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Thermoelectrics
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Electron-Phonon Coupling
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Multiphonon process

Raman Shift (cm™)
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Hotluminesence
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High-order Scattering
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High-Order Scattering in STE
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High-Order Scattering in STE
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The multiple exciton states in transition metal

+* Dark exciton

]

Enermy (eV)

u0319xa Yy3uq

Energy (eV)

Steven G. Louie, et al, PRL, 2013 QH Tan/J Zhang, 2D Mater, 2017
» Strong light-matter interaction in transition metal dichalcogenides (TMDs).
» Dark exciton

» Optical and Optoelectronics properties are dominated by exciton, phonon and exciton-phonon coupling.



Observation of dark exciton in bilayer WS,

¢ Spin-forbidden dark exciton (D1)
and momentum-forbidden dark
exciton (D2).

¢ Reflection spectra % PL spectra

Intensity
Intensity

0.35

200 208 216 196 203 210
Energy (eV) Energy (eV)

» By using high numerical apertures (NA) objective, the dark A exciton is observed with PL spectra.

QH Tan#/YM Li#/PH Tan*/J Zhang* Nat. Commun., 2023



Parity , Dark Exciton , Forbidden Phonon
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Parity , Dark Exciton , Forbidden Phonon
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Quantum interference between dark
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+» Experimental results ¢ Fano resonance
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Quantum interference between

+»» Experimental results
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+* Quantum Interference between shear

phonon and dark exciton in K valley
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Breakdown of Raman Select Rule
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Breakdown of Raman Select Rule

+* 488 nm excitation close to C exciton
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¢ 633 nm excitation (close to dark A exciton)

QH Tan/J. Zhang™, et al., Nano Research (2021)
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Heating and cooling of local and quasilocal vibrations by a NouIng 36 Dhoumm 1) PHYSICAL REVIEW LETTERS 28 AmiL 1986
ho ance field Light-Pressure Cooling of a Crystal
M. I. Dykman ¢
< " SR - Sk Juha Javanainen
o 7 of Af the p 218, Kin Max-Plenck-lasting fiir Quaniwenopiik, D-8046 Garcking, Federal Repubiic of Germany

(Received 10 Juscary 1986)

(Subawitred January 25, 1976)

Faz. Tverd, Tela (Lemingrad) 29, 22642272 (Aupast 1976) We investigate laser cooling of phonons in a low-density crystal of ions. If the linewidth of the
- 2 . 2 s optical transition covers the range of phanon lrequences. the rate of decrease of mechanical energy

Tise dysamics of an anharmanic oscillator interacting with phonoes in & noaresoaant quasimonochromatic per ane ion in the crysaal is found to be essentially the same as in an (deal gas of two-level systems,

field is stodied, The fleld-Induced decay effects alter considerably the effective vecillator temperuture. bul the cooling is concentrated on a subset of the phonon modes. A broad phonon spectrum tends

Whmn induced decay correaponds to simultaneous excitation of the oscillsor and cresticm of & phooon, 10 counteract the cooling.
nnnnn #ffact noemre far etrane nemomine. ia the mcdlbiee snerov incresses exnomentially with time.
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Exciton Optomechanics
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Exciton Optomechanics
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Control of Phonon State
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DAP Quantum Emitters in hBN
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DAP Quantum Emitters in Moire Hererobilayer
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single photon-phonon coupling in hBN
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ASPL & Laser Cooling

Tf Alomic resonance
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Repeat the cycle v AE . kBT kBT
Proposed in 1975 by Wineland, Dehmelt et al.; - Y
realized in 1978 by Wineland, Drullinger, and Walls A
SRR AR T KRG NU/RTER
1989: N. F. Ramsey, H. G. Dehmelt, W. Paul
R, &M,
1997: S. Chu, C. C.Tannoudji, W. D. Phillips.
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2001: E. A. Cornell, W. Ketterle and C. E.
Wieman P. Pringsheim, Z. Phys. A 57,
f}i@—ﬁ,ﬂ)ﬂﬂ/ﬁg& 739-746, (1929).
2012: S. Haroche and D. J. Wineland Note: In 1957, C. H. Townes and A. L.

i/l\%%%éﬁ El"] ;ﬂ“%%ﬂﬁ%*?ﬁ Schawlow invented laser at Bell Labs


http://en.wikipedia.org/wiki/Charles_Hard_Townes
http://en.wikipedia.org/wiki/Arthur_Leonard_Schawlow
http://en.wikipedia.org/wiki/Bell_Labs

ASPL & Laser Coolinc

» Laser cooling of solids was proposed by Pringsheim in 1929, more than 30 years
before the invention of laser.

The principle of laser cooling is based on the upconversion luminescence: V<V

Thermodynamics

|
OUTPUT FLUORESCENCE

(to thermally isolated absorber)

Peter Pringsheim
LOW-ENTROPY PUMP OPTICAL I |
O oo ooty — COOLER ﬁ

INPUT HEAT
(from load and
cooling sample)

S. Vaviloy, J. Phys. 9, 68-72, 1945; [ |
P. Pringsheim, J. Phys. 10, 495-498, 1946;

L. Landau, J. Phys. 10, 499-502, 1946

C.E. Mungan, J. Opt. Soc. Am. B 20, 1075, 2003.




Potential Applications

Bolmmeters & Micro-calorimeters
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Potential Applications

schematic laser setup E *3’».....

mirror (98%)  feedback Mirror (100%) ﬁ
Cold

output | | |amplifier medium q
h | |

— g

Fabry-Perot resonator

REXNBEARFITRAER EBARAAEN, Kk
R BRI ANIE R

Level 2 iy w— = N, KR AFE, =

: H R I3

Fluorescence
/ 7\:’,‘

Lasing
/71’/

Level 1

N,

FRRF R MR, RS EEELER



ENMEmBYEFEISED , ASPL

R TP 29 K - |

E € n
E - hv o =37 meV . [
U‘ E 2L0P, j —07mW el |
kT E ——14mW - u
E OP —27mW g el |
h E__ l - = F
hVi Ve F . £ % o -_I caring o I|
AE~k.T keT g 8 Cooing Zane
B n
TN Y sC
A F F
1 1 111 1 :1 1 1 1111 1111 1111 _‘D -I 1 I 11 I 1 11 I 11 I 1
E%ﬁﬂbﬂ#&%t%ﬁ 0 5\?\21vele::t(:1 (nr:)40 °0 = '.l'l.'aniilzrgﬂ'u [En?] i
2018
2013 2021
1995 M. P. Hehlen
kiR & M. Sheldon et al.,

R. Epstein, LANL etal., LANL

[I-VI Semiconductors . Texas A&M
+ YLF:Yb optical
Yb3*-doped glass 2010 AN 2016 cryocgzlécra ey 2020 University
Sheik-Bahae, UNM - CsPbBr3 QDs
Yb3+*-dgped crystal LO phonon Cooling _ﬁ_ii/ 1154 .
CdS/CdSe;a_% = E}Eﬁ%ﬂs"
Q
v
.,»Q
o
@\“
o
¢
\\)‘{ é
é@ 630
%;‘1&!] g
; ., E}i ] apsed Time (5

ekl i



Bt SRS ENH R

W
o

N
o

—y
o

CsPbBrg

Temperature (°C)
o

-
o

0 200 400 600 800

Elapsed Time (s)

Nano Lett. 2020, 20, 12, 8874-8879

=  Mean emission nergy
L = Cooling curve
— Heating curve
220161
S -
T=180s
| W
2Z0MEQ
20159
i_ ¥
it i .
0 500 1000
Time (s)
Fignre 4113 Mean emission energy of the sample’s PL speetra dunng
the expeniment. =, = M0 s wies 1o in the experiment, where the pump

Laser (£, = L1 eV) was introducad right after the fifth temperature
measroment {greem arrow) and tarned off nght afer the eleventh
mensurement {rad wrow).

Purdue University[JCdS/CdSe & ¥ ki .

{Submitted on 13 jar 2021

Laser Cooling of Germanium Semiconductor Nanocrystals
Manuchehr Ebrahimi, Wei Sun, Amr S. Helmy, Nazir P. Kherani

Laser cooling of matter through antl-Stokes phatoluminescence, where the emitted frequency of lig
successfully realized in condensed media, and in particular with rare earth doped systems achievine
potential of achieving temperatures down to ~10K and that its direct integration can usher unigue b
semiconductors has been reported recently, laser cooling of indirect bandgap semiconductors such
observation of dominant anti-Stokes photoluminescence in germanium nanocrystals. We attribute t
electron-hole plasma, the inherent degeneracy of longitudinal and transverse aptical phonons in nc
intensities, laser conling with lattice temperature as low as ~50K is inferred.
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Diamond SiV-ASPL

d
le.t) .lel)
Excited state ; AE
: ; le.) le. L)
Y a c
XY Z Z | XY
Ground state v I L ety el
A‘EE
’ — Jet) . lel)
800 f (a) — 0K | o L(b)
D R IN
Laser: ,jI‘A\ o 128 i S 1l0@e-g-g9 5 - /m ! - 790 1.0
~ 6001 780nm || —— 110K £ O 532nm g oAk
3 i S 081 o g33mm o .
Z = m 780 nm AN .
2 400 2 06r I, (E,=35meV) _ "\, \ ’g 0.8
‘G = - ® g =
5 E 041" IPL(Ea_l70 meV) \\l\::\ ° R 780
E 200 o fe-e- L, (EsS170meV Y. g n =
- g 02 ASPLA;—QO meV)® RN \\\*- iy ° a
=4 - - %0 c 0.6
0 £ 00r [T L . D
I S T S S S S S S S E S S R L 1 L 1 L 1 L 1 L 1 L 1 Q)
730 735 740 745 750 0 50 100 150 200 250 300 =
18]
Wavelength (nm) Temperature (K) = 770 0.4
o
- 10° £(c) - m et 0In>=l.03 B 80K )
m m| T L ® 90K =
= S 10
S k. = A 100k fac]
K - v 108k = 0.2
? 10°F - > 10° 130k §<>
2 ‘ 2 =106 A 4 150k i 760
2 [ K <n>=1.08 > 205k
= . s .. =1 ® 243k
5 10'F . S o //A/A/ * 295k 0.0
B % = 730mm g <n>=113:0.01 720 730 740 750
o4 . B 2x10%exp(-980T) | D 10y Laser :780 nm ..
- 2 .
E 10 £ Fit1,_ (Py-CP" Emission wavelength (nm)
100 200 300 0 100 200 300

Temperature (K) Power (kWi/cm’) YF Gao/CX Shan*/J. Zhang*, JPCL 2018



Charge state manipulation by ASPL
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<80 K, unidirectional process, NV--NV?; NV-saturation phenomenon.

80-240 K, phonon-assisted PL upconversion, closed-loop conditions, NV- & NV¢;
NV-saturation phenomenon disappears.

>240 K, external quantum efficiency is significantly reduced.



Evolution of the PL of the NV-
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Chalcogenides Cr,Ge,Te, Cr,Si,Teg, Fe,P,S,. Fe,P,Se,, Mn,P,S,, Mn.P,Se,, Ni,P,S,, Ni,P,Se,. CuCrP,Se,’, CuCrP.S
alcog Fe,GeTe,, VSe,*, MnSe,” AgVP.S,, AgCrP.S,, CrSe,, CrTe;, Ni,Cr,P-S,, MnBi,Te,", MnBi.Se,” =
CrCly, FeCl,. FeBr,, Fel,, MnBr,, CoCl,, CoBr,, | CuCl,. CuBr,, NiBr,, Nil,, Col,, Mnl,
Halides Crl,", CrBr;, Gdl, NiCl,, VCl,. VBr,, VI, FeCls, FeBr;, CrOCl,
CrOBr, CrSBr, MnCl,", VC1,", VBr," a-RuCly
= MnX, (X =F CL Br, 1), FeX, (X =CL Br. I), SnO, GeS, GeSe, SnS, SnSe, GaTeCl,
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