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Excitons: Bound electron-hole pairs
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Bose-Einstein Condensation of Excitons

Other side&?’the

coin...

Exciton = electron + hole = Boson
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Phase transitions to quantum condensed phases—such as Bose-Einstein condensation (BEC), superfluidity, and
superconductivity —have long fascinated scientists, as they bring pure quantum effects to a macroscopic scale. BEC has,
for example, famously been demonstrated in dilute atom gas of rubidium atoms at temperatures below 200 nanokelvin.
Much effort has been devoted to finding a solid-state system in which BEC can take place. Promising candidate systems
are semiconductor microcavities, in which photons are confined and strongly coupled to electronic excitations, leading to
the creation of exciton polaritons. These bosonic quasi-particles are 10° times lighter than rubidium atoms, thus
theoretically permitting BEC to occur at standard cryogenic temperatures. Here we detail a comprehensive set of
experiments giving compelling evidence for BEC of polaritons. Above a critical density, we observe massive occupation
of the ground state developing from a polariton gas at thermal equilibrium at 19 K, an increase of temporal coherence,
and the build-up of long-range spatial coherence and linear polarization, all of which indicate the spontaneous onset of a
macroscopic quantum phase.




Excitonic Insulators
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Excitonic Instability
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Materialization

BV L BB g IRV L BT eR] No representative excitonic insulator

conduction band conduction band

valence band valence band

Band insulator Excitonic insulator

Zn0O: E, 3.4 eV vs. E, 60 meV



Materialization
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Materialization

2nd type: (TNS)
~Zero gap, e.g., Ta,NiSe;

y

Phase transition T~ 327 K

X

 Complex structure

e Structural distortion

* E,upto 0.16 eV
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Materialization

3"d type:
~Interface, e.g., e-h bilayer

y

* Spatial separation
* Longer lifetime
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Experimental Identification

sV RO RL)ileil Confused by competing mechanisms like Jahn-Teller
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Omission

(1) Direct-gap systems
 Why always small gap semiconductors or semimetals?
* Naturally avoid intervention of Jahn-Teller mechanism
(2) Band engineering
* More opportunities from extrinsically tuning E, and/or E,
 More space for devices based on excitonic insulators
(3) Spin and other order
* Novel quantum state from spin-polarization

e Multifunctionality due to the combination
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The key for Els: Screening interaction

Exciton binding energy (meV)
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The key for Els: Screening interaction

(1) Small E,
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Bright excitons
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Dark excitonic insulators

Ideal hydrogen model
« 3D E, =Ry*
+ 2D E, = 4 Ry*
1D E -

oS /NN
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Methods: Density functional theory

exponential-wall

HK theorem:
1) p(r) < v(r)
2) Eg = mpin{E(p)}

2 Iter Kohn
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Methods: Exchange-Correlation functionals

Bandgap underestimation
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Methods:

GW-BSE formula

Propagator: Green'’s function
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DFT-GW-BSE calculations for materials

DFT/HSE/G,W, for E,

b-initio
ackage
_— imulation
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E, I1s converged to within 0.01 eV

Bethe-Salpeter equation for E,

v Y YV VY

Singlet/Triplet/Spin-orbit coupling

When: E,=E,—-E, <0,
Excitons spontaneously form, as an EIl candidate.
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Large- and Direct-gap Els
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Large- and Direct-gap Els
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Large- and Direct-gap Els
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Magnetic Els: Half excitonic insulators

What would happen if an excitonic instability

in a spin-polarized insulator?

* One should have three scenarios:

(b) Excitonic insulator (¢) What is THIS?
T 1 Gap by
fermions

Gap by
bosons

Single-spin exciton BEC

25




Magnetic Els: Half excitonic insulators
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‘Magnetic EIs: Spin-triplet excitonic insulators

® SingletS=0 Under Tamm-Dancoff approximation
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Triplet: Energetically more favorable
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‘Magnetic EIs: Spin-triplet excitonic insulators

® SingletS=0 ® TripletS=1
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‘Magnetic EIs: Spin-triplet excitonic insulators
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Topological Els: Parity frustration

L] RS combine topo edge states and spontaneous exciton BEC
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Topological Els: functional segregation

V0GP NIEMNIN SOC-independent band inversion
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Application potential: (1) Coherent source

VI (0 B LTI EV RIS Electric-field-driven “bright-exciton” instability
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Application potential: (1) Coherent source

VI (0 B LTI EV RIS Electric-field-driven “bright-exciton” instability
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Application potential: (2) Photodetectors

BgiyA NIl EVRYICE Full-spectrum photodetectors by doping an EI
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Application potential: (2) Photodetectors

BgiyA NIl EVRYICE Full-spectrum photodetectors by doping an EI
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Conclusion

1. Dark-excion-clue for excitonic instability

2. Benefits from combination with spin and topology

Weak interaction limit Strong interaction limit
Singlet (S=0) BCS superconductors e 4He ~ .. .
[RMP 75, 657 (2003)] <" [RMP 47,331 (1975)] ™,
Triplet (S=1)  Ferromagnetic superconductors 3He .,.'
[RMP 75, 657 (2003)] *.JRMP 47, 331 (1975)] -
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Open questions

Band insulator (BI) Excitonic insulator (EI)
- """" a2~ dark exciton
bright exciton y Y 9
dark exciton —-f=-F- A bright exciton
forbidden allowed e
—— one-electron ground state

----- ===i-= dark exciton ground state

When EI forms, what happens to optical absorption?
Among @), @, and €, which one(s) are optically allowed?
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Perspective

» How to definitely identify an excitonic insulator?

» Any unique phenomenon as fingerprints?

exciton

low
dimension

charge spm

v

\
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