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Abstract: The aim of this research is to study photoluminescent properties and particularly energy transfer between Sm3+ 
ions in LaF3 nanocrystals because the energy transfer process has a significant effect on the luminescence efficiency and 
lifetime. Sm3+-doped LaF3 nanocrystals with 0.1, 0.2, 0.3, 1.0, 2.0, 3.0, 4.0 and 5.0 mol% Sm3+ have been prepared by 
hydrothermal method. The obtained nanocrystals were characterized by X-ray diffraction, transmission electron microscopy, 
photoluminescence and luminescence decay measurement. The results showed that the LaF3:Sm3+ nanocrystals possess 
hexagonal structure with �3��1  space group. The room temperature photoluminescence and photoluminescence excitation 
spectra of LaF3:Sm3+ were investigated in detail and interpreted by optical intra-configurational f–f transitions within Sm3+ 
ions. When Sm3+ ion concentration in the nanocrystals is increased, the excitation energy is transferred from the “bulk” Sm3+ 
ions to the surface Sm3+ ions followed by non-radiative recombination at centers at the surface of the nanocrystals. The 
photoluminescence decay curves of 593 nm peak in the LaF3 nanocrystals doped with 1.0-5.0 mol% Sm3+ were best fitted to 
the Inokuti-Hirayama model with the dominant dipole-quadrupole interaction (S = 8). The values of fitting parameters for the 
energy transfer process were determined. 
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1. Introduction 

The study of rare-earth (RE) fluorides is currently an 
active research field in materials chemistry because these 
compounds have potential applications in optics, 
optoelectronics, biomedicine (e.g. lighting and displays, 
biological labelling and catalysis fields, etc...). Among RE 
fluorides, lanthanum trifluoride (LaF3) is considered as an 
ideal host material for different luminescent lanthanide ions 
due to its very low vibrational energies (~350 cm‒1), 
therefore, the multiphonon relaxation of the excited states of 
the RE dopant ions will be minimal, resulting in a decrease of 
the non-radiative rate and a high quantum efficiency of the 
luminescence. 

LaF3 nanostructures have been synthesized via different 

synthetic methods such as hydrothermal [1], solvothermal 
[2], precipitation [3], sol-gel [4], polyol-mediated [5] and 
microwave-assisted [6]. LaF3 nanostructures were formed in 
different morphology depending on technological conditions. 
Many authors obtained nanoparticles [1, 4, 6-8], core-shell 
nanoparticles [3, 8]. Some authors obtained nanoplates [5], 
while the other one [2] received nanorods. 

It is well known that the rare earth doped LaF3 
nanophosphor exhibits efficient room temperature emission 
from the UV to the mid-IR. LaF3 host matrix was doped with 
different RE ions such as Eu3+ [3, 7, 8], Nd3+ [1, 9], Ce3+ 
[10], Er3+ [11] and co-doped with Ce3+ and Tb3+ [4, 6, 12], 
Yb3+ and Ho3+ [13]. It is surprising that Sm3+ is one of the 
most popular RE ions, which is used extensively in optical 
devices; but in the existing literature, work on the 
luminescent property of Sm3+ ions doped in LaF3 is 
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extremely rare. 
In our previous work [14], we studied absorption 

properties and used Judd-Ofelt (J-O) theory for investigating 
optical properties of Sm3+-doped LaF3 (LaF3:Sm3+) 
nanocrystals fabricated by hydrothermal method. In this 
report, we center our attention on the photoluminescence 
(PL) and photoluminescence excitation (PLE) properties of 
the LaF3:Sm3+ nanocrystals. Especially the excitation energy 
transfer processes between Sm3+ ions in the LaF3:Sm3+ 
nanocrystals have been studied, based on Inokuti-Hirayama 
model. 

2. Experimental Procedures 

LaF3 nanocrystals doped with 0.1, 0.2, 0.3, 1.0, 2.0, 3.0, 
4.0 and 5.0 mol% of Sm3+ ions were prepared by 
hydrothermal method. All the chemicals used in our 
experiment, including lanthanum oxide (La2O3), samarium 
oxide (Sm2O3), ammonium fluoride (NH4F) and glycine 
(NH2CH2COOH) are of analytic grade without further 
purification. In a typical synthesis, 0.977 g of La2O3 and 
1.046 g Sm2O3 were dissolved in dilute HNO3, and then 
dissolved in 48 ml deionized water under stirring, resulting in 
the formation of a colorless solutions of La(NO3)3 and 
Sm(NO3)3, respectively. The two mentioned above solutions 
were mixed in accordance with the appropriate rate. After 
that, 0.4504 g of glycine was added into the mixture solution 
with stirring for 30 min to form lanthanum (samarium)–
glycine complex. Then, 0.667 g NH4F was dissolved in 50 ml 
deionized water and the obtained NH4F aqueous solution was 
slowly added dropwise to the above complex solution. After 
vigorous stirring for 1 h at 50°C, the milky colloidal solution 
was obtained and poured into a Teflon-lined stainless steel 
autoclave, and then heated at 150°C for 12 h. After the 
autoclave was naturally cooled down to room-temperature, 
the precipitates were collected by centrifugation (6000 rpm) 
for 20 min and washed with deionized water. This filtering-
washing process was repeated 10 times. The final product 
was dried in air at 60°C for 12 h. 

Crystal structure of the synthesized samples was 
characterized by an X-ray diffractometer SIMEMS D5005, 
Bruker, Germany with Cu–Kα1 irradiation (λ = 1.54056 Å). 
The morphology of the samples was observed by using a 
transmission electron microscopeTecnai G220 FEI. Room 
temperature PL and PLE spectra of the samples were 
measured on a spectrofluorometer FL 3-22 JobinYvonSpex 
using 450 W xenon arc lamp as the excitation source. The PL 
decay curves were measured using a Varian Cary Eclipse 
Fluorescence Spectrophotometer. 

3. Results and Discussion 

3.1. Structure and Morphology 

X-ray diffraction (XRD) patterns of pure LaF3 and 
LaF3:Sm3+ nanocrystals are presented in Figure 1.  

 

Figure 1. XRD patterns of LaF3 nanocrystals doped with different Sm3+ 

concentrations. 

All the XRD peaks are unambiguously indexed to hexagonal 
phase with �3��1 space group of LaF3 structure (JCPDS card no. 
32-0483) with the following diffraction peaks: (002), (110), 
(111), (112), (202), (211), (300), (113), (004), (302), (221), 
(114), (222), (223), (304) and (410). No peaks of any other 
phases or impurities are detected. The lattice parameters were 
calculated to be a = 7.172 ± 0.002 Å and c = 7.342 ± 0.002 Å in 
good agreement with standard values a = 7.187 Å and c = 7.350 
Å (JCPDS card no. 32-0483). 

By applying Scherrer’s formula � � 0.9�/�cos��	to the 
(111) diffraction peak, the average crystallite sizes of LaF3 
nanocrystals doped with 0.0, 1.0, 2.0, 3.0, 4.0 and 5.0 mol% 
Sm3+ are estimated to be 27.0, 23.7, 23.6, 16.9, 16.4 and 16.2 
nm, respectively. 

Figure 2a shows a transmission electron microscopy 
(TEM) image, Figures 2b and 2c show an enlarged TEM 
image and the corresponding fast Fourier transformation 
(FFT) pattern with [0001] zone axis of pure LaF3 
nanocrystals. The measured lattice spacing is 0.36 nm which 
corresponds to the (110) plane of hexagonal LaF3 
nanocrystals in good agreement with the result of XRD 
analysis. 

 

Figure 2. (a) TEM image, (b) Magnified TEM image of area labeled by 

square in the TEM image and (c) corresponding FFT pattern of LaF3 

nanocrystals. 
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3.2. Photoluminescence 

Typical room-temperature PL spectra of undoped LaF3 and 
LaF3:Sm3+ nanocrystals doped with 0.3, 1.0, 3.0, and 5.0 
mol% Sm3+ are shown in Figure 3. As seen from figure, 
undoped LaF3 sample does not emit light, whereas LaF3:Sm3+ 
samples exhibit emission spectra with four dominant peaks at 
560, 593, 639, and 705 nm corresponding to the emission 
transitions from the 4G5/2 excited state to the 6H5/2, 

6H7/2, 
6H9/2 

and 6H11/2 states of the Sm3+ ion, respectively. As can be seen 
from the results of Judd-Ofelt analysis [14], the two 
transitions 4G5/2→6H9/2 and 6H11/2 are purely electric-dipole 
(ED) transitions whereas the other two transitions 
4G5/2→6H5/2 and 6H7/2 contain contributions of both the ED 
and magnetic-dipole (MD). Additionally, it is found from the 
inset of Figure 3 that the PL intensity achieved its maximal 
value for the samples doped with 1 mol% Sm3+. When the 
Sm3+ concentration is higher than 1 mol%, the PL intensity 
decreased. This is the well-known concentration quenching 
phenomenon. 

 

Figure 3. The room-temperature PL spectra under 400 nm excitation of the 

pure LaF3 and LaF3:Sm3+ nanocrystals doped with different Sm3+ 

concentrations. The inset shows the intensity of emission peaks at 593 and 

560 nm as a function of Sm concentration. 

It is worth noting that all the emission lines have the same 
excitation spectra, which proves that all these lines possess 
the same origin. Typical PLE spectra monitored at 560, 593, 
and 639 nm emission lines of LaF3:5%Sm3+ nanocrystals are 
depicted in Figure 4. The absorption spectrum of these 
nanocrystals is shown as well for comparison.  

 

Figure 4. (a, b, c) Room-temperature PLE spectra monitored at 593, 560, 

and 639 nm emission lines, respectively, of the LaF3:5%Sm3+ nanocrystals 

and (d) Absorption spectrum of the LaF3:5%Sm3+ nanocrystals. 

It is noted that the excitation spectra coincides perfectly 
with the absorption spectrum and they both exhibit some 
bands assigned to f-f transitions from the ground state to 
various excited states of Sm3+ ions. Namely, nine of discrete 
absorption bands located at 344, 362, 373, 389, 400, 415, 
443, 462, and 479 nm are assigned to the transitions from the 
6H5/2 ground state to the 4D7/2, 

4D3/2, 
6P7/2, 

4L15/2, 
6P3/2, 

6P5/2, 
4M17/2, 

4I13/2, and 4M15/2 exited states of Sm3+ ions, 
respectively.  

Figure 5 shows the simplified energy level diagram of 
Sm3+ ion and the observed excitation and emission transitions 
in f–f configuration of Sm3+ ions. 

 

Figure 5. Simplified energy level diagram of Sm3+ ion and the observed 

excitation and emission transitions in LaF3:Sm3+ nanocrystals. 

3.3. Photoluminescence Decay and Energy Transfer 

The PL decay curves for the 4G5/2 → 6H7/2 transition (593 
nm) of LaF3:Sm3+ nanocrystals with different Sm3+ 
concentrations are presented in Figure 6. As shown in the 
figure, the PL decay curve of the sample doped with 0.1  
mol% Sm3+ is found to be perfectly single-exponential with 
the lifetime of 6.70 ms, while the PL decay curves of the 
samples doped with 1.0; 3.0; 4.0 and 5.0 mol% Sm3+ are non-
exponential. In the case of non-exponential decay, the 
experimental lifetime ����  of 4G5/2 emitting level is 
determined by taking first e-folding time of the decay curves 
[15, 16]. The lifetime decreases from 6.70 to 0.75 ms with 
increasing Sm3+ concentration from 0.1 to 5.0 mol%, 
respectively (Table 1).  

The reason for the lifetime decrease is due to the excitation 
energy transfer process between the optically active ions. 
When the concentration of RE ions in a solid is low, the 
interactions between the optically active ions are negligible 
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and the fluorescence decay curves can be described by a 
single exponential. 

 

Figure 6. PL decay curves for the 4G5/2 → 6H7/2 transition (593 nm) of 

LaF3:Sm3+ nanocrystals with different Sm3+ concentrations. The IH model 

fits for S = 6, 8, and 10 are shown for LaF3:5%Sm3+ sample. 

Table 1. Lifetime ���� , energy transfer parameter �, critical distance �� , 

donor-acceptor interaction parameter � !" 10#$%�&'/(�, energy transfer 

rate )*+ and quantum efficiency , as a function of Sm3+ concentration in 

LaF3 nanocrystals. 

Sm3+ concentration -./0 

(ms) 
Q 

12 

34#5� 678 
9:; 

(<#=) 

> 

(%) (mol%) =2?2@AB</34C� 
0.1 0.05 6.70 - - - - - 
1.0 0.84 4.01 0.30 4.50 0.25 - - 
3.0 1.48 1.80 0.90 5.38 1.05 293 47 
4.0 1.97 1.16 1.36 5.60 1.45 402 46 
5.0 2.46 0.75 1.92 5.83 2.00 787 41 

At high enough concentration of RE ions, the multipolar 
interactions between the ions sufficiently close to each other 
are important and the excitation energy can directly transfer 
from an excited RE ion (or donor ion) to a non-excited RE 
ion (or acceptor ion), leading to a non-exponentional shape 
for the decay curves and a decrease of lifetime. In this case, 
according to Inokuti-Hirayama (IH) model [17], the 
fluorescence decay intensity DE�  can be expressed by the 
function: 

DE� � D�exp IJ K
LM J �E

N/OP                       (1) 

where t is the time after excitation, �� is the intrinsic decay 
time of isolated donors in the absence of acceptors. The value 
of S = 6, 8 or 10 depends on whether the dominant 
mechanism of the interaction is dipole–dipole, dipole–
quadrupole or quadrupole–quadrupole, respectively. Q is the 
energy transfer parameter which is defined by 

� � QR
N Γ T1 J

N
OU�VW� !

O�XN/O                    (2) 

whereΓ T1 J N
OU  is the gamma function, which is equal to 

1.77 for dipole–dipole (S = 6), 1.43 for dipole–quadrupole (S 
= 8) and 1.30 for quadrupole–quadrupole (S = 10) 
interactions, respectively; �!  is the concentration of 
acceptors, which practically coincides with the total 
concentration of RE ions; � !O�  is the donor–acceptor 

interaction parameter, which is given by  

� !O� � YMZ
LM

                                      (3) 

where �� is the critical distance defined as a donor-acceptor 
separation for which the rate of energy transfer to the 
acceptors is equal to the rate of intrinsic decay of the donor.  

The excitation energy can also migrate among donor ions 
until an acceptor ion is reached. If migration processes 
among donors are important, then according to the 
generalized Yokota-Tanimoto model (or Martin-Lavin model) 
[18, 19], the fluorescence decay intensity DE� is given by the 
function: 

DE� � D�exp [J K
LM J �E

N/O T\]^_`]^a`a\]b_` UO#N�/O#c�d     (4) 

where e\, ec and g\ are Padé approximate coefficients, which 
depend on the type of multipolar interaction and are given in 
Ref. [18, 19], h � i� !#c/OE\#c/O  and i  is the diffusion 

coefficient which characterizes the energy migration 
processes between donors. 

The non-exponential decay curves of the samples LaF3 
doped with 1.0; 3.0; 4.0 and 5.0 mol% Sm3+ are well fitted to 
IH model. Figure 6 shows the best fit of the experimental PL 
decay curve of LaF3:5%Sm3+ sample to IH model (Eq. (1)) 
for S = 8 with jc � 0.00017, �c � 0.99287 , using value 
�� � 6.70  ms obtained for 0.1 mol% Sm3+ concentration. 
The fits with S = 6 and 10 are also shown in Figure 6 for 
comparison. Thus, the best fits of the measured PL decay 
curves to IH model with S = 8 indicate that the dominant 
interaction for energy transfer of Sm3+ ions in LaF3:Sm3+ 
nanocrystals is dipole-quadrupole interaction. From the fits, 
the values of energy transfer parameter �, critical distance 
�� , donor-acceptor interaction parameter � !  are obtained 
and shown in Table 1. It can be seen from the table, the 
magnitude of �  increases from 0.3 to 1.92 with increasing 
Sm3+ concentration from 1.0 to 5.0 mol%. The same trend is 
observed in the case of �� (from 4.50 to 5.83 cm#') and � ! 
(from 0.25 " 10#$% to 2.00 " 10#$%cm'/s). 

Using Judd-Ofelt theory [20], the predicted radiative 
lifetimes �Y  for 4G5/2 level of Sm3+ ion in LaF3:3%Sm3+, 
LaF3:4%Sm3+ and LaF3:5%Sm3+ samples have been 
calculated to be 3.81, 2.51 and 1.83 ms, respectively. For 
LaF3:1%Sm3+ sample, because the absorption spectrum is too 
weak, the radiative lifetime cannot be calculated. As shown 
in Table 1, the experimental lifetime ����  for 593 nm 
emission line of LaF3:3%Sm3+, LaF3:4%Sm3+ and 
LaF3:5%Sm3+ samples are determined to be 1.80, 1.16 and 
0.75 ms, respectively, smaller than the calculated radiative 
lifetime �Y . The discrepancy between calculated and 
experimental lifetimes can be attributed to non-radiative 
relaxation (multiphonon decay and energy transfer). The 
measured lifetime includes all relaxation processes (both 
radiative and non-radiative processes) and can be expressed 
as [20] 

\
Lqrs �

\
Lt u)vw u)*+                    (5) 

where )vw is the rate of multiphonon relaxation, )*+ is the 
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rate of energy transfer which often occurs through the cross-
relaxation between pairs of the neighbouring RE ions. The 

)vw  is proportional to exp	−
^∆*

ℏz
) , where a is a positive 

host-dependent constant, Δ|  is the energy gap between the 
studied excited level and the next lower level and ℏ} is the 
phonon energy of the host material [21, 22]. In the case of 
Sm3+ ion doped in LaF3 nanocrystals, the energy gap Δ| 
between the 4G5/2 level and the next lower level 6F11/2 is 
approximately 6900 cm#\  much larger than phonon energy 
of LaF3 (350 cm#\ ). Hence the multiphonon relaxation is 
negligible and the rate of energy transfer is given by 

)*+ =
\

Lqrs
−

\

Lt
                                 (6) 

The luminescence quantum efficiency of the excited state 
,  is equal to the ratio of the experimental lifetime to the 
radiative lifetime [20]: 

, =
Lqrs

Lt
" 100%                              (7) 

The values of )*+  and , for 4G5/2 level given in Table 1 
show that the rate of energy transfer increases and quantum 
efficiency decreases with increasing of Sm3+ concentration. 

It is worth noting that studying spectroscopic properties of 
Eu3+ ions doped in LaF3 nanoparticles, Sudarsan and co-
workers [23] have come to the conclusion that there are two 
types of Eu3+ ions in the LaF3:Eu3+ lattice: the Eu3+ ions at 
the surface and the Eu3+ ions in the “bulk” (core) of the 
nanoparticles. In addition, the surface Eu3+ ions have a less 
symmetric crystal field than the “bulk” ones. When analyzing 
the PL decay curves for the oleic acid capped LaF3:Eu3+ 
nanoparticles, Janssens and co-workers [7] have revealed that 
the effective PL lifetime ���� decreases with increasing Eu3+ 
concentration. This has been attributed to the increased Eu3+ 
to Eu3+ ion energy transfer and the non-radiative 
recombination at the surface. In our case of LaF3:Sm3+ 
nanocrystals, the crystallite size decreases from 27 to 16 nm 
with increasing Sm3+ concentration from 0.0 to 5.0 mol%. 
Hence, the ratio between the number of the surface Sm3+ ions 
and that of the “bulk” Sm3+ ions for the LaF3:5%Sm3+ 
nanocrystals is higher in comparison with the LaF3 
nanocrystals doped with lower Sm3+ concentrations. In that 
case, the excitation energy will be transferred from the 
“bulk” Sm3+ ions to the surface Sm3+ ions followed by non-
radiative recombination at centers at the surface of 
nanocrystals. Just the phenomena including the Sm3+ to Sm3+ 
ion energy transfer and the non-radiative recombination at 
the surface are believed to lead to the decrease of the 
luminescence efficiency and lifetime of the 4G5/2 excited state 
when Sm3+ ion concentration increases as observed 
experimentally. 

4. Conclusion 

The undoped LaF3 and LaF3:Sm3+ nanocrystals have been 
synthesized hydrothermal method. The obtained nanocrystals 
possess hexagonal structure with �3��1	 space group. The 
characteristic PL and PLE spectra of Sm3+ ions doped in LaF3 

nanocrystals have been clearly observed. These spectra were 
interpreted by optical intra-configurational f–f transitions 
within Sm3+ ions. The PL decay curve of the LaF3 sample 
doped with 0.1 mol% Sm3+ is found to be perfectly single-
exponential, while the PL decay curves of the samples doped 
with 1.0; 3.0; 4.0 and 5.0 mol% Sm3+ are non-exponential. 
The reason for this is that when Sm3+ ion concentration in 
nanocrystals is increased, the excitation energy is transferred 
from the “bulk” Sm3+ ions to the surface Sm3+ ions followed 
by non-radiative recombination at centers at the surface of 
nanocrystals. The non-exponentional behavior of the PL 
decay curves for LaF3 nanocrystals doped with 1.0-5.0 mol% 
Sm3+ are well fitted to Inokuti-Hirayama model with the 
dominant dipole-quadrupole interaction. The values of fitting 
parameters for the energy transfer process were determined. 
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