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nonlinear optical (NLO) response
of pure Aum (2 $ m # 7) and copper-doped Aum–
xCux clusters†

Fakhar Hussain,a Riaz Hussain, *a Muhammad Adnan, b Shabbir Muhammad, c

Zobia Irshad, d Muhammad Usman Khan, a Junaid Yaqooba

and Khurshid Ayub e

A series of small pure Aum (2 $ m # 7) and copper-doped Aum�xCux clusters was evaluated by density

functional theory (DFT) at the CAM-B3LYP/LANL2DZ level for their geometric, electronic, and nonlinear

optical (NLO) properties. The charge transfer for the Au cluster significantly improved by reducing the

HOMO–LUMO energy gap from 3.67 eV to 0.91 eV after doping with Cu atoms. The doping of Cu also

showed noteworthy impacts on other optical and NLO properties, including a decrease in the excitation

energy and increase in the dipole moment and oscillator strength. Furthermore, changes in the linear

isotropic and anisotropic polarizabilities (aiso and aaniso) and first and second NLO hyperpolarizabilities

(bstatic, gstatic) were also observed in the pure and Cu-doped clusters, which enhanced the NLO

response. The nonlinear optical properties of the clusters were evaluated by calculating the static and

frequency dependent second- and third-order NLO polarizabilities at 1064 nm wavelength. Among all

the doped structures, the Au3Cu1 cluster showed the largest static first hyperpolarizability of b(total) ¼
4.73 � 103 au, while the Au1Cu6 cluster showed frequency dependent first hyperpolarizability of

b(�2w;w,w) ¼ 1.26 � 106 au. Besides this, large static and frequency-dependent second hyperpolarizability

values of 6.30 � 105 au and 1.05 � 10 au were exhibited by Cu7 and Au1Cu6, respectively. This study

offers an effective approach to design high-performance NLO materials utilizing mixed metal clusters

which might have broad applications in the fields of optoelectronics and electronics.
Introduction

Nonlinear optics (NLO) is one of the sub-disciplines of modern
optics, with an important academic status at par with laser
physics. The study of nonlinear optics involves a variety of
nonlinear effects that occur in the interaction between laser and
matter.1,2 The purpose of nonlinear optics research, in partic-
ular, is for promoting new developments and new impacts on
the co-operative process of powerful laser beams and materials,
including gaining an in-depth understanding of the causes and
common processes as well as evaluating potential applications
in current or future elds. Laser interaction with a NLOmaterial
causes a modication in the optical properties of the material
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mation (ESI) available. See

the Royal Society of Chemistry
system, so that the next incoming photon sees something
different.3 Generally, only laser light is strong enough to
produce NLO phenomena; therefore, the beginning of this eld
of study is oen regarded as the result of the discovery of
second-generation harmonics by Franken et al. in 1961,4 one
year aer the rst laser was constructed by Maiman.5 Although
the observation of most NLO phenomena requires laser radia-
tion, some classes of nonlinear optical effects were known long
before the invention of laser. The most important examples of
these phenomena include Pockels and Kerr electro-optic
effects.6

Inorganic NLO objects associated with nonlinear light
distribution from the central region play an important role in
optical science. Nowadays, NLO materials are used in many
technological applications, including photonic devices, opto-
electronics, second-harmonic generation (SHG), frequency
doublers, ber-optic telecommunication, and laser tech-
nology.7,8 The material requirement to reect the NLO response
is not centrosymmetric. In this regard, other non-
centrosymmetric crystals exhibiting an indirect optical
response are K3B6O10Cl ref. 9 and SrB5O7F3.10 Continuous
efforts have been devoted to design and integrate new NLO
materials due to rapid advances in the elds of nanoscience and
RSC Adv., 2022, 12, 25143–25153 | 25143
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nanotechnology.11 Materials used in the nano-scale have
revealed an excellent NLO response that greatly enhances their
growth in the current era.12 Gold nanoparticles (Au-NPs) play
a vital role in the eld of photonics.13,14

In addition, several design strategies for NLO materials have
been proposed, including, the signicant diradical character,15

designing octupolar molecules,16 the push–pull effect,17 and
excess electron system.18 Among the above-mentioned
approaches for designing NLO materials, the introduction of
excess electrons is a well-known and widely used strategy.7 Gold
copper bimetallic clusters are a good source of excess electrons
and can be doped in many systems to generate excess electron
compounds.19 Therefore, a number of theoretical studies and
experiments have been presented evaluating the electronic
stability and chemical application of transitional metal
clusters.20

Metal clusters are obtained from the bonding of a few to
hundreds of atoms and are called molecular entities.21 Gold
clusters have declared as emerging materials in the 21st century
due to their outstanding catalytic performances and their
various NLO applications. Furthermore, gold clusters have
proven to be key materials in electronics, optics22 and also in
biomedical elds.23,24 Kokabi and Salehiyoun, studied the NLO
and electronic properties of small neutral and singly charged
iron-doped bismuth clusters.25 Recently, Knoppe et al. studied
the NLO properties of thiolate-protected and phosphine-
protected Au20 clusters.26,27

From the review of the valuable literature, it is evident that
nano-scale materials possess excellent optical and nonlinear
optical responses. Alloys of two clusters have also proved to be
a better system with an excellent NLO response. Motivated by
previous reports, we designed new alloys based on Cu and Au
doping. The doping of two clusters can be an efficient approach
for designing better NLO materials. In this report, we studied
the changes produced in the electronic structure and geometry
of Cu-doped Au-clusters by considering the dipole moment,
HOMO–LUMO energy gap, NLO, average static b(0;0,0,0) and
frequency-dependent b(�2w;w,w) second-order polarizability, and
third-order static g(0;0,0,0) and frequency-dependent g(�2w;w,0,0)

polarizability. The results of all the analyses suggested that our
designed clusters are effective candidates as superb nonlinear
optical materials.
Computational methodology

The Gaussian 09 program was used for all the computational
calculations.28 The structures of all the studied gold and copper
clusters were visualized and designed using the Gauss View 5.0
Program.29 Density functional theory (DFT) methods were used
to compute the molecular geometries of the neutral gold clus-
ters. This theoretical methodology was selected due to the
presence of a great number of electrons in the metal clusters
and required the introduction of electron correlation effects.
The CAM-B3LYP functional was used with LANL2DZ (Los Ala-
mos National Laboratory 2 Double-Zeta), which is a widely used
ECP (effective core potentials) type basis set to model the metal
atoms and can reduce the computational cost and energy
25144 | RSC Adv., 2022, 12, 25143–25153
required.30 The HOMO–LUMO energy gap and NLO properties
were calculated by using the same method as used for the
optimization.

In our work, we focus on the comparison of the total electronic
dipole moment mtot, static and the frequency-dependent linear
isotropic aiso and anisotropic aaniso polarizabilities, total second-
order polarizability b(total), average static b(0;0,0,0) and frequency-
dependent b(�2w;w,w) rst hyperpolarizabilities, and average
static g(0;0,0,0) and frequency-dependent g(�2w;w,w,0) second
hyperpolarizabilities [66, 67]. Mathematically, the anisotropic and
isotropic polarizabilities can be stated as follows:31,32

aiso ¼ 1

3

�
axx þ ayy þ azz

�
(1)

aaniso ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
axx � ayy

�2 þ ðaxx � azzÞ2 þ
�
ayy � azz

�2q
(2)

Estimation of the non-linearities, particularly the rst
hyperpolarizabilities, were calculated as follows.33,34

btotal ¼ (bx2 + by2 + bz2)
1/2 (3)

bx ¼
3

5

�
bxxx þ bxyy þ bxzz

�
(4)

by ¼
3

5

�
byyy þ byzz þ bxxy

�
(5)

bz ¼
3

5

�
bxxz þ byyz þ bzzz

�
(6)

whereas the average third-order polarizability or second
hyperpolarizability can be calculated as:

go ¼
1

15

X
ij¼x;y;z

�
giijj þ gijij þ gijji

�
(7)

The following equation was used to calculate the H-L energy
gap.35,36

EH�L ¼ EL�EH (8)

where EH is the energy of the HOMO, EL is the energy of the
LUMO, and EH�L represents the HOMO–LUMO energy gap.
Results and discussion
Geometry of the pure and Cu-doped gold clusters

The structural geometry of the clusters plays an important role
in modulating the NLO and optoelectronic properties of
advanced functional materials. So, the effect of variations in the
geometrical structures on their NLO properties by doping Cu
atom in pure Au-clusters was investigated. In the present study,
small Au-clusters Aum (2 $ m # 7), namely Au2, Au3, Au4, Au5,
Au6, and Au7, clusters were optimized through DFT calculations
at the CAM-B3LYP/LANL2DZ level of theory, which is an effi-
cient and frequently used method for doped clusters. In the
literature, different reports effectively used the CAM-B3LYP/
LanL2DZ level of theory for studying the electronic behavior
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Optimized Aum (2 $ m # 7) clusters.
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of clusters.37 The average bond lengths and HOMO–LUMO
energy gaps were calculated and compared with the reported
Au-clusters, as it is very signicant to relate the properties of the
studied materials with others to ensure their uniqueness. As
shown in Fig. 2, the reported bond lengths of the pure Au-
clusters and our calculated values for pure Au-clusters were
comparable.37 Aer careful analysis of all the designed clusters,
the following lowest energy geometry structures of pure gold
Aum (2 $ m # 7) clusters were selected (based on stability), as
shown in Fig. 1.

Furthermore, by the replacement of both Au atoms of the Au2
cluster with a Cu atom the Au1Cu1, Cu2 lowest energy geometry
structures were obtained. Similarly, for Au3(Au2Cu1, Au1Cu2, Cu3),
Au4(Au3Cu1, Au2Cu2, Au1Cu3, Cu4), Au5(Au4Cu1, Au3Cu2, A2Cu3,
A1Cu4, Cu5), Au6 (Au5Cu1, Au4Cu2, Au3Cu3, Au2Cu4, Au1Cu5, Cu6),
and Au7 (Au6Cu1, Au5Cu2, Au4Cu3, Au3Cu4, Au2Cu5, Au1Cu6, Cu7)
structures were obtained, as shown in Fig. 2.

Due to having applications in optoelectronics, gold clusters
are considered as promising NLO materials. To enhance the
conducting properties of pure gold clusters, these are doped
with Cu atoms. The average bond length of the pure gold
clusters Au2, Au3, Au4, Au5, Au6, and Au7 were 2.57, 2.64, 2.71,
2.77, 2.77, and 2.79 �A, respectively. While these lengths
decreased by doping with Cu atom as Au1Cu1 2.57 �A 2.41, Cu2
2.26 �A. The average bond length for the pure Cu clusters Cu2,
Cu3, Cu4, Cu5, Cu6, and Cu7 were 2.26, 2.33, 2.40, 2.44, 2.44, and
2.45�A respectively. The average bond lengths were considerably
decreased by doping Cu in the pure gold clusters, as shown in
Table 1. The Eg values for the pure gold cluster structures Au2,
Au3, Au4, Au5, Au6, and Au7 were 3.25, 3.14, 1.93, 2.49, 3.48, and
3.25 eV, respectively. A mixed trend for the energy bandgap was
obtained for Cu2, Cu3, Cu4, Cu5, Cu6, and Cu7, as shown in
Table 1. These results show that the HOMO–LUMO energy gap
was altered upon doping with Cu atom. The band gap decreased
from the pure to the doped system in the range of 3.67–0.91 eV.
The lowest energy bandgap was observed for Au2Cu2, Au3Cu1,
Cu3, Cu4, and Au4, as shown in Table 1.

This decreases in bond length and energy gap were due to
deformation in the electronic structures of the clusters and
increases in the dipole moment and the conducting properties
of the clusters. All the doped clusters had a small ABL (average
bond length) and low energy gap, which showed that all the
doped clusters were stable.
© 2022 The Author(s). Published by the Royal Society of Chemistry
Dipole moment

The computed values of the dipole moment (m) and change in
the transition dipole moment (dm) of the pure and Cu-doped
gold clusters are given in Table 1. The doping of gold clusters
signicantly affected their electro-optical properties, such as the
dipole moment and transition energy. The doping of metal
unbalances the electron density of the pure clusters, which
results in charge separation. The charge separation causes an
increase in the dipole moment. A greater value of dipole
moment in the doped system allows a higher NLO response.
Therefore, the NLO polarizabilities were also calculated, which
strongly depend on the dipole moment, oscillator strength, and
orbital transition energy.

The dipole moment was almost zero due to the centrosym-
metric nature of the pure clusters. The doping of a transition
metal (Cu) could signicantly change the dipole moments as
compared to pure clusters. The total and transition dipole
moment for the pure gold and pure copper clusters Au2, Au3,
Au4, Au5, Au6, and Au7 were almost 0.0 D. The doping of Cu into
the pure Au-clusters imbalanced the electronic density, which
resulted in charge separation. This charge separation caused an
increase in the dipole moment. The calculated total dipole
moment mD and transition dipole moment dm for the optimized
geometries of Au and Au–Cu doped clusters are presented in
Table 1.

Large dipole moments mD for the Cu-doped clusters Au2Cu1,
Au4, and Au3Cu1 were noted as 3.27, 3.63, and 5.03 D, respec-
tively. The highest transition dipole moments dm were 0.5691,
0.7955, 0.8135, and 1.2070 D for Au4Cu2, Au3Cu3, Au1Cu5, and
Au2Cu4, respectively, due to the highly imbalanced structures of
the molecules. The dipole moments of the pure Au and pure Cu
clusters were less than the mixed Au–Cu clusters. Interestingly,
the dipole moment of the pure clusters increased upon doping
with Cu atoms. The Au2 clusters showed a lower value of dipole
moment for pure Au and pure Cu cluster compared to the
others. The doped clusters, like Au1–Cu1 clusters, exhibited
a higher value of dipole moment, which was due to the change
in charge separation. The dipole moment for a symmetric
structure is always less than for nonsymmetric structures, like
in the Au4 cluster, where the mD for the Au2Cu2 symmetric
structure was less than for the Au3Cu1 nonsymmetric structure.
The same trend of dipole moment was shown in Au6 (Au3Cu3)
and Au7 (Au4Cu4) clusters. The dipole moment of the cluster
structures containing a single Au atom was higher than the
others with more than one Au atom clusters. The dipole
moment of clusters containing a single Cu atom was also higher
than the others with more than one Cu atom clusters, like in
Au5(Au4Cu1), A6(Au5Cu1) and A7(Au6Cu1) clusters. Thus, one
can expect better electronic and optoelectronic properties from
these clusters.
Linear isotropic and anisotropic polarizabilities

In isotropic media, the polarizability aiso is dened as the ratio
of the induced dipole moment of an atom to the electric eld
generating dipole moment, while in general, the polarizability
cannot be expressed as a scalar quantity for anisotropic aaniso or
RSC Adv., 2022, 12, 25143–25153 | 25145
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non-spherical media. In scalar terms, the anisotropic polariz-
ability aanisocan be referred to as the applied electric elds can
only cause eld parallel components to become polarized and
Fig. 2 Optimized structures and bond lengths (�A) of the pure and Cu-d

25146 | RSC Adv., 2022, 12, 25143–25153
as the x, y, z directions react in the same way to an applied
electric eld. The characterization of anisotropic media is done
by the two tensor polarizability rank. Isotropic polarizability in
oped clusters.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Calculated values of the dipole moment m (D), transition dipole moment dm, first excited state transition energy (eV), oscillator strength
(fo), HOMO–LUMO, energy gap Eg in eV, and average bond length (�A)

Molecule
First transition
dipole (dm) fo Transition (%C$I) m (D) HOMO (ev) LUMO (eV) Eg (eV) DE (eV) ABL (�A)

Au2 0.0000 0.0000 H�1 to L+1 (71) 0.00 �7.19 �3.93 3.25 2.7346 2.57
Au1Cu1 0.2152 0.0030 H�1 to L+1 (70) 2.63 �6.40 �3.02 3.38 2.6029 2.41
Cu2 0.0000 0.0000 H�1 to L+1 (70) 0.00 �5.59 �2.34 3.25 2.5317 2.26
Au3 0.0595 0.0001 H+3 to L+1 (99) 0.37 �6.59 �3.45 3.14 1.2269 2.64
Au2Cu1 0.0740 0.0003 H+2 to L�1 (73) 3.27 �5.72 �2.96 2.75 1.4927 2.56
Au1Cu2 0.4680 0.0085 H to L+2 (47) 1.40 �4.97 �2.53 2.44 1.5765 2.48
Cu3 0.4958 0.0034 H to L+1 (100) 0.42 �4.05 �2.66 1.39 0.5600 2.33
Au4 0.3176 0.0033 H to L+1 (70) 3.63 �6.34 �4.41 1.93 1.3526 2.71
Au3Cu1 0.1746 0.0005 H to L+1 (71) 5.03 �5.86 �4.58 1.28 0.6436 2.58
Au2Cu2 0.1961 0.0002 H to L+1 (72) 1.63 �5.15 �4.22 0.93 0.2505 2.56
Au1Cu3 0.2813 0.0035 H to L+1 (70) 2.51 �5.45 �2.92 2.53 1.8158 2.58
Cu4 0.2906 0.0025 H to L+1 (71) 3.02 �4.76 �2.91 1.85 1.2200 2.40
Au5 0.2302 0.0001 H to L+1 (97) 0.02 �5.91 �3.42 2.49 1.2608 2.77
Au4Cu1 0.1610 0.0008 H to L�2 (91) 0.22 �5.80 �3.32 2.48 1.2801 2.67
Au3Cu2 0.4196 0.0066 H to L�2 (96) 1.19 �5.66 �2.70 2.95 1.4614 2.59
Au2Cu3 0.3651 0.0054 H to L�2 (91) 1.71 �5.29 �2.57 2.72 1.6456 2.52
Au1Cu4 0.2076 0.0025 H to L�1 (24) 2.47 �4.88 �2.42 2.46 1.5801 2.48
Cu5 0.2558 0.0022 H to L+1 (97) 0.01 �4.55 �2.17 2.38 1.3774 2.44
Au6 0.1572 0.0017 H to L�1 (52) 0.00 �6.92 �3.43 3.48 2.8508 2.77
Au5Cu1 0.3057 0.0063 H to L�2 (59) 0.46 �6.79 �3.39 3.39 2.7549 2.69
Au4Cu2 0.5691 0.0218 H to L�1 (69) 0.25 �6.77 �3.36 3.40 2.7487 2.60
Au3Cu3 0.7955 0.0619 H to L�1 (63) 0.01 �6.74 �3.07 3.67 3.0298 2.54
Au2Cu4 1.2070 0.1024 H to L�1 (66) 2.47 �6.18 �2.79 3.39 2.8677 2.50
Au1Cu5 0.8135 0.0428 H to L�1 (65) 2.51 �5.74 �2.52 3.22 2.6353 2.47
Cu6 0.0882 0.0489 H to L�1 (61) 0.00 �5.50 �2.25 3.25 2.6802 2.44
Au7 0.0475 0.0001 H to L�1 (87) 0.39 �5.82 �3.58 2.24 1.3915 2.79
Au6Cu1 0.2629 0.0023 H to L�2 (95) 1.17 �5.61 �3.60 2.01 1.2903 2.72
Au5Cu2 0.2814 0.003 H to L�2 (97) 0.88 �5.61 �3.59 2.02 1.2706 2.65
Au4Cu3 0.1160 0.0009 H to L (91) 0.81 �5.70 �3.22 2.49 1.4583 2.59
Au3Cu4 0.1772 0.0016 H to L (91) 1.57 �5.51 �2.98 2.53 1.4386 2.54
Au2Cu5 0.2171 0.0015 H to L (98) 0.90 �5.34 �2.61 2.68 1.1374 2.51
Au1Cu6 0.2110 0.0021 H to L (97) 2.37 �4.93 �2.47 2.46 1.1618 2.48
Cu7 0.2449 0.0021 H to L�2 (92) 0.17 �4.40 �2.34 2.06 1.2803 2.45
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scalar terms can be dened as the ratio of the induced atomic
dipole moment to the dipole moment rising through an electric
eld.38 Here, we specically investigated the static and
frequency-dependent aiso and aaniso of pure and Cu-doped Au-
clusters at the CAM-B3LYP/LANL2DZ level of DFT and their
values are shown in Table 2. The doping of Cu in pure Au-
clusters meaningfully affected the electro-optical characteris-
tics, such as transition energy and dipole moment. The
maximum dipole moment was seen in doped systems, which
may be due to their high NLO response.

The linear static isotropic polarizabilities for the pure Au-
clusters Au2, Au3, Au4, Au5, Au6, and Au7 were 78.86, 142.89,
167.34, 204.80, 234.61, and 298.49 au, respectively. The
isotropic polarizabilities of pure Cu clusters were in the range of
76.74–281.49 au. The frequency-dependent isotropic polariz-
abilities for pure gold clusters were in the range of 60.16–322.77
au, and 45.97 ¼ �248.24 au for pure Cu clusters. High values of
static and frequency-dependent aiso were shown by Cu7 and Au7
clusters due to their large size and deformation structure.

The static anisotropic polarizabilities for pure Au-clusters
were 69.91, 177.24, 156.36, 176.23, 170.68, and 270.15 au for
Au2, Au3, Au4, Au5, Au6, and Au7, respectively. Frequency-
© 2022 The Author(s). Published by the Royal Society of Chemistry
dependent anisotropic polarizabilities for the pure Au (2–7)
clusters were in the range of 69.91–311.97 au. These show that
the frequency-dependent anisotropic polarizability is always
higher than the static. Therefore, we can say that the anisotropic
polarizabilities for the pure Au and Cu clusters were very close
to each other. High values of aaniso static and frequency-
dependent polarizabilities were also shown by the Cu-doped
Au7(Au6Cu1, Au5Cu2, Au4Cu3, Au3Cu4, Au2Cu5, Au1Cu6, Cu7)
clusters due to deformation in their structure by the doping of
cupper and also due to their high dipole moment. A comparison
of the linear and frequency-dependent isotropic and anisotropic
polarizabilities is shown in Fig. 3.

Graphical comparison of the linear and frequency-
dependent isotropic and anisotropic polarizabilities showed
that the anisotropic polarizability was always less than isotropic
polarizability. These results conrmed that the frequency-
dependent isotropic and anisotropic polarizabilities were
higher than the static one. The isotropic and anisotropic
polarizability values were high for single Au and Cu containing
cluster structures, like Au1Cu2 and Au1Cu3, Au1Cu4, Au1Cu5,
Au1Cu6, Au6Cu1, Au5Cu1, Au4Cu1, Au3Cu1, Au2Cu. The graphical
comparison showed that by the doping of Cu, the values of the
RSC Adv., 2022, 12, 25143–25153 | 25147
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Table 2 Computed values of the static and frequency-dependent aiso, aaniso, average second-order polarizability bo, btotal, and average third-
order polarizability go for the pure and Cu-doped gold clusters

Molecule

a(0;0) (au) a(�w;w) (au) 2nd polarizability bo (au) go (au)

(aiso) (aaniso) (aiso) (aaniso) b(0;0,0) b(�2w;w,w) btotal go(0;0,0,0) go(�2w;w,w,0)

Au2 78.86 69.91 60.16 84.03 0.00 � 101 0.00 � 10� 1.15 � 101 6.01 � 103 8.03 � 103

Au1Cu1 70.54 47.37 75.37 55.24 1.01 � 103 1.27 � 103 4.70 � 102 5.67 � 105 6.74 � 105

Cu2 76.74 45.97 83.24 55.01 0.00 � 10� 0.00 � 10� 6.74 � 101 4.56 � 104 1.42 � 105

Au3 142.89 177.24 186.02 285.96 2.41 � 102 1.26 � 103 1.26 � 103 1.42 � 103 1.45 � 105

Au2Cu1 135.37 161.31 154.15 205.61 2.21 � 103 2.28 � 104 3.64 � 103 1.41 � 105 1.69 � 106

Au1Cu2 146.45 189.12 175.11 262.17 1.08 � 103 3.26 � 103 1.79 � 103 1.08 � 105 5.03 � 105

Cu3 131.57 106.17 133.82 943.76 1.43 � 103 6.21 � 102 2.39 � 103 2.47 � 105 9.80 � 105

Au4 167.34 156.36 182.22 174.18 1.28 � 103 2.84 � 103 2.84 � 103 6.52 � 104 1.16 � 105

Au3Cu1 152.36 121.33 162.80 143.06 2.73 � 103 4.46 � 103 4.73 � 103 1.44 � 105 2.99 � 105

Au2Cu2 168.42 142.17 181.57 172.96 1.78 � 103 1.91 � 103 3.36 � 103 4.04 � 105 1.56 � 106

Au1Cu3 138.90 119.24 148.71 134.41 1.19 � 103 2.62 � 103 1.98 � 103 1.79 � 105 3.83 � 105

Cu4 145 147.35 132.26 139.74 3.78 � 102 5.21 � 102 3.66 � 102 3.17 � 105 9.83 � 105

Au5 204.80 176.23 226.60 219.58 3.51 � 102 3.52 � 102 2.63 � 102 8.67 � 104 4.24 � 104

Au4Cu1 194.87 160.67 217.13 205.13 9.10 � 101 1.28 � 104 7.07 � 101 2.02 � 105 1.52 � 107

Au3Cu2 178.72 134.84 194.70 162.94 3.05 � 102 6.06 � 103 4.42 � 102 1.49 � 104 1.09 � 106

Au2Cu3 177.16 136.25 192.44 159.26 4.17 � 102 1.82 � 104 7.15 � 102 2.15 � 105 4.26 � 107

Au1Cu4 185.39 144.20 203.75 170.81 1.11 � 103 2.10 � 103 1.86 � 103 3.27 � 105 2.10 � 105

Cu5 195.65 154.01 218.85 187.47 2.95 � 102 2.23 � 102 4.99 � 102 3.57 � 105 5.15 � 105

Au6 234.61 170.68 247.08 186.02 1.74 � 10� 4.35 � 101 1.94 � 101 9.84 � 104 2.10 � 105

Au5Cu1 222.74 161.23 234.90 176.46 1.21 � 102 3.42 � 102 9.31 � 101 1.73 � 104 2.10 � 104

Au4Cu2 209.73 146.72 221.02 160.91 1.92 � 102 7.56 � 102 3.97 � 102 1.19 � 105 2.65 � 105

Au3Cu3 195.39 124.79 205.43 136.18 1.03 � 102 1.82 � 102 1.06 � 102 1.89 � 105 3.44 � 105

Au2Cu4 201.60 132.80 213.71 146.69 1.08 � 103 2.31 � 103 1.79 � 103 9.13 � 104 1.84 � 105

Au1Cu5 210.24 142.33 224.94 159.32 1.11 � 103 2.35 � 103 1.86 � 103 3.80 � 105 8.57 � 105

Cu6 221.25 153.97 239.15 174.58 8.36 � 102 5.11 � 101 8.69 � 101 3.46 � 105 8.81 � 105

Au7 298.49 270.15 322.77 311.97 3.95 � 102 6.20 � 103 6.60 � 102 1.83 � 105 1.15 � 106

Au6Cu1 286.96 254.14 310.79 293.15 4.52 � 102 6.06 � 102 6.67 � 102 5.06 � 104 3.79 � 105

Au5Cu2 269.18 220.05 295.90 254.51 3.89 � 102 1.13 � 104 6.55 � 102 3.53 � 105 2.42 � 107

Au4Cu3 251.88 204.48 271.71 236.66 3.11 � 102 4.09 � 103 3.56 � 102 2.03 � 105 2.96 � 106

Au3Cu4 251.05 205.78 272.79 238.00 2.94 � 102 2.80 � 103 4.98 � 102 2.00 � 105 2.88 � 105

Au2Cu5 255.72 209.45 258.74 228.01 6.61 � 102 8.23 � 103 1.14 � 103 3.27 � 105 5.77 � 106

Au1Cu6 267.89 226.57 287.96 438.78 1.61 � 103 1.26 � 106 2.68 � 103 4.22 � 105 1.05 � 108

Cu7 281.49 248.24 316.76 303.68 5.35 � 102 1.31 � 104 9.00 � 102 6.30 � 105 5.15 � 106
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aiso and aaniso rst decreased, like in Au5 clusters, where the aiso
and aaniso rst decreased from Au5 to Au2Cu3 cluster and then
increases by further doping up to the pure Cu5 cluster. The Au6
and Au7 clusters showed a similar trend for the isotropic and
anisotropic polarizabilities. It could also be noted that the
clusters containing equal numbers of gold and copper atoms
showed low polarizability; for example, the aiso and aaniso for
the Au1Cu1, Au2Cu2, and Au3Cu3 structures were less than for
Au2Cu3, Au3Cu2, and Au4Cu5, etc. When the anisotropic polar-
izability aaniso values of the pure and Cu-doped clusters were
compared, the values of the Cu-doped clusters were less than for
the pure gold and pure copper clusters. The polarizability of the
studied clusters gradually increased with increased size (atomic
size) and the number of metals.
Second-order NLO polarizability

Density functional theory (DFT) at the CAM-B3LYP/LANL2DZ
level was used to theoretically calculate the total second-order
polarizability b(total), average static second-order polarizability
b(0;0,0), and average frequency-dependent second-order polariz-
ability b(�2w;w,w) of the pure and Cu-doped gold nano clusters.
25148 | RSC Adv., 2022, 12, 25143–25153
The computed values of b(0;0,0), b(�2w;w,w), and b(total) of the pure
and doped Au–Cu clusters are shown in Table 2.

A two-level model was applied to understand the factors
affecting the hyperpolarizability.39–41 This model explains the
dependency of the rst hyperpolarizability on the oscillator
strength (fo) and transition energy (DE) of the crucial excited
state, and the difference in the dipole moment between the
ground and crucial excited states (Dm). The two-level model can
be represented as follows:

bof
Dmfo
DE3

(9)

This equation shows that the rst hyperpolarizability (bo) is
directly related to the oscillator strength (fo) and transition
dipole moment (Dm), but inversely proportional to the third
power of the transition energy (DE).

The rst hyperpolarizabilities b(total) for the pure Au-clusters
Au2, Au3, Au4, Au5, Au6, and Au7 were 1.15 � 101, 1.26 � 103,
2.84 � 103, 2.63 � 102, 1.94 � 101, and 6.60 � 102 au, respec-
tively. The high rst hyperpolarizabilities b(total) for the doped
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Linear isotropic and anisotropic polarizabilities of the pure and Cu-doped gold clusters.
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clusters Au1Cu6, Au4, Cu4, Au2Cu2, Au2Cu1, and Au3Cu1 were
2.68 � 103, 2.84 � 103, 3.21 � 103, 3.36 � 103, 3.64 � 103, and
4.73 � 103 au, respectively. The static second-order polariz-
abilities b(0;0,0) for the pure Au (2–7) clusters were in the range of
0–2.73 � 103 au. The highest static rst hyperpolarizability for
the doped clusters Au4, Cu3, Au1Cu6, Au2Cu2, Au2Cu1, and
Au3Cu1 were 1.28 � 103, 1.43 � 103, 1.61 � 103, 1.78 � 103, 2.21
� 103 and 2.73 � 103 au, respectively.

The frequency-dependent b(�2w;w,w) polarizabilities for the
pure Aum (m ¼ 2–7) clusters were in the range of 0–1.26 � 106

au. These showed that the frequency-dependent rst
© 2022 The Author(s). Published by the Royal Society of Chemistry
hyperpolarizability b(�2w;w,w) was always higher than the static
one. The rst hyperpolarizability values of the pure Au and Cu
clusters were very close to each other. While, the average
frequency-dependent b(�2w;w,w) values were very high for the
mixed Au–Cu clusters Au5Cu2, Au4Cu1, Cu7, Au2Cu3, Au2Cu1,
and Au1Cu6 as 1.13 � 104, 1.28 � 104, 1.31 � 104, 1.82 � 104,
2.28 � 104, and 1.26 � 106, which were in accordance with the
two-level model. These resulting values of the second hyper-
polarizability for the doped clusters were higher than those of
previously reported NLO materials, ranging from 2.55 � 104–
3.63 � 104 au.42 For further investigation of the consistency of
RSC Adv., 2022, 12, 25143–25153 | 25149
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Fig. 4 First hyperpolarizability comparison for the pure and Cu-doped gold clusters.
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the different pure and Cu-doped Au-clusters, a graphical
comparison was made for the rst hyperpolarizability or
second-order polarizability, as shown in Fig. 4.

The b values evaluated by the two-level model nicely corre-
lated with the computed values of the static rst hyper-
polarizability. They increased with the increase in size of the
clusters and thus followed amonotonic behavior. The doping of
Cu resulted in the highest hyperpolarizability values in each
cluster. It was observed that the frequency-dependent rst
hyperpolarizability b(�2w;w,w) was always higher than the static
one and the pure Au-clusters showed the lowest values of the
average rst hyperpolarizability.
25150 | RSC Adv., 2022, 12, 25143–25153
Comparing the pure Au and Cu-doped clusters, the b(0;0,0) for
the pure cluster was always less than for the mixed Au–Cu
clusters. Fascinatingly, the b(�2w;w,w) of the pure clusters was
increased by doping with Cu atoms. For the 2A clusters, the
value of the second-order polarizability for the pure Au and pure
Cu clusters was less than for the mixed Au1–Cu1 clusters due to
the large change in the electric dipole moment according to the
two levels. The Au3Cu1 nonsymmetric structure showed notable
values of hyperpolarizability, which signied their NLO
behavior as compared to Cu2, Cu3, and Cu4 symmetric struc-
tures. The average rst hyperpolarizability of clusters contain-
ing a single Au atom (Au1Cu4, Au1Cu5, and Au1Cu6) cluster was
higher than the mixed doped clusters due to the deformation
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Second hyperpolarizability comparison for the pure and Cu-doped gold clusters.
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produced by doping, which enhances the dipole moment and
changes the electronic structure of the clusters. The electronic
dipole moment followed the same trend of variation as
observed in the rst and second hyperpolarizabilities.
Third-order NLO polarizability

To calculate the static and frequency-dependent second hyper-
polarizability or third-order polarizability of the pure and Cu-
doped gold clusters, DFT calculations at the CAM-B3LYP/
LANL2DZ level were used, and the results for the average
© 2022 The Author(s). Published by the Royal Society of Chemistry
second hyperpolarizabilities are summarized in Table 2. The
static third-order static polarizabilities g(0;0,0) for pure Au-
clusters Au2, Au3, Au4, Au5, Au6, and Au7 were 6.01 � 103, 1.42
� 103, 6.52 � 104, 8.67 � 104, 9.84 � 104, and 1.83 � 105 au,
respectively. For the pure Cu (2–7) clusters, these were in the
range of 4.56 � 104–6.30 � 105 au. The highest static second
hyperpolarizabilities for the doped clusters Au2Cu2, Au1Cu6,
Au1Cu1, and Cu7 were 4.04 � 105, 4.22 � 105, 5.67 � 105, and
6.30 � 105, respectively. The third-order frequency-dependent
g(�2w;w,w,0) polarizabilities for the pure gold clusters Au2, Au3,
Au4, Au5, Au6, and Au7 were 8.03 � 103, 1.45 � 105, 1.16 � 105,
RSC Adv., 2022, 12, 25143–25153 | 25151
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4.24 � 104, 2.10 � 105, and 1.15 � 106 au, respectively. The
frequency-dependent g(�2w;w,w,0) polarizabilities for the pure
Cum (m ¼ 2–7) clusters were in the range of 1.42 � 105–5.15 �
106 au. It was found that the second hyperpolarizability was
much greater than the rst hyperpolarizabilities and also that
the frequency-dependent g(�2w;w,w,0) polarizability was always
higher than the static one. The average third-order frequency-
dependent g(�2w;w,w,0) polarizabilities were very high for the
mixed Au–Cu doped Cu7, Au2Cu5, Au4Cu1, Au5Cu2, Au2Cu3, and
Au1Cu6 clusters at 5.15 � 106, 5.67 � 106, 1.52 � 107, 2.42 �
107, 4.26 � 107, and 1.05 � 108 au, respectively. These
computed rst and second hyperpolarizabilities for the pure
and Cu-doped gold clusters were larger than the already re-
ported NLO materials, e.g., 51.99 � 104 to 138.25 � 104 au for
superhalogen and superalkali doped phosphorenes,43 and 6.1�
107 au for bimetallic superalkali clusters.44 To highlight the
difference between the pure and Cu-doped Au-clusters,
a graphical comparison was made for the third-order polariz-
ability or second hyperpolarizability, as shown in Fig. 5.

A graphical comparison between the static and frequency-
dependent third-order polarizability is shown in Fig. 5. It was
observed that the frequency-dependent second hyper-
polarizability g(�2w;w,w,0) was always higher than the static one.
As we moved from Au2 to Au6 clusters, the second hyper-
polarizability of the pure gold clusters was less than for the pure
Cu clusters. Comparing between the Cu-doped clusters and
pure clusters, the g(0;0,0) of the pure clusters was less than for
the mixed Au–Cu clusters. Interestingly, the g(0;0,0) of the pure
clusters was increased by doping with Cu atoms. For the Au2
clusters, the value of g(0;0,0) and g(�2w;w,w,0) for the Au1Cu1
cluster were higher than for the pure gold and copper clusters
due to the change in the electronic structure. Also, it was found
that the second hyperpolarizability for the symmetric structure
was comparatively less than for the nonsymmetric structures,
like the Au2 to Au7 clusters, where the second hyper-
polarizability for the Au2Cu2, Au3Cu3, and Au4Cu4 symmetric
structures was less than for the Au3Cu1 nonsymmetric struc-
ture. The g(0;0,0) of clusters containing a single Au (Au1Cu4,
Au1Cu5, Au1Cu6) cluster was higher than for the others with
more than one Au-doped clusters due to the deformation
produced by the doping, which enhanced the dipole moment.
The Au4Cu2, Au5Cu1, and Au5Cu2 clusters showed very high
g(�2w;w,w,0) third-order polarizability due to their high dipole
moment and complex structures. The excitation energy (DE in
eV) and oscillator strength (fo) for all the doped and pure Au-
clusters were also investigated. The excitation energies (DE)
were 2.73, 1.23, 1.35, 1.26, 2.85, and 2.68 eV for the Au2, Au3,
Au4, Au5, Au6, and Au7 pure Au-clusters, and decreased from
2.85–1.23 eV. These smaller values of DE for the doped
complexes led to higher values of hyperpolarizability. The
oscillator strength (fo) for the pure Au-cluster was 0 and it
changed upon Cu-doping, whereby the values of fo were 0.0218,
0.0063, and 0.0030 for Au4Cu2, Au5Cu1, and Au5Cu2, respec-
tively. All the calculated results for the excitation energy (DE)
and oscillator strength (fo) were in accordance with the two-level
model and related with their hyperpolarizability results. These
computed rst and second hyperpolarizabilities for the pure
25152 | RSC Adv., 2022, 12, 25143–25153
and Cu-doped gold clusters were much higher than those of the
already reported NLO materials. Thus, the third-order NLO
polarizability analysis showed that all the compounds in the
present investigation are potential candidates for efficient third-
order NLO applications.

Conclusions

The theoretical study of the current investigated Au–Cu clusters
showed that the doping of Cu atoms did not largely affect the
structural framework of the Au-clusters, while doping with Cu
signicantly enhanced the NLO properties of the clusters. A
signicant decrease in the HOMO–LUMO energy gap from 3.67
to 0.91 eV was observed, which was reduced by 74% by doping
with Cu. Similarly, the optical properties, including the linear
isotropic and anisotropic polarizabilities, increased by 4 to 5
times. Among all the structures, the Au3Cu1 and Au1Cu6 clusters
showed the largest static b(total) ¼ 4.73 � 103 au and frequency-
dependent b (�2w; w, w) ¼ 1.26 � 106 au rst hyper-
polarizabilities, respectively. The large static and frequency-
dependent second hyperpolarizabilities of 6.30 � 105 au and
1.05 � 108 au were exhibited by Cu7 and Au1Cu6, respectively.
Theoretically, it was shown that a single-doped system Aum (2$

m # 7) is a better choice to get a high NLO response as
compared to other combinations. These computed values of the
second and third-order polarizabilities are larger than some
already reported clusters. This methodology can be extended to
explore the NLO response of gold nanometallic structures
having different shapes, such as stars, cage, rods, and core–
shell.
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