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The story so far...

-~

our view of phases of matter

Topology has profoundly changed

Topology has led us to ideas such as “anyons”,
which might even be useful for quantum computing™

- _

* not Investment advice
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A lot of this work — especially the theory — was done already in the 1990s and 2000s
Why do theorists care about these things in 2025/
(why Is there so much more activity in this area than in 20157)

'l explain recent progress in terms of 3 key ingredients

topology correlations tunability

. ow does the “original” quantum Hall effect embody these 3 ingredients!
* Why are they challenging to achieve In other systems!?

* How did physicists manage to do this?



2D Electrons in a Magnetic Field

* Circular orbit + Aharonov-Bohm phase — kinetic energy frozen into flat “Landau levels”

B E E
e
A = — X BX area
k Y
A0 = 27 defines new “unit cell” ~ area occupied by single quantum of flux @y, = hcle
. hc
also defines magnetic length lp = B
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2D Electrons in a Magnetic Field

* Circular orbit + Aharonov-Bohm phase — kinetic energy frozen into flat “Landau levels”

B E E
e
A = — X BX area
A0 = 27 defines new “unit cell” ~ area occupied by single quantum of flux @y, = hcle

S0 def tic length (=]

also defines magnetic leng B =\ 5
Sample with magnetic field B and area A has Ng = BA/®, “unit cells” T
1 -

~ach Landau level: | electronic state per “unit cell’ = extensive degeneracy |7 |°
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Integer vs. Fractional Quantum Hall Effect

number of electrons

= fraction of magnetic “unit cells” filled with w/ electrons
number of flux quanta
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Integer vs. Fractional Quantum Hall Effect

number of electrons

number of flux quanta

integer V: unigu
state even w/o
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= fraction of magnetic “unit cells” filled with w/ electrons
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Integer vs. Fractional Quantum Hall Effect

number of electrons

number of flux quanta

integer V: unigu
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+ 80 more...
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Integer vs. Fractional Quantum Hall Effect

number of electrons

number of flux quanta

integer V: unique ground

state even w/o Interactions

D@ @
2| @@
2| @)@

= fraction of magnetic “unit cells” filled with w/ electrons

fractional v: interactions “p
(degenerate perturbati
2 @
B 2|00 |@
B 9 B

on theory!)

9

ick™ ground state

+ 80 more...

* Quantum Hall Effect: insulators w/ quantized response for integer or fractional v
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(cf Shivaji Sondhi’s Talk)
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Ingredient 7

_l.

| : Topology



Back to Bé!

2 @ @ “lectrons In solids: Schrodinger equation In periodic potential

»’/

®

(2]3\24 | V(r)) Y(r) = Ey(r) Vir+R)=V(r) R € lattice
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Back to Bé!

2o @ “lectrons in solids: Schrodinger equation In periodic potential
(QM | V(I’)) Y(r) = Ey(r) Vir+R)=V(r) R € lattice

Bloch: eigenstates = (plane wave) X (periodic function)

Hppi(r) = EpxtPnk(r)

Yk (1) = € unk(r)

Wikipedia
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Back to Bé!

2o @ “lectrons in solids: Schrodinger equation In periodic potential
(QM | V(I’)) Y(r) = Ey(r) Vir+R)=V(r) R € lattice

Bloch: eigenstates = (plane wave) X (periodic function)

Hppi(r) = EpxtPnk(r)

Unk(r) = €ik'runk(r) gap

Wikipedia

S
|
DO

- energy levels : bands w/ discrete label n + "gaps”

X

=
|
-

- | band per orbital in the unit cell
&ap

S | 3}--
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Back to Bé!

“lectrons In solids: Schrodinger equation In periodic potential

Solid State Basics 5
e (213\4 | V(r)) U(r) = Ey(r) V(r+R)=V(r) R € lattice

Bloch: eigenstates = (plane wave) X (periodic function)

o i n=3
i;i Hwnk(r) — Enkwnk(r) E
Yk (r) = e T uny(r) p |

- energy levels : bands w/ discrete label n + “gaps” n =9

¢

- | band per orbital in the unit cell
&ap

- crystal momentum £ is periodic
—egin D k=k+2r/a -

Q | f-mmopmn-
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Topology in Bloch Bands

As we learned in Shivaji's talk, Bloch bands can also have topology (“Chern insulators’)

Chern bands — B=0 lattice versions of Landau levels

topological index: integer “Chern number” C

filled Chern band: quantized Hall response
2 [Haldane PRL '88; Thouless et al PRL '382]

ny:Cx%

UOITBPUNO J|OANA

UOIBPUNO [2gON|
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Topology in Bloch Bands

As we learned in Shivaji's talk, Bloch bands can also have topology (“Chern insulators’)

Chern bands — B=0 lattice versions of Landau levels

topological index: integer “Chern number” C

filled Chern band: quantized Hall response

62 [Haldane PRL '88; Thouless et al PRL '382]

h

Ogy = C X

Where does the topology come from!?

Berry’s Phase ~ "winding’ of electron wavetunction as it moves
- cf Aharonov-Bohm phase in magnetic fielc
- often arises In systems w/ strong spin-orbrit coupling

UOITBPUNO J|OANA

UOIBPUNO [2gON|
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Ingredient #2: Correlations



What do we mean by “correlations’?

competition between kinetic energy & interactions decides the fate of matter

more tinerant more loca

(wave-like) (particle-I

—_—m

metals insulators
superconductors

ized

<e)

Interaction
strength
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What do we mean by “correlations’?

competition between kinetic energy & interactions decides the fate of matter

more tinerant more |localized
(wave-like) (particle-like)

iNnteraction

strength
metals insulators
superconductors E

Landau levels: zero kinetic energy
— Intrinsically “'strong coupling”
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What do we mean by “correlations’?

competition between kinetic energy & interactions decides the fate of matter

mnore itinerant Bloch bands usually B more localized
(wave-like) have non-zero (particle-like)
lf n etic en ergy: NN
intermediate " k /
coupling”
Interaction
strength

metals insulators
superconductors E

Landau levels: zero kinetic energy
— Intrinsically “'strong coupling”
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“Fractional Chern Insulators’

“Fractional Chern insulators”™: lattice analog of fractional QHE
[Tang et al PRL | |; Neupert et al PRL’| |; Sun et al PRL [ |]

“flatten” dispersion of Chern bands to
enhance correlations (easy in theory)

Under right conditions, interactions ~ those in a Landau level [Qi, PRL "I SF Roy, Sondhi PRB "1 2]
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“Fractional Chern Insulators’

“Fractional Chern insulators”™: lattice analog of fractional QHE
[Tang et al PRL | |; Neupert et al PRL’| |; Sun et al PRL [ |]

“flatten” dispersion of Chern bands to
enhance correlations (easy in theory)

Under right conditions, interactions ~ those in a Landau level [Qi, PRL "I'1; SF Roy, Sondhi PRB "1 2]

Lots of subsequent theory... enough for a review article already in 2013

C. R Physique 14 (2013) 816-839

op A
- n-l.,-..\ e s
A .’ . -.. . -
RO e
L%b(—*"‘. ~"'{w-‘

-3 '_ﬁ
e v 4

Contents lists available at SciVerse ScienceDirect

Comptes Rendus Physique

www.sciencedirect.com

Topological insulators/Isolants topologiques

Fractional quantum Hall physics in topological flat bands

Rahul Roy
Oxford Postdoc Physique de l'effet Hall quantique fractionnaire dans des bandes plates topologiques b Ut‘ ‘ﬂ Ttten | . g’ ; ban d S | s not
2009-] | Siddharth A. Parameswaran **, Rahul Roy”, Shivaji L. Sondhi‘

easy In experiments!
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Ingredient # 3: Tunability



What do we need to tune!

[deally... lots of things!

But If we had to choose one: it would be the electron density
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What do we need to tune!

[deally... lots of things!

But If we had to choose one: it would be the electron density

Landau Levels

|QHE FQHE

(W/ Interactions)
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What do we need to tune!

[deally... lots of things!

But If we had to choose one: it would be the electron density

Landau Levels Bloch Bands
<Looooooooooooo<]> J)-o-o-o-o-o-o-o-o-o-o-o-o-o-J) <v>
& 3-00000000000000 & (-8-0-0-80060000080 8.’."/\‘82*
k k
|[QHE FOQHE band insulator metal
(w/ interactions) “Mott" insulator w/

strong correlations

Chern/fractional Chern insulator if C # (
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What do we need to tune!

3y tuning density, “integer” states — “fractional” states

(no correlations (correlations
needed) essential)
Landau Levels Bloch Bands
J)-o-o-o-o-o-o-o-o-o-o-o-o-o«L ‘L-O-O-O-O-O-O-O-O-O-O-O-O-O-‘l)
ooooooooooooo E V-0O-9-0-0-9-0O-C )
|[QHE FOQHE band insulator metal
(w/ interactions) “Mott" insulator w/

strong correlations

Chern/fractional Chern insulator if C # (
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How can we change the filling in experiments!?

* [raditional materials — grow new sample for each filling (typical timescale 1s ~ 1 GSY)
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How can we change the filling in experiments!?

* [raditional materials — grow new sample for each filling (typical timescale 1s ~ 1 GSY)

» 2D systems — electrostatic gating (Instantaneous)

idw 10 nm
+Q

e, ~ 10
—¢ V ~ 1 Volt

cate voltage V'
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How can we change the filling in experiments!?

* [raditional materials — grow new sample for each filling (typical timescale 1s ~ 1 GSY)

» 2D systems — electrostatic gating (Instantaneous)

Charge density:

idwl()nm ne_@_cv_gv
+Q AT A 4
e, ~ 10
—Q 1 electron
V ~ 1 Volt -~ (10 nm)Q

cate voltage V'
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How can we change the filling in experiments!?

* [raditional materials — grow new sample for each filling (typical timescale 1s ~ 1 GSY)

» 2D systems — electrostatic gating (Instantaneous)

Charge density:

idwl()nm ne_@_cv_gv
+Q AT A 4
e, ~ 10
—Q 1 electron
V ~ 1 Volt -~ (10 nm)Q

cate voltage V'

—low does this compare to the
ength scales we have at hand!
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Length scales in Landau Levels vs. Materials

hc
el3

Landau levels have a single scale: the magnetic length Ip =
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Length scales in Landau Levels vs. Materials

L andau levels have a single scale: the magnetic length I = fe ~ 10nmat77T

el3
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Length scales in Landau Levels vs. Materials

hc

L andau levels have a single scale: the magnetic length g =1\ & ~ 10nmat 7T
&
' B=15T | , —5] 10
0.06 7=0.3K 17/3 8T i 8
| 14/3 16/3 I AT
_, can access many QH states S ou B s cane ey IO N L&
. . | 7/38/3 4 o |
ust by changing gate voltagel o2}, .24 [\ k 1, 12
) Y ging g g 0.02 /3 1 : |
oool MY L L l ik L
1 2 3 4
oate voltage
I5I
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Length scales in Landau Levels vs. Materials

. . he
L andau levels have a single scale: the magnetic length g =1\ & ~ 10nmat 7T
€
 B=15T _ —»| 10
0.06} 7=0.3K 1 7% i 18
| 14/3 AN T
_, can access many QH states S ou s B R L&
: : | 3 | |
just by changing gate voltage! ool 2l [\ H—f— 3 |’ 1, /2
‘ | 10
000kt RY Sl RAURTS 1 ik }
1 2 3 4
oate voltage
. . . 1 electron 10~ electron
In materials: typical unit cell scale a ~ 0.3 nm, so n ~ - .
(10 nm) (unit cell)
I5I
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Length scales in Landau Levels vs. Materials

. . he
L andau levels have a single scale: the magnetic length g =1\ & ~ 10nmat 7T
€
B=15T — 10
0.06F 7=0.3K ﬂ 17/3 8, ' 7 : 8
| 14/3 16/3 ST
_, can access many QH states S ou s B R [,
: : | 7/38/3 4 . |
just by changing gate voltage! 002|523 N1 3 IF {2
! | 10
oookM Y L) LAURITS . T }
1 2 3 4
oate voltage
. . . 1 electron 10~ electron
In materials: typical unit cell scale a ~ 0.3 nm, so n ~ - .
(10 nm) (unit cell)
So even if we realise a Chern band In a regular crystal,
very difficult to access sensible fractional fillings!
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State of Play: Landau Levels vs. Chern Bands

Landau _ number of electrons Chern number of electrons

Levels number of flux quanta Bands number of unit cells
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Landau _ number of electrons Chern number of electrons

Levels number of flux quanta Bands number of unit cells

* Flled LL = Integer QH insulator
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State of Play: Landau Levels vs. Chern Bands

Landau _ number of electrons Chern number of electrons

Levels number of flux quanta Bands number of unit cells

* Flled LL = Integer QH insulator * Flled Chern band = integer Chern insulator

» Can readily tune filling (£5 ~ 10 nm)
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State of Play: Landau Levels vs. Chern Bands

Landau _ number of electrons Chern number of electrons

Levels number of flux quanta Bands number of unit cells

* Flled LL = Integer QH insulator * Flled Chern band = integer Chern insulator

» Can readily tune filling (£ ~ 10 nm) * Can't tune ftilling appreciably for typical
crystal w/ spacing a ~ 0.3 nm
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State of Play: Landau Levels vs. Chern Bands

Landau _ number of electrons Chern number of electrons

Levels number of flux quanta Bands number of unit cells

* Flled LL = Integer QH insulator * Flled Chern band = integer Chern insulator

» Can readily tune filling (£ ~ 10 nm) * Can't tune ftilling appreciably for typical
crystal w/ spacing a ~ 0.3 nm

* No dispersion = strong coupling

. fractional v = fractional QH Insulator
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State of Play: Landau Levels vs. Chern Bands

| andau number of electrons

Levels number of flux quanta

* Flled LL = Integer QH insulator

» Can readily tune filling (£ ~ 10 nm)

* No dispersion = strong coupling
. fractional v = fractional QH Insulator

Chern number of electrons

Bands number of unit cells

* Flled Chern band = integer Chern insulator

* Can't tune filing appreciably for typical
crystal w/ spacing a ~ 0.3 nm

* Dispersive = Intermediate coupling
| ? | |
-. fractional v = fractional Chern insulator
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50, the challenge is clear: need crystalline systems with

* topology: energy bands with Chern numbers
* correlations: interactions enhanced relative to kinetic energy

» tunability: ability to easily change filling by =0(1) electron per unit cell



What happened next... the Hollywood version

Stills from Walt Disney’s Silly Symphony: The Tortoise and the Hare, Youtube
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What happened next... the Hollywood version

Lots of very
esoteric questions

c.2013

2013-2018

Stills from Walt Disney’s Silly Symphony: The Tortoise and the Hare, Youtube



What happened next... the Hollywood version

Lots of very
esoteric questions

c.2013

Lots of
hard graft

2013-2018

Stills from Walt Disney’s Silly Symphony: The Tortoise and the Hare, Youtube



What happened next... the Hollywood version

Lots of very
esoteric questions

Experiment_ ~

-

/ ‘ '\‘
B

.4,‘
o

i

&

:
{

\
L

c.2013

New physics!

Lots of
hard graft

2013-2018

Stills from Walt Disney’s Silly Symphony: The Tortoise and the Hare, Youtube



New Physics: the “Moire Effect”

L ToOK A PICTURE OF MY COMPUTER
SCREEN—UWHY IS THE PHOTO COVERED
IN THESE LJEIRD RAINBOW PATTERNS?

) LHEN A GRIDS oy
MIGALIGNED LJITH

ANOTHER, BEHIND xkcd
4 THATS A MOIRE .

Dean Martin)

/

THAT'S
AMORE

(with apologies to

Ajnods
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New Physics: the “Moire Effect”

moire — from textile industry

~ moirer (French) ~ mohair (English) ~ mukhayyar (Arabic ="chosen”)

“beating” of periodic structures w/ slightly offset period or orientation

o f{

- moiré silk textile

S01a S SPIMT |
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New Physics: the “Moire Effect”

moire — from textile industry

~ moirer (French) ~ mohair (English) ~ mukhayyar (Arabic ="chosen”)

“beating” of periodic structures w/ slightly offset period or orientation

|D example: \

Vi(z) =sin|[(k £ J)z]

A

Vi(x)+ V_(x) = 2cos(dx)sin(kx) \/\f

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

A

S01a S SPIMT |
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New Physics: the “Moire Effect”

moire — from textile industry

~ moirer (French) ~ mohair (English) ~ mukhayyar (Arabic ="chosen”)

S01a S SPIMT |

“beating” of periodic structures w/ slightly offset period or orientation

|D example: \

Vi(z) =sin|[(k £ J)z]

A

Vi(x)+ V_(x) = 2cos(dx)sin(kx) \/\f

A

A

A

A

A

“superlattice” w/ approximate period

A

A

A

A

A

A

Umoiré —

\AAAANNNNANAN]

M V
27T>>27T
) k

S.A. Parameswaran, Oxford | A New Iwist on Topology: The Rise of “Moiré Materials” | Oxford Saturday Morning of Theoretical Physics 8.2.2025 19



Moire Materials

2D materials (e.g. graphene) held together by van der Waals forces: moire from twisting

~ N

st ; Vilw) ~ cos(ki - 2) F
i “'\mm‘mmgu:ugmummmu k1 9 yF
0 0 = ‘]21 — EQ‘ ~ 2|Ez‘ SIN — ~ |Ez“9 K
— 2 k
kg :
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Moire Materials

2D materials (e.g. graphene) held together by van der Waals forces: moire from twisting

—

I o gt ' k 1
“NlNIﬂmmlmmhI;;Im;iii:::::mm ]

HINININIﬂlﬂlﬂlﬂlﬂlﬂlﬂl

NININlﬂlﬂlﬂlﬂlﬂlﬂlﬂlf | |
NINlNINININININlﬂlfm:l:::mm:::m‘

A
u|mnm|mu|mnlmnuﬁum:mw ko

27T

Ulattice

using \EZ\ ~

Vi(z) ~ cos(k; - T)

0 = ‘El — EQ‘ ~ 2|Ez‘ SIn

Ulattice ™ 0.3 nm

0~ 1.5°

5, .
2

27T

—_— NN\J

Umoiré — 5

2T 90 O gn W o O, oy, S oy O IR
( 9, J ’? X 5 \ ﬁ‘
- N
\ 1 ’
, )
e : X 4
s e
,
4

Ulattice

~ 10 nm
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Moire Materials

2D materials (e.g. graphene) held together by van der Waals forces: moire from twisting

i i " ’ i(x) ~ cos(k; - ) oo
. *. | L\ UL k]_ s
i 0 § = |k1 — ko| ~ 2|k;|sin =
| di Rt ]CQ
il HHitif
. VT Ulattice ™ 0.3 nm ) T
Ulattice 9 ~ 1.5 5 6’

Just as magnetic field modifies the kinetic energy of free electrons, moire modifies £(k)

= "flat” bands w/ small kinetic energy = strong correlations

Many possible combinations & parameters — routes to new physics!
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“Hydrogen Atom” of Moiré Materials: Twisted Bilayer Graphene (TBG)

Linear “Dirac” dispersion gives special structure to twisted moire multilayers of graphene

moiré-reconstructed TBG bands almost perfectly flat near “magic’ twist angle 8 ~1.05°

1 2 o 0
“ EU /B
5 0/0 '] S T oy
s enhhanced correlations in
@ ! I |
AA XX BA B E O E : :
 AB 2 A . '89lé ﬂat central banqjs
: H 20 - -
I\
[Bistritzer & Macdonald, PNAS'| | ] ’
K 1/\1 Y Far Ky

*8 electron “flavors™ - 2 spin x 2 "valley” x 2 “sublattice”

UOEPUNO JJOM
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“Hydrogen Atom” of Moiré Materials: Twisted Bilayer Graphene (TBG)

Linear “Dirac” dispersion gives special structure to twisted moire multilayers of graphene

moiré-reconstructed TBG bands almost perfectly flat near “magic’ twist angle 8 ~1.05°

1 2 o 0
u AR
u /6 o’ IET ................ —
BN 20 enhhanced correlations in v = +4
@ 1 ! |
g < E T e | band
- AB X an . | at central bands
Lﬂ — QO y — —/
o A
[Bistritzer & Macdonald, PNAS'| | ] ' - ; |
| Ky M [ 'y Ky

*8 electron “flavors™ - 2 spin x 2 "valley” x 2 “sublattice”

UOIBPUNO JJOAA
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“Magic” in Twisted Bilayer Graphene

- Pablo Jarillo-Hererro (MIT): experiments on magic-angle graphene bilayers
g ” _4 _9 0 9 4 [Cao et al Nature "1 8a,b]
5 0.1 - l - , ' ;
D1 49=1.08”|'; —

aE\ n/2 P2 +9:1'100 + 1 1 ‘ ' &
® " opal mo-tiew o correlated insulators
§ 005 S L (band theory predicts metal)
é —Ng —ni/2 é n:/2 -
S o ' w Many proposed explanations:

' ‘ " correct one: SP SH Simon + Oxford

24 | 0 | 2 4 students/postdocs (2021)
n (102 cm~2) [experimental confirmation in 2023!]
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“Magic” in Twisted Bilayer Graphene

- Pablo Jarillo-Hererro (MIT): experiments on magic-angle graphene bilayers
g % —4 ~92 0 9 4 [Cao et al Nature "1 8a,b]
o 0.1 - | . | . : .

1. correlated insulators”
™ (band theory predicts metal)

o o] o o
P, S Jy—
I

0.05

Conductance, G (mS)

Many proposed explanations:
correct one: SF SH Simon + Oxford
4 students/postdocs (2021)
[experimental confirmation in 2023!]

oate-tunable
superconductivity

Temperature, T (K)

—

/ \
;' Superconductor
/

18 -16 -14 -12 -1.0 -0.8
Carrier density, n (1012 cm™2)
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“Magic” in Twisted Bilayer Graphene

0.05

Conductance, G (mS)

oate-tunable
superconductivity

Temperature, T (K)

—

’ \
;' Superconductor
!

1.8 -16 -1.4 -12 -1.0 -0.8
Carrier density, n (1012 cm™2)

|Cao et al Nature " 8a,b]

- Pablo Jarillo-Hererro (MIT): experiments on magic-angle graphene bilayers
v —4 —9 0 2 4
g' 0.1 T | T I

D1 0 =1.08° =

correlated insulators”
(band theory predicts metal)

Many proposed explanations:
correct one: SF SH Simon + Oxford
students/postdocs (202 1)
[experimental confirmation in 2023!]

Wide range of other phenomena:

includi

but difficu

ng some hints of topology...

t to get topological states reliably
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S0 we found a nice system with correlations and tunabllity. ..
but only tantalizing hints of topology

Can we do better?



Other Moire Materials

There are lots of 2D materials!
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Other Moire Materials

There are lots of 2D materials!

Like graphene, can often be prepared by “exfoliation”
a.k.a. 'the scotchtape method”

lostinscience.wordpress.com/
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Other Moire Materials

There are lots of 2D materials!

Like graphene, can often be prepared by “exfoliation”
a.k.a. 'the scotchtape method”

Transition Metal Dichalcogenides, TMDs
(MoS,, WS,, MoTe,, HfS,...)

MXene Post-Transition Metal Chalcogenides, PTMCs Metal Phosphorous Trichalcogenides, MPTs
(In,Se,, Sb,S,, Sb,Tes, Bi,Tes,, Bi,Ses...) (NiPS,, FePS,...)

2D Monoelemental materials 2D MnO Bismuth tellurohalides, BiTeX
(As, Te, Bi, Ge, Sb....) 2 (BiTel...)

[Zhao et al Chem. Soc. Rev. 24]
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Other Moire Materials

There are lots of 2D materials!

Like graphene, can often be prepared by “exfoliation”
a.k.a. 'the scotchtape method”

lostinscience.wordpress.com/

Focus on one family In particular:
“twisted TMDs”

Transition Metal Dichalcogenides, TMDs
(MoS,, WS,, Mole,, HfS,...)
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Topology in Twisted TMD Bilayers

& = Iransition Metal (Mo, WV, Hf,...)

k- 4 = Chalcogen (5, Se, Te,...)

Parabolic dispersion per layer + complex interlayer tunneling amplitude/layer potential A(r)

h2k*
H = > - A(r) -0 where 6 = layer “pseudospin”
m*

[Wu et al’19; Pan et al 20; Devakul et al 21; Morales-Duran et al "24]
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Topology in Twisted TMD Bilayers

& = Iransition Metal (Mo, WV, Hf,...)

k- 4 = Chalcogen (5, Se, Te,...)

Parabolic dispersion per layer + complex interlayer tunneling amplitude/layer potential A(r)

h2k*
H = > - A(r) -0 where 6 = layer “pseudospin”
m*

= A(r) = periodic “layer Zeeman field"

[Wu et al’19; Pan et al 20; Devakul et al 21; Morales-Duran et al "24]
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Topology in Twisted TMD Bilayers

& = Iransition Metal (Mo, W, Hf,...)

YW = Chalcogen (S,SeTe,...)

Parabolic dispersion per layer + complex interlayer tunneling amplitude/layer potential A(r)

h2k*
H = 5 - A(r) -0 where 6 = layer “pseudospin”
m*

= A(r) = periodic “layer Zeeman field"

Near special “magic” angles A(r) forms a “skyrmion lattice”

Az (T) (meV) I

What are the consequences for electrons! 20 20 0 20 40
[Wu et al’19; Pan et al 20; Devakul et al 21; Morales-Duran et al "24]
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Topology in Twisted TMD Bilayers

v /1
Y 14
Y

h2k?

2m*

7419

H FA(r) - o A(r) forms skyrmion lattice
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[Wu et al’19; Pan et al 20; Devakul et al 21; Morales-Duran et al "24]

S.A. Parameswaran, Oxford | A New Iwist on Topology: The Rise of "Moiré Materials” | Oxford Saturday Morning of Theoretical Physics 8.2.2025



Topology in Twisted TMD Bilayers

h2k?

2m*

H

FA(r) o A(r) forms skyrmion lattice

Change the local axes so o || A(r)

« « AR N
—~r A AP %~ «
445w

— (k + cA(r))? + Ven(r)

A\
4
4
Y,
" , 4
¥
e

H — H' =

\; \‘4.\.‘<A »
AWK .-
& v

E——
Az(r) (mev—)4o —20 0 20 40

[Wu et al’19; Pan et al 20; Devakul et al 21; Morales-Duran et al "24]
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Topology in Twisted TMD Bilayers

h2k? | | )
H = Sy FA(r) - o A(r) forms skyrmion lattice xS
Change the local axes so 6 || A(r)
) S
— — Dyt ( + € (T)) + eff(’r) R cri—

“lectrons see periodic scalar V «(r) + vector A(r) potentials (A encodes Berry phase)

[Wu et al’19; Pan et al 20; Devakul et al 21; Morales-Duran et al "24]
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Topology in Twisted TMD Bilayers

-
h

N
%
| .
A A
4
O » »
Y 4
F ¥ ¥
K )
.
~
»

h2k?

2m*

-
-
\.
[
4

H

FA(r) o A(r) forms skyrmion lattice

Change the local axes so o || A(r)

H = H = 2m* (hk + 6A(r)) T ‘/eff (T) Az (1) (meV) "0 0 20 40

“lectrons see periodic scalar V, (r) + vector A(r) potentials (A encodes Berry phase)

f A(7) has | skyrmion per unit cell, B(r) =V X A(r) has | flux quantum per unit cell

This gives a C = 1 Chern band which is pretty flat!
(=~ Landau level in weak periodic potential!)

[Wu et al’19; Pan et al 20; Devakul et al 21; Morales-Duran et al "24]
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Checking off our Wishlist

The system: bilayers of MoTe; twisted to 8 =~ 3.7° =~ 0.065 rad
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Checking off our Wishlist

The system: bilayers of MoTe; twisted to 8 =~ 3.7° =~ 0.065 rad

» Can realise C = 1 band gapped away from all other bands / topology
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Checking off our Wishlist

The system: bilayers of MoTe; twisted to 8 =~ 3.7° =~ 0.065 rad

» Can realise C = 1 band gapped away from all other bands / topology

» Bands can be flat, kinetic energy < 1 meV < interactions / correlations
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Checking off our Wishlist

The system: bilayers of MoTe; twisted to 8 =~ 3.7° =~ 0.065 rad

» Can realise C = 1 band gapped away from all other bands

/ topology
J correlations
J tunability

» Bands can be flat, kinetic energy < 1 meV < interactions

e Lattice spacing a ~ 0.6 nm = moiré length a,, ~ 10 nm

Bonus: interlayer potential (D ~ A_) tunes skyrmion number
(can use it to switch from C = 1 to C = 0 as a test)
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Experiments!

Transport experiments™ on tMole; at the appropriate densities shows quantization of the
Hall response at integer and fractional values, switchable by tuning the interlayer potentiall

100

2007

—R, — IR,
80
S g 150
o 60 x
° %100}
S w0l o
X X
o >
° 20t * 50 _ 4 _\-
0 . . , Oy v — . b 4 A .
0 50 100 150 -150 -100 -60 O 50 100 150
Dieo (mV nm~) D/e, (mV nm™")
Active search for “fractional topological insulators”, non-Abelian anyons, ...
*irst experiments were indirect and involved optics — more In a moment [Park et al Nature "23 ]

S.A. Parameswaran, Oxford | A New Iwist on Topology: The Rise of “Moiré Materials” | Oxford Saturday Morning of Theoretical Physics 8.2.2025 28



New Surprises!

rhombohedral 5-layer graphene on hBN — second FCI system, a few months after tMo le;

30 e Rich physics but poorly understood

* Moiré effect 1s much weaker and seems to
nave a different role — stabilizing a state
where Interactions make electrons
spontaneously crystallize into a Chern insulator,
rather than simply filling existing Chern bands!

|
0.30 0.35 040 045 0.50 0.55 0.6
n, (10’2 cm)

ou

[Lu et al Nature 24 ] Key Player: Yves Kwan
(Oxtord DPhil 22— Princeton Postdoc)
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The Future:“Seeing” Fractional Statistics?

Signature of FQHE: anyonic statistics

(Intermediate between bosons/fermions) [Arovas et al PRL '84]

In Landau levels— "edge state interferometry” (cf Steve Simon’s talk)

[ Proposal: Chamon, Sondhi, et al '9/; Recent experiments: Nakamura et al Nat. Phys. "20] »
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The Future:“Seeing” Fractional Statistics?

Signature of FQHE: anyonic statistics

(Intermediate between bosons/fermions) [Arovas et al PRL '84]

In Landau levels— “edge state interferometry’” (ct Steve Simon’s talk)

[Proposal: Chamon, Sondhi, et al '9/; Recent experiments: Nakamura et al Nat. Phys. 20] »

Optics 1s much easier than transport in TMDs
How to detect statistics?

photo-

luminescence
-0.6 5 (counts)

1,500

ugH=0T
D/ey =0 mV nm™

1.106 1110 1115 1.120

Energy (eV)
[Cal et al Nature 23]
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The Future:“Seeing” Fractional Statistics?

Signature of FQH

(Intermediate between bosons/fermions)

In Landau levels— “edge state interferometry’” (ct Steve Simon’s talk)

[Proposal: Chamon, Sondhi, et al '9/; Recent experiments: Nakamura et al Nat. Phys. 20] »

—: anyonic statistics

Optics 1s much easier than transport in TM
How to detect statistics?

photo-

luminescence
(counts)

1.105

1.110

1,500

ugH=0T
D/ey =0 mV nm™

1.115 1.120

Energy (eV)

[Cal et al Nature 23]

S

[Arovas et al PRL '84]

ldea: use "

(nonli

DUMP-probe’” spec

[rOSCOPY!

near optical response)

“linking”” of QP trajectories sensitive to statistics

t“
(3) _ _
T <\@> <@> <\>
Ty

'McGinley-Fava-SP PRL+PRB '24]

... also applies to quantum spin liquids In magnets?
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Summary

S.A. Parameswaran, Oxford | A New Iwist on Topology: The Rise of "Moiré Materials” | Oxford Saturday Morning of Theoretical Physics 8.2.2025

31



Summary

The “simple” expedient of twisting and stacking few-atom

-thick 2D layers and leveraging

the moiré effect achieves a confluence of 3 key
topology correlations

routes to new physics
tunability
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Summary

The “simple” expedient of twisting and stacking few-atom-thick 2D layers and leveraging
the moireé effect achieves a confluence of 3 key routes to new physics

topology correlations tunability

The richness of the moiré setting is illustrated both by new insulators and superconductors,
as well as theoretically predicted but experimentally elusive states:

integer and fractional Chern insulators
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Summary

The “simple” expedient of twisting and stacking few-atom-thick 2D layers and leveraging
the moireé effect achieves a confluence of 3 key routes to new physics

topology correlations tunability

The richness of the moiré setting is illustrated both by new insulators and superconductors,
as well as theoretically predicted but experimentally elusive states:

integer and fractional Chern insulators

Probing familiar states and seeking new ones using the versatility of these platforms
together are ushering in a new era of quantum condensed matter
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Summary

The “simple” expedient of twisting and stacking few-atom-thick 2D layers and leveraging
the moireé effect achieves a confluence of 3 key routes to new physics

topology correlations tunability

The richness of the moiré setting is illustrated both by new insulators and superconductors,
as well as theoretically predicted but experimentally elusive states:

integer and fractional Chern insulators

Probing familiar states and seeking new ones using the versatility of these platforms
together are ushering in a new era of quantum condensed matter

Thanks for listening!
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