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Topological insulators 
•  “Topological”: topological properties of the 

band structure in the reciprocal space 
•  “Insulators”: well, not really. They have 

gap, but they are conducting (on edges)! 
• Time-reversal-invariant topological 

insulators (Kane, Mele, Fu, Zhang, Qi, 
Bernevig, Molenkamp, Hasan and others, 
from 2006 and still on-going) 



Spin-orbit coupling 
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Stronger effect for heavy elements (Pb, Bi, etc.) 
from the bottom of the periodic system 



Edge states in 2D TIs 

Helical modes: on each edge one pair of 1D modes related by the 
TR symmetry. Propagate in opposite directions for opposite spin.  



Experimental detection in Bi2Te3 

Chen et al. Science (2009) 



Spin-momentum locking 

Hsieh, Science (2009) 

Spin-resolved ARPES 



Strongly correlated systems




Fe-Pnictide high temperature  
       superconductors: 

Binary componds of pnictogens. A pnictogen – an    
element from the nitrogen group   N,P, As,Sb,Bi 

         RFeAsO  (1111) 
R = La, Nd, Sm, Pr, Gd 
            LaOFeP 

AFe2As2  (122) 
A = Ba, Sr, Ca 

LiFeAs  (111) 

Fe(Se/Te) (11) 



 
 

Hideo Hosono, TITech 
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Superconductivity: 

Zero-resistance state of interacting electrons 

Electrons (fermions) attract each 
other and  form bound states 
(bosons) . Bound states condence 
(a’la Bose-Einstein  condensation) 
and move fully coherently under the 
electric field. One needs to destroy 
a bound state to stop the current. 



  

•  If there is an attractive interaction between fermions, they 
always form a  bound state and condense below a certain Tc  

•  In conventional, low Tc superconductors, an 
attractive interaction is provided by exchanging  
          phonons (lattice vibrations)   
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BCS theory 



  

Superconductivity: High-Tc 

105 publications 

Alex Muller and Georg Bednortz 

Nobel prize, 1987  



  

What is so exciting about  high Tc superconductors? 

1. quasi-two dimensionality 



  

What is so exciting about  high Tc superconductors? 

2. Most likely, electron-electron interaction 
rather that electron-phonon interaction  
      is responsible for the pairing  
 

d-wave symmetry of the superconducting gap 
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What is so exciting about  high Tc superconductors? 

3. Parent compounds are Mott insulators 
    and Heisenberg antiferromagnets 

superconductor 

Is antiferromagnetism related to superconductivity? 



Cuprates    Pnictides 

Parent compounds are metals Parent compounds are insulators 







Diversity of 2D Atomic Layers


Transition metal oxides




Ideal Bandgap 


-  Materials System 
-  Thickness 
-  Strain 
-  Composition  

Bandgap Engineering
Direct Bandgap 


Ref: Sam Yang, Y.H. Lee*, VLSI (2016) 

RPGR 2016




Prominent Properties




yhlee.mse@mx.nthu.edu.tw
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Novel Physics






Angle-Resolved  
Photo-Emission Spectroscopy 

(ARPES) 



Working of ARPES 

•  An atomically flat sample is illuminated by a 
beam of monochromatic light. 

•  Due to the photoelectric effect, the sample emits 
electrons. 

•  The kinetic energy and direction of these 
electrons are measured by the rotatable 
spectrometer. 

•  The obtained data are used to map out the Fermi 
surface of the sample material. 



ARPES setup 



Photoelectric Effect 

•  Explained by Einstein (1905): 
 
 
•  More generally,  
 
     
      where       is the binding 
      energy of the electron. 

maxkE hf φ= −

BE
k BE hf Eφ= − −



Photoemission Spectra 

•  The work function is known/
measurable. 

•  The photon energy is 
known. 

•  We can calculate the 
energy of the electron in the 
solid! 



Basis of ARPES 

ARPES is directly measuring the components of electron 
momentum that are parallel to the surface 

 
•  The flat surface of the sample has translational symmetry.

 Therefore, as electrons escape from the solid, linear
 momentum is conserved parallel to the surface. 

•  The photon momentum is small and can be neglected. 











What is ARPES used for? 

•  ARPES is an almost ideal tool for imaging the Fermi 
surface of 1-D and 2-D solids. 

•  Since many of the high temperature superconductors are 
essentially 2-D materials, much of the work in this field is 
done using ARPES. 



Momentum and Binding Energy 
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Direct k Space Imaging 



Fermi Surface Images 



Band Structure Images 



: Theoretical Calculation 

Validation of Predictions 

             : ARPES Measurement 2 4Sr RuO





•  Laser ARPES: lower energy means sharper pictures 

(image of  
 
in“nodal” 
direction) 

Further Advances 

2 2 2 8Bi Sr CaCu O



Why we need synchrotron radiation 

Synchrotron radiation is electromagnetic radiation
 emitted when charged particles are radially
 accelerated (move on a curved path). 



• Radiated power increases at higher velocities 

• Radiation becomes more focused at higher velocities  

At low electron velocity (non
-relativistic case) the radiation is
 emitted in a non-directional pattern 

When the electron velocity approaches
 the velocity of light, the emission pattern
 is folded sharply forward. Also the
 radiated power goes up dramatically  

Synchrotron Radiation 



How a storage ring light source works 



High flux and brightness
Pulsed time structure Broad spectral range

Polarized (linear, 
  elliptical, circular)
Small source size
Partial coherence

High stability



Flux =  # of photons in given Δλ/λ
sec

Brightness =  # of photons in given Δλ/λ
sec, mrad θ, mrad ϕ, mm2

(a measure of concentration of the radiation)

Synchrotron Radiation - Basic Properties 



1.  HIGH FLUX, BRIGHTNESS, STABILITY 

2.  BROAD SPECTRAL RANGE - Tunability 
3.  POLARIZATION (linear, elliptical, circular) 
4.  PULSED TIME STRUCTURE (0.01 - 1 nsec)   
5.  SMALL SOURCE SIZE (< mm) 
6.  PARTIAL COHERENCE  

Basic Properties of Synchrotron Radiation 



The brightness of a light source 

Flux =  # of photons in given Δλ/λ
sec

Brightness =  # of photons in given Δλ/λ
sec, mrad θ, mrad ϕ, mm2

(a measure of concentration of the radiation)





 

•  54 in operation in 19 countries used by more than 20,000
 scientists 

   (Brazil, China, India, Korea, Taiwan, Thailand) 

•  8 in construction  

    Armenia, Australia, China, France, Jordan, Russia, Spain, UK   

•  11 in design/planning  

 

For a list of SR facilities around the world see 

http://ssrl.slac.stanford.edu/SR_SOURCES.HTML 

www.sesame.org.jo 

Synchrotron Radiation Facilities Around the World 



~ 1 trillion

XFELs -
 another
 >10
 billion in
 peak

Steep growth in brightness 



Future of Synchrotron Radiation 

•  Higher Brightness 
–  Free Electron Lasers 

•  Shorter Pulse Lengths 
–  Femto (10-12) and Attosecond (10-15)  

•  Terahertz (T-rays)  
–  Coherent Synchrotron Radiation 



Taiwan Photon Source (TPS) – Hsinchu, Taiwan


3 GeV, 518.4 m, 500 mA 
 

Taiwan Light Source 
 (TLS)  

Taiwan Photon Source 
 (TPS)  

http://www.nsrrc.org.tw




Outer diameter 210 m ; Inner diameter 129 m Building 

No. 101, Hsin-Ann Road, Hsinchu, Taiwan Location 

750 kW (3 SRF cavities)  RF power 

2.8~3.5 MV  (3 SRF cavities)  RF gap voltage 

500 MHz  RF frequency 

1 %  Coupling 

1.6 nm·rad at 3 GeV (Distributed dispersion)  Emittance 

48  Bending magnets 

  12 m x   6 ( σv = 12 µm, σh = 160 µm)  
    7 m x 18 ( σv = 5 µm,   σh = 120 µm) 

Straight sections 

24-cell DBA  Lattice 

496.8 m (h = 828 = 22·32·23, dia.= 158.1 m)  BR circumference 

518.4 m (h = 864 = 25·33 ,  dia.= 165.0 m)  SR circumference 

500 mA at 3 GeV (Top-up injection)  Current 
3 GeV (maximum 3.3 GeV)  Energy 

Major Parameters of Taiwan Photon Source 

Taiwan Photon Source (TPS) – Hsinchu, Taiwan (continued)




TPS & TLS Lattice Diagram


Taiwan Photon Source (TPS) – Hsinchu, Taiwan (continued)




Brightness Comparison of TLS and TPS 

The X-ray spectrum (photon energy 8 keV~70 keV)：


the brilliance of bending magnet increases by >102. 

the brilliance of bending IDs increases by 4~6 orders of mag. 

TPS TLS 

Taiwan Photon Source (TPS) – Hsinchu, Taiwan (continued)
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Taiwan Photon Source (TPS) – Hsinchu, Taiwan (continued)




Neutrons have No Charge! 

•  Highly penetrating 

•  Nondestructive 

•  Can be used in extremes 

Neutrons have a Magnetic Moment! 

•  Magnetic structure 

•  Fluctuations 

•  Magnetic materials 

 

Neutrons have Spin! 

•  Polarized beams 

•  Atomic orientation 

•  Coherent and incoherent scattering 

The Energies of neutrons are similar to the
 energies of elementary excitations! 

•  Molecular Vibrations and Lattice modes 

•  Magnetic excitations 

The Wavelengths of neutrons are similar to
 atomic spacing! 

•  Sensitive to structure 

•  Gathers information from 10-10 to 10-7 m 

•  Crystal structures and atomic spacings 

 

Neutrons probe Nuclei! 

•  Light atom sensitive 

•  Sensitive to isotopic substitution 

Neutron Scattering 



de Broglie Wavelength
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Neutrons vs. X-rays 

Neutrons allow easy access to atoms that are usually unseen in X-ray Scattering 

Chatterji, Neutron Scattering from Magnetic Materials (2006) 



How are neutrons useful? 

Mitchell et. al, Vibrational Spectroscopy with Neutrons (2005) 



Neutrons from Reactor Sources 

l  Uses nuclear fission to
 create neutrons 

l  Continuous neutron flux 
l  Flux is dependent on

 fission rate 
l  Limited by heat flow in

 from the reaction  
l  Creates radioactive

 nuclear waste 

Pynn, Neutron Scattering: A Primer  (1989) 



Neutrons from Spallation Sources 

l  Uses a cascade effect
 from the collision of a
 proton on a heavy
 metal. 

l  Pulsed Source 
l  High Intensity 
l  Heat production is

 relatively low 

Mitchell et. al, Vibrational Spectroscopy with Neutrons (2005) 



Neutron scattering 

Elastic Neutron Scattering 
•  No loss of energy 
•  Examines the change in 

momentum or angle of the 
neutrons. 

Inelastic Neutron Scattering 
•  Examines both momentum 

and energy dependencies. 

Pynn, Neutron Scattering: A Primer  (1989) 



Elastic Neutron Scattering 

•  Determine length scales 
and differentiate between 
nano-, micro-, and macro-
systems. 

•  Utilizes position and 
momentum correlation. 

Mitchell et. al, Vibrational Spectroscopy with Neutrons (2005) 

Pynn, Neutron Scattering: A Primer  (1989) 



Inelastic Neutron Scattering 

Uses both change in
 momentum and energy

 to characterize a
 systems vibrational,
 magnetic, and lattice

 excitations. 



Mitchell et. al, Vibrational Spectroscopy with Neutrons (2005) 



Vibrational and Magnetic Excitations 

• Vibrational excitations are
 broad, large excitations. 

Neutrons observe all
 phonon and vibrational
 excitations. The intensity is
 determined by the phonons
 polarization vectors. 

• Magnetic excitations are
 detailed by spin transitions
 of ΔS = 0 and ± 1. 

Q-dependence of magnetic
 excitations help determine
 the magnetic structure
 within the material.   

Magnetic Excitations Phonon Excitations 

M. B. Stone et al. Unpublished (2007) 



Inelastic Neutron Scattering from magnetic sample 

The use of neutron scattering on the
 material of VODPO4 ● ½ D2O clarified the

 magnetic structure of the material. 

Tennant et. al, PRL  (1997) 

V4+ V4+ V4+ 


