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Βιβλιογραφία 



A correct theory of magnetism in metals has to 

involve bands as the electrons are not localized to 

atoms. However, most of the electrons (especially 

in 3d metals, which are elemental magnets) are 

rather localized and the 'free' electrons (4s) do not 

contribute to the ferromagnetic behavior. Truly 

speaking the 3d electrons in transition metals are 

neither fully localized nor fully free.  

Band theory is able to explain the non-integral 

values of magnetic moment per atom; though, the 

values may often not match exactly. 

 

μNi = 0.6 μΒ/at, μCo = 1.7 μΒ/at, μFe = 2.2 μΒ/at 

 

 
 



The Free Electron Model 
                           Eigenstates   

                              

 

 

 

 

 

                        Density of states 

V = L3 

g(k)dk = [2/(2π/L3)]x4πk2dk  

g(k)dk = = Vk2dk/π2 

 



          The Free Electron Model 

if n = N/V (electrons per volume unit)  

      g(E) = dn/dE  E 

     E = (h/2π)2k2/2me 

        EF = (h/2π)2kF
2/2me 

       g(EF) = (3/2)n/EF                               

     g(EF) = 4mekF/h 

 

Fermi-Dirac 

f(E) = 1/[e(E-μ)/k
B

T + 1], 

μ εδώ είναι το χημικό 
δυναμικό ~ EF 

 

 

 

                         



Pauli Paramagnetism 

We take only spin contribution. 

Inside a field B the electron band is 

spin-split: 

gμΒΒ = 2μΒΒ  

Excess n = (1/2)g(EF)μΒΒ  and 

 Lack n = (1/2)g(EF)μΒΒ 

M = μΒ(n-n) = g(EF)μΒ
2Β 

T-independent Susceptibility 

χP = M/H = μ0Μ/Β = μ0μΒ
2g(EF) = 

3nμ0μΒ
2/2ΕF 



Spontaneous Spin-Split Bands 
Cost: ΔΕΚΕ = g(EF)δΕ/2 x δΕ 

ΔΕΚΕ = ½ g(EF)δΕ2  

 

Gain:  

n = ½(n±g(EF)δΕ) 

Magnetization: M = μΒ(n - n) 

ΔΕMF = -1/2μ0μΒ
2λ(n - n)2 

ΔΕMF = -1/2U(g(EF)δΕ)2 

 

ΔΕ = ΔΕΚΕ + ΔΕMF =  

= 1/2g(EF)δΕ2(1-Ug(EF)) 

 

Spontaneous Ferromagnetism if 

1 ≤ Ug(EF) Stoner Criterion 

Susceptibility Χ = χP/(1-Ug(EF)) 

 



Band Structure 



Band Structure 



XMCD - magnetometry 

 

 

 

 

 

 

 

 



XMCD – two step model 

 

 

 

 

 

 

 

 



The useful end-equations 

 

 

 

 

 

 

 

 

ml/ms = (2/3) [(R+1)/(R-2)]  

             accuracy 5%  

R = ΔΑ3/ΔΑ2, usually ΔΑ3 < 0, ΔΑ2 > 0 

ms = (-2nh/PCcosθ). [(ΔΑ3-2ΔΑ2)/2(Α3+Α2)] 

 

ml = (-4nh/3PCcosθ). [(ΔΑ3+ΔΑ2)/2(Α3+Α2)] 

 

accuracy 10-20% 



The Slater - Pauling curve 

μ = [10 - (n - x)]μΒ, x number of 4s, n number of 3d+4s  



The Bethe – Slater curve 



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)  



Μαγνητικοί Ημιαγωγοί 
 

 

Electron 

Charge 

Photon 

Polarisation 

Electron 

Spin 

Semiconductor 

Spintronics 



 
  

  

 

M.N. Baibich et al., PRL 61, 2472 (1988) 

MR = R0/RH 

Nobel Prize in 

Physics 2007 

Albert Fert, France Peter Gruenberg, Germany 

Giant Magnetoresistance: The start of 

Spintronics period 



 
  

  

 

GMR and devices 

GMR(%) = (RAP-RP)/RP 

RAP: Resistance in  

 the antiparallel configuration 

RP : Resistance in  

 the parallel configuration 

Miniature Read Heads 

for Tbits/sq.inch, see 

e.g. Hitachi, ΒΗΜΑ-

Science, November 

2007 

First efforts in Greece 

M. Angelakeris, P. Poulopoulos et al., JMMM 165, 334 (1997) 

M. Angelakeris, P. Poulopoulos et al.,  

Sensors and Actuators A91, 180 (2001) 



Magnetoelectronics-Spintronics 
  

  
  

  

 

 
  

  

 

a) A regular charge current, b) a spin and charge current, and 

c) a pure spin current through a wire. The spin (red or green) and 

direction of movement of the electrons are indicated. These states, 

spin up or spin down, can be used to represent ‘1’  and ‘0’  in binary 

logic.  In certain spintronic materials, spin orientation can be used as 

spintronic memory as these orientation do not change when system is 

switched off. 

 
  
  

  

 

Spintronics: manipulate electron spin (or resulting magnetism) to achieve 

new/improved functionalities --  spin transistors, memories, higher speed, 

lower power, tunable detectors and lasers, bits (Q-bits) for quantum 

computing. Just as conventional electronic devices require charge 

currents, spin-based electronic (spintronic) devices require spin currents. 
 

  
  

  

 



Spin Injection and Devices 
  

  
  

  

 

 
  

  

 

When electrons from a ferromagnet are injected into a nonmagnetic 

material, they can retain their spin polarization over a certain 

distance. The prerequisites for this retention of spin polarization 

are successful spin injection, spin transport within the 

semiconductor with a spin diffusion length of several microns, spin 

lifetimes greater than 100 ns, and finally, successful spin detection. 

 
 

  
  

  

 

C. Felser et al., Angew. Chemie 46, 668 (2007)  
  
  

  

 

Schottky Gate FM Metal FM Metal 

InGaAs 

Modulation Doped AlGaAs 

2DEG 

Spin  

Analyzer 

B 

Spin 

Injector 



Advantages of Spintronics 
  

  
  

  

 

 
  

  

 

 Low power consumption. 

 

 Less heat dissipation. 

 

 Spintronic memory is non-volatile.  

 

 One does not need extra hard disks with sizeable 
mechanical parts. 

 

 Takes up lesser space on chip, thus more compact. 

 

 Spin manipulation is faster , so greater read & write speed. 

 

 Spintronics does not require unique and specialized 
semiconductors.    

     



Basics of semiconductor physics 

Undoped (intrinsic) 

semiconductors: 

Band structure has energy 

gap Eg at the Fermi energy 

Conduction only if electrons 

are excited (e.g., thermally, 

optically) over the gap 

Same density of electrons 

in conduction band and 

holes in valence band: 

gap 

conduction band 

valence band 

Non-degenerate electron/hole gas in 

bands (i.e., no Fermi sea), transport 

similar to classical charged gas 



Doping: Introduce charged impurities 

Example: replace Ga by Si in GaAs 

Si has one valence electron more 

→ introduces extra electron: donor 

Si4+ weakly binds the electron: 

hydrogenic (shallow) donor state 

Example: replace Ga by Zn in GaAs 

Zn has one valence electron less 

→ introduces extra hole: acceptor 

Zn2+ weakly binds the hole: 

hydrogenic (shallow) acceptor state 

EF 

CB 

VB 
EF 

CB 

VB 

excitation energy is 

strongly reduced 

 

conduction at lower 

temperatures 



Ferromagnetic Semiconductors 
  

  
  

  

 

 
  

  

 

The best-suited material would be a ferromagnetic semiconductor 

with a Curie temperature far above room temperature. 

Semiconductors doped with small amounts of ferromagnetic 

impurities, such as Co or Mn, exhibit room-temperature 

ferromagnetism and are called diluted magnetic semiconductors 

(DSMs). 

 

 
 

  
  

  

 
 

However, element-specific techniques like X-ray magnetic 

circular dichroism show actually paramagnetic or 

superparamagnetic states of impurities and absence of real 

ferromagnetism at room temperature. 

 
 

  
  

  

 

A. Ney et al., Phys. Rev. Lett. 100, 157201 (2008)  

V. Ney et al., J. Nanosci. Nanotechnol. 10, 5958 (2010) 

V.N. Antonov et al., J. Appl. Phys. 111, 073702 (2012) 

 
  

  

  

 

Mn2+ 

Tgrowth < 300oC Tgrowth > 300oC 

MnAs 



Diluted magnetic semiconductors (DMS): 

Magnetic ions are introduced into a non-magnetic semiconductor host 

Typically substitute for the cation as 2+-ions, e.g. Mn2+ (high spin, S = 5/2) 

 II-VI semiconductors (excluding oxides) 

   (Cd,Mn)Te, (Zn,Mn)Se, (Be,Mn)Te… zinc-blende structure 

   studied extensively in 70’s, 80’s 

   Mn2+ is isovalent → low carrier concentration 

• usually paramagnetic or spin-glass 

  (antiferromagnetic superexchange) 

• ferromagnetism hard to achieve by 

  additional homogeneous doping 

• ferromagnetic at T < 4 K employing 

  modulation p-doping (acceptors and 

  Mn in different layers): 

  Haury et al., PRL 79, 511 (1997) 

Mn2+ additional dopand 



The EuS intrinsic magnetic semiconductor 
  

  
  

  

 

 
  

  

 

Europium sulfide (EuS) is a natural ideal 

Heisenberg ferromagnetic semiconductor 

with very large magneto-optical response. 

As compared to layered systems 

ferromagnet/semiconductor, it presents the 

advantage that the spin-polarized electrons 

are created within the semiconductor itself. 

The main disadvantage of it is a low TC of 

only ~ 16.6 K. In 1998, Fumagalli et al. 

reported that EuS nanospheres with a 

diameter of about 10 nm become 

ferromagnetic at about 160 K when placed 

in a Co matrix. Since then, a strong effort 

has been put on making EuS ferromagnetic 

at R.T. by formation of EuS/Co trilayers with 

EuS layers thicker than 3.5 nm, but no 

promising direct evidence was provided.  

 

 
 

  
  

  

 

P. Fumagalli et al., Phys. Rev. B 57, 14294 (1998)  

 
  

  

  

 



EuS Magnetic Semiconductor at Room Temperature:  
Element-Specific Magnetization Curves  

ESRF ID12 beam line A. Rogalev, F. Wilhelm  

 

 

S. D. Pappas, P. Poulopoulos et al. Nature Scientific Reports 3, 1333 (2013) 

Also Editors choice in Nature Materials April 2013 

And currently ESRF Highlights 2013 and spotlight at the ESRF web site www.esrf.eu 

http://www.esrf.eu/


Half-metallic ferromagnet 

• CrO2 (rutile structure) 

spin-up spin-down 

gap metallic 



Introduction: Definition & 

properties (Ph. Mavropoulos) 

What is a half-metallic ferromagnet? 

Spin-polarised material showing  

100% polarisation at EF 

Examples: 

•Heusler alloys (NiMnSb etc) 

 (de Groot et al, PRL 1983) 

•Diluted Magnetic Semiconductors 

•Zinc-blende pnictides and  

 chalcogenides (CrAs etc) 

•Some manganites (eg LSMO) 

Relevance to spintronics: 

•Conductance through only one spin channel 

•Possibility for 100% spin-polarised current, 100% spin injection etc. 



Example: Heusler alloys 

Slater-Pauling behaviour in Heusler alloys (I. Galanakis, P.H. Dederichs) 

Full Heusler Half Heusler 

•Total magn. Moment per unit cell is integer in half-metallic systems. 



Παλαιότερη Έρευνα στο Π.Π. 

•Ε. Βιτωράτος, διδακτορική διατριβή 

This material has strong magnetic anisotropy. 

It is an antiferromagnet. Below TN it is 

semicoductor. Above TN becomes a metal. 

Interestingly, when it is antiferromagnetic, it 

presents also ferromagnetic areas (ferrons), 

which result in a complicate magneto-electric 

behavior. It is among the first magnetic 

semiconductors ever studied. 



 


