
Spin properties in Semiconductors 
Franco Ciccacci 
Dipartimento di Fisica – Politecnico di Milano                       

 



Franco Ciccacci 

overview 

 

  introduction 

 

       optical methods (III-V) 

 

  group IV semiconductors (Ge, SiGe) 



Franco Ciccacci 

Spintronics 

• adding a new degree of freedom 

• controlling the carrier spin beside its charge 

• adding the spin-up spin-down magnetic dualism to the conventional electron 

hole dualism  

• combining small scale (nanometric) magnetic elements with conventional 

semiconductor electronics 

1988: discovery of Giant Magneto Resistance (A. Fert & P. Grünberg, Nobel prize 2007) 
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magnetic AND semiconducting properties 

Jianbai Xia, Weikun Ge, Kai Chang: Semiconductor Spintronics (World Scientific, Singapore 2012) 

“the search for material-combining properties of the ferromagnet and the semiconductor  

has been a long-stranding and elusive goal …” 
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magnetic AND semiconducting properties 

Jianbai Xia, Weikun Ge, Kai Chang: Semiconductor Spintronics (World Scientific, Singapore 2012) 

“the search for material-combining properties of the ferromagnet and the semiconductor  

has been a long-stranding and elusive goal …” 

e.g.: EuS     TC   Liquid He 

FS: Ferromagnetic Semiconductors 

(from ‘60s) 
Half metals  (from ‘90s) 

CrO2 , La0.7 Sr0.3MnO3, NiMnSb, Fe3O4 TC > RT 

DMS: diluted magnetic semiconductors 

Mn-doped GaAs    TC  110 K 
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magnetic AND semiconducting properties 

Jianbai Xia, Weikun Ge, Kai Chang: Semiconductor Spintronics (World Scientific, Singapore 2012) 

“the search for material-combining properties of the ferromagnet and the semiconductor  

has been a long-stranding and elusive goal …” 

Alternative routes: 

 Spin Injection form Ferromagnetic Metal (FM)  into 

Semiconductor (SC) 

 Optical spin orientation (optical pumping) 
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Spintronics semiconductor devices 

S. Datta and B. Das, Appl. Phys. Lett., 56, 665 (1990)  

Spin modulation by gate voltage (spin-orbit effect)  

Spin-FET  

Vgate = 0 

ON 

B 
Vgate ≠ 0 

OFF 
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Electrical Spin injection 

FM   NM 

1st Problem: ohmic contact 

(P < 5% at T<10K) 

Fundamental problem: “conductivity mismatch” 

 

sFM  < sNM          

sFM  >  sNM         

sFM         sNM 

G. Schmidt et al., Phys. Rev. B 62, R4790 (2000) 

A. Fert and H. Jaffrés, Phys. Rev. B, 184420 (2001) 
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Electrical Spin injection 

FM   NM 

1st Problem: ohmic contact 

(P < 5% at T<10K) 

Fundamental problem: “conductivity mismatch” 

 

sFM  < sNM          

sFM  >  sNM         

sFM         sNM 

G. Schmidt et al., Phys. Rev. B 62, R4790 (2000) 

A. Fert and H. Jaffrés, Phys. Rev. B, 184420 (2001) 

Tunneling junction 

Fe/MgO/GaAs 
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Optical Pumping 
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    circularly polarized light 
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Optical Pumping 

after absorption 

    polarization 

 

    circularly polarized light 

                   spin 1 

non magnetic material  

   spin + ½  and  – ½ 

 

radiation to matter transfer of angular momentum  

 

In semiconductors: 

 George Lampel 1968  Phys. Rev. Lett. 20, 491  
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III-V direct gap semiconductors 

GaAs 
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III-V direct gap semiconductors 

GaAs 

hn = Eg 

band-gap 

excitation 
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GaAs 
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III-V direct gap semiconductors 

GaAs 

s : Dmj = 1         P = +50% 

hn = Eg 

band-gap 

excitation 

s+ : Dmj = +1         P = 50% 
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Spin polarized photoemission 

Optical pumping                             Negative Electron Affinity 

electrons emitted in vacuum: 

can we measure their spin polarization? 

+ 
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Mott scattering 

Electron scattering with Spin-Orbit interaction 

scattering center 

Spin dependent left-to-right asymmetry 
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Mott scattering 

Electron scattering with Spin-Orbit interaction 

scattering center 

Spin dependent left-to-right asymmetry 

at high energy 

             electron scattering from atomic nucleus: Rutherford + Spin-Orbit 

             cross section: Sherman function 

more effective in materials with heavy atoms (strong  Z-dependence) 
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Spin polarized photoemission: NEA GaAs 

Mott detector 

+ 

T 10 K 
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Towards P > 50% 

P> 50%  remove HH-LH  degeneracy 

no-cubic symmetry 

Proposal (’80s): 

 GaAs + mechanical uniaxial stress 

 Hexagonal semiconductros (CdSe) 

 Chalcopyretes 

  

 GaAs/AlGaAs quantum wells (QW) 

and superlattices (SL) 
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AlGaAs/GaAs QW and SL 
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AlGaAs/GaAs QW and SL 

n = 1 

n = 2 

n = 1 

n = 2 

n = 1 

n = 2 

GaAs AlGaAs AlGaAs 

VB 

CB 

m*
e 

m*
HH 

m*
LH 

Pmax = 49% (@ RT) 
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Epitaxial strained thin films 
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Epitaxial strained thin films 

  GaAsP 
GaAs 

 5.59 Å   5.65 Å 

   80 nm GaAs film grown on GaAsP(001) 
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Epitaxial strained thin films 

   100 nm InGaAs film grown on GaAs(001) 

   GaAs 

 
InGaAs 

 

 5.65 Å 

 

  5.70 Å 
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Optical pumping: applications 

• High intensity 

• High polarization (40%) 

• Fast and easy electron polartization reversal 

GaAs spin polarized electron source  
D.T. Pierce, R.J. Celotta, G.-C. Wang, W.N. Unertl, C.E. Kuyatt, and S.R. Mielczarek 

Rev. Sci. Instrum. 51(4), 478, (1980) 
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• Fast and easy electron polartization reversal 

GaAs spin polarized electron source  
D.T. Pierce, R.J. Celotta, G.-C. Wang, W.N. Unertl, C.E. Kuyatt, and S.R. Mielczarek 

Rev. Sci. Instrum. 51(4), 478, (1980) 

High Energy and Nuclear Physics 

Spin dependent properties in accelerators 

Elementary particle physics (nuclei, quarks, gauge bosons) 

C.K. Sinclair et al., High energy physics with polarized beams and polarized targets, AIP Conf. Proc. 35 (AIP, New York 1976) 

J. E. Clendenin et al.,   Nucl. Instrum. Meth. A 536, 308-311 (2005) 
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Optical pumping: applications 

• High intensity 

• High polarization (40%) 

• Fast and easy electron polartization reversal 

GaAs spin polarized electron source  
D.T. Pierce, R.J. Celotta, G.-C. Wang, W.N. Unertl, C.E. Kuyatt, and S.R. Mielczarek 

Rev. Sci. Instrum. 51(4), 478, (1980) 

Spectroscopy of (magnetic) solids  

U. Kolac, M. Donath, K. Ertl, H. Liebl, V. Dose, Rev. Sci. Instrum. 59, 1933 (1988)  (bulk) 

F. Ciccacci, E. Vescovo, G.Chiaia, S. De Rossi, M. Tosca, Rev. Sci. Instrum. 63, 3333 (1992)   (bulk) 

 F. Ciccacci, S. De Rossi, E. Pelucchi, A.Tagliaferri, Rev. Sci. Instrum 68, 1841 (1997)         (nanostructures) 

SPLEED- SPELS 

R.J. Celotta, D.T. Pierce, G.-C. Wang, S.D. Bader, G.P. Felcher, Phy. Rev. Lett. 43, 728 (1979) 

S.F. Alvarado, R. Feder, H. Hopster, F. Ciccacci,  H. Pleyer, Z. Phys. B 49, 129  (1982) 

  review: R. Feder (ed) Polarized Electrons in Surface Physics (World Scientific, Singapore 1985) 

SPIPE 

J. Unguris, A. Seiler, R.J. Celotta, D.T. Pierce, P.D.Johnson, N. Smith,ys. Rev. Lett. 49, 1047 (1982)  

F. Ciccacci, G. Chiaia, S. De Rossi, Solid State Commun. 88, 827 (1993) 

 review: M. Donath, Surface Sci. Rep. 20, 251 (1994) 

                         F. Ciccacci, Phys. Scrip. T 66, 190 (1996) 
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Optical pumping: applications 

Spin-LED 

B.T. Jonker & C. 

 Phy. Rev. B 62, 8180 (2000); 
 Appl. Phys. Lett. 80, 1240 (2002)  
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Optical pumping: applications 

Spin-LED 

B.T. Jonker & C. 

 Phy. Rev. B 62, 8180 (2000); 
 Appl. Phys. Lett. 80, 1240 (2002)  

Spin-PD 
C. Rinaldi et al., Adv. Mat. 24 3037 (2012)  
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Magneto-optics 

q 

q 

 transmission (Faraday)         reflection (Kerr)        

M M 



Franco Ciccacci 

Magneto-optics 

q 

q 

 transmission (Faraday)         reflection (Kerr)        

 M  P = (n- n)/(n+ n)        

M M 
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Magneto-optics 

q 
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 probe 

 pump 

 probe 
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 time resolved        
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Spin dynamics and transport 

• Polarized luminescenze   versus   T ,  B ,  doping (n, p) 

 

• Magneto-optic effects 

 

• Time resolved (pump-probe) 

 

F. Meier, B.P. Zakharchenya, Optical orientation, North Holland, Amsterdam, 1984 

D.D.Awschalom et al., Phys. Today  52, 33 (1999); Science  294, 1488 (2001) 

Electron (hole) spin relaxation mechanisms 

Electron (hole) transport 

Electron (hole) scattering  

Coherence 

 



Franco Ciccacci 

Spin Hall Effect (SHE) 
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Spin Hall Effect (SHE) 

I 

Spin dependent (Mott) scattering 

 

(opposite) spin accumulation at 

sample edges 
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Spin Hall Effect (SHE) 

I 

detectable  via Kerr effect 

Spin dependent (Mott) scattering 

 

(opposite) spin accumulation at 

sample edges 
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Spin Hall Effect (SHE) 
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Inverse Spin Hall Effect (ISHE) 

n-SC 

Pt 

Js 

+ - EISHE 

y 

x 

z 

EISHE  =         Js   x   P 
γ 

σc 

y-axis z-axis 

x-axis 

EISHE  is proportional to Px 

maximization of spin 
polarization Px 
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Optical ISHE 

 

Pt/GaAs 
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Optical ISHE 

 

Pt/GaAs 

 hν = 1.85 eV 

 P = 10 mW 



Franco Ciccacci 

not only III-V… 

implement spin functionalities in group IV semiconductors 

(optimally integrated in the well established Si-based electronics platform) 
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band-to-band transitions 
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band-to-band transitions 

Si Ge GaAs 
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band-to-band transitions   ---  spin properties 

Si Ge GaAs 

τs ≈ 100 ns 

l s ≈ 100 mm 

 

τs ≈ 1 ns 

l s ≈ 1 m m 

 

τs ≈ 0.1 ns 

l s ≈ 0.1 mm 

 
 @ RT 
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Spin in group IV semiconductors 

G. Lampel, Phys. Rev. Lett. 20, 491 (1968) 

Nuclear dynamic polarization by optical  electronic saturation and optical pumping in semiconductors, (Si)  

 

R. Allenspach, F. Meier, and D. Pescia, Phys. Rev. Lett. 51, 2148 (1983) 

Experimental Symmetry Analysis of Electronic States by Spin-Dependent Photoemission  (Ge) 

 

 

 Pcirc=23% 

                             bulk Ge (2011, our group) 

Polarixed  luminesce                                   Polarized Photoemission 
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sample growth (group IV) 

LEPECVD: Low Energy Plasma Enanched Chemical Vapor Deposition 

G. Isella, D. Chrastina, B. Rössner, T. Hackbarth,H.-J. Herzog, U. König, H. von Känel, 

Solid-State Electron. 48, 1317 (2004) 
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sample growth (group IV) 

LEPECVD: Low Energy Plasma Enanched Chemical Vapor Deposition 

G. Isella, D. Chrastina, B. Rössner, T. Hackbarth,H.-J. Herzog, U. König, H. von Känel, 

Solid-State Electron. 48, 1317 (2004) 

 High density - low energy plasma 

no ion induced damage → epitaxy  

 Deposition rate independent on substrate temperature 

control of surface diffusion lenght  

 wide range of deposition rates 

from 0.1 to 10 nm/s 

 limited effects of surface chemistry 

good control of film composition   
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high quality Ge-based nanostructures 

Bulk-like alloys 
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high quality Ge-based nanostructures 

Layer graded from Si to 

Si0.1Ge0.9  10 µm 

Si(001) wafer 

Si0.1Ge0.9 constant 

composition 1 µm 

Ge 5 nm QW 

Si0.15Ge0.85 10 nm barrier 

Si0.15Ge0.85 10 nm barrier 

100 

Bulk-like alloys 

Strained thin films 

Multiple Quantum Wells 
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Strained thin films 

Strain increases P 

P>50% bulk-limit 
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Strained thin films 
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Strained thin films 

Comparable with III-V strained layers 

High spin-oriented population at CB bottom 

P = 72 ± 3% in compressively strained SiGe 
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Polarized luminescence: SiGe/Ge QW 
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Optical ISHE: Pt/Ge(001) 

Sample: Pt/Ge junction (5 x 5 mm2) 

• 4 nm-thick Pt-layer 

• 450 μm-thick As-doped Ge (ND =1.7 x1016 cm-3 ) 

• 50 nm-thick Au electrodes 

ΔVISHE ≈ cos φ 
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Optical ISHE: Pt/Ge(001) 

Sample: Pt/Ge junction (5 x 5 mm2) 

• 4 nm-thick Pt-layer 

• 450 μm-thick As-doped Ge (ND =1.7 x1016 cm-3 ) 

• 50 nm-thick Au electrodes 

Js is proportional to P 
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ISHE versus hn  
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ISHE versus hn  

Spin-drift diffusion model 

tGe  10-9 s  aLs > 1 tGaAs  10-11 s  aLs < 1 
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Spin photovoltaic cell 

Spin voltage generation through optical excitation 

of complementary spin populations 

F. Bottegoni, M. Celebrano, M. Bollani, P. Biagioni, G. Isella, F. Ciccacci, M. Finazzi 

NATURE MATERIALS | VOL 13 | JULY 2014 | www.nature.com/naturematerials 

 patterning a thin overlayer onto the 

semiconductor surface 

 

 spatially modulating the phase and 

amplitude of the em wave-front 

 

 normal incidence operation 

In plane spin orientation at normal incidence 
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Patterned Pt film on Ge  - modelling 

NATURE MATERIALS | VOL 13 | JULY 2014 | www.nature.com/naturematerials 

Full vectorial three-dimensional 

electromagnetic simulations  

 

performed by the finite-difference 

time-domain (FDTD) approach,  

 

(FDTD Solutions, version 8.5.3, 

Lumerical Inc. Vancouver, Canada). 
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Spatially-resolved ISHE: principles and set-up 

 

NATURE MATERIALS | VOL 13 | JULY 2014 | www.nature.com/naturematerials 
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Optical spin injection and detection through ISHE 

NATURE MATERIALS | VOL 13 | JULY 2014 | www.nature.com/naturematerials 

2D map 

differential voltage signal ΔVISHE  

(exciting photon energy hν = 0.8 eV, incident power W = 150 µW) 

optical reflectivity  

(InGaAs detector)  

horizontal profile 
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Pure spin current generator 

Fig. 1. A pure spin current is constituted by electrons 

with spin-up (thin red arrows) polarization moving 

with velocities (indicated by the hollow red arrows) 

pointing in one direction superposed to an equal 

amount of electrons with spin-down (thin blue 

arrows) polarization flowing in the opposite direction 

(hollow blue arrows). 

  

Fig. 2. Spin voltage generator, 

consisting in a Pt strip evaporated on 

a Ge wafer. Upon illumination with 

circularly polarized light spin-up (red 

arrows) or spin-down (blue arrows) 

accumulation is obtained [13]. 
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Applications ??  

Fig. 3. Proposal for a device to evaluate 

interference between PSCs. A PSC is split 

in two channels where different bias are 

applied. The resulting spin accumulation 

(or PSC intensity) when the two PSCs are 

recombined in the same node is evaluated 

by measuring the electromotive field 

induced across an ISHE sensor. 

Fig. 1. Proposal for an ISHE sensor able to 

directly measure a spin-voltage drop. In 

each arm of the U-shaped structure an 

ISHE electromotive field is induced, 

resulting in a voltage drop proportional to 

the spin-polarization of carriers in the 

semiconductor beneath each arm. 

Measuring the total voltage drop when the 

two arms are connected in series, as in the 

figure, will deliver a signal proportional to 

the difference between the ISHE electro-

motive fields in the two arms, in turn 

proportional to the spin-voltage drop in the 

semiconductor.  
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