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Spin 

• Stern–Gerlach experiment (1922) 

• Pauli exclusion principle and Pauli (spinor) matrix 

(2x2), extra 2 state degree of freedom in addition 

to n,l,m (1924) 

• Kronig, Uhlenbeck, Goudsmit call the extra 

degree of freedom as the electron spin (1925) 

(Pauli dislikes the name “spin”) 

• Heisenberg matrix mechanics (1925) 

• Schrödinger equation (1926) 

• Fully relativistic Dirac spinor matrix (4x4) (1928) 



Stern–Gerlach experiment (1922) 



Spin electron 



Spintronics 

• Magnetoelectronics    

  

• Spin transport electronics   

  

• A new technology exploiting both the 

intrinsic spin of the electron and its 

associated magnetic moment, in addition 

to its fundamental electronic charge, in 

solid-state devices 



         
Actual TEM photo of a freshwater magnetotactic bacterium. The chain of dark objects are 

crystals of the mineral magnetite (Fe3O4), which have the proper size and shape to behave 

as perfect, single magnetic domains. The largest crystals are about 70 nm in length. (Photo 

credit: A. Kobayashi). 

 

Magnetite Fe3O4 磁鐵礦 





  

Above: High-resolution TEM image of a single-domain magnetite (Fe3O4) crystal from the 

human cerebellum. This image shows the pattern of intersecting {111} and {022} crystal 

lattice fringes, with particle elongation in the [111] lattice direction. The morphology and 

structure of these crystals resemble strongly those produced by the magnetotactic bacteria 

and salmon. Although biogenic magnetite is present in trace levels (1-100 ppb) in most 

human tissue samples, we do not yet know what biological function it has, if any. 

 

http://www.gps.caltech.edu/options/geobiology/image7.html
http://www.gps.caltech.edu/options/geobiology/image8.html


Spin-dependent electron transport phenomena 

in solid-state devices: Emergence of 

spintronics (1980s) 

• ferromagnet/superconductor tunneling experiments and 

magnetic tunnel junctions experiments (1970s). 

• spin-polarized electron injection from a ferromagnetic 

metal to a normal metal (1985) 

• giant magnetoresistance (GMR) (1988) 

• theoretical proposal of a spin field-effect-transistor using 

semiconductors (1990) 

• spin electrons persist for more than a nanosecond, longer 

than the modern processor clock cycle, electron spins 

available for information processing (IBM, 2012) 



Properties  desired for spintronics 

• Magnetism 

• Strong coupling between electron charge 

and spin 

• Spin polarized current 



• First-Principles (第一原理): 

• ab-initio (Latin) 

• 從頭開始 (Chinese) 

• Start with Schrodinger-like equation 
without free adjusting parameter 

Theoretical background 



Schrodinger equation+Hartree-Fock approximation 

 

Many-electron Hamiltonian 

Solvable up to 10~20 electrons(CI), almost impossible for solid. 
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Density Functional Theory (DFT) 
Hohenberg-Kohn Theorem, PR136(1964)B864 

• The ground-state energy of a system 

is a unique functional of the particle 

density. 

• This functional attains its minimum 

value when the density has its  correct 

values. 



Local (spin) density approximation 

(L(S)DA) 
Kohn-Sham scheme PR140(1965)A1133 

3

3 3

[ ( )] [ ] ( ) ( )

1 ( ) ( ')
' [ ]

2 | ' |

G S ext

xc

E n r T n n r V r d r

n r n r
d rd r E n

r r

 

 






3 ( ')
( ) ( ) ' [ ( )]

| ' |
ext xc

n r
V r V r d r V n r

r r
  





16 

Total Energy of Fe 

bcc 

fcc 

hcp 

bcc 

fcc 

hcp 

NM 



17 

Slater-Pauling Curve: Experiment and LSDA Theory 

Fe Co Ni 



L(S)DA is very successful for 

weakly correlated systems!! 



Insufficiencies of LDA 

• Poor eigenvalues, PRB23, 5048 (1981) 

• Lack of derivative discontinuity at integer N, 
PRL49, 1691 (1982) 

• Gaps too small or no gap,                      
PRB44, 943 (1991) 

• Spin and orbital moment too small,    
PRB44, 943 (1991) 

• Especially for transition metal oxides 



Gaps too small or no gap 

Spin and orbital moment too small 

PRB 44 (1991) 943 



Beyond LDA 

• Self-interaction correction (SIC)                    
PRB23(1981)5048, PRL65(1990)1148 

• Optimized effective potential method (OEP) 

• Hartree-Fock (HF) method, PRB48(1993)5058 

• GW approximation (GWA), PRB46(1992)13051, 
PRL74(1995)3221 

• Time-dependent density functional theory 
(TDDFT) 

• Dynamical mean field theory (DMFT) 

• Quantum Monte-Carlo method (QMC) 

• LDA+Hubbard U (LDA+U) method, 
PRB44(1991)943, PRB48(1993)16929 



Local density approximation (LDA) 
Kohn-Sham scheme PR140(1965)A1133 
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Self-interaction correction (SIC)  
Perdew and Zunger, PRB23(1981)5048 
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Basic idea of LDA+U               
PRB 44 (1991) 943, PRB 48 (1993) 169 

• Delocalized s and p electrons : LDA 

• Localized (strongly correlated) d or f 

electrons : +U                  

using on-site d-d Coulomb interaction 

(Hubbard-like term)    

   UΣi≠jninj       instead of 

averaged Coulomb energy  

 UN(N－1)/2 



nonmagnetic 

metal 

Cu,Ag,Au 

nonmagnetic 

semiconductor 

or insulator 

C, Si 



26 

magnetic 

metal 

Fe,Co,Ni 

Half-metal 

CrO2, Fe3O4(high-T), 

double perovskite 

Sr2FeMoO6 

(Spintronics) 





Spin polarization: 

P=(n↑-n↓)/ (n↑+n↓) 

around Ef 

CrO2: 

P(the)=100% 

P(exp)=95~98% 

P=~50% 



Rutile CrO2 

• Half-metal, moment = 2μB 

• Lattice type : bct 

• 6 atoms in bct unit cell 

• Space group : P42/mnm 

• a = 4.419A, c=2.912A, u=0.303 

• Ionic model : Cr+4(3d2), O-2(2p6)  

• U = 3.0 eV, J = 0.87 eV 



Rutile structure 





PRB 56 

(1997) 15509 



Double perovskites :        
Sr2FeMoO6, Sr2FeReO6, Sr2CrWO6 

• Half-metal, moment = 4, 3, 2μB 

• Lattice type : tet, fcc, fcc 

• 40 atoms in tet, fcc, fcc unit cell 

• Space group : I4/mmm, Fm3m, Fm3m 

• a = 7.89, 7.832, 7.878A, c/a=1.001, 1, 1 

• Ionic model : Fe+3(3d5), Cr+3(3d3), 
Mo+5(4d1), Re+5(5d2), W+5(5d1) 

• U(Fe,Cr) = 4,3 eV, J(Fe,Cr) = 0.89, 0.87 eV 



Double perovskite structure 



LDA LDA+U 

SFMO 

SFRO 

SCWO 

SFMO 

SFRO 

SCWO 



Magnetite (high temperature) :         

Fe3O4, CoFe2O4, NiFe2O4 

• Half-metal, insulator, moment = 4, 3, 2μB 

• Lattice type : fcc 

• Space group : Fd3m 

• 56 atoms in fcc unit cell 

• a = 8.394, 8.383, 8.351 A 

• Ionic model : Fe+3(3d5), Fe+2(3d6),  
Co+2(3d7), Ni+2(3d8) 

• U(Fe+3,Fe+2,Co+2,Ni+2)=4.5, 4.0, 7.8, 8.0eV 

• J(Fe,Co,Ni) = 0.89, 0.92, 0.95eV 



Spinel structure 



Fe3O4 (PES, XAS: D.J. Huang, SRRC) 

P(SP-ARPES) ~80% 



Ruthenium based oxides 

• Sr2RuO4: Nature372 (1994) 532, 
superconductor, Tc ~ 1 K 

• Ca2RuO4: PRB60 (1999) R8422,   AFM Mott-
Hubbard insulator 

• SrRuO3: the only FM metal (Tc~160K) in 4d 
transition-metal oxides 

• CaRuO3: suppressed magnetic and metallic 
properties 

• Is electron correlation important in 4d orbitals? 



PRB53(1996)4393 

1.45μB 



JAP79(1996)4818 

1.59μB 



PRB56(1997)2556 



PRB56(1997)321 



PRB56(1997)6380 

LSDA~-0.5eV 

Expt.~-1.1eV 



SrRuO3 
• Lattice type : orthorhombic perovskite 

• Space group : Pnma (No. 62) 

• 20 atoms in orthorhombic unit cell 

• a=5.5332 A, b=5.57169 A, c=7.8491 A 

• Ionic model : Ru4+(4d4, t2g3↑, t2g1↓)  

• U = 3.5 eV, J = 0.58 eV 

• Pseudopotential, 100 k-point, 31360 plane 

wave, Cut-off energy = 400 eV 



O 

Sr 

Ru 

Orthorhombic perovskite SrRuO3 

layer1 

layer2 



Sr2+Ru4+O2-
3 : Ferromagnetic : 2μB 

 

Ru4+ 

4d4 

  4d-t2g 

↑ ↑ ↑ 

          ↓ 

Ionic model : 

half-metal 

fully occupied, insulator 

partially occupied, conductor 



SrRuO3 

Metal 

Half-

metal 



O 

Sr 

Ru 

Orthorhombic perovskite SrRuO3 

Ru1 Ru2 

Ru3 

Ru4 



r=1.0A 

dyz,0.42e 

dxy,0.31e 

dxz,0.44e 

dxy,0.31e 

LDA+U 



(-1/3,-1/3,-1/3) 

H. T. Jeng, 

S. H. Lin, 

C. S. Hsue 

PRL97(2006)

67002 

orbital ordering 

SrRuO3 



Prediction on spin polarized 2D electron gas 

in SrRuO3 layer in STO/SRO/STO hetrostructure 



Multiferroic material 
• A material exhibits (anti-)ferromagnetism and 

ferroelectricity and/or ferroelasticity 

simultaneously under certain temperature. 

• TbMnO3 is the first ferroelectromagnet 

discovered in recent years. 

• TbMnO3, YMnO3, HoMnO3, … 

• TbMn2O5, YMn2O5, HoMn2O5, … 

• Ni3V2O8, MnWO4, CoCr2O4, 

Ca3CoMnO6, … 



Magnetism 
Ferroelectricity 

(electric 

polarization) 

Pierre Curie (1894):  magnetoelectric effect: multiferroic: 

magnetism and ferroelectricity coexist in one compound 

usually small, no real application, no much attention before 2003 



Kimura, et al., Nature 426  (2003) 55 

TbMnO3 

perovskite 

Tb 

O Mn 



Types of multiferroic materials 

• Type I: ferroelectricity and magnetism have 

different origins and occur at different 

temperatures (Fe3O4, PrCaMnO3, 

LuFe2O4, …), known for a long time 

• Type II: ferroelectricity is due to  or related 

to magnetism (Ca3CoMnO6, RNiO3, 

RMnO3, RMn2O5, …), currently hot 



Origin of multiferroism 
• Ferroelectricity: induced by spatial 

inversion symmetry breaking 

• Multiferroism: magnetism induced spatial 
inversion symmetry breaking → 
ferroelectricity  

• Noncolinear magnetism, spiral spin 
arrangement, relativistic spin-orbit 
interaction (YMnO3, …). 

• Charge ordering+magnetostriction (no 
spin-orbit interaction) (TbMn2O5, …) 



Ferroelectric perovskite KNbO3 

Ferroelectricity: induced by spatial inversion 

symmetry breaking 

Multiferroism: magnetism induced spatial inversion 

symmetry breaking → ferroelectricity  

eleion PPP
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Multiferroism: Charge ordering+magnetostriction 

→ structural distortion → inversion symmetry breaking 

→ electrical polarization 

*Spontaneous (structural distortion, 

magnetostriction) polarization 

*External (electronic, magnetic) 

field induced polarization 

Magnetostriction 

(exchangestriction, 

intersite exchange) 

+4 -2 +3 

+ - 

P=0 

Mn   O   Mn 

4+   3+   4+    3+    4+   3+    4+ 





Charge-orbital ordering 

and frustrated 

antiferromagnetic 

spin alignment  

－      －   +      －       －    +     － 

↑      ↓  ↓     ↑        ↓   ↓    ↑ 
b 



Multiferroic TbMn2O5 

PHYSICAL REVIEW B 

84, 024421 (2011) 

 

Origin of dz2 orbital 

ordering: 

structural, crystal field 



Band Gap of TbMn2O5 vs on-site U 

The reasonable range of U is from 4 to 6 eV. 

GGA 



EXP： 42 nC/cm2 

GGA: 1027 nC/cm2 

- + - - + - 

- + - - + - 

↑ ↑ ↓ ↑ ↑ ↓ 

a: zero 

polarization 

- + - - + - 

P 

b 

: Mn3+ 

: Mn4+ 

↑ ↑ ↓ ↑ ↓ 

a 

Ionic 

force 

magnetostriction 

Frustrated spin alignment along b 

↓ 

Intersite exchange force (magnetostriction) 

a 

b 

+ 

- 

- + - - + - 



negative 

*Pele against  Pion 

*best U for both band gap and polarization: 6eV 

*GGA: Pion>>Pele →large P 

*U supress Pion and enhance Pele → small P 

*spin-orbit interaction has no significant effect 

EXP： 42 nC/cm2 

U=0：1027 nC/cm2 

U=6：83 nC/cm2 

Polarization vs on-site U 

Exp. 



Topological insulator 

Be2Se3 Crystal Structure 

Quintuple layer 
● Lattice constant 

     a= 4.143 Ang. 

     c= 28.63 

● Space group 

     R-3m (No. 166) 

Nat. Phys. 5, 438 (2009) 
Time reversal symmetry 

+spin-orbit interaction 

+band inversion 



Bi2Se3 

Bulk 

Bulk+SO 

Surface 

Surface+SO 

insulator 

metal 



Spintexture 

En
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upper cone, top surface 

kx 

ky 





Nat. Phys. 5, 398 (2009) 

New J. Phys. 12, 065013 

(2010) 

ARPES Bi2Se3 



ARPES of Mn- and Zn-doped 

Bi2Se3 

Gap open at %2.5 Mn 

No noticeable change 

below 10% Zn 

X-ray magnetic circular dichroism (XMCD): 

Hysteretic response of 2.5% Mn-doped Bi2Se3 

(no hysteretic response of Zn-doped cases) 



Spectral weight suppression at the Dirac point of Mn-doped Bi2Se3 

Gap suppression at high-temperature 

Due to the suppressed magnetism 



momentum distribution curve (MDC) 

of Mn-doped Bi2Se3 
(from –k to +k for a given energy) 

*Spin reorients to out-of-plane direction near the Dirac point (DP) 

with the same sign for both +k and –k, breaking the time-reversal 

symmetry (TRS) 

 

*Away from the DP, the out-of-plane spin polarization is reduced 

with different sign for +k and –k, reserving the TRS 



energy distribution curve (EDC) 

of Mn-doped Bi2Se3 
(from –E to +E for a given momentum) 

*Out-of-plane spin direction reverses for lower Dirac cone 

(red-line at Gamma), lifting the spin degeneracy at DP 

(E(k=0,↑)≠E(K=0,↓)), breaking the Kramer theory 

 

*The out-of-plane spin polarization dies out away from 

the Dirac point (green lines) 



energy distribution curve (EDC) 

of Zn-doped Bi2Se3 
(from –E to +E for a given momentum) 

*No out-of-plane spin polarization around the Dirac point 

(red line at Gamma in d) 

 

*Out-of-plane spin polarization observed away from the DP 

with the TRS preserved (green lines in d) 

 

*In-plane spin polarization observed around the DP, reserving the TRS 

(blue lines in c) ->Zn dopants do not break the spin texture and the TRS 



energy distribution curve (EDC) 

of 3QL Bi2Se3 
(from –E to +E for a given momentum) 

*gap opening in Bi2Se3 3QL thin film due to the top-bottom surface 

state interaction, irrelevant to magnatism (e) 

 

*in-plane spin polarization (g), different sign in –k and +k, reserving the TRS 

 

* left-handed helical spin texture in 3QL Bi2Se3 and Zn-doped Bi2Se3 (h,i) 



NO2 absorption modify the Ef 

The more NO2 adsorbed (up to 2ML) the lower Ef 

-> Ef can be tuned to lie inside the magnetic gap 



Gated silicene as a tunable source of nearly 100% 

spin-polarized electrons 





Thank you very much 

for your attention 


