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Abstract A novel series of elliptical gold (Au’) nano-
particles (18-40 nm) embedded antimony glass (K,O-
B,05-Sb,03) dichroic nanocomposites have been synthesized
by a single-step melt-quench in-situ thermochemical reduction
technique. X-ray and selected area electron diffractions
manifest growth of Au® nanoparticles along the (111) and
(200) crystallographic planes. The transmission electron
microscopic image reveals elliptical Au® nanoparticles
having an aspect ratio varying in the range 1.2-2.1. The
dichroic behavior of the nanocomposites arises due to
elliptical shape of the Au’ nanoparticles. These nano-
composites show strong surface plasmon resonance (SPR)
band of Au nanoparticles in the range 610-681 nm and it
exhibit red-shifts with increasing Au concentration. They,
when co-doped with Sm,03 and excited at 949 nm, exhibit
about sevenfold enhancement of the upconverted red
emission transition of *Gs,,—°Ho), at 636 nm due to local
electric field enhancement effect of Au’ nanoparticles
induced by its SPR. These nanocomposites are the promising
materials for laser, display, and various nanophotonic
applications.
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Introduction

Metallic nanostructures have been a subject of considerable
interest in recent years because they are endowed with
unique optical properties and functionalities contrast to
their bulk counterparts [1, 2]. The optical science of
plasmonic metallic nanostructures and their potential
application have rapidly emerged into an important field
called plasmonics [3, 4]. The physical basis of absorption
of light by metallic nanoparticles is the coherent oscillation
of the conduction band electrons upon interacting with the
electromagnetic radiation [5]. This phenomenon termed as
“surface palsmon resonance (SPR),” is localized near the
boundary between the metal nanostructures and the
surrounding (dielectric) matrix and produces an enhanced
electric field at the interface [6, 7]. Some of the most
prevalent application of nanostructured materials which
utilizes the evanescent field at the surface are surface-
enhanced Raman scattering, surface-enhanced fluorescence,
surface plasmon resonance imaging and spectroscopy,
surface-enhanced second harmonic generation, and photo-
thermal imaging and therapy [1, 8, 9]. Realization of the
above phenomena in active and real functional devices
with plasmonic nanoparticles requires a fundamental
control of their synthesis/insertion within solid-state
environment. Consequently metal-dielectric (here glass)
composites are receiving significant exposures [9-20].
Such metal-dielectric (glass) nanocomposites also find
other ubiquitous applications like solid-state lasers, sen-
sors, memory devices, dichroic polarizers, colored glasses,
ophthalmic lenses, display devices, and opto-electronic
materials due to non-linear optical properties [9-20].
Glasses present some superior inherent advantages over
other dielectrics, like high transparency, mechanical
strength, ease of fabrication in desirable shapes and sizes,
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and absence of metal-ligand interactions (high energy
stretching vibrations). These make them promising encap-
sulating hosts for both metal nanoclusters and rare-earth
(RE) ions. Consequently, an emerging application of metal-
glass nanocomposites in the field of plasmonics is their
development as substrates (hosts) capable of providing
large electromagnetic enhancements or “hot spots” formation
for nanometal-enhanced luminescence of rare-earth ions
[16, 21-23]. Plasmonic metal nanoparticles absorb more
light than indicated by their geometrical cross section [1].
These nanoparticles act as “photon catchers,” concentrating a
significant quantity of electromagnetic energy into a very
small region around them. Thus they can improve many
applications (such as fluorescence enhancement) that can
benefit from this kind of light harnessing or field
enhancement. The plasmon-induced/-enhanced lumines-
cence observed in monometallic:rare-earth (RE) hybrid
composites have currently captured exponential attention
due to their relevance as color displays, optical amplifiers,
as well as optical sensors [21-23].

Preparation of nano metal-doped conventional glass
systems are not simple and demand multi-step techniques
like sol-gel process, metal-dielectric co-sputtering deposi-
tion, direct metal-ion implantation, pulsed laser deposition,
ion-exchange of thin plates, followed by long time heat
treatment at high temperatures in reducing (hydrogen)
atmosphere or UV-light/X-ray/*°Co y-radiation or laser/
synchrotron irradiation [9-19]. These customary techniques
are generally used to incorporate thin layers of spherical or
quasi-spherical metal nanoclusters within high phonon
(resonance vibration energy of the matrix) matrices like
silicate, borate, and phosphate glasses. It is known that the
maximum local field enhancement occurs at mid-point
between two interacting spherical metallic particles. However,
the field enhancement for a nonspherical nanoparticle is
considerably greater than that of a spherical particle of
comparable size [3, 24]. Irradiation of spherical particles
with ultrashort laser pulses leads to the formation of
ellipsoidal particles [19, 20]. Formation of elliptical nano-
particles is an essential requirement to develop dichroic
glasses [19, 20]. Therefore, simplification of preparation
techniques leading to the fabrication of new bulk dielectric
(glass) matrices incorporating metal nanoparticles in high
yield with significant applications in the area of plasmonics
is of paramount importance.

Heavy metal oxide (HMO)-based glass hosts with low
phonon energy are more encouraging than silicate, borate,
and phosphate systems because they provide better
upconversion efficiency of RE ions by reducing their
multiphonon relaxation rate. In addition HMO glasses also
possess high refractive index, large transmission windows,
and large non-linear optical properties [25]. Consequently,
the synthesis of new HMO glass compositions embedding
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metal nanoparticles and RE ions have been the focus of
much attention in recent years due to the potentially
promising applications [21-23].

Among the HMO glasses, we have directed our attention
primarily to Sb,0Os-based systems for photonic (plasmonics),
particularly surface-plasmon-enhanced luminescence appli-
cations due to the two unique properties of Sb,Os. Firstly,
Sb,0s5 glasses have low phonon energy (602 cm ') compared
to conventional glass systems [22, 23, 25-27]. Secondly, it is
a mild reducing agent (Sb>*/Sb*>*, E°=0.649 V) [28] and
consequently it exhibits selective reduction property which
can be utilized to synthesize nano metal-embedded and
nano metal:RE co-embedded (hybrid) nanocomposites
[22, 23, 27]. Here we have demonstrated how these two
properties of antimony glasses make them distinctive for
photonic application in the entire glass family. It must also
be accentuated that the area of nano metals-doped and
RE-doped Sb,0s-based glasses and nanocomposites have
remained widely unexploited because of their difficulties
in preparation particularly in the bulk monolithic form
which is very much essential for practical photonic
application. Inadequate literature reports available on
synthesis of high Sb,03 containing glasses show they all
yielded in very tiny pieces or pulverized form [29, 30].
This is because the low field strength (0.73) of Sb>* makes
it a poor glass former [25]. Also intense vaporization of
Sb,O; during melting and high devitrification during
casting has made their synthesis extremely difficult. We are
the first to report the novel properties of metal-antimony glass
nanocomposites.

By appropriate selection of composition, melting temper-
ature, time, and casting mold, we demonstrate in this study a
simple single-step reproducible melt-quench technique to
synthesize monolithic dichroic nano Au-embedded antimony
glass nanocomposites. The resultant Au-embedded nano-
composites are characterized by UV-Visible absorption
spectroscopy, X-ray diffraction (XRD) analysis, transmission
electron microscopy (TEM), and selected area electron
diffraction (SAED) analysis. To explore the photonic
(plasmonic) application, we have used the same single-step
methodology to prepare Sm>":Au’ co-embedded hybrid
antimony glass nanocomposites. All the results are explained
with the help of electrodynamics theory. The effect of
Au’ NPs on the upconversion fluorescence emission
(visible) of Sm®" under photoexcitation of longer wavelength
(NIR) radiation (949 nm) is also investigated.

Experimental
The raw materials were potassium metaborate, KBO,. x H,O

(15.7% H,0, Johnson Matthey), antimony(III) oxide, Sb,0;
(GR, 99%, Loba Chemie), and chloroauric acid, HAuCly. x
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H,O (49% Au, Loba Chemie), and samarium(IIl) oxide,
Sm,05 (99.99%, Indian Rare Earth). All the raw materials
were mixed thoroughly in isopropyl alcohol medium in an
agate mortar followed by drying. The base glass of
composition (mol%) 15K,0-15B,05-70Sb,05 (KBS) was
prepared in a 20-g melt size using above mixed raw
materials in a high purity silica crucible at 900 °C in air
for 10 min in a raising hearth electric furnace followed by
intermittent stirring of 0.5 min. The molten glass was cast
into a carbon plate and annealed at 260 °C for 3 h. The
Au’-doped nanocomposites were prepared in a similar
technique using respective dopant concentrations (in excess)
as shown in Table 1. To study the photonic application, a
Sm,05 and Au” co-doped (0.3 and 0.03 wt.%, respectively)
nanocomposite was synthesized similarly. The melting and
annealing times were kept constant for all the samples.
Samples of about 2.0+£0.01 mm thickness for optical
measurements were prepared by cutting, grinding, and
polishing with cerium oxide.

The density was measured by the Archimedes method
using toluene as immersion liquid with an error of +0.7%.
Density of toluene at the experimental temperature was
found to be 0.861 g cm . The X-ray diffraction patterns of
the bulk samples were recorded in an X’pert Pro MPD
diffractometer (PANalytical) operating at 40 kV and 30 mA
using Ni-filtered Cukx radiation with the X’celerator with
step size 0.05° (20) step time 0.5 s, from 10° to 80°. TEM
was done using a Jeol (model JEM 2010) operating at an
accelerating voltage of 200 kV. The UV-Vis transmission
spectra were obtained with a double-beam spectrophotom-
eter (Lambda 20, Perkin-Elmer). The uncertainty of the
band position is +0.1 nm. Fluorescence spectra were
measured, at the error of £0.2 nm, with a fluorescence
spectrophotometer (Spex, Fluorolog 2, Perkin-Elmer) in
which a xenon lamp is attached as an excitation source and
a photomultiplier tube as a detector. The excitation slit
(1.25 mm) and emission slit (0.5 mm) was kept same for
all the samples so that the excitation intensity was as

nearly as possible the same for all the samples. All the
measurements were carried out at room temperature. The
enhancement of luminescence was found to be reproducible
for all the samples.

Results and discussion

The composition of base glass, nanostructured composite
glasses (NCGs), and some of their properties are listed in
Table 1. All nanocomposites were obtained in the
monolithic form. The density of the nanocomposites
increases linearly with increase in Au concentration. The
base glass (B) is pale yellow due to transition between
HOMO (Sb 5 s+0 2pm) and LUMO (Sb 5p) [25, 26]. It
was observed that all the nanocomposites were dichroic,
i.e., they transmitted the blue color (Fig. 1a) and reflected
the brown to reddish-brown (Fig. 1b) light. The intensity
of the reflected brown color increases with increase in Au’
concentration.

Figure 2 displays the XRD spectra of the synthesized
nanocomposites. The broad XRD band, particularly the hump
between 25° to 35° of base glass (B), (Fig. 2, curve a)
indicates the amorphous nature of the synthesized base glass
due to presence of uncrystallized Sb,O5; or other constitu-
ents. The sharp peak at 20=38.4021° (d=2.34216 A) and
44.1634° (d=2.04906 A; curves b—e) is assigned as (111)
and (200) diffractions of fcc Au® nanoparticles (JCPDS, card
file no. 4-0784) embedded within the antimony borate glass
matrix (Fig. 2, curves b—g). However, the XRD diffraction
peaks are fairly weak because the concentration of the nano
metal-embedded within bulk amorphous dielectric (KBS
glass) matrix is very low. The XRD spectrum manifests the
reduction of Au** to Au’ by the reducing glass matrix
component Sb,O5 since no other external reducing agent is
present. As the size of the nanocrystals decreases, the peak
line width in the XRD spectra is broadened due to loss of
long-range order relative to the bulk. This XRD line width

Table 1 Composition and some properties of Au-antimony glass dichroic nanocomposites

Sample Concentration Density Color of Color of SPR band Particle size of Au
identity no. of Au (wt.%)* (g.cm™) transmitted light reflected light position (1, nm) from Eq.1 (£1, nm)
B - 4.556 Yellow Yellow

NCGI 0.001 4.557 Blue Brown 610 18

NCG2 0.003 4.560 Blue Brown 610 20

NCG3 0.03 4.575 Blue Brown 612 24

NCG4 0.1 4.583 Blue Brown 680 30

NCGS5 0.3 4.587 Blue Reddish- brown 681 36

NCG6 0.5 4.590 Blue Reddish-brown 681 40

*Base glass (B) composition (mol%): 15K,0-15B,03-70Sb,05. All Au concentrations are in excess
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Fig. 1 (Color online)
Photograph showing dichroic
behavior of Au-antimony glass
nanocomposites: (a) blue in
transmitted light and

(b) brown in reflected

light

can be used to estimate the size of the particle by using the
Debye—Scherrer formula as [1]:

0.92
= 1
[ cos26 (1)

where d is the nanocrystal diameter, A is the wavelength of
X-ray radiation, (3 is the full-width half-maximum (FWHM)
of the peak in radians, and 26 is the Bragg angle. The
calculated average diameter of the Au® nanocrystallites, as
calculated by using Debye—Scherrer’s formula (Eq. 1), is
found to be varied in the range 18-40 (+1) nm. They are
listed in Table 1.

The sharp peaks at 20=19.5366° (d=4.54013 A),
25.5436° (d=3.48443 A), and 28.5159° (d=3.12764 A) are
corresponds to (110), (111), and (121) diffractions of
valentinite form of Sb,O; crystals (JCPDS, card file no.
11-689) created within the antimony borate glass matrix due
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Fig. 2 XRD pattern of (a) base glass B showing amorphous nature of
the glass and nanocomposites (b) NCGI, (¢) NCG2, (d) NCG3, (e)
NCG4, (f) NCGS5, and (g) NCG6 showing nano Au® and crystallized
valentinite type phases of Sb,O; (for composition see Table 1; a.u.
stands for arbitrary unit)
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to crystallization of some Sb,Oj3 of the matrix by very high
concentrations of Au [31]. Au metallic nuclei formed in this
manner precipitated throughout the body of the glass act as
heterogeneous nuclei for crystallization of Sb,O3 in K,O-
B,03-Sb,05 system [31]. Large difference in field strength
(F) between Sb>" (0.73) and B*" (F=1.63) [25] and the
presence of Au” have encouraged in phase separation and
thereby the precipitation of nano dimension antimony oxide
crystals.

The TEM image (Fig. 3a) of the Au’ NPs (nano-
composites NCG-2) shows nanoparticles majority of which
have elliptical. The major axis (diameter) of the NPs ranges
from 5 to 18 nm (£3%) while minor axis varies between 4
and 12 nm (£3%). The average aspect ratio of the elliptical
Au® NPs is found to be varied in the range 1.2-2.1. The
dichroic behavior of the nanocomposites arises due to the
elliptical shape of the Au’ NPs. Here the mechanism of
deformation or the formation of elliptical nanoparticles by
the simple single-step melt-quench process is probably
due to the influence of the high viscosity of the molten
Sb,05-based matrix on the Au’ colloids. It has been
documented in literature that prolate ellipsoid Ag NPs
having an aspect ratio around 1.2 exhibits the phenomenon
of dichroism [19, 20] due to the difference in polarizations
along the major (longitudinal) and minor (transverse) axes
of a polarizable ellipsoidal nanoparticle in presence of
electromagnetic wave. It has also been observed that for
such elliptical (elongated) Ag NPs the SPR peak obtained
from the interaction of transversely polarized light is
different from the SPR peak position acquired in presence
of longitudinally polarized light corresponding to trans-
verse and longitudinal electron oscillations (with respect
to the particle principal axis), respectively [19, 20, 32].
Since longitudinal and transverse localized plasmon
resonances of elliptical metal nanoparticles are basically
independent of each other, that is, it is possible to
selectively excite them by using light with oscillating
electric field parallel and perpendicular to the major axis
of the ellipsoids (polarization-dependent optical response),
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Fig. 3 (a) TEM image of nanocomposite NCG2 (inset shows elliptical Au nanoparticle). (b) Histogram of TEM image (a). (¢) The SAED pattern

of a Au nanoparticles (for composition see Table 1)

consequently such dichroic nanocomposites are therefore
possible candidates for displays or encoding security
systems [33] and for making dichroic glass polarizers
[19]. From the TEM observation (Fig. 3a), the frequency
of nanoparticles versus particle diameter (major axis)
surveyed from the grain boundaries for the area displayed
in the image has been plotted in Fig. 3b using Origin 7.0
Software. The particle distribution gives a better fit for the
Lorentzian function and the average particle size is about
11 nm. The difference between the average particle
obtained from the TEM image (histogram) and the XRD
spectra arises due to the fact that the XRD spectra gives
the average of the total particles present while the TEM
image shows particles only in a particular section. The
SAED image (Fig. 3c) shows the presence of (111) and
(200) crystallographic planes of Au’ and correlates well
with XRD patterns.

The UV-Visible absorption spectrum is the most impor-
tant tool to detect the formation of noble metal NPs and
SPR bands. The UV-Vis-NIR absorption spectrum of the
undoped glass (shows absence of any features indicating
the base glass matrix is transparent in the spectral region of
interest to this study (Fig. 4, curve a). The absorption
spectra of the Au-doped NCGs (Fig. 4, curves b—g) display
well-defined broad plasmon (SPR) absorption bands (610—
681 nm) characteristic of nano-sized Au’. Typically the
SPR for nano Au in sodaline silicate glass (refractive
index~1.5) appear around 520 nm for near-spherical
nanoparticles. But here in KBS antimony glass the maxima
of the plasmon peaks (4 ax), listed in Table 1, experience a
distinctive red-shift towards higher wavelength (from 610
to 681 nm) with increase in Au” concentration (from 0.001
to 0.3 wt.%). At higher concentration the SPR band
gradually broadened and their tails have extended up to
1,100 nm. This type of complex system where a high
refractive index dielectric matrix encompasses closely

spaced elliptical nanoparticles having electromagnetic
coupling, the need arises for theory that can describe the
electrodynamics of such nanoparticles [4, 11, 34, 35].

From the electromagnetic viewpoint, nano metals are
plasmas, comprising of fixed, positive ion cores and
oscillating conduction electrons whose resonant frequency
arises from the restoring force that the altered charge
distribution exerts on the mobile charges when they are
displaced from equilibrium [1, 8]. This is schematically
pictured for an elliptical particle in Fig. 5 which results in
SPR absorption. Because gold or silver particles have
essentially “free,” that is, very weakly bound conduction
electrons, oscillations of which lie low enough in energy to
be in the visible spectral region [1, 34-36].

For nanoparticles very small compared to the wavelength
A of incident light (1 >>d, for gold nanoparticles d<25 nm)
only the dipole absorption of the Mie equation contributes to

0.8
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3
< 0.5
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o
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Fig. 4 UV-Vis absorption spectra of (a) based glass B and nano-

composites (b) NCG1, (¢) NCG2, (d) NCG3, (e) NCG4, (f) NCGS,
and (g) NCG6 (for composition see Table 1, a.u. is absorbance unit)
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Fig. 5 (Color online) Schematic
illustration of plasmon
resonance in elliptical gold
nanoparticle

et

electron cloud

the extinction cross section of the nanoparticles and the SPR
absorption is produced at optical frequency @ at which
the resonance condition £,=—2¢,, is fulfilled. Here &, is the
dielectric constant of the surrounding medium and ¢, is the
real part of the material (Au) dielectric function dependent
on the angular frequency of light. The SPR band should be
independent of size within the dipole approximation. But
practically the plasmon band width increases with decrease
in particle size for particles smaller than 20 nm. The size
dependence of the diclectric constant of the metal is
introduced as the diameter of the particle becomes smaller
than the mean free path of the conduction electrons. This is
referred as “intrinsic size effect” [3, 34, 35].

For noble metal nanoparticles like gold, there are two
types of contributions to the dielectric function of the metal.
First contribution is from the inner d-electrons which give
rise to interband transition from the inner d-orbitals to the
outer conduction band (interband term ejp(w)) while the
second contribution is from the free conduction band
electrons (Drude term ep(w)) which is described by the
Drude free electron model as [3, 18, 34, 35]:

Thus for extremely small particles (<25 nm for gold), the
shift of the SPR band peak position is rather small (610-
612 nm, see Table 1). However, a broadening of the peak is
expected. This is observed practically for nanocomposites
NCG1-NCG3 (see Fig. 4, curves b—d).

For nanoparticles of larger dimension (4>25 nm for gold
nanoparticles), significant contributions are made by
higher-order (quadrupolar) charge cloud distortion of
conduction electrons as well as scattering [35]. These
contributions induce drastic red-shift (from 610 to
681 nm, see Table 1) of the SPR peak with the increase
in particle diameter d (30-40 nm, see Table 1) and the
bandwidth also increases. This is practically observed for
nanocomposites NCG4-NCG6 (see Fig. 4, curves e—g).
This effect for larger size particles is called “extrinsic size
effect” [3, 34, 35]. The broadening of the plasmon band is
then usually attributed to retardation effects [35].

As evident from the resonance condition, the shape and
position of the SPR band is also influenced by the dielectric
constant of the surrounding. This constitutes the basis of
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“immersion spectroscopy” [3]. When @,>>, the SPR
absorption maxima A .y, is susceptible to the changes of
refractive index, n,, of the surrounding medium as [36]:

Amax = Ap (202 + 1) 2)

where n,=(ey)"%. Thus, the SPR peak exhibits a red-shift
with increase in medium refractive index [3, 36]. Our KBS
antimony glass having a refractive index about 1.947,
radically red-shifts the plasmon peak to around 610 nm.
Beside increase in &, is also expected to result an increase
in plasmon band intensity and band width [3, 36]

In addition, the SPR peak of nonspherical metal NPs is
generally red-shifted compared to spherical ones [3]. Elon-
gated particles may show two maxima if the aspect ratio
is >4. The longitudinal resonance signal in case of gold, with
an aspect ratio of 4, shifts from 520 to 770 nm [37]. Within
the dipole approximation, the Gans theory [38], which is the
extended form of Mie theory, is applicable for small
ellipsoidal (prolate and oblate) particles. For ellipsoidal
particles, the plasmon resonance may split into two distinct
modes depending on its aspect ratio. Such splitting is the
result of surface curvature which decides the restoring force
or depolarization effect that acts on the resonating conduction
band electrons. Consequently, the extinction cross section,
Cox» Of ellipsoidal particle is directly proportional to its
imaginary part of polarizability, agp as [38, 39]:

Cext = 2ﬂnhI(aED)//1 (3)
where
agp = Ven “AuTCm (4)

em + Li(eau — €m)

j=x, y, z denotes the principal axes of the ellipsoid, V=
(4RR,R.)/3 and L; are depolarization factors given by [39]:

Lj:RnyRz a ds (5)
> CEANCEICEIES

where the condition L,+ L,+ L.=1 is fulfilled, and R; are the
corresponding lengths of the half axes of the ellipsoid along
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the x, y, and z-axes. The depolarization factor for the
respective axis is given by [38]:

L= [(1-¢)/][-1+ (1/2e)In(1 +e)/(1 —e)]  (6)

Ly:=(1-Ly)/2 (7)

where e=[1—(b/a)*]"? is the eccentricity of the ellipsoid.
For the degenerate case of a sphere e=0, or R,=R,=R.,
Lj=1/3. Under these conditions, the birefringence disap-
pears. The implied meaning of Eq. (6) is very clear.
Oriented ellipsoids exhibit strong polarization-dependent
optical spectra. Simply, nanocomposites exhibits dichroic
behavior (see Fig. 1), that is, one color in the transmitted
light and a different color in the reflected light [19]. Thus
for R,/R,=1, the Gans theory become Mie theory. The
denominator of Eq. 4 is resonant at the surface plasmon
resonance. Consequently, the new SPR position is modified
as:

ean = (—1/Lj+ 1)em, (8)

Hence by changing the shape the SPR can be tuned
across a wide spectroscopic region. It is thus established
SPR is intimately controlled by the nanoparticle size, shape,
refractive index of the dielectric host (here glass), and other
proximal NPs.

Plasmonics can be used to modify the radiative decay
properties of RE ions or fluorophore molecules. By using
metal nanoparticles of different shapes, sizes, and its
associated local field and by varying the metal-RE ions
distance, an enhanced quantum yield or quenched fluores-
cence can be obtained. This approach is referred to as
“radiative decay engineering” [3, 40].

The plasmonic (photonic) efficiency of these co-doped
composites and the flexibility and advantage of the present
versatile method and is demonstrated by synthesizing RE
(here Sm*"):Au’ co-doped antimony based hybrid nano-
composite by analogous single-step route. A probable
mechanism can be deduced using reduction potential values
(Sm*/Sm°, E°=-2.304 V and Sb>'/Sb>'=0.649 V), as
described later [28]. The absorption spectrum with the
details of peak positions (energy levels) of 0.3 wt.% (in
excess) Sm,03-doped base glass (B) has been illustrated in
our earlier work [26]. The Sm3+—doped antimony glass
displays an absorption band at 949 nm. So, under 949 nm
excitation radiation the processes of ground state absorption
(GSA) and subsequent excited state absorption (ESA),
energy transfer (ET), and cooperative energy transfer (CET)
take place between two neighboring Sm*>" ions as:

®Hs/,—°F11/2(GSA) =11 2 [ESA]

(°F11/2.°F112) — (*Gs)2,Hyy 1) [ET]

(°F112,°F112) — (*F3)2.°Hy 2 [ET]

(*Io)2,%F7/2) — (*Gs)2.°F112) [CET]

The non-radiative relaxation (NR) processes from higher
levels results in the population of the *Gs, metastable
radiative storage level. Consequently, the Sm>*-doped glass
shows upconverted emission bands observed at 566 (green,
weak), 602 (orange, weak), 636 (red, very strong), and 649
(red, very weak) nm due to 4Gs,—°Hs), (AJ=0, zero—zero
band, forbidden transition), *Gs,—°H;, (AJ=1, magnetic
dipole transition), 4Gsp—CHopn (AJ=2, electric dipole
transition), and 4Gsp—°Hy1 (AJ=3, forbidden transition),
respectively [26]. These are shown in Fig. 6 (curve a) and
interpreted with the help of partial energy level diagram of
Sm*" ion in KBS glass (Fig. 7).

The electric dipole allowed *Gs,—°Hy), transitions
undergoes drastic intensity enhancement in presence of the
elliptical Au NPs when photoluminescence upconversion of
the Sm”>":Au co-doped nanocomposites is carried out under
the same excitation wavelength. It is to be noted here that
different monometallic:rare-earth ions co-embedded
(Sm*":Au) KBS glasses having concentrations (in wt.%)
(a) 0.3Sm>*:0.003Au, (b) 0.3Sm>":0.03Au, and (c)
0.3Sm>":0.3Au have been examined for fluorescence
enhancement. The maximum enhancement was found to be

5
510" 1 949 nm

14000

4x10°
12000
5 10000
3x10°
8000
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5
2x1071 4000
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1x10°{ o

Relative intensity (cps)

0.
550 575 600 625 650 675
Wavelength (nm)

Fig. 6 Upconversion spectra of (a) 0.3 wt.% Sm>'-doped, (b)
0.03 wt.% Au-doped (NCG3), (¢) 0.3 wt.% Sm,0O; and 0.03 wt.%
Au co-doped, and (d) base glass under excitation wavelength at A .=
949 nm. Inset shows the enlargement in the wavelength region 525—
675 nm. The unit ¢ps stands for photon counts per second
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Fig. 7 (Color online) Partial energy level diagram of Sm>" ion
coembedded with Au NPs in KBS glass showing upconversion
fluorescence emissions at 566, 602, and 636 nm through GSA, ESA,
ET, and CET between Sm>" ions. LFE by SPR of elliptical Au NPs
and ET from Au NPs to Sm®>" ions in the nanocomposites are also
shown (R and NR represent the radiative and non-radiative transitions,
respectively)

about sevenfolds in the case of (b) 0.3Sm>":0.03Au. So we
have presented its photoluminescence upconversion
spectrum in Fig. 6 (curve c) for simplicity and clear visibility
eliminating the rest. Local electric field enhancement (shown
as E, in Fig. 7) and energy transfer (ET) from Au NPs to
Sm>" are responsible for such enhancement of fluorescence.
Preserving the inherent advantages of glasses over the
crystalline and polymeric competitors, these hybrid nano-
composites appear to be potential candidates for high-quality
display and laser devices.

The electronic oscillations (SPR) generate surface
plasmon waves (surface plasmon polaritons) that metal
travel along the surface of the metal NPs (metal-dielectric
interface) and concentrate light in the subwavelength
structures due to the difference in relative permittivity of
the metal and the surrounding glass matrix [6, 7]. Thus the
nanostructures result in giant and spatially localized electric
fields around Sm®" ion [21-23, 41]. Metallic screening and
concentration of light lead to strengthening of the local
electric field, Ej,., around the metal nanostructures (by
“Lightning Rod Effect”) with respect to the incident field,
E, [7]. Thus by changing the rates of excitation and emission
of RE ions, the metal NPs provide a unique opportunity to
modify their fluorescence. Nano metal-enhanced fluorescence
is based on the local field enhancement induced by SPR near

@ Springer

rough metallic surfaces. Within glass matrices, the influence
of metallic particles on the absorption and emission rates of
RE ions is predominantly of electronic origin [41]. This can
be viewed as an additional interaction due to the high field
gradients in the around the metal NPs produced by
plasmonic excitation of the particles at the Mie resonance
frequency (SPR) [41].

A more simplistic but less accurate approach to
calculate the field enhancement factor, 7, (which is the
ratio of the local field, Ej,, to the incident field, E;) for a
collection of nanoparticles of diameter d embedded in
glasses and separated by the distance D, which can be
deduced from the condition of the potential is expressed as
[7, 22, 23]:

n = Ei/E; = (d+D)/D 9)

Using this method [22, 23], the field enhancement factor
for the 0.03 wt.% Au: 0.03 wt.% Sm>" co-doped nano-
composite is found to be 4.2 at Au-Au, Sm>"-Sm*", and
Au-Sm’" separation of 63, 27.7, and 27.6 A, respectively.

Although it is sought to obtain localized excitation and
increased quantum yield near metal NPs but in practical
both enhancing and quenching of RE ions or fluorophores
(as the case may be) takes place near the metal particles
[42]. Literature reports that to obtain enhancement of
fluorescence, the fluorophore molecule must be situated at
least at a distance of 50 A or more from the metal surface to
evade quenching at shorter distances [43]. There are also
distinct sectors near the surface where the enhancement
effect is maximum because the local field decreases
exponentially from the surface [6, 43]. In fact, the
interactions between RE ions (or fluorophore molecules)
with metals depend on a several factors like metal type,
fluorophore type, the sizes of plasmonic metal NPs,
distance between fluorophore and metal particle surface,
and molecule dipole orientation versus particle surface, etc.
and is fairly complex [42, 44]. For example, nano-sized
metallic particles have larger field effects than continuous
metallic surfaces [43]. However, it is very difficult to
accurately determine the effect of each such parameter on
the fluorescence properties of Sm** ions in-situ synthesized
and embedded in KBS glass. The geometrical variations
(e.g., elliptical, rod-shaped, triangles, etc.) of the metal NPs
play a crucial role in the nanometal boosted fluorescence
process. In this regard, anisotropic NPs with sharp edges
are more favored contenders for nanometal-enhanced
fluorescence studies [22-24]. Electromagnetic excitations
induce surface charges. The local surface charge (electronic)
densities are severely increased and confined near the sharp
edges of anisotropic nanostructures which act as light-
harvesting nano optical antennas converting visible light
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into large localized electric field (“lightning-rod effect”) [7].
Therefore Sm®" ions trapped at the interparticle junction of
anisotropic elliptical metal particles with pointed peripheries
are expected to experience a greater electric field than that
produced by spherical NPs.

Figure 6, curve b depicts the emission band of 0.3 wt.%
Au-doped antimony nanocomposites (NCG-3). The Au
NPs also emit photons at 636 nm (energy~15,723 cm ')
under pump excitation at 949 nm. Asymmetric Au NPs are
known to exhibit photoluminescence emissions in the
visible range upon excitation with NIR radiation [23].
Impregnating dielectric hosts (glass, polymers, etc.) by
small semiconductors or metal clusters increases their
inherent non-linear optical (NLO) response by several
folds. Generally, large NLO properties are exhibited by
HMO glasses containing ions of high polarizability. High
Sb,0O5 containing antimony borate glasses with a lone pair
of electrons of Sb** (5 s?) are known to possess NLO
(curve b) with a large value of third order non-linear
susceptibility (x*) [29]. The calculated molar polarizability
(from Lorentz—Lorenz equation) of KBS antimony glass is
found to be 9.598 A® which is considerably greater than
molar polarizability of silica glass (2.965 A®). This
auxiliary electric field induced by NLO glass host may
also make some contribution to the allowed electric dipole
4Gs;,—°Hy), transition which results in enhancement of the
red fluorescence compared to the orange and green ones
in contrast to that observed in case of Sm?>‘-doped
silicate glasses [26]. The *Gs,—°Ho,, transition, which is
hypersensitive, also undergoes a forced electric dipole
transition since the Sm>" ions are present in asymmetric
geometric environment (i.e., KBS antimony glass) of high
polarizability.

Thus, when excited by NIR light, Au-doped antimony
nanocomposites are found to emit visible photons due to their
improved large non-linear optical properties. Formation of
nanometallic elliptical nanostructures within rigid and stable
glass matrix with inherent non-linear optical properties
suggest the imminent employment of these photoluminescent
Au-doped antimony glass nanocomposites in non-linear
optics based appliances.

Therefore, another minor factor contributing to the
enhanced luminescence is energy transfer from Au’ to
Sm*>" (Au—Sm>") [21-23] (see Fig. 7). When the Sm>" is
present in close proximity of the metal surface, the weak
photoluminescence emissions from the Au NPs is added
as a second channel of excitation energy. Thus, the Au
NPs increases the photonic density around the Sm*" ions
situated in near vicinity and thereby alter the number of
photons captured by the Sm>* ions. As a result of superior
excitation rate the population of the excited state of the
Sm>" ions increases and subsequently the rate of radiative
decay enhances. According to Fermi’s golden rule, the

transition probability W to the ground state is given by
[3, 40]:

Wi = 27” My () (10)
where Mj; is the transition dipole moment, which connects
the initial (i) and the final state (j), and p(v;) is the
photonic mode density for the transition frequency (7).

These hybrid nanocomposites are budding candidates for
photonic and opto-electronic applications such as in optical
displays, lasers, and optical memory devices. The additional
electric field induced by large non-linear optical glass host
possibly makes some contribution to enhance the allowed
electric dipole 4Gs;,—°Ho), transition which results in red
fluorescence enhancement.

It must be emphasized that the excitation of different
places of the Sm**-doped glasses and nanocomposites by
the 949 nm radiation always results in the upconversion
peak positions at 566, 602, 636, and 649 nm with
intensity variation £1%. This indicates the homogeneous
incorporation of Sm®" ions and Au in the glass and
nanocomposites.

This technique offers enormous advantages in comparison
to classical synthetic routes. (1) Although precise size control
of the nanoparticles is ruled out but the size of the Au
nanoparticles can be restricted to some extent by just
controlling the HAuCl,. x H,O concentration in the batch.
(2) Being a simple and scalable methodology, it can be used
to obtain relatively large quantities of material and bulk
glasses embedded with Au nanocrystallites. (3) Since it
involves in-situ chemical reduction process, the yield of Au
NPs (number density) is very high. This can be envisaged
from the TEM images. (4) All the Au-doped nanocomposites
have brilliant blue transmission and uniform reddish-brown
reflection, especially composites having higher Au concen-
tration. Therefore, this procedure and compositions can also
be considered as an appropriate alternative for the production
industrial and commercial dichroic glasses at very low
expenditure. (5) Such luminescent dichroic nanocomposites
are promising as polarizers and high-quality display devices
particularly due to the dichroic behavior as well as intense
deep red (636 nm) fluorescence having a narrow FWHM. (6)
Other interesting optical applications may stem from
enhanced non-linearities caused by elliptical NPs with
intensified local electric fields around them.

By considering the reduction potentials of the respective
redox systems (E®), that is, Sb>"/Sb>", E°=0.649 V; Au*"/
Au’, F°=1.498 V; and Sm*"/Sm°, F°=-2.304 V [28], a
probable mechanism of selective chemical reduction of
Au*' to Au® by Sb*" and not reduction of Sm** by Sb>" can
be elucidated. It should be mentioned here that the standard
potential values for antimony glasses at high temperature
are unavailable in the literature, so we have used here the

@ Springer



158

Plasmonics (2010) 5:149-159

room temperature standard potential for simple systems at
equilibrium with air. Thus, Sb>" is expected to reduce Au®"
to Au’, while it itself is being oxidized to Sb>". Besides Sb**
has an inherent inclination to get oxidized to Sb>". Hence,
the overall reaction 3Sb>"+2Sm*"—3Sb>"+2Sm°, has an
E°=1.05 V which means it is a spontaneous reduction
reaction having a free energy (AG value) around —608 klJ.
The thermochemical reaction 3Sb>"+2Sm>*—3Sb> +2Sm°,
would have an E° value=—6.55 V (AG is positive)
manifesting that this reaction is non-spontaneous and
thermodynamically not feasible. Besides 3+ being the
highest and the most stable oxidation state of Sm and
Sm>*/Sm*" has E°=-1.55 V, Sm>" would have the least
tendency to undergo reduction to lower oxidation states
(Sm® or Sm*"). Thus, Sm>" ion does not reduce.

We believe that this work would create new vistas for
antimony glass nanocomposites and establish them as
potentially advanced versatile category of photonic
(plasmonic) materials.

Conclusions

A new single-step methodology (selective thermochemical
reduction) has been demonstarted to generate a new series
of nano Au’-embedded bulk antimony glass dichroic
nanocomposites without using any external reducing agent.
The dichroism arises due to the elliptical shape of the Au
nanoparticles having an aspect ratio of about 1.2-2.1, as
observed in the TEM image. The XRD patterns show the
presence of (111) and (200) crystallographic planes of fcc
Au’ nanoparticles. The UV-Vis absorption spectra show that
the SPR peak of Au nanoparticles experience a red-shift
(610-681 nm) with increasing Au concentration. The origin
of SPR and its associated local field have been explained
with electrodynamics theory. The superiority of the
present versatile method has also been demonstrated by
synthesizing Sm>":Au® co-doped antimony-based nano-
composite by similar single-step route and mechanism has
also been discussed using reduction potential values. The
photoluminescence upconversion studies of this co-embedded
nanocomposite at 949 nm excitation shows that the 636 nm
red emissions of Sm>" ions arising due to 4Gsp—°Hop
transition remarkably undergo about sevenfold enhancement
of luminescence intensity in presence of nano Au. Such
enhancement of fluorescence is attributed to the local field
enhancement and energy transfer from Au® to Sm®". These
co-doped nanocomposites are potential candidates for
applications in display devices, laser sources, and other
nanophotonics.
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