Gate-Controlled Helical Luttinger Liquid

In InAs/GaSb Edges
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OUTLINE

1. InAs/GaSb: Materials and Devices
2. Quantized and Non-quantized Transport
3. 1D- Helical Luttinger Liquid Transport

4. Outlook: Tuning the Interactions



6.1 A Family

1. Band parameter \
AE = E1 - H1
tuned by width, x, gates

2. AE <0 inverted -0.15¢eV to 0
Tunneling mix e-h and opens
a gap at finite k-vector

E (Arb. units)

K (Arb. units)

Liu et al, PRL 100, 236601 (2008)



Wafer and Device
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Quantized and Non-quantized
Edge Transport



Si-doping at the interface

SI donor in InAs, acceptor in GaSbh
*Localize residual e and h
*Less effective for hybridized e-h

* Dipole field opposite to carrier field

40,000 cm?/Vs
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Nonlocal -

Conductance of Helical Edge Modes: transpor

* For phase coherent sample Landauer-Buttiker
formula gives conductance value

3 4 ‘3 4‘
1 2 1 2
HallBar °  °© JI Bar
G - ¢’ G - 4¢*
12,34 h 12,34 h

 Longer samples can be modeled by
inserting phase breaking probes and 3 A, 4
applying Buttiker formula: ‘ ‘ " ‘ ‘

) 1

2e° (A A
Gyay = L+ - y
12,34 h L ( L )
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Conductance Plateau up to 4 K

T =300 mK

Lingjie Du

11



Non-Local Edge Transport: H-Bar

vfront (V)

Lingjie Du
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Longer Samples
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SQUID Imaging of InAs/GaSb Edge Modes

Stanford: Spanton, Moler

Rice: Lingjie Du, RRD .
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Properties of InAs/GaSb Edge States

Quantized plateau for short samples (a few um)
Non-quantized conductance for long samples
Conductance nearly T-independent over large range of T
Robust under high B

E (Arb. units)

K (Arb. units)

Low velocity of edge modes
Ve~ 2x10% m/s
Ke~1x 10%5/cm

Extreme. long scattering time
T=A/U= 4um/(2x10°m/s)~200 ps

Origins of back-scattering?

*Tunable mode dispersion

15



Interaction Effects in InAs/GaSb
Helical Edge States

Non-Interacting Model:

> 4 1. TRS protected
Quantum spin Hall topological Insulator
} Spin down 2. Spin-momentum
TSpin up |0Cking
< 3. non-magnet. impurity

does not cause
backscattering



Non-linear Edge Channel Conduct.
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Family of Luttinger Liquids

4 Spinful LL Chiral LL Helical LL
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Carbon Nanotube (Spin-Full LL)
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probes.
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M. Bockrath et al., Nature 397 598 (1999).
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Carbon Nanotube (Spin -Full LL)
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Quantum wires (Spin-Full LL)
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Interacting Model: 1>K> 1/2; 112 > K > 1/4;
Correlated 2-Particle Scattering is Allowed by TRS

C. Wu, B. A. Bernevig, and S.C. Zhang, Phys. Rev. Lett.
96, 106401 (2006).
C. Xu and J. E. Moore, Phys. Rev. B 73, 045322 (2006).

PHYSICAL REVIEW B 73. 045322 (2006)

2V
J L (a) L j P “Py P

© g
2 particle correlated "%\‘\/{ ' ?p\ /

Backscattering for k < 1/4

---Breaking into two segments  FIG. 1. An allowed two-particle backscattering process: (a) par-
ticle at momentum p; scatters to intermediate state —p,; (b) par-
ticles at £p, interact and become intermediate states +p;: (¢) and
(d). particle at intermediate state p; backscatters to state —p».
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Calculating Luttinger Parameter K

PRB 79 235321 (2009), and PRL 102 256803 (2009):

2 71d |
K=|l+=——In| —
w° shv, \ &+0.8w

Where ¢ 1s the bulk dielectric constant,

v, 1s Ferm1 velocity of edge state,

d 1s the distance from the QW layer to a
nearby metallic gate as a screening length
for the Coulomb potential,

&=2hv. /' E,, (E

gap

1s the gap of bulk QSHI)

w 1s the thickness of the QW layer.

/
HgTe/CdTe Quantum Wells

K=0.8
Gated InAs/GaSbh Bilayers
K=0.2~0.25

Strained InAs/InGaSb QWs

0.5>K>0.25

C

e,
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Possible Interacting Effects

p G/(e2/h)
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v

T T

Maciejko et al, PRL 09
Teo and Kane, PRB 09

Helical Liquid with strong
Coulomb interactions:

1.Log T-dependence at high T
2. Insulating phase atlow T

Relevant to InAs/GaShb
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2 Samples for Ultralow T Measurements

Wafer A

K~0.23 K~0.21
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Cooling Electrons

Purdue Group: Gabor Csathy / Kate Schreiber
PKU group: Xi Lin/ Pengjie Wang, Hailong Fu
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Temperature or DC bias -dependent
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Wafer A Scaling Relation
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Wafer B, quantized plateaus
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Wafer B, LL behavior

1.5

XX

G _ (¢'/h)

0.5

| Idc=0nA
® [ =2nA
—G o< T

1768 wafer, I = 0.1 nA

10

T
100

LER R
1000

Temperature (mK)

5 3
3 7 S n
3 ] L U
44 154 : vt /a
i . ] *  * x * /- ®
1= 5 & /@
1 < 1 & o o :
3 3 % : a A
. o 1 5 1 A .
033 | & i3 = 0.33
S N I ——didv =< v"’ ;A
—c 2__ T T T ”
S ] 10 100 1000 *
o o Vi (V) ~
O c »
=
< 2, B 50mK
L & ® 100mK
] ““ A 350mK
1] x ok xax a0 * 1K
oo A * 24K
A ;
T TTT T T lllllll T T IIIIIII T T lllllll T T Illllll T LA
1000 0.01 0.1 1 10 100
eVik,T

Wafer B show stronger power-law

behavior than wafer A.

1000



Comparison of two wafers
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InAs/GaAs edge transport can be
explained based on Luttinger Liquid

Microscopic details to be understood

1) Short edges with Fermi liquid leads: Quantized
conductivity 2e?/h

2) Long edges with Fermi liquid leads: reduced cond.
from 2e?/h

3) eV >> kgT Large bias regime: no T- dependence
eV << kgT Small bias regime: no eV —dependence

eV ~ kgT Conductance scaling in eV/KgT
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Outlook:
Tuning the Interactions
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Strain Layer Engineer. + Gating

150

36



“Mean Free Path” Increases with Vi
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Magnetic Response Depends on V.

Less Interacting Edge States

. High density
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Tunneling Into Phase Controlled Junction

Phase Control
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SUMMARY

m Robust Quantum Spin Hall Effect
1D system

Microscopic detalils to be understood

K effect

2) InAs/GaSb Helical Edge: clean and highly-tunable

3) Strong Evidences for Helical Luttinger Liquid

New opportunities to study 1D correlation effects and
related fractional charge and fractional Josephson

~

J

THANKS
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Temperature-dependent

iIn small-bias regime
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Scaled Conductance
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Quantum Point Contact
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Tunneling Into Phase Controlled Junction

Phase Control
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SUMMARY

m Robust Quantum Spin Hall Effect \

2) InAs/GaSb Helical Edge: clean and highly-tunable
1D system

3) Strong Evidences for Helical Luttinger Liquid
must understood before engineering Majorana bound
states
New opportunities to study 1D correlation effects and
related fractional charge and fractional Josephson

= by
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In-Plane Magnetic Fields
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Perpendicular Magnetic Field
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New Wafer (Strained Qw) Preliminary Data
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Opening of Edge Gap by Perpendicular B
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InAs/GaSb Majorana Platform
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General Design

Josephson
Junction

SDUID

L=0.1~1Tum

55



Direct Writing on Cleaved Edge

FIB-induced deposition of (001)
superconducting nanowires A (110)
W(40%):C(40%):Ga(20%) - _ ~
Tc =5.2K, He=9.5T ~(110) A
-—— -~

Sadki, Ooi, and Hirata, Appl.
Phys. Lett. 85, 6206(2004)
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l(uA)

-200

InAs is SC-Friendly: Standard Nb-InAs-Nb

Knez, Du, Sullivan 09
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Andreev Reflection of nb-nasicasb)-ne Junction
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Goal: Creating
MBS on the Edge

Main challenges:
1. Supercurrent -- small vV

2. Soft induced-SC gap --
interface roughness etc

2. Terminating edge --
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On-Going Experiment towards Isolation
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Magnetic Impurity

and Supercurrent Isolation
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supercurrent gradient
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Tunneling Into Phase Controlled Junction

Phase Control
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SUMMARY

4 h

1) Robust Quantum Spin Hall Effect:
current technology 77K

2) InAs/GaSb Helical Edge: clean and highly-tunable
1D system limited only by intrinsic factors

3) InAs/GaSb Edge + Superconductor:

a realistic route towards Majorana bound State
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