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Key objectives of the seminar: 
 

1. Computer-Aided Design and Production of Electronic Devices 
2. Electronics Manufacturing Services 
3. Ensuring the Quality and Reliability of Electronic Devices 

 
 
Guidelines for Oral Presentations 
 

Please note that the overall time available for your presentation is limited to 10 minutes 
allowed for the actual presentation and 5 minutes for discussion. You should plan your 
presentation carefully. You should select your vocabulary to address as wide an audience 
as possible and avoid unfamiliar abbreviations or expressions. Your oral presentation 
should be performed in the way of answers the following questions:  

Why was the project undertaken? 
What was done? 
What was learned? 
What does it mean? 
Remember, the three rules for an effective presentation are: 
x Tell them what you are going to say (spend a few moments introducing your topic and 

what you intend to speak about). 
x Tell them (deliver your talk, including the methods, results and conclusions) 
x Tell them what you said (summarize the most important points of your lecture). 
Please remember that the responsibility of having your paper ready for Presentation at 

the scheduled time is primarily in your hands as the presenter. Check the readability, 
completeness and order of your slides before your presentation. Arrive well in advance of 
the session, and acquaint yourself with the operation of the podium and location of the 
equipment. Seminar staff will be present to assist you. There are no scheduled breaks in 
the agenda so it is mandatory that the presentations be loaded before the beginning of 
each session. 

Be careful to speak in accordance with the sequence of your slides. Avoid making major 
modifications to your transparencies during your presentation. Do not use more than 1 
slide per minute. Please stay within the time limit allocated for your presentation. 

 
Technical equipment provided in the Conference room are: 

x Multimedia video projector; 
x Projection screen; 
x Standard multimedia PC with CD-ROM drive. 

 
The operating system for session computers is Microsoft Windows XP. The available 

software is Microsoft Office 7 (or newer) that includes Word, Excel, PowerPoint, Adobe 
Acrobat Reader, and Windows Media Player. Therefore, all presentations must be 
compatible with these packages. Slide and overhead projectors will not be available! 
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Abstract – The scientific article is devoted to a theoreti-
cal study of the tunneling of electrons through semiconduc-
tor barriers. It is shown that the tunneling process itself in 
such systems is spin-dependent and the transparency of the 
structures depends on the orientation of the electron spins 
even for symmetric barriers in the absence of an external 
magnetic field. The microscopic nature of this effect consists 
in the spin-orbit splitting of electronic states in the barrier, 
which is cubic in the wave vector. The actuality of the article 
is considering the theory of spin-dependent tunneling for 
single barriers and for resonant two-barrier structures. It is 
shown that the dependence of the tunnel transparency of the 
structures on the mutual orientation of the spin and the elec-
tron wave vector can be used for spin injection and for the 
electrical detection of the spin state of electrons. The influence 
of the spin-orbit interaction on the tunneling passage of 
charge carriers through non-centrosymmetric semiconductor 
barriers can manifest itself during the injection of free charge 
carriers from ferromagnets into a semiconductor through a 
potential barrier. The scientific novelty lies in the fact that, in 
the study of tunneling magnetoresistance in the structure of 
Fe/GaAs/Au, an anisotropic dependence of resistance on the 
magnetization of the Fe layer in the interface plane was found. 
Model calculation of the injection of electrons from Fe to Au 
through a semiconductor barrier GaAs taking into account the 
effect, enabled to explain the anisotropy observed experimen-
tally. 

Key words: potential barriers, tunneling, electronic spin, 
wave vector, spin-dependent phenomena, spin-orbit splitting, 
two-barrier structures, magnetoresistance. 

INTRODUCTION 

Spin-dependent tunneling phenomena physics has re-
cently attracted much attention and has been investigating 
the injection of spin-oriented charge carriers from mag-
netic materials into semiconductor structures [1-3]. Spin 
injection (transfer of particles with non-equilibrium spin 
polarization) can be carried out in an external magnetic 
field in structures with spatial inhomogeneity of the ef-
fective q-factor. In this case, particles from one region of 
the structure with an equilibrium spin polarization deter-
mined by Zeeman splitting turn out to be equilibrium 
polarized along the spin, falling into the structure region 
with a different Zeeman splitting value. Injection of elec-
trons with a no equilibrium spin due to a jump of q-factor 
at the interface of the contact and semiconductor, was 
first observed in n-type InSb by nuclear magnetic reso-
nance by the change in the spin polarization of nuclei. It 
was shown later that the efficiency of such a spin injec-

tion method significantly increases with the transfer of 
charge carriers from a semimagnetic semiconductor lay-
er, in which, due to the giant Zeeman splitting effect, free 
carriers are significantly polarized in spin in weak mag-
netic fields. This makes it possible to record the spin ori-
entation of injected charge carriers by optical methods 
using photo or electroluminescence polarization, which 
has been demonstrated for various semiconductor com-
pounds. The possibility of injection of spin-oriented elec-
trons from semi-magnetic CdMnTe into the bulk CdTe 
layer [4], from BeMnZnS to the GaAs/AlGaAs quantum 
well [5], and also from GaMnAs holes to the In-
GaAs/GaAs quantum well [6]. It was shown in [7] that 
effective controlled spin injection can be carried out us-
ing tunnel diodes based on semimagnetic semiconduc-
tors. In this case, the resonance structure acts as a spin 
filter: depending on the applied voltage and the external 
magnetic field, electron tunneling occurs through differ-
ent spin levels, which are energy-shifted relative to each 
other due to Zeeman splitting. Such spin-dependent elec-
tron tunneling in an external magnetic field was studied 
for structures based on semi-magnetic ZnMnSe/BeTe and 
(Zn, Mn, Be) Se [8] semiconductors. It has recently been 
established that the difference between the effective q-
factor of free electrons leads to a spin-dependent photo-
emission of electrons from the surface of semiconductors 
to vacuum. For the practical implementation of spin in-
jectors that work effectively at room temperature, the use 
of ferromagnetic structures seems promising. The possi-
bility of injection of spin-oriented charge carriers from a 
ferromagnet into a semiconductor is shown in [9]. Exper-
imentally, spin injection from a ferromagnet was carried 
out by tunnel scanning microscopy methods in the works 
on the injection of electrons from a Ni needle onto the 
(110) surface of bulk GaAs [10]. The spin orientation of 
electrons on the GaAs surface was detected by the polari-
zation of the luminescence. However, in layered hetero-
structures, the effective transfer of a spin through the 
ferromagnet – semiconductor interface could not be ob-
served for a long time. It was pointed out in the theoreti-
cal work [10] that the fundamental reason for the low 
efficiency of spin injection in heterostructures is the 
strong difference in the conductivity of a ferromagnetic 
material and a semiconductor. It was shown in [11] that 
this problem could be solved if charge carrier injection is 
carried out through a tunneling barrier located between a 
ferromagnet and a semiconductor. This solution turned 
out to be very productive, and in the years to come there 
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appeared publications which investigated spin injection 
into low-dimensional semiconductor structures from var-
ious ferrimagnets, including Fe, NiFe, CoFe and MnAs. 
Experimental results indicate that the degree of spin po-
larization of injected electrons reaches a few tens of per-
cent at room temperature. Recently it has been shown 
that asymmetric tunnel barriers themselves based on 
nonmagnetic structures can be used as spin filters [12]. It 
has been shown that the Rashba spin – orbit interaction 
on nonequivalent interfaces of asymmetric structures 
leads to the dependence of the tunnel transparency of 
barriers on the orientation of electron spins even in the 
absence of an external magnetic field. Such an effect is 
possible only in asymmetric systems with resonant tun-
neling through two-barrier and three barrier structures 
[13;14]. 

I. TUNNELIG THROUGH A SINGLE BARRIER 

It is convenient to begin the analysis of spin-
dependent tunneling with the classical problem of the 
passage of particles through a single rectangular barrier. 
Consider electron tunneling with a wave vector 

zkkk ,//= over the potential barrier of height b
V  and 

thickness b, grown from a semiconductor with a zinc 
blende grating along the crystallographic direction 
z//[001] (Fig.1), where //k  the component of the wave 
vector is in the interface plane, the normal component of 
the wave vector. The Hamiltonian describing the propa-
gation of electrons in the conduction band in each layer 
of the heterostructure, in the approximation of the effec-
tive mass, takes the form 

,ˆ)(
22

ˆ
*2*

2222

DHzV
mzm

H +++
∂
∂−= //k==  (1) 

where *m  the effective mass, which may be different in 
different layers, )(zV  is the profile of the potential ener-
gy of electrons that is, created by the heterostructure, 

b
VzV =)(  in the barrier and 0)( =zV  in the contact re-

gions, DĤ  is the Hamiltonian of the spin-orbit interac-
tion. 

In semiconductors with a zine blende lattice, the spin-
orbit splitting of the conduction band is cubic in the wave 
vector and is described by the Dresselhaus Hamiltonian 
[15] 

[ ],)(ˆ)(ˆ)(ˆˆ 222222

yxzzxzyyzyxxD σH kkkkkkkkk −+−+−= σσγ  (2) 

where γ  the parameter characterizing the force of the 
spin-orbit interaction, ),,(ˆ zyx=ασ α  the Pauli parame-
ters, x//[100], y//[010], z//[001] are the cubic axes of the 
crystal. 

 

Fig.1. Electron tunneling with a wave vector through a rectangular 
potential barrier along the z axis 

In the study of electron tunneling along the z axis, the 
component of the wave vector in equation (2) should be 
considered as an operator zi ∂∂− . We assume that the 
kinetic energy of the incident particles is much smaller 
than the height of the barrier bV . In this case, the main 
contribution to the Hamiltonian of the spin-orbit interac-
tion in the barrier 2

zk is determined by the equation 

.)ˆˆ(ˆ
2

2

z
H yyxxD ∂

∂−= kk σσγ  (3) 

The spin-orbit interaction (3) takes the form similar to the 
first term in the Hamiltonian (1), which describes the 
kinetic energy of an electron along the growth of the 
structure, and therefore can be considered as a spin-
dependent correction to the effective electron mass in the 
direction of tunneling. Since the probability of particle 
tunneling through the barrier is determined, including by 
their mass, such an amendment leads to a dependence of 
the barrier transparency on the orientation of the electron 
spin. Hamiltonian (3) is diagonal zed by spinors 

,1
2

1
¸
¹
·

¨
©
§=

−± ϕ
χ

ieB
 (4) 

which correspond to electronic states with opposite spin 
orientation. Here the polar angle of the wave vector is 

).,sin,cos( zkkkk //// ϕϕ=  

II. SPIN ORRIENTATION DEPENDENCIES 

Particles in spin states ±χ  propagate inside the barrier 
with preservation of the spin for various indicators of the 
attenuation of the wave function for the values of the param-
eter 0>γ . Spatial orientations of electron spins in their 
own states ±χ  depend on the direction of the wave vector 

//k  in the interface plane and determined by the equa-
tion 

).0,sin,cos(
2
1 ϕϕ−±=±s  (5) 

Fig.2 shows the orientation of the spins ±s  for different 
directions of the wave vector k (as a function of the polar 
angle ϕ ). Electronic spins in their own states 

±s  oriented 
along the wave vector //k , if vector //k  directed along 
the cubic axes of the crystal [110] or [010], and is per-
pendicular to the wave vector //k , if //k . We assume that 
the tunneling occurs without scattering processes. In this 
case, the component of the electron wave vector in the 
plane of the interfaces //k  is conserved, and particles 

with spins 
±

s  pass through the barrier with the spin con-
servation. In the basis of Eigen states 

±χ  Hamiltonian (1) 
with spin-orbit interaction (3) is diagonal along spin indices 
and takes the form 
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where 
±

m  is the effective mass of electrons along the 
growth axis of the structure, modified by the spin-orbit 

splitting of the conduction band, .21
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Pic.2. Spin orientation dependencies 
±s  from the direction of the 

electronic wave vector in the plane of the interfaces //k  

Wave function of electrons in their own spin states 
±χ  in each layer of the heterostructure can be represented 

as 

),exp()()( // ρχ kizur ±±± =Ψ  (7) 

where ),( yx=ρ  coordinate n the interface plane. 
The function ),(zu±

 describing the sum of the inci-
dent and reflected wave in region I and the wave in re-
gion III (Fig.1), takes the from 
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where 
±± tr ;  are the amplitude transmission and reflection 

coefficients of particles with spin 
±± q,s  are the indicators 

of wave functions in the barrier, 
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the attenuation coefficient of the wave function without 
taking into account the spin-orbit interaction, 1m  and 2m  
are the effective masses in the contact regions and inside 
the barrier. The use of boundary conditions at the inter-
faces allows writing a closed system of linear equations 
and coefficients ±±±± BArt ,,,  and determine the depend-
ence of the transmission and reflection coefficients on the 
orientation of the electron spins. Since we are interested 
in spin tunneling due to the splitting of the electron spec-
trum in the barrier, we will use standard boundary condi-
tions for the continuity of the wave function ±ψ  and flow 
( ) zm ∂∂ ±± //1 ψ  at heterojunctions. In addition, we will 

neglect the spin-orbit interaction in the contact layers I 
and III, since the spin splitting due to cubic in //k  terms 
in these regions is small. The calculation shows that the 
transmission coefficients ±t  for compounds with moderate 
spin-orbit interaction 1/ 2

2 // <<=kmγ  and sufficiently 
wide ( ) 1exp 0 <<− qb  barriers have the form [15] 
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the transmission coefficient calculated without taking 
into account the spin-orbit splitting of the spectrum. The 
general problem of the passage of electrons with an arbi-
trary initial spin orientation set by a spinor χ  through a 
barrier based on a semiconductor with a zinc blende grat-
ing can be solved by decomposing the Hamiltonian (3) 
into proper spin states ±χ . To analyze spin-dependent 
tunneling, it is convenient to introduce the polarization 
efficiency of the structure [14;15] 

,22
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which describes the relative difference in the probabilities of 
passing the barrier by particles with spins 

±s . Substituting 
the transmission coefficients (10) into (12) leads to the fol-
lowing equation for the polarization efficiency of a single 
barrier 

.2th 02
//2 ¸

¹
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§= bqkmP

=
γ  (12) 

CONCLUSION 

For a fixed value of the longitudinal wave vector //k , 
the polarization efficiency of the tunnel structure increas-
es with increasing spin-orbit coupling constant γ  and 
barrier thickness b. To achieve higher polarization effi-
ciency values, thick barriers must be used. It should be 
noted that an increase in the barrier thickness leads to 
a significant decrease in its transparency and, conse-
quently, to a decrease in the tunneling flux of elec-
trons. The calculation results indicate that the polariza-
tion efficiency can reach several percent for reasonable 
barrier thicknesses. Structures based on the GaSb 
compound and its solid solutions are the most effective 
spin filters due to the large value of the product *mγ  
in these materials. 
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