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ABSTRACT 

There are lots of important applications for lanthanides (Ln) because of their unique 

properties. The properties are closely linked to the environment of the crystal field. 

Thus, two kind of crystals Cs2NaLn(NO2)6 with high Th point-group symmetry and 

LnPO4 with monoclinic symmetry were chosen to study quantum cutting and Stokes 

shift. 

Quantum cutting is a kind of down-conversion energy transfer in which one excitation 

ultraviolet photon is transformed into multiple near infrared photons. This 

phenomenon has been studied in Cs2NaY0.96Yb0.04(NO2)6. The emission from Yb3+ 

can be excited via the NO2
- antenna. The electronic transition of NO2

- is situated at 

more than twice the energy of the Yb3+. At room temperature, one photon absorbed at 

470 nm in the triplet state produced no more than one photon emitted. Some degree of 

quantum cutting was observed at 298 K under 420 nm excitation into the singlet state 

and at 25 K using excitation into singlet and triplet state. The quantum efficiency was 

about 10% at 25 K.  

In Chapter 3, Stokes shift which is the energy shift between the peak maxima in 

absorption and emission was studied. Stokes shift is related to the flexibility of the 

lattice and the coordination environment. Cs2NaCe(NO2)6 with 12-coordinated Ce3+ 

situated at a site of Th symmetry demonstrated the largest Ce-O Stokes shift of 8715 

cm−1. The 4f1 ground state and 5d1 potential surfaces have displaced so much along 

the configuration coordinate that overlap takes place above the 5d1 minimum, leading 
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to thermal quenching of emission at 53 K. A comparison of Stokes shifts with other 

Ce-O systems with different coordination number demonstrated larger Stokes shifts 

for Ce3+ ions with higher coordination number. 

Systematic research about the energy transfer (ET) and energy migration phenomenon 

is still scarce, although they exist extensively among lanthanide ions. The energy 

migration in highly doped materials has been stated as very fast or slow, but no 

experimental proof was reported. In Chapter 4, the ET between Tb3+ and Eu3+ was 

investigated experimentally and compared with available theoretical models in the 

regime of high Tb3+ concentrations in 30 nm LaPO4 nanoparticles at room 

temperature. The ET efficiency approached 100% even for lightly Eu3+-doped 

materials. The use of pulsed laser excitation and switched-off continuous wave laser 

diode excitation demonstrated that the energy migration between Tb3+ ions, situated 

on La3+ sites with a 4 Å separation was not fast. The quenching of Tb3+ emission in 

singly doped LaPO4 only reduced the luminescence lifetime by about 50% in heavily 

doped samples. Various theoretical models have been applied to simulate the 

luminescence decays of Tb3+ and Eu3+-doped LaPO4 samples of various 

concentrations. The transfer mechanism has been identified as forced electric dipole at 

each ion. 

The control of energy transfer rate and efficiency is also an important issue. There are 

many chemical and geometrical factors that affect energy transfer, including the 

spectra overlap, the dipole orientation and the distance between the donor and 

acceptor. The local field of the emission center is another factor that affect the energy 
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transfer by changing the photonic environment. In Chapter 5, the local field effect on 

the energy transfer between Tb3+ and Eu3+ doped in LaPO4 dispersed in different 

solvents and solids with a wide range of refractive indexes was studied. The effects of 

local field (reflected by refractive index) on the ET efficiency and ET rates were 

clarified that the ET efficiency would decrease with increasing refractive index, while 

ET rates were independent of the refractive index. 
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Figure 4.3 (a) Luminescence decay curves; (b) monoexponential lifetimes (τobs); (c) 

energy transfer rates (kET) of La1-xTbxPO4 nanocrystals (λex = 485 nm, λem = 543 nm). 

Figure 4.4 Fits of the (a) 0-15 ms and (b) 0-20 ms decay of La1-xTbxPO4 samples by 

monoexponential (green) and biexponential (red) functions and Eq. (1) (blue) for (a) x 

= 0.9; (b) x = 0.7. The inset in (b) shows the initial decay to 0.5 ms. (c) Energy 

transfer rates of Tb3+ ions with fast and slow decay. The fits are made for x = 0.05 up 

to x = 0.7. The values for x = 0.9 are not accounted for. 

Figure 4.5 Luminescence decay curves of La0.1Tb0.9PO4 after switched-off 

cw-excitation and flash excitation (a) and the time resolved spectra of La0.1Tb0.9PO4 

(b). 

Figure 4.6 The 295 K excitation and emission spectra of (a), (b) La0.92Eu0.08PO4, (c), 

(d) La0.1Tb0.9PO4, and (e), (f) La0.02Tb0.90Eu0.08PO4 on different scales. 

Figure 4.7 Luminescence decay curves of La0.1-xTb0.90EuxPO4 nanocrystals: (a) Tb3+ 

emission: λex = 485 nm, λem = 543 nm) and (b) Eu3+ emission: λex = 485 nm, λem = 697 

nm. Notice the logarithmic ordinate scale in (a). The inset in (a) corresponds to the 

Tb3+ decay in La0.1Tb0.90PO4 and that in (b) shows the decay at shorter times of Eu3+ 

in La0.09Tb0.90Eu0.01PO4. (c) Energy transfer rate from Tb3+ to Eu3+ in 

La0.1-xTb0.9EuxPO4 as a function of mole fraction of Eu3+ calculated by two methods.  

Figure 4.8 (a)-(e) Biexponential fits for decay of Eu3+ emission in La1-xTb0.9EuxPO4 
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Figure 4.9 (a) Plot of fitted Eu3+ lifetime against mole fraction of Eu3+ in 

La1-xTb0.9EuxPO4 and fitting by monoexponential decay. (b) Plot of Eu3+ energy 

transfer rate against mole fraction of Eu3+. 

Figure 4.10 The decay curves fitted with the Inokuti-Hirayama equation. 

Figure 4.11 The decay curves fitted with the Yokota-Tanimoto equation. 

Figure 4.12 The decay curves fitted with the Dornauf-Heber equation. 

Figure 4.13 The relationship between the quality of fitting and the number of shells, 

the number of s. 

Figure 4.14 CIE chromaticity diagram for the LaPO4: 90% Tb, LaPO4: 90% Tb, 5% 

Eu and LaPO4: 90% Tb, 8% Eu nanocrystals. 

Figure 5.1 local field effect models. 

Figure 5.2 (a) Trends for relative spontaneous emission rate versus medium refractive 

index for three local field models: vc virtual cavity, rc real cavity and micr 

microscopic. (b) Similar plots for nanoparticle models using nnp = 1.79 and ncoat = 

1.4578: blue, Eq. (1-18), nanocrystal nanocavity model; cyan (b/a = 1/1.1) and orange 

(b/a = 0.5/1) Eq. (1-15); red, Eq. (1-17); green (f = 0.1) and black (f = 0.9) Eq. (1-19). 

Figure 5.3 The size of nanoparticles (NPs) is about 5 nm 

Figure 5.4 The excitation spectra of glass when monitored at 543 nm (a); the 

emission spectra of LaPO4: Tb 20%, LaPO4: Eu 5% and LaPO4: Tb 20%, Eu 5% (b); 

the time resolved spectra of LaPO4: Tb 20%, Eu 5% (c) 

Figure 5.5 The effects photonic environment on the radiative rate and energy transfer 

rate. (a) (b) PL decay curves of the Tb3+ emission (at 543nm) from LaPO4:Tb3+(20%) 
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NPs dispersed in solvents and glasses; (c) (d) PL decay curves for LaPO4:Tb3+(20%) 

Eu3+(5%) NPs dispersed in solvents and glasses; (e) (f) Dividing the PL decay curves 

of (c) and (d) by the decay curves of (a) and (b) respectively.  

Figure 5.6 (a) Fitting to the decay rate of the Tb3+ fitted by the NC-cavity model; 

original NC-cavity model; (b) including the fraction of nanoparticle effect; (c) 

including the coating thickness effect 

Figure 5.7 The dependence of ET efficiency (a) and ET rate (b) on the refractive 

index 

Figure 5.8 The dependence of ET strength (a, b) and ET distance R0 (c) on the 

refractive index 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxi 

 

LIST OF ABBREVIATIONS AND SYMBOLS 

a.u. Arbitrary unit 

Å Angstrom (10-10 m) 

ET Energy transfer 

FTIR Fourier transform infrared 

FRET Fluorescence resonance energy transfer 

Hz Hertz 

K Kelvin 

Ln Lanthanide 

ms Millisecond (10-3 s) 

nm Nanometer (10-9 m) 

ns Nanosecond (10-9 s) 

TEM Transmission electronic microscopy 

UV Ultraviolet 

Vis Visible 

XRD X-Ray Diffraction 

τ Lifetime 

ν Wavenumber in cm-1 

℃ Degree Celsius 

λex Excitation wavelength  

λex Emission wavelength 

Փ Quantum yield 
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CHAPTER 1 INTRODUCTION   

1.1 Background of Lanthanides 

Lanthanides are important elements in the periodic table (Figure 1.1) and have been 

studied for a long history since the 18th century. There are remarkably widespread and 

various applications in displaying, sensing, bioimaging and others. The common form 

of lanthanides are trivalent ions. Except scandium and yttrium, the electronic 

configurations of trivalent ions of lanthanides are similar. The number of electrons in 

the 4f orbital is from one to fourteen ([Xe]4fN, N=1–14). The Ln ions usually exist in 

the form of trivalent ions. The majority of the trivalent lanthanide ions are 

luminescent, with terbium (Tb3+), Europium (Eu3+), samarium (Sm3+), thulium (Tm3+), 

and dysprosium (Dy3+) emitting in the visible range, while ytterbium (Yb3+), 

neodymium (Nd3+), and erbium (Er3+) emitting in the near-IR range. As their energy 

levels are very abundant as shown in Figure 1.2,2 their emission spectra comprise 

several well-separated narrow lines. The lifetime ranges from nanoseconds to 

milliseconds. 
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Figure 1.1 The lanthanides elements in the periodic table. Reproduced from Ref.1  

 
Figure 1.2 Energy levels of lanthanides when doped into LaF3. The energy ranges 

from 0 to 50000 cm-1. Reproduced from Ref.2 
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1.1.1 Energy-level structures of lanthanide ions 

There are four quantum numbers which come from quantum mechanics to describe 

the state of electrons within the atom. They are the principal quantum number n which 

is related to the size; the orbital angular quantum number l which describes the shape; 

the magnetic quantum number ml which defines the orientation of the orbitals and the 

spin quantum number ms which is the intrinsic angular momentum. For the 

lanthanides which are f-elements, the n, l, quantum numbers are 4, 3 respectively. The 

magnetic quantum number ml can be −3, −2, −1, 0, +1, +2, +3. 3 

 

Trivalent lanthanides show similar electronic configurations ([Xe]4fN). Russell–

Saunders scheme can be used to describe the states. They are called J-multiplets 2S+1LJ.  

S, L and J are the total electron spin, orbital, and angular momenta (vector sum of S 

and L), respectively. Letters S, P, D, F, G. . are used to represent the values of L (0, 1, 

2, 3, 4…). Taking Ce3+ (4f1) as an example, there are two multiplets, 2F5/2 and 2F7/2. It 

means that S = 1/2, L = 3, J = 5/2 or 7/2. For Eu3+ (4f6), the lowest multiplets are 7FJ 

(J = 0–6), which means that S = 3, L = 3. Thus, the value of J can be from 0 to 6. 4  

 

 
 

Figure 1.3 Electronic configurations of the ground states of Eu3+ and Tb3+.  

Reproduced from Ref. 3 
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When the ions are in a coordination site, the number of energy levels can be as many 

as 2J + 1 for low site symmetry. The number of splitting energy levels increases with 

the lowering of the symmetry of the crystal. Table 1.1 shows the possible number of 

energy levels for an ion in a crystal with different symmetry. 

 

Table 1.1 The number of energy levels when the ion is placed in  

crystal fields of different symmetry. Reproduced from Ref. 4 

 
a Cubic: Oh, O, Td, Th, T.  

b Hexagonal: D6h, D6, C6v, C6h, C6, D3h, C3h, and trigonal: D3d, D3, C3v, C3i, C3.  

c Tetragonal: D4h, D4, C4h, C4, D2d, S4. 

d Lower: orthorhombic: D2h, D2, C2v, monoclinic C2, C2h, Cs, triclinic: Ci, C1. 

 

When Ln3+ is doped with crystals, the electronic states of Ln3+ in crystals are N-body 

localized states. Since the N electrons of 4fN are coupled strongly, and moved around 

the corresponding ion core without extending far away. The semi-empirical 

calculations for the 4fN energy level systems employ parametrized Hamiltonian H 

under the appropriate site symmetry for Ln3+:5 

H = 𝐻𝐴𝑇 + 𝐻𝐶𝐹                         (1-1) 

where 𝐻𝐴𝑇 contains the atomic Hamiltonian, which includes spherically symmetric 

interactions; 𝐻𝐶𝐹 is the non-spherically symmetric operator; 𝐻𝐶𝐹 is the interaction 

between the valence electrons of ions and the crystal field. The number of crystal field 
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parameters required for analysis will decrease with the increasing of the symmetry. 

For example, only two additional parameters are required for Oh symmetry, while up 

to 27 crystal field parameters may be required for analysis for a system with low 

symmetry. 6-7 

 

1.1.2 Russell–Saunders transition selection rules 

For lanthanide ions, the electrons in 4f are shielded by the outer 5s and 5p shells, so 

the effect of the environment on the lanthanide ions is insignificant. Due to the 

shielding of the filled 5s25p6 subshells (as shown in Figure 1.4), the spectra from the 

4fN levels f-f electronic transitions are very sharp, which are similar to the spectra of 

free ions. However, the intensity of f-f transitions is weak compared to f-d transitions. 

The transitions involve a redistribution of electronic charge in the f orbitals, thus lead 

to the change in dipole moment or quadrupole moment. 

 

 

Figure 1.4 Radial functions Pnl calculated for 4f 2.  

Reproduced from Ref. 8 
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As shown in Figure 1.5, electric multipoles are related to charge configurations as 

shown in the left column, while magnetic multipoles are relevant to current sources as 

shown in the right column. There are six kinds of multipoles in total. They are electric 

dipoles, magnetic dipoles, electric quadrupoles, magnetic quadrupoles, electric 

octupoles and magnetic octupoles. 9-10 

 

 

Figure 1.5 Two families of dynamic multipoles. Reproduced from Ref.10 

 

There are seven f orbitals. The 4f0 orbital has opposite phase above and below the 

nuclear node whereas the 5d1 orbital has the same phase due to its center of symmetry. 

The charge distribution gives rise to an electric dipoles moment. Hence the 4f → 5d 

transition in an ion involves a redistribution of electronic charge which will lead to a 

change in dipole moment. The charge distribution in the 4f1 and 4f-1 orbitals give rise 

to an electric quadrupole moment. Thus, the 4f1 → 4f-1 orbital transition involves a 
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non-spherically-symmetric change in the electric quadrupole (EQ) moment, giving a 

difference in the shape of the electronic charge distribution without a change in 

electric dipole moment, and represents an EQ transition.11 

 

Light is an electromagnetic radiation consisting electric field and the magnetic field. 

The electric field and the magnetic field are orthogonal in the direction of propagation 

of light. The interaction between the electric field of light and the electric dipole (ED) 

moments of the compounds will result in the ED transitions. As an analogy, there will 

be other three kinds of transitions, such as electric dipole (ED) transitions, induced 

ED transitions, magnetic dipole (MD) transitions, and electric quadrupole (EQ) 

transitions.3 By using selection rules, we can know whether a radiative transition is 

potentially allowed or forbidden. Table 1.3 is the summary of the selection rules of the 

transitions. 

 

Table 1.2 Russell–Saunders selection rules for electronic transitions of lanthanide ions. 

Reproduced from Ref. 4 
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1.1.3 Group theory and spectroscopy 

1.1.3.1 Symmetry operations and point groups 

The movement of a body to an equivalent configuration is called a symmetry 

operation. After the operation, each part of the body is coincident with an equivalent 

(or same) part of the body in its original position. The symmetry elements with 

respect to the operations are usually in a geometrical entity such as a line, plane or 

point. Table 1.3 shows the symmetry elements, operations and the symbols. Figure 1.6 

demonstrates the elements and operations in a water molecule. 

 

Table 1.3 The symmetry element, operation and the symbol. Reproduced from Ref.14 

 

 

 

Figure 1.6 The elements and operations in water molecule. Reproduced from Ref.14 
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Molecules can be classified according to the point group. A molecular point group is a 

collection of symmetry elements obeying certain rules. There are 32 symmetry groups 

in total which are classified into seven crystalline systems. Table 1.5 shows the point 

symmetry groups in crystals. Group order represents the total number of operations. 

The species of operations is defined as class. Taking Oh group as an example, there 

are 48 symmetry operation elements which were classified into ten classes: E 8C3 

6C2 6C4 3C2 i 6S4 8S6 3σh 6σd. Thus, the group order is 48 and number of class is 

10.12  It is complicated if all elements are taken into consideration. 

 

Table 1.4 The point symmetry groups in different crystals. Reproduced from Ref.7 
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1.1.3.2 Representations: the character table 

For simplicity, the symmetry operations and properties of each point group are 

summarized in a table which is called character table. Table 1.5 shows the character 

table of Th point group. 

 

Table 1.5 The character table of Th point group. Reproduced from Ref.13 

 

 

The column in black frame represents the irreducible representations of Th point group. 

The rules for the expressions are as follow: 

1. One dimensional (non degenerate) representations are designated A or B. 

2. Two-dimensional (doubly degenerate) representations are designated E. 

3. Three-dimensional (triply degenerate) representations are designated T (or F). 

4. Subscripts 1 or 2 (applied to A or B refer) to symmetric and antisymmetric 

representations with respect to C
2
 ⊥ C

n
 or (if no C

2
) to ⊥ s

v
 respectively. 

5. Superscripts ′ and ′′ indicate symmetric and antisymmetric operations with respect 

to s
h
, respectively. 

6. For groups having a center of inversion i, subscripts g (gerade) and u (ungerade) 

indicate symmetric and antisymmetric representations with respect to i, respectively. 
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The row in blue frame represents the operations in Th point group. The group order is 

24 and the number of class is 8. The row in red frame represents the basic functions in 

Th point group. They denote the corresponding transitions. The cartesian vectors (x, y, 

z) are related to the electronic and vibrational transition. The corresponding transition 

of rotations vectors (Rx, Ry, Rz) is electronic transitions. Raman transitions are 

associated with vectors which are the product of the basic vectors. 

 

1.1.3.3 Selection rules for optical transitions 

When optical ions are located at specific sites in crystals, the site point group will 

affect the probability of occurrence for a transition. The spontaneous emission 

probability for transition between two states, 𝑖𝑛  (initial) and 𝑓𝑚  (final), is 

proportional to the wavefunctions of the initial and final states as follow: 

∑ | < 𝑖𝑛|𝜇𝑒|𝑓𝑚 > |2
𝑖𝑛,𝑓𝑚

                    (1-2) 

∑ | < 𝑖𝑛|𝜇𝑚|𝑓𝑚 > |2
𝑖𝑛,𝑓𝑚

                    (1-3) 

where 𝜇𝑒  and 𝜇𝑚 are electric dipole moment and magnetic dipole moment operators, 

respectively. The transition between two states is allowed if the direct product 𝑖𝑛 

(initial)  𝑓𝑚  (final) contains the irreducible representation μ of the operator. Taking 

the A1 → A2 transition in C3v point group (Table 1.6) as an example, the result of 𝑖𝑛 

(initial)  𝑓𝑚  (final) (A1×A2) is A2 which has rotation based function. It means that the 

transition belongs to magnetic dipole electronic transition. It is σ polarized at the same 

time because the rotation based function is perpendicular to the electric field vector.  
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Table 1.6 The character table of C3v. Reproduce from Ref.13 

 

 

1.1.3.4 Activity of vibronic transitions 

In a real crystal, the crystal lattice is always vibrating. As a result, the doped optical 

center is also oscillatory. The position of the optical ion and its neighboring ions are 

oscillating around the equilibrium positions in the form of harmonic oscillator. 

Consequently, the energy state is considered as a continuum of states which can be 

expressed by parabolas, as illustrated in Figure 1.7 which is called configurational 

coordinate diagram. The diagram is used to show the potential energy curves for the 

ground i (initial) and excited f (final) states. The interionic interaction is expressed by 

the curves. The permitted discrete energies called phonon states is shown by the 

horizontal lines (ν=1,2,3,4…).12 

 

Figure 1.7 The configurational coordinate diagram for the AB6 center oscillating. The 

broken curves are parabolas within the approximation of the harmonic oscillator. The 

horizontal full lines are phonon states. Reproduced from Ref.12 
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Vibrational spectrum is used to express the oscillating behavior. However, it usually 

shows more peaks than expected because of the existence of overtones, combination 

bands or hot bands. A fundamental transition is from ν=0 to ν=1, while overtones are 

transitions from ν=0 to ν=2, 3, etc. Hot bands refer to the transitions from an excited 

state to another further excited state, such as from ν=1 to ν=2. are observed when an 

already excited vibration is further excited, such as from ν=1 to ν=2. These transitions 

are sensitive to temperature, with lower signal intensity at lower temperature. 

 

Character table is useful to determine the modes of vibration of molecules. Vibrations 

refer to the motion of atoms in a molecule. Each atom moves in all three directions (x, 

y, z). If there are N atoms in a molecule, there will be 3N motions in total, which is 

known as degrees of freedom. For the molecule with linear geometry, there are 3 

translational modes (along the x, y, and z directions), 2 rotational modes, so we can 

get the number of vibrational modes after subtracting 5 from 3N. For the molecule 

with non-linear geometry, there are 3 translational modes, 3 rotational modes, and 

(3N-6) vibrational modes.14  

 

Vibrational modes are usually classified by irreducible representations (irreps) of the 

molecular point group into Raman active or infrared (IR) active. If the vibration will 

give rise to a change of the dipole moment, then the vibrational mode can be 

measured via an IR spectrum absorption, this kind of vibration is IR active. If the 
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vibration results in a change in polarizability, the mode can be measured via a Raman 

spectrum. According to the group theory, the IR active mode is related to an 

irreducible representation which has x, y, or z coordinates. Raman active mode is 

connected with the symmetry functions xy, xz, yz, x2, y2, z2 or a linear combination of 

any of these.14 

 

Taking the moiety mode vibrations of LnX6
3- as an example, there are six normal 

vibrations, with the symmetry labels under the Oh molecular point group, as shown in 

Figure 1.8. The basic function of A1g is x2+y2+z2 which is product of vectors, so the 

vibration is Raman active. Similarly, Eg and T2g are Raman active. T1u is IR active 

because the basic function is Cartesian vectors (x, y, z). 

 

 

Figure 1.8 Vibrations of LnX6
3-. Reproduced from Ref.15  
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1.2 Energy Transfer in Lanthanide Ions 

1.2.1 Förster resonance energy transfer 

Energy transfer is a process which occurs between a donor and an acceptor and has 

different forms. They can be classified into radiative and non-radiative transfer 

according to whether there are real photons in the form of light.16 Radiative transfer 

corresponds to the transfer assisted by the photons emitted by a donor. The process 

can be described as follows: 

1) A photon is emitted by a donor D;  

D* → D+ hv                         (1-4) 

2) The photon is absorbed by an acceptor that is chemically different from donor 

(denote as A) or identical (D) 

hv+ A → A* or hv + D→ D*                   (1-5) 

 

If there are real photons emitted, this kind of transfer is non-radiative transfer. Much 

attention will be paid to the latter which is more important in practical applications. 

As non-radiative transfer is related to the interactions which concerns the distance 

between donor and acceptor, so this kind of transfer can be used as a nano-ruler to 

determine the distance. The mechanism of non-radiative energy transfer process can 

be expressed by Figure 1.9. After the donor is excited by light, it will jump to an 

excited state. Transferring part of energy to the acceptor is an important way to 

release the energy. Then, the excited acceptor will undergo relaxation to the ground 
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state by radiative emission. From the process (2) to (3), it does not involve real 

photons like the radiative energy transfer.12 It means that there are some resonant 

interactions during the non-radiative energy transfer process. There are multipolar 

(electric or magnetic) interactions and quantum mechanical exchange interaction 

according to the distance. 

 

Figure 1.9 Sequential steps for a nonradiative energy transfer process.  

Reproduced from Ref.16 

Taking electric multipolar interactions as an example, there are different transfer 

mechanism because of the multipoles involved, as shown in Figure 1.5. They are 

electric dipole-dipole (d-d) interaction, electric dipole-quadrupole (d-q) interaction, 

electric quadrupole-quadrupole (q-q) interaction and the transfer probability varies 

with 1/R6, 1/R8, 1/R10, respectively, where R is the distance between donor and 

acceptor. Magnetic multipolar interactions behave in an analogical way to the electric 

multipolar interactions. They also involve magnetic dipole-dipole (d-d), magnetic 

dipole-quadrupole (d-q), magnetic quadrupole-quadrupole (q-q) interaction and the 

similar relationship between the transfer probability and the distance. There is another 

kind of interaction called exchange interaction which only occur when the distance 

between donor and acceptor is close enough that there is direct overlap to their 
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electronic wavefunctions. This kind of energy transfer associate with exchange 

interaction is also named Dexter energy transfer.7  

 

Among these types, the transfer based on the electric dipole-dipole (d-d) interaction is 

called Förster Resonance Energy Transfer (FRET). Some criteria need to be met to 

ensure the occurrence of the FRET as shown in Figure 1.10. Firstly, there should be 

overlapping between the emission spectra of donor and the absorption spectra of 

acceptor. Their absorption and emission spectra should be well-separated to ensure the 

specific excitation of the donor and detection of both donor and acceptor respectively. 

Secondly, the dipole orientation between the donor and acceptor should not be 90 

degree. Thirdly, the distance between donor and acceptor should be less than 10 nm.17 

 

 

 

Figure.1.10. Schematic illustration of FRET process (a), the occurrence of FRET 

depends on the spectral overlap (b), dipole orientations (c) and distance between 

energy donor and acceptor (d). Reproduced from Ref. 17. 
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There are two important parameters to describe the FRET process, they are FRET rate 

and efficiency. The FRET rate can be represented by Fermi’s golden rule:12 

𝑘𝐹𝑅𝐸𝑇 =
9(ln 10)𝑘2Ф𝐷

128𝜋5𝑁𝐴𝑛4𝜏𝐷𝑟6 𝐽                      (1-6) 

In Equation 1-6 above, ФD is the luminescence quantum yield of Donor; NA is 

Avogadro’s number; τD is the luminescence lifetime of Donor (in the absence of 

FRET); J is the spectral overlap integral of emission spectral of donor and absorption 

spectral of acceptor. 

 

R0 (Förster distance or Förster radius) is an important parameter in FRET, which can 

be calculated by replacing kFRET with 𝜏𝐷
−1 and r with R0 in Equation 1-6, then get 

Equation 1-7. It describes a distance, where the FRET rate and all other decay rates 

are in equilibrium 𝑘𝐹𝑅𝐸𝑇 = 𝑘𝐷
𝑅 + 𝑘𝐷

𝑁𝑅 = 𝜏𝐷
−1. 

𝑅0 = (
9(ln 10)𝑘2Ф𝐷

128𝜋5𝑁𝐴𝑛4 𝐽)1/6                       (1-7) 

 

From Equations 1-6 and 1-7, we can get the relationship between the FRET rate 

𝑘𝐹𝑅𝐸𝑇, the luminescence decay time of the donor τD, and the distances r as follows:  

𝑘𝐹𝑅𝐸𝑇 = 𝜏𝐷
−1(

𝑅0

𝑟
)6                          (1-8) 

We also can obtain the FRET rate from the total decay rate 𝑘𝐷𝐴 and donor decay rate 

𝑘𝐷 , 𝑘𝐷𝐴 = 𝑘𝐷 + 𝑘𝐹𝑅𝐸𝑇 , 𝑘𝐷 = 𝑘𝐷
𝑅 + 𝑘𝐷  

𝑁𝑅 , so 𝑘𝐹𝑅𝐸𝑇  can be obtained through the 

following:  

𝑘𝐹𝑅𝐸𝑇 = 𝑘𝐷𝐴 − 𝑘𝐷                         (1-9) 
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Another important parameter is FRET efficiency, which describes the fraction of the 

donor’s excited state energy going to the acceptor. It relates the Förster distance R0 

(mentioned in the part of FRET rate, η FRET here will be 50%), and the D–A distance. 

 

The relationship between FRET rate and FRET efficiency is as follows: 

𝜂𝐹𝑅𝐸𝑇 =
 𝑘𝐹𝑅𝐸𝑇

𝑘𝐷𝐴
=

 𝑘𝐹𝑅𝐸𝑇

𝑘𝐹𝑅𝐸𝑇+𝑘𝐷
=

 𝑘𝐹𝑅𝐸𝑇

𝑘𝐹𝑅𝐸𝑇+𝑘𝐷
𝑅+𝑘𝐷  

𝑁𝑅 =
 𝑘𝐹𝑅𝐸𝑇

𝑘𝐹𝑅𝐸𝑇+𝜏𝐷
−1 = 𝑘𝐹𝑅𝐸𝑇𝜏𝐷𝐴    (1-10) 

 

If luminescence quantum yield Ф, lifetime τ, or intensity I are introduced to the above 

equation, we will get the following Equation 1-11, because 

 Ф𝐷 = 𝜏𝐷𝑘𝐷
𝑅 = 𝑘𝐷

𝑅/(𝑘𝐷
𝑅 + 𝑘𝐷

𝑁𝑅) and Ф𝐷𝐴 = 𝜏𝐷𝐴𝑘𝐷
𝑅 = 𝑘𝐷

𝑅/(𝑘𝐹𝑅𝐸𝑇 + 𝑘𝐷
𝑅 + 𝑘𝐷

𝑁𝑅): 

𝜂𝐹𝑅𝐸𝑇 =
1

1+(
𝑟

𝑅0
)6

=
𝑅0

6

𝑅0
6+𝑟6 = 1 −

Ф𝐷𝐴

Ф𝐷
= 1 −

𝜏𝐷𝐴

𝜏𝐷
= 1 −

𝐼𝐷𝐴

𝐼𝐷
         (1-11) 

 

Some classical examples occurring between lanthanide ions pairs have been required, 

including Pr-Yb18, Dy-Tb19-20, Sm-Eu20-22, Ho-Yb23-24, Tb-Eu25, Ce-Tb27, Ce-Eu28 and 

others. Figure 1.11 shows the energy level diagram and some characteristic transitions 

of Tb-Eu and the energy transfer pathways between them. The emission at 545 nm of 

Tb3+ is identified from the 5D4-
7F5 electronic transitions and the emission at 590 nm 

corresponds to the 5D0-
7F1 electronic transitions of Eu3+. The energy can be 

transferred from 5D4 level of Tb3+ to 5D1 level of Eu3+, then there will be a quick 

relaxation to 5D0 level, which sensitizes the emission at 590 nm and enhances the 

luminous intensity. 25-26  
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Figure 1.11 Energy level diagram some characteristic transitions of Tb-Eu and the 

energy transfer pathways between them. Reproduced from Ref. 25. 

 

Figure 1.12 expresses the energy level diagram of the Ce3+–Tb3+ donor–acceptor pair. 

After Ce3+ is excited to 5d1 state by a UV excitation, it can decay radiatively in the 

form of UV light at the same time, it transferring the energy to the Tb3+ acceptor 

resonantly. The energy will relax rapidly to the 5D4 metastable state. Then, there will 

be the typical emission from 5D4 to 7FJ ground states.27 
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Figure 1.12 Energy level diagram of the Ce3+–Tb3+ donor–acceptor pair. Reproduced 

from Ref. 27. 

 

There are lots of applications for the energy transfer, such as lighting, bio-imaging 

and photovoltaics. Figure 1.13 shows two examples of the solar cell and phosphors. 

Through the energy transfer from Ce3+ to Eu2+ in the host Ca3Sc2Si3O12 (CSS), more 

sunlight can be converted into the available energy that can be used by the Si 

photovoltaic solar cell. 28 For the Sr2B5O9Cl phosphors co-doped Ce3+ and Tb3+, the 

emission intensity of Tb3+ was amplified by 40 times than that of the Tb3+ single 

doped sample because of the energy transfer between Ce3+ and Tb3+. 29  

 

  

Figure 1.13 Energy transfer from Ce3+ to Eu2+ in solar cell application (left) and 

energy transfer from Ce3+ to Tb3+ in phosphors application (right). Reproduced from 

Ref. 28, 29. 
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There are other energy transfer lanthanide pairs, such as Dy3+ - Tb3+, Sm3+ - Eu3+ as 

shown in Figure 1.1420. Dy3+ can be excited to the higher level by 358 or 453 nm. The 

initial population will relax to 4F9/2 level by phonons emission. Then, part of the 

remaining energy will be released in the form of light, while part of the energy is 

transferred to the 5D4 level of Tb3+ by resonance energy transfer at the same time. In a 

similar way, the energy at the 4G5/2 level of Sm3+ will be transferred to the 5D0 level of 

Eu3+. 

 

 

Figure 1.14 Energy level diagrams and energy transfer pathways for Dy3+ - Tb3+ and 

Sm3+ - Eu3+ pairs. Reproduced from Ref. 20. 
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Figure 1.15 Energy level diagram of Ho3+ and Yb3+. Reproduced from Ref. 24. 

 

Another example is Ho3+ - Yb3+ pair, as shown in Figure 1.15. Ho3+ will be excited to 

the 5F1 state under the excitation of 450 nm. There are three possible ways to transfer 

the energy to the nearby Yb3+. Because the energy of 5F3 state for Ho3+ is about three 

times of the energy of 2F5/2 state for Yb3+, so the energy from Ho3+ can excite two 

Yb3+ ions which is called cooperation of energy transfer (CET). The senond energy 

transfer pathway will be from 5F4 state of Ho3+ to 2F7/2 state of Yb3+ which is called 

cross resonance energy transfer. The third way is similar to the second way which is 

from 5F4 state of Ho3+ to 2F7/2 state of Yb3+. 24 The first energy transfer form is also 

called quantum cutting (QC) which has important application in silicon solar cells by 

converting the incident light into near infrared wavelength.  
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1.2.2 Downconversion and upconversion energy transfer 

According to the energy of excitation photons and emission photons before and after 

energy transfer, the forms of energy transfer can be classified as downconversion and 

upconversion. The energy of excitation photons is greater than those of emission 

photons in downconversion. FRET introduced in Section 1.2.1 falls into this category 

in which excitation with a high energy photon will result in a lower emission photon 

because of the nonradiative relaxation. Quantum cutting (QC) also belongs to 

downconversion in which a high energy excitation photon lead to two or more lower 

energy emission photons. If the energy transfer process converts two or more low 

energy excitation photons into a higher energy emission photon, it is known as 

upconversion.  

 

Upconversion processes will occur only if the lanthanide ions have metastable and 

long-lived intermediate levels. Based on this assumption, Er3+, Tm3+ and Ho3+ are 

usually used as activators to give rise to visible emission. Yb3+ ion is chosen as 

sensitizer due to its large absorption in the NIR region. The Er3+-Yb3+ couple is the 

most studied system among them. The hypothetic mechanisms are also identified in 

Figure 1.16.30 The four kinds of energy transfer pathways are excited-state absorption 

(ESA), energy transfer upconversion (ETU), photon avalanche (PA) and energy 

migration-mediated upconversion (EMU). ESA occurs within one single lanthanide 

ion which absorbs two low energy photons successively, followed by the emission of 

one high energy photon. ETU process involves two neighboring lanthanide ions in 
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which the ion I is firstly excited to the intermediate level. Then, the ion II will be 

activated by the energy occupied by ion I and promoted further to the final excited 

state. PA is a complex process associated with ESA and cross relaxation. EMU is a 

more complicated process involving four types of ions: sensitizers, accumulators, 

migrators and activators.  

 

 

Figure 1.16 Proposed upconversion mechanism for Er3+-Yb3+ and Tm3+-Yb3+ couples 

(above) and proposed typical upconversion processes (below). Reproduced from Ref. 

30. 

 

We focus on the downconversion in this work. Although there are lots of research on 

the lanthanide ions pairs above, the rigorous research about the energy transfer 
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between the lanthanide ions pairs is scarce. For example, when we carry out the 

research about energy transfer from Tb3+ to Eu3+, the excitation wavelength is 

expected to excite the Tb3+ only. However, the excitation wavelength in most research 

can excite the Tb3+ and Eu3+ together25-26.  

 

1.3 Local Field Effects on the Radiative Decay Rate and Energy Transfer 

For the donor-acceptor pairs, there are different ways to release the energy for the 

donor, including inner relaxation (vibrational and rotational) to an excited electronic 

ground state, radiative decay and nonradiative decay (FRET). FRET has a crucial role 

in bio-imaging, photovoltaics and upconversion. There are different views on how the 

photonic environment effects the ET efficiency and rate. The FRET rate and 

efficiency are traditionally controlled by changing the distance or relative orientations 

between the emitters. The FRET efficiency will go down with the inverse 6th power 

of the donor−acceptor distance. It will reach a maximum when both dipoles are 

aligned and is strictly zero for perpendicular dipoles, whatever the separation between 

them. Jerome Wenger et al. 31 exploited the strongly inhomogeneous and localized 

fields in plasmonic nanoantennas to overcome the limitations from the mutual dipole 

orientation to ultimately enhance the FRET efficiency. In addition to the 

donor−acceptor distance and the mutual orientation between the donor and acceptor 

transition dipoles, modern nanofabrication techniques have been used to examine 

whether FRET can be controlled purely by means of the nanophotonic environment, 
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while leaving the FRET pair geometrically and chemically unchanged. According to 

Fermi’s Golden Rule, the rate of spontaneous emission from emitters is proportional 

to the local radiative density of states (LDOS).32 LDOS is used to count the number of 

photon modes available for emission. Therefore, the question arises that whether the 

FRET rate correlates with the spontaneous emission rate of the donor. 

 

If the relationship between LDOS and FRET is known, the FRET rate and efficiency 

can be controlled through changing the photonic environment, which is much easier 

than changing the distance or relative orientations between the emitters. The 

adjustment of photonic environments in many studies has been realized by the 

photonic crystals, resonators, and plasmonic nanostructures. No conclusion is yet 

available. 

 

Many researchers disagreed on the question of how ET rates scale with the LDOS. De 

Dood et al.33 and Blum et al.34 found that ET rates were independent of LDOS, while 

others claimed a linear35,36, or even a quadratic37 dependence. The contradictory 

findings reported thus far may in part result from the complex of the experimental 

systems. For example, the decay dynamics of the donor were measured in layered 

structures with (varying) distance between donor–acceptor pairs and an interface. The 

system is made of 6 layers. The different LDOS could be obtained through adjusting 

the thickness of SiO2 spacer layer between the FRET pairs and Ag mirror 34,35. 

However, reproducible control on the thickness and refractive index of the spacer 



28 

 

layers can be difficult. In other cases, energy migration among donors and transfer to 

multiple acceptors38,35–37 would lead to non-exponential decay dynamics which are 

hard to interpret.39 Meijerink et al.39 showed that ET rates were independent of the 

photonic environment by using a model system of LaPO4 nanocrystals co-doped with 

Ce3+ donors and Tb3+ acceptors. This system is considered an ideal model system, 

because the crystallinity of the host material ensures that the donor–acceptor distances 

and the local electronic environment of the luminescent ions are well defined and 

fixed. On the other hand, the photonic environment can be varied easily by dispersing 

the NCs in solvents with different refractive indices. The range of refractive index in 

this system is narrow, which means that the conditions of photonic environment are 

not abundant enough. It is necessary to expand the scope of the regulation of photonic 

environment with more higher refractive media for a more comprehensive conclusion. 

 

The radiative decay of the excited donor is another way to release the energy. In 

contrast to the scarce study on the relationship between local field and ET, the 

relationship between local field and radiative decay has been studied a lot and many 

models have been derived. The radiative rate is related to local radiative density of 

states (LDOS) which can be modified by the local field. There are different models to 

describe the relationship between them. 
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The spontaneous emission rate (s-1) for the transition between states A and B in an 

isotropic medium of refractive index n is given by  

A(n) = A0 n Γ2                        (1-12) 

where                       𝐴0 =
64𝜋4�̅�𝐴𝐵

3

3ℎ
|𝜇𝐴𝐵|2                   (1-13) 

is the rate in a medium of refractive index equal to one. Here, Γ represents the ratio of 

the local to the macroscopic electric field experienced by the chromophore; h is 

Planck’s constant; and �̅�𝐴𝐵 is the energy between the levels A and B, expressed in 

cm-1; μAB is the dipole moment operator between A and B. The radiative lifetime τ(n) 

is the reciprocal of the spontaneous emission rate A(n). 

 

The models employed in this study and the notations are briefly listed here.  

nnp: refractive indexes of the nanoparticles;  

nmed: refractive indexes of the medium in which the nanoparticles are dispersed;  

ncoat: refractive indexes of the surface coating of the nanoparticles. 

neff : effective refractive indexes.  

 

For a Maxwell-Garnett composite, that for neff is given by:40  

𝑛𝑒𝑓𝑓
2 −𝑛𝑚𝑒𝑑

2

𝑛𝑒𝑓𝑓
2 +2𝑛𝑚𝑒𝑑

2 = 𝑓 {
𝑛𝑛𝑝

2 −𝑛𝑚𝑒𝑑
2

𝑛𝑛𝑝
2 +2𝑛𝑚𝑒𝑑

2 }                  (1-14) 

where f is the volume fraction.  

An alternative approximate definition n’eff is given by:41 

𝑛𝑒𝑓𝑓
′ = 𝑓𝑛𝑛𝑝 + (1 − 𝑓)𝑛𝑚𝑒𝑑                  (1-15) 

For nmed = 1.5 and f = 0.5, the values of neff and n’
eff differ by less than 0.2%. 
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In the Lorentz (or full) or virtual cavity (vc) model, the emitter is placed in a medium 

without disturbing it (i.e. the same average polarizability) and the local field 

correction in Eq. (1-12) is given by: 

Γ(vc) = 
𝑛𝑚𝑒𝑑

2 +2

3
                        (1-16) 

 

The medium is expelled and the emitter occupies the created cavity in the (empty or) 

real cavity (rc) model, with the correction factor in Eq. (1-12) being:42 

Γ(rc) = 
3𝑛𝑚𝑒𝑑

2

2𝑛𝑚𝑒𝑑
2 +1

                        (1-17) 

 

The fully microscopic model of Crenshaw and Bowden for a two-level system gives 

an enhancement factor from the interaction of the emitter with the nearby polarizable 

medium via the electromagnetic field43: 

Γ(micr) = [
1

𝑛
{

𝑛𝑚𝑒𝑑
2 +2

3
}]

1/2

                  (1-18) 

So that                       A(n) = A0(
𝑛𝑚𝑒𝑑

2 +2

3
)                    (1-19) 

 

If taking into account the surface coating (with on the nanoparticles (with radius of 

nanoparticle plus coating = a; and radius of bare nanoparticle = b), a simple derivation 

from electrostatics theory gives the local field correction, Γ(sc), in this case :44 

Γ(sc) = 
9𝑛𝑚𝑒𝑑

2 𝑛𝑐𝑜𝑎𝑡
2

(𝑛𝑐𝑜𝑎𝑡
2 +2𝑛𝑚𝑒𝑑

2 )(𝑛𝑛𝑝
2 +2𝑛𝑐𝑜𝑎𝑡

2 )+2𝑐(𝑛𝑛𝑝
2 −𝑛𝑐𝑜𝑎𝑡

2 )(𝑛𝑐𝑜𝑎𝑡
2 −𝑛𝑚𝑒𝑑

2 )
        (1-20) 

where c = (b/a)3. 
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If the nanoparticle has non-negligible polarizability, Eq. (1-17) can be modified by 

replacing n with nr = nmed/nnp, as:45
 
,46   

Γ(nrc) = 
3𝑛𝑚𝑒𝑑

2

2𝑛𝑚𝑒𝑑
2 +𝑛𝑛𝑝

2                        (1-21) 

and                   (n) = A(np) × 
9𝑛𝑚𝑒𝑑

5

𝑛𝑛𝑝(𝑛𝑛𝑝
2 +2𝑛𝑚𝑒𝑑

2 )2                 (1-22) 

 

In Ref. 46 the substitution for n has been made in Eq. (1-21) but not in Eq. (1-22) so 

that nnp is absent in the denominator of their equation (5), the so-called nanocrystal 

nanocavity model:  

A(n) = A(np) × 
9𝑛𝑚𝑒𝑑

5

(𝑛𝑛𝑝
2 +2𝑛𝑚𝑒𝑑

2 )2                   (1-23) 

Notice that the replacement of ncoat by nnp in Eq. (1-20), together with a/b = 1 leads to 

the expression Eq. (1-21). 

 

The effective index of refraction of a nanoparticle depends upon the particle size and 

on a finite volume embedding the nanoparticle.47 In the real cavity model, the medium 

has been expelled from the cavity occupied by the nanoparticle. However, Duan and 

Reid envisage an effective refractive index for the medium, n’eff, as in Eq. (1-15) so 

that nmed in Eq. (1-22) is replaced by, n’eff= fnnp + (1-f)nmed,
48 ,45 as in Eq. (1-24): 

A(n) = A(np) × 
9𝑛𝑒𝑓𝑓

5′

𝑛𝑛𝑝(𝑛𝑛𝑝
2 +2𝑛𝑒𝑓𝑓

2′ )2                  (1-24) 
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1.4 High and Low Symmetry Lanthanide Materials 

As described in Section 1.1.3, the crystal symmetry has great effect on the transitions 

of lanthanide ions. The degeneracy of lanthanide ions in high symmetry compounds is 

very high. They obey the selection rules strictly. Theoretically, high symmetry 

compounds offer a better model for calculations. It is shown that it needs only two 

crystal field parameters to fit the energy levels of lanthanide ions if they are in the 

high symmetry of Oh, whereas 27 crystal field parameters are required in low 

symmetries as C2 and D2. Thus, the high symmetry systems definitely simplify the 

calculation. 

 

There are many kinds of high symmetry crystals, such as cubic MF2 (M=Ca and Sr) 49 

or MCaF3 crystals50 where charge compensation is required. Elpasolites and 

hexanitrolanthanate are few systems with exclusively centrosymmetric lanthanide ion 

sites which can be used as the model systems to study the transitions. This is because 

they have the ideal cryolite structure at room temperature. The ideal cryolite structure 

in the form of A2BMX6 (A, B monovalent cations; M trivalent cation, X monovalent 

anion) is closely related to the structures of perovskite and antifluorite. As a lead-free 

halide double perovskite, Cs2AgInCl6 is a popular candidate as solar cells 

absorbers.51,52 

 

The structure of Cs2NaLnX6 (X:Cl, F) and Cs2NaLn(NO2)6 are shown in Figure 1.17. 

The Ln3+ ion is located at an octahedral (Oh) site in 6-coordination with X in the 



33 

 

Cs2NaLnX6 , which have been extensively studied. 53 The Ln3+ ion is situated in an 

unusual Th point-group symmetry in hexanitritolanthanate Cs2NaLn(NO2)6 in 

12-coordinated to O of NO2
−. Compared with the elpasolites system, the crystal-field 

splitting of energy levels is usually smaller because of the larger lattice constants or 

greater delocalization of charge for NO2
-.54 In hexanitrolanthanate system, the 

distance between the nitrite ion and other three cations is relatively larger because of 

the fixed orientations of oxygen atoms and the repulsion between oxygens. Thus, the 

crystal field effect from the ‘remoteness’ of NO2
− is weak. 53, 55-56  

 

According to the research of A. Meijerink and coworkers57, the lattice will be less 

rigid when more O coordinates to Ln because of the higher formal charge of N 

compared to O. The Stokes shift will be larger if there is a decreasing rigidity of the 

lattice. Thus, the lattice of hexanitritolanthanate will be more flexible than elpasolites, 

and there will be a bigger Stokes shift. 

 

 

Figure 1.17 Structure of M2ALnX6 (X = Cl, F) (left) and Cs2NaLn(NO2)6 (right). 

Reproduced from Ref.53, 58 
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Practically, the high symmetry lanthanide compounds do not have many practical 

applications due to the strictly forbidden electric dipole transitions in these systems. 

However, they can be used to study the energy transfer processes. Firstly, the excited 

state offers long lifetime because of the small transition dipole moments. Secondly, 

the minimum number of energy levels will reduce the number of other energy transfer 

pathways. Thirdly, the efficient overlapping between the donor emission and acceptor 

absorption results from the broad dispersion of the internal and the lattice 

vibrations.53,58 Tanner and coworkers55 have done some preliminary research on the 

energy transfer between NO2
- ligand and Eu3+ in Cs2NaEu(NO2)6.

 There is strong 

emission at 16900 cm-1 from Eu3+ when the system was excited by 438 nm and other 

ultraviolet wavelengths not corresponding to 4f6−4f6 Eu3+ absorption bands. It 

indicated that the energy was transferred from the NO2
- ligand. 

 

In views of practical application, the structure with low symmetry has great potential 

application in areas such as lighting, sensing, imaging and therapy. The photodynamic 

properties will change a lot from a high symmetry to a low symmetry. For example, 

the quantum yield showed a 1.6× enhancement via local symmetry distortion of 

NaYF4. 
59 The change of the symmetry from a higher C3 to a lower C1 of an europium 

complexes will shorten the radiative lifetime and increase the luminescence 

efficiency.60 LnF3, LaOF, LaOCl, NaLnF4 and CeO2 are representative host (Figure 1. 

18) with low symmetry used in imaging and therapy. However, they are not stable. 61 

Thus, except the high symmetry structure Cs2NaLn(NO2)6, another low symmetry 
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structure lanthanide phosphate LnPO4 was studied as an example in this thesis. LnPO4 

host is widely used as phosphors because of its high insolubility, non-hygroscopicity, 

reliable stability against high temperature, low toxicity and high quantum yield.62, 63 

 

The structure of TbPO4 is monoclinic with Tb3+ site symmetry Cs (space group P21/n, 

Z =4)64 and is the same as for the other lanthanide ions from La to Gd. There is 

another form of TbPO4 belonging to the tetragonal space group I41/amd 65 with Tb3+ 

ions situated at sites of D2d point group symmetry. Since the lanthanide ions are 

located at a site with low symmetry, so the forced electric dipole transition will be 

allowed. 

 

Figure 1.18. The Transmission electron microscopy (TEM) images of LaF3 (a), 

LaOF:Eu (b), LaOCl (c), cubic phased NaYF4 (d), hexagonal phased NaYF4 (e), 

hexagonal phased NaYF4:Yb,Er (f), KPrF4 (g), LiErF4 (h), DyF3 (i), TbF3 (j), CeO2 

(k), and CeO2 (l) nanoparticles. Reproduced from Ref.61 
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1.5 Scope of the Study  

In Chapter 1, the background of the lanthanides such as the energy level structure, 

transition selection rules and group theory have been introduced. Chapter 1 also 

includes the basic theoretical knowledge of energy transfer and the summary of the 

models about the local field effect on the radiative decay. 

 

In Chapter 2, hexanitritolanthanate Cs2NaY0.96Yb0.04(NO2)6 with the unusual Th 

point-group symmetry was studied. In the high symmetry hexanitrolanthanate 

Cs2NaY0.96Yb0.04(NO2)6, the Yb3+ is coordinated with 12 oxygen atoms from nitrite 

groups. The triplet state energy of NO2
- ligand is 21517 cm-1 slightly doubles the 2F5/2 

excited level of Yb3+. Therefore, the quantum cutting can occur if the energy transfer 

happened between NO2
- ligand and Yb3+. In this study, we investigated the energy 

transfer between NO2
- ligand and Yb3+ and examine whether quantum cutting 

occurred. crystal structure of Cs2NaY0.96Yb0.04(NO2)6 was obtained and the vibrational, 

electronic spectra were measured.  

 

In Chapter 3, the large Stokes shift in the system Cs2NaLn(NO2)6 doped with Ce3+ 

was investigated. Ce3+ ion is known as a strong emitter due to the allowed 4f-5d 

transition and a standard to predict the properties of other lanthanides.66 It showed the 

largest Stokes shift for Ce3+ in this system as compared to other ever reported cerium 

oxides. The electronic spectra and quenching mechanism have been studied. 

 



37 

 

In Chapter 4, the rigorous research about the energy transfer mechanism between Tb3+ 

and Eu3+ in LaPO4 was carried out. Although there are lots of energy transfer research 

about the lanthanide ions, such as Ce-Eu67, Ce-Tb68, Tb-Eu25, Pr-Yb18, Dy-Tb19-20, 

Sm-Eu 20-22, Ho-Yb 23-24 etc, the rigorous research is scarce such as the statement 

about the energy migration and the choice of the excitation wavelength. For example, 

when study the energy transfer between Tb3+ and Eu3+, 350, 355 and 376 nm are 

usually chosen as the excitation wavelengths which can also excite the Eu3+. 25-26. It is 

important to choose an optimal excitation and study the mechanism carefully. 

 

In Chapter 5, the local field effect on the energy transfer was studied. Except the 

chemical and geometrical factors, such as the spectra overlap, the dipole orientation 

and the distance between the donor and acceptor, we focus on the local field effect on 

the energy transfer. We investigated the local field effect on the decay of Tb3+ and 

energy transfer between Tb3+ and Eu3+ in LaPO4 dispersed in mediums from solvents 

and solids with a wide range of refractive indexes.  

 

In Chapter 6, detailed description of the characterization and calculation were written. 
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CHAPTER 2 THE SPECTRA, ENERGY LEVELS AND ENERGY TRANSFER 

OF LANTHANIDE IONS IN HIGH SYMMETRY LANTHANIDE 

COMPOUNDS Cs2NaYb(NO2)6: IS THERE QUANTUM CUTTING? 

2.1 Introduction 

The calculation of electronic energy levels, transition rates and band intensities of the 

optical center is quite complicated. In order to understand the optical spectra of ions 

in crystals, the analysis of the symmetry properties for the active center without 

tedious calculations is quite necessary. For the lanthanides ions, 4fN electrons are 

shielded by the filled 5s and 5p electron shells and thereby are slightly influenced by 

the crystal field. In contrast, the spatially diffuse 5d electron orbital extends outwards 

from the ion to overlap the neighboring ligand ions, and is more strongly influenced 

by the crystal field. When the Ln3+ is in a crystal, crystal field parameters are needed 

to describe the effect of the environment on the splitting. If Ln3+ is in a crystal field 

with higher symmetry, crystal field parameters needed will be less. It is important to 

choose a host with high symmetry for the Ln3+ to make the study easier.  

In general, transitions and energy transfer in high symmetry lanthanide coordination 

compounds are relatively easy to understand. The transition dipole moments of the  

*A version of this chapter has been included in the published paper “Electronic Spectra of 

Cs2NaYb(NO2)6: Is There Quantum Cutting? J. Phys. Chem. A 2018, 122, 4381−4388”. 
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trivalent rare-earth ions in high symmetry lanthanide coordination compounds are 

small and the lifetime of excited electronic states are long. The number of possible 

resonant energy transfer pathways are reduced due to the minimized crystal field split 

energy levels. There is also efficient overlap between non-resonant donor emission 

and acceptor absorption transitions due to a broad dispersion of internal and lattice 

vibrations.1 

The hexanitrolanthanate is a kind of unusual high symmetry crystal. According to the 

research of Meijerink and coworkers 2, crystal-field splitting would become smaller 

when more O versus N coordinates to Ln because of the higher formal charge of N 

compared to O. The hexanitrolanthanide(III) ions3-4 differ from the corresponding 

transition metal ion systems in that the oxygen atoms of nitrite(III) groups are 

coordinated to the metal ion, rather than the coordination of nitrogen atoms for the 

transition metals.5 At first it was envisaged that the Ln3+ ions occupied octahedral site 

symmetry with 6-nitrogen coordination.6 The lanthanide(III) ions possess the unusual 

Th site symmetry with Ln3+ coordinated to 12 oxygen atoms at ~2.6-2.8 Å, with N-O 

bond distances given as 1.07-1.29 Å.7 The calculated N-O bond distance for the free 

NO2
- anion is 1.226 Å, with the O-N-O angle being 117.42o.8  

The electronic spectra of Ln(NO2)6
3- comprise transitions of the NO2

- group in 

addition to those of Ln3+. Early investigations 9 of the electronic spectra of NO2
- in 

NaNO2 showed that the lowest energy transition corresponds to a singlet-triplet 

absorption, 1A1 → 3B2, (Figure 2.1) with the zero phonon line at 18959 cm-1(2.356 
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eV). The spectrum is mainly vibronic, with dominant vibrational progression 

frequencies of 644 and 1121 cm-1, corresponding to totally symmetric bending and 

stretching modes, respectively. The frequencies in the corresponding phosphorescence 

spectrum are 829 and 1325 cm-1.9 Kirschner et al.1 demonstrated that the zero phonon 

line energy moves progressively to higher energy across the lanthanide series as 

shown in Figure 2.2. The energies were plotted against Ln3+(VI) ionic radii (assumed 

to vary monotonically with Ln(XII) radii, in the absence of the data for 

12-coordination) and gave a linear fit as shown in Figure 2.3. 10 The extrapolated 

triplet state energy for Ln = Yb is 21517 cm-1. This energy is slightly more than 

double the 2F5/2 excited J-multiplet energy of Yb3+. Hence, if energy transfer can 

occur between the NO2
- ligand and Yb3+, it could possibly occur by quantum cutting 

so that one incoming photon could excite two Yb3+ ions.  

 

Figure 2.1 State diagram got from calculation and observation for NO2 in NaNO2. 

Reproduced from Ref.9 
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Figure 2.2 Optical absorption spectra of Cs2NaLn(NO2)6 with Ln=Y (a), La (b), Sm 

(c), Gd (d), and Er (e) at 12 K. The arrows indicate the positions of the corresponding 

zero-phonon line of the spin forbidden 1A1-
3B1 transition of the nitrite ion. 

Reproduced from Ref. 1 

 

Figure 2.3 A plot of the triplet-state energy of NO2
- in Cs2NaLn(NO2)6 (Ln = La, Pr, 

Sm, Eu, Gd, Tb, Y, Er). The fitted line is y = (29 747±397) - (9481±418) x; R2 = 

0.9885. Reproduced from Ref. 10 
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Near-IR quantum cutting can occur in many Re3+–Yb3+ pairs which convert one high 

energy photon to two or more near-IR photons. The quantum-cutting mechanisms are 

described in Figure 2.4. The detailed information is as follows: (a) a single ion 

emitted two NIR photons continuously. (b–d) quantum cutting occurs among two ions 

through resonant energy transfer. (e) quantum cutting occurs among two ions through 

cooperative energy transfer.11 For example, A. Meijerink et al.12 have studied the 

quantum cutting mechanism in YbxY1−xPO4:Tb3+ which is cooperative energy transfer 

from the 5D4 level of Tb3+ to two Yb3+ ions simultaneously. 

 

Figure. 2.4 Description of typical mechanisms of NIR quantum-cutting. Reproduced 

from Ref.11 

Herein, we aimed to excite the NO2
- ion in a singlet state, get intersystem crossing to 

the lowest triplet state (enhanced by the heavy metal ion), and then transfer energy to 

Yb3+, as shown in Figure 2.5. We found that energy transfer does occur by quantum 

cutting. The crystal structure, vibrational and electronic spectra of Cs2NaYb(NO2)6 

enabled us to make this conclusion and they are presented in the following. The 
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energy level structure and magnetic property of Yb3+ in this high symmetry system 

have also been investigated. 

 

 

Figure 2.5 A schematic showing the mechanism of lanthanide emission based on the 

ligand “Antenna” effect. Reproduced from Ref. 13 

2.2 Results and Discussion 

2.2.1 Structure of Cs2NaY(NO2)6: Yb3+ * 

The X-ray photoelectron spectra (Figure. 2.6) showed the presence of all elements in 

samples of Cs2NaYb(NO2)6 and Cs2NaY0.96Yb0.04(NO2)6 and the X-ray powder 

patterns were in agreement with previous studies, as shown in Figure 2.7, except the 

surface absorbed NO3
-. Complex Cs2NaY0.96Yb0.04(NO2)6 exhibits the 

high-symmetrical cubic space group Fm3̅（4/m -3 2/m，4/m 2/m: 4-fold and 2-fold 

rotation axis with a symmetry plane normal to it；3̅: 3-fold inversion axes）with the 

ytterbium/yttrium ions located at both the cubic centre and middle of cell edges in this  

* Crystal structure determination was conducted by Dr. Sam Chun-Kit Hau. 
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face-centred cubic lattice structure (Figure 2.8). The sodium ions occupy the six 

face-centre positions in the lattice. Each Yb/Y ion and Cs ion are coordinated with 

twelve oxygen ions and the metal-oxygen bond distances are 2.55 Å (Figure 2.8(b)) and 

3.28 Å, respectively, which are comparable with those for Cs2NaLa(NO2)6 and 

Rb2NaY(NO2)6 reported by Barnes and coworkers.7 in 1980 (Table 2.1). On the other 

hand, each of the six nitrite groups are attached to Na ions with the Na-N distances of 

2.50 Å. The crystal data are summarized in Tables 2.2-2.6. 
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Figure 2.6 X-ray photoelectron spectra of (a) Cs2NaY0.96Yb0.04(NO2)6; (b) 

Cs2NaYb(NO2)6. 
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Figure 2.7 The XRD of crystals Cs2NaY0.96Yb0.04(NO2)6 

 

 

 

Figure 2.8 Perspective view of the coordination of N, Cs and Y/Yb in the crystal of 

Cs2NaY0.96Yb0.04(NO2)6 (a) and expanded view of 12-coordinate Y/Yb (b).  
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Table 2.1 Comparison of interatomic distances (Å) and angles (˚) with reported data7 

of Cs2NaLa(NO2)6 and Rb2NaY(NO2)6. 

 Cs2NaY0.96Yb0.04(NO2)6 Cs2NaLa(NO2)6 Rb2NaY(NO2)6 

Ln-O 2.55(1) 2.82(2) 2.63(2) 

Cs-O 3.28(1) 3.38(2) 3.23(2) [Rb-O] 

Na-N 2.50(1) 2.83(3) 2.51(2) 

N-O 1.26(0) 1.29(4) 1.15(4) 

O-N-O 112.5(3) 124.2(2) 115.4(2) 

 

 

Table 2.2 Structural Data of complex Cs2NaY0.96Yb0.04(NO2)6. 

Item Parameter 

Empirical formula Cs4N12Na2O24Y2 

Formula weight 1307.56 

Crystal system Cubic 

Space group  Fm3̅ 

a = b = c / Å 11.0482(5) 

α = β = γ /° 90 

Volume / Å3 1348.57(18) 

Z 2 

ρ calc g/cm3 3.220 

μ/mm-1  9.754 

F(000) 1192.0 

Reflections collected 4656 

Goodness of fit on F2 1.252 

Final R indexes [I>=2σ (I)] R1 = 0.0179, wR2 = 0.0391 

Final R indexes [all data] R1 = 0.0180, wR2 = 0.0392 
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Table.2.3 Fractional atomic coordinates (×104) and equivalent isotropic displacement 

parameters (Å2×103). U(eq) is defined as 1/3 of the trace of the orthogonalised UIJ 

tensor. 

Atom x y z U(eq) 

Yb1 5000 5000 5000 11.8(3) 

O1 5000 2894.4(17) 4053.4(16) 25.7(5) 

N1 5000 2267(3) 5000 22.5(6) 

Cs1 2500 2500 2500 20.6(2) 

Na1 5000 0 5000 10.1(9) 

 

Table 2.4 Anisotropic Displacement Parameters (Å2×103). The Anisotropic 

displacement factor exponent takes the form: 2π2[h2a*2U11+2hka*b*U12+…]. 

 

Atom U11 U22 U33 U23 U13 U12 

Yb1 11.8(3) 11.8(3) 11.8(3) 0 0 0 

O1 28.2(9) 24.9(9) 24.0(8) -0.9(7) 0 0 

N1 21.5(14) 17.1(10) 28.9(16) 0 0 0 

Cs1 20.6(2) 20.6(2) 20.6(2) 0 0 0 

Na1 10.1(9) 10.1(9) 10.1(9) 0 0 0 

 

 

Table 2.5 Bond Lengths 

 

Atom Atom Length/Å Atom Atom Length/Å 

Yb1 O1 2.5506(19) Yb1 O17 2.5506(19) 

Yb1 O11 2.5506(19) Yb1 O18 2.5506(19) 

Yb1 O12 2.5506(19) Yb1 O19 2.5506(19) 

Yb1 O13 2.5506(19) Yb1 O110 2.5506(19) 

Yb1 O14 2.5506(19) Yb1 O111 2.5506(19) 

Yb1 O15 2.5506(19) O1 N1 1.255(3) 

Yb1 O16 2.5506(19) N1 O12 1.255(3) 

 

11/2Y,1/2Z,1X; 2+Z,1/2X,1/2Y; 31/2X,1/2Y,+Z; 41/2Z,1/2+X,+Y; 51/2Y,+Z,1/2X; 6+Y,1/2Z,1/2+X; 7+Y,+Z,+X; 81/2+X,+Y,1/2Z; 

91/2Z,1X,1/2Y;10+Z,+X,+Y; 111X,1/2Y,1/2Z; 121X,1Y,1Z; 131Z,1X,1Y; 14+X,+Y,1Z; 151Y,+Z,1X; 161Z,+X,+Y; 171X,1Y,+Z; 181Y,1-

Z,1X; 19+Y,1Z,+X;20+Z,1X,1Y; 211X,Y,1Z; 221/2+X,+Y,1/2+Z; 231/2+X,1/2+Y,+Z; 241/2X,Y,1/2Z; 251/2X,1/2Y,1Z; 261/2+Y,-

1/2+Z,+X; 271Z,1/2X,1/2Y;28+Z,1/2+X,1/2+Y 
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Table 2.6 Bond Angles 

 

Atom Atom Atom Angle/˚ Atom Atom Atom Angle/˚ 

O1 Yb1 O1 68.04(3) O110 Yb1 O111 131.59(8) 

O12 Yb1 O13 111.96(3) O110 Yb1 O19 68.04(3) 

O14 Yb1 O15 131.59(8) O19 Yb1 O111 111.96(3) 

O16 Yb1 O17 131.59(8) O14 Yb1 O111 68.04(3) 

O12 Yb1 O18 180.0 O18 Yb1 O111 68.04(3) 

O19 Yb1 O16 68.04(3) O14 Yb1 O19 180.0 

O1 Yb1 O13 68.04(3) O13 Yb1 O111 68.04(3) 

O1 Yb1 O110 111.96(3) O15 Yb1 O111 111.96(3) 

O14 Yb1 O18 68.04(3) O11 Yb1 O16 68.04(3) 

O12 Yb1 O111 111.96(3) O1 Yb1 O12 68.04(3) 

O11 Yb1 O15 68.04(3) O14 Yb1 O16 111.96(3) 

O11 Yb1 O110 180.0 O110 Yb1 O16 111.96(3) 

O12 Yb1 O15 111.96(3) O12 Yb1 O16 68.04(3) 

O110 Yb1 O17 68.04(3) O11 Yb1 O12 131.59(8) 

O110 Yb1 O13 68.04(3) O15 Yb1 O16 68.04(3) 

O1 Yb1 O14 68.04(3) O18 Yb1 O16 111.96(3) 

O110 Yb1 O18 180.0 O111 Yb1 O16 180.0 

O11 Yb1 O111 131.59(8) O110 Yb1 O12 48.41(8) 

O19 Yb1 O18 111.96(3) O11 Yb1 O17 111.96(3) 

O11 Yb1 O14 68.04(3) O1 Yb1 O17 180.0 

O1 Yb1 O15 111.96(3) O14 Yb1 O17 111.96(3) 

O1 Yb1 O16 48.41(8) O14 Yb1 O12 111.96(3) 

O110 Yb1 O15 111.96(3) O12 Yb1 O17 111.96(3) 

O110 Yb1 O14 111.96(3) O19 Yb1 O17 68.04(3) 

O19 Yb1 O15 48.41(8) O15 Yb1 O17 68.04(3) 

O13 Yb1 O16 111.96(3) O19 Yb1 O12 68.04(3) 

O18 Yb1 O15 68.04(3) O111 Yb1 O17 48.41(8) 

O1 Yb1 O19 111.96(3) O13 Yb1 O17 111.96(3) 

O11 Yb1 O13 111.96(3) O19 Yb1 O13 131.59(8) 

O18 Yb1 O17 68.04(3) O1 Yb1 O18 111.96(3) 

O14 Yb1 O13 48.41(8) O18 Yb1 O13 68.04(3) 

O11 Yb1 O19 111.96(3) O11 Yb1 O18 68.04(3) 

O1 Yb1 O111 48.41(8) N1 O1 Yb1 99.35(16) 

O15 Yb1 O13 111.96(3) O14 N1 O1 112..9(3) 
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2.2.2 Vibrational Spectra of Cs2NaY(NO2)6: Yb3+ 

Knowledge of the vibrations of the nitrite anion proved to be indispensable for the 

interpretation of the complex vibronic spectra of Cs2NaLn(NO2)6 (Ln = Pr,10 Eu,14 

Tb15). There are 66 modes of vibration for this system, some of which are doubly or 

triply degenerate. The high frequency vibrations of NO2
- provided fingerprints with 

which to identify the zero phonon lines of electronic transitions in previous studies 

and detailed analyses have previously been given.10, 14, 15 Extrapolation of the 

frequencies of Tu vibrational modes from these systems gives the predicted 

wavenumbers of 846, 1271 and 1324 cm-1 for Ln = Yb. The 295 K FT-IR spectrum of 

Cs2NaYb(NO2)6 recorded by the KBr disc method shows bands at 828 cm-1 (NO2 

scissor mode, Tu), 1271 cm-1 (N-O stretch, Tu) and 1314 cm-1 (N-O antisymmetric 

stretch, Tu), with the irreps corresponding to the Th point group (Figure. 2.9(a)). 

However, there are strong bands present due to H2O at 3420, 1644 and 756 cm-1, C-H 

stretching at 2555 cm-1 in addition to a sharp feature at 1384 cm-1 due to surface 

adsorbed NO3
-. The presence of impurities is not unexpected since Roser and 

Coruccini4 pointed out that Cs2NaYb(NO2)6 is unstable in water. The KBr disc 

method is evidently unsuitable for this compound. The fact that some decomposition 

had occurred was shown by the electronic absorption spectrum (Figure 2.9 (b)) which 

differs from that expected from the excitation spectrum (vide infra). The Raman 

spectrum of the diluted crystals are displayed in Figure 2.10(b) and the vibrational 

frequencies are correspond to the Ln−O, Ln−NO2 and NO2 modes which are 

indicative of the host. The FT-IR spectrum of the diluted crystals is similar with the 
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neat powder. However, impurity bands also exist in the FT-IR spectrum as shown in 

Figure 2.10(a).  

Thus, the vibrational motions in the Cs2NaY0.96Yb0.04(NO2)6 crystals are categorized 

as internal NO2
− modes, Ln−ligand modes, and external (lattice) modes. The N−O 

stretching vibrations (1340 cm−1) are located at highest energy. There is a gap of 

∼500 cm−1 between the NO2
− scissoring (849 cm−1) vibrations and wagging (342 cm−1) 

vibrations.  

 

Figure 2.9 (a) Room temperature FTIR spectrum of Cs2NaYb(NO2)6 using KBr 

method; (b) 20 K electronic absorption spectrum of KBr disc containing 

Cs2NaYb(NO2)6. 
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Figure 2.10 Room temperature (a) FT-IR and (b) Raman spectrum of 

Cs2NaY0.99Yb0.01(NO2)6. The KBr disc method was employed in FT-IR measurement. 

The FT-IR spectrum is very similar to that of Cs2NaYb(NO2)6. 

 

2.2.3 Emission spectra of Cs2NaY(NO2)6: Yb3+ 

Spectra were recorded for the diluted system using 439 nm excitation at 3 K, as 

shown in Figure 2.11(a), (b). All of the bands in Figure 2.11(b) can be assigned to 

trace Eu3+ impurity, present in the starting materials, as previously assigned.16 This 

shows that the energy transfer efficiency from the nitrite anion to the lanthanide ion is 

orders of magnitude greater for Eu3+ than Yb3+. More recent spectra, recorded at 20 K 

using 420 nm excitation, Figure 2.12(a) is similar to Figure 2.11(a) and correspond to 

the 2F5/2 → 2F7/2 emission of Yb3+. Figure 2.12(b) shows the initial part of the 

spectrum in more detail. 
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Figure 2.11 Nominal 3 K emission spectrum of Cs2NaY0.99Yb0.01(NO2)6 using a CCD. 

 

Figure 2.12 (a) 420 nm excited emission spectrum of Cs2NaY0.96Yb0.04(NO2)6. The 

red curve shows an expanded ordinate scale. The initial bands are shown more clearly 

in (b). The lines are tabulated and assigned in Table 2.3. The energy level diagram for 

Yb3+ in the host lattice is shown in (c) with the states and energies labeled. The three 

red emission transitions represent magnetic dipole allowed zero phonon lines from 

level IV, lines 6, 7 and 21 in the Figure 2.11 (c). 

It is not easy to assign the electronic lines of Yb3+ in Cs2NaY0.96Yb0.04(NO2)6 although 

the electronic structure of Yb3+ ion is relatively simple with only two states (2F5/2 and 

2F7/2). According to the crystal field theory, the energy levels of Yb3+ in this system 

are shown in Figure 2.12(c) and are described by the irreducible representations 

(irreps) of the Th double group: doubly-degenerate Eu’ = Γ5, and 4-degenerate Uu’ = 
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Γ6+Γ7. All transitions from the 2F5/2 Eu’(V) and Uu’(IV) levels to the three ground 

state 2F7/2 levels are magnetic dipole allowed. Emission occurs from both excited 

states at 20 K. Line 1, Figure 2.12(a), (b), is assigned to the V → I magnetic dipole 

allowed transition, and the V→ II transition, with calculated line strength of about 8 

times greater, is assigned to lines 2 and 3 separated by 3 cm-1. This infers that the 

Kramers quartet 2F7/2 Uu is split so that the Yb3+ site symmetry is lowered from Th. It 

is unlikely that this is due to a Jahn-Teller effect, because a vibrational progression in 

the active mode would then be observed. Rather, the larger Y3+ site for Yb3+ may lead 

to some distortion. The most intense bands 6 and 7 are assigned to the magnetic 

dipole transitions Eu’ → Eu, Uu (IV → I, II) for which the calculated intensity ratio is 

1.4. The splitting of the transition IV → II is not resolved, but the band is broadened. 

The transition IV → III is calculated to have a line strength 0.6 of that for IV → II and 

is assigned to line 21.  

Yb3+ manifests a strong vibronic coupling in Cs2NaY0.96Yb0.04(NO2)6 which has 66 

modes of vibration. The ungerade vibrational modes Au, Eu and Tu are all potentially 

vibronically active. Analogous transitions for the elpasolite lattice also include Tg 

modes, which contribute either as progression modes or at the zone boundary. The 

numbered features in Figure 2.12(a) are assigned in Table 2.7.  

The assignments mainly comprise vibrational Tu modes and are made by reference to 

their calculated energies and the spectral assignments for other hexanitrolanthanate(III) 

ions. Naturally, some alternative assignments can be put forward for some bands. 

However, we only mention two points here. First, there is a repetition of features at 
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36-40 cm-1 to low energy since similar vibrational transitions are observed for IV → I 

and IV → II. Second, there is a wide gap in vibrational frequency of nearly 500 cm-1 

between the NO2 wagging and scissor modes. Hence bands situated to higher energy 

from a zero-phonon line just greater than that of the NO2 wag must be assigned to a 

further electronic transition. This is the case for lines 26-28 which are assigned to the 

IV → III transition. It is unfortunate that the spectral fingerprints of NO2 scissor and 

stretching modes, so useful in previous studies,15,17,18 are too weak to be observed 

using a charge coupled detector system.    

2.2.4 Emission and excitation spectra of Cs2NaYb(NO2)6 

The emission spectrum of the neat compound was investigated at low temperature. 

Figure 2.13(a) displays the results for three samples. The spectra are not as clearly 

resolved as that for the diluted system. However, as marked in the figure, the 

detection system enabled the observation of NO2 scissoring modes (317 cm-1) at 9440 

cm-1 based upon IV → I, II (~10257 cm-1), stretching modes (1357 cm-1) at 8900 cm-1 

based upon IV → I, II (~10257 cm-1) and stretching modes (1357 cm-1) at 8600 cm-1 

based upon IV → III (~9957 cm-1), serving to confirm the assignments of the 

transitions. Features marked in (i) correspond to Tu NO2 rock (172 cm-1) at 10081 

cm-1 based upon IV → I, II (~10257 cm-1) and Tu NO2 wag (302 cm-1) at 9957 cm-1 

based upon IV → I, II (~10257 cm-1). The spectra (ii), (iii) show the effect of higher 

temperature inducing hot band transitions. The 7 K emission spectrum (Figure 2.13(b)) 

is more clearly resolved but does not show the detail of Figure 2.12(a), (b). 
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Table 2.7. Assignment of 20 K emission spectrum of Cs2NaY0.96Yb0.04(NO2)6. 

Energies are in cm-1. Refer to the numbering in Figure 2.12(a), (b). trans (translation); 

rot (rotation); sym (symmetric); antisym (antisymmetric); str (stretch). Intensities are 

qualitatively estimated by s (strong), m (medium), w (weak), v (very), and sh 

(shoulder). 

No. Energy Initial state Final State Vibration cm-1 Assignment and Th symmetry 

label 

1 10334vw V I  Uu ′→ Eu 

2 10293vw V II  Uu′ → Uu 

3 10290vw 

4 10264sh    Defect sites 

5 10261sh    

6 10257s IV I  Eu′→ Eu 

7 10221ms IV II  Eu′ → Uu 

8 10201vw IV I 57 Tu Cs-YbNa(NO2) trans 

9 10176vw IV I 81 Tg Yb-NO2 rot 

10 10162vw IV I 95 Tu Yb-NO2 bend 

11 10152w IV I 105 Tg Yb-NO2 bend 

12 10144vw IV I 113 Eu NO2 bend 

13 10133sh IV II 108 Eu NO2 bend 

14 10129w IV I 128 Tu Yb-NO2 bend 

15 10114vw IV I 143 Tu Yb-NO2 str 

16 10095mw IV II 126 Tu Yb-NO2 bend 

17 10081mw IV I 178 Tu NO2 rock 

18 10067sh IV I 190 Au NO2 twist 

19 10051sh IV I/II 206/170 Tu Yb-O antisym str/Tu NO2 rock 

20 (9996) IV I 261 Ag Yb-O sym str 

21 9957m IV III  Eu’ → Eu 

22 9940vw IV I 317 Tg NO2 wag 

23 9927vw IV I 330 Tu NO2 wag 

24 9905vw IV II 316 Tg NO2 wag 

25 9885vw IV II 336 Tu NO2 wag 

26 9859vw IV III 98 Tu Yb-NO2 bend 

27 9444vw IV III 113 Eu NO2 bend 

28 9828vw IV III 129 Tu Yb-NO2 bend 
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The excitation spectra of two samples of Cs2NaYb(NO2)6 are shown in Figure 2.13(c). 

The spectra are not well-resolved but serve to confirm our assignments and prominent 

bands are assigned. The hot band transitions from level II at 38 cm-1 above the 

electronic ground state appear strong, more notably in the red spectrum. The 

vibrations marked for reference in the figure are the Tu NO2 rock (179 cm-1) at 10436 

cm-1 based upon I → IV (~10257 cm-1), Tu NO2 rock (179 cm-1) at 10466 cm-1 based 

upon II → V (~10287 cm-1), NO2 wagging (328cm-1) at 10547 cm-1 based upon II → 

IV (~10219 cm-1), NO2 wagging (328cm-1) at 10584 cm-1 based upon I → IV (~10257 

cm-1), NO2 wagging (317cm-1) at 10651 cm-1 based upon I → V (~10334 cm-1) and 

NO2 wagging (355cm-1) at 10689 cm-1 based upon I → V (~10334 cm-1) modes.  

 

2.2.5 Quantum cutting 

The emission spectrum of Yb3+ in Cs2NaY(NO2)6: Yb3+ can be well-excited by 

wavelengths between 420-480 nm at 10 K, which do not correspond to absorption 

bands of Yb3+. The low resolution room temperature excitation spectrum of this 

system is shown in Figure 2.14(a). It is considered unlikely that Yb3+-Yb3+ dimers 

exist in the diluted material so that energy transfer occurs from NO2
- levels to Yb3+. 

The diffuse reflection spectrum of Cs2NaY0.96Yb0.04 is shown in Figure 2.15 and all 

bands are due to NO2
- transitions. The weaker, broad band to shorter wavelength of 

~500 nm corresponds to a singlet-triplet transition enhanced by admixture of singlet  
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character into the triplet state via the heavy atom spin-orbit coupling effect. As 

mentioned in the Introduction, detailed studies of these electronic transitions at low 

temperature have been made for NaNO2.
9, 17-18 Figure. 2.14(b) shows the emission  

 

 

Figure 2.13 Low temperature emission spectra of Cs2NaYb(NO2)6: (a) (i) at 4 K using 

420 nm laser excitation and InGaAs detector; (ii), (iii) at 10 K using Xe lamp 353 nm 

excitation and a photomultiplier tube. (b) 450 nm excited 7 K spectrum of a powder 

using a charge coupled device. (c) Nominal 10 K excitation spectra of pressed 

powders monitoring Yb3+ emission for two samples. 
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spectrum of Cs2NaY0.96Yb0.04(NO2)6 at three temperatures. The sharp bands at 20 K 

become broader features at higher temperatures and the spectrum extends to higher 

energy due to hot bands. 

The lowest 2F5/2 level of Yb3+ in the hexanitrolanthanate(III) lattice has been assigned 

at 10257 cm-1 and the extrapolated triplet state zero phonon line energy for 

Cs2NaYb(NO2)6 is 21517 cm-1 so that quantum cutting is feasible from energy 

considerations.  

There is a method to check if the quantum cutting occur. A plot of logarithmic of 

emission intensity versus logarithmic of  pump power yields a straight line with slope 

n, which means that when absorb n photons, one high energy photon will be 

emitted.19-20 

This kind of plot can also be used in quantum cutting process. 11, 21 The emission 

spectra were measured with different power under 420 nm excitation. The evolution 

of the peak intensities as a function of power are plotted on log-log scale, which is 

depicted in Figure 2.16. The laser power at the sample was adjusted with the use of 

neutral density filters and logarithmic plots of emission counts vs incident laser power 

at 25 K (Figure. 2.16(a)) and 298 K (Figure. 2.16(b)) at the two excitation 

wavelengths of 420 nm and 470 nm indicate slopes near unity so that one incident 

photon produces one emitted photon. The corresponding slopes would be near 0.5 if 

quantum cutting occurred. However, at 25 K, under 420 nm excitation, some degree 

of quantum cutting is observed. The relaxation pathway from the triplet NO2
- state to 
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Yb3+ could therefore occur via multiphonon emission or by population of Yb3+ from a 

Yb2+-NO3
- charge transfer state.  

 

 

Figure 2.14 (a) 300 K excitation spectrum of Yb3+ emission in 

Cs2NaY0.96Yb0.04(NO2)6 when monitoring at 981 nm; (b) 420 nm excited emission 

spectrum of Cs2NaY0.96Yb0.04(NO2)6 at 20 K (black), 80 K (red) and 200 K (blue). 
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Figure 2.15 Room temperature diffuse reflectance spectrum of 

Cs2NaY0.96Yb0.04(NO2)6. 
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Figure. 2.16 Logarithmic plots of emission counts and incident laser power for 

Cs2NaY0.96Yb0.04(NO2)6 at (a) 25 K with excitation at 420 nm and (b) 298 K with 

excitation at 470 nm. The emission was monitored at 975 nm. 

 

The emission decay from Yb3+ in the dilute system is monoexponential at 973 nm 

under 420 nm excitation, with a lifetime of 0.53 ms at 25 K as shown in Figure 2.17. 

The calculated total value of the Einstein coefficients of spontaneous emission at 25 K 

(vide infra, Table 2.8) for Cs2NaY0.96Yb0.04(NO2)6, assuming a refractive index of 1.4, 

is 1.43x45.3 s-1 = 124.3 s-1. Thus, the lifetime is 1/124.3 s=8.05 ms. This value refers 

to the magnetic dipole transitions only. The ratio of integrated counts magnetic 

dipole:total emission from the observed spectrum is 62.9:100. Hence the calculated 

radiative lifetime of Yb3+ in this system is 5.06 ms and the calculated internal 

quantum yield is 10.5% (0.53ms/5.06 ms).  
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Figure 2.17 The emission decay from Yb3+ in Cs2NaY0.96Yb0.04(NO2)6 monitor at 973 

nm under 420 nm excitation at 25 K. 

Table 2.8 Calculated oscillator strengths (fosc) and Einstein coefficients of 

spontaneous emission (AMD s-1) for magnetic dipole allowed transitions. These values 

are uncorrected for refractive index. 

Transition fosc /10-8 AMD (s-1) 

IV → I 31.06 21.80 

IV → II 21.90 15.25 

IV → III 12.46 8.24 

V → I 6.89 4.91 

V → II 35.76 25.29 

V → III 2.10 17.10 

 

2.2.6 Energy level calculations* 

The fitting of 5 energy levels by 5 parameters (EAVE, ζ4f and three crystal field 

parameters) is trivial (Table 2.9) and the calculated gz values are also included in the 

table. EAVE adjusts the configuration barycentre energy with respect to other  

*Energy level calculations were conducted by Prof. Yau Yuen Yeung. 
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configurations. ζ(4f) represents the spin−orbit interaction. 𝐵𝑘
𝑞

 (𝐵0
4, 𝐵0

6, 𝐵2
6) are for the 

crystal-field interaction. The values of these parameters were varied simultaneously 

within certain allowed ranges, and optimized until the best agreement was obtained 

between the calculated and observed energy levels. 22 

The ordering of levels agrees with that of Roser, from magnetic measurements.4 The 

parameters are collected in Table 2.10. There are five free parameters which can fit 

perfectly to the five experimental energy levels.  

The calculated temperature variation of the inverse magnetic susceptibility is 

displayed in Figure. 2.18 which shows the inverse of the magnetic susceptibility 

versus temperature. The reciprocal susceptibility versus temperature indicates the 

presence of average ferromagnetic interactions. 

 

Table 2.9 Observed and calculated energy levels and calculated gz values of Yb3+ in 

the Cs2NaY(NO2)6 host.  

2S+1LJ Label and Irrep. Energy (cm-1) gz 
  Obs. Calc.  

 2F7/2  I Eu 0 0 -1.770 

 II Uu 38 38.0 4.205 

 III Eu 300 300.0 1.023 

 2F5/2  IV Eu′ 10257 10257.0 -1.412 

  V Uu′ 10334 10334.0 3.122 
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Table 2.10 Energy level parameters for Cs2NaYb(NO2)6. 
a N number of levels; Np 

number of parameters. b this parameter may be defined in different ways; in the 

present study it refers to the root mean square deviation. 

Parameter Value (cm-1) 

ζ4f 2915.9 

𝐵0
4 -262.6 

𝐵0
6 -326.7 

𝐵2
6 -812.7 

N\Np
a 5/5 

Deviationb 0.01 

 

 

Figure. 2.18 Calculated variation of inverse magnetic susceptibility with temperature 

in the range from 0.001 K to 100 K. 
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2.3 Conclusions 

The crystal structure of Cs2NaY0.96Yb0.04(NO2)6 shows that Yb3+ occupies a Th site in 

the cubic crystal with twelve-fold oxygen coordination. The high coordination 

number is unusual because very often, the small Yb3+ ion adopts 8- or 9- 

coordination,23 such as the average 8.6/8.7 coordination number in dilute acid aqueous 

solution where the Yb-O distance is in the range of 2.32-2.33 Å.24 In the present case, 

the Ln-O distance is 2.55 Å. It is possible, from the small splitting of a Kramers 

quartet level in the 25 K luminescence spectrum, that a very slight lowering of site 

symmetry may occur at low temperature. The emission spectrum comprises magnetic 

dipole allowed transitions from the upper J-multiplet 2F5/2 with ungerade vibronic 

structure. The quantum yield of emission is greater than 0.1. Energy transfer occurs 

over a wide range of wavelengths from the NO2
- group to Yb3+ but despite a 

favourable energy scenario, quantum cutting does not exclusively occur. The reason is 

clearly geometrical because the distance from N to a second Yb3+ ion is almost double 

that to its coordinated Yb3+ ion and the energy transfer rate depends critically upon 

donor-acceptor distance. 
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CHAPTER 3 CRYSTAL STRUCTURE, VIBRATIONAL AND ELECTRONIC 

SPECTRA OF Cs2NaCe(NO2)6 ： MASSIVE STOKES SHIFT IN 

12-COORDINATE Ce(NO2)6
3- 

3.1 Introduction 

Hexanitrito complexes of transition metals, such as [TM(NO2)6]
4- TM = Cu2+, Co2+, 

exhibit Jahn-Teller distortion of the TM-N6 octahedron.1 It was unexpected2 that the 

analogous complexes of lanthanide ions (Ln3+) exhibit a different coordination 

geometry, with the ligand oxygen rather than nitrogen being coordinated to Ln3+. The 

[Ln(NO2)6]
3- moiety has the 12-coordinated Ln3+ situated at a site of the novel Th 

point group symmetry.3-5 The magnetic properties6 of this series showed some 

similarities, but also unique differences, from those of the elpasolite series, LnCl6
3-. 

Since the Ln3+ ion is situated at a centrosymmetric site, pure and forced electric dipole 

allowed transitions are forbidden in the 4fN – 4fN optical spectra of 

hexanitritolanthanates. The electronic emission and absorption spectra comprise zero 

phonon lines enabled by the magnetic dipole mechanism together with sidebands of 

ungerade vibrations. Bünzli et al.7 made the first comprehensive study of the 

electronic spectra of these complexes at room and low temperatures, for Eu(NO2)6
3-,  

 

*A version of this chapter has been included in the published paper “Massive Stokes shift in 

12-coordinate Ce(NO2)6: crystal structure, vibrational and electronic spectra. Scientific report 

2018,8, 16557”. 
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and found the long lifetime of 10.9 ms for the 5D0 state at 4.2 K. Analysis of the 

quenching of emission at higher temperatures yielded the activation energy of 2250 

cm-1. The quenching of 5D0 emission is unusual because the energy gap below this 

state is more than 11000 cm-1. A subsequent investigation focused upon the rich 

vibronic structure of the NO2
- ion in the Ln(NO2)6

3- series by recording the ultraviolet 

absorption spectra.8 The lowest energy zero phonon line of NO2
- (at ~500 nm; ~20000 

cm-1) is due to the spin-forbidden 1A1 → 3B1 (C2v) (S0 → T1) transition.9 The first 

dipole allowed transition, S0 → S1: 
1A1 → 1B2 of the NO2

- ion is at 384.9 nm in 

NaNO2.
9  

  

In view of the high coordination number of the lanthanide ion in the 

hexanitritolanthanate anion, we envisaged that the properties of the cerium complex 

would be of interest. Firstly, we anticipated a large Stokes shift (Figure. 3.1) between 

the emission and absorption spectral bands. The Stokes shift could thus provide long 

wavelength cerium (III) emission. Secondly, the repercussions of this shift upon the 

temperature quenching of the emission spectrum would need to be studied. In order to 

investigate these processes, we synthesized Cs2NaCe(NO2)6 and determined the 

crystal structure and vibrational properties, as well as measuring the electronic spectra 

at temperatures down to 10 K. It was indeed demonstrated that the Stokes shift is the 

largest ever reported for Ce3+ emission in oxygen coordination. 
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Figure. 3.1 Representation of Stokes shift. The Stokes shift (ΔE) occurs since 

electronic absorption from the electronic ground state takes place to excited 

vibrational states so quickly that nuclear movement is negligible. Then nonradiative 

relaxation (i.e. energy loss) occurs in the metastable excited state to the lowest 

vibrational levels from which emission occurs. The emission transition occurs without 

nuclear movement so that the terminal state is an excited vibrational level of the 

electronic ground state.  

3.2 Results and Discussion 

3.2.1 Crystal structure of Cs2NaCe(NO2)6 * 

Complex Cs2NaCe(NO2)6 crystallizes in a cubic space group (#202) with Fm3̅ lattice 

symmetry. The crystal data are summarized in Table 3.1 and Tables 3.2-3.5. In this 

face-centered cubic structure, the central Cs+ ion is coordinated to twelve oxygen 

donor atoms from twelve symmetry-related nitrite ligands in the distance of 3.314(1) 

Å, as shown in Figure 3.2. On the other hand, the Ce3+ ions, at two pairs of diagonal  

* Crystal structure determination was conducted by Dr. Sam Chun-Kit Hau. 
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corners with an unusual tetrahedral Th point group symmetry, are coordinated to 

twelve oxygen donor atoms from six symmetry-related nitrite groups. The Ce-O bond 

distance with twelve-coordinated oxygen is 2.653(1) Å, compared with the distance 

2.82(2) Å reported for the corresponding La complex.27 Six nitrogen atoms from the 

symmetrical nitrite groups are attached to each Na+ cation, located at four corners, to 

construct the face-centered cubic structure.  

 

Table 3.1 Crystal data and structure refinement for Cs2NaCe(NO2)6 

Item Parameter 

Empirical formula Cs4N12Na2O24Ce2 

Formula weight 1409.98 

Crystal system Cubic 

Space group  Fm3̅ 

a = b = c (Å) 11.1861(4) 

α = β = γ (°) 90 

Volume (Å3) 1399.70(15) 

Z 2 

ρ calc (g cm-3) 3.345 

μ (mm-1)  8.483 

F (000) 1268.0 

Reflections collected 8471 

Goodness of fit on F2 1.294 

Final R indexes [I ≥ 2σ (I)] R1 = 0.0139,  

wR2 = 0.0300 

Final R indexes [all data] R1 = 0.0143,  

wR2 = 0.0302 
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Table.3.2 Fractional atomic coordinates (×104) and equivalent isotropic displacement 

parameters (Å2×103). U(eq) is defined as 1/3 of the trace of the orthogonalised UIJ 

tensor. 

Atom x y z U(eq) 

Ce1 0 -5000 -5000 12.64(14) 

O1 2175.5(13) -5943.4(14) -5000 27.1(3) 

N1 2789(2) -5000 -5000 24.8(5) 

Cs1 2500 -7500 -7500 23.67(14) 

Na1 5000 -5000 -5000 18.9(6) 

 

Table 3.3 Anisotropic Displacement Parameters (Å2×103). The Anisotropic 

displacement factor exponent takes the form: 2π2[h2a*2U11+2hka*b*U12+…]. 

Atom U11 U22 U33 U23 U13 U12 

Ce1 12.64(14) 12.64(14) 12.64(14) 0 0 0 

O1 22.6(8) 24.8(8) 34.0(8) 0 0 2.2(6) 

N1 16.3(11) 33.4(14) 24.6(12) 0 0 0 

Cs1 23.67(14) 23.67(14) 23.67(14) 0 0 0 

Na1 18.9(6) 18.9(6) 18.9(6) 0 0 0 
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Table. 3.4 Bond Lengths 

Atom Atom Length (Å) Atom Atom Length (Å) 

Ce1 O1 2.6525(15) Ce1 O17 2.6525(15) 

Ce1 O11 2.6525(15) Ce1 O18 2.6525(15) 

Ce1 O12 2.6525(15) Ce1 O19 2.6525(15) 

Ce1 O13 2.6525(15) Ce1 O110 2.6525(15) 

Ce1 O14 2.6525(15) Ce1 O111 2.6525(15) 

Ce1 O15 2.6525(15) O1 N1 1.259(2) 

Ce1 O16 2.6525(15) N1 O12 1.259(2) 

1X,+Y,+Z; 2+X,1Y,1Z; 31/2+Y,+Z,1/2+X; 41/2Z,1/2X,+Y; 5X,1Y,1Z; 61/2Y,1Z,1/2X; 71/2Y,+Z,1/2+X; 

81/2+Z,1/2+X,1Y; 91/2+Z,1/2+X,+Y; 101/2+Y,1Z,1/2X; 111/2Z,1/2X,1Y 

 

 

Figure 3.2 (a) A portion of the structure of Cs2NaCe(NO2)6. Symmetry code: A: 0.5+x, 

0.5+y, z; B: x, 0.5+y, -0.5+z; C: 0.5+x, y, -0.5+z; D: -0.5+x, 0.5+y, z; E: -0.5+x, y, 

-0.5+z; (b) Diagram of the cubic Cs2NaCe(NO2)6 lattice. (c) Perspective view for the 

coordination environment of both Cs+ and Ce3+ cations in the lattice. 
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Table. 3.5 Bond Angles 

Atom Atom Atom Angle (˚) Atom Atom Atom Angle (˚) 

O1 Ce1 O1 68.59(2) O110 Ce1 O111 133.12(7) 

O12 Ce1 O13 133.12(7) O110 Ce1 O19 68.59(2) 

O14 Ce1 O15 133.12(7) O19 Ce1 O111 68.59(2) 

O16 Ce1 O17 68.59(2) O14 Ce1 O111 111.41(2) 

O12 Ce1 O18 180.0 O18 Ce1 O111 111.41(2) 

O19 Ce1 O16 111.41(2) O14 Ce1 O19 180.00(6) 

O1 Ce1 O13 68.59(2) O13 Ce1 O111 68.59(2) 

O1 Ce1 O110 111.41(2) O15 Ce1 O111 68.59(2) 

O14 Ce1 O18 111.41(2) O11 Ce1 O16 133.12(7) 

O12 Ce1 O111 68.59(2) O1 Ce1 O12 111.41(2) 

O11 Ce1 O15 111.41(2) O14 Ce1 O16 68.59(2) 

O11 Ce1 O110 180.0 O110 Ce1 O16 46.88(7) 

O12 Ce1 O15 68.59(2) O12 Ce1 O16 111.41(2) 

O110 Ce1 O17 68.59(2) O11 Ce1 O12 68.59(2) 

O110 Ce1 O13 111.41(2) O15 Ce1 O16 111.41(2) 

O1 Ce1 O14 46.89(7) O18 Ce1 O16 68.59(2) 

O110 Ce1 O18 68.59(2) O111 Ce1 O16 180.0 

O11 Ce1 O111 46.88(7) O110 Ce1 O12 111.41(2) 

O19 Ce1 O18 68.59(2) O11 Ce1 O17 111.41(2) 

O11 Ce1 O14 68.59(2) O1 Ce1 O17 111.41(2) 

O1 Ce1 O15 180.0 O14 Ce1 O17 68.59(2) 

O1 Ce1 O16 68.59(2) O14 Ce1 O12 68.59(2) 

O110 Ce1 O15 68.59(2) O12 Ce1 O17 46.88(7) 

O110 Ce1 O14 111.41(2) O19 Ce1 O17 111.41(2) 

O19 Ce1 O15 46.88(7) O15 Ce1 O17 68.59(2) 

O13 Ce1 O16 111.41(2) O19 Ce1 O12 111.41(2) 

O18 Ce1 O15 111.41(2) O111 Ce1 O17 111.41(2) 

O1 Ce1 O19 133.11(7) O13 Ce1 O17 180.0 

O11 Ce1 O13 68.59(2) O19 Ce1 O13 68.59(2) 

O18 Ce1 O17 133.12(7) O1 Ce1 O18 68.59(2) 

O14 Ce1 O13 111.41(2) O18 Ce1 O13 46.88(7) 

O11 Ce1 O19 111.41(2) O11 Ce1 O18 111.41(2) 

O1 Ce1 O111 111.41(2) N1 O1 Ce1 99.57(13) 

O15 Ce1 O13 111.41(2) O14 N1 O1 114.0(2) 
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3.2.2 Ligand electronic spectra  

The previous assignments for the ultraviolet spectra of the NO2
- ion have agreed that 

there are three electric dipole allowed transitions from the 1A1 ground state to 1B1 

(~360 nm, ε~28), 1A2 (~290 nm, ε~9) and 1B2 (~210 nm, ε~5000),9 where the 

wavelength values indicate the maxima of the absorption bands. The lowest energy 

transition, 1A1 → 3B2,
 is enhanced by about 100 times in Cs2NaLn(NO2)6 compared 

with NaNO2 due to increased spin-orbit coupling by the heavy atom effect.8 The NO2
- 

transitions were investigated in Cs2NaLa(NO2)6 in addition to the Ce3+ analogue. 

Simulations of the NO2
- absorption spectra were carried out using the PBeh-3c 

functional17 in the ORCA12,13 program. The geometry optimization in ORCA did not 

give equal Ce-O bond distances. Hence each NO2
- level was split into 6 levels in this 

case. In Th symmetry, with six NO2
- groups, the B1 and B2 levels only each split into 2 

levels, Tg +Tu, and the transition to the latter is electric dipole allowed from the Ag 

ground state. Figure. 3.3(a) shows the result of the PBeh-3c calculation with 

broadened absorption bands due to S0 → S1-3 transitions at 363, 336 and 232 nm. The 

locations of triplet states are also indicated in the diagram, with the lowest one, S0 → 

T1, calculated to be at 525 nm.  
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Figure 3.3 Spectra of hexanitrito anion. (a) Simulated absorption spectrum using 

Q(NO2)6
3- ion, where Q is a +3 Sparkle, in ORCA with the PBeh-3c functional. The 

inner spectra used FWHM of 50 cm-1 whereas the broadened spectrum used FWHM 

1500 cm-1. Vibrational modes are omitted. The locations of triplet states are indicated 

in red. The Ce-O bond distances were optimized between 2.378-2.400 Å, mean 2.388 

Å. (b) The single crystal triplet state absorption spectrum of Cs2NaCe(NO2)6 at 10 K; 

(c) Triplet state emission for Cs2NaLa(NO2)6 at 20 K and singlet state emission at 20 

K and 150 K. The inset shows the triplet emission at higher resolution. (d) The 

excitation spectrum of singlet emission of Cs2NaLa(NO2)6 at 20 K. 

 

The 10 K single crystal triplet state absorption spectrum of Cs2NaCe(NO2)6 is 

displayed in Figure. 3.3(b). The zero phonon line is the band at longest wavelength, 

observed at 499 nm (20053 cm-1), and a linear trend to higher energy is observed for 
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this transition across the lanthanide series (Figure. 3.4). The peaks marked 1-8 in the 

figure exhibit a repeat with the interval corresponding to the totally symmetric NO2
- 

scissor frequency of 627 cm-1 in the T1 state and a marked broadening occurs at 

shorter wavelengths. Triplet state emission is observed at 20 K for Cs2NaLa(NO2)6, 

commencing to low energy of 495 nm, as shown in Figure. 3.3(c), with the major 

vibrational progression frequency of ~820 cm-1 corresponding to the totally 

symmetric NO2
- scissor mode in the S0 state. Excitation into either one of the NO2

- 

excited singlet states of Cs2NaLa(NO2)6 at 20 K gives a broad emission band with 

maximum at ~410 nm, accompanied by the triplet state emission (Figure. 3.3(c)). The 

band shifts to lower energy with increasing temperature and the triplet emission is 

quenched. The broad emission band was confirmed to be a transition between singlet 

states from the measured lifetime at wavelengths between 370-420 nm, <1 ns at 20 K 

(Figure. 3.5). The excitation spectrum of this singlet emission (Figure. 3.3(d)) shows 

singlet state absorption bands at 333, 318 and 271 nm. 
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Figure. 3.4 Trend in NO2
- zero phonon line energy for Cs2NaLn(NO2)6 series. The 

fitting is a guide to the eye: y = (20067±117) + (126±20) x.  
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Figure. 3.5 Measurements at various wavelengths of S1 → S0 singlet emission lifetime 

of Cs2NaLa(NO2)6 at 20 K. (a) 370 nm; (b) 390 nm; (c) 420 nm. 

 

3.2.3 Cerium(III) electronic spectra  

The 4f1 Ce3+ ion has a simple electronic energy structure, with the 2F5/2 ground state 

and the J-multiplet 2F7/2 at ~2000 cm-1 to higher energy. The 4f1 → 5d1 transition is 

located from the near red up to the ultraviolet spectral region28-30 depending upon the 

crystal field and nephelauxetic effect experienced by the Ce3+ ion. There are only two 

5d Ce3+ crystal field levels, 5d1(1,2) in Th symmetry Ce(NO2)6
3- and transitions to 

both are electric dipole allowed. The room temperature diffuse reflection spectrum of 
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Cs2NaCe(NO2)6 (Figure 3.6(a)) exhibits a weak NO2
- triplet state absorption starting 

at ~500 nm, with a stronger absorption band to shorter wavelength comprising the 

Ce3+ 4f1 → 5d1 and NO2
- singlet state transitions. A broad band with maximum 

intensity near 514-527 nm is observed in the low temperature emission spectrum of 

this compound which we assign to the Ce3+ 5d1 → 4f1 2F5/2,7/2 transitions. The 

emission band shape changes for different crystals due to varying self-absorption by 

the NO2
- triplet state, having a structured appearance to shorter wavelength of 500 nm. 

This is evident in Figure. 3.7(a) but not so in Figure. 3.7(b) for a different crystal. At 

10 K, the emission is not excited by wavelengths longer than 380 nm (Figure. 3.6(b)). 

At 20 K, the Ce3+ 5d1 lifetime was monitored at various wavelengths from 450 nm to 

525 nm, being monoexponential and giving the average value of 25.8 ± 1.3 ns 

(Figure.3.8), similar to that in YAG:Ce3+.31  
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Figure. 3.6 (a) Room temperature diffuse reflection spectrum of Cs2NaCe(NO2)6. (b) 

10 K emission spectra of Cs2NaCe(NO2)6 using various excitation wavelengths. 
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Figure 3.7 Emission (a), (b) and excitation (c), (d) spectra of Cs2NaCe(NO2)6. (a) 350 

nm excited spectra between 10-90 K taken with the Fluorolog instrument; (b) 355 nm 

YAG:Nd3+ laser excited spectrum. The CCD windows exhibit slight shifts at 475 nm 

and 549 nm and the second harmonic of the laser gives the sharp line at 523 nm. The 

inset shows the temperature dependence of a further sample excited by 350 nm 

radiation from a xenon lamp, monitored by the Fluorolog instrument, with xenon lines 

starred. Excitation spectra of (c) using various emission wavelengths at 10 K and (d) 

of 510 nm emission at 10, 50 and 100 K. The inset of (c) shows the fitting in red of 

the spectrum monitoring 510 nm emission by two Gaussian peaks centered at 352 nm 

and 300 nm. 
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Figure.3.8 Measured Ce3+ lifetime at 20 K for various emission wavelengths of 

Cs2NaCe(NO2)6. The lifetime τ1 refers to the excitation pulse. 

 

The low temperature excitation spectra of the Ce3+ emission at various wavelengths 

are displayed in Figure. 3.7(c) and Figure. 3.9(a). Notice that the broad excitation 

band is associated with emission from Ce3+ and not NO2
- (Figure. 3.9(b)) and that the 

excitation peak maximum varies slightly from sample to sample. The excitation band 

may be fit by two Gaussians with maxima at 352 and 300 nm, as in the inset, Figure 

3.7(c). These two wavelengths are associated with vibronic maxima of the transitions 

4f1 2F5/2 → 5d1(1,2) so that the 5d1 splitting is 4925 cm-1. The first principles 

calculation using the crystal structure of Cs2NaCe(NO2)6 gives the 5d1(1,2) splitting 

as 4625 cm-1, which is in reasonable agreement. 

 

3.2.4 Temperature dependence 

The dramatic quenching of emission with temperature (Tq, the temperature where 

emission intensity is reduced to one-half of the initial value = 53±2 K) is illustrated in 

Figure. 3.7(a) and the inset in Figure. 3.7(b). The Ce3+ emission is almost quenched at 

100 K (Figure. 3.10). A corresponding quenching is observed in the excitation spectra, 
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Figure. 3.7(d). 
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Figure. 3.9 (a) 10 K excitation spectrum of Cs2NaCe(NO2)6 monitoring two emission 

wavelengths. (b) 20 K excitation spectra of Cs2NaCe(NO2)6 monitoring NO2
- 

emission at 420 nm (black) and Ce3+ emission at 546 nm (pink) and 571 nm (green). 
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Figure. 3.10 100 K excitation and emission spectra of Cs2NaCe(NO2)6. The peaks are 

due to xenon lamp lines. 

 

Although the maximum phonon energy in the crystal is quite high (1334 cm-1), the 

quenching mechanism of 5d1 → 4f1 emission by multiphonon relaxation is discounted 

because the gap from 5d1 to 4f1 is bridged by ~16 phonons. By contrast, the 4f2 → 4f2 

emission from the 3P0 level of Pr3+ in Cs2NaPr(NO2)6 is quenched3 because the energy 

gap 3P0 - 1D2 is spanned by only 3 phonons.  Three alternative quenching 

mechanisms are depicted in Figure 3.11(a), (b), (c) by reference to configuration 
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coordinate and valence band (VB)/conduction band (CB) diagrams. There have been 

various points of view put forward for other Ce3+ systems, notably YAG:Ce3+,32 with 

respect to these mechanisms. The energy transfer to another species is considered 

unlikely since no emission is observed to lower energy. The temperature-induced 

crossover to another potential energy surface (Figure. 3.11(b)) and photoionization to 

the CB (Figure. 3.11(c)) are candidates.  

 

Figure 3.11 (a), (b), (c) Mechanisms of thermal quenching of Ce3+ 5d1 → 4f1 emission. 

(d) Plot relating a function of integrated counts, I(T), of Cs2NaCe(NO2)6 emission 

from 480-600 nm under 350 nm excitation (black sphere) and integrated counts from 

excitation spectrum between 250-380 nm when monitoring 510 nm emission (red 

sphere) versus reciprocal temperature (with T from 10 K to 90 K) for Cs2NaCe(NO2)6. 

The values of I(0) were determined from extrapolation of the linear plots of I(T) 

versus T (for example: inset, I(0) from emission).  
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An Arrhenius plot of ln{[I(0)/I(T)]-1} (where I(T) denotes the counts at temperature T) 

against reciprocal temperature may be employed to estimate the activation energy of 

the quenching process. In the present case, the use of emission counts or excitation 

counts for several different samples gives linear plots of intensity versus temperature 

in the range from 20-100 K (e.g. inset Figure. 3.11(d)). The corresponding plots of 

ln{[I(0)/I(T)]-1} versus 1/T are not linear (Figure. 3.11(d)) and show that the 

activation energy Ea for the quenching process changes from 29±7 cm-1 in the range 

from 10-30 K to 429±200 cm-1 in the range from 70-90 K. The overall quenching 

behaviour from 20-250 K is shown in Figure 3.12 and follows an exponential 

decrease in intensity.  

3.2.5 Stokes shift 

The peak maxima are at 355 nm (excitation spectrum) and 514 nm (emission 

spectrum) in Figure. 3.13(a) for Cs2NaCe(NO2)6 so that the Stokes shift of 8715 cm-1 

is the maximum reported for cerium coordinated to oxygen in the literature. The 

progression-forming mode is most likely the totally-symmetric Ce-O stretch, which 

has a magnitude near 240 cm-1. Technically, this Stokes shift does not correspond to 

the ‘same transition’ in absorption (4f1 2F5/2 → 5d1(1,2)) and emission (5d1(1) → 4f1 

2F5/2,7/2).
33 The shift represents the interactions taking place within the CeO12 cluster, 

although the embedding effect of this cluster is also important. Contrary to the 

traditional depiction in many textbooks, the excitation of the Ce3+ 4f electron to the 

first 5d state often involves a bond length contraction, not expansion.34,35 In fact,  
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Figure. 3.12 (a) Integrated 5d – 4f emission spectra of Ce3+ in Cs2NaCe(NO2)6 under 

333 nm excitation at different temperatures; (b) Emission spectra between 490-560 

nm for Cs2NaCe(NO2)6 under 333 nm excitation from 150 K to 300 K; (c) Arrhenius 

plot for the temperature range from 150-250 K. 

 

in solution, this contraction can lead to the expulsion of a ligand.36 The great change 

in equilibrium bond distance between the ground and excited states gives the 

possibility that the potential energy curves overlap (Figure. 3.11(b)).37 Hence 

inefficient fluorescence occurs. The location of the 4f1 → 5d1(1) zero phonon line can 

be roughly estimated from the midway point of the band maxima or band onsets in 

Figure. 3.13(a) and is in the region of 400-420 nm. The thermal crossover thus occurs 

just above this energy (i.e. above 23800-25000 cm-1) because vibrational relaxation to 
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the electronic ground state is much faster than the crossover rate. Hence the crossover, 

Figure. 3.11(b), could occur to 4f1 Ce3+ or to possibly to the NO2
- singlet state 

potential energy curve. In fact, just as for Cs2NaLa(NO2)6, room temperature singlet 

state emission is also observed for Cs2NaCe(NO2)6 (Figure. 3.13(b)). The change in 

activation energy with temperature arises from the bond length change and relative 

zero phonon line shift with temperature, which serve to displace the two potential 

energy curves. 

 

 

Figure 3.13 (a) Large Stokes shift of Ce3+ in Cs2NaCe(NO2)6; (b) Room temperature 

350 nm-excited singlet emission in Cs2NaLa(NO2)6 (red) and Cs2NaCe(NO2)6 (black). 

The scale expansion is shown for the latter. (c) Stokes shifts for different coordination 

numbers of Ce-O systems. The number of compounds of each type is indicated 

together with the standard deviation. Data from attached Table and this work.  

 

Literature tabulations of Stokes shifts38-41 include materials with Ce3+ ions occupying 

several sites in the crystal lattice, such as the hosts Lu4AI2O9, LaLuO3, Ba3Gd(BO3)3 

and Mg2Y8(SiO4)6O2. We have excluded these more complex materials, which may 

not be sufficiently-well characterized, from Appendix which compares the Stokes 
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shift for cerium in oxygen coordination with other parameters. The plot of Stokes shift 

versus coordination number, Figure 3.13(c), demonstrates larger Stokes shifts for Ce3+ 

ions with higher coordination number showing that Ce3+ ions with larger ionic radii 

(i.e. from Ce3+(VI) 101 pm to Ce3+(XII) 134 pm) can contract more when transiting 

from 4f to 5d. The weaker metal-ligand bonding is in line with a lower value of Tq.  

 

Plots of Stokes shift against mean or minimum Ce-O distance indicate that other 

factors, such as formal charge, vibrational frequency, thermal population of excited 

states and change in excited state geometry also play a role (Figure. 3.14 and 

Appendix). When ions with higher formal charge coordinates to Ce3+, crystal-field 

splitting usually become larger result in small Stokes shift. A strong difference in 

vibrational frequency or thermal population between ground and excited state usually 

leads to a large Stokes shift.42-43 Small Stokes shifts have also been associated with 

rigid lattices, such as in Y-Si-O-N materials, Stokes shift becomes smaller for rigid 

lattices with an extended silicon network formation when more nitrogen is 

incorporated.44  Appendix showed that the Stokes shift of GdScO3 with 

12-coordinated Ce3+is only 5350 cm-1. The structure of GdScO3 is come from the 

ABO3 perovskite structure with 12-coordinated A-site. However, there will a larger 

distortion from the ideal 12-coordination of A-site in GdScO3. These parameters 

should be considered together in some materials because they may compensate each 

other.  
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Figure. 3.14 Plot of Stokes shift for Ce-O systems against (a) average Ce-O distance 

and (b) shortest Ce-O distance from literature data, Appendix and this work. 

 

3.3 Conclusions 

In summary, the hexanitrito complex Cs2NaCe(NO2)6, with 12-coordinated Ce3+ 

situated at a site of Th symmetry, exhibits a very large energy shift between the peak 

maxima in absorption and emission. The 4f1 ground state and 5d1 potential surfaces 

are displaced so much along the configuration coordinate that overlap takes place 

above the 5d1 minimum, leading to thermal quenching of emission at a low 

temperature. The features due to NO2
- and Ce3+ ions in the electronic spectra have 

been rationalized by theory. 
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3.5 Appendix 

Stokes shifts and physical parameters of cerium-oxygen systems. 

Compound Coordinatio

n number 

Polyhedron: Point symmetry Ce-Ligand distance 

pm (shortest: 

average) 

λexc (nm) 

 

λem 

(nm) 

Stokes 

shift 

(cm-1) 

Ref. 

CaCO3 6 Octahedron:C3i 

 

-:236 313 345 2963 A 1 

Lu2Si2O7 6 Octahedron: C2 -:223 355 380 1853 A 2 

GdAl3(BO3)4 6 Trigonal:D3 

JCPDS No. 83-1907 

 

234.1:234.1 323 342 1913 A 3 

Na3LuSi3O9 6 Orthorhombic: P212121(space group) 

 

90% Ce3+ ions enter in the Lu1 and Lu4 sites (29% 

in Lu1 site and 61% in Lu4 site) and the remaining 

mostly embedded in Lu3 site 

200.98:225.08 

(Lu1 29%) 

208.77:222.67  

(Lu3 10%) 

216.88:226.38  

(Lu4 61%) 

350 390 2930 A 4 

LiYSiO4 6 Octahedron ICSD 75538 

Ce3+ substitutes Y3+ located at the center of a 

distorted octahedron 

 348 400 3736 A 5 

Ba2Gd(BO3)2Cl 7 Monoclinic: Cs  

JCPDS 79-0967 

The Ln positions are 7 coordinated by O with site 

symmetry Cs. 

 

 354 
 

415 
 

4153 
 

A 6-7 
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Ca3Ln(AlO)3(BO3)4 7 Trigonal ICSD 172154 

 

Ce3+ ions occupy the 7-fold coordinated M2 site 

233.7:241.3 350 410 4181 A 8 

Y3Al5O12 8 Octahedral:D2 

  

-:238 458 535 3142 A 9-11 

Ca3Sc2Si3O12 8 Dodecahedra  

ICDD 72-1969 

 

Ce3+ replaces the Ca2+ position  

-:256.6 440 550 4545 A 12 13-15 

Ca3Sc2Si3O12 

 

8 Dodecahedral  

ICDD 72-1969 

 

Ce3+ replaces the Ca2+ position  

-:244.5 (x=1) 

Ca2.97-xYxSc2-xMgxSi3

O12:Ce0.03 

450 546 3907 A 14 

Ca3Sc2Si3O12 8 Dodecahedral  

ICDD 72-1969 

 447 510 2763 A 15 

Ca3Hf2SiAl2O12 8 Cubic 

 

Ce3+ occupies Ca2+ site  

 400 457 3118 A 16 

NaBaPO4 8 Trigonal: P3m1 

JCPDs 33-1210 

277.31：278 324 377 4339 A 17 
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Li2SrSiO4 8 Hexagonal JCPDS 47-0120 

 

 360 428 4413 A 18 

CaYAlO4 9 Tetragonal:C4v 

 

The Ca2+/Y3+ ions are surrounded by nine 

nearest-neighbour oxygen ligands. Ce3+ ions 

occupy Ca2+/Y3+ sites 

-:254 360 485 7159 A 19 

LaBO3 9 Orthorhombic: Cs 

 JCPDS 12-0762 

-:260 329 383 4295 A 20-21 

LiBaPO4 9 Hexagonal JCPDS 14-0270 

 

208.85:274.1 380 468 4810 A 17 

LaPO4 9 Monoclinic: P21/n 

 

250：259 273 
 

315 
 

4884  
 

A 22 

LaPO4 9 Monoclinic   

 

 254 320 8120  A 23 

NaSrBO3 9 Monoclinic  

ICSD-172420 

 

 345 424 5401 A 24 

SrSO4 10 Orthorhombic: Pnma  

JCPDS 80-0523 

-：274   
 

267 307 4880 A 25-26 
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BaSO4 10 Orthorhombic: Pnma -：288 
 

   A 26 

La2Be2O5 10 Irregular: C1 -:291 354 496 8088 A 27-28 

LaScO3 12 

 
 

 323 429 7700 A 29-30 

LaMgAl11O19 12 

 

Hexagonal: D3h 

JCPDS 26-0873 

  

、 

La3+ ions are located in the intermediate mirror 

plane having 12 coordination 

-:274 270 335 7186 A 31-34 

CaHfO3 12   334 431 6700 A 29 

LaScO3 12   323 429 7700 A 29 

GdScO3 12   349 429 5350 A 29 

SrA112O19 12 Hexagonal 

 

-:277 260 320 7212 A 35 
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CHAPTER 4 ENERGY TRANSFER MECHANISM BETWEEN Tb3+ AND Eu3+ 

IN LaPO4 NANOCRYSTALS: IS IT A THREE-BODY PROCESS? 

4.1 Introduction 

Lanthanide ions present unique spectral properties, including long lifetime, multiple 

narrow and well-separated bands, and large effective shifts from excitation to 

emission wavelength. They can be model candidates as donor and acceptor in the 

study of energy transfer (ET). Hence there has been a plethora of ET research studies 

concerning lanthanide ions, such as between the tripositive ions Ce-Eu,1 

Ce-Tb,2Tb-Eu,3 Pr-Yb,4 Dy-Tb,5-6 Sm-Eu,6-8 Ho-Yb,9-10 with the focus upon the 

applied optical properties of phosphors, such as the color tunability of luminescence 

and optical thermometry. In particular, the ET between Tb3+ and Eu3+ has attracted 

much attention (Table 1 in Appendix). The 5D4 donor state emission from Tb3+ is 

quenched and instead red emission from the Eu3+ 5D0 state is observed when exciting 

into a Tb3+ absorption band. The detailed energy transfer mechanism is not clear in 

many cases. For example, Moran et al.11 studied the cubic system Cs2NaYCl6 doped 

with Tb3+ and Eu3+ in a wide range of concentrations at 298 K and 77 K.  

*A version of this chapter has been included in the published paper “Energy Transfer between 

Tb3+ and Eu3+ in LaPO4: Pulsed versus Switched-off Continuous Wave Excitation. Advanced 

Science. 2019, 6 (10), 1900487”. 
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It was concluded that discrepancies between the calculated and experimental rate 

parameters are large, notably by four or five orders of magnitude for 

multipole-multipole mechanisms. Whereas it could be possible that different 

interaction mechanisms take part in different solid-state lattices, various studies have 

attributed the interaction mechanism between Tb3+ and Eu3+ to electric dipole-electric 

dipole,12-15or electric dipole-electric quadrupole16 or exchange interaction.17,18 The 5D4 

→ 7F2 transition of Tb3+ is forced electric dipole allowed whereas the 5D0 → 7F0 

transition of Eu3+ is dipole forbidden.19 Furthermore, the energy migration between 

the donor Tb3+ ions has been stated as very fast20 or slow.21  

 

The kinetics of an energy transfer process as a function of concentration have been 

studied by several authors, for example by Fong and Diestler22 and Lupei.23 In the fast 

migration limit, a linear relation between the energy transfer rate and acceptor 

concentration indicates a two ions process, whereas a quadratic relation is indicative 

of a three ions process. Lupei23 studied the quenching of Er3+ 4S3/2 emission in YAG: 

Er3+ at high concentrations of Er3+ and explained the variation of the energy transfer 

rate in terms of a three-body process where two acceptor ions are promoted from the 

electronic ground state to 4I9/2 and 4I13/2 J-multiplets. Hence we were very surprised to 

observe the same type of interaction in two literature studies of Tb3+-Eu3+ ET (Figure 

4.1 a, b) where Eu3+ concentration is varied when Tb3+ concentration is high: for 

Cs2NaTb1-xEuxCl6 at 293 K and TlY2.25-xTb0.75EuxF10 at 295 K. However, at higher 

Eu3+ concentrations in Cs2NaY0.995-xTb0.005EuxCl6 at 295 K and Cs2NaTb1-xEuxCl6 at 
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80 K, (Figure 4.1 c, d) the variation of energy transfer rate with Eu3+ concentration is 

clearly linear.  

 

 

Figure 4.1 Tb3+-Eu3+ energy transfer rates for some systems with low Eu3+ 

concentrations from literature data, fitted by y = A + B*x2 (blue lines) and y = A + B*x 

(red lines): (a) Cs2NaTb1-xEuxCl6 at 293 K,14 A = 0, B = 46.68, R2
adj = 1 in blue; (b) 

TlY2.25-xTb0.75EuxF10 at 295 K,25 calculated from lifetime data therein and fitted by: A 

= 0.0596±0.0017, B = 9.0±0.3, R2adj = 0.9956 in blue; (c) Cs2NaY0.995-xTb0.005EuxCl6 

at 295 K,11 A = 14.28±1.7, B = 0.10±0.05, R2
adj = 0.948 in blue; (d) Cs2NaTb1-xEuxCl6 

at 80 K,24 A = 15.6±1.6, B = 0.03±0.01, R2
adj = 0.928 in blue. The linear fittings are 

shown in red and in green for the reduced range of xEu in (c). Note the superior 

quadratic fittings in (a), (b) and the linear fits in (c), (d). 

 

These unusual findings prompted us to reinvestigate the rate dependence of Tb3+-Eu3+ 

ET as a function of concentration and demonstrate that in fact it is a two-body process 

and not a three-body process as proposed elsewhere.19,24 We selected the lanthanide 

orthophosphate host (LaPO4) host because of its high insolubility, non-hygroscopicity, 
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reliable stability against high temperature, low toxicity and high quantum yield.13,14 

Whereas most previous studies have utilized micron-sized samples synthesized at 

high temperature (Table 1 in Appendix). The energy transfer mechanism is studied 

carefully according to the fitting with the decay models. 

4.2 Results and Discussion 

4.2.1 Structure and morphology of the crystals  

The relevant energy level schemes of Tb3+ and Eu3+ are displayed in Figure 4.2(a). 

The morphology of La0.1Tb0.9PO4 (i) and La0.02Tb0.90Eu0.08PO4 (ii) nanocrystals, 

together with the high-resolution transmission electron micrograph (HRTEM) of the 

latter (iii) are presented in Figure 4.2(b) respectively. The nanocrystals are elongated 

compared with the size of the LaPO4 nanocrystals prepared by Haase et al.,27 which is 

due to the decreasing amount of the complexing agent triethyl phosphate employed.26  

 

The HRTEM displays lattice fringes with space 0.5 nm for most particles which 

indicates a highly crystalline material. The measured average size of the nanocrystals 

is 30 nm compared with that of 34 nm determined from the line broadening in the 

XRD pattern (According to the Scherrer equation: D=Kλ/(width*cosθ), K=0.9, 

λ=0.154178 nm, width=0.0042 radian, θ=14.7555 degree, cosθ=0.96702, D=34.16 nm) 

Figure 4.2(c). The XRD pattern is consistent with the standard monoclinic card of 

TbPO4 with a shift of the peaks to lower angles since Eu3+ is a slightly larger ion than 

Tb3+. No additional peaks of other phases are present.  
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The structure of the monoclinic form TbPO4 (space group P21/n, Z =432) is shown in 

Figure 4.2(d) and is the same as for the other lanthanide ions from La to Gd. The 

closest distance between the 9-coordinate (the inset of Figure 4.2(d)) Tb3+ ions, with 

site symmetry Cs, ions is 3.97 Å. There is another form of TbPO4 belonging to the 

tetragonal space group I41/amd 33 with Tb3+ ions situated at sites of D2d point group 

symmetry, with closest separation 3.79 Å.  

 

The FTIR spectra in Figure 4.2(e) shown the characteristic phosphate group vibrations 

at (in cm-1): 543 (ν4), 956 (ν1) and ~1086 (ν3).
34 The band at 3326 cm-1 are 

characteristic of the O-H vibration of H2O. The bands at 1457 cm-1 are due to the 

coating of TOA.  
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Figure 4.2 (a) Relevant electronic energy level schemes of 4f8 Tb3+ and 4f6 Eu3+. The 

overall ET process involves the depopulation of Tb3+ 5D4 and excitation of Eu3+ 5D0. 

(b) TEM of nanocrystals: La0.10Tb0.90PO4 (i), La0.02Tb0.90Eu0.08PO4 (ii), and HRTEM 

showing individual nanocrystals of the latter (iii); (c) XRD patterns for 

La0.02Tb0.90Eu0.08PO4 and the JCPDS files: No. 46-1331 of monoclinic and 32-1292 of 

tetragonal TbPO4 for comparison; (d) crystal structure of TbPO4; the inset depicts the 

coordination geometry of Tb3+; (e) FTIR spectrum of nanocrystals 

La0.02Tb0.90Eu0.08PO4 dispersed in Nujol (subtract the bands of Nujol at 2925, 2856, 

1714,1460, 1377, 1157, 723 cm-1) and KBr, respectively. 
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4.2.2 The decay of Tb3+ emission in LaPO4:Tb3+  

The luminescence decay of the Tb3+ 5D4 state was monitored for LaPO4 doped with 

various concentrations of Tb, by exciting at 485 nm and collecting the emission of the 

5D4 → 7F5 transition at 543 nm. The decay curves, after logarithmic transformation, 

are linear with Radj
2 > 0.998, except for La0.1Tb0.9PO4 with Radj

2 > 0.99619, as shown 

in Figure 4.3(a). The lifetime data are summarized in Table 4.1 and demonstrate an 

exponential decrease in lifetime with increasing concentration of Tb3+ in La1-xTbxPO4. 

(Figure 4.3(b)). The lifetime of the neat TbPO4 nanocrystals (~1.5 ms) is considerably 

longer than that reported as 0.55 ms35 for TbPO4 nanowires (2 μm × 40 nm) so that 

surface quenching for the latter is clearly very important. The lifetime of the 

La0.98Tb0.02PO4 bulk sample 36 was reported to be 3.1 ms which is similar to the 

present results for nanocrystals. The 5D4 lifetime exhibits a reasonably 

monoexponential decay with increasing concentration (Figure 4.3(b)). Furthermore, 

analyzing the 5D4 decay emission counts I with time t as: 

I(t) = I(0)exp(-t/τ)exp(-kETt)                     (4-1) 

where I(0) represents the counts at time 0 after pulsed excitation, τ is the lifetime at 

infinite dilution and kET is the ET rate to traps, gives a linear relation of kET with 

concentration (Figure 4.3(c)), showing that a two-body process is responsible for 

quenching: Tb3+ - trap. The ET rate is slow: being only ~350 s-1 for the La0.1Tb0.9PO4 

sample. Recently, Johnson et al. have argued that migration to killer sites is more 

important than cross-relaxation processes.37 This alternative quenching process: 

cross-relaxation involving two or three38 Tb3+ ions is not possible when considering 
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the Tb3+ energy level scheme in Figure 4.2(a) since the energy gap below 5D4 is nearly 

15000 cm-1.  

 

Table 4.1 Summary of lifetime and decay rate of La1-xTbxPO4 nanocrystals (λex=485 

nm, λem=543 nm) 

xTb3+  Radj
2 Lifetime (ms) Decay rate (ms-1) 

0.001 0.99877 3.04 0.329 

0.05 0.99836 2.82 0.355 

0.10 0.99909 2.84 0.352 

0.20 0.99970 2.74 0.365 

0.30 0.99839 1.98 0.505 

0.50 0.99916 1.76 0.568 

0.70 0.99895 1.49 0.671 

0.90 0.99627 1.48 0.676 
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Figure 4.3 (a) Luminescence decay curves; (b) monoexponential lifetimes (τobs); (c) 

energy transfer rates (kET) of La1-xTbxPO4 nanocrystals (λex = 485 nm, λem = 543 nm). 

 

Figure 4.4(a), (b) show the section of Tb3+ emission decay in the range from 0-4 ms 

with monoexponential (green), biexponential (red) and Inokuti-Hirayama, Eq. (6-2) 

(blue) fittings for x = 0.9, 0.7. The Inokuti-Hirayama equation refers to energy transfer 
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from a donor to a random array of acceptor ions without donor-donor migration and is 

clearly not applicable in this case. The biexponential fit is superior and the above 

analysis for monoexponential decay was repeated for other Tb3+ concentrations as 

detailed in Table 4.2. The biexponential fit is explained by two different environments 

of Tb3+ ions. Van Hest et al.36 have associated the two environments with surface (τ = 

1.9 ms) and interior (τ = 4.7 ms) sites of Eu3+ in their 3.9 nm core nanocrystals since 

the amplitudes if their fit were 44% and 56%, respectively. Dexpert-Ghys et al.39 

pointed out that in EuPO4 and LaPO4 the average Ln-O distances are 2.474 and 2.574, 

respectively so that in La0.98Eu0.02PO4 some distortion occurs and three different Eu3+ 

sites were detected from 77 K emission spectra. We find for the x = 0.05 - 0.7 samples 

that the mean amplitudes of the fast and slow components are about 32% and 68%, 

which differ from the population values of about 4% and 96% for surface and interior 

ions in our nanoparticles. The energy transfer rate (kET) for the ions decaying by the 

fast component is 3.6 times faster than for the slower-decaying ions (Figure 4(c)). 

One possibility is that OH- or H2O trap molecules occupy PO4
3- sites. The nearest 7 P 

sites are 3.47±0.24 Å from Tb3+ whereas the next 14 P sites are at 6.25±0.51 Å distant 

– a ratio of 1.8.  Alternatively, if the traps are oxygen vacancies, the nearest 3 sites 

are at 2.38±0.01 Å whereas the next 6 are at 2.54±0.09 Å, which gives a ratio of 1.1.   
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Figure 4.4 Fits of the (a) 0-15 ms and (b) 0-20 ms decay of La1-xTbxPO4 samples by 

monoexponential (green) and biexponential (red) functions and Eq. (1) (blue) for (a) x 

= 0.9; (b) x = 0.7. The inset in (b) shows the initial decay to 0.5 ms. (c) Energy 

transfer rates of Tb3+ ions with fast and slow decay. The fits are made for x = 0.05 up 

to x = 0.7. The values for x = 0.9 are not accounted for. 

 

Table 4.2 Fitted Tb3+ emission decay by biexponential decay rate of La1-xTbxPO4 

nanocrystals (λex = 485 nm, λem = 543 nm) 

xTb3+  Radj
2 A1 τ1 (ms) A2 τ2 (ms) 

0.001 0.99921 0.233 1.16 1.029 3.31 

0.05 0.99935 0.551 1.62 0.724 3.60 

0.10 0.99964 0.327 1.30 0.956 3.23 

0.20 0.99986 0.176 1.16 1.111 2.91 

0.30 0.99982 0.601 0.92 0.874 2.43 

0.50 0.99992 0.474 0.70 1.093 1.99 

0.70 0.99991 0.615 0.57 1.134 1.70 

0.90 0.99988 1.314 0.39 1.030 1.78 
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The monoexponential decay of 5D4 emission at each site is typical of two regimes: 

fast migration between Tb3+ ions or no migration.40 Fast migration to killer sites 

would lead to a considerable decrease in lifetime and quenching of emission with 

increasing Tb3+ concentration, whereas negligible migration would enable only the 

Tb3+ adjacent to killer sites to quench their emission. In fact, the decrease in lifetime 

is only moderate and emission is strong even in the 90% Tb3+-doped sample.  

 

Considering the crystal structure of TbPO4 (Figure 4.2(d)), the migration between 

Tb3+ ions is expected to be three dimensional. Consideration of the selection rules for 

7F6 – 5D4 migration19 shows that it cannot occur by the exchange mechanism and that 

it could be due to EQ-EQ or ED-ED interaction, where ED represents forced electric 

dipole. In order to explain the process further, two kinds of excitation forms were 

used: cw-excitation and flash excitation. The decay curves are shown in Figure 4.5 a. 

The curve a shows the decay after switched-off cw-excitation. Curve b shows the 

decay after flash excitation with the tunable pulsed laser (8 ns pulse). As can be seen 

from Figure 4.5 (a), there is a big difference for the initial condition between the two 

kinds of decay curves. The differences mean that there is not a fast diffusion among 

the excited ions. Figure 4.5 (b) shows the time resolved spectra of La0.1Tb0.9PO4. The 

intensity will decrease with the increasing of delay time. There is still emission from 

Tb3+ even after 10 ms which also show that there cannot be a fast-resonant excitation 

diffusion. 
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Figure 4.5 Luminescence decay curves of La0.1Tb0.9PO4 after switched-off 

cw-excitation and flash excitation (a) and the time resolved spectra of La0.1Tb0.9PO4 

(b). 

 

The frequent assumption that migration is fast in the TbPO4 lattice is therefore 

disputed. In summary, the quenching of 5D4 emission in La1-xTbxPO4 does not involve 

fast migration between Tb3+ ions or a two/three body cross relaxation process.   

 

4.2.3 Energy transfer from Tb3+ to Eu3+ in the LaPO4 host 

We investigate the scenario of high donor concentrations. Figure 4.6(a) shows the 

excitation spectrum of La0.92Eu0.08PO4 when monitoring the Eu3+ 5D0 → 7F4 emission 

at 697 nm. All features but one correspond to transitions from the electronic ground 

state to 4f6 excited states of Eu3+, with the strongest band at 393 nm corresponding to 

7F0 → 5L6. The broad feature with maximum at 265 nm is the Eu-O charge transfer 

band. Notice that there is no Eu3+ absorption band near 480-500 nm so when exciting 

this sample with 485 nm radiation, as Figure 4.6(b) shows on an expanded ordinate 

scale, there are no emission bands present. However, the excitation spectrum of 



126 

 

La0.1Tb0.9PO4, Figure 4.6(c) exhibits the 7F6 → 5D4 absorption band at 485 nm, 

together with transitions to higher excited 4f8 states of Tb3+, and to 4f75d1 at 260 nm. 

Hence when exciting at this wavelength, Figure 4.6(d), the emission corresponds to 

5D4 → 7FJ transitions, with the strongest being with J = 5 at 543 nm. The excitation 

spectrum, Figure 4.6(e), of the co-doped sample La0.02Tb0.90Eu0.08PO4 when 

monitoring the Eu3+ emission from 5D0 exhibits features of both Eu3+ and Tb3+, 

thereby demonstrating ET from Tb3+ to Eu3+. Thus, when exciting into the Tb3+ 

absorption band at 485 nm, (Figure 4.6(f)), the emission from Tb3+ is mainly 

quenched and all bands correspond to Eu3+ 5D0 → 7FJ transitions.  

 

 
 

Figure 4.6 The 295 K excitation and emission spectra of (a), (b) La0.92Eu0.08PO4, (c), 

(d) La0.1Tb0.9PO4, and (e), (f) La0.02Tb0.90Eu0.08PO4 on different scales. 
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Figure 4.7 Luminescence decay curves of La0.1-xTb0.90EuxPO4 nanocrystals: (a) Tb3+ 

emission: λex = 485 nm, λem = 543 nm) and (b) Eu3+ emission: λex = 485 nm, λem = 697 

nm. The inset in (b) shows the decay at shorter times of Eu3+. (c) Energy transfer rate 

from Tb3+ to Eu3+ in La0.1-xTb0.9EuxPO4 as a function of mole fraction of Eu3+ 

calculated by two methods.  

 

Figure 4.7(a) shows the decay curves of Tb3+ emission in La0.1-xTb0.90EuxPO4 

nanocrystals and the fitted monoexponential lifetime decreases from 1.6 ms (x = 0) 

with increasing of Eu3+ mole ratio to 0.01 ms (x = 0.1) (Table 4.3, column 2). If the 

decay is monoexponential, the energy transfer rate from Tb3+ to Eu3+ is given by the 

difference between the decay rate of donor when in the presence and absence of 

acceptor [(1/τD)-(1/τD0)]. These values are listed in column 4 of the table and span 
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from 8 (ms)-1 to 99 (ms)-1. When the decay curve is not monoexponential, the average 

decay time, τD, can be expressed as 𝜏D = ∫
𝐼(𝑡)

𝐼(0)

∞

0
𝑑𝑡. The energy transfer rate is then 

according calculated in column 5 of Table 4.3. The similarity of values in columns 4 

and 5 shows that the deviation from Tb3+ monoexponential decay in 

La0.1-xTb0.90EuxPO4 nanocrystals is relatively small. The relationship between the 

concentration of Eu3+ and the ET rate calculated by the two methods is plotted in 

Figure 4.7(c). The linear relation demonstrates that the ET involves one Tb3+ ion and 

one Eu3+ ion and is not a three body process. The efficiency of ET from Tb3+ to Eu3+ 

achieves 99% for x = 0.05 (Table 1, column 6) and the ET rate is quite fast, 4.9×104 

s-1. 

 

Figure 4.7(b) shows the decay of 5D0 Eu3+ emission for various concentrations of Eu3+ 

in the co-doped La0.1-xTb0.9EuxPO4 samples. The curves have been fitted by 

biexponential decay functions representing a donor-acceptor process in Figure 4.8. 

The donor lifetime was set as that in column 2 of Table 4.3. At low Eu3+ 

concentrations the build-up process from population by Tb3+ 5D4 is clearly visible 

(refer to the inset in Figure 4.7(b) for x = 0.01). However, with increasing x the Eu3+ 

decay is faster and the build-up is too fast to be observed in the figures (Figure 4.7(b), 

x = 0.02-0.10). The fitted 5D0 Eu3+ lifetime does not change greatly – from 1.61 ms 

for x = 0.01 to 1.28 ms for x = 0.1 – but the variation can be fitted by a 

monoexponential function (Figure 4.9(a)). The depopulation of the Eu3+ 5D0 state is 

also due to a two-body process (Figure 4.9(b)).   
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Table 4.3 Summary of Tb3+ lifetime (τD), decay rate (kD), energy transfer rate (kET) 

and efficiency (η) of La1-xTb0.90EuxPO4 nanocrystals (λex = 485 nm, λem = 543 nm). 

For x = 0, kD = kD0. 

x τD (ms)  kD (ms)-1 kET = kD –kD0 (ms)-1 
kET= [1/∫

𝐼(𝑡)

𝐼(0)

∞

0
𝑑𝑡]-kD0  

(ms)-1 

η% 

0 1.6  0.625 0 0 - 

0.01 0.11 9.09 8.47 8.90 93 

0.02 0.058 17.24 16.62 16.16 96 

0.05 0.020 50 49.38 48.32 99 

0.08 0.015 66.67 66.04 63.16 99 

0.1 0.010 100 99.38 91.86 99 
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Figure 4.8 (a)-(e) Biexponential fits for decay of Eu3+ emission in La1-xTb0.9EuxPO4 



130 

 

0.00 0.05 0.10

100

120

140

160

180(b)

 

 

y = (79.6599) + (808.204)x

R
adj

2
 = 0.9771

E
n

e
rg

y
 t

ra
n

s
fe

r 
ra

te
 (

m
s
)-1

Mole fraction of Eu
3+

, x  

Figure 4.9 (a) Plot of fitted Eu3+ lifetime against mole fraction of Eu3+ in 

La1-xTb0.9EuxPO4 and fitting by monoexponential decay. (b) Plot of Eu3+ energy 

transfer rate against mole fraction of Eu3+. 

 

4.2.3.1 Fitting by the Inokuti-Hirayama equation 

In order to study the energy transfer mechanism, some models are used. When fit with 

the Inokuti-Hirayama equation, the fitting is the best when s = 6 which means that the 

multipolar mechanism is electric dipole-electric dipole transfer as shown in Figure 

4.10. The fitting parameters are listed in Table 4.4. The critical distance 𝑅0 can be 

related to the critical concentration using 𝑐0 =
3

4𝜋𝑅0
3. The values are decreasing with 

the increasing of the concentration of acceptor and has a mean value of 15.93 Å.  

0.0000 0.0002 0.0004 0.0006

0.1

1
 La

0.09
Tb

0.9
Eu

0.01
PO

4

 La
0.08

Tb
0.9

Eu
0.02

PO
4

 La
0.05

Tb
0.9

Eu
0.05

PO
4

 La
0.02

Tb
0.9

Eu
0.08

PO
4

 Tb
0.9

Eu
0.1

PO
4

 

 

N
o

rm
a

liz
e

d
 c

o
u

n
ts

 

Time (s)  

Figure 4.10 The decay curves fitted with the Inokuti-Hirayama equation. 
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Table 4.4 Fit with the Inokuti-Hirayama equation (eq.6-2), 𝜏𝐷=0.00148 s. 

La0.1-xTb0.9EuxPO4 
CA  

Å
-3 

CA/C0 
C0 

Å
-3 

R0 

Å 
Radj

2 

0.01 0.00015 3.44108 4.22E-5 17.82 0.98979 

0.02 0.00029 5.60524 5.18E-5 16.64 0.9927 

0.05 0.00073 11.77713 6.16E-5 15.71 0.98009 

0.08 0.00116 15.07708 7.70E-5 14.58 0.98628 

0.1 0.00145 20.04247 7.24E-5 14.88 0.93632 

 

4.2.3.2 Fitting by the Yokota-Tanimoto equation 

Yokota, Tanimoto and Martĺn30,31 considered donor-acceptor ED-ED energy transfer 

with the inclusion of weak diffusion after pulsed excitation of the donor, deduced the 

equation (6-5). We find that the fitting is good only when the D is zero as shown in 

Figure 4.11. The fitting parameters are listed in Table 4.5.  
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Figure 4.11 The decay curves fitted with the Yokota-Tanimoto equation. 

 

Table 4.5 Fit with the Yokota-Tanimoto equation (eq.6-5). 𝜏𝐷=0.00148 s. 

La0.1-xTb0.9EuxPO4 

CA 

Å
-3

 

D 

(cm2 

s-1) 

𝛼𝐷𝐴
(6)

 
Radj

2 

0.01 0.00015 0 3.60E10 0.98979 

0.02 0.00029 0 2.56E10 0.9927 

0.05 0.00073 0 1.78E10 0.98009 

0.08 0.00116 0 1.16E10 0.98628 

0.1 0.00145 0 1.31E10 0.93632 
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4.2.3.3 Fitting by the shell models 

The energy transfer model proposed by Inokuti and Hirayama is based on the 

assumption that there is a continuous distribution of the acceptor sites around the 

donors. However, this is not the fact. Thus, Dornauf and Heber made a modification 

of the I-H model called D-H model in which the acceptord may be found only at 

discrete and distinct distances from donor sites. The distances and numbers can be got 

from the structure of the crystal lattice.29 

 

Table 2 in Appendix gives the radial distances from a donor ion to the first 80 shells 

of acceptor sites and the number of acceptor sites in each shell. For my system, the 

number of discrete lattice sites around a donor was taken to be Z=115. This 

corresponds to a sphere with radius 𝑅 = 12.4863 Åk  . cA= (x×4/275.6). The curves can 

be fitted with equation (6-4) only when s = 6 which means that the multipolar 

mechanism is electric dipole-electric dipole transfer as shown in Figure 4.12.  

 

The resulting critical distance R0 = 2.96 Å which got from the fitting of LaPO4 doped 

with 90% Tb3+ only is shorter than the Tb-Tb minimum distance (3.97 Å) according 

to Table 2 in Appendix. This also confirms the absence of the migration process 

between Tb3+ ions.41-43 The critical radius R0 shows only small variations from sample 

to sample and has a mean value of 13.99 Å. The fitting parameters are shown in Table 

4.6. Compared to the model of Inokuti-Hirayama, the critical transfer distance values 

vary over a narrower range from the discrete-site model of Dornauf-Heber.  
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Figure 4.12 The decay curves fitted with the Dornauf-Heber equation. 

 

Table 4.6 Fit with the Dornauf-Heber equation (eq.6-4), 𝜏𝐷 =0.00148 s, 𝑍=115 

discrete lattice sites arranged in 80 shells 

La0.1-xTb0.9EuxPO4 
CA  

Å
-3 

s R0 

Å 
Radj

2 

0.01 0.00015 6 14.61 0.99313 

0.02 0.00029 6 14.31 0.9952 

0.05 0.00073 6 14.08 0.97882 

0.08 0.00116 6 13.32 0.98936 

0.1 0.00145 6 13.63 0.93453 

 

There is another form of the shell model from Andries Meijerink et al.44,45  

y =
𝐼(𝑡)

𝐼(0)
= 𝑒−𝑟𝑟𝑎𝑑∗𝑡 ∏ ((1 − 𝑥 + 𝑥𝑒−𝑐𝑡 𝑟𝑖6⁄ )𝑛𝑖)𝑠ℎ𝑒𝑙𝑙𝑠

𝑖           (2) 

where the summation runs over all “shells” of cation sites surrounding a central donor 

ion. c is ET strength, x is the concentration of acceptor, rrad is decay rate of donor 

without acceptor. ri is the possible donor-acceptor distances in the crystal, and ni is 

the number of cation sites at distance ri.  

 

We found that the Andries Meijerink equation cannot be used for the samples doped 
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with low concentration of acceptor, such as samples doped with 1% and 2% Eu3+. 

With the increasing of the concentration of acceptor, the shell model will be more 

suitable for the system and more shells should be considered. Take the sample doped 

with 8% for example, with the increasing of the shells, the fitting will be better as 

shown in Figure 4.13 (a) and (b) especially for the Andries Meijerink equation. 

However, due to the limit of the software, we can fit 80 shells at most. The fit 

becomes worse when the s is 8 or 10 as shown in Figure 4.13 (c) which also means 

that the most probable interaction is dipole-dipole interaction.  

 

 

Figure 4.13 The relationship between the quality of fitting and the number of shells, 

the number of s. 

 

Figure 4.14 shows the CIE chromaticity coordinates (x, y) for LaPO4: 90% Tb and 

LaPO4: 90% Tb, 8% Eu. The color coordinates were determined using color 

calculator software. Under excitation at 485 nm, The CIE coordinates vary from green 

(x = 0.37, y = 0.62) for LaPO4: 90% Tb to orange (x = 0.48, y = 0.51) for LaPO4: 90% 

Tb, 5% Eu and orange (x = 0.52, y = 0.48) for LaPO4: 90% Tb, 8% Eu. 
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Figure 4.14 CIE chromaticity diagram for the LaPO4: 90% Tb, LaPO4: 90% Tb, 5% 

Eu and LaPO4: 90% Tb, 8% Eu nanocrystals. 

 

4.3 Conclusions 

The energy migration between the donor Tb3+ ions has been usually stated as very fast 

or slow. However, there is no related experiment to prove this. Detailed dynamic 

luminescence of Tb3+ property has been studied in the paper. It shows that there is no 

fast migration in the TbPO4 lattice. The energy transfer mechanism between Tb3+ and 

Eu3+ is studied systematically by different models other than getting the conclusion 

from the similar fitting of some equations. At last, we got the convincing conclusion 

that the energy transfer between Tb3+ and Eu3+ is electric dipole-electric dipole 

transfer and two-body process. 
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4.5 Appendix 

Table 1. Summary of the study about the energy transfer between Tb3+ and Eu3+ in different systems 

System Preparation 

method 

concentration 

% 

T (K) Closest 

cation 

distanc

e (Å) 

Catio

n 

C.N. 

λexc 

(nm

) 

η(ET) 

% 

ET 

rate 

(ms)-1 

Energy transfer mechanism Quantu

m 

efficienc

y 

(QE) % 

Ref

. 

LaPO4:Tb3+/Eu3+ co-precipitation 

method 

Tb 10 

Eu 4 

298   350     A 1 

TbPO4:Eu3+ high temperature 

solid-state 

reactions 

Eu 2.5 298 3.79  160 

377 

60  exchange interaction 

migration-assisted  

 A 2 

YPO4:Tb3+/Eu3+ high temperature 

solid-state 

reactions 

Tb 5 

Eu 8 

298 7.0   31  5D4(Tb)+7F0(Eu)+ ∆Eph 

-7F4(Tb)+5D0(Eu) 

5D4(Tb)+7F0(Eu) -7F4(Tb)+5D1(Eu) + 

∆Eph 

 

 A 3 

LaPO4·nH2O:Tb3+/Eu3+ 

LaPO4:Tb3+/Eu3+ 

microwave-assist

ed hydrothermal 

synthesis 

1 298   345     A 4 
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K2Ln(PO4)(WO4):Tb3+,Eu3+ high temperature 

solid-state 

reactions 

40-50 298 

 

8 378 

 

0.36  76.45 

(internal

,) 

35.2 

(externa

l) 

λexc=394 

nm) 

A 5 

Zn8[(BO3)3O2(OH)3]: xEu3+/yTb3+ hydrothermal x=5; y=0.5, 1, 

1.5 and 2 

298   245 

394 

11.4   3.31 

λexc=254 

nm 

A 6 

Y2O3:Tb3+,Eu3+  template method Tb 3 

Eu 0.6 

298   254 

282 

303 

    A 7 

ZnO:Tb3+,Eu3+ magnetron 

co-sputtering 

Tb 1,2,3,4,5 

Eu 2 

        A 8 

 

8(Ga1-x-yTbxEuy)2O3 metal organic 

decomposition 

(MOD) 

10 20-45

0 

  266 

355 

488 

60  5D4(Tb)+7F0(Eu)-7F6,5,4(Tb)+5D1,0(Eu)±

∆EJP 

exchange interaction  

 A 9 

Tb2(WO4)3:Eu3+ sol–gel process 

and 

electrospinning 

Eu 0.3–5 298   490     A 

10 

SrTiO3:Tb3+,Eu3+ sorption Tb 10-2 

Eu 10-4-1 

298 3-5  487   Inokuti–Hirayama model  A 

11 

NaLa(MoO4)2: Tb3+
, Eu3+, hydrothermal total 5  298   236     A 

12 
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72PbO–18B2O3–8Al2O3–

0.5Tb2O3–1.5Eu2O3 

state fusion 

method 

 298   378 18    A 

13 

KBaY(MoO4)3 high temperature 

solid-state 

reactions 

Tb 40 

Eu 1-16 

298 10.1  376 26.6  dipole–dipole interaction  A 

14 

CaF2: Tb3+
, Eu3+, co-precipitation 

method 

Tb 2.5 

Eu 1, 2.5, 5 

298   355 90  dipole–dipole interaction 

ID0/ID α (cA)s/3 

 A 

15 

CaF2: Eu2+, Tb3+  high temperature 

solid-state 

reactions 

5 1523   398 64.9  exchange interaction  A 

16 

 

CaCO3: Tb3+
, Eu3+ carbonation 

method 

Tb3+ 0.5-2.5 

Eu3+ 2 

   368 66.07  ID0/ID α (cA)s/3  A 

17
 

            

            

{TbxEu1-x(α- furoate)3(H2O)3}n exchange 

reactions 

 298   280 

380 

64-79    A 

18
 

            

cycTb-phEu   298 10.6 8 355 81 7.1    

   10   355 35 0.84   

 

[Tb0.99Eu0.01(hfa)3 (dpbp)]n   200 I  355  1   A 

19
 

[Tb0.99Eu0.01(hfa)3 (dpbp)]n   300   355 38    A 

19
 

Y0.46Ga1.5Al1.5(BO3)4:Tb0.50Eu0.04   300 7.1 6 374 38 0.32   A 

20
 

Y0.34Ga1.5Al1.5(BO3)4:Tb0.50Eu0.16   300  6 374 74 1.50   A 
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20
 

Cs2NaTb0.99Eu0.01Cl6   293 7.6 6 488 9 0.015   A 

21
 

   80   488 5 0.006   A 

21
 

Cs2NaTb0.85Eu0.15Cl6   293 7.6 6 488 87 1.01   A 

21
 

   80   488 77 0.35   A 

21
 

([(Eu0.5Tb0.5)(C6H8O4)3- (H2O)2] 

(C10H8N2) 

  295 4.053 9 285 45 0.59   A 

22
 

Na3[Tb0.01Eu0.99(oxy)3].2NaC1O4.6

H2O 

  298 9.4 9 488 23 0.11   A 

23
 

   77   488 0.4 0.001

7 

  A 

23
 

Sr3Tb0.90Eu0.10(PO4)3   298 4 6 355 93 1.67   A 

24
 

Ca3Tb1.90Eu0.10Si3O12   300 Est 

7.94 

  0.94 94   A 

25
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Table 2: The radial distances from a donor ion to the first 80 shells of acceptor sites 

and the number of acceptor sites in each shell. 

Shell Coordination number Distance (Å) 

1 2x 3.9708 

2 1x 4.0436 

3 2x 4.1675 

4 1x 4.2287 

5 2x 5.2339 

6 2x 5.5162 

7 1x 5.6107 

8 1x 5.7671 

9 1x 5.8984 

10 2x 6.31 

11 2x 6.6001 

12 2x 6.82 

13 2x 6.8536 

14 2x 6.9116 

15 1x 6.9562 

16 1x 7.2844 

17 2x 7.5497 

18 1x 7.8952 

19 2x 7.9577 

20 2x 8.0928 

21 1x 8.3649 

22 2x 8.4193 

23 1x 8.9018 

24 2x 8.9854 

25 2x 8.9883 

26 1x 8.9919 

27 2x 9.082 

28 2x 9.2911 

29 2x 9.2915 

30 2x 9.326 

31 2x 9.4905 

32 2x 9.4908 

33 2x 9.5297 

34 1x 9.616 

35 2x 9.6276 

36 1x 9.6952 

37 1x 9.7189 

38 1x 9.7195 
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39 1x 9.8498 

40 1x 9.8875 

41 1x 10.0966 

42 1x 10.1698 

43 1x 10.1701 

44 1x 10.3215 

45 1x 10.3728 

46 2x 10.4303 

47 2x 10.48 

48 2x 10.4806 

49 1x 10.6737 

50 1x 10.7968 

51 1x 10.7975 

52 1x 10.8188 

53 1x 10.8193 

54 1x 10.9018 

55 1x 11.1105 

56 2x 11.1109 

57 1x 11.1383 

58 1x 11.1388 

59 2x 11.1597 

60 2x 11.1679 

61 1x 11.2357 

62 1x 11.3657 

63 1x 11.4426 

64 1x 11.7665 

65 2x 11.821 

66 2x 11.8657 

67 1x 11.9645 

68 1x 11.9663 

69 1x 12.0003 

70 1x 12.0011 

71 1x 12.0301 

72 1x 12.1099 

73 1x 12.1104 

74 1x 12.1591 

75 2x 12.2449 

76 2x 12.2451 

77 1x 12.2633 

78 1x 12.2639 

79 2x 12.4154 

80 2x 12.4863 

81 1x 12.5288 
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CHAPTER 5 PHOTONIC EFFECT ON THE DECAY RATE, ENERGY 

TRANSFER EFFICIENCY AND RATE BETWEEN Tb3+ AND Eu3+ IN LaPO4 

NANOCRYSTALS 

5.1 Introduction 

Lanthanide luminescence plays a prominent part in lighting,1 bioimaging,2 solar cells3, 

three-dimensional displays,4 biosensing5 and other technological areas.  It is 

therefore an aim to enhance the luminescence intensity of these emitters,6 as for 

example, by enhanced absorption using an antenna instead of direct excitation. Hence 

much effort has been directed to this end using additional routes. The radiative 

properties of the lanthanide ion depend not only on its intrinsic properties but also 

upon those of the surrounding medium. Visible emission of NaYF4:Yb3+,Er3+ 

nanoparticles has been enhanced 3-5 fold in intensity by coating with a gold shell7 and 

by three orders of upconversion enhancement by combining the surface plasmon 

effect and the photonic crystal effect.8  

 

The spontaneous emission probability of a lanthanide ion in a non-absorbing (or 

absorbing9) dielectric medium depends upon the electric field it experiences. The 

local electric field in a system for an ion situated in a very small spherical cavity (with 

dimensions much smaller than the radiation wavelength) with a dielectric boundary, 

which changes the electric field fluctuations experienced by the ion, differs from the 
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macroscopic dielectric electric field by a correction factor depending upon refractive 

index related to the model chosen to describe the local field.10 In other cases where 

the cavity dimension is similar or greater than the light wavelength, the local field just 

depends upon changes in the macroscopic electric field, as described by the local 

density of states.11,12 However, the variation of refractive index affects not only the 

local electric field, Eloc, but also the density (per unit energy) of field oscillators at the 

emission frequency13  and the changes in the dipole matrix element of the emitter 

due to the surrounding environment14 and these have largely not been taken into 

account. Also, it has been assumed that the internal nonradiative rate of the ion is not 

affected by changes in the photonic environment (for example,15,16) although this may 

not always be the case.17 In most studies, the presence of the surface coating18 on the 

nanoparticles has not been taken into account. The spatial extent of the local field has 

also been uncertain and discussed.19  

 

Various cavity models have been employed and discussion has taken place in the 

literature as to the appropriate model for the local field effect in a given situation 

(attached table). Contrary conclusions have been reached in some cases. 20,21 The local 

field effect has been clearly reviewed.22,22 The relevant models are summarized in the 

Chapter 1 and some comments are made here with reference to previous experimental 

studies of lanthanide ions (Ce3+, Er3+, Eu3+) in bulk dielectrics and in nanoparticles 

dispersed in bulk materials of varying refractive index. The literature data largely 

refer to organic complexes of lanthanide ions dispersed in nonpolar organic solvents, 
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using antenna excitation (for example,23,24) or lanthanide complexes dispersed in polar 

media (for example,20). The most common models are the empty (or real) cavity 

model – the emitter has zero polarizability or large radius and occupies an empty 

cavity in the medium; and the virtual cavity model – its polarizability is similar to that 

of medium and it occupies a cavity filled by the medium (shown schematically in 

Figure 5.1). More recently, the microscopic cavity model has been employed.25 Figure 

5.2 (a) shows the typical variation of the relative spontaneous emission rate versus 

medium refractive index for these models. The virtual cavity model exhibits a much 

greater variation with medium refractive index whereas the other models show an 

almost linear relation in the given range. Some specific comments are now given for 

studies of the spontaneous emission rate lanthanide ions in dielectric composite 

materials.  

 

In some publications an effective refractive index has been employed, based upon the 

nanoparticle and medium indices and the volume of space occupied by the 

nanoparticles, according to different physical situations, such as Maxwell-Garnett or 

Bruggeman geometry.22 The definition and formula for the relevant refractive index 

correction for a Maxwell Garnett composite has been employed for NaYF4:Nd3+ 

nanoparticles dispersed in organic solvents. However, the luminescence decay of Nd3+ 

was not monoexponential and was fitted by the sum of three exponential functions. 

This uncertainty may be responsible in part for the change of model employed for 

different nanoparticle size.24 Suspensions of Y3Al5O12:Nd3+ nanoparticles in various 

liquids were also treated as Maxwell-Garnett-type composite materials and an  
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Figure 5.1 local field effect models. (a) The full- or virtual-cavity model. The emitter 

can be the interstitial impurity which not affect the medium around it. Hence, the 

cavity has the same refractive index as the medium. (b) The empty-or real-cavity 

model. The emitter can be the substitutional impurity, which means that the intrinsic 

medium is replaced by the emitter. It is assumed that the cavity is filled with the 

vacuum. (c) The nanoparticle-real cavity model. The substitutional impurity is the 

nanoparticle doped with the emitter. Thus, the refractive index of the cavity is the 

same as the nanoparticle.  

 

effective refractive index was used in the data analysis.26 In this case the emission 

decay of Nd3+ was biexponential and the longer decay time was employed in the 

analysis. The real-cavity model and the no-local-field-effects model could both be 

fitted to the experimental results, while the virtual-cavity model was ruled out. By 

contrast, it was found that the virtual cavity model was appropriate for ZnO:Eu3+ 

nanoparticles in air and dispersed in four organic liquids.27 In this case, the effective 
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refractive index was defined in another way in terms of the filling factor28 showing 

what fraction of space is occupied by the nanocrystals. A novel way to change the 

medium refractive index was employed for a -diketone complex of europium by 

immersing it in supercritical carbon dioxide at various pressures.30 It is known that the 

variation of pressure changes the crystal field parameters and consequently the 

emission spectrum of a lanthanide ion31,32 so that factors other than the local field are 

then important.  
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Figure 5.2 (a) Trends for relative spontaneous emission rate versus medium refractive 

index for three local field models: vc virtual cavity, rc real cavity and micr 

microscopic. (b) Similar plots for nanoparticle models using nnp = 1.79 and ncoat = 

1.4578: blue, Eq. (1-23), nanocrystal nanocavity model; cyan (b/a = 1/1.1) and orange 

(b/a = 0.5/1) Eq. (1-20); red, Eq. (1-22); green (f = 0.1) and black (f = 0.9) Eq. (1-24).  

 

The empty cavity model was modified (and labeled the nanocrystal cavity model)29 

for the case of nanoparticles embedded in a dielectric medium by replacing the 

vacuum cavity by a cavity with the refractive index of the nanoparticle. In this case, 

no consideration of ratio of the volumes of nanoparticles and the solvent is taken into 
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account. Figure 5.2 (b), blue line, shows the plot using this model (Eq. 1-23) of the 

relative spontaneous emission rate versus medium refractive index for the typical case 

of LaPO4 nanoparticles. This equation differs from that given by Duan and Reid (Fig. 

5.2 (b), red line, Eq. 1-22) by the factor nnp. Furthermore, Equation 1-22 was modified 

by replacing nmed with the effective refractive index neff’ (Eq. 1-15).22,29 The 

introduction of this volume fraction, f, causes the red line graph to rotate about the 

point corresponding to the nanoparticle refractive index: in the present case, at nmed = 

1.79 in Figure. 5.2 (b), for different values of f. Equation (1-20), which takes into 

account the coating layer on the nanoparticles, is also plotted in Figure 5.2 (b) and lies 

close to the nanocrystal cavity model, Eq. (1-23), blue line. Two very different values 

of the ratio of the radius of nanoparticle plus coating to the radius of the bare 

nanoparticle are plotted in the figure and the curves lie close together and rotate about 

the value of nmed corresponding to ncoat. The change of coating thickness does not have 

a major impact on the graph. Clearly, with this exception, the graphs are quite 

different and are able to be compared and distinguished using experimental data.   

 

Consideration of the local field effect is also important in the study of energy transfer 

between a donor and acceptor lanthanide ion species. The spontaneous emission 

decay rate and the donor-acceptor energy transfer rate have been shown theoretically 

to have different dependences upon the presence of material bodies.33-36 The Förster 

formula has been employed by biochemists to determine the distance between 

biologically-important donor acceptor pairs and the n-4 dependence (n = refractive 
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index of the local environment or solvent medium) of the transfer rate has found 

discussion and controversy (see for example Refs. 37,38). Investigations of the 

donor-acceptor energy transfer rate in complex photonic environments has led to 

seemingly contradictory results, as summarized by Cortes and Jacob39 (for example, 

studies on erbium energy transfer: Refs. 40, 41). However, the theoretical results from 

quantum electrodynamics appear to account for the diverse experimental data.39 

Specific comments can be made concerning some energy transfer studies. 

 

First, investigations of energy transfer to various acceptors have employed a europium 

complex as donor but have not taken into account the energy transfer within the 

complex itself under antenna excitation.42 Förster energy transfer between erbium  

doped in silica and defects has been studied with the assumption that the infrared 4I13/2 

– 4I15/2 is electric dipolar in character whereas it comprises a significant magnetic 

dipole contribution.40 The use of europium in probing local field effects in Förster  

energy transfer studies is not only beset by the same problem, namely that the 5D0 

emission is not purely forced electric dipolar in character, but also that nonradiative 

contributions to the emission decay need to be considered.23 Such considerations, 

even not considered in a classic study,43 in addition to the specific comments given 

above, highlight some of the difficulties in designing experiments to test the photonic 

effects upon spontaneous emission rate and energy transfer rate of lanthanide ions.  
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It has been pointed out44 that the study of 5d - 4f transitions provides a clearer test of 

local field models than 4f - 4f transitions because such transitions are first order 

electric dipole allowed, compared with forced electric dipole 4f - 4f transitions. Hence 

the effects of perturbed line strengths are minor. Rabouw et al.45 employed cerium(III) 

as donor ion to terbium(III) acceptor because the 5d1 -> 4f1 transition meets this 

criterion. We aimed to reinvestigate the local field effects by using a wider range via 

the use of solvents and glassy media. Our first studies therefore utilized Ce3+ but it 

was found that its emission coincided with the absorption of the glass. The use of 

europium as donor ion has the disadvantages mentioned above so that we have 

alternatively studied the forced electric dipole emission of Tb3+. Some basic 

requirements for testing the models have not been met in previous studies: the studied 

range of the refractive index of the medium is very small; the nonradiative rates have 

not been determined via quantum efficiency measurements, and the volume fraction f 

has not always been determined. We therefore aimed to make a more comprehensive 

investigation of local field effects.  

 

The structure of this chapter is as follows. Following the experimental description, the 

investigation of local field effects upon spontaneous emission of Tb3+ is described. 

Subsequently, the photonic effects upon energy transfer between Tb3+ and Eu3+ are 

considered. Finally, brief conclusions are given. 
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5.2 Results and Discussion 

5.2.1 The adjustment of the local field 

There is an easy way to adjust the local field is dispersing the nanoparticles in 

solvents with different refractive indices.45 However, there are mainly two problems 

with the refractive indices obtainable in liquids, such as the small range of refractive 

indices, the complexity of the solvent system because of the reorganization of solvent 

molecules in the vicinity of the metal ion. Thus, it will be better to choose a solid 

matrix as the host material. The glass system PbO-B2O3 is an ideal choice as the 

matrix because of its high refractive index, high density, a low rate of crystallization, 

and the stability. 

 

TEM measurements shows that the nanocrystals (NPs) are about 5 nm which have 

good dispersibility as shown in Figure 5.3. Then NPs are dispersed into the solvents 

and glasses with different refractive index. The steady-state FRET measurements and 

time-resolved FRET measurements were carried out to study the FRET rate and 

efficiency in different photonic environment. 

 

First it is necessary to check the background of glass to avoid the interference of the 

lanthanide ions and glass. We should choose the suitable lanthanide ions pairs on the 

basis of the spectra of the glass. Figure 5.4 (a) is the excitation spectra of glass when 

monitored at 543 nm which is the characteristic emission of Tb3+, we can see that the 
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glasses have great absorption in the range from 280 nm to 350 nm. According to this 

nature of the glass, the classical donor-acceptor pair Ce3+-Tb3+ can be excluded 

because of the strong absorption of Ce3+ ion at 275 nm which will interfere with the 

absorption of the glass. We can study the energy transfer between Tb3+ and Eu3+ in the 

glass after taking account of the excitation spectra of glass and the lanthanide ions, 

because the excitation wavelength (485 nm) will excite the Tb3+only other than the 

Eu3+ and glass. The detailed research of energy transfer mechanism between Tb3+ and 

Eu3+ is in a separate publication. The emission spectra of LaPO4: Tb 20%, LaPO4: Eu 

5% and LaPO4: Tb 20%, Eu 5% are shown in Figure 5.4 (b). In the presence of Tb3+, 

Eu3+ will show strong emission under the excitation of 485 nm. In addition, the time 

resolved spectra in Figure 5.4 (c) shows that the ratio of the emission from Eu3+ to 

Tb3+ will increase from 3.71 to 14.39 with the increasing of the delay time. They all 

show that there will be efficient energy transfer from Tb3+ to Eu3+. Then the dynamic 

photoluminescence (PL) decay curves can be carried out. 

 

 

 

Figure 5.3 The size of nanoparticles (NPs) is about 5 nm 
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Figure 5.4 The excitation spectra of glass when monitored at 543 nm (a); the emission 

spectra of LaPO4: Tb 20%, LaPO4: Eu 5% and LaPO4: Tb 20%, Eu 5% (b); the time 

resolved spectra of LaPO4: Tb 20%, Eu 5% (c). 

 

5.2.2 The local field effect on the decay rate 

Figure 5.5 (a) and (b) show photoluminescence (PL) decay curves of the Tb3+ 

emission for LaPO4:Tb3+(20%) NPs dispersed in solvents and glasses with different 

refractive indexes. The decay curves are single-exponential and faster in media with 
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higher refractive index. There are some models to describe the relationship between 

them.  

 

In our case, just as the Figure 5.1 shows the substitutional impurity to the media is the 

nanoparticle doped with the emitter. First, we do not consider the effective refractive 

index, the decay rate of the Tb3+ can be fitted by the NC-real model much better than 

the virtual model as shown in Figure 5.6 (a). However, the fit is not good for the part 

of solvents which may due to the complexity of the solvents, such as the polarity, 

oxygen sensitivity.46 Then, when we take into account the ratio of the nanoparticle to 

the media. It shows that the fitting is best when f is 0 which is identical to our 

experiment as shown in Figure 5.6 (b), because the fraction of nanoparticle in the 

glass is about 0.025. We also consider the effect of coating thickness as in Figure 5.6 

(c). The change of coating thickness does not have a major impact on the graph. With 

these fittings, we can get a convincing model for this case that the nanoparticle doped 

with emitter as the substitutional impurity in a wide range of refractive index. As a 

result, this model can be used as a refractive index sensor to measure the refractive 

index of unknown media. 
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Figure 5.5 The effects photonic environment on the radiative rate and energy transfer 

rate. (a) (b) PL decay curves of the Tb3+ emission (at 543nm) from LaPO4:Tb3+(20%) 

NPs dispersed in solvents and glasses; (c) (d) PL decay curves for LaPO4:Tb3+(20%) 

Eu3+(5%) NPs dispersed in solvents and glasses; (e) (f) Dividing the PL decay curves 

of (c) and (d) by the decay curves of (a) and (b) respectively.  
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Figure 5.6 (a) Fitting to the decay rate of the Tb3+ fitted by the NC-cavity model; 

original NC-cavity model; (b) including the fraction of nanoparticle effect; (c) 

including the coating thickness effect 

 

5.2.3 Photonic effect on the energy transfer  

There are two important parameters to describe the energy transfer process, they are 

ET rate and efficiency. We can obtain the ET rate from the total decay rate 𝑘𝐷𝐴 and 

donor decay rate 𝑘𝐷. 

𝑘𝐸𝑇 = 𝑘𝐷𝐴 − 𝑘𝐷                        (5-1) 

The ET efficiency describes the fraction of the donor’s excited state energy going to 

the acceptor. It can be got by dividing the ET rate by all decay rates (including ET 

rate) 

  𝜂𝐹𝑅𝐸𝑇 = 1 −
𝜏𝐷𝐴

𝜏𝐷
= 1 −

𝑘𝐷

𝑘𝐷𝐴
=

𝑘𝐸𝑇

𝑘𝐷𝐴
                (5-2) 

 

The PL decay curves for LaPO4:Tb3+(20%) Eu3+ (5%) NPs are shown in Figure. 5.5 c, 

d. They are non-exponential, as different Tb3+ centers in the ensemble have different 

ET rates determined by the number and proximity of Eu3+ acceptors. ET efficiency is 

a parameter that describe the competitive relationship between radiative decay of 
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donor and the energy transfer from donor to acceptor. means. Eq. (5-2) can be used to 

understand the role of local field on ET efficiency. When the radiative rate is 

enhanced enough by the local field that ET and other decay rates are low, the ET 

efficiency would be reduced to nearly zero. On the contrary, the ET efficiency can be 

increased by suppressing the local field effect on the radiative decay. Figure 5.7 (a) 

shows the calculation result of ET efficiency by the equation. 

 

ET rate is another important factor to describe the ET process. The Fӧrster energy 

transfer rate can be written as: 

𝑊𝐸𝑇 =
1

𝜏𝐷𝑟

9(𝑙𝑛10)𝑘2

128𝜋5𝐿𝑛4

1

𝑅6 ∫ 𝑓𝐷(𝜆)ԑ𝐴(𝜆)𝜆4𝑑𝜆
∞

0
                  (5-3) 

The transfer rate contains a factor n-4 which motivate us to discuss the effect of n on 

the energy transfer rate, however, there is controversy about the relationship. Thus, we 

reinvestigate this issue in a wide range of refractive index. The decay curve of donor 

in the presence of acceptor will not be exponential because the occurrence of energy 

transfer. There is a factor T(t) to describe the decay due to energy transfer Andries 

Meijerink et al.45 The decay dynamics of the donor in the presence of acceptor can be 

factorized as  

I(t) = I(0)𝑒−𝛾𝑟𝑎𝑑𝑡𝑇(𝑡)                         (5-4) 

Where I(t) is the emission intensity at decay time t after an excitation pulse. 𝛾𝑟𝑎𝑑 is 

the radiative emission rate. If the nonexponential PL decay curves of Figure 5.5 (c), (d) 

are divided by the exponential decay dynamics as measured in the absence of Eu3+ 

acceptors (Figure 5.5 (a), (b)) respectively, the contribution of ET can be obtained 

directly which are plotted in Figure 5.5 (e), (f). The dates are overlap and the trend of 
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faster decay for higher refractive index as in Figure 5.5 (a), (b) is not visible. In this 

method, we can conclude that ET rate is independent with the photonic environment.  

 

This conclusion can also be got from the Figure 5.7 (b) which shows the calculation 

result of ET rate by the equation (kET = kDA – kD). ET rate is independent with the 

photonic environment in the broad trend. 
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Figure 5.7 The dependence of ET efficiency (a) and ET rate (b) on the refractive index 

 

The ET rate can also be expressed by the ET strength c between donor and acceptor. 

The shell model is used when discrete donor-acceptor distances are determined by the 

crystal lattice. Thus, the decay can be written as: 45 

I(t) = I(0)𝑒−𝛾𝑟𝑎𝑑𝑡 ∏ ((1 − x + x𝑒−𝑐𝑡/𝑟𝑖
6
)

n𝑖

)𝑠ℎ𝑒𝑙𝑙𝑠
𝑖          (5-5) 

where the summation runs over all “shells” of cation sites surrounding a central donor 

ion. c is ET strength, x is the concentration of acceptor, 𝛾𝑟𝑎𝑑 is decay rate of donor 

without acceptor. ri are the possible donor-acceptor distances in the crystal, and ni is 

the number of cation sites at distance ri. When use the model to fit the decay curves in 

Figure 5.5 (c), (d), we can extract the dependence of the ET strength c on the 

refractive index. Figure 5.8 (a), (b) show the plot of ET strength against the refractive 
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index. We can see the value of c are roughly constant with changing refractive index. 

Another alternative equation is about the critical ET distance R0 (R0=(c/𝛾𝑟𝑎𝑑)1/6). 

Figure 5.8 (c) shows that R0 becomes smaller with increasing radiative emission rate 

which scale with the refractive index. Hence, these fit results all confirm that ET rates 

are independent of the refractive index. 
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Figure 5.8 The dependence of ET strength (a, b) and ET distance R0 (c) on the 

refractive index 

 

5.3 Conclusions 

We verify the cavity model in the wide medium and range of refractive index. The 

potential use of the model may be refractive index sensor which can be used to 

measure the refractive index of unknown media through the lifetime of the dispersion 

emitter. The effects of refractive index on the ET efficiency and ET rates are clarified 

that the ET efficiency will decrease with the increasing of the refractive index, while 

ET rates are independent of the refractive index. ET phenomenon has been applied in 

a wide range of application, such as the bioimaging, lighting and photovoltaics. The 

guidelines about the effect of photonic environment on energy transfer would benefit 

the practical applications. 
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5.5 Appendix 

Local field effect on the decay 

System Best fitted model Figure Ref 

Eu3+-hfa-topo in 

apolar hydro-and 

fluorocarbons 

Real-cavity model 

𝐴𝐸𝐷(n) =
9𝑛5

(2𝑛2+1)2
𝐴0

𝐸𝐷   

 

A1 

Eu3+-hfa-topo in 

apolar hydro-and 

fluorocarbons 

Real-cavity model 

𝜏𝑛 = 𝜏0

1

𝑛(
3𝑛2

2𝑛2 + 1
)2

 

 

A2 

a Eu3+complex 

dissolved in a 

supercritical gas 

Real-cavity model 

𝜏𝑛 = 𝜏0

1

𝑛(
3𝑛2

2𝑛2 + 1
)2

 

 

A3 

Y2O3 nanoparticles 

surrounded by air 

(n=1) and liquids 

with different 

refractive indices 

Virtual-cavity model 

𝜏𝑅 ͠  
1

𝑓(𝐸𝐷)

𝜆0
2

[
1
3

(𝑛2 + 2)]
2

𝑛

 

 

  

A4 

Y2O3 nanoparticles 

surrounded by air 

(n=1) and liquids 

with different 

refractive indices 

Real-cavity model 

𝜏𝑅 =
1

Г𝑅
= 𝜏𝑏𝑢𝑙𝑘

1

𝑛𝑟
(
2𝑛𝑟

2 + 1

3𝑛𝑟
2 )2 

𝑛𝑟 =
𝑛𝑒𝑓𝑓(𝑥)

𝑛𝑌2𝑂3

=
𝑛𝑌2𝑂3 + (1 − 𝑥). 𝑛𝑚𝑒𝑑

𝑛𝑌2𝑂3
 

 

A2 
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Dope Eu3+into the 

binary glass system 

xPbO-(1-x)B2O3 

 

Dope Tb3+into the 

binary glass system 

xPbO-(1-x)B2O3 

Real-cavity model 

𝜏(𝑛) =
𝜏(0)𝑙(𝑛)

𝑛
 

𝑙(𝑛) =
(2𝑛2 + 1)2

9𝑛4
 

  

A5，6 

liquid suspensions 

of organically 

capped CdTe and 

CdSe quantum dots 

Fully macroscopic model 

𝜏𝑟𝑎𝑑(n) = 𝜏𝑣𝑎𝑐(
𝑛2 + 2

3
)−1 

 

 

A7 

liquid suspensions 

of organically 

capped CdTe and 

CdSe quantum dots 

Real-cavity model 

1

𝜏(𝑛)
=

1

τ𝑅0
(

3𝑛2

2𝑛2 + 1
)2𝑛 +

1

𝜏𝑁𝑅
 

 

 

A2 

Ce3+ ions in 

different solid-state 

matrices  

Virtual-cavity model 

1

𝜏
==

4.34 ∗ 10−4⌈⟨5𝑑⌈𝑟⌉4𝑓⟩⌉2

𝜆3 𝜒 

χ = n(
𝑛2 + 2

3
)2 

1

𝑟𝑑𝑓
2 𝜒

=
1

⌈⟨5𝑑⌈𝑟⌉4𝑓⟩⌉2𝜒

=
4.34 ∗ 10−4𝜏

𝜆3  

 

A8，2 



180 

 

Nd: YAG 

nanopowder with an 

average particle size 

of 20nm suspended 

in different organic 

and inorganic 

liquids 

 

No local-field effects 

𝜏𝑟𝑎𝑑 =
𝜏𝑟𝑎𝑑

(𝑣𝑎𝑐)

𝑛𝑒𝑓𝑓
 

 

Real-cavity model  

𝜏𝑟𝑎𝑑 =
𝜏𝑟𝑎𝑑

(𝑣𝑎𝑐)

𝑛𝑒𝑓𝑓(
3𝑛𝑒𝑓𝑓

2

2𝑛𝑒𝑓𝑓
2 + 1

)2

 

 

 

A9 

Eu3+ at sites A and 

B in Eu3+:ZnO 

(1.05 atom %) 

nanocrystals on the 

refractive index of 

the 

medium 

Virtual-cavity model 

𝜏𝑅 ͠  
1

𝑓(𝐸𝐷)

𝜆0
2

[
1
3

(𝑛2 + 2)]
2

𝑛

 

n is replaced by 𝑛𝑒𝑓𝑓(𝑥) 

Real-cavity model 

𝜏𝑅 ͠  𝜏𝑏𝑢𝑙𝑘

1

𝑛𝑟
(
2𝑛𝑟

2 + 1

3𝑛𝑟
2 )2 

𝑛𝑟 =
𝑛𝑒𝑓𝑓(𝑥)

𝑛𝑍𝑛𝑂
 

 

A10 

Tm3+: LaF3 

nanocrystals 

immersed in several 

liquid media. 

Real-cavity model 

𝜏𝑛 = 𝜏0

1

𝑛(
3𝑛2

2𝑛2 + 1
)2

 

n is replaced by 𝑛𝑒𝑓𝑓(𝑥) 

 

 

 

A11 

rare-earth ions in 

crystalline YAG and 

Y2O3 nanoparticles 

suspended in a 

dielectric medium. 

Virtual-cavity model 

𝜏𝑛𝑎𝑛𝑜

𝜏𝑏𝑢𝑙𝑘
=

𝑛𝑐𝑟

𝑛𝑚𝑒𝑑
[

2+ԑ

3
]

2
 ԑ = 𝑛2 

 

 

A12 
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lead borate glass of 

various 

compositions 

lightly doped with 

the Eu3+ lanthanide 

ion 

Virtual-cavity model 

𝜒𝑣𝑖𝑟𝑡𝑢𝑎𝑙 = n [
2 + 𝑛2

3
]

2

 

 

A13 

α-NaYF4:1% Nd3+ 

NCs (sizes: 6-14 

nm) were dispersed 

in nonpolar solvents  

Real-cavity model 

𝜏(𝑛) =
𝜂𝜏(0)𝑙(𝑛)

𝑛
 

𝑙(𝑛) = [
2𝑛𝑛𝑒𝑓𝑓

2 + 1

3𝑛𝑒𝑓𝑓
2 ]

2

 

Virtual-cavity model 

𝜏(𝑛) =
𝜂𝜏(0)𝑙(𝑛)

𝑛
 

𝑙(𝑛) = [
3

𝑛𝑒𝑓𝑓
2 + 2

]

2

 

 

 

 

A14 

LaPO4:Ce3+ NCs 

dispersed in 

different solvents 

Nanocrystal-cavity model 

Г𝒓(n) = Г0𝑛(
3𝑛2

2𝑛2 + 𝑛𝑛𝑐
2 )2 

 

A15 

QD525 and QD655 

disperse in solutions 

and substrates 

 

 

Virtual-cavity model 

𝛾1 = 𝛾1𝑛𝑟 + 𝛾1𝑟(�̅̅�) 

𝛾1𝑟(�̅�) = (
�̅�2 + 2

3
)2�̅�𝛾1𝑟𝑣 

𝛾1𝑛𝑟  the non-radiative decay rate 

𝛾1𝑟𝑣 = 𝛾1𝑟(�̅� = 1)  is the radiative 

decay rate in vacuum 

�̅� the effective refractive index  

 

A16 
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Eu3+-(with distinct 

ED+M D 

transitions) and 

Gd3+-(MD 

transitions) doped 

β-NaYF4 NC 

disperse in solutions 

Nanocrystal-cavity model for electric 

dipole transitions 

Г𝒓(n) = Г𝟎𝑛 (
3𝑛2

2𝑛2 + 𝑛𝑛𝑐
2 )

2

 

No local field effects for magnetic 

dipole transitions 

Г𝒓(n) = Г𝟎(𝑛)3 

  

A17 

𝐴𝐸𝐷 electric dipole transition rate 

n refractive index 

𝑛𝑒𝑓𝑓  effective index of refraction for the medium 

x filling factor which shows what fraction of space is occupied by the nanoparticles 

𝜏𝑅 radiative lifetime 

𝜏𝑁𝑅 nonradiative lifetime 

𝑓(𝐸𝐷) the oscillator strength for the electric dipole transition 

𝜆0 the wavelength in vacuum 

𝜏(𝑛) the radiative lifetime of the emitter embedded in the dielectric  

𝜏(0) free space radiative lifetime 

𝑙(𝑛) local field correction factor (LFCR) 

χ refractive index dependent factor 

ԑ dielectric constant 

Г𝒓 the radiative decay rate of an isolated electric dipole luminescent emitter in a hypothetical 

homogeneous dielectric medium  
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CHAPTER 6 EXPERIMENTAL 

6.1 Sample Preparation 

Cs2NaY0.96Yb0.04(NO2)6 and Cs2NaYb(NO2)6 were synthesized by dissolving Y2O3 

(0.48 mmol for Cs2NaY0.96Yb0.04(NO2)6, Acros, 99.99%), Yb2O3 (0.02 mmol for 

Cs2NaY0.96Yb0.04(NO2)6, 1 mmol for Cs2NaYb(NO2)6, Sigma-Aldrich, 99.99%) in 37% 

HCl at 150 oC for ~15 min until all the lanthanide oxide had dissolved and a clear 

solution was obtained. Then, NaCl (1 mmol, Dieckman, AR) and CsCl (2 mmol, 

Strem, 99.999%) were added to the solution. Heat was applied at 150°C for about 25 

min until all the salts dissolved. The solution was heated continuously until all the 

acid evaporated out and a white solid powder was obtained. This powder was 

dissolved into 2 ml water and a solution of NaNO2 (AR >97%) (1 mL, 9M for 

Cs2NaY0.96Yb0.04(NO2)6, 1 mL, 10.8 M for Cs2NaYb(NO2)6) was added to the solution 

and a transparent solution was obtained. The solution was housed in a desiccator kept 

in a refrigerator at 4 °C. After two days, transparent crystals of 

Cs2NaY0.96Yb0.04(NO2)6 and white powder of Cs2NaYb(NO2)6 were obtained.  

 

The crystals of Cs2NaCe(NO2)6 were synthesized by dissolution of 337 mg (2 mmol) 

CsCl (Strem, 99.999%), 58 mg (1 mmol) NaCl (Dieckman, AR) and 373 mg (1 mmol) 

CeCl3.7H2O (Sigma-Aldrich, 99.9%) in 6 mL 37% aqueous HCl at 150 °C to obtain a 

white solid. A saturated solution of 1 mL NaNO2 (9 M) was then added and yellow 
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precipitate was obtained. A transparent solution was obtained after adding 5 mL H2O. 

The solution was housed in a desiccator in a refrigerator at 4 °C. After two days, 

transparent, yellowish crystals were obtained which were removed from the mother 

liquor and dried. Powders were also prepared by precipitation according to the 

method of Roser and Corruccini.1 Cs2NaLa(NO2)6 and Cs2NaY0.96Ce0.04(NO2)6 were 

prepared analogously. 

 

La1-xTbxPO4 (x = 0.001, 0.05, 0.10, 0.20, 0.30, 0.50, 0.70, 0.90), La0.1-yTb0.9EuyPO4 (y 

= 0.01, 0.02, 0.05, 0.08,0.10) nanoparticles were prepared by a modified method of 

Haase et al.2,3 1 mmol lanthanide chlorides (LaCl3·7H2O, TbCl3·6H2O and 

EuCl3·7H2O) in 1 mL ethylene glycol was mixed with 1 mmol triethyl phosphate. 

Then 10 mL of ethylene glycol (99%, Dieckman), 3 mmol trioctylamine (TOA) and 

1.4 mmol of a solution of phosphoric acid in ethylene glycol were added successively.  

The mixture was purged with nitrogen in a Schlenkline and kept for 6 h at 180 oC. 

After cooling to room temperature, the nanocrystals could be precipitated from the 

reaction mixture by addition of methanol, then washed with methanol for two times, 

and dried under vacuum finally. 

 

6.2 Characterizations 

6.2.1 X-ray powder diffraction 

X-ray diffraction patterns of crystals were recorded with a Bruker AXS D8 Advance 

X-Ray Diffractometer equipped with non-monochromated Cu Kα X-Rays (λ= 1.5418 



187 

 

Å). The step size is 0.02°. 

 

6.2.2 X-ray photoelectron spectra (XPS) 

X-ray photoelectron spectra (XPS) were recorded by a SKL-12 spectrometer modified 

with a VG CLAM 4 multichannel hemispherical analyser. It is a widely used 

technique for obtaining chemical information of various material surfaces.  

Core-level electrons are emitted from a surface after it has been irradiated with soft 

X-ray. Photoelectrons are collected and analysed by the instrument to produce a 

spectrum of emission intensity versus electron binding energy. 

 

6.2.3 FT-IR spectra and Raman spectra 

FT-IR spectra were recorded at room temperature in the range from 400-4000 cm-1 

using with a Perkin Elmer Paragon 1000 PC spectrometer with resolution of 4 cm-1. 

Raman spectra were recorded at room temperature by a Perkin-Elmer Spectrum 2000 

spectrometer using a resolution of 4 cm−1. 

 

6.2.4 Diffuse reflectance spectra 

The diffuse reflectance spectra were recorded between 200-800 nm at resolution of 4 

cm-1 at room temperature, using a Varian Cary 4000 Spectrometer. 
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6.2.5 Low temperature techniques 

The sample was cooled down by an Optical Cryostat-CS202I-DMX-1SS from 

Advanced Research Systems Instruments Inc. Because at room temperature, the 

exciton (electron) – phonon interaction is strong and the phonon absorption efficiency 

of the transitions will increase. This will lead to a strong broadening of the spectral 

bands and the overlapping of bands with close energies. Thus, it would be a challenge 

to get the fine structure of the spectra. Fortunately, at low temperature, 

photoluminescence spectra will show more detailed information because of the weak 

exciton (electron) – phonon interaction we may get a lot of information from the study 

of the temperature dependence of photoluminescence spectra, such as the lifetime 

dependence, zero-phonon line, vibronic structure, Debye temperature, Huang-rhys 

factor and so on. In my projects, the samples were cooled down by an Optical 

Cryostat-CS202I-DMX-1SS from Advanced Research Systems Instruments Inc. 

 

6.2.6 Emission and absorption spectra 

When the luminophores are excited at a fixed wavelength, the luminophores will 

jump from the ground states to the excited states. Luminophores will release the 

energy in the form of luminescence when they drop down to the ground states from 

the excited states. Luminescence spectroscopy can be used to record the intensity and 

wavelength of luminescence. 
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The emission spectra were recorded using a Horiba 0.5 m monochromator (iHR550) 

equipped with a 600 groove mm-1 grating blazed at 800 nm and with a CCD detector 

(Syncerity, 300-1100 nm). The laser-systems consisted of a Nd:YAG pumping laser, a 

third-order harmonic generator (THG at 355 nm, 120 mJ) and an optical parameter 

oscillator (OPO, Spectra-Physics versaScan and UVScan) with a pulse duration of 8 

ns, repetition frequency of 10 Hz. The crystal or powders were housed in an 

Advanced Research Systems Instruments Optical Cryostat (10 - 800 K). A tungsten 

lamp was employed as the source to record the absorption spectra at 20 K. The 

schematic diagrams of the experimental setup for the emission and absorption spectra 

measurement are shown in Figure 6.1 and Figure 6.2 respectively. 

 

Figure 6.1 The schematic diagram showing the experimental setup for measuring 

emission spectra. Reproduced from Ref. 4 
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Figure 6.2 The schematic diagram showing the experimental setup for measuring 

absorption spectra. Reproduced from Ref. 4 

 

6.2.7 Lifetime measurement 

When the luminophores are excited, the energy can be released by two forms: 

radiative process in the form of light and nonradiative process in the form of heat. The 

intensity of light will decrease with increasing time. The lifetime τ is defined as the 

time when the intensity is I0/e (I0 is the initial intensity). The total decay rate kT 

(radiative and nonradiative rate) is reciprocal of the lifetime τ. The lifetime of 

luminophores can vary in a wide range from pico-second (fluorescence) to 

millisecond (phosphorescence) according to the excited states (singlet or triplet states). 

Different equipment should be used according to the lifetime length. 

 

Luminescence lifetimes can be measured by a Digital Phosphor Oscilloscope (1GHz, 
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20GS/s) with the Nd:YAG pulsed laser as excitation source. The laser-system consists 

of a Nd:YAG pumping laser, a third-order Harmonic-Generator (355 nm, 120 mJ) and 

a tunable optical parameter oscillator (OPO, Spectra-Physics versaScan) with a pulse 

duration of 8 ns, repetition frequency of 10 Hz. The signal from the photomultiplier 

tube will be transferred to the oscilloscope, as shown in Figure 6.3. A photodiode is 

used to record the reference intensity of the laser, which is also transferred to the 

oscilloscope. 

 

Figure 6.3 Schematic diagram of experimental setup for lifetime measurement. 

Reproduced from Ref. 5 
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6.3 Calculations and models 

6.3.1 The calculations about the energy levels 

The energy levels from the electronic spectra of hexanitritolanthanate(III) ions 

can be analyzed by using the well-known crystal field parametrization methods. 

This has been done for the Cs2NaYb(NO2)6 system by Prof. Yau Yuen Yeung. 

For a lanthanide ion doped in a hexanitritolanthanate(III) crystal with Th site 

symmetry, the model Hamiltonian consists of the free-ion Hamiltonian and the 

crystal field Hamiltonian of the following form:  

 

𝐻𝐶𝐹 = 𝐵0
4[ 𝐶0

4 ± (5/14)1/2(𝐶4
4 + 𝐶−4

4 )] +  𝐵0
6[ 𝐶0

6 ∓ (7/2)1/2(𝐶4
6 + 𝐶−4

6 )] 

                        + 𝐵2
6[(𝐶2

6 + 𝐶−2
6 ) − (5/11)1/2(𝐶6

6 + 𝐶−6
6 )]                   (6-1) 

 

where 𝐶𝑞
𝑘  are the normalized spherical-tensor operators. There are just three 

independent crystal field parameters, namely 𝐵0
4, 𝐵0

6 and 𝐵2
6 which can be 

obtained (together with the free-ion parameters) by the least-squares fit to the 

experimental energy levels. Calculations of magnetic dipole oscillator strengths 

and spontaneous emission probabilities were also carried out together with the 

temperature variation of the inverse magnetic susceptibility of Yb3+. 
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6.3.2 The models used to fit the decay curves 

Various models employed to simulate the donor decay after pulsed excitation can give 

the information about the interaction mechanism. The Inokuti-Hirayama model6 for 

multipole interactions assumes a random arrangement of acceptors and the intensity 

of emission at time t, I(t), is related to that initially, I(0) by: 

 

 I(t) = I(0) 𝑒𝑥𝑝 {−
𝑡

𝜏𝐷
− Γ (1 −

3

𝑠
)

𝑐𝐴

𝑐0
[

𝑡

𝜏𝐷
]

3/𝑠

}               (6-2) 

 

where s = 6, 8 or 10 according to the electric multipolar mechanism (electric dipole - 

electric dipole (ED-ED), electric dipole - electric quadrupole (ED-EQ), or electric 

quadrupole - quadrupole (EQ-EQ), respectively); Γ is the gamma function; τD is the 

lifetime of donor in the absence of the acceptor; cA is the concentration of the acceptor 

(x×Z)/V), where Z is the number of acceptors in the unit cell and V is its volume.; c0 

is the critical (reduced) acceptor concentration: 

 

𝑐0 =
3

4𝜋𝑅0
3                            (6-3) 

 

where R0 is the critical distance. Instead, if transfer is considered to shells of acceptor 

ions in a crystal:7 
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𝐼(𝑡) = 𝐼(0)𝑒𝑥𝑝 {−
𝑡

𝜏𝐷
} 𝑒𝑥𝑝 {−

4𝜋𝑅0
𝑠𝑐𝐴𝑡

𝜏𝐷(𝑠−3) 𝑘+1𝑅𝑠−3} [∑
𝑍𝑙

𝑍
𝑒𝑥𝑝 {−

𝑡

𝜏𝐷
(

𝑅0

𝑅𝑙 )
𝑠

}𝑘
𝑙=1 ]

𝑍𝑥

   (6-4) 

 

where lZ is the total number of acceptor sites present in shell l at distance lR from the 

donor; Z is the total number of sites in k shells; and x is the acceptor molar 

concentration. N is the total number of acceptors = Zx. The second exponential 

function represents a correction factor for acceptors outside the chosen shells. The 

other symbols are defined above. In both equations, no account is taken of donor - 

donor migration or donor -acceptor back transfer. The simplest equation for the 

inclusion of migration between donor ions, for the case of ED – ED interaction is:8 

 

𝐼(𝑡) = 𝐼(0)exp {−
𝑡

𝜏𝐷
−

4

3
𝜋

3

2𝑐𝐴{𝛼𝐷𝐴
(6)

𝑡}1/2 [
1+𝑎1𝑥+𝑎2𝑥2

1+𝑏𝑥
]

3/4

}          (6-5) 

 

where a1 = 10.866, a2 = 15.500, b = 8.743; 𝑥 = 𝐷{𝛼𝐷𝐴
(6)

}−1/3𝑡2/3. D is a diffusion 

constant and 𝛼𝐷𝐴
(6)

 is the ED-ED interaction parameter for donor-acceptor transfer. In 

principle, the fitting of donor decay by these equations yields the interaction 

mechanism, the critical distance when the rate of ET is equal to the donor decay rate, 

and the magnitude of the diffusion constant.  
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CHAPTER 7 CONCLUSIONS AND FUTURE WORK 

In this work, two kind of crystals have been chosen as the host to study quantum 

cutting and Stokes shift: Cs2NaLn(NO2)6 with high Th point-group symmetry and 

LnPO4 with monoclinic symmetry. Two important photodynamic phenomena named 

as quantum cutting and Stokes shift, have been studied with Cs2NaLn(NO2)6. Some 

degree of quantum cutting is observed in Cs2NaY0.96Yb0.04(NO2)6 under 420 nm 

excitation. The quantum efficiency is about 10% at 25 K. Cs2NaCe(NO2)6 with 

12-coordinated Ce3+ situated at a site of Th symmetry demonstrates the largest Ce-O 

Stokes shift of 8715 cm−1, compared with other Ce-O systems. Ce3+ ions with higher 

coordination number shows larger Stokes shifts. 

 

The mechanism and control of energy transfer have been investigated with LaPO4. 

The energy migration (energy transfer among homogeneous ions) rate between Tb3+ 

ions doped in LaPO4 is not fast. Various theoretical models are applied to simulate the 

luminescence decays of Tb3+ and Tb3+, Eu3+-doped LaPO4 samples and the transfer 

mechanism is identified as forced electric dipole at each ion.  

 

The local field (refractive index) effect on the decay rate and energy transfer between 

Tb3+ and Eu3+ doped in LaPO4 nanoparticles dispersed in different solvents and solids 

with a wide range of refractive indexes was studied. The ET efficiency and ET rates 
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are clarified that the ET efficiency will decrease with the increasing of refractive 

index, while ET rates are independent of the refractive index. 

 

In Chapter 5, the total decay rate has been measured. We will try to measure the 

radiative decay. The effect of the surface ligands on radiative decay is also worth 

investigated. We have demonstrated that the decay rate will increase with the 

increasing of the refractive index. Some models have been used to express the 

relationship between the decay rate and refractive index. Thus, the local refractive 

index probe will be explored. Local refractive index of the complicated 

microenvironment can be probed via the fluorescence decay of emitters. Except the 

local field, other factors influencing the energy transfer, such as the distance between 

the donor and acceptor, will be examined. 
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