Lecture-21  Magnetic fields in matter
1. [bookmark: OLE_LINK2]Diamagnetism, paramagnetism, ferromagnetism
[image: 图示

描述已自动生成]At center of the coil.
[bookmark: OLE_LINK1]The intensity just at the end of the coil is 1.8 tesla, and in that neighborhood the field is changing with a gradient () of approximately 17 T/m, or 1700 gauss/cm. 

Magnetic energy         Lec. 10
Then                force         
The field decays faster at the end, hence  is largest at two ends of coil.
Force per kilogram near the upper end of the coil, where  and . 
	
	Substance
	Formula
	Force (newtons)

	Diamagnetic
(repel outside of coil)
	Water
	H2O
	-0.22

	
	Copper
	Cu
	-0.026

	
	Sodium chloride
	NaCl
	-0.15

	
	Sulfur
	S
	-0.16

	
	Diamond
	C
	-0.16

	
	Graphite
	C
	-1.10

	
	Liquid nitrogen
	N2
	-0.10 (78K)

	Paramagnetic
(pull into coil)
	Sodium
	Na
	0.2

	
	Aluminum
	Al
	0.17

	
	Copper chloride
	CuCl2
	2.8

	
	Nickel sulfate
	NiSO4
	8.3

	
	Liquid oxygen
	O2
	75 (90K)

	Ferromagnetic
(pull into coil)
	Iron
	Fe
	4000

	
	Magnetite
	Fe3O4
	1200


Direction of force: downward (into coil), +; upward, −.
All measurements were made at a temperature of 20℃ unless otherwise stated. 

Difference between ferromagnet and diamagnet/paramagnet
If we reduce the current of coil to half, then forces for diamagnet/paramagnet are reduced to 1/4 proportional to the square of the field strength), but forces on ferromagnets are reduced to 1/2 proportional to field itself).
Tips:  In dia/para-magnet, magnetic moments are proportional to field.
      In ferromagnet, magnetic moments are saturated, insensitive of field.

2. [image: 图示

描述已自动生成] Magnetic dipole
Vector potential     
Dipole expansion:   where =I

Refer to Lec. 10
Set  along the z-axis:  




Interaction energy of magnetic dipoles:       
C.f. Electric dipole


           Check with Lec. 4. 
Interaction energy of electric dipoles:     
E-field of an electric dipole is the same as the B-field of a magnetic dipole.
· Forces on a magnetic dipole, suppose the dipole is put at r=0.
   for uniform magnetic field.
For non-uniform B,  let’s expand it to first order:  
                       
                               
Or                     
For fixed ,  is a constant vector (only expanded to first order).
Given   




For constant ,     
c.f  Electric dipole
Assume , and charge is close to .
Similar expansion:          



For electrostatic case, and  is a constant vector,  
                               
Proof:     
· Torgue on dipole
Magnetic dipole 

        
           
c.f. Electric dipole 
3. [image: 形状

中度可信度描述已自动生成]Diamagnetism: general phenomenon
   
Angular moment:    

If we increase external magnetic 

  
    
 
Landau diamagnetism
For a material (1p+1n) per gram, it has about    
Å and let’s take  and 

Force:              
  Bohr velocity
Diamagnetism is not very strong, which is often dominated over by paramagnetism.
Graphite/Graphene/Benzene has large diamagnetism due to delocalized electron orbits.
4. [image: 图片包含 钟表, 挂, 照片, 灯光

描述已自动生成]Paramagnetism-electron spin
It is not clear the origin of spin-magnetic moment. 

    Lande factor
    gyromagnetic ratio (旋磁比)
/2    spin angular moment
If all the electrons spin are aligned with the B-field, what is the force?
1gram~  
For ,         
Note: Not all of electrons align their spin momentum. Electron spins have up and  down configuration and mostly canceled. In a ferromagnet,  can reach 1/10 of this value. 
[image: 图表, 箱线图

描述已自动生成]
AFM was discovered by neutron scattering in 1950.
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