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Abstract A tutorial introduction to the spectra of lanthanide ions is given.

The chapter begins with a brief comparison of luminescence of lanthanide ions

(Ln3+) in the solid, liquid, and gas phases. Then a description of the importance of

nonradiative versus radiative processes is made. The various types of transition of

lanthanide ions encountered are then introduced: 4fN–4fN; 4fN–4fN�15d; charge

transfer; host band-to-band; and defect site or impurity transitions. Reference is

briefly made to the spectra of dipositive ions. The luminescence of lanthanide ions

in non-lanthanide hosts is examined, and the importance of locating the relative

positions of Ln3+ energy levels relative to the host band gap is stressed. Some of the

various upconversion phenomena, including second harmonic generation, two-

photon absorption, ground state/excited state absorption, energy transfer upconversion,

and photon avalanche, are then described with reference to Ln3+ and Ln3+-TMn+

(transition metal) systems. The experimental distinctions of which particular

process is operative in a given system are explained by considering the power,

concentration, and lifetime dependences, and the upconversion excitation spec-

trum. Some applications of lanthanide luminescence are briefly reviewed and a

mention of the luminescence in nanomaterials is also included.
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Abbreviations

BAM BaMgAl10O17:Eu
2+

CB Conduction band

CRT Cathode ray tube

CT Charge transfer

ED Electric dipole

ETU Energy transfer upconversion

FED Field emission display

GS Ground state

GSA/ESA Ground state absorption/excited state absorption

irrep Irreducible representation

LED Light-emitting diode

OLED Organic light-emitting diode
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PDP Plasma display panel

SHG Second harmonic generation

TM Transition metal

TPA Two-photon absorption

VB Valence band

VFPD Volatile flat panel display

VUV Vacuum ultraviolet

YAG Y3Al5O12

YAH Hexagonal-YAlO3

YAM Y4Al2O9

YAP Orthorhombic-YAlO3

1 Scope of the Chapter and Comparison with Vapor

and Solution Spectra

The luminescence of lanthanide ions in solids has been the subject of several books

or chapters [1–12] and has an immense scope. Since I was asked to write this review

within a short time, I have failed to give a comprehensive survey but have given a

qualitative overview of several areas with some references to more quantitative

treatments. Topics such as lanthanide luminescence of laser materials [4, 8, 13, 14],

sensors [15], hybrid materials [16], organolanthanide, and coordination compounds

[17] are missing. So what is here in October 2009? – basically, a description of the

luminescence spectra of lanthanide ions in the solid state and some applications of

phosphor materials.

The luminescence of tripositive lanthanide ions exhibits very different spectral

features in the gaseous, liquid, and solid states. The investigation of the spectra of

gaseous ions was performed, for example, by Dieke’s group around 50 years ago,

using photographic detection with a high resolution vacuum ultraviolet (VUV)

spectrometer. One publication concerns the rather simple case of tripositive

praseodymium [Pr(IV)] [18]. In the gas phase, line widths are Doppler-broadened

and could be measured to 0.005 cm�1 or better for good lines [18] with the

resolution of nuclear hyperfine structure. In the gaseous state, there is no crystal

band gap so the emission spectra extend to much higher energy (actually measured

up to 122.6 nm; 81,540 cm�1 in [18]) and concern only the free-ion electric dipole

(ED) allowed transitions: 6s–6p (230–270 nm), 4f–5d (150–220 nm), and 5d–6p

(120–150 nm). The spectral lines are very sharp so that energy levels could be

measured to two decimal places (e.g., 4f5d 3H4 at 61170.95 cm
�1). Note that in the

absence of crystal field splitting, multiplet terms are split only by spin–orbit

coupling. A comprehensively derived energy level scheme for the free-ion Pr(IV)

was given by Crosswhite et al. and since the intraconfigurational transitions 4f2–4f2

are forbidden, the relevant energies of the 13 multiplet terms of 4f2 were inferred
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from 4f5d to 4f2 transitions. A simultaneous determination and publication by

Sugar [19] gave these energies at exactly the same values to within 0.2 cm�1.

The gaseous free-ion multiplet term energy levels are higher than for Pr3+ in the

solid state and this is attributed to the nephelauxetic effect, in which the interelec-

tronic repulsion between the 4f electrons is decreased because of the penetration of

the Pr3+ ion by the ligand electrons.

The gaseous ion spectra contrast markedly with the spectra of Ln3+ in solution,

where fewer multiplet terms luminescence (due to coordination by ligands with high

frequency vibrations as discussed subsequently) and the spectral bandwidths are broad

(�10 nm). The high energy cut-off in the spectra is determined by the absorption of

the solvent (which was subtracted out in the classic absorption study of Carnall et al.

of aquo complexes [20]), and the spectra do not extend to shorter wavelengths. This

limits investigations of Ln3+ to 4fN and sometimes part of the 4fN�15d levels. There

are further differences from gas phase spectra, as exemplified, for example, in

the room temperature emission spectrum of Gd3+ in dilute acid solution [21], where

vibronic structure due to H2O bend and stretch vibrations is observed. The derived

vibrational energies from this emission spectrum do not parallel the H2O vibrational

energies measured in the infrared or Raman spectra since they correspond to the

vibrations of nearest-neighbor ligands and not to the water molecules of the bulk

medium. Just as for solid state spectra, broad bands due to the transfer of charge

between the metal ion and ligands are present in the spectra of lanthanide ions

in solution. Naturally, there are no analogous features for gas phase spectra.

It will become evident from the descriptions of solid state spectra given below

that we are referring to an intermediate scenario between the two extremes of

gaseous and solution state spectra.

2 Luminescence and Nonradiative Processes

The lanthanides are long known as the lighting elements. Luminescence occurs

from a lanthanide energy level if the gap to the next lower energy level is spanned

by five (sometimes, even by four) or more phonons provided that the luminescent

level is suitably populated and that it is not nonradiatively deactivated. Looking at

the 4fN energy levels of tripositive lanthanide ions (Ln3+) from recent calculations

(Fig. 2 in [22] and [23]), many gaps are observed. Particularly, wide energy gaps

occur below the well-known luminescent levels of Tb3+ (5D4), Eu
3+ (5D0), Yb

3+

(2F5/2), but also many other levels of these and other Ln3+ are luminescent. This

luminescence is characterized by long lifetimes (even up to several seconds) and

sharp spectral lines (i.e., color purity). The natural lifetime, t, comprises radiative,

tr, and nonradiative, tnr, components:

1=t ¼ 1=tr þ 1=tnr (1)
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For efficient luminescence of Ln3+, the inter-ionic nonradiative rate is decreased

by diluting the ion into a transparent host lattice. Thus, fast migration between ions,

for which the excitation finally ends up at defect or killer sites, and energy transfer

between ions [24] are both minimized.

The intra-ionic nonradiative decay rate of Ln3+ by multiphonon relaxation in

ionic crystals or glasses has been expressed as a product of “electronic” and “lattice”

parts, where the latter has been shown to be proportional to the infrared absorption

coefficient [25], although it is useful to distinguish between promoting and accepting

modes [26]. The modes which drive the nonradiative transition are called the

promoting modes, where each promoting mode consumes only one phonon. The

remaining energy difference between the two energy levels is taken up by multiple

quanta of accepting modes. There are selection rules operative upon the “electronic”

part of the nonradiative rate, which, for example, forbid to first order of the relaxa-

tion between J ¼ 1 and J ¼ 0 multiplets (e.g., 5D1 to
5D0 in Eu3+). The empirical

observation above concerning the maximum phonon energy is consistent with the

energy gap law, which describes the nonradiative rate of Ln3+ in a particular host

lattice. This has been expressed in many forms [11, 26, 27] such as [28]:

WNR T ¼ 0Kð Þ ¼ bel exp �a DE� 2hnmaxð Þ½ � (2)

where the prefactor bel (s
�1) is considered to contain the electronic coupling

element; DE (cm�1) is the energy gap between the two levels, hnmax is

the maximum phonon energy (cm�1), and a (cm), which depends upon the

Huang–Rhys parameter, S, is constant for the particular host lattice. This latter

parameter, S, measures the difference in the electron-lattice coupling between the

two states, due to displacement Q0(b)-Q0(a), of the potential energy curve along the

configuration coordinate diagram (Fig. 1), and is defined, with M as an effective

ionic mass, as:

S ¼ 2p2Mn=h
� �

Q0 bð Þ � Q0 að Þ½ �2 ¼ Edis=hn (3)

DE

Q0(b)Q0(a)

a

Edis

b

Fig. 1 Configuration

coordinate diagram showing

the potential energy curves

for two electronic states a and

b. The ordinate is energy and

the abscissa is the

configuration coordinate,

which in one dimension can

be thought of as a change in

bond distance. Equilibrium

(minimum) values of

potential energy are identified

by the 0 subscript
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The maximum phonon energy is therefore critical in determining the nonradia-

tive rate, and rare earth coordination to ligands with high vibrational energy, such as

OH2, NH2, is usually avoided if slow nonradiative decay is required. For example,

Orlovskii et al. [29] examined the decay kinetics of the excited 4I9/2 initial level of

Er3+ (at �12,000 cm�1) doped at 0.5 at.% in fluorite crystals MF2 (M ¼ Ca, Pb) at

77 K. The measured lifetime in CaF2 was 14.3 ms, whereas it was 102 ms in PbF2.

The effective longitudinal optical phonon frequencies of these hosts are 474 cm�1

and 337 cm�1, respectively, so that the 4I9/2–
4I11/2 energy gap is bridged by five

phonons in the case of CaF2, and seven phonons for PbF2.

The expression for the temperature dependence of the multiphonon relaxation

rate has been given ([2], p 256), and it simplifies for low temperatures and small

Huang–Rhys parameter, to:

WðTÞ ¼ Wð0Þ 1þ exp hn=kTð Þ � 1½ ��1
n op

¼ Wð0Þ � 1= 1� exp �hn=kTð Þ½ �pf g (4)

where the mean thermal occupancy of the vibrational mode (i.e., number of

phonons per mode):

m ¼ exp hn=kTð Þ � 1½ ��1
(5)

and p is the order of the multiphonon process (DE/hn).
The above discussion has focused uponmultiphonon decay (i.e.,DE is greater than

the highest energy phonon). When crystal field energy levels are closer together,

nonradiative relaxation from the upper to lower level can occur by direct phonon

emission, or by Raman or Orbach processes ([2], pp 228–234).

In some cases, there are large differences in multiphonon relaxation rates among

crystal field levels of a multiplet term, and the relaxation rate between the crystal

field levels does not follow Boltzmann thermalization. In the Eu3+-doped vanadate

crystal, the 5D1–
5D0 relaxation is a 2-phonon process due to the high energy V-O

stretch vibration. In the 2 K excitation spectra of Eu3+ emission for a YVO4:Eu
3+

crystal, the relative intensity of the two 5D1 crystal field levels in the excitation

spectrum changes by a factor of 2 depending upon whether 5D1 or
5D0 emission is

monitored [30].

3 Types of Luminescent Transitions

The luminescence of lanthanide ions in solids is characterized by several types of

electronic transition, which differ markedly in spectral intensity and linewidth.

Some of these are now illustrated.
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3.1 Intraconfigurational 4fN ! 4fN Transitions

As discussed in [22], the spherical symmetry of Ln3+ is destroyed when these ions are

situated in solids, so that a 2S+1LJmultiplet term level can be split up to 2J þ 1 crystal

field levels for a non-Kramers ion. Due to the parity selection rule for pure electronic

transitions in solids, the 4fN(i) ! 4fN(f) transition between states i and f is ED

forbidden to first order. Parity describes the inversion behavior of the wavefunction

of an electronic orbital, so that s,d... orbitals have even parity whereas p,f... orbitals are

odd. The spectral feature representing the pure electronic transition is termed the

electronic origin or the zero phonon line. An ED transition requires a change in orbital

parity because the transition dipole operator (me) is odd, and the overall parity for the
nonzero integral involving the Einstein coefficient of spontaneous emission, A(ED):

A EDð Þ � <ij jme f>j j2 (6)

must be even. On the other hand, when Ln3+ is situated at a site in a solid without

inversion symmetry, the interaction between d and f orbitals has no parity, and

they can mix to some extent, so that the transition becomes x[4fN(i)] þ y[4fN�15d

(i)] ! t[4fN(f)] + u[4fN�15d(f)], where although x >> y and t >> u, there is now

a pathway to make the transition become ED allowed. These transitions are termed

forced dipole transitions and their strength is about 10�3 to 10�4 of a fully

allowed ED transition. The most important (multiplet–multiplet) selection rules

and intensities for 2S+1LJ ! 2S0+1L0J0 transitions may be derived from Judd–Ofelt

theory [22] including DJ ¼ 2, 4, 6, so for example, the 5D0 ! 7F2 transition of

Eu3+ is much stronger than 5D0 ! 7F3. Naturally, to enable these transitions,

DS ¼ 0, so mixing of septet and quintet spin wavefunctions is also required. The

Judd–Ofelt Oi (i ¼ 2, 4, 6) parameters are readily obtained from the luminescence

spectra of lanthanide ions, as has been demonstrated for YOCl:Gd3+ [31].

Each multiplet term is split into crystal field levels when Ln3+ is situated in a

crystal host, and the assignment of irreducible representations of the site symmetry

point group to these energy levels is described by Tsukerblat [32]. The crystal field

energy levels can be calculated by using a parametrized Hamiltonian:

Hð4fNÞ ¼ Eavg þ
X

k¼2;4;6

FkfkðfÞ þ z4fAsoðfÞ

þ
X

k¼2�4;6�8

TktkðfÞ þ aL2ðfÞ þ bG G2ðfÞ½ � þ gG G7ðfÞ½ �

þ
X

k¼0;2;4

MkmkðfÞ þ
X

k¼2;4;6

PkpkðfÞ þ
X
kq

Bk
qC

ðkÞ
q ðfÞ

(7)

where the italic and bold letters represent parameters and operators, respectively.

The parameter Eavg in H(4fN ) serves to shift all the levels so that the energy of

the lowest level of 4fN is zero; the second and third terms in H(4fN ) are the two
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strongest interactions for the 4fN configuration, i.e., the Coulomb and spin–orbit

interactions; the last term in H(4fN) is the crystal field interaction experienced by 4f
electrons; and the other terms are effective interactions to describe various effects

due to configuration interaction, as described in [33]. More accurate calculations

specifically include the structure of interacting configurations [34].

The orbital selection rules for transitions between individual crystal field levels

are displayed in terms of the point group irreps of the initial and final state

wavefunctions, and for a forced ED transition between 4fN Gi ! 4fN Gf:

Gi � Go � Gf containsG1 (8)

where Go is the irrep corresponding to the ED operator (which transforms as

a Cartesian vector) and G1 is the totally symmetric irrep of the relevant point group

which corresponds to the site symmetry of Ln3+. A typical emission spectrum is shown

in Fig. 2b for Nd3+ at the D2 site in Y3Al5O12 (YAG:Nd
3+) together with the energy
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Fig. 2 Types of transitions observed in lanthanide ion spectra. (a) Calculated 4f3 and 4f25d energy

level schemes of the ion Nd3+ (doped at 0.5 at.%) at the D2 site in Y3Al5O12 (YAG:Nd
3+). The CB

energy is shown on the right hand side. (b) 4F3/2 ! 4I9/2 emission spectrum of YAG:Nd3+ at 10 K. The

zero phonon line marked 0 is at 11,442 cm�1 and the displacement energies of the other 4I9/2 crystal

field levels are marked in cm�1. (c) 4F3/2 ! 4I9/2 emission spectra of Nd3+ in the Cs2NaYF6 host at

9 K. The two magnetic dipole zero phonon lines are marked by 0 and some of the derived

vibrational energies are marked. (d) Emission spectra excited at 180 nm (solid curve) and 115

nm (dashed curve) and excitation spectrum of 275 nm emission of pure YAG at 8.5 K. (e)

Luminescence spectrum of 192 nm excited fast emission component from YAG:Nd3+ at 10 K.

The vertical bars indicate the calculated 4f25d ! 4f3 emission line positions and intensities. The

terminal 4f3 multiplets are marked. (f) Time-resolved 180 nm excited emission spectra of

Cs2NaYF6:Nd
3+ at 10 K. The fast (time window 40 ns), slow (time window 127 ns: also delayed

by 40 ns after the excitation pulse) components and the integral spectra are shown. The vertical
bars are the calculated 4f25d ! 4f3 emission intensities. (g) Lowest energy 4f2 ! 4f5d absorp-

tion and highest energy 4f5d ! 4f2 emission bands of Pr3+ in the Cs2NaYCl6 host. Note the

abscissa scale break. (h) Excitation spectrum and charge transfer emission of Y2O3:Yb
3+. The

terminal multiplets are marked (adapted from [35]). Note the change of abscissa scale from

wavelength (nm) to energy (cm�1 units) in (g, h)
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level scheme of this 4f3 ion in the host (Fig. 2a, left hand side). The emission spectrum

thus comprises sharp zero phonon lines representing transitions between the initial and

final crystal field levels. In this case, for the 4F3/2 ! 4I9/2 transition of this 4f
3 Kramers

ion, there are J þ 1/2 ¼ 5 terminal levels. Equation (8) holds for all of these and the

terminal state energies (in cm�1) are indicated in the figure. Transition intensity

theories enable simulations of crystal field electronic transitions in emission and

absorption spectra, and the reader is referred to some relevant literature [36–41].

The occupation of many different types of site and environment, such as in

glasses, leads to inhomogeneous broadening of spectral features. This broadening

occurs to a smaller extent when Ln3+ occupies just several sites in a crystal (such as

in b-NaYF4:Ln
3+) or ceramic [42] material.

When the Ln3+ ion is situated at a centrosymmetric site (i.e., with an inversion

center), the pure electronic transitions between 4fN levels are ED forbidden [10].

Magnetic dipole transitions (which are up to 106 times weaker than ED transitions)

may then be allowed between states of the same parity in the solid if (8) is satisfied,

since the magnetic dipole operator, Go, is of even parity. The only way to destroy

the centrosymmetry of Ln3+ and permit an ED transition between two electronic

states is by motions of odd (ungerade) vibrations so that the electronic spectra of

Ln3+ at an inversion center of a crystal are vibronic (vibrational-electronic) in

nature. The transition selection rules then become:

Gi � Go � Gf contains; Gv � Gv0 (9)

where v and v0 refer to the particular vibration involved in the initial and final states,
and at low temperatures since no vibrational quanta are excited in the initial state,

Gv ¼ G1. Figure 2c shows the 10 K emission spectrum of Cs2NaYF6:Nd
3+, where

the dopant ion Nd3+ is situated at an octahedral symmetry site. Note the sharp

magnetic dipole allowed zero phonon lines (labeled 0) and the dominant vibrational

structure, for which the derived energies (in cm�1) are marked. The vibronic

transitions may be distinguished from pure electronic transitions by their (almost)

symmetrical arrangement about the zero phonon line and the Boltzmann tempera-

ture dependence of anti-Stokes features. Calculations of vibronic intensities have

been performed for systems where the vibrations of the lanthanide ion with the

nearest-neighbor ligands are of most importance (as for LnCl6
3� [43–45]).

3.2 Band-to-Band Transition

The transition from the valence band (VB) to the conduction band (CB) of the host

crystal overlaps the 4fN–4fN transitions for low band gap hosts, such as oxides or

chlorides. In this case, luminescence does not occur from the overlapping and

higher 4fN levels, although efficient host–guest ion energy transfer can give strong

luminescence from lower 4fN levels upon band-to-band excitation. The host exci-

tonic luminescence is characterized in the case of YAG by a lifetime in the
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microsecond range, and nonelementary overlapping, broad emission bands with

large Stokes shift, as shown on the right hand side of Fig. 2d. Note the band

wavelength shift when the excitation wavelength is changed. The excitation spec-

trum of the emission is shown on the left hand side of the figure.

Much effort has been directed to the utilization of the intense band-to-band

transition in semiconductors, especially in the nano-regime, in order to sensitize

lanthanide activators. However, complications due to size and charge discrepancies

arise when Ln3+ is doped in materials such as TiO2 and ZnO so that discrete lattice

sites are not occupied by the guest. For the latter host, there have been conflicting

reports of host–guest energy transfer and usually, upon excitation into the CB, the

Ln3+ 4fN–4fN emission, such as for Eu3+, is weak and superimposed upon a broad

background [46–50]. The use of Li+ co-doping has been employed in order to

elucidate the nature of the Eu3+ sites in ZnO [51, 52].

3.3 Interconfigurational 4fN�15d ! 4fN Transitions of Ln3+

The 4fN�15d configuration is at higher energy than the 4fN configuration, and a

simple phenomenological rationalization of the energy of the lowest level has been

made by Dorenbos [53]. By knowing the energy of the lowest 4fN�15d level of a

lanthanide ion in one host, E4f-5d(Ln1, host), the lowest 4fN�15d energy level can

approximately be calculated for another lanthanide ion, Ln2, in the same host:

E4f�5d Ln2; hostð Þ ¼ E4f�5d Ln1; hostð Þ þ DE4f�5d Ln2;Ln1ð Þ (10)

where the values of DE4f-5d(Ln2,Ln1) are tabulated in [53] and are assumed

to be host independent. So for example, knowing the lowest 5d level for Ce3+ in

the Cs2NaYCl6 host lattice (28,193 cm
�1 [54]) and DE4f-5d(Ln2, Ln1) ¼ 12,240 �

750 cm�1 [53], the predicted value for Pr3+ in Cs2NaYCl6 is 40,433 � 750 cm�1,

which compares with the experimental value for the lowest 4f5d level of

39,017 cm�1 [55].

The standard phenomenological crystal field Hamiltonian H(4f) and its extension

have been employed to model the energy levels of the 4fN�15d configuration [56]:

H ¼ Hð4f N�1Þ þ Hð5dÞ þ Hintð4f; 5dÞ (11)

where H(4fN�1) (as above), H(5d), and Hint(4f, 5d) describe the interactions

experienced by or between the 4f electrons; experienced by the 5d electron; and

the interaction between 4f and 5d electrons, respectively, as shown below:

Hð5dÞ ¼ z5dAsoðdÞ þ
X
kq

Bk
qðdÞCðkÞ

q ðdÞ

Hintð4f; 5dÞ ¼ Eexcþ
X
k¼2;4

FkðfdÞfkðfdÞ þ
X

k¼1;3;5

GkðfdÞgkðfdÞ
(12)

Lanthanide Luminescence in Solids



where (f), (d), and (fd) are used to show that the operators are interactions for 4f

electrons, the 5d electron, and interactions between 4f and 5d electrons, respec-

tively. The two terms in H(5d) are the spin–orbit and the strong crystal field

interactions experienced by the 5d electron. The Hint(4f,5d) parameter Eexc

describes the separation between the barycenters of the 4fN and 4fN�15d levels;

and the second and third terms are the direct and exchange Coulomb interaction

between 4f and 5d electrons. This model has been employed together with intensity

calculations to simulate the energy levels and spectra of interconfigurational transi-

tions. Most studies have utilized fluoride hosts where the band gaps are high so that

4fN�15d levels can be probed by excitation spectra [57, 58].

An example of an interconfigurational emission spectrum is shown in Fig. 2e for

the highest energy 5d ! 4f transitions of YAG:Nd3+, with the simulated zero

phonon line intensities shown as vertical bars. The presence of broad features is

the characteristic of 5d ! 4f emission transitions. Even for Nd3+ doped into

Cs2NaYF6 (Fig. 2f), the features are similar and show that the transition from the

lowest 5d level to the ground multiplet 4I9/2 is much stronger than 4IJ (2J = 11, 13,

15). This spectrum (Fig. 2f) shows that time resolution can easily separate the inter

and intraconfigurational transitions. The breadth of features in Fig. 2e, f is typical of

5d ! 4f emission spectra and is due to unresolved vibrational progressions, in

addition to overlapping electronic transitions. The 4f5d! 4f2 emission spectrum of

Cs2NaYCl6:Pr
3+ is, however, well resolved and permits a clearer understanding of

the nature of the type of vibronic interaction [55]. The highest energy emission

bands are shown in Fig. 2g.

This spectrum of Cs2NaYCl6:Pr
3+ elucidates two points. First, although the 4f–5d

transition is ED allowed, the site group selection rules in (8) may forbid transitions

between certain crystal field levels. This is the case for Pr3+ at theOh symmetry site,

so that transitions from the lowest 4f5d level, G3u, are only allowed to terminal G4g

and G5g 4f
2 levels. The transition to the electronic ground state 3H4 G1g is therefore

forbidden. By contrast, the absorption transitions from the 4f2 G1g electronic ground

state are only allowed to terminal 4f5d G4u states. The selection rules therefore

account for the gap of 1,028 cm�1 between the absorption and emission bands of

Pr3+ in Cs2NaYCl6 (Fig. 2g). Each transition is marked by vibrational progressions

upon the zero phonon lines, with the most intense progressions occurring for the

totally symmetric Pr-Cl stretch vibration. The progressions occur because the

excitation from the 4f2 to the 4f5d configuration is a Franck–Condon transition

(i.e., vertical in the configuration coordinate diagram, Fig. 1) and since there is a

bond length change between the two configurations, the most intense transitions

correspond to terminal vibrationally excited states. It turns out that the bond Pr-Cl

distance is slightly shorter in the lower 4f5d states than in 4f2 [59]. The separation

of the most intense band in the absorption spectrum from that in emission is

normally termed the Stokes shift, which can be related to the electron–phonon

coupling strength, via the Huang–Rhys parameter ([2], p 199). Note that this

reasoning only applies when the respective bands correspond to the same transition

(i.e., with coincident zero phonon lines in absorption and emission), and is not

applicable here.
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The energy levels of the 4fN�15d configuration can be envisaged under a simple

model where only the dominant terms in the Hamiltonian are considered. The

Hamiltonian in (11) can be written as [60]:

H ¼ HCoulðffÞ þ HcfðdÞ þ l�fSfLfSS�Lf � JexSf �sd (13)

where the first two terms, i.e., the Coulomb interaction between 4f electrons and the

crystal field interaction for the 5d electron, are the strongest interactions. The next

two terms of (13) are the f-electron spin–orbit interaction and the f–d Coulomb

interaction which have been simplified within the subspace (4fN�1ZfSfLf,
2Gd). In

this scheme, the smaller interactions such as the d-electron spin–orbit coupling and

the f-electron crystal field have been neglected. This model has been applied to the

interpretation of the d–f spectra of several systems. For example, in the

4f25d ! 4f3 transitions of Nd3+ in YPO4 crystal each of the transitions from

the lowest 5d state to 4I, 4F, 4G was modeled to comprise two prominent peaks

with the transitions to 4I most intense [61].

Luminescence is not observed from 5d levels for some lanthanide ions (Sm3+,

Eu3+, Tb3+) because fast nonradiative relaxation occurs from the lowest 5d level to

the ladder of 4f levels below. A different scenario occurs for the quenching of

5d ! 4f emission of Ce3+. Often, the 5d level is located within the CB of the host

so that immediate transfer and delocalization of the Ce3+ 5d electron occurs to the

host lattice CB upon excitation from the 4f ground state. In some cases for Ce3+,

the 5d emission can be turned on or off by the application of pressure [62]. The

application of high pressure to Lu2O3:Ce
3+ influences the energy of the 4f and 5d

levels of Ce3+ as well as the CB edge of Lu2O3. However, the major outcome is a

lowering of the lowest 5d level with respect to the CB so that luminescence can

then occur.

For the second half of the lanthanide series, there is the possibility that the 5d

electron spin is paired or opposed to the resultant spin of the 4fN�1 core, giving high

and low spin levels, respectively. By Hund’s rule, the high spin level is lowest

so that the emission transition from this state to the 4fN electronic ground state is

spin-forbidden. Thus, the emission lifetime in these cases (such as for Er3+, Tm3+)

is in the microsecond – and not nanosecond – regime [57].

3.4 Charge Transfer Transitions

The valence band (VB) of an oxide or halide crystal mostly comprises p-orbital

character. The charge transfer (CT) transition of a lanthanide ion in the host

corresponds to ligand to Ln3+ metal ion ground state (GS) transfer:

Ln3þ GSð Þ þ VB e�ð Þ ! Ln2þ vibr:ex:ð Þ þ VB holeð Þ (14)
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where the dipositive ion is in a highly vibrationally excited state. In the case of

Y2O3:Yb
3+, an ab initio calculation has shown that the description of the CT state

involves the hole localized on the 2p orbital of just one oxygen ion surrounding Yb3+,

rather than being delocalized over all oxygen ligands [35]. The analogous transition

in emission is:

Ln2þ GSð Þ þ VB holeð Þ ! Ln3þ vibr:ex:ð Þ þ VB e�ð Þ (15)

so that a large energy separation occurs between the emission and absorption bands,

both of which are usually very broad. The CT energy for a given system can be

calculated roughly by knowing the optical electronegativities of the relevant ions

[63], or by the refined spin-pairing theory [64], but more recently the model of

Dorenbos [65] has been employed:

ECTðLn2; hostÞ ¼ ECTðLn1; hostÞþDECTðLn2;Ln1Þ (16)

It is assumed here that the CT energy represents the energy of the ion above the

top of the VB. So that knowing the CT energy of one lanthanide ion ECT(Ln1, host),

such as Eu3+ in a particular host, and using the tabulated values of DECT(Ln2, Ln1)

[65], under several assumptions [66], the value for any other lanthanide ion in the

same host can be estimated. An alternative calculation scheme has been given by

Nakazawa and Shiga [67].

The lowest energy CT transitions occur for Eu3+ and Yb3+ and the CT emission

of Yb3+ has been studied in a variety of hosts [68–70]. An example is shown in

Fig. 2h for the CT transitions of Y2O3:Yb
3+. The emission comprises two broad

bands, corresponding to transitions to the 2F5/2 ground state and 2F7/2 excited state,

separated by �10,000 cm�1, with the highest energy band peaking at 195–228 nm

in phosphates MPO4:Yb
3+ (M ¼ Sc, Y, La, Lu); 250 nm in LiScO2:Yb

3+; 368 nm

in M2O3:Yb
3+ (M ¼ Sc, Y); 390 nm and 439 nm in M2O2S:Yb

3+, M ¼ Y, La,

respectively; and 181 nm in LiYF4:Yb
3+ [68]. Thus, the position of CT lumines-

cence shifts to longer wavelengths with increasing covalency of the host lattice and

with increasing size of the cation site [68]. An alternative description of the

dependence of CT energy upon crystal structure and composition in terms of an

environmental factor has been given by Zhang’s group [71, 72].

Attention has been directed to the quenching of CT emission, particularly with

respect to the configuration coordinate diagram [68, 73]. For a given hosts, the

quenching temperatures of Eu3+ emission are much higher than for Yb3+ emission.

The temperature dependence of the Yb3+ CT emission in YAG (where the highest

energy band has a maximum at 334 nm) and orthorhombic-YAlO3 (YAP: maximum

at 360 nm) follows a very different behavior from that of the Yb3+ infrared emission

[73]. The CT emission lifetime at 7 K is about 0.1 ms for Yb3+ doped into these hosts,
compared with the value �1 ns at room temperature [70]. The CT luminescence

intensity roughly halves from 7 to 120 K. The decrease has been modeled by the

consideration of three processes: (i) photoionization of the CT state involving the
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escape of a hole to the VB, (ii) radiative and (iii) nonradiative energy transfer to 4f

levels [73]. Another factor which may quench the CT emission is the overlap of this

emission with the absorption bands of intrinsic defects [70]. The role of CT states

themselves in the quenching of 4f–4f luminescence of lanthanide ions has also been

discussed [74] and modeled [75]. In the case of LuCl3:Pr
3+ [76], excitation below, or

into the band gap, gives 4f5d ! 4f2 or 4f2 ! 4f2 emission, respectively. The role,

(iii), of the CT state in populating 4f2 levels has been suggested.

3.5 Transitions Due to Defect Sites and Impurities

Since crystals are imperfect, lanthanide ions can reside at minority sites or in different

phases; in crystal interstices; or coordinated to ions such as OH� at the surface. These

situations have different repercussions upon the emission spectra, giving broad fea-

tures for the second and third cases together with quenching of emission for the third.

The compound YAG is an example of the first scenario since Y4Al2O9 (YAM), YAP,

and hexagonal-YAlO3 (YAH) phases may coexist [77]. A sensitive test for the purity

of the product is to use excitation lines which strongly excite one phase, but not

another. This is the case for 488 nm excitation (which strongly excites YAG:Er3+, but

notYAP:Er3+), and 457 nm (which does the reverse). Figure 3a, b shows a pure sample

of YAG:Er3+ under these two excitation lines, and although the intensity scale differs

by a factor of about 60, there are no apparent differences between the spectra. On the

other hand, the impure sample 3(c) shows fairly strong YAG:Er3+ emission under 488

nm excitation, although some other additional, weaker bands are evident. Under 457

nm excitation of the same sample (Fig. 3d), a totally different spectrum is observed,

corresponding to YAP:Er3+ impurity.

In concentrated materials, satellite bands appear next to zero phonon lines due

to the consequence of interactions between neighboring ions [78–80]. Very often,

energy transfer occurs between the different types of sites so that even if the

excitation is not directed into one particular site, its spectrum appears [81].

It is also important to recognize the characteristic luminescence of each lantha-

nide ion so that the presence of unintentional impurities in a crystal can be

recognized. This is generally easy because the transitions to different lower multi-

plet levels provide a distinctive fingerprint. However, some reports have attributed

unusual emission bands from trace lanthanide ion impurities to exotic phenomena.

3.6 Other Transitions

Finally, some 4fN transitions with oscillator strengths of 10�10 or less are briefly

mentioned. Pure electric quadrupole transitions have been reported in conjunction

with hypersensitive transitions [82]. Not only two-center vibronic transitions (such

as involving the electronic excitation of Yb3+ and the intra-vibrational excitation of
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an OH2 ligand) have been observed and analyzed but also “dimer” pure electronic

excitations, involving, for example, Yb3+ clusters, have also been observed and

simulated. The simple model for the former systems stressed the importance of

infrared active modes, although contributions from Raman modes in the vibronic

sidebands also appear to be important [83]. The model for “dimer” excitations has

largely been based upon the Dexter formalism so that short bond distances were

considered to play a major role, although it now appears that the relationship

between covalency and transition probability is important [84].

3.7 Luminescence from the Divalent State

The luminescence of the divalent lanthanide ions Eu2+, Tm2+, Sm2+, Yb2+ has been

reviewed by Rubio O [85]. Generally, the d ! f emission transitions occur at lower
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energy than for trivalent lanthanides. Hence, divalent europium-activated phosphors

find diverse applications, some of which are summarized in [86]. Notably, BaM-

gAl10O17:Eu
2+ (BAM) and Sr5(PO4)3Cl:Eu

2+ are efficient tricolor lamp phosphors.

In these hosts, and others such as SrCl2 [87], 4f65d ! 4f7 emission of Eu2+ is

observed [88]. The structure comprises only the transition to the lowest multiplet

term of 4f7, 8S7/2, since the next highest term, 6P7/2, is at �30,000 cm�1 to high

energy. At room temperature, a broad band between 390 and 440 nm is observed for

SrCl2:Eu
2+, but this becomes structured at low temperatures. The 10 K spectrum is

shown in Fig. 4 and reveals a dominant progression in the Eu-Cl stretch. The

location of the lowest 4f65d level with respect to 4f7 6P7/2 can be modified by

weakening the crystal field experienced by Eu2+. Thus, 6P7/2 ! 8S7/2 intraconfi-

gurational emission with millisecond lifetime has been reported in a group of

compounds such as SrAlF
5
[88], and more recently, 6I7/2 ! 8S7/2 emission was

observed in KMgF3:Eu
2+ below 25 K, where Eu2+ occupies the large K+ site with

12-coordination [89]. The preference for 4f7 emission at low temperature disap-

pears when 4f65d levels are thermally populated at higher temperatures.

Although the competition between intra and interconfigurational emission is not

uncommon, being also observed for tripositive lanthanide ions such as Pr3+, and

Gd3+ (mentioned subsequently), the emission from lower and higher 4fN�15d levels

is less common. Grimm and Güdel investigated the rich emission spectrum of

CsCaBr3:Tm
2+ at 10 K and observed sharp 4f13 ! 4f13 emission at 8,796 cm�1;

broad 4f125d ! 4f13 emission bands from the first (high spin at 12,240 cm�1, and

low spin at 13,640 cm�1) 3H6, t2g 5d states to the ground and first excited 4f
7 states;

as well as emission bands from the next higher 5d state, 3F4, t2g [90].
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4 Location of Lanthanide Ion Energy Levels Relative

to Those of the Host

Studies of the photoconductivity of doped lanthanide systems by conventional [91,

92] or novel [93] techniques have provided valuable information concerning the

relative locations of host and lanthanide guest energy levels. In one of the experi-

ments of Yen and co-workers [91, 92], the impurity Er3+ energy levels were

determined relative to the host Gd2O3 band gap, 5.2 eV (Fig. 5). Under the action

of 488 nm Ar+ laser excitation (lower thick vertical arrow), Er3+ was excited to

the 4F7/2 state, from which it underwent rapid nonradiative decay to the metastable
4S3/2 multiplet. The energy DE in Fig. 5 (corresponding to the upper thick vertical

arrow) was adjusted by using radiation from a xenon lamp passed through a

monochromator. Measurement of the wavelength at the onset of photoconductivity

enabled DE to be determined as 3.6 eV and hence for the complete energy diagram

to be constructed. Photoconductivity measurements, together with conventional

spectral information from the transitions of divalent and trivalent ions, and thermo-

luminescence data [65, 94] or resonant photoemission spectra [95] have thus

enabled a more complete rationalization of the energy level schemes of both the

host and guest ions. It is recognized that the relative location of the lowest 4f state

within this scheme controls such aspects as carrier trapping, luminescence quantum

efficiency, and valence stability [65].

As an illustration, the locations of energy levels of Ln3+ in the series

Cs2NaLnCl6 are depicted in Fig. 6. From (16) (using Eu3+) and (10) (using Ce3+),

the CT energy for one Ln3+ and the location of the lowest 5d ! 4f transition of

another, are the only data required to plot the variation of these quantities for the

entire series. The band gaps for Cs2NaLnCl6 can be estimated from (diffuse)

reflectance spectra, or more roughly from excitation spectra [96]. The final
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4I15/2

4F7/2
4S3/2

Er3+ 4f11

0.7 eV

2.27 eV

5.9 eV
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4f105d

ΔE

Fig. 5 Energy diagram of the

impurity ion Er3+ in Gd2O3,

illustrating the two-step

photoconductivity

experiment. The ordinate

is energy in eV (adapted

from [92])
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information that is required is the location of the 4f ground state relative to the top

of the VB, which is estimated from that of Lu3+ in Cs2NaLuCl6 (�3.9 eV) [97],

with the widths of the VB and CB about 3 and 8 eV, respectively [98]. As Dorenbos

has pointed out, the energy levels in Fig. 6 should not be interpreted as due to single

electron states, but rather as total energy states [65]. Thus, for example, in this

figure, the fact that the Ce3+ ground state is located at 1.8 eV above the top of the

VB means that it requires 1.8 eV less energy to remove an electron from the ground

state of Ce3+ than from the top of the VB; or that a hole in the VB can be trapped by

Ce3+ with 1.8 eV binding energy; or that Ce4+ is more stable by 1.8 eV than a free

hole at the top of the VB. The Lnn+ (n ¼ 2,3) energies are therefore referenced with

respect to the VB and CB.

Energy level diagrams for Ln3+ have also been constructed by taking advantage

of the energy of the intervalence CT band in the ultraviolet spectral region. It has

been observed that the luminescence of some tripositive lanthanide ions which are

more susceptible to oxidation (Tb3+, Pr3+) may be quenched by electron transfer to

an acceptor group such as VO4
3� [99]. Thus, whereas VO4

3� is an exceptional

antenna for the 5D0 luminescence of Eu3+, the luminescence from the 3P0 multiplet

of Pr3+ is quenched in YAG: V5+, Pr3+ [100]. Krumpel et al. [101] have positioned

the ground state energy levels of Pr3+ and Tb3+ in vanadate hosts based on the

intervalence electron transfer to the CB.
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5 Luminescence in Non-Lanthanide Hosts

There are several reasons to dope Ln3+ in host lattices which comprise s-block or

transition metal ions. Naturally, for lighting purposes, a host lattice with Ca, say,

instead of Y, would be cost-effective. In other applications, the thermal stability of

materials such as Al2O3 would be advantageous. Upon doping, it is necessary to

determine the location of the lanthanide guest in the host lattice.

The rationale for the use of Eu3+ as a probe of local site symmetry by using

polarized electronic absorption spectroscopy has been given by Görller–Walrand

and Binnemans ([33], p 230), and [22]. By counting the number of (polarized)

bands in each multiplet–multiplet transition, some deductions can be made about

site symmetry. Caution must be adopted when counting the number of spectral

features in each transition because (i) some bands may overlap or be too weak to be

observed; (ii) bands may correspond to vibronic structure and not to pure electronic

transitions; and (iii) the scheme applies to ED and not magnetic dipole transitions.

A similar scheme has been given by Jia [102] for the luminescence transitions of

Eu3+ and it is displayed in Fig. 7. In this case, the magnetic dipole intensity of the
5D0 ! 7F1 transition has been included. An example of the application of the

deductions, such as in this scheme, is now given.

Some studies have reported the replacement of Al3+ by Er3+ in a-Al2O3. This

has particular relevance to optical communications using the transition at 1.6 mm.

Our studies have shown that this replacement does not occur for sol-gel methods

and that instead erbium perovskite or garnet phases are formed when Er3+ is

doped into a-Al2O3 at atom percent levels [103]. However, with the use of

combustion synthesis [104] it can be demonstrated that some of the Eu3+ ions

occupied a C3v symmetry site in a-Al2O3, which is consistent with the replace-

ment of Al3+. The 10 K emission spectrum under 471.6 nm excitation, in the

region from 570 to 770 nm, is shown in Fig. 8. Other bands are observed in the

spectra excited by different excitation lines and some of these are still present in

Fig. 8 and are starred. The assignments in terms of C3v symmetry are included in

the figure.

As mentioned above, it is an ongoing quest to effectively dope lanthanide

ions into semiconductors and utilize the band gap absorption to sensitize efficient

emission from Ln3+. In most cases, doping Ln3+ into the host lattice brings charge

compensation problems. Alarcon et al. put forward a qualitative model [105],

without taking into account ionic size differences, to describe the effects upon Eu3+

luminescence in such cases. Doping Eu3+ into a M2+ site brings an effective

positive charge so that the electronic ground state lowers in energy more than

the CT state, and the luminescence efficiency upon excitation into the CT state

(qCT) decreases. A “stiff” environment around Eu3+, such as with highly charged

Mn+ in the second coordination sphere so that angle Eu3+– O2�– Mn+ is 180o, can

alleviate this decrease. The model predicts a high qCT when Eu3+ situates at a M4+

site, such as Zr4+. Certainly, these authors found qCT was higher for MgO:Eu3+

than CaO:Eu3+.
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6 Upconversion Luminescence in Solids

Upconversion luminescence from lanthanide ions, especially from infrared to

visible, has been increasingly studied during recent years due to the availability

of inexpensive high power infrared laser diodes. Thus, new applications have been

forthcoming, particularly for nanomaterials, such as pH sensing [106], security

devices [107] and cell-imaging [108, 109]. Some reviews have described the

upconversion phenomena in detail [110–114], and a tutorial review has been

given for lanthanide-doped upconversion nanocrystals [115]. The ion Yb3+, with

an absorption band at �970 nm is a well-studied donor ion, often in conjunction

with Ho3+ or Er3+ to produce green and red emissions, or together with Tm3+ for

violet upconversion. These ions fulfill the necessity of two or more metastable

states for the upconversion process to occur. The choice of host lattice is important

to minimize unwanted nonradiative processes and the change from oxide or fluoride

lattices to chloride, bromide, or iodide hosts can often lead to new upconversion,

cross-relaxation, and luminescence processes [116]. Particular use has been made

of hosts such as Cs3Ln2X9 (X ¼ Cl, Br, I) or Ba2LnCl7 where the Ln3+–Ln3+

distance is small, and of b-NaYF4, where the presence of several sites produces

broad spectral features so that spectral overlaps are greater. Herein a broad over-

view of upconversion is given together with some recent developments. The more

fundamental aspects of the upconversion are considered elsewhere, as well as more

general reviews of energy transfer phenomena (for example [2, 5, 117, 118]).
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Fig. 8 10 K spectra of a sample of a-Al2O3:Eu
3+ (1 at.%) prepared by combustion synthesis under

471.6 nm excitation. The initial luminescence state is 5D0. Assignments are given in terms of C3v

site symmetry of Eu3+. The starred bands correspond to other phases (adapted from [104])
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In resonant energy transfer, the spectral overlap between the donor emission and

acceptor absorption is of major importance.

6.1 Second Harmonic Generation

Figure 9 displays some processes where radiation of higher frequency is generated

from that of lower frequency. Second (or multiple) harmonic generation (SHG)

produces harmonics of the incident frequency via materials with large first hyper-

polarizability, b, and has not been well investigated for lanthanide materials. The

phenomenon is readily distinguished from other processes by changing the incident

wavelength and checking for its harmonic. It is not exclusive of other processes,

and the production of SHG and third harmonic generation simultaneously with

intraconfigurational 4f emission upon multiphoton excitation has been reported

[119]. Within a two-level model of the ground (g) and excited (e) states, b depends

upon the transition dipole moment from g to e, the difference between the dipole

moments of the excited and ground states and the optical band gap. Evidence has

been provided that the 4f electrons contribute directly to b from its general increase

across the lanthanide ion series in hydrated sodium tris(dipicolinato) lanthanates

from La to Yb [120], and in terpyridyl-like complexes [121]. In other studies, a

decrease in SHG intensities has been observed along the series K2Ln(NO3)5·2H2O

(Ln ¼ Pr, Nd, Sm) although the SHG intensities were larger than for KDP [122].

By contrast, Bogani and co-workers [123] remarked that the understanding of the

origin of SHG properties requires the investigation of the building blocks (crystal

TPA

λ2=λ1/2

SHG GSA/ESA

D

C
B

PA
A A

B

ETU

λ1 λ1 λ1

λ2 λ2

Fig. 9 Some upconversion

processes: SHG second

harmonic generation, TPA
two-photon absorption, GSA/
ESA ground state absorption/

excited state absorption, PA
photon avalanche, ETU
energy transfer upconversion.

Refer to the text for

explanation
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symmetry and geometrical arrangements of subunits in the unit cell) and concluded

that for a family of rare earth based single chain magnets the main contribution to

nonlinear processes arises from intermolecular p-stacking interactions.

Figure 10 (lower) shows the variation, as a function of the number of unpaired

electrons, of the relative SHG intensity in the solid state, measured using 800 nm

excitation, of a series of fifteen dipolar polymeric lanthanide complexes of trans-

Fig. 10 Series of 15 dipolar polymeric lanthanide complexes of trans-cinnamic acid,

[Ln(C9H7O2)3]n. Above: Schematic of structural properties of the complexes formed with different

coordination numbers of 9 and 7 in the non-centrosymmetric space groups R3c and P21, respec-

tively; Below: The variation, as a function of the number of unpaired electrons, of the relative SHG

intensity in the solid state, measured using 800 nm excitation (adapted from [124])
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cinnamic acid, [Ln(C9H7O2)3]n [124]. There is a change in crystal structure and

coordination geometry from 9 (Type I) to 7 (Type II), for the members of the second

half of the lanthanide series as also shown in Fig. 10 (upper). The SHG relative

intensity is a maximum near the center of the series, showing a very different trend

from those mentioned above. Clearly, the diverse trends in SHG properties

mentioned present unanswered questions.

6.2 Two-Photon Absorption, Ground State/Excited State
Absorption, and Energy Transfer Upconversion

Two-photon absorption (TPA) and ground state absorption followed by excited

state absorption (GSA/ESA) (Fig. 9) are both single ion processes occurring within

the laser pulse and differ in that the intermediate state is virtual in the former case

and metastable in the latter. TPA differs from SHG in that the former is system

dependent whereas the latter is laser dependent. Denning and co-workers have

exploited the window between the infrared and visible spectral regions of Tb3+ and

Eu3+ in order to investigate the higher energy level schemes of these ions in

elpasolite crystals, using linear polarization and measurements in a magnetic field

to resolve ambiguities (for example, [125, 126]). Present calculations provide a

reasonable understanding and rationalization of two-photon spectral intensities [127].

The simplest energy transfer upconversion (ETU) involves a cross-relaxation

process between two ions. The processes ESA and ETU can be distinguished by

energy dependence measurements, such as by recording the excitation spectrum of

the luminescent state. For example, the mechanism of upconversion luminescence

of Tm3+ in TmP5O14 was investigated by Chen et al. [128]. Pumping the 3F2
multiplet (15,153 cm�1) by a 659 nm laser was observed to lead the luminescence
1D2 ! 3F4 at 450 nm. The intensity of the 1D2 emission, Iem, varied as:

Iem aPlas
2 (17)

where Plas is the laser power. Thus, a log–log plot of Iem versus Plas gave the slope

of 2, as expected for a two-photon process either involving GSA/ESA or ETU

[128]. The excitation spectrum of the 1D2 emission was measured and found to

involve bands not only associated with the ground state excitation to 3F2, i.e.,
3H6 ! 3F2, but also with additional features. These were assigned to the ESA

transition 3H4 ! 1D2. Thus, the upconversion was found to be due to an ESA of

a single ion comprising two consecutive absorption steps: excitation to 3F2, fol-

lowed by nonradiative decay to 3H4 (12,674 cm
�1), and then excitation 3H4 ! 1D2.

Alternatively, if the upconversion had been due to ETU between two ions, such as:

3F2 ionAð Þþ3F2 ionBð Þ!1D2 ionAð Þþ3H6 ion Bð Þ (18)
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the peaks of excitation spectrum and that of the absorption spectrum 3H6 ! 3F2
would overlap, and the line profile of excitation peaks would be approximately the

square of that of the absorption peaks. The ETU and ESA mechanisms can also be

distinguished by their concentration dependences, since the luminescence intensi-

ties would vary quadratically or be independent of the concentration of dopant

luminescent ion in the host lattice, respectively. Another method to differentiate

these two processes concerns the lifetime decay curve measurements when moni-

toring the upconversion level. If the upconversion process is due to ESA of a single

ion, the line profile of the decay curve should be a single-exponential curve.

However, if the upconversion is due to ETU between two ions, the population of

the final (luminescent) state requires a cross-relaxation between two intermediate

states, so an initial rise may be detected if the intermediate level has a sufficiently

long lifetime. Usually, ETU dominates over GSA/ESA at high dopant ion concen-

trations. The two or three step upconversion mechanism for polycrystalline NaYF4:

Er3+ (20 at.%) from the 1.52 mm 4I13/2 level thus involves ETU to 4I9/2 and
4S3/2,

respectively. This material was attached to the rear of a bifacial silicon solar cell for

enhanced near infrared solar cell response [129].

The GSA/ESA and ETU processes are not exclusive and GSA/ESA upconver-

sion can be enhanced by the co-participation of a cross-relaxation, as reported by

Goldner et al. [130] for LiYF4:Nd
3+. Also, completely different mechanisms can

follow the same excitation regime for different systems. For example, for LiNbO3:

MgO:Tm3+, pulsed red laser excitation gives 3H6 ! 3F2 absorption but in the same

laser pulse ESA 3H4 ! 1D2 occurs, giving violet emission [131]. However, a

looping mechanism occurs for Gd3Ga5O12 where the long-lived 3F4 level

(�5,000 cm�1) is fed by cross-relaxation [131]. Looping mechanisms are not

uncommon in upconversion processes. Another example [132] has been reported

for the near infrared to red and green upconversion emission from silica sol-gel

films made with La0.45Yb0.5Er0.05F3 nanoparticles. In this case, the temporal evolu-

tion of the green or red Er3+ emission under 980 nm laser diode excitation exhibit

millisecond rise-times. The mechanism of this process has been postulated to

involve sequential energy transfers from Yb3+ to excite Er3+ to the 4F7/2 multiplet.

Multiphonon relaxation to 2H11/2 then occurs. Then, there is a step which initiates

the feedback loop, involving a cross-relaxation between Er3+(2H11/2) and the

ground state Yb(2F7/2) to give Er3+(4I11/2) and Yb3+(2F5/2). The Yb
3+ excited state

then populates Er3+(4I11/2) of another ion, which is the reservoir level for upconver-

sion. The loop is reset by energy transfer from Yb3+(2F5/2) to Er3+(4I11/2) to

regenerate Er3+(2H11/2) (refer to Fig. 7 in [132]). However, several problems may

be identified with this proposed mechanism. First, no explanation is given for the

maximum log Iem versus log Plas slope of 8, other than "it represents a feedback

mechanism". Second, the proposed cross-relaxations are not compatible at room

temperature with the energy level schemes of LaF3:Er
3+ and LaF3:Yb

3+ (which are

expected to be similar in the nano and bulk systems). For example, relaxation for

Er3+ from 2H11/2 to
4S3/2 (DE ¼ 678 cm�1) is rapid at room temperature and the

energy difference from 4S3/2 to
4I11/2 is 8,162 cm�1, compared with the energy of

the lowest Yb3+ 2F5/2 level (10,260 cm
�1). A detailed analysis is out of the scope of
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this review although it is noted that the high laser power densities promote thermal

emission with a supralinear dependence upon laser intensity. The heat generated

enables thermal occupation of excited states, such as those of 2H11/2, and enables

new cross-relaxation pathways.

6.3 Photon Avalanche

The final process shown in Fig. 9 is photon avalanche (PA), which presents some

unusual characteristics [133, 134] in that nonresonant GSA leads to strong upcon-

verted emission. In Fig. 9, C is not an electronic energy level. The absorption

transition A ! C is weak since it is due to such reasons as phonon sideband or

defect absorption. Level B is then populated by nonradiative decay. The laser pump

frequency matches the ESA B ! D. Then, this can be followed by emission from

D, or the cross-relaxation process:

D ion 1ð Þ þ A ion 2ð Þ ! B ion 1ð Þ þ B ion 2ð Þ þ phonon sð Þ (19)

The pump photons are therefore only required to be resonant with B ! D. One

characteristic of PA is a power threshold above which the emission intensity

increases by orders of magnitude. The Ln3+ ion concentration needs to be suffi-

ciently high for efficient ETU. Whereas many examples of the PA phenomenon

exist in the literature, only one study has been made for elpasolite systems, for

Cs2NaGdCl6:Tm
3+, where the upconverted emission is due to the 1G4 ! 3H6

transition at �480 nm [135]. The situation is rather more complex than in Fig. 9

because several other processes can occur, which lead also to emission from 1D2.

A quadratic emission 1G4 intensity–excitation power dependence was obtained at

low excitation intensities for samples of Cs2NaGdCl6 doped between 6 and 15 mol

% Tm3+. However, a dramatic increase of the emission intensity appears above the

excitation threshold value, �9 kW cm�2. The slope of the log Iem versus log Plas

increases to 6 for the 10 mol% Tm3+-doped sample. The time dependence of the

upconverted emission exhibits different behavior at different excitation powers. At

the threshold excitation power, the upconversion emission has an almost linear rise-

time which is followed by a further slower rise over several seconds. At high

excitation powers, the establishment of the stationary state is quicker, and the
3F4 ! 1G4 ESA decreases the transmitted laser light by several percent.

Most of the upconversion processes have been restricted to 4fN ! 4fN transi-

tions, employing hosts such as b-NaYF4 [136] and rare earth sesquioxides [137],

which have relatively low phonon energies, together with tripositive lanthanide

ions. Figure 11 shows a schematic upconversion process using 810 nm excitation,

involving GSA/ESA and ETU, for CsCaI3:Tm
2+, where the highest energy phonon

energy is only �170 cm�1 [138]. The initial excitation populates the lowest 4f125d

level, (3H6, t2g), from which (i) d ! f emission, (ii) cross-relaxation with a neighbor,

or (iii) ESA can occur to populate a higher subset of 4f125d energy levels, (3F4, t2g),
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which leads to higher energy d ! f emission. The improvement in this upconver-

sion process rests in the much stronger f ! d, compared with f ! f emission. The

emission from the 4f15d1 configuration of Pr3+ has also been investigated by

upconversion (Fig. 12) in Cs2NaYCl6:Pr
3+. In this case, the metastable 3P0 level,

with millisecond lifetime, was pumped and ESA populated the d-electron levels.

Broad, intense emission was observed from the lowest d-level at �40,000 cm�1

[139]. The 4f5d ! 4f2 emission between 30,000 and 44,000 cm�1 was also

observed in YAlO3:Pr
3+ using ESA from 3P0 or

1D2 levels.
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6.4 Many Body Processes

Some energy transfer mechanisms involving more than two ions have been high-

lighted [140], although three-body processes are normally orders of magnitude

weaker than two-body ones. One well-studied process is cooperative upconversion

between Yb3+ and Yb3+, to sensitize Tb3+ emission by infrared excitation, since

there is a close match of energies between the 5D4 Tb
3+ levels and the combined

2F5/2 energies of two Yb
3+ ions. Experiments to study the weak Tb3+ emission are

complicated by the cooperative luminescence involving the emission of the Yb3+

dimer system (this luminescence has been employed as a signature of ytterbium

ion clustering in glasses [141]), which also produces emission bands near 500 nm

[142]. Also, the presence of trace impurities of Er3+ leads to green and red emissions

from dominant Yb3+–Er3+ upconversion. Under near infrared laser excitation, the

Tb3+ 5D4 luminescence was measured in the range from 10 K to 300 K and gained

intensity by three orders of magnitude from the lower to the upper temperature in the

case of Cs3Tb2Br9:Yb
3+ (1 at.%), where the shortest Tb-Yb distance in the

TbYbBr9
3� unit is 389 pm [143]. The dominant upconversion mechanism above

100 Kwas found to be the three-body process involving sensitization of Tb3+ by two

Yb3+ ions. The samemechanismwas cited to account for the Tb3+ emission intensity

increase in Tb3+, Yb3+ co-doped tellurite glass under anti-Stokes excitation [144].

However, it was reported [143] that at 10 K in Cs3Tb2Br9:Yb
3+ the Yb3+-Tb3+

upconversion follows a different mechanism, associated with an exchange-coupled

Yb3+– Tb3+ dimer, i.e., a two-body process where ESA leads to Tb3+ emission.

Excitation into the dimer levels around 12,000–14,500 cm�1, where neither Yb3+

nor Tb3+ have single ion levels, leads to Yb3+ emission.

A clear example of three-body upconversion is the 5D0 ! 7FJ Eu
3+ emission in

Y2O3:Eu
3+, Yb3+ upon 970 nm laser diode excitation into the 2F5/2 multiplet of Yb3

+ [145]. The schematic energy level diagram is shown in Fig. 13a, where the lowest
2F5/2 and

5D1 energies are (in cm�1): 10,225 and 18,937, respectively. The two-

photon nature of the process is confirmed by the emission intensity–laser power

plot in Fig. 13b. It is observed that the Eu3+ emission intensity increases consider-

ably with temperature in the range from 10 K up to room temperature (Fig. 13c)

and this was accounted for by two simulations. One of these simulations was based

upon the thermalization of the 7F1 levels of Eu
3+, whereas the alternative simula-

tion focused on the dependence of upconversion rate upon temperature [145].

6.5 Transition Metal-Lanthanide Upconversion Systems

Güdel and coworkers have exploited an alternative upconversion approach

by employing lanthanide–transition metal (TM) donor–acceptor systems.

The selection of the host lattice can optimize the luminescence properties of the

transition metal ion, since the spectra of these ions (by contrast to Ln3+) are sensitive

to ligand coordination and geometry. Many Ln3+–TMn+ systems were investigated
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by this group [111–113] and two strategies have been employed. The first strategy

involves absorption by Ln3+ (invariably Yb3+ for near infrared excitation) to give

broad band visible emission from the TM ion. The second involves broadband

absorption of near infrared radiation by the TM ion with upconversion to Ln3+ to

give sharp line emission. This case has the potential application of converting “waste

light” of an incandescent lamp into visible radiation [113], and it is essential that the

TM sensitizer does not have absorption bands in the region of the upconverted

emission. Several examples of the first strategy [111–113] are briefly discussed now.

In CsMnBr3:Yb
3+ (Fig. 14a), Yb3+ ions are incorporated into Mn2+ sites in a Yb3+–

vacancy–Yb3+ arrangement. Excitation into 2F5/2 gives a broad red emission band due

to the 4T1 ! 6A1 transition. The upconversion process was interpreted as due to an

exchange-coupled dimer process. The energy level scheme and mechanism are

shown in Fig. 15a. The ratio of the Mn2+ visible emission intensity to the Yb3+ near

infrared emission was taken as a measure of the efficiency of the process and as a

measure of the coupling strength between Mn2+ and Yb3+ in the dimer. In fact, the

ratio was measured as 0.05% for CsMnBr3, 4.2% for MnCl2:Yb
3+, and 28% for

Rb2MnCl4:Yb
3+, where the Yb-Cl-Mn angle changes from 74.8o to 92.8o and 180o,

in the face, edge, and corner sharing bridging geometries, respectively [146–148].

This increase agrees with the remarks of Alarcon et al. [105] above. Figure 15b

shows that tetrahedrally (rather than octahedrally) coordinated Mn2+ provides a

smaller ligand crystal field strength, so that the Mn2+ levels are elevated (whereas

the Yb3+ levels are insignificantly shifted). The situation in Fig. 15b would
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therefore enhance the upconversion emission, relative to 15a, because nonradiative

decay from (4T1,
2F7/2) to (6A1,

2F5/2) is slower. Such tetrahedral coordination of

Mn2+ occurs in Zn2SiO4:Tb
3+, Mn2+ (Fig. 14b), where the upconversion emission is

stronger and situated at higher energy. By contrast, the upconversion mechanism

for Y3Ga5O12:Yb
3+, Cr3+ (1 at.%, 2 at.%, respectively; Fig. 15c) is a three-body

process, just as for Y2O3:Yb
3+, Eu3+ described above. The emission spectrum is

shown in Fig. 14c. Figure 14d shows the energy transfer from Yb3+ to Re4+ in the

elpasolite lattice, where after Yb3+ excitation, 99% of the emitted photons originate

from Re4+ [113]. The two-photon mechanism is shown in Fig. 14d.

We have observed that the site symmetry of an ion of inappropriate size in the

elpasolite lattice can differ greatly from octahedral symmetry at moderate dopant

concentrations. For example, it is suspected that this occurred in the system

Fig. 14 15 K emission spectra of Yb3+–TM systems, with laser excitation as shown into Yb3+

absorption bands. (a) CsMnBr3:Yb
3+; (b) Zn2SiO4:Yb

3+, Mn2+; (c) Y3Ga5O12:Yb
3+, Cr3+;

(d) Cs2NaYbBr6:Re
4+ (adapted from [113])
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Fig. 15 Energy level diagrams showing upconversion mechanisms for systems in Fig. 14.

(a) CsMnBr3:Yb
3+; (b) Zn2SiO4:Yb

3+, Mn2+; (c) Y3Ga5O12:Yb
3+, Cr3+; (d) Cs2NaYbBr6:Re

4+.

Refer to the text (adapted from [113])
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Cs2NaScCl6:V
3+, Pr3+ which was employed for ETU from Pr3+ to V3+ [113]. The 10

K excitation spectra of Cs2NaScCl6:Pr
3+ are shown for 0.1 at.% and 1 at.% dopant

concentrations in Fig. 16. The ionic radii of Pr3+ and Sc3+ are 99 pm and 75 pm,

respectively, whereas the spectrum in Fig. 16a can be assigned with Oh site

occupation by Pr3+, several other sites are occupied by Pr3+ at the higher concen-

tration [149].

7 Some Applications of Luminescent Lanthanide Ions

7.1 Fluorescent Lamps

The long-term use of lanthanide ions in solids has been as phosphors in fluores-

cent lamps. These are available in different color temperatures such as cool white

(2,700 K), warm white (4,000 K), and daylight (6,000 K). The phosphors which

are coated on the inside of the lamp vary according to the color required.

The criteria for a phosphor are stringent: it must be chemically stable, retain its

properties at the operating lamp temperature, be synthesized as spherical particles

of the order 10 mm, be non-toxic, have a strong ultraviolet absorption and high

quantum efficiency of emission. Thus, europium doped strontium fluoroborate is

employed in a backlight bulb, and Y2O3:Eu
3+ (red) together with LaPO4:Tb

3+,

Ce3+ (green, blue) are used for cool white. A 20–40 mm phosphor layer is coated

inside the lamp in an atmosphere of a noble gas (400 Pa) and mercury (0.8 Pa: an

amount of about 12 mg). Compact fluorescent lamps have lower power consump-

tion than traditional fluorescent lamps, greater radiation stability, and they can be

produced in a variety of shapes and sizes, with reduction of diameter to 1 cm.

Supposedly, they have longer lifetimes if they are not switched on and off

repeatedly. However, they still contain mercury (2–6 mg) and since this element

has a high vapor pressure and it is toxic, the disposal of compact fluorescent lamps

also leads to contamination of the environment. Another disadvantage of their

use, in addition to higher cost, is that they do not give immediate high brightness.

A barium cathode at �1,200 K emits electrons, which produce a plasma in the

mixture of mercury and neon so that mercury emission occurs at the predominant

wavelengths 185 nm (12%) and 254 nm (85%). Each lanthanide ion emits a fairly

pure color and their summation gives white light. Typical phosphors which are

employed are (La,Ce)PO4:Tb
3+ and (Ce,Gd)MgB5O10:Tb

3+.

7.2 White Light

A method of white light illumination uses the electroluminescence of semiconduc-

tor light-emitting diodes (LEDs), either singly or by the combination of red, green,

and blue emitting diodes. However, white organic LEDs suffer from relatively short
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operational lifetimes [150]. Alternatively, the combination of a blue LED with

phosphor(s) can be employed, but due to initial cost, these have not yet penetrated

the general illumination market [151]. One such white light source is a blue GaN

laser diode encapsulated with a YAG:Ce3+ yellow-emitting phosphor coating. Due

to the absence of green light, the color rendering index is not good as for multiple

phosphors and the color changes with input power. An alternative coating for the

blue LED is the Ba3MgSi2O8:Eu
2+, Mn2+ phosphor [152].

With multiple phosphors, under ultraviolet excitation, the resulting color addi-

tion of red, green, and blue emissions in appropriate intensities produces white

light. The primary color emissions need to be controllable, and the device must be

efficient, cost-effective, and durable. One such method to produce white light uses

downconversion in core-shell materials. This was achieved by employing Y2O3:

Eu3+ core–LnPO4 (Ln ¼ Ce, Tb) shell micron-size particles [153]; by the use of

nanoparticles comprising LaF3 doped with Eu3+ as core; with Tb3+ as first shell;

with Tm3+ as second shell; and then with LaF3 passive coating [154]; or by core-

shell CaWO4 microspheres co-doped with Na+ and Ln3+ (Ln ¼ Tb, Sm, Dy, Eu)

[155]. The use of several lanthanide ions for white light generation can be avoided

if use is made of CT emission in conjunction with the emission of one lanthanide

ion. A rather expensive example of this is the sensitization of a Eu3+ in an

organometallic d–f complex with iridium to produce "almost" white light [156].

Alternatively, the substitution of a lanthanide ion at two sites with very different

crystal field strengths in a phosphor can produce blue and yellow emission. This

was exploited for the ED allowed 4f65d ! 4f7 transition of Eu2+ in Mg0.1Sr1.9SiO4:

Eu2+ where this ion occupies two different Sr2+ sites [157].

Upconversion, rather than downconversion, provides another method of white

light generation by lanthanide ions. In most cases, color addition of the emission

from several lanthanide ions has been utilized to give white light. As an alternative

to core-shell technology, ceramic materials provide an easier and cheaper option.

Transparent glass ceramic embedding b-YF3:Tm
3+, Er3+, Yb3+ nanocrystals has

been utilized to generate white light using 976 nm Ti:sapphire laser excitation

[158]. White light was also generated by upconversion using SiO2 and ZrO2 sol-gel

thin films doped with different combinations of lanthanide ions: Yb3+, Tm3+, Yb3+,

Eu3+ and Yb3+, Er3+ [159].

Current interest is centered upon the search for a single phosphor which can emit

white light by photoluminescence. It has been observed that under vacuum, pow-

ders of lanthanide oxides have broad emission bands which give a supralinear

power dependence [160]. Figure 17a shows the build-up of this emission for

Tm2O3 using various 808 nm laser diode powers. The intensity rise lasts for several

seconds and it is shorter for higher powers. The effect, over several orders of

magnitude, of pressure change upon the emission intensity of Tm2O3 is shown in

Fig. 17b. Figure 17c shows the color ranges for various oxide systems. White light

can be achieved using Tm2O3, and the color can be modified by co-doping. The

contributions of thermal and multiphoton processes to these upconversions are

under investigation [160].
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7.3 Quantum Cutting

The trend to more environmentally friendly lighting has led to research into other

forms of lighting, such as using light-emitting diodes and non-toxic discharge gases.

Xenon emits lines at 147 nm and 172 nm and with a continuum at the longer

wavelength region. Since the mercury discharge has a higher light output in terms of

lumens perwatt than the xenon discharge, and phosphors inmercury fluorescent lamps

are more than 90% efficient, the efficiency of phosphors in xenon lamps must exceed

100% to be competitive. Thus, Wegh et al. [161] suggested various quantum cutting

schemes, which employ between one to three ions (Fig. 18) where one ultraviolet

photon is transformed into two visible photons whose summation can (in principle)

produce white light. One ion (A) has a sufficiently high energy level (30,000–

50,000 cm�1). Scheme 1, which is shown with some simplifications, involves one

ion only which sequentially emits two visible photons, such as for 1S0 ! 1I6 and
3P0 ! 3F2, for Pr

3+. The trick is to match the complementary emission colors to

obtain white light, which is not the case for Pr3+. The system LiYF4:Gd
3+ exhibits

quantum cutting upon excitation into the 6GJ levels around 200 nm (see below), but an

efficient quantum cutter for white light based solely on Gd3+ is not possible [162].

Schemes 2–4 in Fig. 18 involve two ions. In Scheme 2, a cross-relaxation occurs from

the high energy level of A to excite the type B ion, B1. Then, energy transfer occurs

from the lower energy level of A to another B ion, B2. However, B1 and B2 emit the

same color. In Schemes 3 and 4, different colors can be emitted by ions A and B. A

variant of scheme 2was proposed byWegh et al., involving excitation of LiGdF4:Eu
3+

(0.5 at.%) at 202 nm into the 6GJ levels. The cross-relaxation of Gd
3+ from 6GJ to

6PJ
excites a neighbor Eu3+ to 5D0. Then, energy transfer from Gd3+ 6PJ can occur to an

excited state of Eu3+, followed by nonradiative relaxation to 5DJ levels from which

emission occurs. The problems with this scheme are the weak absorption of Gd3+

and the loss of energy by nonradiative processes.

The quantum cutter K2GdF5:Eu
3+, Pr3+ has a quantum efficiency of 138% under

210 nm excitation into the 4f5d band of Pr3+. The cross-relaxation:

1S0þ7F6!3PJþ5D3 (20)

Fig. 18 Various quantum cutting schemes. Ions A and B are lanthanide ions. B1, B2 represent two

B ions. Upward arrows represent excitation; dotted arrows represent cross-relaxation processes;

thick downward arrows represent emission (adapted from [161])
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enables energy transfer to the Eu3+ 5DJ levels, giving predominantly red emission.

However, in this system, the energy transfer from 3PJ to
5DJ is also able to feed

Eu3+ [163].

The 1S0 ! 3P1 +
1I6,

1D2 emission of Pr3+ is too high in energy to be a useful

component of white light. Energy transfer processes were investigated in PbWO4:

Pr3+ to convert this emission into visible light [164]. The cross-relaxation:

Pr 3þ 1S0
� �þWO4

2� GSð Þ ! Pr 3þ 1D2

� �þWO4
2� exc:ð Þ (21)

is then followed by relaxation of the excited tungstate ions:

Pr 3þ 3H4

� �þWO4
2� exc:ð Þ ! Pr 3þ 3P2;

1I6;�3P0
� �þWO4

2� GSð Þ (22)

where the dash indicates subsequent nonradiative decay. Thus, tungstate is an

effective catalyst to give emission in the region 490–650 nm from 3P0. This type

of scheme is a novel fifth alternative to quantum cutting (not depicted in Fig. 18).

A study of the factors which determine how much emission is forthcoming from

the second quantum cutting step (3P0,
1D2 ! 2S+1LJ) has been made by Vink

et al. [165].

The lanthanide ion Er3+ has many luminescent levels and rather than quantum

cutting, it is photon cascade downconversion that occurs upon high energy excita-

tion [166, 167].

7.4 Volatile Flat Panel Displays

7.4.1 Field emission displays

Volatile flat panel displays (VFPDs) include field emission displays (FEDs) which

have thin panels, wide viewing angle, quick response, high brightness and contrast

ratio, light mass, and low power consumption. By contrast to a cathode ray tube

(CRT), the single electron gun is replaced by individual nanoscopic electron guns,

situated at �1 mm from the phosphor in vacuum. FEDs operate at lower excitation

voltages (�5 kV) and higher current densities (10–100 mA cm�2) than CRTs.

Thus, the cathodoluminescent phosphors are required to have a high efficiency

at low voltage, high resistance to current saturation as well as chromaticity and

long-lasting properties. Thus, rare earth doped sesquioxide phosphors, which are

more stable and environmentally friendly than sulfide phosphors, have great poten-

tial for application in FEDs.

7.4.2 Organic Light-Emitting Diodes

Another type of VFPD is an organic light-emitting diode (OLED). In this case, no

external source is required since an emissive electroluminescent layer is printed in

Lanthanide Luminescence in Solids



rows and columns on a flat carrier. In order to achieve sharp, rather than broad

emission bands, the incorporation of a lanthanide ion with a p-conjugated ligand

such as the b-diketonato ligand has been employed as the emitter [168]. Sensitiza-

tion of Ln3+ (with most attention being directed to Eu3+ and Tb3+) occurs via the

ligand triplet state. In fact, the combination of these two lanthanide ions in a

binuclear complex has generated white light in a triple-layer OLED [169]. More

recently, white electroluminescence has been obtained from a single europium

complex, where the ligand emits a broad band at �500 nm and the 5D0 ! 7F2
Eu3+ emission is intense at �610 nm [170].

7.4.3 Plasma Display Panels

A plasma display panel (PDP) is another type of VFPD which is common to large-

area television screens. These slim devices produce more accurate color reproduc-

tion than liquid crystal displays. In a PDP, a mixture of noble gases (90% Ne, 10%

Xe or 69% He, 27% Ne, 4% Xe) under a pressure of 350–600 torr is contained in

many cells between glass screens. Each pixel comprises three elementary discharge

cells, one for each primary color. The phosphors, coated on glass, are excited by

radiation emitted by the noble gas discharge. Certainly, the phosphors employed in

xenon lamps require more stringent thermal properties so that high-band gap

materials with strong covalent linkages such as P-O, B-O, Si-O, and Al-O are

employed. For example, although BAM shows efficient blue emission under VUV

excitation, it has a strong thermal degradation. Red phosphors (Y,Gd)BO3:Eu
3+ are

commercialized and have been compared to the other commercial red phosphors

Y2O3:Eu
3+ and Y(V,P)O4:Eu

3+ by Jüstel et al. [171], specifically for their response

to photonic excitation in the VUV range, with in view their application in PDPs.

Green phosphors (Y,Gd)BO3:Tb
3+ have also been considered for PDP applications.

It is advantageous to improve the efficacy of the phosphor mixture in a condition

which is as near as possible to that of the application. “The plasma set-up” was

developed to enable the determination of the relative intensities of emission of

phosphors under the appropriate final PDP application conditions [172]. In this

equipment, a hermetically sealed chamber is filled with a gas mixture under a

certain pressure Fig. 19a. Parallel and planar electrodes, at an adjustable distance,

allow the initiation of a discharge in the gas mixture. The emitted VUV photons

excite the phosphor sample and the luminescence spectrum can then be acquired

and recorded using a monochromator and detector. Variable pressures between 50

and 170 torr can be employed. At low pressure, the VUV photons are emitted by the

resonance states of xenon (147 nm), but with increase of pressure the first contin-

uum (150 nm) and second continuum (173 nm) increase in intensity too. Figure 19b

shows a typical emission spectrum of YBO3:Eu
3+ obtained with this set-up and the

comparison of integrated emission intensities of Y2O3, YBO3, and Y1-xGdxBO3

doped with 5 at.% Eu3+ in the 470–750 nm spectral region is displayed in Fig. 19c.

It is evident that the sesquioxide has similar emission intensity to the borates at low

gas pressures, but is superior at high pressure.
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7.5 Scintillators

Lanthanide ions also find application in high energy radiation detectors such as

scintillators. A higher energy application of rare earth doped inorganic crystals is

g-ray detection, with applications in measurement systems and medical diagnostic

imaging. Optimum scintillator requirements involve fast response (10–100 ns),

high light yield, proportional response, and high density and high atomic number.

Naturally, the scintillator emission, which is excited by g-rays, must match the

wavelength response of the detection system (a photomultiplier tube or silicon

diode). The fast 5d ! 4f emission of Ce3+ (with lifetime in the range from 10–70 ns)

makes it an ideal candidate for incorporation in appropriate hosts for such applica-

tions. The preference has been for halide hosts, such as LuI3:Ce
3+, with a light yield

of 95,000 photons per MeV [173], and for Ce3+ doped into elpasolite hosts such as

Cs2LiYBr6 [174].

8 Emission from High-Lying Energy 4f N Levels

Photon cascade occurs in neat Gd3+ compounds, such as GdBaB9O16 under 202 nm

excitation [175]. Emission occurs from 6GJ (near 50,000 cm�1) to 6IJ and
6PJ,

giving infrared and red radiation, respectively. This is followed by nonradiative

decay to the lowest excited 4f7 term, 6PJ, from which ultraviolet emission occurs to

the electronic ground state 8S7/2. It was concluded, however, that although quantum

cutting occurs for several lanthanide ions, the efficiency in the useful visible

spectral region is not above 100% for excitation at < 50,000 cm�1 [176]. In con-

junction with the easier access to synchrotron radiation, this prompted the investi-

gation of emission from even higher 4fN energy levels in suitable high-band gap

hosts. In the case of Er3+ in fluoride hosts, emission was observed from 2F(2)5/2
(�63,300 cm�1) by using synchrotron excitation [176]. In LaF3:Er

3+, this level is

located just below the lowest 4f105d state, but in LiYF4:Er
3+, it lies in-between the

two lowest d-electron states. In the latter case, the slow nonradiative relaxation

from 2F(2)5/2 was attributed to its spin-forbidden nature.

A glance at Fig. 2 in [22] shows that for many Ln3+ the gaps between energy

levels get narrower at higher energies, and (not shown) the overlap of 4fN and

4fN�15d levels occurs. Therefore, a careful optimization of the host lattice is

required in some cases to achieve intraconfigurational luminescence. The highest

4f2 multiplet term of Pr3+ is 1S0 and this can be situated above or below the 4f15d1

energy levels. A high coordination number of Pr3+ results in a weak crystal field

so that the 4f5d level is at high energy. In the latter case, such as for SrAl12O19:

Pr3+, emission from 1S0 can be observed at below 46,500 cm�1 [177]. By using

high pressure to increase the crystal field experienced by Pr3+ in the YAG host

lattice, the 4f5d ! 4f2 emission was shifted to lower energy, linearly with

pressure [178].
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9 Solar Energy Conversion

Silicon solar cells suffer from about 50% losses because the solar spectrum does not

match well with silicon absorption. Photons with wavelengths longer than the band

gap (for multicrystalline silicon, mSi, Eg = 1.1 eV) are wasted, whereas shorter

wavelengths are absorbed but the excess energy is lost due to thermalization of the

electrons. The optimum wavelength for absorption is 1,100 nm. Effort has therefore

been directed to tailor incident radiation upon the cell by using a front panel so that

the optimum response is achieved. It therefore entails that both upconversion and

downconversion processes are required to be applied to modify the energies of

incident photons.

Several quantum cutting regimes have been utilized with most of them involving

Gd3+ and Pr3+ since these ions have high energy levels from which the initial

photon is released. However, these levels lie too high for effective absorption of

solar energy. The emission from Yb3+ is just above the band gap of crystalline Si.

Hence, the downconversion in which one blue photon (�483 nm) is absorbed by

Tb3+ and used to sensitize two Yb3+ ions for 2F5/2 ! 2F7/2 emission near 1 mm has

been investigated [179]. Three types of downconversion mechanism: cooperative,

accretive, and phonon-assisted were considered in a Monte Carlo simulation, and

the first one was considered to be dominant. A further mechanism which involves

the CT state Yb2+-Tb4+ was also suggested by Yuan et al. [180]. The ultraviolet–

near infrared downconversion couple Er3+–Yb3+ was found to be inefficient in

NaYF4:Er
3+, Yb3+ [181] because fast nonradiative decay occurs from the Er3+

4F7/2 level to
4S3/2, instead of the energy transfer:

Er3þ 4F7=2
� �þ Yb3þ 4I15=2

� � ! Er3þ 4I11=2
� �þ Yb3þ 2F5=2

� �
(23)

Mechanisms to utilize the “wasted” infrared radiation at wavelengths longer

than the band gap have also been considered and mainly involve upconversion from

the Er3+ 4I13/2 level, as mentioned above for NaYF4:Er
3+.

10 Luminescence of Lanthanide Nanomaterials

Interest has been generated in the luminescence processes of nanomaterials, partic-

ularly for biolabels and high-definition imaging. The morphology of particles can

be tailored into various shapes and protective shells can be superimposed. Since this

field has been extensively reviewed recently [182–184], brief comments are given

here for only four topics.

First, the change in spontaneous emission lifetime with refractive index of the

surrounding medium has been modeled by several theories as well as being

investigated by experimental work, which ideally requires the measurement of

emission lifetimes over a wide range of refractive index without other changes in
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the system [183]. A summary of the theories has been given by Duan and Reid

[185], and the basic problem is that the local microscopic electric field at the

position of the luminescent ion differs from the macroscopic field. These theories

apply to ED allowed transitions and are not appropriate for 4fN–4fN transitions,

although they have been applied to the forced dipole luminescence of Eu3+ in

various media. It has more recently been pointed out that since the linear sizes of

nanoparticles are considerably smaller than light wavelengths, the expression for

the rate of spontaneous emission (Anano) also needs to be modified from the bulk

expression (Abulk) [186, 187]. It turns out that the ratio Anano/Abulk can be estimated

without recourse to a specific local-field model.

The Yb3+, Er3+ co-doped systems are the most well-studied upconversion sys-

tems, particularly in Y2O3 and b-NaYF4 crystals, to give red, green, and violet

emission. The relative intensities of these emissions depend upon several factors,

including temperature and dopant ion concentration [188]. Recently, the intensity

ratio of green to red emission (G/R) was reported to increase with decreasing particle

size of single nanocrystals, using moderate laser powers [189]. In other studies

[190], the red emission was enhanced relative to green for smaller nanoparticles.

This is expected from the much smaller energy gap below 4S3/2 compared with that

below 4F9/2 and the faster nonradiative decay from
2H11/2,

4S3/2 due to the occurrence

of more surface imperfections, such as dangling OH2 bonds in very small particles.

Hence, the former result [189] was surprising. It does, however, show the difficulties

and problems in severe chromatic aberration when interfacing an AFM with a laser

spectrometer, because it appears that this gives the apparent reduction in red light

intensity, relative to green light. This conclusion may be inferred from the different

intensity–power dependence of red and green emission. Both the red and green

upconversions mostly correspond to two-photon processes, and the laser powers

employed [189] were not sufficiently high as to give anomalous slopes differing

markedly from 2 [191]. However, as deduced from Fig. 3a of [189], the slope of

the log(Iem) versus log(Plas) plot is 1.8 for green emission and 0.5 for red.

Quantum confinement exhibits novel spectroscopic effects in semiconductors

and quantum dots, where the carriers are pinched into a dimension smaller than the

Bohr exciton radius. As Zych has pointed out [192], the situation is different in

insulators where electronic states are strongly localized. Nevertheless, there have

been reports in the literature of quantum confinement effects of Ln3+ doped into

sesquioxides, as evidenced by excitation or emission spectra. The spectroscopic

effects are very minor so that other causes due to impurities, phase changes, or

physical effects such as scattering, certainly play an important role. In particular,

combustion syntheses produce variable spectroscopic results, particularly when

non-stoichiometric ratios are employed [193]. Zych has ruled out quantum confine-

ment effects for insulators doped with lanthanide ions, at least down to 6 nm.

Another anomalous effect which has been investigated and reported for lantha-

nide ions is the persistence of hot bands in spectra at very low temperatures. This

anomalous thermalization results from the inability of nonradiative relaxation to

occur for an energy level because the mechanism is restricted to the direct (one

phonon) process and the phonon energy is too large for very small particle size.
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Although this effect clearly occurs for small energy level gaps of 10–20 cm�1

[194], suggestions that it also occurs for gaps of 100s of cm�1 are to be questioned.

In these cases, particularly for nanotubes, the actual temperature of the system may

deviate considerably from that of a sensor, or bulk material, due to the very poor

thermal conductivity. The slow nonradiative relaxation rate between J ¼ 1 and

J ¼ 0 levels also appears to play a role [195], and it would be instructive to

investigate other systems without this restriction and with single Ln3+ sites.
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photoconductivity induced by laser pulses in rare-earth-doped dielectric crystals. Phys Rev B

69:165217-1–165217-13
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