
Μαγνηηικέρ Αλληλεπιδπάζειρ – 

Τάξη και Μαγνηηικέρ δομέρ 
 

P. Poulopoulos, 18 June 2019, Patra 

H διάλεξη αςηή γίνεηαι διαδικηςακά ζηα πλαίζια ηων πποβλημάηων ηος Covid-19. Οι 

διαθάνειερ είναι μόνο για διεςκόλςνζη ηων θοιηηηών για ηο εξ αποζηάζεωρ μάθημα και δεν 

έσοςν κανένα ζηόσο εμποπικήρ εκμεηάλλεςζηρ. Επίζηρ παπακαλώ ηοςρ θοιηηηέρ να ηιρ 

κπαηήζοςν μόνο για ηοςρ εαςηούρ ηοςρ και ηιρ εξεηάζειρ ηοςρ. 



Βιβλιογπαθία 



Magnetic Dipolar Interaction 

 

Magnetic dipole in a magnetic field B (Φ/A): 

   Energy E = - μ.Β 
 

 Two magnetic dipoles μ1, μ2, distance r: 
                             

E = (μ0/4πr3)[μ1
.μ2 – (3/r2)(μ1

.r)(μ2
.r)] 

 



The Bohr magneton 

   All magnetic phenomena result from 
forces between electric charges in motion 

dμ = ΙdS  

           This is equivalent to a magnetic dipole 

 

In atoms 

μLz = πr2I, I = -e/Τ, Τ = 2πr/v 

Lz = mevr = h/2π 
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Orbital Magnetic Moment in a Η 

The z component of angular momentum is quantized 

in units of  h/2π, so the magnetic dipole moment is 

quantized as well:      



Electron Spin Magnetic Moment 
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Electrons come in “spin up” and “spin down” states (Spintronics) 
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Orbital and Spin Magnetic Moment 

                     μtot = μο + μs   

                                or  

 

                           

                       J = L + S 

             J is the total angular  

            momentum of   the electron 

 

  



The vector model of the atom and 

the spin-orbit interaction 



 
  

  

 

(1) Minimize the Coulomb energy by arrange the electronic  

wave function so as to maximize S.  

(2) Similar: Maximize L so that the electrons avoid each other  

by moving in orbits rotating in the same direction. 

(3) Minimize the spin-orbit energy so J = /L-S/ if the shell 

is less than half full or /L+S/ if it is more than half full. 

Hund’s rules predict the ground state of an incomplete shell 

But tell us nothing about excited states. They, therefore allow for an 

estimate of the magnetic moment of an ion assuming that only 

the ground state is populated.  
S. Blundell “Magnetism in Condensed Matter” Oxford Master Series in Condensed Matter, 2003  

 

 

 

 

Friederich Hund from Karlsruhe (1896-1997) 

and his three empirical rules for the ground 

state electronic configuration. In a series of 

decreasing importance: 

  



Exchange Interaction 

Wave function of a two-electron system: 
Ψ(r1,r2), r1,2 is the coordinate of the first (second) electron 
   

We will use linear combinations of wave functions υ(r1), υ(r2): 

There are four possibilities: 

Ψ(r1,r2) = υα(r1)υβ(r2) (1), 

Ψ(r1,r2) = υα(r2)υβ(r1) (2), 

Ψ(r1,r2) = υα(r1)υβ(r2) + υα(r2)υβ(r1) (3),  

Ψ(r1,r2) = υα(r1)υβ(r2) - υα(r2)υβ(r1) (4) 

 
Among all of them we need a solution which keeps the observed 

properties of the system unaltered when we exchange electrons, i.e. 
the Ψ*Ψ stays the same while the electrons remain distinct (Pauli 
exclusion principle). We need an overall antisymmetric solution. 

 



Exchange Interaction 

This means that the spin of the wave function must either be an 
antisymmetric singlet state τs (S=0) or a symmetric triplet 
state τΤ (S=1) 

 

           Ψs = (1/2)[υα(r1)υβ(r2) + υα(r2)υβ(r1)]τs  

           ΨΤ = (1/2)[υα(r1)υβ(r2) - υα(r2)υβ(r1)]τΤ 

 

                    Εs(T) = ʃΨs(T)*Ĥ Ψs(T)dr1dr2 

 

        ES – ET = 2 ʃ υα
*(r1)υβ

*(r2)Ĥυα(r2)υβ(r1)dr1dr2  

 

         For a singlet state S1.S2 = -3/4, triplet = 1/4  

 

                Ĥ = ¼(ES + 3ET) – (ES – ET) S1.S2 

 

 

   



Exchange Interaction 

         If the exchange integral is   

 J = (ES-ET)/2 = ʃ υα
*(r1)υβ

*(r2)Ĥυα(r2)υβ(r1)dr1dr2 then 
 

       In a simple Heisenberg Picture: 

                            Ĥ  = - 2ΣJijSiSj , i > j 

           Jij is the exchange coupling constant 

                   Jij >0 ferromagnetism 

                   Jij <0 antiferromagnetism 

This exchange is direct because there is 
no need for intermediate atoms  



Indirect Exchange Interactions 

Ionic solids: superexchange interaction 



Indirect Exchange Interactions 

            Metals: RKKY interaction 

 



Coupled Layers – Interlayer Exchange Coupling 
         

 

                                E12 = -Jintercos(1-2): 

 

                              Jinter>0  

   

   Jinter<0  

 

Oscillation of Jinter with the spacer thickness d 

S.S.P. Parkin et al., 

APL 68, 686 (1991)  



Anisotropic Exchange Interaction 

       Dzyaloshinsky-Moriya interaction 
    The spin-orbit interaction plays a role similar to the   

electrons of O in superexchange 

                Spin-other orbit coupling interaction and  

                       the violation of third Hund’s rule 

 



Τάξη και Μαγνηηικέρ δομέρ 

Σιδηπομαγνηηιζμόρ 
 

          Το μοριακό πεδίο ηοσ Weiss 

In ferromagnetic materials there are large areas of the 

material called Weiss domains (magnetic domains) 

where all the spins are parallel due to the exchange 

interactions. As early as 1907 Weiss without the 

knowledge of Heisenberg exchange postulated that: A 

molecular field exists within the ferromagnet which orders 

the moments against the thermal motion. It is so large 

that the ferromagnet can be saturated even without an 

external magnetic field.  

BMF = λΜ, Μ is the Magnetization (spin-sum/V) 



Second Order Phase Transition 

– the order parameter is M 

χ = dΜ/dΗ, Tc = Curie Temperature 
If z is the nearest neighbor number and J the exchange 

then kBTc ~ zJ, Tc is of the order of 1000 K,  

compared to 1K for dipolar interactions  

 

H. Stanley, „Introduction to Phase Transitions and Critical Phenomena‟, 

Clarendon, Oxford (1971) 



Theory of Paramagnetism 
The probability of finding a dipole μ in a field B (including 

in our case the MF) at an angle θ with respect to B, 

considering thermal motion is (Boltzmann statistics): 
 

 

            The average value of μ along the field axis z is 

 

            Ω is solid angle 



For μz = μcosθ, dΩ = 2πsinθdθ, cosθ = x and α = μΒ/kT: 

 

 

 

 

= μ(cothα – 1/α) = L(α) 

L is the Langevin function 

 



For small α = μΒ/kT, 

Ms = Nμ 

 

 

Curie law of 

paramagnetism 



Paramagnetism for L = 0 and J=S=1/2 
 

 

 mJ = ± ½, and for g=2, μ = μΒ or – μΒ 

Similar to the classic picture, M/Ms = tanhα,  

τ has the same value as in Curie law 



Paramagnetism for any J 
 

 Here, M/Ms = BJ(α), Brillouin function, for α: μ = gJμΒJ 

BJ(α) = [(2J+1)/2J]coth[α(2J+1)/2J] – (1/2J)coth(α/2J) 

                                       limits 

B(α) = L(α) 

Β1/2(α) = tanh(α) 

For low fields: τ = Nμ0μeff
2/3kBT, μeff = gJμΒJ(J+1)  

Lande value gJ = 3/2 + [S(S+1)-L(L+1)]/[2J(J+1)]   

  

α 



Coming back to Molecular Field 
 Here, M/Ms = BJ(α), Brillouin function 

BJ(α) = [(2J+1)/2J]coth[α(2J+1)/2J] – (1/2J)coth(α/2J) 

α = gJμΒJ(Β+λΜ)/kΒΤ 

                                  For B = 0 

 

  

Tc = gJμΒ(J+1)λMs/3kB = Nλμeff
2/3kB,  

for J=1/2, Tc=1000 K, BMF = 1500 T 



Magnetic Susceptibility (slope) 
                                          for B = 0 

 

  

Χ = limB0(μ0M/B)1/(T-Tc) Curie- Weiss law 



Dimensionality Aspects  

 

 



Critical Exponents 

t = (T-TC)/TC is the reduced temperature 



Dimensionality and Susceptibility 

 

 

 



Dimensional Crossovers 

Ni(111)/W(110), Y. Li and K. Baberschke 

Phys. Rev. Lett. 68, 1208-1211 (1992)  



Experimental Setup 

 

 



Antiferromagnetism (J<0) 

 

Two interpenetrating sublattices, with same M  

λ<0, B+ = -λΜ- and B- = - λΜ+ 
 

M = MsBJ(gJμΒJλΜ/kBT 

TN = gJμΒ(J+1)λΜs/3kB 

  
Χ = limB0(μ0M/B)1/(T+TN) Curie- Weiss law 

    Χ 1/(T-θ), θ is the Weiss temperature 

θ =0 (παρα-), < 0 (ανηιζιδηρο-), > 0 (ζιδηρο)μαγνήηης 



Ferrimagnetism 
 

Two interpenetrating 

sublattices, with different M  

Classic example   

Fe3O4 = FeO.Fe2O3 

 

The molecular field in each sublattice has different strength. 

Consequently we have two spontaneous magnetizations with 

different temperature dependence. The total M can change 

sign at the compensation point. Curie-Weiss law does not hold. 



Helical Order (Non-collinear Magnet) 

 

This case is common for Rare Earths, e.g. Dy 

E = -2NS2(J1cosθ +J2cos2θ) 

Ε/θ = 0  

(J1 +4J2cosθ)sinθ = 0 or 

cosθ = - J1/4J2 

 

 

 



Question: Influence of Jinter on the TC 

 

 

 

 

 

 

 

 



Oscillations of TC with Jinter 

 

 

 

 

A. Ney et al., PRB59, R3938 (1999) 

P. Poulopoulos & K. Baberschke, J. Phys.: Cond. Matt. 11, 9495 (1999) 

The calculation is based on the molecular field theory 



Reasonable explanation based on 2D-effects 

 

 

 

 

 

P. Jensen et al., PRB 60, 14994 (1999) 

P. Jensen et al., JAP 87, 6692 (2000) 


