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Abstract: Radialive transitions are quantum-slate transitions in matter quantum systems (such as atoms, ions,
and molecules) caused by their interaction with the electromagnetic field, and accompanied by the emission or ab-
sorption of photons. Their theoretical description involves physical theories including quantum mechanics and quan-
tum electrodynamics, as well as mathematical tools such as spherical tensors and group theory. Focusing on radiative
transitions of doped ions in solids, this paper summarizes earlier related theories and aims to concisely introduce fun-
damental theories and mathematical expressions while maintaining rigor, and to clearly describe the underlying physi-
cal pictures and mechanisms. The topics covered include atomic quantum states, the quantized electromagnetic
field, multipole radiative transitions and selection rules, stimulated absorption, stimulated emission and spontane-
ous emission, transition probability and excited-state lifetimes. The article also discusses f - f and 4f - 5d transitions
of rare-earth ions and d - d transitions of transition-metal ions, involving Judd - Ofelt theory, crystal-field theory,
electron — vibration coupling, and the Dorenbos model, as well as statistical analysis, machine learning, and first-
principles methods. This work may provide a theoretical reference for the study of rare-earth- and transition-metal-

doped luminescent materials.
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Diagrams of d electron orbitals. Top: Complex spherical harmonic orbital representations. Different colors indicate differ-

ent phases of the wave function upon rotation around the Z-axis, and the rate of phase variation corresponds to the m num-

ber. Bottom: The five real d orbitals.

BRI h R B T 38 S x = m rm, =20
A e 1 o i 5 80E f sh i SR ECR AN (B A7E
w1 AR E T AR sl W R AR R AR Bl AR AL
KZ AR s AEBEY g — R A R
W BB sl R R IR T HL e A [ iz B, J e
A Bl W T AR SN [ i

TE LR 40 F A b A v SR IO 8 AR A AN
A 50 B RO R TR B RS A T T BR 1
(R B, 038 5 AR 7 1) Ak 22 B 1) A A T T 2
(] 9 LA S R ARG o 2, KL, 7fEfb2e 5 5
37 B T, SR FH B2 BRI bR 8RO BN X T
FELm R —m 025 HA M E a8 &, R 2 @ I
M. FEf I Fas b g, al DT & v B — 41 1F 32 3
Ko H¥ Y5y b iTiE MEEA G, 5T L e
248 BOE 2L e F Ak Ry 52 R BUE K cos md F
sinmdo BN, X F dBUE 1= 2,552 B3R R 5L
Y Gt A, S S A dBE (K1

T d. R R i By B 5 00 DL
77 S T oy S 0 7 16 D O o,

O3 L F ez yz T

S BRI PRVEC LRI a2 O 1) BOH I A O e
6] 38 il R UIE B | SR 37 5T LA SR O R
P S BRI R B T AR Sl G P A B, 9 9
(14 2 20 8 2 P JB LA B L, B A AL , T A 7S TR]
6], L2 5 L) 36 (R ASAE o 8, PR T 8 3 1 4

W \Zeeman 4354 AR R A LK 54 LI K2 e
FoRm BA BRI R SRR PR R A A
L2 B AE R, IR TR L RO ARE pR B Bl p,
il p, WA B2 B m AL, T m == 10BN, A
I, S BRI R B 5 5 RS RO [R] — (R TS )
i T A RS [ R, 1T AR AR T 2
6] 7 16, I 5 388 LI o ke 0 7 B e 5

16 B2 JECF LT RIS i S
IR T ER TR ECY iz g
ih, 27 e — AN R, % RE S S T A R
AHEAEH S A E— A X B LR s
AP A TR (PR ), SP A B S A B
j= 0o TR M TAEE SRR N nlim, ),
R R B TR, m, R B BT 2 R

L%ﬁ%OHT$%¥Jﬂ?F;ﬁ%%H§J=

Lb = =M= OB R = 2 Ok
A n L3 T LA 2 SRR R 9
TREGL X T 4 0, JCB B BT M m, (K
m,==j,—j + Loy — 1j, 362/ + 148 (18 2 e
7R ) R ST A1 4 0 S U
5 | mdim, ) 5 BIRSRLT LS A4 % G R LS HL 42
G, I — e 25 2 R T 4L 0 3
I, P 0 R £ 2 A LI R

n,l,m,m6>



4 -

¥R

1 j 2j+1
2 52 6

3d o A e = 2 3
i
1
0

32
172
12

SN

e e o o — | 32 4

2p i u 112
8 - 0 12 2
1s

* * 0 12 2

K2 BT E-P0E RS s Al
Fig.2 Energy level diagram of single-electron spin-orbit cou-
pling
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components.
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Fig.5 Electric-dipole transitions: photon-driven s—p transitions. Top: Right-handed circularly polarized light with helicity state

o=+1 drives the transition with Am =+1; Middle: z-linearly polarized light drives the transition with Am = 0; Bottom:

Left-handed circularly polarized light with helicity state =-1 drives the transition with Am =-1. Different colors repre-

sent different phases of the wave function upon rotation around the quantization z-axis. -polarized light can be regarded

as an axial driving field applied to the electron cloud along the quantization axis, whereas o*-polarized light acts as a

transverse driving field with a definite sense of rotation around the axis.
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Bottom : Splitting diagram in an ideal polyhedral crystal field"'”’,
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Fig.8 Configuration coordinate diagram and luminescent

transition processes. Blue arrows indicate absorption/
excitation transitions; red arrows indicate emission
transitions; black arrows indicate transitions with
negligible probability. E, represents the absorption
energy, E., the emission energy, and ZPL the zero-

phonon-line energy.
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