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Exciton transport: what are we lc

— - — p— —

static disorder (defects) + phonons + charge carriers + other excitons
How can we solve this very complex problem?




Phenomenological approach: macroscopic (coarse grain) description

R. Brown (1827); A. Einstein (1905); M. Smoluchowski (1906); N. Wiener (1918)

@ Continuity equation for exciton density n(r, t)

on(r, t .
n(r,!) +divi(r,t) =0
ot
iz — Az) i(z + Az)
@ Ficks law for exciton flux i(r, t) > >

i(r,t) = —DVn(r,t)

D > 0is the diffusion coefficient

~ expansion in small gradient of density
Density should be smooth on the microscopic length and timescales
Diffusion equation allowing for the generation, G, and recombination, R

Ci

n DAn+R{n} =G




Linear diffusion equation

General solution in 2D:

f t—t! 2
n(r,t) :/ dt'/dr’g(r—r',t—t')e‘TG(r’,t’), g(r,t) = 1exp( d )

4Dt 4Dt
1.0
S o8 £=0.020
The mean squared displacement along x or i E ’
,g; 0.6
o2 (t) = / dra’g(rt) = / drfg(r,t) = 2Dt T4
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Diffusion and random walk: Free propagation interrupted by scattering

2
(ZAx,) =) (Ax)) —|—ZAx,Ax] =(>— !
i i#j Tp

Néznsteps =0

mean free path { = 0Ty, scattering time Ty, 7steps ~ t/Tp

2
0" Ty

diffusion coefficient D = —




Diffusion and random walk: Hopping between localization sites

O

O

O

2
(ZAxl> = Z (Ax;) —|—ZAx Axj = dZTh
j i

Ndz”steps =0
hopping distance d, hopping time Tj,, fsteps ~ t/ T,

2
diffusion coefficient D = d—
2Th




Diffusion coefficient is determined by velocity correlations

General approach (valid in any transport regime):

x(t) = /O Cou(t)dt

We calculate the mean squared displacement
t t t t
(1) = </0 vx(tl)dtl/o vx(tz)dt2> :/O dt1/0 dtz (0x(1)vx(t2))

Velocity autocorrelation function

T/2
(vx(Mox(t+T)) = TIE{LT/ T/2 t)oy(t+T)

depends on the absolute difference of times T = |, — #1|

t—o0

diffusion cofficient D:/ (vx(0)vy(7))dT
0

J. Johnson (1928); H. Nyquist (1928); M. Green (1954); R. Kubo (1957)



Velocity autocorrelation function: example

Velocity:
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Drift and diffusion: The Einstein relation

@ Continuity equation for exciton density n(r, t)

on(r,t)
ot

+divi(r,t) =0

@ Ficks law for exciton flux i(r, t)

i(r,t) = =DVn(r,t)

D > 0is the diffusion coefficient

Let an external force F create the drift exciton flux i:
. F . ) -
grift = NUGy = nym, u is the effective mobility
In bounded system itor = i4,irt + igify = 0
the Einstein relation kT = |e|D

It is a simplest example of the fluctuation-dissipation theorem

J. Johnson (1928); H. Nyquist (1928); H. Callen & T. Welton (1951); R. Kubo (1954)



How to measure exciton propagation?

5K 1. Create Jocal exciton population

»
>

2. Monitor exciton density

as function of x and t
[ distance x, time t — /
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®15ns
«»*» Changes of reflection,

\ 4

3. Analyze emission profile
transmission, scattering

Signal

¢ Photoluminescence

v
4. Fit by a Gaussian
-1 0 1
Position (um)

Review:

N. S. Ginsberg & W. A. Tisdale, Annu. Rev. Phys. Chem. 70 (2020)
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(differential) absorption-based measurements
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Photoluminescence

luminescence-based measurements

Signal: PL(x, t)
Detecting emitted light

hBN - 1L WSe, Ny
| T=5K |
I | %+ Imaging of luminescence
«» Time-resolved detection
1.60 1.65 1.70 1.75
Energy (eV)
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Time (ns)

luminescence-based measurements

as-measured  normalized Signal: PL{x, 1)

%+ Imaging of luminescence

«» Time-resolved detection

4
1

-1 0 1 -1 0
Position (um)
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Influence of environment / disorder

encapsulated
hBN

hBN

>,
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Dielectric disorder IRAEIIENLI K]

ILWS,, T=290K

:‘E\ 0.15 encapsulated 1 10t @
5 2
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()
£ 0.10 1=
(9] =
5 - s 1t {]x25
< pristine 1L WS, ‘5
® 0.05 E
= a @
0 . 0.1L . .
100 200 300 pristine encaps.
Time (ps)
. . . kBTTs
Uit = De/kgT *assuming semiclassics D = T
X

% Effective mobility up to 400 cm?/Vs - 20 nm mean free path*, 100’s nm diffusion length

A. Raja et al, Nat. Nanotech. 14, 832 (2019)
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Regimes of exciton propagation

hopping

m weak localization

semiclassical

O

O

O

hydrodynamic
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Exciton hopping between localization sites

Hopping is realized if excitons are localized
in disorder potential

O

uloc Z kB T/

e.g., moire potentials in heterstructures
O and/or very low temperatures

O

hopping distance d, hopping time T, fisteps ~ t/ Ty

dZ T S
diffusion coefficient D = 5 x exp {— <O> }

Tn T @ Exponential temperature dependence
s = 1/3 for the variable range hopping in 2D Tt=DT
@ o (t) can be non-diffusive due to
kgTo ~ Ui, spread ind and T,

Hopping transport can be very complicated and very slow

16



Semiclassical propagation: basics

. .. kgT 2
applicability: kg T > U;,, < BTT’” >1 & Ly = 0T >> Ade Broglie ™ 1 /MhTBT

~ 10}
£ 03}
£ 0}
§0.4-
So2f
R ) 0 2 4
Time, t/7,
D= / (v (+)v(0))dt (0x(£)0x(0)) = (v3(0)) exp(—|t]/Tp)
Jo
2 Mo? kT
non-degenerate excitons Moy + 2V =T = (22(0)) =2~
2 2 M
kgT
diffusion coefficient D = Bﬂrp
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Kinetic equation: rigorous approach. Beyond coarse grain description
applicability: kg T > U;,, < I{B% >1 & Ay =0Ty > Ade Broglie ™~ MhTZBT
Exciton distribution function f,, (¢) obeys kinetic equation
d k ) k F o k
];"; + Uy k- bz E, fm + Q{fmk} +  R{fur} = Gu(rt)
—— ——
scattermg recombination  generation

or h
propagation drift

m enumerates bands, k is the wavevector.

Collision integral Q{fmk} = E —— 0 = Wm/,k’;m,kfm/,k’

m' k'

Single band, effective mass model E; = h?k2 /2M, (quasi)elastic scattering:

e - kgT 1
diffusion coefficient D = V’L’p, T—p = Zwk,k’(l —cos Wy 1)

Semiclassical regime works where excitons are well-defined quasiparticles/wavepackets

Landau & Lifshits, Kinetic theory; MMG, Phys. Rev. B 100, 045426 (2019); Perea-Causin et al. Nano Lett. 19, 7317 (2019)
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Key scattering mechanisms

Single band, effective mass model Ej

= h’k2/2M, (quasi)elastic scattering:

kgT 1 2
diffusion coefficient D = Bﬁrp, = = % Y. |My|*0(Ex — Ep)(1 — cos )
kl
Static defects Phonons (long wavelength acoustic)
= V05 r—R
Zl-: ( Z 1qub it 4 h
\Myil> =Ving = 1, = const(T)
Tp_l «xT

Diffusion coefficient increases with T':

DxT

J

Diffusion coefficient is T-independent:
D = const(T) J

Selig et al., Nat. Communs 7, 13279 (2016); S. Shree, et al., PRB 98, 035302 (2018); MMG, PRL 124, 166802 (2020); MMG et al., APL 121, 192106 (2022)

These are simplest models, the reality is more complex
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Summary of exciton propagation

hopping semiclassical

O

o O

2 £20
5 s

,D. el
50'03 5 15
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2002 310
< s

g o
5001 205
g 2

4 =

£ 0.00 £ 00
A 00 02 04 06 08 10 00 05 10 15 20

Temperature (arb. units) Temperature (arb. units)

D strongly increases with increase in T D weakly depends on T



Hopping

thermally activated diffusion

0.25 T T T T T
N@ 1L WSe,
£ 020 1
O
= ®
]
S 0.15} 1
& e
@ /
o) s
g 0.10 } 3 /,’ 1
C e & ® e
& 005[ e g of
a | -7

0 L L . . .
0 50 100 150 200 250 300

Z.Lietal, ACS Nano 15, 1539 (2021)

Temperature (K)

[ P. Deotare lab ]
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Free propagation

thermally “suppressed” diffusion

localization

aD<0 +
1t oT — +

free propagation

Diffusion coefficient (cm?/s)

0 50 100 150 200 250 300

Temperature (K)

J. D. Ziegler et al, Nano Lett. 20, 6674 (2020)
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Regimes of exciton propagation

hopping

m weak localization

semiclassical

O

O

O

hydrodynamic
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Beyond semiclassical approach

@

Tk [T 5 Tr{A (008 (e)0:G ()},

P Yo Tr{fig}

It is impossible to calculate and sum up all diagrams. In some cases,tonly specific ones contribute.
@ Ladder (c) at the semiclassical regime
Do we need to go beyond semiclassics?
@ Check diagram (d)!

24



Quantum interference of pathways
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Nonclassical effects should play a role

Here D is temperature independent; experiment at 4 K gives similar values (~ 2.5 cm?/s).



Quantum interference of pathways

>N =

Non-degenerate excitons:

semiclassical diffusion coefficient from

Y Wi (1 —cos ®)
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Quantum interference of pathways

>N =

Non-degenerate excitons:

semiclassical diffusion coefficient from
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Quantum interference of pathways

>N =

Non-degenerate excitons:

semiclassical diffusion coefficient from
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Quantum interference of pathways

Y

 J05 587,898

/T

o)

>N =

Non-degenerate excitons:

semiclassical diffusion coefficient from

Y Wi (1 —cos ®)

1_
=

7

—t/T

)

0

Ox

(t

Oy

F=Rd(=1) = g

Self-intersecting trajectory: ¢, = 7{ kdl

Constructive interference at perfectly elastic scattering = localization

How well do the phases match in the case of the exciton-phonon scattering?
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Non-trivial temperature dependence of the interference contribution

bulk crystals: Ivchenko, Pikus, Razbirin, Starukhin (1977); Golubentsev (1984); Afonin, Galperin, Gurevich (1985)

Acoustic phonon scattering is the main z
exciton scattering mechanism in MX; Ez;
Msat IK ST <50K, 7« T~ 1 50
D, = kBWTT = const(T) €28
E 2.6
g 24 h/M
§ 0 50 100 150 200 250 300

Temperature (K)

-0.05 F| — quantum correction (1st order) 4
with Debye-Einstein approx.

8D (cm?/s)

0 50 100 150 200 250 300
Temperature (K)

Phys. Rev. Lett. 124, 166802 (2020); Appl. Phys. Lett. 121, 192106 (2022) 2%



How to disentangle the 7(T) and weak localization? WSe;

Diffusion coefficient (cm?/s)

V3T

PRL 127, 076801 (2021)

1 2
Semiclassical approach D = <—> ;= EImZ(E,’E,k)

Scattering contribution to the linewidth T =

Theoretical expectations
3.0

151 =53 pueVK -t x Th™!

20¢

0-0—9~o,

= multi-valley theory BN

— quantum correction (1% order)
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Temperature dependence of D in WSe;

Diffusivity D (cm?/s)

PSBs X,
I J
4 i [
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E £ . @
s s
w y ® S 2 o
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by courtesy of Alexey Chernikov
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Regimes of exciton propagation

hopping

m weak localization

semiclassical

O

O

O

hydrodynamic
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What happens at elevated exciton densities and more extreme conditions?



Diffusion in the presence of nonlinearities and external perturbations

@ Continuity equation for exciton density n(r, t)

on(r,t)
ot

iz — Ax) i(z+ Az)

+divi(r,t) + R{n} =0

@ Ficks law for exciton flux i(r, t)

i(r,t) = —DVn(r,t) + I{Z,nP, F=_VvV

Nonlinearities
@ Nonlinear recombination (Auger-like exciton-exciton annihilation): R{n} = £ + Ryn?
@ Exciton-exciton repulsion: F = —UyVn
@ Temperature gradients (feeback from EEA): F x — VT
@ Screening, instabilities, etc., ...D(n)

v

XX interactions

31



Nonlinearities cause an increase of the effective diffusion coefficient

Nonlinear diffusion equation

on UOD

Frab +RAn =DAn+ — TsT - (nVn )+—V (nVV)

Gaussian initial condition

Effective diffusion coefficient

g [y 9n No  UD Ny D 1§
No =D+ R

4N [ atNo]r oo MBr T KT 2 kT 4

Note that D is only weakly renormalized by XX scattering due to momentum conservation

Des = AVI],_g

v

Kulig et al., Phys. Rev. Lett. 120, 207401 (2018); deQuilettes, et al. ACS Photonics 9, 110 (2022); Wietek et al., Phys. Rev. Lett. 132, 016202 (2024)
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Non-linear diffusion

Injected exciton density (cm?)
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= ° [ ]
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M. Kulig et al., Phys. Rev. Lett. 120, 207401 (2018)

x100

33



Nonlinearities modify exciton density profile yielding D¢ # D_

EEA enhanced diffusion Repulsion enhanced diffusion
10 10
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L i 3 3 et i 5 3
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34



MoSe,/hBN/WSe,
T=5K

Non-linear diffusion in TMDC heterobilayers

Density dependence

— Simustion: A,
— Simutation. n,
~ Simuaton: n,
® P =50
o1°* P = 100 W

0 1

Z.Sunetal.,

® P =200
v v

Subdiffusive behavior

Laser spot size
=1%10" em™®
=2%10" em™
=4x10"cm®

2 3 4 5
Time (ns)
Nat. Photon. 16, 79 (2022)

[A. Kislab]
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Enhancement of exciton diffusion by interactions: repulsion in BLs

Interactions and Auger recombination

on n UpD
+ = —I-RAn DAn+ ——V - (nVn)
ot kgT
(a) MoSe,
’ ge 00 @ T T
9 - - rep. only
o - EEA only @
£ £
PL (x, ) t=0 203} H - @
% E
=G w Ry
5 X ot 1n, 10n,[# 15,
0 s . 0 .
—_ (b) ©® meas. 0 0204 00204 0 0.2 0.4 0.5n, 5n, 50 no
= O avg. .
E sl % el | Time (ns) Space (um)
= 21f@
2- o E 8 Q 075 @
2 1.0F o a <+0 ~
g 3 3 g
= 2 050 2
£ of 2 > : >
2051 Z—? <0 ofns 2 o §
: 100, | 150, | 50n, | &g 81025
0.0 \ \ AN M A
5 10 15 20 0 22 0 22 0 2 101 101 10%2
EpL peak (V) Temperature (K) Space (um) Electron-hole density (cm2)

Two contributions to Dgg o< N are disentangled: (i) Auger effect and (ii) exciton repulsion
Phys. Rev. Lett. 132, 016202 (2024)
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Halo formation at high excitonic densities as a result of Auger effect

Exciton density (cm2)

0l® 10° 10 10" _
E T T T ‘g
L ® =
% @ supported on SiO,/Si ® (o} (|||)
8 ~10L @ freestanding L 1 fom o
5 n === Auger-diffusion model [} °® E
QO % =
é 5 ] . I 2
oo 1t B 1 |m prf
2 "'i"—.' a (1
k) SELL S A
D - . L J
I S . JJo

' 1 10 100 1000
Energy density per pulse (nJ cm2) (h

3 -2 -1 0 1 2 3
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0.1ns 02ns 0.5ns

Phys. Rev. Lett. 120, 207401 (2018); Phys. Rev. B 101, 115430 (2020)
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Heating via Auger scattering is the key nonlinear feedback effect

| Auger I

P

° excitons gain
(+] large excess
energies

Relaxation &
formation
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Hot spot: non-equilibrium phonons

bulk semiconductors: Keldysh (1976); Zinov’ev, Ivanov, Kozub, Yaroshetskii (1983); Bulatov, Tikhodeev (1992)
(@) _5
<=
o2s . . . .
£3 @ Efficient Auger recombination
(0]
@ lLarge energy release
i —— @ Excitation of non-equilibrium phonons
a/o/ Phonons propagate out of the hot spot and drag
excitons = halo-like pattern is formed J
(b) T Drift-diffusion model
N %< o on . on 2
Y LI A —4+ V. ] + -+ RA?’l = 0,
R I ot T
A ' NN
I/ /" ‘ \\\ | T,
— SRR g B .
J=i1 O ey, j=-DVn+ LF(p)n
\\\\\,', ' \//I// m
DO ~:—,’/"f~"
%} 1: *Q F = thonons + Fseebeck
s (Y) MMG, Phys. Rev. B 100, 045426 (2019); Perea-Causin et al., Nano Lett. 19, 7317 (2019)
|
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Phonon wind, drag and Seebeck effects

High temperatures, diffusive phonons
Temperature gradients of lattice and of excitons are formed

T,
Pdrag = _T_pkBVTlattr Fsecbeck = o kpV Texc
x

kgT
Phonon drag scenario:
1.0 _ 1.0 ‘
Small temperature gradient Large temperature gradient
0.8 0.8
206 206
()] (]
E04 E 04
= -
0.2 0.2

- v

: 0.0
-10 -05 0.0 05 1.0 -10 =05 0.0
Coordinate (um)

05 1.0
Coordinate (um)

MMG, Phys. Rev. B 100, 045426 (2019); for Seebeck effect: Perea-Causin et al. Nano Lett. 19, 7317 (2019)
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Phonon wind vs. phonon drag

Phonon wind
Phonons propagate ballistically

These bluestripe snapper (kawmwupckuit ayuman) are schooling (ctas).

They are all swimming in the same direction in a coordinated way.

Phonon drag
Phonons propagate diffusively

® 2
Fausl®) = Voo ()

These surgeonfish (pbi6a-xupypr) are shoaling (ckonnenwe). They are

swimming somewhat independently, but in such a way that they stay

connected.
en.wikipedia.org
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Regimes of exciton propagation

hopping

m weak localization
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Ultrafast exciton propagation: experimental motivation

Usually exciton transport in 2D semiconductors is diffusive (large mass, efficient scattering)

Exciton diffusion in 2D van der Waals semiconductors, in 2D Excitonic Materials and Devices, ed. by P.B. Deotare and Z. Mi, Elsevier (2023).
Strong exciton-exciton interactions Ty < Ty—pp, ... = collective fluid-like behavior

del Aguila, et al., Nat. Nano. (2023); MMG, Nat. Nano. (2023) + Butov’s group experiments on TMDC (2021-23) + some other works

© Experiment

V,=-60V

At (ps)

Ultimate fate at n > MkgT /K is superfluidity, but Vexp A 0.07c is too high ...
Gergel, Kazarinov, Suris, JETP 27, 159 (1968); Lozovik, Yudson, JETP Letters. 22, 274 (1975); Fogler et al., Nat. Communs. 5, 4555 (2014)
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Waveguide modes in hBN-based heterostructures with R.A. Suris

30 (©)
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O 2
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g 06
; ; = m=I\_ |~ 0w/ok (guided
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q A o 04 '§n 800
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Co02f §°
— exciton/scattering T o
ook  Wavevegtgr . ) )
0 1 1 2 2 3
— secondary photon R
y Wavevector (um™")

Wavguide modes with the group velocity ~ 0.5c can be formed in hBN layers
In some cases, ultrafast propagation may be related with photon transport via these modes
cf. weak/strong coupling crossover in transport: Osipov, lorsh, Yulin, Shelykh, Phys. Rev. B 108, 104202 (2023) arXiv:2403.19571; JETP 166, 20 (2024 (2024)
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Exciton floating in the Fermi sea of electrons: artistic view

Image #32073262 at VectorStock.com
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Bose-Fermi mixtures of excitons and carriers: Trions & Fermi polarons

Exciton interacts with resident charge carriers

valence band valence band

What are the diffusion mechanisms in Bose-Fermi mixtures? }
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Linewidths: experiment

0

Free carrier density (10! cm-?)

10

0 10

20

o5l (a) Theory

I (meV)

— 5K
— 30K

| — exciton

- trion

--5K
| 0-30 K
o XO
o X*

L (b) Experiment

10 O 5
Fermi energy (meV)

10

Attractive polaron/trion

I'r=9

Repulsive polaron/exciton

MT 7T
I'x =04+ Er—
x "Mx 1026/ (2Ey 1)] + 2/4

Attractive polaron (trion) linewidth is practically independent of free carrier density
Repulsive polaron (exciton) linewidth increases with increasing the density

The increase rate depends on the temperature via 6(T)

Nano Lett. 23, 4708 (2023)
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Transport in Bose-Fermi mixtures: prediction & observation

\ trion (attr. FP)

exciton (rep. FP)

Electron density, n,/! 0" (cm™?)

0 i p 3 4 5

mixture

0 1 2 3 4 5
Electron density, n,/10"! (cm™)

Transition between the X — e scattering to the trion (FP) formation with increasing density

3

. . kgT h
semiclassical model D, = er, T, = T
(C)I T T [ T T T
0 +Q 0 +0O
A v

Diffusion coefficient (cm?/s)

N
T

-

—— p - doped

6 4 2 0 2 4 6
Free charge carrier density (10" cm2)

)

Nano Lett. 23, 4708 (2023)
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Exciton and magnon transport in CrSBr — van der Waals antiferromagnet

a T T
15t derivative AR/R %
S1r = :
£ 1 =
1 =2 <+
a |[PL c C
| . ~ a ‘_
1.30 1.35 1.40 L b
Energy (eV)
b c
10~ T
i
@ :
N i
E 1
S 1
* Il
Q i
€ i
- k) !
£ 25 !
£ 3 i
2 5 |
2 |
> 1
& i
S i
= |
w i
0 v
O 1
Position (um) Temperature (K)
loffe + TU-Dresden + UAM Madrid + UCT Prague F. Dirnberger, S. Terres, Z. A. lakovlev, K. Mosina, Z. Sofer, A. Kamra, MMG, and A. Chernikov (2024)
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Regimes of exciton propagation

{ ;
A

s

weak (free propagation) <« Disorder strength = strong (localization, hopping)

XX-interaction strength = enhanced diffusivity =  hydrodynamics (superfluidity)

XE-interaction strength =  polaron formation



UTorn nekuum 2

e PeXKMMbl 3KCUTOHHOIO TPaHcMopTa
@ [IpbIXKKOBbIN TPAHCMNOPT
@ lonyKnaccuyeckoe pacnpocTpaHeHue
@ Cnabas n1oKanM3aLmna sKCMTOHOB
Q HennHelHbIN TPAHCNOPT 3KCUTOHOB
@ DKCUTOH-3KCUTOHHbIE CTOIKHOBEHUSA
@ JKCUTOHHbIE KUAKOCTU
e Andodysma skcuToHOB B mope Pepmm 3/1eKTPOHOB

OTKpbITble BOMPOCHI
@ Cnaban noKanusauma: pacxoxaeHWe TEOPUM U SKCNIEPUMEHTA
@ doTonposoaAnMOCTb: apeiid TpMoHoB/bepmmn-NoNApPoHOB
@ MAPOAMHAMMKA IKCUTOHOB M CBEPXOLICTPbIN TPAHCNOPT

@ Hosble cuctembl — marHUTHbIN CrSBr:
B3aMMHOE yB/ie4eHNE SKCUTOHOB U MaI'HOHOB)

For review see: Exciton diffusion in 2D van der Waals semiconductors by Alexey Chernikov and Mikhail M. Glazov in 2D Excitonic Materials and Devices (chap. 3, pp. 69-110),

ed. by P.B. Deotare and Z. Mi Elsevier (2023)
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[JBymepHble maTepuanbl — IKCUTOHHbIE 3PP EKTbI

Excitons: K+ &k

_0____

A I
I

WS, E

Refl contrast
®
o

2 ;
. e | > ot

20 21 22 23 24 25 26

@ NpAmo30HHbIE NONYNPOBOAHUKM Eg ~ 2 3B
@ [ge ponuHbl KL n K_

@ CnuH-opbuTanbHOE B3auMoaencTamne

@ KupanbHble onTuyeckune npasuaa otbopa

@ KynoHoBcKune 3pdeKTbl: IKCUTOHbI

BQIOA..?)OA, Tx ~ 1 ps |A,| ~|300 meV

k
Energy (eV)
—
Eyp ~ 200...500 meV %

] I'Inachopma ANA BaH-4epP-BaasibCoOBbIX
reTepoCTPYKTYp Geim, Grigorieva (2013)

@ TpaH3ucTopsbl Radisavljevic, ..., Kis (2011)

-] }'Iasepbl 7] OAHOd)OTOHHbIe UCTOYHUKU
Wu, ..., Xu (2015); Koperski, ..., Potemski (2015)
@ CoyeTaHue HeobblYHbIX ONTUYECKUX U

TPaHCMOPTHbIX CBOMCTB -
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JKCUTOHbI B ABYMEPHbIX maTepuanax

M.M. Thasos
DTN um. A.®. Nodde, CaHKT-MeTepbypr

® [symepHble AUXanbKOreHUabl NepexoaHbIX MeTan108

®) Teopwus skcuTOHOB BaHbe-MoTTa

® OcobeHHOCTM KY/IOHOBCKOTO B3aMMOAENCTBUA U SKCUTOHHOM cepun B 2D
®) ToHKan CTPYKTYpa 3KCUTOHHbIX COCTOAHMIA

®) B3aMmofeNncTBME IKCUTOHOB W 31IEKTPOHOB: TPUOHbI U GEPMU-NONAPOHbI
® MMapa cN10B 0 TOM, KaK 3KCUTOHbI B3aMMOAEMNCTBYIOT APYT C APYrom

& DKcuToHbI, GOHOHbI M ynpyrue aepopmaumm

®) DKCMTOHHBIM TPAHCMOPT: KNAAcCUYECKME U KBAHTOBbIE 3 deKTbl

3a Kagpom:
reTepoCTPYKTYPbl, Myap, KOPPENMPOBAHHbIE 3/IEKTPOHHbIE U SKCUTOHHbIE $asbl, MarHeTU3M
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Vibration spectrum
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Molina-Sénchez, Wirtz (2011)
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Deformation potential

Energy

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

J

Exciton-phonon scattering rates
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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

atkgT > Ms? ~ 100 peV the involved phonon energy 1Q); < kT
(M is the exciton mass, s is the speed of sound)
1

2
= %Z\M",kﬁ(l —cos0)(1+2n)8(Ex — E}) = c—— (c~1)
q

1 1 1
Energy relaxation rate: — = 5 ~ < — @T2>2K
Te h°p 10 ps Ty .




Semiclassics for TMDCs in a nutshell

99,2 185%
85758 12afhN

0~

>N &

semiclassics:

diffusion coefficient from velocity correlator

INTAE

1

T,

(O)eft/r,,,

2

Oy

—
N2

Y Wi (1 —cos 8)

k/

v (t)ve(0)) = v

@08
0 - ING

p

X

{

s

N3

LA-phonon scattering in MX, MLs

)? h
= D:szrowl...chz/SNM

H  — H
—v
3

—c
0
Here D is temperature independent; experiment at 4 K gives similar values (~ 2.5 cm?/s).

h

MS2T T_l_Mz(
keT 7 0

T =
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Time scales

Quasielasticity:

e
e~ VBTN <ksT = 080~ (3ePEfy

Momentum relaxation time —]
Ms? 1 M?(E.—E,)? —
T=o—T, T =— 3
kBT ph
>
Energy relaxation time k
T Te>Tp >T
de(te) ~kgT = 1= 50 >T ¢ ¢
Phase relaxation time Altshuler, Aronov, Khmelnitsky (1981)

h
oe(Tp) ~— = Tp~ (kgT)2

Tp

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

) 1/3
h 1 ] N E - T1/3
T

Golubentsev (1984); Afonin, Galperin, Gurevich (1985); Adams, Paalanen (1987); Stephen (1987); Dyakonov, Kopelevich (1988) 54



Exciton weak localization: Dephasing

Cooperon):

(

Interference amplitude

(7).

h
kBTT

oD
D
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Weak localization: results

Phonons only

Relaxation times (ps)

0 50 100 150 200 250 300
Temperature (K)

150 300
Temperature (K)

D+6D

24 h/M

0 50 100 150 200 250 300
Temperature (K)

PRL 124, 166802 (2020)

Phonons and impurities

2 10
g |
E i
= 050\
2
3 0.10
5005
&
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Temperature (K)
Q
830 D T
‘é 2.5
° 2.0 .'/ \ h/M/
g 1.5}/ 270
g i D+ 0D 5
: 1.0} ; 2
'% 0.5 =07 150 300
é 0.0 Temperature (K)
a 0 50 100 150 200 250 300

Temperature (K)
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Various scattering mechanisms

Scattering mechanism || Do (T) | 15/7 | 6D(T) <0 |

LA TV T/3 1

LA + disorder T T-2/3 0
flexural, 1ML 70 70 const

flexural, 2ML, T < Tj T T2/3 d

flexural, 2ML, T > T, T3/2 T-5/6 T

LA, overdamped T? e d

LA + freee/h TO T/n +

Appl. Phys. Lett. 121, 192106 (2022)

54



Experiment: non-classical exciton propagation — Il

Linewidth (meV)
~ scattering rate 7/t

[EEN
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~ »

N

| — Debye-Einstein
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@ ]
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(b))
| — quantum correction (1st order) -
with Debye-Einstein approx.
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PRL 127, 076801 (2021)
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Dipolar repulsion of excitons in bilayers

Direct Coulomb interaction

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

Exciton-exciton correlations: V — K(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)
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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 n
VTT EBaB, VN Mll’l ( Ebz)

Quantum wells: Ciuti, Savona Piermarocchi, Quattropani, Schwendimann (1998); Combescot, Betbeder-Matibet, Dubin (2008);
ities: Tassone, Y oto (1999); MMG, Ouerdane Pilozzi, Malpuech, Kavokin, D’Andrea (2009);
2D i Shat yan, lorsh, Shelykh, Kyriienko (2017)
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Exciton-exciton annihilation: Auger-like process

(eV) MoSy MoSep WSep MoTe,
. . . E 8 6 17 17
Resonant interaction of excitons EZ 1.2 1 14 13
Ep 0.2 0.18 0.16 0.16
Ek Conservation laws: ! [Excitation Laser | 25 Monolayer MoTe,
1170 eV
c!
\-‘/ E1+E2:Ef/ K1+K2:Kf = 1s
H e} P
A 5 .| .
/ CE N F > F
; Resonance: Eg ~ E;, — Ep 20 5 MoSe,
g ||
{g, =
dncy _Run? . dncry §ok
' = — @ 1F 25
k dt o dt o 1.723 eV wse,
2 §. 1
S
E2 , =) 3s
v R, o ; 13[ péchv o~ 161/ksT gl 5 .
. §=g g " 1szsev ’ Mos,
o
=z
1s 35
Resonant Auger process populates excited states J
d
0 C 1 1 1 1 1

(photoluminescence upconversion) e

Excess Energy (meV)

Nat. Communs. 8, 14927 (2017); Phys. Rev. X 8, 031073 (2018); Nat. Communs. 13, 6980 (2022)
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Phonon wind effect

Low temperatures, ballistic phonons

@ Pump pulse creates hot spot
@ ballistic phonons

@ momentum flux
= phonon wind

Phonons drag excitons away

Keldysh (1976); Zinov’ev, Ivanov, Kozub, Yaroshetskii (1983)
Bulatov, Tikhodeev (1992)

Force field produced by phonons (2D)
can be found from the kinetic equation
Exciton distribution function f:

O f ofc | fi—fc _ fx
ot +vk8r+ Tp N Td+gk

JrQexcfph{fk}
At fi < 1, and high phonon occupancies N; > 1

Qexc ph{fk} - h Z’Mq fk+q fk)><
[Nqé(EkJrq_

Ey — th) + N_q(S(Ek+q — Ek + th)]

54



Phonon wind effect

Low temperatures, ballistic phonons

@ Pump pulse creates hot spot
@ ballistic phonons
@ momentum flux

= phonon wind

N A 7
Ps &
A o= I T
hd rd ~ N
‘7% - PRI N
R . \
Yy \\‘ \
— P~ id-- O SRR
| v\ 11 ! Vd
(A ’ N 7/
N /
‘\(\«'\ ‘:’ /:%/
y's ‘\\?\_l_’ N
% R *u
s i
«»

Phonons drag excitons away

Keldysh (1976); Zinov’ev, Ivanov, Kozub, Yaroshetskii (1983)
Bulatov, Tikhodeev (1992)

Force field produced by phonons (2D)

Up
F.. - -F
wmd(P) 0 p
Hot spot acts as a repulsive center
effective “Coulomb” repulsion
Cloud expansion p(t) ~ /Ut
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Semiclassical propagation

- Semiclassical approach (short-range scattering)
2 1 2
D:<%>, — = ZImE(E}, k)
Do =@y @ ’

Scattering contribution to the linewidth

€ 2 1
= :-:h r= z ImX(0,0) (: = for many scattering mechanisms)

low temperatures, phonons are suppressed: T is the exciton-electron scattering time
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Trion/Fermi polaron scattering

Chevy ansatz:
Wi = p(R)XL0) + X Fog (K)XL, s e 10)
r4q S~~~
trion FS—hole

Short-range interaction model:

k) ~ k), F,,(k) = k), )2~ —2
o) ZELFE), Foal) ~ g g 7K IFP ~

Perturbation (external field)

=Y Vi(k X+/Xk—|—ZV P —pleyey; Vi=VetV,
kK Py
Large momentum transfer |k — k'| > kg Small momentum transfer |k — k'| < kg

Vk,k’ ~V,+V, Vk,k/ ~ Vit Ve—Vpsp = Vi
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Repulsive (exciton) and attractive (trion) polaron scattering

Related problem: lifetimes of polaron quasiparticles Petrov (2003); Yan (2019); Cotlet et al. (2019); Adlong (2020)
At low temperatures, the main scattering is due to the resident electrons

2

ImT(e k) = ‘1 Vo Im S(e, k)

— V()S(é', k)

{71’Deff, e > 0 repulsive polaron/exciton

ImS(e, k) =) (1—ny)d(e—Ey —Ei_p) =
p/

0, &< 0 attractive polaron/trion

Im%(e>0) #0 =

effective scattering by electrons

ImX(e<0)=0 =

only higher-order (weaker) processes
and phonon + disorder scattering
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Electron-exciton scattering

Clean limit (Fermi’s golden rule):

Vo 2
Im2,(E{,k)=m ) n Ef EE E¢, — E —_—
, Z 2 Jo(Ei+ p ~ Eerpp) ’1 — VoS(e, k)
(kBT)3/2 ek .
Ty(k) x ——~—— = 0@kgT < Ep (Fermi liquid-like behavior)
V' Ne
Pauli blocking prevents exciton-electron scattering of Cotlet et al. (2019); higher-order processes: Petrov (2003); Adlong (2020)
Dirty limit, & > kgT (acoustic phonon or impurity scattering is present)
20
1 1 — 0=2meV ’(E),—
T(S'O)zﬁizsm Isp— §=55mev __--=""
1n<_s+i5/z’) >
E 10}
>
M T ~
I'x =64+ Er T 3 S5t
Mx In“[6/(2E 1)) + 72 /4
0% ) 1 6 8 0

numerics: Efimkin & MacDonald (2017); Rana et al. (2020); Katsch & Knorr (2022)

Er (meV)
Additional scattering breaks energy-momentum conservation

and enhances electron-exciton scattering 54
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