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It is well known that REVO4 doped with luminescent Ln3+ ions play an important 

role as promising light-emitting materials [1]. Properties such as moderate cut-off 

phonon energy, relatively higher-luminescence quantum efficiencies and inherent 

stability are common in rare earth orthovanadates [2-7]. As a host matrix, 

tetragonal zircon-type gadolinium orthovanadate (GdVO4) for RE activators was 

first studied by Zaguniennyi et al. in 1992 and shown to have more desirable as 

well as superior properties than YVO4, such as higher thermal conductivity, 

stronger emission as well as absorption cross section [8]. In general, the direct 

excitation of Ln3+ ions are inefficient, owing to forbidden nature of 4f-4f 

transitions. However, it is the forbidden 4f–4f electronic transitions which offer 

sharp emission bands in the UV–vis range upon UV excitation [9]. Furthermore, 

Gd3+ (4f7, 8S) based host matrices are significant phosphors due to relatively higher 

energy of the lowest excited state in connection with stability of a half-filled of the 

ground state of Gd [1, 10]. Phenomenon such as energy transfer (ET) and charge 

transfer (CT) thus play an important role in enhancing the luminescence efficiency 

[1]. Furthermore, the properties of REVO4 can be tweaked as per requirement 

upon introducing dopants into the host material turning them into exceptionally 

useful matrix materials [6]. Among the different compounds, GdVO4 are of special 

interest from the optical point of view as the excitation of the doped Ln3+ is 

mediated through an energy transfer from the vanadate anion thereby results in 

a higher luminescence [11]. The need for shaping an effectual visible laser sources 

has driven researchers over the past few decades to draw their attention towards 

investigation of Ln3+ ions in various host matrices [12]. In particular, Eu3+ as a 

dopant in GdVO4  has proven to be a highly efficient and intense red light-emitting 

phosphorescent material owing to strong absorption of UV radiation by the VO34- 

groups and efficient energy transfer from host to dopant Eu3+ ions allowing it to 

be purposeful in many devices [1, 6, 10, 13-15]. Eu3+ also exhibits well recognized 

pure red light-emitting center following highly intense 5D0 → 7F2 electronic 

transition [12].  Gd3+ has seven unpaired electrons which makes it suitable for 

magnetic resonance imaging, while the D-F transitions in Eu3+ allow it to perform 
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extremely well as red phosphors [1, 3]. The combination of both lanthanide ions 

has been the basis for the development and characterization of most bifunctional 

contrast agents [3, 16, 17]. 

Various reports can be found in literature that deal with studies 

determining the optimum doping level for best PL emission profile. Nunez et. al. 

reported that 10 mol% Eu3+ dopant displayed the highest emission intensity in 

Eu3+ doped GdVO4 nanocrystal (doping level from 2-15%). Moreover, while most 

phosphors display fluorescence quenching with increasing temperature, 

Eu3+:GdVO4 have applications in high temperature environments for their 

remarkable performance [18]. In the past few decades, usage of radiation such as 

influence of high energy photons (gamma or X-rays) have gained manifold 

applications, with continuous rise in interest in various fields viz. nanophotonics, 

agriculture and nuclear engineering, , space technology, clinical usage etc. [19, 20]. 

It is worth mentioning that -rays are used in radiation radiography and medical 

equipment’s sterilization in clinical research domain, while in agriculture, 

radiation treatment are largely utilized for food items to extend their shelf-life by 

destroying harmful pathogens without affecting the nutrition chains of the food 

items [21]. 

A radiation energy higher than the band gap of the material, has the 

potential to ionize the electrons from their valence band and thereby are free 

resulting in generation of positive holes captured by the already present intrinsic 

defects. It is noteworthy that to the best of our knowledge the interaction of  rays 

with Gd based orthovandates doped with Ln3+ ions is scarcely found in literature. 

In this Chapter, we report a thorough investigation on Eu3+ doped GdVO4 

nanosystem to determine optical emission response and the critical concentration 

necessary for the luminescence quenching behaviour. The effects of radiation in 

the luminescence profile and the lifetime of tranititons involved are discussed in 

detail. 
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4.1. Excitation spectra 

The excitation spectrum as shown in FIGURE 4. 1 (a, b) for the different samples 

was recorded targeting emission wavelength of 615 nm. The observed excitation 

spectrum is characterized by two major excitation bands corresponding to Eu3+–

O2- and V5+–O2- charge transfers [3]. The asymmetric excitation band profile 

suggests overlap of additional excitation components on the higher energy side of 

the excitation band [22]. To reveal more information as regards the overlapping 

bands, the entire spectrum was subjected to deconvolution. The bands ranging in 

between ~220–270 nm are in general ascribed to the transitions toward the charge 

transfer state (CTS) due to Eu3+– O2- interactions [10]. However, the band observed 

at ~254 nm can be attributed to a charge transfer (CT) process from oxygen ligands 

to the central vanadium ions inside the [VO4]3- groups [23, 24]. The broad band at 

~254 nm has also been assigned to the host ion based 8S–6D transition [18].  

Characteristic Eu3+ excitation bands usually appear beyond 350 nm, 

including the observed 7F0-5D3 transition [18]. It is noteworthy that band 

corresponding to the intra-f transitions within the 4f6 configuration of the Eu3+ 

ions, typically ascribed to 7F0→ 5L6  and 7F0,1→ 5D2  of Eu3+ ion were observed at ~ 

395 nm and 459 nm respectively [25-27]. The ~395 nm band is the characteristic 

band for Eu3+, however its intensity was determined to be comparatively weaker 

than that of the ET transitions from [VO4]3- -Eu3+. This implies that ET transitions 

from [VO4]3- to Eu3+ are more efficient excitation pathways for the characteristic 

red emission of Eu3+ [24]. The possibility of efficient energy transfer between 

[VO4]3- to Eu3+ ions has been reported earlier [16, 18]. It is known that under UV 

excitation, the energy migrates easily through [VO4]3- group and then transfers to 

the dopant RE ions activators leading to the characteristic f-f transitions [27]. In 

such case, host Gd3+ ions act as effective sensitizing ions as the Gd3+ 4f7, 8S has its 

lowest excited state levels at relatively higher energy values as a consequence of 

stability of the half-filled shell ground state [4, 27].  
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4.2. PL Emission profile 

 It is widely known that under UV excitation, Eu3+ doped GdVO4 nanoparticles 

display intense red luminescence due to transitions within f- shell of the Eu3+ ions 

[28]. The normalized emission profiles of the nanosystem excited at 400 nm can be 

observed in Figure 4.1(c). Important transitions observed are 5D0→7F1,2,3 of which 

the most intense peak was found to be the 5D0→7F2 transition. The mechanism of 

energy transfer between the host and dopant involves four steps, (i) host sensitizer 

(with creation of a Frenkel exciton), (ii) migration of exciton within the [VO4]3- 

sublattice, (iii) energy transfer to activator ions, and (iv) PL emission [29]. It is   

Figure 4.1. Photoluminescence (a) excitation spectra and (b) emission spectra of 

nanophosphors.  (c) Red- orange emission intensity ratio for samples doped with 

different Eu3+ concentration. (d) Model for emission processes involved in 

Eu3+:GdVO4 depicting efficient excitation route. 



 -irradiation induced luminescence quenching in GdVO4:Eu3+ nanosystems and 

related phosphorescence decay dynamics  Chapter IV 

110 
 

important to note that migration of Frenkel excitons can lead to lattice distortions 

as for exciton-lattice interactions, the excitation  is coupled to the lattice creating 

lattice distortions which travels adiabatically with the electronic excitation [30]. 

Among all the emission spectral lines observed, 5D0-7F2 (~615 nm) and 5D0-

7F3 (~650 nm) transitions originate from Eu3+ located at the C2 sites by the electric 

dipole transition and 5D0 → 7F1 by magnetic dipole transition positioned at both 

S6 and C2 sites [29, 31]. MDT in RE ions are allowed transitions while the electric 

dipole transitions are forbidden. The local symmetry around the dopant activator 

ions without an inversion centre, are responsible for lifting parity forbiddance 

leading them to be partially allowed [32]. MDT is generally observed only 

between states of the same parity and thus are not sensitive to the host matrix as 

EDT [33]. The most intense MDT is observed at ~590 nm for 5D0 → 7F1 while the 

most prominent peak in the spectra is the host-dependent EDT is, otherwise 

termed hypersensitive 5D0 → 7F2 transition positioned at 615 nm. Interestingly, the 

Figure 4.2. Deconvoluted emission profiles of (a) 1% EuGdV (b) 3% EuGdV (c) 5% 

EuGdV and (d) 7% EuGdV, excited at 400nm 
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5D0-7F0 transition usually observed at ~580 nm was not observed in our case. The 

transition is strongly forbidden in the D2d symmetry [29]. It is well known that 

alternative edge-sharing VO4 tetrahedra and GdO bisdisphenoids extending 

parallel to c-axis which are laterally joined by edge-sharing bisdisphenoids are 

realised in crystalline tetragonal GdVO4. Also, GdO8 dodecahedra have two sets 

of four equal Gd–O bond lengths: short and long involving the point symmetry 

D2d of Gd3+, with no inversion centre. It is argued that the emission peak due to 

hypersensitive 5D0 → 7F2 transition is dominant as for the Eu3+ substitutes the Gd3+ 

lattice of D2d site symmetry which is highly asymmetric [25]. This explains the 

dominant nature of the 5D0 → 7F2 in the emission spectra. Additionally, no 

emission peaks from the [VO4]3- group were detected which implies effectual 

[VO4]3- to Eu3+ ET [15, 34].  

As observed from FIGURE 4.1(c), upon varying the dopant concentration, 

the intensity for the 5D0 → 7F2 transition was found to increase and find a 

maximum value at 3 mol% dopant concentration, beyond which, the intensity 

decreased. Such variation was speculated as a consequence of inhomogeneous 

distribution of the dopant ions in the host lattice and thereby the local symmetry 

is compromised. Eventually the hypersensitive EDT is effected while the MDT 

remains almost unaffected. The observation of drop in the intensity around 5mol 

% Eu concentration can be assigned to concentration quenching effect [15]. In 

general, increment in the concentration of Eu3+ ions leads to decrement in the 

inter-ionic distance between dopants, thereby promoting Eu–Eu interactions 

which ultimately results in cross relaxation processes [3, 11]. To be mentioned, 

multiphonon relaxation, concentration quenching and the cross-relaxation 

between neighbouring Eu3+ ions, quench the 5D0 → 7F1,2,3,4  transitions  

substantially [35]. In order to determine if any splitting has occurred, we de-

convoluted the spectra as shown in Figure 4.2. We observed prominent overlap of 

peaks at the red regime- ~598 nm, 615 nm, and 625 nm. It is also to be noted that 

the PL emission intensity ratio of EDT (615 nm) to MDT (590 nm) i.e. (Red to 

Orange ratio), enables us to assess important information about the symmetry as 
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well as covalent nature at the site occupied by Eu3+ ions in the host matrix. [33, 35, 

36]. A greater value of the ratio or inequality in the intensities of the two 

transitions implies larger asymmetry and henceforth the ratio can also have 

termed as the asymmetric ratio [29, 32]. In fact, higher EDT:MDT intensity ratio 

implies that the local symmetry around dopant ions is closer to an inversion centre 

[33]. The effect of the dopant concentration in altering the EDT:MDT intensity 

ratio can be assessed using FIGURE 4.1(c). The EDT:MDT intensity ratio was 

determined to be greater than 1 in all the cases which implies that dopant ions are 

situated at the higher asymmetry sites where the local site symmetry is deviated 

from inverse centre [35]. Also, upon increasing the dopant concentration from 1 

to 3mol% led to subtle rise in the ratio. Distortion introduced in the lattices and 

the oxygen deficiencies in the nanosized systems may increase the degree of 

disorder and lower the local symmetry of Eu3+ ions, and as a consequence, the 

probability for the  5D0 → 7F2 transition to occur is increased but then again 

dropped beyond 5% [32]. As discussed earlier, the observation is attributed to 

quenching effects and processes involved thereof including non-radiative energy 

dissipation between neighbouring Eu3+ ions. Increment in the dopant 

concentration implies closer site allocation and consequently the probability of 

inter ionic non-radiative energy transfer increases. This leads to rise in metastable 

excited states within the host matrix and consequently nonradiative de-excitation 

via quenching centers or traps tends to increase too [22, 32]. The entire process 

viz. UV excitation of host sensitizer and energy transfer to dopant activator 

followed by radiative and non-radiative events is illustrated in FIGURE 1(d). 

Knowing that the inter ionic separation plays an important role in 

determining the quenching effect, the critical distance, Rc for the critical 

concentration, Xc= 3 mol% was determined using Blasse’s energy transfer 

equation (Eq.5) and was found to be ~1.86 Å [15, 37-39], 

                                       �� = �
3�

4����
�

�
�

  ,                                   (5) 
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where, ‘N’ is number of cations per unit cell ‘4’ for GdV and ‘V’ is the unit cell 

volume determined using ‘Powder cell for Windows®’ to be 325.3 Å3. 

It is generally considered that the degree of disorder in the nanoparticles is 

relatively high, and so a lower crystal field symmetry might be induced in such 

materials [32]. RE based nanosystems display characteristic stark-crystal field 

splitting in the emission profile of the dopant ions [31, 35]. In nanostructures, the 

deficiency of the traps due to the limited primitive cells per particle results in the 

fact that the traps distribute randomly with a considerable fluctuation in 

distribution between particles [32]. In such a case, the number of traps vary from 

particle to particle. Increasing the concentration of luminescent centers, quenching 

occurs first in particles containing more traps, while those particles with few or 

no traps quench only at high concentration or do not quench at all [32]. 

Furthermore, asymmetrical  5D0 → 7F2 emission lines also imply presence of 

distortions in the system around activator ions [29]. Defect formation can also 

occur in a RE vanadate host system as a consequence of difference in 

hydroxylation state between the host and dopant Eu3+ ions prior to the formation 

of the vanadate lattice [29] . 

 

4.3 Effect of γ-irradiation on emission spectra 

By and large, γ irradiation are responsible for atomic knockouts, ionizations and 

modifications in electron densities of the hosts in a dose dependent manner [40]. 

Reports available in the literature also suggest that the emission intensity decrease 

considerably for γ-irradiation beyond ~2 kGy doses [20, 40-42]. Such γ-irradiation 

dose dependent luminescence quenching can be attributed to partial transfer of 

excitation and/or emission energy of the activator  ions towards the defect 

centers/trapped charges (tracks) induced upon irradiation [20]. It is known that 

the defects in the phosphors in general favour non-radiative process as a 

consequence of which the emission intensity would decline [43]. Possibility of 

partial excitation/emission energy migration to defect/trap centres created by 
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radiation cannot be disregarded which might play a role in luminescence 

quenching of Eu3+ emission profile [20, 42]. Moreover, γ-irradiation can typically 

absorb light via creation F centres [42]. 

Similar luminescence quenching threshold of g-irradiation dose (~1kGy) 

has earlier been reported in literature [44]. Interestingly, γ- irradiation induced 

quenching is more prominent in 1% EuGdV system as compared to 3% EuGdV 

system. This observation can be described considering the difference in dopant 

concentration and thereby the number of luminescent centres available in the 

matrix. Earlier, decrement in luminescence of Eu3+ doped ABO4 nanophosphor 

upon γ-irradiation was explained using ‘track interaction model’ (TIM) [45]. TIM 

suggests that for a nanocrystalline phosphor, the extents of the tracks formed due 

to ionizing radiation will be of nanoparticle dimension and hence number of 

trapping centers (TC) created at lower doses would be reasonably less [46]. 

Figure 4.3. Normalized PL emission profiles of unirradiated and -irradiated (a) 1% 

EuGdV and (b) 3% EuGdV with the R/O intensity ratios displayed in (c). (B) The 

deconvolved PL spectra for 1% EuGdV is shown in (a-d) and for 3% EuGdV in (e-h).  
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However, for higher radiation dose, overlapping and accumulation of such tracks 

can lead to saturation as well as decrement in the luminescence intensity [47]. In 

addition, higher number of activator ions i.e. dopant Eu3+ ions imply greater 

radiative events to occur and thereby diminishes the impact of defect mediated 

non-radiative transitions responsible for g-irradiation induced quenching effect in 

the spectral profile. Such insensitive nature towards g-irradiation of the 

transitions from 5D0 level has also been ascribed to the characteristic shielding 

effect of 4f orbital electrons by the outer 5s and 5p orbitals for RE ions, in this case 

Eu3+ ions [43]. We conclude that irradiation doses beyond a specific value does 

not influence the luminescence wavelength distribution of the Eu3+ doped at 

FIGURE 4.4. Pie chart illustrating proportion of the emission intensities in (A) various 

concentrations of (a) 1% EuGdV  (b) 3% EuGdV (c) 5% EuGdV and (d) 7% EuGdV; 

while (B) and (C) demonstrate the same for 1% EuGdV and 3% EuGdV upon g-

irradiation of various doses (a) Irr-A (b) Irr-B (c) Irr-C and (d) Irr-D respectively. 
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critical concentration. A Pie-diagram demonstrating the proportion of the 

emission intensities has been prepared to have a brief overview of the effect of 

dopant concentration and γ-irradiation dose on EDT and MDT in the as prepared 

samples as shown in FIGURE 4.4. 

4.4 Decay analysis  

In order to determine the effect of irradiation in the metastable states of activator 

ions, photoluminescence decay curves were analysed. In FIGURE 4.5, γ-dose 

dependent lifetime decay curves are displayed for 1% EuGdV and 3% EuGdV, 

which were found to be best fit in accordance with single exponential equation 

[48]. We found that upon increasing the dopant concentration, the average 

lifetime has increased. Dopant inclusions introduce defects in the crystal which 

can thereby result in a longer recombination route and hence an increase in 

lifetime. Moreover, other important factors which can result in a longer radiative 

lifetime of 5D0 transitions for Eu3+ in Gd based nanocrystals are (i) the non-solid 

medium surrounding the nanoparticles changing the effective refraction index (ii) 

increased lattice constant upon dopant inclusion [49, 50]. 

 Interestingly, upon irradiation with highly energetic γ-rays, we recorded 

decrement in the average lifetime calculated, as shown in FIGURE 4.6 and 

FIGURE 4.7 [19]. The lifetime values of 3% EuGdV for the important transitions 

Figure 4.5. TRPL lifetime decay dynamics of (a) 5D0-7F1 and (b) 5D0-7F2 in 1% EuGdV and 

3% EuGdV 
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(5D0 → 7F1,2) were determined to be longest for the unirradiated sample. with 

decreasing trend was observed with irradiation doses (FIGURE 4.6). For the MDT, 

5D0 → 7F1 positioned at ~590 nm, lifetime dropped from ~0.26 ms for unirradiated 

sample to ~0.217 ms for Irr-A and further decreased in a linear trend to ~0.19 ms 

upon highest -dose considered (Irr-D). Similar observation could be made in case 

of the most intense transition 5D0-7F2 (~615nm) wherein the decay lifetime 

decreased from 0.22ms for unirradiated sample to 0.16ms for Irr-A following a 

linear trend with a negative slope as the -dose was raised. Very limited reports 

are available in the literature that discuss effect of -irradiation in the lifetime 

decay profiles of RE doped GdVO4 nanosystems.  

Very limited reports are available in the literature that discusses the effect 

of irradiation. No change in lifetime of metastable states of Eu3+ after -

irradiation was inferred as the probability of change in oxidation state of Eu3+  is 

negligible [20]. Viswanath et al. have reported decrement in the decay parameter 

of RE doped GdVO4 upon -irradiation [42]. In another report, decrease in the 

lifetime with increase in -dose was ascribed to defect mediated quenching of the 

excited state [40]. A decreasing trend of lifetime can also be ascribed to an increase 

in the spontaneous emission transition probability as a consequence of 

compromise of local symmetry of Eu3+ ions due to defect manifestation [51]. The 

Figure 4.6. TRPL lifetime decay dynamics of (A) 5D0-7F1 and (B) 5D0-7F2 emission in 3% 

EuGdV irradiated with (a) Irr-A (b) Irr-B (c) Irr-C and (d) Irr-D respectively. 
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observed lifetime quenching can be attributed to the ET processes owing to the 

cross-relaxation and/or non-radiative relaxation channels involved in the 

phosphor [40, 42]. It is known that the distortions in local environment of Eu3+ 

lowers the probability of a radiative transition [52]. Thus, greater -doses imply 

greater probability of non- radiative de-excitation via distortions induced in the 

lattice sites of the dopant Eu3+ ions, which are regarded as a major contributor to 

decrement in average luminescence decay lifetime, as observed [3].  

 As discussed earlier, the excitation pathway involves Frenkel exciton 

migration. The Frenkel exciton migration occurs via two routes, direct diffusion 

model and/or nearest neighbor hopping random walk model [53]. An exciton can 

Figure 4.7. (A) Exponential fit profiles of TRPL lifetime decay dynamics in 3% EuGdV 

for (a) 5D0-7F1 and (b) 5D0-7F2 emission. The linear fit profile for average lifetime 

determined upon irradiation with various doses is displayed in (B) and (C) shows the 

fold change in the major emission lines upon irradiation. 
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be treated as a quasi-particle which can transfer energy acting as excited sensitizer 

to the activators acting as excitonic traps to absorb the energy completely. In 

hopping model, an incident photon excites the host to be eventually transfered to 

nearest neighbours. If nearest neighbour is a host site, either hopping of the 

exciton continues further or photoemission occurs. Alternatively, if the newly 

stepped on site is a trap/dopant, the walk stops and emission of a trap 

fluorescence photon occurs with a constant energy transfer rate given by the 

following equation: [53]  

� = 4�����      (6) 

where, D is the diffusion coefficient of Frenkel excitons, R is the radius of activator 

Eu3+ (exciton traps) and Nt is the trap concentration. Clearly, for Frenkel exciton 

diffusion the energy transfer rate is independent of time, and is proportional to 

dopant concentration. Again, in terms of the lifetime of the Frenkel excitons, the 

rate constant is given by [53]:    

� =
�

��
−

�

��
�       (7) 

where ts, ts0 are the lifetimes of sensitizer in presence and absence of the activator.  

Hence, exciton quenching can lead to reduction of PL decay parameters [54]. In 

such consideration, trapped excitons are usually quenching sites since the defects 

do not show phosphorescent behaviour. Furthermore, non-radiative exciton 

dissociation into free electrons and holes can take place and PL emission 

quenching occurs subsequently [54]. Considering a phosphor, triplet excitons are 

expected to have longer diffusion length than singlets due to their much longer 

lifetime (in the order of a few ~ms) considering exchange interactions involved. 

However, the relevant Frenkel exciton displays a lifetime in the order of ps, or ns 

[54, 55]. Since -irradiation can lead to generation of Frenkel defects, the 

contribution of Frenkel excitons quenching and consequently decrement in 

lifetime of the prominent 5D→7F transitions cannot be ignored and needs detailed 

evaluation to understand the underlying mechanisms involved. 
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4.5. Conclusion 

The luminescence profiling of the prepared samples were undertaken and 

the photoluminescence excitation spectra depicted two major excitation bands 

assigned to Eu3+–O2- and V5+–O2- charge transfer processes. The emission profiles 

suggest that Eu3+ substitutes highly asymmetric D2d site of the Gd3+ lattice 

explaining the dominant nature of the 5D0 → 7F2 and no show up of the 5D0 → 7F0. 

Whereas, no emission peaks from the [VO4]3- group were detected it is concluded 

that ET transitions from [VO4]3- to Eu3+ is more efficient excitation pathway for the 

characteristic red emission of Eu3+. Interestingly, luminescence quenching effects 

were observed beyond a critical dopant concentration of 3 mol% offering maximal 

PL intensity for which, inter-activator distance was calculated to be ~1.86 Å. It is 

to be highlighted that in addition to the dopant concentration dependent 

quenching, we also observed γ-irradiation dose dependent luminescence 

quenching. Such an important observation is attributed to partial transfer of 

excitation/emission energy of activator ions towards the defect centers/trapped 

charges introduced upon irradiation. Furthermore, lifetime quenching was also 

observed ascribed to the ET processes owing to the cross-relaxation and/or non-

radiative relaxation channels involved in the phosphor. The determined 

parameters for 3% EuGdV samples are compared for better understanding with 

that for 3% EuGNP and is presented in Table 1, Appendix-I. The observations 

made needs further detailed investigation as to establish proper energy transfer 

mechanisms involved in the RE based nanophosphors.  
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