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Summary of Lecture I

v 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)

x> - Helical spin
@R - nolarization

v' Electrical detection of spin
--momentum locking in TI

2D Dirac cone

/ Surface
&  Brillouin zone

v Graphene “wins” the match
for tunnel barrier




I. Introduction to spintronics (Lecture I)

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




Outline

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

II1. Putting magnetic moment in 2D (Lecture II)

» Graphene

» Topological insulator
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Quantum anomalous Hall effect in single-layer and bilayer graphene
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PHYSICAL REVIEW B 77, 115406 (2008)

Spin transport in proximity-induced ferromagnetic graphene

Hivard Haugen,* Daniel Huertas-Hernando, and Amne Brataas
Department of Physics, Norwegian University of Science and Technology, N-7491 Trondheim, Norway



How to make graphene magnetic

.

Adatom and molecule Ferromagnetic oxides/graphene
doping of graphene

Doping effect Proximity effect
Examples: Examples:
Mn doped GaAs Co-Pt (Magnetism in Pt)

Zn0O



Making graphene magnetic
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Making graphene magnetic
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Ferromagnetic ??
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Making graphene magnetic

.

Paramagnetic ??
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Making graphene magnetic

Question

Ferromagnetic ??

Paramagnetic ??

vacancy
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Making graphene magnetic

IINJ — VNL
charge ©) O
current 4 Nonlocal spin transport geometry
pure spin
current
fitettet
bttt (] ||| erephene
spin spin
injector detector
With magnetic (Q— O
moment pure spin Magnetic moment could
current scatter pure spin current
. through exchange interaction:

Pttt || a-a s s,

* Localized measurement

» Direct coupling of spin to magnetic moment
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Making graphene magnetic

* All measurements done in
ultrahigh vacuum (UHV)

« Compare immediately
before and after hydrogen
doping

Atomic hydrogen source

|—> + V. Hydrogen
° Graphene spin
valve device

Sio,
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Making graphene magnetic
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Aha! A dip in the nonlocal spin signal.

This may be the magnetic moment!
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Making graphene magnetic
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[ 8s hydrogen T=15K | Orange arrows = amount of spin
0.8F - .
M at the spin detector
a 04 . —(— O
'Izl 0.0 . Eﬁ:reeifm
[ Tttt s '
-04F in out Il T T > T
P N [ RN AT

40 -20 0 20 40

Bappy (MT)
At zero field At high field

— —> — —>
H,=A, S.°Sy S, and S;; decouple!

Due to exchange coupling,
pure spin current is scattered
by magnetic moment

- Fewer spins at detector » More spins at detector

Scattering by exchange
coupling is suppressed
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Making graphene magnetic

Doping effect

- Paramagnetic !!

McCreary, et. al, PRL (2012)
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Making graphene magnetic

Proximity effect with EuO
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Proximity effect with EuO
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Graphene on SiO, 5 nm EuO on i 40  -20 0 20 40
Graphene on SiO, Vs (V)

* No success of observing magnetic graphene/EuO in our group

A. Swartz, et. al, ACS Nano (2012)
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Making graphene magnetic

[ .

The first observation of Proximity effect in graphene with YIG
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What if we try harder on EuOQ/Graphene?

2k < BOK 160K o 250K
SK .
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v =%
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5 nm EuO on Graphene 8 1500 3000 4500
B (G)

However, there is NO if.

21



Making graphene magnetic

Note: Sometimes, you are so close to the peak.
Just try harder and move one more step!

22




Making graphene magnetic
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Moving forward
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Wei Yuan, Yuelei Zhao, Chi Tang, Tang Su, Qi Song, Jing Shi*, and Wei Han*,
Appl. Phys. Lett. 107, 022404 (2015).
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Spinful 1D chain

Al

viv

The lowest sub-bands
with broken TRS - - .. Formi lovel

Quantum Anomalous Hall effect
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How to make TI magnetic

Doping effect by Cr/V

25
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Observation of the QAH

30 mK rl.,P=r-1_51v i \
g

Chang, et al, Science (2013)

More information, please see the results of
Q. Xue group (Tsinghua University), K. Wang group

(UCLA), J. Moodera (MIT), etc



How to make TI magnetic

[ .

Proximity effect

rt-"'_‘\
=
~ ol 0 1030 30 40 50

ol - .
z T (K) o Ly
- _

:3=:--:JI {%3'1,‘3} 300
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Outline

I. Introduction to spintronics (Lecture I)

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

II1. Putting magnetic moment in 2D (Lecture II)

IV. Spin Hall effect and spin orbit torque in 2D (Lecture II)

V. Acknowledgement
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EI‘O

Spin transfer torque

TST=§ﬁzx(6xm)

Spin-transfer
torque

Field-like
torque

Incident Outgoing
electron electron

Brataas, et al. Nature Mater. 11, 372-381 (2012)
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Introduction to spin-orbit torque

[

Experimental observation of the spin transfer torque

| Py (2 nm)
Cu (6 nm)
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Ralph, D. C. & Stiles, IMMM.
29 320, 1190-1216 (2008).



Disadvantage
=42K
free layer gﬁ ((26 :nr::)) g
fixed layer Py (12 nm) 3 53
Nanopillar Spin-Valve - * Gurrsnt fma} -
 Charge f )
arge
c 5  mmm) Heat!!!
urrent
) \_ )

Ralph, D. C. & Stiles, IMMM.
30 320, 1190-1216 (2008).
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~ Introduction to spin-orbit torql;_

Spin orbit coupling
(spin Hall effect)

How about pure spin current? -

Normal metal

Spin current

D'yakonov, M. 1. & Perel', J. Exp. Theor. Phys. Lett. 13, 467-469, (1971).
Hirsch, J. E. Phys. Rev. Lett. 83, 1834-1837, (1999).
Zhang, S. Phys. Rev. Lett. 85, 393-396, (2000).
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Introduction to spin-orbit torque I !

The first observation of spin Hall effect
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Kato et al., Science 306 (5703) 2004
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3 -.- ) '* -
Introductlon to spm-orblt torque

ﬁr.._.- -t

Materials with large spin orbit couplings — high Z materials

Periodic Table of the Elements

3 4 5 6 7 8 9 10 11 12
1B VB VB viB viB VIl —— B 1B
3B 4B 5B 6B 7EI 8 1B 2B

23 24 26 27 28 29 30

sc “1i "v_"cr Mn Fe Co "Ni ‘Cu 'zn

Scandium Titanium Vanadium  Chromium langanese Cobalt Nickel Copper Zinc
44.956 4788 50942  51.99 549 38 55933 58933 58.693 63.546 65.39

39 40 41 42 43 44 45 46 47 48
Y Zr Nb Mo Tc Ru Rh Pd Ag Cd Sb Te
Ytrium Zirconium Niobium L @ 1etiun enit Rhodium Palladium Silver Cadmium
88,906 91.224 92.906 95.94 98.907 101.07 102.908 106.42 107.868 112411 121 731! 1215 |

74 76 77 78 79 80

73 75
Hf Ta W Re Os Ir Pt Au

Hafnium Tantalum Tungsten Rhenium Osmium Tridium Platinum Gold Mercury
178.49 180.948 183.85 168.207 19023 192.22 195.08 196.967 20‘959

3 -- Goges | 2
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) Rf Db S_g Bh Hs Mt Ds Rg Cn 1s UL
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Large

sciencenotes.org
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Introduction to spin-orbit torque !

Materials with large spin orbit couplings — high Z materials

Niobium Molybdenum  Technetium  Ruthenium Rhodium

42 43 44
Nb Mo Tc¢ Ru Rh Pd Ag

Silver
92.906 95.94 98.907 101.07 102.906 107.868
77 9 H
Ta W Re Os Ir Au
Tantalum Rhenium Osmium Iridium Gold
180.948 133 85 168.207 190.23 192.22

196.967

Spin Hall current torque to FM

FM

NM

3 TST=§mX(Jxm)
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Introduction to spin-orbit torque

Spin Hall current torque to FM

35

Liu et al., PRL 109, 096602 (2012)
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20 10 0
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10
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TR

How to get larger spin
orbit torque?

36



Interface transparency of the spin current

100%?
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Efficient spin orbit torque in Pt/Co and PE/Py

Our approach

Py

eg: Different spin density states

e T
L Foc-T i 3-|:|||;_-.-F.|_- r'

LT H

W & 08 & -5 @ T R —
E- (eV)
Book: Magnetic Multilayers and Giant Magnetoresistance
(editor: Uwe Hartmann & R. Coehoorn )
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Spin Torque FerroMagnetic Resonance !

ST-FMR Liu et al., PRL 106, 036601 (2011)

30

20

10

Vmix (“V)

13GHIZ
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Photolithography
39 lon Beam etching/deposition



Spin torque ferromagnetic resonance

[

Landau-Lifshitz-Gilbert equation H. ¢
dm 7 X H > external effective field
— = —vym
a7 ers
_dm .
+am X — —>damping
—>spin torque g
—>torque from RF field 7,
30— - I ' I ' I
N ° Data 1 gymmetric Component: Spin Hall torque
S ol Antisymmetric Component:
2 I Torque from RF field
10k -
200 i

0 1000 2000 3000
H_. (Oe)
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Efficient spin orbit torque in Pt/Co and Pt/Py ‘ .

Spin torque Field torque

d
30 ) Ll Ll

| | | |
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Efficient spin orbit torque in Pt/Co and Pt/Py !

N N
Py t t
v A\
AN\ N
d d
A4 A\
| | | ! | ! |
012 L 6 nm Pt/6 nm Py 02| I |
1 1 I I
roo]
l 1
_ 0.08 | _ 0.08 | _
of of
1 11 % g
0.04 | - 0.04 | _
- 6 nm Pt/6 nm Co
ooo L1 . 1+ . 1 .1 | ooo L1 ¢+ 44,
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In Pt layer:

(Z) - = zﬂs ]SHrf y
.(z) = Ae ?/* 4 Be?/2

In FM layer:

JZ(0) = jE(@) = G (M x (M X ) * e/h
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Interface transparency

[ .

The continuity of the spin current density at the interface
(z=0, and z=-d)

d, sinh (ZZ -zl_/ldpt> __ cosh (Z -;/?Pt)
Hs(z) = =9 (2e 1/0)/sy rf tanh (2/1 _ ot — Jj7(0) dp
sinh (ﬁ) sinh (ﬂ)
JE = Jorrr (M X (X 9o -
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ST
sH | I
Jou | ;
v

Interface transparency of the spin current

_ gg} B Gntanh(%
N - d o h
JsH Gy coth (%) + 1702

Gy, intrinsic spin mixing conductance
A: spin diffusion length of Pt
o: conductivity of Pt
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Interface transparency

Spin diffusion length

46

0.08

0.06
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0.00
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20
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Intrinsic mixing conductance

Damping parameters for FM and Pt/FM obtained from conventional FMR

.-—-.12 ' 1 | ]
"‘5 6 Pt/t Py, Co
= 5
E L
E-r ﬂ— 3 -
s 2
= o e
[ e M
v 4r Mo i
E w's ‘ = PtPy
5  PYCo ]
% ' 0.01 | 0.02 ' 0.03
1/t (A1)
it I
G =2 * (a a._ )

T g, P Gor (1019m2)  1.52+0.34 3.96+0.39
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Interface transparency _-a

Intrinsic mixing conductance

G (10°®m=2) 1.52+0.34 3.96 £ 0.39 1 _ 1 + 1
Gesp Gr Ope_h
Op; (MQ*cm) 15 + 1 15+ 1 A 2e?
A (nm) 14+0.2 14+0.2 d
gz; Gutal‘lh(ﬁ
Gy (10°m2) 24+04 1.1+ 3.1 T = = d A
Jsi . coth (%Bt) + 2__
ricot 1 + 1722
[T 0.25 +0.05 0.65 + 0.06 ]

1y

SHA of Pt ~ 0.19
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Interface transparency

SHA of Pt in 6 nm Pt- 6 nm Co,_Ni,

0.15

0.10

0.05

0.00
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Interface transparency —m

v" Interface transparency plays an important role for spin
orbit torque

W. Zhang*, Wei Han*, Xin Jiang, See-Hun Yang, Stuart Parkin, Nat Phys. (2015)
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How to get larger spin
orbit torque?
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1) Large SHE in 2D Ir-Mn

Motivated by a recent theoretical work of AHE in IrMn,

ek endine
PRL 112, 017205 (2014) PHYSICAL REVIEW LETTERS 10 JANUARY 3014

Anomalous Hall Effect Arising from Noncollinear Antiferromagnetism

Hua Chen, Qian Niu, and A. H. MacDonald
Department of Physics, University of Texas at Austin, Austin, Texas 78712, USA
(Received 3 October 2013; published 10 January 2014)

(a) < (b}
N “penensy
\ @ o A
* o N gegepoge
. Yhe- R #e ¥ 90
ﬁ;‘ 9 AT AN Y » Large spin orbit coupling
S goyoygoeygoe of Ir transfer to Mn.
: @ @ U9 e Y
" @ Mn
® I » Non-collinear
FIG. 1 (color online). Structure of Mn;Ir. (a) Unit cell of Mn,Ir antiferromagnetism

with triangular antiferromagnetic order. (b) An individual (111)
plane of Mn,Ir. The Mn atoms form a kagome lattice.
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1) Large SHE in 2D Ir-Mn

Ir,_ Mn_

Mn

Ir,;Mn;

Ir
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1) Large SHE in 2D Ir-Mn

Ir, Mn . .
I-x="" Grown on SiO2/Si substrates
a
0.12 O
o
0.08 } 4
z 3
& 004 o _
111 I S o e e R S e d
@
_{]M i i 1 i i i i i i 1
0 20 40 60 80 100

X (Mn%)

Related work on Ir,,Mng, and IrMn have also been seen by other groups.
IrMn: Zhang, W. et al. Phys. Rev. Lett. 113, 196602, (2014).
Ir,,Mng,: Mendes, J. B. S. et al. Phys. Rev. B 89, 140406, (2014)
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1) Large SHE in 2D Ir-Mn

Ir, Mn . .
I-x="" Grown on SiO2/Si substrates
a
ﬂ12 ¥ B | L) ] J 1 L |} B 1
0.08 } @ 4
z 3
& 004 o _
111 I S o e e R S e d
@
_{]M i i 1 i i i i i i 1
0 20 40 60 80 100

X (Mn%)

Related work on Ir,,Mng, and IrMn have also been seen by other groups.
IrMn: Zhang, W. et al. Phys. Rev. Lett. 113, 196602, (2014).
Ir,,Mng,: Mendes, J. B. S. et al. Phys. Rev. B 89, 140406, (2014)
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1) Large SHE in 2D Ir-Mn

Facet dependent SHE
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1) Large SHE in 2D Ir-Mn

Facet dependent SHE
0.20f M\H i
0.15F i
<<
5 010 §\§/°\°_ ]
&
0.05F —@—(100) IrMn -
(111) IrMn, |
—@—p-IrMn,
ooob— 1 . o . .

20 40 60 80 100 120
d (A)

- W. Zhang*, Wei Han*, Xin Jiang, See-Hun Yang, Stuart Parkin, under review



HHE“EE_!F spin
8- polarization

o 2D Dirac cone

Surface
Brillouin zone
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L.

B1,Se;

Fermi surface —

Shifted Fermi
surface for

59

2) Spin orbit Torque in Topological insulators

® Data a0
—_— it
— S Comp.
— Antisymm.
comp. 20

¥ Antlsymmetre comp.
@ Symmetric comp.

= = 3
= 0 “E:‘ D i
E | F
=]

—10 20—

Fit to sin{pjcosip)®
- | | | g | |
0.05 0.06 0.07 0.08 0.09 ] 45 a0 135 180
Field (T) v (7

Table 1 | Comparison of room-temperature o, ; and 6, for Bi,Se;
with other materials

Farameter BizSes Pt f-Ta Cu(Bi) B-W
(this work) {ref. 4) (ref. 6) (ref. 23) (ref. 24)

) 2.0-35 0.08 0.15 0.24 0.3

75, 1.1-2.0 34 0.8 —_— 1.8

iy is dimensionless and the units for og are 10%h/2e 0 m™ L,

Spin Hall angle: 2.0-3.5

Mellink, et al. Nature (2014)
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Spin orbit Torque in Topological insulators

(Big5Sby 5),Te,

60

= =3 = 0 ] 2 3

In=-plane field Ey {T)

Fan, et al, Nature Mater. (2014)

-

\

T=19 K
SHA > 100

J




Current Status of Spin orbit Torque

Materials Effective SHA Research group
Semiconductor GaAs 0.0005-0.005 UCSB (Awschalom)

Metal Pt 0.19 PKU (Han) & IBM (Parkin)
Cornell (Ralph & Burhman)
B-Ta 0.15 Cornell (Ralph & Burhman)
B-W 0.3 Cornell (Ralph & Burhman)
Bi doped Cu 0.24 Japan (Otani) & France (Fert)
Quantum TI 2.0-3.5 (~5007?) Cornell (Ralph & Burhman)

Materials >100 (1.9 K) UCLA (Wang)
[rMn, ~0.3 PKU (Han) & IBM (Parkin)
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Summary of Lecture II

v Doped graphene, Paramagnetic moment
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Summary of Lecture II

v Doped TI, QAH
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Summary of Lecture II

[

Questions still to be answered:
» FM in graphene by doping
» QAH in Graphene heterostructures
» Robust QAH at higher temperature

» More effective SOT in quantum materials

& You can do better.

B o kd
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HOME MEMBERS RESEARCH

Open Positions

Postdoctors

One post-doctor position open.

Graduates

One or two PH.D students each year.

Undergraduates

Welcome to our Lab!
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(2] ‘u“.’eil Han's Group - La-l.: i : EJ — | &
€« C' | [O www.phy.pku.edu.cn/~LabSpin/joinus.html Qrh @& =

Lab for Spintronics and Emergent Materials
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Thank you for your attention!

Email: weihan@pku.edu.cn
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