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Excitons in semiconductors: 90+ years of studies — |: Photoeffect
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Excitons in semiconductors: 90+ years of studies — Il: Bound e — h pairs

OX THE S ATION OF TIGITT
\ LIDS. 1

The Siructure of Ele

e .
levewse o 1he




Wannier-Mott excitons are the analogues of hydrogen atoms

Exciton
Energy bandS First observation in CUZO Energy Scales

E.F. Gross, N.A. Karryew (1952)
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Rydberg excitons up to 1 um
can be observed in Cu,0
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Kazimierczuk et al. (2014)

Excitons govern optical properties in most of semiconductors
and semiconductor low-dimensional systems




Two-dimensional materials

are the platform for van der Waals heterostructures

a b
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hBN

Geim, Grigorieva (2013) Withers et al. (2015)

Lattice matching is not required New degree of freedom: twist angle



Direct and inverse lattices of MX; monolayers

MoS;, MoSe;, WS>, WSe», etc.

D3, point symmetry: horizontal reflection
plane (03), three-fold rotation axes (C3, S3),
3Cy, 20

no space inversion: SO-splitting, second
harmonic generation

Hexagonal Brillouin zone, direct band gaps
are formed at the K, and K_ edges J

Valley symmetry is C3p,

K, and K_ valleys are related by the time
reversal symmetry

E
Hefs = hV(O’ . k) + 7‘902




Band structure and optical selection rules

Mo-based
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Band structure and optical selection rules

W-based
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DFT-based energy spectrum of MoS, monolayer

E-E [eV]

Kormanyos et al. (2015)



Mopenb BaHbe-MoTTa

3J'IeKTpOH 1 OblPKa CBA3bIBAOTCA B SKCUTOH

Yexe = Z ’ke/ Nne; Kn, nh> == Z M;t(km kh)
ke/kh kE/kh

\ke, ne; kp, nj) BONHOBas GyHKLMA C 3aN0HEHHbIM cOCTOAHMEM |K, 11, ) 30HbI NPOBOAUMOCTH W
nyctbim coctosiHuem /C|ky, ny,) BaneHTHOM 30HbI (K — uHBepcus Bpemenn: k — —k, s — —s)

BonHoBas ¢pyHKUMA B mogenu BaHbe-MoTTa

exp (iIKR
‘YK;v,y(re/ rh) = p\fv)

Z/[‘u(rer rh)

— “BogopogonoaobHan” ornbatouas




INEeKTPOH-AbIPOYHOE npeacTaBneHue — 1

KoMmyTaumMoHHble COOTHOLWEHUA ANA GEPMMUOHOB:

At A A ~t
A Oy ¢+ Ay o Qg e = Oy O

Mepexos OT 3NEKTPOHOB K AblpKaMm:

(KomMyTaLMOHHOE COOTHOLLEHNE HE MeHSseTCs)

3aceneHHOCTM COCTOAHUIA:

fm,k = <C;rn,kcm,k> = <am,—kajn,—k> =1- <a:rn,—kam,—k> =1—fmk

AblPKa COOTBETCTBYET MHBEPTUPOBAHHOMY Mo BpemeHn (kK — —K) He3aHATOMY COCTOSHMIO B
Ba/IEHTHOM 30He




INEeKTPOH-AbIPOYHOE NpeacTaBieHue — 2

lNepexon OT 3/IEKTPOHOB K AbIPKaMm:

N At
Cmk = Uy gy Cmk = Am,—k

(KOMMyTaLI,MOHHOE COOTHOLWIEeHNe He N\EHHGTCH)

DHeprua AblpKu:

At A _ t _ t
Em,kam,kam’,k’ — Em,kcm,fkcmﬁk — Em,k - Em,kcmlfkcm,fk-

B npocToit 30He Ep, = Epy k.
JHeprus AblPKM NPOTMUBOMO/OMNHA SHEPTUN SNEKTPOHA B Ba/IEHTHOW 30He




SHeprua KyJIOHOBCKOTO B3aMMOENCTBUA:
U= /drlder(rl — rz)az(rl)ai(rz)av(rz)ac(rl),

ag(r1)ay(r2)ay(ra)ac(r1) = al(ry)e,(r2)c) (r2)ac(rr)
— —af(r1)ci(r2)ey(r2)ac(rn),
U= —/drlder(rl — rz)az(rl)ci(rz)cv(rz)ac(rl).

DNEeKTPOH NpuUTArnBaeTca K abipke!
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JKCUTOH B 3aKMcU meau: ot 1950x

ypaBHeHme LLIpep,MHrepa ANnAa OTHOCUTE/IbHOIO ABUXKEHNA € U h

h? e?
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E.®. Mpocc 1 H.A. Kappbies, JAH CCCP 84, 471 (1952)

®(p) = ED(p),

2Hepruna ceAasun

3Heprus Bo3byKaeHus

R
Eexc = Eg -
n E.F. Gross, Nuovo Cimento Suppl. 3, 672-701 (1956)
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S(I=0),P(I=1),D(l=2),F(l=3)..




JKCUTOH B 3aKucu megu: ot 1950x

2Hepruna ceAasun
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JKCUTOH B 3aKMcU meau: ot 1950x

2Hepruna ceAasun

R
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JKCUTOH B 3aKucu megu: ot 1950x

2Hepruna ceAasun

Ep =

3Heprus Bo3byKaeHus

R
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JKCUTOH B 3aKucu megu: ot 1950x ao 2010x
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T. Kazimierczuk, D. Frohlich, S. Scheel, H. Stolz, M. Bayer, Nature 514, 343 (2014)
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Excitons in 2D semiconductors
Optically created electron-hole pairs form excitons
Yexec = Z Cx, k, | Ke; Kn) Z Cie, 1o, Uy (e, k)
ke ky, ke ki
\ke; kp) is the wavefunction of the state where the |k., ) conduction band state is occupied and
the IC|kjy,) valence band state is empty

Exciton wavefunction
gk -
exp (iKR)
\ Fioun(PerPr) = == Pu(P)Us(per 1)
ke =k, 4
| I/@\ Envelope function (1s, 2p, .. .)
(@) -
R —5,802(0) +V(0)2(p) = ED(p) ¥ = 75
1 l’l y
kn =k, | k non-parabolicity & SO-coupling: Trushin, Goerbig, Belzig (2018)
Leppenen, Golub, Ivchenko (2020)
/..‘6\-\ Multiband description
Yexe = Z Cke,ne kn,np |ke/ ne; Kp, nh>

Ke,ne,ky,np N5




Coulomb interaction in 2D semiconductors
Thin films: Rytova (1967), Chaplik, Entin (1972), Keldysh (1979) 2D crystals: Cudazzo et al. (2011); Berkelbach et al. (2013)

Effective Coulomb potential V(p)

Air,e=1

‘TMD ML, polarizability a

Large distances Small distances

2¢ 1 e? (p >
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sutrnt, e =2 0~ ~1res (o)~ m (L

ro = 27T (N STMDCd)J

2 7te? 1
Vg= "
exq (14 qro)
1 1 1 1
x—, q< —(2D) < x —, ¢q> —(3D)
q ro q ro

Additional (open) issue: role of retardation — frequency dependent screening (?)
17



Wannier-Mott excitons in 2D materials

Excitons control optical properties of MXj: \A/a
Ezp ~ 200...500 meV, azs~ 10...30 A e

DFT+BSE: Diana Y. Qiu, Felipe H. da Jornada, Steven G. Louie (2013)

radiative lifetime: 7y = 1/(2Tp) ~ 1 ps f."' '..\

Coulomb potential with dielectric contrast s ., 1967) Excitonic series Relative oscillator strengths
LV. Keldysh (1979) 0.00
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Review: Phys.-Usp. 61, 825 (2018); Rev. Mod. Phys. 90, 021001 (2018); JETP Letters 113, 7 (2021)
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Wannier-Mott excitons in 2D materials
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Me>KAy30HHbIi ONTUYECKUIA nepexop,

A e
B nepsom nopaakenoA: Vg, = ———A-p
mocC

Me)K,D,y3OHHbIl7I ManMHHbIVI /1IEMEHT MMNy/ibCa

Y d
Peva = —ih /dru&,o(r)guV,O(r)

o

PaspelueHHbIV nepexos, 3anpeLeHHbIV Nnepexos,

Pev,a 7£ 0 Pev,a = 0



MexKAy30HHbI MaTPUYHbBIN 3/IEMEHT UMMNYNbCA

e

A . . N
Viip = =+ —A-P, Pova = —lh/dr“c,o(")guv,o(r) 70
u

mocC

BonHOBan QyHKLMA IKCUTOHA

IIIexc == Z Cke,kh eikere+ikhrh Uc,o (re)ﬁv,O (rh)

ke/kh
Bo3by:KaeHNe 3KCMTOHA
> e * —ikere—ikyr, *
(exc|Vaip|0) = ——— Y | Cp k€ """ pey,0 0,1, < D*(0)
MoC k. k,

AKTUBHbI S-9KCUTOHbI, Y KOTOPbIX (ID(O) # 0, Hanpumep, B GaAs uaun 8 TMDC.

CummeTpuA SKCUTOHHbIX COCTOSIHWA

npeactasnedne Doy = Do @ Dy Q Depy




MexKay30HHbI MaTPUYHbIN 3/IEMEHT UMMNY/NbCA

e

; A . N
Vdip - 4 ‘P, Pova = _lh/druc,k(r)iuv,k(r) 7& 0 kﬁ

moc 00X,

(3a cyeT noamelLMBaHNA [ANEKUX 30H)
Bo3by:KaeHMe IKCUTOHA

0d*

<€XC‘Vdip|0> X Z C;;e,khe_ikgre_ikhrhkﬁ(ske,,kh fo'e E

kerkh

AKTMBHbI P-3KcuTOHBI, Y KoTopbix @' (0) # 0 (npumep: P-3kcuToHbI B Cuz0).

E.F. Gross, Nuovo Cimento Suppl. 3, 672-701 (19ii



JKCUTOHHbIE NONAPUTOHDI

®OTOH — 3KCUTOH — GOTOH —> IKCUTOH —> GOTOH — ...

BonHoBan GyHKUMA cucTeMbI

Y = 10) —|—ZCa]exc,zx>, X=Xy, Winz
14

Monsapusaumsa, HaBeaeHHasn 3KCUTOHOM

P:(PXIPyIPZ>I Pa:an+C.C.,

d- MVIKpOCKOI'IMHGCKVIVI LI,VII'IOI'IbeIPI MOMEHT 3KCUTOHa

JKCUTOHHbIE NONAPUTOHDbI —
CMeLllaHHblIe KBa3n4acTtuubl
CBeTa U BellecCTBa




JKCUTOHHbIE NONAPUTOHDI

Upper Polariton

BonHoBasa pyHKUMA cMCTEMDI b Band (UPB) hwe huy

/

Y =

Monsapusaumsa, HaBeAeHHan 3K(
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Lower "MTOHHbIE NONIAPUTOHbI —
Polariton Band 2lIaHHbIE KBa3nyacTuLbl
'Ta U BellecTBa




2D systems: radiative decay of excitons
q Maxwell equations:

™ 2
rotrotE = (%) [E+ 47tP(z)]

TE Exciton-induced polarization:

_ _ [9(0)° _ €|pevl?
(e P(e) = 0@E) () G~ o+ T Aavim?

: "/4\‘}2

Reflection coefficient poles determine
eigenfrequencies (polariton modes)

Normal incidence r(w) = o
7 _wo—a)—i(Fo—i—F)
3 2 I A\ 2 2
Ty = 270 ‘f”l go(o)ZNR‘;—ONa(a‘)) R, =2~ (_) <a°> , A~ —
c wimg agA ag P dy ag wy

collectivexN
equivalent to ATy = 271 Y gy |Via |28 (hwo — hwy)

semiconductor QWs: Andreani et al. (1991), lvchenko (1991), Ivchenko & Kavokin (1992); 2D materials: PRB 89, 201302(R) (2014) 23



Excitons in optical response: role of heterostructure

white reflected

light light xo
o
gy O
MosS, ML
hBN
Sio, 4

Si - substrate

Mo

Sz
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Reflectivity

200 meV

'A\ 175 meV
i\\ 150 meV

L.,=10nm

i Best Fit : AFM values
L =135, Lo =114
L, =155, Ly, =83
——L,=90, L, =83
| —0— Experiment )

N N 1 N N

2.0
Energy (eV)
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3 :
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=40 3
I b
g 3
<20 i g-
100 10 20 20 300
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(b)
24 nose antincde node
§ 1
w
w o S, AT
5 : N
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Multiple light reflections are important in van der Waals heterostructures
Phys. Rev. Materials 2, 011001(R) (2018); Phys. Rev. Lett. 123, 067401 (2019); Comptes Rendus Physique 22, 43 (2021); Phys. Rev. Lett. 131, 116901 (2023)
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Bright and dark excitons in MX;

Spin-orbit mixing of bands

spin-orbit splitting

: spin-orbit

| and exchange splittings
1

1

1

1

E\L K-|—7 T K_ 5— F4
L x4 e
X8 A
:T +> \L — "I i F5(X2
! x4 |
K_ Ky i =
—0—1 + !

—

prediction: PRB 89, 201302(R) (2014);

Polarization basis

¥ Light i e e e 0
propagation
VECIOT et ot e et e et e ) ol )

40 meV WSe,

Detection
Polarization|

—X

—z

X°

Loc. N

PL Intensity (arb. units)

166 168 170 172 1.74
Energy (eV)

A,

( X polarized
( Z polarized

)

)

experiment&model: PRL 119, 047401 (2017)

26



Spin-dark excitons are activated in B-field

30

Light excitation &
detection

N
o

RN
o

Magnetic field (T)

1.70 1.75

Ene rg y (eV) X-X. Zhang et al. (2017)
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Radiative doublet

Optical transitions are active in circular polarizations

Bright exciton doublet: pseudospin 1/2

K_ Er K. & N=lo")

B\ /
\t\ //
NN // [Ac] ~ 10 meV
\\:\4' A/ exciton
= :

|
| [ W= ly) E = |x)
o a*/a" > G+
! . k k
| L
——

o

S=lo7)

§ Density matrix s=ni+s-a

Hamiltonian #=2@-0)
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O6bmeHHOe B3a MMOAEI‘/‘iCTBMe: ucropusa

® N.A. Nangay n B.b. bepecTteuxmin paspaboTanmn Teoputo NO3UTPOHUA C y4eTOM 0OMEHHOTO
B3aMMOAENCTBMA 3N1EKTPOHA M NO3UTpoHa (1949)

® Teopums 0BMEHHOro B3auMoAeNCTBNA MeXKAY SNEKTPOHOM U AbIpKOW pa3BuBanach [peccesbxay3om,
Snanotom u Pawbon (1950s-60s)

MocnepoBaTtenbHasa Teopmua 06MeHHOro B3aumoaencTeus e u h

paspabotaHa /1. Bupom u I.E. Mukycom (PTU) u M.M. OeHncosbim u B.M. Makaposbim (PUAH) B
Havane 1970-x.




O6bmeHHOe B3aumoaemncreme

[Ba anekTpoHa. MpuHumn Maynu

Y(ri,s1,12,82) = =Y (r2,s2;11,51)

— NOAHasA BONHOBAA GYHKUMA O0NXKHA BbITb aHTUCUMMETPUYHOM

|'|peHe6peraﬂ KYZTOHOBCKUM U Crll/IH—Op6VITaanbIM B3aMMOﬂ,el\/I|CTBMﬂN\V|
Y(ry,s1;12,52) o [1(r1)2(r2) £ P2 (ri)p1(r2)|xs, s,

CnnHoBasA GyHKUUA

E :zNZ(EZ/drdrlp%(rl)lp%(m)
d > 1dr? ,

i r1 — 1y
_ )R B — zNZez/dr dr, 1 r)¥2(r2) ¢ (r2)¢a(r1)
Xs1,52= 1 X — 1 I — 1|
At B = Eq + Ex



3ﬂeKTpOHbI N ObIPKN — BO36y)Kﬂ|eHVIH OAHOI\/‘I CnUctembl
— BO/ZIHOBAA ¢)yHKLI,VIﬂ napbl O1XKHA 6bITb AHTUCUMMETPUYHA

cm. /1. Bup, T.E. Mukyc, CummeTpun un gedopmaumoHHble 3bPeKTbl B NONYNPOBOAHUKAX

BasucHble 610X0BCKME PYHKLMM

z/{nenh (re/ rh) == une,O(re)ﬂn;,,O(rh) (Ne X Nh)

band
BonHoBan d)yHKLI,MFI napobl

T(re/ rh) = Z Cneke,nhkh eikereJrikhrhungnh (rez rh)

Ne,Np
lEg = OPPEeKTUBHDBIN FAMUNBTOHUAH

) k

F&
e (i ho

) }A Hnen’e (ke)énhnz + thn’ (kh)(snen'e + V(p)énenéénhn;,

Iy h
+£3/2 +6V  (06meHHOe B3aumopeiicTame)
valence +1/2

band 41/2



KopoTKo- u ganbHogencTeytowme BKAaAbl

Vexch = V(ne/ Np; nle/ n;,)

lIIexc - Z

ke/kh

KynoHoBcKoe B3aMMOAeI71CTBMeZ

ik, =
irh’

<ke/ Ne; Ky, Ny |
#|re

C y4€eTOM NepnoanYHoOCTU 6N1OXOBCKUX aMNANTYA,

BbINO/IHAEM CYMMMPOBaHUE MO BEKTOPaM 06paTHOM peLleTKu
GG =

YneHbl C — AaNbHOAENCTBYHOLWMIN BKNAA,

UfieHbl € — KOPOTKOAEMNCTBYIOLLMIA BKNAS,




Long-range exchange: spin flip of exciton

K, (1=+1)

~
Light cone|
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Long-range exchange: spin flip of exciton

K, (1=+1) K_ {T: —1)

~
Light cone|




Long-range exchange: spin flip of exciton

k

\J/

K+ (T:+1

)

~
Light cone|
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Fine structure of radiative doublet (suspended ML)

Exciton effective Hamiltonian in the basis of ¢ and ¢~ states:
Exciton with the wavevector K in the monolayer plane:

_ h*cl

Hy = A(K) ((Kx +Ou<y)2 (Ky OiKy)2> _ g (), AKR) ="

@ Moving exciton states are split into TE & TM
(T & L) modes
@ Hy is the driving force for exciton spin-valley
dynamics
@ Effect results from the interaction of exciton with
the induced electromagnetic field
K? K E,

AE = hg———=~=hlo—, q= =
oq K2 — g2 oq 1= 3.

Theory for QWs: Maialle, de Andrada e Silva, Sham (1993); Goupalov, Ivchenko, Kavokin (1998)
Theory for TMDCs: MMG et al. PRB 89, 201302(R) (2014); Yu et al. Nat. Communs. (2014);
Yu, Wu, PRB (2014)
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Spin/valley relaxation: Theory and experiment

oS PRB 90, 161302(R) (2014)
K o » 8
F + S8k X Qg = Q{S} % (c) e Experiment
£ ! Theory, t =0.066 ps
E 6lely - - - Theory, © =0.25 ps
S
g
s 4r
°
>
2 2t
©
2
£,
& o
Temperature (K)
Exciton optical orientation and
Ap ~ 1, <1 relaxation is observed upto T ~ 100 KJ
Redfield (1957); Dyakonov, Perel’ (1971)
Maialle et al. (1993)
Thermalized excitons
1 () 20%TMkgT chly n+1 . 1 .
_— = = = — == S
T K o E, 41 ®"a2r, P
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Coulomb-correlated complexes in semiconductors

Dark p-trion + sidebands

Physical Review Letters

MOBILE AND IMMOBILE EFFECTIVE-
MASS-PARTICLE COMPLEXES IN
NONMETALLIC SOLIDS

Bright
neutral
sidebands, \ exciton

Murray A. Lampert
RCA Laboratories, \ Neutral
Princeton, New Jersey iy
{Received November 14, 1958) B

Gate voltage (V)

biexciton Many-particle

E s und
Quite recently the study of excitons has taken 160 165 1.70 175 d‘::uis:mer
a front-rank position among the techniques for Dark n-trion  Energy (V)
the study of nonmetallic solids.! Tt is the pur- + sidebands “WSe, monolayer, SK .
Courtesy A. Chernikov
Exciton Trion Biexciton

fokie ol o ik

Coulomb-bound Bound state of exciton Bound state
electron-hole pair and electron or hole of two excitons
cf. hydrogen atom cf. ion cf. molecule

or positronium



Excitonic ions: Trions
In 2D TMDCs excitons are extremely stable to the doping since Ep > Er

X e
Ebinding > EFermi
see, e.g., physica status solidi B 255, 1800216 (2018)

Exciton can attract an electron and form a three-particle bound state: trion
Lampert (1958); Stébé, A. Ainane (1989); Sergeev, Suris (2001)
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Excitonic ions: Trions

In 2D TMDCs excitons are extremely stable to the doping since Ep > Er

@ X" and X trions are the analogues of H;r and H™ ions, _— LN
but, typically, no adiabaticity m, ~ my, / \ 17 Ny
.+ + ' b+
prediction: M. A. Lampert (1958) \ / \\ a / /
observation II-VI QWs: K. Kheng, R. T. Cox, Merle Y. d’ Aubigné et al. (1993) S Ve ~ : /
observation in TMDC MLs: Kin Fai Mak et al. (2013)
X' - trion X - trion

h? 20
H= T 2u <A1+A2+ 1+UV1'V2) +V(py —py) —Vlpy) —Vipy); o=32
V(p) is the screened Coulomb potential

Variational approach:
simplest trial fun. @(Pypz) o8 e*P1/ax*pz/atr AL e*()z/axfpl/atr, P1=Te1 —Th Py =Te2 — Ty

+ more so p h | Sti Cated fu n Ctio ns Berkelbach et al. (2013); Courtade, Semina, et al. (2017)

Other approaches include quantum Monte-Carlo, semi-analytical approximations, direct
numerical diagonalizaﬁon Of the Hamiltonia n, etc. Ganchevetal (2015); Kezerashvili, Tsiklauri (2017); Tempelaar, Berkelbach (2019); ...

review: M.A. Semina and R.A. Suris, Localized excitons and trions in semiconductor nanosystems, Physics-Uspekhi (2022)
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Excitonic ions: Trions

In 2D TMDCs excitons are extremely stable to the doping since Ep > Er

@ X" and X trions are the analogues of H;r and H™ ions, _— LN
but, typically, no adiabaticity m, ~ my, / \ 17 Ny
.+ + ' b+
prediction: M. A. Lampert (1958) \ / \\'_ / /
observation II-VI QWs: K. Kheng, R. T. Cox, Merle Y. d’ Aubigné et al. (1993) S Ve ~ -/
observation in TMDC MLs: Kin Fai Mak et al. (2013) -
X' - trion X - trion
h? 20 -
H= "2 A1+ Az + 1+UV1‘V2 +V(py —py) —Vlpy) —Vipy); o=32

V(p) is the screened Coulomb potential
60

25 ¥ 0:4 nm —@— X antisym.
50 —a—X"
E§=500 meV sy
20 —A— X symm.

IS
=)

u=0.16m,

%)
=}

Gate Voltage (V)

B ~0.1E%

Trion binding energy (meV)

0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

1.66 1.7 1.76 1.81 . Electron-to-hole mass ratio, m /m,
Energy (eV)
see e.g., PRB 96, 085302 (2017) 38



Basics of trion fine structure: interplay of two spin and valley states

Tungsten (W) dichalcogenides

Two X~ trions:
“|lintra- and intervalley

Gate Voltage (V)

1.66 1. 1.8

m 1.7
Energy (eV)

Phys. Rev. B 96, 085302 (2017)

Molybdenum (Mo) dichalcogenides

One trion:
intervalley

- ] 1 2
— _——
10 attractive 2
poliren
Repuisive
polaron

Gate voitage, ¥, (V)

=
o
72
1l@
3]

Electron density, n, 10" emrdy

1,620 1.660
Phatan energy imel)

Nature 595, 53-57 (2021)
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Bose-Fermi mixtures of excitons and carriers: Trions & Fermi polarons

Exciton interacts with resident charge carriers

E X e
ndin Fermi
I F Epinding > EFermi
U+ o
AVAVAVAVAVAV. 3
- — s T
- -~ \\ o .,\\\
\ I
1+ + e ',
\ — 7z A ’//
valence band S— - S - valence band
X' - trion X - trion

Exciton can attract an electron and form a three-particle bound state: trion
Lampert (1958); Stébé, A. Ainane (1989); Sergeev, Suris (2001)

Any electron can be picked up: “attractive impurity” in Fermi sea, i.e., Suris tetron/Fermi polaron
Suris (2001,2003); Schmidt et al. (2012); Sidler et al. (2016); Efimkin & MacDonald (2017)
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Suris tetron/Fermi-polaron concept: £,y ~ 200 meV > Ej r ~ 20 meV

J. Chem. Phys. 153, 034703 (2020)

Exciton in a Fermi sea
Photogeneration of an exciton and a trion formation: an electron is picked out of the Fermi sea to
form a trion and a Fermi-sea hole is left behind. Trion+FS-hole state (Suris tetron)

Ansatz manybody wavefunction Er < Ep 7 < Ep x

Fie = @(K)Xi|0) + ) Fpq(K)Xiq pe, €q 10)
v ~~

trion FS—hole
Suris (2003), Chevy (2006)
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Suris tetron/Fermi-polaron concept: £,y ~ 200 meV > Ej r ~ 20 meV
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Exciton in a Fermi sea
Photogeneration of an exciton and a trion formation: an electron is picked out of the Fermi sea to
form a trion and a Fermi-sea hole is left behind. Trion+FS-hole state (Suris tetron)

K- g v Ky

Ansatz manybody wavefunction Er < Ep 7 < Ep x

Fie = @(K)Xi|0) + ) Fpq(K)Xiq pe, €q 10)
v ~~

trion FS—hole
Suris (2003), Chevy (2006)
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Optical absorption spectra: Theory

er =

—Epr+EF {

[y o (-2

My Mr

2

% Ep/Epr

-1
, Ox(e,0) =
M%ﬂ } o) 4 (%)35111112 {% (,ﬂ%)z} (e4+er+i6/2)

1.0

S o I
b [ 0

Absorption (arb. units)

0.0

Er =0 meV
Er =1 meV
Ep =2 meV
Er =3 meV
Er =4 meV
Ep =5 meV
Ep =6 meV
Er =7 meV
Ep =8 meV
Ep =9 meV
Er =10 meV

Ep 7 =20 meV
8 =2 meV

—30

) -0 0 10 20
Energy (meV)

Nano Lett. 23, 4708 (2023)
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Optical absorption spectra: Theory

M
er = —Eb,T+EF{T— 1
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3 o
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Nano Lett. 23, 4708 (2023)
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Dispersion
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FP energy (meV)

| | | |
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=) n (=3 N

300
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Energy (meV)
4
(=]
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1 2
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J. Lum. 273, 120700 (2024)
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Optical spectra of doped 2D semiconductors

Suris (2001,2003); Klawunn, Recati (2011); Koschorreck et al. (2012); Schmidt et al. (2012); Sidler et al. (2016); Efimkin & MacDonald (2017)

Absorption (arb. units)

attractive polaron repulsive polaron
Suris tetron exciton
100k —— Ep =4meV 200
r @ — s=2mev  (©
S r 17.5F — §=55meV
g — S — 5=83meV
1 g °F
107'F
sk
unbound FS hole
states %
-2 (b)
10~ E ok
g
Zosf
g
-3 & 20k
10 ol 5 10 005 3 10
Ep (meV) Er (meV)
1 1 1

—40 =30 50 ~10 0 10 20
Energy (meV)

Nano Lett. 23, 4708 (2023)
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Optical absorption spectra: Experiment and theory

Gate Voltage (V)

1.66 1.7 1.76 .
Energy (eV)
J. Chem. Phys. 153, 034703 (2020)

PRB 96, 085302 (2017)

In many cases, the trion and Fermi polaron approaches give same or similar results
J. Chem. Phys. 153, 034703 (2020); Phys. Rev. B 105, 075311 (2022); Nano Lett. 23, 4708 (2023)

The fine structure in these approaches is different because of their different statistics J

2D Mater. 10, 035034 (2023); J. Lum. 273, 120700 (2024)
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Excited trion states

In MX; monolayers the Coulomb interaction is strong and excited state trions
are observed where electron interacts with 2s exciton; Etr 26 = 20 meV J

1s +/- 1s m 2s  3s

pe——O0—>n
xs W . . : s
~ 1 S
S 3 S 16t %
H I E 12 ® 0800000 cenegee e
k| 0 Re deriv. E 12+ 0% .....
g (arb. u.) = o ﬂ o Se
2 l 0.5 2 8too 1s
S S %00, 000°
-1 p 0 2 4looo ogwoe 000°0° o
I M, = 0000 8000000000 1s + "
168 1 72 1.90 0 8 4 0 4 8

Carrier density (10! cm-2)

Excited trions can autoionize: 2s~ — 1s+ e~

b b 1 o Ve |2
tr2s ~= L5 €XP s Ytrzs = By g7l
DV, |V22|?

Vij are the coupling matrix elements between is and js states

TU-Dresden, Uni. Regensburg & loffe Phys. Rev. Lett. 125, 267401 (2020) 6



Trions in van der Waals magnet CrSBr

3 L-.cf”t%!mg N

Dy, or Cy, point symmetry

1.30 1.35 1.40 1.30 1.35 1.40 1.30 1.35 1.40
Energy (eV) Energy (eV) Energy (eV)

theory & details 47
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Dipolar repulsion of excitons in bilayers

Direct Coulomb interaction

2e% /1 1 47re’d
U(R)%%<E——>, V:/U(R)dZR: e

Interaction-induced blueshift AE(n) = Vn “plate capacitor model”
Butov, Shashkin, Dolgopolov, Campman, Gossard (1999)

Exciton-exciton correlations: V— IC(T)V, K(T)~0.1...1

Zimmermann, Schindler (2007,2008); Laikhtman, Rapaport (2009)

+ band gap renormalization and screening ...
2D semiconductors: Erkensten, Brem, Perea-Causin, Malic (2022); Steinhoff, et al. (2023)
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Exchange interaction of excitons in monolayers -

In monolayers direct Coulomb interaction is suppressed due to the charge neutrality

Exchange contribution = overlap of the wavefunctions:

h? E
2
Vit ~ Esa, - Vg~ M n (_Ebi>

Quantum wells: Ciuti, Savona, Piermarocchi, Quattropani, Schwendimann (1998); Combescot, Betbeder-Matibet, Dubin (2008);

Micra ities: Tassone, Y oto (1999); MMG, Ouerdane, Pilozzi, Malpuech, Kavokin, D’Andrea (2009);
2D icond : Shah yan, lorsh, Shelykh, Kyriienko (2017)
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Exciton-exciton annihilation: Auger-like process

Resonant interaction of excitons

E

[
\

1
1
H
'
I
I
.
G

Conservation laws:

E1+E; = Ef,

K+ K, :Kf

Resonance: E;; ~ E; —Eg

dn 2
d;V = —Rane, =
2

B gtg'

e

—[0|/kgT

Resonant Auger process populates excited states
(photoluminescence upconversion)

(eV) MoS; MoSe) WSe;, MoTe;,
Eq 1.8 1.6 1.7 1.7
E{’Z 1.2 1 1.4 1.3
Ep 0.2 0.18 0.16 0.16
1F
Excitation Laser | 25 Monolayer MoTe,
1.170 eV
—_ hBN
S 1s | imiTmMD |
a8 hBN
g, .
1F
%‘ B MoSe,
5 1.636 eV :] K
= 1s
—
o
Sop
gir 2 WSe
o 1723 eV 2
<
S
o
S‘ 1s 3s
3 B
Nok £
© 1[
E | 1929ev % Mos,
S
=z
1s 3s
d
0k H L L L
0 100 200 300 400 500

Excess Energy (meV)

Nat. Communs. 8, 14927 (2017); Phys. Rev. X 8, 031073 (2018); Nat. Communs. 13, 6980 (2022)
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“High-lying” conduction band cb + 2 in MX; has m, < 0

E — Ep [eV]
E — Ep [eV]

Kormanyos et al. (2015)
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Optical selection rules to the high-lying band are inverted

ce+2: 1 M t
v 1) v 2
.t - t
By t ¢
L
P P
O O
LV 1) v
VB Yk K 4K
Transition +K valley -K valley
Irrep Helicity Irrep Helicity
VB < CB+2 A o E, o A o E '
VB~ CB A o F o* A o E, o

S >
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High-lying vb <+ cb + 2 excitons in WSe; monolayers are formed as a
result of a resonant Auger process E;J ~ E; — Ep

Nat. Communs. 8, 14927 (2017); Phys. Rev. X 8, 031073 (2018)

high-lying (HX) excitons

14 cB+2 | © [—q732ev
% s CB+1* excitation
=2 e~ 2tE"% e } upLe
o g |3
o [0 1 2 | £

c R
wo [— - :f %

218

Me_——IC—>'Q. | B00Str N
Momentum > Energy (eV)
b \ 21}
4 : E:g ] 5
me<0 : = UPL CW SHG
> s -} I 3
o £
@ | me>0 e./
hy
10 JL
0 1
+K/-K . 32 33 34 35

Momentum Energy (eV)

strong exciton-phonon coupling results in replicas (1 — 9)
observation of HXs: Kaigiang Lin et al. (2021)
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High-lying trions with 20 . .. 40 meV binding energies

a b [
Graphite — Graphite
hBN Ve g < top gate
> S > PP R_AP S
5 5 Grd d & WSe, o o 4Gr—]
& i hBN
TTeso, . . 20um
K It K > K It K > @raphite contactSiy, =
Momentum Momentum
HX
1.0 T
d PL (arb. units) e f :
012 2| 02v 42.6 meV
05 S | n-doped -
H H £ T
% S S Phonon ; H
T pul > replicas H
] 5 00 2| 015V Hx, SHG
2 I -5 | neutral ¢ \
© © “E 0
® Q.05 £ :
. 5 ;
5| 05V 135.2meV
", | p-doped - i
-1.0 .
1.68 1.70 1.72 3.2 31 3.2 3.3 34 35
Energy (eV) Energy (eV)
High-lying trions WSe, MoSe,
HX™ HX* HX HX*
Binding energy (meV) 43 35 21 21
Eandiedoeluions Xs X X X3 X Nat. Communs. 13, 6980 (2022);
Binding energy (meV) 36 29 21 26 26 Oxford Open Mat. Sci. 3, itad004 (2023)
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Vibration spectrum

500

400

62

[US)
N
Energy (meV)

0

I' DOS

Molina-Sénchez, Wirtz (2011)
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Deformation potential

Energy

Lattice deformation =- shift of the electron and hole energies = variation of exciton energy

(q- uq)

X

)

+ €y

c Dv) (exx

D

(

AEy =

J

Exciton-phonon scattering rates

—D
effective for LA mode; piezo interaction [o< /q/ (1 + roq) in 2D] is weak

Matrix element:
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Benimetskiy et al. (2019); Rosati et al. (2020); Moon et al. (2020); Dirnberger et al. (2021); Hyeongwoo Lee et al. (2021)
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Polarons: combining electronic and vibrational excitations

Electrons “drag” crystal lattice = energy and mass renormalization.
Electrons are “dressed” by phonons (usually, long-wavelength optical).

Landau (1933); Pekar (1946); Landau, Pekar (1948); Fréhlich (1954)
Frodhlich polaron in 2D MX; :P-F. Li, Z-W. Wang, JAP 123, 204308 (2018); Q. Chen, W. Wang, F. M. Peeters, JAP 123, 214303 (2018)

Two valleys: Intervalley polaron Flexural vibrations: flexuron and interlayer polaron

K

layer 1 electron

Lo titte

layer 2 hole @

Katsnelson, PRB 82, 205433 (2010); Semina, Glazov, Sherman, Ann. Phys. (Berlin), 2000339 (2020)
Glazov, Semina, Robert, Urbaszek, Amand, Marie, PRB 100, 041301(R) (2019) lakovlev, Semina, Glazov, Sherman, PRB 105, 205305 (2022)

‘Wavevector
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Strain-induced effective Hamiltonian

A 1 au,- Buj
Deformation tensor Ujj = E — +— ] = Uji

ox;  0x;
" Q. = A(K) (K — Kf) + B(uxx — yy)
Pseudospin Hamiltonian = 5(6' - Q) Q, = 2A(K)KK, + 2Buy,
Oy = Cl(uxe — uyy)Kx — 2uyK) |
(a) No strain (b) Strain

0

o

thyy 7

Strain breaks three-fold rotational symmetry of the ML = linear polarization, splitting of states

J

Details on pseudomagnetic field
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Experiment and theory

Position ?V

PL line-scan
(a) Strain Strain (%)
0 C———max
0.0 0.1 0.2 0.3
i hBN T T T T T T T
o - o WSe, 0.5F Sample O A A B C e Fit -
|laser hBN
Q ‘-“‘ = /’ —~~
nanowire > o i
E -
(b) unstrained (c) strained =
L e ] I £ ]
S| o ] L 3
210 ] 5 &
\(-5/ [ [ §4
8 = oL . . oo
L=, L e - 1.725 1.720 1.715 1.710 1.705
1.72 1.74 1.70 1.72
Energy (eV) Energy (eV) Xo energy (eV)

Phys. Rev. B 106, 125303 (2022) 62
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Band structure and optical selection rules

Mo-based
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Band structure and optical selection rules

W-based
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Technical details
2D layer in vacuum, polarizability o ~ %aoz

P(p,z) = 6(z)aE|(p,z=0), Ej= —M.

op
Induced charge density 5 2
e(Sn——;;—aa? (2) gp(g
Maxwell’s equation
divE = _% = 471e[5(0) + 6n]

In the k-space
® dk
(kHZ + k§)¢kH/kZ = 47e — 4-7T0ékH2 /_Oo Tgﬁbku,sz

® dk, 27e? k-
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Light-matter coupling: Quantum electrodynamics _

Shifts of the excited and ground states due to the virtual photon emission-absorption processes:

vil* vl
A B AL =
gexc Z gexc hwl + 0 50 ] _Sexc - ha.J] + iO

2
Ge.,../n(zmL, ZmL)

| ‘/] | 2 gechexc
hc

AE = Nexe — AEY = 25exc2 7 (hwy)Z 510

Lamb shift = Re{A£}, radiative decay = Im{AE}

A&cxcj (arb. units)

Photon DOS (arb. units)

-3 -2 -1 0 1 2 3
Detuning, 7iw;—Eexc (arb. units) ES



Light-matter coupling: Transfer matrix method

Teor = Tsio,—siTsio, ThBNHSiOZ Then TMose, Then Tair—snen

<gexc - hw)Pexc<Z) = ’Dexc‘zE(ZML)(S(Z - ZML) -
General case: linear response theory

E(z) = —4n (ﬂ) 2 = |Dexc|2 E(zu1)Go (7, 21 eigenmodes are the poles of the reflectivity

C Zr
Iot(W) = + ...
2 tor(€) wif—w —i(TET+T)

Ge,../n(ZmL, ZmL)

exc_h

SEXCD exc
hc

hows™ —inTst = 47 ’

Monolayer on a substrate with reflectivity ry ~ refiqd — oscillatory dependence on d

T~ T (14 Ref{rs}), wi ~ wo+ T Im{rs}
N—_— — N~——

Purcell effect Lamb shift
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“Polariton” effect in 2D: experiment and theory

Phys. Rev. Lett. 131, 116901 (2023)

rs &= rexp (2iqd)
Purcell effect T'g = I'{?°(1 + Re{rs}) Lamb shift AE = AP Im{rs}

(b)

node antinode node

________ £
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d (nm) d (nm)

variation of exciton radiative lifetime variation of exciton transition energy

(a)

node antinode node

o
o
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&
o

N
s
Optical field intensity

So

also confirmed on MoSey: Phys. Rev. Lett. 123, 067401 (2019)

see also:
Horng et al., Optica 6, 1443 (2019); Zhou et al., Phys. Rev. Lett. 124, 027401 (2020); Rogers et al., Phys. Rev. Research 2, 012029 (2020); Groep et al., Nat. Photonics 14, 426 (2020)

Environment also affects spin/valley dynamics of excitons: PRB 103, 085302 (2021)

Review on Purcell effect in 2D: Comptes Rendus. Physique 22, 43 (2021) 63



Electron-hole exchange interaction: microscopics

Long-range exchange interaction results from the interaction of exciton with the induced

e | eCt rom agn eti C ﬁ e I d Bir, Aronov, Pikus (1971); Denisov, Makarov (1973)J

(a) Exciton (b)  Direct interaction (c) Exchange interaction
ek ok
ek c kK o &K &k
K s+ w £+ w etw
Wik :>- 0,q=k —k oK
€ A €
/
v,k—K vk —K —_ vk — K v, k— K
vk—-K v,k -K
2hw
fo,éc,lh(: _7r0gaﬁ(w K,z=0,7 =0)
w\ 2 4w ,
~V(V-E)+ (?) e(2)E = —i~5j(2)
Antw .
Eu(2) = i— / Gup(w; K; 2,7 )jg(2')d2'
2in IT

det {504/5 —

c w—wg+i Fgaﬁ(wO’KOO)} 0

63



Fermi-polaron concept (pedestrian approach) — |
J. Chem. Phys. 153, 034703 (2020)

(a) Intravalley interaction Intervalley interaction (b)

K.

valence band valence band

©

b

Trion states

b

Attractive “impurity” in a Fermi-sea: Ep y ~ 300 meV > Ej, 7 ~ 30 meV
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Fermi-polaron concept (pedestrian approach)

Exciton-electron scattering matrix J- Chem. Phys. 153, 034703 (2020)
1
G(S’ k) = 21,2 €
e—E—TE 410 -
X N\
h’p? \
T(e, k) =V+V 1— G — k — T(e, k
(e, k) =V+ ;( np)G | € o, K= P (¢, k)

1
Eb,T ~ Eblxexp (DV)

Bound state wavefunction 1000

H . — ax— a — ax— a )
trion (Var.). ¢(P1/p2) xe p1/ax—p2/arr +e p2/ax—p1/ e E
£
5(/
P1=Te1 —Tp Py =Te2 — Ty 35
5
h* s
FP (short-range): ®(p) xKo(p/ay), aw = =
ZmEb,T 0.0 05 1.0 1.5 20 25 30
Relative coordinate, p/a
p — l'e - rx beyond short-range: Fey et al. (2020); Efimkin et al. (2021)
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Fermi-polaron concept (pedestrian approach)

Exciton-electron scattering matrix J- Chem. Phys. 153, 034703 (2020)

1
G(e k) = T e
e—E—TK 410 _

2my
X o

hZ 2
T(e,k) =V+ V) (1 —np)G (e — 2r56'k_p> T(e, k)
p

1
Epr =~ Epxyexp (DV)

Fermi-polarons

gz(Evk) = = +

=) mT~N.T
k

Suris (2001, 2003); Schmidt et al. (2012); Efimkin & MacDonald (2017)

b Er Ansatz manybody wavefunction
heo = Ex=Epr =~ + | +
bt Yie = e(K)Xi|0) + ) Fpq(K)Xiiq pep €q 10)
f: EfX i trion FS—hole
Eb T Suris (2003), Chevy (2006)
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Trions in van der Waals antiferromagnet CrSBr: theory

Strongly anisotropic spectrum + spin-layer locking

(arb. units)

1
1

Trion binding ener

4+

2

m,/m =20

Screened potential

= direct trion
direct trion binding energy
in isolated layer ~25 meV

in isolated layer ~300 meV

trion with direct exciton
trion with indirect exciton

direct exciton binding energy

o T o
Interlayer distance (arb. units)
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Trion binding energy (arb. units)
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by courtesy of Marina Semina
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Scattering rates

Emission Absorption
4 phonon: g, €,
phonon: q, AQ, ,-° .~
’ ki/, Ey k’/, Ey
exciton: k, Ej exciton: k, Ej

Quasi-elastic scattering

at kgT > Ms® ~ 100 peV the involved phonon energy hQq < kgT
(M is the exciton mass, s is the speed of sound)

1 27\ g 12 /y _ kel
- ?;\Mk,k\ (1 —cos)(1+ 2nq)6(Ex — Ej) = G = (c~1)
1 2M*(D. — Dy)? 1 1

Energy relaxation rate: — = ~ < — @T2>2K
&Y 7 hp 10 ps < e ~
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Time scales

Quasielasticity:

€k
t A
Ae ~ \/kgTMs?2 < kgT = J€e*(t) ~ (Ae)zg \

Momentum relaxation time e
Ms? 4, M?(E.-E,)? —
T=7"2T0, Tg =——3
kBT ph
>
Energy relaxation time k
T Te>Tp >T
de(te) ~kgT = 1= ?0 >T ¢ ¢
Phase relaxation time Altshuler, Aronov, Khmelnitsky (1981)
5 32 1/3 .
To ¢ 1/3
0e(Tp) ~ — = Ty ~ | ——— = _r T
( 47) Tp ¢ [(kBT)2] T &

Acoustic phonon scattering: quantum effects get stronger with the temperature increase

Golubentsev (1984); Afonin, Galperin, Gurevich (1985); Adams, Paalanen (1987); Stephen (1987); Dyakonov, Kopelevich (1988)
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Various scattering mechanisms

Scattering mechanism H D

LA
LA + disorder
flexural, 1ML
flexural, 2ML, T < Ty
flexural, 2ML, T > Ty
LA, overdamped
LA + freee/h

(T) | 7p/7 | 6D(T) <0 |
70 T173 1
T T—2/3 T
70 70 const
70 T2/3 1
73/2 | 7-5/6 4
70 T1/2 !
70 T/n 1

APL 121, 192106 (2022)
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Effective magnetic field: details _

(a) No strain A
Pseudospin Hamiltonian H = = (6 - Q)
O = A(K) (K; — K3) + B(ux — uyy)

Q, = 2A(K)KK, + 2Bu,
Q; = Cl(uxx — Uy ) Ky — 2uy Ky |

b Strain Bl — uy,) >0
( } . % 'JJ’} C — 0 C # 0
Clur, —uy,) >0 @

: 15 15 T

Energy (arb. units)
u: =
=]

=
I

(c) Strain = Blux: —tty,) <0
Cltige—1yy)< 0

Energy (arb. units)
n

=
i
T

T =70 1 34 T =7 0 2 34
K, (arb. units) K, (arb. units)

Splitting at K = 0, formation of Dirac points at K # OJ
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