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Mendeleev’s Periodic Table (1869) 

Arrange by Atomic Weight 



Phylogenetic Tree 



All science is either physics or stamp collecting. 
 
   

Ernest Rutherford 

Nobel Prize 1908 

... in Chemistry 



Phylogenetic Tree 



Mendeleev’s Periodic Table (1869) 

Arrange by Atomic Weight 

He = 4 

Ne = 20.2 
Ar = 40 

Kr = 83.8 

Xe = 131 



Henry Moseley, Oxford, 1913 
Died 1915, Gallipoli, Age 27 

  X-ray technique “measures”  
number of protons in an atom 

Isaac Asimov: His death might well have  
been the most costly single death of the  
War to mankind generally 

Put elements in (undisputable) 
correspondence with positive 
integers.   

Robert Millikan: Had the European war had 
no other result than the snuffling out of this 
young life, that alone would make it one of 
the most hideous and most irreparable 
crimes in history.” 



Arrange by Number of Protons 



THE PERIODIC TABLE OF 
       EVERYTHING 

Classification and Organization 
   of  
      All Matter 



All Matter 



How Many Types of Matter 

• ~100 Chemical Elements 
 
• Over 30 Million Chemical Compounds are in 
    “Chemical Abstract Services” 
 
 
 
 
• Infinite number are possible in principle? 
 
• Can form mixtures, alloys, solutions of compounds 
 

          More possibilities than atoms in the universe! 
 
 



Guiding Principles 

Lev Landau  1908-1968 
     Nobel Prize 1962 

CLASSIFY BY SYMMETRIES 

Rotate by 90 degrees 
Get back same thing 

Obvious symmetries 

Subtle (abstract) symmetries: 
• Time Reversal, T 
     (Materials without Magnetism have T symmetry) 

•  Charge Conjugation, C 
Replace all + charges with – charges 
Ex:  electrons become positrons 
(Superconductors have C symmetry) 



Guiding Principles 

TOPOLOGY 

DPhil Oxford 1969 



Guiding Principles 

TOPOLOGY 
 Wikipedia: Topology is concerned with the properties of space that  
are preserved under continuous deformations, such as stretching and bending,  
but not tearing or gluing.  



Guiding Principles 

TOPOLOGY 

Cannot deform from torus to sphere without encountering a  “singularity” 

 Wikipedia: Topology is concerned with the properties of space that  
are preserved under continuous deformations, such as stretching and bending,  
but not tearing or gluing.  



Cannot deform from torus to sphere without encountering a  “singularity” 

singularity 



How does this help in classifying types of matter?   

Cannot deform from torus to sphere without encountering a  “singularity” 

singularity 



• Reminder: Atoms have energy levels that get filled with electrons 



• Materials made of many atoms also have energy levels that get 
filled with electrons.  

  

•     If there are low energy excitations (empty states close to filled 
states), it is an electrical conductor. 

Position (real position or abstract momentum-space) 

Arbitrarily small energy moves 
  an electron from one orbital to another 



Position (real position or abstract momentum-space) 

• Materials made of many atoms also have energy levels that get 
filled with electrons.  

  

•     If there are low energy excitations (empty states close to filled 
states), it is an electrical conductor. 
 

•     If there is an energy gap, it is an insulator  

We will study insulators, because they are simpler! 



Guiding Principles 

TOPOLOGY 

Think about Deformations of the Insulator 
on the microscopic scale... 



What Deformations can we do? 

•Deformations that you could really do...  
    ex: Change the pressure 

ex:  Coulomb interaction between  
 nuclear charge Q and electron charge Q’ is:   

Imagine changing it to:   

       Imagine changing the mass of the electrons, protons, neutrons 
 

      Imagine changing the speed of light 
        

            etc...  

 
•Deformation that you could never really do... 
 

... add strain,  apply electric fields, etc... 
 



Guiding Principles 

TOPOLOGY 
   

Can we deform one insulator into another 
    without encountering a “singularity”?  
 
  Singularity = Metal = Gap Closes 

Cannot deform from torus to sphere without encountering a  “singularity” 



Position (real position or abstract momentum-space) 

Deforming 

Always an Insulator:  No topological Change 



Position (real position or abstract momentum-space) 

Deforming 

Becomes a Metal – Singularity! 



1982 

In 2 dimensions, the topological classes of 
insulators are indexed by an integer N   
 
 

Electrons trapped here 
Only interested in this 2d layer 

2d Graphene 



1982 

In 2 dimensions, the topological classes of 
insulators are indexed by an integer N   

N=number of handles! 
 

A precise mapping turns a wavefunction into a 
topological object.  
 
To deform from one class to another you MUST  
deform through a metal state (singularity!).  
 
 

“Regular” insulators are N=0 
 

New Insulators are N ≠ 0  



1982 

In 2 dimensions, the topological classes of 
insulators are indexed by an integer N   

“Regular” insulators are N=0 
 

A gedankenexperiment: 

New Insulators are N ≠ 0  



In 2 dimensions, the topological classes of 
insulators are indexed by an integer N   

Increased deformation 

N=0 N=1 N=2 

Chiral Metal Strips 

2 D system 
(N=0) 

A gedankenexperiment: 

“Regular” insulators are N=0 
 

New Insulators are N ≠ 0  



In 2 dimensions, the topological classes of 
insulators are indexed by an integer N   

Increased deformation 

N=0 N=1 N=2 

Chiral Metal Strips 

2 D system 
(N=0) 

How to find the N≠0 insulators? 

“Regular” insulators are N=0 
 

All insulators insulate in the bulk  
 – but N≠0 conducts along the edges 
 

New Insulators are N ≠ 0  



In 2 dimensions, the topological classes of 
insulators are indexed by an integer N 

I  

V 

 
     Experimental discovery 
     Klaus Von Klitzing, 1980 
    (1979 Oxford postdoc) 
     Nobel Prize 1985 

Quantized Hall Effect! 1982 

How to find the N≠0 insulators? 

All insulators insulate in the bulk  
 – but N≠0 conducts along the edges 
 



Is this all there is? 

(jump ahead to 2004) 



Topology with Symmetry! 

If a system has some symmetry, can consider all deformations 
that also preserve that symmetry.  



Main example:    
     Insist on time reversal symmetry (no magnetism) even as we deform. 
  

2 Classes of Time Reversal Symmetric Insulators in 2D 

Normal Insulator 
(no edge states)  
 

Quantum Spin Hall Insulator 
(counter propagating edge states) 
 
Edge conductance  

Observed in 2D HgTe Semiconductor Layers, ...  

Normal Insulator 
(no surface states)  
 

     “Topological” Insulator 
 
Protected Surface Conductance.  

What material? 

2 Classes of Time Reversal Symmetric Insulators in 3D 



BixSb1-x  , Bi2Se3 , Bi2Te3 , Sb2Te3, (Bi,Sb)2Te3 , Bi2-xSbxTe3-ySey , Sb2Te2Se 
Bi2(Te,Se)2(Se,S), TlBiSe2 , TlBiTe2 , TlBi(S,Se)2 , PbBi2Te4 , PbSb2Te4 , GeBi2Te4 

GeBi4-xSbxTe7 , (PbSe)5(Bi2Se3)6 , SnTe , Pb1-xSnxTe , SmB6 , Bi15Rh3I9, Ag2Te 
PbLuSb, LuPdBi, YPtBi, LuPtBi, ....   
 

These are not unusual chemical compounds  
 
... but no one ever noticed they were different! 
 
             (Surface conduction, magnetoelectric effect, ... ) 

These are the first few to be confirmed in experiment.... 



Liang Fu, Charlie Kane, Gene Mele          Joel Moore, Leon Balents     Rahul Roy 

Prediction of Topological Insulators (2006) 

Famous Physicists    Grad student 
   working with  
Famous physicists 

Lowly grad student  
working by himself  

and being told by his 
supervisor to do  

something more useful. 
 

Later: Oxford Postdoc, 
Now faculty at UCLA 



Once we understood to categorize by Topology and Symmetry..... 

Dimension 

Periodic Table of Insulators 

Quantum Hall 

Quantum Spin Hall 
(HgTe, InAs, ...) 

3D Topological Insulator 
        (Lots and Lots) 

He3B superfluid 

Sr2RuO4 superconductor 

    Symmetry 
  T        C       CT T = Time reversal 

C = Charge conjugation 

Polyacetaline 

InAs superconducting 
          wires 



Is this all there is? 



Once we understood to categorize by Topology and Symmetry..... 

Adding a crystal reflection symmetry  

+  Adding more complicated  
 crystal symmetries 
  

Then move on to    
topologically 
classify metals! 
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