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a b s t r a c t

The present work deals with the investigation of the site-selective symmetries in Eu3+-doped KY3F10 with 
different crystal phases. Employing time-resolved fluorescence line-narrowing (TRFLN), a study of the lu-
minescent response of the dopant is reported in samples presenting a single δ-phase, a single α-phase, and a 
mixture of both δ and α. A new, simple, very low time-consuming and high-yield method was developed to 
obtain nanospheres of the δ-phase. For both crystal phases, the main site symmetry is spectrally corro-
borated with that expected by the crystallographic substitution position (C2v in δ, and C4v in α). In addition, 
the accuracy of the measurements also unveils the presence of significantly distorted Eu3+ ions in the 
surface of the nanoparticles in all the samples studied, a spectral behavior commonly found in glassy 
systems. All these findings contribute to the proper understanding of the optical response of luminescent 
dopants in this and related types of complex fluorides. It is worth highlighting the fact that the huge 
potential of the unexplored δ-phase is demonstrated, since the site-selective emission of the Eu3+-doped δ- 
phase is up to 20 times more intense than that of the α-phase.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND 
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The present generation of technology calls for innovative ap-
proaches and developments which require novel materials with in-
triguing features. While the goals seem to be straightforward 
enough, they are subjected to sweeping and complex changes across 
the scientific community so as to give a response to several de-
mands. On this basis, the last few decades have witnessed a huge 
growth in the use of fluoride hosts doped with lanthanide ions (Ln3+) 
for important applications in photonics, biomedicine, and environ-
mental science, to name but a few [1–5]. The implementation of 
these materials in such fields is based on their outstanding lumi-
nescence properties, which arise from the partially filled f-orbitals of 
Ln3+ ions, along with the common low phonon energy and the fea-
sibility of being used for (up/down)conversion [6–8].

In recent years, there has been considerable interest in the 
complex fluoride KY3F10 and its Ln3+-doped counterparts. To date, 
researchers have been focusing only on the common α-phase of this 

structure in an attempt to fully describe its physicochemical prop-
erties and applications [9–13]. Notwithstanding, in 2000 Le Berre 
et al. [14] discovered a new crystal phase of this compound, the δ- 
phase, but it fell into oblivion and no further studies were con-
ducted.

To fill this gap in the literature and explore the potential of this 
material, we recently developed a new improved method of synth-
esis using sonochemistry to obtain the δ-KY3F10·xH2O compound 
[15]. This approach yielded truncated triangular nanoplates that 
were also doped with Eu3+ as a first attempt to analyze their lumi-
nescent response. Additionally, another complementary study con-
ducted by our laboratory has been published in which the complex 
formation mechanism of the δ-phase is discussed in detail [16]. The 
nanoplate-type morphology can be well appropriated for some 
particular applications, although when it comes to surface en-
gineering and further modifications (such as designing Ln3+-doped 
core-shell structures), it is of interest to have materials preferably 
with a spherical morphology. Therefore, efforts in this line have been 
addressed herein.

From a crystallographic point of view, both α and δ crystal phases 
exhibit certain similarities: they possess the same crystalline system 
(cubic), and the spatial groups are very similar. However, the 
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resulting unit cells and packing have remarkable differences, which 
can greatly affect the optical performance of the luminescent ions 
embedded in such hosts. The crystallographic parameters of the 
different crystal phases of KY3F10 are summarized in Table 1 [17,18], 
while the coordination polyhedra of Y3+ are depicted in Fig. 1 for 
better understanding. The structures were plotted with VESTA 
software [19].

On the other hand, it also has to be considered that Le Berre et al. 
[14] described the isotypic δ-(H3O)Y3F10·xH2O crystal phase (con-
taining hydronium ions instead of potassium). Nevertheless, again 
there is scarce research addressing this compound in the literature 
[20–24]. The most interesting contribution might be that of Caron 
et al. [22], which is the only one that has focused on the properties of 
this compound acting as a host lattice for materials with optical 
applications. They reported the synthesis and characterization of 
low-polydispersity, luminescent δ-(H3O)Y3F10·xH2O single-crystal 
nanoparticles doped with Eu3+. Although the particle shape was very 
controllable (octahedral), the reverse microemulsion method em-
ployed required a long time (one week plus purification). Caron’s 
paper suggested the presence of different environments for Eu3+, in 
the core and on the surface of nanoparticles, characterized by dif-
ferent lifetimes and different emission probabilities. They drew this 
conclusion considering conventional luminescence studies, but they 
stated that such an explanation was somewhat speculative and re-
quired further sophisticated spectroscopic analysis.

It goes without saying that Eu3+ is one of the most appreciated 
luminescent lanthanide ions due to its particular spectral features 
and its ability to act as a site-sensitive structural probe [25,26]. 
Taking this into account, fluorescence line-narrowing (FLN) emerges 
as the most powerful spectroscopic technique to discriminate 
among different crystal environments of luminescent ions, which is 
crucial for understanding their optical performance and the final 
properties of photonic materials.

FLN is a cryogenic technique used to obtain high-resolution 
fluorescence spectra [27], which was first applied in solids by Szabo 
to study a ruby sample [28]. This technique makes it possible to 
investigate the spectral transitions in solids while at the same time 

removing the inhomogeneous broadening. In solid-state hosts, FLN 
has been mainly used to analyze in detail the effects of homo-
geneous and inhomogeneous broadening in the emission spectra of 
bulk samples. While homogeneous broadening is associated with 
the finite linewidth inherent to the emission of “equal” ions (i.e., 
sensitive to the same crystal field), inhomogeneous broadening is 
attributed more to the impurities (or dopants) present in a host 
lattice that cause different Stark effects in the emitter centers (se-
parated energetically in an inhomogeneous way) [29,30]. All this 
unavoidably entails the difficult interpretation of the emission 
spectrum of doped compounds in their bulk form. This fact is ac-
centuated in glasses, where a greater component of disorder and 
thus inhomogeneous broadening, might be expected [31,32]. How-
ever, due to the finesse of the FLN technique, this problem can be 
easily overcome and it is easy to selectively discriminate among 
different crystal-field environments for a given dopant ion in com-
plex systems, such as those presenting a mixture of crystal phases, as 
will be outlined in the present work.

FLN experiments are sensitive to local sites of the dopant ion in 
the host lattice because laser-selected energy levels are associated 
with specific single sites of distinct symmetry [33]. Hence, if the 
linewidth of the excitation laser is narrower than the in-
homogeneously broadened line width of a sample, only part of the 
ions of narrow spectral definition are excited [34]. For the particular 
case of Eu3+, the laser frequency is tuned over the inhomogeneous 
bandwidth of the 7F0–5D0 transition. Since no Stark splitting can 
occur in the 5D0 state under any symmetry and the 7F0 state is also 
non-degenerate, the spectral profile due to 5D0→7FJ emissions is only 
determined by the splitting of the terminal levels caused by the local 
crystal field of Eu3+ ions at different sites [35–37].

Bearing in mind everything mentioned above, in this paper a full 
study of the Eu3+ ions embedded in both α and δ crystal phases of 
KY3F10 is reported employing FLN spectroscopy. Furthermore, a new, 
simple, very low time-consuming and high-yield method is pre-
sented to obtain nanospheres of the δ phase, which allows com-
parison of the optical response of the different phases. Our findings 
are vital to understand the optical response of Eu3+ and other 

Table 1 
Distribution of α-KY3F10 atoms in space group Fm m3 (no. 225) and δ-KY3F10·xH2O atoms (labeled with ’) in space group Fd m3 (no. 227). 

Name Species Wyckoff Position Local Symmetry Atomic Coordinates Occupation Factor

x y z

K K+ 8c Td (−43m) 1/4 1/4 1/4 1
Y Y3+ 24e C4v (4m.m) 0.2401 0 0 1
F1 F– 32f C3v (.3m) 0.1081 0.1081 0.1081 1
F2 F– 48i C2v (m.m2) 1/2 0.1647 0.1647 1
K’ K+ 16c D3d (.−3m) 0 0 0 1
Y’ Y3+ 48f C2v (2.mm) 0.4469 1/8 1/8 1
F1’ F– 96h C2 (..2) 0 0.3751 0.6249 1
F2’ F– 32e C3v (.3m) 0.2882 0.2882 0.2882 1
F3’ F– 32e C3v (.3m) 0.4462 0.4462 0.4462 1
O’ H2O 48f C2v (2.mm) 0.255 1/8 1/8 0.333

Fig. 1. Coordination polyhedra of Y3+ in the different crystal phases of KY3F10. The corresponding coordination numbers (CN) and local symmetries (LS) are also included. 
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dopants in these types of fluorides thanks to the description of the 
sites occupied by the rare earth. The results underscore the huge 
potential of the unknown δ-phase, since the site-selective emission 
of the Eu3+-doped δ-phase is up to 20 times more intense than that 
of the α-phase.

2. Experimental section

2.1. Materials

The reagents used for the synthesis of the materials were yttrium 
(III) nitrate hexahydrate [Y(NO3)3·6H2O 99.8 %], europium(III) nitrate 
hexahydrate [Eu(NO3)3·6H2O 99.9 %], potassium fluoride [KF 99.5 %], 
potassium tetrafluoroborate [KBF4 96 %], and hydrofluoric acid 
aqueous solution [HF 40 % wt.]. All reagents were purchased from 
Sigma-Aldrich, except europium(III) nitrate hexahydrate (Strem 
Chemicals), and used without further purification.

2.2. Synthesis and characterization of materials

For all the syntheses described below, calculations were per-
formed to obtain approximately 0.25 g of the α/δ-phase(s) of 
KY3F10·xH2O. Different amounts of the luminescent Eu3+ ion were 
employed in the three series of samples: KLn3F10 (Ln = Y, Eu; 1, 3, 
5 mol% Eu3+). A summary of the abbreviations used according to the 
dopant content and the crystal phases(s) obtained is indicated in 
Table 2. The general scheme of the three synthetic routes is depicted 
in Fig. 2.

2.2.1. Preparation of δ-KY3F10:Eu3+

A new, fast, and easy coprecipitation method was developed to 
prepare the δ-phase compounds. First, 1.5 mmol of Ln(NO3)3·6H2O 
were dissolved in 10 mL of water. Then, another solution was pre-
pared by dissolving 3 mmol of KF in 10 mL of water and, subse-
quently, adding 135 µL of HF aqueous solution 40 wt% (3 mmol). 
Later, the KF/HF solution was added dropwise to the previously 
prepared Ln3+ solution. While doing so, a white precipitate appeared 
and the mixture was kept under vigorous stirring for 1 h at room 
temperature. After that, the precipitate was collected by centrifuging 
the mixture and washing it twice with water. Finally, it was dried 
under an infrared lamp. It is worthwhile noting that the original 
synthetic method proposed by Le Berre et al. [14] in 2000 (when this 
material was discovered) required the use of ≈ 20 mL of HF 40 wt% 
for the synthesis of similar amounts of powder. Thus, this new ex-
perimental procedure greatly reduces the use of hydrofluoric acid, 
which is well known for its harmful effects on human health.

2.2.2. Preparation of (δ + α)-KY3F10:Eu3+

The powders were prepared following the same protocol as for 
the synthesis of the δ-phase compounds. Notwithstanding, it is 
important to highlight that instead of adding the KF/HF solution 
dropwise, a fast addition was required to obtain a mixture of the two 
crystal phases.

2.2.3. Preparation of α-KY3F10:Eu3+

Eu3+-doped fluorides with α-phase were obtained following a 
sonochemical process based on some previous studies of our 

research group described in references [16,38]. For that purpose, the 
fluoride source employed was KBF4. The final solution was trans-
ferred into a Bandelin Sonorex ultrasonic bath operating with a fre-
quency of 35 kHz for 6 h at room temperature.

2.3. Characterization

Powder X-ray diffraction (XRD) was performed at room tem-
perature using a Bruker-AX D8-Advance X-ray diffractometer with 
CuKα1 radiation from 2θ = 15–90° at a scan speed of 1.8°/min. The FT- 
IR spectra of the solids were recorded using an Agilent Cary 630 FT- 
IR spectrometer in transmission mode. Thermal analysis was carried 
out by a simultaneous thermogravimetric analysis (TG) and differ-
ential scanning calorimetry (DSC) using Mettler Toledo TGA/DSC3 
equipment (Al2O3 crucible, argon atmosphere, 5 °C/min heating rate, 
25–550 °C).

Besides, the microstructure of samples was observed using a JEOL 
7001F scanning electron microscope (SEM) operating with an ac-
celeration voltage of 30 kV. For microstructural characterization, the 
powders were deposited on carbon double-sided stickers (pre-
viously adhered to the surface of aluminum stubs) and were sput-
tered with platinum. Dynamic Light Scattering (DLS) size 
distribution measurements were recorded using a Zetasizer Nano- 
ZS90 (Malvern Instruments, UK). Automatic optimization of beam 
focusing and attenuation was employed for each sample.

Resonant time-resolved fluorescence line-narrowing (TRFLN) 
spectra were performed by exciting the samples with a pulsed 

Table 2 
Nomenclature of the KY3F10 fluorides prepared at different mol% Eu3+. 

% Eu3+ Crystal Phase

δ δ + α α

1 1D 1DA 1A
3 3D 3DA 3A
5 5D 5DA 5A

Fig. 2. General scheme for the preparation of samples with different crystal phases of 
KY3F10.
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frequency doubled Nd:YAG pumped tunable dye laser with a 9 ns 
pulse width and 0.08 cm–1 line width, and detected by an EGG&PAR 
Optical Multichannel Analyzer. The measurements were carried out 
at 9 K in a closed cycle helium cryostat.

3. Results and discussion

3.1. Structural and thermal characterization

The XRD patterns of the Eu3+-doped samples (1 mol% Eu3+: 1D, 
1DA, 1A) prepared using the different synthetic routes are presented 
in Fig. 3 as representatives of each series of samples. For higher 
percentages of dopant (3 and 5 mol% Eu3+), the same XRD profiles 
were obtained. Sample 1D exhibits the peaks corresponding to a 
single phase of cubic δ-KY3F10·xH2O (ICDD card 04–016–7073). 
Nonetheless, the speed of the addition of the fluoride source (KF/HF 
solution) into the Ln3+ solution has a profound influence on the re-
sulting crystal phase formation. A fast addition leads the system 
towards the formation of α-KY3F10 in coexistence with the δ-phase 
(sample 1DA). For a better interpretation of these results, the peaks 
of the α-KY3F10 structure (ICSD card 00-040-9643) can be well ap-
preciated in the XRD pattern of sample 1 A. This result underscores 
how delicate this fluoride system is. Further complementary and 
computational work, which will be the topic of an upcoming pub-
lication, is under study and corroborates that the α phase is slightly 
more thermodynamically favorable than the δ phase, which would 
explain the delicate equilibrium of coexistence between the two 
structures.

As outlined, the presence of both crystal phases in the same 
sample is a matter of study. Hence, to go deeper into this and have a 
semi-quantitative value of the corresponding phase fractions in the 
sample, the XRD pattern of sample 1DA was refined using the 
Rietveld method. Further details can be found in Section S1 of the 
Supporting Information. The results revealed that sample 1DA is 
composed of, approximately, 69 % of α-phase and 31 % of δ-phase.

In order to complement the structural characterization of the 
materials, FT-IR spectra of samples doped with 1 mol% Eu3+ content 
(i.e., 1D, 1DA, 1 A) were recorded and are presented in Fig. S2 of the 
Supporting Information. The spectra showed the characteristic 
bands associated with the corresponding internal vibrations, and 

exhibited changes in the position and amplitude of the peaks de-
pending on the different crystal phase(s). For the three composi-
tions, the presence of absorbed/crystalline water was also noted.

To study the thermal behavior of the powders and also corro-
borate the existence of single/multiple crystal phase(s), simulta-
neous thermogravimetric analysis (TG) and differential scanning 
calorimetry (DSC) experiments were conducted for all the samples. 
The TG/DSC curves are depicted in Fig. 4, while the weight loss 
percentages and x values for KLn3F10·xH2O (Ln = Y, Eu) compositions 
are summarized in Table 3. Each series of samples (i.e., compounds 
with δ, δ + α, and α crystal phases doped at different concentrations 
of Eu3+) exhibited virtually the same thermal behavior. Powders with 
a δ-KY3F10·xH2O structure (1D, 3D, 5D) presented a progressive loss 
of mass associated with the crystalline water inside the channels and 
cavities of the crystal structure as well as with some absorbed water. 
According to these data, the number of water molecules in these 
compositions was established to be x ≈ 2.8 (see Table 3). In addition, 
the absence of multiple/notable (endo/exo)thermic peaks in the 
temperature range 25–300 °C underscores the fact that there are no 
apparent traces of a possible δ-(H3O)Y3F10·xH2O phase. The exo-
thermic peak found at 418 °C is associated with the topotactic δ→α 
phase transition [14], which is in agreement with the above-men-
tioned stability of the α phase and the delicate equilibrium of pos-
sible coexistence between the two structures.

On the other hand, compounds with the α-KY3F10 structure (1A, 
3A, 5A) also presented a progressive loss of mass, although asso-
ciated only with absorbed water rather than crystalline water, since 
this phase does not present any zeolitic cavities that allow the in-
corporation of crystalline water molecules inside the structure. This 
result is also corroborated by the lower percentage of weight loss in 
comparison to samples with the α-phase. Indeed, the number of 
water molecules in these compositions was established to be x ≈ 1.7 
(see Table 3). Besides, the TG/DSC results for samples with the co-
existence of both crystal phases (1DA, 3DA, 5DA) are in direct con-
nection with the FT-IR spectra (see Supporting Information for 
further details). The thermal behavior of these three compositions 
can be explained by considering an intermediate response between 
samples exhibiting a single δ- and α-phase. It is worthwhile pointing 
out that the weight loss percentage and the number of water mo-
lecules (x ≈ 1.7) are essentially the same as for samples with a single 
α-phase, which is in very good agreement with the results obtained 
from the Rietveld refinement that underline the prevalence of the α- 
phase. Therefore, this result confirms that there is a higher amount 
of this crystal phase, which is also in agreement with the position 
and amplitude of the FT-IR bands. Nonetheless, the presence of 
particles with a δ-phase can be well inferred from the DSC curve 
since the exothermic peak associated with the topotactic δ→α phase 
transition is also present, although with a smaller area and ap-
pearing at lower temperatures.

3.2. Morphological characterization

The morphologies of the as-prepared products are illustrated in 
Fig. 5. The SEM images correspond to samples 1D (δ), 1DA (δ + α), and 
1 A (α) as representatives of the different crystal phases. There were 
no appreciable morphological/size changes while increasing the 
dopant content in each series of samples. Powders with δ-phase 
exhibited a homogeneous distribution of spherical nanoparticles 
(between 160 and 190 nm). Interestingly, the higher magnification 
SEM image demonstrated the presence of self-assembled nano-
spheres around 40 nm in diameter, Fig. 5(a). Simultaneously, it is 
noteworthy that the new synthetic procedure herein described to 
prepare δ-KY3F10·xH2O compounds yields spherical particles, which 
can be of great interest for the development of core-shell type 
structures or further surface modifications/coatings. The previous 
method of synthesis developed by our laboratory to generate 

Fig. 3. XRD patterns of samples doped with 1 mol% Eu3+ content. 
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fluorides with this structure produced truncated triangular nano-
plates that also formed aggregates in order to reduce the surface 
energy [15], which are drawbacks that could prevent the possibility 
of making well-controlled and good surface engineering.

Regarding the compositions with a mixture of crystal phases – 
sample 1DA in Fig. 5(b) – a significant change in the morphology was 
appreciated. The powder consists mainly of an amorphous-type 

matrix (highlighted in red) in which some nanospheres (highlighted 
in blue) are embedded. The major presence of the heterogeneous 
part is consistent with the previous XRD, FT-IR, and TG/DSC results 
since this predominant morphology might be well ascribed to the α- 
phase, while the nanospheres (some colored in blue as an example) 
correspond to the δ-phase particles. At first glance, this fact can be 
well corroborated by comparing Fig. 5(a) and (b). The reason for the 
formation of the heterogeneous matrix is mainly due to the speed of 
the addition of the fluoride source (KF/HF solution) into the Ln3+ 

solution. For the latter case, a rapid addition was performed to 
produce the powders, while the dropwise addition used in the for-
mation of δ-KY3F10·xH2O compounds explains the homogeneous and 
well-distributed nature of the nanospheres.

Finally, Fig. 5(c) shows a typical SEM image of sample 1A (α- 
phase), which was prepared by an ultrasonication process. This 
sample consists of spherical particles (most of them around 400 nm) 
which resulted from the self-assembly of nano-sized subunits 
around 10–20 nm in diameter.

Furthermore, in order to get a better idea of the particle size 
distribution, Dynamic Light Scattering (DLS) size distribution 

Fig. 4. TG/DSC curves for samples 1D (a), 1DA (b), 1A (c); 3D (d), 3DA (e), 3A (f); 5D (g), 5DA (h), and 5A (i). 

Table 3 
Weight loss percentages and x values for KLn3F10·xH2O (Ln = Y, Eu) compounds with 
1 mol% Eu3+ content. 

Sample Weight loss (%) x

1D 8.7 2.6
3D 9.7 3.0
5D 9.2 2.8
1DA 5.8 1.7
3DA 5.9 1.7
5DA 5.7 1.7
1A 5.9 1.7
3A 5.5 1.6
5A 5.8 1.7
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measurements were recorded. The hydrodynamic diameters ob-
tained were in very good agreement with the SEM results, Fig. S3 of 
the Supporting Information.

3.3. Photoluminescence studies

3.3.1. Site-selective time-resolved fluorescence line-narrowing 
spectroscopy

i) General grounds

The electronic energy levels of an isolated impurity in a solid are 
very sensitive to the positions of the nearby atoms. Since the fre-
quency of a particular electronic transition of the impurity is directly 
proportional to the difference between the energies of the relevant 
pair of levels, it is clear that precise optical spectroscopy of the 
impurity can provide information about the positions and distribu-
tion symmetry of the impurity surrounding atoms in the host solid. 
However, the problem is far from simple. On the one hand, the 
electronic wave functions and the distances between the electronic 
levels of the chromophore depend on their environment and, on the 
other, in general, the electronic transitions also modify the dis-
tribution of vibrational states in the solid, which in turn can have an 
influence on electronic transitions. The case we are interested in 
concerns a substitutional rare-earth (RE) ion, used as a spectral 
probe, which interacts only weakly with its rigid host, so we expect 
the local environment to affect only the electronic energy and not 
the normal mode vibrational frequencies. Thus, in the discussion 
that follows, we will only consider a single broadened vibrational 
line shape for all vibrational lines associated with a given electronic 
transition

Our aim is to identify the possible crystal field (CF) symmetry 
distortions felt by the RE paramagnetic impurity embedded in the 
crystal lattice sites of the different phases of this fluoride nano-
crystal, as well as to analyze the influence of the lattice distortions 
near the nanoparticle surface on the RE emission. Among trivalent 
lanthanide ions, Eu3+ is particularly attractive as a CF probe because 
of the relatively simple Stark structure of the 7FJ and the 5DJ states 
for J = 0, 1, 2. Moreover, excitation of Eu3+ fluorescence is possible at a 

low temperature between 7F0 and 5D0 singlet states. For this pur-
pose, we have used a laser-induced site-selective time-resolved 
fluorescence line-narrowing technique (TRFLN). A tunable pulsed 
(9 ns pulse width) dye laser (0.08 cm–1 line width) was used as the 
excitation source and an optical multichannel analyzer with a gated 
intensified CCD detector to collect the time-resolved resonant and 
non-resonant 5D0→7FJ emissions.

ii) Interpretation of the TRFLN spectra

Although the fundamentals of the fluorescence line-narrowing 
(FLN) technique may seem simple, it is advisable to have a clear idea, 
from the theoretical point of view, about what interpretative com-
plications may arise. Therefore, we are going to briefly comment on 
some basic aspects of the model that describes the absorption/ 
emission processes. The aim is to use intense monochromatic laser 
irradiation to excite a subset of Eu3+ ions with nearly identical crystal 
strain shifts within a possible inhomogeneously broadened absorp-
tion profile. If the impurity centers exist in a distribution of en-
vironments, these spectra will be shifted with respect to each other 
because the crystal host fields primarily affect the electronic tran-
sition energy. If the central electronic transition frequency for a 
given center is 0, we can express the absorption spectrum summed 
for all the Eu3+ centers in the ensemble as

=S D A d( ) ( ) ( )0 0 0 (1) 

where A ( )0 is the intrinsic absorption spectrum shape of a 
center at the electronic transition frequency 0 and D ( )0 is the 
distribution function that gives the probability that a center will 
have electronic transition energy 0. If the sample is irradiated with a 
laser whose output spectrum is L ( )L , then the distribution of 
excited centers is given by

L=P D A( ) ( ) ( ) ( )L0 0 0 (2) 

and if the emission spectrum of the europium center with an elec-
tronic transition frequency 0 is given by E ( )0 , then the emis-
sion spectrum of the laser-irradiated fluoride crystal powder will be 
given by

Fig. 5. SEM images for samples 1D (a), 1DA (b), and 1 A (c). 
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S D v A d d( ) ( ) ( ) ( ) ( )L0 0 0 0 (3) 

If the laser line width is very narrow, as compared to the in-
homogeneously broadened absorption, the laser spectrum can be 
substituted by a delta function at L and the above expression be-
comes

S D A d( ) ( ) ( ) ( )L0 0 0 0 (4) 

Thus, the output spectrum is expressed as a convolution of both 
absorption and emission of a given distribution D ( )0 of Eu3+ centers.

It can be assumed that in the low-temperature limit the line 
shape for both absorption and emission of a single Eu3+ center, with 
a very narrow strain distortion and interaction with a single phonon 
mode, can be described as the sum of a narrow zero-phonon line (Z ) 
and a broad phonon wing (W ) contribution weighted by a tem-
perature-dependent Debye-Waller factor (F ) [39,40].

= +S F Z F W( ) ( ) ( ) (1 ) ( )abs abs abs0 0 0 (5) 

= +S F Z F W( ) ( ) ( ) (1 ) ( )em em em0 0 0 (6) 

When Eu3+ ions are pumped by spectrally narrow laser light of 
frequency L, the distribution of the excited state centers is then 
given by

= +P D FZ F W( ) ( ){ ( ) (1 ) ( )}abs L abs L0 0 0 0 (7) 

Thus, in general, for a given D ( )0 site distribution and tem-
perature, by using expressions (4−7), we would have the output 
spectrum given by the sum of four contributions:

=
=
+
+
+

S S P d

F D Z Z d

F F D Z W d

F F D W Z d

F D W W d

( ) ( ) ( )

( ) ( ) ( )

[1 ] ( ) ( ) ( )

[1 ] ( ) ( ) ( )

[1 ] ( ) ( ) ( )

em

abs L em

abs L em

abs L em

abs L em

0 0 0

2
0 0 0 0

0 0 0 0

0 0 0 0

2
0 0 0 0 (8) 

The first term corresponds to zero-phonon absorption followed 
by zero-phonon emission, the second refers to zero-phonon ab-
sorption followed by phonon wing emission, the third one gives the 
zero-phonon emission obtained under wing absorption and, finally, 
the fourth term gives the phonon wind emission corresponding to 
phonon wind absorption. In our Eu-fluoride system, electron- 
phonon coupling seems to be weak because no phonon side band is 
observed under site-selective excitation at the 5D0 level at low 
temperature. In addition, there is no evidence of spectral diffusion 

within the inhomogeneously broadened spectral profile, and so in 
the following discussion about the TRFLN experimental results, we 
will only pay attention to the first and third terms in (8), which 
account for experimentally found narrowed electronic emissions of 
the Eu3+ centers in the fluoride nanocrystals.

iii) Experimental results and discussion

Fig. 6(a) shows the 5D0→7F0,1,2 emission spectrum of sample 1D 
(1 mol% Eu3+-doped δ-phase of KY3F10) obtained at 10 µs after a 
578.7 nm pump pulse corresponding to the 7F0→5D0 transition. The 
most intense emission comes from the first component of the  
5D0→7F2 emission containing at least four components. The spectral 
features still remain if the laser wavelength is tuned a few angstroms 
at both sides of the 7F0→5D0 transition but the intensity drops very 
quickly. The magnetic dipole and allowed 5D0→7F1 emission is much 
less intense, showing three spectral components that could corre-
spond to a site with point symmetry C2v, the one found by XRD for 
the Y3+ ion in this phase. On the other hand, the resonant 5D0→7F0 

emission is barely visible. No changes in the shape of the spectral 
components are observed by changing the delay time at which the 
detector starts measuring (0–13 ms). All the experiments were per-
formed at 9 K.

Fig. 6(b) displays the 5D0→7F0,1,2 emission spectrum of sample 1 A 
(1 mol% Eu3+-doped α-phase of KY3F10) obtained under resonant  
7F0→5D0 excitation with a 578.8 nm pulse. The intensity of the 
emission is more than an order of magnitude less than in the δ 
phase. Moreover, the intensities of both 5D0→7F1 and 5D0→7F2 

transitions are similar. However, in this case, the 5D0→7F1 emission 
presents only two spectral components pointing to a higher site 
symmetry for the europium ion. In fact, this point symmetry would 
correspond to the C4v point group [41,42] that has been found for Y3+ 

ions by XRD in the α-phase. As can be observed in these figures, from 
an energetic point of view, the emission efficiency of the δ phase is 
much higher (> 20 times) than the α one for all the spectral com-
ponents. This behavior may be related to an increase in the radiative 
probability associated with the site symmetry distortion of the 
fluorine ligand crystal field in the δ-phase.

The above low-temperature TRFLN results identify the energy of 
the 5D0 singlet state of the Eu3+ in both phases in the main crystal 
site occupied by the rare earth (Y3+ site) as well as its narrowed 
emissions from the excited 5D0 level. However, given the size of the 
crystalline nanoparticles, we expect a significant number of Eu3+ 

ions to lie at sites near the surface, where distortions of the crystal 
lattice can produce variable crystal fields at europium sites similar to 

Fig. 6. Low temperature (9 K) TRFLN emission spectra of the 5D0→7F0,1,2 transitions for the samples (a) 1D, Eu3+ 1 %-δ, and (b) 1 A, Eu3+ 1 %-α, obtained under excitation at 
578.7 nm and 578.8 nm respectively in the 7F0→5D0 transition.
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those produced in a messy medium, like a glass. To investigate this 
issue, the laser tuning feature of our TRFLN spectroscopy was used. 
Although the previous experiments conducted to identify the main 
crystal site of Eu3+ were obtained with 1 mol% Eu-doped samples, no 
significant spectral changes were observed for both lower and higher 
concentrations of rare earth. Therefore, in order to increase our 
spectral resolution, given the expected smaller TRFLN signals, in the 
following experiments we have used 3 mol% Eu3+ doped samples for 
both the α and δ phases.

Taking into account the theoretical predictions of expression (8) 
for the output spectrum of FLN spectroscopy in the presence of a 
given D ( )0 distribution of chromophore sites in a crystalline matrix, 
we have performed additional experiments scanning the laser wa-
velength over a wide range of energies both above and below that 
corresponding to the main crystal field site found in both phases. 
The results are displayed in Figs. 7–9 for δ, α, and (δ + α) phases, 
respectively.

δ phase: Fig. 7 displays a set of twelve selected spectra in the 
range 570–630 nm corresponding to the resonant and non-resonant 
emissions 5D0→7F0,1,2. It is worth mentioning that the vertical scale 
gives the relative intensity of the measured spectra. As the pumping 
energy increases above the maximum of the 7F0→5D0 electronic 
transition of the main Eu3+ site (λex = 578.7 nm), the Eu3+ emission 
falls 85 % in two angstroms, then both 5D0→7F1,2 emissions broaden 
and their profiles (see λex = 578.0 nm spectrum) are similar to those 
found by some authors in Eu-doped fluorophosphate glass [43]. This 
behavior indicates the presence of a quasi-continuous distribution of 
crystalline fields associated with europium ions in environments 
where the crystalline lattice is distorted by the presence of surface or 
subsurface defects that can produce variations in coordination and/ 
or lengths and orientation of the bonds with the rare earth. If we 

continue exciting at higher energies (see λex = 577.5–576.6 nm 
spectral range), the spectrum widens even more and in the 5D0→7F1 

emission profile more than the three predictable spectral compo-
nents of a low symmetry site appear. By increasing the excitation 
energy a little more, we see, with apparent surprise, that the spectral 
structure of the main europium crystal site reappears and the 
emission energy slightly increases. The explanation for this is given 
by the third term of expression (8) mentioned above. Now the nar-
rowed emission from 5D0 is produced by absorption to a vibronic 
state in the phonon wind. In this case, the electron-phonon process 
consists of an electronic transition to the 5D0 level of the Eu3+ oc-
cupying the main site, assisted by the emission of a low-energy 
phonon to the crystal lattice. As a two-body process, the probability 
of this kind of process is smaller than that of a direct electron 
transition, as the measured intensity shows. Furthermore, although 
we have excited in the phonon sideband, the spectral response is the 
one that corresponds to the only site present in the bulk crystalline 
structure. If this were not the case, we could have had a spectral 
broadening associated with the distribution of the different crystal 
sites.

α phase: presents a similar spectral behavior but with some 
differences in the spectral width and shape of the spectra. Fig. 8
displays a sample of the spectra obtained by scanning the laser 
wavelength in the range 579–573 nm. If we decrease the excitation 
wavelength by more than two angstroms below that of the main 
Eu3+ site (λex = 578.8 nm), the shape of the spectrum widens and 
begins to change, clearly showing a reduction in point symmetry (C2v 

or less). An additional component appears in the 5D0→7F1 transition, 
and the 5D0→7F2 components take on a glass-like appearance (see 
λex = 577.7–576.6 nm spectral range). Then, around λex = 575 nm, the 
spectral profile of the tetragonal main site of Eu3+ in this crystalline 

Fig. 7. Low temperature (9 K) TRFLN emission spectra of the 5D0→7F0,1,2 transitions for sample 3D (Eu3+ 3 %-δ) obtained at different excitation wavelengths along the 7F0→5D0 

transition.
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Fig. 8. Low temperature (9 K) TRFLN emission spectra of the 5D0→ 7F0,1,2 transitions for sample 3 A (Eu3+ 3 %-α) obtained at different excitation wavelengths along the 7F0→5D0 

transition.

Fig. 9. Low temperature (9 K) TRFLN emission spectra of the 5D0→7F0,1,2 transitions for sample 3DA (Eu3+ 3 %-δ + α) obtained at different excitation wavelengths along the 7F0→5D0 

transition.
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phase reappears again, helped, as in the δ phase, by the vibronic 
sideband.

(δ + α) phases: Fig. 9 shows the spectral results for the 3DA (3 mol 
%-Eu3+ doped phase) mixed sample. As we can see, the best spectral 
resolution for both α and δ phases is obtained by exciting at 579.0 
and 578.7 nm respectively. However, the efficiency of the δ phase 
drops when compared to the sample with only the δ phase. If we 
compare the relative intensity of the Eu3+ emission in α and δ single 
phase samples with that of the (δ + α) sample, we come to the 
conclusion that in the sample with both (δ + α) phases the amount of 
α phase is around twice that of δ. This hypothesis is further con-
firmed by the emission spectrum obtained by exciting at the high 
energy vibronic side λex = 574 nm. We can see that the only crystal 
site present is the one corresponding to the α phase. For inter-
mediate excitation wavelengths, the ordinary glass-like behavior 
with higher influence of the α phase is found (see λex = 
578.5–575.4 nm spectral range). This result is also in perfect agree-
ment with the phase fraction estimation obtained by the Rietveld 
refinement.

The lifetimes of the 5D0 level of Eu3+ should reflect the different 
site symmetry for Eu3+ ions in the different phases. The experi-
mental decays of the 5D0 level were obtained for all samples at room 
temperature by exciting at 392.5 nm in the 7F0→5L6 transition and 
collecting the luminescence at 612 nm (5D0→7F2). The decays are 
well described by a single exponential function for all Eu3+ con-
centrations in the different crystalline phases. As an example, Fig. 10
shows the decays for the samples 1D (Eu3+ 1 %-δ), 1A (Eu3+ 1 %-α), 
and 1DA (Eu3+ 1 %-δ + α). As can be seen in Table 4, the lifetime va-
lues are shorter in the case of the delta phase, which agrees well 
with the lower site symmetry for the Eu3+ ions in this phase and the 
more electric-dipole character shown by the 5D0→7F2 transition. The 
lifetimes of the α and (δ + α) phases are similar, which agrees with 
the results found in the TRFLN spectra.

As a final comment, we would like to stress the finesse of TRFLN 
spectroscopy to detect small local crystal field variations. In our case, 
despite the small energy difference between the positions of the 5D0 

singlet level in both δ and α phases (0.0004 eV), it is possible not only 
to clearly discern the different symmetries of the main site that the 
rare earth occupies in the crystalline matrix but also to determine 
what kind of contributions in rare earth emission come from site 
distribution peripherals occupied by the chromophore. In the latter 
case, although these contributions may be small, the spectral 

information can be decisive when it comes to applications related to 
the functionalization of the nanoparticle surface. On the other hand, 
the top-notch optical performance of the δ-KY3F10:Eu3+ materials 
and the high chemical and thermal stability (from cryogenic up to 
400 °C) make them of high interest in several photonic fields. 
Coupling/functionalizing these compounds with other lanthanides 
opens up a vast spectrum for their application in sensing and na-
nothermometry (for example by using the pair Eu3+/Tb3+), or in 
solid-state lighting devices (combining the yellow-orangish emis-
sion of the samples with blue InGaN chips to fabricate w-LEDs).

4. Conclusions

The crystallographic nature and spectroscopic features con-
cerning the site-selective symmetries in Eu3+-doped KY3F10 com-
pounds with α and δ crystal phases have been investigated in detail 
by TRFLN spectroscopy. For that purpose, samples containing dif-
ferent amounts of the luminescent Eu3+ ion (1, 3, 5 mol%) were 
synthesized yielding powders with single δ-phase, single α-phase, 
and a mixture of both phases. The results obtained lead to the fol-
lowing main conclusions: 

▪ A new, fast, and easy coprecipitation method is developed to 
prepare the δ-phase compounds yielding spherical particles. This 
strategy represents a remarkable improvement in comparison to 
the existing synthesis for this structure.

▪ The XRD results are well corroborated with the morphological, 
FT-IR, DLS, and TG/DSC analyses. Samples containing the mixture 
(δ + α) exhibited a behavior very close to that of samples with the 
α-phase, thus suggesting the predominance of this phase in the 
mixture, which is supported by the estimated phase fractions 
obtained from the Rietveld refinement.

▪ TRFLN experiments confirm the existence of Eu3+ ions in the 
expected crystallographic symmetries (C2v in δ, and C4v in α). The 
laser tuning facility of this technique has made it possible to 
discriminate the presence of europium ions lying at low-sym-
metry sites near the surface of the crystalline nanoparticles, with 
an optical response similar to that produced in glasses.

▪ The lifetime values agree well with the different site symmetries 
for the Eu3+ ions and the electric-dipole character of the 5D0→7F2 

transition.
▪ From an energetic point of view, the emission efficiency of the δ 

phase is much higher (> 20 times) than the α one for all the 
spectral components in the TRFLN measurements, which is a 
point worthy of praise.

As per the above points, the results underscore the huge poten-
tial of the unknown δ-phase and the importance of using very pre-
cise spectroscopic techniques, as is the case of TRFLN, to shed light 
on the comprehension of the optical response of the luminescent 
dopants, which is a matter of concern when developing photonic 
materials for top-notch applications.

Fig. 10. Semilogarithmic plot of the fluorescence decays of the 5D0 level obtained 
under excitation at 392.5 nm and collecting the luminescence at 612 nm for the 
samples 1D (Eu3+ 1 %-δ), 1 A (Eu3+ 1 %-α), and 1DA (Eu3+ 1 %-δ + α).

Table 4 
Lifetimes of the 5D0 level obtained by exciting at 392.5 nm in the 7F0→5L6 transition 
and collecting the luminescence at 612 nm. The coefficient of determination R2 is also 
included. 

% Eu3+ Lifetime (ms)

δ R2 α R2 δ + α R2

1 4.28 0.9993 7.01 0.9996 7.79 0.9995
3 4.00 0.9997 6.16 0.9998 7.23 0.9993
5 3.69 0.9996 5.08 0.9992 6.20 0.9994
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