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Abstract. An ab initio study has been performed for the various properties of the most stable configuration
out of the various configurations having “m” number of Zn and “n” number of O atoms i.e. ZnmOn

(m + n = 2 to 5) nanoclusters by employing B3LYP-DFT/6-311G(3df) method. We report here the
vibrational frequencies, IR intensities, Rel IR intensities, Raman scattering activities and optical absorption
for these nanoclusters. The structure having minimum energy out of all the configurations having similar
values of “m” and “n” is considered as the most stable. We found that all the different configurations of
ZnO4, Zn2O3 and Zn4O complexes are not stable because they possess at least one vibrational frequency
which is imaginary. The high vibrational frequencies of each nanocluster arise from the symmetrical and
asymmetrical stretching vibrations whereas the lower frequencies belong to the wagging, rocking and the
out-of-plane vibrations of Zn and O atoms. Our predicated results for the most intense minimum excitation
energies of the ZnO and Zn2O2 nanoclusters exhibit excellent agreement with the available experimental
data. All the nanoclusters show strong absorption in the ultraviolet region but some also exhibit weak
absorption in the visible region.

1 Introduction

For more than two decades, semiconductor nanostructure materials have been widely studied because of their poten-
tial applications in electronics, optics and photonics. A nanocluster is an intermediate phase between molecule and
bulk [1,2]. In nanoclusters, the surface area-to-volume ratio is quite high as compared to bulk [3,4]. Semiconductor
nanoclusters have attracted immense attention as their electronic and optical properties show important changes from
their corresponding bulk properties due to the quantum confinement effect. Among II-VI compounds, ZnO is a direct
band gap semiconductor with a large band gap of 3.37 eV and a large exciton binding energy of 60meV. Nanostruc-
tured ZnO has been recognized as a promising material for its potential application in chemical sensors, transparent
conductors, transparent UV protection films, catalysis and optoelectronic devices such as light-emitting devices, solar
cells [5–15]. The noncentral symmetry of ZnO makes it piezoelectric. The unique semiconducting and piezoelectric
dual property of ZnO makes it a promising multifunctional material and is utilized in the preparation of nanogenerator
devices [16,17].

ZnO clusters of different particle sizes and morphologies have been synthesized by various physical and chemical
techniques such as sol-gel method, gas-phase reaction, thermal decomposition and hydrothermal synthesis [18–26].
A few workers have reported the stability of small zinc oxide nanoclusters by observing distribution of zinc oxide
nanostructures from a time-of-flight mass spectrometry initiated by laser ablation of solid zinc oxide [27–31]. Among
the theoretical studies, there have been investigations for the structural stabilities, HOMO-LUMO gaps and optical
absorption of some nanoclusters of ZniOi type. However, other physical properties like the vibrational modes of stable
nanoclusters of binary ZnmOn nanoclusters have not been reported so for up to the knowledge of authors. Mataxian
et al. [32] have performed a TDDFT calculation for the excitation energies of optimized ZniOi nanoclusters, which
show a strong dependence on the geometry of nanoclusters. Wu et al. [33] have synthesized ZnO quantum dots by
electroportation method and observed band gap oscillation.

a e-mail: psycmprl@rediffmail.com
b e-mail: pdhiraj2000@gmail.com



Page 2 of 13 Eur. Phys. J. Plus (2015) 130: 60

In this paper, we report normal modes of vibrations of most stable binary ZnmOn (m+n = 2 to 5) nanoclusters by
using B3LYP-DFT/6-311G(3df) method. We have also calculated IR intensities, Rel IR intensities, Raman scattering
activities and used the TDDFT formalism for determining the characteristic absorption spectra of these most stable
nanoclusters. We have compared our predicted results with the other calculated and experimental results wherever
available. In sect. 2, we present the method used in the investigations. Section 3 contains the calculation and results.
The conclusions are contained in sect. 4.

2 Method

For the structural optimization of the ZnO nanoclusters, we have employed the B3LYP-DFT/6-311G(3df) version
in the Gaussian-03 code (Gaussian 2003) [34] which employs the hierarchy of procedures corresponding to different
approximation methods. The exact exchange in the Hartree-Fock theory for a single determinant is replaced in DFT by
a more general expression, the exchange-correlation functional which includes terms accounting both for the exchange
energy and the electron correlation.

In BLYP, we consider the Becke [35,36] exchange functional and the correlation function of Lee, Yang and Parr
(LYP) [37,38] which includes both the local and nonlocal contributions. In B3LYP, we employ the three parameter
hybrid functional of Becke. It may be noted that Becke functional considers the Slater exchange along with the
corrections involving the gradient of the density.

A large basis set for each atom is selected for a most precise calculation. We use triple split valence basis set, 6-311G
which employs three sizes of the contracted functions per orbital type. Contracted functions are the combination of
Gaussian functions for the atomic orbitals. The advantage of the split valence basis set is that it allows the orbitals
to change their size without making any change in the shape of the orbitals. For overcoming this limitation, one
uses a polarizable basis set, 6-311G(3df) by adding orbitals with the angular momentum wherever necessary for the
description of the ground state of each atom. For O and Zn atoms, we add three d functions and one f function,
respectively. For generating quite accurate structural parameters, the triple zeta basis set and multiple polarization
functions have been considered. The usual TDDFT formalisms have been considered for calculating the optical spectra.

3 Calculation and results

Different types of all possible structures including the linear chains, rings, planer and three-dimensional ones for
each configuration have been considered in the optimization of ZnO nanoclusters. Each structure is achieved to its
minimum energy by relaxing the atomic positions. The convergence in the system energy up to 10−7 meV and the forces
of 10−3 eV/Å on each atom were obtained. A structure is said to be stable for which all the vibrational frequencies
are real and none of them is imaginary. For similar values of “m” and “n” in ZnmOn , there are several structures
for which all the vibrational frequencies are real. Among all the different atomic configuration of ZnmOn system, the
configuration which possesses maximum binding energy is named as most stable structures.

3.1 Vibrational properties

We calculate the second derivatives of the total energy of the system with respect to the atomic displacements. The
obtained dynamical matrix is diagonalized. We have also calculated the infrared intensities (IR int.), relative infrared
intensities (Rel. IR int.) and Raman scattering activities (Raman Activity). The above calculated physical quantities
for all the most stable nanoclusters are presented in table 1. In this table, the brackets following the frequencies denote
the multiplicity of the mode. The above physical properties have not been studied by any other worker. All possible
modes of vibrations of each most stable nanocluster of fig. 1 are presented in figs. 2–6. In the figures, the arrows
indicate the direction and magnitude of the displacements of atoms during the different modes of vibration, while
small displacement (below 0.10 Å) is neglected. We discuss the above properties of each nanocluster below.

ZnO

We obtain the stretching mode frequency (fig. 2(a)) of 401 cm−1 for ZnO nanocluster, while Wang et al. [39] have
obtained it as 665 cm−1. This stretching vibration is both IR and Raman-active.

ZnmOn (m + n = 3)

ZnO2: For the linear OZnO configuration (fig. 1(b)), there are four normal modes of vibrations. The highest fre-
quency of 863 cm−1 is obtained due to the asymmetric stretching vibration (fig. 2(d)) of the Zn and O atoms along
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Table 1. The calculated vibrational frequencies in cm−1, Infrared intensities (IR Int.) in KM Mol−1, relative IR intensities
(Rel. IR Int.) and Raman scattering activities (Raman activity) in A4/AMU of the most stable ZnmOn (m + n = 2 to 5)
configuration. Brackets following the frequencies contain the multiplicity of the mode.

Configuration Properties Values

Linear ZnO (1a) Frequency 401

IR Int. 0.06

Rel. IR Int. 1.0

Raman activity 37.62

Linear OZnO (1b) Frequencies 183(2), 645, 863

IR Int. 46.56, 0.00, 18.45

Rel. IR Int. 1.00, 0.00, 0.40

Raman activity 0.00, 70.18, 0.00

Triangular Zn2O (1c) Frequencies 95, 353, 500

IR Int. 4.47, 5.24, 1.16

Rel. IR Int. 0.85, 1.00, 0.22

Raman activity 22.06, 31.85, 10.98

Rhombus ZnO3 (1d) Frequencies 189, 281, 304, 708, 923, 1088

IR Int. 0.32, 6.61, 22.16, 3.54, 174.60, 4.58

Rel. IR Int. 0.00, 0.04, 0.13, 0.02, 1.00, 0.03

Raman activity 2.16, 0.03, 20.86, 24.31, 0.03, 22.09

Rhombus Zn2O2 (1e) Frequencies 184, 220, 262, 467, 521, 592

IR Int. 57.68, 0.00, 172.51, 0.00, 16.19, 0.00

Rel. IR Int. 0.33, 0.00, 1.00, 0.00, 0.09, 0.00

Raman activity 0.00, 14.22, 0.00, 0.49, 0.00, 7.91

Trigonal Zn3O (1f) Frequencies 23, 64, 71, 204, 492, 511

IR Int. 23.39, 1.25, 1.46, 0.00, 0.93, 1.49

Rel. IR Int. 1.00, 0.05, 0.06, 0.00, 0.04, 0.06

Raman activity 0.00, 26.83, 27.15, 2.85, 34.89, 38.98

Pentagonal Zn3O2 (1g) Frequencies 91, 101, 138, 199, 224, 562, 578, 636, 746

IR Int. 0.00, 0.20, 3.76, 77.51, 2.54, 25.10, 81.53, 0.66, 6.05

Rel. IR Int. 0.00, 0.00, 0.05, 0.96, 0.03, 0.31, 1.00, 0.00, 0.07

Raman activity 0.86, 35.81, 9.03, 0.62, 10.69, 32.13, 18.38, 4.22, 18.06

the chain. The breathing vibrations (fig. 2(c)) of O atoms appear as the mid frequency of 645 cm−1. The lowest
doublet frequency of 183 cm−1 corresponds to the bending vibration (fig. 2(b)). The lowest and highest frequency vi-
brations are infrared active but not Raman-active while the mid frequency vibration is Raman active but not infrared
active.

Zn2O: The Zn2O triangular structure (fig. 1(c)) has three normal modes of vibrations. The asymmetric stretching
vibration (fig. 2(g)) has the maximum frequency of 500 cm−1, as where the breathing vibration (fig. 2(f)) has frequency,
353 cm−1. The lowest frequency, 95 cm−1 (fig. 2(e)) corresponds to the bending vibration of the cluster. All the
vibrations are both IR-active and Raman-active.
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Fig. 1. Most stable structures of ZnmOn (m + n = 2 to 5) nanoclusters.

ZnmOn (m + n = 4)

ZnO3: For the rhombus ZnO3 configuration (fig. 1(d)), there are six normal mode vibrational frequencies. The lowest
frequency of 189 cm−1 arises due to asymmetric stretching vibration of Zn–O bonds (fig. 3(a)), while the highest
frequency of 1088 cm−1 corresponds to the symmetric vibration of O–O bonds (fig. 3(f)). Other mid frequencies arise
due to out of plane vibration (fig. 3(b)), symmetric stretching (fig. 3(c)) and asymmetric stretching (fig. 3(d), 3(e))
vibrations. Both the highest- and lowest-frequency vibrations are Raman-active.

Zn2O2: For the rhombus structure (fig. 1(e)), we again obtain six normal modes of vibratonal frequencies. The
highest frequency of 592 cm−1 corresponds to the breathing vibrations (fig. 4(f)) of Zn and O atoms while the lowest
frequency of 184 cm−1 arises due to out of plane vibration (fig. 4(a)) of Zn and O atoms. Other mid frequencies are
for the asymmetric stretching vibrations (fig. 4(b), 4(c), 4(e)) and rocking vibration (fig. 4(d)). Some modes are either
Raman-active or IR-active.
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Fig. 2. Normal modes of vibrations of most stable ZnO linear, ZnO2 linear and Zn2O triangular nanoclusters. The numbers
are the frequencies in cm−1. The nature of vibration is given inside brackets.

Zn3O: The trigonal Zn3O configuration (fig. 1(f)) has six normal modes of vibrational frequencies. The low-lying
frequency of 23 cm−1 originates from the out of plane vibration of O atom while the frequency, 71 cm−1 originates from
the bending vibration (fig. 5(c)). The two mid frequencies, 204 and 492 cm−1 arise due to breathing and stretching
vibrations (fig. 5(d), 5(e)), respectively. All the vibrations are IR-active except the 204 cm−1. One barring the vibration
23 cm−1, all the vibrations are Raman-active.

ZnmOn (m + n = 5)

All the studied configurations of ZnO4, Zn2O3 and Zn4O complexes contain some imaginary frequencies and are thus
unstable according to our definition of a stable structure.

Zn3O2: For the planer configuration of Zn3O2 complex, some calculated frequencies are found to be imaginary and
therefore it as unstable. For the next structure having minimum energy i.e. pentagonal Zn3O2 structure (fig. 1(g)),
there are nine normal modes of vibrational frequencies. The highest frequency of 746 cm−1 originates from asymmetric
stretching vibration. The frequencies, 91 and 199 cm−1 correspond to the out of plane vibrations (fig. 6(a), 6(d)) of Zn
and O atoms. All others frequencies arise due to stretching, and bending vibrations. Further, most of the vibrations
are IR-active and Raman-active.

The above study of the different vibrations of the different structures shows that the high vibrational frequencies
arise from the symmetrical and asymmetrical stretching vibrations. The lower frequencies belong to the wagging,
rocking and the out of plane vibrations of Zn and O atoms. The above discussion also reveals that the nanoclusters of
ZnO4, Zn2O3 and Zn4O configurations are unstable, as all or some their frequencies are found to be imaginary. We
also found that although the planer Zn3O2 structure has minimum energy but as its vibrational frequencies are found
to be imaginary, it is unstable.
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Fig. 3. Normal modes of vibrations of most stable ZnO3 rhombus nanocluster. The numbers are the frequencies in cm−1. The
nature of vibration is given inside brackets.
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Fig. 4. Normal modes of vibrations of most stable Zn2O2 rhombus nanocluster. The numbers are the frequencies in cm−1. The
nature of vibration is given inside brackets.
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Fig. 5. Normal modes of vibrations of most stable Zn3O trigonal nanocluster. The numbers are the frequencies in cm−1. The
nature of vibration is given inside brackets.
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Fig. 6. Normal modes of vibrations of most stable Zn3O2 pentagonal nanocluster. The numbers are the frequencies in cm−1.
The nature of vibration is given inside brackets.

3.2 Optical properties

We present the calculated optical absorption spectra, which will be similar to the electron energy loss spectra (EELS)
in figs. 7 and 8. In most of the nanoclusters, the absorption spectrum is strong in the ultraviolet region but in a few
configurations one observes weak absorption in the visible region. The minimum excitation energies having the largest
oscillator strengths for the most stable ZnmOn nanoclusters are compared with the available experimental data in
table 2. One observes an excellent agreement with the available experimental data. Now the absorption spectra of each
nanocluster is discussed below.

ZnO

For the simplest diatomic nanocluster (fig. 1(a)), the calculated absorption region is shown in fig. 7(a). A strong peak
appears at 5.27 eV which is very close to the experimental observed value of 5.66 eV [33]. There also appears a very
weak peak at 8.89 eV.
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Fig. 7. Absorption spectra for the most stable structures of (a) linear ZnO (b) linear ZnO2 (c) triangular Zn2O and (d) rhombus
ZnO3.

ZnmOn (m + n = 3)

In the case of the linear OZnO nanocluster (fig. 1(b), very strong sharp peak appears at 7.98 eV corresponding to the
minimum excitation energy (fig. 7(b)).

For the triangular Zn2O nanocluster (fig. 1(c)), one observes a strong absorption peak at 3.19 eV in the upper side
of the visible region. It corresponds to the minimum energy excitation. Quite weak absorption is seen in other region
of energy (fig. 7(c)).

ZnmOn (m + n = 4)

For the rhombus ZnO3 (fig. 1(d)) configuration, a strong absorption is seen at 4.73 eV. Some absorption is also seen
at 3.56 and 7.49 eV.

For the rhombus Zn2O2 (fig. 1(e)) complex, weak absorption appears at the infrared region 1.14 eV and strong
absorption is seen in the ultraviolet region. Comparable strong absorption occurs in the energy range 4.30–5.90 eV as
shown in fig. 8(a). The strong absorption peak appearing at 5.04 eV is very close to the experimentally observed value
of 5.19 eV [33].
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Fig. 8. Absorption spectra for the most stable structures of (a) rhombus Zn2O2 (b) trigonal Zn3O and (c) pentagonal Zn3O2.

In the absorption spectra of the trigonal Zn3O (fig. 1(f)) configuration, two strong peaks appear at 2.17 eV and
3.85 eV. These peaks correspond to the excitation energies of the cluster. Weak absorption is seen in the ultraviolet
region.

ZnmOn (m + n = 5)

In the absorption spectra of the pentagonal Zn3O2 structure (fig. 1(g)), three sharp peaks are seen corresponding to
the various excitation energies. These strong peaks appear at 3.36, 4.33 and 4.68 eV as depicted in fig. 8(c). Weak
absorption also appears in the other parts of the energy region.

Most of the nanoclusters show strong absorption in the ultraviolet region but few nanoclusters like linear ZnO,
linear ZnO2, trigonal Zn3O and pentagonal Zn3O2 exhibit absorption in the visible region also.

4 Conclusion

This study presents the vibrational and optical properties of the most stable structures up to five atom ZnO nanoclus-
ters. We predict the vibrational frequencies, IR intensity, Rel IR intensity and Raman scattering activities and optical
properties which need to be verified experimentally.

For m + n = 5, we found that only Zn3O2 configuration is stable. On the other hand, ZnO4, Zn2O3 and Zn4O
configurations have no stable structure as all the investigated structures of these configurations have at least one imag-
inary vibrational frequency. The above study shows that the high vibrational frequencies arise from the symmetrical
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Table 2. Excitation energies (ΔE, in eV) having largest oscillator strengths (f) for the most stable configurations of ZnmOn

(m + n = 2 to 5) nanoclusters.

Nanocluster Configuration Excitation energy (ΔE, in eV) Oscillator strength (f)

Present Experimental

ZnO Linear ZnO (1a) 5.27 5.66 0.36

ZnO2 Linear OZnO (1b) 7.98 0.43

Zn2O Triangular (1c) 3.19 0.33

ZnO3 Rhombus (1d) 4.73 0.16

Zn2O2 Rhombus (1e) 5.04 5.19 0.20

Zn3O Trigonal (1f) 2.17 0.20

Zn3O2 Pentagonal (1g) 4.33 0.63

and asymmetrical stretching vibrations whereas the lower frequencies belong to wagging, rocking and the out of plane
vibrations of Zn and O atoms. Our calculated results for the excitation energies of Linear ZnO and Rhombus Zn2O2

nanoclusters exhibit close agreement with the experimental data as shown in table 2. Almost all the nanoclusters show
strong absorption in the ultraviolet region. Some nanoclusters show appreciable absorption in the visible region.
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