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Abstract: Herein we report the density functional theory (DFT) calculations of nonlinear optical (NLO) properties of neutral
gold clusters Au, (n=2-10) applying long-range corrected LC-MO6L functional and Los-Alamos National Laboratory double-
polarized basis set. The effects of the incident frequency on the first and second-order hyperpolarizability together with the
influence of the external electric field on the frontier orbitals of neutral gold clusters are investigated. It is found that the
application of external electric field can increase or decrease the gap energy of neutral gold clusters depending on the direction
and magnitude of the applied field. More importantly, by correctly controlling the direction and magnitude of the external
electric field, reactive gold clusters having low gap energies can be achieved. Furthermore, the external electric field has more
important effect on the virtual orbitals of gold hexamer and decreases the energy of these orbitals along the directions parallel
to the molecular plane, resulting in low-energy excitations. The low-energy excitations are expected to play important role in
the high second-order hyperpolarizability and better response to the applied field. The third-order nonlinear (NLO) properties
of gold hexamer are also strongly affected by the frequency of the incident light and thus can be tuned using the incident
frequency for applications. The present work may propose new strategies for enhancing the nonlinear optical response of

neutral gold clusters.
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1. Introduction

Metal clusters are formed by assembling a small number
of atoms ranging from a few to several hundred [1]. Among
them, gold nanoparticles have received great interest in
electronics [2, 3], catalysis [4, 5], chemical sensing [6],
optical limiting [7, 8], optics [9] and biomedical fields [10-
15]. The field of optics investigates the interaction between
matter and light resulting in specific optical properties of
individual material which are essentially determined by the
response of the electrons to an external electric field [16].
Due to discrete energy levels and molecular-like HOMO-
LUMO transitions, ultrasmall clusters exhibit a spectacular
optical behavior which is fundamentally different from that
of larger plasmonic nanocrystals [17]. It has been established
that transition to the plasmonic regime sets in progressively
with size, and at 144 atoms (Aujy) weak absorption

saturation manifests in the z-scan curve [18]. The
investigation of static first hyperpolarizabilities of eight
model clusters [Au,(SH),]” (m=18-38) by means of density
functional theory revealed that no correlation between cluster
size and static first hyperpolarizability can be identified [19].
Instead, the symmetry of the clusters seems to dominate the
nonlinear optics (NLO) properties. For instance, at a
fundamental wavelength of 800 nm, the Ausg(SCH,CH,Ph),4
cluster is active, while Au,s(SCH,CH,Ph),g does not yield
significant second-harmonic generation (SHG) signal due to
center of inversion in the Auys cluster [20]. By
experimentally probing thickness-dependent changes of band
structure using two-photon photoluminescence, a surprisingly
100-fold increase of the nonlinear signal was observed when
the gold film thickness was reduced bellow 30 nm [21].
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Furthermore, the first hyperpolarizability  for Au;s cluster
(509% 107 esu) as compared to Au,s cluster (128x107° esu)
is larger considering the difference in the number of gold
atoms [17]. The 10°° B per atom values reported for Au,s and
Auys clusters are more than two-orders of magnitude larger
than the values reported for AuNPs in the size range 10-50
nm. The Auyo(SG),p cluster also presents a large first
hyperpolarizability =~ [22]. In  addition, the  first-
hyperpolarizability p(-2«,;@,w) of gold nanocluster
Aug(GSH),(MPA), having six gold atoms is in comparison
with larger AuNCs, the largest value ever reported [23].
Hence, by considering non-linear optical properties of gold
quantum clusters, it has been revealed that the smaller gold
clusters are better due to providing larger first
hyperpolarizabilities [17, 22, 23].

Recent efforts have been done on the nonlinear optical
(NLO) properties determination of metal clusters with the
number of metal atoms higher than 10 [16-33], while the
only reported nonlinear optical properties of gold cluster with
a number of metal atoms lower than 10 has been for the gold
nanocluster Aug(GSH),(MPA), having six gold atoms [23].
We herein present density functional theory (DFT)
calculations of the nonlinear optical (NLO) properties of gas-
phase gold clusters Au, (n=2-10) as a first approach towards
the theoretical exploration of their NLO properties. The
influence of the external electric field on the frontier
molecular orbital (HOMO-LUMO) gap energies of gold
clusters is also discussed. We assess the effects of incident
frequency on the first- and second-order hyperpolarizability.
Our study may propose new strategies for enhancing the
nonlinear optical (NLO) responses of neutral gold
nanoclusters Au, (n=2-10) by modulating the frequency of
incident light.

2. Computational Details

For geometry optimizations, the coordinates of neutral
gold clusters Au, (n=3-8) were selected based on the
available experimentally-theoretically determined structures
in the literature [34-36]. To obtain global minima of Auy and
Auy clusters, a series of structures were built based on our
designed or previously reported geometries [35-40], and
optimized using the B3LYP functional in combination with
the Los-Alamos National Laboratory double-( polarized
basis set for gold. Hay and Wadt [41-43] have proposed these
relativistic effective core potentials to enable valence electron
calculations to be carried out with essentially the same
accuracy as all electron calculations, but with much less
computational effort. The LANL2DZ basis set incorporates
the mass-velocity and Darwin relativistic effects into the
potential and explicitly deals with 19-valence electrons per
Au atom through a split valence double- basis set [44]. The
calculations were performed in the spin states, singlet,
doublet, triplet, quartet, quintet and sextet. Harmonic
vibrational analyses were performed in order to discriminate
between minima and possible transition states on the
potential energy surface. Then, depending on the energy

distribution of the cluster isomers, the most stable one to
three isomers for each cluster size were further optimized
using the LC-MO6L functional and Los-Alamos National
Laboratory double-C polarized basis set for gold. A final
vibrational analysis was also carried out.

In order to determine the best functional to be used for the
calculations, we made a comparative study of the vibrational
frequency, ionization potential and bond length of the gold
dimer as well as the mean static polarizability of atomic gold.
The results are compared with the available experimentally
determined values in Table 1.

Table 1. Vibrational frequency (w./Cm™), ionization potential (IP/eV) and
bond length (R/A°) of gold dimer together with the mean static
polarizability (<a>/A%) of atomic gold.

Method — Au
IP/eV ®/Cm™ RJ/A° <a>/A%
CAM-B3LYP 9.30 174 2.547 5.65
B3LYP 9.49 162 2.573 5.45
BILYP 927 161 2.579 5.49
X3LYP 9.44 163 2.572 5.45
PBEPBE 9.58 168 2.551 5.42
PBEIPBE 9.33 173 2.543 5.67
mPWI1PW91 9.34 172 2.543 5.71
PW91PW91 9.64 169 2.548 5.43
B3PW91 9.43 171 2.547 5.65
B1B95 9.26 173 2.542 5.60
mPW3PBE 9.46 172 2.542 5.62
B3P86 10.1 173 2.540 5.58
mPWILYP 931 162 2.578 5.46
mPW1PBE 9.33 173 2.540 571
B98 9.41 165 2.563 5.60
B971 9.36 164 2.568 5.58
B972 9.32 166 2.554 571
PBEh1PBE 9.35 171 2.549 5.70
BHandHLYP 8.98 166 2.571 5.73
BMK 9.36 176 2.583 5.29
HSEh1PBE 937 170 2.550 5.68
WB97 8.98 175 2.553 5.97
WB97x 9.08 174 2.556 5.93
TPSS 9.45 174 2.537 5.65
TPSSh 9.37 175 2.537 5.73
VSXC 9.53 161 2.572 521
MO06 9.14 158 2.592 5.90
MO6L 9.04 162 2.557 5.57
MOGHF 11.1 191 2.522 6.62
M06-2x 8.83 161 2.586 5.16
HCTH 9.63 153 2.572 551
HCTH93 9.41 155 2.569 5.52
HCTH147 9.66 158 2.563 5.43
tHCTH 9.67 168 2.539 5.97
tHCTHhyb 9.67 166 2.548 5.64
LC-tHCTH 9.76 173 2.556 5.63
LC-HCTH147 9.48 176 2.545 5.80
LC-HCTH407 9.36 166 2.568 5.74
LC-HCTH93 9.23 173 2.548 5.87
LC-MO6L 9.49 183 2.520 577
Exp. 9.50° 191° 2.472° 5.7941.45°

a, b and c indicate Refs. [36], [40] and [45], respectively.

Among the functionals used, The MO6HF functional gives
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the best value of vibrational frequency, but the ionization
potential is overestimated. The bond length calculated by the
MO06-2x, BMK, BILYP, mPWI1LYP and B3LYP functionals
is far too high. The HCTH, HCTH93, HCTH147, LC-

HCTHI147, LC-HCTH407, LC-HCTH93, tHCTHLyb,
BHandHLyb, tHCTH, LC-tHCTH, mPW1PW91, PBEPBE,
PBEI1PBE, PWI91PWO1, mPWILYP, mPW3PBE,

mPWI1PBE, HSEh1PBE, PBEh1PBE, B3PW91, B98, B971,
B972, BMK, WB97, WB97x, B1B95, B3P86, BILYP,
B3LYP, X3LYP, CAM-B3LYP, TPSS, TPSSh, VSXC, M06,
MO06-2x and MO6L functionals underestimate the vibrational

frequency. Among all the available functionals, it is clear that
the LC-MO6L functional results in the best values for all the
parameters considered. Hence, we choose this functional for
the present computations. The LC-MO6L functional contains
a long-range correction scheme for generalized-gradient
approximation exchange functionals. This long-range
correction scheme employs the local density approximation
for the short-range part and the Hartree-Fock exchange
integral for the long-range part [46].

The response of an atom or molecule to applied field F can
be approximated as [47-49],

A 1 1
1 =Y (F, Ol L| P (F,0)) = pos + i F; + = BijFFie + 5 VijiaFiFieFy + .. (D

where the subscripts “i, j, etc.” relate to the Cartesian
coordinates in atomic or molecular axes on which the
external field is projected. p is the dipole moment vector and
o, B and y are polarizability, first- and second-order
hyperpolarizability tensors of ranks two, three and four,

respectively. For centrosymmetric molecules, the [ tensor
and all odd rank tensors vanish due to symmetry [48]. When
a time-dependent electric field FF = Fy, + F, cos(wt) is
applied, the expansion (1) can be rewritten as [47, 49],

1
Hi = pho; + (05 0)F; + @y (—w; w)Fyjeos(w t) + - Bijic (05 0,0) Fo  Fore +Byjxc (—w; 0, 0)FyjFope cos(w )

1 1 1
+ 2 Bijk (205 0, 0)Fyy jFoype cos2w 1) + ~ ¥4k (05 0,0,0) Fo jFor For + 2 Vijia (—; @, 0,0) Fy, j oy Forcos(w 1)

1 1
+ 5 Viji (—w; 0, —w, 0)Fy jF i Focos(w t) + Zyijkl(—Zw; , w, 0)Fy,;Fyi Fo cosQw t) + ... )

where, the first- and second-order hyperpolarizability
coefficients are defined as: P(0;0,0) for static first-order
hyperpolarizability, B(-2w ;w,w) for second-harmonic
generation, v(0;0,0,0) for static second-order
hyperpolarizability, y(-w ;w ,0,0) for optical Kerr effect

(OKE), y(-w ;w ,-w ,w) for degenerate four-wave mixing
(DFWM) and vy(-2w ;w,w,0) for -electric-field-induced
second harmonic generation (EFISHG). We use the following
relation to calculate the degenerate four-wave mixing
(DFWM) second-order hyperpolarizability coefficient [49]

Y0 10 -0 .0) =3 Y(20 0,0 0) +¥(-0 :® 0,0) - 3 7(0:0,0.0) (3)

The static and second-harmonic generation mean first-
order hyperpolarizability coefficients are defined as [50],

B(0;0,0) = (B2 + B2 + B2)V%
Bi =2 Bu + Byjj + Bua) (4)
B(—20; 0, w) = (B2 + B2 + BHV?
Bi== (Bijj + 2Bjji + B + 2Bia + 3Bu)  (5)

where the subscripts “i,j,k” relate to the Cartesian coordinates
X, V, and z. The mean second-order hyperpolarizability is
calculated using the following relation [49],

1
Y =15 ZenWeenn + Yeme + Yepen); &M=x,y,2. (6)

All computations were performed using Gaussian 09
program package [51]. The geometries were visualized
applying GaussView software [52] and the density of states
were calculated using the GaussSum 3.0 program [53]. The
Natural population analyses were performed Using NBO
under Gaussian 09 program package [54].

3. Results and Discussion
3.1. Geometric and Electronic Characteristics

Results obtained for the neutral gold clusters Au, , are
summarized in Table 2, where their global minima structures,
bond lengths, symmetries and electronic states are listed. As
can be seen in this Table, planar structures are found to
represent the putative global minima. The two-dimensional
(2D) structures have been reported in previous studies as the
most stable isomers, thus confirming that our method works
well [34-36, 38]. The main purpose is to examine the effect
of an external electric field on the response of gold clusters to
the applied field; however, before we proceed to compute the
optical responses for neutral gold clusters, it is important to
see the influence of electric field on the HOMO-LUMO gap
energies of these clusters.

3.1.1. The Effect of External Electric Field on the
Electronic Characteristics of Gold Dimer
To better understand, we first present comprehensive study
of the influence of an external electric field on the electronic
characteristics of the gold dimer.
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Table 2. Global minima, bond distances, symmetries and electronic states of Au.jy clusters.

Structure Shape Bond distance (A°) Symmetry Electronic state
Linear 2.520 Da 'z,
Triangle 2.618-2.860 Cay ’B,
> Rhombus 2.620-2.693 Cay ‘A
v W-form 2.643-2.752 Cay A
'\]\'j’ Triangle 2.647-2.784 D A,
'\(ﬁ-"‘\"f" Capped triangle 2.641-2.877 Cs A’
v,
st
."\j‘.’ Tetra-capped rhombus 2.630-2.756 Cs A
J;-J":_\‘_-' Bi-capped hexagon 2.642-2.953 Cyy A
Tri-capped hexagon 2.694-2.774 Dan A,

Figure 1 illustrates the behavior of the highest occupied-lowest unoccupied (HOMO-LUMO) molecular orbitals of gold
dimer in the presence of an external electric field along the axial direction of the linear Au, molecule.

Field (au) —
0.0000 0.0050 0.0100 0.0150 0.0200
R. (A9) 2.520 2.525 2.531 2.548 2572
| me | 0 0.13432 0.26630 0.39608 0.52045
Field (au) —
0.0250 0.0300 0.0350 0.0390 0.0395
2 = ed =3 us)
-~ QP 0 @9 o0 90
R. (A9) 2.606 2.652 2.725 2011 2.970
| me | 0.63713 0.74370 0.84076 0.92135 0.93339

Figure 1. HOMO-LUMO molecular orbitals, bond lengths (R./A°) and natural charges (In.|) of Au> molecule in the absence and presence of external electric

field.

As this Figure shows, the Au-Au distance increases from
2.520 to 2.970 A°, as the electric field increases from 0 to
0.0395 au (0.001 au = 0.05142 V/A® [55]). The ionization of
gold dimer occurs at the electric field value of 0.0396 au.
Figure 1 also represents the effect of the static external
electric field on the frontier orbitals (HOMO-LUMO) of gold
dimer. It is clear that the application of external electric field

along the axial direction of Au, molecule breaks the orbital
symmetry of the frontier orbitals. The breaking of orbital
symmetry of HOMO and LUMO is due to the polarization of
gold dimer in the presence of external electric field. As in the
Gaussian program package, the direction of electric field
vector is from minus to plus [56] (Figure 2), the external
electric field pushes the lobes of HOMO and LUMO from
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left to right (Figure 1). This is beneficial to the enhancement
of charge transfer along the direction of electric field.

z

O=—=0

Figure 2. A graphical depiction of the electric field convention in the
Gaussian package.

A natural population analysis (NPA) reveals that the
natural charge increases from 0 to 0.93339 as the external
electric field increases from 0 to 0.0395 au and at the electric
field value of 0.0396 au, ionization of gold dimer occurs by
transferring one electron from the left to the right gold atom.
As Table 3 shows, at the external electric field value of
0.0395 au, the charge has nearly transferred from orbital “6s”
located on the left atom to the orbitals “6s, 5d, 6p and 7p”
located on the right gold atom. Finally, at the external electric
field value of 0.0396 au gold dimer dissociates and in the
presence of this field, the cationic and anionic gold atoms
have the natural electron configurations “[core] 5d (9.98) 6p

84

respectively. By removing the external electric field, the
cationic and anionic gold atoms reconfigure their charge
distribution and relax to “[core] 5d (10.00)” and “[core] 6s
(2.00) 5d (10.00)”, respectively.

Figure 3a shows the effect of external electric field on the
highest occupied-lowest unoccupied molecular orbitals of gold
dimer. According to this Figure, at the low magnitudes of
external field (0 to 0.0050 au), the energies of HOMO and
LUMO remain unchanged. Then, gradual lowering of energy
for the both HOMO and LUMO is observed for the field of
larger magnitudes (0.0050 to 0.0395 au). However, for higher
magnitudes of electric field, LUMO is relatively more
susceptible to variation in energy levels than HOMO. A
similar behavior is observed for the Lithium dimer, i.e.,
LUMO is also more sensitive to the variation in electron
density than HOMO [57]. The plot of band gap energy (E, =
Erumo — Enomo) versus the external electric field is depicted in
Figure 3b. This curve shows that the minimum band gap
energy of gold dimer, i.e., E; = 6.624 eV, can be achieved for
electric field value of 0.0395 au.

(0.02)” and “[core] 6s (1.78) 5d (9.99) 6p (0.23),
Table 3. Natural electron configuration of gold dimer in the absence and presence of external electric field.
Field (au) Atom number @E@)
0.0000 1 [core] 6S(1.01) 5d(9.96) 6p(0.03)
2 [core] 6S(1.01) 5d(9.96) 6p(0.03)
0.0050 1 [core] 6S(1.15) 5d(9.96) 6p(0.03)
2 [core] 6S(0.88) 5d(9.96) 6p(0.03)
0.0100 1 [core] 6S(1.29) 5d(9.96) 6p(0.02)
2 [core] 6S(0.74) 5d(9.96) 6p(0.03)
0.0150 1 [core] 6S(1.42) 5d(9.96) 6p(0.02)
2 [core] 6S(0.61) 5d(9.96) 6p(0.03)
0.0200 1 [core] 6S(1.54) 5d(9.96) 6p(0.01) 7p(0.01)
2 [core] 6S(0.49) 5d(9.96) 6p(0.03)
0.0250 1 [core] 6S(1.65) 5d(9.96) 6p(0.01) 7p(0.01)
2 [core] 6S(0.37) 5d(9.96) 6p(0.03)
0.0300 1 [core] 6S(1.74) 5d(9.97) 6p(0.01) 7p(0.02)
2 [core] 6S(0.27) 5d(9.97) 6p(0.02)
0.0350 1 [core] 6S(1.81) 5d(9.97) 6p(0.05) 7p(0.01)
2 [core] 6S(0.17) 5d(9.97) 6p(0.02)
0.0390 1 [core] 6S(1.84) 5d(9.98) 6p(0.09) 7p(0.01)
2 [core] 6S(0.08) 5d(9.98) 6p(0.02)
0.0395 1 [core] 6S(1.85) 5d(9.98) 6p(0.10) 7p(0.01)
2 [core] 6S(0.07) 5d(9.98) 6p(0.02)
0 0.29
a b
0.1 iw 0.28
- B
2 .02 7 027
-
? 03 2 .26
5 . g- 2
(W o]
04 0.25
—e— E(HOMO)
-0.5 vy EAvO) 0.24
0 0.01 0.02 0.03 0.04 0 0.01 0.02 0.03 0.04

External electric field (au)

External electric field (au)

Figure 3. Effect of external electric field on the a) HOMO and LUMO energy levels, and b) gap energy of Au, molecule.
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3.1.2. The Effect of External Electric Field on the Gap
Energies of Aus_yy

The gold clusters Aug and Auy are transition state
structures in the presence of weak electric fields
perpendicular to the molecular plane; hence, the geometries
of Au;.jy are optimized in the presence of relatively weak
external electric fields along the directions perpendicular (F,)
and parallel to the molecular plane (F, and F,;) and the
frontier orbital (HOMO-LUMO) gap energies of these
clusters in the absence (F=0) and presence of electric fields
(F,=F,=F, =0.0050 and 0.0100 au; 0.001 au = 0.05142
V/A® [55]) are summarized in Table 4. The HOMO-LUMO
gap energy of a molecule is considered to be important
electronic property which can represent its ability to
participate in a chemical reaction. As Table 4 represents, the
application of external electric field can increase or decrease
the gap energy of neutral gold clusters depending on the
direction and magnitude of the applied field. When the
external electric field decreases the HOMO-LUMO gap
energy of a cluster along a particular direction, a more
reactive gold cluster can be obtained. However, according to
Table 4, the HOMO-LUMO gap energy of the clusters Aus,
Auy, Aug, Aug and Auyy has increased along some directions
of the applied electric field. In the case of Auyg, the gap
energy shows gradual increase along the direction
perpendicular to the molecular plane (F, =0.0050 au, E, =
5.678 eV) and then decreases (F, =0.0100 au, E, = 5.665 V)
that is only 0.0110 eV lower in energy than its zero field gap
energy value of 5.676 eV.

In order to know the behavior of the increasing HOMO-

LUMO gap energy of Au;, Au,, Aug and Auy, we compute
the gap energies of these clusters as a function of electric
field. For Au, and Auy clusters, the increase in external
electric field along the direction parallel to the molecular
plane (F.) results in threshold gap energy values of 5.801 eV
(E, = 0.0250 au) and 4.252 eV (F, = 0.0150 au) that are not
very different from their zero field gap energy values of
5.843 eV and 4306 eV, respectively. However, the
calculations reveal that in spite of gradual increase in the
HOMO-LUMO gap energy in the presence of lower electric
fields, the gold trimer and hexamer can result in more
reactive clusters as the external electric field increases.
Figure 4a depicts the gap energy of gold trimer versus the
applied electric field along the direction parallel to the
molecular plane (F,). As this Figure shows, the external
electric field increases the gap energy of Aus up to 5.092 eV
(E, =0.0150 au) and then suddenly decreases to its minimum
threshold band gap energy value of 3.574 eV (F, = 0.0300
au), that is 1.300 eV lower in energy than its zero field gap
energy. The gold trimer dissociates at the electric field value
of 0.0350 au. A similar behavior is observed for the gold
hexamer in Figure 4b. According to this Figure, as the
external electric field increases along the direction
perpendicular to the molecular plane, the band gap energy of
gold hexamer shows gradual increase from 7.510 eV (F = 0)
to 7.571 eV (F, = 0.0250 au) and then abruptly decreases to
its minimum threshold band gap energy value of 4.850 eV
(F. = 0.0400 au), that is 2.660 eV lower in energy than its
zero electric field value. The gold hexamer dissociates at the
external electric field value of 0.0450 au.

Table 4. The frontier orbital (HOMO-LUMO) gap energies (Eg/eV) of neutral gold clusters Aus. iy in the absence (F=0) and presence of electric fields (F, = F,
=F, =0.0050 and 0.0100 au). The parentheses indicate the difference of gap energies in the absence and presence of electric field.

F=0 F_=0.005 F_=0.010 F,=0.005 F,=0.010 F,=0.005 F,=0.010

Au;  4.874 4.932 (0.058) 5.049 (0.175) 4.788 (-0.086) 4.676 (-0.198) 4.872 (-0.002) 4.865 (-0.009)
Aw  5.843 5.849 (0.006) 5.859 (0.016) 5.832 (-0.011) 5.796 (-0.047) 5.840 (-0.003) 5.833 (-0.010)
Aus  4.801 4.794 (-0.007) 4.773 (-0.028) 4.780 (-0.021) 4.741 (-0.060) 4.798 (-0.003) 4.795 (-0.006)
Aus 7510 7.390 (-0.120) 7.168 (-0.342) 7.399 (-0.111) 7.226 (-0.284) 7.513 (0.003) 7.519 (0.009)
Au; 4650 4.643 (-0.007) 4.612 (-0.038) 4.639 (0.011) 4.591 (-0.059) 4.647 (:0.003) 4.644 (-0.006)
Aus  6.135 6.058 (-0.077) 5.831 (-0.304) 6.057 (-0.078) 5.763 (-0.372) TS TS

Aus  4.306 4.343 (0.037) 4.342 (0.036) 4.298 (-0.008) 4.271 (-0.035) 4.306 (0.000) TS

Aug 5676 5.633 (-0.043) 5.526 (-0.150) 5.648 (-0.028) 5.557 (-0.119) 5.678 (0.002) 5.665 (-0.011)

“TS” indicates transition state structures.

5.5

3 1 1 1 1 1 1

0 0.005 0.01
F_, (au)

0.015 0.02 0.025 0.03 0.035

4 1 L 1 1

0 0.01 0.02 0.03 0.04
F| (au)

Figure 4. The frontier orbital (HOMO-LUMO) gap energy of a) Aus along the direction of electric field parallel to the molecular plane and b) Aus along the

direction of electric field perpendicular to the molecular plane.
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The results represented in Figure 4 state an important
consequence, i.e., by correctly controlling the direction and
magnitude of the applied external electric field, highly
reactive gold clusters with low energy gaps can be achieved.
To better understand the effect of external electric field on
the charge distribution of the gold trimer and hexamer, we
perform natural population analysis in the presence of their

F=0

082
0.082 VT 0.082
-0.082 T& -0.082

0.082

F=0

=
—
=~
b2

>

-0.086 -0.086

B

threshold electric fields, i.e., F., =0.0300 au and F;, = 0.0400
au, respectively; and compare the obtained results with their
zero field charges. Figure 5 represents the natural charges
and total electron density contour maps of gold trimer and
hexamer in the absence and presence of the applied field
along the directions parallel and perpendicular to the
molecular plane, respectively.

F.=0.0400 au
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Figure 5. Natural charges and total electron density contour maps of Aus and Aus in the absence and presence of external electric field along the directions

perpendicular and parallel to the molecular plane, respectively.

It is clear that the external electric field changes the
geometry of the clusters and pushes their electronic cloud
along the direction of the applied field. In the presence of
electric field along the direction perpendicular to the
molecular plane, the planar gold hexamer transforms to a
three-dimensional structure. A non-planar cluster has more
spatial opportunities to interact with other nucleophilic and
electrophilic species. Furthermore, in the presence of external
electric field, more charge separations and stronger
nucleophilic and electrophilic sites are achieved. As a result,
the reactivity of a cluster in the presence of external electric
field can increase not only due to decrease in its gap energy,
but also because of the change in its geometry, electron
distribution and charge separations.

As we will see in the next sections, the application of an
external electric field along the directions parallel to the
molecular plane may have considerable effect on the second-
order hyperpolarizability of gold hexamer. Aug is a totally
symmetric Dj;, triangle in the absence of the applied field;

however, in the presence of external electric field along the
directions parallel to the molecular plane, reduces its
symmetry from a totally symmetric D3, equilibrium geometry
to a lower symmetry C,, structure. Figures 6 and 7 present
the frontier molecular orbitals of gold hexamer together with
the corresponding contour maps in the absence (F = 0) and
presence of electric field parallel to the molecular plane
(F, = F, =0.0100 au).

F=0 F_=0.0100 au F;=0.0100 au
HOMO ” % ?
LUMO
e

Figure 6. The frontier molecular orbitals (HOMO and LUMO) of neutral
gold hexamer in the absence (F=0) and presence of electric field parallel to
the molecular plane (F, = F, = 0.0100 au).
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Figure 7. The frontier molecular orbital (HOMO and LUMO) contour maps

of neutral gold hexamer in the absence (F=0) and presence of electric field
parallel to the molecular plane (F, = F, = 0.0100 au,).

F,=0.0100 au

HOMO

LUMO

As these Figures illustrate, the application of external
electric field parallel to the molecular plane breaks the
symmetry of frontier orbitals due to polarization of the gold
hexamer in the presence of the applied field and pushes the
lobes of the highest occupied-lowest unoccupied molecular
orbitals (HOMO-LUMO) along the direction of the field.

3.2. Nonlinear Optical Properties

3.2.1. Frequency-Dependent First-order Hyperpolarizability
for Neutral Gold Clusters
Materials with non-linear optical (NLO) activity are those
in which a non-linear polarization of light occurs during the
application of an intense electric field, which is caused by the
exposure of the material to a laser beam [48]. The first

LUMO gap but also closely related to geometrical
characteristics. For instance, the HOMO-LUMO gap of Ge g
is larger than that of Ge;y, while the polarizability of the
former is larger than that of the latter due to the structural
difference. Furthermore, in the base of sum-over-states (SOS)
approach, the following expression can be used for the static
case [59, 60],

B oc amom ™)
gm

where Ay, is the change in dipole moment between the
ground and mth excited state, f,, is the oscillator strength of
the transition from ground state to the mth excited state and
E,, is transition energy. According to this relation, for any
non-centrosymmetric system, small value of transition energy
with large oscillator strength would be favorable. Table 5
contains the calculated static first-order hyperpolarizability
p(0;0,0) and second harmonic generation f(-2w;w,w)
coefficients for the neutral gold clusters and Figure 8a
presents the wvariation in the static first-order
hyperpolarizability 5(0,0,0) versus the cluster size.

Table 5. Static first-order hyperpolarizability (0,0,0) and second harmonic
generation f(-2w;w,w) coefficients for the neutral gold clusters (2=800
nm, B in 107 esu).

important controlling factor for the static first-order —2 B(0:0.0) BC20i0,0)
. e . . 2 0.00000 0.00000
hyperpolarizability is the symmetry of the cluster, i.e., the 3 726128 2 60940
first-order hyperpolarizability tensor vanishes for the 4 0.00002 0.00049
centrosymmetric molecules [48]. The geometry, size and 5 4.81059 5.91001
dimensionality of a cluster may be another important 6 44.4980 17.3952
determining factor due to the extensivity and flexibility of the [ KO R
. . 8 0.00222 0.00348
electronic cloud. Wang et al. [58] calculated dipole moments 9 20.6197 60.2401
and polarizabilities of Ge, (n=2-25) clusters under 10 0.00000 0.00000
B3LYP/LANL2DZ scheme and concluded that the
polarizability of the cluster is not only dependent on HOMO-
200 200
a b
~ 160 I =160 |
2 3
?'.é 120 E 120
2 :
S 80 g 80|
) 3
= 40 | = 40 |
0 —t—0 D Vi W 0 —t— o ¥ N
1 2 3 6 9 10 1 2 3 4 9 10 11

5 7
Cluster size

% 6 7
luster size

Figure 8. a) Static first-order hyperpolarizability (0,0,0), and b) second-harmonic generation f(-2w ; w,w) at optical wavelength 800 nm, versus the cluster

size.

Here, we perform a time-dependent density functional
calculation (TD-DFT) and present the maximum and lowest-
energy excitation wavelengths along with their corresponding
energies, oscillator strengths, dominant molecular orbital
transitions and ground to excited state transition electric
dipole moments of gold clusters Au,.;o in Table 6. As this
Table illustrates, the highest occupied-lowest unoccupied

molecular orbital (HOMO-LUMO) transitions have no effect
on the excitations of Auy, Aug, and Auy, clusters. Moreover,
according to Figure 8a, due to centrosymmetric geometries of
Aw,, Aus and Auyy clusters, the static first-order
hyperpolarizability coefficient for these structures is zero.
Furthermore, £(0,0,0) value for Aug with C; symmetry is too
low (0.00222x 107 esu), while its value for centrosymmetric
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gold octamer with D,, symmetry is zero. As Table 6 shows,
HOMO-LUMO transitions have more important effect on the
lowest-energy excitations of Au,, Au;, Aus, Aug, Au; and
Aug clusters and the non-centrosymmetric Aus, Aus, Aug,
Au; and Aug clusters have nonzero static first-order

hyperpolarizability coefficients (Table 5). As can be seen in
Table 6, the small triangular gold trimer has the lowest
excitation energy value of 0.3938 eV; however, its static
first-order hyperpolarizability is only 7.26128x107° esu, that
may be due to its small oscillator strength value of 0.0036.

Table 6. Maximum absorption wavelength (Ju./nm), lowest-energy absorption wavelength (A.5/nm) together with their corresponding excitation energies
(Eew/eV), oscillator strengths (f), dominant molecular orbital transitions and ground to excited state transition electric dipole moments (TDM/au.).

n ME Eexe f MO transition TDM Mmax [ f MO transition TDM
H—L (10%)
H-1-L143 (11%)
2 39844 31117 02436 H—L(90%) 1.7877 18147nm  6.8322eV 1.0763  H-2—L+1 (30%) 2.5358
H-35L1+2 (30%)
H-10—L (19%)
3 31487 03938  0.0036  H—L(100%)" 0.6132 205270m 419906y 01763 L% 1.3092
: : : . : : : : HoL+3 (73%)* :
H-4—1+2 (62%)
0,
4 37403 33149 05932  HoL+1 (88%) 27027 203590m 608986V 10387 TR 00 2.6385
H-1-L 27%)"
5 85005 14586  0.0034  H—L(92%)° 03069 341.73nm 3.6281eV 03520  H—L+1 21%)° 1.9901
H-13—L (13%)°
6 34574 35861 03912 H—L(70%) 2.1100 34574nm  3.5861eV 03912  H—L(70%) 2.1100
H—L (73%)" H—L+2 (46%)"
769423 L7859 00035 Tl 0.2844 4A1864nm 296166V 02417 TS e 1.8252
H-4—L (37%) ,
8 37014 33496 00074 T 00 03010 349.08nm  3.5518eV 04223 H-1-L(82%) 2.2030
11074 1.1196  0.0073  H—L(100%)" 0.5147 H-1-L+1 (16%)°
O 86249 14375 00180  HoL(100%)" 0.7154 38037nm - 32395eV. 03283 iy (30%) 2.0277
- 0, _ 0,
10 53490 23179 0020 O1oLFl(49%) 0.6224 40057nm  3.0952evV 06539  T1oLFl (40%) 2.9366

HoL+2 (51%)

HoL+2 (41%)

For the open shell structures, “a”

The highly asymmetric gold heptamer Au; has the highest
static first-order hyperpolarizability value of 138.002x107°
esu. According to Table 6, the lowest excitation energy of
Auy is relatively small (1.7859 eV) that can enhance its first-
order hyperpolarizability coefficient, however, it appears that
the asymmetric geometry and extensivity of its electronic
cloud would play considerable role in its high first-order
hyperpolarizability coefficient. In the case of Aug, the two
lowest excitations with energies 1.1196 and 1.4375 eV are
responsible for the “B spin—f spin” and “a spin—o spin”
HOMO-LUMO transitions, respectively. The low excitation
energy values of 1.1196 and 1.4375 eV, together with the
distributed electronic cloud may result in the first-order
hyperpolarizability value of 20.6197x107 esu. For the gold
hexamer, the maximum absorption is also the lowest-energy
excitation and in spite of its highest HOMO-LUMO gap
energy, this non-centrosymmetric cluster shows relatively
high static first-order hyperpolarizability value of 44.498x 10
30 esu. According to Table 6, the HOMO-LUMO transition
contribution to the lowest-energy excitation of Aug is about
70% and regarding its relatively high excitation energy value
of 3.5861 eV, it has also high oscillator strength and
transition electric dipole moment values of 0.3912 and
2.1100 au., respectively; that can enhance its static first-order
hyperpolarizability.

The second-harmonic generation (SHG) is a special case
of sum-frequency generation. In the second-harmonic
generation (SHG), two photons at frequency w combine to

and “b” indicate “a spin—o spin” and “B spin—f spin” molecular orbital transitions, respectively.

form a photon at frequency 2w . In other words, second
harmonic generation conserves energy [48]. Figure 8b
displays the variation in the second-harmonic generation
(SHG) coefficient of gold clusters with increasing cluster size
at the wavelength of 800 nm. By comparing Figures 8a and
8b, we find similar trend for the variation of static first-order
hyperpolarizability and second-harmonic generation with the
increasing cluster size. Furthermore, the calculated second-
harmonic generation of Au, (60.2401 X 10°° esu) is
comparable with that of protected Au;o(SG);, cluster (85x10
30 esu) [22]; however, the calculated f(-2w;w,w) value of
gold heptamer Au, (184.283x107 esu) is even higher than
second-harmonic generation of protected Au;o(SG)¢ at the
wavelength of 800 nm [22], indicating the fact that the
smaller clusters should exhibit higher hyperpolarizabilities
than larger particles [17].

The second harmonic generation coefficient B(-2w;w,w)
for Au,,, with w varying from 0.00 to 1.63 eV are
represented in Table 7. As can be seen in this Table,
moving from w=0 to 1.63 eV, the variation in second-
harmonic generation (SHG) is more important for Aus, Au,
and Auy clusters; hence, the frequency dispersion in the
coefficients of these nanoclusters are depicted in Figure 9a.
The maximum absorptions of Aus and Aug are around
3.6281 and 3.2595 eV, respectively; and the sharp increase
in SHG around 1.2-1.6 eV is an indication of two-photon
resonance and so our calculated values of second-harmonic
generation are in good agreement. The dispersion plot in
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Figure 9a for Au; exhibits a maximum around 1.36 eV and
a modest normal increase in SHG values up to this point

compared to Aus and Auy in the same energy region
meaning no resonance effect for Aus.

Table 7. Dynamic second harmonic generation coefficients for Auy.;o (B in 107 esu).

A (nm)
n 759.4 911.3 1139.1 1518.8 2278.2 4556.3
B(2w ;0w ,w)
2 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
3 4.81593 3.21151 2.43926 3.99948 13.4516 52.7974
4 0.00256 0.00016 0.00008 0.00006 0.00005 0.00004s
5 1108.32 18.1939 229157 534843 5.05266 435720
6 23.1174 11.8241 8.51323 6.90519 6.03528 5.59202
7 31.6396 217.452 14.8066 13.9783 5.97521 4.88071
8 0.00024 0.02240 0.00100 0.00085 0.00075 0.00069
9 805.567 377.682 100.173 6.33580 43.7746 22.9408
10 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
1400 - 0.06 - m——YO)
= 1200 0.05 —8— y(-0;0,0,0)
L 2 003 e 0, 0)
= 800 i
3 g 0.02
% 600 =
3 = 0.01
3 400 —®— AuS =
Q —a— Au7 0
= 200 —e— A9 -0.01
0 -0.02
0 001 002 003 004 005 006 007 1 2 3 4 5 6 7 & 9 10 11
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Figure 9. a) Dispersion curves of second-harmonic generation coefficients for Aus, Au; and Aug and b) static second-order hyperpolarizability y(0;0,0,0),
Optical-Kerr y(-w; w,0,0), electric-field induced second-harmonic generation y(-2w ;@ ,w,0) and degenerate four-wave mixing y(-& @ ,-w,w) coefficients

as a function of cluster size.

3.2.2. Frequency-Dependent Second-Order
Hyperpolarizability for Neutral Gold Clusters

Table 8 lists the calculated static second-order
hyperpolarizability v(0;0,0,0), Optical-Kerr y(-w ;w ,0,0),
electric-field induced second-harmonic generation (-
2w ;w,w,0) and degenerate four-wave mixing Y(-w ;w ,-
w ,w ) coefficients of neutral gold clusters. The calculated
values of the second-order hyperpolarizability coefficients
v(0;0,0,0,), y(-w ,w ,0,0), y(-2w ;w ,w ,0) and y(-w ;w ,~w ,w )
as a function of cluster size are represented in Figure 9b. It is
clear that the gold hexamer exhibits the highest second-order
hyperpolarizability coefficients at the wavelength of 800 nm.
Furthermore, the second-order hyperpolarizability for Aug
displays the trend of increasing magnitude from static

v(0;0,0,0) to Kerr effect y(-w ;w ,0,0) to degenerate four-
wave mixing Y(-w ;w ,-w,w) to electric field induced
second-harmonic generation y(-2w ;w ,w ,0). For the gold
hexamer, the maximum absorption is also the lowest-energy
excitation and this cluster with the largest HOMO-LUMO
gap energy has a highly symmetric Dj, structure in the
absence of external electric field; however, the applied field
breaks its symmetry and as Figures 5, 6 and 7 show, results in
more flexible electronic cloud. To better know the reason for
the observed high second-order hyperpolarizability of gold
hexamer, the energy levels of neutral gold clusters Au,_j, in
the absence and presence of external electric field along the
directions parallel and perpendicular to the molecular plane
are also depicted in Figure 10.

Table 8. The static second-order hyperpolarizability y(0,0,0,0), Optical-Kerr y(-w ;@ ,0,0), electric-field induced second-harmonic generation y(-2w,;w,,0)
and degenerate four-wave mixing y(-w ;@ - ,w) of Aus.o (A=800 nm, y in 107 esu).

n 7(090’()’0) ’Y(-(JJ;(D,0,0) ’Y(-ZW;W,W,O) “{(-(D;(Ds- @, (D)
2 -0.36357 10.7901 7082.61 2371.78
3 -73.6792 17.8723 57.4777 61.5913
4 135.702 18.3988 66.1347 -4.79030
5 808.878 -8.03727 2.04751 -276.981
6 -8019.95 17708.6 53368.3 38171.4
7 -277.000 321.296 3114.79 1451.89
8 1428.31 -118.404 -187.219 -656.914
9 56.5822 139.390 715.761 359.116
10 39.7869 181.809 -5738.53 -1744.30
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Figure 10. Energy levels of neutral gold clusters Au,.o in the absence and presence of external electric field along the directions parallel and perpendicular to

the molecular plane (F,=F,=F,=0.0100 au).

As this Figure exhibits, the external electric field has
negligible effect on the energy levels of Au,, Au;, Auy, Aus
and Aug; whereas, its influence on the energy levels of Aug is
relatively small, resulting in y(0,0,0,0) value of 1428.31x10
% esu. In the case of Aus, the decrease in the energies of
HOMO and LUMO is nearly the same, so its gap energy
remains nearly unaltered. However, it is obvious that the
applied field has considerable effect on the virtual orbitals of
gold hexamer and decreases the energy of these orbitals in

the directions parallel to the molecular plane (F., and F}). To
better understand, the density of states (DOS) plots for Auy,
Aus and Aug in the absence and presence of external electric
field along the direction parallel to the molecular plane are
compared in Figure 11. By comparison, a red-shift for the
virtual orbitals of Aug can be observed, i.c., the applied field
has more important effect on the virtual orbitals of gold
hexamer and decreases the energies of these orbitals more,
resulting in smaller HOMO-LUMO gap energy in the



91

Mahnaz Jabbarzadeh Sani: Electric Field Effects on Neutral Gold Clusters Au,.jo: A First-Principles Theoretical

Survey of the First- and Second-Order Hyperpolarizabilities

presence of external electric field parallel to the molecular
plane. In order to know the consequences of the decrease in
the energy of virtual orbitals of gold hexamer due to the
applied field, a time-dependent density functional (TD-DFT)
calculation is also performed on Aug, in the absence and
presence of external electric field and the corresponding UV-

Auy

Field
(au)

Vis spectra are presented in Figure 12. As can be seen in this
Figure, the applied field along the directions parallel to the
molecular plane results in a red-shift for the allowed
excitations and appearing additional spectroscopic line in the
low-energy region of the UV-Vis spectra of gold hexamer.

Aug

Aus

-

0.0200 ¢

Figure 11. Density of states (DOS) plots for Au,

o —_—

an Eo] =
Erverery (aht]

Aus and Aug in the absence and presence of external electric field along the direction parallel to the

molecular plane (F_=0.0200 au). The full width at half-maximum of the Gaussian curves are 0.3 eV. The dashed line represents the highest-occupied

molecular orbital (HOMO).
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Figure 12. UV-Vis spectra of neutral gold hexamer in the absence and presence of external electric field.

The effect of external electric field on the UV-Vis spectrum
of gold hexamer is also presented in Figure 13. As this Figure
shows, by increasing the external electric field, the energy of

allowed excitations decreases, resulting in more flexible
electronic cloud and better response to the applied field. The
allowed molecular orbital transitions of the additional
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spectroscopic line together with the corresponding excitation
energies, wavelengths and oscillator strengths are presented in
Figure 14. It appears that these low-energy excitations of gold
hexamer in the presence of external electric field play
important role in the high second-order hyperpolarizability of
this cluster. In summary, in the case of gold hexamer, the
maximum absorption is also the lowest-energy excitation and

92

regarding its high HOMO-LUMO gap energy in the absence of
external electric field, the applied field has considerable effect
on the non-linear response of this cluster due to changing its
geometry, breaking its Ds, symmetry, a red-shift for the
allowed excitations and appearing additional low-energy
excitations that would result in more flexible electronic
distribution and better response to the applied field.
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Figure 13. The effect of external electric field on the UV-Vis spectrum of gold hexamer.
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Figure 14. Molecular orbital transitions of the additional spectroscopic line of Aug in the presence of external electric field along the directions parallel to the
molecular plane together with the corresponding excitation energies, wavelengths and oscillator strengths.

The incident-frequency effect on the second-order
hyperpolarizability of neutral gold clusters is also examined.
The electro-optical-Kerr effect (EOKE) y(-«,@,0,0) and
electric-field-induced second-harmonic generation (EFISHG)
Y(-2w;w,w,0) coefficients for Au, oy with w varying from
0.00 to 1.63 eV are represented in Table 9 and the frequency

dispersion of these coefficients are depicted in Figure 15. The
dispersion plot in this Figure is more important for gold
hexamer, so that the electro-optical Kerr effect (EOKE) y(-
w,;w,0,0) and electric-field-induced second-harmonic
generation (EFISHG) y(-2w,w,w,0) coefficients of Aug
disperse and increase to a different extent. In particular,
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moving from w =0.00 to 1.63 eV, the value of second-order
hyperpolarizability increases by 2.31 times for EOKE and
9.32 times for EFISHG. In fact, the electro-optical Kerr
effect (electric-field-induced second-harmonic generation)
begins to disperse and exhibits a large value owing to the
one-photon (two-photon) resonance that occurs when w
(2w ) is close to the strong allowed transition energy. For the
Aug cluster, the calculated first-strong allowed transition
energy is about 3.5861 eV. As a result, at w =1.793 eV the
near two-photon resonance results in a higher dispersion in
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the electric-field-induced second-harmonic generation value.
In the case of SijpHj¢ cluster, the calculated first-strong
allowed transition energy is around 6.53 eV, i.e., at w =3.2 eV
the near two-photon resonance would result in a large
dispersion in the y(-2w ;w ,w ,0) values [61]. In summary,
these results show that the third-order non-linear (NLO)
properties of gold hexamer are strongly affected by the
frequency of incident light, and thus can be tuned using the
incident frequency for applications.
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Figure 15. Dispersion curves of electro-optical-Kerr effect (EOKE) y(-w,;w,0,0) and electric-field-induced second-harmonic generation (EFISHG) y(-

2w, w,w,0) coefficients for neutral gold clusters Aus.j.

Table 9. Dynamic second-order hyperpolarizability coefficients for Aus.ig (v in 107 esu).

A (nm)
n 759.4 911.3 1139.1 1518.8 2278.2 4556.3

Y(-w ;w,0,0)
2 11.5694 9.40707 8.07004 7.21891 6.69044 6.40039
3 18.5742 16.8516 16.6260 16.2824 -105.197 101.583
4 19.9236 18.7853 17.0200 15.9546 15.2702 14.8837
5 5.15918 -19.8390 -24.1967 -24.9607 -25.3434 -25.4942
6 18521.4 16166.9 14541.9 13431.6 12709.3 12301.6
7 402.674 247.290 202.990 180.269 167.354 160.542
8 -120.644 -113.782 -108.362 -104.315 -101.523 -99.8873
9 272215 3973.65 950.065 182.019 159.915 151.615
10 189.788 167.313 152.549 142.614 136.185 132.562

(2w ;w ,w ,0)
2 58.0764 42.3201 15.3396 9.77463 7.56751 6.59164
3 109.886 68.3358 39.4074 25.7527 -42.3829 -76.5714
4 218.862 34.1920 23.3095 18.4873 16.3995 15.1395
5 -4437.72 -132.706 -16.0488 -9.78176 -24.8011 -25.4004
6 74734.2 33145.2 21761.1 16569.8 13892.9 12571.4
7 -284.225 12612.1 393.905 284.822 189.411 165.016
8 -193.459 -169.226 -126.664 -114.979 -106.029 -100.974
9 -7426.54 2267.11 925.590 163.015 212.338 156.901
10 293.143 420.791 245.073 171.176 146.736 134.959

4. Conclusions

In the present work, density functional theory
computations of the nonlinear optical properties of gas-phase
gold clusters as a first approach towards the theoretical
exploration of their NLO properties are presented. The
effects of the incident frequency on the first and second-order
hyperpolarizability together with the influence of external

electric field on the frontier molecular orbitals of neutral gold
clusters are also examined. It is revealed that the application
of external electric field may increase or decrease the
HOMO-LUMO gap energy of neutral gold clusters
depending on the direction and magnitude of the applied
field. Moreover, reactive trimer and hexamer gold clusters
with small HOMO-LUMO gap energies can be obtained
when the external electric field increases in the directions
parallel and perpendicular to the molecular plane,



Science Journal of Chemistry 2021; 9(4): 80-96 94

respectively. Furthermore, it is found that the reactivity of a
cluster in the presence of external electric field can increase
not only due to the decrease in its gap energy, but also
because of the change in its geometry, electronic distribution
and charge separations. It is predicted that the external
electric field has considerable effect on the virtual orbitals of
gold hexamer and decreases the energy of these orbitals
along the directions parallel to the molecular plane, resulting
in the appearance of low-energy excitations that are expected
to have important role on the high second-order
hyperpolarizability and better response of this cluster to the
applied field. The wavelength dispersion plot is also more
important for gold hexamer, so that the third-order nonlinear
properties of this cluster are strongly affected by the
frequency of the incident light and thus can be tuned using
the incident frequency for applications.
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