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Superlattices & Moiré physics ]

New approach to making bands

Precursor to band-structure:
Creating a new Fermi surface in a
triangular lattice

Creating a new band-structure

o Opening a band-gap in the
artificial lattice

o Turning electrons into holes

o Turning massive electrons into
massless Dirac particles

Flat bands & non-trivial insulator
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Motivation: Quantum Simulation
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Motivation: Artificial quantum matter
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Artificial honeycomb lattices for electrons,
atoms and photons
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into the origins of massless particles and paves the way for studies of materials AI?X
with exotic topological properties. SEE LETTERS 302 & P 306 Hamilton
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Background - Periodic lattice in MATBG
Moire superlattice due to twisted graphene layers produces a flat band

—> strong correlations and superconductivity
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Opportunities: R e e . o
* Angle control, deformation, uniformity, Y. Cao doi.org/10.1038/nature26154
domains... Y. Cao doi:10.1038/nature26160
* Improve control of superlattice potential .

—two graphene sheets interact via VdW forces
Fixed symmetry — triangular lattice +

!!!!



2D superlattices in Graphene
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~Si Cap: 30nm
.GeSi QW: 5Snm
h-Si Spacer: 20nm
% “B-doped Si: 10nmg
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Chen et al ACS Nano 15, 13703(2021)
Patterned lattice on Si/SiGe

Previous studies

e Weak modulation:
Classical commensurability
oscillations

R, ()

e Strong modulation:
Disorder prevents experiments

Singha et al Science 332, 1176 (2011)
Etched modulation doped GaAs/AlGaAs
dot array

250 b

Albrecht et al PRL 83, 2234(1999)
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Optlcal studies
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Etched samples = Stronger modulation, but modulation cannot be tuned UNSW



OUTLINE
e Superlattices & Moiré physics

[- New approach to making bands ]

* Precursor to band-structure:
Creating a new Fermi surface in a
triangular lattice

* Creating a new band-structure

o Opening a band-gap in the
artificial lattice

o Turning electrons into holes

o Turning massive electrons into
massless Dirac particles

 Flat bands & non-trivial insulator
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Our approach — Lateral Superlattice on GaAs 2DEG

Metal Top-gate: TG controls
modulation strength AU

<4 Thin dielectric

«4- Patterned gate: e
PG controls 2DEG density n

W 2D electron gas (2DEG) ® e

® © o 6.0 0 0 & 0 o

®
ot

in GaAs heterostructure 2

Requirements:

e Lattice constanta ~ 100nm = GGESSSSS————
® Mean free path >> (mfp NIO Mm) Two-dimensional lateral surface superlattices in
. . . . GaAs heterostructures with independent control
* Low disorder - regular artificial lattice (EBL) of carrier density and modulation potential
* Strong modulation: AU >> E¢ e ? o
D.Q Wang." * () D.Reuter,”” A D Wieck.' () A R. Hamilton," (1) and O, Klochan

# UnNsw




Comparison with other solid state approaches

Strong lattice modulation by etching Low disorder approaches: tuneability
6 L) A L) L L) L) ' L} L) L) L) "l”," 6 l I l
10 Thic w l"r This work
— Quantum - _,‘ . 5L ® Etched GaAs systems (Wang 2018, Du 2021)
'.'m regime Welss 1.961 Moire systems (Yankowitz 2012, Cao 2018)
T B Graphene on patterned substrate
> 10° A § 4 (Forsythe 2018, Huber 2022)
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To be in quantum regime where bands exist need: To see new bandstructure need:
Large energy scales=> small lattice constant Form new bands = large potential modulation ;

Low disorder = high mobility Sweep E; through multiple bands
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Outline and acknowledgments

OUTLINE
e Superlattices & Moiré physics
* New approach to making bands

* Creating a new Fermi surface in
a triangular lattice

* Forming an artificial Dirac point
for massive electrons

 Opening a band-gap in the
artificial lattice

* Honeycomb to Kagome lattice

 Non-trivial insulator
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Massive Dirac Fermions in a triangular lattice

Free electrons E vs k

Apply potential U(r) .
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Massive Dirac Fermions in a triangular lattice
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Triangular Anti-dot Lattice BZ

Energy (meV)
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Massive Dirac Fermions in a triangular lattice

* Increase potential: U, ,= 4.5 meV

« Peak-to-peak
comparable to
typical E; ~ 3meV

3.5




Massive Dirac Fermions in a triangular lattice

1.5

* Increase potential: U, ,= 18 meV
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But getting strong, uniform
modulation in a 2DEG Is not easy.
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FIRST ARTIFICIAL GRAPHENE ATTEMPT
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SECOND GENERATION DEVICES

More complex devices, better P e F g
lithography B o
Uniformity better than 10% 2N
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NEED LOWER DISORDER: 3" GENERATION

Screening and inhomogeneities
2D Materials matter

PAPER

Effects of Coulomb screening and disorder on an artificial graphene ' mggemmmnnnnn g TP 0
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NEED STRONG MODULATION: 3" GENERATION

Metal Top-gate
TG controls modulation AU

4 Thin dielectric

vf f «- Patterned gate
w PG controls 2DEG density n

Alex
Hamilton
'\ 2D electron gas (2DEG)
. SPICE
in GaAs heterostructure
Mainz
May 2024

e Parameters:

Two-dimensional lateral surface superlattices in * 2DEG depth: 37nm - 25nm
GaAs heterostructures with independent control e a=120nm -100nm
of carrier density and modulation potential

Cite as: Appl, Phys Lett. 17, 032102 (2020} ol 1010655 0009462 A 1
Submittad: 31 March 2020 - Accepted: 8 July 2020 - 5 (&
Published Online: 20 July 2020
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Modulation potential decays exponentially with 2DEG depth

Mobility (106 cm?/Vs)

26

2.4

22

2.0

1.8

‘16

14

1.2

Extremely shallow 2DEGs: Sacrifice mobility for depth

| | | | | | | | | | | | | | | |

Carrier de"r‘fs‘fi"{{/’(1011 cm)
2DEG depth d=37nm
nup to 5.4x10" cm™2*

U up to 2.5 million cm?/Vs
limited by surface charge

1.0 1 1.0
180 2.00 220 240 260 2.80 3.00 3.20 3.40 360 3.80 4.00 420 440 460 4.80 500 520 540

26

24

22

2.0

1.8

1.6

14

1.2

2

u (em /Vs)

10° F /
6 ./
4
ol
1044 5 6 7 8 9 l” 2
10 n (cm’)
2DEG depth d=25nm

nup to 2.4x10" cm™2*
U up to 0.8 million cm?/Vs
limited by surface charge

Alex
Hamilton

SPICE
Mainz

May 2024

VVVVVV



OUTLINE
e Superlattices & Moiré physics

* New approach to making bands

(« Precursor to band-structure: )
Creating a new Fermi surface in a
g triangular lattice y
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* Creating a new band-structure

o Opening a band-gap in the
artificial lattice

o Turning electrons into holes

o Turning massive electrons into
massless Dirac particles

 Flat bands & non-trivial insulator
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Starting with “weak” modulation

(a)
Weak Potential F | t ] | ] | E ] G
Ll ” * Free electrons — single circular Fermi
 What would we see with “weak 5 f g
modulation? 2 surface
weak = quite strong by many standards = ) ) ) )
( q © y_ Y ) £y Electrons in periodic potential —
c) = many Fermi surfaces.
= (bh) 1.5
Alex
5 . Hamilton
P SPICE
4 i = -
g Ll" 05 Il’, \\\ Mainz
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Daisy Q. Wang et al, Nano Lett 23, 1705 (2023).
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Weak modulation |

* Wafer W916, z =37 nm, a=80 nm. V= +0.5V. T=20mK

* Multiple oscillation frequencies

n (x1011 cm?)

04 03 02 01 00 01
B (T)

Daisy Q. Wang et al, Nano Lett 23, 1705 (2023).

linecut @ n=2x10"" cm >

-0.4

-0.2

B(T)

llllll



Weak modulation i

15

05

-0.5

a
\/
a
/@\

-15
-1 -0.5 0 05

L]
[y

ky/0
O —

AO — original Fermi Surface: A, and

w

(b)

>

n (x1011 cm‘z)

V;6=0.5V, 20mK
6 8 10

frequency A(1/B) " (T)

— reconstructed Fermi surfaces,

CO, and CO, are classical commensurability oscillations

Quantum Interference in Artificial Band Structures

R. A. Deutschmann. W. Wegscheider, M. Rother, M. Bichler, G, Abstreiter, C. Albrecht, and J. H. Smet

Phys. Rev. Lett. 86. 1857 ~ Published 26 February 2001

Daisy Q. Wang et al, Nano Lett 23, 1705 (2023).
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Weak modulation IV - slightly stronger modulation, 20mK

 Increased modulation strength V5= -1V

’ _f:\ “'/f“'g" Wang, Nano Lett 23, 1705 (2023).
(a) ' 7’ , ' (b ® # @ @ @® o @ @ & 3 ,' o ®
: / 3 s N s
of - - e \W 8
l\.‘g ?r ' % 'P’ ..Q‘ Ha?r!?l)t(on
= 'f s ° |p o 7 SPIcE
‘>-< - L2 .8. b ,!'/‘ .'_ml : p' Mainz
_— ’ e ',’ » May 2024
| fros 3 A
Vig=-1V, 20mK g Y A
. ) 0.0 E ® @ @ b}
4 6 8
Frequency A(1/8)" (T)
Take home:
2 extra lines are classical commensurability oscillations of new Fermi surface A;. :
7

> We have made artificial Fermi surface & scattered it off 2D lattice UNSW
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Moving to higher modulation strength

(a) (b) Metal Top-Gate (TG)
Weak Potential Weak Potential Strong Potential Strong Potential "] =eouirols modulation sueagth
E‘S é-; <« Thin dielectric
s S
= (5 , «— Patterned Gate (PG)
= = . -controls density n
g= y -:’:f Fermi Energy ¥
g, 5 » 2DEG
o / =
X
y Yy GaAs heterostructure
(H ;
© (d) () 2 7
5 8 1 Q b (iv)
B 5 0
= 4 4 - S | (iii)
g 2
8 3 3 2" E; 2
u‘é: (i) <y ‘
3 | l% 9
’ ’ Wz S S D (i) : (ii)
] v N il I -4
./ \ 3
0 0 0
p (i)
r K K’ r r K K’ r r K K r

Band-gaps open
* Should see electrons and holes in the minibands

- Should see change of sign of Hall slope D.Q. Wang...ARH, arXiv:2403.07273 (2024)
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Turning electrons into holes

Ry (KQ) dR,,/dB (x10° arb. units)
(a) -1.0 0.0 1.0 (d) (g) -10 10
T 7 4 T T | :
2 1.0k Vee=0.83V
w
c —
g 0.85 = g
¢ HE------- 2 300
> % o !
0.80 E 1.0
: - - L ! Alex
-0.2 0.0 0.2 02 -01 00 01 02 -0.1 0.0 0.1 Hamilton
B (T) B (T) B (T) SPICE
Mainz
- May 2024
Metal Top-Gate (TG)
Hall effect with modulation off Pl
(pOS|t|Ve V ) <« Thin dielectric
. . TG ) — Patterned Gate (PG)
 Linearin B, -controls density n
« Positive slope 2DEG
30

- dR,,/dB>0 => electrons (blue)

GaAs heterostructure

Wafer W916, z =37 nm, a=120nm. T=15K D.Q. Wang...ARH, arXiv:2403.07273 (2024) UNSW
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Turning electrons into holes

Ry (k) dR,,/dB (x10° arb. units)
(a) -1.0 0.0 1.0 (d) (g) -10 10 Metal Top-Gate ( !(j)
[ ] y _~ -controls modulation strength
T T T :
& 1.0} Vre=0.83V «_ Thin dielectric
w
] = — «— Patterned Gate (PG)
© 5 e -controls density n
= = 0.0 o :
2 o« > | 2DEG
o
[} -1.0 N
X~ | l ; GaAs heterostructure
-0.2 -0.1 0.0 01 0.2 -0.1 0.0 0.1
B (T) B(T)
dR,/dB (x10” arb. units)
-5 5
(o)

(e) . Alex

= Hamilton
S 0% 3 Hall effect with increasing SPICE
£ g potential modulation Mainz
0.85 § (VTG -> -1 V) May 2024
0.2 : ; 02 -01 00 01 0.2 -0.1 0.0 0.1
B(T) B(T)
dR,,/dB (x10” arb. units)
-5 5
(c) (f)
0.95 . 0.4
_ £ s 0.2
& © =
g 0.90 8 200
> § @ -0.2 31
o - g 0.4 :
0.8%2 : 02 01 00 01 02 0.1 0.0 0.1 @
B(T) B (T)
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Even stronger modulation: miniband identification

Top-Gate (TG)
/ -controls modulation Utr)

<« Dielectric

<« Patterned Gate (PG)
-controls density n
2DEG

(aAs heterostructure

(c (€) U =27meV
e ;

Energy (mV)

Challenge:
Relate measurements to calculated bandstructure

(N

Energy (meV)

Strong Potential Strong Potential

(iv)

(iii)

(i)

(i)

J

Alex
Hamilton

SPICE
Mainz

May 2024
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Strong modulation: Honeycomb lattice

R, (kQ
(a) dR,,/dB (arb. units) (b) 0 e (9) q
-10 10
— ] RN
1 3 1
A V=0V
o )
.
@
S| < 1
O ?’ a : / l I _
S =088 J ) \/\/ g E
7) 4 4 (n) : Al
g 2nd van Hove : - db 084k DP1_’ § 4 _DP1 ) Ham?l):on
= 3 o ‘ SPICE
- W4 ' . "
ok = i - (1) {.‘~ 1 [ Mainz
L g 02 01 00 01 02 01234
1 1 May 2024
-50 0 50 " < " i B(T) Ry (kQ)
B (mT)
Reduce a to 100nm. 5 |
U(r) =2W Zcos(g, -T),
Band-gaps open e~
* Count changes of Hall sign: Blue=electrons, red=holes. 4n 13
. e g =——(0,1),
* Identify band filling ' V3a
; ; - 4
* Calculations with U, ;= 4.05meV g = 1/2,v3/2), 33

* Charge distribution at E. = 1.5 meV, for states below E, 3

* Peak in resistance at Dirac Point — cf graphene :
. D.Q. Wang...ARH, arXiv:2403.07273 (2024
e Band disorder ~ 0.2 meV J ( ) | UNSW




Strongest potential modulation: U__=9meV

e
=

(a) dR,,/dB {arb. units) (b) (c) Charge:Density (arb; units)
-10 10 0.0 05 1.0
A l ' : .lv‘
V=0V .
>
s
Blue=electrons o| _ " /
< | = ’ / e
0 fosst - 2 \/\/ | £
red=holes "B . 1 /¢ b
(¢} 2nd van Hove '
GJ / - <3
S : Alex
< (i) Hamilton
1 0 1 SPICE
x/a
Mainz
dR,,/dB (arb. units) o units
) @ -20 20 ® 0.0 i Dmgfrsy(m' ”1.0 May 2024
Stronger modulation PR —
I T L7 N
_— V ='3V W)
Vig=-3V 1.00 e g "."
+ U,,=9 meV “"
e Charge distribution s (....
g
at E; = 3.4 meV, for >
bands 3 & 4 only o
S 34
 Kagome charge —
distribution | "’ %

SYDNLY



Magnetoresistance oscillations:
evidence for artificial lattice O o

Rux (kQ)

B (T)

For artificial lattice

* Properties must be gauge invariant to 1 flux / lattice site (Zak Phys. Reuv.

1964)
(Magnetic breakdown of crystal structure)

 c.f. Hofstadter butterfly: fractional filling 1 flux / m lattice sites (PRB 1974)
* 2T here is equivalent to 320,000T in graphene; over 100T in MATBG

Alex
Hamilton

SPICE
Mainz

May 2024
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Zak oscillations in R,

J

A
=y 0.98F
7 :
o
© < 096
o0 &
= o
A < 0094
()
b Alex
< 0.92 Hamilton
SPICE
Mainz
May 2024
| I I -t r
_ 10— 2]
g s =
4y -
¥ & )
-10 — =
1 i I I I
-4 -2 0 2 4 36
q)/(bo @
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Zak oscillations in dR,,/dB

B (T) q
15 1.0 05 0.0 05 1.0 15

A I 7 : I
> - =
)
2 0.98F! =
S 15
Ne) = 096} 0 =
QD —
£ = l ° % - .
g - 0.94- _g -
g -3 @ Alex
j= 092+ -10 = Hamilton
iy -15 | SPICE
-4 4
Mainz
Blue=electrons D/D, May 2024
40 T ] T T
Red=holes
3
=
-
=
&
10 = 37
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Zak oscillations in dR, /dB

A
>
=
(Vp]
o
~~
o)
wl =
£ O]
g o
S| =
| -
(@)
£

Blue=electrons

Red=holes

B (T)

/D,

This provides absolute calibration of gate voltage to band filling
X periodicity: # electrons / band
Y periodicity: # flux / lattice

Phase shift: change in band topology ?

Alex
Hamilton

SPICE
Mainz

May 2024
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Reproducibility: 2 devices on different wafers with 2 different lattice periods

W916 W1740 q

30nm AlGaAs(0.6) + 7nm GaAs 22nm AlGaAs(0.6) + 3nm GaAs

Electron mobility ~600,000 cm”2/VVs @ 1e11 cm”-2 | Electron mobility ~150,000 cmA2/Vs @ 1e11 cmA-2

AG device: 120nm lattice, 10um area AG device: 100nm lattice, 5um area

AG: sign change of Hall slope at TG=-2.5V (1.5K) AG: sign change of Hall slope at TG=0V (1.5K)

Ryy (kQ) Ry ()
OF 90 O 02 00 02
-0.84 -042 0 0.42 0.84 amifton
SPICE
Mainz
&5
o 0.90 May 2024
=
0.85
-0.4 -0.2 0.0 0.2 0.4
B (T)
39

« Wafer W916, z =25 nm, a=100nm. T = 1.5 K. TG =0 V now very similar to TG=-2.5V before. UNSW
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OUTLINE

Superlattices & Moiré physics

New approach to making bands

Precursor to band-structure:
Creating a new Fermi surface in a
triangular lattice

Creating a new band-structure

o Opening a band-gap in the
artificial lattice

o Turning electrons into holes

o Turning massive electrons into
massless Dirac particles

[- Flat bands & non-trivial insulator]

UNSW TEAM
+

Collaborators

Experiment

Alex
Hamilton

Daisy Wang
Oleh Klochan
Alex Hamilton

SPICE

Mainz
cn WYY

May 2024

Theory
Zeb Krix

Oleg Sushkov
O. Tkachenko M |

Wafers
David Ritchie

Andreas Wieck
Werner Wegscheider
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Longitudinal resistance: Insulator after Dirac bands filled

B (T)

-15 -1.0 -05 0.0 0.5 1.0 15
A
- 0.98
)
g < 096
) &
© O
o
o0 L 094
)
© 0.92
b Alex
< Hamilton
SPICE
— 20 [ | [ Mainz
9 19— | May 2024
< 10 -
x 8 | | o ‘&M% — |
-4 2 0 2 -
DI,

Not disorder:
* Same flux periodicity as lattice

* Killed with increasing and decreasing %
density U



Longitudinal resistance: Insulator after Dirac bands filled

d Rie (KQ) X
( ) 0 5 10 15 ( )
[ — ]
A

= 1.00
‘»n
C
Y]
©
o0 0.98
=
g s
— O
S| £ o9

0.94

0.92
Not disorder: .

* Same flux periodicity as lattice

* Killed with increasing and decreasing
density

J

Alex

I ; Hamilton
ip SPICE

ﬁ Mainz

May 2024

Width of insulator in gate bias = one full

band = from flat band, not bandgap .
Theory: 7, ../t ~ 50 = strong e
correlations UNSW



Summary

* Artificial bandstructure

* Tune E; and U over many bands
* Turn electrons into holes

* Band filling: Dirac bands

e Transition Dirac — Kagome lattice
* Created band gap

* Non-trivial insulator

Future:
e Ultra-low disorder (ask)

 Add band topology LeS

(&)

dH, /0 (arD. unts)
10 10
[ — ]

T T
Vig=0V

B (mT)

dRJdB {arb. unts)
20 20

Charge Dansity (ard. units)
0.8

ot 9% 00 10
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I/f ‘.\‘ // / \ \\
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al / \ _ \ \__.7,./
S\ N e
TANN o
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2 \/\/ 1;.::; ‘--::‘
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X Y
\ox 7
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27 T\
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(e}

/D,

D.Q. Wang...ARH, arXiv:2403.07273 (2024)
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Outline and acknowledgments

OUTLINE
e Superlattices & Moiré physics
* New approach to making bands

* Creating a new Fermi surface in
a triangular lattice

* Forming an artificial Dirac point
for massive electrons

 Opening a band-gap in the
artificial lattice

* Honeycomb to Kagome lattice

 Non-trivial insulator

UNSW TEAM
+

Collaborators

Experiment
Daisy Wang
Oleh Klochan
Alex Hamilton

Theory
Zeb Krix

Oleg Sushkov

Wafers
David Ritchie

Andreas Wieck
Werner Wegscheider
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Hamilton

SPICE
Mainz

May 2024
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Ambipolar accumulation mode GaAs nanowires / QPCs

(a) o)
Top Gate -ﬁ\ \4'_;&
T AiGaAs o
" = IDEGRDAG | e
GaAs

1000 T T
—— Holes
N —— Electrons
(f,i 100
o
10 ;
F 1 1 1
1.21%
b e ’ ® " ® First cool down
5 ! -
‘—g osk ° \.\ ® Second cool down o |
© [ ° .
2 o04f ~. . /. ]
= 3 \.. o® _
00 1 1 1 1 1
-4 -2 0 2 4
Vig (V)

M. = 5,000,000 cm?2/Vs
1, = 800,000 cm?/Vs

J.C.H Chen..ARH. APL 2012 & APL 2015.

G (2¢°/h)

G (2¢°/h)
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Reducing disorder and noise

b) G

a)
Surface charge q_
Evaporated NIBE - growi
metal gate aluminium gate
Oxide Alex
GaAs (2nm) GaAs (2nm) { Hamilton
SPICE

AlGaAs (33 nm) ¢ AlGaAs (33 nm) Mainz

. May 2024

2DEG ——>
GaAs buffer

2DEG ———>
GaAs buffer

Problem: Small quantum devices, Large transconductance
=> channel close to gate

Surface of semiconductor exposed to air heterostructure

=> oxidation, adsorbates i )
=> surface charge Semiconductor surface never sees air

=> scattering of electrons in channel Eliminates unwanted surface charge @
Issue for Ge, IlI-V's, lI-VI's, etc . ' &2
surface contaminants UNSW

Solution: Grow gate as part of the



Perfect metal-semiconductor interface

DEVICE
STRUCTURE Before anneal After anneal

Epitaxial Aluminium gate (8nm)

AlGaAs (33 nm)

Y. Ashlea Alava, D.Q. Wang, C. Chen, D.A. Ritchie, A. Ludwig, J. Ritzmann,
A.D. Wieck, O. Klochan, and A.R. Hamilton,
Ultra-shallow all-epitaxial aluminium gate GaAs/AlGaAs transistors with high electron mobility, Advanced Functional Materials (2021)
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Hamilton

SPICE
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May 2024
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Ultra low noise quantum point contacts

| T
; ‘1) lD channel gate b) VS(,—O V- 10—2 n ® I _
-~ \?
~ ~ .
[~
5 2 : 3 <
107 F ® o .
~ — . - .“-
N£ 4 | I = E ‘ .
S "< 107 F 3
© 3FVsc=08V d £ F o 5
— - - ] Al
0.401 « - L4 - o - Ham?l)t(on
2 ] - 3 ®e.
ALY 10 F ~. E SPICE
0.395\\ - : Mainz
/ -
1 -y [ | ® Epitaxial aluminium QPC (35 nm deep) May 2024
— 10‘6 - | ® QPC from Liang et al (50 nm deep) -
| L E ]
0 J (1] I I 1 X UM S O ; e e
0.75 0.80 0.85 090 0 60 12 2 3 456 780 1 2 3 45678
Ve (V) t(s) © T
e Etch Aluminium to define quantum point contact => Clear conductance steps
* Hold gate V; on steep “risers” & monitor I(t) => See 1/f noise
* Noise 20x lower than non-epitaxial gates
Y. Ashlea Alava, D. Q. Wang, C. Chen, D. A. Ritchie, O. Klochan, and A. R. Hamilton, ;

High electron mobility and low noise quantum point contacts in an ultra-shallow all-epitaxial metal gate GaAs/Al,.Ga,_As
heterostructure, Appl. Phys. Lett. 119, 063105 (2021). e
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