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Chapter 1

Introduction

Gallium arsenide doped with manganese is a flag member of the group of semicon-

ductors which at low temperatures exhibit ferromagnetism. These so called diluted

ferromagnetic semiconductors are mainly III-V compounds with part of the cations

substituted by magnetic ions. Since the discovery of such materials at the 90-ties of

previous century, the ferromagnetic p-type (Ga,Mn)As is by far the most studied and

best understood. For (Ga,Mn)As also the highest temperature of the transition to

the ferromagnetic phase (173 K) has been achieved [70].

In this dissertation we present a theory, which allows to describe the inter-

layer coupling between the (Ga,Mn)As layers as well as the spin-dependent transport

in all-semiconductor magnetic tunnel junctions (MTJ). In the diluted ferromagnetic

semiconductor (Ga,Mn)As the ferromagnetism is hole-mediated and results from en-

ergy gain upon the redistribution between hole spin sub-bands [16]. Thus, the whole

complexity of the (Ga,Mn)As valence bands resulting from strong spin-orbit interac-

tions has to be taken into account in the calculations of the band spectrum of these

multilayers. In our model a multi-orbital empirical tight-binding approach is used to

describe correctly the band structure and energy spectrum in the studied multilayer

systems. In contrast to the standard k ·p method [53, 8], this theory allows to describe
properly the band dispersion in the entire Brillouin zone as well as the interfaces and

inversion symmetry breaking.

1.1 Interlayer Exchange Coupling

The discovery of the interlayer exchange coupling (ICE) is inherently connected with

the discovery of gigantic magnetoresistance (GMR) effect. The GMR effect mani-

fests itself as decrease in electrical resistance in the presence of a magnetic field [2].

However, the origin of this phenomena was latter [52] credited to the previously dis-

covered [25] interlayer exchange coupling. The IEC structures are usually composed

7



8 CHAPTER 1. INTRODUCTION

out of two magnetic layers separated by nonmagnetic spacer. The interlayer exchange

coupling leads to a spontaneous antiferromagnetic or ferromagnetic ordering of the

magnetic layers. In the case of GMR effect, the magnetic layers are antiferromagneti-

cally coupled by ICE, but when an external magnetic field is applied both layers align

with the field and the device resistance decreases, as shown on Fig. 1.1.

Figure 1.1: GMR device with ferromagnetic layers in (a) the antiferromagnetic spon-
taneous configuration (b) the ferromagnetic configuration in non-zero magnetic field.
In a) the spin-polarized current cannot pass through the magnetic layers and the
device resistance is higher.

In order to quantify the above effect the magnetoresistance ratio has been

introduced. In the literature the ratio is given in two different ways as shown in the

next equations. The optimistic GMR ratio is given as:

GMRo =
RAFM − RFM
RFM

=
IFM − IAMF
IAFM

, (1.1)

where RX denotes resistance of configurationX or IX denotes current flowing through

the device in configuration X. In contrast the pessimistic GMR ratio is defined as:

GMRp =
RAFM − RFM
RAFM

=
IFM − IAMF
IFM

. (1.2)

Throughout this dissertation we use only the first optimistic definition of MR. When

needed the pessimistic ratio can be derived using the following equality:

GMRo =
1

1−GMRp
− 1. (1.3)

The structures considered in [25, 2] are all metallic, and so have a high den-

sity of states on Fermi level. In such a case the dominant contribution to the IEC

comes from magnetic ”information” transfer via electrons in the spacer layer. This

mechanism is analogical to the mechanism responsible for the RKKY interactions,
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which lead to the spin dependent changes of the density of states due to the quantum

interference of conduction electron waves [9]. It has been also proven that similar

mechanism, however mediated by valence-band electrons, leads to long range mag-

netic correlations also when there are no free carriers in the system [4]. The IEC

transmitted by valence-band electrons, determined within this model, correlates an-

tiferromagnetically the spins at the two interfaces bordering each nonmagnetic layer

of the SL. According to the experimental findings, such spin-spin interactions cause

zero net magnetic moment in the case of AFM EuTe/PbTe SL [37] and an AFM cou-

pling between successive FM EuS layers in EuS/PbS SL [35, 65]. The strength of the

IEC diminishes quickly (exponentially) with the distance between the spins, i.e., with

the thickness of the nonmagnetic spacer layer and actually doesn’t depend on the

magnetic layers’ thickness. In Refs [65] and [11] a thorough examination of the exper-

imental results, especially of the temperature and magnetic field dependence of the

SQUID magnetization, guided the authors to the conclusion that such IEC describes

correctly all the neutron-scattering and magnetic observations in EuS/PbS structures

with ultrathin (ca 1.2 nm thick) PbS spacers. The traces of the coupling observed by

neutron scattering in samples with relatively thick spacers have been noted. However,

the coupling has been accredited to the weak but slowly decomposing contribution

from the dipolar interactions [35, 11].

In contrast, in the (Ga,Mn)As-based semiconductor ferromagnetic/nonmagnetic

systems interlayer coupling of opposite FM sign was observed. Similar results have

been obtained by different means: by magnetic measurements [1, 12, 14], neutron

diffraction [67] and polarized neutron reflectometry [36]. The (Ga,Mn)As-based struc-

tures are very different from EuS-based structures. First of all, in contrast to the

simple rock-salt crystal structure of EuS-based SL, they crystallize in zinc blende

structure. Moreover, PbS is a narrow gap, whereas EuS is a wide gap semiconductor.

In EuS/PbS SL the spacer layers form deep wells in the energy structure of the mul-

tilayer – here, the band structures of the magnetic ((Ga,Mn)As) and nonmagnetic

(GaAs, (Al,Ga)As) materials are either very similar or the spacer layers introduce

potential barriers for the carriers. It should be noted, however, that in EuS-based

structures the wider energy gap of the spacer material does not lead to different char-

acter of IEC, but results only in a reduction of the coupling’ strength and range.

This was shown by theoretical studies of the coupling between EuS layers separated

by YbSe and SrS insulators [58] and confirmed by neutron reflectivity experiments

in EuS/YbSe SL [34]. Finally, the system is no longer a magnetic electrically neu-

tral semiconductor, but diluted magnetic semiconductor, where the ferromagnetism

is carrier-induced [16] and requires a large concentration of holes. This and all other

differences may considerably affect the IEC and lead to the observed IEC sign.

In Refs [1] and [12] the observed much weaker IEC in samples with high (30%)

Al content in the (Al,Ga)As spacer led the authors to the conclusion that the coupling

between the FM layers is mediated by the carriers in the nonmagnetic layer. Recently,
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it was also shown that introducing extra holes by Be-doping of the GaAs spacer

increases the interlayer coupling [14]. In order to explain the spin correlations between

(Ga,Mn)As layers the RKKY mechanism and the models tailored for metallic systems

were invoked in Refs. [32, 6].

1.2 Magnetic Tunnel Junctions

In early 1970s Tedrow and Meservey [69] showed a possibility of spin sensitive trans-

port between two ferromagnetic (FM) films resulting from the spin conservation in

electron tunneling. Soon after Jullière put forward a quantitative model, in which the

resistance of a tunnel junction consisting of two FM layers separated by a thin insu-

lator depended strongly on the relative orientation of the magnetizations in the FM

leads, i.e., the tunnel magnetoresistance (TMR) effect was discovered [31]. These two

findings started intensive experimental and theoretical studies of the spin tunneling

and showed its tremendous potential for applications as, e.g., nonvolatile magnetic

memory elements, read heads, field sensors and other spintronic devices. At the end of

the century the efforts paid off with high TMR values at room temperature achieved

repeatable in various trilayer structures of metallic ferromagnets [47, 54] and with

fabrication of magnetic tunnel devices [5, 71]. Despite these achievements, several

features of spin polarized tunneling remain not fully explained up to now. In par-

ticular, a rapid decrease of TMR with increasing bias voltage, which hampers the

functionality of the devices, is observed in all FM metal/insulator tunnel junctions

– this so called ”bias anomaly” was not implied by the simple Jullière model and

although many different phenomena (like the emission of magnons or scattering at

impurities or defects) were invoked to account for the effect, none of these attempts

was fully conclusive [47, 17]. The MR ratio (1.1) defined for GMR is used in analogical

way for the TMR effect, and again we use here only the optimistic definition.

In contrast to the metalic structures all-semiconductor magnetic tunnel junc-

tions offer potential for precise control of interfaces and barrier properties, partic-

ularly in the case of III-V compounds, for which epitaxial growth of complex het-

erostructures containing ferromagnetic (Ga,Mn)As or (In,Mn)As layers is especially

advanced [44]. Intensive studies of such multilayers with modulated magnetization

have proven that most of the phenomena essential for realizing functional spintronic

devices can be observed also in these all semiconductor MTJs. The III-V ferromag-

netic p-type semiconductor (Ga,Mn)As with its high spin polarization [16] appeared

to b the most promising material. First of all an efficient electrical injection of spin

polarized carriers – spin injection from p-(Ga,Mn)As into non-magnetic semiconduc-

tor has been achieved for spin polarized holes [49]. Later, injection of spin polarized

electrons was demonstrated by employing interband tunneling from the valence band

of (Ga,Mn)As into the conduction band of an adjacent n-GaAs in a Zener-Esaki



1.2. MAGNETIC TUNNEL JUNCTIONS 11

diode [40, 29, 39]. Recently, a very high spin polarization of the injected electron cur-

rent (ca 80%) was obtained in such devices [18, 39]. Moreover, many other phenomena

related to spin-dependent tunneling were observed in (Ga,Mn)As-based structures,

e.g., the spin-dependent resonant tunneling [48] and the tunneling magnetoresistance

(TMR) effect. The research on TMR was carried out by various groups and resulted

in an increase of the observed TMR ratio from about 70% reported by Tanaka and

Higo [68] to values higher than 250% [45, 13, 21]. Both effects, the TMR and the

spin polarization of tunneling current in the Zener-Esaki diode in the GaMnAs-based

structures exhibit the same phenomena observed previously in metallich TMR struc-

tures – ”bias anomaly”, i.e., the rapid decrease with the increase of the applied bias.

Recently, it was also reported that the magnetoresistance of the (Ga,Mn)As-based

tunnel junctions is very sensitive to the direction of applied magnetic field. This so

called tunnel anisotropic magnetoresistance (TAMR) effect was observed when the

saturation magnetization direction was changed in-plane [24, 55, 22], as well as when

it was turned perpendicular to the magnetic layer [22, 23].

1.2.1 Zener-Esaki Diode

For the design and fabrication of novel spintronic devices, a detailed understanding of

spin polarized Zener tunneling in (Ga,Mn)As-based semiconductor heterostructures

is of primary importance. In the design of spintronic devices, the p-type character

of (Ga,Mn)As introduces a disadvantage due the low hole spin lifetimes in GaAs.

In order to obtain a spin polarized electron current using the n-type (Ga,Mn)As an

inter-band tunneling is needed [41, 30]. Recently, a very high spin injection, about

80%, has been observed in especially tuned and fabricated Zener-Esaki diode [18].

The details of the structure is shown in Table 1.1. The stacking direction is [001].

Thickness Material Doping
20 nm Ga0.92Mn0.08As p= 3.5×1020cm−3
9 nm GaAs n= 9×1018cm−3
90 nm AlxGa1−xAs n= 1×1017cm−3
100 nm GaAs p= 2× 1018 cm−3
200 nm Al0.3Ga0.7As p= 2×1018cm−3
1 µm GaAs p= 1×1018cm−3

Substrate GaAs p= 1×1018cm−3

Table 1.1: The spin-LED structure along stacking direction [001].

The structure is composed out of two diodes, the Zener-Esaki diode serves as

an injection device, whereas the second LED diode serves as an spin detector as shown

on Fig. 1.2 a. In such a device the current starts flowing after the Zener voltage is

reached, see Fig. 1.2 b.
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Figure 1.2: The schematic view of the band structure of the spin-LED structure for
a) zero bias b) for Zener bias.

We can derive the current spin polarization out of the emitted light polariza-

tion. In this structure, the Al-concentration in the spin-drift region was engineered

together with the doping concentration in order to provide an effective barrier for

the holes, such that carrier generation due to impact ionization was eliminated at

low bias. The observations of the spin polarization and the current versus the applied

bias voltage are summarized in Fig. 1.3(a) and 1.3(b), respectively. We see that the

degree of spin polarization in the injected current depends strongly on the applied

bias. This effect hampers the functionality of this spintronic device as obtaining high

current that would be spin polarized is difficult.

3020100
I  (mA)

100

50

0

Π
in

j  
  (

%
)

2.82.42.01.6
V (V)

(a) (b)

Figure 1.3: The degree of injected spin polarization measured at 4.6 K as a function
of the applied bias voltage (a) and the current (b) from Ref. [18].

It should be noted that in this experiment the magnetization direction points

slightly out of plane (27◦), because the experiment is performed in the presence of

field. The non-zero out of plane magnetic field is applied in order to force the electrons’

spins to rotate by 90◦ in the LED diode. This is forced by the selection rules in the

quantum well, because otherwise the emitted light would lose the spin information.

The situation is schematically presented in the following figure.
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Figure 1.4: The experiment from Ref. [18] is carried out in the presence of non-zero
magnetic field in order to force the electrons’ spins to rotate when they reach the
LED diode.

The Esaki-Zener diode besides serving as a spin injection device exhibits tun-

neling anisotropic magnetoresistance effects, i.e., when the magnetization direction in

the spin injecting (Ga,Mn)As is changed the height of the tunneling current changes

as well [18, 23]. The both effects are schematically shown on the following figure.

Figure 1.5: In the in-plane tunneling magnetoresistance in Esaki-Zener diode (a) the
magnetization direction is rotated in the structure plane. In the perpendicular TAMR
the currents in in-plane spontaneous configuration b.1) and perpendicular configura-
tion b.2) are compared.

In the case of in-plane TAMR when rotating the magnetization direction we

determine the minimum Rmin and the maximum Rmax resistance of the structure,

which are used to determine the TAMR ratio. In contrary in perpendicular TAMR

the resistance R0 in the in-plane spontaneous configuration and the resistance RH⊥
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in perpendicular configurations is used. The in-plane TAMR ratio is defined as:

TAMR‖ =
Rmax −Rmin
Rmin

, (1.4)

The perpendicular TAMR is given as:

TAMR⊥ =
R(H⊥)−R(0)
R(0)

. (1.5)

The perpendicular TAMR in Esaki-Zener diode was observed by Giraud et

al. [23] and the seen magnitude of the effect was 20% and decreasing with applied

bias. Some observation of the in-plane TAMR were pervormed by Van Dorpe et al. [19]

and have shown a difference of several percents between the [110] and [110] axis.

1.2.2 Tunneling Magnetoresistance

The typical tunneling magnetoresistance (TMR) devices consist of a trilayer structure

with two interfaces, for instance, two magnetic p-type GaxMn1−xAs contacts separated

by a nonmagnetic GaAs barrier. In such structures a strong TMR effect, i.e., a large

difference in the resistance of the device for two configurations: parallel (ferromagnetic

– FM) and the antiparallel (antiferromagnetic – AFM) alignments of magnetizations

in the contacts, has been observed. The TMR device is schematically presented on

Fig. 1.6.

Figure 1.6: The scheme of TMR device for a) AFM configuration and b) FM config-
uration. Due to the mismatch of magnetization directions in AFM configuration the
device exhibits higher resistance.

One should note that the GaAs spacer forms a barrier for holes originating from

(Ga,Mn)As due to the materials band offsets. Hence, indeed for (Ga,Mn)As/GaAs/(Ga,Mn)As

trilayers we deal with tunneling effect. This is the case for AlAs spacer as well as AlAs

forms even a higher barrier. The exact band offsets are presented in details on Fig 1.7.
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Figure 1.7: The schematic band structure of the (Ga,Mn)As/GaAs/(Ga,Mn)As (a)
and (Ga,Mn)As/AlAs/(Ga,Mn)As (b) heterostructures for the hole concentration p =
3.5× 1020 cm−3.

The TMR value is usually described by so called TMR ratio, which is defined

in the following way

TMR =
RAFM −RFM
RFM

, (1.6)

where RFM and RAFM are the structure resistances for the FM and AFM configura-

tion, respectively. The ratio capture the relative change in resistance between AFM

and FM configuration and similarly to the gigantic magnetoresistance effect we as-

sume here the optimistic view.

A very large in-plane anisotropic tunneling magnetoresistance was observed

in Refs. [24, 55, 22]. However, the large magnitude of the effect has been attributed

to the insulator-metal transition taking place in the sample when the magnetiza-

tion vector was rotated. Moreover, these observation seem to be hard to reproduce.

Simultaneously a very small TAMR effect has been observed by other groups [57].

1.3 Overview

The aim of this dissertation is the development of the model capable to describe the

spin effects in materials based on (Ga,Mn)As. Due to several reasons we have chosen

tight-binding framework to work with. Within the tight-binding approach it is possi-

ble to take into account all the effects that play role on the interfaces, in particular the

Rashba and Dresselhaus terms, which are very important for spin transport and spin

tunneling [60]. Due to strong spin-orbit mixing one can expect in (Ga,Mn)As-based

structures the spin diffusion length to be shorter and comparable to the phase coher-
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Figure 1.8: In the in-plane tunneling magnetoresistance (a) the magnetization di-
rection is rotated in the structure plane. In the perpendicular TAMR the currents
in in-plane spontaneous configuration b.1) and perpendicular configuration b.2) are
compared.

ence length. This makes the models based on the diffusion equation, which describe

well the spin tunneling phenomena in metallic junctions, non applicable to the struc-

tures consisting of (Ga,Mn)As layers. Thus, to describe the spin-dependent tunneling

in various (Ga,Mn)As-based semiconductor heterostructures with modulated magne-

tization we consider vertical spin coherent transport within the Landauer-Büttiker

formalism. The model disregards disorder and effects of carrier–carrier interactions,

so that it is applicable to the carrier density range and length scales, where localiza-

tion effects are unimportant. Additionally, in the cases when carrier relocation may

play important role we enhance the model with the self-consistent procedure in order

to compute band profiles in the structures.

This dissertation is structured as follows. In the next chapter we introduce our

model. We start by presenting the tight-binding approach in Chapter 2. In this chap-

ter the model is formulated using cyclic boundary condition and all details needed

for (Ga,Mn)As based heterostructures are reviewed. In particulary we present our ap-

proach for modeling ferromagnetism in diluted magnetic semiconductor (Ga,Mn)As.

The next chapter is devoted to the interlayer exchange coupling which is the first ap-

plication of our model. The 3 chapter is devoted to the Landauer-B uticcker formalism.

This time we use the formulation of the tight-binding model for open boundary con-

dition as needed in tunneling structures with two interfaces. Moreover, we extend the

model with the self-consistent procedure. The next two chapters present the results
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obtained within the tunneling model. In Chapter 5 we consider Zener-Esaki tunneling

diode, whereas in Chapter 6 we cope with TMR structures.



Chapter 2

Tight-Binding Method

Tight-binding model is one of the most basic approaches that allows to determine

the energy band structure in solid state. This calculated dispersion relations for elec-

tron and holes can be later used to determine other material properties. The method

was developed as an ab-initio procedure and its application shed new light on several

physical phenomena. Later, new ab-initio methods have been created, which deliver

more accurate results. Astonishingly, the tight-binding model has not been aban-

doned, but the development of new methods allowed to apply it to a wider spectrum

of problems. This was possible due to the creation of the semi-empirical version of

this method. In the semi-empirical method we set some values of the model to be

free parameters, instead of obtaining them from calculations within the model. These

parameters are determined from other ab-initio calculations or are taken from ex-

periments. This approach would be useless, unless the tight-binding model had the

following advantages:

• it is physically transparent;

• it is computationally efficient.

This allows us to incorporate into the model new effects and easily use the parameters

coming from different calculations within it. The parameters can be taken from other

more accurate models and then used in more complex calculations, which would not

be possible in the original model. Additionally, the model automatically describes

interaction of electrons with crystal lattice in its whole complexity, i.e.:

• describes well the interfaces and their symmetry,

• includes Rashba and Dresselhaus terms,

• takes into account the whole Brillouin zone.

18
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In our calculations we are studying structures where the symmetry is broken

along the z axis whereas along axes x and y a translational symmetry is present.

Moreover, we are considering two types of boundary conditions for the z axis:

• cyclic boundary conditions,

• open boundary conditions, i.e, structures between two half infinite leads.

Dependently on the type of boundary conditions the details of the tight-binding model

have to be slightly modified due to different quantum numbers needed to describe

the wave functions. In the case of cyclic boundary conditions the wave functions

are described by the wave vector k and function number n, whereas when open

boundary conditions are present we need to use in-plane wave vector k‖ and energy
E. In this chapter we describe the tight-binding description in the case of cyclic

boundary conditions. This formulation is used in order to study interlayer coupling

in supperlattices (Chapter 4). However, in the next chapter (Chapter 3) in order to

describe tunneling we concentrate on the case of open boundary conditions. Moreover,

our self-consistent tight-binding model is developed in the case of open boundary

conditions, because we will be later on interested in studying the impact of charge

relocation in tunneling structures.

2.1 Tight-binding Model

Let us now present ingredients forming the tight-binding method. Here, we consider

the case where the studied structure has translation symmetry along all three axes.

A different case in which only two symmetries are present will be considered in Chap-

ter 3. We start by considering the Hamiltonian of electron system in presence of a

static ion field:

Ĥ = T̂ + Vee + Vei, (2.1)

where T̂ is kinetic energy operator, Vee is inter-electron interaction potential, and Vei
is electron-ion interaction potential. The energy E and the state Φ of the system is

given by the eigenvalue equation::

ĤΦ = EΦ. (2.2)

The first step in the construction is a one-election approximation, where we

assume that the election interacts with ions and with effective field coming from

other electrons. Now, the most important step of the tight-binding method follows.

We write the above equation using linear combination of atomic orbitals (LCAO):
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|k, n〉 =
∑

α

c(n)α |k,Ψα〉, (2.3)

where α is the orbital and atom index in the crystal basis. The functions |k,Ψα〉
are constructed from atomic orbitals Ψα and they form eigenvectors of T̂R for lattice

vectors R:

|k,Ψα〉 =
1√
N

∑

R

eikRT̂R+bα |Ψα〉, (2.4)

where bα is the location of basis atom, whereas N is the number of unit cells.

The Schrödinger equation can be now written as:

(Ĥ − En(k))|k, n〉 = 0. (2.5)

Multiplying this equation by 〈Ψβ,k| we get:

1

N

∑

R,R′,α

c(n)α e
ik(R−R′)〈Ψβ|T̂−R′−bβ(Ĥ − En(k))T̂R+bα|Ψα〉 = 0. (2.6)

Using invariance of the above equation for the basis vectors:

∑

R,α

c(n)α e
ikR

(

〈Ψβ|T̂−bβĤT̂R+bα|Ψα〉 − En(k)〈Ψβ|T̂R+bα−bβ |Ψα〉
)

= 0. (2.7)

Loewdin [42] has shown that the atomic orbitals that are located on the vertices

of the lattice can be diagonalized assuring that they maintain their characteristic

properties such as magnetic moment. The resulting orbitals |Ψ′α〉 are not located on
a single lattice vertex and are composed of orbitals located on several vertices. Using

these orbitals we get (2.7):

∑

R,α

c(n)α e
ikR

(

〈Ψ′β|T̂−bβĤT̂R+bα|Ψ′α〉 − En(k)δα,βδR,0
)

= 0. (2.8)

The above equation allows us to write the Schrödinger equation as the matrix

eigenvalue equation. The entries of the matrix H are indexed by α and are defined

as:

Hβ,α =
∑

R

eikR〈Ψ′β|T̂−bβĤT̂R+bα |Ψ′α〉,

now the Schrödinger equation becomes:

Hc(n) = En(k)c
(n),

where c(n) is the vector of the c(n)α components.
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In order to simplify the above equation further we make the following assump-

tions:

• We include only first neighbor and next neighbor interactions, because interac-

tion with further orbitals is usually less important.

• We include only one |Ψ′α〉 orbital for each valence electron. Due to this assump-
tion the model becomes more physically transparent, because obtained states

can be decomposed into small number of known orbitals.

• Energetically distant orbitals interact weekly, hence we include only orbitals

with energy near Fermi energy. If it is needed one can include other weaker

interacting orbitals within perturbation calculus.

• In the effective inter-election potential we include only two-center interactions.

The multi-center interactions are neglected as less important.

After above simplifications the matrixH becomes block-diagonal and allows for much

faster and simpler computations than general matrix.

2.2 Semi-empirical Tight-binding Model

Empirical tight-binding method was created by Slater and Koster [63]. Normally all

matrix elements Hα,β are calculated, but instead they proposed to tread them as

system parameters. These parameters can be determined by fitting the tight-binding

band structure to the data obtained from other calculations or from experiments.

The fitting usually aims to minimize squared error between the bands in several high

symmetry points of Brillouin Zone. Before the fitting we have to choose the right set

of parameters. The matrix elements are not the right choice because they are not

independent. Remember that we have restricted ourselves to the case of two-center

interactions. Moreover, the orbitals we use have well defined symmetries and angular

momentums, so we can reduce the number of free parameters by introducing interac-

tion integrals Vi,j,λ depending only on the projection of the angular momentum on the

vector connecting the atoms. Using the interaction integrals we can express the matrix

elementsHα,β for α = (a, i) and β = (b, j), where a, b are atom numbers and i, j are or-

bitals located on atoms a and b. For i, j ∈ {s, px, py, pz, dxy, dyz, dxz, dx2−y2 , d3z2−r2, . . .}
the values of overlapping integrals are given in Table 2.1. The numbers l,m, n denote

the coordinates of the unit vector pointing the direction between interacting atoms,

whereas λ ∈ {σ, π, δ} denotes the azimuthal quantum number.
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Matrix Element Value

Hs,s Vssσ
Hs,px l2Vppσ + (1− l2)l2Vppπ
Hpx,px lm(Vppσ − Vppπ)
Hs,dxy

√
3lmVsdσ

Hs,d
x2−y2

√
3
2
(l2 −m2)Vsdσ

Hs,d
3z2−r2

[

n2 − 1
2
(l2 +m2)

]

Vsdσ
Hpx,dxy

√
3l2mVpdσ +m(1− 2l2)Vpdπ

Hpx,dyz

√
3lmnVpdσ − 2lmnVpdπ

Hpx,dx2−y2

√
3
2
(l2 −m2)Vpdσ + l(1− l2 +m2)Vpdπ

Hpy ,dx2−y2

√
3
2
(l2 −m2)Vpdσ −m(1 + l2 −m2)Vpdπ

Hpz ,dx2−y2

√
3
2
(l2 −m2)Vpdσ − n(l2 −m2)Vpdπ

Hpx,d3z2−r2
l
[

n2 − 1
2
(l2 +m2)

]

Vpdσ −
√
3ln2Vpdπ

Hpz,d3z2−r2
n
[

n2 − 1
2
(l2 +m2)

]

Vpdσ +
√
3n(l2 +m2)Vpdπ

Table 2.1: The matrix element between chosen orbitals according to Slater and
Koster [63], where (l,m, n) is a unit direction vector between interacting atoms (for
simplicity we have omitted the atom indexes α and β). The remaining elements can
be obtained by permuting l,m, n according with the occurring indexes x, y, z.

2.3 Description of the Structures

In order to construct the empirical tight-binding Hamiltonian matrix for the super-

lattices consisting of (Ga,Mn)As and (Ga,Al)As one has to start from the description

of the constituent materials. In the following, we shorty discuss each of the four steps

of the construction:

• description of the non-magnetic materials GaAs, AlAs as well as (Ga,Al)As,

• inclusion of the magnetic properties into the description of GaAs in order to

obtain parametrization for (Ga,Mn)As,

• modeling the lattice deformations of the materials,

• construction of the heterostructure matrix from the bulk parameterizations.

2.3.1 Non-magnetic Materials

In order to construct the empirical tight-binding Hamiltonian matrix for the SL one

has to describe first the constituent materials, to select the set of atomic orbitals

for every type of involved ions and to specify the range of the ion-ion interactions.
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AlAs GaAs AlAs GaAs AlAs GaAs
Eas -5.9819 -5.9819 Vssσ -1.7292 -1.6187 Vsadcσ -2.5535 -2.7333
Ecs 0.9574 0.9574 Vs∗s∗σ -3.6094 -3.6761 Vscdaσ -2.3869 -2.4095
Eap 3.5826 3.5820 Vs∗ascσ -1.6167 -1.9927 Vsaadcσ -0.8064 -0.6906
Ecp 6.3386 6.3853 Vsas∗cσ -1.2688 -1.5648 Vs∗cdaσ -0.7442 -0.6486
Ed 13.0570 13.0570 Vsapcσ 2.5175 2.4912 Vpadcσ -1.7240 -1.7811
Es∗ 19.5133 19.4220 Vscpaσ 2.7435 2.9382 Vpcdaσ -1.7601 -1.8002
∆a/3 0.1721 0.1824 Vs∗apcσ 2.1190 2.1835 Vpadcσ 1.7776 1.7821
∆c/3 0.0072 0.0408 Vs∗cpaσ 2.1989 2.2086 Vpcdaσ 2.0928 2.0709
Vppσ 4.2460 4.4094 Vddσ -1.2175 -1.1409 Vddδ -1.7540 -1.9770
Vppπ -1.3398 -1.4572 Vddπ 2.1693 2.2030

Table 2.2: The tight-binding parameters used for GaAs and AlAs, after [28].

Bulk GaAs is tetrahedrally coordinated cubic material in which each cation (anion) is

surrounded by four anion (cation) nearest neighbors (NN) along the [1, 1, 1], [1,-1,-1],

[-1, 1,-1] and [-1,-1, 1] directions, at the distances a
√
3/4 (where a = 5.653 Å is the

lattice constant). GaAs is a nonmagnetic, direct gap (1.42 eV) semiconductor with

the valence band maximum at the center of the Brillouin zone. The top of the valence

band is formed by two twofold degenerate p-bands. The third p-band is separated from

the two by spin-orbit splitting, ∆so = 0.34 eV. The AlAs has an indirect bandgap of

2.16 eV with the valence maximum in Γ point and the conduction band minimum in

L point. The top of the valence band in AlAs is similarly formed as in GaAs, with

slightly smaller spin-orbit splitting, ∆so = 0.3 eV and higher effective hole masses.

For the band structure of bulk GaAs and AlAs the sp3d5s∗ parametrization

with the spin-orbit coupling, proposed by Jancu et al. [28], is used. The parametriza-

tion includes only the nearest neighbor (NN) interactions. Still, it delivers a quantita-

tively correct description of the valence bands and the lowest two conduction bands,

both in terms of energetic positions and band curvatures. It should be noted that

inclusion of the d states in the parametrization is of crucial importance for the con-

duction bands and allows to obtain composition of the corresponding wave functions

in agreement with empirically corrected pseudopotential method in the whole Bril-

louin zone. The band curvatures that determine the effective masses are crucial for

our application of the tight-binding method to compute the tunneling current. The

spin-orbit interactions were added to the model by including the contribution from

the p valence states.

The band structures of the bulk GaAs and AlAs are presented on Fig. 2.1,

whereas the used parameters are given in Table 2.2. For each anion and cation 20

orbitals are used - hence, an GaAs layer (0.28 nm) of the structure is represented by

the tight-binding matrix of size 40.

The electric properties of AlxGa1−xAs depend crucially on the chemical com-
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Figure 2.1: The tight-binding bulk band structure of a) GaAs and b) AlAs according
to the parametrization given by Jancu et al. [28]

position x of the structure. For x < 0.45 the material has a direct band-gap, whereas

for higher x the bandgap is indirect as in AlAs. Within reasonable limits most of

the properties of AlxGa1−xAs depend linearly on x [27]. Hence, we decided to deter-

mine the parameters for (Ga,Al)As tri-component crystal within the virtual crystal

approximation. In order to obtain the parameters for the cation we take the linear

combination of the parameters of Ga in GaAs and Al in AlAs, whereas in order to

obtain the parameters of As anion, we mix the parameters for As in GaAs and As in

AlAs.

2.3.2 Magnetic Materials

The presence of Mn ions in (Ga,Mn)As is taken into account only by including the

sp-d exchange interactions within the virtual crystal and mean-field approximations.

The values of the exchange constants are determined by the experimentally obtained

spin splittings: N0α = 0.2 eV of the conduction band and N0β = −1.2 eV of the
valence band [50]. As the valence-band structure of (Ga,Mn)As with small fraction

of Mn has been shown to be quite similar to that of GaAs [50]. The other parameters

of the model for the (Ga,Mn)As material are taken to be the same as for GaAs. The

obtained band structure around the Gamma point is presented on Fig. 2.2.
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Figure 2.2: The tight-binding bulk band structure of a) Ga0.96Mn0.04As and b)
Ga0.92Mn0.08As obtained within mean field and virtual crystal approximation. Mag-
netization is taken along the [001] direction.
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2.3.3 Deformations of the Structures

The above description of the band structure can be easily modified to include deforma-

tion. The relations introduced by Harrison [26] allow to determine the tight-binding

parameters when the distance between interacting atoms is slightly changed. The

parameters scale with k’th power of the distance, where k depends on the angular

quantum number of the interacting orbitals. The Harrison formula gives the matrix

elements as the function of the distance d between the atoms in the following way:

Vll′m = ηll′m

√

r2l−1l r
2l′−1
l′

medl+l
′+1
, (2.9)

where ηll′m are the universal constants and rl is the radius of the atomic orbital, which

can be determined from the ab-initio calculations. This equation allows as to model

how the interlayer coupling and tunneling current depend on the lattice deformations

and on the applied strain. In order to do this we first determine the orbitals’ radii

rl, which can be than used to compute the interaction constant when the interatomic

distance has changed. When describing a lattice deformation within the model we

assume that the cell volume is constant. Whereas when simulating the impact of

external pressure we change the lattice size in all dimensions simultaneously.

2.3.4 Modulated Structures

In the previous section we have shown how the parameters for bulk materials are ob-

tained. However, in the case of modulated structures we have to know the interactions

between different materials that constitute the structure. These parameters have to

be determined in another way. Moreover, we need to know the relative positions of

energy levels in the different materials, i.e., so called band offsets. The usual way

of obtaining the inter-material parameters is with use of the Harrison formula (2.9).

Note that in order to determine the missing inter-material parameters we only need

to get the orbitals’ radii rl. In the case of GaAs/AlAs heterostructures we do not

need to use this approach because both materials have a common anion – As and we

include only nearest neighbor interactions.

However, this does not solve all of our problems. We still need to determine

the relative potential heights in both materials. The band structure due to its nature

gives only the information about the energy differences between the bands in the

single material. Hence, we need more information from some other source. The general

way to solve this problem is to find band structure calculations for a material that

has common atoms with both materials in questions. Here, in order to determine

the parametrization for GaAs/AlAs heterostructures we use different approach. We

modify the parametrization in order to reproduce the experimentally observed [] and

theoretically predicted [] band offset. Whereas, for (Ga,Mn)As/GaAs interfaces we
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Hole Concentration eF
0 cm−3 0 eV
1× 1019 cm−3 0.071 eV
5× 1019 cm−3 0.123 eV
1× 1020 cm−3 0.161 eV
2× 1020 cm−3 0.200 eV
3.5× 1020 cm−3 0.260 eV
5× 1020 cm−3 0.320 eV
8× 1020 cm−3 0.380 eV
1× 1021 cm−3 0.430 eV

Table 2.3: The Fermi energy level eF in p-type Ga0.92Mn0.08As. The energy is measured
from the top of the valence bands.

assume that the band offsets at the (Ga,Mn)As and GaAs interfaces are induced solely

by the spin splittings in the (Ga,Mn)As bands. Again the band offset for structures

containing (Al,Ga)As is determined within the virtual crystal approximation.

2.3.5 Fermi Energy in the Materials

The Fermi energy in the constituent materials is determined by summing up the occu-

pied states over the entire Brillouin zone. The number of occupied states is determined

by the assumed carrier concentration in the material. Our calculations of the Fermi

energy for various hole concentrations are consistent with the corresponding results

presented in Ref. [16]. Table 2.3 contains the obtained in this way Fermi energy levels

for Ga0.92Mn0.08As.



Chapter 3

Landauer-Büttiker Formalism

To study the spin-dependent tunneling in the (Ga,Mn)As-based magnetic tunnel junc-

tions, we consider a model heterostructure, which is uniform and infinite in the x and

y directions and has modulated magnetization along the z direction. The heterostruc-

ture is connected to two semi-infinite bulk contacts denoted by L and R. The length of

the simulated structure is comparable to the phase coherence length. In the presence

of spin-orbit coupling the spin is not a good quantum number. The only preserved

quantities in tunneling are the energy E and, due to spatial in plane symmetry of our

structures, the in-plane wave vector k‖. Our goal is to calculate the spin-dependent

current, which is determined by the transmission probabilities from the ingoing Bloch

states at the left contact to the outgoing Bloch states at the right contact. The trans-

mission probabilities can be determined when the election states in the system are

known. In order to compute all one electron states in the device for given k‖ and E
the above described tight-binding matrix is used.

3.1 Scattering Formalism and Transfer Coefficients

The Bloch states in the two contacts L and R are characterized by the perpendicular

to the layers wave vector component k⊥ and are denoted by |L, kL,⊥,i〉 and |R, kR,⊥,i〉,
respectively. The transmission probability TL,kL,⊥,i→R,kR,⊥,j is a function of the trans-

mission amplitude tL,kL,⊥,i→R,kR,⊥,j(E,k‖) and group velocities in the left and right
lead, vL,⊥,i and vR,⊥,j:

TL,kL,⊥,i→R,kR,⊥,j(E,k‖) =
∣

∣

∣tL,kL,⊥,i→R,kR,⊥,j(E,k‖)
∣

∣

∣

2 vR,⊥,j
vL,⊥,i

. (3.1)

The current flowing in the right direction can now be written as [15]:

28



3.2. SCATTERING WITHIN TIGHT-BINDING MODEL 29

jL→R =
−e
(2π)3~

∫

BZ
d2k‖dEfL(E)

∑

kL,⊥,i,kR,⊥,j
vL,⊥,i,vR,⊥,j>0

TL,kL,⊥,i→R,kR,⊥,j(E,k‖), (3.2)

where fL or respectively fR are the electron Fermi distributions in the left and right

interface and i, j number the corresponding Bloch states. Plugging in the expression

given in Eq. 1 and using the time reversal symmetry:

TL,kL,⊥,i→R,kR,⊥,j (E,k‖) = TL,−kR,⊥,j→R,−kL,⊥,i(E,k‖) (3.3)

we get:

j =
−e
(2π)3~

∫

BZ
d2k‖dE [fL(E)− fR(E)]

∑

kL,⊥,i,kR,⊥,j
vL,⊥,i,vR,⊥,j>0

∣

∣

∣tL,kL,⊥,i→R,kR,⊥,j (E,k‖)
∣

∣

∣

2 vR,⊥,j
vL,⊥,i

.

(3.4)

To calculate the current one has to determine the transmission probability, thus

the transmission amplitude tL,kL,⊥,i→kR,R,⊥,j(E,k‖) and the group velocities vL,⊥,j of
the ingoing and vR,⊥,j of outgoing states.

3.2 Scattering within Tight-binding Model

The group velocities and transmission amplitude can be obtained by solving the

Schrödinger equation for the structure with the appropriate scattering boundary con-

ditions, i.e., open boundary conditions. In the following we introduce the method

presented in Ref. [10]. We start with dividing the heterostructure into layers consist-

ing of several atomic monolayers in such a way that the tight-binding elements are

nonzero only between neighboring layers. The layers in the left lead are numbered

s ¬ 0, the internal layers are numbered s = 1, . . . , N and the layers in the right lead
are numbered s > N . As mentioned above, the tight-binding matrix is used to com-

pute all one electron states in the device for given k‖ and E. Let Cs(E,k‖) denote
the coefficients of a given state |E,k‖〉 expanded into the basis orbitals in the layer
s, i.e.:

|E,k‖〉 =
∑

s,α

cs,α(E,k‖)|k‖, s, α〉, (3.5)

where α is the atom index in the crystal basis. The functions |k‖, s, α〉 are constructed
from atomic orbitals Ψs,α and they form eigenvectors of T̂R‖ for lattice vectors R‖
along x and z axis:

|k‖, s, α〉 =
1√
N

∑

R‖

eik‖R‖T̂R‖+bα |Ψs,α〉, (3.6)
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Thus, the Schrödinger equation Ĥ|E,k‖〉 = E|E,k‖〉 implies the following
conditions for the states in the s-th layer:

(Hs,s −E)Cs +Hs−1,sCs−1 +H
†
s,s+1Cs+1 = 0, (3.7)

where Hs,s and Hs,s+1 are the intra- and interlayer tight-binding matrices. Moreover,

for the leads we need to impose the Bloch condition on the incoming wave:

Cs = e
ik⊥d⊥Cs−1, (3.8)

where d⊥ is the width of the layer along the z direction. Similar equation can be

constructed for the right lead. From these two boundary conditions we get a general

eigenvalue equation for k⊥ and the corresponding eigenvectors. Let us denote by DL,l
the eigenvectors in left lead that propagate to the left, and by DL,r the eigenvec-

tors propagating to the right. Similarly, we define DR,l and DR,r. Now the boundary

conditions are given by:
(

C−1
C0

)

=
(

DL,r DL,l
)

(

I
r

)

, (3.9)

(

CN+1
CN+2

)

=
(

DR,r DR,l
)

(

t
0

)

, (3.10)

where r and t are the unknown coefficient of the scattered to the left and to the right

wave. We compute the inverses D−1R and D
−1
L and divide them into blocks:

D−1 =

[

(D−1)1,1 (D−1)1,2
(D−1)2,1 (D−1)2,2

]

. (3.11)

The width and the height of the block (D−1)1,1 is given by the number of states

propagating to right. One can now rewrite the parts of (3.9) and (3.10) as:

[

(D−1L )1,1 (D
−1
L )1,2

]

(

C−1
C0

)

= I, (3.12)

[

(D−1R )2,1 (D
−1
R )2,2

]

(

CN+1
CN+2

)

= 0. (3.13)

The equations (3.7), (3.12) and (3.13) build a full system of linear equation for Cσ.

After solving it we determine the coefficients t and r with:

t =
[

(D−1R )1,1 (D
−1
R )1,2

]

(

CN+1
CN+2

)

, (3.14)

r =
[

(D−1L )2,1 (D
−1
L )2,2

]

(

C−1
C0

)

. (3.15)

The procedure allows also to determine the needed group velocity, which is given by:

v⊥ =
1

~
〈Ψ|[Ĥ, z]|Ψ〉 = (3.16)

= − 2d

~|Cs|2
ℑ
(

C†sHs,s+1Cse
ik⊥d

)

. (3.17)



3.3. COMPUTING THE CURRENT SPIN POLARIZATION 31

3.3 Computing the Current Spin Polarization

The above derivations follow closely the procedure detailed in Refs. [66] and [10].

However, in those papers the calculations were carried out assuming the spin degen-

eracy and as the result the spin-orbit coupling was not included. The tight-binding

model introduced in the previous chapter describes spin split Bloch bands, which are

additionally spin mixed due the spin-orbit interaction. Thus, the number of consid-

ered scattering states doubles in comparison to the case with spin degeneracy. This

considerably increases computational burden, nevertheless the transmission ampli-

tudes between spin mixed states and the group velocities can be determined using

exactly the same procedures as for the spin degenerated case.

The introduced above equations form the theoretical basis for our calculations

of coherent transport in modulated structures of ferromagnetic semiconductors, in

particular in the TMR and TAMR structures. However, in order to study spin in-

jection in Zener tunneling structures we need to introduce a measure for the degree

of the spin polarization of carriers injected from the ferromagnetic source into the

paramagnetic drain. Our definition of the spin polarization of the transmitted cur-

rent follows the scheme proposed in Ref. [7]. First of all, we need to define the spin

polarization of the Bloch state:

PR,kR,⊥,i(E,k‖) = 〈R, kR,⊥,i|~Ω · ~s|R, kR,⊥,i〉, (3.18)

where ~Ω is the direction vector of the spontaneous magnetization in ferromagnetic

material and ~s is the spin operator. This quantity measures to which extent an electron

in the outgoing state |R, kR,⊥,i〉 conserves its original spin direction. For a given Bloch
state this quantity can be easily computed using the tight-binding model. Now, we

can define the spin polarized current:

js =
−e
(2π)3~

∫

BZ
d2k‖dE [fL(E)− fR(E)]

∑

kL,⊥,i,kR,⊥,j
vL,⊥,i,vR,⊥,j>0

TL,kL,⊥,i→R,kR,⊥,j(E,k‖)PR,kR,⊥,i .

(3.19)

The spin polarization of the coherently transmitted current is now equal to:

Ps =
js
j
. (3.20)

3.4 Self-consistent Procedure

In this section we discuss the self-consistent tight-binding model for the structures

where the translational symmetry holds for two axes, and is broken along one axis.

This is exactly the case in the structures that we aim to study in this paper. The self-

consistent procedure presented here is based on Ref. [43], where it was introduced for
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the first time, however without taking into account spin effects. Recall the following

two equation that are used to describe wave functions in the tight-binding model:

|E,k‖〉 =
∑

s,α

cs,α(E,k‖)|k‖, s, α〉,

|k‖, s, α〉 =
1√
N

∑

R‖

eik‖R‖T̂R‖+bα |Ψs,α〉,

where α is the atom index in the crystal basis and s numbers the layers of the

structure. For given k‖ and E the eigenstates of the system are given by the following

equation:

(Ĥ + VH)|E,k‖〉 = E|E,k‖〉, (3.21)

in which we have included the Hartree potential VH . The potential VH that describes

the influence of the electronic charge rearrangement is determined the Poisson equa-

tion:
d2 VH
d z2

= −ρ(z)
ǫ
, (3.22)

where ǫ is the static dielectric constant. The charge density ρ(z) is given by the density

of elections n(z) and positive ions p(z):

ρ(z) = e(p(z)− n(z)).

The needed charge density p(s) is determined by ionization of atoms in the layer s,

whereas n(s) is defined as the number of electrons in layers s and equals:

n(m) =
1

(2π)2

∫

BZ‖

dk‖
∑

α,n

∣

∣

∣cs,α(En,k‖)
∣

∣

∣

2
f(En),

where n labels the energy levels for a given k‖ and f is Fermi distribution function

in the device. In order order to evaluate the above electron density we need to per-

form a full k‖ integration is performed over the 2D Brillouin Zone. Here, due to the

presence of magnetization degree of freedom we cannot simplify the procedure by

integrating only over the irreducible wedge what is possible only for special directions

of magnetization. Nevertheless, a significant speedup is necessary, due to very high

computational burden of the procedure. In the integration we take into account only

points close to the Gamma point, because in all of the considered materials the states

on Fermi energy are close to Gamma point. Hence the states that paly role in charge

redistribution, have small k vectors and this simplification is justified.

Later, the Poisson (3.22) and Schrödinger (3.21) equations are solved within

the TB model until the convergence. In the Schrödinger equation we use the open-

chain boundary conditions presented in the previous section.



Chapter 4

Interlayer Coupling

In this chapter we use the tight-binding model to study the interlayer exchange cou-

pling (IEC) between (Ga,Mn)As ferromagnetic layers in all-semiconductor superlat-

tices. The advantage of this approach is that it takes into account the crystal, band

and magnetic structure of the constituent superlattice components. We show that

the mechanism originally introduced to describe the spin correlations in antiferro-

magnetic EuTe/PbTe superlattices [4], explains the experimental results observed

in ferromagnetic semiconductor structures, i.e., both the antiferromagnetic coupling

between ferromagnetic layers in IV-VI (EuS/PbS and EuS/YbSe) superlattices as

well as the ferromagnetic interlayer coupling in III-V ((Ga,Mn)As/GaAs) multilayer

structures. The model allows also to predict (Ga,Mn)As-based structures, in which

an antiferromagnetic interlayer coupling could be expected.

4.1 IEC in Magnetic Semiconductor Systems

All the experimentally analyzed (Ga,Mn)As-based SL were produced on GaAs sub-

strate along [001] crystallographic axis. In this case the primitive lattice vectors, which

describe the SL elementary cell are following: a1 = a
√
3/2[1, 1, 0]; a2 = a

√
3/2[1, 0, m+

n]; a3 = a
√
3/2[0, 1, m+n]. The spins in the magnetic layers are placed along the [100]

direction [36]. The SL elementary magnetic cell, which is taken under consideration,

must consist of at least two magnetic layers, i.e., it should contain 2(n+m) monolay-

ers. Altogether with the used specification of the constituent materials this generates

80(m+n)×80(m+n) matrix for the SL tight-binding Hamiltonian. By numerical di-
agonalization of the Hamiltonian matrices, band structure for the two SL with various

relative spin configurations of the (Ga,Mn)As FM layers is obtained. The position of

the Fermi level in the SL valence band is supposed to be defined by the average num-

ber of holes present in the structure – for (Ga,Mn)As/GaAs it is given by a
3

4
(pmm),

whereas for (Ga,Mn)As/GaAs:Be by a
3

4
(pmm+ pnn). In (Ga,Mn)As/(Al,Ga)As with

high Al content the holes are confined in the (Ga,Mn)As layers, due to the high po-

33
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tential barriers presented in the valence band by the spacer layer. As all the studied

structures have (Ga,Mn)As layers which were not annealed, we assume the hole den-

sity in (Ga,Mn)As to be equal to pm = 2× 1020 cm−3 for the sample with 4% of Mn
and pm = 3 × 1020 cm−3 for the sample 6% of Mn [51]. The density of holes intro-
duced by Be in the spacer is assumed to be pn = 1.21× 1020 cm−3 [14]. In order to
calculate the IEC in the spirit of Ref. [4] one compares the total energy of the valence

electrons for two different SL, that is one with parallel and the other with antiparallel

spin alignment in consecutive magnetic layers. These total energies are calculated by

summing up all the occupied states’ energies and integrating over the entire Brillouin

zone. It should be stressed that in this calculation the hole charge redistribution at

the interfaces is not taken into account, i.e., the calculations are not self-consistent.

We define the strength of the interlayer coupling as the difference ∆E between

the energies of valence electrons in SL calculated for the two spin configurations, per

unit surface of the layer. The preferred spin configuration in consecutive magnetic

layers is given by the sign of ∆E – the negative value corresponds to FM IEC whereas

the positive sign indicates a AFM correlation.

4.2 Calculation Results

Figure 4.1: Ferromagnetic superlattice where the spins in consecutive layers are or-
dered A) parallel and B) antiparallel.

The results of the calculations are summarized in the Figs. 4.1, Fig. 4.2 and

Fig. 4.3. Like for the EuS-based structures, once again there is no dependence of J

on the thickness of the magnetic layer – all the presented results are calculated for

m = 4.

In Fig. 4.2 the calculated dependence of the interlayer coupling constant J =

∆E/4 on the spacer thickness n for Ga0.94Mn0.06As/GaAs SL is presented together

with the results obtained for Ga0.96Mn0.04As/GaAs, without and with Be-doping (the

latter introducing pn holes in the spacer layer) and Ga0.96Mn0.04As/Ga0.7Al0.3As,

i.e., for the other experimentally studied (Ga,Mn)As-based structures. In qualita-

tive agreement with the experiment, the obtained IEC for all these structures is, in

principle, FM and declines with the thickness of nonmagnetic layers. The higher the
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Figure 4.2: The interlayer exchange coupling calculated for (Ga,Mn)As-based struc-
tures, which were studied experimentally in Refs [1], [36] and [14].

hole concentration in the SL the stronger is the IEC. For the (Ga,Mn)As/(Al,Ga)As

sample, where the holes are confined in the deep wells formed by the barriers of

spacer layers, the IEC is significantly suppressed and vanishes for n > 7, as measured

in Ref. [1] for the structure with n = 10. This result does not prove, however, that

there is no IEC where there are no holes in the spacer layer. For very thin spacers,

2-3 monolayers, a strong FM coupling, and for n = 5 an AFM coupling was obtained

(see Fig. 4.2).

In order to clarify these results and the role played by holes, the dependence

of the calculated interlayer coupling constant J on the position of the Fermi level,

i.e., on the average concentration of holes in the SL valence band, was analyzed.

As presented in Fig. 4.3, J has an oscillatory RKKY-like character (for comparison

IEC mediated by RKKY interaction, i.e., JRKKY ∼ k2FF (2kF r), where kF is the
Fermi wave vector and F (x) = (x cosx − sin x)/x2 [72], is presented in the figure
by the dashed line). In contrast to JRKKY , at the zero hole concentration limit J

tends not to zero, but to a finite positive value, which corresponds to IEC mediated

by valence band electrons in a hypothetical (Ga,Mn)As/GaAs SL with completely

filled valence bands. In (Ga,Mn)As/(Al,Ga)As SL, for the concentrations up to about

4 × 1020 cm−3 the holes are confined in the wells – when the Fermi level reaches
the value of the band offset between (Ga,Mn)As and (Al,Ga)As, the distribution of

holes in the SL alters and the obtained J values for higher concentrations do not

follow the previous trends. Notably, the results showed in Fig. 4.3 point out that in
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n = 5 monolayers of GaAs or Ga0.7Al0.3As. JRKKY is presented for comparison.

(Ga,Mn)As-based heterostructures also the AFM coupling between FM layers could

be reached by an appropriate engineering of the SL and a proper choice of constituent

materials. The change of the IEC sign was as well obtained within a kp-theory with a

single parabolic valence band [32]. Nevertheless, on the grounds of the present results

structures particularly suitable for the observation of AFM correlations are implied.

These seem to be SLs in which the hole concentration is either increased (e.g., by

appropriate annealing during the MBE growth of the SL) to about 6 × 1020 cm−3
or kept as low as 1.5 − 2.5 × 1020 cm−3. It should be mentioned that in the former
one high Curie temperature can be expected. The (Ga,Mn)As/(Al,Ga)As system is

furthermore interesting, due to high potential barriers in the nonmagnetic spacers, the

carriers are confined in the DMS layers, what can result in strongly spin-polarized

charge density. In the latter heterostructures the hight of the barrier, i.e., the Al

content, is of high significance – the results for (Ga,Mn)As/AlAs SL (for clarity not

included in the figure) demonstrates that very high barriers reduce extremely the IEC

in both FM and AFM regions.

Finally, in Fig. 4.4 we illustrate the dependencies of J on the thickness of

the spacer layer n for the Ga0.92Mn0.08As/GaAs and Ga0.96Mn0.04As/Al0.3Ga0.7As

SLs with appropriate for AFM IEC hole concentrations. The coupling is stronger

for the higher concentration in both structures, however, it decreases more rapidly

with the spacer thickness. Worthy to remark is fact that SL with the spacers as
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thin as 3 monolayers, for which the strongest coupling has been predicted, would be

hard obtainable, due to the strong interdiffusion in the LT MBE grown (Ga,Mn)As

structures [46]. Still, for n = 5 − 6, the predicted AFM IEC is of the same order of
magnitude as the FM coupling spoted in the (Ga,Mn)As-based SL.
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Figure 4.4: The coupling constant vs. spacer thickness for (Ga,Mn)As-based SL in the
two regions of hole concentration, in which the model predicts an antiferromagnetic
interlayer coupling.

In this chapter, our study concentrated on the sensitivity of the band structure

of (Ga,Mn)As-based SLs and the spin configuration in successive DMS layers within

a tight binding model. Such effects describe correctly the AFM IEC between the FM

layers in EuS/PbS and EuS/YbSe. Additionally, they seem to provide, up to now,

the only effective mechanism capable to deliver explanation to the origin of interlayer

correlations in AFM EuTe/PbTe SL. We have demonstrated that by this mechanism

also the FM interlayer coupling in (Ga,Mn)As/GaAs SL can be described. Further-

more, the model shows a possibility of engineering (Ga,Mn)As-based multilayers for

obtaining an AFM interlayer coupling.



Chapter 5

Interband Zener Tunneling

In this chapter we aim to study a Zener-Esaki light emitting diode in which the p-type

lead is fabricated out of (Ga,Mn)As ferromagnetic semiconductor. Engineering this

structure allowed to observe a very high ≈ 80% spin polarization of election current
obtained via inter-band tunneling in 4.6 K [18]. In this chapter we first give the details

of the tight-binding description of the Zener-Esaki diode. Next, we present the results

of the calculations with focus on the bias dependence of the tunneling, as well as,

on the dependence of tunneling on magnetization direction. The presentation of the

calculation results is accompanied by a careful comparison with available experimental

findings.

As we have mentioned before, the model takes into account all the effects

resulting from the electric field in the depletion zone of the diode, i.e., the Rashba

and Dresselhaus terms. The cost of these advantages comes with the reduction of the

possible size of the simulated device. Hence, the whole LED structure from Ref. [18]

cannot be considered by this approach. Thus, in the calculation of the current spin

polarization we concentrate only on the description of the (Ga,Mn)As/GaAs interface.

First of all we analyze the current spin polarization as a function of the applied

bias and show that our model correctly describes the experimentally observed depen-

dence. It has to be mentioned that in order to get correct results the (Ga,Mn)As/GaAs

interface needs to be considered using self-consistent calculations. Next, the calculated

dependencies of spin polarization of the current in the Zener-Esaki diode on carrier

density and Mn content in magnetic layer are presented. It is predicted that the higher

the Mn content the higher is the injected spin polarization, whereas the increase of

the hole concentration has opposite impact on the spin polarization.

Next, we use our model to consider the Esaki-Zener tunneling junction for

different in-plane directions of the magnetization vector, in the weak bias limit. Sur-

prisingly, the model predicts that, even without any extrinsic strain, the Zener current

spin polarization differs for magnetization along [110] and along [110] crystallographic

axis. This character of anisotropy reflects the C2v symmetry of a single zinc-blende

38
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interface. The obtained theoretically 6% difference in spin polarization of the Zener

tunneling current has been also observed experimentally [19]. Typically, (Ga,Mn)As

films exhibit uniaxial in-plane magnetic anisotropy, which was explained assuming

a small, of the order of 0.05%, trigonal distortion along the [110] axis [62]. Such

strain enhances the in-plane anisotropy of the Zener currant and its spin polariza-

tion. However, within our model a relatively strong extrinsic deformation (0.3%) is

needed to obtain a significant dependence of the current and its spin polarization on

the direction of the magnetization vector.

The spin dependent tunneling is sensitive not only to the in-plane rotation of

the magnetization vector but changes also when magnetization assumes the out-of-

plane direction [23]. Our theory describes correctly the experimental magnitude of

perpendicular tunneling anisotropic magnetoresistance (TAMR⊥) for small forward

and reversed bias. For larger applied voltages, other phenomena, not related to tun-

neling, e.g., standard AMR, affect the experimental results.

Here, our aim is to understand this effect and be able to predict structures

and conditions that would weaken this dependence. In this dissertation we analyze

theoretically the transport in the spin-LED structures in which the very high spin

polarization of the injected current was observed.

5.1 Bias Dependence

Because of computational constraints in approaches involving the transfer matrix for-

malism carrier transport along the whole device cannot be simulated. Hence, we need

to concentrate ourselves on the interface between magnetic p-type (Ga,Mn)As and

nonmagnetic n-type GaAs. The interband tunneling taking place on this interface is

the only factor that determines the spin polarization of the obtained current and the

rest of the device serves only for measurement purposes. Moreover, in the first calcu-

lation we consider the simplest flat-band p-Ga1−xMnxAs/n-GaAs tunneling structure
shown in Fig. 5.1, where we take the hole concentration that corresponds to the Mn

content x = 0.08 in (Ga,Mn)As equal to p = 3.5 × 1020 cm−3 [20], and the electron
concentration in the GaAs n = 1× 1019 cm−3. We perform these oversimplified cal-
culations first, in order to understand the interplay between the band structures in

both leads. Inclusion of the intermediate region would obscure the situation. However,

latter we present self-consistent calculations where the interface is more completely

described (see Section 5.1.1). Additionally, we assume that the magnetization vector

is at 27◦ out of plane, as implied by experimental conditions [18]. While in such a

model the bias voltage is only applied over the Zener diode, in contrast to the actual

device, it should provide correct information on the spin polarization. Despite that

such a model certainly overestimates the tunneling current, it can provide quantitative

information on current spin polarization that is determined by inter-band tunneling
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Figure 5.1: Scheme of the (abrupt) (Ga,Mn)As/GaAs p-n-diode structure used in the
simplified tight-binding calculations at zero and reverse bias.

Figure 5.2: a) The calculated valence band intersection of (Ga,Mn)As for a hole
concentration of 3.5 × 1020cm−3 and the tunneling current as function of kx and ky.
b) The magnitude of the tunneling currents for both the majority spins as the minority
spins for different k‖-vectors in the structure presented in Fig.5.1 for zero bias.

matrix elements and degree of spin polarization in the ferromagnetic electrode.

In Fig. 5.2 the contributions to the tunneling current and its spin polarization

from carriers with different k-vectors in (Ga,Mn)As valence sub-bands is presented.

These results show that in the tunnelling process practically only the light holes

take part. A first reason for this is that their transverse k vectors match well the

transverse k vectors of the conduction band states in the n-GaAs. Secondly, in the

interband tunneling process, the tunneling electrons travel on an imaginary band

while traversing the forbidden energy zone. As can be seen in Fig.5.3, in GaAs only

the light hole band connects to the first conduction band while the heavy hole band

connects to a higher energy conduction band [10]. This is, however, only true for

tunneling from states at the Γ-point. Due to the large Fermi energy, the tunneling

electrons all possess a significant k||, which allows also the tunneling of electrons from

the heavy-hole bands. One may also note that at the Fermi level for the considered

hole concentration, the contribution to the tunneling from majority states increases

with k. Hence, also the spin polarization increases with k.
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Figure 5.3: The complex band structure of GaAs, adopted from Ref. [10]. The light
hole band connects to the lower conduction band, while the heavy-hole band connects
to a higher energy conduction band

We have investigated also the dependence of the spin polarization of the tun-

neling electrons on the bias voltage, in the configuration of Fig.5.1. In Fig.5.4 we

notice that the polarization indeed decreases with bias, but that the effect is not as

strong as in the experiment.

We show in the next section that in order to rapid decrease of the bias depen-

dence the inclusion of the intermediate region with use of the self-consistent calcula-

tion is necessary.

5.1.1 Self-consistent Model

In an attempt to adjust our model to fit better with the experimental conditions, we

consider the whole Zener diode in the spin-LED device, i.e., the p-Ga1−xMnxAs/n-

GaAs heterojunction and use the self-consistent tight-binding model from Section 3.4

in order to compute the band deformation in this region. The obtained self-consistent

band profile is presented on Figure 5.5.

According to the self-consistent calculations, the scattering region consists of

approximately 100 monolayers of (Ga,Mn)As and GaAs, and corresponds roughly to

the depletion zone of the diode. We make use of these results to describe the potential

profile in the tight-binding calculations, as shown in Fig. 5.6. In particular, the self-

consistently calculated electrostatic potential which describes the band bending for

V0 = 1.81 V, i.e., for the voltage when the interband tunneling process starts, is

the basis for the potential profile that is incorporated into the tight-binding matrix.

An additional component of the potential profile is the bias ∆V that corresponds to

the potential drop across the Zener diode when the bias on the whole spin-LED is

changed. We assume a linear potential drop which fairly well renders the real band

bending across the p-n-junction.
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Figure 5.6: Scheme of the structure description used in the calculations: (a) the cal-
culated with k · p method band profiles of the whole device for V0 = 1.81V ; (b.1)
in the tight-binding calculations only the Zener diode region is considered; (b.2) a
linear band bending given by applied bias ∆V is added; (b.3) the band profile used
in tight-binding calculations is a sum of (b.1) and (b.2).
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Figure 5.7 shows Pj as a function of the bias ∆V in the Zener tunneling

diode. We see that at low bias, Pj is of the order of 0.6, in good agreement with the

experimental results (0.8). Interestingly, Pj decreases rapidly with ∆V . The strong

dependence of Pj on bias is again in agreement with the experimental findings, though

a direct comparison is hampered by the fact that the exact relation between ∆V and

the total bias V applied to the device is known only from simulations. However, recent

experiments of Kohda et al. [38] performed in a three contact configuration, which

allows to determine the potential drop on the tunnel junction alone, fully confirm the

presented in the Figure 5.7 results.
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Figure 5.7: The calculated bias dependence of the current polarization for the struc-
ture in Fig. 5.6(b).

Although the spin-polarized tunneling has been intensively studied since Jullière

discovered the tunnel magnetoresistance (TMR) effect 30 years ago [31], it is still far

from being completely understood. In particular, the rapid decrease of TMR with

increasing bias voltage observed by many authors in the planar metal-insulator-metal

tunnel junctions still calls for explanation. This behavior is not implied by the simple

Jullière model and many different phenomena, like emission of magnons or scattering

at impurities or defects, were invoked to account for this effect, however, none of these

attempts was conclusive [47, 17]. Surprisingly, the results of our simple tight-binding

model of coherent tunneling, which does not account for any of these phenomena (but

instead describes carefully the band structure of the heterostructure, especially the

interface region) agree well with the experimental data, both regarding the maximum

injected spin polarization and the bias dependence of injected spin polarization. This

fact suggests that here the decrease of the spin-polarization of tunneling current with

the applied dc bias has a more fundamental origin, related to band structure effects.

For the hole densities in the (Ga,Mn)As layer, we do not deal with the half-
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metallic situation (EF = 0.26 V, Eexchange = 0.1 V, and a contribution of the tunneling

from the minority spin subband is expected for any bias. This makes the current spin

polarization to be smaller than one even for ∆V = 0. Furthermore, due to the presence

of spin-orbit interactions the wave function in the majority spin subband contain spin

up and spin down components, so that electrons with the minority spin orientation

would contribute to the tunneling current even in the half-metallic situation.

We relate the strong dependence of Pj on ∆V to the fact that the current

polarization is determined not only by the electron spin polarization at the Fermi

energy, but also by the transmission coefficients through the structure for electrons

below the Fermi energy in (Ga,Mn)As and to higher states in the conduction band of

GaAs, as shown schematically in Fig. 5.6. When we increase the bias we start to have

an increased contribution to the tunneling current from the minority spin subbands.

An important aspect of the coherent transport through a structure is the ”group ve-

locity mismatch”. Namely, due to the conservation of the transverse quasi-momentum

and of the energy, the transmission coefficient through an interface decreases with the

difference between the group velocities in the two materials at the energy in ques-

tion, i.e., (Ga,Mn)As and undoped GaAs spacer. The ”velocity mismatch” can result

in a smaller transmission coefficient through the GaAs spacer for the majority spin

electrons as compared to the minority spin electrons. The minority spin electrons

have a smaller quasi-momentum and hence their velocities match better. Thus, one

can argue that the bias, by increasing the concentration of the minority spin elec-

trons and by increasing the importance of the region with a small group velocity,

enhances the tunneling of minority spin electrons, which reduces the current spin

polarization with bias seen in Fig. 5.7. To test this expectation we have computed

separately the currents of the majority and minority spin electrons for different un-

doped spacer widths, i.e., we have considered within the flat band model the structure

p-(Ga,Mn)As/p-GaAs/n-GaAs consisting of three regions.

In Zener diodes with a larger undoped spacer width, electrons with a small

group velocity are favored due to the large amount of empty small group velocity

conduction states in the spacer. We indeed found that relative contribution of the

minority spin carriers increases with the undoped spacer width Fig. 5.8 (b), whereas

the contribution of the majority spin carriers remains on the same level Fig. 5.8 (a).

Even though we can significantly speedup the self-consistent procedure by

considering only the vicinity of the Gamma point in the integration the calculations

are highly time consuming. The self-consistent band profile can be determined once

and later reused in different calculations. However, in such a case we need to consider

the structure consisting of 120 monolayer. For example the crude calculations of the

dependence presented in Fig. 5.7 took nearly three months of processor time. Hence,

in order to keep the computation time on reasonable level all subsequent calculations

were performed using a simplified band profiles. In the case when bias dependence

was not important we have used the flat band calculations presented in the beginning
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Figure 5.8: The calculated bias dependence of majority current (a) and minority
current (b) in three layer heterostructure p-(Ga,Mn)As/p-GaAs/n-GaAs.

of the section, whereas when calculating bias dependence we have used a structure

consisting of 24 monolayer. In this structure the band bending was assumed to be

linear, but as our calculations have shown this intermediate region is wide enough to

reproduce bias dependence correctly.

5.2 Effect of Material Properties

As we have seen in the previous sections the degree of current spin polarization de-

creases sharply with the bias what prevents obtaining high spin polarized current.

Our model describes quantitatively this dependence, so it can be used to investigate

how one can influence the bias dependence. It is well known that magnetic charac-

teristics of (Ga,Mn)As depend strongly on both hole and manganese concentrations.

It is thus obvious that the degree of spin polarization of the tunneling current may

depend on these intrinsic features of (Ga,Mn)As layers. Using our model we can show

that a higher content of magnetic ions x in Ga1−xMnxAs results in an increase of
the spin polarization of the tunneling current. In contrast, an opposite change was

obtained when the hole concentration was increased. This agrees with the result ob-

tained in Ref. [16] that in Ga1−xMnxAs higher hole concentrations lead to smaller

spin polarization of the hole liquid. This is naturally caused by the fact that in the

relevant range of p and x, Ga1−xMnxAs is not half-metallic, so that the Fermi energy

is greater than the spin-splitting. A increasing Fermi energy (higher hole concentra-

tion), combined with a constant exchange splitting, obviously leads to a smaller spin

polarization. The dependencies of Pj on the hole concentration p and Mn content x

are depicted in Fig. 5.9.
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Figure 5.9: Spin current polarization Pj in p-Ga1−xMnxAs/n-GaAs as a function of:
(a) hole concentration p (for x = 0.08); (b) Mn content (for p = 3.5 × 1020 cm−3).
The bias applied to the structure is V = 0.01 V, whereas We assume that the n =
1019 cm−3 as indicated by the experiment [18].
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We might expect to see that Pj increases to 100% for small hole concentrations,

because the spin polarization of states at Fermi level does. However, the results show

that Pj saturates at around 80%. This indicates that degree of the injected spin

polarization is determined not only by magnetic material properties but there are

some other parameters playing important role as well.
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Figure 5.10: Dependence of tunneling current in arbitrary units (a) and its spin polar-
ization (color scale)(b) on the in-plane wave vector in p-Ga1−xMnxAs/n-GaAs Zener-
Esaki diode in the limit of low bias (0.01 V). The calculation was performed for the
hole concentration p = 3.5 × 1020 cm−3, electron concentration n = 1019 cm−3, and
the saturated magnetization (along the [110] crystallographic axis) corresponding to
the Mn content x = 0.08.

In order to get a better insight into processes controlling spin polarization of

the current, we have examined the dependence of tunneling on the in-plane wave

vector in the low bias limit (the bias applied to the structure is 0.01 V). As shown in

Fig. 5.10(a), the total current is dominated by the tunneling from states close to the

Γ point. This is because in the tunneling process the in-plane components of k‖ wave

vectors are conserved, i.e., they have to match to the small k‖ vectors at the Fermi
level in the conduction band of n-type GaAs (n = 1019 cm−3). Thus, only a small

part of the states at the Fermi energy in the valence band of p-(Ga,Mn)As takes part

in the tunneling,as shown schematically in Fig. 5.11.

At the same time we find that for this hole concentration larger k‖ vectors are

responsible for the spin polarization of the current, as depicted in Fig. 5.10(b). This is

due to the fact that for the hole concentration in (Ga,Mn)As layer p = 3.5×1020 cm−3
the spin polarization of the states at the Fermi level is small in the vicinity of the

center of the Brillouin zone (compare Fig. 5.12). Furthermore, in Fig. 5.10(b) it is

seen that the spin polarization is larger for k‖ vectors parallel to the magnetization,
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Figure 5.11: Schematic of the tunneling process from the valence band of p-type
(Ga,Mn)As to the conduction band of n-type GaAs.

whereas smaller in the perpendicular to magnetization directions. This is because the

spin splittings in the heavy hole bands vanish for magnetization vector perpendicular

to k [16]. It is also worth noting that in the tunneling k‖ vectors in [110] direction

are favored (compare Fig. 5.10(a)). We assign this effect to the lifting of Kramers’

degeneracy in the presence of both, the spin splittings and linear in k spin-orbit terms.

In Fig. 5.12 where the cross sections of the Fermi sphere for different hole

concentrations in p-Ga0.92Mn0.08As with the saturated value of magnetization are

presented, one can notice that the higher p the smaller is the spin polarization at

the Fermi level around the center of the Brillouin zone. This explains why the spin

polarization of tunneling current decreases with the hole concentration. The results

presented in the above figures suggest, however, that a higher concentration of elec-

trons in n-GaAs layer should result in matching of the larger k vectors and thus in

higher spin polarization of the current. Indeed, when the electron concentration is in-

creased from n = 1019 cm−3 to n = 1020 cm−3, the calculated current spin polarization

becomes higher by about 8% as shown on Fig. 5.13.

5.3 Anisotropic Zener tunneling

The (Ga,Mn)As films exhibit a variety of anisotropic properties [16, 61, 62] and we will

check in this section how these properties influence Esaki-Zener tunneling. The effect

assessed here is called tunneling anisotropic magnetoresistance (TAMR). This effect

consists of a change in the tunnel resistance upon the rotation of magnetization. The

phenomenon, recently discovered in structures with a single (Ga,Mn)As ferromagnetic

layer [24, 23], results from the fact that tunneling resistance depends on the relative

orientation of magnetization in respect to the direction of current and crystallographic
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Figure 5.12: Cross section of the valence bands at the Fermi energy for various hole
concentrations p in p-Ga0.92Mn0.08As. Color scale denotes spin polarization. Magne-
tization is taken along the [110] direction.

axes. This is due to the strong spin-orbit coupling and the highly anisotropic Fermi

surface in (Ga,Mn)As (compare Fig. 5.12) – it is why TAMR was not reported for

structures based on ferromagnetic metals, where typically spin-orbit characteristic

energies are smaller than the Fermi energy.

5.3.1 In-plane Magnetization

We consider a simple junction consisting of several layers of p-type Ga1−xMnxAs,

x = 0.08, p = 3.5 × 1020 cm−3, followed by several layers of n-type GaAs, n =
1019 cm−3 in the weak bias limit, i.e. the same structure as considered in the previous

subsection. Interestingly, as shown in Fig. 5.14 the model reveals that the current

magnitude and its spin polarization differ for magnetization along [110] and along

[110] crystallographic axis, even in the absence of any extrinsic deformation, solely

due to the relation between the anisotropy of the Fermi surface and the symmetry

breaking introduced by the magnetization direction. This reflects the asymmetry of
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the (Ga,Mn)As/GaAs interface, at which the [110] and [110] directions are not equiv-

alent, so that the Td symmetry of the zinc-blende crystal is reduced to C2v for the

heterostructure in question. Actually, a 6% difference in spin polarization of the cur-

rent for the unstrained structure, which is visible in Fig. 5.14(b), agrees with that

observed experimentally [19].

The intrinsic anisotropy of the Zener tunneling current depends on the hole

concentration, as shown in Fig. 5.15. The change in the tunneling current upon ro-

tation of the magnetization vector from [110] to [110] direction increases with the

decrease of hole concentration, reaching 8.5% for p = 1× 1019 cm−3. Such a low hole
concentration can, in fact, correspond to a depletion region in the p-(Ga,Mn)As/n-

GaAs junction [56, 22], though hole localization may render our theory invalid in

this low hole concentration range. Thus, our model predicts for (Ga,Mn)As/GaAs

Zener diodes an in-plane TAMR magnitude of the order of several percents without

assuming any extrinsic strain. Although the obtained TAMR value agrees with the

observation reported in Ref. [24], it should be emphasized that in that experiment

(Ga,Mn)As/AlOx/Au tunnel junction was examined. Moreover, the symmetry of the

experimental TAMR effect implies the existence of an extrinsic deformation breaking

the equivalence of [100] and [010] crystallographic axes.

Typically (Ga,Mn)As films exhibit uniaxial anisotropy, whose character implies

the presence of an extrinsic trigonal distortion along the [110] axis [62]. A strain as

small as 0.05% was found to explain the magnitude of the corresponding uniaxial

in-plane anisotropy field [62]. The effect of the trigonal strain on the Zener current
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Figure 5.14: Dependence of Zener tunneling current in arbitrary units (a) and its spin
polarization (b) on the direction of in-plane magnetization without strain and for
deformations up to 1% applied along the [110] axis. Calculations performed for Mn
content x = 0.08, hole concentration p = 3.5× 1020 cm−3, and electron concentration
n = 1019 cm−3 in the limit of low bias (0.01 V).

and its spin polarization is presented in Fig. 5.14 together with previously discussed

results for unstrained structures. As seen, the strain causes an additional in-plane

anisotropy. However, a rather strong deformation is needed to obtain a significant

dependence of spin current polarization on the direction of the magnetization vector.

Even for 0.1% deformation, which is two times larger than that evaluated in Ref. [62],

the anisotropy of the spin polarization of the current is still very small. When a strong,

1%, deformation is assumed, the calculation predicts a 10% increase of current spin

polarization for magnetization along [110] axis. At the same time, the obtained spin

polarization for the magnetization along [110] direction is smaller by about 30%.

5.3.2 Out-of-plane Magnetization

The spin dependent interband tunneling is sensitive not only to the in-plane magne-

tization direction. It has been shown in Ref. [23] that rotation of magnetization by

applying an out-of-plane magnetic field leads also to a TAMR signal in a Zener-Esaki

diode. The magnitude of perpendicular tunneling anisotropic magnetoresistance is

defined as

TAMR⊥ =
R(H⊥)−R(0)
R(0)

, (5.1)
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Figure 5.15: Dependence of Zener tunneling current in arbitrary units (a) and its spin
polarization (b) on the direction of in-plane magnetization for various hole concen-
trations; Mn content x = 0.08 and electron concentration n = 1019 cm−3 in the limit
of low bias (0.01 V).

where R(H⊥) and R(0) are the resistances for two mutually perpendicular, out-of-

plane and in-plane configurations of saturated magnetization, i.e., for magnetization

along [001] and [100] crystallographic axis, respectively. It is worth noting that under

the presence of spin-orbit interaction, a relatively large change in resistance is ex-

pected when the direction of magnetization alternates from perpendicular to parallel

in respect to the current, even if the effect of epitaxial strain, which makes the [100]

and [001] directions non-equivalent, is disregarded. In the Boltzmann conductance

regime, the effect is known as anisotropic magnetoresistance (AMR), and has already

been studied in (Ga,Mn)As experimentally and theoretically [3, 33].

The calculated relative changes of the structure resistance for the magneti-

zation vector flipping between perpendicular-to-the-plane and in-plane directions are

shown in Fig. 5.16 as a function of bias for various hole concentrations in Ga0.94Mn0.06As.

For p = 3.5×1020 cm−3, the maximum of the computed TAMR effect, exceeding 20%,
is seen at small bias voltages. These results are compared with the experimental find-

ings of Ref. [23], where the structure containing ferromagnetic Ga0.94Mn0.06As with

TC ≈ 70 K was studied. According to the p-d Zener model,[16] such a value of TC
corresponds to p ≈ 1020 cm−3.

We see in Fig. 5.16 that the theory describes correctly the experimental mag-

nitude of TAMR⊥ for small bias at both polarizations. We see also that the computed

TAMR⊥ tends to vanish with the increase of the reverse bias, whereas when the for-
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Figure 5.16: The bias dependence of the relative change in the tunneling resistance
in Zener-Esaki p-Ga0.94Mn0.06As/n-GaAs diode when magnetization is rotated out-
of-the-plane, for various hole concentrations; n = 1019 cm−3. The black squares are
experimental points from Ref. [23].

ward bias is assumed, TAMR⊥ changes sign and tends to infinity. Such change of sign

for the forward bias is also revealed experimentally, but the measured TAMR⊥ ap-
pears to vanish for higher values of positive bias. This inconsistency can be explained

by recalling that the computed tunneling current stops to flow above the tunneling

cutoff voltage, which is determined by a sum of the energy distance from the hole

Fermi level EvF to the top of the valence band in (Ga,Mn)As and the energy difference

between the bottom of the conduction band and electron Fermi level EcF in GaAs. In

the experiment, however, some current related to band-gap states appears to domi-

nate near the cutoff voltage. In turn, series bulk resistances, which are not taken into

account in the calculations, may dominate at high reverse bias. Accordingly, stan-

dard AMR appears to contribute to the experimental value of TAMR⊥ in this bias
regime [23].

Figure 5.16 shows also the TAMR⊥ calculated for different hole concentrations

in the magnetic layer. Due to the strong pd exchange and large spin splitting in the

(Ga,Mn)As valence band, for the low value p = 1×1019 cm−3 all spin subbands above
the Fermi energy have the same spin polarization and thus TAMR⊥ does not change

the sign upon applying the positive bias. When, however, the Fermi level is very deep

in the band, in the case of large p = 1×1021 cm−3, different spin subbands contribute
to the current for various voltages and TAMR⊥ as a function of bias changes the sign

twice.
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Figure 5.17: Perpendicular TAMR in Zener diode calculated using the self-consistent
model after the Fig. 5.6(b).

5.3.3 Self-consistent Model

As we have seen at the beginning of the section that a good description of the band

profiles is essential for proper description of the dependence of the spin current polar-

ization on applied bias. We have argued that correct band profiles play important role

in the high bias limit. Here again, we are considering such case, so in order to check

the validity of the calculation we need to use the self-consistent band profiles. The

obtained results are presented on Fig. 5.17. These results show that band bending

does not affect significantly the TAMR effect.



Chapter 6

Tunneling Magneto-resistance

In the previous chapter we have studied devices where only one magnetic layer was

present and the spin polarization of the current was measured using external devices

like LED diode. In this chapter we consider the case where two magnetic layers are

present and are used for both generation and detection of the spin polarized current.

We study here the tunneling magnetoresistence (TMR) effect in (Ga,Mn)As based

heterostructures, where the magnetic layers are separated by tunneling barrier. We

start by presenting the analysis of the bias dependence of the effect, which is be

followed by the study of anisotropy in the tunneling. The end of the chapter is devoted

to a free hole model, that captures and explains in a simple way the bias dependence

of the TMR.

In order to check the validity of our model in the case of TMR structures, we

start by studying the bias dependence of the effect. The model correctly describes the

observed fast decay with the bias voltage of spin polarization of the tunneling current.

Importantly, this theory does not invoke inelastic processes, which were predicted to

play role in this effect. These processes together with heating of Mn spin subsystem

may become crucial in the highest bias regime. Nevertheless, this allows us to conclude

that the bias anomaly in the (Ga,Mn)As structures has a fundamental origin, related

to band structure effects. Moreover, we study the impact of the interface roughness on

the TMR effect. Astonishingly our results show that imperfect interfaces should have

positive impact on TMR ratio and on its bias dependence. The reason for this is that

due to the spread of ions the magnetic layers become virtually closer. Additionally, the

results suggest that the TMR and its decrease with the applied bias can be controlled

by appropriate engineering of the band offsets in the heterostructure, in particular,

by a proper choice of the nonmagnetic barrier. Moreover, the spin splittings in the

magnetic layers, i.e., the content of magnetic ions in (Ga,Mn)As, seem also to affect

the rate of the decrease of TMR with the bias.

Next step in our study is the anisotropy of the TMR. In the case of TMR

the [100] and [110] magnetization directions are not equivalent, while TMR is identi-

56
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cal for [110] and [110] directions. Thus, for the TMR effect, in which two interfaces

contribute to the tunneling, the D2d symmetry of zinc-blende is recovered. For hole

concentrations exceeding 1020 cm−3 the obtained anisotropy of TMR is, however,
below 10%. This suggests that the high TAMR values detected experimentally [55]

result probably from effects of extrinsic deformations and/or hole depletion. Indeed,

the calculated anisotropy of TMR can be considerably enhanced by lowering the hole

concentration (for p = 1019 cm−3 up to ca 250%). Yet, for such low concentrations,
hole localization effects, disregarded in our model, can be important. A careful analy-

sis of our results shows that the anisotropy of the TMR results solely from directional

dependence of the current in the AFM configuration. For the FM configuration, in

which a high in-plane TAMR was experimentally observed, only a rather small re-

sistance difference is theoretically expected when magnetization is flipping between

[110] and [010] directions. In addition, as long as magnetizations remain parallel, the

computed current is virtually independent of the structure deformation. A strong

0.3% trigonal distortion introduces some visible angular dependence only in the case

of the AFM configuration. As for the out-of-plane magnetization directions, the cal-

culated tunneling current in the FM configuration changes by a few percents when

the magnetization vector assumes the direction perpendicular to the plane. The effect

of the same sign and of a magnitude of about 12%, was observed experimentally [22].

The results described above show that the full tight-binding description is

essential for reliable modeling of TMR in modulated structures of (Ga,Mn)As. In

particular, it is indispensable for studying the symmetries and angular dependencies

of the tunneling. Still, we are aware that this approach, which requires the availabil-

ity of a very good semi-empirical tight-binding parametrization for all constituent

materials and leads always to large matrix Hamiltionians (e.g., in the case of GaAs

or AlAs barriers the used by us relatively simple sp3d5s∗ tight-binding Hamiltonian,

with only nearest neighbor interactions included [28], resulted in a 40×40 matrix for
each double (cation+anion) layer of the structure), is not very practical for one, who

wants to undertake a systematic study of different TMR structures. Therefore, to

facilitate the study of the TMR structures and devices, we are looking for a sim-

ple, albeit accurate, approach that would emphasize intuitive understanding of such

structures. We construct a free hole model in the spirit of Slonczewski approach [64],

being, however, advised by the results of tight-binding calculations about which pa-

rameters are important for the bias anomaly and have to be included in the model.

The validity of the free hole model is checked by a comparison with the results of

the full tight-binding method, for structures with GaAs and AlAs barriers. The re-

sults of the model show that two parameters – spin splitting in the magnetic layers

and spacer barrier height – define the two range decay of TMR with bias. This two

range decay is clearly seen here in this simple model, whereas it was obscured in the

tight-binding approach. Additionally, the model predicts that the TMR decay can be

reduced when asymmetric polarizations in the leads are introduced. This prediction
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is again verified with the tight-binding model. Finally, the case of one-dimensional

tunneling is considered, which eventually can be used to predict the behavior of TMR

in (Ga,Mn)As nanowires. Finally, we point out that in the limit when the height of

the barrier tends to infinity, our one-dimensional approach corresponds to the Jullière

model.

6.1 Bias dependence

As we have mentioned in the introduction in all experiments the observed TMR shows

a rapid and hitherto unexplained decay with the increase of the applied bias. As shown

in Fig. 6.1, our calculations reproduce such decay. This suggests that the dependence

of TMR on the applied bias results predominantly from the band structure effects in

this case.
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Figure 6.1: The calculated bias dependence of the TMR effect in p-
Ga1−xMnxAs/(GaAs)4/p-Ga1−xMnxAs trilayer (with the GaAs barrier width d = 4
monolayers) for various hole concentrations p and Mn ions content x = 0.08 (a) and
for various values of x and p = 3.5× 1020 cm−3 (b).

In Fig. 6.1(a) one should note a strong dependence of TMR and its decay with

applied voltage on the hole concentration in the magnetic contacts. However, one can

also see that the hole concentration does not influence very strongly the bias where

the TMR reaches zero. This voltage, ca 0.26 V, corresponds to the valence band

offset between Ga0.92Mn0.08As and GaAs, which is determined by the spin splitting

in the valence band of the former. The presented in Fig. 6.1(b) TMR ratios for

the magnetic contacts with various Mn content, i.e., with different spin splitting,

confirms this conclusion. These results suggest that the TMR and its decrease with
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the applied bias can be controlled by appropriate engineering of the band offsets in

the heterostructure, in particular, by a proper choice of the nonmagnetic barrier. To

check this prediction theoretically, we replace in the calculations the GaAs by AlAs,

which produces a higher by 0.55 V barrier for the holes (see Fig. 1.7). The results

presented in Fig. 6.2 show that, indeed, for tunneling through the AlAs barrier, the

TMR magnitude decreases with the bias much slower than in the case of GaAs.

Moreover, for a higher tunneling barrier one can expect also higher TMR ratios.
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Figure 6.2: The bias dependence of the TMR ratio for p-Ga1−xMnxAs/(AlAs)4/p-
Ga1−xMnxAs with x = 0.08 and various hole concentrations (a); for various values of
x and p = 3.5× 1020 cm−3 (b).

A related behavior can be seen in the study of the dependence of TMR effect

on the width of the barrier, presented in Fig. 6.3. In agreement with experimental

observations [68], the calculated TMR drops rapidly when the barrier becomes wider.

However, for AlAs which forms a higher barrier, the decrease of the TMR ratio with

the number of barrier monolayers is much weaker.

6.1.1 Self-consistent Model

In the case of inter-band tunneling in Zener-Esaki diode we have seen that a decent

description of band profiles is essential in order to obtain correct description of the

bias dependence. Hence, our extensive discussion of the bias dependence might seem

to be premature. However, it should be noted that in the studied trilayers the carrier

relocation has minor influence on the band profiles. In contrary to the pn Zener-

Esaki diode we deal here only with interfaces between p-type and neutral materials

with very small band offsets. Anyway we have checked the validity of this assump-

tion by performing self-consistent calculations for the (Ga,Mn)As/GaAs/(Ga,Mn)As
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Figure 6.3: The bias dependence of the TMR ratio for various thicknesses d
of the barrier layer in (a) p-Ga0.92Mn0.08As/(GaAs)d/p-Ga0.92Mn0.08As; (b) p-
Ga0.92Mn0.08As/(AlAs)d/p-Ga0.92Mn0.08As

trilayers. The obtained band profiles are shown on Fig. 6.4.
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Figure 6.4: The calculated valence bands profile in p-(Ga,Mn)As/GaAs/p-(Ga,Mn)As
TMR trilayers - all layers of the structure are 10 monolayers thick.

The results show that the band bending introduced by carrier relocation are

relatively small and do not change drastically the situation. The next figure (Fig. 6.5)

presents TMR ratio obtained for the discussed band profiles. As we have suspected

the impact of the band-bending on TMR is small and does not influence the details

of the bias dependence.
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Figure 6.5: TMR ratio vs. bias in p-(Ga,Mn)As/GaAs/p-(Ga,Mn)As - all layers of
the structure are 10 monolayers thick.

6.1.2 Interface Roughness

To account, at least partially, for the interface roughness, inevitable in the real struc-

tures, we introduce a Gaussian distribution of the ions within σ monolayers thick

interface region. This interface spread is taken into account in the calculations within

the virtual crystal approximation, i.e., instead of considering a structure where the

ions are randomly relocated according to a given distribution, we consider a structure

where the tight-binding atom parameters are spread according to the given distribu-

tion. The results of this calculation are presented on Fig. 6.6.

Astonishingly, for larger interface roughness the TMR ratio is higher and van-

ishes for higher bias values – this can be explained by a better k-matching in both

regions, resulting from the spread of available states in the interfaces.

6.2 Effect of Material Properties

Similarly to the spin polarization of the tunneling current in Zener-Esaki diode, TMR

increases with the content of the magnetic ions and decreases with the concentration

of the holes in (Ga,Mn)As layers. In Fig. 6.7 (a) the obtained TMR values, for a given

(8%) Mn content are plotted as function of hole concentrations in the FM layers.

As shown, TMR depends strongly on the hole concentration. As TMR is pri-

marily determined by spin polarization of the carriers at the Fermi level, the higher

hole concentration the smaller is spin polarization at the Fermi level at given Mn

spin polarization. For p = 3.5 × 1020 cm−3, which is the typical hole concentration
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Ga0.92Mn0.08As for various interface roughnesses σ and p = 3.5× 1020 cm−3.
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Figure 6.7: TMR in p-Ga1−xMnxAs/GaAs/p-Ga1−xMnxAs as a function of: (a) hole
concentration p (for x = 0.08); (b) Mn content (for p = 3.5 × 1020 cm−3). The bias
applied to the structure is V = 0.01 V.

in (Ga,Mn)As samples with a high Mn content [73], the TMR of about 250% is ob-

tained. Because of self-compensation, the hole concentration depends rather weakly
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on x – thus, we have calculated the TMR for different x in the magnetic layers, while

keeping the hole concentration constant, p = 3.5 × 1020 cm−3. The results of such
computations are presented in Fig. 6.7(b).

As seen, our simple model reproduces fully the experimental data: for struc-

tures with 8% of Mn we obtain the TMR of the order of 250%, as observed recently by

Chiba et al. [13]; for 4% of Mn the calculations lead to the TMR of the order of 60%,

in perfect agreement with the observations of Tanaka and Higo [68] and Mattana et

al. [45]. Therefore, our calculations seem to suggest that for obtaining a high TMR,

large exchange splittings, i.e., high content of magnetic ions is needed. Unfortunately,

the presented in Fig. 6.7 dependence suggests that the attempts to increase the hole

concentration in (Ga,Mn)As, in order to obtain higher Curie temperature, may result

in a reduced TMR value.

6.3 Anisotropy of Tunneling Magnetoresistance

Let us now analyze the dependence of the TMR on magnetization direction, i.e., the

anisotropy of the effect. The calculated dependence of TMR on the in-plane direction

of the magnetization vector is shown in Fig. 6.8. It is seen that in the case of TMR

the [100] and [110] magnetization directions remains not equivalent, while TMR is

identical for [110] and [110]. Thus, the D2d symmetry is recovered if two interfaces are

involved, in contrast to the case of spin current polarization in the Esaki-Zener diode,

where C2v symmetry of a single zinc-blende interface led to the non-equivalence of

the [110] and [110] directions, as discussed in previous chapter.

As shown in Fig. 6.8, the in-plane anisotropy of TMR depends crucially on the

hole concentration in the magnetic layer. For hole concentrations p in the range of

1020 cm−3 the obtained anisotropy of TMR is below 10%. However, for low concen-

trations, p = 1019 cm−3, it becomes as strong as 250%. The reason for this behavior

becomes clear when we look at Fig. 6.9 that shows the dependence of the tunneling

current in the AFM configuration on the in-plane wave vector for different directions

of magnetization. In Fig. 6.9(a), i.e., in the case of p = 1019 cm−3 the region of the

Brillouin zone that takes part in the tunneling is strongly dependent on the magne-

tization direction, in contrast to the results for higher hole concentrations presented

in Fig. 6.9(b). It should be stressed that such behavior has been obtained only for

the AFM alignment. The calculated tunneling current in the FM configuration does

not virtually depend on the direction of magnetization – only a very small difference

between [110] and [010] direction has been found.

A similar effect can be also noticed in the calculated dependence of the TMR

ratio on strain, as shown in Fig. 6.10. Here, again we see that upon trigonal strain the

tunneling current becomes anisotropic only for the AFM alignment of magnetization

in the two magnetic contacts.
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Figure 6.8: Dependence of TMR ratio on the direction of in-plane magnetization for
various hole concentrations in p-Ga0.92Mn0.08As/(GaAs)4/p-Ga0.92Mn0.08As trilayer
structure.

6.4 Tunneling Anisotropic Magnetoresistence

The results presented above show that the computed anisotropy of TMR results

exclusively from the anisotropy of tunneling in the AFM configuration. Thus, this

anisotropy cannot explain the in-plane TAMR effect observed in the trilayer structures

based on (Ga,Mn)As [55, 22], i.e., the difference in the resistance of the structures

in FM configuration between the x and y directions. As stated before, we obtain

only a very small difference in the FM tunneling current between the [110] and [010]

direction. Although this anisotropy can be increased to about 15% by assuming a

low hole concentration of p = 1 × 1019 cm−3 (compare Fig. 6.11), the depletion
effects would not affect the anisotropy directions determined by the symmetry of the

structure. In agreement with the calculations, D2d symmetry of a rather small (below

10%) anisotropy of the TMR as well as in-plane TAMR has been recently observed

by Saito et al. [57].

However, the calculated tunneling current for magnetization vector perpendic-

ular to the plane differs from the current calculated for the in-plane magnetization

vector even for the FM configuration. Using the TAMR⊥ ratio defined in Eq. (5.1),

we have calculated the perpendicular TAMR for the (Ga,Mn)As/GaAs/(Ga,Mn)As



6.5. FREE HOLE MODEL 65

-2 -1 0 1 2
k

x
 [A°

-1
]

-2

-1

0

1

2

k y
[A°

-1
]

-2 -1 0 1 2
k

x
 [A°

-1
]

-2

-1

0

1

2

k y
[A°

-1
]

-2 -1 0 1 2
k

x
 [A°

-1
]

-2

-1

0

1

2
k y

[A°
-1

]

-2 -1 0 1 2
k

x
 [A°

-1
]

-2

-1

0

1

2

k y
[A°

-1
] - 0

- 0.09
- 0.18
- 0.27
- 0.36
- 0.45
- 0.55
- 0.64
- 0.73
- 0.82
- 0.91
- 1

a)

b)

Figure 6.9: Dependence of tunneling current (in arbitrary units, in the limit of low
(0.01 V) bias) on the direction of the in-plane wave vector for antiparallel configuration
of magnetizations (AFM) along the [110] (a) and [010] (b) crystallographic directions.
Two different values of hole concentration were assumed: 1× 1019 cm−3 (left panels)
and p = 3.5× 1020 cm−3 (right panels).

and (Ga,Mn)As/AlAs/(Ga,Mn)As structures. The results are presented in Fig. 6.12.

In the case of the GaAs spacer, for hole concentrations of about 1 × 1020 cm−3 a
very small effect that weakly depends on the applied bias can be observed. Still, for

small hole concentration we see a positive TAMR⊥ of the order of 60%. The differ-

ence between the out-of-plane and in-plane resistances of the same sign and of about

12% was experimentally observed in Ref. [22]. As shown in Fig. 6.12, again a higher

barrier, i.e., the AlAs spacer, should enhance the TAMR⊥ effect.

6.5 Free Hole Model

In Section 6.1 we have seen that our tight-binding model describes correctly the bias

dependence of the TMR ratio. This sheds some light on the nature of this phenomena,

and shows that the rapid decrease is the result of band structure effects. Of course

other effect might play here some role as well. Nevertheless, good description of the
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Figure 6.10: Dependence of tunneling current (in arbitrary units) on the direction
of in-plane magnetization for (a) parallel (FM) and (b) antiparallel (AFM) magneti-
zation orientations in p-Ga0.92Mn0.08As/(GaAs)4/p-Ga0.92Mn0.08As trilayer structures
trigonally distorted along the [110] crystallographic axis; p = 3.5×1020 cm−3; applied
bias 0.01 V.

tunneling process is essential in order to describe this TMR decay. Here, we apply a

very simple free hole model that includes only essential parameters. This simplified

model allows a systematic study of the phenomena and leads to new predictions that

are later on verified against the tight-binding approach.

6.6 Free Hole Model for TMR Structures

We consider a TMR device, in which two half-infinite ferromagnetic layers (L and R)

are separated by a non-magnetic barrier (B). To describe such hypothetical L/B/R

structure we assume the dispersion relations in the three layers as given in Table 6.1.

The effective masses in the three layers are denoted by mL, mB, mR and are assumed

to be equal to the light hole masses in the materials. For GaAs and (Ga,Mn)As, the

light hole mass is 0.082me whereas for AlAs it is 0.15me. We assume that the bands

in the magnetic leads are split into two, minority and majority, spin bands and that

in general the splitting sL in the L ferromagnetic layer differs from the splitting sR

in R. In our calculations the magnetic material is described by two free parameters:

the spin splitting s of the valence bands and the Fermi energy eF . These parameters

determine the hole concentration p or, respectively, p and s can be used to determine

eF . As shown in Fig. 6.13 for different values of the spin splitting s, the higher is

the concentration of holes (the deeper in the valence band is the Fermi energy) the
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various hole concentrations in p-Ga0.92Mn0.08As/(GaAs)4/p-Ga0.92Mn0.08As trilayer
structure; p = 3.5× 1020 cm−3; applied bias 0.01 V.

a) b)

0 0.2 0.4
V

bias
 [V]

-0.8

-0.4

0

0.4

0.8

P
er

pe
nd

ic
ul

ar
 T

A
M

R

p = 1× 10
19

 cm
-3

p = 1× 10
20

 cm
-3

p = 3.5× 10
20

 cm
-3

0 0.2 0.4
V

bias
 [V]

-0.8

-0.4

0

0.4

0.8

P
er

pe
nd

ic
ul

ar
 T

A
M

R

p = 1× 10
19

 cm
-3

p = 1× 10
20

 cm
-3

p = 3.5× 10
20

 cm
-3
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layer; p = 3.5× 1020 cm−3.

smaller is the spin polarization at the Fermi level.

For the non-magnetic spacer the free parameters are: the layer width a and ∆,
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Figure 6.13: The Fermi energy eF versus the spin polarization Π in the (Ga,Mn)As
layers (m = 0.082me) for various values of the spin splitting s.
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Table 6.1: Dispersion relations for holes in the studied structure, where mL, mB, mR

are the effective masses; sL, sR are the spin splittings; eLF , e
R
F are the Fermi energies;

∆ is the spacer band offset and V is the bias applied to the structure.

i.e., the position of the top of the spacer valance band with regard to the Fermi level

in the left contact, which is assumed to be the zero energy level (thus, the energy

difference between the tops of the valence bands in the L and B layers is equal to

∆ + eLF + s
L/2). The band structure in the three regions of the simulated L/B/R

device is shown schematically in Fig. 6.14 (a). In the figure the tunneling of holes is

depicted, because the magnetic layers considered in the paper are p-type (Ga,Mn)As.

Fig. 6.14 (b) shows the band structure when a non-zero bias V is applied. We

assume the same voltage drop on each of the interfaces. Thus, due to the applied

bias the bands in the barrier B are shifted by V/2, whereas the bands in the right

magnetic lead R are shifted by V . One should note that the model is sound only when

V ¬ ∆, because otherwise the current is dominated by the drift current which is not
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Figure 6.14: The simulated TMR device consists of three regions: ferromagnetic p-
type leads and non-magnetic spacer. The device band structure for V = 0 (a) and for
V 6= 0 (b).

taken into account in our model.

The number σΛα of spin-α states (α = m or l, i.e., majority or minority spin)
in magnetic lead Λ (Λ = L or R) is equal to:

σΛα =
∫

BZ
fΛ(EΛα (k))d

3k. (6.1)

When not stated otherwise the calculations are performed for temperature T = 4.6 K.

The spin polarization of states in the lead Λ can be defined as:

ΠΛ =
σΛm − σΛl
σΛm + σ

Λ
l
. (6.2)

In the free hole model the carrier transmission amplitude from left α spin state

to right β spin state can be obtained by solving Schrödinger equation for tunneling:
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tkLα→kRβ (E,k‖) =
4

(

kB

kLα
− k

R
β

kB

)2

sh2(kBa) +
(

1 +
kR
β

kLα

)2

ch2(kBa)

.

The transition probability is now equal to:

TkLα→kRβ (E,k‖) = |tkLα→kRβ (E,k‖)|
2k
R
β

kLα
. (6.3)

Using this equation together with (3.4) we can obtain the tunneling current

jα→β.

To calculate the TMR ratio we compare the tunneling currents in two config-

urations, i.e., with parallel (ferromagnetic – FM) and the antiparallel (antiferromag-

netic – AFM) alignments of the magnetizations in the leads. We define the tunneling

magnetoresistance (TMR) ratio as:

TMR =
jFM − jAFM
jAFM

, (6.4)

where jFM and jAFM are the tunneling currents in the FM and AFM configurations,

respectively. As the tunneling process does not change the spin of a carrier, the total

current jFM in the ferromagnetic configuration of the device is equal to:

jFM = jm→m + jl→l, (6.5)

whereas the total current jAFM in the antiferromagnetic configuration is equal to:

jAFM = jm→l + jl→m, (6.6)

where m and l denote the majority and minority spin states, respectively.

6.7 One Dimensional Tunneling

In this section we simplify the model by assuming that the tunneling is one dimen-

sional, i.e., k‖ = 0. In such case (3.4) becomes:

j1Dα→β =
−e
(2π)3~

∫

dE
[

fL(E − fR(E)
]

TkLα→kRβ (E, 0). (6.7)

Next, as TkLα→kRβ (E, 0) depends weakly on E we can do the following approximation:

j1Dα→β ≈
−e
(2π)3~

TkLα→kRβ (0, 0)
∫

dE
[

fL(E)− fR(E)
]

, (6.8)
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which leads to the following approximate formula for the TMR ratio:

TMR1D ≈
TkL
m
→kR
m
(0, 0) + TkL

l
→kR
l
(0, 0)− TkL

m
→kR
l
(0, 0)− TkL

l
→kR
m
(0, 0)

TkL
m
→kR
l
(0, 0) + TkL

l
→kR
m
(0, 0)

. (6.9)

Further, we note that our one dimensional free hole model in the limit of

T → 0 and ∆→∞, i.e., in the limit when the spacer details do not play any role, is
equivalent to the Jullière model. In the one dimensional case the number σΛα of spin-α

states in lead Λ is equal to:

σΛα =
∫ ∞

−∞
f(EΛα (k))dk. (6.10)

which, in the limit of T → 0 equals to:

σΛα = 2k
Λ
α(0). (6.11)

In this limit the spin polarization of states is given by:

ΠΛ =
kΛm − kΛl
kΛm + k

Λ
l
. (6.12)

Taking into account only the highest order term in ∆ in TkLα→kRβ (0, 0) we obtain:

TkLα→kRβ (0, 0) ∼∆→∞
kRβ
kLα

4
(

kB

kLα

)2
sh2(kBa)

. (6.13)

Plugging this into (6.9) we get:

lim
∆→∞
TMR1D =

kRm k
L
m + k

R
l k
L
l − kRl kLm − kRm kLl

kRl k
L
m + k

R
m k
L
l

, (6.14)

and after some algebra we finally obtain:

lim
∆→∞
TMR1D =

ΠRΠL

1− ΠRΠL , (6.15)

what is exactly the TMR ratio predicted by the Jullière model.

6.8 Comparison with the Tight-Binding Model

We check the validity of the free hole model by comparing its prediction with the

results of the tight-binding model in the case of GaAs and AlAs barriers. To reproduce
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Figure 6.15: The TMR ratio in free hole model (dashed lines) fitted to the tight-
binding results (cont. lines) in a) (Ga,Mn)As/(GaAs)4/(Ga,Mn)As structure, b)
(Ga,Mn)As/(AlAs)4/(Ga,Mn)As structure. For GaAs spacer ∆ = 0.23 eV, whereas
for AlAs spacer ∆ = 0.55 eV.

the TMR ratio obtained within the full tight-binding model in Ref. [59] (as presented

in Fig. 6.15), we fit the free hole model parameters: ∆, which determines the band

offset, and the spin polarization Π = ΠL = ΠR in the magnetic contacts.

The value of ∆ obtained from the fitting for the GaAs spacer is 0.23 eV

and leads to a comparable band line-up that has been assumed in the tight-binding

model [59]. Although the free hole model includes only two light hole bands, aston-

ishingly, the fitted value of ∆ for AlAs spacer (0.55 eV) is exactly equal to the band

shift of the AlAs parametrization assumed in the tight-binding model. The spin po-

larizations Π in the (Ga,Mn)As magnetic leads are equal to 0.87 for p = 1×1020 cm−3
and 0.78 for p = 3.5× 1020 cm−3, in good agreement with the Zener model of ferro-
magnetism in (Ga,Mn)As [16].

6.9 Calculations for 3D Devices

In order to capture the key parameters that control the bias dependence of the TMR,

we study a virtual structure consisting of two (Ga,Mn)As layers separated by four

monolayers of a hypothetical spacer ÃlAs, where mB = 0.15me, i.e., the effective

mass is equal to the light hole mass in AlAs, but the band offset is varied. First, we

assume that the spin polarization in both magnetic layers is the same and very high

ΠR = ΠL = 90%. In Fig. 6.16 a) the calculated TMR-ratios for different band-offset

are shown.
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Figure 6.16: The simulated TMR-ratio for 3D tunneling in

(Ga,Mn)As/(ÃlAs)4/(Ga,Mn)As structure, where the band offset of the spacer
material ∆ is varied and s = 0.22 eV a) or the spin splitting s = sL = sR in the
magnetic leads is varied and ∆ = 0.55 eV b).

As one can see in Fig. 6.16, the decrease of the TMR-ratio with the bias

occurs in two stages. In the first range, for V / s, the decrease is almost independent
on the value of ∆, whereas in the second range, for V ' s, the decrease depends
strongly on the value of ∆. For all studied band-offsets, the TMR-ratio tends to

zero for V ≈ ∆. Next, we have calculated the bias dependence of the TMR-ratio
for (Ga,Mn)As/(ÃlAs)4/(Ga,Mn)As structure for different values of spin splitting

sL = sR = s in the magnetic leads, keeping the band-offset ∆ = 0.55 eV (Fig. 6.16 b)).

Now it is clearly seen that in the first range the TMR dependence on bias is guided

by the value of the spin splitting s, whereas in the second range the band offset plays

the dominant role. Moreover, we note that the effective mass of the carriers in the

spacer mB should have a similar impact on the bias anomaly as ∆, what follows from

the equation for kB (see Table 6.1).

Now, let us study the impact of the spin polarization in the magnetic leads on

the TMR value and the bias anomaly. As shown in Fig. 6.17, for V = 0 the higher the

spin polarization the higher is the TMR ratio. On the other hand, higher Π results

in faster decrease of TMR with the applied voltage and spin polarization has a very

small impact on the bias for which the TMR disappears.

The situation changes, however, when we allow for different spin polarizations

in the L and R leads, ΠL 6= ΠR.
In Fig. 6.18 the results obtained for different ΠL to ΠR ratios are presented

and compared with the results for ΠL = ΠR = 90%. The same spin splittings are

assumed in all cases – thus, the different spin polarizations correspond to different



74 CHAPTER 6. TUNNELING MAGNETO-RESISTANCE

a) b)

0 0.1 0.2 0.3 0.4 0.5
Applied bias V [V]

0.01

0.1

1

10

T
M

R
 R

at
io

Π
L

Π
R

0.5   0.5
0.6   0.6
0.7   0.7
0.8   0.8
0.9   0.9

0 0.1 0.2 0.3 0.4 0.5
Applied bias V [V]

0.01

0.1

1

10

T
M

R
 R

at
io

Π
L

Π
R

0.5   0.5
0.6   0.6
0.7   0.7
0.8   0.8
0.9   0.9

Figure 6.17: The TMR ratio in free hole model in a) (Ga,Mn)As/(GaAs)4/(Ga,Mn)As
structure, b) (Ga,Mn)As/(AlAs)4/(Ga,Mn)As structure for the same spin polar-
izations in left and right leads. For GaAs spacer ∆ = 0.23 eV, for AlAs spacer
∆ = 0.55 eV, whereas s = 0.22 eV.
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Figure 6.18: The TMR ratio calculated within the free hole model in a)
(Ga,Mn)As/(GaAs)4/(Ga,Mn)As structure, and b) (Ga,Mn)As/(AlAs)4/(Ga,Mn)As
structure for different spin polarizations in the left and right lead. The spin splitting
in (Ga,Mn)As s = 0.22 eV, ∆ = 0.22eV for the GaAs spacer, for AlAs ∆ = 0.55eV .

Fermi energies. First, we note that, as expected, a lower spin polarization even in

one lead should result in lower TMR value for V = 0. However, a counter intuitive

result that TMR ratio can grow with applied bias when ΠL < ΠR can be seen in

the figure. This result shows that the spin polarizations of the initial and final states

are not the only important factors in spin tunneling. As can be seen in the formulae
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for tunneling current the highest tunneling rates and spin transfer can be achieved

when the k vectors at the Fermi levels in both leads are well matched. To explain

the role played by the matching of k vectors in the above result, in Fig. 6.19 we

present schematically the situation. For equal spin polarizations, the bands are best

matched for V = 0 and hence the highest TMR value are obtained for zero bias (see

Fig. 6.19 a)). Whereas, for ΠL 6= ΠR the Fermi levels are different and the best match
between the bands is obtained for such non-zero bias, which shifts appropriately the

bands (see Fig. 6.19 b)).

Figure 6.19: When ΠL = ΠR the bands in both leads are well matched for V = 0 (a),
whereas when ΠL 6= ΠR the best matching is obtained for non-zero bias (b).

6.9.1 1D structures

Now, let us move to the case of one dimensional tunneling. The results are presented

in Fig. 6.20.

In the 1D case, the decay of TMR-ratio with bias depends in a different way

on the structure parameters. Namely, although here again the two different ranges

of the TMR bias dependence can be observed, in the first range the decay is almost

independent on s and ∆, whereas the second range it is now controlled by both of

these important parameters.
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Figure 6.20: The simulated TMR-ratio for 1D tunneling in

(Ga,Mn)As/(ÃlAs)4/(Ga,Mn)As structure, where a) the band offset of the spacer
material ∆ is varied or b) the spin splitting s = sL = sR in the magnetic leads is
varied.

6.10 Comparison with the Jullière Model

The above results show that the height of the tunneling barrier in the spacer layer

plays an indispensable role in the TMR bias anomaly effect. Moreover, not only the

spin polarization of states in the magnetic layers, but also the appropriate matching

of the k vectors in both leads decides about the TMR bias dependence. As shown in

the previous section, Julliére model disregards the TMR dependence on the barrier

height and can be obtained by assuming in the 1D free hole model an infinite barrier.

Nor it takes into account the matching of the k vectors - Julliére model (Eq. (6.15))

predicts only a very strong dependence of TMR on the spin polarizations ΠL and ΠR.

Still, we note that even according to the Julliére model the TMR-ratio depends on

the applied bias. To show this dependence, we express the 3D TMR ratio in the limit

of infinite barrier using the numbers of spin states in the leads, similarly to (6.14):

lim
∆→∞
TMR3D =

σRm σ
L
m + σ

R
l σ
L
l − σRl σLm − σRm σLl

σRl σ
L
m + σ

R
m σ
L
l

. (6.16)

As follows from (6.16) even in the limit of infinite barrier, the bias changes the number

of spin polarized states in right lead and the TMR ratio decreases with bias. This

is shown in Fig. 6.21 by the black line. Taking into account the finite height of the

barrier, essentially leads to lower values of TMR and its much faster decay with the

applied voltage (see Fig. 6.21). Still, for a proper choice of different spin polarizations

in the magnetic leads, the applied bias can increase the k-vector matching and thus

the TMR value.
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Figure 6.21: The simulated TMR-ratio for 3D tunneling in
(Ga,Mn)As/(GaAs)4/(Ga,Mn)As structure, (Ga,Mn)As/(AlAs)4/(Ga,Mn)As
structure together with the predictions of the Julliére model. The assumed spin
polarization in the leads is Π = 0.87.

6.11 Nonsymmetric Leads in Tight-binding Model

We have seen that the free hole model predicts that the decrease of TMR with bias can

be improved when polarizations in both lead are nonsymmetric (Fig. 6.18). This pre-

diction can be verified with the use of the tight-binding model as shown on Fig. 6.22.

Here, again we see exactly the same trends, i.e., the inequality of the polariza-

tions can shift the dependence in the bias regime.
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Figure 6.22: The TMR ratio calculated within the tight-binding model in a)
(Ga,Mn)As/(GaAs)4/(Ga,Mn)As structure, and b) (Ga,Mn)As/(AlAs)4/(Ga,Mn)As
structure for different spin polarizations in the left and right lead. The Mn concen-
tration is assumed to be 8%.
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Summary

In conclusion, we have studied, within a tight binding model, the sensitivity of

the band structure of (Ga,Mn)As-based SL to the spin configuration in successive

DMS layers. Such effects describe correctly the AFM IEC between the FM layers in

EuS/PbS and EuS/YbSe and are, up to now, the only effective mechanism capable to

explain the origin of interlayer correlations in AFM EuTe/PbTe SL. We have shown

that by this mechanism also the FM interlayer coupling in (Ga,Mn)As/GaAs SL can

be described. Moreover, the model points to a possibility of engineering (Ga,Mn)As-

based multilayers for obtaining an AFM interlayer coupling.

We have developed the model of quantum transport in spatially modulated

structures of hole-controlled diluted ferromagnetic semiconductors, taking into ac-

count relevant features of the band structure within the tight-binding approxima-

tion. The model disregards disorder and effects of carrier–carrier interactions, so that

it is applicable to the carrier density range and length scales, where localization

effects are unimportant. However, the model allows for self-consistent simulations.

Within the model we have analyzed the spin polarization of the injected current

in a (Ga,Mn)As/(Al,Ga)As spin-LED. Our studies explain quantitatively the large

spin polarization of the injected current and its strong dependence on the applied

voltage, as has been recently observed in experiments. Our simulations point to an

enhanced tunneling from the depleted (Ga,Mn)As and non-magnetic GaAs regions

and an increase of the energy window where tunneling is allowed. The results of the

tight-binding calculations of coherent tunneling indicate that the enhanced energy

window of tunneling at higher bias leads to an increase of the relative contribution

of the minority spin electrons in the tunnel current due to the better match of their

group velocity with the group velocity of the conduction band states. Furthermore,

the theory describes quantitatively a fast decay of TMR with the bias voltage without

invoking inelastic processes. However, these processes together with heating of Mn

spin subsystem may become crucial in the highest bias regime. The detail studies of

anisotropy effects reveal the presence of C2v symmetry in the magnitude of current
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spin polarization in the Zener-Esaki diode. This indicates a noticeable importance of

inversion asymmetry terms specific to interfaces and zinc-blende structure in tunnel-

ing structures. These effects are not taken into account within the standard kp-type

approaches. According to our findings, if strain is not excessively large, the domi-

nant anisotropy appears when the direction of magnetization changes from parallel

to perpendicular to the current, in a full analogy to AMR. Finally, we have used the

model to predict theoretical conditions for improving the performance of the studied

devices. Our results indicate that an attempt to increase the electron concentration

in the n-GaAs layer of the Zener-Esaki tunnel junction should pay off in an increase

of the spin polarization of the current. For the trilayers, the calculations suggest that

reducing barrier thickness and increasing barrier height may result in higher values of

TMR and its slower decay with the applied bias. Moreover, we have shown that inter-

face roughness, that cannot be avoided in the real devices should not have negative

impact on the effect and might even increase TMR ratio due to effective reduction of

the spacer width.

Finally, we have shown that the TMR bias anomaly in the ferromagnetic semi-

conductor structures can be described and understood correctly within the simple

two band free hole model. This model is a convenient tool for predicting the behavior

of the TMR in various structures with hole-mediated ferromagnetism in the magnetic

layers. Our results show that two parameters – spin splitting in the magnetic layers

and spacer barrier height – define the two range decay of TMR with bias. It is shown

that the higher is the barrier in the spacer layer and the bigger is the spin-splitting in

the magnetic layers the slower is the decay of the TMR ratio with the applied volt-

age. Additionally, we predict that the TMR decay can be reduced when asymmetric

polarizations in the leads are introduced. The indispensable role played by the bar-

rier height and k-vector matching in the bias anomaly was further confirmed by the

comparison with the Julliére model, which neglected these dependencies. Moreover,

using the free hole model we have investigated the impact of the dimension of the

tunneling structure on the TMR effect.
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[34] H. Kȩpa, P. Sankowski, P. Kacman, A. Yu. Sipatov, C.F. Majkrzak, and T.M.

Giebultowicz. Antiferromagnetic interlayer coupling in eus/ybse superlattices.

J. Mag. Mag. Mat., 272-276:323–324, 2004.

[35] H. Kepa, J. Kutner-Pielaszek, J. Blinowski, A. Twardowski, C. F. Majkrzak,

T. Story, P. Kacman, R. R. Galazka, K. Ha, H. J. M. Swagten, W. J. M.

de Jonge abd A. Yu. Sipatov, V. Volobuev, and T. M. Giebultowicz. Anti-

ferromagnetic interlayer coupling in ferromagnetic semiconductor eus/pbs(001)

superlattices. Europhys. Lett., 56(1):54–60, 2001.
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