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The manipulation of plasmonics on noble metal nanoparticles (NPs) is of great interest in developing nonlinear
photonic devices, such as all-optical switches and frequency combs. An Au@AuY-core/Au-shell nanoparticle
(Au@AuY/Au NP) monolayer is proposed for the fine-tuning of plasmonics and enhanced third-order nonline-
arity. Based on the different thermodynamic mechanisms of Au and Y ions, the compact Au@AuY/Au core-shell
architectures are designed and surface-modified in fused silica (SiO2) with enhanced free electron density,
mobility, and quantum size effect. The flexible modulation of plasmonics is realized, resulting in significant
absorption enhancement (165% for interband absorption and 38% for free electron absorption, respectively) and
fine-tuning of the localized surface plasma resonance (LSPR) band. In addition, the physical mechanism is
investigated by density functional theory (DFT) and Mie theory, which reveals a transition from size-
independence to size-dependence of LSPR owing to the synergistic effect of multiple physical factors such as
free electron density and mobility. With the above advantages, the third-order nonlinearity is enhanced by 4.4
times compared with traditional Au NPs. It indicates the significant potential of Au@AuY/Au core-shell NP

monolayer in the performance improvement of nonlinear photonic devices.

1. Introduction

Plasmonics manipulation has become one of the most attractive
topics due to its critical role in various photonic applications, such as
plasmonic tweezers, solar cells, ultrafast lasing and super-resolution
imaging [1-8], etc. Based on the surface modified technologies, the
plasmonics on nanomaterials (e.g., metal and semiconductor nano-
structures) can be flexibly manipulated [9-12], resulting in tunable
localized surface plasmon resonance (LSPR) phenomenon in frequency
and spatial domains. To date, previous studies have indicated the pos-
sibility of the controllable plasmonic band and near-field distribution on
doped semiconductor metasurface by tunable free electron density and
mobility [13,14]. However, the fine-tuning of plasmonics on metal
nanostructures is difficult to realize because of the fixed physical pa-
rameters of electrons in metals. Instead, the contribution of metallic
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morphology to the LSPR modulation is generally considered [15-17],
which provides efficient tuning of spatial distribution by reconstruction
of metal nanostructures. Although there is considerable progress in this
field, the technical difficulty of morphology modification with high
precision hinders its development in practical applications. Since the
performance (e.g., third-order nonlinearity) of metal-based plasmonic
devices strongly depends on the frequency and spatial distribution of
LSPR [18,19], it is of significant importance to realize precise manipu-
lation of plasmonics by combining the modified electron parameters and
morphology of nanostructures.

Since it was reported in the early 1990 s [20,21], core-shell NPs have
been attracting a lot of interest owing to their conducive and versatile
compositions and structures to serve multi-functional capabilities and
enhanced properties. The shell material coating can provide tunable
surface functions, improve the stability and reduce the consumption of
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precious materials [22], which enables core-shell NPs as an emerging
nanomaterial for various applications, such as dye sensitized solar cells,
biomedical and catalysis [22,23]. For plasmonic core-shell NPs, the
LSPR-induced linear and nonlinear optical properties can be optimized
by designing the composition and the ratio of core and shell [24,25].
Thus, based on the plasmonic metal NP platform, a novel core-shell
configuration can be designed with tunable free electron density and
mobility by serving the modified surface of the core as the shell of NPs.
Recent developments in the field of ion beam technology have provided
the possibility for the fabrication of such unique core-shell NPs [26]. In
general, energetic heterogeneous metal ions are implanted into the
dielectric materials and aggregate to spherical hybrid metal NPs spon-
taneously when the concentration exceeds solid solubility. During
thermal annealing, diverse metal ions will diffuse into the core and shell
of the NPs due to the different diffusion efficiency constants. Compared
with the other plasmonics manipulation methods in solid dielectrics
[27,28] (e.g., optical traction and femtosecond laser induction), ion
beam technology [29-31] shows the advantages of unlimited species of
dielectrics, quantitatively controlled precise construction of NPs,
gradient surface modification and suitability for industrial mass
production.

In this work, Au@AuY/Au NPs are proposed by sequential ion im-
plantation. In variance to the traditional core-shell NPs fabricated by
ion beam, the thermodynamics mechanism of Au and Y ions are addi-
tionally considered in this work for a hybrid shell with a controllable
element ratio. The morphology characterization and corresponding
physical mechanism are investigated experimentally and theoretically.
Furthermore, the fine-tuning of plasmonics in frequency and spatial
domains are realized with enhanced LSPR response and third-order
nonlinearity, which indicates significant potential in optimizing the
performance of plasmonics-based photonic devices.

Au ion implantation
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2. Methods

Sample preparation: The optically polished SiO, wafers with di-
mensions of 10 x 10 x 1 mm?® were used in this work. As shown in Fig. 1,
the two-step ion-implantation experiments followed by thermal
annealing were carried out for the core/shell NP fabrication: (i) Firstly,
pristine SiO, samples were directly implanted with 70 keV Au ions at
300 K to a fluence of 3 x 10'® cm~2 to form small Au NPs (sample Au:
SiOy); (ii) Secondly, the Au:SiO, samples were subsequently implanted
with 150 keV Y ions at 300 K to a fluence of 5 x 10'® ecm—2 (sample
YAuSiOp); (iii) Finally, the Au:SiO2 and Y:Au:SiO, samples were
isochronally annealed in a reducing atmosphere (5 %-H; + N3) at 1100
°C for 60 min (sample annealed Au:SiO5 and sample annealed Y:Au:
SiO9). During the annealing process, the implanted Au atoms may
aggregate and form Au NP, while the isolated Y ions may migrate to-
wards the sample surface, bond with Au atoms and form AuY alloy at the
Au NP surface, i.e., AuY/Au nanocomposite shell. Therefore, the
Au@AuY/Au NPs are fabricated with an Au core and AuY/Au nano-
composite shell. The reason for the formation of the core-shell structure
is that the thermal treatment triggers the diffusion-driven [32] Au NPs
growth, the Y atom to the surface of the sample, and the combination of
Au and Y. In addition, Y ions are individually implanted into the SiO,
substrate and annealed at the same conditions as the reference samples
(sample Y:SiO, and sample annealed Y:SiO53).

Microstructural characterization: Transmission electron microscopy
(TEM) was applied for microstructural analyses. Focused ion beam
milling with lift-out processing on an FEI Helios NanoLab 600 Dual
Beam system was utilized to prepare cross-sectional TEM samples. An
FEI Tecnai G2 F20 transmission electron microscope was used for the
TEM, high-resolution TEM (HRTEM), and energy dispersive X-ray
spectrometry (EDS) mapping. Notably, the TEM observation time for
each sample was kept relatively short so that the electron beam
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Fig. 1. The schematic diagram of the sample preparation process. Yellow and red particles on the NP surface represent Au and Y atoms, respectively. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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irradiation did not generate noticeable annealing and the recrystalliza-
tion of damaged lattices [33].

Linear and nonlinear optical measurement: The UV-vis-NIR spectro-
photometry (Solid Spec 3700DUV, Shimadzu) was utilized to measure
the linear optical absorption spectrum of NPs in SiO5 within the wave-
length range from 200 to 700 nm. The nonlinear optical properties of the
samples were characterized by a typical open aperture Z-scan system
with an excitation of 532 nm. The pulse width, repetition rate and en-
ergy are 4 ns, 20 Hz and 12 pJ, respectively.

Simulations: The depth profiles of Au and Y concentration were
determined through the Stopping and Range of Ions in Matter (SRIM)
2013 full-cascade simulation code [34], which is shown in Supple-
mentary Material Fig. S1. For binding energy calculations of Au, and
Au,Y, the geometry of all molecules was optimized through DFT, which
is shown in Supplementary Fig. S2. And all the DFT computations were
performed at the B3LYP/SDD theoretical level with the GD3BJ disper-
sion correction [35,36]. All these calculations were performed with
Gaussian 16 software package. The LSPR absorption spectrum is simu-
lated based on the Mie theory combined with electron mean free path
theory. The near-field distribution of core-shell NP and Au NP is simu-
lated by DDSCAT software [37]. A simplified model of core-shell NP is
used in the simulation with a shell of Au/AuY nanocomposite and a core
of pure Au.

3. Results and discussion

3.1. Microstructure description and relevant features of Au@AuY/Au
core-shell NPs

observations were performed on sample cross-sections to visually
characterize and confirm the structural evolution during the fabrication
process. As shown in Fig. 2(a), Au-implantation leads to the formation of
a crystalline small Au NPs region with a thickness of approximately 67
nm below the sample surface, which can be confirmed by the corre-
sponding EDS mapping, HRTEM image and corresponding FFT image
(Fig. 2(b-d)). It indicates the nucleation of Au and the formation of NPs
due to the higher concentration of Au ions than the solubility of sub-
strate. Nucleation occurs to aggregate monomers to dimers, trimers, etc.
when the concentration of Au atoms approaches the solubility threshold.
Ultimately, spherical NPs are formed as a result of the continuous
growth of these polymers caused by monomer diffusion and interfacial
reaction absorption [18]. After post-implantation thermal annealing,
the aggregation of small Au NPs can be accelerated to form large Au NPs
even Au islands because of the Ostwald ripening effect [38]. As dis-
played in Fig. 2(e) and (f), sandwich-like hierarchical nanostructures are
observed in sample annealed Au:SiO,. From top to bottom, a crystalline
Au NPs layer, a Au island layer and an amorphous Au NP layer are
stacked in order, which is characterized by the HRTEM image and the
corresponding FFT image (Fig. 2(g-j), Fig. 2(1) and (m)). In addition, as
shown in Fig. 2(k) and (n), the average sizes of crystalline and amor-
phous Au NPs are 11.3 nm and 23.5 nm, respectively. Furthermore,
microstructures of sample Y:SiO,, sample annealed Y:SiO; and sample Y:
Au:SiO; are shown in Supplementary Material Fig. S3-S5.

For the sample annealed Y:Au:SiOq, a uniformed NP monolayer with
some dispersed small NPs deeper is found as seen in Fig. 2(0). The spatial
distribution of Au and Y elements is displayed in Fig. 2(p) and (q), which
exhibits the multi-component composition of NPs. Furthermore, HRTEM
image (Fig. 2(r)) of a typical NP confirm that these NPs remain crys-
talline state, and the corresponding FFT image (Fig. 2(s)) show two sets
of diffraction spots representing Au and AuY. Compared with the
unannealed Y:Au:SiO, sample (see Supplementary Material Fig. S5), the
Y atoms of annealed Y:Au:SiO; tend to move toward the free surface,
which is attributed to the action of the stress gradient induced by ions
implantation and the temperature field [39]. In addition, the average
diameters of the dispersed small NPs and large NPs are approximately
5.2 and 21.4 nm, respectively, as shown in Fig. 2(t).
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To further understand the detailed nanostructure and the formation
dynamics of the NPs in annealed Y:Au:SiO2 sample, EDS line-scan
analysis was carried out, and the results are shown in Fig. 3(a).
Considering the spherical shape of NPs, the relative content distributions
of Au and Y elements along the radius were obtained based on the
mathematical calculation of the line scanning results (see empirical
formulas (2) and (3) in Supplementary Material). As shown in Fig. 3(b),
the relative content of Au is smaller in the central region of the nano-
particles, which is attributed to the diffusion effect of Au ions and the
aggregation of defects (nanovoids) during the annealing process [40].
Noted that Y atoms are mainly distributed away from the NP center, i.e.,
located at the near surface of NPs. Therefore, the nanostructure of NP
can be regarded as a core-shell NP composed of Au core and Au/AuY
nanocomposite shell. Furthermore, the HAADF signal intensity obtained
from line profiles across the NP shows a contrast change similar to the
elemental relative content calculations, as can be observed in Fig. 3(c).
Obviously, the lower (high) intensity at NP core (shell) means the
smaller (larger) average relative atomic mass, which origins from the
nanovoids (Y ions) and Au ions at NP core (shell). The intensity differ-
ence between experimental and calculation is caused by the ignorance of
X-ray reabsorption in calculation and inhomogeneity of element distri-
bution in experiment, which results from the different thermodynamic
process of Au and Y. In order to investigate the combination form of Au
and Y atoms, the binding energies of some Au, and Au,Y, which are
widely used to determine the stability of a defect cluster complex [41],
were calculated using DFT, and the results are shown in Fig. 3(d). In this
work, for Au, (n = 3-10) binding energy per atom (Ejp /n) values, defined
as [E(Auy)-nE(Au)]/(n-1); For Au,Y (n = 3-10) binding energy per atom
(Ep/n) values, defined as [E(Au,Y)—nE(Au)—E(Y)]/n. The negative
value of binding energy indicates the reasonability of the formation of
stable Au, and Au,Y structure, and the higher absolute value means the
more stable nanostructure. As seen, the absolute value of the binding
energy of Auy, varies slightly when more Au atoms are added, whilst that
of Au,Y decreased obviously with the increase of n. It indicates that the
existing form of AuY has the maximum stability compared with the form
with high content of Au. Therefore, the dynamics process can be
described as follows. In the beginning, the implanted Y ions are
distributed much deeper compared with the Au ions (Supplementary
Material S1). During the annealing, small Au NPs aggregate to large NPs
and grow larger. Meanwhile, Y ions migrate to the sample surface and
are combined with Au atoms on the NP surface. Since the stability of
AuY is greater than the other form (such as Auy, Aug, AuyY, AusY....), Au
atoms prefer to combine with Y ions rather than the other Au atoms
avoiding the overgrowth of Au NPs due to the Ostwald ripening effect.
As a result, the AuY and Au nanocomposite is formed as the shell of NP
with pure Au core, which is verified by the FFT results.

3.2. Tailoring of optical properties of dielectrics by Au@AuY/Au
core-shell NPs

The linear and nonlinear optical responses of the plasmonic NPs are
investigated and the linear absorption spectrum of the sample annealed
Au:SiO; and sample annealed Y:Au:SiO, are depicted in Fig. 4(a). As
seen, the typical LSPR absorption peak is located at 550 nm (538 nm) for
the sample annealed Au:SiO; (Y:Au:SiOy), in the meanwhile, a dramatic
increase of absorption is observed at the ultraviolet band. It is known
that the absorption peak at the visible band is contributed to the free
carrier absorption, and the interband absorption at the ultraviolet band
comes from the transition of electrons from the occupied d-level state to
an empty state in the conduction band above the Fermi level [42]. For a
better comparison, the absorption spectrum is mathematically divided
into several peaks according to free carrier absorption and interband
absorption. Noted that an additional free carrier absorption peak is
obtained for the sample annealed AuSiO,, which is possible due to the
existence of different kinds of Au NPs (crystalline and amorphous). As
shown in Fig. 4(b), the interband absorption spectrum is displayed by
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Fig. 2. Sample Au:SiO,: (a) TEM image, (b) EDS mapping, (c) HRTEM image and (d) corresponding FFT image of the small Au NPs region; Sample annealed Au:SiO5:
(e) TEM image, (f) EDS mapping, (g) HRTEM image and (h) corresponding FFT image of the Au islands, (i) HRTEM image and (j) corresponding FFT image of the
crystalline Au NPs, (k) diameter distribution of the crystalline Au NPs, (1) HRTEM image and (m) corresponding FFT image of the amorphous Au NPs, (n) diameter

distribution of the amorphous Au NPs; Sample annealed Y:Au:SiO,: (0) TEM image, (p) and (q) EDS mapping, (r) HRTEM image and (s) corresponding FFT image of a
typical NP, (t) diameter distribution of the NPs.
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Fig. 3. (a) Line-scan EDS spectrum of a typical NP in sample annealed Y:Au:SiO,. (b) The relative content distributions of Au and Y elements along the radius. (c) The
HAADF signal intensity obtained from line profiles across the NP. (d) The binding energies of some Auy and Au,Y were calculated using DFT.

normalizing the LSPR peaks of both samples. Obviously, the interband
absorption of sample annealed YAuSiO; is significantly increased by
more than 165 % with a steep absorption edge. The enhanced intensity is
caused by the formation of perfect spherical NPs without Au island,
which weakens the quantum size effect induced energy level splitting
phenomenon [42]. Moreover, the scattering effect of the small Au NPs
below may also contribute to the enhancement [19]. The narrowed peak
means the Au@AuY/Au NPs with uniform size on the same interband
transition energy, while the interband transition energy of NPs in sample
annealed Au:SiO; varies with the size distribution resulting in the wide
interband absorption. It should be noted that the weak and ultra-broad
absorption peak at the visible band may be caused by the absorption of
small Au NPs, which is not considered in the mathematical peak
dividing. As for the free carrier absorption, as shown in Fig. 4(c), there
are two sets of absorption systems with different peak positions in
sample annealed Au:SiO9, which are ascribed to crystalline and amor-
phous Au NPs, respectively. Compared with the sample annealed Au:
SiOs, the absorption peak of the sample annealed Y:Au:SiO, shows an
obvious blue shift with enhanced intensity by 38 % at 532 nm.

The physical mechanism is investigated by Mie theory simulation
combined with electron mean free path theory modified Drude model
[43]:
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where A is the absorption coefficient and volume fraction p of Au is
estimated as 0.1. The imaginary part of the complex dielectric constant
of Au (ea,) and substrate (esio,) are marked with superscript”. The y, Vr,
e,p,m,Nandh represent the damping factor, Fermi velocity, electron
charge, resistance rate, electron mass, free electron density and Planck
constant, which will be used for dielectric constant calculation in the
Drude model. In addition, the free electron density and mobility are
considered as a variable for dielectric constant modification. More de-
tails of the simulation are provided in the Supplementary Material. As
displayed in Fig. 4(d), the simulated and experimental results meet a
good agreement that the absorption peaks of crystalline and amorphous
Au NPs are located at 551 nm and 561 nm, respectively. The reason for
the difference is believed to be the modified electron mean free path.
The electron mean free path of amorphous NP will be reduced resulting
in the red-shift of the plasmonic peak, which has been proved based on
amorphous Cu NPs [44]. According to the simulation results, the
relaxation time of amorphous Au NP is determined to be 0.22 times
smaller compared to that of crystalline Au NP, which is similar to the
value in the literature [44]. Different from the above peak shift direc-
tion, Au@AuY/Au core-shell NPs show an obvious blue shift from 551
nm to 538 nm. It is well known that the peak shift is mainly related to
factors including NP size and reflective index of the dielectric environ-
ment [45]. However, the former one doesn’t show an obvious effect
according to the simulated size dependent absorption spectrum (Fig. 4
(e)), while the latter one can only lead to the red-shift of peak because of
the enhanced reflective index of SiO, after ion implantation. Therefore,
the fine-tuning of plasmonics is believed to be caused by the surface
modification of the AuY/Au shell. As shown in Fig. 4(f), the LSPR ab-
sorption is investigated by considering the shell-core structure as a
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whole NP with modified free electron density and mobility due to the
doping of Y atoms. Since the free electron density of Y and Au are
calculated to be 6.06 x 10%® m~2 and 5.9 x 10°® m~3 (see the detailed
calculation steps in Supplementary Material), electron transfer may
occur between Au and Y atoms in the core-shell NPs, which will result in
an enhanced free electron density at a balanced state. Based on the free
electron density, the plasma frequency is calculated to be 1.39 x 10'°
s’l, larger than the value of Au (1.37 x 1016 s’l). Thus, the LSPR effect
should work at a shorter wavelength in theory, which has been proved
on semiconductor plasmonic materials [46]. In addition, the resistivity

of AuY bulk is calculated to be 540.22 nQ2-m, 24.4 times larger compared
with that of Au bulk. With the modified free electron density and
mobility, the LSPR absorption shows obvious size dependence. As seen
in Fig. 4(f), the blue shift of the plasmonic peak is observed as the in-
crease in NP size. Although the absorption peak often shows red shift as
the metal NP size increases, it is not common for all the cases [47]. This
red shift occurs only when the quantum size effect is dominant when the
NP sizes are very small (a few nm or less). However, the mean diameter
of effective core-shell NPs is 21.4 nm which means the quantum size
effect is negligible. Instead, the size dependence of the absorption
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spectra is determined by the broadening and shift of the size-dependent
complex dielectric function and the resonance conditions. The complex
dielectric function strongly changes with the metal parameters. Both the
blue and red shifts are induced depending on the metal parameters.
Therefore, the physical mechanism of fine-tuning of plasmonics is
believed to be the surface modification by the enhanced free electron
density and mobility of Au@AuY/Au core-shell NPs. Noted that the
existence of dispersed Y atoms in SiO; substrate may also contribute to
the LSPR shift due to the fact that the refractive index of Y (1.2 [48]) is
smaller than that of SiO5 (1.46 [49]). However, it is not considered due
to the very low concentration according to the element mapping image.

The spatial tailoring of plasmonics is verified by simulation of near-
field distribution using discrete dipole approximation. As shown in
Fig. 5(a) and (b), the near field intensity of core-shell NP (crystalline Au
NP) is enhanced by 7.26 (6.34) times at 532 nm within (outside) the
shell, and the near field intensity at the core area is greatly decreased
which avoids the melting effect due to the photothermal effect. It means
the spatial manipulation of plasmonics can be realized by designing the
size of the shell for enhancement of optical properties. As seen in Fig. 5
(c), the core-shell NP array makes the near-field intensity present reg-
ular and continuous variation in space. In addition, the size dependence
and diameter ratio dependence are investigated, respectively. Fig. 5(d)
displays the near-field distribution for core-shell NP with various sizes,
and the maximum enhancement factor indicates that smaller NP owns
higher near-field intensity.

For NPs with different diameter ratios, it is shown that the maximum
enhancement factor is enhanced as the diameter ratio increases, and the
enhanced near field is always located in the shell of NPs. For the NP with
a diameter ratio of 6:7, the maximum enhancement factor is as large as
37.4. Therefore, it indicates potential for further spatial modulation of
plasmonics by size and diameter ratio.

To examine the application of fine plasmonic tuning of core-shell
NPs in performance improvement of nonlinearity devices, the third-

Intensity (A. U.)

@, ®)

20 20

Z axis (nm)
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order nonlinear optical responses are measured by Z-scan measure-
ment with an excitation wavelength of 532 nm. The experimental
configuration is depicted in Fig. 6(a). With the movement of the sample
along the laser propagation path between two lenses, the transmission
varies with the z position of the sample (i.e., laser intensity). The satu-
ration intensity and modulation depth are calculated according to the
equation [50]:

dl 7(10]
& T4/l ®
where ap and Iy, are the linear absorption coefficient and saturation
intensity.

Considering the different Au concentrations in different samples, the
nonlinear results are analyzed by normalizing the Au volume content
(see Supplementary Material). As shown in Fig. 6 (b) and (c), sample
annealed Au:SiO; shows a maximum modulation depth of 7 % with a
saturation intensity of 0.12 GW/cm?, however, the modulation depth
and saturation intensity of Au@AuY/Au core—shell NPs are increased by
57 % (from 7 % to 11 %) and 190 % (from 0.12 GW/cm? to 0.35 GW/
cm?), respectively. It is known that the third-order nonlinearity is closely
related to the plasmonic absorption peak position and excitation laser
wavelength, and the improved uniformity of NP size can also be another
reason for the enhancement of third-order nonlinearity. More compar-
isons of Z-scan results between traditional Au NPs and NPs in this work
are displayed in Table 1. As far as we can find, the size of Au NPs is
usually much smaller in literature (such as No.3 and No.5 in Table 1),
which results in a great decrease of modulation depth even in the case of
No.5 with much higher concentration. Few works reported the charac-
terization and fabrication of large Au NPs, e.g. Ichiro [53] etc., syn-
thesized Au NPs with a similar mean diameter and size distribution with
NPs in this work. Worth mentioning, the modulation of Au@AuY/Au
core-shell NPs is enhanced by more than 4.4 times although the NP
diameter is a little smaller than that in Reference [53]. The enhancement
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Table 1
The comparison of third-order nonlinearity of various Au NPs in literature and
this work.

No. NP Bulk  Diameter  Auvolumeper  Modulation Ref.
cm? depth

1 YAu SiO, 9.3nm 0.52 x 10°® 11% This
em® work

2 Au Si0, 16.7nm  1.37 x 10° 7(30)% This
cm® work

3 Au $i0,  3.2nm 0.95 x 10°° 0.5(1.5)% [51,52]
cm?®

4 Au Si0, 129nm  1.2x10%cm®  2.5(10)% [53]

5 Au $i0,  2nm 2 x 10 ecm® 1.2(7)% [54]

Note: The modulation depth is analyzed by normalizing Au content and the
unprocessed data are displayed in brackets.

of nonlinear absorption indicates the significant potential of fine-tuning
of plasmonics by Au@AuY/Au core-shell NPs.

4. Conclusions

In this work, the embedded Au@AuY/Au core-shell NPs are pre-
pared in the silica matrix by sequential ion implantation with separate
concentration distribution combined with thermal annealing, and the
linear and nonlinear optical properties and corresponding tailoring
mechanism of Au@AuY/Au core-shell NPs are further discussed. The
small Au NPs formed by Au ion implantation and the implanted Y ions
aggregate and migrate at high temperature, respectively. When the Y
atom migrates to the Au NP region, it will combine with Au to form an
AuY alloy wrapped around the Au core, after which it will fabricated to
produce core-shell nanoparticles. The results of TEM characterization
and DFT calculations show that the existence of the AuY/Au shell
structure effectively delays the growth of the Au core and inhibits the
formation of Au islands. Au@AuY/Au core-shell NPs show an obvious
blue shift from 551 nm to 538 nm, which is attributed to the surface
modification by the enhanced free electron density and mobility of
Au@AuY/Au core-shell NPs. Meanwhile, the modulation depth and
saturation intensity of Au@AuY/Au core-shell NPs are increased by 57

% and 190 %, respectively. The spatial manipulation of plasmonics is
simulated by near-field simulation, which shows the unique enhanced
near-field distribution in the shell. The size dependence and diameter
ratio dependence are investigated as well, indicating the potential for
further enhancement and flexible tailoring of plasmonics. The
enhancement of nonlinear absorption indicates the significant potential
of fine-tuning plasmonics by Au@AuY/Au core-shell NPs. This work
provides a novel method for preparing core-shell nanoparticles with
fine-tuning plasmonics, and enhancing the ability to tailor the optical
properties of electrolytes, which is essential to design promising pho-
tonic devices with enhanced optical properties.
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