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ARTICLE INFO ABSTRACT

Keywords: Ascertaining plasmonic interaction induced by silver (Ag) and gold (Au) nanoparticles (NPs) in the amorphous

Glass system can open a new direction in photonics. In this outlook, various contents of Ag and Au NPs were incor-

Optical properties porated into neodymium ions (Nd**)-doped zinc-sulfate-magnesium-phosphate glasses via the melt-quenching

IS\II;C;;ZSr:iOcl;Zs method. The impact of Ag-Au plasmonic coupling on the structures and spectroscopic traits of the prepared
glasses were evaluated. As-quenched samples were analyzed using XRD, HRTEM, Raman, absorption and pho-
toluminescence (PL) spectrometer. The Judd-Ofelt (JO) theory was used to evaluate the spectroscopic quality and
stimulated emission cross-section of the glasses. HRTEM micrographs verified the existence of Au and Ag NPs in
the glass matrix with a mean size ranged 4.47-7.03 nm. The observed thirteen absorption bands centered around
326, 352, 430, 459, 473, 512, 52, 581, 627, 681, 744, 801, and 875 nm were corresponding to electronic
transitions from the ground state (419/2) to the excited states of 4D7/2, 2D1 /2+4D3/2+4D5/2, 2P1 /2 4G11 /2 2D3/
2+2P3/2+2Go2, 1Gosa+2Kus/2, %Gy, *Gs/2+2Gr 2, 2Hiry2, Foya, *Fr/a+*83/2, *Fs/2+7Ho 2 and *Fs 5 in Nd**. Two
surface plasmon resonance (SPR) bands assigned to Ag and Au NPs were probed at 442 nm and 503 nm. The
addition of Au NPs causes the SPR band of Ag NPs to be red-shifted. The NIR PL bands at 878 nm, 1050 nm and
1322 nm were due to the 4F3/2 - 419/2, 4F3/2 N s and 4F3/2 — 4113/2 transitions, respectively. The
PMZ1.5Nd0.5Ag0-1Au glass disclosed the highest bandwidth gain of 6.92, 17.05 and 9.10 ( x 10723 ecm®) cor-
responding to the 4F3 /2 — 419 /2 4F3 2 — 4111 2 and 4F3 /2 — 4113 /2 transitions. It was shown that the PL intensity of
the studied glasses could be modified by varying Ag and Au NPs contents. The Ag-Au NPs plasmonic coupling
inclusion inside the glass can be beneficial to develop versatile optical materials.

1. Introduction biomedical applications as nanosensors [1] and drug carriers [2]. The
Ag or Au NPs have been embedded into the rare-earth ion (REI) doped

For the past decade, metal nanoparticles (NPs) such as silver (Ag) glass matrix to enhance the REI luminescence intensity and the stimu-
and gold (Au) received great attention due to their peculiarities surface lated emission cross-section [3]. These properties require further
plasmon resonance (SPR) properties that are frequently used in improvement to elevate the glass reliability as a solid-state laser

; NPs, Nanoparticles; REI, Rare-earth ions; SPR, Surface plasmon resonance; LSPR, Local surface plasmon resonance; Ag, silver; Au, gold; JO, Judd-Ofelt; PL,
Photoluminescence; NIR, Near-infrared.
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amplifier. The Web of Science database presents 158 articles
(1970-September 15, 2021) using the keyword: silver and gold nano-
particles embedded glass. From the 158 documents extracted, only 14
articles discussed the behaviour of Ag and Au NPs situated in disordered
materials [4-17]. The plasmon-plasmon interactions in oxoanionic glass
such as nitrates, sulfates, carbonates, hydrates—based glass has not been
fully understood [18,19]. Prospectively, these glasses would be
compelling for solid-state laser applications. It is worth mentioning that
the SPR resulted from high charge carrier concentration NPs (10?2
cm™~3) resonant with the incoming electromagnetic wave [20]. Coupling
two metal NPs could generate bonding dimer plasmon (BDP) and creates
a hot spot junction of the local field that subsequently raised the electron
responsible for luminescence action [21]. Previous studies revealed that
the amalgamation of Ag (0.9 mol%) and Au NPs (0.15 mol%) with Eut
doped magnesium-zinc-sulfophosphate glass has raised REIs emission
cross-section [17]. Although the nucleation and growth mechanism
Ag-Au core-shell structure inside the glass has not been fully explained,
the result demonstrates luminescence enhancement via SPR [17]. The
glass transparency and refractive index also increased with Ag and Au
NPs embedment, making them captivating for many applications such as
in laser amplifiers, photonic devices, optical sensors, light-emitting di-
odes (LED’s), photovoltaic and optical data [1]. Nevertheless, research
associated with metal NPs co-embedment into the REIs doped glass is
rarely published; to cite a few [22-24].

In addition to the attractive properties of Ag and Au NPs, the glass
composition (comprises REIs, glass modifier and glass former) are
equally important to maximize the efficiency of host glass as an ampli-
fier. Among the REIL, neodymium (Nd®*") ion has great NIR lasing tran-
sitions at *Fs3 /o — T ,2 located about 1.06 pm that potential for high-
power lasers application. Besides, PL around 1.33 pm corresponds to
4F3/2 - 4113/2 already employed for optical amplifiers and telecommu-
nications [25]. Meanwhile phosphorus pentoxide (P20s) as glass former
able to dissolve high concentration of REI (le21 ions/cm3) without
agglomeration which is fifty times better than silicate as glass host [26].
Phosphate glass has been used in many active devices with high energy
storage capabilities. Particularly, Nd*" based phosphate glass are
broadly commercialized as laser glass in the optical industry such as
Schott, (LG-750, LG-760 and LG-770), Hoya Corporation (LHG-80,
LHG-8 and LHG-5), Kigre (Q88 and Q98) and N21 and N31 laser glass
from Shanghai [21,27] Furthermore, the hygroscopic character of
phosphate glass could be overcome by insertion of sulfate ions, mag-
nesium and zinc cation into the network [28]. The inclusion of ZnSO4
eases the glass forming process and raised the thermal and chemical
stability of the glass [18]. The addition of MgO further improved the
chemical resistance of the glass by creating bond/linkers with phosphate
ions [29]. Besides, the interaction of sulfate (SO%‘) and metaphosphate
() creates an excellent environment for REI to be distributed within the
glass matrix; due generation of dynamic concentrations of the dithio-
phosphates (DTPs) units [20,30]. Despite the great potential of
zine-sulfate-magnesium phosphate glass system with Nd>* ion doping,
the role of Ag and Au NPs as synergistic sensitizers in REI-doped glass
has not been further examined.

The demand for glass-based economic laser hosts is ever increasing.
Based on this concern, Nd>*—doped zinc-sulfate-magnesium phosphate
glass is synthesized using the melt-quenching technique, which is
incorporated with a low concentration of metal NPs (both Ag and Au
NPs). The physical, structural and optical properties of the glass were
securitized. The Judd-Ofelt (JO) intensity and radiative parameters were
calculated to establish a correlation between theoretical and experi-
mental data. The JO parameter gather could assist in evaluating the
glass capability as a laser host. The results were interpreted and further
discussed to provide useful information in developing advanced optical
materials.
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2. Experimental
2.1. Glass preparation

The glass composition 58.5P;05-20Mg0-20ZnS04-1.5Nd,03-0.5
Ag NPs—Au NPs (where x = 0.1, 0.2, 0.3 and 0.4, mol% in excess) were
synthesis via melt-quenching technique. The concentration of Ag NPs
has remained fixed meanwhile concentration of Au NPs was varied. The
glass code is listed in Table 1 meanwhile the image of the glass is dis-
played in Fig. 1. The contents of Nd2O3 (1.5 mol%) and Ag NPs (0.5 mol
%) were selected based on optimum PL intensity shown in previous work
[3,31]. Another three glasses were prepared to probe the SPR of Ag and
Au NPs. The present work used high purity ~99.9% raw material
(powdered form) purchased from Sigma Aldrich. The diameter of metal
NPs was verified below 100 nm before being subjected to heat. About 22
g of mixed constituent raw material was placed in an alumina crucible
before it been preheated at 300 °C for 30 min. The pre-heating consti-
tutes then heated at 1100 °C for 1.5 h. The preheated process is essential
to reduce OH™ content that contributes high phonon energy to the glass.
The mixed powdered material that turns to semi-liquid melt later been
poured on top of preheated stainless—steel plate that has been annealed
at 300 °C for 3 h. The annealing process helps to avoid possible crys-
tallization and mechanical shock or thermal stress from the supercooling
process. The glass was let cool to room temperature and collected the
next day. It is kept in vacuum desiccators to avoid atmospheric moisture.
The glass is cut and polished to a thickness of £0.3 cm for better optical
(absorption and photoluminescence) measurement. These finishing
treatments is required to minimize the scattering effect from an uneven
surface.

2.2. Glass characterization

The characterization and formulae for a physical parameter are
referred from the previous work [32]. X-ray diffraction (XRD) pattern is
measure using PANalytical X’Pert PRO MRD PW3040 with Cu Ka radi-
ations (A = 1.54 A) in scanning angle of 20 ranging between 20° and 80°,
step width 0.02° with scan speed 4.0628°/min, functioning at 40 kV and
35 mA to approve the amorphous nature of the glass. The HORIBA
Scientific Raman LABRam HR Evolution Spectrometer (Helium-Neon
laser) was used to evaluate bonding properties from Raman spectra. A
high-resolution transmission electron microscope (HRTEM, JEOL 2100
F) work at an acceleration voltage of 200 kV was used to probe metal
NPs existence and size. The absorption spectra of the prepared glasses
were recorded by A Shimadzu UV-3600 spectrophotometer. The PL
emission and decay measurement is attained through The PTI Quanta-
Master™ 60 Fluorescence Spectrophotometer using NIR PMT detector,
R550 and excites at 802 nm, supported by liquid nitrogen. Using
ellipsometer (J.A. Woolan M — 2000 U), the refractive index, n of the
glass is measured in the range 400-1000 nm with incidence angle 75°
(Brewster’s angle) to computed JO analysis. The sample was charac-
terized at room temperature (~27 °C). Details formulae of Judd-Ofelt

Table 1
Prepared glass composition and code.

Glass composition Glass Code

58.5P,05-20Mg0-20ZnS04-1.5Nd,05-0.5 Ag NPs
58.5P,05-20Mg0-20ZnS0,~1.5Nd»05-0.5 Ag NPs—0.1

PMZ1.5Nd0.5 Ag
PMZ1.5Nd0.5Ag0-1Au

AuNPs

58.5P205-20Mg0-20ZnS04-1.5Nd,03-0.5AgNPs—0.2Au PMZ1.5Nd0.5Ag0-2Au
NPs

58.5P,05-20Mg0-20ZnS04-1.5Nd,03-0.5AgNPs—0.3Au PMZ1.5Nd0.5Ag0-3Au
NPs

58.5P;05—20Mg0-20ZnS04-1.5Nd,03-0.5AgNPs—0.4Au PMZ1.5Nd0.5Ag0-4Au
NPs

58.5P205-20Mg0-20ZnS0O4—0.5AgNPs PMZ0.5 Ag

58.5P;05—20Mg0-20ZnS04—0.5Au NPs PMZ0.5Au

58.5P205-20Mg0-20ZnS04-0.5AgNPs—0.5Au NPs PMZ0.5Ag0-5Au
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Fig. 1. The photograph of the glass at different Au NPs concentrations (mol%).

theory could be referred in previous published papers; to cite a few
[33-35]. Equations (1) and (2) were used to calculate the Racah
parameter (B and C) [36,37].
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(2)
wherev;, vy and vs are first three highest energy absorption transition
and Dq is crystal field strength which yields

U3

Dg =
=10

3

The absorption band of Nd** ions would be slightly influenced by the
ligand field interaction associated with electron repulsion within the 4f
shell. The crystal field strength (Dg) and Racah parameter (B, C) are
typically used to reflect the possible interaction [38]. The bonding for-
mation can be further determined by calculating the nephelauxetic
functions of the ligand h;, by following relation [39]:
(Bree = B) /By

= @

kNd3+

where the value of gaseous ion is label as B, (Bfe = 331.57 nm for
Nd3* ion) [40]. Meanwhile, the value for the central Nd>* ion kyg: is
0.49. Increase of h, suggesting increases of covalency bond inside the
glass matrix where the electron in f orbitals delocalize and overlapped
with ligand orbitals [36]. The is determine using equation (5)

where Z is denoted as the valence of Nd>* ion and S is the spin at the
ground state. Herein, Z is 3 and S is 1.5, where 2 S + 1 = 4 [36,38].
Meanwhile, the PL lifetime curve was fitted using a bi-exponential
function that express as

I(t)=A, exp (;—f) + A, exp (;—;) 6)

where I(t) is PL intensity in the function of time, A; and Ay are constant
parameters, t is the time, t; and 7y are fast and slow lifetime for co-
efficients A; and Ag respectively. The mean of the measured lifetime was
calculated via

AIT% + AzT%

i Ty @
The quantum efficiency follow the formula
T exp
n=—2Lx 100 (8

Trad

where Teyp and 7Traq are experimental and calculated radiative PL life-
time, respectively [41]. The energy transfer (ET) efficiency is estimated

by equation

Egr=1- 224 ©
Tag

where Egr is the energy transfer efficiency, tagay is PL lifetime con-
taining Au NPs contents (0.1-0.4 mol%) and 74, is PL lifetime without
Au NPs inclusions [42]. The non-radiative decay rate (Wygr) determine
through equation [43].

Wig=—— (10)

3. Results and discussion
3.1. Physical properties

The physical properties of the prepared glass are enlisted in Table 2.
The glass density improved with Au NPs contents up to 0.4 mol% (from
2.70 to 2.74 g cm™>) meanwhile the molar volume shows the reverse
trends (from 57.01 to 56.46 cm’g). The Au NPs could allocate them-
selves within the interstitial spaces in the network and increases the
glass compactness [44]. However, Au NPs is inclined to distort the
phosphate chains and added more free spaces within the network,
especially when added at high concentrations (0.4 mol%) [42,45] This
disorder could modify the number of NBO bonds and subsequently alter
the stoichiometry and the optical parameters of the glass [45,46]. On

Table 2
Physical properties of the synthesis glasses.
Physical Parameters 0.0 mol 0.1 mol 0.2 mol 0.3 mol 0.4 mol
% Au % Au % Au % Au % Au

Density (+0.007 g 2.70 2.71 2.72 2.74 2.73
cm ™)

Molar volume 57.01 56.96 56.85 56.46 56.70
(£0.007 cm )

Direct band gap 4.095 4.065 4.063 4.022 4.045
(+0.01 eV)

Indirect band gap 3.909 3.909 3.908 3.874 3.904
(+0.01 eV)

Urbach Energy (+0.01 0.182 0.204 0.181 0.186 0.181
eV)

Refractive index 1.515 1.517 1.516 1.516 1.516
@633 nm (+0.001)

Molar reflection 51.44 51.40 51.29 51.00 51.16
(+0.01)

Molar polarizability ( 2.01 2.01 2.01 2.00 2.00
x 10?2 £0.01)

Au atom contents ( x 0.29 0.57 0.86 117 1.45
10%° atom/cms)

Polaron radius ( x 2.83 2.24 1.96 1.77 1.64
1077

Inter-nuclear distance 3.27 2.59 2.26 2.04 1.90
(x1077)

Field strength ( x 10'*  2.75 4.37 5.75 7.04 8.13

cm?)
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top, the decrease of inter-nuclear distance (3.27-1.90 x 1077) and
polaron radius (2.83-1.64 x 1077) with Au NPs embedment would in-
crease the strength of Nd-O bonds which associated with the glass’
absorption and luminescence properties [44]. It is predicted that the
field strength between NPs increases with the addition of Au atom [47].
Herein, field strength refers to the attraction of Coulomb’s force between
NPs [48]. Previous reports show similarity trends where the variation of
physical and optical traits is an attestation of structure adjustment from
Au NPs inclusion [42].

The value of direct (4.095-4.022 eV) and indirect (3.909-3.874 eV)
band gap of present studies fluctuated at different Au NPs contents. This
occurrence was probably due to Ag/Au NPs ability to evoke the non-
linear optical properties of glass from the hyperpolarizabilities
induced by the SPR effect [1,45,46]. This explains the see-saw pattern in
the value of molar reflection (51.44-51.00), molar polarizability
(2.01-2.00 x 10%%) and refractive index (1.515-1.517) as well. The
Urbach energy depicts the degree of disorders and formation of oxygen
vacancies [44]. The sample containing 0.1 mol% Au NPs revealed the
highest Urbach energy value (0.204 eV) which is expected to have
distinct optical attributes ascribed to the creation of non-bridging oxy-
gens (NBOs) and defects [1].

3.2. XRD patterns

Fig. 2 displays the XRD pattern of the selected sample; PMZ1.5Nd0.5
Ag and PMZ1.50.4Ti0-5Ag0.2Au. No crystalline peak corresponding to
Ag and Au NPs were evidenced within the glass network. Only broad
hump appeared in range 15-25° which confirms the amorphous nature
of the glass. Previous work shows a similar broad hump pattern for glass
unless it is heat-treated [49,50]. The low contents of plasmonic NPs have
hidden the crystalline peak of embedded metal NPs [21]. To detect
co-embedment of Ag and Au NPs incorporated into the sample, the
HRTEM microscopy were used to map any possible metal NPs distrib-
uted inside the glass.

3.3. HRTEM mapping

Fig. 3 depicts the HRTEM micrograph of the glass containing low
(0.2 mol%) and high (0.4 mol%) Au NPs respectively, both incorporated
with the same amount of Ag NPs (0.5 mol%). The black spots in the
HRTEM mapping indicate the presence of spherical shaped metal NPs
within the matrix. No alloy nor core-shell structure is observed as

4

— PMZ1.5Nd0.5A¢g
— PMZ1.5Nd0.5A¢0.2Au

Intensity (a.u.)
.T) W

[a—
L

20 40 60 80
20 (degree)

Fig. 2. XRD pattern of PMZ1.5Nd0.5 Ag and PMZ1.5Nd0.5Ag0-2Au.
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portrayed in previous work associated with Ag/Au NPs insertion into the
glass [17,49,51]. The high melting temperature of the phosphate glass
could restrain the nucleation of Ag—Au core-shell nanostructures inside
the glass [49]. The presence of Ag and Au NPs is recognized based on
ICDD PDF card number Ag (04-0783) and Au (04-0784). The size of
metal NPs is measured in the same direction and angle [52]. The statistic
distribution function such as Log-normal, Weibull and Gamma were
used to estimate the mean size of NPs since it is non-symmetrical dis-
tribution. The mentioned functions were claimed to be most appropriate
for the continuous and asymmetrical distribution system [32]. The lat-
tice spacing of 0.23 nm (Fig. 4 (a)) and 0.28 nm (Fig. 4 (b)) both
matched with lattice planer orientations (111) that belonged to Ag and
Au NPs, respectively. The lattice profile for both metal NPs has been
depicted in Fig. 5. The mean size of metal NPs for sample
PMZ1.5Nd0.5Ag0-2Au is 4.47 nm (Fig. 6 (a)) meanwhile for sample
PMZ1.5Nd0.5Ag0-4Au, the value is 7.03 nm (Fig. 6 (b)). In the present
glass, the distribution of metal NPs size represent both type of metals
NPs (Ag and Au) since the overall size and shape for the metal NPs is
relatively similar. The increase of Au NPs concentration leads to
enlargement of NPs size [12]. The raising of concentration causes a
decrease in the mean spacing between the molecules during the melting
process. This urges the metal NPs to get close to each other due to great
surface tension between them. The rise of surface tension connecting
NPs is attributed to high attractive van der Waals force over the elec-
trostatic repulsion force between the NPs. The improved surface tension
facilities NPs growth and subsequently increases NPs sizes [53]. The
growth mechanism is commonly referred to as Ostwald ripening process
followed by coalescence that increases the NPs size [54]. The crystalli-
zation of metal NPs inside the glass could be express by redox reactions.
During the melting, Ag* and Au®" ions possibly formed and reduce to
neutral Ag and Au NPs during the annealing process. The Ag NPs is
formed through Ag*+e —Ag® and Au NPs via Au®"+3e —»AuC [24].
Gibb’s free energy relation could predict the permissibility of the reac-
tion; either it is spontaneous (possible) or non-spontaneous (hardly
possible). When the AE? disclosed positive value, AG present a negative
value which indicates the reaction is possible [3]. Gibb’s free energy
relation could be express as

AG = — KkFAE®

Here AG is the free energy change, k is the molar number, and F is
Faraday constant. The redox reaction that could be anticipated inside
the glass are listed

2P 4+ 3Au’" — 2P + 3Au° (AE° =5.7658)
P +2Ag" 5 P* 4+ 2Ag" (AE" =2.2351)
P 42N - P°F 4 2Nd** (AE° = — 4.7641)

P4+ Nd* >P" + Nd°(4E°= —1.6871)

Based standard redox relation listed, the nucleation of neutral Ag and
Au NPs is possible. Meanwhile, Nd° crystallization only occurs in non-
spontaneous reactions. The standard reduction potentials () used to es-
timate the possible reaction is listed

Ag'/Ag’ =0.7996 V
A /AW’ =1.498 V
Nd** /Nd*" = - 2.700 V
Nd**/Nd’ = —2.323 Vv

P> /P*" =0.6359 V
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Fig. 5. The lattice profile of (a) Ag NPs and (b) Au NPs inside the glass sample.

3.4. Raman Spectra

The Raman spectra of selected prepared glass containing different Ag
and Au NPs content is depicting in Fig. 7. The Raman spectra show no
observable shift for all glass with different Au NPs concentrations. The
alteration of Raman intensity could be associated with changes in the
local field that affect the overall glass polarizability [30]. The assigned
vibration bond is listed:

i. The band located about 337 cm ™! is assigned to the bending vi-
bration of P-O-Zn [55,56].

ii.

iii.

Vi.

. The band centered around 1205 cm™

The band positioned about 687 cm ™! was approved to P-O-P
symmetric stretching of bridging oxygen in Q2 units [57,58].
The band located at 770 cm™! corresponds to the asymmetric
stretching vibration of P-O-P bonds in metaphosphates chains
[58,59].

iv. The band appeared at 1202 cm™' allotted to the asymmetric

stretching vibration of SO42~ groups [56,58].

! was endorsed to symmetric
stretching of (PO2)" vibration [54,60].

The band around 1270 cm ™! belongs to the asymmetric stretch-
ing of non—bridging oxygen (PO3) chains [54,61].
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Fig. 6. The metal NPs size distribution in glass (a) PMZ1.5Nd0.5Ag0-2Au and (b) PMZ1.5Nd0.5Ag0-4Au.
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Fig. 7. Raman Spectra of the sample without Au NPs and sample embedded
with 0.2 and 0.4 mol% of Au NPs.

3.5. Absorption spectra

Fig. 8 shows the absorption spectra of glass with different Ag—Au NPs
concentrations. Overall, thirteen absorption bands were observed at *Ig,
2= 4D7/2 (326 nm), 419/2 e 2D1/2+4D3/2+4D5/2 (352 nm), 4[9/2 - 2P1/2
(430 nm), “lo/a — *Gi1/2 (459 nm), *lo/s — 2D3/2+7P3/2+2Go/2 (473
nm), 4[9/2 - 4G9/2+2K13/2 (512 nm), 4[9/2 - 4G7/2 (525 nm), 419/2 -
4G5/2+2G7/2 (581 nm), 4[9/2 — 2H11/2 (627 nm), 419/2 — 4F9/2 (681 nm),
4[9/2 g 4F7/2+4S3/2 (744 nm), 419/2 hd 4F5/2+2H9/2 (801 nm) and 419/2 -
4F3/2 (875 nm) respectively. The absorption spectra are in agreement
with previous studies [3,25,31,62]. The glass incorporated 0.1 mol% of
Au NPs show an increment of absorbance. The shielding effect of 4f Nd>*
ion cause no significant shift observed in all samples [63]. The absorp-
tion bands of the glass were compared with aquo—ion values. The
nephelauxetic ratios (= 7, /7,) and bonding parameters (6= (1 —5) /p)
of samples are enlisted in Table 3. Any shift of absorption spectra is
attributed to electron cloud that delocalised within the ligand molecular
orbitals which is known as the nephelauxetic effect [21]. Typically
nephelauxetic effect (electron cloud expansion) is induced by two ways
1) the effective positive charge of the Nd** was reduced by the negative
charge from the ligands 2) increase of orbital size from the covalent
bonding of metal complex (anion-cations) [64]. In present work, sample
PMZ1.5Nd0.5Ag0-1Au show ionic character and other sample revealed

S ——PMZ1.5Nd0.5Ag
2.51 4 | ——PMZ1.5Nd0.5A20.1Au
T 1 ——PMZ1.5Nd05Ag0.240
— ) &l ——PMZ15Nd0.5Ag0.3Au
§ 01 - —— PMZ1.5Nd0.5Ag0.4Au
S 1. . 3
8 1.5' ﬂ."s\ 1 TI‘ .,.'_m A
= s I 1
] T A I
= s T8 S & =
2 = & < e
= < ¥ T &
< 0.5 Q S -
oo -
0.0

600 800
Wavelength (nm)

400 1000

Fig. 8. Absorption spectra of the prepared sample with different Ag-Au
NPs contents.

covalent nature of the glass based on & values. The electric dipole
transition that is more responsive to any ligands or local environment is
known as a hypersensitive transition (HST). The HST transition 1o /2 —
4Gs,9+2Gy, followed the selection rule of |AL| <2, |AJ|<2, and |AS|<
0 and typically show higher absorbance compared to other transitions.
Other than JO parameter and nephelauxetic ratios, the Racah parameter
is calculated to attain better insight into the spectroscopic behaviour of
RE ions and ligand.

3.6. Racah and crystal field strength parameter

The ligand field parameter describes the electrostatic interaction
between metal cation (Nd*") and its ligands (anions: 0% and 5042’).
Herein, it is worth mentioning that the characteristic of REIs—O bond
depending on 1) the local symmetry of Nd** ion or ligands that sur-
rounded them and 2) the distribution of charge within the 4f orbitals
(which will affect the bond strength of metal complex). Particularly,
Racah parameters B and C mirrored the magnitude of inter-electronic
repulsion from the Nd-O bond, where the distortion in 4f orbitals
would shift the absorption transition energy of Nd3* ion [66]. Mean-
while, the crystal field strength describes the strength of the bonds.
Fig. 9 depicts the absorption bands used to evaluate ligand field pa-
rameters (Racah and crystal field strength parameter). It comprised of
three prominent absorption band which situated at high energy region
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Table 3

Absorption band positions (cm™Y), values of aquo, B and d for prepared glass.
Energy levels PMZ1.5Nd0.5 Ag PMZ1.5Nd0.5Ag0-1Au PMZ1.5Nd0.5Ag0-2Au PMZ1.5Nd0.5Ag0-3Au PMZ1.5Nd0.5Ag0-4Au Aquo [65]
4D7/2 30618.49 30422.88 30599.76 30553.01 30562.35 30,554
2D1/2+4D3/2+4D5/2 28409.09 29568.30 28409.09 28409.09 28417.16 28,550
2P1/2 23277.47 25188.92 23282.89 23272.05 23282.89 23,250
4Gn/z 21791.24 22624.43 21819.77 21758.05 21781.75 21,650
2D3/2+2P3/2+2G9/2 21128.25 21857.92 21114.86 21123.79 21101.5 21,300
4G9/2+2K13/2 19538.88 20462.45 19527.44 19535.07 19535.07 19,550
4G7/2 19033.12 19368.58 19033.12 19040.37 19036.74 19,160
4G5/2+2G7/2 17208.74 18089.73 17205.78 17211.7 17214.67 17,380
4H11/2 15959.14 16305.23 15979.55 15966.79 15976.99 15,870
4F9/2 14675.67 15372.79 14667.06 14675.67 14662.76 14,700
4F7/2+4S3/2 13435.44 14196.48 13437.25 13439.05 13435.44 13,500
4F5/2+2Hg/2 12481.28 12951.69 12479.72 12482.84 12479.72 12,535
4F3/2 11431.18 11859.58 11429.88 11428.57 11431.18 11,460
i 0.997503 1.036712 0.997869 0.997618 0.997661 1
1) 0.002503 —0.03541 0.002135 0.002388 0.002344 0

= PMZ1.5Nd0.5Ag

» PMZI1.5Nd0.5Ag0.1Au
« PMZ1.5Nd0.5Ag0.2Au
+ PMZ1.5Nd0.5Ag0.3Au
PMZ1.5Nd0.5Ag0.4Au
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Fig. 9. Three selected absorption bands for Racah and ligand field parameter.

and was assigned as v, vz and v3 [36]. Table 4 enlists the calculated
values of the Racah parameters (B and C), crystal field parameters (Dq,
Dq/B) and Nephelauxetic function (hp). Initially, the incorporation of Au
NPs into the glass reduces the parameter B but eventually increase in
value after being embedded with 0.3 mol% of Au NPs. Meanwhile, the
value of parameter C declines as the glass is incorporated with 0.1 mol%
of AuNPs and increase slightly when embedded with 0.2-0.4 mol% of Au
NPs. The results show that Au NPs able to induces a covalent—ionic
nature around Nd3* sites inside the glass. The sample
PMZ1.5Nd0.5Ag0-1Au displays the highest hy (2.015) which indicates
the covalent nature of Nd** ion—ligands improved. The results contra-
dict with bonding parameter, § data. This occurrence is ascribed to the
mixed-modifier effect (MME) which deviated the physical properties
from linearity trends due to multiple modifier cations present within the

glass [18]. In this case, ionic interactions involving cations and small
oxoanions within the glass determine the dynamic of the bonds (i.e
covalent or ionic nature) [18]. The sample with 0.1 mol% of Au NPs also
shows the highest Dg (2518.89) and Dq/B (6.54) which indicates its
strongest crystal field among the series. Besides, the crystal field
strength » 2.3 means the Nd* ion is confined in a strong crystal field
domain [42]. Fig. 10 shows the illustration of the Nephelauxetic effect in
response to the Racah parameter. The 4f orbital of Nd** ion expands
when the inter-electron repulsion is minimized as the ligands and cen-
tral metal is covalently bonded [42].

3.7. Surface plasmon resonance (SPR) absorption bands

Three samples (devoid of Nd>" ions) were prepared to detect the SPR
absorption bands of Ag, Au and Ag + Au NPs. The SPR band of pure Ag
NPs was positioned around 442 nm which is near the absorption edge as
elucidated in Fig. 11 (a). Similar to the previous report, the SPR band of
Ag NPs inside phosphate glass was located around 442 nm [67]. It was
expected that almost perfect spherical Ag NPs will depict a single SPR
band around 400-480 nm. Enlargement of the spherical radius (same
width and height) would not drastically shift the SPR band unless the
dimension of the NPs changed, (e.g rod, star, triangle) [68]. Meanwhile,
Au NPs exhibited SPR bands around 509 nm as depicts in Fig. 11(b). The
previous report revealed that the SPR band of Au NPs in
potassium-aluminium-phosphate glass is located around 520-530 nm,
which value is relatively close to the present glass system (509 nm) [69,
70]. The glass containing both Ag and Au NPs show the SPR bands
around 463 nm and 503 nm attributed to Ag and Au NPs respectively
(Fig. 11(c)). There is no abrupt absorption shift when the glass is
embedded with two different types of metal NPs. However, the SPR band
appeared to shift toward one another. To explain the possible mecha-
nism of plasmon coupling inside the glass, four paths in the function of
the inter-particles distance between Ag and Au NPs is illustrated
(Fig. 12) [71]. In the first path, a large interparticle distance between Ag
and Au NPs permit them to oscillates according to their natural fre-
quencies [72]. In the second path, when the Ag and Au NPs is substantial
close to each other, the SPR band would deviate from their classical

Table 4

The Racah parameters (B and C), crystal field parameters (Dg,Dq/B) and Nephelauxetic function (h;) values of the prepared glass.
Glass code B (ecm™) C(ecm™) Dq (cm™) Dq/B hy
PMZ1.5Nd0.5 Ag 460.1688 1833.448 2327.747 5.058464 2.009678
PMZ1.5Nd0.5Ag0-1Au 385.2155 1231.033 2518.892 6.538916 2.01475
PMZ1.5Nd0.5Ag0-2Au 459.6249 1826.123 2328.289 5.065628 2.009715
PMZ1.5Nd0.5Ag0-3Au 460.7128 1812.703 2327.205 5.051314 2.009641
PMZ1.5Nd0.5Ag0-4Au 460.4191 1812.594 2328.289 5.05689 2.009661
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Fig. 10. Illustration of nephelauxetic effect at a different magnitude of Racah parameter.
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Fig. 12. Illustration of the plasmonic mode at the different spacing of NPs [71].

frequency in response to an external perturbation; a red-shift of the SPR
band would be possible. In the third path, the quantum tunnelling effect
may be feasible when the distance between NPs is below 1 nm. This shall
elevate the hidden quantum effect and made the SPR band appeared to
be blue-shift [73]. However in the fourth path, when the interparticle
distance of NPs is below 1 nm, the local electromagnetic field would be
superimposed and create a new hybrid SPR band [74]. Currently, the
SPR band observed is slightly shifted from their original plasmon fre-
quency, yet still consider to oscillated according to their neutral mode
(Ag0 and Auo) [75]. No SPR band is ascribed to metal—alloy or core-shell
NPS inside the glass.

The differences of refractive index in tellurite, germanate and silicate
glass containing Ag or Au NPs revealed a slight change in SPR position

compare to present glass. The refractive index with a high value would
move the SPR band towards a longer wavelength [76-78]. Briefly, the
plasmon interaction in Ag—Au NPs depends on their interparticle dis-
tance and the dielectric constant of the host glass. A comparative SPR
band in a different refractive host is tabulated in Table 5. The Mie
scattering theory used to address the relationship of NPs size and
dielectric constant, which is expressed as

24n° R3¢, 3? &

ext — (11)
' A (e +26.) + 6,2

the extinction cross-section of the NPS is denoted as Cex, €m is the
dielectric constant of the glass, A is radiated wavelength, R is the radius
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Table 5

Comparison of refractive index, metal NPs size and their SPR band in varies glass system.
Host glass Refractive index, n NPs size (nm) SPR band (nm) Refs.
Ag NPs embedment
59.0P,05—20.0Mg0—20.0ZnS04—0.55m,03 ~1.78 ~12.50 ~446 [671
59.5P,05-20.0Mg0-20.0ZnS04—0.5Dy,03 ~1.87 ~4.50 ~446 [83]
88.5NaP03-10Zn0O-1Eu,03 ~1.88 ~10.0 ~397 [84]
41.25P,05-41.25Na;0-15Zn0-0.5Er;03 ~1.43 ~39.0 ~403 [85]
49.0Te02-30Zn0O-10YF3-10NaF ~1.91 ~15.0 ~492 [86]
Au NPs embedment
6.66B,03-(53.33-X)PbO-16GeO,-4Bi,05-xPr,03, ~1.97 ~2.8 ~594 (871
68B,05-15BaS04-15Te0,-1Sm,05-1Dy,03 ~1.78 ~29 ~670, 718 [42]
xEr,03-0.85n0,-8.3Ba0-17.7K,0-10.0 Al,03-4.7 SiO2-7.1B503-(51.3-x) P205 N/A ~4.0 ~530 [69]
5Sb,03-25Na;0—69.5B,03—0.5Eu,03 ~1.64 ~8.26 ~581 [45]
50.22 P;05—17.93 K20—8.54 BaO—8.45 Al;03—4.80 By03—2.38 SiO2—1.02 SnO>—1.0 Euy03 N/A ~7.0 ~524 [70]
Ag and Au embedment
63.5P,05-20MgO -15ZnS04-1.5Eu,03 ~1.50 ~27.65 ~463 (Ag), 510 (Au) [17]
58.5P,05—20.0Mg0—20.0ZnS04—1.5Nd03 ~1.54 ~7.03 ~463 (Ag), 503 (Au) Present

of the NPs, ¢; and ¢ is real and imaginary part of NPs’ dielectric com-
plex, respectively. The SPR is allowed when the condition &1 = -2¢p, is
fulfilled [79,80]. Derived from Mie’ scattering theory, the average size
of NPs, inside the glass may be estimated via relation [81].

v

R}\/}:_Y = A_{,() (12)
where vr is the electron velocity at the Fermi surface and Aw is the full-
width half maxima (FWHM) of the SPR absorption bands. The value Aw
can be determined by using the relation Ao = 2nc x (1/A1-1/A2) where
the speed of light in a vacuum is labelled c. The FWHM is calculated and
assume the absorption band to be in Gaussian. Meanwhile 4; and 1, are
the wavelengths at FWHM. The value of vy for Ag ~1.39 x 10'° nms™!
[82] meanwhile for gold~ 1.40 x 10'® nms ! [70]. The average NPs size
inside the glass was 4.87 nm and 6.41 nm corresponding to Ag and Au
NPs respectively. The addition of Au NPs into the glass could increase
the average NPs size.

3.8. Judd ofelt (JO) calculation

The experimental, f ., and calculated, f.; oscillator strength along
with root mean square deviation &,s of prepared glass at different
amounts of Au NPs is tabulated in Table 6. The symmetrical Nd>* ions
inside the glass system are correlated with oscillator strength. The
decrease of oscillator strength indicates high symmetry of structure
around Nd*' ion which revealed more ionic nature of the Nd**—0
bonds [88]. The small §,,,,s values (0.73-1.19 x 10%° cm?) indicates good
oscillator strength fitting. The results show smaller &, values compared
to other phosphate glass systems [89,90].

Table 6

Table 7 enlist the JO intensity parameters (£ 24 ) and spectro-
scopic quality y = Q4/Q¢ of the glass. Parameter reflects the nature of
Nd3*—0 surroundings either low or high polarizability. The rigidity and
viscosity of the glass commonly express by €24 and Q¢ JO parameter
[90]. The parameter y = 24/ is a preliminary value to predict their
laser capability [91]. A decrease of Q, parameter with high Au NPs
inclusion (>0.2 mol%) into the glass indicates a high symmetric ligand
which is an attestation to the ionic character of Nd>* jons—ligands bond
[90]. The lowest value y disclosed the weakest laser strength as por-
trayed by glass PMZ1.5Nd0.5Ag0.2Au. Nevertheless, the current glass
achieved high y values compared to some glass systems, as reported
from previous work (Table 7). The results demonstrate the role of Au
NPs together with Ag NPs in modifying the crystal field symmetry at
Nd®* ion site. The high Au NPs contents incorporated into the glass
would increase the ionic behaviour of the glass environment. The
transition (419/2 - 4G5/2 + 2G7/2) is label as hypersensitive transition
and expected to be highly distorted with Au NPs inclusion [92]. The
influence of Ag and Au NPs within the glass is further examined through
PL analysis.

3.9. NIR PL spectra

Fig. 13 depicts the NIR PL spectra of the selected sample, excited at
802 nm. The spectrum exhibit three prominent NIR PL bands around
878 nm, 1054 nm and 1322 nm which corresponding to 4F3 /2 — 419/2,
4F3 /2 — I 2 and 4F3 /2 — 4113 /o transitions respectively. The PL spectra
show typical trends with previous studies, where the highest emission
band was observed around 1054 nm [34]. The PL enhancement factor
for each glass is tabulated in Table 9. It was determined by divided the

Experimental, f ., calculated, f., oscillator strength and root mean square deviation ., for all glasses.

Transitions from “Io/, — PMZ1.5Nd0.5 Ag PMZ1.5Nd0.5Ag0-1Au

PMZ1.5Nd0.5Ag0-2Au PMZ1.5Nd0.5Ag0-3Au PMZ1.5Nd0.5Ag0.4

few Seal few feal fexp feal fexp feal f e feal
4D7/2 2.4539 0.0966 2.5158 0.1008 2.0026 0.0902 2.2574 0.0969 2.2005 0.0958
2D1/2+4D3/2+4D5/2 6.3133 6.0331 6.7031 6.0843 5.093 5.0245 5.8615 5.7139 5.828 5.6723
2P1/2 0.9186 0.4111 1.1569 0.4132 0.3959 0.3383 0.7984 0.3871 0.7439 0.3845
4G11/2 0.4346 0.1145 0.533 0.1188 0.2215 0.105 0.4056 0.1138 0.3818 0.1126
2D3/2+2P3/2+2G9/2 1.2817 0.5034 1.4418 0.5135 0.9981 0.4368 1.1974 0.4859 1.1998 0.4818
4G9/2+2K13/2 1.9887 1.2773 2.1592 1.3244 1.6874 1.1769 1.9227 1.2652 1.9062 1.2531
4G7/2 3.4011 2.6205 3.7259 2.6948 3.1827 2.3733 3.4404 2.5523 3.4198 2.5352
4G5/2+2G7/2 15.4341 15.4832 16.152 16.2176 15.3015 15.3517 15.3436 15.399 15.2995 15.3545
4H11/2 0.2939 0.1019 0.3865 0.1072 0.1312 0.0978 0.2355 0.1037 0.2379 0.1024
4F9/2 0.7024 0.3982 0.8396 0.4201 0.5117 0.3856 0.6343 0.4067 0.6528 0.4015
4F7/2+453/2 5.2855 5.0638 5.588 5.3953 5.1136 5.0513 5.396 5.2596 5.3326 5.185
4F5/2+2Hg/2 5.8969 6.3677 6.2323 6.6435 5.7193 5.9512 6.0255 6.385 5.9365 6.3119
4F3/2 1.9247 2.9475 0.9207 2.9878 1.8864 2.4989 1.9766 2.8162 1.9614 2.7937
Srms 0.9574 1.1958 0.7323 0.8716 0.8556
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Table 7
JO intensity parameter £2; €4, Q¢ and spectroscopic quality y = £24/£ of prepared glass.
Glass Q Q4 Qe Ref.
PMZ1.5Nd0.5 Ag 8.59 11.20 6.90 1.62 Present
PMZ1.5Nd0.5Ag0-1Au 9.28 11.26 7.39 1.52 Present
PMZ1.5Nd0.5Ag0-2Au 9.66 9.22 7.01 1.31 Present
PMZ1.5Nd0.5Ag0-3Au 8.88 10.55 7.24 1.46 Present
PMZ1.5Nd0.5Ag0-4Au 8.89 10.48 7.12 1.47 Present
P»05-Al,03-Nd,03 9.06 3.08 1.97 1.56 [93]
TeO»-Zn0-Na,0-Nd»03 2.99 2.82 2.62 1.07 [94]
H3BO3-Biy05-BaCO3-CaFa—7.5Zn0-Ndy03 2.41 0.95 1.15 0.85 [95]
TeO5-Biy03-BaO-Nd»03 1.98 0.88 1.83 0.48 [96]
Zn0-Li,0-Na;0-P,05—-Nd,03 1.93 0.14 3.72 0.03 [34]
. Coulomb field would shift the SPR band away from one another [97].
ISXIO‘ However, narrowing the gap between NPs raises the Coulomb interac-
A —— PMZ1.5Nd0.5A¢ tion and folded the plasmon field. Consequently, the natural plasmon
: 802 nm ; ; ield i
16 4 “ext PMZ1.5Nd0.5Ag0.1Au field .1nduced by Ag and Au NPs would be .overlapped and create a new
PMZ1.5Nd0.5Ag0.2Au hybrid plasmon band [72]. The plasmon field may cause electron scat-
~14 1 PMZ1.5Nd0.5A20.3An tering or pure dephasing of the plasmon resonance [21]. The damping
= PMZ 1' 5Nd “' ij\gﬂ':‘ A promotes a non-radiative path, thus altering the phonon-photon density
& 124 : SEAEIRAR of Nd®* ion. This circumstance may cause a variation multiphoton
= 4F. . 9 relaxation rate at the different glass. The cross-relaxation within the
bt 101 &2 12 transition state (where the excited REIs ion at higher state depopulated
- —
2 84 to less excited state) would result in a high non-radiative route at
) different transition states [29]. Thus, it is expected the transition 4F3 /2
“E 6 - — #1115 in sample PMZ1.5Nd0.5Ag0-2Au underwent PL quenching.
o The result affirmed possible PL improvement with Au NPs inclusion
- 41 which could materialize two ways. Firstly, the SPR induce a strong local
(=W | field that raises the density of REIs that are responsible for PL. Secondly,
29 "N W 4F3 = 4l, i it can be done through energy transfer from metal NPs to REIs nearby. It
0 A A was argued that energy transfer (ET) could contribute to PL improve-
b T

900 1000 1100 1200 1300 1400 1500
Wavelength (nm)

Fig. 13. PL of glass with different Au NPs contents.

area under the curve own by the glass embedded Au NPs with the one
without Au NPs. Sample PMZ1.5Nd0.5Ag0-4Au show the utmost PL
enhancement factor for a band around 1054 nm (3.49 times), mean-
while, sample PMZ1.5Nd0.5Ag0-2Au show the highest PL enhancement
factor of 3.38 and 2.96 times for PL band around 878 nm and 1322 nm.
The result revealed that tailoring NPs size could influence the local field
surrounded Nd3 ion and its PL behaviour [75]. The increase of Au NPs
concentration would enlarge the average NPs size and modify the SPR
strength [45]. Typically, wide separation of NPs allowed Ag and Au NPs
to oscillate through their original plasmon frequency. Their weak

ment. This is due to the large energy gap between the SPR band (463 nm
and 503 nm) and the PL excitation (802 nm) [42] and also the short
plasmon oscillation life-span (=10~ 1% s) of Ag and Au NPs compared to
Nd3t (~10°to 103 s) [3]. Thus, major PL improvement is credited to
effective local field effect in proximity REIs. Conversely, PL quenching
could be associated with predominant ET from Nd** ion to Au and Ag
NPs (reabsorption by NPs), where the dipole-dipole interaction between
the Nd®" ion and the NPS become strong [12].

The radiative parameter such as electric line strength (S.4), electric
spontaneous transition probability (A.;), magnetic spontaneous transi-
tion probability (A,,4), radiative transition probability (A,4), branching
ratio (fg), a radiative lifetime (7,,4) of prepared glass is enlisted in
Table 8. The bandwidth (Al.), stimulate cross-section emission (c%),
bandwidth gain 6% x Al is disclosed in Table 9. The glass containing
0.2 mol% of Au NPs exhibit the highest branching ratio (0.45) for
transition *F3/5 — *I;1/2 which indicates a high possibility of attaining

Table 8
Radiative properties of the studied glasses.
Sample Transition A(nm) Sea(10 x -2%) Awls™) Ama(s™") Ara(s™) Pr Trada(ms)
PMZ1.5Nd0.5 Ag 4F3/2 — 4113/2 1322 1.4377 368.38 0 368.38 0.0694 2.5795
F35 = Ti1/2 1050 4.4226 2297.32 0 2297.32 0.4325 0.3724
4F3/2 — 419/2 874 2.9475 2626.351 0 2626.351 0.4945 0.1883
PMZ1.5Nd0.5Ag0-1Au 4F3/2 - 4113/2 1322 1.5414 394.949 0 394.949 0.072 2.406
F35 = Ti1/2 1054 4.6347 2407.517 0 2407.517 0.4389 0.3542
4F3/2 — 419/2 878 2.9878 2662.244 0 2662.244 0.4853 0.1823
PMZ1.5Nd0.5Ag0-2Au N DR 1322 1.4616 374.509 0 374.509 0.0781 2.5373
“Fap > N1 1050 4.1876 2175.265 0 2175.265 0.4536 0.3892
4F3/2 — 419/2 878 2.4989 2226.622 0 2226.622 0.4643 0.2085
PMZ1.5Nd0.5Ag0-3Au N R 1322 1.5087 386.588 0 386.588 0.0738 2.458
4F3/2 - 4111/2 1054 4.4694 2321.646 0 2321.646 0.4432 0.3665
4F3/2 — 419/2 878 2.8162 2509.314 0 2509.314 0.4791 0.1909
PMZ1.5Nd0.5Ag0-4Au 4F3/2 — 4113/2 1322 1.4862 380.81 0 380.81 0.0735 2.4953
4F3/2 - 4111/2 1050 4.4148 2293.269 0 2293.269 0.4424 0.3712
“Fas9 — Yo/n 878 2.7937 2489.309 0 2489.309 0.4803 0.1929

10
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Table 9
Estimated values of 4, (in nm), Al (in nm), o'g (x 1024 cmz), af; X Adegr (% 10~2% ¢cm®) and the enhancement factor for the prepared glass.
Sample Ap Adegy ok 08 X Alggy Enhancement Factor
PMZ1.5Nd0.5 Ag Fyp = Tz 1322 33.67 1.918 6.458 1.00
‘a2 > 12 1050 22.12 7.246 16.028 1.00
“F3/p — Yo/ 874 35.34 2.489 8.796 1.00
PMZ1.5Nd0.5Ag0-1Au Fyp = Tisn 1322 26.34 2.629 6.924 2.04
“Fa/2 > 12 1054 22.12 7.711 17.050 2.49
“F3/n — Yo/ 878 32.44 2.799 9.081 1.71
PMZ1.5Nd0.5Ag0-2Au Fy/p = N1z 1322 28.09 2.337 6.566 3.38
“Fap — Mi1yn 1050 23.23 6.534 15.176 3.13
“F3/p — Yo/ 878 33.67 2.256 7.595 2.96
PMZ1.5Nd0.5 Ag 0.3Au “Fyn = N1z 1322 26.28 2.579 6.778 2.62
“Fap > M1y2 1054 22.94 7.168 16.446 3.20
“F3/p — Yo/ 878 32.51 2.633 8.559 2.35
PMZ1.5Nd0.5 Ag 0.4Au “Fy/p = N1z 1322 25.57 2611 6.676 3.00
“Fz3 > Mi1y2 1050 22.16 7.220 16.000 3.50
“Fa/3 = Yosa 878 33.14 2.562 8.491 2.60

that particular transition [33]. However, samples inserted with 0.1 mol
% of Au NPs show the highest radiative transition probability A, for all
transitions (Fs 2 — 1o /25 4F3/2 - 14 ,2 and “Fy /o — s /2). It also
revealed the maximum bandwidth gain (af; x Alde) in the mentioned
transition with the value of 6.92, 17.05 and 9.10 ( x 1072 cm®)
respectively. The gain-bandwidth parameter was used to determine the
performance of glass as laser amplifiers. The high gain-bandwidth in-
dicates its capability as a laser host for broadband amplifier applications
[25]. Although the glass embedded with 0.4 mol% of Au NPs show the
highest calculated stimulated cross-section emission for transitions
(*F3 o — “Ing ,2 and Ty /o — T3 ,2), however, the perturbation from
non-radiative relaxation need to take into account. Thus, relying upon
0% parameters or PL enhancement would be less practical in deciding the
capability of the glass as an amplifier [98]. The measurement of PL
decay may benefit in understanding the non-radiative trends in Nd>* ion
[731.

Fig. 14 is a partially schematic Nd®>* diagram that may provide a
better vision of the PL mechanism through Ag and Au NPs inclusion.
Firstly, the Nd>* ions rapidly excite from ground state *I 5 to the higher
energy state at the excitation of 802 nm. Then, the exciting Nd>* ions
that reside at a higher energy state are spontaneously de-excited to the
lower energy state through non-radiative relaxation. The Nd** ion that
reached metastable state at *Fs/; usually had a longer lifetime compared
to other transition states. A high population inversion in the metastable
state would allow three lasing transitions; Ty 2 — s /2 I ,2 and 1 /2
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Fig. 14. Schematic partial energy diagram Nd>" ion with presence Ag NP and

Au NPs.

The Ag and Au NPs would assist PL through either local field effect and
energy transfer that raised the number of excited electrons at the
metastable state. Thus, the lifetime of the population depends on the NPs
concentration incorporated into the glass which later interferes with the
photon density of Nd3* ion [44]. The cross-relaxation is possible in
levels 4F3 /o — 4115 /2 and 419/2 — 4115/2 [62]. Thus, coupling two metal
NPs into the glass could be a new method to manipulate the PL of Nd>*
ion which can be useful in designing attractive optical material for
medical or telecommunication use [70].

3.10. NIR PL spectra decay

Fig. 15 shows the decay lifetime of the prepared samples for transi-
tion 4F3 /0 — 1 /,2. The curve was fitted using a bi-exponential function,
involving slow and fast relaxation. The slow decay is dominant by “Fs3
- ‘I ,2 transition meanwhile fast decay is assigned to effective
electron-phonon interaction through cross-relaxation process: Fs/5 —
419/2 and “I;5 /2 +4115/2, as illustrated in Fig. 14 [99]. The previous re-
ports mentioned that ET, multi-phonon relaxation, cross-relaxation
could be the main contributor to the non-radiative (NR) mechanism
which is dependent on the interparticle distance between identities
[100,101]. The radiative lifetime (t;aq), experimental lifetime (texp), the
ET efficiency (Egr), non-radiative rate (Wyg) and quantum efficiency ()
are tabulated in Table 10 [102]. All glass demonstrates discrepancies
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- J3lemm : 1050 nm . py71.5Nd0.5490.2Au
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Fig. 15. NIR PL decay profile at the transition of *Fs/5 — “I;1 5 for all selected
glass (Insert: The T, in the function of Au NPs contents (mol%) inside
the glass).
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between Tr,q and Texp values which signify the existence of NR channels.
Initially, the addition of Au NPs (0.1-0.2 mol%) into the glass shortens
the Texp values. However as 0.3 mol% of Au NPs incorporated into the
glass, the Ty values extended before it reduces slightly when inserted
with 0.4 mol% of Au NPs. The variation of Tey, at different Au NPs
contents could be correlated with the Ag/Au NPs size proximity Nd>*
ion, lattice distortions/host defects and change in refractive index [103].
Despite  having highest 7T,q (389.2 ps) values, sample
PMZ1.5Nd0.5Ag0-2Au depicts the lowest Tey, (64.79 ps) and n
(16.65%). It also revealed a high rate of NR (0.0128ps’1) and Egr
(0.349). According to Forster-Dexter theory, the efficiency of ET is
proportional to the inverse of the sixth power of the distance between
the ions [94]. Thus, high Egr disclosed by PMZ1.5Nd0.5Ag0-2Au is
probably due to the narrow distance between Nd>" ions or Ag and Au
NPs within the network, which reasonably lead to more NR path and low
n values. However, deduces a small gap between ion-NPs as a basis of PL
quenching could be debated since sample PMZ1.5Nd0.5Ag0-4Au con-
tains high Au NPs contents than PMZ1.5Nd0.5Ag0.2Au. Thus, other
than the inter-distance, the efficiency of Ag and Au NPs coupling needs
to be considered as the cause of high Wyg and Egr. The perturbation
wave functions from the hybridization state (from the electronic state
coupling) stimulate nonlinear effect [104]. This occurrence cause few
spectroscopic responses in PL dynamics of Nd>* ions, the radiation
decay rate and scattering of the metal NPs [104]. The high electron
scattering effect through NPs surface would cause high Wyg and influ-
ence the n parameter [105]. Essentially, the electron-electron scattering,
electron-photon scattering, radiation and electron scattering by the NPs
surface are the damping factor of SPR [106]. Besides, whenever the Ag
and Au NPs surrounded by a medium like glass, additional surface
scattering known as chemical interface damping (CID) affects the
effective local field generated by SPR [106]. Thus, though
PMZ1.5Nd0.5Ag0-2Au exhibit considerable high t;,4 and PL enhance-
ment, due to damping, the rate of NR is sensibly high and lead to low n
value. In the view of high damping effect from Ag and Au NPs,
PMZ1.5Nd0.5Ag0.1 was contemplated as the good candidate for NIR
laser host operated at 1.06 pm, considering its highest o} x Ay values
and moderate 1 value among glass series.

4. Conclusion

This is the first time Nd>*-doped zinc-sulfate-magnesium-phosphate
glass were integrated with Ag and Au NPs via the melt-quenching
method. The existence of Ag and Au NPs in the glass matrix was
observed in the HRTEM micrograph with their mean size ranged from
4.47 to 7.03 nm. The SPR bands of Ag and Au NPs were detected at 463
and 503 nm, respectively. The SPR bands of Ag and Au NPs move to-
wards each other when the NPs inter-spacing became narrow. The
insertion of Au NPs enhanced the glass absorbance and PL intensity
slightly. Thirteen optical absorption bands were evidenced in the range
of 326-875 nm. The NIR PL bands were probed at 878 nm, 1054 nm and
1322 nm that were due to 4F3/2 i 419/2, 4F3/2 ind 4111/2 and 4F3/2 ind 4[13/2
transitions, respectively. However, no significant PL improvement was
evidenced from Ag-Au NPs plasmonic coupling due to the damping ef-
fects. The short NPs separation was argued to promote the non-radiative
channel and led to PL intensity quenching. The optimum bandwidth
gain parameters of 6.92, 17.05 and 9.10 ( x 1072 cm3) were achieved
for the PMZ1.5Nd0.5Ag0-1Au glass corresponding to the *F3/5 — o2,
4F3/2 - 4111 ,2and 4F3 /2 — 411 3,2 transitions, respectively. It indicated the
potential of these samples as a laser amplifier functioning at 1.06 pm.
The result demonstrated the potential of the proposed glass for the
solid—state laser applications.
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Table 10
The radiative lifetime (t.aq), experimental lifetime (teyp), the ET efficiency (Egr),
non-radiative rate (Wygr) and quantum efficiency (n) of the prepared glasses.
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