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magnetic semiconductors, DMS) )il & W PRI HL
YRR ARz BIBIEFT, (HR RGP B AT 5T
b AERZHRRLE S, SR S Tk
VERNBIRE -, ORI, BT Bk B 1 A0 27 1 Joi 1)
RV BRI HE L 2H 53 LA SCAAE 25 46 1 A 5] T
R, B —Sk R, BT BRI P
BT I 5 Z AR T A R RS TR
SR EMAE T ARS8 E, MIEZ 3w
PR B e A Sia 1 o B mT 45 5 SR W S AR
RIGAE, WO I 52 W0 56 22 PR 5 1) 3T 47 O R
LG

I3 5 R I BT G AL (exciton magnetic
polaron, EMP) ##{E & il I & 8 5 T3 &M E T
R, BRLES RS TR S & T AU BRI
THEA R EMP ) 5 sl & 7 PR 10 15
WHRAT NASE]. EMP (181 BRIV Ge 38 3 BUK
[ %€ 2 BEZY (Zeeman splitting) ). &7 &AL 8
Rl 1O1 RV T RO A R TR OB . I SR T
MBI IR R B T RIRE R N, BT R B
e -HUER SR AT -AEmASHEER T &£ 55
B AU IR OGEIR B, A 2 FE R A S it 5
R, AE0E R TR S AR ELAE A 18,

FEIX L T pifA R, e - H e & A AR
FH I8 R A AE A [R] B 1 i B0 A i 3 B0 KR
RS =81 AT S g B B2 B BT R
SRR SR, 5 R B Mg s A T
MG 2EAT 9, JUH 2 Tovk = A B KRR & A A
T 1) v BT, BT ORI U, ME T AR
s MR B LT TV AR BLAE AN 5 B e A B
TEFH &R 4, M0 78385 7 747 N &
XTYERER T2 T LR R, 1HOLH BANE, 95 E 5
SR 2 1) Kavokin #03% O B R R W, th)
il J2 R 2 A 5 A R R R B A R P R S T
EMP ] DA S0 KRR 5 Ak B B e R4 1 i
THERAS, R AT R T HUZX A S AR T HL 3 2 3
Pk /1. Einstein 25 10) 54 8 b 3 Fl 8 f b 45 4 78
SEIEI T AFAE ZYERL T BESR AR R, X R IWIAE(R
Y S5 R ] e FE AR EMP KRR A 1%, FFIE O
WM TEERE T (excitonic condensate). 73 H15E
WM e e S AEREE S M S e A T 5
TR 3 B A 7, T AR B 27 R 27 i 7 (1) AR 4k
A DL i tH AR AR EMP 80l Bk 2R AS B T8 BORTE R
ARHE M A7 B ROk A e b5 W TR
IS, A4, T 75 L0t 50 LA BRI 25 1) 1
iKY, MARZ. &M, R4 tA R b A

— e s E] R, TSR G X, T 5T
R AR SR T AR AR S RO AT N . i
A, FEAN IR 21 BRIUA & T Rt B e Ak 31 1)
WFFTAE o3 b .

I-VIjE2E 54K (W1 Zn0, CdS, CdSe%%) HAg
KN B R, BRI T 4G5, B
I B GNK G K 25 T i) o%, H MR G 3 4k 5 M) R AIE
B, LG TR R R B AR A T R
JiE 15128 e DL B AR A Il A, AT S =
%7 RIS EEE S TR E I-VIRIUK
WGREAGIARAT, FERTIX LL4B I oK 454 (1 K AR
B -BREAHEAEN . BIE-3 RS T L
B RIAT MR AT TR

N TSR S T BRI SRR S
F, AR AL 22 S AT (chemical vapor depo-
sition, CVD) F Al & TI-VI i ¥ SR gl K 28 5 4h
Katr, HId 48 & T S L R AT ok, 55
E—E PR, TR SRR AR s AR A K
TJE, — oo B I I 4 B B T AR BHA A K
I AR H BEAE AE BEAR A% N R BT TR il U 42 R
B g 101 KR B 2k Ik R P T oK 4
a1, R I 5 B 5 A T B AR A T R AR
SR, SAHB R AN ERNERE, A SEESs
A5 dit A T 2 [E) 23 AT AN [F] B B - 1B 8K B, 38T Rg S|
N JRERERRG. B T45r 45 R AT R AR
oA Fr A, WOWAH BAE R AN i R R AN
WF AR, SAE & BRIk g iR K
5 B8 A e P R ) s e A G FOWE B 494 0K 25
ETAT R, EAMET . 9K RE Rt
PRINBE AR 6 % T8 4 1 B SRR I I A AN [/ BOR &
(R IONLAE ELAE PR 20, S I Bl ARe 5 8 X
MITERE. AL T s X R ek — e 4
BT B4 -V R SR an g v 47
NI EE R, T B Fngs S350k 5 A J A ) sk
IS FNHS TAE.

2 Mn*" B 2RMHFHKL

AL R i EE M ILVI R Sk —, Eik
BEGOR 2R B AR & T FE S ek 7). B
Mn?* 5 4% ZnO KL 7E I K 355 nm [ €D
FEWOR T A F R TR IX R 4
WOR 6 Th ARG, ] LUE B9 K 28 R ok ok
£ 3.305 eV fl13.168 eV B AR IEIE, — Mk
BT H HE T ROEE A(3.305eV), 73—l
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Fig. 1. (a), (b) Excitation energy dependent PL emission of Mn doped ZnO; (¢) FWHM vs. excitation energy;

(d), (e) PL profile with different excitation energy, 3.5 pJ and 4 pJ, respectively.

RIGUEB (3.168 eV). 1X AN K LG U 1) e & 2 2
137 meV, T T HAIa - 5 Ay AR REE,
BRI B Sk B T AT DS CRA 7). W
WOR G D Z BN, KOG B i) 5 4E 2 v 4 T,
{H & B BT ROG IR ISR — TR AR AR /), 4R
JEAE0.3—3 p/pulse IB#T AL AT F
3.5 pJ/pulse I, KOGIE AT K, TR GIE B 3 E
W0 HL 0 58 B AR A RAE U I R R B L
BT RBEIE RS 50 em ™, IX AT A8 55 MR B Th R
T IR 7 RV 78 RN A O 1)) IR B X R —

P HE R RN T AN 2 R0 1 RN, o
S PEIA R 4.0 pJ/pulse I, SR K O UG 2 g B8 5T 7
(3 meV), IX & AH K HRFE. 2 D Ze 4k 2 48 n
HEIE 7.5 wJ /pulse B, 75 & HUELLFE T [a) H B) e
P49 10.5 meV R I, XA B ISR IFEA 2R IE
R, EAH PR, BEEDFRE BN, B
RACUE S BB 2L, T B & 4K 4R [ B T R
ST OARAL T, AT A BRI RO I A
5] T ZnO 94K 25 14 v AR 5 () SR 8T i 25 T8
L T2 7S B TR (electron hole plasma, EHP)
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AR R HL 2 A B A R R AT -3 B i A
3 1] (Fabry-Pérot mode, FP) #H{LL, X TC 4 H
AP TWHEENBIR T2 5 1 U .
DR UG 3R AN A B AR AS, L AR IR B2 45 Ak i B I
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Fig. 2. (a), (b), (c) PL spectra of Mn doped ZnO with different doping concentration; (d) Raman spectrum of pure

ZnO single nanowire; (e) Raman spectrum of Mn doped ZnO single nanowire.
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w0 R T ORERMCT IRRE, AR 7= A T 2 AN
TSR AR B BOR T R T, 5 i
THIME, FECROGIE % RAL.
LYK L M2t B4R FEARMCI, KOt A
BE & AP K IR Ot D) 2 1R BG 0T T Ok, X
AR R T 5 LO A1 LUK Mo & 1 B IR A
HICHURAE L. T ZnO B H B RSOR &
65 HORI B 45 G R T EU Jod A
THREA K. BBEROCTFEEACN, AR E
FAVEMEE N R ICAT N, B Ak 2 B 108
T - T RE A EAE R, AR AR B TR A
1, FEUOCHIE FHLI SR, KOGEBKE T
R MBT 5 TR A U821 g A B P 58T
Ma OWAE THRAET ), X& PR TA, 7T
DL It 5] NP B AR BT R R 4%, 40 Mn? T #5344 ZnO
PR IWEANTHHE g K 2 (d) FE 2 (e) Fm]
DUE H, BT Mn?T 328, $8A, LO B T HRahE
I 58, B IR REME AT ROH SR B R 9K 2 ¢ il i) |
T-AETHEG, BRI A X (WE2(). $
AR B F38 2 T BRI AR A Mn B8k EOCER, #E— 2
ORI 2 24, B (UL 2 (e) ), "ERUA T IR
U, WRLR LO A TR ¢ Mtib i s 17 £ &
T AT ECAT . IR W, SRR A S SRS )
Bz 7 —ik, tatix B EMP A5 9hn
D6 T IIRAL RSy, T SRR 1 0 B 2 A o
FEHXFEMEE R, A ES R I1E REe
MR AR A PO |1 Reei R AN LO A
THREA B BRI 2 AR B, TXLLO 5 1 #E 1
BT BRE R ARV BT T S L 4R A R
() 5 A I R E R AR M B R YR A -
TAEG 28 o eI 7 A AN EANE R D, Bk
2 L BB T B P B A A XM R
HMINAE 0 858 K B 2R MG A 1 Mn B 1 % 5l
. X0 E AL AN g E R a4 TR I A R
NG, Al T — 4RSS K TR BRI ) Ay TR
b, S 7RAR2LO A TR, BT AT
H g BBt T, IS REWAE T 5
— MR TREEMANE TSN TS, SRE
—PMEHHBETSPALO AT A EE—k, W
WA T4 TN 1E, J5 B RAE — DI FRBURIKR FE
™ (4 pJ/em?) EAEA A B AR AT %
MR S AT 75 2939 (Bose-Einstein condensation,
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T JosE, X B E BT A R O A WOR R G

/LG, A T4 @R 75 1 ) A A R
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FHF Aq B0 210 75 F R Re B8 i Bh B i 1 2R
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I SO E R .
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Fig. 3. (a) The electronic states and optical processes of Mn doped ZnO nanowires; (b) the dependence of peak

positions of the photo-luminescence from free exciton and 2LO phonon-assisted complex on the excitation energy

corresponding to the carrier density; (c¢) diagram of exciton and bipolaronic exciton formation and condensation

process with rising laser fluence.
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Fig. 4. Decay time of photoluminescence with various excitation energies: (a) Free exciton; (b) complex with 2LO

phonon.
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®1 o FOLE AT B BEBCO D R AR R HF b

Table 1. Decay time for the two bands under different excitation energies.

Type/laser power 0.35 uJ 0.55 uJ 0.75 uJ 0.9 uJ 1.5 uJ 2.5 uJ
t1 133,67% 124,69% 110, 68% 80, 74% 32, 67% —
Free exciton (ps)
to  898,33%  756,31% 706, 32% 318, 26% 192, 33% —
t1  155,63% 128, 67% 103, 66% 35, 69% 31, 74% 26, 89%
2L0O-assisited exciton

to  1.36,37% 797,34%  731,33% 179,31% 142,26% 108, 11%

I, SRR, B AT, 1 H Mo (3 ), R AR R A IR 2 B2 R AR

AN, TR TSR, 1XF 5 5800 GIEEREHFRZR YT FE RN

T oXHPERE = AR KR . (HR R 35 A R I
AR/, SRS 2% 1) ZnO Gk 5/ R HEA A
WA, U E AT 2 B RS LT A . TR
B — e AL EE R B RS 2 R vEiN, sl
Mo, SESWTMATN. —BE RS2 E PR
FEHr 2 6l s LSS I FE A, X2 tH R A ECE
Fe 5 NIE R B, R ZR I A 1
2LO FF—H#T 1LO F ¥, i HiB4 Mn &+
J& 2LO 7 F U o o FL 3R Mn 5 1 R R 2
BREGRN G 190 T B 5 R T RIRRE. (H M ANE 2
U AR Mn B 7 [0 R AR (02 SRR HE R & (k15 2t
FLEAAR), HoS T2 a4k, XN B
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201

1.0}
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Fig. 5. Time-delayed photoluminescence of Mn doped ZnO nanowire under a laser pulse at 355 nm (duration

2 ns) from third harmonic of a Nd:YAG laser with the pumping energy 3.5 mJ.
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Fig. 6. (a) PL spectra of the obtained pure CdS and Mn?*-doped CdS belt at 300 K; (b) PL lifetime decay

plots for the band-edge emission along with Mn?t related emissions at room temperature in a Mn-doped

CdS single belt.
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Fig. 7. (a) PL emission spectra of Mn doped CdS NWs formed with different Mn precursor concentrations;
(b) PL decay of CdS NWs and Mn doped CdS NWs excited at 365 nm.
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Fig. 8. (a) PL emission of Mn doped CdS excited by a cw laser with wavelength of 532 nm; (b) location

geometries of Mn(II) ions correspond to the LEMP peaks; (c) energy levels of LEMPs in Mn(II) ion clusters

in Mn-doped CdS microwires.
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Fig. 9. (a) Emission spectra of one CdS: Mn belt; (b) unit cell of CdS:Mn; (c), (d) spatial electronic density

distribution of Mn-S-Mn clusters in a CdS lattice in the ground and excited states, respectively.
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Fig. 10. (a), (b) Low- and high-magnification SEM images of as prepared Co doped CdS NBs; (c)—(f) EDS
mapping of Co doped CdS; (g)—(i) XPS, XRD and Raman spectrum of Co doped CdS NBs.
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Fig. 11. The PL spectra of CdS: Co nanowire of 0.89% (a) and 1.96% (b).
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Fig. 13. PL lifetime decay plots for Co doped CdS nanobelts upon excitation by a pulse laser 405 nm at

Aem = 511.7 nm (a) and 620.5 nm (b), respectively.
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Fig. 17. Formation of collective magnetic polarons and

the onset of bosonic lasing in Co doped CdS nanobelts.
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Abstract

Spin is an intrinsic nature of the angular momentum of elementary particle like electron and photon. Currently the
collective spin behaviors of the multi-electrons in condensed matter, such as GMR, CMR and topological insulator which
are the behaviors of ground state, have been a research focus in the condensed matter physics, due to the fact that the
collective spin is related to electronic transports. Exciton is another type of bosonic quasiparticle, an excited state of
electronhole pair in solid, which has a short lifetime and can recombine to emit light. Whether excitons can also exhibit
the spin-polarized dominance before they recombine, has not been understood yet. It is proposed that excitons form
condensate by themselves or light binding. Can coupled spins conduce to the formation of the exciton condensate in
solid? Excitonic magnetic polaron (EMP) is the composite exciton of ferromagnetically coupled spins and free excitons
in magnetic semiconductors, which may lead to ferromagnetic Bose-Einstein condensate (BEC) due to the binding of
collective spins in a microstructure, like the photon binding excitons (exciton polaritons) in an optical cavity However,
this subject has not been a research focus yet. Here in this paper, we review the progress of the EMP formation, its
dynamic behaviors and spin polarized collective EMP emission and lasing in II-VI dilute magnetic semiconductor micro-
structures in our group Besides, we also present some expectations for the applications or advances in the quantum
phenomena such as spin-related emission and lasing, spin induced BEC, photon induced magnetism and Hall effect, etc.

Even more achievements of EMP could be expected in the future.

Keywords: exciton, excitonic magnetic polaron, luminescence, Bosonic lasing
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