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thermodynamic phase transition
Cooper problem

reconstructed ground state
k,T. = E,

many-body gap exciton
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excitonic insulator
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excitonic insulator

strongly correlated semiconductor
broken symmetry inherited from exciton character

peculiar collective modes

Keldysh & Kopaev 1964, des Cloizeaux 1965;
Jerome, Rice & Kohn 1967; Halperin & Rice 1968
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excitonic insulator hard to realize

koT. = Ey = n/[5( = O Ry

2 RPA polarizability IT(q)
=14 I1 Increases with
£(q) Qq? (@) vanishing gap
_ (CIV)I? \
H(q) B Zk gc(k+q) — gy(K) O @

c = conduction band

v = valence band

1 = exciton effective mass
CNRNANO Q2 = volume



separate electrons from holes in real space
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excitonic insulator in bilayers
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Eisenstein et al., Nature 432, 691 (2004)
Nandi et al., Nature 488, 481 (2012)

Li et al., Nat. Phys. 13, 751 (2017)

Liu et al., Nat. Phys. 13, 746 (2017)

Ma et al., Nature 598, 585 (2021)

Liu et al., Science 375, 205 (2022)
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consider indirect-gap materials

41102 integraﬁon over k
e(q) =14 >-11(q) regularizes TI(q)
q for vanishing gap

(C|V)|?
ec(k+q) — &y(K)

() = 2k

J. Phys. Chem. Solids Pergamon Press 1965. Vol. 26, pp. 259-266.

EXCITON INSTABILITY AND CRYSTALLOGRAPHIC
ANOMALIES IN SEMICONDUCTORS

JACQUES DES CLOIZEAUX



excitonic insulator
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or Pelerls insulator?

charge density wave

S

% <Ck+FAvk> # 0
phonon of \1"/
momentum I'A ?
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& lattice distortion?
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excitonic or Pelerls insulator in TMDs?

TiSe, indirect gap

DiSalvo et al., Electronic properties and superlattice formation in the semimetal
TiSe,. PRB 14, 4321 (1976).

Rohwer et al, Collapse of long-range charge order tracked by time-resolved
photoemission at high momenta. Nature 471, 490 (2011).

Kogar et al., Signatures of exciton condensation in a transition metal
dichalcogenide. Science 358, 1314 (2017).

Hedayat et al., Excitonic and lattice contributions to the charge density wave in 1T-
TiSe, revealed by a phonon bottleneck. Phys. Rev. Research 1, 023029 (2019).

Ta,NiSe, indirect exciton in real space

Lu et al, Zero-gap semiconductor to excitonic insulator transition in Ta,NiSe; Nat.
Commun. 8, 14408 (2017).

Werdehausen et al., Coherent order parameter oscillations in the ground state of
the excitonic insulator Ta,NiSe:. Sci. Adv. 4, eaap8652 (2018).

Bretscher et al., Imaging the coherent propagation of collective modes in the
excitonic insulator Ta,NiSe; at room temperature. Sci. Adv. 7, eabd6147 (2021).
Windgaetter et al., Common microscopic origin of the phase transitions in Ta,NiS,

and the excitonic insulator candidate Ta,NiSe.. NPJ Comp. Mat. 7, 210 (2021).



this talk: excitonic insulators in TMDs
with no lattice distortion

* M0S, under pressure
theory: S. Atael et al., PNAS 2021

* monolayer WTe,
theory + exp: Sun et al., Nature Phys. 2022

lattice distortion ruled out experimentally
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iIndirect-gap MoS, as an ideal El
seminal idea: Hromadova, Martonak, Tosatti, PRB 87, 144105 (2013)
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Ataei, Varsano, Molinari & Rontani PNAS 118, e2010110118 (2021)



many body perturbation theory

Electron and hole states:
« Ground state within Density Functional Theory (DFT)

« Quasiparticle corrections: GW approximation

Y STM
AT ARPES
N+1
Optical excitations

 Electron-hole interaction hv OPT' CS

included through % RES. RAMAN
h | 4

the Bethe-Salpeter equation
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many body perturbation theory

Optical properties: e.

Effective two-particle (e-h) Schrodinger-like equation:
Bethe-Salpeter equation

[(Eck o Ev/\')acc"avv-’ 6/\'/\'" + Kc‘v/\',c v’/\’]qf ! anf

vk cvk

Excnonlc eigenvalues & eigenfunctions:

¢ (r,, 1)) = Z‘I’w;\[iﬁv/\(l’/;)] Y(r,)

cvke..

"« Mixing of single
| article transitions
'Q'n L ck ™ E vk ¥

Hanke and Sham, PRL 33, 582 (1974)
Extended systems:
Albrecht et al., PRL 80, 4510 (1998); Benedict et al., PRL 80, 4514 (1998); Rohlfing et al, PRL 81, 2312 (1998)



closing the gap by applying pressure

Energy (eV)

CNRNAND = S. Ataei et al., PNAS 118, 2010110118 (2021)



rule out lattice distortion
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closing the gap by applying pressure

Energy (eV)

solve BSE for

- exciton of momentum g
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excitonic instabllity
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anti-ferroelectric

multivalley El:
Monney et al.
PRB 79, 045116 (2009)

El

El + ferroelectricity:
Portengen et al.
PRB 54, 17452 (1996)

e top Mo atom
® bottom Mo atom
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monolayer WTe, as an ideal excitonic insulator

Wu et al., Science 359, 76-79 (2018) 5 January 2018
Observation of the quantum spin
Hall effect up to 100 kelvin in a

monolayer crystal

Sanfeng Wu,'*t Valla Fatemi,'*+ Quinn D. Gibson,> Kenji Watanabe,>
Takashi Taniguchi,” Robert J. Cava,? Pablo Jarillo-Herrero't

Sajadi et al., Science 362, 922-925 (2018) 23 November 2018

Gate-induced superconductivity in a
monolayer topological insulator

Ebrahim Sajadi’, Tauno Palomaki?, Zaiyao FeiZ, Wenjin Zhao?, Philip Bement',

Christian Olsen’, Silvia Luescher’, Xiaodong Xu??, Joshua A. Folk'*, David H. Cobden?*
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Fei et al., Nat. Phys. 13, 677 (2017)

Tang et al., Nat. Phys. 13, 683 (2017)
Fatemi et al., Science 362, 926 (2018)

Varsano et al., Nature Nanotech 15, 367-372 (2020).
Sun et al., Nature Physics 18, 94-99 (2022).

CNRNANO =

See also: Jia et al., Nature Physics 18, 87-93 (2022).



spinless WTe, as a topological metal
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CNRNAND = see Muechler et al., PRX 6, 041069 (2016).



spinless WTe, as a topological metal
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IS bulk WTe, monolayer gapped?

photoemission

Tang et al., Nature Physics 13, 683-687 (2017).
Cucchi et al., Nano Lett. 19, 554-560 (2019).

STM

Tang et al., Nature Physics 13, 683-687 (2017).
Song et al., Nature Commun 9, 4071 (2018).

theory from first principles

Qian et al., Science 346, 1344-1347 (2014).
Zheng et al., Adv. Mater. 28, 4845-4851 (2016).
Ok et al., PRB 99, 121105 (2019).

Cucchi et al., Nano Lett. 19, 554-560 (2019).



many-body bulk gap
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many-body bulk gap
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many-body bulk gap
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critical doping density
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Mott criterion for the excitonic insulator?
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lowest exciton partially spin-polarized - no CDW
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conclusions & outlook

ideal El in pressurized MoS,, and
monolayer WTe,

macroscopic quantum coherence?

relation with superconducting and
topological orders?

Varsano et al., Nature Nanotechnology 15, 367-372 (2020)
Ataei et al., PNAS 118, €2010110118 (2021)
Sun et al., Nature Physics 18, 94-99 (2022)

website: excitonic-insulator.nano.cnr.it
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exciton wave function

® fixed hole position
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excitonic instabllity
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ideal low-D

3D E,=Ry*

2D E,=4Ry*

1D E,>

Ry* = u/ €2 Ry

e 1
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non local screening in low d

e(q20)=1 .

3D Dielectric - . =~ E = E(r)

long-wavelength
Interaction unscreened

2D Dielectric
E = E(r, 9

Cudazzo, Tokatly, Rubio 2011
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mean field theory of the El

|Wo> = [1, Di [vac> ground state of energy E,
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W, > = N@) [1.(F5 + v A(k)¢g ) [vac>  trial wave function
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