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Outline !

¥ Introduction

- fractional charge in 1D Polyacetelene
¥ Fractionalization in 2D Dirac fermions

- Kekule ordering, topological defects (vortex) and zero modes
¥ lIrrational v.srational charge

¥ Quantum Hall effect at charge neutral point
- divergence of the magnetoresistance

¥ Deconfined fractional charge with magnetic field
- Kekule order with 2D Classical Random Phase XY model

¥ Summary



Fractionalization in  Polyacetylene!

General Chemistry, Hill and Petrucci
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R. Jackiw and C. Rebbi, Phys Rev. D13, 3398 (1976)!
W. P. Su, J. R. Schrieffer and A. J. Heeger, PRL 42, 1698 (1979); PRB 22, 2099 (1980)!
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Ingredients for fractionalization in Polyacetelene!

¥!Po|yacetylene has two Fermi points. (The rule in 1D but exceptional in 2 D)!

¥a perturbation couples two Fermi points, opening a single-particle gap at
the Fermi energy and stabilizing a bond density wave ( BDW) state.!

¥rhere are two degenerate BDW states: Z,symmetry; There is soliton that
interpolates between them; A single-particle state appears at the Fermi energy.

¥rhe fractional charge is calculated as the difference between the local
single-particle density of states with and without the soliton.
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Step 1: two Fermi points !
Systems where the valence and conduction band touch at two points

in the Brillouin zone.! Bipartite lattices A and B!
Graphene:! H=— Z th‘ G”J'r‘b""+3¢ + H.c.
reN, ¢

Square lattice " -Rux:!
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Step Il: opening single particle gap!

up(T)
Effective Hamiltonian: ! H = /d2r \IIT(r) Kp(r)¥(r) w@)= "5“((:))
vb(r)

CDW (Staggered chemical potential): T I 0 o
Does not couple two Dirac points! ¢ _ 1 2% s 0 0 g
G.W Semenoff, PRL 53, 2449 (1984)! D # 0 0 ! Ms + | 21" Z
FED.M. Haldane, PRL 61, 2015 (1988)! 0 0 21" - Hs I

Kekule Distortions: !

W = © o="®

a1 °§°
: a o="* o‘o ! 0o=°
o-Lp2d 200
o S3 % 3 o‘o o—o
0 "o o~° o-©
$=9%,e'”%

Ei:i\/|l'3|2+|" o|2




Step Ill: Topological defects and zero modes!

1 =% (" | %@ in&# ¢ (")=—p O , at origin !
Vortex:t $ ()= 3(7) € e o) $,= Constant, at inPnity !

r
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for sub-lattice Al for sub-lattice B!

Zero modes:

1! n>0:|n|] normalizable zero modes at sub-lattice B!
2.! n<0:]|n| normalizable zero modes at sub-lattice Al

==$ Only one Zero mode for |[n|=1 Case !

For n=-1:!

u," Exd# &(f)dr$ JrPl, v &=u,(r, &



Electron Fractionalization!
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Mirror Symmetry

respect to E=0
(Sub-Lattice

Symmetry)! spectrum with a n=1 vortex!

spectrum without the vortex!
Sub-lattice symmetry
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Unblled State: Charge -12 €l plled State: Charge +12 el

Has 12 fewer plled state Has 12 more Plled state
compared to the no-vortex compared to the no-vortex

background. background.



Electron Fractionalization!

B v ?|1Half StateE

In the Torus (2D) !

==~

Vortex! Anti-vortex
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1D-Polyacetylene:!
Spin:!

Unblled: Charge -e, Spin 0!  Two state blled: + e, Spin 0!

Degenerate!
Zero Energy!
State!

\—
[e) — .

/ \ One state blled: Charge 0, Spin 12!



Stagger chemical potential :

Sub-lattice Symmetry Broken!
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E=0! E=+ug
Shift the bound state!

Irrational fractional Charge?!
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Irrational vs. rational charge!

Massive Dirac equation with TRS: 0 = (No,n1,n2), [n|=1, m?= | >+ pg

Hs
+p [mm+ing) | 0 ¥4 (p) %2 (p)
+p —Tm Ny 0 m(nl + in2) w.?. (p) -+ | |2 T m2 7.").?. (p)
m(n, — iny) 0 —mng —p ¥ (p) p 2 (p)
0 m(n, — ing) —p mmng Y= (p) ¥ (p)

Jackiw & Pi!
axial gauge beld!

_ N oL
L = Vi, (0" + vA°) — mM,yn,)| ¥
Spatially dependent order parameters:!

Masses!




On the lattice:! j x s
a o '+) 0=—0 0=—0Q
o 0—0 © O 0=—0 o
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Masses! 0—0 Axial vector potential!
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What is the induced charge for a mass twist?!

1

ifA®is zero! jH* = —e“"”n (8,mn A O, n)
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Q /d2r]0(t r) = /— = sin*? >

Continuously varying charge (irrational) !



In the presence of the axial Bux:!

Requiring axial gauge invariant and current conservation!

1
JH — H _ _—_HrPy A
i‘/ V x (ngA®) = ifdl-A‘r’n
2w Jp 0 21 Js 0
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= 20° — — =
( S 47 2)
4 1 )
°=1/2 == >| Qrotal = 5
g J

Charge re-rationalizes!



Numerics: the square lattice in " -Bux phase
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Phase Diagram with competing masses !

m m® = |A]° +

Q=sgn(Us)/2

Haldane mass!



Realization in physical system ? !



Quantum Hall Effectin  Graphene
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K. S. Novoselov et. al, Nature 438, 197 (2005);

Y. Zhang et.al, PRL 96, 136806 (2006)
Y. Zhang et.al, Nature 438, 201 (2005).
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Resistance divergence at charge neutral point
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K-T transition?!

J.G. Checkelsky, L. Li, N. P. Ong, PRL 100, 206801
(2008); Phys. Rev. B 79, 115434 (2009)



The nature of this insulating state is still hotly debated, both
theoretically and experimentally. In other words, how the
symmetry is broken for the n=0 Landualevel of grapheneis
still an active research topic.!

Warning:!

Weather the resistance diverges exponentially with respect to
magnetic Peld is still unsettle experimentally.!

However!
It should not stop our imagination, especially as a theoretician.!



The experimental data suggest a 2D classical XY order and
the deconfined vortices should carry charge.

=P Kekule ordering k. Nomura, S. Ryu, D.-H. Lee, PRL 103, 216801 (2009)

+

Puzzle: Why is it that the resistivity is rather temperature
Independent at low temperature?

}

2D classical random phase XY model



Kekule distortions in magnetic peld

Can Kekule distortions spontaneously form with magnetic peld? !

Non-interacting electrons and ignoring Zeeman Energy

Electron-Phonon Coupling s | 0 " 093! B K,
H. Ajiki , T. Ando, J Phys. Soc. Jpn. 64, 260 (1995)!

Is there zero mode bound with vortex?!

yes! === \/ortex carries el2 charge!
Also see, I. E Herbut, arXiv:0910.4906!



2D Random phase XY model

Kekule order parameter: | = | Oeie(r)

Integrating out Fermionicdegrees of freedom:!

- J Ag
- 2h

2. (£ A )2 i . J==0
S dt d?+ (C)ﬁg _ 214%) Stiffness: J 5

m

Random phase:!

Aai("")ﬂaj (r') =g 5?;3' 5% (r—7')

g : dimensionless coupling constant




Phase diagram-Random phase XY model

94
In the absence of random phase: Increasing B for a fixed T
A
TKT——J J_%OCB ortgx deconfined)

. 9=y
Disorder-controlled boundary:

parallel to the T7/J axis

g: decrease as magnetic field increase

t/4 /2 T/]
Use B,~30T, T~35K &

The exponent that characterizes the diverging correlation length is

still under debating. !
eP/X " (= v20r1)

S.E.Korshunov, Physics-Uspekhi 49, 225(2006)



Zeeman Energy
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Experiment:! Fz ~ 1.3 x B[K] > Ag ~ 0.93 x B[K]

Z. Jiang et.al, PRL 99, 106802 (2007)



Session V22: Quantum Hall Effect in Graphene
8:00 AM-11:00 AM, Thursday, March 18, 2010

Room: Portland Ballroom 252

Abstract: V22.00006 : Corbino Measurement of Graphene in

Quantum Hall States
9:00 AM-9:12 AM

Preview Abstract

Authors:
Yue Zhao
Paul Cadden-Zimansky
Philip Kim

The origin and the nature of zero energy quantum Hall (QH) state at the charge neutrality point of
graphene are still under debate. In conventional Hall bar geometry of graphene device, direct access of
bulk conduction in QH regime has been complicated due to the presence of edge state channel in the
device. We employ Corbino device geometry in graphene and measure the bulk conduction between

inner and outer electrode without edae state channel connection. We observe $\nu=0$ state is
independent of in-plane magnetic field, indicating that its origin is not of spin-related.




Summary!

@lFractionalization in 2D via symmetry breaking.!

Clirrational charge! Deconbnementwith an axial half-vortex:
re-rationalization chargeto # .!

Chrhe Kekule ordering can possibly form in graphene with
high magnetic beld; the 2D random phase XY model with
Kekule instability can qualtativily explain the experiment!

@lstatistics of the guasiparticle .!

ClHow e-e interactions alter the proposed picture is a very
Interest question.!



