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Abstract 

Nanocrystals (NC) of Pr3+:BaY2F8 with average diameter of 24nm have been successfully 

prepared by high-energy ball milling. The method is versatile, easily scalable and does not 

require the use of surfactants or catalysts. NC were prepared starting from high quality single 

crystal pieces and their spectroscopic features are analyzed and compared with those of a single 

bulk crystal. Under 445nm excitation, we recorded the 10K and room temperature emission 

spectra of the two samples. The spectra show the same peak positions and width, and this means 

that the milling process does not introduce substantial modifications to the crystal structure. 

Besides, there are strong differences in the relative intensity of the lines emitted towards 

different lower lying levels in the two samples. In particular the high-energy transitions seem 

to be hyper intense in the NC with respect to the bulk sample. On the contrary, the emission 

lines that ends at excited levels are less intense in the NC. In addition, the time evolution of the 

3P0 decay shows striking differences between the nano-sized materials and the bulk sample. 

Despite the exponential decay of the latter luminescence (τ=43µsec), NC possess a strong non 

linear component with a lifetime much shorter than in the bulk. Calculations show that nearly 

89% of the excited ions contribute to the short-time decay, which is attributed to ions residing 

near the NP surface.  
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1. Introduction  

Lanthanide-doped nanoparticles have gained considerable attention thanks to their high 

potential in a wide range of photonic applications, such as photoelectric devices [1-2], liquid 

lasers [3], nano-labels in biological imaging [4-5] or in nanomedicine [6-7]. Among them, rare 

earth-doped fluoride nanocrystals (NC) possess unique spectral features [8-10] that make them 

interesting for several applications. Fluoride NC are considered non-toxic and the large choice 

of dopants and doping levels permits to tailor the emission features for the desired application 

from UV to the mid-infrared region [11]. For these reasons, many different fluoride crystals 

have been investigated in nano-sized shape, such as YF3, LaF3, BaYF5, NaLaF4, NaGaF4, and 

NaYF4 [12-20] with interesting up-conversion emissions and a large interest has been recently 

devoted to the possibility of enhancing the luminescence efficiency through, for example, the 

growth of core-shell structures [21,22] or the coupling with plasmon nanostructures [23]. 

Nevertheless, the choice of the host material is limited by the possibility of obtaining it by 

chemical synthesis. Many more fluoride crystals are well known as bulk materials, and each of 

them has peculiar thermo-optical properties that affect the emission features of rare earth 

dopants. Moreover, very few studies report about the differences in the optical properties of NC 

compared with the bulk material of the same composition, and in these studies, important 

differences in the emission spectra are evidenced [24] for which no conclusive explanation has 

been found, yet. For this reason, it would be extremely desirable to extend this characterization 

to the whole class of fluoride crystals and, especially, to carry out a comparison of the spectral 

features of NC and bulk materials of the same composition in order to observe any change that 

can be induced by the nanometric size.  

In this work, we present high-energy ball milling as a simple, versatile, low cost and easily 

scalable production method that does not involve the handling of toxic or dangerous solvents 
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or surfactants. High-energy ball milling has already been used for the synthesis of various 

nanomaterials, nanograins and nano-composites from solid state [25-27], and has also attracted 

particular interest in the industrial production for various applications such as medical/personal 

care, batteries, compounds of non-metallic elements and catalysis [28]. With this method we 

produced 1.25%Pr:BaY2F8 (Pr:BYF) NC with an average diameter of 24nm. This top-down 

approach naturally permits to compare the spectral features of the NC with those of a bulk 

crystal of the same composition, and gives the unique possibility to study the modifications 

induced by the nanometric size and get a deeper insight in the physical processes that lead to 

the extremely interesting fluorescence of these materials. Moreover, BaY2F8 crystal is a very 

good laser host material from which efficient lasing has been obtained in various wavelength 

regions [29-33], mOreover, it has also proven to be a good material for white light emission 

[34] and has already been found to be a good emitter in nano-crystalline form when doped with 

Yb and Er [35]. We performed spectroscopic experiments on nanocrystal samples (NC) and on 

a bulk crystal (BC) of the same composition at both 10K and room temperature.  

2. Experimental details  

2.1 Single crystal growth and crystal structure 

BYF is a monoclinic crystal with cell parameters a = 6.935Å, b =10.457Å, c = 4.243Å, α = 

γ=90°, and β=99° 40’ [36]. The main symmetry axis is the b-axis with symmetry C2/m. The rare-

earth ions occupy the Y-site. The point symmetry of the Y lattice site is C2h. A BaY2F8 crystal 

doped with 1.25 at% Pr3+ (concentrations in the melt, given with respect to the Y-site) was 

grown by the Czochralski method. The growth facility consists of a Czochralski furnace with 

resistive heating and automatic optical diameter-control. Crystal growth was carried out in high-

purity argon atmosphere to avoid contamination of the crystal. The starting materials were 
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proper amounts of 5N fluoride powders supplied by AC materials (Tarpon Springs, FL, USA). 

The dopant was added to the pure BaY2F8 melt in trivalent form (PrF3), and a proper amount of 

BaF2 was added for compensation. The growth process was carried out at temperature around 

970°C, with 0.5mm/h pulling rate, and 5rpm rotation rate. The crystal was of good optical 

quality and free of cracks. It was oriented by X-ray Laue technique, cut along the X,Y,Z optical 

axes of the crystal and polished to allow polarized measurements. The samples obtained were 

parallelepipeds with sides in the range 2-8mm.  

2.2 Nanocrystal preparation 

Crystal pieces were cut from the single crystal boule and used for NC production. This ensures 

the identical composition of NC and BC. Single crystal pieces were pestled in an agate mortar. 

Subsequently they were put in a ZrO2 jar together with water and ZrO2 spheres and then milled 

using the Planetary Micro Mill PULVERISETTE 7 premium line (Fritsch GmbH) with 14 

cycles at 800RPM for 5min each. Adequate rest time was waited between cycles to allow 

thermal cooling of the system in order to prevent any temperature-induced chemical 

modification in the material. Separation of the nanometric component was performed through 

centrifugation. 

2.3 TEM Characterization 

Transmission Electron Microscope (TEM) analysis was carried out with Zeiss Libra 120 

transmission electron microscope working at 120kV and equipped with an in-column Omega 

filter. The sample was prepared by dispersion in isopropyl alcohol and, after sonication, a drop 

of the dispersion was put on a carbon coated copper grid and let evaporate. 

2.4 Spectroscopic Characterization 
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Emission spectra polarized parallel to the X, Y and Z optical axes of the BC sample were 

measured in order to observe all possible transitions of the Pr3+ ion in BYF in the visible range. 

Polarized measurements were then averaged to obtain unpolarized spectra to be compared with 

results on NC. We performed measurements both at room and at low (10K) temperature. For 

the NC samples, the powders were dispersed in methanol, deposited onto a sample holder and 

let evaporate.  

For low temperature measurements, the sample was in thermal contact with the cold finger of 

a closed-cycle helium cryostat. Particular care was devoted to the quality of the thermal contact 

and the system was given ample time to equilibrate. The samples were pumped by a diode laser 

beam with incident power of about 100mW and wavelength of 445nm (energy 22472cm-1), 

corresponding to the highest absorption peak of Pr3+ in the BC [37]. At room temperature, the 

bulk sample was mounted with the input face either perpendicular to the pump beam or at 45° 

with respect to it that is, in the same experimental conditions used for the NC, to check if the 

mounting geometry could induce any relevant difference in the spectra. In all cases, the 

fluorescence signal was detected perpendicularly to the pump laser direction. The luminescence 

was then chopped, filtered with a polarizer and focused on the input slit of a 0.25m (at 10K) or 

0.33m (at room temperature) monochromator equipped with a 1200grooves/mm grating. The 

signal was detected by a suitable photomultiplier (S20 cathode) and sent to a lock-in amplifier. 

Data were recorded by a computer for storage and data analysis purposes. All spectra were 

normalized for the optical response of the system using a black body source at 3000K. In spite 

of the monchromator filtering, NC spectra showed a strong residual scattering from the laser 

line in the short-wavelength part of the spectrum. This scattering was subtracted from the 

acquired spectra with a phenomenological fit of the fourth or sixth power of the inverse of the 
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wavelength difference from the laser line (445nm). This procedure yielded a good elimination 

of the background scattering. 

For the lifetime measurements the apparatus was similar, but the pump source was a pulsed 

doubled Ti:Sapphire laser (30ns pulse duration, 10Hz repetition rate) tuned to the maximum 

absorption of the sample around 22000cm-1 and the luminescence was filtered with suitable 

filters. The amplification chain was properly modified and the signal was sent to a digital 

oscilloscope and then stored on a PC. The response time of the detection apparatus was 1μs. 

3. Experimental results and discussion 

3.1 TEM characterization 

Figure 1a shows an example of the bright field TEM images used for the analysis. The statistical 

analysis was carried out on 533 nanoparticles.  

NCs showed irregular shapes with limited asymmetry. Figure 1b shows the statistical 

distribution of the measured diameters. The average grain size is 24nm with a standard 

deviation of 8nm and the median is 22nm. The minimum diameter measured is 7.5nm and the 

largest is 56nm. Since this wide particle size distribution has been obtained with standard 

centrifugation technique, we believe that a careful optimization of the procedure or the use of 

more sophisticated techniques could lead to a narrower distribution.  

3.2 Photoluminescence spectra 

Figure 2 shows the unpolarized luminescence of the BC and NC samples in the visible range 

(450–750nm) at 10K. For the BC sample the unpolarized spectrum was obtained as an average 

over the three possible polarizations and the NC spectrum has been multiplied by a factor of 6 
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and shifted for better readability. The spectra contain lines originating from the 3P0, 3P1, 3P2 1D2 

and 1I6 levels and the number of observed lines never exceeds the number of theoretical lines 

predicted, as expected in samples of good crystal quality. Moreover, no significant differences 

in the energy position and line width of the two samples are observed. This implies that no 

substantial structural changes are induced in the sample during the high-energy milling process, 

that is, the NC retain the good crystalline quality of the bulk sample. This demonstrates that the 

high-energy milling method is capable of producing high quality NC with size less than 25nm 

and that the number of ions residing in sites so close to the surface to see a distorted symmetry 

that modifies the energy level positions is negligible. It may be worth noting that the starting 

material could also be a polycrystalline mass, rather than a Czochralski-grown single crystal, 

in fact, the single crystal has been pestled before the milling process, and this makes the method 

even more versatile.  

Although the shapes of the emission bands are similar in both BC and NC samples, there are 

noticeable changes in their intensities. Regarding the overall luminescence of NC in comparison 

to the BC sample (excited at the same pump level), it should be noted that in Figure 2 the NC 

spectrum has been amplified by a factor of 6. It is generally believed that nanoparticles have 

smaller luminescence efficiency than their bulk counterparts due to the large surface area in 

which a variety of quenchers can exist [38]. Moreover, also upconversion is believed to be less 

efficient in NC [22] even if its efficiency has shown anomalous behavior in some cases [39]. 

However, it is difficult or even misleading, to compare the absolute emission intensity of 

different samples. In spite of the identical experimental setup and pump level, such differences 

can be connected to the lower density of the NC powder with respect to the bulk samples, to 

different observed volumes, or any other experimental differences in the setups, but also to a 

different average refractive index of the surrounding medium and to trapping effects [40,41].  
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Much more informative are the differences in the relative intensity of the various lines, which 

are expected to be identical in the two samples. On the contrary, in our case some lines appear 

much more intense in the NP and others much weaker. In other words, we observe a 

redistribution of the emitted energies over the different emission lines. In fact, a few lines are 

present in one of the samples and not in the other. One line of the 3 3
0 3P F→  transition is not 

present in the NC spectrum (λ≈14129cm-1), but this line is very weak in the BC sample, too. 

What is more striking is that the whole 1 3
2 4D H→  transition is clearly visible in the NC, but 

is completely missing in the BC sample. In general, the lines belonging to different transitions 

show different relative intensity in the two samples, in particular the 3 3
0 4P H→  and 1 3

2 4D H→  

transitions appear to be hyper intense in the NC, in fact their intensity is much higher in NC 

than in BC even after correcting for the factor of 6 amplification in the figure. On the other 

hand, the other transitions, including those originating from 3P0, and 1D2 are generally weaker 

in NC. This seems to be connected to differences in the oscillator strengths in the two samples 

rather than to different populations of the emitting levels. In fact, the lines originating from the 

same level but arriving to different levels have different relative intensities in the two samples. 

Moreover, the intensity ratios of the different lines in the NC over the BC do not seem to have 

a simple dependence on the energy of the emitted photons, therefore, a phenomenon linked to 

different photon modes in the nanoparticles with respect to the bulk sample (which could affect 

the spontaneous emission ratio) should be ruled out. Instead, there seems to be a strong 

dependence on the final state of the ion, being the transitions towards higher (lower) states the 

most depressed (amplified). 

In order to have a better picture of the situation we also compared the room temperature 

emission spectra of the two samples. Figure 3 shows the room temperature unpolarized 
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emission spectra. The NC spectrum has been multiplied by a factor of 3 and shifted for better 

readability. The room temperature spectra confirm the 10K observations: the peak positions 

and widths are identical in the two samples, the overall luminescence intensity is lower in the 

NC, but some transitions appear to be hyper intense in the NC. A closer look to the spectra 

indicate that, for every emitting level, the relative intensity of the NC emission tend to diminish 

with decreasing the energy of the transition. Similarly to the low temperature emissions, the 

transitions of 3
0P  and 1

2D  to the fundamental 3
4H  are more intense in the NC, while the 

transitions to the excited levels 3 3 3 3 3
5 6 2 3 4( , , , , )H H F F F  are less intense in the NC. The 3

2P  

level shows three transitions in the visible spectral range: referring to the arbitrary scale used 

in figure 3, one notices that the 3 3
2 5P H→  transition is more intense in the NC, 3 3

2 6P H→  has 

comparable intensity, and 3 3
2 2P F→  is less intense. To visualize this trend, we calculated the 

intensity ratio between the NP and bulk fluorescence of the lines we could unambiguously 

assign and plotted it against the energy of the final level of the transition. This result is 

summarized in Figure 4 where the solid line is just a guide for the eye. With this analysis, any 

difference in the quantity of analyzed sample (e.g. caused by the amount of NC used, the size 

of the BC, a different geometry in the setup) is cancelled out in the ratio, and the result should 

be constant if all the physical processes leading to the emissions were the same in BC and NC. 

Instead, the intensity ratio decreases with the energy of the final level and the trend is similar 

for various emitting levels both at room temperature and 10K. Again, this cannot be explained 

with a different population of the emitting levels in the two samples or to the different method 

used for averaging over the polarizations, instead it confirms that the nanometric size of the 

samples favors the transitions towards the lower energy states over the higher ones. 

Unfortunately, due to the overlapping of different transitions, it was not possible to extract a 

clear quantitative trend in the emission intensity of the various lines, and more investigations 



  

12 

 

are needed in this respect, even with other active ion doping and/or other host materials. It is 

generally believed that the fluorescence in nano-sized materials is usually quenched by external 

centers that interact with the NC surface, but this would affect the overall population of the 

emitting levels and therefore, all transitions originating from the same multiplet should be 

equally quenched. Possible explanations, instead, could be connected to a surface modification 

of the density-of-states of phonons that produce changes in the nonradiative relaxation rates in 

nanoparticles [42], to a different electron-phonon coupling of Pr ions residing near the surface 

[10] or to a slight difference of the crystal potential for these same ions, which could be small 

enough to prevent observable changes of the energies of the transitions but could affect the 

dipole elements between the different states. It should be noted, in fact, that most of the 

observed transitions are not allowed in a dipole approximation for the free ions, and even a 

really small mixing could affect the oscillator strengths. Presently, we have no conclusive 

explanation for these behaviour and its theoretical study is beyond the aim of this manuscript, 

moreover, more detailed analysis of the differences between NC and BC of this or other 

compounds with a simpler energy level scheme will be necessary to have a complete picture of 

the situation. 

 

Fluorescence decay analysis 

The room temperature decay curve of the blue 3 3
0 4P H→ fluorescence of Pr3+ ions in BaY2F8 

BC and NC are shown in Figure 5 in semi-logarithmic scale. The linear relationship of the BC 

decay demonstrates its single exponential character. The fluorescence lifetime of the 3
0P  

manifold in BYF:Pr3+ BC is obtained by linear fitting of the results and it is 43 sτ µ= . This is 
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comparable to the radiative lifetime ( )49rad sτ µ=  of this manifold calculated previously from 

the JO theory at room temperature [37]. 

The luminescence quantum efficiency ( )η is defined as the ratio of the number of photons 

emitted to the number of photons absorbed and is equal to the ratio of the experimental lifetime 

to the predicted radiative lifetime and it is given by: 

exp 100
r

τ
η

τ
= ∗                  (1) 

The η  value for the 3
0P  level at room temperature is found to be 88% for BaY2F8 BC. This 

high quantum efficiency of the 3
0P  visible emission suggests BaY2F8 crystal as a potential host 

material for various applications.  

Room temperature fluorescence decay curve of the 3
0P  multiplet of Pr:BYF NC, shows a 

strongly non-exponential character. The difference between NC and BC decay is striking, but 

the difference is not simply a longer or shorter exponential decay, as predicted for example in 

[40], but a strong deviation from the linear character. This could be due to the presence of 

quenching centers at the NC surface, or to the fact that bilinear processes play a much different 

role in NC and in BC. It is well known that Pr ions excited in the 3Pj levels can undergo different 

cross relaxation processes, such as 3 3 3 1
0,1 4 6 2( , ) ( , )P H H D→  and/or 3 3 1 1

0,1 4 4 4( , ) ( , )P H G G→ , 

[43] even if we did not observe strong evidence in the BC, probably due to the low doping level 

of the material. 

Under certain assumptions Inokuti and Hirayama [44] developed a model for bilinear decays 

which assumes that the energy of an excited donor transfers to the surrounding acceptors in the 
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ground state directly and gives the possibility to determine the nature of ion–ion interaction 

(dipole–dipole D–D, dipole–quadrupole D–Q or quadrupole–quadrupole Q–Q). If the process 

responsible for the non-exponential decay is cross-relaxation, the expression derived by Inokuti 

and Hirayama for the decay of luminescence of a donor–acceptor system is given by: 

3/S

0 0

3( ) (0)exp 1 (2)A

c

Nt tI t I
S Nτ τ

    = − −Γ −   
    

 

where 
0τ  is the intrinsic lifetime of the donor, Γ  is the Euler gamma function, which is equal 

to 1.77 for dipole–dipole (S = 6), 1.43 for dipole–quadrupole (S = 8) and 1.3 for quadrupole–

quadrupole (S = 10) interactions, respectively. 
AN  is the acceptor concentration, and 

cN  is a 

critical transfer concentration.  

For S = 6 one obtains 

3
0

3 (3)
4cN

Rπ
=  

where 
0R  is the critical transfer distance defined as the donor–acceptor separation for which 

the rate of energy transfer between a donor and acceptor is equal to the rate of intrinsic decay 

rate ( 1
0τ
− ) of the donor. The dipole– dipole interaction parameter DAC  is related to 0R  as: 

6
0

0

(4)DA
RC
τ

=  

The above expression becomes 
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0

3/2

(t) I(0)exp , (5)

4 (6)
3 A DA

tI t

N C

γ
τ

γ π

 
= − − 

 

=

 

In Figure 6 the NC fluorescence decay curve of the 3 3
0 4P H→  transition is plotted as 

0 0ln ( I(t)/I ) /t τ+  against 3/
0( / ) St τ  for S=6, 8, and 10 together with the best linear fitting based 

on the Inokuti–Hirayama model. From Fig. 6 it is clear that none of the functions used for fitting 

is able to reproduce the experimental decays, in fact the experimental data are not represented 

by a straight line in the 0 0ln ( I(t)/I ) /t τ+  - 3/
0( / ) St τ  space. 

The failure of the Inokuti–Hirayama model indicates that our physical conditions do not fulfill 

the assumptions of the model. One of these is that the number of excited ions must be small 

compared with the total number of active ions. It is worth noting that the BC of the same 

composition and in the same experimental conditions shows an exponential decay, and this 

means that the doping concentration and the excitation density in this case are small enough not 

to trigger bilinear processes.  

Time dependence of the 3
0P  luminescence intensity for higher concentrations could also be 

explained using the diffusion limited energy transfer model proposed by Yokota and Tanimoto 

[45]. This model describes the decay of the donor luminescence in bulk materials, but its 

application to nano-objects is questionable because in this model, diffusion within the donor 

network is supposed to occur before a donor transfers its excitation energy to an acceptor 

nearby. In a nano-object a diffusion process over large distances is unlikely to occur because 

the excitation cannot cross the grain boundaries. Furthermore, the shape of the nanoparticles 
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(spherical, ellipsoidal. . .) can influence the decay profile as discussed in [46]; therefore, we did 

not apply this model to our system. 

We have found however that the temporal behavior of the 3P0 level can be modelled by a simple 

bi-exponential decay, as sometimes found with other Pr-doped compounds [47-50]: 

1 2
1 2

I(t) exp( ) exp( )t tA A
τ τ
− −

= +  (7) 

where 1τ  and 2τ  are the slow and fast decay components (long and short lifetimes), 1A , 2A  

are the fitting weighing factor parameters. The best fitting for NC is shown in figure 7. The 

agreement with experimental data, in this case, is very good and the parameters obtained are 

1 0.89A = , 1 2.45 sτ µ= , 2 0.11A = , 2 26.7 sτ µ= . The fast decay is attributed to the presence of 

a strong quenching mechanism and the slow decay is of the same order, but shorter than BC 

lifetime. This can be caused by the fact that there could actually be a continuous distribution of 

fluorescent decay times, that is however well represented by a simple bimodal one, with 

contributions to the slower population given also by slightly perturbed Pr3+ ions. In any case, 

in terms of 1τ , 2τ , 1A  and 2A  , it is possible to distinguish the number of ions decaying with 

different lifetimes. The percentage of ions ( )N   with fast lifetime 1τ  is given by: 

𝑁𝑁 = 𝐴𝐴1
𝐴𝐴1+𝐴𝐴2

               (8) 

The calculated values of N, with the above equation is 89% for 1.25% Pr3+ doped BaY2F8. Since 

the usual models for non-linear energy transfer processes did not satisfactorily fit the decay 

kinetics, and because of the fact that the decay was linear in BC, we attribute the fast decay 

component to surface effects of ions residing near the surface of the NP. 
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Using the above two lifetime values ( 1τ  and 2τ ), the amplitude average lifetime τ〈 〉  have 

been calculated for Pr3+ emission states from: 

〈𝝉𝝉〉 = 𝑨𝑨𝟏𝟏𝝉𝝉𝟏𝟏+𝑨𝑨𝟐𝟐𝝉𝝉𝟐𝟐
𝑨𝑨𝟏𝟏+𝑨𝑨𝟐𝟐

     (9) 

The average lifetime of Pr3+:BaYF NC (
expτ ) is found to be 5.1μs. The luminescence efficiency 

calculated with (1) in this case is η =10.4%. Both the average lifetime and the luminescence 

efficiency are, therefore, much smaller in NC than in BC.  

Conclusions 

We used the high-energy ball milling process to produce 1.25% Pr:BaY2F8 nanocrystals with 

average diameter of 24nm. The method is simple, versatile, low cost and easily scalable. In fact, 

it can also be applied starting from a polycrystalline mass or powder instead of a Chzochralski-

grown single crystal. Moreover, it naturally permits a comparison of the emission properties of 

bulk material and NC to have a deeper insight in the physical processes taking place in nano-

sized materials. In fact, we compared the fluorescence features of NC and bulk crystal of the 

same composition. The 10K and room temperature luminescence did not show any relevant 

difference in the peak position and width. This demonstrates that the milling process did not 

induce any structural modification in the crystal quality. The main differences between BC and 

NC regards the relative intensities of the various emission lines, and the temporal behavior of 

the luminescence. A detailed analysis of the 10K and room temperature emission intensity of 

the various lines shows that transitions to the ground state appeared to be hyper intense in the 

NC, but transitions to excited states tend to weaken with increasing the energy of the final level. 

Therefore, the nanometric size of the grains have an influence on the various transition 

probabilities probably due to a surface modification of the density-of-states of phonons that 
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produce changes in the nonradiative relaxation rates or to differences in the crystal potential for 

these same ions, which could affect the dipole elements between the different states. Another 

striking difference between the two samples regards the temporal behavior of the 3
0P   emitting 

level: the decay is exponential in the bulk material, but strongly non exponential in the NC. 

About 89% of the active ions seem to contribute to the short-decay-time behavior, that is, atoms 

that should be placed near the NC surface at a distance small enough to feel surface effects.  
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Figure 1: a) TEM bright field image of a dispersion of Nps. b) Plot of the grain size distribution 
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Figure 2: 10K fluorescence of Pr3+:BaY2F8 crystal and NC. 
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Figure 3: Room temperature emission spectra of 1.25% Pr:BaYF NC and bulk crystal. 
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Figure 4: Intensity ratio of the various emitting lines of 1.25% Pr:BaYF NC and bulk crystal 

plotted as a function of the energy of the final state of the transition. The legend shows the 

emitting level, the graph the assignment to the final multiplets. 
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Figure 5: Room-temperature fluorescence decay curves of NC and crystal. 
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Figure 6: Inokuti–Hirayama presentations with (a) s = 6, (b) s = 8, and (c) s = 10 of the room-

temperature fluorescence decay curve for the 3P0 →3H4 transition of Pr3+:BaY2F8 nanocrystal. 

The points represent the experimental results by plotting ln [I(t)/I(0)]+t/τ0 against (t/τ0)3/s and 

the solid lines represent the Inokuti–Hirayama fits. 
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Figure 7: Room-temperature fluorescence decay curve of Pr3+:BaY2F8 crystal with bi-

exponential fit (solid line) superimposed. 
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