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Quantum Hall Insulators
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Figure 18. The FQHE as it appears today in ultra-high mobility modulation doped GaAs /
AlGaAs 2DESs. Many fractions are visible. The most prominent sequence, v=p/{2p+1), converges
toward v=1/2 and is discussed in the text.

Stormer, Horst L. "Nobel lecture: the fractional quantum Hall
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toward v=1/2 and is discussed in the text,
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Topology — a Uniftying Viewpoint

Why is quantization of the Hall conductivity so precise?
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Topology — a Uniftying Viewpoint

Why is quantization of the Hall conductivity so precise?

* By imposing a lattice, Thouless, Kohmoto, Nightingale, and den Nijs gave an
explicit formula to compute the Hall conductivity
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Topology — a Uniftying Viewpoint

Why is quantization of the Hall conductivity so precise?

* By imposing a lattice, Thouless, Kohmoto, Nightingale, and den Nijs gave an
explicit formula to compute the Hall conductivity

1 2
5 | TkB.(k)

—1V X (uk| Vk |uk)

Chern number C

Berry curvature 3, (k)

* Berry curvature is like a built-in magnetic field

* Its integral over a Brillouin zone is always an integer — a topological
number!

 Each Landau level has a Chern number of one
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Fractional Chern Insulators

Chern number C i / d°kB, (k)

:27r

Berry curvature B, (k) = —tV X (ux| Vi |ux)

The Chern number 1s defined for
any lattice system, completely
agnostic of the origin of time-

reversal symmetry breaking!
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Fractional Chern Insulators

Chern number C = i jdszz(k)
27

Berry curvature B, (k) = —tV X (ux| Vi |ux)

Partially-filled Chern number # 0 bands sometimes form
fractional Chern insulators — featuring quantized Hall
conductivity and may host anyonic statistics
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Partially-filled Chern number # 0 bands sometimes form
fractional Chern insulators — featuring quantized Hall
conductivity and may host anyonic statistics

No magnetic field needed — lifting a major technical hurdle
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Fractional Chern Insulators

Chern number C i / d°kB, (k)

:27r

Berry curvature B, (k) = —tV X (ux| Vi |ux)

Partially-filled Chern number # 0 bands sometimes form
fractional Chern insulators — featuring quantized Hall
conductivity and may host anyonic statistics

No magnetic field needed — lifting a major technical hurdle

This has been seen 1n two different classes of materials
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Fractional Chern Insulators
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Fractional Chern Insulators
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Fractional Chern Insulators
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Fractional Chern Insulators
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Now that FCI's from C = 1 bands have been experimentally
observed, we are motivated to search for

lattice systems that host bands which are:
* Narrow and isolated post-Hartree Fock renormalization

* Topological with Chern numbers > 1 — beyond Landau level
paradigm

* Possible candidates for FCI's upon doping
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Now that FCI's from C=1 bands have been experimentally observed, we are
motivated to search for lattice systems that host bands which are:

* Narrow and isolated post-Hartree Fock renormalization

* Topological with Chern numbers > 1 — beyond Landau level paradigm
* Possible candidates for FCI's upon doping

Analogy to the zeroth Landau level: Trace condition violation

(8ﬂuk|ayuk} + ((’5’yuk|3#uk)
2

Quantum metric g, (k) = — (O uxc|u) (ui |0y ux)

The quantum metric measures distances between Bloch states.

A= o / 02K [Trg,, (k) — |B.(K)|

This quantity is exactly zero for the zeroth Landau level, is two for the first
Landau level, and is four for the second Landau level.

Ledwith, Patrick J., et al. Phys. Rev. Res. 2.2 (2020): 023237.
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Motivation

Now that FCI's from C=1 bands have been experimentally observed, we are
motivated to search for lattice systems that host bands which are:

* Narrow and isolated post-Hartree Fock renormalization
* Topological with Chern numbers > 1 — beyond Landau level paradigm
* Possible candidates for FCI's upon doping

Analogy to the zeroth Landau level: Trace condition violation

Quant 0, U )

Trace condition violation for pentalayer: 0.6-1.45

Trace condition violation for MoTe2: 0.1-0.7
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Rhombohedral Graphene Multilayer
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Rhombohedral Graphene Multilayer
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Rhombohedral Graphene Multilayer

Band structures can be gapped by 1nterlayer displacement ﬁeld
Bottom of conduction band flattens with increasing field

The more layers, the smaller the field needed to achieve the same
gap

N =2
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Twisted Rhombohedral Graphene Multilayer

Parallel Configuration

N-layer twisted M + N
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Twisted Rhombohedral Graphene Multilayer
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Twisted Rhombohedral Graphene Multilayer

For concreteness, we consider twisted 3+2 multilayer graphene
for the remainder of this talk.
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Twisted Rhombohedral Graphene Multilayer

Twisted 3+2 Multilayer Graphene
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Twisted Rhombohedral Graphene Multilayer

Twisted 3+2 Multilayer Graphene
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Hybridization is crucial for gap formation, i.e. moiré structure is important!
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Non-Interacting Phase Diagram

Antiparallel Stacking Order
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= 4.38 A=3.32

A= 4.65 A .
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B.(k) (A% % 10%) B. (k)(A? x 10%)

B.(k)(A? x 10%)

B.(k)(A% x 10 B.(k)(A% % 10%)

* As Aincreases in the negative direction, a Chern-two band flattens.
Charge density is localized on the trilayer substack.
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Non-Interacting Phase Diagram

Antiparallel Stacking Order

A = =10 meV A = -5 meV A =0meV A =5meV A =10 meV
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* As Aincreases in the negative direction, a Chern-two band flattens.
Charge density is localized on the trilayer substack.

* As Aincreases in the positive direction, a Chern-one band develops
but 1s not i1solated. Charge density 1s localized on the bilayer substack.
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There exists a region in phase space which simultaneously has:

(1) large gaps, (2) small bandwidths, (3) Chern number
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Non-Interacting Phase Diagram

Parallel Stacking Order
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* As Aincreases in the negative direction, a Chern-three band flattens.
Charge density is localized on the trilayer substack.
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Non-Interacting Phase Diagram

Parallel Stacking Order

A = —10 meV A= —-5meV A = 0 meV A =5meV A =10 meV
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* As Aincreases in the negative direction, a Chern-three band flattens.
Charge density is localized on the trilayer substack.

* As Aincreases in the positive direction, a Chern-two band develops.
Charge density is localized on the bilayer substack.
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Self-Consistent Mean-Field Theory
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Self-Consistent Mean-Field Theory

H= > 0o [KEE 00+ W23 00+ FEg (9)] B
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e? csch(kD)

Vik, z,2) = 2eperk

* Use layer-dependent Coulomb potential to
account for uneven charge distribution

* Search for 7-breaking i1sospin-polarized
ground states
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Hartree-Fock Results
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Hartree-Fock Results

Parallel Stacking Order

Parallel, ¢, =12 Parallel
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Hartree-Fock Results

Parallel Stacking Order
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Hartree-Fock Results

Parallel Stacking Order

Parallel, ¢, =12

e The Chern-three phase is
intertwined with the Chern-two
phase when interactions are
included at the mean-field level

000000000000
2

e The Chern-two phase exists in a
parameter regime where the non-
interacting bands are not even
isolated or topological
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Hartree-Fock Results

Parallel Stacking Order

Parallel, ¢, =12

4 (meV)

e The Chern-three phase is
intertwined with the Chern-two
e phase when interactions are
included at the mean-field level

CO00d
oO00000

SO0000
o

* The Chern-two phase exists in a
parameter regime where the non-
interacting bands are not even
isolated or topological

* The trace violation is reduced by
interactions: 0.74 — 0.5

Layer Polarization

OrTNE T oww v ark T kT Trace condition for pentalayer: 0.6-1.45
c—zl (h) A =087 (k) ([) X =10.55

Trace condition for MoTe2:0.1-0.7
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Experimental Confirmation

B(T)

Dong, Jingwei, et al. "Observation of Integer and Fractional Chern insulators in high
Chern number flatbands." arXiv preprint arXiv:2507.09908 (2025).
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Transport experiment on twisted 3+2
rhombohedral graphene:

Experimental evidence using Hall
conductivity and Streda's slope

Quantized C = 3 Chern insulator

Fractional Chern insulators at v ~
12/5and v~ 5/2

Anomalous Hall crystals near v ~ 1
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Conclusions

» Twisted M + N multilayer graphene features
narrow topological bands with C > 1.
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Conclusions

» Twisted M + N multilayer graphene features
narrow topological bands with C > 1.

» These bands are robust in mean-field
calculations.
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Conclusions

» Twisted M + N multilayer graphene features
narrow topological bands with C > 1.

» These bands are robust in mean-field
calculations.

» The isolated topological bands are localized
primarily in the thicker substack, suggesting
that increasing layer number 1s a promising
method to engineer other novel phases.

E — Er (meV)

—_—1 K

TER
- m /:\
\ ‘LK/
_50\ EY A l‘

r MK T MK T

V6 Tién Phong Quy Nhon, Viét Nam | Slide 12

N




Conclusions

» Twisted M + N multilayer graphene features
narrow topological bands with C > 1.

» These bands are robust in mean-field
calculations.

» The isolated topological bands are localized
primarily in the thicker substack, suggesting
that increasing layer number 1s a promising
method to engineer other novel phases.

» The trace condition suggests that these bands
are favorable for fractionalized phases.

E — Er (meV)
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Conclusions

» Twisted M + N multilayer graphene features
narrow topological bands with C > 1.

» These bands are robust in mean-field
calculations.

» The isolated topological bands are localized
primarily in the thicker substack, suggesting
that increasing layer number 1s a promising
method to engineer other novel phases.

» The trace condition suggests that these bands
are favorable for fractionalized phases.

E — Er (meV)

Thank you!
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Topological Chern Insulators in D1 and D3

e Dlatfd=142°atT=1K
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Topological Chern Insulators in D1 and D3

: " g8 R0 'w s Pogitive D e Dlatf=142°at7T=1K
pushes
electrons e (Correlated insulators for v =
fo the 1, 2, and 3 at positive D
trilayer
side
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Topological Chern Insulators in D1 and D3

N

Ry (kQ) BT Ry, (kQ)P I e

V6 Tién Phong

Dlatfd=142°at7T=1K

Correlated insulators for v =
1, 2, and 3 at positive D

v=1withD=0.517 V/nm
according to Streda's formula
but no quantized Hall
conductivity.

v=3 with D=0.376
V/nm according to Streda's
formula but no quantized
Hall conductivity.
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Topological Chern Insulators in D1 and D3
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Dlatfd=142°at7T=1K

Correlated insulators for v =
1, 2, and 3 at positive D

v=1withD=0.517 V/nm
according to Streda's formula
but no quantized Hall
conductivity.

v=3 with D=0.376

V/nm according to Streda's
formula but no quantized
Hall conductivity.

Magnetic field sweeps at T =
0.1 K — T'breaking
confirmation
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Topological Chern Insulators in D1 and D3
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Dlatfd=142°at7T=1K

Correlated insulators for v =
1, 2, and 3 at positive D

v=1withD=0.517 V/nm
according to Streda's formula
but no quantized Hall
conductivity.

v=3 with D=0.376
V/nm according to Streda's
formula but no quantized
Hall conductivity.

Magnetic field sweeps at T =
0.1 K — T'breaking
confirmation

D3atfd=1.30°atB=05T
and 7=1.1 K
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Topological Chern Insulators in D1 and D3
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Topological Chern Insulators in D1 and D3
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Why no quantization of Hall
conductivity?

Degradation due to cooling
down? Second cooling down
has worse quantization
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Topological Chern Insulators in D1 and D3

Why no quantization of Hall
conductivity?
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Quantized C = 3 Chern Insulator in D2

* D2 contains thin
graphite gates at =
1.50°
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Quantized C = 3 Chern Insulator in D2

? os0 o (o) e D2 contains thin
045 graphite gates at 6 =
§0,4o LT 1 SOO
s .
Qo35 "‘--'
6~1.5°
0.30 . . ~ (©2)
20 25 3.0 35 4.0
"4
b R (h3e

V6 Tién Phong Quy Nhon, Viét Nam | Slide B




Quantized C = 3 Chern Insulator in D2
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Quantized C = 3 Chern Insulator in D2
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D2 contains thin
graphite gates at 6 =
1.50°

Quantized Hall
conductivity with
accuracy > 98.2%
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Quantized C = 3 Chern Insulator in D2
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Fractional Chern Insulators in D2
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Fractional Chern Insulators in D2
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Fractional Chern Insulators in D2
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Fractional Chern Insulators in D2
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Anomalous Hall Crystals in D1

a 2 2 e Integer Chern insulators
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Anomalous Hall Crystals in D1

2 2 ¢ * Integer Chern insulators

% ia Ry (kQ) . .
5=03T at fractional fillings

o v=1/2withC=1
o v=3/2withC=2

* Again, no quantization
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Anomalous Hall Crystals in D1
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Anomalous Hall Crystals in D1
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Anomalous Hall Crystals in D1
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Summary of Observations

* 3 devices measured at cryogenic temperatures as a function of
displacement field, electron filling, and magnetic field
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Summary of Observations

* 3 devices measured at cryogenic temperatures as a function of
displacement field, electron filling, and magnetic field

* Streda's slopes confirm Chern numbers
* Magnetic hystereses confirm time reversal symmetry breaking

* Ideally, quantization of Hall conductivity accompanied by vanishing
longitudinal should be observed, but this is not always realized due
possibly to poor sample quality

* Integer Chern insulators with C = 3 with quantized Hall conductivity

* Fractional Chern insulators with C = 6/5 and 3/2 with (sometimes)
quantized Hall conductivity

* Anomalous Hall crystals at v=1/2 and v=3/2
* Extended anomalous Hall crystal phase v = 1-3/2
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