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1. INTRODUCTION 

Compounds of fluorides and complex phosphates are widely used in biomedi-
cine due to their compatibility with biological tissues [1–4]. Doping of crystals 
of fluorides and complex phosphates with rare earth ions (RE) allows to expand 
their functions and add many useful properties [5–7]. In the form of nano-
particles, these materials can be used for various applications, such as visualiza-
tion of biological tissues [8, 9], local heating of biological tissues [6, 8], non-
invasive optical temperature measurement [10] etc. Micro- and nanoscale 
materials such as micro- and nanoparticles, as well as stable aqueous colloidal 
solutions of nanocrystals, are especially interesting for study. 

Among the whole range of fluorescent RE ions for biomedical applications, 
the Nd3+ ion stands out. The main feature of this ion is that its spectral ab-
sorption lines at the 4I9/2 → 4F5/2 and 4I9/2 → 4F3/2 transitions, as well as the 
fluorescence spectral lines at the 4F3/2 → 4I9/2 transition, lie in the transparency 
windows of biological tissues (so-called «biological windows»), which makes it 
possible to use materials doped with Nd3+ for non-invasive bioimaging of bio-
logical tissues at a depth of 1 cm [11]. Another important feature of the Nd3+ ion 
in crystalline matrices is that the 4F3/2 level is a metastable energy level. This 
means that it has a relatively long lifetime, on the order of hundreds of micro-
seconds, mainly determined by spontaneous radiative decay. This feature simp-
lifies the detection of the fluorescence kinetics for its further analysis. 

Materials doped with RE ions must necessarily have several properties in 
order to be used for biomedical applications, since they are intended to be 
introduced into the human organism: 

 
1. Biocompatibility and lack of toxicity. 
 It is assumed that the material will be used in the human body; therefore, 

when administered, it should not cause any response from the immune 
system [12–14]. 

2. The size of the materials. 
 The required particle size will depend on the application, but it should be 

noted that this factor is important in the selection of the crystal matrix. 
On the one hand, it has been shown that the most optimal materials for 
bioimaging are luminescent nanoparticles doped by RE ions with an 
average size of less than 50 nm to provide the necessary cellular uptake 
and the clearance rate [14]. 

On the other hand, to control the survival rate of a biological implant, 
both a small size consisting of a biocompatible substance and a large 
implant covered with a thin layer of porous microceramic, for example, 
Ca3(PO4)2, activated by RE ions can be used. 

3. High values of brightness and fluorescence quantum yield. 
 Even with a low concentration of nanoparticles, it is necessary to ensure a 

sufficient brightness of the fluorescence. 
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Taking into account the above-mentioned condition for the absence of toxicity 
of materials used in biomedicine, the synthesis of biocompatible nano- and 
microparticles, as well as their colloidal solutions, is carried out by the so-called 
“soft” chemistry methods from aqueous solutions of salts [9, 15, 16]. These 
synthesis methods lead to the appearance of molecular OH- groups in the 
volume of the synthesized materials, which cannot be completely removed from 
the crystal matrix, even during subsequent high-temperature annealing. The 
presence of molecular OH- groups lead to enhanced quenching of the Nd3+ 
luminescence [9, 16, 17]. 

The main reason for the decrease in the fluorescence quantum yield and 
brightness of luminescent materials is the processes of nonradiative relaxation 
of the optical excitation energy. These nonradiative processes compete with 
spontaneous radiative decay and lead to a decrease in the intensity of the 
luminescent signal. The processes of nonradiative energy relaxation can be 
divided into intra- and inter-center relaxation. Nonradiative intra-center relaxa-
tion is the multiphonon relaxation in the optical center. Multiphonon relaxation 
is not considered in this work, since we are analyzing the fluorescence kinetics 
of the 4F3/2 level of Nd3+ ion, which has a large energy gap to the nearest lower-
lying level 4I15/2 (on the order of 5000–6000 cm-1 [18]). This means that the 
multiphonon relaxation has a very low probability and, therefore, makes a small 
contribution to the overall rate of nonradiative relaxation. Inter-center non-
radiative relaxation processes imply nonradiative energy transfer between 
different optical centers. For the transfer of optical excitation energy to occur, it 
is necessary that there are excited ions, i.e. donors, and ions capable of 
accepting this energy, i.e. acceptors. In the general case, the transfer of optical 
excitation energy can occur when there is an overlap of the fluorescence 
spectral lines of donors and absorption spectral lines of acceptors. In the case of 
doping materials with RE ions, the same ion can be both a donor and an 
acceptor of energy. A small resonance mismatch between the energy levels of 
the donor and acceptor can be compensated by phonons of the crystal lattice. 

At a low donor concentration, excitation cannot migrate over donor ions and, 
therefore, is quenched by acceptors at the place of origin. In this case, the 
fluorescence quenching is static and can be described by two successive 
quenching stages. At short times, we observe an exponential stage of ordered 
static decay, at which the fluorescence quenches on the nearest acceptors 
located in the first coordination sphere [19]. The ordered static stage is followed 
by the disordered Förster non-exponential stage of static quenching, which is 
characterized by quenching at more distant acceptors with uniform distribution 
[20, 21]. 

With an increase in the donor concentration, the migration of energy over 
donors to acceptors occurs and accelerates the quenching. The kinetics of 
impurity quenching ceases to be static, and its theoretical description becomes 
more complicated. In the general case, two different mechanisms of energy 
migration are possible in a system with a uniform distribution of donors: 
diffusion and hopping. The quenching mechanism is a hopping mechanism if 
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the average distance between donors is so large that the excitation is transferred 
to the so-called black sphere by one hop [22]. Otherwise, the quenching mecha-
nism is diffusional, that is, the transfer of energy into the "black sphere" occurs 
due to many short hops, which is continuous diffusion. The limits of application 
of the hopping or diffusion model are determined by the relationship between 
CDA (microparameter of donor-acceptor interaction) and CDD (microparameter of 
donor-donor interaction). In crystal matrices doped with RE ions, in the over-
whelming majority of cases, the hopping mechanism of energy transfer is 
realized. 

The theory of hopping migration-accelerated self-quenching (CDD >> CDA), 
consistently taking into account the correlation between migration and cross-
relaxation processes, was proposed in [23, 24]. In these papers, the self-con-
sistent method of diagrammatic summation of the Green density series func-
tions proposed by Gushanur, Andersen, Fire (GAF) [25] and Loring, Andersen, 
Fire (LAF) [26] was used. However, as shown in [27], this method, which is 
successfully applied in the situation of migration-accelerated hopping quenching, 
gives incorrect results in the opposite diffusion limit and in the case of unsteady 
quasi-static quenching. The migration-accelerated stage of quasi-static quenching 
can be followed by a fluctuation stage. The fluctuation stage is associated with 
quenching in areas depleted of donors, that is, at isolated donor centers that 
appear due to concentration fluctuations [28]. The fluctuation stage of impurity 
quenching kinetics is similar to the Förster one but with a stronger decay [17, 
28, 29]. It should be noted that the fluctuation stage can be observed both after 
the migration-accelerated stage of quenching, and immediately after the static 
(Förster) quenching stage, if the acceptors concentration is very high [17, 29]. 

On the one hand, nonradiative energy transfer is a negative process and 
reduces the brightness and fluorescence quantum yield. However, by analyzing 
the kinetics of impurity quenching, one can obtain additional information on the 
structure of the studied material. This method of materials structure analysis is 
called “energy transfer probe” and is used to analyze the local structure of 
crystal matrices doped with rare earth ions, see, i.e., [9]. By analyzing the 
fluorescence quenching kinetics, one can determine the fluorescence quenching 
mechanism, the dimension of the acceptor space, and draw conclusions about 
the structural and morphological reasons for the fluorescence quenching.  
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 2. RESEARCH TASK 

The main goal of the thesis is to study the radiative and nonradiative relaxation 
of optical excitation energy in crystalline matrices of different sizes, such as 
bulk crystals, microceramics and nanoparticles, doped with the Nd3+ ions, using 
laser site-selective and kinetic spectroscopy.  
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3. STATEMENTS PRESENTED FOR THE DEFENCE 

The following statements are presented for the defense: 
 
1. Measurement and analysis of the concentration dependence of the fluore-

scence impurity quenching kinetics in the Nd3+: LaF3 bulk crystals when 
only Nd-Nd self-quenching presents. 

2. Measurement and analysis of the concentration dependences of the relative 
fluorescence quantum yield and brightness of aqueous colloidal solutions of 
Nd3+: LaF3 and Nd3+: KY3F10 nanoparticles, in presence of an additional 
channel of nonradiative energy transfer, namely, Nd3+ ions fluorescence 
quenching caused by OH- molecular group vibrations. 

3. The criteria for choosing a crystal matrix for doping with Nd3+ ions. Namely, 
a large ratio of the Judd-Ofelt intensity parameters Ωସ/ Ω଺, which leads to an 
increase in the luminescence branching ratio at the 4F3/2 → 4I9/2 transition, 
and, consequently, to an increase in the luminescence intensity in the first 
biological window, as well as a small value of Ω଺, which leads to a decrease 
in fluorescence concentration self-quenching and quenching by OH- accep-
tors. 

4. Types of charge compensation at heterovalent substitution of Nd3+ for Ca2+ 
ions in Nd3+: β-TCP microceramics synthesized by water-based methods, 
and their effect on spectral and kinetic properties. 

5. Determination of the relationship between the spectral and kinetic properties 
of the Nd3+ optical centers and their local crystalline environment, with the 
impurity fluorescence quenching kinetics analysis of Nd3+: β-TCP ceramics 
as an example.  
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4. EXPERIMENTAL 

4.1. Synthesis of the materials 
In the framework of this study, materials of different sizes were used. Namely, a 
concentration series of Nd3+: LaF3 bulk crystals with a Nd3+ concentration in the 
range from 0.1 to 87.7 at. %; concentration series of colloidal solutions of Nd3+: 
LaF3 nanoparticles with Nd3+ concentration in the range from 0.1 to 43.6 at. %; 
concentration series of colloidal solutions of Nd3+: KY3F10 nanoparticles with 
Nd3+ concentration in the range from 0.1 to 2 at. %; Nd3+: β-TCP microceramics 
with concentrations of Nd3+ ions 0.1 and 1 at. %. 
 
 

The LaF3 single crystals of high optical quality activated by Nd3+ ions were 
grown from the melt by the descending crucible method in a fluorinating 
atmosphere. 
 
 

4.1.2. Synthesis of the colloidal solutions of  
Nd3+: LaF3 and Nd3+: KY3F10 nanoparticles 

The initial reagents used in the synthesis without any further purification 
include Nd(NO3)3·5H2O (Aldrich, 99.999% purity), Y(NO3)3·4H2O (Aldrich, 
99.999% purity), La(NO3)3·6H2O (99.999%), NH4F (>98%) and KF (Aldrich, 
>99% purity). 
 
 

4.1.2.1. Synthesis of the colloidal solutions of 
 Nd3+: LaF3 nanoparticles 

For the synthesis of aqueous colloidal solutions of Nd3+: LaF3 nanoparticles 
doped with (0.1-50 mol%) Nd3+ ions, La(NO3)3·6H2O (0.4995-0.25 mmol) and 
Nd(NO3)3·5H2O (0.0005-0.25 mmol) were dissolved in deionized water (15 mL). 
The solution of rare-earth salts was added dropwise to the NH4F solution  
(5 mmol) in deionized water (25 mL) under vigorous stirring. To improve the 
dispersibility of the obtained nanoparticles, 1 g of biocompatible surfactant 
Polyvinylpyrrolidone (Aldrich, average MW ~ 55000) was added to the rare-
earth nitrates solutions before precipitation. The freshly precipitated gels were 
diluted with deionized water (10 mL) and left stirring for 15 min. The resulting 
solutions were transferred into a 100ml Teflon autoclave and placed under 
microwave irradiation for 2 h at 200 °C using a Speedwave Four (Berghof 
GmbH, Germany) laboratory device (2.45 GHz, 1 kW maximum output power). 
After they were cooled, centrifuged using a Thermo Scientific Heraeus Multi-

4.1.1. Synthesis of the Nd3+: LaF3 bulk crystals 
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fuge X1 device and washed several times with deionized water. The resulting 
precipitates were redispersed in deionized water using ultrasonication. 
 
 

4.1.2.2. Synthesis of the colloidal solutions of  
Nd3+: KY3F10 nanoparticles 

For the synthesis of the aqueous colloidal solutions of the KY3F10 nanoparticles 
doped with Nd3+ ions (0.1, 1, and 2 mol%), Y(NO3)3·4H2O (0.4995 mmol, 
0.4950 mmol, and 0.4900 mmol) and Nd(NO3)3·5H2O (0.0005 mmol,  
0.0050 mmol, and 0,0100 mmol) were dissolved in 10ml of deionized water. 
The solution of rare-earth salts was added dropwise to the 5 mmol kF·2H2O 
solution under vigorous stirring. To improve the redispersibility of obtained 
nanoparticles, a biocompatible surfactant Polyvinylpyrrolidone (PVP) (Aldrich, 
average Mw ~55000) was added to the rare-earth nitrates solutions before 
precipitation. The freshly precipitated gels were diluted with deionized water 
(10 mL) and left stirring for 15 min. The resulting solutions were transferred 
into a 100ml Teflon autoclave and placed under microwave irradiation for 4 h at 
200 °C using a Speedwave Four (Berghof GmbH, Germany) laboratory device 
(2.45 GHz, 1 kW maximum output power). After that they were cooled, 
centrifuged using a Thermo Scientific Heraeus Multifuge X1 device and washed 
several times with deionized water. The resulting precipitates were redispersed 
in deionized water using ultrasonication. 
 
 

4.1.3. Synthesis of the Nd3+: Ca3(PO4) microceramics 

The β-TCP samples were prepared by co-precipitation from water-ethanol 
system followed by annealing step at 800 °C for 2 h. Powder samples were 
synthesized with two levels of Nd3+ doping: 0.1 at. % and 1 at.%. Synthesis pro-
cedures use chemicals Ca(NO3)2∙4H2O, CaCl2 , (NH4)2HPO4 (all three 99.9%, 
Reakhim), NH4H2PO4 (99.9%, EuroChemicals), Nd2O3 (99.99%, Tailorlux), 
tartaric acid (99.99%, EuroChemicals), anhydrous ethanol (reagent grade), 
concentrated HNO3 (reagent grade, EuroChemicals) and ammonia solution 
(25% solution, reagent grade, AppliChem) as a set of starting materials. To 
obtain the β-phase of TCP ceramics doped with Nd3+, we used a combination of 
chemical dissolution and precipitation methods. The synthesis began with the 
preparation of 30 mL of Ca(NO3)2 solution, which was obtained by dissolving 
0.4675g of Ca(NO3)2∙4H2O in anhydrous ethanol. Thereafter, the desired 
amount of dopant (Nd3+) was introduced by adding Nd(NO3)3 solution, after 
which 10 mL of ammonium hydrophosphate solution prepared by dissolving 
0.1761 g of (NH4)2HPO4 in deionized water was admixed. The final reaction 
mixture was then allowed to stir for 1 h at room temperature. During stirring the 
pH = 9 was kept using an ammonia solution. The precipitate was centrifuged, 
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washed, placed in an oven and dried at 80 °C in air for 12 h. The dried powder 
was heat-treated at 800 °C in an oven for 2 h (heating rate of 10 °C/min). 
 
 

4.2. Measurement technique 
In this work, a variety of methods was used to characterize samples. Below are 
brief descriptions of each of them. A detailed description can be found in the 
respective publications. 
 
 

4.2.1. Energy-dispersive X-ray spectroscopy 

Concentration of Nd3+ ions in LaF3 single crystals was determined by energy-
dispersive X-ray spectroscopy (EDX) using the NVision 40 scanning electron 
microscope (Carl Zeiss) equipped with X-Max (Oxford Instruments) 80 mm2 
detector at 20 kV acceleration voltage. Before measurements, the samples were 
covered with carbon conducting layer. 

FEI Titan Themis transmission electron microscope working at 200 kV was 
used to measure elements concentration in Nd3+: LaF3 and Nd3+: KY3F10 nano-
particles. Energy dispersive X-ray spectroscopy (EDX) signal of the nano-
particles was collected with SuperX silicon drift detector (Bruker) in TEM 
mode. Measurement parameters were set so that sample consisted only of La, 
Nd and F atoms. No chemical definition was used. Quantitative analysis was 
performed with Cliff-Lorimer method for F K-line; for La and Nd L-line using 
Bruker Esprit software. It provides accurate enough elemental analysis with 
high spatial resolution.  
 
 

4.2.2. X-Ray diffraction analysis 

The X-ray diffraction analysis of the synthesized nanoparticles Nd3+: LaF3 and 
Nd3+: KY3F10 was performed using a D/MAX 2500 diffractometer (Rigaku™, 
CuKa-radiation). The nanoparticles were studied in the powdered form after 
drying during several hours at 90 °C. The peaks were identified using the 
JCPDS database. 

X-ray diffraction patterns of the 0.1 and 1 at. % Nd3+: β-TCP samples were 
obtained on a Bruker D2 Phaser X-ray powder diffractometer with Cu Kα radia-
tion. Phase analysis and refinement of the lattice parameters were carried out 
using the software package DIFFRACplus (EVA and TOPAS 4.2.0.2).  

 
 

4.2.3 Transmission electron microscopy  

The transmission electron microscopy (TEM) images of the Nd3+: KY3F10 
samples were taken with Leo912 AB Omega microscope under accelerating 



16 

voltage 100 kV. The colloid was placed on a TEM copper grid and dried for 
several hours. 

 
4.2.4. Scanning electron microscopy 

FEI Titan Themis 200 working at 200 kV was used for STEM images of 
concentration series of the Nd3+: LaF3 nanoparticles. Solutions were diluted in 
alcohol and ultrasonicated. Copper grids with carbon coating were used. 

SEM images of the 0.1 and 1 at. % Nd3+: β-TCP powders were obtained on a 
Tescan VEGA II SBU scanning electron microscope operated at an accelerating 
voltage of 5 kV in the backscattered electron recording mode. 
 
 

4.2.5. Fourier transform infrared spectroscopy 

Fourier transform infrared spectra of the 0.1 and 1 at. % Nd3+: β-TCP were mea-
sured with Spectrum BXII (Perkin Elmer) FTIR spectrometer using ZnSe ATR 
(Interspectrum OÜ, Estonia), 6000 – 600 cm−1, resolution 4 cm−1. 
 
 

4.2.6. Fluorescence spectroscopy 

Detection of luminescence spectra of aqueous colloidal solutions of the 
Nd3+: LaF3 and Nd3+: KY3F10 nanocrystals in the spectral range of 800–1100 nm 
was carried out using the LESA-01-BIOSPEC® fiber optic spectrometer by 
excitation of the samples with a continuous laser diode at 804 nm (LPhT-800-
01-BIOSPEC®), with a power density of 1 W/cm2. At the entrance slit of the 
spectrometer was put was put a BLP01-830R-25 Semrock filter blocking the 
laser radiation. To take into account the spectral sensitivity of the spectrometer, 
a calibration was carried out using a halogen light source LSH-4-BIOSPEC®. 
 
 

4.2.7. Site-selective fluorescence and kinetic spectroscopy 

The kinetics of the fluorescence decay of the 4F3/2 level of Nd3+ ions in LaF3 
single crystals was detected at the 4F3/2 → 4I9/2 transition using the single photon 
counting technique with MDR 23 monochromator (LOMO), a PMT Hama-
matsu R636-10 and multichannel scaler (MCS) Timeharp 260 with nanosecond 
time resolution. The fluorescence of Nd3+ ions was excited by a pulsed Al2O3-Ti 
laser LOTIS-TII LS-2134- LT40 (f = 10 Hz, tpulse =8−30 ns) directly into the 
4F5/2 level of the Nd3+ ions. Single crystals of Nd3+: LaF3 were placed relative to 
the laser beam in such a way as to excite luminescence of the middle part of the 
sample only, for which the concentration of Nd3+ ions were determined. To 
obtain fluorescence kinetics not distorted by various nonlinear processes, which 
can be summarized by the term “up-conversion”, we tried to reduce the energy 
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of the excitation pulse to a maximum possible value at which a further decrease 
in energy affected only the intensity of the kinetics, and not its form. 

Site-selective fluorescence spectra and kinetics of the aqueous colloidal 
solutions of the Nd3+: LaF3 and Nd3+: KY3F10 nanocrystals were measured with 
excitation by a pulsed Al2O3-Ti laser LOTIS-TII LS-2134-LT40 (f = 10 Hz,  
tpulse = 8−30 ns) into the 4F5/2 level of the Nd3+ ions. The fluorescence originated 
from the 4F3/2 level of Nd3+ ions was dispersed by MDR 23 monochromator 
(LOMO) with 0.1 nm spectral resolution. The longpass filter FEL0850 (Thor-
labs) was attached to its front slit to block the laser radiation. The fluorescence 
was detected at the 4F3/2 → 4I9/2 transition of Nd3+ ions by single photon 
counting technique with PMT Hamamatsu R636-10 and multichannel scaler 
(MCS) Timeharp 260 (PicoQuant GmbH) with nanosecond time resolution. 

To measure the site-selective fluorescence spectra of the 0.1 and 1 at. % 
Nd3+: β-TCP, all samples were excited by a pulsed Rhodamine 6G dye laser 
DL-Compact (Estla Ltd., Estonia) with laser line width Δλ = 0.02 cm-1 at 
FWHM pumped by the second harmonics of Nd: YAG (model LQ215,  
f = 20 Hz, pulse duration 5 ns, Solar laser systems, Belarus). The fluorescence 
was dispersed with an Andor Shamrock SR303i spectrometer and recorded with 
a gated Andor Technology iCCD camera iStar DH320T- 18H-13. BLP01-808R-
25 edge-filter (Semrock) was attached to the front slit of the monochromator to 
prevent the penetration of stray light resulting from laser excitation. Fluore-
scence kinetics was detected using a Hamamatsu PMT 6240-02 operating in the 
gated photon-counting mode and equipped with a multi-channel analyzer (Fast 
Comtec P7882) with a time resolution of 100 ns. The samples were cooled in a 
helium bath cryostat (Kyiv, Ukraine), which allowed the samples to be cooled 
to 4.2 K. 
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5. RESULTS AND DISCUSSION 

5.1. Study of fluorescence self-quenching  
in the Nd3+: LaF3 bulk crystals 

A key feature of bulk fluoride crystals doped with RE ions is the absence of 
additional acceptors in the volume, namely molecular OH- groups, whose vibra-
tions cause significant quenching of the RE ions fluorescence [9]. The presence 
of such acceptors leads to the appearance of an additional fluorescence quenching 
channel and complicates the theoretical modeling of the fluorescence kinetics of 
impurity quenching. Modeling the kinetics, when there is only one channel of 
nonradiative transfer of electronic excitation energy, namely Nd*-Nd self-
quenching, is the first step towards solving the problem of fluorescence 
quenching of rare earth ions in nanocrystals. As model object, we used a 
concentration series of Nd3+ – doped LaF3 crystals, in which there is only one 
channel of nonradiative energy transfer. Thus, we were able to compare the 
theoretical modeling of the kinetics of impurity fluorescence self-quenching in 
the presence of Nd-Nd concentration self-quenching only with real experi-
mental kinetics. 
 
 

5.1.1. Theoretical background 

To study the mechanisms of fluorescence self-quenching, we analyzed the 
fluorescence impurity quenching kinetics N(t) obtained from the measured 
fluorescence kinetics I(t) by dividing it by the kinetics describing spontaneous 
radiative decay 
 𝑁(𝑡) = 𝐼(𝑡)/exp(−𝑡/𝜏ோ) (1) 
 
To determine the lifetime of spontaneous radiative decay τR, the fluorescence 
kinetics of a sample with a minimum impurity content is usually measured. We 
assume that at a minimum impurity concentration in the crystal, the processes of 
nonradiative transfer of electronic excitation energy make a minimal contribu-
tion to the fluorescence decay kinetics, and at the far stage, the fluorescence 
decay kinetics is approximated by an exponential function with a decay constant 
corresponding to τR. 

The mechanisms of resonance energy migration and self-quenching of the 
excited 4F3/2 level of the Nd3+ ion is dipole-dipole, since all transitions involved 
in cross-relaxation processes are forced electro-dipole transitions. Migration of 
electronic excitation energy occurs as a result of the cross-relaxation at the  
4F3/2 → 4I9/2; 4I9/2 → 4F3/2 transitions and self-quenching as a result of the cross-
relaxation at the 4F3/2 → 4I15/2; 4I15/2 → 4I9/2 transitions. All these transitions have 
the square of the reduced matrix element U(2) = 0 [30] that means the absence of 
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the quadrupole part of the optical transition in both the donor and the acceptor. 
We also disregard the contribution of magnetic dipole-dipole mechanism of 
energy transfer for the 4F3/2 level of the Nd3+, since magnetic dipole transitions 
are allowed only for transitions with | ΔJ | ≤ 1, but not for 0 → 0 transitions. 
This does not apply to cross-relaxation transitions. 

When analyzing the self-quenching kinetics in LaF3:Nd3+ bulk crystals, we 
use the probabilities u(r) and w(r) of the dipole-dipole interaction between Nd3+ 
ions in the case of migration and cross-relaxation of the electronic excitation 
energy, which are described by the following expressions 

 𝑈(𝑟) = 𝐶஽஽𝑟଺ ,           𝑤(𝑟) = 𝐶஽஺𝑟଺ = 𝑧 𝐶஽஽𝑟଺ , 𝑧 = 𝐶஽஺ 𝐶஽஽ൗ . (2) 

 
As a result, the expression for the fluorescence self-quenching kinetics N(t) 
takes the form [23, 24] 
 𝑁(𝑡) =  𝑒ି௔మ௧(𝑎 − 𝑏)ିଵ[𝑎𝑒௔మ௧𝑒𝑟𝑓𝑐൫𝑎√𝑡൯ − 𝑏𝑒௕మ௧𝑒𝑟𝑓𝑐൫𝑏√𝑡൯] (3) 
 𝑎 = [∆஺ + ∆஽𝜂(𝑧)]2 ; 𝑏 = [∆஺ − ∆஽𝜂(𝑧)]2 ;   𝜂(𝑧) = ඥ1 + 𝑧/2 − ඥ𝑧/2 

(4) 

 ∆஺= (2𝜋ଶ/3)𝜌ඥ𝐶஽஺; ∆஽= (2𝜋ଶ/3)𝜌ඥ𝐶஽஽ (5) 
 
ρ – concentration of donor centers (Nd3+ ions), [nm–3] 

In the case of a uniform and equiprobable distribution of the acceptors in the 
bulk crystal when averaging over the rates of donor-acceptor interactions with 
different distances in a donor-acceptor pair, at short times 𝑡 ≪ ∆஽ିଶ, the kinetics 
(3) in case of dipole-dipole donor-acceptor interaction can be represented as 
Förster function 
 𝑁(𝑡) = exp൫−𝛾஺𝑡ଵ/ଶ൯ (6) 
 𝛾஺ = 43 𝜋ଷ/ଶ𝜌ඥ𝐶஽஺ (7) 

 
where 𝛾஺ – is a macroparameter of energy transfer. 

The behavior of kinetics (3) at long times is determined by the parameter b. 
Excitation migration prevails over cross-relaxation processes at negative values 
of the parameter b, when the following relation is valid 
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𝑏 < 0 →  √2𝑧(ට1 + 𝑧 2ൗ − 𝑧 2ൗ ) < 1 → 𝑧 < 0.25 (8) 

 
As can be seen from conditions (8), this occurs at sufficiently small z. Under 
these conditions, kinetics (3) shows an exponential decay, describing the 
migration-accelerated stage of self-quenching 
 𝑁(𝑡) ≈  [1 − ∆஺/∆஽𝜂(𝑧)]𝑒𝑥𝑝[−∆஺∆஽𝜂(𝑧)𝑡]; 𝑡 ≫ ∆஽ିଶ (9) 
 
At the migration-accelerated stage of self-quenching (for hopping quenching), 
the decay of kinetics occurs according to a simple exponential law with a rate 
 

(10) 

The function η(z) in the hopping migration mechanism (z = CDA/CDD → 0) tends 
to infinity and decreases monotonically with increasing z. It describes the effect of 
correlation between the processes of self-quenching and resonance migration and 
is reflected in self-quenching rate W. The boundary time between the initial 
Förster stage of static quenching and the migration-accelerated stage is defined as 
 𝑡௦ = 32𝜂ଶ(𝑧)𝜋𝛾஽ଶ  (11) 

 
In crystals and glasses doped with Nd3+ ions, as a rule, the resonant migration of 
optical excitations dominates over cross-relaxation processes; since the para-
meter z is sufficiently small, and the fluorescence self-quenching kinetics is 
described by expressions (9), (10). In this case, the Förster stage of static 
quenching (6) is rather short and can be hidden behind the initial exponential 
ordered stage. It is important to note that a decrease in the Nd3+ concentration 
does not lead the kinetics to purely static Förster quenching. 

Formula (3) correctly describes the fluorescence self-quenching kinetics 
only for sufficiently small z for which inequality (8) is satisfied. Small values of 
the parameter z in the case of self-quenching mean that the migration of 
excitation occurs according to the hopping mechanism [31, 32], while the main 
decay of the kinetics due to rapid migration has an exponential form (9), with 
the quenching rate (10). However, in the regions of the crystal depleted of 
donors, the migration of excitation slows down due to the large distances 
between the donor sites. Consequently, the migration accelerated quenching 
kinetics should sooner or later be replaced by delayed nonstationary quenching 
of the excitations of donors trapped in these regions of the crystal. The fluctua-
tion stage of the impurity fluorescence quenching kinetics can be described by 
the following expression 

4
22 2πη( ) ρ η( )

9A D DA DDW z C C z= Δ Δ =
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 𝑁଴(𝑡) = exp {−𝛾஺ඥ(1 + 1/𝑧)𝑡} = exp{−𝛾஽ඥ(1 + 𝑧)𝑡}  (12) 
 
where 𝛾஺ = ଶ√గ ∆஺= ସଷ 𝜋ଷ/ଶ𝜌ඥ𝐶஽஺  и  𝛾஽ = ଶ√ଶ√గ ∆஽= ସଷ 𝜋ଷ/ଶ𝜌ඥ𝐶஽஽ – 
macroparameters of static self-quenching and energy migration, respectively. 

In the range of small values of z (z << 1), the migration-accelerated hopping 
self-quenching, described by formulas (3), (6), and (9), is realized over a 
sufficiently long initial time interval. However, sooner or later, exponentially 
decaying kinetics (9) transforms into the fluctuation stage of hopping self-
quenching (12). The time when the fluctuation stage begins is defined as the 
point of intersection of the kinetics of the migration-accelerated stage (9) and 
the kinetics of the fluctuation stage (𝑁଴(𝑡)) (12) 
 𝑡௙ = 8𝜋Δ஺ଶ  (1 + 𝑧)𝜂ଶ(𝑧) = 32𝜋ଶ𝛾஺ଶ (1 + 𝑧)𝜂ଶ(𝑧)  (13) 

 
Comparing this time with the start time ts of the exponential stage (11), we 
obtain the relation 
 𝑡௦𝑡௙ = 𝜋 𝑧1 + 𝑧 𝜂ସ(𝑧) (14) 

 
As follows from (14), the ratio of the boundary times depends only on the 
parameter z and does not depend on the donor concentration. For small z values, 
this ratio is linear. Accordingly, the smaller z is, the later the fluctuation stage of 
the impurity quenching kinetics begins and the more excitations are quenched at 
the migration-accelerated stage of hopping self-quenching. At small z, after the 
decomposition of the radical in (12), the fluctuation self-quenching kinetics 
takes the following form 
 𝑁(𝑡) ≈ 𝑁଴(𝑡) ≈ exp ቊ−𝛾஽√𝑡 − √𝑧2 𝛾஺√𝑡ቋ , 𝑡 ≫ 𝑡௙, 𝑧 ≪ 1  (15) 

 
Thus, using the above theoretical description of the impurity quenching 
kinetics, we can solve two problems, direct and inverse. The direct problem is to 
simulate the fluorescence impurity quenching kinetics of various materials 
doped with RE ions without performing an actual experiment. Solving the in-
verse problem, using a detailed analysis of the fluorescence impurity quenching 
kinetics, we can determine the mechanisms of fluorescence quenching, the 
dimensions of the donor and acceptor spaces, and draw conclusion about the 
origin of the fluorescence quenching processes. In practice, the inverse problem 
is usually implemented. 
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5.1.2. Analysis of the impurity fluorescence self-quenching 
kinetics in LaF3 crystals with low and medium concentration of 

Nd3+ ions 

Usually, the processing of the experimentally obtained concentration fluore-
scence self-quenching kinetics begins with the determination of the donor-
acceptor interaction microparameter CDA. In the general case, in the stepwise 
analysis of the impurity quenching kinetics, this parameter can be found in two 
ways: 
 
1. Analysis of the disordered (Förster) stage of the impurity self-quenching 

kinetics, which is determined by expression (6).  
This method is traditional and has a high accuracy in determining the para-
meter γA in the presence of a deep section of the Förster quenching. How-
ever, in the presence of strong migration-accelerated quenching, the Förster 
stage of static quenching is very short, and it is difficult to correctly deter-
mine the γA macroparameter. In our case, there is no second acceptor and 
therefore we only take into account self-quenching of the Nd – Nd lumine-
scence; therefore, the migration-accelerated process of nonradiative energy 
transfer is pronounced. According to formula (3), with a change in the 
impurity concentration, kinetic changes are not observed if the parameter z 
does not change. 

 
2. Analysis of the initial ordered stage of the static quenching kinetics, 

which has an exponential form and is determined by the expression 
 𝑁(𝑡) = exp(−𝑊௢௥ௗ𝑡) , 𝑡 ≪ 𝑡ଵ (16) 
 

In the case when the disordered static stage is very short and quickly changes 
to the migration-accelerated stage, it becomes impossible to determine the 
CDA microparameter from it. In this case, it is possible to determine the inter-
action microparameter CDA from an ordered static stage, the rate of which 
depends on it linearly: 

 𝑊௢௥ௗ = 𝑐஽𝐶஽஺𝑃, 𝑃 = ෍ 𝑟ଵ௜ି଺௜  (17) 

where 𝑐஽ – is relative donor concentration. 
 
The boundary time t1 between ordered static quenching and the Förster stage for 
strongly dilute solid solutions does not depend on the impurity concentration, 
but depends exclusively on CDA and the volume Ω occupied by one site of the 
donor sublattice 
 𝑡ଵ = Ωଶ/𝐶஽஺ (18) 
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On the side of long times, the interval of the disordered stage of kinetics is 
limited by the boundary time ts (11), which is inversely proportional to the 
square of donor concentration. 

In expression (17), the summation is performed over all sites of donor sub-
lattice, except for the initially excited site. This method has such disadvantages 
as the low accuracy of CDA determination at low concentrations. It should be 
noted that in concentrated systems this method is the only one since the entire 
kinetic curve is described by ordered decay exponent. 

The rate of ordered decay is determined from an analysis of the impurity 
fluorescence self-quenching kinetics. To determine it, according to expression 
(1), it is necessary to determine the lifetime of the spontaneous radiative decay 
τR. Usually, the lifetime of spontaneous radiative decay is determined for a 
sample with a low concentration of impurity in order to minimize the influence 
of non-radiative energy transfer. In our case, we studied a sample with an Nd3+ 
ion concentration of 0.1 at. % (Fig. 1, upper curve). Approximating the far stage 
of its fluorescence kinetics by a decaying exponential function, we determined 
the spontaneous decay lifetime τR = 701 μs. The impurity fluorescence 
quenching kinetics was obtained according to (1) by division of fluorescence 
kinetics to kinetics of exponential decay with τR = 701 μs (Fig. 2). 

 
 

 
 

Fig. 1. Fluorescence kinetics in bulk crystal LaF3:Nd3+ under excitation at 803 nm 
wavelength and fluorescence detection at 863.2 nm wavelength depending on Nd3+ 
concentration – broken curves. Fitting by exponential decay with τR = 701 μs – dashed 
line. 
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Fig. 2. Concentration dependence of the impurity quenching kinetics of Nd3+ ions in 
LaF3:Nd3+ crystals. Dotted curves – theoretical calculation. 
 
 
Self-quenching of luminescence occurs in the volume of the crystal. As shown 
earlier, in the case of a donor-acceptor dipole-dipole interaction, the Förster 
stage of static luminescence quenching is described by expressions (6, 7). We 
can determine whether there is a Förster stage of static quenching by the pre-
sence of linear sections with a slope angle with tgφ = ½ in the impurity 
quenching kinetics, replotted in the coordinates lg(-ln(N(t))) vs. lgt (Fig. 3). The 
analysis of the presented kinetic curves shows that the static Förster stage of the 
fluorescence quenching is absent in the studied samples. An additional con-
firmation of the absence of a disordered Förster stage, according to expression 
(6), is the absence of a linear section on the kinetic curves replotted in coordi-
nates ln(N(t)) vs. t1/2 (Fig. 4). 

The presence of an ordered static stage of fluorescence quenching is 
determined by presence of a linear section with a slope tgφ = 1 in the quenching 
kinetics replotted in -lg(-ln(N(t))) vs. lgt coordinates (Fig. 3) that follows from 
expression (16). The presence of an ordered stage of static quenching, as well as 
its rate, can be confirmed by rearranging the fluorescence impurity quenching 
kinetics in the coordinates ln(N(t)) vs. t (Fig. 4). It follows from expression (16) 
that the linear part slope of the fluorescence impurity self-quenching kinetics, 
replotted in the coordinates ln(N(t)) vs. t (Fig. 5), will determine the rate of 
ordered static quenching. For the studied concentration series of LaF3 crystals, 
the static quenching rates are: 𝑊௢௥ௗ(2.4%) =  0.0064 μs-1, 𝑊௢௥ௗ(3.3%) = 0.00985 μs-1 и 𝑊௢௥ௗ(7.6 − 9.7 %) =  0.054 μs-1. For the LaF3 crystal, the 
lattice sum is P = 2400 nm-6 [33]. 
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Fig. 3. Concentration dependence of the impurity quenching kinetics of Nd3+ ions and 
its theoretical calculation (dashed curves) for LaF3:Nd3+ crystals, plotted in special 
coordinates. 
 
 

 
 
Fig. 4. Concentration dependence of the impurity quenching kinetics of Nd3+ ions and 
its theoretical calculation (dashed curves) for LaF3:Nd3+ crystals, plotted in special 
coordinates. 
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Fig. 5. Concentration dependence of the ordered static stage of the impurity quenching 
kinetics of Nd3+ ions in LaF3:Nd3+ crystals. Dotted curves – theoretical calculation. 
 
 
Using these data, we calculated the microparameter 𝐶஽஺ for the initial ordered 
static stage of (eq. 17). The result for different impurity concentrations gives an 
insignificant spread in the values: 𝐶஽஺ = 0.11; 0.13; 0.125 nm6/ms. 

Direct fitting of the kinetics according to formula (3) gives the best 
agreement between the experimental and calculated data for the Nd3+ con-
centrations of 2.4% and 3.3% at CDA = 0.13 nm6/ms, CDD = 0.85 nm6/ms (z = 
0.15). For these values of microparameters, an ideal coincidence of theoretical 
and experimental curves is achieved (Fig. 2–5). An exception is a small initial 
part of the non-stationary kinetics after the end of ordered decay, in which the 
theory predicts a short section of static quenching, which is absent in experi-
ment. It should be noted that, during the fitting process, the selected CDA value 
is primarily responsible for the curvature of the initial self-quenching stage up 
to times t ~ ts, while the CDD value forms the kinetic curvature mainly at the 
final stage of the kinetic curve. This makes the fitting procedure rather 
unambiguous. In general, having the concentration series of kinetic curves and 
determining (by fitting) the CDA and CDD values for several curves simulta-
neously, it is possible to check the correctness of determination of neodymium 
concentration in the entire series of samples. The accuracy of determining the 
concentration by the kinetic method significantly exceeds the accuracy of other 
methods. For the kinetic data of the third sample, measurements by the non-
kinetic EDX method gave an estimate range 7.6–9.7%. Using the selected 
values of microparameters and concentration, at which the best coincidence of 
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the calculated and experimental curves is achieved, we obtained a value of 8.8% 
(Fig. 2–5). Note that, for this concentration the mismatches between experiment 
and theory are more noticeable at the initial stage of kinetics. This is due to the 
system going beyond the limits of the continuous medium model R >> Rmin, 
when the distance between the donor and acceptors can approach Rmin that is not 
taken into account in formula (3). 

Now, knowing the energy transfer microparameters, we can calculate the 
boundary times for various stages of the kinetics of impurity self-quenching. 
Using expression (18) and the value Ω = 0.0566 nm3 for the elementary volume 
of the donor sublattice [34] for the LaF3 lattice, we obtain t1 = 25 μs (Fig. 5, red 
dashed line). Accordingly, in the interval t < 25 μs, the impurity quenching 
kinetics includes only an ordered stage of fluorescence static quenching. 

As follows from formula (11), the boundary time ts depends on concentration 
and the parameter z. Expression (11) gives the values ts = 684 μs, ts = 380 μs,  
ts = 52 μs for concentrations (2.4%, 3.3%, 8.8%), respectively (Fig. 2–4). 
Calculating the boundary time tf of the fluctuation stage using formula (13), we 
have: tf = 4930 μs, tf = 2738 μs, tf = 376 μs. 

As follows from relation (14), the ratio of ts and tf does not depend on the 
concentration but depends only on the parameter z = CDA/CDD. So, for z = 0.15 
at any concentration tf = 7.2ts. In fact, the main decay in the observed kinetics at 
all three concentrations occurs mainly at the migration-accelerated stage of self-
quenching (9), (10). With an increase in the neodymium concentration to 8.8%, 
the boundary of the measured interval almost reaches tf. Further, at t >> tf, the 
kinetics should change from fast exponential quenching (9), (10) to slow 
fluctuation decay (15). 
 
 

5.1.3. Analysis of the impurity fluorescence self-quenching 
kinetics in LaF3 crystals with high concentration of Nd3+ ions 

The above analysis of the impurity fluorescence self-quenching kinetics is not 
suitable for highly concentrated systems. With an increase in the neodymium 
concentration, the rate of the migration-accelerated stage 𝑊ഥ  (10), which in-
creases according to the quadratic law with increasing donor concentration, 
sooner or later becomes greater than the maximum possible self-quenching rate 𝑊௢௥ௗ, which linearly depends on the donor concentration. In this case, the 
multistage self-quenching kinetics transforms into single stage ordered decay 
(16), (17). The сritical concentration of neodymium ions 𝑐஽∗ , at which this 
transition occurs, is determined by the relation 
 𝑊ഥ (𝑐஽∗ ) = 𝑊௢௥ௗ(𝑐஽∗ ), → 𝑐஽∗ = 0.033Ωଶ𝑃√𝑧/𝜂(𝑧) (19) 
 
The critical concentration depends on the lattice constants of the crystal and is 
an increasing function of the parameter z up to the limiting values of the exis-
tence of migration-accelerated stage, determined by inequality (8) (z = 0.25). 
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Substituting the value Ω2P = 7.695 of the dimensionless lattice sum for LaF3 
and the value z = 0.15 determined by fitting, we obtain the value of the critical 
concentration of neodymium in the crystal: 𝑐஽∗  = 12.6%. 

We measured the fluorescence decay kinetics for crystals with a high im-
purity content (Fig. 6). All measured kinetic curves are described by exponen-
tial decay with times τ = 12.1, 6.1, 4.3 and 3.1 µs for concentrations of 27.0%, 
50.4%, 60.0%, and 87.7%, respectively.  

 
 

 
 

Fig. 6. Concentration dependence of the impurity self-quenching kinetics in Nd3+: LaF3 
crystals at a high impurity concentration. 
 
 
This exponential decay corresponds to the ordered stage of fluorescence static 
self-quenching (16), which means that using expression (17), we can calculate 
the microparameter CDA = 0.128, 0.136, 0.140 и 0.153 nm6/ms. 

With an increase in the Nd3+ concentration from 50% and more, an increase 
in the microparameter of energy transfer CDA is observed, which in the general 
case should be a constant characteristic of the system. This growth can be 
explained by two factors. The first factor is an increase in the crystal field 
strength due to a slight decrease in the parameters of the crystal lattice under the 
conditions of the predominance of the NdF3 structure over the LaF3 structure. 
This leads to an increase in the line strength of electric dipole transitions SED in 
the Nd3+ ion and, as a consequence, to an increase in the CDA and CDD micro-
parameters, according to the theory [35]. Another factor is the different values 
of the lattice sum P for LaF3 and NdF3. The difference in the lattice constants of 
LaF3 (a = 7.367 Å; c/a = 1.025) and NdF3 (a = 7.021 Å; c = 7.196) is about 
2.3%. This increases the lattice sum P for NdF3 in comparison with LaF3 by 
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15.5% and gives the value CDA = 0.132 nm6/ms at 87.7% Nd3+, which is in 
qualitative agreement with the value obtained from the kinetic fit for low Nd3+ 
concentrations. 

 
 

5.2. Study of the dependence of  
fluorescence quantum yield and brightness on 

concentration of dopant in aqueous colloidal solutions  
of Nd3+: LaF3 and Nd3+: KY3F10 nanocrystals 

Fluoride nanoparticles doped with Nd3+ ions have been repeatedly tested to 
visualize biological tissues at a depth of one centimeter [7, 8]. Bioimaging in 
the “first biological window” (750–950 nm) is the easiest, since it is possible to 
use low-noise and low-cost detectors in this range [8]. In this regard, an urgent 
problem is the choice of a crystal matrix for the synthesis of nanoparticles 
doped by Nd3+ ions with the maximum fluorescence brightness in the "first 
biological window". It may seem that the easiest way to do this is to choose the 
matrix with the highest absorption cross section σA at the 4I9/2 → 4F5/2 transition 
(~ 800 nm) and the highest radiative spontaneous emission probability A at the 
4F3/2 → 4I9/2 transition (~ 860-870 nm). However, along with an increase in the 
absorption of laser radiation and the intensity of luminescence, in accordance 
with the Förster – Dexter theory [20, 36], the rate of energy transfer from the 
excited donor (Nd3+ ion) to the quenching acceptor will also increase, which 
will lead to degradation of the luminescence characteristics. We can distinguish 
two main quenching channels in nanocrystals doped with Nd3+ ions, which are 
synthesized by water methods: co-precipitation (CO) and hydrothermal 
microwave treatment (HTMW) [15]. The first is Nd*-Nd self-quenching, the 
contribution of which to the impurity quenching kinetics increases with an 
increase in the concentration of neodymium ions. The second channel is the 
fluorescence quenching as a result of nonradiative energy transfer to third-party 
acceptors. For nanoparticles synthesized by water methods, this is a quenching 
channel on molecular OH- groups, which makes a significant contribution to the 
fluorescence impurity quenching kinetics [9, 16, 17]. 

Thus, the choice of the crystal matrix for fluorescent nanoparticles doped 
with Nd3+ ions for bioimaging in the near-IR spectral range can be approached 
in different ways. On the one hand, to increase the fluorescence intensity, one 
can try to synthesize well-crystallized defect-free binary fluoride nanocrystals, 
for example, a YF3 crystal with a high spontaneous decay rate (τR = 390 μs 
[37]). In this case, it is also necessary to provide a low concentration of dopant 
in order to reduce the contribution of self-quenching, as well as a low volume 
content of OH- molecular groups in order to reduce quenching. The latter is 
hardly achievable using “green” water synthesis. In addition, the low con-
centration of Nd3+ reduces the luminescence intensity. Another way is to use 
crystal host matrices with a reduced line strength SED of the transitions and, 
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therefore, with reduced self-quenching and quenching caused by vibrations of 
molecular OH- groups. The relationship between spontaneous emission rate A 
and the rate of fluorescence quenching affects the choice of the optimal con-
centration of impurity Nd3+ ions required to achieve the maximum fluorescence 
brightness. In other words, this relationship determines the maximum Nd3+ con-
centration, at which an increase in the luminescence intensity with an increase 
in the impurity concentration still prevails over its decrease as a result of con-
centration self-quenching (due to nonradiative (quenching) energy transfer).  

In this part of the work, we tried to establish the criteria for choosing a 
crystal matrix for nanoparticles doped with Nd3+ ions to provide the maximum 
fluorescence intensity (maximum branching ratio) at the 4F3/2 → 4I9/2 transition, 
that is, in the “first biological window” with a minimum fluorescence self-
quenching and quenching on third-party acceptors. 
 
 

5.2.1. Theoretical background 

In order to compare the fluorescence intensity of the 4F3/2 →  4I9/2 transition for 
two different crystal matrices doped with Nd3+ ions, it is necessary to compare 
the parameters in the expression 
 𝐼(𝑡) = 𝑛∗(𝑡)𝐴𝛽ଵ௝ℎ ቆ 1𝜆ଵ௝ቇ, (20) 

 
where 𝑛∗ is the population of the excited level 4F3/2; A is the rate of spontaneous 
radiative decay from an excited level, which is the sum of the rates ∑ 𝐴ଵ௝௝  over 
all transitions to the lower lying manifolds of the Nd3+ ion; 𝛽ଵ௝ is the 
fluorescence branching ratio from the 4F3/2 manifold to one of the lower lying 
level j – 4I9/2, 4I11/2, 4I13/2, 4I15/2 manifolds j; ℎ ൬ ଵఒభೕ൰ is the transition energy. The 

probability of a radiative transition depends on the line-strength of the electric-
dipole transition 𝑆ா஽ as [35] 
 𝐴(𝐽௔ − 𝐽௔ᇲ) = 64𝑒ଶ𝜋ସ3ℎ ( 1𝜆௔௔ᇱଷ )𝜒ா஽ 1(2𝐽௔ + 1) 𝑆ா஽௔௔ᇱ (21) 

where 𝜒ா஽ = 𝑛(𝑛ଶ + 2)ଶ9  (22) 

and  𝑆ா஽௔௔ᇱ = ෍ Ω௞𝑈௔௔ᇱ(௞)௞ ୀ ଶ,ସ,଺  (23) 

 
where Ω௞ and 𝑈(௞) are the intensity parameters and squares of the reduced 
matrix elements of Judd-Ofelt theory, respectively [38, 39]. 
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In order to increase the fluorescence branching ratio 𝛽ଵ௝ for the 4F3/2 → 4I9/2 ቀ𝑗 = ଽଶቁ transition by decreasing the line-strength 𝑆ா஽ for the 4F3/2 → 4I11/2 
transition and increasing the line-strength 𝑆ா஽ for the 4F3/2 → 4I9/2, it is 
necessary to choose a crystal matrix with a large value of Ωସ and a small value 
of Ω଺ (Ωସ >  Ω଺), since for the 4F3/2 → 4I9/2 transition 𝑈(ସ) > 𝑈(଺), while for the 
4F3/2 → 4I11/2 transition, the opposite situation is observed (Table 1 [30]).  

If the condition (Ωସ >  Ω଺) is satisfied, then the rates of the remaining 
transitions from the 4F3/2 level of the Nd3+ ion also decreases, since for the 
4F3/2 → 4I13/2 and 4F3/2 → 4I15/2 transitions the matrix element 𝑈(ସ) = 0. This 
additionally increases the branching ratio at the 4F3/2 → 4I9/2 transition. For two 
promising fluoride matrices for doping with Nd3+ ions, LaF3 и KY3F10, the 
ratios (Ωସ >  Ω଺) are 1.03 and 0.55, respectively. It can be assumed that the 
fluorescence branching ratio 𝛽ଵ௝, and, consequently, the fluorescence intensity 
for the 4F3/2 → 4I9/2 transition for Nd3+: LaF3 will be higher than for Nd3+: 
KY3F10. 
 
 
Table 1. The calculated squares of reduced matrix elements for some electronic 
transitions of the Nd3+ ion [30] responsible for fluorescence intensity and fluore-
scence quenching. 

Transition 𝑈(ଶ) 𝑈(ସ) 𝑈(଺)
4F3/2 → 4I9/2 0 0.2293 0.0548 
4F3/2 → 4I11/2 0 0.1136 0.4104 
4F3/2 → 4I13/2 0 0 0.2085 
4F3/2 → 4I15/2 0 0 0.0288 
4I9/2 → 4I15/2 0 0.0001 0.0453 
4I9/2 → 4F5/2 0.0010 0.2371 0.3972 
4I9/2 → 4H(2)9/2 0.0092 0.008 0.1155 

 
 
The rate of dipole-dipole energy transfer 𝑊஽஺ from the donor (excited Nd3+ ion) 
to the acceptor (unexcited Nd3+ ion) is proportional to the product of the line-
strengths 𝑆ா஽஽  and 𝑆ா஽஺  of energy resonance transitions in the donor and 
acceptor, as well as to the overlap integral S of their luminescence and 
absorption spectra [35] 
 𝑊஽஺ௗௗ = 1(2𝐽஽ + 1)(2𝐽஺ + 1) ൬23൰ ൬2𝜋ℏ ൰ ቆ𝑒ଶ𝑅ଷቇଶ ൭ ෍ Ω௞஽𝑈௔௔ᇲ஽(௞)௞ ୀ ଶ,ସ,଺ ൱ × 

× ൭ ෍ Ω௞஺𝑈௔௔ᇱ஺(௞)௞ ୀ ଶ,ସ,଺ ൱ 𝑆 
(24) 
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Based on the above formula, it can be seen that to decrease the rate of 
fluorescence quenching 𝑊஽஺ , it is necessary to find a crystal matrix for doping 
with Nd3+ ions, with a reduced value of the line strength 𝑆ா஽ for transitions in 
the donor and acceptor involved in the resonant cross-relaxation process. Self-
quenching of the 4F3/2 level is determined by the 4F3/2 → 4I15/2 transition in the 
donor (𝑈(ସ) = 0, 𝑈(଺) = 0.0288) and the 4I9/2 → 4I15/2 transition in acceptor 
(𝑈(ସ) = 0.0001 и 𝑈(଺) = 0.0453). To reduce self-quenching, it is also neces-
sary to choose a crystal matrix with a small value of Ω଺, regardless of the Ωଶ 
and Ωସ values, because of zero or almost zero values of the matrix elements 𝑈(ଶ) and 𝑈(ସ) for the 4F3/2 → 4I15/2 transition in the donor and 4I9/2 → 4I15/2 in the 
acceptor, respectively. 

Besides, all transitions from the 4F3/2 level can participate in cross-relaxation 
nonradiative energy transfer to vibrational levels of molecular OH- groups [40]. 
The most effective resonant nonradiative energy transfer from an excited neo-
dymium ion to OH- acceptors occurs at low resonance energies, i.e. involving 
the 4F3/2 → 4I15/2 и 4F3/2 → 4I13/2 transitions in the donor. And in this case, we 
should only care about a low value of the intensity parameter 𝛺(଺) to ensure a 
low line-strength 𝑆ா஽ for the transition in the Nd3+ donor, and thereby reduce 
the efficiency of cross-relaxation transitions between excited Nd3+ ions and OH- 
acceptors, because both matrix elements 𝑈(ଶ) and 𝑈(ସ) for these transitions are 
equal to zero (Table 1). 
 
 
Table 2. The intensity parameters Ω௞, indices of refraction n in the near IR, and 
spontaneous emission lifetimes 𝜏ோ for several Nd3+ doped fluoride bulk crystals, 
which can be employed for water-based synthesis of the same nanocrystals for near 
IR bioimaging.  
 

Crystal 
host 

Ω2, 
10-20 
cm2 

Ω4, 
10-20 
cm2 

Ω6, 
10-20 
cm2 

Ω4/Ω6 n,  τR, μs 

LaF3 0.35 2.57 2.50 1.03 1.5693 701 [41] 
KYF4 0.86 2.39 3.93 0.61 1.41 714 [42] 

KY3F10 1.37 4.16 7.56 0.55 1.48 550 [43] 
LiYF4 1.9 2.7 5.0 0.54 1.45 550 [44] 
LiLuF4 1.19 1.27 4.04 0.31 1.468 495 [45] 
LiKYF5 0.92 3.21 4.26 0.75 1.45 475 [46] 
α-NaYF4 6.07 3.05 10.52 0.29 1.467 330 [47] 

 
 
We may assume that the fluorescence quenching for Nd3+: KY3F10 will be 
stronger than for Nd3+: LaF3 because parameter Ω଺ for the Nd3+: LaF3 crystal is 
three times less, 2.50 x 10-20 [48], as compared to the Nd3+: KY3F10, 7.56 x 10-20 
cm2 [45]. 
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To verify the correctness of our preliminary conclusion, based on the esti-
mation of the ratio of the intensity parameters Ωସ/Ω଺ and the values of Ω଺ in 
bulk crystals, below we compared the measured concentration dependences of 
the relative fluorescence quantum yield (FQY) η for aqueous colloidal solutions 
of Nd3+: LaF3 и Nd3+: KY3F10 nanoparticles associated with the quenching 
energy transfer to acceptors [49] 
  𝜂 = 1𝜏ோ න 𝐼(𝑡)/𝐼(0)𝑑𝑡ஶ

଴  (25) 

 
where 𝐼(𝑡) is measured fluorescence kinetics. 

Also, for aqueous colloidal solutions of Nd3+: LaF3 и Nd3+: KY3F10 nano-
crystals, we compared the concentration dependence of the fluorescence bright-
ness (FB), which is the product of FQY η and the absolute impurity concentra-
tion nD [nm3] (Brightness = η x nD). 
 
 

5.2.2. Investigation of spectral and  
kinetic fluorescence properties of colloidal solutions of  

Nd3+: LaF3 and Nd3+: KY3F1 nanocrystals 

The ratio of the areas under the spectral fluorescence bands for two transitions 
4F3/2 → 4I9/2 and 4F3/2 → 4I11/2 of Nd3+ ion of aqueous colloidal solutions of 
3 at. % Nd3+: LaF3 (Fig. 7, black curve) and 1 at. % Nd3+: KY3F10 (Fig. 7, red 
curve) nanocrystals (NCs) at room temperature, measured upon excitation by a 
tunable laser with a wavelength of 800 nm and a spectral resolution of 4 nm, 
corrected for the spectral sensitivity of the setup, confirm our assumption that 
the fluorescence branching ratio at the 4F3/2 →  4I9/2 transition is higher for the 
Nd3+: LaF3 nanocrystals than for Nd3+: KY3F10 nanocrystals due to the larger Ωସ/Ω଺ ratio for the former. 
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Fig. 7. Fluorescence spectra of aqueous colloidal solutions of NCs at room temperature 
with excitation at a wavelength of 804 nm and measurements at a spectral resolution of 
4 nm. The spectra are corrected taking into account the spectral sensitivity of the setup. 
The left spectral line belongs to the 4F3/2 → 4I9/2 transition, and the right one belongs to 
4F3/2 → 4I11/2 transition of Nd3+. A 3 at. % Nd3+: LaF3 – black spectrum and 1 at. % 
Nd3+: KY3F10 – red spectrum. 
 
 
 

 5.2.2.1. Kinetic fluorescence spectroscopy of colloidal solutions of 
Nd3+: LaF3 nanocrystals 

There is an intense narrow spectral line at a wavelength of 862.8 nm at the 
fluorescence spectrum of an aqueous colloidal solution of 1 at. % Nd3+: LaF3, 
measured at the 4F3/2 → 4I9/2 transition with a spectral resolution of 0.1 nm, 
which is associated with the inter-Stark transition 4F3/2 (1) → 4I9/2 (1) (Fig. 8). 
The excitation was carried out at a wavelength of 803 nm in the "first biological 
window". The shape of the fluorescence spectrum is the same as that of a bulk 
crystal, which indicates good crystallization of the synthesized nanoparticles. 
The measured fluorescence kinetics of an aqueous colloidal solution of 
Nd3+: LaF3 nanoparticles demonstrates strong quenching with an increase in the 
Nd3+ ion concentration from 0.1 to 43.6 at. % (Fig. 9). 
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Fig. 8. The measured fluorescence spectra of the 1 at. % Nd3+: LaF3 bulk crystal and for 
aqueous colloidal solution of the 1 at. % Nd3+: LaF3 NCs at 300 K in first biological 
window (4F3/2 → 4I9/2 transition). 

 
 

 
 

Fig. 9. Fluorescence kinetics of aqueous colloidal solutions of Nd3+: LaF3 NCs at room 
temperature with various dopant concentrations, excited at 803 nm and detected at 862.8 nm. 
 
 
To determine the relative luminescence quantum yield FQY from the measured 
fluorescence kinetics I(t) according to Eq. (25), it is necessary to determine the 
radiative lifetime τR. For this, it is necessary to minimize the impurity quenching 
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of the fluorescence. Therefore, we measured the fluorescence kinetics in the 
sample with the minimum content of the impurity RE ion. 

Comparison of the fluorescence decay kinetics of the 4F3/2 level of the Nd3+ 
ion in an aqueous colloidal solution of LaF3 nanocrystals at a relative con-
centration of Nd3+ ions of 1 at. % synthesized with PVP, and a bulk crystal with 
the same impurity concentration, demonstrated their significant difference 
(Fig. 10). If the kinetics of a bulk crystal decays exponentially with τR = 701 μs 
[41], then the kinetics of a colloidal solution does not initially decrease expo-
nentially, but exponentially decays at a late stage with a radiative lifetime τR = 
750 μs. The nonexponential decay at the initial stage of the kinetics is as-
sociated with the nonradiative transfer of optical excitation energy to the vibra-
tions of OH- molecular groups located in the volume of nanoparticles. 

It should be taken into account that the lifetime of an excited level associated 
only with spontaneous radiative transitions to states with lower energies is 
different in a bulk crystal and in a colloidal solution of nanocrystals for the 
same crystal matrix. The ratio of the spontaneous radiative decay lifetime for a 
crystal and nanoparticles is proportional to the ratio of the refractive index of 
the medium in which the nanoparticles are located to the refractive index of the 
crystal [50]. The spontaneous radiative decay lifetime for a colloidal solution of 
Nd3+: LaF3 nanoparticles in PVP will be longer than for an Nd3+: LaF3 bulk 
crystal since the refractive index of the medium in which nanoparticles are 
located is less than the refractive index of the crystal. 

 
 

 
 

Fig. 10. Fluorescence decay kinetics of the 4F3/2 level of the Nd3+ ions in a bulk LaF3 
crystal at a concentration of Nd3+ c = 0.1 at. % (red curve) and an aqueous colloidal 
solution of 0.1 at. % Nd3+: LaF3 nanocryctals with PVP (black curve). Approximation 
by exponential function exp(-t/τR) = 701 μs is green dashed line; τR = 750 μs is the 
black dashed line. 
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5.2.2.2. Site-selective laser spectroscopy of the aqueous colloidal 
solutions of Nd3+: KY3F10 nanoparticles 

Determination of the dependence of the relative fluorescence quantum yield of 
an aqueous colloidal solution of Nd3+: KY3F10 nanocrystals at room temperature 
on Nd3+ concentration is hampered by the presence of two types of optical 
centers (OC) [49]. In this case, it was necessary to study Nd3+: KY3F10 nano-
particles by laser site-selective spectroscopy to determine the true fluorescence 
kinetics for each type of optical centers, and then the true value of the relative 
fluorescence quantum yields and brightness. 

Site-selective time-resolved fluorescence spectra of a colloidal solution of 
1 at. % Nd3+: KY3F10 nanoparticles were measured at room temperature with 
different excitation wavelengths of 575, 801.9 and 857 nm (Fig. 11, black, red, 
and green, respectively). The spectra show fluorescent transitions for two types 
of optical centers in accordance with the energy levels diagram [49]. The arrows 
mark the inter-Stark transitions for two types of optical centers. The legend for 
identifying the inter-Stark transitions OC1 and OC2 is on the graph. 

 
 

 
 
Fig. 11. Site-selective fluorescence spectra of an aqueous colloidal solution of the 
0.1 at. % Nd3+: KY3F10 NCs at room temperature with different excitation wavelengths: 
575 nm – black; 801.9 nm – red; 857 nm – green. Arrows mark inter-manifold inter-
Stark transitions for two types of optical centers. A legend for identifying optical 
transitions of OC1 and OC2 is on the graph. 
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Using the methods of site-selective laser and kinetic spectroscopy, we were able 
to identify the fluorescence kinetics for two types of optical centers (Fig. 9) and 
measure its concentration dependence (Figs. 13 and 14). 

First, we determined the spontaneous emission lifetime for OC1 by mea-
suring the selective fluorescence kinetics of an aqueous colloidal solution of 
0.1 at. % Nd3+: KY3F10 nanoparticles at room temperature at an excitation 
wavelength of 861.0 nm and a detection wavelength of 857.5 nm in the anti-
Stokes region in order to reduce the contribution from the scattered light of the 
exciting laser (τR = 761 μs) (Fig. 12, upper curve) and for OC2, at excitation 
wavelength of 801.9 nm and detection of 873.0 nm (τR = 447 μs) (Fig. 12, lower 
curve). The kinetics measured at an excitation wavelength of 801.7 nm and 
recorded at a wavelength of 857.5 nm is the sum of the fluorescence kinetics of 
two types of optical centers (Fig. 12, middle curve). 
 
 

 
 

Fig. 12. Site-selective fluorescence kinetics of an aqueous colloidal solution of 0.1% 
Nd3+: KY3F10 NCs at room temperature: upper solid curve – OC1, excitation 861 nm, 
detection 857.5 nm; bottom solid curve – OC2, excitation 801.9 nm, detection 873 nm; 
middle solid curve – excitation 801.7 nm, detection 857.5 nm, a sum of two optical 
centers. Dashed curves correspond to exponential decay: τR = 761 μs – upper, blue; and 
τR = 447 μs – bottom, pink. 
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5.2.3. Determination of the dependences on the concentration 
of the neodymium ion of the relative fluorescence quantum 

yield and brightness for aqueous colloidal solutions of  
Nd3+: LaF3 and Nd3+: KY3F10 nanocrystals 

We used the measured dependence of the fluorescence kinetics on the con-
centration of neodymium ions to plot a similar concentration dependence of the 
relative fluorescence quantum yield FQY (formula 25) of aqueous colloidal 
solutions of Nd3+: LaF3 nanocrystals associated with quenching energy transfer 
to unexcited Nd3+ ions and molecular OH- groups. The FQY decreases mono-
tonically with an increase in the Nd3+ concentration (Fig. 15, left, blue curve). 
At the same time, the fluorescence brightness calculated as the product of FQY 
and the absolute concentration of Nd3+ in [nm-3] (Fig. 15, right, blue curve) first 
increases to 3 at. % of Nd3+ ions, and with a further increase in concentration, it 
begins to decrease monotonically. Plateau between 5 and 9.5 at. % Nd3+ for 
colloidal solutions of Nd3+: LaF3 nanoparticles may have a physical reason 
associated with the fluorescence quenching (Nd*-Nd self-quenching and 
quenching by the second acceptor (OH- groups)), accelerated by energy mig-
ration over Nd3+ ions. 

The selective relative FQY for aqueous colloidal solutions of (0.1, 1, 2 ат. 
%) Nd3+: KY3F10 nanocrystals at room temperature, associated with the optical 
excitation energy transfer, was calculated as the area under the measured 
fluorescence kinetics normalized to the maximum divided by the measured 
spontaneous emission lifetime τR = 761 μs for OC1 and τR = 447 for OC2. For 
OC1, FQY rapidly decreases, approximately 20 times with an increase in the 
Nd3+ concentration from c = 0.001 (0.0138 nm-3) to c = 0.02 (0.276 nm-3) (Fig. 
15, left, pink curve), although for 0.1 at. % Nd3+: KY3F10 FQY even more than 
for 0.1. at. % Nd3+: LaF3. At the same time the fluorescence brightness reaches a 
maximum already at c = 0.01 (0.138 nm-3) and then rapidly decreases (Fig. 15, 
right, pink curve). At c = 0.02 (0.038 nm-3), it drops to almost the same value as 
observed for c = 0.001. Thus, a smooth decrease in FQY and a pronounced 
maximum of FB are observed with an increase in the concentration of neo-
dymium ions in both systems. However, for OC1 in Nd3+: KY3F10 nanocrystals, 
this drop begins at a concentration that is four times lower than for Nd3+: LaF3 
(1 and 4 at. %, respectively). We attribute this to higher rates of nonradiative 
energy transfer, which lead to stronger Nd-Nd self-quenching and Nd-OH 
quenching in the first case. 
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a)  
 

b)  
 

Fig. 15. The relative fluorescence quantum yield η (Eq. (7)) (a) and the fluorescence 
brightness (relative fluorescence quantum yield η x nD, absolute concentration of Nd3+) 
(b) on nD for aqueous colloidal solutions of the Nd3+: LaF3 and Nd3+: KY3F10 NCs at 
room temperature. Nd3+: LaF3 – circles, blue; Nd3+: KY3F10 – OC1 – down-triangles, 
pink; OC2 – up triangles, green. 
 
 
This result is in qualitative agreement with our theoretical estimate of the 
fluorescence quenching in two crystal matrices doped with Nd3+ ions. We 
predicted stronger quenching in Nd3+: KY3F10 than in Nd3+: LaF3, due to the 
higher value of Ω଺ (Table 2). Selective relative FQY of OC2 in an aqueous 
colloidal solution of 0.1 аt. % Nd3+: KY3F10 nanoparticles is even higher than 
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for OC1, but also very quickly, about 20 times, decreases with an increase in the 
Nd3+ concentration from c = 0.001 (1.9*10-3 nm-3) to c = 0.02 (0.038 nm-3), and 
the fluorescence brightness also has a maximum at c = 0.01 (0.019 nm-3). The 
fluorescence brightness of OC2 is much weaker than for OC1, due to more than 
7 times lower value of its absolute concentration [49]. 
 
 
5.3. Investigation of substitution schemes of Ca2 ions with 

impurity Nd3+ ions in the Ca3(PO4) crystal lattice using laser 
site-selective and kinetic spectroscopy and DFT 

simulations 
Various methods are available to study the crystal structure of materials, in-
cluding XRD, FTIR, and solid-state NMR. Analysis of the fluorescence im-
purity quenching kinetics («energy transfer probe») is a promising method for 
observing the features of the local crystal structure. This method requires 
samples doped with rare earth ions, e.g., with Nd3+ ions [9]. The method is very 
sensitive and can be used to determine the local crystal structure in combination 
with data obtained by other methods. However, for the full use of this method, it 
is necessary to study in detail the inhomogeneous splitting of spectral lines in 
the material in order to select the kinetics of only one type of optical centers. 

The crystalline beta phase of bulk TCP is characterized by a large unit cell. 
As shown in [51], its unit cell contains a huge number of atomic positions 
obeying the noncentrosymmetric space group R3c. Previous studies have also 
shown the presence of a large number of stoichiometric substitutions in bulk 
Ca3(PO4)2 [52–56]. However, it remains unclear how the local geometry and 
bond distances change during cation exchange and to what extent these changes 
affect material properties. Moreover, if we take into account the peculiarities of 
chemical synthesis, knowledge about the possible effect of trapped hydroxyl 
groups on the distribution of trivalent impurities in the crystal lattice is of parti-
cular interest. We chose the Nd3+ ion as a luminescent probe to track changes in 
the local crystal structure, since absorption and fluorescence spectral lines of 
Nd3+ are located in the so-called “first” biological window (700–1000 nm). This 
makes it possible to detect the Nd3+ ion fluorescence not only on the surface of 
the tissue, but also at a depth of up to one centimeter. On the other hand, infor-
mation about various geometry parameters, constraints and local distortions can 
be predicted using quantum chemical calculations. 

In this part of the work, we investigated the distribution of Nd3+ impurity 
optical centers over five Ca2+ positions in the β-Ca3(PO4)2 lattice (space group 
R3c) using low-temperature laser site-selective spectroscopy and analysis of the 
fluorescence kinetics measured by double spectral selection in combination with 
the results of calculations of periodic density functional theory (DFT). 
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5.3.1. Computational part 

Computational work was performed using the Vienna ab initio simulation 
package (VASP) [57, 58] together with the potential projector augmented-wave 
(PAW) method [59, 60]. Geometry relaxation and ground state equilibrium 
studies were performed within the density functional theory (DFT) method 
using the Perdew-Burke-Ernzerhof (PBE) functional generalized gradient 
approximation (GGA) [61]. The calculations employed the plane-wave basis 
and PAW-PBE pseudopotentials, which corresponded to 5s25p64f46s2, 
3s23p64s23d0, 3s23p3 и 2s22p45s25p64f46s2, 3s23p64s23d0, 3s23p3 and 2s22p4 
valence electrons configurations for Nd, Ca, P, and O, respectively. To calculate 
the electronic structure, a plane wave energy cutoff of 500 eV was used together 
with Gamma-centered 2×2×1 k-points set for integration over Brillouin zone. 
All calculations were spin-polarized. The Nd3+ inclusion was modeled in a 
standard β-Ca3(PO4)2 unit cell with the assumption that Nd3+ can be located at 
the lattice site that occupies the Ca2+ cation in the undoped lattice. 

The main assumption was made that in the beta modification of calcium 
triphosphate doped with Nd3+ ions, optical centers are formed upon heterovalent 
substitution of Nd3+ ions for Ca2+ ions. In this case, two different mechanisms 
for compensating the excess charge are possible: with the help of molecular OH- 
groups present in the structure due to the water synthesis method, or when three 
Ca2+ ions are replaced by two Nd3+ ions and a vacancy. 

First, we modeled the structural behavior of a single water molecule inter-
calated into a β-TCP unit cell. Based on the DFT simulation, we investigated if 
there are empty spaces in the lattice that could provide the preferred placement 
of the water molecule.  

We found that the empty spaces, into which the water molecule should inter-
calate, belong only to one-dimensional channels, which are formed by vertical 
chains of "widely spaced" Ca4 or Ca5 cations. Our calculations showed that a 
single H2O molecule relatively easily occupies these positions, since no noti-
ceable structural distortions of the local environment are observed. Moreover, 
the packaging efficiency can be confirmed by the fact that the volumetric strain 
associated with intercalation appears to be small (max|ΔV/V| <0,65%). This 
means that when water is embedded in the β-TCP trigonal lattice, it prefers to 
occupy a position in which it does not interact strongly with neighboring ions 
that form its local crystalline environment. In other words, when we consider 
the possible configurations of water molecules in the lattice space, we assume a 
flexible model of their distribution in terms of their coordination with the 
nearest neighbors. 

As a result of calculations, it was shown that the formation of various types 
of Nd3+- ОН- optical centers is possible in the crystal lattice of Nd3+: β-TCP. For 
four optical centers of this type with the highest defect formation energy, the 
distances between the ion and the nearest OH-molecule were calculated 
(Table 3). 
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Table 3. Calculated possible local configurations of the Nd3+ dopant ions accompanied by 
trapped hydroxyl groups. The Nd−OH conjugation is represented by the model system 
Nd(OH)Ca62(PO4)42 (No of atoms: 275; Nd3+ content (at.%): 0.36). All four Nd−OH pairs 
were arranged in ascending order of formation energy ΔW. The distance between Nd3+ 
and hydroxyl oxygen is indicated in parentheses. Bond distances are indicated in Å. The 
Nd3+, O2-, and H+ ions are drawn in purple, red, and pink, respectively. 

Nd(Ca1)–OH 
(2.34 Å, ΔW = 0.99 eV) 

Nd(Ca3)–OH 
(2.40 Å, ΔW = 1.08 eV) 

 
Nd(Ca2) – OH  

(2.36 Å, ΔW = 1.10 eV) 
Nd(Ca4) – OH  

(2.06 Å, ΔW = 1.54 eV) 

 

 
 
The second type of excess charge compensation that can be realized in the case 
of heterovalent substitution of Nd3+ ions for Ca2+ ions, is a replacement 
according to the scheme 3Ca2+ → 2Nd3+ + , that is, three calcium ions are 
replaced by two neodymium ions and a vacancy. Since the β-TCP crystal 
structure contains five crystallographic sites of Ca2+ with two symmetries, low-
symmetry C1 and higher-symmetry C3, we had to test a large number of lattice-
sites combinations of cation exchange. The calculation results are presented in 
Table 4. 
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Table 4. Graphical representation of Nd3+ coordinations for the model system 
Nd2/6Ca10(PO4)7. The cation is shown with a green (Ca2+) or purple (Nd3+) ball, coordinated 
oxygen ions with red balls. The cation-oxygen distances are indicated in Å. Abbreviation 
‘w/o Ca...‘, etc. means a vacant lattice site created at a given crystallographic position. 

Nd(Ca3)–Nd(Ca3) (w/o Ca4) 
(4.37 Å; 0.90 eV) 

Nd(Ca2)–Nd(Ca3) (w/o Ca4)
(7.56 Å; 1.13 eV) 

Nd(Ca1)–Nd(Ca3) (w/o Ca4) 
(7.39 Å; 1.14 eV) 

 
 

Nd(Ca2)–Nd(Ca2) (w/o Ca4) 
(4.60 Å; 1.24 eV) 

Nd(Ca2)–Nd(Ca3) (w/o Ca4)
(3.82 Å; 1.34 eV) 

Nd(Ca1)–Nd(Ca1) (w/o Ca4) 
(4.40 Å; 1.39 eV) 

  

Nd(Ca3)–Nd(Ca5) (w/o Ca4) 
(5.38 Å; 1.92 eV) 

Nd(Ca2)–Nd(Ca5) (w/o Ca4)
(3.92 Å; 2.03 eV) 

Nd(Ca3)–Nd(Ca3) (w/o Ca3) 
(4.16 Å; 2.25 eV) 

  

Nd(Ca5)–Nd(Ca5) (w/o Ca4) 
(8.75 Å; 2.77 eV) 

Nd(Ca2)–Nd(Ca3) (w/o Ca5)
(6.78 Å; 2.79 eV) 

Nd(Ca1)–Nd(Ca1) (w/o Ca1) 
(4.38 Å; 2.86 eV) 
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Analysis of the results of modeling by the DFT method revealed the following 
structural features associated with substitution: 
 
• As follows from Tables 3 and 4, doping with Nd3+ does not change the point 

symmetry of the occupied positions. Here we want to emphasize the ability 
of trigonal symmetry to completely control the geometry of the host lattice. 
With regard to local distortion, this is due to two key factors. First, this is 
due to peculiarities of the R3c polar group, which decomposes the cell of the 
periodic structure only into two different Wyckoff positions – 6a with three-
fold symmetry and 18b with a trivial 2π rotation. Thus, no other crystallo-
graphic positions are allowed. Secondly, the conventional unit cell is very 
large compared to the existing interatomic distances; its linear dimensions 
are much larger than the characteristic lengths of the valence electrons 
density distribution. Consequently, the introduction of a low concentration of 
impurities cannot cause spontaneous breaking of point or spatial symmetry. 

• Note, that the Nd/(Ca+Nd) ratio in synthesized samples does not exceed the 
value of 1 at. %. Therefore, the spatial arrangement of the intercalated Nd3+ 
ions should be considered in the diluted mode. This means that we can 
divide defect sites in the β-phase of TCP into two generalized configura-
tions, which differs in the charge-balancing mechanism. The first configura-
tion includes one Nd3+ ion, which replaces one of the Ca1, Ca3, or Ca2 ions 
in position 18b, and the excess charge is compensated using the nearest 
hydroxyl anion either directly or through the Ca2+ cation. The second 
configuration relates to the case of a Nd3+ pair, which is distributed over two 
calcium sites with a specific geometry shown in the figures in Table 4. 

 
 

5.3.2. Laser site-selective and kinetic spectroscopy of  
the Nd3+: β-TCP microceramics 

Calculations have shown that in the structure of β-TCP the replacement of Ca2+ 
ions by Nd3+ ions can occur in different crystallographic positions, which leads 
to different local geometries and charge compensation schemes. We tried to find 
out what Ca2+ positions are occupied by the Nd3+ ion in this crystal matrix and 
what is the local structure of the resulting optical centers. For this, the 
fluorescence excitation spectrum of 0.1 аt. % Nd3+: β-TCP was recorded at 
T = 4.2 K in the spectral range of 870–880 nm by scanning a tunable laser in the 
wavelength range of the 4I9/2 (1) → 4G5/2 (1,2) optical transition of the Nd3+ ion 
(Fig. 16). 
 



47 

 
 

Fig. 16. Fluorescence excitation spectrum of 0.1 at. % Nd3+: β-TCP at T = 4.2 K, 
detected in the spectral range 870–880 nm by scanning a tunable laser in the wavelength 
range of the 4I9/2(1) → 4G5/2(1,2) optical transitions of the Nd3+ ion. The dashed lines 
indicate the excitation wavelengths for selected eight OCs of Nd3+. 
 
 
Then, to select the fluorescence spectra of various types of optical centers of 
Nd3+ ions, we selectively excited the fluorescence at the maxima of the spectral 
lines of the fluorescence excitation spectra and at selected wavelengths within 
the wings of the inhomogeneously broadened profile of the spectral lines of the 
fluorescence excitation spectrum, where weak lines of other optical centers 
could be hidden. As a result, eight optical centers were selected, each with its 
own spectral maximum of excitation (Fig. 17a) and fluorescence (Fig. 17b) 
(Table 5). 
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Table 5. The maxima of the spectral lines of fluorescence excitation and emission 
spectra measured at the 4I9/2(1) → 4G5/2(1) and the 4F3/2(1) → 4I9/2(1) transition, respecti-
vely, for different types of Nd3+ ions optical centers. The order of the optical centers is 
in accordance with the intensity of their fluorescence excitation spectra.* 

 OC1 OC2 OC4 OC8 OC5 OC7 OC3 OC6 
Transition green1 blue pink orange cyan black red purple 
4I9/2(1) → 4G5/2(1), 
λ (nm) 

874.76 876.77 877.65 878.00 875.70 878.52 871.23 873.47 

4F3/2(1) → 4I9/2(1), 
λ (nm) 

583.83 589.11 588.43 588.04 585.29 587.42 585.96 587.07 

*All optical centers are arranged in the order of their fluorescence intensity taking from 
the same excitation spectrum normalized to the laser intensity. 1Line colors in Fig. 17. 
 
 
Fluorescence decay kinetics of 0.1 at. % Nd3+: β-TCP microcrystals for each 
type of optical center was measured at the fluorescence line maximum of the 
4F3/2 (1) → 4I9/2 (1) transition of Nd3+ ions upon excitation to the maximum of 
the corresponding spectral line in the excitation spectrum at the 4I9/2 (1) → 4G5/2 
(1) transition (Fig. 18). The kinetics differs for different excitation and detection 
wavelengths (Fig. 18), which confirms our assumption about eight main types 
of Nd3+ optical centers in the material under study. These eight centers give the 
main contribution to the near infrared luminescence. 
 

 
Fig. 18. Luminescence decay kinetics of 0.1 at. % Nd3+: β-TCP at T=4.2 K. In the ex-
periment, the 4G5/2(1) CF level was selectively excited by tunable laser, and the lumine-
scence was selectively detected close to the spectral maximum at the 4F3/2(1) → 4I9/2(1) 
transition of the corresponding optical center. 
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Based on the excitation and luminescence spectra, we were able to construct 
energy diagrams of the 4G5/2(1) and 4F3/2(1) CF (Stark) levels for all eight opti-
cal centers (Fig. 19). 

 
Fig. 19. Energy level diagram of Nd3+ ions in the 0.1 at. % Nd3+: β-TCP ceramics for 
eight OCs of Nd3+. 
 
 
An analysis of the concentration luminescence quenching kinetics makes it 
possible to refine the structure of optical centers, namely, the local environment 
of an active rare-earth ion. Let us consider the possible processes of fluore-
scence quenching in our system. The low-energy aqueous synthesis used by us 
can lead to the formation of a high concentration of crystal structure defects in 
the volume of the formed nanoparticles [16]. The most significant of these de-
fects are an excess of Nd3+-Nd3+ pairs and the presence of molecular OH- groups 
in the crystal structure, which act as acceptors in quenching the NIR lumine-
scence of excited Nd3+ ions. In this case, the processes of self-quenching of 
luminescence (Nd-Nd) and quenching (Nd-OH) can be realized simultaneously 
[62]. Analysis of the measured FTIR absorption spectra shows the presence of 
OH- groups in both samples with different concentrations of Nd3+ ions (Fig. 20). 
The spectral peak at 3687 cm-1 appears due to unassociated stretching vibrations 
of P-OH, which confirms the protonation of phosphate groups. Thus, we have a 
situation of luminescence quenching on acceptors of two types, which leads to a 
certain type of impurity quenching kinetics. Namely, at a low concentration of 
Nd3+ (0.1 at. %), an initial exponential ordered stage of static quenching was 
observed for all eight optical centers (Fig. 21). 
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Fig. 20. FTIR absorption spectra of the Nd3+: Ca3(PO4)2 powders. Legend is in the figure. 
 
 
In the simplest case, disregarding the correlation of the two quenching processes, 
the rate of this stage is additive in terms of the contributions of quenching and 
self-quenching. For the dipole-dipole interaction between a donor and an 
acceptor, which is uniquely realized in our case [63], this rate is expressed as [19] 

1 1

6 6W c C c Cord Nd DA OH DOHjCa jОНR Rij ij

 = +

,   (26) 
 

where max/с n nNd Nd=  and max/с n nOH OH= ; 

6
RijjCa

−


 is the lattice 

sum over the Ca2+ positions and 

6
RijjОН

−


is the lattice sum over the positions 
around the Nd3+ ion, where OH- groups are embedded during synthesis. 

With a uniform distribution of impurity Nd3+ ions and OH- groups over the 
positions of the crystal lattice, the kinetics of impurity fluorescence quenching 
at short times after the end of the ordered static stage in the limit of hopping Nd-
Nd migration (CDD >> CDA) can be represented as the product of the Förster 
functions for quenching and self-quenching [62], that is, the decrease in kinetics 
becomes non-exponential. This may be followed by a short exponential stage of 
migration-accelerated quenching with a transition to a non-exponential, similar 
to the Förster fluctuation asymptotics [17]. 



52 

 
a) b)

 
c) d) 

 
e) f)

 
g) h)
 

Fig. 21. Fluorescence kinetics of 0.1 and 1 at. % Nd3+: β-TCP at T=4.2 K for each type of 
eight optical centers. In the experiment, the 4G5/2(1) CF level was selectively excited by 
pulsed tunable laser, and the luminescence was selectively detected close to the lumine-
scence spectral maximum at the 4F3/2(1) → 4I9/2(1) transition. Insets are expanded time 
scale. 
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An increase in the Nd3+ ions concentration up to 1 at. % leads to a change in the 
fluorescence kinetics for all studied optical centers. The fluorescence kinetics of 
six optical centers exponentially decays to a depth of three orders of magnitude 
from the initial luminescence intensity (Fig. 21, a–f). Such a decay with an 
increase in the neodymium ions concentration usually indicates an ordered static 
decay associated with Nd-Nd self-quenching. In case of a random distribution 
of neodymium ions over the positions of the lattice cations, this is usually 
observed in the entire time range of the kinetics of luminescence quenching 
only at very high dopant concentrations [41]. However, since the concentration 
of neodymium ions is rather low, only 1 at. %, then we can talk about the 
formation of isolated pairs of Nd3+ ions, similar to pair M-centers in the Nd3+: 
CaF2 Nd3+: CaF2 crystal, where, due to the heterovalent substitution of Ca2+ by 
Nd3+, exponentially decaying fluorescence kinetics of the 4F3/2 (1) level of Nd3+ 
ion is observed even at an impurity concentration of 0.6 at. % [64]. In the Nd3+: 
β-TCP crystal, the formation of such pairs is energetically favorable to com-
pensate for the excess charge of the neodymium ion according to the 3Ca2+ → 
2Nd3+ + ⎕ scheme. 
 
 

5.3.3. Determination of the structure of the local environment 
of optical centers in Nd3+: β-TCP microceramics 

DFT calculations performed for a concentration of Nd3+ ions close to 1 at. % 
show the formation of a large number of Nd3+-Nd3+ pairs in the Nd3+: β-TCP 
crystal (Table 3), while the number of such pairs at a concentration of 
0.1 at. % Nd3+, when calculation is difficult, should be much less. Instead of 
Nd3+-Nd3+ pairs, the formation of Nd3+-OH- pairs is possible when the charge is 
compensated by OH- ions located close to the Nd3+ ion. In this respect, the 
behavior of the luminescence quenching kinetics at a given concentration of 
Nd3+ ions will be similar to that, for example, for nanocrystals of 0.1 аt. % Nd3+: 
YPO4, where OH- groups are present in the crystal structure due to protonation 
of the (PO4)3- groups during aqueous synthesis, despite the homovalent sub-
stitution of Y3+ by Nd3+, when charge compensation is not required [9]. In this 
case, the luminescence kinetics has a short initial exponential stage due to 
quenching at the nearest acceptors. The rest of the kinetics is a non-expo-
nentially decaying curve described by the Förster equation for static disordered 
quenching by randomly distributed acceptors located at a distance R >> Rmin 
from the excited donor. 

Among the detected optical centers, two of them, namely the optical centers 
OC3 and OC4, have a luminescence kinetics that remains non-exponential at a 
late stage at 1 at. % Nd3+, but with deeper quenching than at 0.1 at. % Nd3+ 
(Fig. 21; g, h). Such kinetics can be observed only in the absence of Nd3+ pairs, 
i.e. in the case of single optical centers of the Nd3+ ion. According to the 
calculated data, several types of Nd-OH optical centers can be formed in 
Nd3+: β-TCP. 
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The defect formation energy for a particular optical center will directly affect 
the number of these optical centers in the material, and hence the absolute 
intensity of their luminescence. However, in this case, one should also take into 
account the probability of spontaneous radiative decay, which is inversely pro-
portional to the lifetime of the optical center. The longer the lifetime is, and 
hence the lower the probability of spontaneous radiative decay is, the less 
intense the fluorescence of the optical center will be. Also, important informa-
tion is provided by the lifetime for pair Nd3+- Nd3+ optical centers at a con-
centration of 1 at. % Nd3+. It can be assumed that the shorter the kinetics for a 
particular optical center is the shorter the distance in a pair of neodymium ions 
will be since the rate of luminescence quenching is inversely proportional to the 
sixth power of the distance between the donor and acceptor (expression 26). 

It is known [19] that the larger the minimum distance to the neighboring 
acceptor is, the less the fluorescence quenching will be and the longer the stage 
of ordered static quenching will be. However, when analyzing the initial stage 
of the impurity quenching kinetics, it is also necessary to take into account the 
spectral energy migration to optical centers with lower energy levels. According 
to the energy level diagram (Fig. 19), the Stark level 4F3/2(1) of the OC3 optical 
center lies above the levels of the other OCs, and therefore nonradiative spectral 
energy migration from it to other types of optical centers of the Nd3 ion, accom-
panied by the emission of one phonon, is possible. In the low-temperature limit, 
its rate is proportional to the mismatch of the energy resonance ε between the 
levels of the donor and acceptor and, therefore, is most effective between 
optical centers with the largest energy mismatch [65]. Thus, the spectral migra-
tion from OC3 over the 4F3/2(1) C.F. level most likely can take place to ОС2  
(ε = 72 cm-1), ОС4 (ε = 84 cm-1), ОС7 (ε = 95 cm-1) and ОС8 (ε = 88 cm-1). We 
have confirmed the presence of spectral migration from OC3 to OC2 and OC4. 
Spectral migration from OC3 to OC7 and OC8 was not observed because of the 
low concentration of optical centers OC8 (large average distance between OC3 
and OC8). In the case of OC7 this is due to the large minimum distance 
between OC3 and OC7. 

Thus, in order to compare the calculated and experimental results and deter-
mine the local crystal field structure for each of experimentally detected optical 
centers, we used the following calculated and experimental data. From calcula-
tions by the DFT method, we used the type of charge compensation for hetero-
valent substitution of Ca2+ for Nd3+ ions, the defect formation energy for each 
configuration, as well as the distance to the nearest acceptor, neodymium ion for 
paired centers or OH– for single optical centers. The addition of experimental 
data made it possible to identify these centers based on the values of the relative 
luminescence intensity for different types of OCs (Table 6) and by the temporal 
profile of their luminescence decay kinetics (Fig. 21). As a result, it was pos-
sible to determine the configurations of eight types of Nd3+ optical centers, 
which make the main contribution to the NIR fluorescence of β-TCP (Table 6). 
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Table 6. Comparison of calculated and experimental data on the replacement of ions 
Ca2+ by Nd3+ ions in β-TCP micropowders. 

OC 
№ 

0.1% Nd3+, 
intensity, 

counts 

1% Nd3+, 
intensity, 

counts 

τ (1 at. % 
Nd3+), μs

Ordered 
stage 

RNd-Nd/ 
RNd-OH, 

Å 

ΔW, 
eV 

Center configuration 

1 185757 250000 320 Yes 
7.56/- 1.13 Nd(Ca2) – Nd(Ca3) 

7.39/- 1.14 Nd(Ca1) – Nd(Ca3) 

2 44000 50000 250 Yes 4.37/- 0.90 Nd(Са3) – Nd(Са3) 

4 19000 28000 245 No -/2.40 1.08 Nd(Ca3) – OH 

8 3950 7400 265 Yes 3.82/- 1.34 Nd(Ca2) – Nd(Ca3) 

5 3450 21100 273 Yes 5.38/ 1.92 Nd(Ca3) – Nd(Ca5) 

7 2400 5600 270 Yes 4.38/- 1.39 Nd(Ca1) – Nd(Ca1) 

3 2250 5480 232 No -/2.34 0.98 Nd(Ca1) – OH 

6 712 3450 320 Yes 3.92/- 2.03 Nd(Ca2) – Nd(Ca5) 
 
 
Special attention should be paid to the optical center OC1. DFT calculations 
showed that the lowest defect formation energy is observed for the Nd(Ca3)-
Nd(Ca3) configuration (0.90 eV) (Table 4). However, in this configuration the 
distance between Ca2+ ions is small (4.366 Å). Consequently, the optical center 
of this configuration cannot have the most intense luminescence and a long 
fluorescence decay time, as is observed for OC1, due to strong fluorescence 
self-quenching. The next configurations in terms of the defect formation energy 
are Nd(Ca1) – Nd(Ca3) and Nd(Ca2) – Nd(Ca3). Taking into account that OC1 
fluorescence is about five times more intense than the next largest OC2 fluore-
scence, we assumed that OC1 luminescence is the sum of luminescence of two 
optical centers with the calculated Nd (Ca1) – Nd (Ca3) and Nd (Ca2) – Nd (Ca3) 
configurations. These two configurations are very similar and therefore are 
weakly spectrally separated. They have a large distance between neodymium ions 
in a pair of 7.56 Å and 7.39 Å, respectively. Therefore, the luminescence of these 
optical centers is weakly quenched by cross-relaxation (Table 4). 
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SUMMARY 

The main goal of the thesis was to study the radiative and nonradiative relaxa-
tion of optical excitation energy in crystalline matrices of various scales, such as 
bulk crystals, microceramics and nanoparticles, using laser site-selective and 
kinetic spectroscopy. The following main results were obtained: 
 
1. New experimental data on the concentration dependence of the fluorescence 

kinetics in a bulk Nd3+: LaF3 crystal were consistently described using a 
single set of microparameters for energy migration CDD and cross-relaxation 
energy transfer CDA. 

2. An investigation was made of the concentration dependence of impurity 
luminescence for aqueous colloidal solutions of Nd3+: LaF3 and Nd3+: KY3F10 
nanoparticles, including the fluorescence kinetics, its relative fluorescence 
quantum yield associated only with inter-center fluorescence quenching, and 
fluorescence brightness as the product of its relative quantum yield and the 
concentration of impurity ions. For each crystal matrix, the optimal impurity 
concentration was determined for the maximal brightness of the NIR 
fluorescence. 

3. Simple criteria were established for choosing a crystal matrix for doping 
with Nd3+ ions in the synthesis of aqueous colloidal solutions of nanocrystals 
to use them as luminescent probes in the “first biological window” (750– 
950 nm), which is most convenient for luminescence recording. This is a 
large ratio of intensity parameters Ω4/Ω6, used in the Judd-Ofelt theory to 
calculate the probability of radiative transitions. This increases the fluore-
scence branching ratio β at the 4F3/2 → 4I9/2 transition lying in the “first 
biological window”. The second one is a low value of the intensity 
parameter Ω6 that reduces the strength of the ion-ion interaction and makes 
Nd-Nd self-quenching and Nd-OH- quenching weaker. 

4. The analysis of fluorescence quenching in the near-IR spectral range in 
neodymium-doped β-Ca3(PO4)2 microceramics with heterovalent substitution 
of Nd3+ ions for Ca2+ ions has been carried out. Laser site-selective and kinetic 
spectroscopy have shown the difference in the fluorescence quenching of 
various types of optical centers and established the reasons for this difference 
associated with the appearance of two kinds of optical centers: pairs of 
neodymium ions (Nd-Nd) with a small distance between ions and therefore 
strongly quenched fluorescence, and the Nd-OH closely spaced ions, where 
the OH– ion acts as an acceptor quenching the fluorescence of the associated 
Nd3+ ion. These OH– molecular groups are embedded in the structure of the 
crystal lattice during aqueous synthesis. 

5. Combining the methods of laser site-selective and kinetic spectroscopy, as 
well as the results of quantum chemical calculations (DFT), it was possible 
to determine the type and local crystal field symmetry of eight types of Nd3+ 
optical centers, which make the main contribution to the NIR luminescence. 
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Six optical centers turned out to be pair Nd3+-Nd3+optical centers formed 
even at a low impurity concentration due to the heterovalent substitution of 
Nd3+ for Ca2+ ions according to the scheme 3Ca2+ → 2Nd3+ + ⎕, where one 
calcium position remains vacant. Two optical centers are single centers of 
the Nd3+ ions in which the charge is compensated by negatively charged ions 
of OH- molecular groups intercalated during hydrothermal synthesis 
according to the 2Ca2+ → Nd3+ + OH− scheme. 
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SUMMARY IN ESTONIAN 

Fluorestsentsi kustutamine neodüümi ioonidega  
aktiveeritud anorgaanilistes tahkistes, mahumaterjalidest 

mikro- ja nanokristallideni. 

 
Väitekirja põhieesmärk oli optilise ergastusenergia kiirgusliku ja mittekiirgus-
liku relaksatsiooni uurimine kristallilises maatriksis erinevates mastaapides, sh 
mahumaterjalides, mikrokeraamikas ja nano-osakestes, kasutades kohtselektiiv-
set ja aeglahutusega laserspektroskoopiat. Põhitulemused on järgmised: 
 
1. Uued eksperimentaalsed andmed Nd3+: LaF3 mahukristalli fluorestsentsi 

kineetika kontsentratsioonisõltuvuse kohta õnnestus kooskõlaliselt kirjeldada 
ühe komplekti energiaülekande mikroparameetritega energia migratsiooni 
(CDD) ja ristrelaksatsiooni (CDA) jaoks. 

2. Uuriti Nd3+: LaF3 ja Nd3+: KY3F10 nanoosakeste lisandifluorestsentsi kolloid-
setes vesilahustes, sh fluorestsentsi kineetikat, tsentritevahelise kustutamisega 
seotud suhtelist kvantsaagist, ja fluorestsentsi heledust kui suhtelise kvant-
saagise ja lisandioonide kontsentratsiooni korrutist. Iga kristalli jaoks tehti 
kindlaks optimaalne lisandi kontsentratsioon, mis maksimeeris vaadeldava 
lähi-infrapunase fluorestsentsi heleduse. 

3. Formuleeriti lihtsad kriteeriumid kristallmaatriksi valimiseks Nd3+ lisand-
ioonidele nanokristallides, mis sünteesitakse kolloidses vesilahuses kasutami-
seks fluorestsents-märgistena bioloogilise koe läbipaistvusalas 750–950 nm, 
kus luminestsentsi registreerimine on kõige mugavam. Selleks peab, ühelt 
poolt, Judd-Ofelti teoorias kiirguslike siirete tõenäosuse arvutamiseks kasu-
tatavate intensiivsusparameetrite suhe Ω4/Ω6 olema suur. See suurendab 
fluorestsentsi tõenäosust (hargnemissuhet β) ülemineku 4F3/2 → 4I9/2 jaoks, 
mis asub nimetatud bioloogilises läbipaistvusaknas. Teiselt poolt, intensiiv-
susparameetri Ω6 väärtus peaks olema väike, sest see vähendab ioonide-
vahelist interaktsiooni ja seeläbi fluorestsentsi kustutamist nii teiste Nd 
ioonide (Nd-Nd isekustutamine) kui ka OH– rühmade poolt. 

4. Analüüsiti fluorestsentsi kustutamist lähi-infrapunases piirkonnas neodüümi-
ga dopeeritud β-Ca3(PO4)2 mikrokeraamikas, kus osa Ca2+ ioone on hetero-
valentselt asendatud Nd3+ lisandioonidega. Koht-selektiivne aeglahutusega 
spektroskoopia näitas, et mitmesuguste optiliste tsentrite fluorestsents on 
kustutatud erineval määral, ja võimaldas kindlaks teha selle põhjused, mis on 
seotud kahte eri tüüpi optiliste tsentrite esinemisega. Ühel juhul on optilise 
tsentri koosseisus lähestikku paiknevate neodüümi ioonide paar (Nd-Nd), 
mille fluorestsents on seega tugevasti kustutatud. Teisel juhul moodustab 
optilise tsentri üksus Nd-OH, kus OH rühm toimib aktseptorina, mis kustu-
tab seotud Nd3+ iooni fluorestsentsi. Need OH– rühmad sisenevad kristall-
struktuuri vesilahusest sünteesimise käigus. 
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5. Koht-selektiivse aeglahutusega laserspektroskoopia ja kvantkeemiliste arvu-
tuste (DFT) kombineerimisel osutus võimalikuks tuvastada kaheksa põhilist 
Nd3+ optilist tsentrit (mis panustavad lähi-infrapunasesse kiirgusse) ja määra-
ta nende lokaalne kristallivälja sümmeetria. Neist kuus optilist tsentrit moo-
dustuvad Nd3+-Nd3+ ioonpaaridest. Nende tekkimine leiab aset isegi väikes-
tel lisandi kontsentratsioonidel tingituna Ca2+ heterovalentsest asendusest 
Nd3+ ioonidega vastavalt skeemile 3Ca2+ → 2Nd3+ + ⎕, kus üks kaltsiumi 
positsioon jääb vakantseks. Seevastu kaks ülejäänud optilist tsentrit sisalda-
vad vaid ühe Nd3+ iooni, kus laeng on kompenseeritud OH– molekulaarrüh-
madega (2Ca2+ → Nd3+ + OH−), mis sisenevad kristalli koosseisu hüdro-
termilise sünteesi käigus. 
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