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Abstract 

Keeping in view the fascinating properties of noble materials in the nanoscale, we 

synthesized nanocomposite materials from metals of Au and Ag in the form of core/shell structure 

by a simple, eco-friendly, inexpensive, smart, and fast method. This method is pulsed laser ablation 

of Ag plate immersed in chloroauric acid solution using Nd:YAG solid state laser (1064nm, 7ns, 

10Hz). The physicochemical investigations were presented by different techniques to investigate 

its structural characterization, morphological and optical characterization including linear and 

nonlinear properties. These techniques confirmed that produced sample has a crystalline structure 

from Au an Ag structure, and its morphology has a core/shell structure with Au in shell and Ag in 

core. The nonlinear optical characterization of the prepared sample was investigated by Z-scan 

technique using the second harmonic of the same laser source. The prepared sample of Au@Ag 

core/shell showed a tuning of nonlinearity characteristic property between that of the nanoparticles 

from Au or Ag. So, this material could be represented a recommended nonlinear material to be a 

promising candidate for optical limiting applications 
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1.   Introduction 

In the field of photonic and optoelectronic applications, the nonlinear optical properties of 

materials play a critical role in manipulating a light signal from each other, which could be driven 

by different mechanism as muti-photon absorption (MPA), saturable absorption (SA) and reverse 

saturable absorption (RSA), allowing to be promising materials in optoelectronic applications as 

optical limiter material, pulse-shaping devices, optical modulators, which was useful to protect 

human eyes from high energetic laser beams due to the number of photon absorption ( two, three,.. 

etc) and induced thermal scattering [1-5]. In that field, the materials that have more than one 

element take a lot of attention especially when they are in the nanoscale in comparison with one 

element. Therefore, the scientists do their best to synthesize compounds that have multi-

components in the nanoscale by the method that has required facilities as a simple, quick, eco-

friendly, inexpensive and fast method. The examples of these methods are sol-gel, chemical 

precipitation, hydrothermal, and polyol reduction, which were succeeded to synthesis multi-

components elements with high yield. However, all of these methods lack the purity of the final 

product that is associated with minor products from the precursor elements, which appeared in the 

impurities form [6-10]. 

Recently, the pulsed laser ablation in liquid media technique (PLAL) offers to produce high 

purity of nanostructured materials reached to 100% from required nanostructure without any by-

product. This advantage besides the required facilities of the synthetic methods allows PLAL 

technique to be applicable in different fields with great potential. Also, this technique could be 

varied the particle size and shapes by playing on its wavelength, energy, pulse duration, used 

solution in a very small period. It is based on creating laser-matter interaction with the metallic 

source by focusing of ultra-fast of infrared laser pulse trains inside a liquid medium [11-14]. This 

condition is similar to what happened inside an evacuated chamber, which allows to produce high 

pressure and temperature, followed by produced high charged nanoparticles from the ablated target 

surface. Furthermore, the facilities of this technique allow to synthesize multi-components by 

different procedures as: 

1. Making laser-matter interaction with alloy targets containing all required metallic 

materials to form nano-alloy.  

2. Making laser-matter interaction with each required metallic target, followed by 

mixing both producing solutions to form nano-alloy. 
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3. Making a successive reduction process by making laser-matter interaction with a 

required metallic target immersed in a solution from another precursor metallic 

target to produce core/shell nanocomposite structure based on galvanic 

replacement reaction to form nano-alloy. 

In the field of using PLAL technique to produce multi-components of nano-compound with 

core/shell structure to be applicable in optoelectronic applications, there is promising work being 

carried: In 2003, R. Tom et al. synthesized Au@TiO2, Au@ZrO2, Ag@TiO2, and Ag@ZrO2 in 

just one step by chemical precipitation method. In 2012, J. Li et al. used a chemical method to 

prepare Ag@Cu2O core/shell nanoparticles. In 2015, Y. Zhao et al. used the technique of PLAL 

by excimer laser to produce Ag/ZnO core/shell. In 2017, A. Sakthisabarimoorthi et al. synthesized 

SiO2@Ag core/shell nanoparticles by simple chemical method, and A. Mostafa started to use the 

PLAL technique to synthesize the core/shell structure of Au@CdO by infrared laser in just one 

step [15]. Then in 2018, A. Sakthisabarimoorthi et al. succeeded to synthesize Ag@SiO2 core/shell 

nanoparticles by hydrothermal method and He–Ne laser. Also, in 2020 A. Mostafa et al. 

synthesized Au@ZnO core/shell as a catalyst material by the PLAL technique of infrared laser 

[16].  

Herein, an eco-friendly of pulsed laser ablation in liquid media technique was used to 

synthesize Au@Ag core/shell nanoparticles in just one step by pulsed laser ablation of Ag plate 

immersed in solution from the salt of Au, followed by investigating their nonlinear optical 

properties by Z-scan technique. The prepared compound was studied by X-ray diffraction, UV-

visible spectroscopy, and transmission electron microscope.  

2.                 Material and method 

2.1 Preparation of Ag nanoparticles and Ag/Au nanocomposite 

Silver/gold (Au/Ag) nanocomposite were synthesized by pulsed laser ablation of pure 

granulated silver metal (purchased from Sigma-Aldrich) in chloroauric acid (purchased from 

Sigma-Aldrich) by an acoustic optically Q-switched infrared Nd-YAG laser (7 ns pulse duration, 

10 Hz repetition rate , and  60 mJ pulse energy) as mentioned in the schematic diagram in Figure 

1. During this process, the solution was stirred by a mechanical rotator to prevent the shielding 

from ablation process. 
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Fig.1: Schematic diagram of the pulsed laser ablation of Ag plate immersed in liquid media 

(distilled water and gold salt solution). 

2.2 Characterization techniques 

The crystalline structure of the samples was characterized using X-ray diffractometer 

(Schimadzu 7000, Japan) operating with Cu Kα radiation (λ = 0.154060 nm) generated at 30 kV 

and 30 mA with a scanning rate of 4°/min for 2θ values between 10 and 80. Optical properties of 

the samples were measured at wavelength range from 190–1000 nm using quartz cells with 1 cm 

optical path length using a JASCO 570 UV-vis-NIR spectrophotometer, Japan. Their size and 

shape were investigated by a high-resolution transmission electron microscope (HRTEM) of 

(JEOL—JEM-1011, Japan). 

2.2 Nonlinear measurement 

Nonlinear optical absorption study of the prepared sample from Au@Ag core/shell was 

evaluated and compared with that of Ag NPs and Au NPs using a Q switched Nd:YAG laser at a 

wavelength of 532 nm using the Z- scan technique. The same type of laser was used with its 

parametric condition of 7ns and 10 Hz. After that, the laser beam was divided to two way. The 
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first pass was directed to the detection power meter to be a reference of input laser fluence, while 

the other one was directed to make a nano linearity study.  

 3.                 Result and discussion 

3.1 Characterization of Au@Ag core/shell nanocomposite 

The XRD diffractogram of the prepared colloidal solution appeared in figure 2a after 

drying on the quartz substrate to be measured as a deposited film. It was observed that the prepared 

sample has crystalline structure with four characteristic peaks appearing at diffraction angles of 

38.36°, 44.32°, 64.51° and 77.59°, which were represented the interplanar indices (1 1 1), (2 0 0), 

(2 2 0), and (3 1 1). These interplanar indices could be related to the metallic crystalline structure 

of Ag nanostructure based on JCPDS card number (04-0783), Au nanostructure based on JCPDS 

card number (04-0783) with face-centered cubic (FCC) structure, or both of them. This confusion 

come from the similarity of interplanar indices in the case of Ag and Au. To make sure that the 

produced structure was related to Ag, Au or both, the XRD diffractogram of the prepared samples 

from the ablation of each metal alone (Ag and Au) was carried out and compared with that of the 

prepared structure from the ablation of Ag in the solution from the Au precursors’ solution as 

shown in figure 2b. In this figure, the high resolution XRD diffractogram of the main characteristic 

peak of the interplanar indices (1 1 1) was studied, which showed its location of the prepared 

samples from ablation of Ag in chloroauric acid was presence around the locations of those 

prepared from Au NPs and Ag NPs. This location of the main characteristic peak of (1 1 1) 

confirmed that the prepared sample has the structure of Ag-Au nanocomposite. Also, as the atomic 

plane of (1 1 1) represented the main characteristic peak for Ag-Au nanocomposite, this atomic 

could be used to determine the average crystallite size of the prepared samples using Debye-

Scherrer formula [17], 

D=(kλ)/(βcosθ) (1) 

Where k, λ, β, and θ are the geometric Scherrer constant (0.9), the X-ray wavelength, the angular 

full-width at half maximum (FWHM) of the characteristic XRD peak in radians, and the diffraction 

angle of the corresponding peak.  The calculation of FWHM and crystallite size of the prepared 

sample at each crystal plane was appeared in figure 2c. 
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Figure. 2: (a) XRD diffractogram of the produced samples from the ablation process of Ag plate 

immersed in chloroauric acid, (b) the high-resolution XRD diffractogram of the crystal plane (1 1 

1) of the prepared samples from the ablation process of Ag plate immersed in chloroauric acid, the 

ablation process of Ag plate immersed in ultra-pure water, and the ablation process of Au plate 

immersed in ultra-pure water, and (c) the calculations of FWHM and crystallite sizes of the 

diffractogram produced from the ablation process of Ag plate immersed in chloroauric acid based 

on each crystal planes  
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The linear optical properties of the prepared sample were investigated by UV-visible 

spectroscopy technique. Figure 3a shows the absorbance spectrum of the prepared sample from 

the infrared laser ablation of the Ag plate immersed in chloroauric solution in the UV and visible 

region. Also, this spectrum was associated with the spectra of the infrared laser ablation of Ag 

alone and the infrared laser ablation of Au in ultra-pure water. The produced spectrum from the 

ablation of just Ag in ultra-pure water showed strong absorption peak around 450nm due to its 

surface plasmon resonance characteristic, which was related to the produced Ag NPs, while  the 

produced spectrum from the ablation of just Au in ultra-pure water showed strong absorption peak 

around 530nm due to its surface plasmon resonance characteristic, which was related to the 

produced Au NPs. These two spectra were studied to be a reference for detection of the absorption 

peak and the electronic transition produced from each metallic nanoparticle before studying the 

bimetallic materials. The produced spectrum from the ablation of just Ag in chloroauric acid 

solution showed strong absorption peak around 465nm. This value was shown to be present 

between the absorption peak of Ag NPs and Au NPs, confirming the formation of bimetallic 

nanostructured materials from the surface plasmon resonance of Ag-Au. The locations of these 

absorption peaks indicate the particle size, shape, and composition of the prepared samples. 

Therefore, the absorption peak of surface plasmon resonance for the prepared Ag-Au nanostructure 

materials was changed in compared with that Au NPs and Ag NPs due to the oscillation of the 

electron clouds of Au atoms [18]. The absorption spectra of the prepared samples could be used to 

determine the energy transition by tauc relation [19], αh  = A(h  − Eg)0.5, where A is  constant, 

α is the linear absorption of the sample, and Eg is the energy bandgap of electronic transition. Eg 

would be calculated by the tangent of the drawn curve in the study curve between (αh )2 versus 

hν as shown in figure 3b, that intercepted with X-axis at Y-axis equaled zero.  
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Figure 3: (a) UV–Visible absorption spectra of the prepared samples and (b) direct energy 

transition study from the ablation process of Ag plate immersed in chloroauric acid, the ablation 

process of Ag plate immersed in ultra-pure water, and the ablation process of Au plate immersed 

in ultra-pure water  
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The morphological investigation of the prepared samples was carried by HR-TEM as 

shown in figure 4. It represented the morphological image from the ablation of Ag plate in 

chloroauric acid solution. Depending on the basics of collecting black and while images from the 

electron microscope, the higher atomic number was reflected to the darker color in the produced 

TEM image. So, the darker color was related to the Au NPs, while the others were related to Ag 

NPs. By going to higher magnification images up to 100 nm, the core of spherical nanoparticles 

has a diameter for about 6.55 nm, which represents Ag NPs, while the shell has a diameter for 

about 21.2 nm, which represents Au NPs. By going to further high-resolution image up to 20 nm 

scale, the interplanar distance between planes to the direction of the main characteristic atomic 

plane of the single crystal of Au and Ag could be measured. Based on the atomic plane (1 1 1) is 

the main characteristic atomic plane of each single crystal of Au and Ag, the interplanar distance 

of crystal plane (111) for Ag and Au is dhkl = 0.235 nm and 0.231 nm, respectively. These values 

were too compatible with the previous values of single crystals of both Au and Ag in the nanoscale. 

So, the lattice constant could be calculated based on the following equation  

𝑑ℎ𝑘𝑙2 = 𝑎2ℎ2+𝑘2+𝑙2  (2) 

So, the lattice constant for Ag NPs and Au NPs is a = 0.407 and 0.401, respectively. Which was 

approached to similar results gained from the previous work [20].  
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Figure 4: TEM image of Au@Ag core@shell nanocomposite at scale 100 nm and (b) its high 

resolution image at scale 5 nm 
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3.2 Optoelectronic applications 

The nonlinearity parameters of materials as nonlinear reflective index (𝑛2), nonlinear 

absorption coefficient (𝛽), and nonlinear absorption coefficient susceptibility (𝑋3) could be 

determined by Z-scan technique. This technique could be carried by presence or not of aperture of 

irises. The presence of irises represented the closed-aperture Z-scan study, while the unpresented 

of irises represented the open-aperture Z-scan study. The main study was focused on the detection 

of any significant changes of the signal normalized transmittance versus the moving distance of 

the sample with respect to the focal point of the focused laser beam. This area was represented the 

nonlinear regime of the sample as shown in figure 5a. From the collected data of open-aperture Z-

scan measurement (Figure 5b), the normalized transmittance of one valley could be detected, 

which represented as ∆T value in the nonlinear absorption coefficient (β) equation [21]: 

𝛽 = 2√2𝐼°[1−𝑒𝑥𝑝(−𝛼𝐿)] 𝛼⁄ ∆𝑇 (3) 

Where 𝐼 𝐼° = 𝑒−𝛼𝐿⁄ , 𝐼 is the transmitted intensity, 𝐼° is incident intensity, 𝛼 is linear absorption of 

the prepared samples, and 𝐿 is the thickness of the used cuvette. From the collected data of closed-

aperture Z-scan measurement (Figure 5c), the normalized transmittance between peak and valley 

could be detected, which was represented as ∆𝑇𝑝−𝑣 in the nonlinear absorption coefficient (𝑛2) 

𝑛2 =  𝜆2𝜋𝐼°𝐿𝑒𝑓𝑓 𝑋 ∆𝑇𝑝−𝑣0.406(1−𝑠)0.25  (4)  

Where 𝜆 is the wavelength of the selected laser beam, 𝑠 = 1 − 𝑒−2𝑟°𝑤° , is the aperture linear 

transmittance, 𝑟° is the aperture radius, and 𝑤° is radius of beam located at the aperture. The 

linear/nonlinear absorption coefficient and nonlinear reflective index of the prepared samples were 

tabulated in table 1. 
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Table 1: The laser influence after (𝑰°) and before (𝑰 ) passing through the sample, the linear 

absorption coefficient (𝜶), the nonlinear absorption coefficient (β), and the nonlinear 

refractive index (n2).  

 𝑰°, W/m2 𝑰, W/m2 𝜶, m-1 𝜷, m/W 𝒏𝟐, 1/W 

Au NPs 1.82E+10 9.09E+09 6.93E+02 1.73E-07 3.67E-14 

Au@Ag 

core/shell 1.82E+10 1.18E+10 4.31E+02 1.15E-07 2.44E-14 

Ag NPs 1.82E+10 7.27E+09 9.16E+02 9.50E-08 1.01E-14 

 

The third order nonlinear susceptibility was produced due to the phenomena of saturable 

absorption (SA) or reverse saturable absorption (RSA). When the cross-section absorption of the 

laser beam in the excited state lower than that of ground state, the phenomena of SA was produced. 

So, the material transmitted of the laser beam with the highest amount when the prepared sample 

was in the excited state. In another word, when the cross-section absorption of the laser beam in 

the excited state larger than that of ground state, the phenomena of RSA was produced. So, the 

material transmitted the laser beam with the lowest amount when the prepared sample was in the 

excited state. The third order nonlinear susceptibility could be calculated by contributing the 

nonlinearity calculated parameters of the nonlinear reflective index and the nonlinear absorption 

coefficient. the third order nonlinear susceptibility was evaluated from the real and imaginary part 

of susceptibility by using the following equations [22]: 𝑋3 = 𝑅𝑒 (𝑋3) + 𝐼𝑚 (𝑋3)  (5) 

𝑅𝑒 (𝑋3) = 𝑐𝑛°2120𝜋2 (𝑛2 − 𝛼𝛽4𝑛°𝑘2) (6) 

𝐼𝑚 (𝑋3) = 𝑐𝑛°2120𝜋2 ( 𝛽2𝑘 + 𝛼𝑛22𝑘𝑛°)  (7) 

Where c is the light speed and 𝑛° is the refraction linear index of the prepared samples. The 

nonlinear absorption susceptibility with its real part and imaginary part of the prepared samples 

were tabulated in the table 2  
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Table 2: The real part of nonlinear absorption susceptibility Re(Χ3), the imaginary part of 

nonlinear absorption susceptibility Im(Χ3), and the total nonlinear absorption susceptibility 

(Χ3)  

 Re(Χ3) Im(Χ3) (Χ3) 

Au NPs 9.29E-13 3.70E-11 3.70E-11 

Au@Ag core/shell 6.19E-13 2.47E-11 2.47E-11 

Ag NPs 2.56E-13 2.04E-11 2.04E-11 

 

As the prepared samples are noble metals, they have localized surface plasmon resonance 

of the outer-shell electrons with respect to the inner electrons in the d-band and s-p conduction 

band of the quasi-free-electron. During Z-scan study by 532 nm excitation source, the chosen 

excitation frequency was become too closed to the localized surface plasmon resonance of the 

noble elements, that presence in the prepared samples of Au NPs, Ag NPs, and Au@Ag core/shell 

nanocomposite. So, there are part of this excitation frequency was absorbed leading to produce 

two types of transitions: 

(a) Intra-band transition between empty states and filled states in CB  

(b) Inter-band transition between localized d-band and free electron in CB  

Also, the prepared samples were produced in the nanoscale leading to make a confinement 

of the free electrons. So, the intra-bond transition with electric dipole transition was produced with 

negative and small value. This type of transition did not represent the reason of nonlinear optical 

properties’ phenomena. In another word, the inter-band transition of d-s transition could be 

represented the main reason of the nonlinear optical properties’ phenomena. This transition could 

be 5d→6s or 4d→5s for Au or Ag, respectively. In the Z-scan study, the excitation laser beam was 

carried by 532 nm, which represented 2.33 eV of photon energy, and this value was higher than 

the value of the excitation energy bandgap of Au NPs, Ag NPs, and Au@Ag core shell 

nanocomposite. So, the nonlinear absorption coefficient susceptibility was mainly coming from 

the inter-band transition.   
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Figure 5: (a) The schematic diagram of the Z-scan techniques for studying the nonlinearity 

properties of the prepared samples and its mechanism, and the nonlinearity study of the prepared 

samples of Ag NPs, Au NPs, and Au@Ag core/shell nanocomposites by using (b) open aperture 

and (c) closed aperture  

Based on these nonlinearity analyses for Au@Ag core/shell in compared with Au NPs and 

Ag NPs, the nonlinear phenomena were produced mainly from the contribution of hot electron in 

the inter-band transition. The transition of Au NPs was higher than that of Ag NPs as the transition 

of Au NPs was produced from saturation transition, while the transition of Ag NPs was produced 

from two-photon absorption. In another word, the Au@Ag core/shell represented the nonlinearity 

tuning between that of Au NPs and Ag NPs.  

4.                 Conclusion 

In conclusion, Ag/Au nanocomposite was successfully synthesized using a simple and 

efficient method based on the laser ablation (Nd:YAG, 1064nm, and 10Hz) of Ag plate immersed 

in the solution from Au salt. This material showed the promising nonlinear properties in compared 
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with that for Au NPs and Ag NPs by Z-scan technique (Nd:YAG, 532nm, and 10Hz). The chemical 

and physical properties of the prepared samples were investigated by different techniques of XRD, 

TEM, UV-visible spectroscopy to inform that the optical, structural, and morphological properties 

of the prepared sample. After that, the nonlinearity response was carried by open and closed 

aperture of Z-scan technique. The nonlinearity response of the prepared Au@Ag core/shell was in 

the range between Au NPs and Ag NPs. So, the analysis of performance Ag/Au nanostructure 

confirm the capability for using in optoelectronic materials. 
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Figures

Figure 1

Schematic diagram of the pulsed laser ablation of Ag plate immersed in liquid media (distilled water and
gold salt solution).



Figure 2

(a) XRD diffractogram of the produced samples from the ablation process of Ag plate immersed in
chloroauric acid, (b) the high-resolution XRD diffractogram of the crystal plane (1 1 1) of the prepared
samples from the ablation process of Ag plate immersed in chloroauric acid, the ablation process of Ag
plate immersed in ultra-pure water, and the ablation process of Au plate immersed in ultra-pure water, and



(c) the calculations of FWHM and crystallite sizes of the diffractogram produced from the ablation
process of Ag plate immersed in chloroauric acid based on each crystal planes

Figure 3

(a) UV–Visible absorption spectra of the prepared samples and (b) direct energy transition study from the
ablation process of Ag plate immersed in chloroauric acid, the ablation process of Ag plate immersed in
ultra-pure water, and the ablation process of Au plate immersed in ultra-pure water



Figure 4

TEM image of Au@Ag core@shell nanocomposite at scale 100 nm and (b) its high resolution image at
scale 5 nm



Figure 5

(a) The schematic diagram of the Z-scan techniques for studying the nonlinearity properties of the
prepared samples and its mechanism, and the nonlinearity study of the prepared samples of Ag NPs, Au
NPs, and Au@Ag core/shell nanocomposites by using (b) open aperture and (c) closed aperture


