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Introduction

In recent decades, due to development of the sewhimor fabricating technology
the industry has been able to produce such a Isétectures, so-called mesoscopic
systems, whose characteristics are dominated bwéwelike properties of charged
carriers. In these nanostructures whose size rdmageto be comparable to the
electron’s wave length, mean free path and phakereace length new phenomena
can be detected, which can be explained by the &fvegiantum mechanics. While
investigating transport processes, it was found thea spin of electrons (in what
follows spin) can be used to mostly exploit the i@pated advantages of
“spintronics”, which is a relatively new disciplimamed after the role of spin in the
transmission of information. In the field of spimmics discovery of the giant
magnetoresistance effect was the first true breakgh which in the 1990s
revolutionized the computer industry by signifidgrincreasing the storage capacity
of hard disk drives. Although spin plays only adiiect role in the transmission of
information by changing the resistance of the devibe device behaves classically,
that is the information is determined by the amowointharge. This role has been
intended for the spin in the more recent studiesebaon semiconductors.
Furthermore, for quantum computing, the spin wolbdd that two-level quantum
system which would play the role of the quantum bit

To do this the spin we must be able to performettoasic processes. First, the spin
must be injected, i.e. we need to introduce sujitgiolarized, nonequilibrium spin
into a semiconductor. Once this is done, we neeianipulate the injected spin in
accordance with the purpose. Finally, the manipdiapin has to be detected to read
the information. To achieve any of these three aipans it is essential to be able to
control the spin dependent transport processesnbgpplied magnetic or electric
field [1].

A possible way to polarize spin is to use stackeathin layers (of the order of a
few nanometers) of both differently diluted magoetand nonmagnetic
semiconductors. In the absence of a magnetic fieédelectrons can traverse in these
kinds of heterostructures, since the impuritiesndo significantly change the band
structure of the semiconductor. However, in thespnee of a magnetic field, a
potential barrier arises for spin-up electrons potential well for spin-down ones.
Consequently, the transmission coefficient and ootahce of electrons with
opposite spins will be different, i.e. spin poladzcurrent can be created by an
applied electric field.



Scientific background

In heterostructures composed of stacked differestiged ultrathin semiconductor
layers, the transport properties of the chargedierarare dominated by quantum
interference effects. Due to the doping, some efldlyers act as a barrier for incident
electrons which can traverse in these layers onlytunneling. Tunneling is a
guantum phenomenon. According to the laws of adasgihysics, it is energetically
forbidden for electrons to cross these barriersabse the energies of the incident
electrons are less than the height of potentiaidraHowever, according to quantum
mechanics, electrons can cross these potentidelzmdue to the wave properties of
matter and the probabilistic interpretation of thiave function. The probability of
tunneling decreases exponentially as the widthhef potential barrier increases.
When a second barrier of the same width is addet the region between the
barriers is comparable with the de Broglie wavetbngf the electrons, which in
semiconductors is typically of the order of 10-1fnometers [1], then in certain
incident energies the transmission coefficient barvery high, eventually up to 1
due to the resonant tunneling. Resonant tunnelooyrs in that so-called resonant
energies in which the energies of the incidenttedes correspond to the energies of
the quasi-bound eigenstates of the quantum well.

In 1974 resonant tunneling was observed by TsukiEsad Chang [2] in a Ga
<Al As/GaAs/Ga,AlAs heterostructure in which a potential barriesesisince the
band gap of the GaAlAs is greater than the band gap of the GaAs. Before
experimental proof, Tsu and Esaki [3] investigatesl transport properties in a finite
superlattice and found a negative differential seesice which they explained with
resonant tunneling. Its simplest model is a po#éntiell placed between two
potential barriers having equal widths [4]. Resdanamneling was obtained by
applying a voltage to the barriers to achieve magtbetween the Fermi level in
cathode and the resonant states of the well. Simegotential barrier in the Ga
xAlLAs layers does not depend on the spin, this namdste cannot be used for spin
polarization. The impurities must be magnetic te this kind of heterostructure for
spin polarization. Mn- or Fe-based diluted magnspin superlattices were proposed
by von Ortenberg [5] and achieved by Dai et al. 468 Chou et al. [7]. Recently,
many creative experimental works and many theakstudies have been done by
exploiting this spin-dependent phenomenon. Thedling of electrons in ZnSe/Zn
xMn,Se heterostructure was investigated by Egues [8btdrol spin polarization of
electrons by using an external magnetic field. Byltiplying the number of

paramagnetic layers, the electrons can traverséeterostructure only by resonant



tunneling. The effective potential of these kindsheterostructure depends not only
the spin but also on the electric and magnetid fild on the change of symmetry of
the heterostructure [9]. Therefore, using the cowtidn of these effects, the spin
polarization can be better controlled and this propincreases the possibility of
these devices being used in the future. The ersyggtrum and the electron states of
the structures was studied parallel with the ingesion of transport properties of
structures based on resonant tunneling [10, 11, th®] These investigations can
help the deeper understanding of transport pragserti

The simplest type of system, where giant magneisisexe effect can arise, consists
of a layer of non-magnetic metal sandwiched betweenlayers of a magnetic metal
[13]. If the direction of the magnetization is theme in both magnetic layers, then it
is called a parallel arrangement and if the dimectof magnetization in the two
magnetic layers is opposed, it is called an argifer arrangement. The
magnetoresistances are significantly different he tparallel and antiparallel
arrangements. Therefore, changing the directiormafjnetization of one of the
magnetic layers will significantly change the magnesistance of the device. This
phenomenon can be exploited in many areas. In éaggeriments, between the two
ferromagnetic layers a few atomic layers thick lagr or semiconductor layer is
grown on which electrons are only able to travdrgeaunneling. This phenomenon
cannot only be achieved by growing stacked layeith wdifferent magnetic
properties but it can be achieved by depositing paallel ferromagnets on the top
and bottom of a two-dimensional electron gas [}, These heterostructures based
on tunneling are more advantageous because muah nesistance to change can be
achieved by applying a much smaller magnetic fididie to the way of the
permeation of charged carriers this resistancalied tunneling magnetoresistance.
The role of the spin in the change of magnetorsis is negligible in this latter
type of system in contrast with heterostructuresedaon ferromagnetic layers. The
magnetoresistance ratio (MRR) can be further irsgéay increasing the number of
ferromagnetic strips that are deposited on theat@pbottom of the heterostructure.

Motivations and goals

Nowadays, because of its inherent, yet untappedngat, spintronics has been
extensively studied. A basic condition for usingngnic devices allows us to write,
manipulate, as well as read the information basesipin. The current state of the art
in spin-dependent transport in heterostructuresvshihat spintronic devices based



on resonant tunneling can be used to accomplisérakdifferent important aims and
functionalities necessary for future spintronic lagagions [1].

For all these reasons, we aimed to investigater¢tieally spin polarized current due
to spin dependent tunneling of electrons in a édutmagnetic semiconductor
ZnSe/ZnMn,Se/Zn. Mn,Se/ZnSe/Zp,Mn,Se/ZnSe heterostructure in the presence
of parallel magnetic and electric fields. In thgrasetric system, the transmission of
electrons and the degree of spin polarization démenthe strength of the magnetic
and electric fields and on the direction of the legabbias. Therefore, we aimed to
investigate the influence of magnetic and eledteills on spin polarization, i.e. how
a high degree of polarization can be achieved ditiad to the relatively high value
of current flowing through the system.

Furthermore, we aimed to investigate theoretictily spin-dependent tunneling of
electrons in asymmetric double quantum wells andidya composed of different
sequences of diluted magnetic and nonmagnetic amellbarrier materials for ZnSe
based semiconductor heterostructures in the presefcparallel magnetic and
electric fields. If one of the semiconductor layéssdoped with a non-magnetic
material, a structural asymmetry will be built intbe system. This structural
asymmetry can be changed over a wide range withetgand electric fields to
regulate the spin polarization and the current.

Analysis of the energy spectrum and states of ectreln is essential to more deeply
understand its transport properties. Therefore, aimed to investigate these
quantities in a non-magnetic/magnetic ZnSe/&m,Se quantum well placed
between two materials acting as barriers for edestr A potential step is formed at
the interface between the non-magnetic and magneierial in the presence of a
magnetic field since spin-up electrons see a banf®reas the spin-down ones see a
well. This leads to a spatial segregation of sginaand spin-down electrons, which
produces a rich band structure. Our model is fortmgdnfinitely high barriers. It
consists of a non-magnetic and a magnetic layeth€umore, we aimed to study the
electron states, which, together with generalizatio barriers of finite height can
create an opportunity to investigate the transpaperties of the quantum well.

In the newer generation of devices utilizing magregtistance, the tunneling
magnetoresistance is used when the device is wgrKinis phenomenon can also be
created by depositing ferromagnetic strips on tipeaind bottom of a heterostructure.
Therefore, we aimed to study theoretically how tivenber of ferromagnetic strips
changes the magnetoresistance and modified mags&ttance of two-dimensional
electron gas in a GaAs heterostructure.



Applied methods

For the theoretical studies of transport propertieshe ZnSe-based systems, it is
widely agreed that transport can be consideredsbell This means that there is no
electron scattering, i.e. the electron’s mean fr@th is comparable to the dimensions
of the sample. This simplification can be done lfox electron density and high-
purity samples. We are getting closer to this tattendition with the progress in
fabrication technology. In our model, we used th®gle-electron effective mass
approximation, and we assumed a single-electroec#fe mass throughout the
heterostructure. For the Hamiltonian of an elegtwa considered the interactions of
an electron with an external magnetic field andapplied electric field, the Zeeman
splitting of the electron, the spin-dependent ergeainteraction, and the zero
magnetic-field potential profile due to the condaetband offset among the different
doped layers. The exchange interaction betweenMh& ions depends on the
thermal average of the z component of theMspin which is given by the modified
5/2 Brillouin function. In the layers doped witHférent Mn concentrations, the Mn-
Mn interaction is also different. This was cons@teby adding a temperature value
depending on the Mn-Mn interaction in that layerthe temperature of the whole
heterostructure. In our model we used Landau-leselshat the motion along the
magnetic field is decoupled from the motion perpemdr to the magnetic field. In
this case the spin-dependent conduction-band efldeecheterostructure can be
approximated with one-dimensional potential wellsd abarriers. By using the
transfer matrix method, the reduced one-dimensiaitagle-electron Schrodinger
equation can be solved in each region and thermias®n coefficient through the
whole structure can be obtained. The current deisicomputed as the average of
the product of the transmission coefficient and gheup velocity with the Fermi-
Dirac function.

A ZnSel/ZnMn,Se heterostructure placed between two oxide layassconsidered
as a quantum well which is confined by infiniteliglh barriers. For the Hamiltonian
of an electron we followed procedure describedhénfireceding paragraph. However
in this case the concentration of Mn in the Mn-dbpeeyer is so low that we could
neglect a conduction band offset between the Mredgmramagnetic layer and the
non-magnetic layer in line with the earlier studi@s9, 15, 16]. When the magnetic
field is perpendicular to the two-dimensional elentgas, by using Landau-levels
the motion along the magnetic field is decoupledrfthat in the plane perpendicular
to magnetic field. Then the wave function can bétem as a product so the motion

of the electrons can be reduced to a one-dimenisgoalem. When the magnetic



field is in the plane of the two-dimensional electrgas, the Schrodinger equation
was written using the Landau gauge. Since the angpkcomponents of momentum
commute with the Hamiltonian, the wave functiomliso sought as a product.

The magnetic field of the ferromagnetic strips tha¢ deposited on the top and
bottom of the two-dimensional electron gas was axprated by effective delta
functions. The Hamiltonian describing such a systeas written in the single-
particle effective mass approximation. The magnegictor potential can be written
in the Landau gauge. Because the system is traomsddly invariant, the wave
function can be written as a product. By introdgaifimensionless units, the problem
was reduced to a one-dimensional tunneling probWm calculated the conductance
for ballistic transport as the electron flow averd@ver half the Fermi surface.



New scientific results

1.  We have investigated theoretically the spin-depenhtieneling of electrons in
a diluted magnetic semiconductor ZnSeldn,Se/Zn.,Mn,Se/ZnSe/Zn
Mn,Se/ZnSe heterostructure in the presence of parabiginetic and electric
fields. We have calculated the transmission coeffic spin polarization and
current polarization. Our model is appropriate &y dilute magnetic 11-VI
semiconductor system. We have shown in this asynunsystem that the
transmission of electrons and the degree of splarigation depend on the
strength of the magnetic and electric field andtln direction of the applied
bias. We have shown that for suitable magneticedadtric fields, the output
current of the system exhibits a nearly 100% smitanzation, therefore the
device can be used as a spin filter [I]

2. We have investigated theoretically the spin-depentimneling of electrons in
asymmetric double quantum wells and barriers coegposf different
sequences of diluted magnetic and non-magnetic amel barrier materials
based on  ZnSe/4nBe,Se/ZnSe/Zp,Mn,Se/ZnSe  and  ZnSe/{n
/Cd,Se/ZnSe/Zp,Mn,Se/ZnSe heterostructures in the presence of plaralle
magnetic and electric fields. We have calculatedttansmission coefficient,
the spin polarization and the current polarizate have shown that in these
systems the transmission of electrons and the degfespin polarization
depends on the strength of the magnetic fields (duthe sp-d exchange-
enhanced spin splitting) and electric fields andmndirection of the applied
bias, resulting in a highly spin polarized gas. Wée demonstrated that the
difference in the effective potential leads to eastidctively different
transmission for electrons with opposite spins iglenhanced by increasing
the magnetic field. Our results show that the degrespin polarization can be
adjusted by the direction of the electric field. Wave also shown that these
structures display features of a diode, while fatable magnetic field value
the spin-up currents are blocked. Therefore, usdéable external magnetic
and electric fields these structures can play abkowole: having a spin-
filtering function and a diode function [lI].

3. We have calculated the energy spectrum, statescityebind density of states
of an electron in a ZnSe/ZgMn,Se (non-magnetic/magnetic) heterostructure
placed between two materials acting as barrietheénpresence of a magnetic
field perpendicular or parallel to the well. We Bashown that a potential step
is formed at the interface between the non-magmetit magnetic material in



the presence of a magnetic field since spin-uptreles see a barrier whereas
the spin-down electrons see a well. This leadsdpadial separation of spin-up
and spin-down electrons. We have demonstrated a@hatunusual group
velocity for the electrons and density of statethvein unusual structure is
obtained. We have shown that as a result a ricll [saicture is obtained
which can be tuned by a perpendicular electriadfiélurthermore, we have
shown how the electron states can be manipulatesubly an electric field.
We have also shown that this manipulation is duart@lectric-field induced
spatial shift of the electron wave function at dans electron density. Based
on our model, it is obvious that similar resulteskl be obtained for confined
non-magnetic/magnetic heterostructures other thanparticular one studied
in the present work [l11].

We have studied the giant magnetoresistance effdxith can be achieved by
depositing parallel ferromagnets on the top and blotom of a GaAs
heterostructure. We have demonstrated that the etagsistance ratio is
greatly influenced by the number of unit cells, aiséthg even a double unit the
amplification rate is about 4.9 x f0We have demonstrated that the modified
magnetoresistance ratio shows oscillations, whbee nrumber of peaks is
determined by the number of units. We have alsowshdhat for
experimentally accessible parameters for a GaAsrbstructure, the value of
the modified magnetoresistance ratio can be as agh5% for a realistic
electron density. We have also demonstrated ttsnesnce splitting occurs
around the Fermi energy in the modified magnetstasce ratio curves when
it is plotted as a function of the Fermi energyislindicated that these kinds of
magnetic structures may be promising for seleatieetron injection devices
[IV].

Publications

[I] G. Papp, S. Borza, and F. M. Peeters, J. Apblys. (IF = 2,49897, 113901
(2005).

[ll] G. Papp, S. Borza, and F. M. Peeters, PhyatuStSolidi b (IF = 0,8963243
1956 (2006).

[N S. Borza, F. M. Peeters, P. Vasiolopoulosda@. Papp, J. Phys.: Condens.
Matter (IF = 1,886)L9, 176221 (2007).

[IV] G. Papp and S. Borza, Solid State Commun~1F979)150, 2023 (2010).



References

[1] J. Fabian, A. Matos-Abiague, C. Ertler, P. $tah Zutic, Acta Physica Slovaca
57, 565 (2007).

[2] L. L. Chang, L. Esaki, and R. Tsu, Appl. Phisett. 24,593 (1974).

[3] R. Tsu and L. Esaki, Appl. Phys. Le22, 562 (1973).

[4] G. Papp, A. Baldereschi, Alagutazas félvében, Fizikai Szemle6, 268-272
(1996).

[5] M. von Ortenberg, Phys. Rev. Le49, 1041 (1982).

[6] N. Dai, H. Luo, F. C. Zhang, N. Samarth, M. Dowolska, and J. K. Furdyna,
Phys. Rev. Lett67, 3824 (1991).

[7] W. C. Chou, A. Petrou, J. Warnock, and B. Thkar, Phys. Rev. Let67, 3820
(1991).

[8] J. Carlos Egues, Phys. Rev. L&, 4578 (1998).

[9] Y. Guo, B.-L. Gu, H. Wang, and Y. Kawazoe, Phigev. B63, 214415 (2001).
[10] A. Matulis, F. M. Peeters, and P. Vasilopoul&¥ys. Rev. Lett72, 1518
(1994).

[11] J. Reijniers and F. M. Peeters, J. Phys: Cosd®latterl2, 9771 (2000).

[12] G. Papp and F. M. Peeters, J. Phys: Condeattekl 6, 8275 (2004).

[13] http://www.nobelprize.org/nobel_prizes/phydiaareates/2007/popular-
physicsprize2007.pdf

[14] G. Papp and F. M. Peeters, J. Appl. Pt§@ 043707 (2006).

[15] N. Dai, H. Luo, F. C. Zhang, N. Samarth, M.lbowolska, and J. K. Furdyna,
Phys. Rev. Lett67, 3824 (1991).

[16] K. Chang and F. M. Peeters, Solid State Comrh2@, 181 (2001).




