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The Exciton Analog of BCS Superconductivity

Electron-Hole Pairing               Cooper Pairing

Mott, Philos Mag 1961

Knox, 1963

Keldysh, Yu.V., Fizika ,1964 

Jerome, Rice, Kohn, 1967

Halperin & Rice, Rev Mod Phys, 1968
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Recent Results for Exciton Physics 

in 3D and 2D Quantum Materials 

Optical Pumping

-Non-equilibrium Excitons 

Science 2017 Nature Commun. 2017



OUTLINES

1. Introduction  

2. Materials and Devices

3. Topo Exciton Insulator

4. Large Gap TI



11

Liu, et al, PRL 100, 236601(2008)

6.1 A Family

1.  Band parameter 

DE = E1 – H1

tuned by width, x, gates

2.  DE < 0 inverted  -0.15 eV  to 0

Tunneling mix e-h and opens

a gap at finite k-vector
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Example: G1 T = 300 mK    50 mm Hall Bar
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Corbino Disk

rBulk >> 10 MW

Minigap ~ 66 K

Mobility gap

~ 26 K

Truly Insulating Bulk

18

Lingjie Du



Editors' ChoicePhysics

Probing an excitonic insulator

1.Jelena Stajic

Science 22 Dec 2017:

Vol. 358, Issue 6370, pp. 1552-1553

DOI: 10.1126/science.358.6370.1552-g 
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Bohr Rad. ~ 45A

Intra.  Dis. ~ 100-300A

Binding E. ~100K





THz Absorption Spectrum  



Transport Measurements 



Conductance Plateau up to 4 K
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Non-Local Ede Transport: H-Bar

26
Lingjie Du
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SQUID Imaging of InAs/GaSb Edge Modes

Stanford:  Spanton, Moler

Rice: Lingjie Du, RRD
PRL 14
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APS March Meeting 2018, LA, California, USA

QSHE vs. Exciton Condensation

A competition between even- and odd-parity exciton 

condensate

the parity of order parameter 

o For small A, topologically trivial s-

wave exciton condensate phase

o For large A, topologically nontrivial 

QSH insulator phase with a p-wave 

exciton order parameter 

Phys. Rev. Lett.112, 

176403(2014)

Coupling term between two layers

odd-parity       even-parity



Exciton Condensation in e/h 

Bilayers with Middle Barrier
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Strained QWS



Strain Effects on the Band Structures

9.5 nm InAs/4 nm Ga0.75In0.25Sb



InAs/GaSb InAs/In0.25Ga0.75Sb

20% Indium

~ 1% strain in InxGa1-xSb 

0 %              60 K

25%            130 K

32%             250 K

40%             480 K



Enhanced Bulk Hybridization Gaps
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Quantized Edge Transport in 10 um Length

Quantized in a 10um Hall Bar



TRS Protected Helical Edge States

9.5 nm InAs/4 nm Ga0.75In0.25Sb



April 2018

All based on InAS/GaSb and InAs/InGaSb

Gap > 50 meV

Large Fermi velocity



SiO2



Compatible with III-V CMOS Technology



Marcus, Palmstrøm groups 
Hard Gap 

SiO2
GaInSb

InAs
Al Al

Our Group



3. Double-Layer Excitonic Condensations
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SUMMARY
1) Exciton Insulator observed 

–equilibrium excitonic condensation

2) Topological EI when there is no tunneling 

barrier – quantum spin Hall edge states 

3)   Large gap TI is within reach

4)   Next : Majorana platform

A clean laboratory for 

electron/hole many-particle physics  



1. Materials: Strained-Layer InAs/GaInSb

2. Large-Gap QSHI

3. Double-Layer Excitonic Condensation
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6.1 A Family

1.  Band parameter 

DE = E1 – H1

tuned by width, x, gates

2.  DE < 0 inverted  -0.15 eV  to 0

Tunneling mix e-h and opens

a gap at finite k-vector

Liu et al, PRL 100, 236601 (2008)

Infrared Detectors

http://teledyne.com/
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C. Liu et al, PRL 100 236601

(2008)
Phase Diagram

Three Regimes of InAs/GaSb System

Shallowly  InvertedDeeply Inverted

(semimetal, 

bulk still conducting)

Non-inverted

(Normal 

Insulator)

This is the regime 

for QSHE !



Quantum Spin Hall Insulators (QSHIs)

L. Du et al, PRL 114 096802 (2015)

InAs/GaSb QWs in Shallowly Inverted

Regime

Larger samples:

Coherent length ~ 4 mm

Some backscattering

Small sample
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* Quantized conductance for small samples             

* Non-quantized conductance for large samples 

* Conductance does not change under high B// 

•Low velocity of edge modes

uF ~ 2 x104 m/s

kF ~ 1 x 106/cm

•Extreme. long scattering time

t=l/uF = 4mm/(2x104m/s)~200 ps

•Tunable mode dispersion

Properties of InAs/GaSb Edge States

HgTe

5 x105 m/s
g = e2/ uF e



WHY Large-gap 2D Topological Insulators

• Recover single particle 

properties  

“Plain Vanilla QSHI”

• More insulating bulk gaps

• Long coherent length 



Strained QWS



Strain Effects on the Band Structures

9.5 nm InAs/4 nm Ga0.75In0.25Sb



InAs/GaSb InAs/In0.25Ga0.75Sb

20% Indium

~ 1% strain in InxGa1-xSb 
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Enhanced Bulk Hybridization Gaps
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“Coherent Length” increase 

with less inverted band:

Correlated with increased VF

- Less interacting 1D  Electronic  system

- Move away from Luttinger

Coherent length increases with increasing VF



Quantized Edge Transport in 10 um Length

Quantized in a 10um Hall Bar



TRS Protected Helical Edge States

9.5 nm InAs/4 nm Ga0.75In0.25Sb



SiO2



Compatible with III-V CMOS Technology
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3. Double-Layer Excitonic Condensations
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The Exciton Analog of BCS Superconductivity

Electron-Hole Pairing               Cooper Pairing
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BEC

BC
S
BCS

dDilute limit: 5 x 1010/cm2

Reasonably high mobility 105 cm2/Vs

Electron-hole symmetry



9.5nm

10nm

5nm



Observation

T > 4 K

Main Peak 

Onset 40 K 

Gap    90 K

Side Peak

Onset  15 K

Gap     25 K

Large Energy Scale
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THz Absorption Shows  e-h Pair-breaking Excitation



Summary for Large Gap QSHI in Strained Layer QWs

• The strained InAs/Ga1-xInxSb QWs offers

 Larger bulk insulating gap up to 50 meV

 Z2 2D topological insulator

 Double-layer exciton condensation

• Future work:

• SC Proximity + Edge States + FM Insulator

• Counter-flow experiments
QSH Edge 

Majorana Platform


