Title: Giant flavor-Hall effect and nonlocal transport in Dirac materials
Date: Jan 12, 2011 02:00 PM
URL: http://pirsa.org/11010085

Abstract: Graphene-like materials provide a unique opportunity to explore quantum-relativistic phenomena in a condensed matter labc
Interesting phenomena associated with the internal degrees of freedom, spin and valley, including quantum spin-Hall effect, have been theo
proposed, but could not be observed so far largely due to disorder and density inhonogeneity. We show that weak magnetic field bre
symmetries that protect flavor (spin, valley) degeneracy, and induces large bulk non-quantized flavor-Hall effect in graphene. The effect occi
to flavor splitting which generates the imbalance of the Hall resistivities of the two flavor species. At the Dirac point, flavor-Hall effect is gre
enhanced due to anomalous magnetotransport of Dirac-like carriers. The flavor-Hall effect is robust in the presence of disorder and interactic
can serve as a hallmark of the quasi-relativistic carriers in the system. It manifests itself in large nonlocal transport mediated by long-lived
currents, as well as in flavor injection and accumulation experiments. Recent experimental observation of the giant nonlocal transport in gr
following our prediction opens up new opportunities for creating and manipulating flavor currents. Our work also shows that nonlocal el
transport provides a tool to study neutral modes in solid-states systems.
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Dirac materials

TOPOLOGICAL

GRAPHENE (2004
: ) INSULATORS (2007)

INVERTED Pb,Sn,_Te
CONTACTS | |
(2010)
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All objects are three-dimensional
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2D crystals cannot exist

-Destroyed by thermal
fluctuations

-Displacement

< h™(r) > In(r)

(Mermin-Wagner theorem)
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NO bottom-up growth of graphene

Strong out-of-plane fluctuations '

Graphene unstable, curls into /
nanotubes, fullerenes
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Top-down approach

3D graphite is layered; peel off a thin "pancake”

(Kurtz90,Ebbesen’95,0hashi97,
DiinfFFQQ IKKirm'NAdA MAEiiamNAd)
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Top-down approach

Nanopencil (down to 40 layers)
P. Kim'04,McEuen04
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Discovery of monolayer graphene

The trick: write on scotch tape (Novoselov,
Geim et al 04

il
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Discovery of monolayer graphene

-Many flakes "drawn”
-Certain substrate necessary
-Graphene visible in a microscope
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Why is graphene stable?

-Low temperatures limit fluctuations

-Supported by substrate and/or contacts
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Why is graphene stable?

-Low temperatures limit fluctuations

-Supported by substrate and/or contacts
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Why is graphene stable?

New type of material:

ATOMICALLY THIN!
-Lov

-
g

-Supported by substrate and/or contacts
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GRAPHENE'S SUPERLATIVES

thinnest imaginable material
largest surface area 2700 per gram)
strongest material ‘ever measured’ iheoesica imin
stiffest known material st won siemons)
most stretchable crys ta/ (up to 20% elastically)
record thermal conductivity (owpertorming diamond)
highest current density at room T (10® simes o copper)
completely impermeable (it soms cannor squeeze theough)
hgh&f t infrinsic MObI./ﬂy (100 times more then in Si)
conducts electricity in the limit of no electrons
lightest charge carriers e est mess)
longest mean free path at room T (miconrange)
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First applications

Bendable graphene-based touch screen
(Samsung)
To go on sale 2012

transparent

iquid crysta

aClive iayer

e e W | . %
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Unique electronic properties
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New quantum mechanical phenomena

Graphene

£=—*Fw

Relativistic
~s@glantum mechanics

Normal metals

=
2m,

Textbook
guantum mechanics



Electronic spectrum

Two valleys

Unit cell @ Sublattice B
® Sublattice A

-Diffraction of electrons by a honeycomb lattice

-Two Dirac points (valleys)
0 p.tTip.

== | e
H g & ‘_-,p___Hp“ 0 | v, =10"m/s

-TW& spinor components = sublattice A and B

i



Electronic spectrum

Unit cell @ Subla® ‘\)«‘ 6‘«‘
-Diffraction of C 99 doqd noneycomb lattice
Two Dirif@  _X€ys) 3
p‘ L gxny =7 _P = ?'p__: 0 _il Yo — 10°m /s

-TW& spinor components = sublattice A and B



Electronic spectrum
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Electronic spectrum

Two valleys

Unit cell @ Sublattice B
® Sublattice A

Diffraction of electrons by a honeycomb lattice

-Two Dirac points (valleys)

= 19
o= A | p.Fip, 0o | Y =10 m /s

-TW& spinor components = sublattice A and e



Electronic spectrum
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New kind of tunneling

Classical

. |

Quaﬁtum
ﬂ : Tunneling
Ultra-Relativistic
Quantm Klein tunneling

o1
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Klein paradox

Pseudospin o aligned with momentum p

izy_i? = 1 s J 9_1? = taﬂ[.px pj.' )

..-11 __"-':'*_j :
NL| €

Scalar potential cannot flip
pseudospin & NO BACKSCATTERING < "L = J|*
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Half-integer quantum Hall effect
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Integer quantum Hall effect

Cclassical Hall effect: Hall’1891
B . —
p =— F1 carrier density ‘
ne (non-universal)

Quantum Hall effect: Von Klitzing’1980

h

P = N integer

S

Ne~-
UNIVERSAL
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=

|

™

o

" @B \l
O Edge states

Position space

Quantum Hall edge states

Momentum space

-One chiral edge mode per Landau
Level; topological protection,

-N edge modes =

O oy :JEV

€

h

-Explains quantum Hall effect

Pirsa: 11010085



Quantum Hall edge states

i "

K lL é § . —
Kk ~ 1 Fdgesiaips .+ v

-Quantization precision:
1/1000000000

= -Used as a standard in metrology

leve =
-N edge modes > &, =N =

=

-Explains quantum Hall effect

Pirsa: 11010085



QH edge states in graphene

D :

-Dirac spectrum

-Zeroth Landau level
(Semenoff' 83,Jackiw’'84)

-Contributes

1
o — —
2

Xy

Der specie

4 = 0
Distance }-0/ [B

-Symmetric splitting of 0% Landau level

-Odd number of edge modes e e

fExpiaIns half-integer QHE PRi’OS;r

PPPPP 111010085 Brey{ Fe;%fgg



Graphene and condensed matter physics
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Pi

My work on graphene
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Neutral degrees of freedom
USE SPIN FOR INFORMATION PROCESSING

“Spintronics” -- many groups involved, very active field

GRAPHENE: spin, valley

-slow spin and valley relaxation
-spin qubits, spintronics

TOP. INSULATORS: spin, Majorana fermions '

Pirsa: 11010085




Spintronics and valleytronics

vz Electronic spin transport and spin precession in single
~TTrDC graphene [ayers at room temperature

Jikniaos Tormbraes", C=ake ", Metilrast pincime. Harry T, Jonkmas— & Bart | van Wees!

Ferromagnetic electrodes
BUT: short spin lifetime

= TTERS Half-metallic graphene nanoribbons
Y oung-Weoa Sen'~, Marvin L. Cchen'~ & Steven G. Louie™

VaJIey filter and valley valve in graphene

A RYCERL =, | TWOSZYDED® AND C. W J. BEENAKKER™

Nanoribbons with perfect edge
BUT: impossible to make (disorder

Pirsa: 11010085

ge 36/99



Spintronics and valleytronics

e Electronic spin transport and spin precession in single
- graphene layers at room temperature

Nikolaos Tormbros!, Ceabe Jor=s’, Mikaita Popinciee”, Harry T, Jonkmas— & Bart | vam Wee=1

Ferromagnetic electrodes

— ~——

s =
~ A NEW WAY TO GENERATE &

ierrees DETECT NEUTRAL MODES
Valley

A RYCERD 2 N

Nanoribbons with perfect edge
BUT: impossible to make (disordefr)
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Spin-Hall effect (conventional)

Charge current = spin current

Dyakanav,
Perel’71 :Hirsch 99

f — O ¢y E

Due to spin-orbital scattering

Dimensionless e Oggy
5 T ; -_—
Spin-Hall coefficient - o

D
Y
)'\
v
_I
(D
.
1
U
Q
'I:‘flI
3
A1)
tri"\
{
-
-
-
=
W
-
€

GaAs, Al, InAs, ..
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Reminder: spin-orbit interaction

Moving frame, Lorentz transformation

pxE]

nic

p_l

Zeeman interaction:
SHlpg
mic

H,, =gu,oB=A0{pxE].A=

P Spin-selective scattering
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Spin-Hall effect (conventional)

Charge current = spin current

Dyakonaov,
Perel 71 -Hirsch 99

J = O_.SHE

Due to spin-orbital scattering

Dimensionless = _Osn
. = -_—
Spin-Hall coefficient - o
XX
Veak effect (SO small) & ~ 0.0005 AR

GaAs, Al, InAs, ..
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Reminder: spin-orbit interaction

Moving frame, Lorentz transformation

pxE]

mc

p_l

Zeeman interaction:
H

SO

_ 8Hp

=g, 0B =Ac|pxE],A=
mc

P Spin-selective scattering
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Exception: quantum spin Hall effect

-Topologically non-trivial gap e Ee O

in the bulk

-Spin-filtered edge states
2e”

-Quantized Oz :T § =1

-Observed in HgTe at T<1K

Quantum Spin Hall
Effect

Bernevig et al '06, Konig et al'07
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Quantum spin-Hall effect in graphene

— Spin splitting

i g

DA, Lee, [evitov,PRL 06, SSC07
Brey, Fertig, PRB06

-Quantizing B-field

-Originates from unusual Landau levels

-Expected up to T~100K

Pirsa: 11010085

-Not vet observed (clean edae needed)

DA,Lee, [evitov,

—~~1 PRL06, DA,
" | Novoselov,Lee,

Geim, Levitov,

<1 PRLO7

spin-filtered edge states

Page 43/99



This work: giant SHE w/o spin-orbit

-Giant, even at room 7 and low B

¢ =~0.1
-Stems from Dirac spectrum

-Naturally generalized for valley

Pirsa: 11010085



This work: giant SHE w/o spin-orbit

-Giant, even at room 7 and low B

£x0.1

-Stems from Dirac spe&gum

-Natu

Pirsa:

11111111

R .
NUMBER IMPORTANT!
Giant magneto- "Colossal” MR
resistance (MR)

dR/R=0.1 dR/R=0.8

Buckley Nobel prize'07
D rize’09 (Grunberg,Fert’'88)
(Moodera,Miyazaki,

Mazarvyav Tadrow )



How to detect SHE?

TE S

p
D p

|

l

- € >

-Nonlocal transresistance R =V /1

-Charge contribution (no neutral modes)
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How to detect SHE?

el & N
_ 2 ‘

-Nonlocal transresistan ce Z?f——L’j
= A: T ) .
R,=pe™" =107Q
NEGLIGIBLE’

-Charge contribution (fre-

Pirsa: 11010085



How to detect SHE?

T :_t—\-—gi O

spin current
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How to detect SHE?

=
i -

\

spin current

Current = spin current=> Propagates far away >
Nonlocal Voltage

Pirsa: 11010085

DA, Shytov, Levitov, Halperin PRB ‘09



How to detect SHE?

¢

Current > spin current=> Propagates far away >
Nonlocal Voltage

spin current

Message: SHE manifest itself in

1111111111111

DA, Shytov, Levitov, Halperin PRB ‘09



Neurons and nonlocality

Neuron=spin mode
Monitor=electric current
Brain=Voltmeter

Pirsa: 11010085



How to detect SHE?

WI;—[;?_\.T_;:@@
-r -

Originally predicted for GaAs;

Small R .« p <10°0

—
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DA, Shytov, Levitov, Halperin PRB ‘09



Neurons and nonlocality

Neuron=spin mode
Monitor=electric current
Brain=Voltmeter
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How to detect SHE?

'_ﬁ

Originally predicted for GaAs;

Small 1—?}?2r +* é:-'lpm - 10_6Q

-
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DA, Shytov, Levitov, Halperin PRB ‘09



Search for neutral modes in graphene
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Search for neutral modes in graphene

15 p 50+ i
- L |
o — 12T } .;Ij:;': "
— Pi e 1Q- — 8T = '
3 I 2 — ar || |} P2 a7
2 o =2V it & 5 &
0.5- ([ A (g enr?)
300K '
q A N ]

2 -1 0 1 2
n (10" cm?)

R, =0(@ B =0 where it is only charge

Giant nonlocality in a broad range of B, T
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How to detect SHE?

o S

Originally predicted for GaAs;

C
Small R,x&p_ <107°0

—
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Search for neutral modes in graphene

1.5 50
2 3 b =

v — -
R :i :‘;1.0‘-—- 8T 3 P |
3 e e G2\ ar
P j 1l s o
= r:cz — 4 . & & a
0.5- (i - crm3) |
300K

0 — >3/ SR -
-2 - 0 1 2

n (10" cm?)

R, =0(@ B =0 where it is only charge

Giant nonlocality in a broad range of B, T
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Features

1.3 -
-Peaked at the Dirac point —ar |3
~F 8 — &F —
-Grows with B, 1/ = =
-Largest in clean samples L Al R
= T &
n (10" cm2)

irsa: 11010085
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Precedents

Nonlocality from edge transport
in quantum Hall effect regime

Pirsa: 11010085



Recall quantum Hall edge states
=

/! @8 \| e N
(] Figestates: -~
Position space Momentum space

Unidirectional (chiral)
edge modes in QHE;
= One per Landau level ...



Nonlocal transport from
coupled edge states transport
| BT =
e

\
-Edge states or bulk alone 2> no T R

nonlocality N
-2+ edge states+bulk > nonlocality —
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Nonlocal transport from QSHE

Counter-propagating edge (]
states

L andauer-type 1D transport, N T\
nonlocality

DA, Lee, Levitov '06
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Ruling out the edge state scenario

Sample with a
belly, extra edge
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Ruling out the edge state scenario

TEFCONS
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Ruling out the edge state scenario

feirodia

Edge current would be extinct as dinosaurs
BUT: nonlocality is not affected by long edge
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Thus, we attribute the
nonlocality
to the spin-Hall effect
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