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Abstract: <span>As realized for the first time in 1980s, guantum many-body systemsin reduced spatial dimensions can sometimes undergo a special
type of ordering which does not break any symmetry but introduces long-range entanglement and emergent excitations that have radically different
properties from their origina constituents. Most of our experimental knowledge of such ““topologica" phases of matter comes from studies of
two-dimensional electron gases in GaAs semiconductors in high magnetic fields and at low temperatures. In the first part of this talk, | will give an
introduction to these systems and review some latest theoretical developments related to their entanglement properties. In the second part, | will
discuss new possibilities<br>for experimental realizations of topological phases in bilayer graphene. | will present evidence that this material
supports an ~“even-denominator” fractional state, related to the Moore-Read state, whose observation has recently been reported. Finally, | will
outline several proposals based on the tunability of the electron-electron interactions in bilayer graphene which might enable further experimental
progress beyond GaAs. <br></span>
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Quantum Hall effect: material realizations

[[H. Stormer et al.,
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New: bilayer graphene [2013]
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[D.-K. Kiet al. arXiv:1305.4761] [A. Kou et al.
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Outline

* Topological phases and the fractional quantum Hall effect
Introduction
Experimental realizations

Entanglement properties and description using
Matrix-Product States (MPS)

* FQHE in bilayer graphene
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Quantum Hall effect
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t B Quantum Hall effect
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Quantum Hall effect
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Non-Abelian physics in higher Landau levels
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Non-Abelian physics in higher Landau levels
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Non-Abelian physics in higher Landau levels
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Non-Abelian physics in higher Landau levels
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Non-Abelian physics in higher Landau levels
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Numerical approaches: Exact diagonalization
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Numerical approaches: Exact diagonalization
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Limitations of exact diagonalization EL;,]]

Just one: exponential size of Hilbert space

So how many particles = thermodynamic limit? 10, 50, 100, ... ?

Pirsa: 14020134 Page 19/53



Limitations of exact diagonalization

Just one: exponential size of Hilbert space

So how many particles = thermodynamic limit? 10, 50, 100, ... ?
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Matrix-product states (MPS)
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Matrix-product states (MPS)
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Quantum Hall states and parent Hamiltonians
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once higher pseudopotentials are turned on
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Quantum Hall states and parent Hamiltonians
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Quantum Hall states and parent Hamiltonians
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Solvable models and MPS for FQHE
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Solvable models and MPS for FQHE
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Solvable models and MPS for FQHE
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Solvable models and MPS for FQHE
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Physical properties via MP
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Physical properties via MP
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Physical properties via MPS

A A A A —O— T or ?
~ M s M (.'llj ‘IJ> " E )
i — 7|7 “' 8’ Charge-density wave
> o e 3 A TP
L L |7 1 (i) 3 o
e Y — T"“; 1
] £ 0
—_ 2 o
—
O ! J

# Orbital

.“ '

. - - L -
; ' ’ Particles must be allowed to hop
If we continue the expansion or use Conformal Field Theory: i froim iy Tae g st A '

[Zaletel and Mong, '12; Estienne, ZP, Regnault, Bernevig "12] to get a liquid!

Entanglement entropy

Pair correlation

T~
-
—
=
_—
N

)4 |
1
0.2
0 '
[} | — Y = I(_)g_'; rlj [Kitaev, Preskill; Levin, Wen '06]
0 2 4 6 8 10 12 14 1 i i i
/n o . ; P
[/{” Q 9 10 19 20 [‘/{/J' 0 39 0

Pirsa: 14020134 Page 32/53



What's next?

» Level 1: Exact diagonalization
SELECT LeveL v

NOoD0O00
O I l I ﬁ I @
| | . . * Level 2: Analytic MPS for
model states
* Level 3: Density-matrix

renormalization group for
generic interactions

[Previous efforts: N. Shibata and D. Yoshioka,
A. Feiguin, J. Zhao and D. N. Sheng,
M. Zaletel, R. Mong and F. Pollmann]
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Why?

To understand the role of Landau-level mixing
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Bilayer graphene in a magnetic field
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Bilayer graphene in a magnetic field
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Novel aspects of FQHE in bilayer graphene

* New aspects of fractional quantum Hall physics:

LLs are multiply degenerate

-
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0,1

Coulomb interaction is screened:

Vo(k)

V(k) = .
(%) | + atanh(bk(3,)/klp

V. Gorbar, V. P. Gusynin, V. A. Miransky, JETP Lett. 91, 314 (2010);

K. Snizhko, V. Cheianov, 5. H. Simon, PRB 8s, 201415(R) -]_,‘1.\“")]
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Novel aspects of FQHE in bilayer graphene

* New aspects of fractional quantum Hall physics:

LLs are multiply degenerate
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Coulomb interaction is screened:

Vo(k)

Vi(k) = .
(%) | + atanh(bk(3,)/klp

V. Gorbar, V. P. Gusynin, V. A, Miransky, JETP Lett. 91, 314 (2010);

K. Snizhko, V. Cheianov, 5. H. Simon, PRB 85, 201415(R) (: ua-')]
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Novel aspects of FQHE in bilayer graphene

* New aspects of fractional quantum Hall physics:

LLs are multiply degenerate Assume exchange interactions lift degeneracy

[ Y. Barlas et al., PRL 101, 097601 (2008); B. Feldman et al.,

Nat. Phys. 5, 889 (2009); Y. Zhao et al., PRL 104, 066801 (2010);
P. Maher et al,, Nat. Phys. 9, 154 (2013)]
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experiments: v = 2k 4 3 [A. Kou et al., arXiv:1312.7033

Consistent witl

Coulomb interaction is screened:

Vo(k)

Vi(k) = .
(%) | + atanh(bk(3,)/klp

E. V. Gorbar, V. P. Gusynin, V. A. Miransky, JETP Lett. 91, 314 (2010);

K. Snizhko, V. Cheianov, 5. H. Simon, PRB 8s, 201415(R) {,waa-)]
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(1) What fractions are stable?

* Interactions are very complicated (16 types of Haldane pseudopotentials!)
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(1) What fractions are stable?

* Interactions are very complicated (16 types of Haldane pseudopotentials!)
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(1) What fractions are stable?

* Interactions are very complicated (16 types of Haldane pseudopotentials!)
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(1) What fractions are stable?

* Interactions are very complicated (16 types of Haldane pseudopotentials!)
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(2) Collective modes

Lic I/\‘\

[I. Spielman, J. Eisenstein, L.Pfeiffer,
K. West, PRL 84, 5808 (.'(‘i“."]:
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(2) Collective modes
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(3) Even-denominator states and non-Abelian physics

(1) Average populations of two sublevels
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(3) Even-denominator states and non-Abelian physics
(by 1 l

. , Vo (k) "
(2) Effect of screening: V(k) = Ch'ud 4 . - Vi=— ——
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(3) Can it be a two-component state? a
[ZP and D. Abanin, PRL 112, 046602 (2014)]
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Experiments

* States obey Vv — V + 2 v = 2k 4 -V = 2k 4 _; k=-2-10,1

C -17/5_ -10/3 =715 4/3

® \,[I[”l})‘tu\l ]ll'l( ti[)'] 1/ = y J.'\‘\, Kou et \H‘w 1""'\]‘.‘:111_’,.'5". ‘]

(observed in both samples)

1

* N(l” /\I}l‘”r”]"\tt”(’ v .-)

observed in one sample so far
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Prospects and outlook

* Because of their exposed surface, graphene
materials allow for tuning of the effective interaction
via dielectric screening

This can be used to increase the excitation gaps

[ZP, R. Thomale, and D. Abanin, PRL 107, 176602 (2011)]

* Bilayer graphene + perpendicular electric field

A M (ky + ik,)?

H=1 Mok, ik,)? A

Can study phase transitions between different states as a function of electric field:

Composite fermion Moore-Read Stripe
liquid

o — A/lp

[ZP, D. Abanin, Y. Barlas, and R. Bhatt, PRB 84, 241306(R) (2011); NJP 14, 025009 (2012)]

» Can also apply parallel magnetic field [zp, phys. Rev. B 87, 245315 (2013)]
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Prospects and outlook

* Because of their exposed surface, graphene
materials allow for tuning of the effective interaction
via dielectric screening

This can be used to increase the excitation gaps

[ZP, R. Thomale, and D. Abanin, PRL 107, 176602 (2011)]

 Bilayer graphene + perpendicular electric field

A .'\/’/\(}l',- - "}‘.”)2

H=1 (ks ik,)? A

Can study phase transitions between different states as a function of electric field:

Composite fermion Moore-Read Stripe
liquid

- — A/lp

[ZP, D. Abanin, Y. Barlas, and R. Bhatt, PRB 84, 241306(R) (2011); NJP 14, 025009 (2012)]

¢ i i ZP, Phys. Rev. B 87, 245315 (2013)
Can also apply parallel magnetic field 7
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