
Selection of our books indexed in the Book Citation Index 

in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 

For more information visit www.intechopen.com

Open access books available

Countries delivered to Contributors from top 500 universities

International  authors and editors

Our authors are among the

most cited scientists

Downloads

We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

12.2%

122,000 135M

TOP 1%154

4,800



7 

Frequency Upconversion in Rare Earth Ions 

Vineet Kumar Rai 
Laser and Spectroscopy Laboratory, Department of Applied Physics  

Indian School of Mines, Dhanbad, Jharkhand, 
India 

1. Introduction 

A large number of solid host materials have been considered to study the consequence of 

host materials on the lasing properties of the active ions since the development of the solid 

state lasers. With increasing interest in the photonic devices the appeal for employing 

photonic glasses has grown much interest because they may be chemically and mechanically 

stable hence being ideal for substituting the crystalline systems in many conditions. Rare 

earth doped solid materials are of great importance due to their wide range of applications 

in lasers, temperature sensors, optical amplifiers, etc. among other devices [Savage, 1987; 

Digonnet, 1993; Jackson, 2003; Rai, 2007]. Study of the spectroscopic properties of rare earth 

doped systems is very important from several points of view. The effect of environment on 

the energy levels, variations in their emission and absorption characteristics, upconversions 

observed in near infrared (NIR), visible pumping etc. can easily be studied from these. The 

longer lifetime of the energy levels is one of the prime requirements for lasing. Lasing in 

these rare earth ions occur due to the transition between the spin-orbit splitted components 

of the same state or between the states arising from the unfilled (4f) electronic configuration, 

which are usually forbidden as per electric dipole selection rules. The electric dipole 

transitions between states of the 4f configuration for free ions are strictly forbidden by the 

parity rule. The transitions can take only due to the mixing of states of opposite parity in the 

wave functions. The optical properties of rare earth ions doped solid host materials depend 

on the chemical composition of the host materials [Reisfield, 1973; Babu et al., 2000; 

Dumbaugh, 1992; Rai, 2006; Dieke et al., 1968; Ebendroff, 1996]. Rare earth ions are found to 

be very much sensitive to small changes in chemical surroundings. On the other hand 

network modifiers affect the local environment around the fluorescent ions and thereby its 

optical properties. Therefore, it becomes essential to get the information about the symmetry 

and bonding of the probe ion and how they change their optical properties with chemical 

composition of the solid host materials and also from site to site variations. In the solid host 

materials with higher phonon frequencies, it is not easy to get efficient infrared and visible 

emission even in the Er3+, Nd3+, Ho3+, Tm3+, etc. The effect of host materials on the optical 

properties of rare earth ions introduced as doping along with compositional changes of 

modifiers have been studied by different workers [Babu et al., 2000; Rai et al., 2006; Nageno 

et al., 1994; Tripathi et al., 2006; Rai, 2010; Rai et al., 2008; Sai Sudha et al., 1996; Lin et al., 

2002; Hussain et al., 2000; Nachimuthu et al., 1997; Tripathi et al., 2006]. They concluded that 
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due to their improved radiative transition probabilities, these glasses are promising 

materials for different technological applications.  

For getting the high quantum efficiency, concentration of the rare earth ions should be high, 

but it may cause certain problems like concentration quenching due to the interaction 

between the excited and its unexcited neighbours. Therefore, in order to make the devices 

with high optical characteristics, the concentration of the rare earth ions has to be kept low 

so that the luminescence quenching is minimized. Specifically, the systems of main interest 

are those having low cut-off phonon frequencies, high refractive index etc. because in such 

systems the quantum efficiency for the rare earth ions introduced as doping is improved 

significantly [Yamane et al., 2000]. It is also possible to prevent the quenching effect by 

modifying the environment felt by the luminescent ions [Rai, 2010; Snoeks et al., 1995; 

Kumar et al., 2005]. Therefore, the glasses containing metallic nanoparticles doped with low 

concentration of rare earth ions are of particular interest because the large local field acting 

around the rare earth ions positioned near the nanoparticles may increase the luminescence 

efficiency when the frequency of the excitation beam and or / the luminescence frequency 

are near resonance with the surface plasmon frequency of the nanoparticles [Kumar et al., 

2005]. There is a large demand in generation of visible light sources for different photonics 

applications. One effective way for generating visible light is the frequency upconversion in 

which the absorption of two or more photons is followed by the emission of high energy 

photon. Rare earth ions are the appropriate candidates for the frequency upconversion (UC) 

processes owing to their large number of energy levels, narrow emission spectral lines, long 

lifetime of excited states and they can be easily populated by the near-infrared radiation.  

The study of frequency upconversion luminescence in lanthanides doped solid materials is 
mainly due to their potential applications in different areas such as color display, two 
photon imaging in confocal microscopy, high density optical data storage, upconvertors, 
under sea communications, IR lasers, indicators, temperature sensors, biomedical 
diagnostics etc. The main interest in recent years is concentrated in the identification of new 
upconversion mechanisms and their characterization in rare earth doped materials. 
Generally, the frequency upconversion may arise by any of the following mechanisms (a) A 
multiphoton absorption (b) Energy transfer interaction (c) Excited state absorption (d) 
Avalanche energy transfer.  

Excited state absorption (ESA) involves single ion, which depends on multistep absorption 
in individual ion, while the frequency upconversion through energy transfer between 
groups of rare earth ions can be very efficient and therefore can be used in making 
upconversion lasers [Yamane et al.,2000; Kassab et al., 2007; Silva et al., 2007]. The 
upconversion phenomenon are motivated not only by attempts to enrich the fundamental 
knowledge for understanding the mechanism of interaction between the rare earth ions 
doped into a variety of host materials but also the search for new light sources emitting in 
the visible region. Keeping in mind the attention has been paid to solid host materials doped 
with rare earth ions that show strong and broad absorption bands matching with the 
emission wavelength of commercial diodes [Yamane et al., 2000; Kaminskii, 1990; 
Kaplyanskii, 1987; Kenyon, 2002; Lezama et al., 1985].  

Solid host materials based on heavy metal oxides are of particular interest for different 
photonics applications due to their low cut –off phonon energy and large refractive index 
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[Rai et al., 2008; Yamane et al., 2000]. In hosts with low cut-off phonon energies, the 
luminescence intensity of rare earth ions is enhanced by several times [Digonnet 1993; Rai et 
al., 2006; Kenyon, 2002].  This enhancement is neither due to any external field nor a 
Maxwell field, which was explained in detail very early on by Lorentz, but due to the local 
field which depends on the presence of all the other atoms in the dielectric [Born et al., 
1999]. Inorganic glasses have been used as optical materials for a long time due to their 
isotropy, hence to make the large size and high optical homogeneity more easily, and high 
transparency over a wide spectral range from ultraviolet to infrared, as well as linear 
functional properties, high mechanical strength, high chemical resistance and simple 
fabrication procedures for obtaining good optical quality samples. The host materials of 
main interest are those for which the quantum efficiency of rare earth ions luminescence is 
enhanced, allowing the development of more efficient lasers, upconvertors, optical 
amplifiers, etc. [Yamane et al., 2000; El-Mallawany, 2001]. The present chapter deals with the 
frequency upconversion in some of the lanthanides, specially Pr3+ and Nd3+ doped solid host 
materials and different excitation processes, mainly, excited state absorption (ESA) and the 
energy transfer (ET) processes responsible for the luminescence in the rare earth ions. 

2. Frequency upconversion in triply ionized lanthanides doped in solid host 
materials 

The frequency upconversion ‘conversion of low energy photon into higher energy photon’ 

emission is receiving significant attention due to a variety of photonic applications. Glassy 

materials doped with rare earth ions are capable of high peak power generation due to their 

high saturation frequencies, broad emission bandwidths etc. The oxide glasses have 

compatibility with waveguide fabrication process and their optical damage threshold is 

quite high.  They have high chemical and thermal stability and are thus suitable materials 

for technological applications. However, the high phonon energy corresponding to the 

stretching vibrations of the oxide glass network modifiers creates difficulty in generation of 

upconversions. The frequency upconversion in rare earth ions doped fluoride, ZBLAN and 

ZBS based glasses has also been observed, but due to its hygroscopic nature their 

applications are limited [Oliveria et al., 1998; Parker, 1989].  The frequency upconversion in 

lanthanides doped solid host materials has been studied by several workers [Pacheco et al., 

1988; Pelle et al., 1993; Mujaji et al., 1993; Victor et al., 2002; Rai et al., 2006; Rai et al., 2007; 

Rai et al., 2008; Rai et al., 2008; Rai, 2009; Tripathi et al., 2007; Mohanty et al., 2011; Balda et 

al., 1999; Ganem et al., 1992; Smart et al., 1991; Luis et al., 1994].  

2.1 Frequency upconversion in Pr
3+

 doped glasses 

Triply ionized praseodymium doped glasses and crystals are one of the most extensively 
studied systems because of their wide applications in many optical devices. The Pr3+ contains 
several metastable states that provides the possibility of simultaneous emissions in the blue, 
green, orange, red and infrared (IR) regions [Kaminskii, 1990]. Upconversion (UC) emission 
has been observed in Pr3+ doped different glasses as well as crystal lattices [Rai et al., 2006; Rai 
et al., 2007; Rai et al., 2008; Rai et al., 2008; Rai, 2009; Balda et al., 1999; Ganem et al., 1992; 
Smart et al., 1991; Luis et al., 1994]. Among the heavy metal oxide (HMO) glasses the ones 
based on tellurium oxide (TeO2) are important candidates to be used in practical devices 
because they present high mechanical strength, high chemical durability, high optical damage 
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threshold, and small absorption coefficient over the visible and near infrared regions of the 
electromagnetic spectrum. Furthermore, in general these glasses are nonhygroscopic and can 
be fibered. Frequency upconversion in Pr3+ doped tellurite based glasses has been studied by 
different workers [Rai et al., 2006; Rai et al., 2007; Rai et al., 2008; Rai et al., 2008; Rai, 2009; 
Balda et al., 1999]. For excitation of the samples the NIR radiation from a Ti–sapphire laser 
pumped by second harmonic of Nd:YVO4 (yttrium vanadate) (CW) laser [Rai et al., 2006; Rai 
et al., 2007] as well as a Nd:YAG  (yttrium aluminum garnet) laser pumped dye laser (8 ns 
pulses, tunable from 570 to 600 nm) was used [Rai et al., 2007; Rai et al., 2008; Rai, 2009; Balda 
et al., 1999] as an excitation source. The excitation beam was focused onto the sample with a 
lens and the fluorescence was collected in a direction perpendicular to the incident beam; the 
signal was analyzed by a monochromator attached with a photomultiplier tube. All the 
measurements were made at room temperature. 

2.2 (a) Excited state absorption (ESA) 

The upconversion emission in triply ionized praseodymium doped TeO2-Li2O glass upon 
CW excitation from a Ti-sapphire laser has been reported [Rai et al., 2007]. The absorption 
spectrum of 0.5 mol% of Pr3+ doped tellurite glass shows four absorption bands in the 400– 
800 nm region (Fig. 1). These absorptions bands are mainly due to the transitions from the 
ground (3H4) state to the 3P2, 3P1, 3P0 and 1D2 excited states. Upconversion emission in the Pr3+ 
doped TeO2-Li2O glasses upon excitation at ~816nm from a Ti-sapphire laser has been 
observed in the blue, orange and red regions corresponding to the 3P2→3H4, 3P0→3H4, 
3P1→3H5, 3P0→3H5, 1D2→3H4 and 3P0→3F2 transitions. Thus upconversion at several 
wavelengths can be obtained by pumping with single NIR wavelength. It is well known that 
the upconversion luminescence intensity (I0) is proportional to the nth power of the pump 
intensity (Ii), where ‘n’ is the number of pump photons required to populate the emitting 
level. To ascertain the number of photons involved in the upconversion process the intensity 
of the emitted band was measured as a function of NIR radiation power. The slope of the 
graph logI0 versus logIi gives a value ~1.93 for 3P0 →3F2 transition, indicating that two 
photons are involved in the upconversion process.  
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Fig. 1. Absorption spectrum of 0.5 mol% Pr3+ doped TeO2-Li2O glass. Reprinted with 
permission from ref. (Rai, 2009), Copyright 2009, Springer. 
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In the present case, 3PJ as well as 1D2 levels are populated as a result of two photon 
absorption resulting upconversion transition to various lower lying levels. The 
upconversion luminescence may arise by one of the following mechanisms: (a) Sequential 
absorption of two photons, (b) excited state absorption (ESA), (c) photon avalanche and (d) 
energy transfer (ET) processes. In this case the upconversion emission is observed even at 
lower pump power of the laser, the upconversion emission by sequential absorption of two 
photons is ruled out. Now, if we consider the energy level diagram of Pr3+ (Fig. 2), 1G4 level 
of it lies at ~9850 cm-1. The energy corresponding to NIR radiation is ~12252 cm-1. The 1G4 
level is therefore excited through phonon-assisted excitation. The phonon energy of TeO2 
lattice is ~650 cm-1 which requires four phonons to be involved in the process. If 
upconversion emission is due to energy transfer process between two Pr3+ ions, the excited 
Pr3+ ions in 1G4 state transfer its excitation energy to the next neighboring Pr3+ ion in this 
excited state. During this process one ion is excited to the upper level and other one return 
to the ground state. But the emission is observed from the levels lying at energy ~22000 cm-1 
also, therefore ET is not responsible at least for all upconversion emissions. May be that a 
part of intensity for the transitions from the levels lying at energy <19700 cm-1 is contributed 
to this channel. But the upconversion emission bands do not show any significant 
concentration dependence. This also supports ET a less probable channel for upconversion 
emission. Since the dependence of the upconversion emission intensity versus pump power 
does not show any inflection, which confirms that the avalanche energy transfer is also not a 
reasonable process for the upconversion. Therefore the dominant mechanism may be most 
probably ESA. In this mechanism the excited Pr3+ ion in 1G4 level reabsorbs another incident 
photon of the same energy and is promoted to 3PJ level. The excited ions from this state relax 
to different lower-lying excited states and give fluorescence corresponding to the 3P2→3H4, 
3P0→3H4, 3P1→3H5, 3P0→3H5, 1D2→3H4 (3P0  →3H6) and 3P0→3F2 transitions. Normally, 
upconversion emission is not observed from 3P2 level; however in this case a weak 
upconversion emission from this state has also been detected. This may be due to exact 
energy matching at the second step. The upconversion emission was measured at different 
temperatures of the glass. It has been found that the upconversion emission decreases with 
increasing the temperature, which reveals that the upconversion is not due to any thermally  

 

Fig. 2. Energy level diagram of Pr3+ (Rai et al., 2007) 
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activated process. The upconversion efficiency for the 3P0→3F2 transition at 0.5 mol% 
concentration of Pr3+ doped in tellurite glass at room temperature (~30 0C) is found to  
be ~1.7%. 

A broadband upconversion emission in Pr3+ doped aluminum, barium, calcium fluoride 
glass has been observed at different wavelengths throughout the visible region upon non 
resonant excitation (~810 nm) corresponding to the 3H4→1G4 transition from a Ti–sapphire 
laser [Rai et al., 2006]. Upconversion emissions are observed for nearly all bands for which 
one photon fluorescence is seen. The peaks observed in orange–red region due to the 
1D2→3H4 and 3P0→3H6 transitions are also observed in the fluorescence spectrum. One sharp 
upconversion peak observed near 641 nm is due to the 3Po→3F2 transition. Weak 
upconversion is also observed at ~676 and ~731 nm and they are due to the 3P1→3F3 and 
3Po→3F4 transitions. Thus, using NIR radiation, one can get upconversion emissions 
throughout the visible region. The Pr3+ ions on absorption of ∼12,300 cm−1 radiation are 
promoted to the 1G4 level through phonon assisted excitation. The upconversion emission 
from the 3PJ levels is observed, it is possible only when excited Pr3+ ion in the 1G4 level 
reabsorb the second incident photon of the energy ∼12,300 cm−1 (i.e. the ESA process). 
Energy transfer (ET) amongst the excited ions will not be sufficient to populate the 3PJ levels. 
Therefore, the upconversion emissions observed in blue region are due to the excited state 
absorption (ESA). The 3PJ levels also give upconversion emissions in the orange and red 
regions. The 1D2 level is populated by the relaxation from 3PJ levels. The other possibility of 
population to the 1D2 level is via energy transfer (ET) among the Pr3+ ions, i.e. 

1G4 +1G4→1D2 +3H4 +∆E (phonon energy) 

For this, the intensity of upconversion emission band corresponding to the 1D2→3H4 
transition should be large enough and show a quadratic behavior with the concentration of 
rare earth ions, whereas the upconversion emission corresponding to the 1D2→3H4 transition 
appears weak. Therefore, the most probable process of the 1D2 level population is via 
relaxation from 3PJ levels. The mechanism involved in the upconversion emissions observed 
in the visible region is due to excited state absorption (ESA). 

2.3 (b) Energy transfer (ET) 

Upconversion luminescence in triply ionized praseodymium-doped TeO2–Li2O glass using 
direct excitation into the 1D2 level from a Nd:YAG (yttrium aluminum Garnet) laser pumped 
dye laser (~8 ns pulses, tunable from 570 to 600 nm; peak power: ~20 kW, linewidth: ~0.5 
cm−1)  has been reported [Rai, 2009]. The method for preparation of the doped glasses is 
reported elsewhere in detail [Rai et al., 2007]. The absorption spectrum of a 0.5 mol% 
praseodymium doped glass sample in the 400-800nm is shown in Fig. 1. The band positions 
observed in the absorption spectrum are in good agreement with the values reported for the 
other glasses. The variations in their bandwidths and relative intensities are only due to the 
site-to-site variations of the crystal field strengths. The spectra observed for the other 
samples are similar, except for the band intensities and their line widths, which are 
concentration dependent. A simplified energy level scheme of the Pr3+ electronic levels is 
shown in Fig. 3. An intense luminescence at ∼480 nm and at ∼680 nm respectively 
corresponding to the 3P0 →3H4 and 1D2 →3H5 transitions was seen under the excitation at ∼590 nm (Fig. 4). Similar features were observed for all the doped samples with their 
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relative intensities. The upconversion intensity shows a quadratic dependence with the laser 
intensity as well as with the concentration of the Pr3+ ions. Thus, two incident laser photons 
and two triply ionized praseodymium ions are responsible for this upconversion emission 
to occur, while for the emission at ∼680 nm ascribed to the 1D2 →3H5 transition a linear 
dependence on the laser intensity as well as on the concentration of the rare-earth ions with 
the fluorescence intensity was observed. This confirms that the energy transfer is affecting 
the upconversion luminescence. 
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Fig. 3. Energy level diagram of Pr3+. Reprinted with permission from ref. (Rai, 2009), 
Copyright 2009, Springer. 
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Fig. 4. Upconversion spectrum of 0.5 mol% Pr3+ doped TeO2-Li2O glass. Reprinted with 
permission from ref. (Rai, 2009), Copyright 2009, Springer. 

In fact, a pair of neighboring Pr3+ ions in the ground state is excited by the two incident laser 
photons (at ∼590 nm) directly into the 1D2 state. One of the excited ion in the 1D2 state 
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transfers its excitation energy to its neighboring second excited ion in the same state and 
returns to the ground state. The second excited ion after receiving the additional energy is 
excited upward to the 3PJ state; the radiative relaxation from the 3P0 level gives an intense 
blue emission at ∼480nm attributed to the 3P0→3H4 transition. The phenomenon of the 
energy-transfer process containing a pair of Pr3+ ions can be given as,  

2 photons (2hǖ) + 2 ions in the 3H4 (ground) state →1D2 +1D2→3PJ +1G4→3P0 + 3H4 +phonons. 

The temporal evolution of the emission at ∼480 nm shows rise and decay times which are 

illustrated in Fig. 5 for all the doped samples. From this figure, it is clear that the rise and 

decay times depend upon the concentration of the praseodymium ions. The time 

dependence of the upconversion intensity can be expressed as, 

 [exp( / ) exp( / )]UP r dI t t      (1)  

where ´Ǖr´ and ´ Ǖd´ are the rise and decay times of the upconverted fluorescence 

respectively. The rise and decay times is observed to decrease as the concentration of the 

rare-earth ions increases from 0.2 mol% to 1.0 mol%, which also confirms that energy 

transfer is the dominant mechanism among the excited and its neighboring unexcited ions. 
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Fig. 5. Temporal evolution of upconversion emission at ~480nm. Reprinted with permission 
from ref. (Rai, 2009), Copyright 2009, Springer. 

Energy transfer process between donors and acceptors 

Energy transfer among the donors and acceptors modifies the fluorescence decay and the 

dynamical behavior of the emission at ~ 680nm and can be described by Inokuti– Hirayama 

(I-H) model [Inokuti et al., 1965]. According to the I – H model, 

 3/
0 0 0 0( ) exp{ / (1 3 / ) / ( / ) }SI t I t S C C t       (2) 

or 

0 0( ) exp{ / ( )}I t I t P t    
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where 

3/
0 0( ) (1 3 / ) / ( / ) SP t S C C t     

and ´Ǖ0´ is the lifetime of the isolated ions in absence of the energy transfer. C and C0 are the 

concentration of the rare earth ions and the critical concentration respectively. ‘  ’ is a 

gamma function. ( )P t , the transfer function that assumes different forms at different 

concentrations of rare earth ions, origin of the interaction between the ions and time range 

[Inokuti et al., 1965]. P(t) involves the contributions due to the energy transfer (ET) processes 

taking place for the frequency upconversion and ET between donors and acceptors that 

contributes to the fluorescence emission. The temporal behavior of the 1D2→3H5 transition 

peaking at ~680nm as a function of praseodymium ion concentrations was monitored. The 

radiative lifetime observed for fluorescence emission at ~ 680nm is ~250μs at ~0.01mol% for 

which no upconversion emission is seen. It is found that the decay curve deviates from its 

pure exponential shape and lifetime of the 1D2 level decreases with increasing concentration. 

This indicates that the fast diffusion process should be ignored. Therefore, the static transfer 

process is the dominant mechanism for energy transfer within the concentration range of 

our samples. The decay time (ǕD) for the 1D2 level can be written as, 

 1/ǕD = WRad + WNR, where radiative decay rate (WRad) = 1/Ǖ0 (3) 

WNR, the nonradiative relaxation rate (which involves the multiphonon emission and energy 
transfer among the rare earth ions) and its value determined for all doped samples using 
equation (3) are ~1.5 x 103, ~5.7x103 and ~22.5x103 Hz respectively.  A plot for WNR versus 
concentration shows a quadratic behavior with a slope ~ 1.7±0.1 < 2. This difference is due 
to the emission of multiple phonons through nonradiative relaxation, employing that two 
rare earth ions are involved in the energy transfer process.  

At longer times the acceptors at large distances are taken into account so according to I – H 
Model [Inokuti et al., 1965],  

 3/ 3/
0 0( ) (1 3 / ) / ( / ) S SP t S C C t       (4) 

where 3/
0 0(1 3 / ) / (1 / ) SS C C    , and S= 6, 8 and 10 for dipole-dipole, dipole-

quadrupole and quadrupole-quadrupole type interactions respectively. ‘  ’ is function of 

radiative lifetime of isolated ions, critical concentration (at which the energy transfer rate for 

an isolated ion pair is equal to the spontaneous decay rate of the donor). Moreover, in order 

to get the information about the type of the interactions involved, a log-log plot for P(t) 

versus time (t) by extracting the exponential factor exp(-Ǖ/Ǖ0) from equation (2) was made 

and found best fit with slope 3/S ≈ 0.51±0.01 (i.e. S ≈ 6) for all the doped samples, thereby 

indicating the interaction to be of dipole-dipole type (Fig 6).  

Let N1, N2 be the populations in the pair states |1> = |1D2, 1D2> and |2> = |3P0, 3H4> 
respectively and γ1, γ2 represent respectively the relaxation rates of state |1> due to all 
possible mechanism except the transfer to state |2> and the total radiative relaxation rate 
from state |2>. If W12 is the energy transfer rate from state |1> to state |2>, the temporal 
evolution after excitation of the initial state of the pair and of its final fluorescent state may 
be given as [Pelle et al., 1993], 
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 1
1 12 1[ ]

dN
W N

dt
    (5) 

 2
12 1 2 2

dN
W N N

dt
   (6) 

The solutions of the above equations are 

 1 12( )
1 1( ) (0) W tN t N e    (7) 

 1 122 ( )1 12
2

1 2 12

(0)
( ) ( )W ttN W

N t e e
W



 
  

   (8) 

In order to compare the observed decay and rise times, it is assumed that the two rates (γ1 + 
W12) and γ2 are smaller than Ǖr-1, while Ǖd-1 corresponds to the smaller rate.  

Here the observed decay times are longer than the actual lifetime of the 3P0 level (~8.9μs). 
On comparing the equation (1) with equation (8), it can be seen that Ǖr-1 and Ǖd-1 corresponds 
to γ2 and (γ1 + W12) respectively. Therefore, the value of W12 can be determined using the 
relation, Ǖd-1 = W12 + γ1 and observed to be large (≈ 1075 Hz) compared to the other fluoride 
based host matrices. 

 

Fig. 6. log – log plot of P(t) versus t. Reprinted with permission from ref. (Rai, 2009), 
Copyright 2009, Springer. 

Orange to blue frequency upconversion in Pr3+ doped TeO2–ZnO and chalcogenide 
(Ga10Ge25S65) glasses containing silver nanoparticles under excitation with a nanosecond 
laser operating at ~590 nm, in resonance with the 3H4→1D2 transition has been studied [Rai 
et al., 2008; Rai et al., 2008]. The absorption spectra of the GGSPr sample with and without 
metallic nanoparticles annealed for different time intervals have been shown in Fig 7. The 
absorption bands associated with the Pr3+ transitions from the ground state (3H4) to different 
excited states viz. 3P2, 3P1, 3P0 and 1D2 and a feature at ~472 nm attributed to surface plasmon 
resonance (SPR) of the NPs are observed. The SPR wavelength calculated using Mie theory  
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Fig. 7. Absorption spectra of the GGSPr sample (with and without metallic nanoparticles) 
for different annealing times as indicated in the legend. Reprinted with permission from ref. 
(Rai et al., 2008), Copyright 2008, American Institute of Physics. 

[Prasad, 2004], considering spherical particles, the dielectric function of bulk silver [Palik, 

1985] and the glass refractive index, is ~485 nm. This result shows a reasonable agreement 

with the experimental value since the effect of the metal glass interface is not considered in 

the calculations neither the nanoparticles shape. The amplitude of the band at ~472 nm 

increases with increasing the concentration of nanoparticles which grows up for heat-

treatment time of ~23 hour (h). For a heat treatment time longer than 23 h, a reverse trend is 

observed for the concentration. No shift of the band peaking at ~472 nm was observed for 

different annealing times. The excited Pr3+ ions exchange energy in presence of the 

nanoparticles, originating efficient conversion from orange to blue. The enhancement in the 

intensity of the upconversion luminescence corresponding to the 3P0→3H4 transition of Pr3+ 

ions, is found to be due to the proximity between the surface plasmon band and the [3PJ 

(J=0, 1, 2); 1I6) manifold. The intensity of the emission corresponding to the 1D2→3H5 

transition was not affected by the presence of the metallic nanoparticles because the 1D2 

multiplet is located far from the surface plasmon band (Fig. 8). 

Pr3+ doped samples without silver were heat treated for different time intervals, but no 

variation in the luminescence intensity was observed, indicating that the presence of 

nanoparticles is essential to obtain enhanced emission. No evidence of change in the glass 

structure neither nucleation of nanoparticles due to the influence of the laser was observed. 

This is understood considering that the laser pulses have low energy and the pulse 

repetition rate (~5 Hz) is small. This result confirms that the enhancement of the 

upconversion intensity in other samples is attributed to the large local field acting on the 

emitting ions due to presence of the metallic nanoparticles and not due to changes in the 

glass structure. On the other hand, quenching was also observed for samples heat treated 

for longer times, which indicates that ET occurs from the Pr3+ ions to the metallic 
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nanoparticles. This result is important in the sense that it demonstrates that there is an 

optimum heat-treatment time of samples to observe enhanced frequency UC due to 

nucleation of metallic nanoparticles. 

 

Fig. 8. Simplified energy level diagram of Pr3+. Reprinted with permission from ref. (Rai et 
al., 2008), Copyright 2008, American Institute of Physics. 

2.4 Frequency upconversion in Nd
3+

 doped glasses 

Optical spectroscopy and upconversion luminescence in Nd3+ doped Ga10Ge25S65 glass has 

been reported [Rai et al., 2009]. The mechanisms leading to the upconversion emissions 

upon nonresonant excitation at ~1.064mm in the Nd3+ doped chalcogenide glass 

corresponding to the green, orange, and red regions as well as the dynamics of the process 

have been investigated. The samples were prepared by the melt-quenching method. The 

absorption spectrum of the Nd3+ (0.25 mol %) doped chalcogenide glass sample contains 

several absorption bands at ~884, ~806, ~795, ~750, ~682, ~594, and ~532 nm corresponding 

to the transitions from the ground state (4I9/2) to the 4F3/2, 4F5/2, 2H9/2, 4F7/2, 4F9/2, 4F5/2, and 
4G7/2 excited states respectively. The spectra of other concentrated samples are similar but 

the intensity of the absorption bands depends linearly on the concentration of the Nd3+ ions. 

The upconversion spectrum observed under infrared excitation at ~1.064m is shown in Fig. 

9. Three luminescence bands are observed at ~535, ~600, and ~670 nm corresponding to the 
4G7/2→4I9/2, [4G7/2→4I11/2; 4G5/2→4I9/2], and [4G7/2→4I13/2; 4G5/2→4I11/2] transitions 

respectively. The upconversion intensity versus pump power as well as concentration of the 

Nd3+ has been observed to follow a quadratic dependence, indicating that two laser photons 

and two Nd3+ ions contribute to the emission of each upconversion photon. To obtain 

additional information about the upconversion process the temporal evolution of the 
4G7/2→4I9/2 transition peaking at ~535 nm was studied. The luminescence signal shows 
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decay times of ~53.4±0.4, 32.6±0.3 and 18.0±0.1s for the Nd3+ concentrations of 0.05, 0.10, 

and 0.25 mol %, respectively. Since the radiative lifetime R  of the 4G7/2 level is ~81.23s. 

The measured decay times indicate a strong interaction among the Nd3+ ions. Since the 

energy difference    4 4
7/2 5/2E G E G    has about the same value as    4 4

11/2 9/2E I E I    

(Fig. 10). Then the decrease in the lifetime of level 4G7/2 is attributed to the cross-relaxation 

process (4G7/2; 4I9/2) → (4G5/2 → 4I11/2). The actual lifetime is related to the crossrelaxation 

rate by   1R CR RW    with CRW being equal to ~6.4 x 103 Hz (0.05 mol% Nd3+), 18 x 103 

Hz (0.1 mol% Nd3+), and 43 x 103 Hz (0.25 mol% Nd3+). 
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Fig. 9. Frequency upconversion spectrum for excitation using a laser operating at 1.064 m. 
Reprinted with permission from ref. (Rai et al., 2009), Copyright 2009, American Institute  
of Physics. 
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To understand the origin of the upconversion luminescence there are three possible 

excitation pathways. As the laser frequency ‘L ’ is off - resonance with the Nd3+ transitions 

starting from the ground state (4I9/2). However, two-photon absorption (TPA) is resonant for 

a transition from ground state to the 4G7/2 state. The upconversion luminescence intensity in 

this case would be quadratic with the laser intensity and would vary linearly with the Nd3+ 

concentration.  

Another possibility would be due to a one-photon transition to the 4F3/2 level followed by 
energy transfer (ET) between pairs of excited Nd3+ ions. As a result of this process two ions 
excited to the 4F3/2 level may interact and exchange energy in such way that one decay to the 
ground state and the other is promoted to the 4G7/2 level from where it decays radiatively to 
lower lying levels. However, although this process of energy transfer has been observed in 
other glasses [Rai, 2009; Rai et al., 2008]. In the present case this process is not expected to be 
more efficient than the TPA process discussed above because the one-photon frequency 

detuning for the electronic transition 4I9/2  4F3/2 is ≈ 1500 cm-1. The absorption has to be 
phonon-assisted and the corresponding probability is small. Another possibility to excite the 
4F3/2 level would be a resonant one-photon transition originating from the 4I11/2 level. 
However the population in the 4I11/2 level is small at ~300 K. In both cases the UC 
luminescence intensity would present a quadratic dependence with the laser intensity and 
with the Nd3+ concentration.  
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