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Fig. 1. (a) Band lineups in the 6.1 A family material and the lattice constants of each material, the shaded parts show the energy
gaps with all energies in eV['Z; (b) the band diagram of inverted InAs/GaSb quantum wells, the electrons are confined in InAs lay-
er, and the holes are confined in GaSb layer, the red dashed line indicates the top of hole band, while the blue dashed line indicates
the bottom of electron band, the figure mainly reflects the energy relationship between materials, and the energy bending at the in-
terface is not showed; (c) schematic of inverted and non-inverted band structures; (d) the phase diagram for different front (V;) and
back (V},) gate voltages. Regions I, II, III are in the inverted regime, in which the striped region II is the quantum spin Hall phase
with the Fermi-level in the bulk gap, and I, III are the p-doped and n-doped inverted system. Regions IV, V, VI are in the normal
regime, in which the striped region V is the insulating phase with the Fermi level in the bulk gap, and IV, VI are the p-doped and
n-doped normal semiconductors!'”; (e) the phase diagram for electron and hole densities in the inverted band structure. Away from
the charge neutral point, the system is p-doped or n-doped, near the charge neutral point, the system is a quantum spin Hall insu-
lator at high charge densities and a topological exciton insulator at low charge densities; (f) typical InAs/GaSb and InAs/GalnSb
wafer structures; (g) the charge neutral point density vs. back gate voltage traces in the InAs/GalnSb device; (h) R,, vs. V; traces
measured from a 10 pmx5 um Hall bar of InAs/GalnSh quantum wells under different back gate voltages; (i) R,, vs. V; traces
measured from a 3 pmx1.5 pm Hall bar of InAs/GalInSb quantum wells under different perpendicular magnetic fields at V;, = 0 V.

Inset: Ronp vs. B, tracel?!.
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Fig. 2. (a)—(d) Magneto-transport in an asymmetric 50 pm x 50 pm Hall bar device; (a), (b), B/(eR,,) versus AV, for ¥}, = 0 and
—6 V, respectively, the data were taken at 300 mK with a 1 T perpendicular magnetic field; (c), (d) show band alignments corres-
ponding to (a), (b), respectively, the red regime I is the electron dominating regime, the blue regime IV is the hole dominating re-
gime, the green regime II is the electron-hole coexisting regime, the light green regime III is the soft gap, the dotted line means re-
sidual electron and hole filling in hybridization gap, the gold regime V is the hard gap (excitonic insulator gap), inset is the schem-
atic of the asymmetric Hallbar, and the region in the dashed box is covered by the front gate; (e) charge neutral point density as a
function of back gate bias; (f) energy dispersions calculated with an 8-band self-consistent model for tunneling electrons and holes
with a typical inverted band at By = 0, 9, 18, 35 T; (g) schematic of the Corbino measurement; (h) density- dependent o, -AV;
traces under 0 T and 35 T in-plane magnetic fields at 30 mK, the value of ng is noted in units of 10'® cm=% (i) gap energy A vs. By
trace at zero back-gate bias, the error bars come from the uncertainty in extraction of gap energy from Arrhenius plot. Inset is

Arrhenius plot of the conductance minimum o, at 35 T. Dashed line is a guide to the eyeld.
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Fig. 3. Pair-breaking excitation spectra and Terahertz transmission spectrum of excitonic insulator: (a) Gap function A(k) (red
dashed line) and the pair-breaking energy E(k) (blue dashed line) of the exciton as a function of k for ¥}, = 0 V; (b) joint density of
states (JDOS) as a function of energy. Inset: Pair-breaking induced by THz light (Blue dots are electrons, red dots are holes, yel-
low arrow is THz light); (c) transmission spectrum at the CNP at 1.4 K and 0 T for V;, = 0 V (Inset: The purple layer represents
the InAs quantum well, the red layer represents the GaSb quantum well, the yellow wave indicates the THz light, the dashed black
circle marks the lateral extent of the focused THz beam at the sample position); (d) transmittance spectra at various temperatures
at 0 T; (e), (f) transmittance spectra at different magnetic fields at 1.4 and 20 K, respectively, the spectra are vertically offset for

clarity, the measurement uncertainty in THz energy is +0.2 meVI.
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Fig. 4. (a) Schematic of the structure for capacitance measurement; (b) diagram for capacitance measurement circuit; (¢) C vs. AV;
traces for ¥, = 0 V (red line) and —6 V (blue line); (d) C vs. AV; curves under different temperatures (0.3 K, 2 K, 4 K, 6 K and
10 K) for V}, = 0 V; (e) Gap energy A ws. T trace for V}, = 0V, at the charge-neutral point, the gap energies are extracted from C,
the dotted dashed line is from the calculation, the error bars come from the uncertainties in C; and the temperaturels.
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Fig. 6. Topological edge transport in mesoscopic devices: (a) Wide conductance plateaus in 1 pmx2 pm Hallbar and © bar quanti-
zed to 2€?/h and 4¢€?/h, respectively (Inset: Plateau persists to 4 K); (b) measured R,, vs. AV; trace in a 10 pm X 20 pum Hall bar
from the noninverted quantum wells at 300 mK and 0 T (Inset: A sketch of noninverted band); (c) electrical charge transport in
devices with different edge lengths (Inset: R,, vs. device edge length L traces under different temperature); (d) R,, vs. device edge
length L traces in lumx1lpum junction, 1 pmx1 pm and 1 pmx2 pm « bars, 1 pmx2 pm, 5 pmx10 pm and 10 pmx20 pm Hall bars;
(e), (f) dependence of edge states under high magnetic fields in four different kinds of devices, an in-plane magnetic field (e) with a
direction parallel (open circles) or perpendicular (open triangulars) to the edge axis and a perpendicular magnetic field (f) is ap-

plied to the device, respectively*7.
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active drive circuit and drag circuit in a split H-bar, a current is injected into contact 3 with contact 1 grounded, and a voltage

between contacts 2 and 4 is measured, the active part for Coulomb drag is highlighted by a green box (Inset: Scanning electron mi-

crograph of the air gap in a split H-bar, scale bar is for 100 nm); (d) linearly dispersing energy band structures of two neighboring

edges with the Fermi level around the Dirac point; (e), (f) current flow of the negative and positive drag, dashed lines show the cur-

rent flow, the current is injected into the drive circuit in the same way as in (c)*7.

SIS Z H], 5 0% AR 5570
AR HL AL, PR AL AR [ A5, X
i BLAR SO TTRR. AR — 4 Ot L EE, TR
AHARR—4E T REIE RS, BT ORI
(A KT o 5 A PR T 67 P4 ML A5 A IR
BV AR5 T 0L (B T RGP BT
TESBEB SN, A4 B K RETE J=y 8 DX Il M 2 2k 5
A, AT B 2 4 RS, o0 4 P PR O A6 ) T B
Tt AL X LRIk L v S B U, I B
XA TR R RGN K. 7F InAs/
GaSb H7 B v, AR SR I A7 AR 3 N T 4
G, T I PR R A P B T 2R T VR R R A
(< 10M em=2), PRMIAERK AL 5 A A X 128 4 ML B
UK.

T W — AR e 1 25 25 TR Y PR A L, F.
MIFESEg Rl 1 H B WLEF, JFELEasfF ]
BERE-50 nm SRR (K 7(c)), BE MM 2 25 0t
ZEBRRATT. T A AR S R BORUR I,
FLS AR A FL R BT LA R 4 S UK Bl
U TE) A A AR T, s Y 52 300 % 2 O R ) AR S
FEBK S HL T AR T, GRS S EHE M ] e rh e Al

7]

RS M. fEfME I rh, X — R ES RN
T 4t 5, [ 3% 1 00 e P R R N0 38 I 2 ) i B L
(8 7(e), (£). B 4 B oL TR Vi, F1HE B HL U
Tpag BUE LG, i T RAEHE AT S0 B, A B
B Ry = — Varag/ Larive- FER 8(a)—(d) o, S wirti
FEVRTT SR RE I RERR, A Ve~0, FRI 24 R
A4 H LR, R IR R N S TE R G
F7; M AV=1.5 VB, PO TR, it
F B 2y [0 (% R4 B2 ] B b R AR 23, Hi B
FHAEZ BT I 50, RIS A A e B A . Ry
3BT BAREh ZAS R PR, T LA 322 TR RER
Ib (AV=0)f5 5. & 8(e) ' 300 mK B}, i fE
Wit 4cb Hi B F BEL Sy 701, 3 B A0 R 4 DL R
T EREAET LKA, R BEEGZ T, H
BERLRE b M osiss , 6 B L PR ) U BE AR . AR
1.2—1.3 K BT, #i R H BH M IEAE, H B A,
U B SIS OE PR 4 B SRR TR R s T 1.5 KO
A H BAGS SEATE % AR TR O B S0 2 R E
B, ARG IOKRER VI AE K v il (s
S IS J S DX 2 K BB S B e 2 2K L B A
(BIAE Jmy 3 DX sl A H, 23 0 Ok B2 T AN P-4 ), FLZEAIR

177101-10


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 72, No. 17 (2023) 177101

1.0 r 1.0
(a) [ (e)
300 mK (i) (ii)_ [

1.0Fo.8f
0.8 F0.6F

0.6 F0.4F

—Rq4/kQ
—Rq/kQ

0.4 Fo.2f

02F of

0 e o i s .
—0.2
1.0 ,
(b) 1K (c) 1.5 K (d) 2K )
0.8 F S &
Umklapp backscattering
0.6 | L [&
e}
S 0.4
Céj ‘ 3 : - o
l 0.2 F E [ E‘C
nhn T
0k _Mnﬂm _‘.M”'”
—0.2 I 1 I I 1 1
0 0.5 1.0 0 0.5 1.0 0 0.5 1.0
AVi/V AVy/V AVy/V
B8 3h G AS I PG4t B AR5 X AT FHRE 94O 78 300 mK (), 1 K (b), 1.5 K (¢) M2 K (d) T, B2 H 44

FP 20 5 A 1) A B L BEL B A ) 2B A, o BRSSO AR O AV = 0V, SR E B RN B A AR X (I & (1) F0 (i) 43 B R
T TS WU RN B T OB AL ), R 2 (@ 2Rk 0 B 2R M L BOR R B AKRLSE BB, S0 /43 0 R 43 ) 2R HUR R R B
I [ ZRA; (o) BEGD T (W €) FRE S 1 (Z060) 7 F Ay o 2 A 4 B2 Pl BEL A L 38 P9 28 4 () T 70 P 6 v L 5 308 B ey P G
F, W20 i LR R S T X S AR S TR, A R R BT IO X TE i AR S Y R

Fig. 8. Front gate voltage and temperature dependence of Coulomb drag signals in topological edges: Drag resistance of edge states
vs. front-gate voltage in the split H-bar device at 300 mK (a), 1 K (b), 1.5 K (c¢) and 2 K (d), the zero front-gate voltage is set at
the value for which the resistance is the largest, purple-shaded areas indicate the topological exciton insulator regime (Insets: (i) and
(ii) describe the direct and umklapp backscattering mechanisms, respectively), the blue and red lines correspond to linearly dispers-
ing Dirac bands, filled/open circles represent initial/final states in scattering, respectively; (e) temperature dependence of the drag
resistance at the CNP for sample [ (blue) and sample II (red); (f) qualitatively sketched temperature dependence of positive and
negative drag resistivity, the blue-green curve indicates the contribution of negative drag from umklapp backscattering and the or-
ange curve represents the contribution of positive drag from direct backscattering!*’.
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SPECIAL TOPIC — Quantum transport in topological materials and devices

Experimental progress of topological exciton insulators”
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Abstract

Under Coulomb interactions, electrons and holes have a phase transition from a semi-metal state into an
excitonic ground state, with a gap spontaneously opening at the Fermi level. The excitonic ground state is
called excitonic insulator. The excitonic insulator has attracted extensive attention in condensed matter physics,
but the experimental evidence of such a quantum state is still under search. Until recent years, optical spectral
and transport evidence of the excitonic insulator has first been observed in shallowly inverted InAs/GaSb
quantum wells, which confirms the existence of the exciton insulator in a two-dimensional system. Surprisingly,
one-dimensional helical-like topological edge states, which are not sensitive to temperature nor magnetic field,
have been observed in the excitonic insulator state by transport measurements. This new quantum phase cannot
be well explained by existing single-particle theories, which is called a topological excitonic insulator. In this
paper, we systematically review the experimental studies on the topological excitonic insulator in the InAs
quantum well and GaAs quantum well, including magneto transport, terahertz transmission, capacitance, and
Coulomb drag measurements. These experimental results comprehensively characterize the bulk properties and
edge properties of the topological excitonic insulator. Furthermore, as a ground state consisting of bosons, the
topological excitonic insulator is expected to have a quantum phase transition into Bose-Einstein condensate
with macroscopic coherence under extreme conditions, which provides a new platform for studying the quantum

phenomena of Coulomb interactions in low dimensions.

Keywords: excitonic insulator, quantum well, edge states

PACS: 71.35.Lk, 73.21.Fg, 73.63.-b DOI: 10.7498/aps.72.20230634

* Project supported by the National Natural Science Foundation of China (Grant Nos. 12074177, 11921005), the National Key
R&D Program of China (Grant No. 2019YFA0308400), and the Strategic Priority Research Program of the Chinese
Academy of Sciences (Grant No. XDB28000000).

1 Corresponding author. E-mail: ljdu@nju.edu.cn

1 Corresponding author. E-mail: rrd@pku.edu.cn

177101-13


https://doi.org/10.1016/S1386-9477(01)00461-1
https://doi.org/10.1016/S1386-9477(01)00461-1
https://doi.org/10.1016/S1386-9477(01)00461-1
https://doi.org/10.1016/S1386-9477(01)00461-1
https://doi.org/10.1016/S1386-9477(01)00461-1
https://doi.org/10.1016/S1386-9477(01)00461-1
https://doi.org/10.1016/S1386-9477(01)00461-1
https://doi.org/10.1126/science.1126601
https://doi.org/10.1126/science.1126601
https://doi.org/10.1126/science.1126601
https://doi.org/10.1126/science.1126601
https://doi.org/10.1126/science.1126601
https://doi.org/10.1126/science.1126601
https://doi.org/10.1126/science.1126601
https://doi.org/10.1038/nnano.2011.182
https://doi.org/10.1038/nnano.2011.182
https://doi.org/10.1038/nnano.2011.182
https://doi.org/10.1038/nnano.2011.182
https://doi.org/10.1038/nnano.2011.182
https://doi.org/10.1038/nnano.2011.182
https://doi.org/10.1038/nnano.2011.182
https://doi.org/10.1038/nnano.2011.182
https://doi.org/10.1126/science.1244152
https://doi.org/10.1126/science.1244152
https://doi.org/10.1126/science.1244152
https://doi.org/10.1126/science.1244152
https://doi.org/10.1126/science.1244152
https://doi.org/10.1126/science.1244152
https://doi.org/10.1126/science.1244152
https://doi.org/10.1103/PhysRevB.73.165104
https://doi.org/10.1103/PhysRevB.73.165104
https://doi.org/10.1103/PhysRevB.73.165104
https://doi.org/10.1103/PhysRevB.73.165104
https://doi.org/10.1103/PhysRevB.73.165104
https://doi.org/10.1103/PhysRevB.73.165104
https://doi.org/10.1103/PhysRevB.73.165104
https://doi.org/10.1103/PhysRevB.86.245402
https://doi.org/10.1103/PhysRevB.86.245402
https://doi.org/10.1103/PhysRevB.86.245402
https://doi.org/10.1103/PhysRevB.86.245402
https://doi.org/10.1103/PhysRevB.86.245402
https://doi.org/10.1103/PhysRevB.86.245402
https://doi.org/10.1103/PhysRevLett.115.186404
https://doi.org/10.1103/PhysRevLett.115.186404
https://doi.org/10.1103/PhysRevLett.115.186404
https://doi.org/10.1103/PhysRevLett.115.186404
https://doi.org/10.1103/PhysRevLett.115.186404
https://doi.org/10.1103/PhysRevLett.115.186404
https://doi.org/10.1103/PhysRevB.95.045150
https://doi.org/10.1103/PhysRevB.95.045150
https://doi.org/10.1103/PhysRevB.95.045150
https://doi.org/10.1103/PhysRevB.95.045150
https://doi.org/10.1103/PhysRevB.95.045150
https://doi.org/10.1103/PhysRevB.95.045150
https://doi.org/10.1103/PhysRevB.95.045150
https://doi.org/10.1103/PhysRevB.95.045150
https://doi.org/10.1103/PhysRevB.95.045150
https://doi.org/10.1103/PhysRevB.99.045125
https://doi.org/10.1103/PhysRevB.99.045125
https://doi.org/10.1103/PhysRevB.99.045125
https://doi.org/10.1103/PhysRevB.99.045125
https://doi.org/10.1103/PhysRevB.99.045125
https://doi.org/10.1103/PhysRevB.99.045125
https://doi.org/10.1103/PhysRevB.99.045125
https://doi.org/10.1038/s41567-022-01703-y
https://doi.org/10.1038/s41567-022-01703-y
https://doi.org/10.1038/s41567-022-01703-y
https://doi.org/10.1038/s41567-022-01703-y
https://doi.org/10.1038/s41567-022-01703-y
https://doi.org/10.1038/s41567-022-01703-y
https://doi.org/10.1038/s41567-022-01703-y
https://doi.org/10.1126/science.abg1110
https://doi.org/10.1126/science.abg1110
https://doi.org/10.1126/science.abg1110
https://doi.org/10.1126/science.abg1110
https://doi.org/10.1126/science.abg1110
https://doi.org/10.1126/science.abg1110
https://doi.org/10.1126/science.abg1110
https://doi.org/10.1038/s41567-021-01422-w
https://doi.org/10.1038/s41567-021-01422-w
https://doi.org/10.1038/s41567-021-01422-w
https://doi.org/10.1038/s41567-021-01422-w
https://doi.org/10.1038/s41567-021-01422-w
https://doi.org/10.1038/s41567-021-01422-w
https://doi.org/10.1038/s41567-021-01422-w
https://doi.org/10.1038/s41586-021-03947-9
https://doi.org/10.1038/s41586-021-03947-9
https://doi.org/10.1038/s41586-021-03947-9
https://doi.org/10.1038/s41586-021-03947-9
https://doi.org/10.1038/s41586-021-03947-9
https://doi.org/10.1038/s41586-021-03947-9
https://doi.org/10.1038/s41586-021-03947-9
https://doi.org/10.1103/PhysRevB.99.075408
https://doi.org/10.1103/PhysRevB.99.075408
https://doi.org/10.1103/PhysRevB.99.075408
https://doi.org/10.1103/PhysRevB.99.075408
https://doi.org/10.1103/PhysRevB.99.075408
https://doi.org/10.1103/PhysRevB.99.075408
https://doi.org/10.1103/PhysRevB.99.075408
http://doi.org/10.7498/aps.72.20230634
mailto:ljdu@nju.edu.cn
mailto:ljdu@nju.edu.cn
mailto:rrd@pku.edu.cn
mailto:rrd@pku.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Chinese Physical Society

%ﬂ *ﬁActa Physica Sinica

Institute of Physics, CAS

WINBT AL TR R
FAFE FRC ARE B

Experimental progress of topological exciton insulators
Huang Yue-Lei  ShanYin-Fei Du Ling-Jie = Du Rui-Rui

515 &, Citation: Acta Physica Sinica, 72, 177101 (2023) DOI: 10.7498/aps.72.20230634
TEZE[R]1E View online: https:/doi.org/10.7498/aps.72.20230634
BHAPIZS View table of contents: http://wulixb.iphy.ac.cn

FEAT ARG HoAh S

Articles you may be interested in

T AR MR BT
Research progress of two—dimensional organic topological insulators

WIFEAEA. 2018, 67(23): 238101 hitps://doi.org/10.7498/aps.67.20181711

= IRAAR w A P A IR R Ml GRS

Topological edge states with skin effect in a trimerized non—Hermitian lattice

YIFR£4. 2019, 68(10): 104206  https://doi.org/10.7498/aps.68.20190112

XK T IR S P 5 R A R S

Valley topological states in double—surface periodic elastic phonon crystal plates

IFEEEAR. 2022, 71(24): 244302 hitps:/doi.ore/10.7498/aps.71.20221292

H JiEHLIEFE A Su—Schrieffer—Heeger 5l T4 22 48 1Y HL T-Hiis R

Electron transport through Su—Schrieffer—Heeger chain with spin—orbit coupling
PrPezd. 2021, 70(8): 087301  https://doi.org/10.7498/aps.70.20201742

=T 5 -Su- Schrleffer—HeegerE?fi%?j)ﬁE’JEE,??HJ z R

Electron transport through a quantum—-dot—Su—Schrieffer—-Heeger—chain system

WIFRZEAR. 2020, 69(7): 077301  hitps://doi.org/10.7498/aps.69.20191871

SR = HESR A MEG IR SRR N ZAR A A 0 HOLH T RERG BT T E
Angle resolved photoemission spectroscopy studies on three dimensional strong topological insulators and magnetic topological

insulators

WA 2019, 68(22): 227901 https://doi.org/10.7498/aps.68.20191450


https://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.72.20230634
http://wulixb.iphy.ac.cn
https://doi.org/10.7498/aps.67.20181711
https://doi.org/10.7498/aps.68.20190112
https://doi.org/10.7498/aps.71.20221292
https://doi.org/10.7498/aps.70.20201742
https://doi.org/10.7498/aps.69.20191871
https://doi.org/10.7498/aps.68.20191450

	1 引　言
	2 激子绝缘相体态
	3 拓扑边缘态
	4 发展与展望
	参考文献

