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Introduction 
to some major development in spintronics

• Giant Magnetoresistance, Tunneling Magnetoresistance
• Spin Transfer Torque (STT)
• Spin Orbit torque (SOT)

• Pure Spin current (no net charge current)
• Spin Hall, Inverse Spin Hall effects
• Spin Pumping effect
• Spin Seebeck effect

Two dimensional van der Waals 
ferromagnets (Fe3GeTe2, Fe3GaTe2 …) and 
antiferromagnets (NiPS3, NiI2 …)
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Opportunities:
• Good old physics in new low dimensional materials
• Proximity effect to graphene, bilayer graphene, 

twisted Moiré patterns …



2007 Nobel prize in Physics

2007 Nobel Laureate in physics Albert Fert and Peter Grünberg) 
(Copyright © Nobel Web AB 2007/ Photo: Hans Mehlin)
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Giant Magnetoresistance
Tunneling Magnetoresistance

Spin-dependent transport structures. (A) 
Spin valve. (B) Magnetic tunnel junction. 
(from Science)

Discovery of Giant MR --
Two-current model combines 
with magnetic coupling in 
multilayers

Fert’s group, PRL 61, 2472 (1988)

Moodera’s group, PRL 74, 3273 (1995)

Miyazaki’s group, JMMM 139, L231(1995)5



Valet and Fert model of (CPP-)GMR
Based on the Boltzmann equation 
A semi-classical model with spin taken into consideration
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Spin imbalance induced charge accumulation at the interface is important
Spin diffusion length, instead of mean free path, is the dominant physical 
length scale 

∆µ for antiparallel 
aligned multilayers

∆µ for parallel 
aligned multilayers
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In a trilayer, current direction determines the relative 
orientation of F1 and F2 when H = 0.
F1 is pinned layer. Minority spins are responsible for the 
antiferromagnetic final state. 

Spin Transfer Torque (STT)e-

e-

When applied current 
and external field act 
against each other, 
magnetization 
precession radiates 
microwave.

F1 F2

Large current density 
induces magnetization 
rotation because of local 
spin angular momentum 
conservation
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Spin Transfer Torque

Hoop

In-plane torque
Anti-damping
Destabilizes M

Out-of-plane torque
Field-like torque
Modifies energy barrier



• Theoretically

• Experimentally
• Spin Hall, Inverse Spin Hall effects
• Spin Pumping effect
• Spin Seebeck effect

Pure Spin Current
-- with no accompanying net charge current

𝐽𝐽𝑆𝑆 = 𝑠̂𝑠 � 𝑣⃗𝑣 → 𝐽𝐽𝑆𝑆 = 𝑑𝑑
𝑑𝑑𝑑𝑑

(𝑠̂𝑠 � 𝑟𝑟) = 𝑠̂𝑠 � 𝑣⃗𝑣 + 𝑑𝑑
𝑑𝑑𝑑𝑑
𝑠̂𝑠 � 𝑟𝑟



Spin Hall effect

The Intrinsic SHE  is due to topological band structures 

The extrinsic SHE is due to asymmetry in electron scattering for up and down 
spins. – spin dependent probability difference in the electron trajectories 
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Berry curvature

Side jump Skew scattering

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

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

Guo et al, PRL 100 096401 (2008)
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Spin Pumping
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F N

Spin accumulation gives rise to spin current 
in neighboring normal metal
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In the FMR condition, the steady 
magnetization precession in a F is 
maintained
by balancing the absorption of the 
applied microwave
and the dissipation of the spin 
angular momentum --the transfer 
of angular momentum from the 
local spins to conduction electrons, 
which polarizes the conduction-
electron spins.: spin mixing conductance↓↑

rg



Spin Seebeck effect

TSV δδ =

TSV spinspin δδ =

Uchida et al., Nature 455, 778 (2008)

])[1( TTeS cc
spin ∂∂−∂∂=

↓↑
µµ
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Spin Orbit Torque
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dissipative and reactive torques

(a) schematics of spin Hall effect. A longitudinal electron 
current, Jc, in heavy metal (HM) is converted into a 
transverse spin current by spin-orbit scattering. The spin 
current leads to a spin accumulation at the HM/FM 
interface that diffuses across the interface into the FM 
and exerts torques. (b) The effective field generated by 
the inverse spin galvanic effect at the interface, which 
can lead to a switching of the magnetization. 
Webpage of Prof. Dr. Mathias Kläui, University of Mainz



Spin-orbit torque effect 
on the Néel vector of an antiferromagnet
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Magnetic vdW materials offer new opportunities 

Moiré
crystal

Topological
spin wave

Strain induced
Pseudo-magnetic 
fieldEdge state

Valley

𝜎𝜎+ 𝜎𝜎−

𝐾𝐾+ 𝐾𝐾−
Light

Advantages: precisely defined layer thickness, layer dependent magnetic 
order, easy to control and easy to integrate with other substrates 



van der Waals Antiferromagnets 
MPS3

• Honeycomb 2D magnets with a variety of AFM orders
• MnPS3 shows long range AF Neel ordering down to 5.3 nm
• Relatively high transition temperatures, e.g., NiPS3 ~150 K, FePS3 ~118 K, MnPS3 ~78 K

PRL, 124, 027601, 2020



Introduction to NiPS3
 Monoclinic crystal structure with ABAB…. stacking
 Honeycomb lattice within single layer
 Néel Temperature ~155 K
 Magnetic moments in adjacent zig-zag chains are aligned

antiparallel.
 Strong third-neighbor antiferromagnetic exchange coupling (J3)
 Inter-layer spin coupling is ferromagnetic
 Bandgap ~ 1.5 ev – 1.8 eV.
 Ultra sharp, linear polarized PL in AF phase

D. S. Kim et al., Adv. Mater., 35 (2023), 2206585
X. Wang et al. Nature Materials 20 (2021) 964–970.
D. Jana et al., PRB 108, 115149 (2023)

Spin arrangement and Néel Vector
(along a-axis).

Another visualization of spin
arrangement and Néel Vector (along a-
axis).



Ultra sharp Exciton Resonance in NiPS3

Nature 583, 785 (2020)

• Identify sharp exciton resonances
• Proposed a mechanism for exciton
• Anisotropic exciton resonances discovered

Proposed Zhang-Rice triplet to singlet transition as the mechanism



The electronic character, mobility, and magnetic 
interactions of the exciton remain unresolved. 
Ultra-high energy resolution resonant inelastic 
x-ray scattering (RIXS) find that Hund’s exchange 
interactions are primarily responsible for the 
energy of formation of the exciton. 

Measuring the dispersion of the 
Hund’s exciton reveals that it 
propagates in a way analogous 
to a double-magnon. 
Fundamental similarities 
between the NiPS3 exciton
hopping and spin exchange 
processes, underlining the 
unique magnetic characteristics 
of this novel quasiparticle.



Spin-induced linear polarization of 
photoluminescence in antiferromagnetic van der 

Waals crystals

Wang et. al. Nat. Mat. 20, 964, 2021 

• Is it the spin chain direction 
or Neel vector responsible 
for the polarization 
direction?

• In this paper, two samples 
with a axis direction differs 
by 120º are located. PL 
polarization is measured 
with increasing B.

• When B < 9 T, polarization 
angle is roughly linear with 
B. 30º ~ 9T



Our study finds something new

• Exciton induced polarized PL not observed in every sample
• Saturation with excitation power
• PL intensity does not correlated with layer thickness in thin 

bulks
• Defects?

Dong Seob Kim et. al. Advanced Materials, 2206585, 2023



Three spin chain directions

• PL rotations observed on different flakes
• 3 spin chain directions observed: 

contrary to neutron scattering
• Crystalline axes confirmed via Raman: 

modes with/without coupling to 
magnetic order

• Degree of polarization varies spatially
• Coupled vacancies exhibit high degree 

of polarization
• The value dependent on measurements 

details and may not reflect intrinsic 
properties



Electrical detection of the AFM Neel vector

Detection of Neel vector spin-flop with increasing 
magnetic field using thermally induced spin current. 
Spin Seebeck + inverse spin Hall effect. 

uniaxial collinear antiferromagnetic insulator

Seki et. al. PRL 115, 266601 (2015)

Cr2O3 MnF2

Wu et. al. PRL 116, 097204 (2016)



Electrical manipulation and detection 
of the AFM Neel vector

Quantifying Spin-Orbit Torques in 
Antiferromagnet–Heavy-Metal Heterostructures
Cogulu et al., Phys. Rev. Lett. 128, 247204 (2022)

Expected results if Neel vectors are rotated

α-Fe2O3, isotropic collinear antiferromagnet

Unidirectional Spin Hall Magnetoresistance in 
Antiferromagnetic Heterostructures
Cheng et al., Phys. Rev. Lett. 130, 086703 (2023)



Manipulation of collinear antiferromagnet Neel 
vector by electrical pulses in conducting materials

 Material: CuMnAs
 Pass three consecutive pulses in two directions (red and black) →

Measure the hall resistance
 Hall resistance indicates the spin chain direction

P. Wadley et al, Science, 2016

Electrical manipulation and detection 
of the AFM Neel vector



Extension of analytical model to 
include uniaxial anisotropy in AFM

Hung-Yan Chang

Zhang and Cheng, JMMM 556, 169362 (2022)



𝛼𝛼 = 4𝐻𝐻∥𝐻𝐻𝐸𝐸/𝐻𝐻2 is the spin-flop field, denotes 
the relative strength between the in-plane 
anisotropy and the external field.



Take-home messages
• In NiPS3, anisotropic excitons reveal local Neel vector directions
• 3 polarized directions observed: contrary to neutron scattering
• Weak interlayer coupling leads to 3 polarized PL directions despite the bulk 

monoclinic crystals
• A different exciton formation mechanism proposed
• Questions: Is the magnetic order stable in the monolayer limit where three 

three directions should be energetically degenerate?
• Theoretical model is extended to include in-plane uniaxial anisotropy
• Derived spin-flop field formula works quantitatively for NiO and NiPS3
• First and second harmonic Hall voltages due to spin orbit torque are derived 

and used to explain experimental data on NiPS3
• Spin orbit torque has the same order of magnitude contribution as spin 

Seebeck effect in NiPS3/Pt heterostructure
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