O23 1.709 Al6-O11 1.714 Al6-O8 1.744 Al5-O6 

1.704 Al9-O25 1.787 Al6-O16     

 Al10O14S  Al8O11S  Al6O8S  Al4O5S 

2.284 Al8-S25 2.163 Al1-S20 1.977 Al1-O8 2.239 Al3-S10 

2.148 Al9-S25 2.252 Al7-S20 1.802 Al6-O8 1.740 Al3-O7 

1.815 Al9-O15 1.710 Al6-O10 2.281 Al2-S15 1.742 Al8-O6 

1.706 Al9-O23 1.790 Al6-O15 2.162 Al6-S15   

 Al10O14Se  Al8O11Se  Al6O8Se  Al4O5Se 

2.382 Al8-Se25 2.278 Al1-Se20 1.980 Al1-O8 2.357 Al3-Se10 

2.265 Al9-Se25 2.359 Al7-Se20 1.808 Al6-O8 1.738 Al3-O7 

1.818 Al9-O15 1.710 Al6-O10 2.396 Al2-Se15 1.742 Al8-O6 

1.707 Al9-O23 1.790 Al6-O15 2.274 Al6-Se15   

 BAl9O15  BAl7O12  BAl5O9  BAl3O6 

1.789 Al8-O24 1.360 B20-O10 2.003 Al1-O8 1.404 B10-O3 

1.530 B25-O14 1.467 B20-O15 1.488 B15-O8 1.745 Al1-O9 

1.340 B25-O22 1.717 Al1-O8 1.357 B15-O7 1.751 Al8-O7 

1.350 B25-O24 1.767 Al6-O8 1.357 B15-O12   

 GaAl9O15  GAl7O12  GaAl5O9  GaAl3O6 

1.789 Al8-O24 1.785 Ga20-O10 1.953 Al1-O8 1.838 Ga10-O3 

1.968 Ga25-O14 1.893 Ga20-O15 1.903 Ga15-O8 1.743 Al1-O9 

1.765 Ga25-O22 1.716 Al1-O8 1.786 Ga15-O7 1.749 Al8-O7 

1.771 Ga25-O24 1.767 Al6-O8 1.786 Ga15-O12   
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   Table 2. Point  Groups  (P.G),  the Obtained Frontier Molecular Orbital  Energies (H and  L), Energy Gap 
                   (Eg),  Dipole   Moment   (),   Polarizability  (),  First  Hyperpolarizability   (0)   and    Second          
                   Hyperpolarizability (ϒtot) Values for the Considered Alumina Nanostructures 
 

ϒtot β0 α μ Eg εL εH P.G Compound 

21036.16 0 81.66 0 4.286 -3.537 -7.823 Td Al4O6 

25586.93 51.65 116.00 0.54 5.056 -3.088 -8.144 C1 Al6O9 

33820.44 35.38 155.03 0.58 5.151 -3.059 -8.209 C1 Al8O12 

39885.66 101.60 189.38 1.60 5.177 -3.127 -8.304 C1 Al10O15 

    εH, εL and Eg in eV; μ in Debye; α , β0 and ϒtot in a.u. 
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Fig. 2. Typically contour plots of HOMO and LUMO of pristine nanostructures. 
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eV, taking a hint to their semiconductor character. The 
obtained outcomes are in agreement with the former results 
[20]. 
 The graphic presentation of the HOMO-LUMO 
distribution  of   the   considered  alumina  nanostructures  is 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
displayed in Fig. 2. According to this figure, the HOMO is 
concentrated over the oxygen atoms of the nanostructures, 
and the LUMO are spread over the aluminum atoms. The 
HOMO orbital principally acts as an electron donor, and 
LUMO orbital mainly acts as an electron acceptor.  

HOMO                                              LUMO 
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Fig. 2. Continued. 
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Moreover the calculated values of dipole moment (μ), 
polarizability (), static first hyperpolarizability () and 
static second hyperpolarizability (γtot) are listed in Table 2.  
 
Geometrical Characteristic and Natural Bond 
Orbital (NBO) of Doped Alumina Nanostructures 
 In this section, the structure of alumina nanostructures 
including different dopants are investigated and compared 
with each other. To this end, in Al4O6 nanostructure, two 
separate locations (Al or O) for doping are considered. In 
other structures, due to the asymmetry of structures, all the 
possible positions for doping were considered, and finally, 
the stable structure was selected for NLO study. In these 
nanostructures, an aluminum atom is substituted by an 
element of group III (B and Ga) and oxygen atom is 
replaced by an element of group VI (S and Se). The  
geometry of these doped alumina nanostructures  optimized 
at the B3LYP/6-31+G(d) level of theory are displayed in 
Fig. 3. The point groups of doped  nanostructures  are  listed 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
in Table 4. It should be mentioned that the structure of all 
systems is changed due to the doping process; so doping 
causes local deformation in the nanostructures. The 
achieved outcomes display that in all nanostructures, Al-S, 
Al-Se, and Ga-O bonds are larger than Al-O bond, 
indicating that the geometrical structures of the investigated 
systems are expanded, whereas B-O bond is smaller than 
Al-O bond. The significant geometrical parameters are 
presented in Table 1. These structural changes are 
anticipated to remarkably influence the electro-optical 
properties of the studied nanostructures. 
 To describe the interplay between doping atoms and 
alumina nanostructures, natural bond orbital (NBO) analysis 
has been performed, and the outcomes are given in Table 3. 
From Table 3, it is clarified that the S and Se atoms display 
negative charge, indicating that the charge transfers from 
nanostructures to the element of group VI, and 
nanostructures act as donors. According to Table 3, the 
charge  ranges  of  B  and  Ga are from 1.221  to  1.263  and 
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X = B, Ga 
  

Fig. 3. Geometry of doped nanostructures. 
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1.935 to 1.982, respectively. These illustrate that the charge 
transfer occurs from the element of group III to 
nanostructures, and nanostructures obtain negative charge 
from these elements, which interestingly exhibits that 
nanostructures act as acceptors. Hence, doped alumina 
nanostructures can be considered as an acceptor-donor 
model for NLO materials due to the enhancement of charge 
transfer (CT) and exhibit the large NLO response. Based on 
the  previous  studies,  donor  or acceptor substituents  could  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
greatly enhance the second and third- order NLO properties 
[61-65]. 
 
NLO Response of Doping Alumina Nanostructures 
 In this part, the electronic and optical properties of the 
considered doped alumina nanostructures are investigated. 
The obtained frontier molecular orbital energies (εH and εL), 
the computed energy gap (Eg) values are listed in Table 4. 
From Table 4, doping elements of groups VI (S and Se) can  
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Fig. 3. Continued. 
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narrow the wide energy gap of alumina nanostructures in 
the range of 0.322-1.179 eV; while with doping B and Ga 
atoms, the energy gap of alumina nanostructures is not 
meaningfully modified and changes in the range of 0.042 to 
0.635 eV. To explain the origin of this matter, the density of 
states (DOS) of pristine Al4O6, Al8O12 and doped 
nanostructures with B and Se, respectively, are plotted with 
gauss sum software revision 2.2 [66] and represented in Fig. 
4. This figure clearly shows that the valance and conduction 
levels of doped nanostructures are close to those in pristine 
nanostructures. Also, it is clear that doping Se in 
nanostructures leads to increase the energy level as the 
newly formed HOMO reclining between the original 
HOMO (becoming HOMO-1 of doped systems) and LUMO 
of Al8O12, which is responsible  for  the meaningful,  reduce  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
of the substantial Eg. In the doped B nanostructures, LUMO 
energy level falls down and the energy gap between HOMO 
and LUMO is reduced.  
 The doping energy (Edop) required to start doping is 
computed under the following equation: 
 
 Edop = Edoped-nanostruct + EX - Enanostruct - Edopant                          (8) 

                                                              
where Enanostruct and Edoped-nanostructindicate the total energy 
of the nanostructures and doped nanostructures. EX is total 
energy for an isolated Al and O atom, and Edopand displays 
total energy for an isolated impurity dopant (S, Se, B or 
Ga). The achieved Edop values are summarized in Table 4. 
Doping energy values indicate that the doping process is 
associated with energy gaining  except  for boron  doping in  

                      Table 3. NBO Charge of Doping Atoms 
 

Ga B Se S Compound 

- - - -0.918 Al4O5S 

- - -0.814 - Al4O5Se 

- 1.221 - - BAl3O6 

1.935 - - - GaAl3O6 

- - - -0.883 Al6O8S 

- - -0.770 - Al6O8Se 

- 1.263 - - BAl5O9 

1.982 - - - GaAl5O9 

- - - -0.881 Al8O11S 

- - -0.776 - Al8O11Se 

- 1.237 - - BAl7O12 

1.944 - - - GAl7O12 

- - - -0.867 Al10O14S 

- - -0.754 - Al10O14Se 

- 1.223 - - BAl9O15 

1.949 - - - GaAl9O15 
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Al4O6, Al6O9, Al8O12 and Al10O15 at which energy is 
released,  about -2.482, -2.871, -3.071 and -3.190 eV, 
respectively.  
 The obtained dipole moment (μ), polarizability (), 
static first hyperpolarizability () and static second 
hyperpolarizability (γtot) of the measured doped 
nanostructures by CAM-B3LYP method are also 
summarized in Table 4. From Table 4, our results display 
that the polarizability () and static first hyperpolarizability 
() partially and static second hyperpolarizability (γtot) 
meaningfully are increased due to the doping process. The 
effect of the size of nanostructures on its NLO response is 
also  of  our  attention.  Interestingly,  the  polarizability and  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
static second hyperpolarizability values of alumina 
nanostructures illustrate a sudden increase with enlargement 
of the nanostructures which is in full agreement with the 
results of previous studies on ZnO and CdSe clusters 
[67,68]. According to Table 4, the largest amount of static 
second hyperpolarizability is achieved by doping Se in 
Al8O12 and Al10O15 with the values 48535.54 and 50979.00 
a.u, respectively. BAl9O15 and Al10O14Se have greatest static 
first hyperpolarizability with values 147.63 and 149.21 a.u, 
respectively. To sum up, it appears that doping process is 
effective to improve the NLO response of the alumina 
nanostructures, which will be beneficial for advancement 
the   multifield   applications   of   the    inorganic    alumina  

    Table 4. Point Groups (P.G), the Obtained Frontier  Molecular  Orbital  Energies  (H and L),  Energy Gap 
                   (Eg), Doping Energy (Edop), Dipole Moment (), Polarizability (), First Hyperpolarizability (0)  
                   and Second Hyperpolarizability (ϒtot) Values for the Considered Doped Alumina Nanostructures  
 

ϒtot β0 α μ Edop Eg εL εH P.G Compound 

31214.61 81.47 101.44 0.48 1.884 3.336 -3.573 -6.909 C2v Al4O5S 

39399.93 81.26 109.79 0.43 1.661 2.988 -3.559 -6.547 C2v Al4O5Se 

17195.85 56.65 73.32 1.11 -2.482 3.651 -3.845 -7.496 C3V BAl3O6 

21374.95 53.22 85.99 0.20 2.144 3.850 -3.972 -7.823 C3V GaAl3O6 

33679.20 95.56 135.89 0.73 1.850 4.493 -3.126 -7.619 C1 Al6O8S 

39862.54 87.62 143.76 0.64 1.595 4.168 -3.114 -7.282 C1 Al6O8Se 

21192.14 133.37 108.09 1.41 -2.871 5.098 -3.204 -8.303 C1 BAl5O9 

25082.65 56.65 119.37 0.51 1.795 4.677 -3.460 -8.137 C1 GaAl5O9 

42193.24 51.58 174.69 0.70 1.966 4.300 -3.070 -7.370 C1 Al8O11S 

48535.54 51.30 182.40 0.60 1.680 3.972 -3.052 -7.024 C1 Al8O11Se 

28957.86 68.85 146.60 0.76 -3.071 5.405 -3.028 -8.433 C1 BAl7O12 

34061.48 36.24 158.88 0.62 1.886 4.657 -3.535 -8.192 C1 GAl7O12 

46636.98 144.19 209.00 1.97 1.875 4.855 -3.055 -7.910 C1 Al10O14S 

50979.00 149.21 216.30 1.93 1.460 4.533 -3.322 -7.556 C1 Al10O14Se 

34865.98 147.63 181.22 1.91 -3.190 5.501 -3.035 -8.536 C1 BAl9O15 

39502.18 88.31 192.59 1.43 1.660 4.772 -3.561 -8.332 C1 GaAl9O15 
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nanostructures in electronic nanodevices and high 
performance NLO nanomaterials. 
 
CONCLUSIONS 
 
 In  this  study,  we  have  investigated  nonlinear  optical  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
features of alumina nanostructures with the groups III and 
VI dopants. The NBO analysis displays that these 
nanostructures act as donors as well as acceptors and lead to 
charge transfer between nanostructures and doping atom. 
DOS spectrum reveals that the valance and conduction 
levels  of  doped nanostructures are close to those in pristine  

(a)  (b)  
 
 

(c) 
    

(d) 
 

Fig. 4. Density of states (DOS) of Al4O6 (a), Al8O12 (b), BAl3O6 (c), and Al8O11Se (d) of alumina nanostructures. 
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nanostructures. In other words, it can be seen that the 
decrease of energy gap can be due to production a new high 
energy level to offer a new HOMO in the original gap of 
alumina nanostructures. Furthermore, doping of III and VI 
groups in the considered nanostructures partially increases 
polarizability and static first hyperpolarizability and 
significantly static second hyperpolarizability. Our data 
illustrated that polarizability and static second 
hyperpolarizability are increased with enlargement of the 
nanostructures. In particular, doping the element of groups 
III and VI can increase the NLO properties of the alumina 
nanostructures, which may have potential applications in 
nanoelectronics. 
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