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Abstract
Rare earth (RE)–doped glasses with high quantum efficiency and strong photoluminescence (PL) characteristics are essential 
for next generation photonic and optoelectronic devices. To attain strong PL emission and related attributes of  Er3+-doped 
in glass system, the silver nanoparticles (NPs) were embedded. UV-Vis absorption and microscopic measurements divulged the 
existence of metallic silver NPs. The PL emission of  Er3+-doped in titled glasses was improved in visible and infrared spectral 
ranges as  AgNO3 concentration escalated to higher level. In addition, the quantum efficiency also enhanced as the  AgNO3 
doping level escalated to a higher level. The enhancements in PL emission intensity and quantum efficiency were ascribed to 
the local field induced by surface plasmons of Ag NPs. The outcomes suggest that the high concentration of Ag NPs routed 
in  Er3+-doped glass system is useful in fabricating the optical amplifiers and solid-state lasers.
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Introduction

Metal nanoparticles (NPs) routed in different optically 
transparent hosts such as polymers [1], silica films [2], 
colloidal solutions [3], and glasses [2] are of enormous 
curiosity to the scientific community owing to their poten-
tial functionalities in bio-sensing [4], bio-imaging [5], 
molecular species sensing by surface-enhanced scattering 
spectroscopy [6], plasmonics [7], luminescence [8], and 
nonlinear optical [9]. Among all other hosts for routing 
the metal NPs, the glass hosts are exceptionally attractive 
because of high metal solubility along with uniform dis-
tribution, which allows for the tuning of optical and other 
properties of hosts based on the NPs concentration [2]. In 
particular, the metal NPs embedment in rare earth (RE) 
containing glass matrices is significantly attracted the 
research community for tuning the photoluminescence (PL) 
and quantum efficiency magnitudes of  RE3+ ions loaded in 
glass specimens [10]. Usually when the RE concentration 
is increased in the composition to tune the PL and related 
parameters, at higher concentration of RE ions, the proper-
ties are deteriorated due to concentration quenching effect 
which limits their practical use in the devices. By embed-
ding NPs to RE-activated glasses provides an alternative 
way to tune the PL and related attributes significantly 
without immediate quenching in the properties which are 

 * Gangareddy Jagannath 
 jagannathgreddy@gmail.com

 * P. Ramesh 
 prameshklr@gmail.com

1 Department of Physics, Dayananda Sagar College 
of Engineering, Bengaluru 560078, India

2 Department of Post–Graduate Studies and Research 
in Physics, The National College, Jayanagar, 
Bengaluru 560070, Karnataka, India

3 Department of Physics, College of Science, Princess Nourah 
Bint Abdulrahman University, PO Box 84428, Riyadh 11671, 
Saudi Arabia

4 Department of Physics, Faculty of Science, Isra University, 
Amman, Jordan

5 Department of Nuclear Medicine Research, Institute 
for Research and Medical Consultations (IRMC), Imam 
Abdulrahman Bin Faisal University (IAU), P.O. Box 1982, 
Dammam 31441, Saudi Arabia

6 Department of Physics, Govt. First Grade College, 
Chickaballapur 562101, India

7 Department of Physics, Govt. College for Women, 
Chintamani 563125, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s11468-022-01736-2&domain=pdf


176 Plasmonics (2023) 18:175–182

1 3

desired for specific applications. The co-doping of a small 
quantity of metal NPs to the optimized glass composition 
significantly improves the PL and other optical features by 
the local electric field modified [11–13] and/or transfer 
of energy (from NPs to RE ions) phenomena [11, 14]. This 
luminescence enhancement of RE ions due to the inclusion 
of NPs in the composition was first observed by Malta et al. 
[15] in 1985 for  Eu3+ ions–doped materials with co-doping 
of silver (Ag) NPs. Then onwards, this method has been 
widely followed by many glass researchers for develop-
ing the glassy materials for photonic applications [16–20] 
by achieving significant enhancement in PL properties 
of RE-doped glasses, and different attributions were pro-
posed for the observed enhancement. Few examples are 
as follows: Silva et al. [16] have achieved the luminous up 
conversion enhancement in  Er3+-loaded PbO–GeO2 glass 
specimens by co-doping with Ag NPs and highlighted that 
the enhancement was due to local field effect. Dousti et al. 
[17] have observed the improved emission curves of  Er3+ 
activated heavy metal oxide vitreous systems caused by 
the surface plasmon resonance (SPR) of silver NPs. Jiani 
et al. [18] have shown the significant fluorescence ampli-
fication of trivalent erbium ions in silver NPs co-doped 
 B2O3–Bi2O3–TiO2 glass system and highlighted due to both 
the energy transfer and local field effects. The contribu-
tion of Ag NPs on the 1.5 μm emission amplification of 
trivalent erbium ions activated in complex silicate based 
glass has recently been examined by Rajaramakrishna et al. 
[20] and underlined the local electric field evinced and 
energy transfer routes are the acceptable claims for emis-
sion gained by the  Er3+ ions.

Notably, among numerous glass families of interest, the 
borate vitreous compositions have attracted the scientific com-
munity for photonic applications since the borate matrix can  
dissolve high amounts of RE ions and NPs [21, 22]. In addi-
tion, the borate glasses possess wide transparency from vis-
ible to infrared regions, strong thermo–chemico–mechanical 
stability, and low glass transition temperatures [22]. Further-
more, the inclusion of high molar mass oxides in a borate 
glass system greatly decreases the energy of phonons present 
in the host and improves  the PL intensity of RE ions by reduc-
ing non-radiative emissions [23]. The  Sb2O3 is one of the high 
molar mass oxides, and it also serves as the thermal reducing 
agent to obtain  Ag0 NPs from its ionic state [24]. Therefore, 
the selection of  Sb2O3 in the glass composition provides a 
straightforward, low-cost strategy to fabricate metal NPs con-
taining glasses without following additional heat treatments 
at different temperatures or for different durations. Among all 
RE ions, the  Er3+ ion is one of the most promising RE ions 
in the lanthanide group since it possesses a favorable energy 
level scheme to be exploited in a wide variety of applications 
which includes solid-state lasers, microchip lasers, eye safe 
lasers, and many other advanced photonic systems [25, 26].

Thus,  Er3+ loaded in glass specimens has received sig-
nificant attention as an active host for lasers, upconverters, 
amplifiers, and so forth. It was identified that only a few 
investigations are found in the open literature with improve-
ment in 1.53 μm band PL emission by the inclusion of metal 
NPs in the glass hosts [25, 27–30]. The current investigation 
aims to prepare  Er3+-activated borate-based glasses embed-
ded with silver NPs to enhance PL emission at the 1.53 μm 
emission band and in the visible region. The efficacy of sil-
ver NPs concentration on spectroscopic and PL attributes of 
 Er3+ ions has been analyzed, and the mechanism trustworthy 
for enhancement of PL and related attributes has been dis-
cussed in detail.

Materials and Methods

The glass specimens bearing the compositional formula 
of (mol %)  10Sb2O3–20Na2O–69B2O3–1Er2O3–xAgNO3 
(x = 0 – 0.8 mol %) were fabricated through the melting 
and quenching process. Before proceeding for characteri-
zation, the fabricated glass specimens were designated as 
Er1Ag–x; in the codes, the “x” indicates the  AgNO3 content 
added in the composition to obtain the Ag NPs. The glass 
free from  Er2O3 and Ag NPs was coded as Er0Ag–0. The 
glass compositional mixtures of 30 g were kept in a high-
temperature furnace by loading into the porcelain crucibles. 
The mixtures were melted at 950 °C and rapidly quenched 
on pre-annealed brass plates. After the quenching, imme-
diatley the glasses were moved to annealing furnace that 
was already programmed with 350 °C for 4 h. This process 
was used to remove internal stress in the glass samples that 
had developed during quick quenching from high tempera-
tures. X-ray diffraction (XRD) profiles with 2θ range from 
10 to 90° of step size of 0.05° were recorded using Rigaku 
Ultima IV X-ray diffractometer. The optical absorbance 
spectra were collected utilizing Carry 5000 UV–Vis–NIR 
spectrophotometer from 200 to 1700 nm. The presence and 
morphology of Ag NPs in the Er1Ag–0.2 glass specimen 
were divulged by transmission electron microscopy (TEM) 
micrograph captured with the help of FEI Technai G2 20 
TEM. The photonic measurements of all the glasses were 
recorded using an Edinburg Spectro Fluorimeter (FLS 980) 
provided with flash lamp (xenon) as the source of excitation.

Results and Discussion

The XRD profiles Er1Ag–0, Er1Ag–0.2, and Er1Ag–0.8 
glass samples are presented in Fig. 1. The observed broad 
diffused hump with no sharp crystallization peak suggests 
the missing of long-range atomic arrangement in the stud-
ied glasses. These signatures also affirm the non-crystalline 
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characteristic of the glass specimens examined in the cur-
rent work. The TEM micrograph of the Er1Ag–0.2 glass 
is displayed in Fig. 2a. The size distribution of silver NPs 
and the average nanoparticle diameter were analyzed uti-
lizing ImageJ computer software. The size of the Ag NPs 
computed utilizing ImageJ software has been plotted as a 
histogram and presented in Fig. 2b. The histogram pro-
file reveal the size of metallic silver NPs lies in the range 
of 2.50 - 12.46 nm, with 7.78 nm median size. The TEM 
image displayed in Fig. 2a also unveils that the silver NPs 
embedded in Er1Ag–0.2 glass are spherical in form and 
are distributed uniformly in the sample. Additionally, the 

TEM image of the Er1Ag–0.2 glass host shows some Ag 
NPs with non-spherical shapes.

The selective formation of  Ag0 NPs from their coun-
ter ionic species has been occurred in the current system 
based on the following thermochemical equations [31],

The reaction, i.e.,  Sb3+  +  2Ag+ →  Sb5+  +  2Ag0, has the 
 E0 = 1.02 V and the ΔG = –197 kJ. These magnitude of  E0 
and ΔG divulge the reaction is plausible to induce in the sys-
tem. However, the reaction  3Sb3+  +  2Er3+  →  3Sb5+  +  2Er0 
owes the  E0 = –5.76 V and the ΔG = 3334 kJ, the negative 
sign on  E0 and positive magnitude of ΔG clearly suggest that 
the later reaction is not plausible to induce in the currently 
investigated glass system. These two reactions and their 
inferences clearly unveil the antimony selectively reducing 
 Ag+ to  Ag0 (first reduction reaction) and not reducing  Er3+ 
to  Er0 (second reduction reaction) in the glass matrix con-
sidered in the current investigation.

Optical absorption spectra of Er1Ag–0 (doped with only 
1 mol % of  Er2O3 and free from Ag NPs), Er1Ag–0.2, and 
Er1Ag–0.8 glass specimens in the range of 200–1700 nm 
are displayed in Fig. 3. The inset of Fig. 3 displays the 
absorption spectra of Er0Ag–0 (free from  Er2O3 and Ag 
NPs) and Er1Ag–0 glasses with designation to the absorp-
tion peaks observed in Er1Ag–0 glass. The noticed  Er3+ 

(1)Sb
5+∕Sb3+(E0 = 0.586V)

(2)Ag+∕Ag0 (E0 = 0.801V)

(3)Er3+∕Er0(E0 = −2.306V)

Fig. 1  XRD results of some of the investigated glasses
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Fig. 2  TEM image of Er1Ag–0.2 glass (a) and corresponding Ag NPs size variation profile (b) in the tested glass
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characteristic absorption peaks were assigned be referring 
the articles [25, 31]. The spectrum of Er0Ag–0 glass does 
not demonstrate any absorption peaks while the Er1Ag–0 
glass demonstrates the characteristic absorption bands 
of  Er3+ ions. The comparison of absorption spectrum of 
Er1Ag–0 glass specimen with that of Er0Ag–0 glass clearly 
unveils the existence of  Er3+ ions in Er1Ag–0 glass. Further-
more, from Fig. 3, it is evident that the characteristic absorp-
tion peaks of  Er3+ ions are also present in Ag NPs embedded 
glass specimens, which illustrates the presence of  Er3+ ions 
in the Ag NPs embedded glass specimens too. Figure 3 dis-
plays that the spectra of  AgNO3-containing glasses exhibited 
a broad and robust peak at ~ 430 nm, which corresponds to 
the SPR of silver nanoparticles. It can also be identified that 
the SPR amplitude increases with the rise of  AgNO3 con-
tent due to the rise in the concentration of Ag NPs formed 
upon loading the more and more concentration of  AgNO3 
in the composition [32]. Furthermore, from Fig. 3, it can 
be identified that the center of SPR peak has been slightly 
shifted towards longer wavelength with increase of Ag NPs 
concentration, which is manifested to growth of silver NPs 
routed in the glass hosts [22]. In addition, it is also mani-
fested to increase of concentration of formation of Ag NPs 
occurred due to loading of more and more  AgNO3 in the 
glass composition [25, 33].

Usually, the amplitude of   Er3+ absorption character-
istic peaks is corroborated to asymmetry and covalency 
around the  Er3+ ions and the rigidity of the glass is based 
on the hypothesis provided by Judd and Ofelt, famously 
referred to as Judd-Ofelt (JO) hypothesis [34, 35]. The 
JO parameters Ωt (t = 2, 4, 6) computed from UV-Vis lin-
ear  absorption results [25, 36] and quality factor (χ) 

are  furnished in  Table  1 for Er1Ag–0, Er1Ag0.2, and 
Er1Ag–0.8 glasses. From Table 1, it can be observed that 
the Ω2 enhances with the increase of  AgNO3 content. This 
enhance effect in Ω2 with the inclusion of more and more 
Ag NPs in the composition suggests that the trivalent 
erbium cations are occupied in strongly non-symmetric 
sites in the high amount of Ag NPs bearing glasses, which 
also instantiate that ligand field in erbium ions sorrounding 
is highly covalent in Ag NPs routed glasses [25]. Table 1 
also shows the Ω4 and Ω6 increase with the rise of  AgNO3 
quantity, which divulges that long-range structure related 
parameters (density and rigidity) of the glasses increases 
with the formation of Ag NPs in the glass system. This 
enhance behaviour of Ω4 and Ω6 also divulge that large 
 Er3+ cations are dissolved in the glass matrix (solubility 
of  Er3+ increases); thereby, the interionic separation with 
erbium ions decreases. This ultimately enhances the force of 
repulsion between surrounding similar  Er3+ cations, thereby 
enhances the Ω6 [25]. Furthermore, the χ of the studied 
glass specimens enhanced with the increase of  AgNO3 con-
tent, which indicates that a high concentration of Ag NPs 
routed glass matrix is beneficial for having high stimulated 
emission cross-section [18, 25, 27, 37, 38].

The PL emission spectral outcomes of Er1Ag–x 
glass samples are exhibited in Fig. 4 recorded for irradiation  
of 376 nm. The three PL emission lines evidenced at 538, 
552, and 626 nm are related to 2H11/2 → 4I15/2, 4S3/2 → 4I15/2, 
and 4F9/2 → 4I15/2 transitions occurring within trivalent 
erbium ions, respectively. In Fig. 4, a weak PL signal has 
appeared at around 505 nm in addition to the PL emis-
sion peaks related to  Er3+ ions. This weak PL signal and 
its intensity variation are not related to  Er3+ ions, which 
might be related to the glass host or Ag NPs. In-depth 
structural and spectroscopic investigations are essential 
to address this, which will be a part of a future study. The 
4S3/2 → 4I15/2 transition of  Er3+ occurred at 552 nm is highly 
intense compared to other three PL emission lines. From 
Fig. 4 it can be noticed that emission intensity enhances 
with escalation of  AgNO3 content in the glass composition. 
In similar lines, the PL emission spectra in infrared region 
for all the glass specimens collected under the excitation 
of 980 nm are depicted in Fig. 5. All the glass specimens 
display a strong PL emission peak poisoned at 1535 nm 
owing to 4I13/2 → 4I15/2 inherent transition of  Er3+. The 
spectral results displayed in Fig. 5 divulge that intensity 
of PL emission lines improves with  AgNO3 content in the 
glass matrix. The luminescence improvement factor (LIF), 
defined as the ratio of PL emission intensity magnitude of 
 Er3+ ions in NPs bearing glass to the NPs free glass. The 
LIF factors for green light transition are 1.15, 1.96, 2.57, and 
2.79 for Er1Ag–0.2, Er1Ag–0.4, Er1Ag–0.6, and Er1Ag–0.8 
glass samples, respectively. Similarly, for 1535 nm transi-
tion the magnitudes were found to be 1.54, 1.93, 2.42, and 
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Er1Ag–0.2, and Er1Ag–0.8 glass samples, inset: absorption spectra 
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2.83 for Er1Ag–0.2, Er1Ag–0.4, Er1Ag–0.6, and Er1Ag–0.8 
glass specimens, respectively. The increment of PL emission 
of erbum ions occurred in metallic Ag NPs routed glasses 
is because of the transfer of energy from metallic silver NPs 
to the corresponding energy levels of trivalent erbium ions 
and / or evinced local electric field produced by localized 
surface plasmons of Ag NPs [25].

The attenuations, such as an increase in the broadness and 
shift (towards red region) of maxima of the SPR band as seen 
in UV-Vis absorption results, expose the reduction in inter-
particle distances  (dAg–Ag) of silver NP and their subsequent 
growth with the increase of silver NPs quantity in the glass 
matrices. It has been documented that the diameter of the 
NPs and the separation between them are oppositely corrobo-
rated in the local field boost formula [22]. These variations 
clearly unveil the boosting of local electric field with increase 
of metallic silver NPs content in the glass host. Therefore, 
the improved attenuation noticed in PL properties with  Ag0 

NPs is due to the boosted local field provoked metallic Ag 
NPs around the trivalent erbium ions [31]. Since, the boosted 
local field effectively enhances the rate of pumping of triva-
lent erbium ions to higher energy levels, which results in the 
high PL emission in different spectral regions depending 
the energy difference between the ground state and excited 
energy states of trivalent erbium ions [31].

In addition, when the metallic silver NPs routed glass 
host irradiated with electromagnetic radiation, the NPs routed 
in the glass host causes a weak emission which enhances 
the pumping rates of tripositive erbium ions to their excited 
energy levels. This boosted the photons content in upper 
energy levels of erbium ions [39]. Therefore, the energy 
transfer from metallic silver NPs to higher energy levels of 
erbium cations is contributory factor for the strong PL emis-
sion noticed for erbium ions PL peaks in Ag NPs routed 
glasses. Since the position of SPR peak of  metallic silver 
lies very close to that of irradiated light utilized for recording 

Table 1  Judd–Ofelt intensity parameters and some spectroscopic magnitudes of examined glass specimens

Glass Ω(t = 2,4,6) (×10−20  cm2) Χ = (Ω4/Ω6) σemi (×10−21  cm2) FWHM (nm) FWHM × σemi
(×10−26  cm3)

Ω2 Ω4 Ω6 ΣΩt

Er1Ag–0 6.26 2.87 2.84 11.97 1.011 4.79 82.31 3.94
Er1Ag–0.2 7.96 3.05 3.01 14.02 1.013 5.92 95.62 5.66
Er1Ag–0.8 9.15 3.10 3.22 15.47 0.963 9.26 121.27 11.23

Fig. 4  The PL emis-
sion results of Er1Ag–x 
(where, x = 0, 0.2, 0.4, 0.6, and 
0.8 mol % of  AgNO3) glasses in 
the visible region recorded with 
irradiation of 376 nm
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the PL emission profiles in the visible region. Hence, it is 
believed that the transfer energy from metallic silver NPs to 
excited erbium ions energy levels is a highly acceptable origin 
contrast to the local field evinced origin for improved emis-
sion observed for visible spectra range.

The stimulated emission cross-section (σemi) [40] mag-
nitudes were estimated for  Er1Ag–0, Er1Ag–0.2, and 
Er1Ag–0.8 glass  samples  using corresoponding radia-
tive properties and PL emission outcomes, and which are 
4.79 ×  10−21, 5.92 ×  10−21, and 9.26 ×  10−21  cm2, respectively. 
The full width at half maximum (FWHM) factors computed 
from the PL emission spectral results, the results are 82.31, 
95.62, and 121.27 nm respectively for Er1Ag–0, Er1Ag–0.2, 
and Er1Ag0.8 glass samples. The attenuation in these results 
clearly divulge that the formation of metallic Ag NPs in 
erbium ions activated glass hosts greatly boosts the emis-
sion cross-sections and bandwidths of PL emission lines of 
erbium ions in infrared spectral range. Furthermore, the gain 
bandwidth (FWHM × σemi) factors are found to be 3.94, 5.66, 
and 11.23 ×  10−26  cm3 respectively for Er1Ag–0, Er1Ag–0.2, 
and Er1Ag–0.8 glass specimens. The greatness of gain band-
width and related results noticed in the present study contrast 
to those achieved in other works [25, 27, 41] illustrate that 
the Er1Ag–0.8 glass host is largely suitable for fiber optic, 
photonic amplifier, and infrared laser functionalities.

The PL lifetime results for  Er1Ag–0, Er1Ag–0.2, 
and Er1Ag–0.8 glass hosts  recorded by monitor-
ing 4I13/2 → 4I15/2 infrared emission transition with pumping 
of 980 nm are provided in Fig. 6 and all the outcomes were 
matched well with single exponential decay mechanism 
[27]. The decay lifetime (τexp) magnitudes were computed 
to be 2.54, 2.83, and 3.61 ms, respectively for Er1Ag–0, 
Er1Ag–0.2, and Er1Ag–0.0.8 glass samples. The  τexp 

magnitudes boosted with silver NPs content in accordance 
with the PL emission intensity trend that noticed in infra-
red spectra region. This is corresponds to evinced local 
field stimulated by localized surface plasmons of metallic 
Ag NPs and energy transfer from  Ag0 NPs to the upper 
energy levels of tripositive erbium ions [25]. The quantum 
efficiency (η) factors were computed by following the pro-
cedure elaborated in the reference [25]. Table 2 furnishes 
the τexp, τrad, and η magnitudes for Er1Ag–0, Er1Ag–0.2, 
and Er1Ag–0.8 glass hosts and it unveil the increase behav-
iour with respect to  Ag0 NPs content in the host. The high 
quantum efficiency result achieved for Er1Ag–0.8 glass 
system divulge that this glass hosts is benefical for pho-
tonic and optoelectronic functionalities to execute their 
function in infrared spectral range [42, 43].

Summary

The  Er3+ activated in borate glass specimens embedded 
with various concentrations of Ag NPs was synthesized 
by the standard melt–quench process. The XRD outcomes 
affirm the glassy nature of the glass samples examined in 
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Table 2  Lifetime  and quantum efficiency magnitudes  of examined 
glass specimens

Glass τexp (ms) τrad (ms) η (%)

Er1Ag–0 2.54 2.91 87
Er1Ag–0.2 2.83 3.04 93
Er1Ag–0.8 3.55 3.58 99
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the current investigation. The TEM micrograph divulged 
the presence of spherical-shaped Ag NPs with uniform dis-
tribution in the tested glass with a median size of 7.78 nm. 
The absorption outcomes further confirmed the existence 
of silver NPs by exhibiting the SPR peak in the spectra of 
the tested Ag NPs embedded glasses. The absorption results 
also unveiled the growth of silver NPs with an elevation of 
 AgNO3 content in the system. The PL emission intensity 
of both visible and infrared transitions is increased as the 
function of Ag NPs due to evinced local field provoked by 
localized surface plasmons of metallic Ag NPs and transfer 
of energy from metallic Ag NPs to corresponding energy 
levels of trivalent erbium ions. The maximum values of 
phenomenal parameters in the device fabrication men-
tioned in the Table 1 and η achieved for Er1Ag–0.8 glass 
divulge that a high concentration of silver NPs embedded 
glass specimens are beneficial for optical and optoelectronic 
functionalities.
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