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Parkin, et al, Nature Materials (2004)
Also see Yuasa, et al, Nature Materials (2004)
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Spin Channel

FM FM

From Vertical to Lateral

A route
 to tune the spin

Wolf, et al, Science (2001)
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Dery, et al, Nature (2007)
Dery, et al, IEEE Trans. Elec. Dev. (2012)

1) Spin logic applications

Introduction to Spintronics
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2) Spin transistor

Introduction to Spintronics



14

Metal(Al, Cu, Ag, etc) as the spin channel

More information, please see the results of 
B. van Wees group (Netherlands), S. Bader group 
(Argonne National lab), Y. Otani (Japan)

For example, Jedema, et al, Nature (2002)

Introduction to Spintronics
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Semiconductor (GaAs, Si, Si, etc) as the spin channel

Lou, et al. Nature Phys. (2007) Zhou & Han, et al. PRB (2011)

Signal up to ~100 K

1) GaAs 2) Ge

More information, please see the results of 
I. Appelbaum group (Maryland), Jonker group (NRL); K. Wang group 
(UCLA), M. Shiraishi (Japan), P. Crowell (Minnesota), etc.

Introduction to Spintronics
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Outline

I. Introduction to spintronics (Lecture I)

II. Spin injection and detection in 2D (Lecture I)

Spin in GrapheneSpin in Graphene

Two minor topics:
1) Spin in TI
2) Graphene as a tunnel barrier
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conductivity 
mismatch 

Small spin signal 
(mainly work at 
low 
temperatures)
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Disadvantages
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Disadvantages

Graphene combines the advantages of 
both metals and semiconductors
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Graphite Graphene

Massless Dirac FermionsSemimetal

k

E

EF

k

E

EF

Spin-dependent properties

Long spin lifetime
(~ µs)

Low intrinsic spin-orbit coupling

High mobility

Long spin 
transport length

Gmitra, et al, Phys. Rev. B (2009)
Abdelouahed, et al,  Phys. Rev. B (2010)

D t

Spin transport in Graphene
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Graphene

Ferromagnetic 
electrodes

How to put spin inside graphene?

Spin transport in Graphene
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Spin Injector Spin Detector

charge 
current IINJ

VNL

+ -

Pure spin current: Flow of spin without net flow of charge 

Johnson and Silsbee, PRL (1985)

Spin transport in Graphene
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Graphene spin devices
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Electrostatic gate
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Samples

10 µm
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Co
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Enhance the spin injection efficiency
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Co

graphene

Conductance 
mismatch

E.I. Rashba, Phys. Rev. B (2000) 
A. Fert, H. Jaffres, Phys. Rev. B (2001)

Co

graphene

MgO

grapheneCo RR 

Enhance the spin injection efficiency
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Volmer– Weber growth mode

Enhance the spin injection efficiency
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graphite
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Tunneling spin injection into graphene 
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33 Han, et al, PRL (2010)

Tunneling spin injection into graphene 
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Gate tunable spin transport might be useful for “spin 
transistor” applications.

Tunneling spin injection into graphene 
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Outline

I. Introduction to spintronics (Lecture I)

II. Spin injection and detection in 2D (Lecture I)

Spin lifetime/relaxation in GrapheneSpin lifetime/relaxation in Graphene
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Hanle spin measurement
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Spin relaxation in SLG and BLG

t and D 
show the 
similar 
temperature 
behavior

Spin Relaxation in SLG
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Spin relaxation in SLG and BLG

t~ D

Elliot-Yafet

Vg -VD (V)

t s
(p

s
)

D
(1

0
-2

m
2
/s

)
T = 4K

SLG

Spin Relaxation in SLG at 4 K
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Spin relaxation in SLG and BLG

Spin flip during momentum scattering events:
More momentum scattering, more spin relaxation.

s pts~ tp (D)
J. Fabian, et al, Acta Phys. Slovaca (2007)
R.J. Elliott, Phys. Rev. (1954)
F. Meier and B.P. Zachachrenya, Optical 
Orientation, (1984).
Josza, et al, Phys. Rev. B (2009)

Elliot-Yafet spin relaxation
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Intrinsic spin orbit coupling

Surface to volume ratio

Band structure

Geim, and Novoselov, Nature Materials (2007)
Guinea, New J. of Phys. (2010)

Spin relaxation in SLG and BLG

SLG BLG
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ts = 2.5 ns ts = 6.2 ns ts = 3.3 ns

Longest spin lifetime in graphene reported so far

Longer spin lifetime observed
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Spin relaxation in SLG and BLG

t ~ 1/D
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Spin relaxation in SLG and BLG

Spins precess along internal spin-orbit “magnetic” field depending 
on the momentum.

More momentum scattering, less spin relaxation

s pts~ 1/tp ~ 1/D

Momentum scattering can reduce this effect by randomizing the field

M. I. D'yakonov and V.I. Perel, Sov. Phys. 
Solid State (1972)
F. Meier and B.P. Zachachrenya, Optical 
Orientation, (1984).

DP spin relaxation
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Spin diffusion length

D t
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Spin diffusion length

Suspended graphene

Spin diffusion lengths 1-5 microns

Guimarães, et al, Nano Letters (2012).
Han, et al, Nano Letter (2012). 
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Spin diffusion length—high quality graphene

Guimarães, et al, PRL (2014)
Drogeler, et al, Nano Letter (2014)

Spin diffusion lengths >10 microns

Mobility > 1.0 m2/Vs
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Spin diffusion length—high quality graphene

Dlubak, et al, Nature Physics (2012)

An indirect method-- local MR measurement

Spin diffusion lengths >100 microns
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Summary of the spin dependent properties

Spin lifetime Spin diffusion 

lengths 

Spin signals 

Room

Temperature 0.5 - 2 ns > 10 µm 130 Ω

Low 

Temperature 1 - 6 ns

> 10 µm

(> 100 µm
indirect)

1 MΩ for 
local MR 
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Compared to Metal and Semiconductors
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Compared to Metal and Semiconductors

Graphene

 Large spin signal

 Long spin lifetime

 Long spin diffusion length

 Easy to manipulate

Wei Han, et al,  Nature Nanotechnology 9, 794-807 (2014). 
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Outline

I. Introduction to spintronics (Lecture I)

II. Spin injection and detection in 2D (Lecture I)

Spin in Topological insulatorSpin in Topological insulator
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Spin-momentum locking in TI

Spin ARPES: Hasan Group  (Priceton University) 



55

Spin-momentum locking in TI

Li, et al,  Nature Nanotechnology (2014). 
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Spin-momentum locking in TI

More information, please see the results of
Jonker Group (Naval National Lab), KL Wang Group 
(UCLA) , Y. Chen Group (Purdue University) , etc
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Outline

I. Introduction to spintronics (Lecture I)

II. Spin injection and detection in 2D (Lecture I)

Graphene as a tunnel barrierGraphene as a tunnel barrier
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Graphene as tunnel barrier

More information, please see the results of
Jonker Group (Naval National Lab), D. Yu 
Group (PKU), D. Ralph Group (Cornell 
University) , etc
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Graphene as tunnel barrier

Van’t Erve et al,  Nature Nanotech. (2012)

Van’t Erve et al,  Nature Commun. (2015). 
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Graphene as tunnel barrier

Dery,  Nature Nanotech. (2012)
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Summary of Lecture I

 Graphene is a very good candidate material for spin 
channels

 Large spin signal (with tunnel barrier) 

 Long spin lifetime (6.2 ns in BLG)

 Long spin diffusion length (> 10 micro meters at RT)

 Easy to manipulate (Gate)

 Electrical detection of spin 
--momentum locking in TI 

 Graphene “wins” the match 
for tunnel barrier



62

Summary of Lecture I

Questions still to be answered: 

 Spin lifetime issue (Why?)

Tune spin orbit coupling in graphene?

Towards a spin device using G/TI?

Robust S-M locking surface states of TI? 


