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Spintronics
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 Power dissipation
 Scaling
 High processing speed
 Non-volatility



Spintronics
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 Radiation-resistant device

The robots sent into Fukushima have “died” 
due to high amounts of leaked radioactive materials.

Most modern electronic circuitry
relies on controlling electronic
charge within a circuit, but this
control can easily be disrupted
in the presence of radiation.
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Spintronics
Magnetoresistance (MR) effect 

In a normal metal
𝐵𝐵 affects electrons with Lorentz force => R increase => 
ordinary MR

In a ferromagnetic metal
MR is strongly related to the direction of the magnetization  𝑀𝑀.
=> anisotropic magnetoresistance (AMR)

ρ|| : M || I
ρ⊥ : M ⊥I

ρ = ρ⊥+(ρ∥−ρ⊥) cos2 θM

I

M
θM

=> This phenomenon is related to the effect of spin–orbit coupling (SOC).
McGuire T, Potter R L 1975 IEEE Trans. Magn. 11 1018
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Spintronics
Magnetoresistance (MR) effect 

GMR TMR
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Magnetoresistive Random Access Memory
MRAM => STT-MRAM

Spintronics

Applications

hard disk drive (HDD)
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The Scheme  of  the  Datta-Das  spin  field  effect  transistor  
(SFET).

Applications
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Spintronics
FM/SM heterostructure Observation of Magnetic Domain

Applications: Spin injection, Spin LED, Spin pumping



Spin transfer torque
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Driving persistent 
oscillations of magnetization 

Efficiency of 
magnetization switching 

STT-MRAM
Domain wall logic device

Applications:

Spin-transfer-torque- induced FMR

J. Slonczewski, J. Magn. Magn. Mater. 159, L1 (1996). 
L. Berger, Phys. Rev. B 33, 1572 (1996).



Spin transfer torque

• 4s (itinerant)-3d (localized) s-d interaction

L. Berger, Phys. Rev. B 54, 9353 (1996)
Ya. B. Bazaliy, B.A. Jones, and S.C. Zhang, Phys. Rev. B 57, R3213 (1998) 

e-

( )ˆsdJ s S r− ⋅



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<Sz>: expectation value of localized 
spin in the ground state 

ρ: density of the conduction 
electrons at the Fermi surface

J: Ferromagnetic interaction factor

Spin polarization of  the conduction 
electron due to the s-d exchange 
interaction with a localized spin

Spin transfer torque



Spin orbit torque

e-

e-

e-

e-

Js Je

J. E. Hirsch, Phys. Rev. Lett. 83 1834 (1999)

σ̂( )ˆS SH eJ Jθ σ= ×
 

M. I. Dyakonov and V. I. Perel, JETP 13 467 (1971)

Spin-orbit interaction
The spin Hall angle

/SH s eJ Jθ =

The spin Hall effect
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Spin orbit torque

Spin-dependent scattering gives
rise to transverse spin imbalance
of charge currents

The spin Hall effect

Direct observation in GaAs
with optical detection 
(Kerr effect)
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dM
dt

= −μoγM × H + α
Ms

(M × dM
dt

)

−𝝁𝝁𝒐𝒐𝛄𝛄𝑴𝑴 × 𝑯𝑯eff −𝝁𝝁𝒐𝒐𝛄𝛄𝑴𝑴 × 𝑯𝑯eff

𝜶𝜶
𝑴𝑴𝒔𝒔

(𝑴𝑴 × 𝐝𝐝𝑴𝑴
𝒅𝒅𝒅𝒅

) Damping term

Precession term due to 
an effective field

Ferromagnetic resonance
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Ferromagnetic resonance
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Still remember the ESR measurement?
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Flip-chip type FMR

sample

FMR with cavity

sample

Micro-Coplaner
waveguide patterned on 

sample

Ferromagnetic resonance experimental setup
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fr = γ
2π

H0(H0 + 4πMeff)

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑 = 𝐴𝐴

)∆H(Hex − Hres
Hex − Hres

2 + ∆H2

Ferromagnetic resonance

Analysis of the resonance signal



Anisotropic magnetic resistance (AMR)
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ρ = ρ⊥+(ρ∥−ρ⊥) cos2 θM

I

M
θM



22

ST-FMR researches

Liu. et al., PRL 106, 036601 (2011)
Pai et al., APL 101, 122404 (2012)

Heavy metals/FM
Bilayer structure

Mellink et al., Nature 511, 449 (2014)
Wang et al., PRL 114, 257202 (2015) 

Spin-torque diode effect in 
MTJ structure

Sankey et al., Nature Physics 4, 67 (2008) 
Tulapurkar et al., Nature  438, 339 (2005)

Topological insulators/FM

HM, TI
FM

22



Spin-torque diode effect in MTJ structure
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Tulapurkar et al., Nature  438, 339 (2005)

Source of Spin transfer torque: 
current polarized by the fixed FM layer
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This behavior is markedly different from that of a conventional
semiconductor diode, and could form the basis of a nanometre-
scale radio-frequency detector in telecommunication circuits.



Line shape analysis
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x
y

z

d�M
dt

= −γ�M × Heff + α0 �M × d�M
dt

+ γћJs
2eMsdF

�m × �σ × �m -γ�M × Hrf

= −γ�M × Heff + α0 �M × d�M
dt

+ γ[τ||
�M× �x× �M
�x× �M

+ τ┴
�x× �M
�x× �M

]

 

 

plus

Lorentzian line shape

 

 

  

asymmetricSymmetric

 

 ∝ 𝝉𝝉|| ∝ 𝝉𝝉┴

spin-orbit torque ratio θ|| = Js/Jc= VS/VA(eμ0MStd/ћ)[1+(4πMeff/Hext)]1/2

Asymmetric and symmetric line shape 
analysis
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HM (Pt, W, Ta)
FM

Source of Spin torque: 

ST-FMR on bi-layer structures

SHE

Liu. et al. PRL 106, 036601 (2011)
Pai et al. APL 101, 122404 (2012)

STT=>SOT
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HM (Pt, W, Ta)
FM

ρ = ρ⊥+(ρ∥−ρ⊥) cos2 θM

An oscillation of sample resistance due to
the anisotropic magnetoresistance of FM.

FM

Source of Spin transfer torque: 

ST-FMR on FM/TI bi-layer structures

SHE

Source of Spin transfer torque:
SHE, TI surface state  

Liu. et al. PRL 106, 036601 (2011)
Pai et al. APL 101, 122404 (2012)

Mellink et al. Nature 511, 449 (2014)
Wang et al. PRL 114, 257202 (2015) TI



Topological insulator
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3D-TI:  Bi2Se3, Bi2Te3
- Strong spin orbit coupling
- Spin-momentum locking

TI surface state High spin–charge conversion



Bi2Se3, Bi2Te3 BiSbxTe1-x Films grown by MBE
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RHEED AFM STM

Bi2Se3

Al2O3

1𝛍𝛍m

Rq ~ 0.50 nm
ARPES
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Define the sample shape
at “dark” area 

Etched with ion beam 
bombardment 

and PR removed with 
solvent

Define the contacts
at “clear” area 

Metal deposition and 
lift-off process

Photoresist (PR)

FM(Py, CoFeB…)
TI

Ti/Cu/Ti

Device fabrication for ST-FMR experiment



ST-FMR experimental setup
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5 μm

ST-FMR device



Line curve analysis
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5GHz
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The surface possesses mirror symmetry with
respect to the bc plane (dashed line), but not with respect 
to the ac plane, and therefore it is also not symmetric 
relative to a 180˚ rotation about the c-axis.

ST-FMR on FM/TMD bi-layer structures
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Y3Fe’2(Fe”O4)3

̶  Extremely small damping(α~10-4)
̶  Electrically insulating 
̶  Long-range spin wave transmission
̶  Chemically stable surface 

ST-FMR on HM/FI



Ferrimagnetic insulator YIG
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Sputtering YIG on GGG Rq: 1.1Å Rq: 0.85Å Rq: 1.7Å

(100) (110) (111)

AFM surface morphology



Sample preparation

Y3Fe5O12/GGG grown in sputtering chamber
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αYIG=9.89E-4
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TEM

FMRXRD



Current-induced spin torque 
resonance of magnetic insulators

Chiba et al., J. Appl. Phys. 117, 17C715 (2015) 

ST-FMR on Pt/YIG
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Nakayama et al., Phys. Rev. Lett.  110, 206601 (2013)

Spin Hall magnetoresistance
(SMR)

RF current no longer pass through the FM layer.

New theoretical model based on 
SMR should be applied.



ST-FMR on Pt/YIG
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Φ = 47.5°

V-

V+

H
x

y

Pt (5 nm)
YIG (50 nm)

Pt (16 nm)
YIG (50 nm)

A B

RF power : 10 dBm



Theoretical calculation
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VSMR =
h∆ρ1Jc0

4
FS(�Hex)
�∆H

(�Yic + �Yrc
�Hex − �HFMR

�∆H
)cosφsin2φ

VSP =
hρJrP

4
FS �Hex
�∆H2

�Zic�Yrc − �Zrc�Yic cosφsin2φ

FS �Hex =
�∆H2

�Hex − �HFMR
2 + �∆H2

Yic = C Hr + α Haccosδ+ Hi + C+Hacsinδ,
Yrc = C+ Haccosδ+ Hi − CαHacsinδ,
Zic = C[αHr − (Haccosδ+ Hi)],
Zrc = C−Hr + CHacsinδ,
JrP = ћωa

2edNρ
θSHRe(η),

η = (1− 1
cosh dN/λ

) �gr 1+�gr +�gi
2+i�gi

1+�gr 2+�gi
,

�gr(i) = 2λρGr(i)coth(dN/λ),

α = α0+β coth r/2 Re(η)
1−βcoth(r/2)Im(η)

,

r = dN/λ,
β = γћ2/4λρe2MsdF,
�γ = γ/(1 − β coth r/2 Im η ),
∆ρ1 = ρθSH2 (2λ/dN)Re(η/2),
Hr(i) = ћ

2eMsdF
θSHJc0Re(Im)η,

Hac = 2πJc0dN/c,
∆𝐇𝐇 = 𝛂𝛂𝝎𝝎𝒂𝒂/�𝜸𝜸,
�∆H = ∆H/2πMS,
C = �ωa/ 1 + �ωa

2,
C± = 1 ± 1/ 1 + �ωa

2,
�ωa = ωa/2πMsγ

Vmix=VSMR+VSP

=S
∆H2

(Hex−Hres)2+∆H2 +A
∆H(Hex−Hres)

(Hex−Hres)2+∆H2

h: sample length, 
ωa: resonant frequency, 
dN: Pt thickness, 
λ: spin diffusion length, 
γ: gyromagnetic ratio
α0: intrinsic damping constant of YIG. 
ρ: resistivity of Pt, 
dF: thickness of YIG, 
Ms: magnetization of YIG. 
Gr(i): Real (Imaginary) part of spin mixing 
conductance,
η: spin diffusion efficiency described in the 
SMR theory, a complex function of Gi Gr.
δ : phase shift between rf current

and Oersted field inside YIG

Chiba et al., J. Appl. Phys. 117, 17C715 (2015) 
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Vmix = S
∆H2

(Hex−Hres)2+∆H2 +A
∆H(Hex−Hres)

(Hex−Hres)2+∆H2
∆𝐇𝐇 = 𝛂𝛂𝝎𝝎𝒂𝒂/�𝜸𝜸

500 1000

-50

0

50

100

150

200

H(Oe)

Line width analysis

An inhomogeneous 
broadening factor was 
observed!

+∆H0



Thermal effect in the Pt/YIG film during ST-FMR measurement
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Fitting results yield α0 = 0.01, 0.015, 0.04   

Heating-induced ∆H0, αSSE

1. Overestimation of damping coefficient α or spin 
mixing conductance (Real part) Gr.

2. Inconsistent fitting results of frequency-
independent parameters.    

∆𝐇𝐇 = 𝛂𝛂𝝎𝝎𝒂𝒂/�𝜸𝜸

𝛼𝛼
�𝛾𝛾 =

α0 + β coth r/2 Re(η)
γ

η should be frequency independent
based on SMR theory.

3. Fitting results of the slope will vary 
with applied power, suggesting another 
damping term induced by thermal effect.

Schreier et al. Phys. Rev. B 92, 144411 
(2015)
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Power dependent factors in 
the linewidth analysis

heat-induced spin torque 

Thermal effect in the Pt/YIG film during ST-FMR measurement



In-plane angular dependency
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An extra sin(φ) component of 
symmetric part was observed

VSMR = h∆ρ1Jc0

4
FS(�Hex)

�∆H
(�Yic + �Yrc

�Hex−�HFMR
�∆H

) sin2φcosφ

VSP = hρJrP

4
FS �Hex
�∆H2

�Zic�Yrc − �Zrc�Yic sin2φcosφ



Heating induced Voffset during M switching process
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T. Kikkawa et al., Phys. Rev Lett 110, 067207 (2013)

Longitudinal spin Seebeck effect (LSEE)
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Curve fitting with theoretical model

𝛼𝛼
�𝛾𝛾 =

α0 + β coth r/2 Re(η)
γ

Assumption: Gr 1order larger than Gi

η = (1 −
1

cosh dN/λ
)
�gr 1 + �gr + �gi2 + i�gi

1 + �gr 2 + �gi

Slope

Sample A

Sample B

Gr:
Sample A: 1.5×1014 Ω-1m-2

Sample B: 1.9×1014 Ω-1m-2
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Sample A 3GHz 4GHz 5GHz

JC (A/m2) 2.52(±0.11)×1011 2.24(±0.08)×1011 2.20(±0.06)×1011

θSH 0.058±0.004 0.064±0.003 0.063±0.003

Sample B 3GHz 4GHz 5GHz

JC 1.40±(0.03)×1011 1.30(±0.04)×1011 1.09(±0.04)×1011

θSH 0.110±0.003 0.104±0.004 0.126±0.006

Curve fitting with theoretical model



Summary

• We examined the theoretical model of SMR-based ST-FMR 
measurement.

• We provide some modifications on the model
1. Adding an inhomogeneous factor.
2. Frequency dependent measurement.
3. Subtracting an extra sinφ symmetric component.
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Spin-Orbit torque ferromagnetic resonance in 
transferred-topological insulator/normal 

metal/ferromagnetic metal heterostructure
Y. C. Liu, C. C. Chen, M. X. Guo, S. W. Huang, J. Kwo

Department of Physics, National Tsing-Hua University
Y. T. Fanchiang, C. K. Cheng, M. Hong

Department of Physics, National Taiwan University
L. J. Chang, S. F. Lee

Institute of Physics, Academia Sinica
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 Introduction
 To decouple/reduce the interfacial coupling between TI and FM

 Results for transferred (TR) Bi2Se3 films
 Sample transferring and characterization
 Spin-orbit torque FMR 

 Summary and future work

2

Outline



Application of spin momentum locked surface state

4

- Spin-momentum locked surface state
- Protected by time reversal symmetry (TRS)

High spin–charge conversion

magnetization switching (SOT-MRAM) 

TI

FM

Does the strong interfacial exchange coupling modify 
the spin texture of the topological surface state, further 
influencing spin-to-charge conversion (SCC)?



C. D. Spataru et al., Phys. Rev. B 90, 085115 (2014) L. A. Walsh et al., J. Phys. Chem. 121, 23551−23563 (2017)

However, it is difficult to directly grow Bi2Se3 on Au/YIG.
=>Thin film transferring

• Preservation of Dirac cone and the spin texture of TI
• Chemically inert to TI
=> Au may serve as a promising interlayer

XPS result for Se 3d and Bi 5d XPS result for Au 4f

Electronic property and chemistry of metals in contact with Bi2Se3

Calculated spectral function of Au/Bi2Se3

E-
E f

(e
V)

E-
E f

(e
V)

K KM Mk (1/Å) k (1/Å)

5

Au
TR-TI

FM



Transfer procedure

Floating the Bi2Se3/Al2O3
film on BOE solution

(a few mins to several hrs)

Peel-off

This is the most uncertain step.
The difficulty of peel-off
depends on samples.

Ideally, the film can be peeled
off by itself without our poking
or peeling.

The film start to detach from 
the edge.

Transferring the 
film to target 
substrate

Drying the transferred 
film in the chemical hood

(1 hr)

Heating the sample at 40 –
50 oC on a hot plate

(~ 5 min)

PMMA removalFilm transfer

Floating the Bi2Se3 film 
on water to rinse off BOE

(1 hr)

Ultrasonically cleaning the 
sample:

1. Acetone x 3 (10 min x3)
2. IPA x 1 (10 min x 1)

3. Water rinse multiple times

Bathing the TR-Bi2Se3 in 
acetone
(1 hr)



Improved transfer technique

improvement

Bi2Se3 can be completed peeled off from Al2O3.
Much less pinholes.
Very few wrinkles, ripples, and cracks.

~ 4 mmBroken part

This part was not successfully 
peeled off, and remained on Al2O3.

large cracks & wrinkles

Pinholes spreading 
throughout the film.



Surface morphology preserved (1 x 1 μm)
TI782: 9 nm Bi2Se3/sapphire TR-Bi2Se3/sapphire

Rq = 0.46 nm Rq = 0.55 nm
The particles might be the residual PMMA, which is hard to completely remove.



• There is no substantial change in line shape and peak position 
between Au 4f core-levels of  Au/YIG and TR-Bi2Se3/Au/YIG.

• The peak position of Au 4f is nearly consistent, which indicates that there was no 
severe interfacial interaction between Bi2Se3 and Au after heated at 150oC for 2min. 

90 88 86 84 82

Au 4f7/2

Au 4f5/2

In
te

ns
ity

 (c
ou

nt
s)

Binding Energy (eV)

 CPS_Au4f
 Background_Shirley
 Fitting curve

peak position Au 4f7/2 Au 4f5/2

Au/YIG 83.943 eV 87.616 eV
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83.960 eV 87.632 eV
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XPS characterization



Device fabrication for ST-FMR experiment

63

5 μm

ST-FMR device

TR-Bi2Se3

Py
Au
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ST-FMR on TR-Bi2Se3/Au/Py before annealing
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(~200˚C, 10-5 torr, 30 min)

sample
The symmetric part is 
drastically enhanced.
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Summary
• After annealing at high vacuum, large enhancement of  Js/Jc was observed.

=> could be due to better adhesion between TR-TI/Au
• However, the obtained value of spin torque ratio is not much higher than previous 

work on TI/FM

Future work
• So far we have only used transferred-Bi2Se3 thin film which is quite bulk 

conducting.
=> Using bulk insulating BST for the transferring could increase the ratio.

• Switching measurement of Tr-TI/Au/FM
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