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Infroduction: Virial expansion for the optical response of doped

two-dimensional semiconductors
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Why ultracold atoms: theorist playground
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Why ultracold atoms: theorist playground

. Interactions are controllable Energy ) Measure dynamics

- Feshbach resonances tune short- Bound State 'LT - Stable for long times

range interactions I B
———
. Controllable parameters: : Vs
. . . ‘\_/
- Dimensionality
microseconds attoseconds
- Statistics — Bose or Fermi | Interafomic disfance |

. Theory test-bed
Population imbalance

- Compare theory to experiment
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Why ultracold atoms: theorist playground

. Interactions are controllable Energy ’ Measure dynamics
- Feshbach resonances tune short- Bound State ¢T - Stable for long times
range interactions I -
—
. Controllable parameters: ﬁ: Vs
S ———
- Dimensionality
microseconds attoseconds
- Statistics — Bose or Fermi L Interatomiedistance |

. Theory test-bed
Population imbalance

- Compare theory to experiment

Notoriously difficult to solve.

Try a single impurity
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Why ultracold atoms: theorist playground

. Interactions are controllable Energy ’ Measure dynamics
- Feshbach resonances tune short- Bound State ¢T - Stable for long times
range interactions I -
—
. Controllable parameters: ﬁ: Vs
S ———
- Dimensionality
microseconds attoseconds
- Statistics — Bose or Fermi L Interatomiedistance |

. Theory test-bed
Population imbalance
- Compare theory to experiment

Molecule Polaron Mean Field
*) o Q@ [+ o o
Notoriously difficult to solve. o @ % 0 @ o @ || 0 % o
. . . 99 )
Try a single impurity o @ o o e e "o o
o ° o, Q@9 o ® o
-— -
strong attraction 9 weak attraction
h . Arh*a
2 Energy ny
A. Schirotzek, et. al, PRL 102, 230402 (2009) ma m
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Polarons — Ultracold
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Polarons — Ultracold

Polaron in ultracold gases: 2D experiment

Magnetic field (G)
25 50 100 150 200

Repulsive Branch

Attractive Branch

In(krazp)

N. Oppong et al. Phys. Rev. Lett. 122, 193604 (2019)

See: Chevy, Bruun, Levinsen, Parish, Massignan, Hu, Liu,
Combescot, Cui, Scazza, Demler, Grimm, Zwierlein, Sagi
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Polarons — Ultracold + semiconductor

Polaron in ultracold gases: 2D experiment Exciton in doped 2D semiconductor:

Magnetic field (G)

Reflectance contrast
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Attractive Branch
In(Krazp) -15 § &
1620 1660
N. Oppong et al. Phys. Rev. Lett. 122, 193604 (2019)

Photon energy (meV)

T. Smolenski et al PRL 123, 097403

See: Chevy, Bruun, Levinsen, Parish, Massignan, Hu, Liu, See: Suris, Emfikin, Rana, Sidler, Imamoglu, Glazov, Zipfel

Combescot, Cui, Scazza, Demler, Grimm, Zwierlein, Sagi
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Polarons — Ultracold + semiconductor

Polaron in ultracold gases: 2D experiment

Magnetic field (G)
25 50 100 150 200

Repulsive Branch

In(kFazp)

N. Oppong et al. Phys. Rev. Lett. 122, 193604 (2019)

See: Chevy, Bruun, Levinsen, Parish, Massignan, Hu, Liu,
Combescot, Cui, Scazza, Demler, Grimm, Zwierlein, Sagi
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Attractive Branch

Exciton in doped 2D semiconductor:
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T. Smolenski et al PRL 123, 097403

See: Suris, Emfikin, Rana, Sidler, Imamoglu, Glazov, Zipfel

Few-body perspective: Trion picture

Many-body perspective: polaron picture




Theory tool: Quantum virial expansion
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Theory tool: Quantum virial expansion

* What is the virial expansion?

An expansion in the fugacity: 2z = eBr

Q=—kpT Q1 [z+b22” -+ 2" + -],
where Q,, = Try,exp(—H/kpT)]

See: Ho, Mueller PRL 92 (2004); Ho, Zhou Nature 6 (2010); Nascimbene et al., Nature, 463, (2010); Liu, Hu, Drummond PRL 102 (2010);
Ngampruetikorn, Levinsen, Parish PRL 111 (2013); Leyronas PRA 84 (2011); Sun, Zhang, Zhai PRL 125 (2020)
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Theory tool: Quantum virial expansion

* What is the virial expansion? Apply the virial expansion to the impurity problem?
An expansion in the fugacity: z = eP¥ ~T; T=0

quasiparticle

Q=—kgTQ, [z +boz2 o b2 } , Manzg?l?gﬁ %’PySiCS RN Many-body physics at low T:
where Q,, = Tr,[exp(—H/kpT)] -

X-J Liu, Phys. Rep. 524, (2013)

See: Ho, Mueller PRL 92 (2004); Ho, Zhou Nature 6 (2010); Nascimbene et al., Nature, 463, (2010); Liu, Hu, Drummond PRL 102 (2010);
Ngampruetikorn, Levinsen, Parish PRL 111 (2013); Leyronas PRA 84 (2011); Sun, Zhang, Zhai PRL 125 (2020)
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Theory tool: Quantum virial expansion

* What is the virial expansion? Apply the virial expansion to the impurity problem?
An expansion in the fugacity: 2z = ePH ~T; T=0

quasiparticle

O =—kpgTQ; [ 24 bo2? by 4 } ’ ManZ‘;tl)l(i)g%’ EPYSiCS R Y \(any-body physics at low T:
where Q,, = Tr,[lexp(—H/kpT)]

X-J Liu, Phys. Rep. 524, (2013)

The self-energy and Green’s function applied to the virial impurity:

Gx(w) = w%z(w) Aw) = = Gx (o0
. . e 2T 1
(w) ~ vl Z e To(d,w + €q) To(a,w) = myIn[—e7r/(w — erq)]
- qaq

s = |7 T|=i+1 |7

See: Ho, Mueller PRL 92 (2004); Ho, Zhou Nature 6 (2010); Nascimbene et al., Nature, 463, (2010); Liu, Hu, Drummond PRL 102 (2010);
Ngampruetikorn, Levinsen, Parish PRL 111 (2013); Leyronas PRA 84 (2011); Sun, Zhang, Zhai PRL 125 (2020)
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Quantum virial expansion - exciton-polaron

Virial expansion: valid at low doping or high

temperature
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Quantum virial expansion - exciton-polaron

Virial expansion: valid at low doping or high

temperature
Photoluminesence: Injection and ejection rf spectroscopy:
Alw) = —lGX(w + i0) P(w) = e_’B“’A(w) o o @ injection o P )
P( ) 7{_13901 @(—W—ST) 11 1 “ | “/_\ ‘T‘.
w)~ ——e m————— — —Im———
0 w—Yatt(w) T w— Xpep(0) “ ® o W “ o ®

Liu, JL & Parish, PRL (2019)
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Quantum virial expansion - exciton-polaron

Virial expansion: valid at low doping or high

temperature
Photoluminesence: Injection and ejection rf spectroscopy:
1 . —Bw .
A = ——G 0 P w)=e€ A w . injection
(w) —Gx(w +10) (w) (w) ° “‘ edion ““‘
) o Lo @wmer) L 1 ® i"e 0. o®
oo w—Yat(w) T w— Tep(0) “ P o M PY o
Liu, JL & Parish, PRL (2019)
Analytical form — straight forward to implement: T ‘Att - i
z | ; .
g i Rep. branch |
z(m/mr)T . > ,,: ep. branc
Yrep(0) >~ In(e™™ Ber) —im = i
ep( ) 2 n lng(e,yEBgT) [ ( B T) ] §/ i ’:' :
3 7\
mr . =~ / |
St (w) ~ —ZET(%)zemX Blwter) [Ei[—ﬁ—;ﬁ(w +er)| +imO(—w — 5T)} °~ Exp.tai
————— Z
-2 -1.5 -1

Breakdown of the quasi particle description for Att. Branch — peak and tail come from trion scattered states.

ARC CENTRE OF EXCELLENCE IN
FUTURE LOW-ENERGY - e
ELECTRONICS TECHNOLOGIES

Mulkerin, Tiene, Marchetti, Levinsen, Parish @ arxiv




Application: photoluminesence

ARC CENTRE OF EXCELLENCE IN
FUTURE LOW-ENERGY - e
ELECTRONICS TECHNOLOGIES

Mulkerin, Tiene, Marchetti, Levinsen, Parish @ arxiv



Application: photoluminesence

*"  Optical response of doped semiconductors -
Electron recoil: see Zipfel et al. PRB 105, 075311 (2022)

(d) Energy
4 recoil e

tr
Ey
,/
e
recoil r'd k
flank
PL O

Few-body perspective: Trion picture

Many-body perspective: polaron picture
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Application: photoluminesence

Exp. Curves: see Zipfel et al. PRB 105, 075311 (2022)

*"  Optical response of doped semiconductors -
Electron recoil: see Zipfel et al. PRB 105, 075311 (2022)
(d) Energy
t recoil e @ Ef; S
w
=
o
EF E
RS
recoil » ko &
flank
A k R
PL O Momentum
— |
-1 -0.5 0 0.5
Few-body perspective: Trion picture
(w—er)/er

Many-body perspective: polaron picture
Theory curves are broadened with: 7 = ImeV

Binding energy of experiment: 25meV

Binding energy of theory: 22.5meV
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Application: photoluminesence

Exp. Curves: see Zipfel et al. PRB 105, 075311 (2022)

=  Optical response of doped semiconductors -
Electron recoil: see Zipfel et al. PRB 105, 075311 (2022)

(d) Energy
t recoile @ Ef; R
e
o
By :
NS
e 3
recoil » k &
flank
PL 0
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Few-body perspective: Trion picture

Many-body perspective: polaron picture
Theory curves are broadened with: 7 = ImeV

Binding energy of experiment: 25meV

=  With fitted binding energy we calculate the PL

spectra Binding energy of theory: 22.5meV

*  For small fugacity there is excellent agreement
*  For low temperatures there is some deviation.

=  Exponential tail, onset, peak position.
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Application: binding energy
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Application: binding energy

Att. branch

1

— 1
2 [ i | ]
g ,"i Rep. branch | <
£ /i
s 1
§ L
e y

Exp. tail ";‘
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-2 -15 i ]
23 | ! | |
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T [K]

Black dots: see Zipfel et al. PRB 105, 075311 (2022)

*  (Calculate binding energy from peak position

- Exp. Assumes the onset is the attractive peak position

- No fitting parameters

= Measured binding energy is 10% larger than theory
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Application: binding energy

T
Att. branch

1

~ 1
2 [ i | ]
g ,',i Rep. branch | <
e —
S
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e y

Exp. tail ";‘

==
-2 -5 i |
23 | . | . |
10 20 30 40 50

T [K]
Black dots: see Zipfel et al. PRB 105, 075311 (2022)
*  (Calculate binding energy from peak position

* Connection to trion picture:

- Exp. Assumes the onset is the attractive peak position
Identical in the high temperature limit

— No fitting parameters
Can be seen as a low energy expansion
= Measured binding energy is 10% larger than theory of the Green’s function:
1 1
G ~— 4+ =X
x() = =+ =)
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Theory: exciton polarons
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Theory: exciton polarons

Low temperature or high doping we consider the finite temperature Chevy Ansatz:

. . 1 A n
Fo(t) = 9o(t)io + 1 D PralVehinia
k,q

- @+ @
See: F. Chevy, PRA (2006)

[}
Liu, JL & Parish, PRL (2019)
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Theory: exciton polarons

Low temperature or high doping we consider the finite temperature Chevy Ansatz:

. . 1 At oA A
Zo(t) = po(t)To + Y Z Prqt)eherdyq i

k,q
- @+ @
(]
Many body Green’s function:
Gl +i0) = 3 120
— W — E™) 440

Optical absorption:

Aw) = —%Gx(w +0)

ARC CENTRE OF EXCELLENCE IN

N 0S5 F

See: F. Chevy, PRA (2006)
Liu, JL & Parish, PRL (2019)
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. continuum
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Theory: exciton polarons

Asymmetric emission: Transition from exciton polaron
6 —— | | | | to trion-hole continuum:
(@) | 1 |
& 4 - . (@) |
3 & A —
< 2} - 3 R ——
1 — :
0 ‘ ‘ >
b | " T=100K

P(w)[a.u.]

T-n)ep
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Theory: exciton polarons

Asymmetric emission: Transition from exciton polaron
6 —— | | | | to trion-hole continuum:
(@) | 1 |
& 4 - . (@)
S & A —
<<
2 r . 3 R —
1 — :
0 L ‘ >
b | " T=100K

P(w)[a.u.]

Tn)lep

Virial and many-body approximation are equivalent at high

temperature (or low doping):
Expand the many-body 7' -matrix: T ~ 7,
How does this change coupling to light in polaron-polaritons
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Conclusion and future goals of polaron systems

* Virial expansion
-  Straight forward to implement
-  Obtains excellent results

* Finite temperature correlations

- We lose the attractive polaron

—  Matches virial for high T
*  Outlook

— Polaron-polaron interactions

- Dynamics of impurities

* (Collaborators:

- Francesa Marchetti
- Antonio Tiene
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