
Artificial Superlattice  
--- Matching the structural periodicity with  

physical length scale of superconductivity and magnetism 

-- Modulation of physical properties 

 

Invention of metal molecular beam epitaxy in 1981 

-- Single crystal epitaxial superlattices with  

Atomically abrupt interfaces 

 



HCP crystal structure 

● Similar crystal- chemical nature of rare 

earth forms coherent superlattices 

● Metallic superlattice effect  

- Long range nature of the indirect 

exchange interaction 

- Magnetic coupling of magnetic rare 

earth through non – magnetic Y, Lu 

- Modulation of magnetic properties of 

Gd - Y Superlattices 

- Spin structure modification of Tm - Y, 

Dy - Y Superlattices 

● 2-dimensional magnetism 

● Interfacial magnetism 

Spin structures of heavy rare - earths 

Tm             Dy           Gd, Dy 

Caxis 

(0001) 



 

Neutron Diffraction Studies of  

the Gd5-Y10 Magnetic Superlattice –

Antiferromagnetically coupled  



Spin Structure Tailoring in artificial Superlattices   

                                  Gd-Y   Dy-Y  Gd-Dy 

1984-1989 



Modulation of Magnetic Properties  





Chapter 12: Superconductivity 
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Experimental Survey of 

Superconductivity Phenomenon 



WHAT IS A SUPERCONDUCTOR? 

MH7699A.18 

1. Zero resistance 

2. Complete expulsion of magnetic flux 



SUPERCONDUCTIVITY 

Type of material 

 
  Conductor 

 

 

 

 

 

  Insulator 

 

 

 

 

  Superconductor 

What happens in a wire? 
 

 

 

Electrons flow easily 

(like water through a  

    garden hose) 

 

 

 

Electrons are tightly bound no flow 

(like a hose plugged with cement) 

 

 

 

Electrons bind into pairs and 

 cannot collide 

(a frictionless hose) 

     Result 

 
Collisions cause 

dissipation (heat) 

 

 

 

No current flow 

at all 

 

 

 

 

No collisions 

No dissipation 

No heat 

No resistance 



HOW SMALL IS THE RESISTANCE? 

Copper Cylinder 

1) Induce current 

2) Current decays in about 1/1000 second 
 

 

Superconducting Cylinder 

1) Induce current 

2) Current does not decay 

       (less than 0.1% in a year) 

       so, resistance is smaller than copper 

                 1000 years 
       by ──────────── 
              1/1000 second 
       i.e., at least 1 trillion times! 



Why Superconductivity is so fascinating  ? 

  Fundamental SC mechanism 

 

  Novel collective phenomenon at low temp 

 

 Applications  

    

    Bulk:  - Persistent current, power storage 

              - Magnetic levitation               

              - High field magnet, MRI 

 

    Electronics: 

              - SQUID magnetometer  

              - Josephson junction electronics 



POSSIBLE IMPACT OF 

SUPERCONDUCTIVITY  

● Energy 

- Superconductivity generators & motors 

- Power transmission & distribution 

- Energy storage systems 

- Magnets for fusion power 

- Magnets for magneto-hydrodynamic power 

 

● Transportation 

- Magnets for levitated trains 

- Electro-magnetic powered ships 

- Magnets for automobiles 

 

● Health care 

- Magnetic resonance imaging 

MH7699A.11 



 

Low-Tc Superconductivity Mechanism 

-k     k 

Electron phonon coupling 
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Low temperature Superconductors 

 

-- Mediated by electron phonon coupling  

   :  electron phonon coupling constant 

 * : Coulomb repulsion of electrons 

    N(0) < I2 > / M<2> 

 -- the critical temperature Tc  in  

the strong electron-phonon coupling limit 



Imperfections 

Lattice phonons 

Matthiessen’s Rule.  

To a good approximation the rates are 

often independent.  

 And can be summed together 

The is given by 

Since  r ~ 1/ t 



Nph   T         hence      r    1/t     Nph   T 

Different ri (0)    but the same  rL 

Potassium metal 

At T >   

r    T 

 



Temp (K) 

R (ohm) 

Decay of persistent current from 1 year  

up to 105 year 

First SC found in  

Hg by 1911  ! 



B= 0 

Meissner Effect 



Cooper Pair formed by two electrons k and –k 

with opposite spins, as coupled through phonons 

of the lattice 

Electron-Phonon Coupling 

BCS Theory, 1957 

Fundamental Mechanism 



The Discovery of Superconductivity 

A-15 

 B1 
HTSC 

• Early 90’s -- elemental SP metals like  

   Hg, Pb, Al, Sn, Ga, etc. 

• Middle 90’s -- transitional metals, alloys, and  

  compounds like Nb, NbN, Nb3Sn, etc. 

• Late 90’s -- in perovskite oxides 



A-15 compound  A3B,   with Tc = 15-23 K 

With three perpendicular linear chains of A atoms on the cubic face, and 

B atoms are at body centered cubic site 

1973 Nb3Ge, 23K ! 

A 

B 



Low temperature Superconductors 

 

-- Mediated by Electron phonon coupling  

   :  electron phonon coupling constant 

 * :  Coulomb repulsion of electrons 

 

    N(0) < I2 >/ 2 

 --  McMillian formula for Tc 

Are electrons or phonons more important? 



The Phonon Spectrum of the low Tc  

A-15 compound Nb3Al 

Soft Phonons 



Can we raise the Tc higher 

 than 30K? 

 

 

Are we reaching the limitation  

of the BCS Theory ?  



Breakthrough in late 1986 

By Bednorz and Muller 

 

Start the HTSC Era ! 



     30K                   40K             90K       

   120K                        80K                       40K 



High Temperature Superconductor YBa2Cu3O7 

Invention of Oxide Molecular Beam Epitaxy in 1988  

For HTSC Single Crystal Films. 



High Temperature Superconductor YBa2Cu3O7 

                                                                                           (90K) 

Invention of Oxide Molecular Beam Epitaxy  

For HTSC Single Crystal Films. 

 CuO2 plane 2-D 

 

 Cu-O chain 1-D 



(I) Destruction of Superconductivity by Magnetic Impurities 

 It is important to eliminate from the specimen even trace    

quantities of foreign paramagnetic elements 

(II) Destruction of Superconductivity by Magnetic fields 

  At the critical temperature the critical field is zero:  Hc(Tc)=0 

Will all non magnetic metal become SC at low T? 



B= 0 

Meissner Effect 



Meissner Effect 

Eq.(1) 

Perfect Diamagnetism 



Type I superconductor Type II superconductor 

Perfect Diamagnetism 



Type II superconductors 

(1) 

(2) 

(3) 

(4) 



k << 1 

Type I 

k >> 1 

Type II 

Ginsburg Landau  

Parameter 



Doping in Pb with In 



Hc2 vs T  in  

A-15 compound 

Chevrel Phase  

(Ternary sulfides) 

T 

Hc2 

by pulsed field 



Entropy  S  vs T  for Aluminum 



Free energy vs T for Aluminum 

dFN/dT = dFS/dT at TC 

 FN =  FS   at TC 

Zero latent heat 

So that the phase transition is second order (there is no latent heat of transition at T c ). 



Since                     1/m           ∴ 

where EF = kBTF 

At low T, the electronic term dominates,  

K metal 

Compare with CV = 2NkBT/TF 

(See Eq. 17) 



Electronic part of heat capacity  in SC state:  Ces/γTc    a exp (-b Tc/T) 

Heat Capacity of Ga at low T 

Discontinuous change of  

C at Tc,  C/ Tc =1.43 



Energy Gap of superconductors in Table 3 

 

Eg(0)/kBTc = 3.52   Weak electron-phonon coupling 

 

Eg(0)/kBTc > 3.52   Strong electron-phonon coupling 

 

 

Energy Gap 





Sn  

Ta 

Nb 

Eg(T) as the order parameter, 

goes smoothly to zero at Tc 

 -- second order phase transition 

(T) /(0)=  (1- T/Tc)
1/2 

Mean field theory 

1-5 meV,  3-10 eV 

Eg ~ 10-4 F 



 α~ 0.5 

Isotope Effect 

    M-1/2 


