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High Tc, 

low anisotropy 

Low Tc, 

Some have high anisotropy 

Periodic Table 



Rare-earth and transition metals 

4f                      4f 

5d,6s 

+ + 

Rare-earth metals:  

localized partially filled 4f shell,  

5d,6s bands 

Magnetic moment 

Closed subshells 

3d,4s 

+ + 

Transition metals: localized filled subshells,       

                              3d,4s bands 

Magnetic moment 

a/2 
Isolated Ion 



Magnetic Moment – rare-earths 

Rare-Earth metals (Gd, Tb, Dy, Nd, Sm …)  

   - magnetic moment resides on 4f electrons 

   - neighboring 4f-shells do not overlap, are atomic like.  

   - Hund’s rules  orbital (L) and spin (S) angular 

momentum  

   -  = (L, S)   

J 

S 

L 

 

S= 2B  

S  L = B  L 

  

L + S 

Assume rare-earth is trivalent (usual case in metals) 

Use Hund’s rules to find L, S, J. 

 i)   maximize S (= ms) 

 ii)  maximize L (= ml) 

 iii) J = L-S, shell less than half full,  

       J = L+S, shell more than half full 

e.g. Tb:  [Xe]4f8        5d26s1 S = 3, L = 3, J = L+S = 6 

   

      Tb3+  conduction 

 = (L, S) = g BJ = 9B   

 

 g = 3/2 +  S(S+1) – L(L+1) 

       2J(J+1) 



Origin of Magnetic Ordering 

Edipole/kB  1 K 

H = -h2/2m 2  +   U(r)  + (e-e interaction term) + (dipole interaction term) + … 

 

Dipolar term is only explicit spin-spin interaction term  small 

Cannot account for magnetic ordering 

Pauli exclusion principle  e-e interaction between parallel spin () electrons is  

weaker than e-e interaction between antiparallel spin () electrons.   

Modeled as –JSi.Sj 



Magnetic Ordering – rare-earths 

Magnetic moment on one 4f shell polarizes the conduction (5d,6s) 

electrons and a neighboring 4f ion feels this polarization.   

4f                      4f 

5d,6s 

+ + 

This weak indirect interaction leads to magnetic ordering below room temperature  

for the rare-earths.   

No significant 

overlap of 

neighboring rare-

earth 4f shells on 

ions. 

Resulting order can be complex:   

 

Gd, Tb, Dy are all ferromagnetic at low enough temperatures. 

At higher temperatures Tb, Dy (< 300 K) they have a non-collinear magnetic order.   



Elemental Rare-Earths  

Magnetic ordering  

determined from  

neutron diffraction 

[Wohlfarth,  

‘Ferromagnetic Materials’] 



Magnetic Moment and Tc – transition metals 

Transition metals (Fe, Co, Ni)  

 - magnetic moment resides on d electrons 

 - neighboring d-shells overlap and broaden into a d-band.  

 - orbital (L) angular momentum is mostly quenched 

 -  = (S)   

 

 k 

F 

T > TC  

M=0      

 k 

F 

T < TC 

M =(n


 – n
 

) 
Model: -JSi.Sj.   

Ferromagnetic if J >0.   

 



 V 

N(up)(E) N(down)(E) 

E 

See Kittel, ‘Introduction to  

Solid State Physics’ 

Note: rigid band model not correct, but 

does give correct qualitative picture 

Rigid Band model – 

Transition metals 



Magnetic Anisotropy 

Origin of Magnetic anisotropy  

+ + 
- 

- 

+ 

+ 

+ 

+ 

Strength of Magnetic anisotropy 

 

Rare-Earths           large L    strong magnetocrystalline anisotropy 

Transition metals  small L    weak magnetocrystalline anisotropy 

-1.2x105 Gd 

-5.5 x 107  Dy 

-5.6 x 107 Tb 

    7 x 105 Co 

K1 (J/m3) Metal 

All hexagonal : EA = K1sin2 + K2sin4 ………. 

Note that for Fe, Ni:   EA = (expression with cubic symmetry) 

1) Interaction between a local  

quadrupole moment (L) and  

electric field gradients. 

 

2)  = (L, S) 

 Magnetic  

     anisotropy 



Magnetic anisotropy and ordering temperature 

Bring atoms together to  

form a metal. 

Atomic orbital Overlap? 

yes 

no 

Band formation(3d) 

Atomic orbitals (4f) 

High Tc, 

Low magnetic 

anisotropy 

Low Tc, 

High magnetic 

anisotropy 

(if  L  0) 



Unquenched L.  

Large anisotropy 

 

Magnetic 

Anisotropy- 

 

Direct exchange, 

strong 

Indirect exchange, 

weak 

Magnetic 

Ordering, Tc, 
and exchange 

 = S + (L)  = (S + L)J, 

 

Moment 

Transition 

metal (Fe, Co, Ni) 

Rare-Earth 

(Nd, Gd, Dy, Tb) 

e.g.  Tb  9.5B 

        Gd 8.0B 

        Nd 3.5B 

e.g.  Fe  2.2B 

        Co 1.7B 

TC: Tb  220 K 

      Gd  293 K 

      Nd    20 K 

TC:  Fe 1043 K 

       Co 1388 K 

K: 

Dy~-5.6x107 J/m3 

Tb~-5.5x107 

 

Quenched L.   

Small anisotropy 

K: 

Fe~5x104 J/m3 

Co~4x105 

(Gd~1x106) 

(f electrons) (d electrons) 

Magnetic elements 



Why do domains form? 

domain wall, area A ~ V2/3 

F = + E(domain wall) – dipolar energy 



Domain Walls (uniaxial ferromagnet) 

Eex = n [(-Js2 cos/n) – (-Js2)] = Js22/n,            Eanis =  n (K/2)  

 

Minimize wrt n:   n(equil) =   (2Js22/K)     domain wall width 

 

                               and d =  (s/a2) (2JK)  domain wall energy/area 

Domain Wall Width n 

•anisotrpic materials have narrow walls, Tb 2 nm 

•isotropic materials have thicker walls,  Fe 30 nm 

•(Block wall for bulk and thick films) 

=/n 

•(Neel walls for thin films) 



Single Domains 

To estimate the size of a single magnetic domain consider a 

sphere, radius r: 

 

Magnetostatic energy (single domain)   = -HD.Mt  

          = 1/3 oMs
2(4/3 r3) 

 

For r < rsd, magnetization reversal cannot occur via domain wall movement 

 

When these two energies are equal, r = rsd giving,   

 

   rsd = 9(AK)1/2/ oMs
2 

 

(Note: this is a rough estimate, ignored other possibilities such as curling mode) 

For a spherical Fe particle: rsd = 25 nm.  

Domain wall energy =  r2  (two domains) 

 

How does rsd depend on shape? 

How does rsd depend on anisotropy? 



20 

10 

 size (nm) 

Superparamagnetism 

Superparamagnetism 

  ultimate limit for storage density 

Flip rate due to thermal fluctuations: 

  

            1/ =  exp(-E/kBT) 

Depends on size of particle 

(=KV) 

10104 years 

1 week 

2.4x109 s-1  



Magnetic Reversal- single domain 

Single Magnetic domain (uniaxial)-Stoner Wohlfarth model 

(source of anisotropy could be shape) 

U = Ksin2() –M.H 

 

HC = 2K/M 

Uniaxial  

anisotropy axis 

H M 

H 

 

H 

M 

HC 

In practice HC is smaller than this, e.g. for a curling mode.   



Magnetic reversal – multiple domains 

Pinning of domain walls leads to a coercivity.   

 

If a material is homogeneous, then wall does not have a  

position dependent energy, the wall may move freely and  

the coercivity is close to zero.   

 
 



Research Area’s 

•Elemental Rare-Earth Particles and Layers 

 

•Nanostructured Permanent Magnets 

 

•Nanostructured Superconductor/Magnets 



Questions you can now answer! 

Why does mean field theory work better if atoms have lots of nearest  

neighbors or if the interaction is long range? 

 

Why do heavy rare-earths have a bigger  than light rare-earths? 

 

Why do transition metals have a smaller  than rare-earths? 

 

Why is the magnetic ordering temperature of transition metals larger than  

for rare-earths? 

 

Why is the magnetic anisotropy of transition metals smaller than rare-earths? 

 

Why do magnets break up into magnetic domains? 

 

What determines the width of a magnetic domain wall? 


