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In the present thesis, the properties at ferromagnet/semiconductor interfaces, relevant
for semiconductor spintronics applications, are addressed. Semiconductor spintronics
refers to the possibility of storing information using the electron spin, additional to
the electron charge, for enhanced flexibility in nanoscale semiconductor devices.

The system under focus is the Fe/ZnSe(001) heterostructure, where ZnSe is a wide
gap semiconductor ideally compatible with GaAs. The heterostructures are grown
on GaAs(001) substrates by molecular beam epitaxy. From various electron-beam
based diffraction, spectroscopy and microscopy techniques, it is shown that Fe grows
epitaxially and predominantly in a layer-by-layer mode on ZnSe(001) with no presence
of chemically reacted phases or interdiffusion.

An in-plane uniaxial magnetic anisotropy (UMA) is detected for thin Fe films on
ZnSe(001) by magnetometry, thus opposing the cubic symmetry of bcc Fe. From first
principles calculations, the unidirectional sp3-bonds from ZnSe are shown to induce
this uniaxiality. Moreover, an in-plane anisotropic lattice relaxation of Fe is found
experimentally, seemingly as a consequence of the sp3-bonds, giving an additional
UMA contribution via magneto-elastic coupling. It is proposed that these two effects
are responsible for the much-debated UMA observed in Fe/semiconductor structures
in general.

The interface magnetism is probed by x-ray magnetic circular dichroism and Möss-
bauer spectroscopy. It is found that the magnetic moment at the interface is com-
parable or even enhanced with respect to the bulk Fe. These two experiments are
believed to provide the first unambiguous proof of a persistent bulk magnetic moment
at a transition metal/semiconductor interface.

Spin-polarised transport measurements are performed on Fe/ZnSe/FeCo magnetic
tunnel junctions. A magnetoresistance of 16% is found at low temperature, which
evidences both the existence of interface spin polarisation, as inferred from the bulk
magnetic moment above, and that the spin polarisation can be transmitted across
the semiconductor barrier layer.
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Introduction

Someone once claimed that if the car industry would have experienced the same
renaissance as the semiconductor technology, the Volkswagen Beetle would be
able to fly today. Via a precise control of the electron charge, people are
brought closer by new means of communication and vast sources of informa-
tion are available only a few clicks away. Up to now, the downsizing of semi-
conductor devices has allowed the integration of impressive intelligence in a
variety of electronic products. However, fundamental limits controlled by the
laws of nature are soon reached regarding how small and efficient conventional
semiconductor devices can be made with reliable functionality. Therefore, in
order further improve the efficiency and in parallel, maintain compatibility, a
new approach must be considered. One way to do this would be to utilise a
new degree of freedom additional to the electron charge, that is, the spin.

In Orsay 1988, giant magnetoresistance (GMR) was observed for the first
time by Fert and co-workers [1]. GMR appears in multilayered thin film struc-
tures consisting of alternating layers of ferromagnetic and nonmagnetic metals.
Depending on the thickness of the nonmagnetic layer, ferromagnetic or anti-
ferromagnetic coupling between the magnetic layers is obtained. In the latter
case, the antiparallel alignment can be switched to parallel by an external field.
When the magnetic moments are aligned in parallel, the spin-dependent scat-
tering of electrons is minimised and the resistance is in its lowest state whereas
in the antiparallel case, the situation is reversed. The GMR effect evidences
that spin-polarised electrons can be transferred through a non magnetic mate-
rial with preserved spin coherence and the discovery in 1988 now represents a
milestone in the emerging field of spintronics1.

Another important class of spintronic devices that have attracted great
attention more recently is the magnetic tunnel junctions (MTJ). In a MTJ,
ferromagnetic electrodes are separated by a very thin insulating layer, in most
cases an oxide, that permits electrons to quantum mechanically tunnel between
the electrodes upon applied bias. The tunneling conductance depends on the
relative orientation of magnetisation of the electrodes, resulting in an effect
referred to as tunnel magnetoresistance, TMR. As for GMR, a low impedance
state results when the electrodes are aligned in parallel and a high impedance
state when aligned antiparallel. As opposed to GMR, however, the electrodes

1As a matter of curiosity, including the above citation, the discovery of GMR reported in
Ref. [1] has now been cited 2333 times according to the Science Citation Index.
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INTRODUCTION

are magnetically uncoupled and must therefore have different reversal fields
in order to achieve parallel and antiparallel configuration by an external field.
The first successful fabrication of a high quality MTJ showing TMR was re-
ported in 1995 by Moodera et al [2]. In that work the junction consisted of a
NiFe/Al2O3/Co trilayer showing 12% TMR at room temperature.

Concerning applications, most of the spintronic devices have experienced
a rapid transition from discovery to commercial products. Already in 1994,
the first GMR based magnetic field sensors appeared on the market but the
major breakthrough came in the storage media industry with the development
of GMR read heads for magnetic hard drives by IBM in 1997. Merely by the
introduction of GMR heads, the storage density in hard drives went up by more
than an order of magnitude and the market of these products is estimated to
over $1 billion per year. Recently, a novel type of random access memory was
introduced, also by IBM, that incorporates MTJs as memory cells, a so-called
MRAM [3]. The appealing feature of this non-volatile memory, apart from high
storage density and speed, is a preserved memory state even when unpowered.
MRAMs are expected to appear on the market this year.

It is surprising, however, that the development of spintronic devices in prin-
ciple has proceeded separately from semiconductor technology. One would ex-
pect the merge between these two important fields to be obvious considering
the temptation in combining tuneable electronic properties with spin degrees of
freedom. This is what semiconductor spintronics is all about. Nevertheless, the
road to a fully-fledged device that efficiently exploits both the electron charge
and the spin is believed to be both long and full of gravel. The major challenge
lies in finding efficient means of injecting spins into a semiconductor from a
spin-polarised reservoir.

In this thesis, the fundamental aspects of spin transfer across ferromagnetic
metal/semiconductor interfaces will be adressed.

2



Chapter 1

Concepts of spin-polarised
transport

The operation of all spintronic devices relies on the ability of ferromagnetic
materials to conduct spin-polarised electrons. In this chapter, some of the basic
concepts of spin-polarised transport and related phenomena will be covered.
The level will be introductory but sufficiently sound to serve as reference for
later chapters.

1.1 Spin polarisation

The transition metals Fe, Ni and Co have two partially filled bands, namely the
3d and the 4s bands. Due to the Heisenberg exchange interaction, there is an
unbalance between the number of spin-up and spin-down electrons populating
the 3d band, which gives rise to a net magnetic moment per atom. Electrons
in the spin band with the highest (lowest) number of occupied stated are de-
noted the majority (minority) electrons. In the 4s band, a weaker exchange
interaction leads to an approximately equal distribution of spin-up and spin
down electrons. Thus the 3d band is responsible for the magnetism of these
transition metals and a simplified band picture is shown in Fig. 1.1. In Bohr
magnetons, the magnetic moments for Fe, Ni and Co are 2.2 µB , 0.6 µB and
1.65 µB , respectively.

A spin polarisation P can be defined as the spin asymmetry in the density
of states (DOS) at the Fermi level

P =
N↑(EF )−N↓(EF )
N↑(EF ) +N↓(EF )

, (1.1)

where N↑(↓) represents the majority (minority) DOS. The value of P is con-
trolled by the extent to which s and d bands cross the Fermi level. In the bulk
of a magnetic transition metal, the DOS at the Fermi level is dominated by
the spin-split d band and thus, a high P is expected assuming simple parabolic

3



CHAPTER 1. CONCEPTS OF SPIN-POLARISED TRANSPORT

4s

3d

E

N↑↑↑↑ N↓↓↓↓

EF

Figure 1.1: A simplified band picture for the magnetic transition metals. The 3d
band is split into a spin-up and a spin-down part and causes a net magnetic moment
per atom and a spin dependent density of states, N(E). The Fermi level, (EF ), is
indicated by the dashed line.

bands. Since the electrons responsible for conduction processes are those within
kBT of the DOS at the Fermi level, this means that a current flowing through
a ferromagnet is spin polarised with a polarisation approximately given by P .
The majority (minority) carriers are the electrons with the highest (lowest)
DOS at the Fermi level for a particular spin.

1.1.1 Surface and interface effects

Although the simple parabolic band approximation provides a qualitative de-
scription of a ferromagnet, details in the electronic structure need to be con-
sidered for a more complete picture. Changes in electronic structure due to,
for example, lower coordination of atoms on a surface or charge transfer effects
at an interface will affect the local density of states and, therefore, also the
magnetic properties.

In Fig. 1.2 electronic structure calculations of the local DOS for a 7 mono-
layer bcc Fe(001) slab are shown [4]. The DOS has been evaluated at the
surface (S) and in the bulk-like center (C) of the film. For bulk bcc Fe, the
majority d band is nearly filled while the minority d band is about half filled.
In the C layer, the Fermi level intersects the minority d band in a valley be-
tween bonding and antibonding peaks resulting in a lower DOS for minority
electrons than for majority ones and therefore a positive polarisation of about
40% from Eq. (1.1). For the S layer, the lower coordination of neighbouring Fe
atoms leads to an increased exchange splitting of the d band and an enhanced
magnetic moment to 2.98 µB compared to 2.2 µB in the bulk. The majority
d band becomes practically filled with a low DOS at the Fermi level whereas
in the minority d band, the Fermi level intersects a peak in the surface states.
Consequently, the spin carriers have shifted polarity from being of majority
character in the bulk to be of minority character at the surface. The result is

4



1.1. SPIN POLARISATION

Figure 1.2: Calculated majority and minority local density of states (DOS) at the
surface (S) and in the center (C) of a 7 monolayer bcc Fe film (from Ref. [4]).

a negative and enhanced polarisation of roughly -65% at the surface of the Fe
film using Eq. (1.1).

Considering now the effect of an interface on the spin polarisation by in-
troducing a nonmagnetic (NM) material in contact with a ferromagnetic (FM)
metal such as the Fe film above. When two dissimilar materials are brought to-
gether, the surface energies are relaxed to an equilibrium state by the transfer
of charge. In the case where the NM material is an insulator or a semicon-
ductor, the effects of the charge transfer become especially profound. As the
DOS at the Fermi level of the FM metal overshadows that of an insulator by
orders of magnitude, the charge redistribution only causes a fractional change
in the DOS of the FM metal. This implies that the electronic properties of
the FM metal layer adjacent to the first insulating layer should resemble those
of an open surface similar to the S layer in Fig. 1.2. On the other hand,
the charge transferred to the semiconductor induces a population of surface
states in the energy gap of the semiconductor. These states become spin po-
larised as a consequence of the strongly polarised interface layer of the FM
metal and have been shown to exist for numerous FM metal/insulator inter-
faces [5, 6, 7]. Fig. 1.3 shows an example of the layer dependent DOS in a
Fe/Ge heterostructure where spin polarised induced gap states are observed in
Ge [5]. In spin-polarised tunneling experiments, it is these induced gap states

5



CHAPTER 1. CONCEPTS OF SPIN-POLARISED TRANSPORT

Figure 1.3: Layer dependent majority and minority density of states (DOS) for Fe
and Ge layers in a Fe/Ge/Fe heterostructure (from Ref. [5]). Layers 2-5 are Fe layers
going from bulk to the interface and layers 6-10 are Ge layers going from the interface
to bulk.

that control the spin polarisation of the tunnel current that is transmitted via
the evanescent waves in the barrier. This will be discussed in the next section.

1.2 Spin polarised tunneling

In 1970, Meservey and Tedrow [8] arranged an experiment to measure the pre-
sumed spin polarisation P of conduction electrons in magnetic metals. Alumina
was used as a tunnel barrier and the polarisation of the transmitted electrons
was detected using the Zeeman split quasi particle density of states in an Al su-
perconductor. Indeed the experiment confirmed that the conduction electrons
in magnetic metals were spin polarised and that the spin was conserved in the
tunneling process.

Inspired by the result of Meservey and Tedrow, Julliere [9] introduced in
1975 the idea to use a second magnetic metal as a spin detector. The system

6



1.2. SPIN POLARISED TUNNELING

V0

EK

zd0

0

E

Figure 1.4: Tunneling of electron waves through a potential barrier. In the barrier
the waves are evanescent with imaginary k-vector.

was a Fe/α-Ge/Co magnetic tunnel junction and it was shown that the tunnel
conductance was lower when the magnetic moments of the ferromagnets were
aligned in parallel than for antiparallel configuration. The observed difference
was mighty 14% at 4.2 K. Julliere also proposed a model for this effect based
on spin polarisation arguments. This will be discussed in more detail in section
1.2.2.

1.2.1 The tunnel effect

From quantum mechanics, an electron with kinetic energy Ek has, due to the
wave-particle duality, a certain probability to penetrate a potential barrier
of height V0 > Ek and width d (Fig. 1.4). This is referred to as quantum
mechanical tunneling.

From Schrödinger’s equation, the one-dimensional wavefunction at a point
z is given by

ψ(z < 0) = Aeik1z +Be−ik1z, k1 =

√
2mEk

h̄2

ψ(0 < z < d) = Ceκz +De−κz, κ =

√
2m(V0 − Ek)

h̄2 (1.2)

ψ(z > d) = Eeik2z, k2 =

√
2mEk

h̄2

where ψ(z < 0) describes the incident and reflected wave, ψ(0 < z < d)
the evanescent wave inside the barrier and ψ(z > d) the transmitted wave.
The probability of transmission T is given by the squared amplitude ratio
|E|2/|A|2 between the incident and the transmitted wavefunction and can be
approximated to

T ≈ 16κ2k1k2

(κ2 + k2
1)(κ2 + k2

2)
e−2κd, (1.3)

and thus, the transmission decays exponentially with the barrier thickness d.

7



CHAPTER 1. CONCEPTS OF SPIN-POLARISED TRANSPORT

This is also valid for the tunnel current J due to the proportionality between
J and T [10].

1.2.2 Julliere’s model

If an external field, sufficiently high to saturate a ferromagnet, is applied in
one direction and subsequently reversed to the same magnitude in the opposite
direction, the spin splitting of the DOS is reversed accordingly. This means that
the application of an external field also allows switching between majority and
minority spin carriers (described in section 1.1). From this simple argument,
one should expect that carrier type switching in one electrode with respect to
the other is likely to influence the conductance in a magnetic tunnel junction
(MTJ).

Julliere proposed a simple model in order to explain the observed changes
in conductance with applied magnetic field in his MTJ, and it was based on two
assumptions. The first was that the electron spin is conserved in the tunneling
process. The second one was that the tunnel current can be divided into two
separate spin channels such that spin-up electrons tunneling from one electrode
are transmitted only to the spin-up band of the counter electrode and ditto for
spin-down electrons. A simple band picture of this situation is depicted in
Fig. 1.5.

From Julliere’s assumptions, the current for parallel (P) and antiparallel
(AP) configuration is written as the sum of the currents in each spin channel
in a similar way as for a parallel connected electronic circuit

JP = J↑
P + J↓

P , (1.4)

JAP = J↑
AP + J↓

AP . (1.5)

A relative tunnel conductance can then be expressed as

GP −GAP

GAP
=
JP − JAP

JAP
, (1.6)

where the relation G = dJ/dV has been used. Using the proportionality be-
tween the transmission coefficient T in Eq. (1.3) and the tunnel current [10],
the spin dependent tunnel currents in Eq. (1.4) can be written

JP ∝ 16κ2e−2κd

(
k↑1k

↑
2

(κ2 + k↑21 )(κ2 + k↑22 )
+

k↓1k
↓
2

(κ2 + k↓21 )(κ2 + k↓22 )

)
, (1.7)

JAP ∝ 16κ2e−2κd

(
k↑1k

↓
2

(κ2 + k↑21 )(κ2 + k↓22 )
+

k↓1k
↑
2

(κ2 + k↓21 )(κ2 + k↑22 )

)
, (1.8)

where a spin dependent wave vector kσ has been introduced. In the limit of a
high barrier κ � k (V0 � Ek in Eq. (1.2)), the relative tunnel current can be
reduced to

JP − JAP

JAP
=

(k↑1 − k↓1)(k
↑
2 − k↓2)

1
2 (k

↑
1 + k↓1)(k

↑
2 + k↓2) +

1
2 (k

↑
1 − k↓1)(k

↑
2 − k↓2)

. (1.9)
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1.2. SPIN POLARISED TUNNELING

E

N1
↑↑↑↑ N1

↓↓↓↓

EF

E

N2
↑↑↑↑ N2

↓↓↓↓

E

N1
↑↑↑↑ N1

↓↓↓↓

EF

E

N2
↑↑↑↑ N2

↓↓↓↓

a)

b)

Figure 1.5: Principle of spin dependent tunneling. (a) Parallel configuration: Ma-
jority carriers (spin-down) tunneling from the left electrode encounter a large number
of unoccupied states in the spin down band of the right electrode. The conductance
is high. (b) Antiparallel configuration: The density of states of the second electrode
is reversed and majority carriers coming from left encounter a reduced number of un-
occupied states in the right spin down band resulting in a higher degree of scattering.
The conductance is low.

Substituting k↑1,2 by N↑
1,2(EF ) and k↓1,2 by N↓

1,2(EF ), which is valid for free
electrons in parabolic bands, Eq. (1.9) then reads

JP − JAP

JAP
=

(N↑
1 −N↓

1 )(N
↑
2 −N↓

2 )
1
2 (N

↑
1 +N↓

1 )(N
↑
2 +N↓

2 ) +
1
2 (N

↑
1 −N↓

1 )(N
↑
2 −N↓

2 )
=

=
2P1P2

1− P1P2
. (1.10)

In the last step, the polarisation P has been identified from Eq. (1.1). Thus the
relative tunnel conductance is directly related to the polarisations P1 and P2 of
the magnetic electrodes, respectively. More conventionally, the relative conduc-
tance is expressed in terms of resistance, that is, the tunnel magnetoresistance
ratio

TMR =
RAP −RP

RP
=

2P1P2

1− P1P2
. (1.11)

9



CHAPTER 1. CONCEPTS OF SPIN-POLARISED TRANSPORT

Since it is the interface polarisation that is transmitted in the tunneling
process, this expression might be used as a measure of the interface polarisation.
Nevertheless, this should be done with caution since Eq. (1.11) represents a
simplified situation.

1.2.3 TMR measurements

Typically, in a tunnel magnetoresistance (TMR) experiment, the resistance
across a ferromagnet/ insulator/ferromagnet (FM/I/FM) magnetic tunnel junc-
tion is measured as function of an externally applied magnetic field. If the two
magnetic electrodes are uncoupled and have different coercivities, antiparallel
configuration can be obtained when the applied field lies in the region between
the coercive fields of the two electrodes. This configuration can be verified
by measuring the magnetisation loop in which the antiparallel states appear
as steps in the curve (Fig. 1.6 (a)). For a sufficiently high field, both elec-

Figure 1.6: Magnetisation curve (a) and magnetoresistance curve (b) for a
Co/Al2O3/NiFe magnetic tunnel junction [11]. The steps in the magnetisation curve
indicate that the electrodes are uncoupled and that they have different coercivities,
which is reflected in the MR response that peaks for antiparallel configuration.

10



1.3. MAGNETIC ANISOTROPY

trodes are magnetically saturated and the configuration is parallel. In figure
Fig. 1.6 (b), the resistance vs. applied field is plotted. The resistance peaks
appear in conjunction with the antiparallel state in the magnetisation loop
and the TMR ratio has been determined from Eq. (1.11) yielding a ratio of
about 6% in this case. This particular example was taken from measurements
on Co/Al2O3/NiFe tunnel junctions [11]. A MTJ consisting of two magnetic
transition metals separated by an amorphous oxide, in many cases Al2O3 due
to its stability and wide spread use in Josephson junctions with superconduc-
tors, is the conventional type of system associated with when talking about
MTJs in general.

As this section merely scratches the surface of the extensive work that has
been done on MTJs, the reader is referred to Ref. [12] for a complete review of
the subject.

1.3 Magnetic anisotropy

Crystalline ferromagnetic materials exhibit hard and easy directions of mag-
netisation and this is referred to as magnetic anisotropy. In a spintronic device,
the magnetic anisotropy plays an important role in tailoring the desired trans-
port properties of the device. It is the magnetic anisotropy that determines
the orientation of the magnetisation at the remanent state of a ferromagnet.

In principle there are two main sources that give rise to magnetic anisotropy,
one is the magnetic dipolar interaction and the other the spin-orbit interaction.
These contributions will be discussed in the two following sections.

1.3.1 Dipolar interaction

The dipolar interaction is a long range order interaction and depends on the
shape of the sample. For a thin film, it can be shown that the anisotropy energy
contribution from the dipolar interaction reduces to

Ed =
1
2
µ0M

2
S cos

2 θ, (1.12)

where MS is the saturation magnetisation and θ the angle between the mag-
netisation and the film normal. The minimum energy is found for θ = nπ

2 ,
where n is an integer, and thus the dipolar interaction favours a magnetisa-
tion in the plane where Ed = 0. The anisotropy contribution from the dipolar
interaction is often called shape anisotropy.

1.3.2 Spin-orbit interaction

The spin-orbit interaction describes the coupling between the electrons’ spin
and their orbital motion. This interaction induces a small orbital moment that,
together with the spin magnetic moment, contributes to the total magnetic mo-
ment of the crystal. As the orbits, in turn, are strongly coupled to the crystal
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CHAPTER 1. CONCEPTS OF SPIN-POLARISED TRANSPORT

structure, this results in a total energy that depends on the orientation of mag-
netisation relative to the crystalline axes, i.e., a magnetocrystalline anisotropy
energy (MAE).

In a bulk-like film of a cubic crystal, the MAE in the (001) plane takes the
simple form

Emc =
K1

4
sin2 2φ (1.13)

where K1 is the cubic anisotropy coefficient and φ is the in-plane magnetisation
direction. Defining φ = 0 to represent the [100] axis, the minima of Eq. (1.13)
are found along the 〈100〉 azimuths, which thus correspond to the easy axes
of the film. Néel [13] recognised that the reduced symmetry of a surface or
an interface should alter the MAE and introduced a phenomenological surface
term KS

1 with an inverse dependence on the thickness t, yielding

Emc =
(
K1 +

2KS
1

t

)
sin2 2φ (1.14)

where the factor 2 accounts for two interfaces. This model has been extensively
used to describe the magnetic anisotropy in thin films and multilayers, although
the physical significance of the surface term is rather ambiguous.

So far, the effects of crystal distortion have been neglected. In reality, when
a thin film is grown on a rigid substrate, the film becomes strained in order
to compensate for the lattice mismatch that is present if the two materials
are dissimilar. This strain will induce a magneto-elastic contribution to the
MAE. Also here the spin-orbit coupling is responsible due to the change in
wavefunction overlap between neighbouring atoms with strain. Keeping the
same geometry as in Eq. (1.13), the magneto elastic contribution to the MAE
is given by

Eme = B1(ε11 sin2 φ+ ε22 cos2 φ) + 2B2ε12 sinφ cosφ, (1.15)

where B1 and B2 are the magneto-elastic coupling coefficients and εij the strain
tensor elements of the film.

Experimentally, if thickness dependent lattice relaxation measurements are
performed on the magnetic system under study, it is believed that the more
physically relevant approach to describe the thickness dependence of the mag-
netic anisotropy would be to express the MAE as a sum of Emc in Eq. (1.13)
and Eme above, without invoking any surface terms.
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Chapter 2

Spins in semiconductors

In this chapter, the emphasis will be on spin effects in semiconductors. In the
first sections, an overview of semiconductor spintronics will be given followed
by sections that address topics of specific importance for the present work.

2.1 Spin-electronic analogue of the electro-optic
modulator

Already in 1990, the first proposed semiconductor spintronic device was intro-
duced by Datta and Das [14]. The authors argued that an analogue to the
electro-optic modulator of polarised light should be conceivable based on the
two possible spin-polarisations of electron waves, i.e. a spin injected field effect
transistor (FET). An illustration of the electro-optic modulator can be seen
in Fig. 2.1 (a). Light incident on the polariser at the input becomes polarised
45◦ to the y-axis and enters the modulator. With the gate voltage, VG, the
dielectric constant can be altered slightly via the electro-optic effect so that
εzz differs from εyy. Consequently, as the polarised light propagates through
the modulator, one component is retarded more than the other due to this
asymmetry. In Jones vector notation, the polarised light incident on the mod-
ulator can be represented as

(
1
1

)
and the light emerging from the modulator as(

eik1L

eik2L

)
, where L is the length of the medium. The output power P from the

analyser is then given by

P ∝
∣∣∣(1 1)(eik1L

eik2L

)∣∣∣2 = 4 cos2 (k1 − k2)L
2

. (2.1)

Thus, the output power can be modulated by controlling the differential phase
shift ∆θ = (k1 − k2)L with the gate voltage.

In Fig 2.1 (b), the proposed analogous electron-wave based device is shown.
The polariser (emitter) and analyser (collector) are now represented by ferro-
magnetic metal electrodes of e.g. Fe separated by a two dimensional electron
gas (2DEG) that arises at the InAlAs/InGaAs interface. At the Fermi level
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Figure 2.1: (a) Electro-optic modulator and (b) proposed spin-electronic analogue
of the electro-optic modulator.

of Fe, the conduction electrons are spin polarised as a result of the spin-split
density of states. The majority spin-up carriers are aligned with the magneti-
sation direction while the minority spin-down carriers are anti-aligned in the
present notation. Thus, from the emitter, electrons are emitted with spins ori-
ented in the x magnetisation direction, which is also the propagation direction.
As the electrons travel through the 2DEG, they eventually reach the collector
which, in its turn, filters out spin components oriented along x. If the spins are
unaffected by the 2DEG, maximum transmittance is obtained on the collector
output. However, in the 2DEG, the intrinsic interfacial electric field Ey causes
a large spin-orbit interaction, which gives rise to an effective magnetic field in
the z direction, perpendicular to both Ey and the transport direction. This
field, denoted the Rashba field [15], therefore induces a spin-precession of the
injected carriers. The Rashba term in the free electron Hamiltonian takes the
form

HR = η(σzkx − σxkz), (2.2)

where η is the spin-orbit coefficient, σ the Pauli spin operator and k the wave
vector. For an electron travelling in the x direction (kz=0), the Rashba term
becomes equal to ησzkx. Separating the electron wave vectors into a spin-up
and a spin-down part,

(
kx↑
kx↓

)
, and using σz =

(
1 0
0 −1

)
, the total energy can be

written as

E↑,↓ =
h̄2

2m∗

(
k2

x↑
k2

x↓

)
− η

(
1 0
0 −1

) (
kx↑
kx↓

)
. (2.3)

It comes out from Eq. (2.3) that the Rashba term raises the energy of
spin-up electrons by ηkx↑ while decreasing it for the spin-down electrons by
ηkx↓. Thus, in order for the total energies to be the same, the wave vectors
kx↑ and kx↓ must be different. Similarly as for the electro-optic case, a phase
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shift between spin-up and spin-down electrons can then be introduced using
Eq. (2.3), which yields

∆θ = (kx↑ − kx↓)L = 2m∗ηL/h̄2. (2.4)

The magnitude of the phase shift is, according to Eq. (2.4), proportional
both to the spin-orbit coefficient η and the separation distance L between the
emitter and collector. The question now arises whether it is physically feasible
to achieve a spin rotation of π. In such a situation, the spins arriving to the
collector would be antiparallel to the collector magnetisation and, due to spin
scattering, the current would ideally go to zero. Typical values of η for 2DEGs
are of the order 10−11 eVm [16], which gives a required separation distance
of the order 100 nm. Technologically, this distance is easily accomplished and,
furthermore, it has been shown recently that spins can retain their coherence for
distances exceeding 100 µm [17]. By applying a gate voltage, the intrinsic field
Ey can be modulated and, subsequently, the spin-orbit coefficient η (Ref. [16]).
In this way the phase shift can be modulated and therefore also the output
current, which is one of the most appealing features of this, not yet realised,
device.

An abundance of other devices involving spins in semiconductor structures
have been proposed in the last few years, such as spin-transistors [18] and
spin quantum computers [19] but the most interesting devices will probably be
those not even thought of yet. Needless to say, the future looks bright, but in
the present, fundamental issues of spin injection, modulation and detection in
semiconductor structures need to be resolved before the dawn of fully-fledged
spin-based devices.

2.2 Injection techniques - a survey

Spin injection signifies the possibility to create a population of spin-polarised
carriers in an intrinsically unpolarised material by sourcing spins from a po-
larised reservoir. In a semiconductor, which in equilibrium is unpolarised, there
are two principal ways by which spins can be injected. One is by optical means
using spin-selective optical excitation and the other one injection from a ferro-
magnetic material.

2.2.1 Optical excitation

When a semiconductor is irradiated by photons with an energy higher than
the band gap, electron-hole pares are created. Due to the internal electric
field from the near-surface charge depleted region, the electron-hole pairs are
spatially separated. The electrons travel toward the surface while the holes
travel away from it giving rise to a photocurrent.

The selection rule for the magnetic quantum number mj is ∆mj = ±1 and
if the light is unpolarised, an equal number of spin-up and spin-down electrons
are excited. In the case of circularly polarised light, however, the transitions
become spin-selective with ∆mj = 1 for right helicity and ∆mj = −1 for
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Figure 2.2: Conduction and valence band states in a zincblende semiconductor near
the band edges. Solid arrows indicate the allowed transitions induced by right cir-
cularly polarised light and dashed arrows the corresponding case for left circularly
polarised light.

left helicity of the light. In Fig. 2.2, a simplified picture of the conduction
and valence band states of a zincblende semiconductor is shown. Thus, two
transitions are possible according to the selection rule which, for right helicity
of the light, gives one heavy-hole transition (-3/2→-1/2) and one light-hole
transition (-1/2→+1/2), as indicated by the solid arrows in the figure. The
mirrored case results for left helicity.

Since the matrix element of the heavy-hole transition is a factor 3 larger
than that of the light-hole transition [20], this results in a theoretical asymmetry
of 3:1 between spin-down and spin-up electrons in the conduction band for
right helicity light, which corresponds to a spin polarisation of 50%. In order
to achieve this polarisation experimentally, a few things must be considered.
First, the photon energy must match the bandgap very closely since transitions
from deeper levels would contribute with an unpolarised background. Second,
electrons created in the depletion region, that is typically of the order 100
nm in width, travel at much higher velocities than the ones created in the
semiconductor bulk and should therefore not suffer from spin relaxation effects
on the way to the surface. This has been confirmed experimentally in Ref. [21],
where a photocurrent spin polarisation of 49% was found for 0.2 µm thick GaAs
samples with decreasing polarisation for thicker samples.

It is clear that optical excitation is a convenient and efficient way of creating
spin-polarised carriers and the technique allows studies of fundamental spin
phenomena in a controlled manner. This was recently evidenced by Majalovich
et al [22] who demonstrated persistent spin transfer across the GaAs/ZnSe
interface where the spin reservoir was induced in the GaAs substrate by optical
excitation. In the device aspect, however, optical excitation is not very suitable
due to lifetime and minimum size limitations.
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Figure 2.3: A spin injection device based on the magnetic semiconductor GaMnAs
as spin aligner (from Ref. [26]).

2.2.2 Injection from a ferromagnet

The most obvious approach to achieve spin-polarised carriers in a semicon-
ductor is by an ohmic contact to a ferromagnetic transition metal. Since the
conduction electrons in the ferromagnet are spin-polarised, this polarisation
should, intuitively, be transmitted into the semiconductor by an electrical bias
in a diffusive regime. However, this has proven to be exceedingly difficult. Up
to date, injection efficiencies of less than 1% at room temperature [23] or about
4% below 10 K [24] have been reported using ferromagnetic metals as spin
aligners.

In contrast, the dilute magnetic semiconductors have been more successful.
Spin aligners such as (Be,Mn,Zn)Se [25] or (Ga,Mn)As [26] have been used
to inject spins into GaAs based light-emitting diodes (see Fig. 2.3). Injection
efficiencies of up to 90% were obtained as detected by the polarisation of the
emitted electroluminescence.

It should be mentioned though that the magnetic semiconductors, at present,
only can deliver spin-polarised electrons when subjected to cryogenic temper-
atures or giant magnetic fields which precludes them from device applications.
Consequently, an efficient and stable spin source that operates under normal
conditions must be found before true success can be reached in semiconductor
spintronics. In the next section, ways to improve the injection efficiency from
ferromagnetic metals will be investigated.

2.3 Tunnel barrier injection

As the ferromagnetic metals have a high Curie temperature, well known mag-
netic properties and a significant spin polarisation even at room temperature,
they should be ideally suitable as spin aligners in device structures. How-
ever, efforts to inject spin polarised electrons from ferromagnetic metals into
semiconductors by ohmic contacts have so far resulted in low efficiencies (see
previous section) and indicate that the spin transfer process across such an
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interface is not straightforward. On a theoretical basis, it will be shown
how the fundamental difficulties involved in the spin transfer across ferro-
magnetic metal/semiconductor interfaces can be overcome by introducing an
interface resistance. For the description of the spin transfer between ferromag-
netic and nonmagnetic conductors, the core notation of the Valet-Fert model
[27] for CPP-GMR will be adopted with extensions specific to ferromagnetic
metal/semiconductor interfaces.

In a ferromagnetic (FM) conductor the current can be considered to flow
in two separate spin channels, spin ↑ and spin ↓, and the resistivity for each
channel can be written as

ρ↑(↓) = 2[1∓ β]ρ∗FM , (2.5)

where β is the bulk spin polarisation of the ferromagnet. The resistivity in the
nonmagnetic (NM) conductor is given by

ρ↑(↓) = 2ρ∗NM , (2.6)

As spin-polarised electrons in a ferromagnet approach an interface to a nonmag-
netic conductor, the distribution of spin-up and spin-down electrons is altered
due to spin accumulation effects near the interface [28, 29]. This gives rise to
a spin dependent splitting of the electrochemical potential µ, i.e. the two spin
channels will have different Fermi levels. Considering now a one-dimensional
system in which the current flows in the z-direction normal to the interface,
the equations that relate the chemical potential to the current density j at
any given position z in the device are given by Ohm’s law and the diffusion
equation

j↑(↓)(z) =
1

|e|ρ↑(↓)
∂µ↑(↓)
∂z

, (2.7)

∂2∆µ
∂z2

=
∆µ
λ2
sd

, (2.8)

where ∆µ = (µ↑−µ↓) is the position dependent splitting of the electrochemical
potential and λsd is the average spin diffusion length (1/λsd)2 = (1/λ↑)2 +
(1/λ↓)2. As the splitting of the electrochemical potential is limited to the
interface region, ∆µ must vanish as z goes to ±∞ in the case of an interface
located at z0 = 0. By placing the ferromagnet to the left hand side of z0 and
the non magnetic conductor to the right, the solutions to Eq. (2.8) are then of
the form

∆µFM = Aez/λ
F M
sd , z < 0, (2.9)

∆µNM = Be−z/λNM
sd , z > 0. (2.10)

where λisd is the material dependent spin diffusion length. In the presence of
an interface resistance, such as a tunnel barrier, between the FM metal and
the NM conductor, a discontinuity in µ↑ and µ↓ at z0 is introduced and can be
expressed as

µ↑(↓)(z+
0 )− µ↑(↓)(z−0 ) = |e|r↑(↓)j↑(↓)(z0), (2.11)
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where r↑(↓) is the spin dependent interface resistance

r↑(↓) = 2[1∓ γ]r∗b (2.12)

as defined in the Valet-Fert model. In the absence of an interface resistance, the
term on the right side in Eq. (2.11) vanishes and the electrochemical potential
becomes continuous across the interface. The expression for r↑(↓) in Eq. (2.12)
is similar to the one describing the resistivity in the bulk of the ferromagnet
given in Eq. (2.5) but with the exception that γ represents an interface polari-
sation equivalent to P in the conventional notation of spin dependent tunneling
(section 1.2.2 or Ref. [8]).

By subtracting Eq. (2.9) from Eq. (2.10) at z0 = 0, a relation between the
constants A and B can be obtained as follows

B −A = (∆µNM −∆µFM )|z0 = (µNM
↑ − µNM

↓ )|z0 − (µFM
↑ − µFM

↓ )|z0 =
= (µNM

↑ − µFM
↑ )|z0 − (µNM

↓ − µFM
↓ )|z0 = |e|(r↑j↑ − r↓j↓),

where Eq. (2.11) has been used in the last step. Developing the last term
according to Eq. (2.12), this yields

B −A = 2|e| [(j↑ − j↓)r∗b − γ(j↑ + j↓)r∗b ] . (2.13)

In order to separately evaluate the constants A and B, Ohm’s law in
Eq. (2.7) can be employed. Writing µFM

↑ = Aez/λ
F M
sd + µFM

↓ for the ferro-
magnet from Eq. (2.9) and using the spin ↑ part of Eq. (2.7), this gives

j↑(z) =
1

|e|ρFM
↑

∂

∂z

(
Aez/λ

F M
sd + µFM

↓
)
=

Aez/λ
F M
sd

|e|ρFM
↑ λFM

sd

+
1

|e|ρFM
↑

∂µFM
↓
∂z

A multiplication by ρFM
↑ /ρFM

↓ on both sides yields

(ρFM
↑ /ρFM

↓ )j↑(z) =
Aez/λ

F M
sd

|e|ρFM
↓ λFM

sd

+ j↑(z),

and thus, at z0 = 0,

A = |e|λFM
sd (ρFM

↑ j↑ − ρFM
↓ j↓). (2.14)

Substituting ρFM
↑(↓) by 2[1∓ β]ρ∗FM from Eq. (2.5) gives

A = 2|e|λFM
sd ρ∗FM (j↑ − j↓)− 2|e|λFM

sd ρ∗FMβ(j↑ + j↓). (2.15)

In a similar way, the constant B can be deduced and turns out to be given by

B = −|e|λNM
sd (ρNM

↑ j↑ − ρFM
↓ j↓) (2.16)

and with the substitution from Eq. (2.6)

B = −2|e|λNM
sd ρ∗NM (j↑ − j↓). (2.17)
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By defining a position dependent current spin polarisation as

α =
j↑(z)− j↓(z)
j↑(z) + j↓(z)

, (2.18)

the spin polarisation of the current at the interface αI can be expressed explic-
itly by solving Eq. (2.13) using A and B from Eqs. (2.15) and (2.17), which
results in

αI =
j↑ − j↓
j↑ + j↓

=
βρ∗FMλFM

sd + γr∗b
ρ∗FMλFM

sd + ρ∗NMλNM
sd + r∗b

(2.19)

It is convenient to write the products of the resistivity and the spin diffusion
length as resistances, i.e.

rFM = ρ∗FMλFM
sd , (2.20)

rNM = ρ∗NMλNM
sd , (2.21)

and Eq. (2.19) can be rewritten to give

αI =
βrFM + γr∗b

rFM + rNM + r∗b
, (2.22)

which is analogous to the expression given by Fert and Jaffres in Ref. [30].
The interface spin polarisation of the current αI plays a crucial role in the

spin transfer since it actually determines the final injection efficiency. Once
inside the NM conductor, the spin polarisation of the current decays in a similar
way as for ∆µNM in Eq. (2.10), that is, exponentially with z and with a decay
rate controlled by the spin diffusion length.

2.3.1 Injection via ohmic contacts vs. potentials barriers

Considering the case where the NM conductor is a semiconductor (SC). In
principle, there are two distinct types of contacts that can be formed at metal/
semiconductor interfaces. One is an ohmic contact and the other one a contact
involving an interface potential barrier.

Ohmic contacts are formed with degenerate semiconductors in which the
Fermi level is positioned close to or inside the conduction band due to heavy
doping. Since the charge transfer at the metal/semiconductor interface in this
case does not induce any significant band bending effects in the semiconductor,
the electrochemical potential can be regarded to be continuous at the interface
and electrons are transferred across the interface in a diffusive regime. As a
continuous electrochemical potential must have identical values on the metal
and the semiconductor side of the interface, this alters the boundary condition
of Eq. (2.11) to

µ↑(↓)(z+
0 )− µ↑(↓)(z−0 ) = 0, (2.23)

i.e. the interface resistance vanishes. The spin injection efficiency from an
ohmic contact can now be estimated by simply putting the interface resistance
r∗b to zero in Eq. (2.22) which then reads

αI =
βrFM

rFM + rSC
=

β

1 + rSC/rFM
. (2.24)
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Consequently, spin polarisation of the current at the interface is exclusively
determined by the spin polarisation β in the bulk of the ferromagnet and the
semiconductor/metal resistance ratio rSC/rFM . Using typical values for the
spin diffusion lengths (λFM

sd ∼ 10 nm, λSCsd ∼ 100 µm) and for the resistivities
(ρFM ∼ 10−7 Ωm, ρSC ∼ 10−3 Ωm), this corresponds to rFM = 10−15 Ωm2

and rSC = 10−7 Ωm2 as obtained from Eqs. (2.20) and (2.21). This gives a
ratio rSC/rFM = 108 and thus, even with 100% polarisation of the ferromagnet
(β = 1), the current spin polarisation at the interface will be negligible. In order
for αI to reach, say, 1%, a rSC/rFM ratio of less than 100 is needed with β = 1.
This ratio could be approached by reducing the resistivity of the semiconductor
by extreme doping but little can be done about the spin diffusion lengths that
for semiconductors overshadow those of ferromagnetic metals by 3-4 orders
of magnitude. This is the fundamental obstacle for ohmic spin injection as
claimed by Schmidt et al [31] and most definitely an important reason for the
low efficiencies reported in the diffusive regime [23, 24].

In the case of a potential barrier such as a Schottky barrier1 or an artifi-
cially introduced tunnel barrier, the boundary condition for the discontinuity
of the interfacial electrochemical potential is the one given in Eq. (2.11). The
discontinuity becomes spin dependent due to the spin sensitive character of the
tunnel barrier (section 1.2) and the current spin polarisation at the interface is
given by Eq. (2.22) with rNM replaced by rSC . Using the same values for the
resistances as in the ohmic case, the variation of αI with r∗b is shown in Fig. 2.4
for β = γ = 0.5. In the case when r∗b > 100rSC , αI is uniquely determined by
the interface polarisation, i.e. αI ≈ γ. When r∗b = rSC , αI is given by γ/2 and
for r∗b < 0.01rSC , αI tends to zero.

To summarise, it is evident that in order to achieve a significant spin polar-
isation of conduction electrons in a degenerate semiconductor when sourcing
spins from a ferromagnetic metal, it is necessary to introduce an interface re-
sistance. From here on, this will be referred to as tunnel barrier injection.
Maximum injection efficiency is expected for an interface resistance several
orders of magnitude larger than the ρ∗SCλ

SC
sd product in the semiconductor

along with a large interface polarisation γ. A high interface resistance can
be obtained in the form of a tunnel barrier such as a Schottky contact or an
artificially introduced insulating layer consisting of an oxide or even a wide
gap semiconductor. Spin dependent tunneling between ferromagnetic metal
electrodes through oxide barriers have been demonstrated a great number of
times in magnetic tunnel junctions and interface polarisations γ of up to 50%
have been reached from Co alloy electrodes with alumina tunnel barriers [32].
Even so, the use of oxide layers rarely permits fully epitaxial devices, which for
many applications is a drawback. This could in principle be overcome by re-
placing the oxide by a wide gap semiconductor compatible with the degenerate
semiconductor. However, spin dependent tunneling through epitaxial semicon-
ductors remains to be demonstrated. An approach to tunnel barrier injection
using a semiconductor barrier is presented in section 3.3.

1A Schottky barrier originates from band bending effects due to metal induced charge
depletion in an intrinsic or moderately doped semiconductor. At low bias, the dominating
transport regime is electron tunneling through the barrier. See also section 3.2.
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Figure 2.4: The variation of the spin polarisation of the current at the interface as
function of the interface resistance r∗b relative to the semiconductor resistance rSC

from Eq.(2.22) with rFM = 10−15 Ωm2, rSC = 10−7 Ωm2, β = 0.5 and γ = 0.5.

22



Chapter 3

Fe/ZnSe heterostructures

Having digested the basic concepts and objectives in the preceeding chapters,
it is now time to introduce the specific system to see how it conforms to the
given criteria. Fe/ZnSe heterostructures will be on the menu in this chapter.

3.1 Crystal structure

In Fig. 3.1, the crystal structures for bcc Fe and cubic ZnSe are shown. The Zn
atoms (or cations) are placed on one fcc lattice and the Se atoms (or anions) on
the other. The coordinates for the Zn atoms are (0 0 0), (0 1

2
1
2 ), (

1
2 0

1
2 ), (

1
2

1
2 0)

and for the Se atoms ( 14
1
4

1
4 ), (

1
4

3
4

3
4 ), (

3
4

1
4

3
4 ), (

3
4

3
4

1
4 ). The conventional cubic

cell accomodates four atoms of either kind and each cation (anion) covalently
bonds with four equidistant anions (cations). This type of structure is referred
to as zincblende and is also characteristic of other semiconductors such as GaAs
and InSb.

The epitaxial relationship between bulk crystals of bcc Fe and zincblende

Zn

Se

Fe

aFe aZnSe

Figure 3.1: Crystal structures of bcc Fe and zincblende ZnSe.
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Zn (S)

Se (S-1)

Zn (S-2)
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a)  Se dimer  (2 x 1) b)  Zn vacancy c(2 x 2)

Figure 3.2: Stable ZnSe(001) surface reconstructions, (a) Se rich (2× 1) and (b) Zn
rich c(2 × 2). The rectangles represent the translation symmetry of each surface cell
and S denotes the topmost surface layer.

ZnSe is given by Fe(001)〈100〉||ZnSe(001)〈100〉, where twice the lattice param-
eter of Fe (aFe = 2.866 Å) exceeds the lattice parameter of ZnSe (aZnSe =
5.669 Å) by approximately 1.1%. This excellent compatibility provides a sys-
tem suitable for electronic structure calculations as well as epitaxial growth.

3.1.1 Surface reconstructions

All crystals eventually become terminated by a surface, at which the atoms
experience a reduced number of neighbours. In the case of a covalent crystal,
the creation of a surface leaves unsatisfied bonds dangling into space. As this
situation rarley represents the lowest energy state of the surface, the dangling
bonds rearrange in order to lower the total surface energy. The rearrangement
of bonds often results in a displacement of surface atoms and this is called a
surface reconstruction.

In the case of ZnSe(001), two stable surface reconstructions have been iden-
tified depending on if the surface termination is Zn or Se rich [33]. In the case
of Se rich termination, the dangling bonds of the Se anions form Se-Se dimer
pairs which leads to a (2× 1) surface reconstruction with full surface coverage
(Θ = 1) as shown in Fig. 3.2 (a). The notation (2×1) represents the translation
symmetry of the surface cell relative to the in-plane crystallographic axes, as
indicated by the dashed rectangle. For a Zn rich surface, a vacancy structure
is favoured leading to a c(2 × 2) surface reconstruction with undimerised Zn
atoms covering half the surface (Θ = 1

2 ) as shown in Fig. 3.2 (b).
Upon deposition of Fe on e.g., the Zn rich c(2 × 2) surface, a plausible

arrangement of the Fe atoms assuming ideal stacking positions is shown in

24



3.2. INTERFACE FORMATION
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Figure 3.3: A proposed interface cell of Fe/ZnSe(001)-c(2 × 2).

Fig. 3.3. The first Fe layer goes in the same plane as the Zn surface atoms
resulting in a Fe coverage of Θ = 3

4 where one Fe atom bonds to Se in each
interface cell. A second layer of Fe completely covers the underlying structure,
and one Fe atom bonds to Zn per interface cell.

3.2 Interface formation

When two different materials are brought together, the surface energies are
relaxed to an equilibrium state with a joint Fermi level by the transfer of charge.
At metal/semiconductor interfaces, Schottky barriers are in general formed as
a result of charge depletion in the semiconductor that causes a bending of its
bands (Fig. 3.4).

An ideal ZnSe(001)-(1× 1) surface can either be anion (Se) or cation (Zn)
terminated. In the anion terminated case, Fe replaces the Zn atomic positions
and occupies also antibonding sites due to the doubled number of Fe atoms
per unit layer cell of ZnSe. The situation is the same for cation termination
exchanging Zn for Se. For both terminations, electronic structure calculations

Ev

EF

Ec

EF

φM

χ

Ev

EF

Ec
φB

M SC M SC

Figure 3.4: Schottky barrier formation at a metal/semiconductor (M/SC) interface.
The initial Fermi level offsets are determined by the metal work function φM and
the semiconductor electron affinity χ. When the materials are brought together,
the Fermi levels in the bulk line up by charge redistribution at the interface. The
resulting charge depletion in the semiconductor causes a band bending and gives rise
to a Schottky barrier φB .
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Figure 3.5: Local density of states for a Se terminated (upper graph) and a Zn
terminated (lower graph) Fe/ZnSe(001) interface. The center graph shows the density
of states for a bulk-like Fe layer. From Ref. [35].

of the charge resdistribution have resulted in a net flow of electrons from the
Fe side to the ZnSe side of the interface [34, 7]. This gives rise to a n-type
Schottky barrier, i.e. when the conduction and valence bands are bent upwards
(see Fig. 3.4). The Schottky barrier for Fe/ZnSe(001) has been calculated to
be 1.1 eV [34].

3.2.1 Interface spin polarisation

During the charge transfer at the Fe/ZnSe(001) interface, described in the
previous section, both majority spin and minority spin electrons from Fe par-
ticipate. The effect of charge redistribution on the density of states (DOS) in
the vicinity of the interface has been shown to be both significant and spin
sensitive [34, 7, 35].

In Fig. 3.5, calculated local DOS for ideal Fe(10 ML)/ZnSe(10 ML) multi-
layers stacked along [001] are presented [35]. The top and the bottom graphs
show the interfacial DOS for Se and Zn termination, respectively, and the mid-
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dle graph the DOS for a bulk-like Fe layer. Recalling the local DOS for the
7 ML Fe slab in Fig. 1.2, it appears that the effect of introducing a ZnSe in-
terface on the DOS for Fe is very similar to the case of an open Fe surface.
Irrespective of termination, the interfacial DOS for the minority electrons at
the Fermi level significantly exceeds that of the majority ones, as opposed to
the situation in the bulk. Estimating the spin polarisations using Eq. (1.1), this
gives P ∼ −65% for Zn termination and P ∼ −30% for Se termination. Thus,
according to the calculation, a Zn termination would be preferred in order to
maximize the interface spin-polarisation.

3.3 Fe/ZnSe heterostructures for spin injection

In section 2.3 the importance of introducing a spin dependent interface resis-
tance (tunnel barrier) in order to efficiently inject spins from a ferromagnetic
metal into a degenerate semiconductor was demonstrated. The resulting degree
of spin polarisation in the semiconductor was shown to depend crucially on the
magnitude of the interface resistance r∗b and also the interface spin polarisation
γ (Eq. (2.22)).

Concerning the interface resistance, it can either be formed naturally by a
Schottky barrier as in Fig. 3.4 or artificially by introducing an insulating layer
that separates the metal and the semiconductor. In the tunneling regime, the
resistance is ultimately controlled by the barrier width according to the trans-
mission coefficient T given in Eq. (1.3). Thus, in the Schottky barrier case,
the resistance depends on the depletion layer width whereas in the insulator
case, it depends on the thickness of the insulating layer. The lower limit of the
interface resistance is depicted in Fig. 2.4. However, there exist even an upper
limit. In practice, a highly resistive device is undesireable from operational
purposes due to a decreased signal to noice ratio. Moreover, an excessive inter-
face resistance was theoretically predicted to diminish the injection efficiency
due to an increased spin relaxation rate in the semiconductor [30]. Seemingly,
a precise control of the interface resistance is needed for success. It is assumed
that an artificial insulating layer is to be preferred before a Schottky barrier
due to the difficulty to tailor the depletion layer width as it is determined by
the propagation length of the charge redistribution. In the following, the pos-
sibility of introducing ZnSe as a spin dependent interface resistance between
an Fe spin aligner and a semiconductor device structure will be outlined.

In Fig. 3.6, a proposed spin injection device is shown consisting of a spin
aligning Fe contact, a ZnSe tunnel barrier and an arbitrary semiconductor
device structure (SDS) based on, e.g., GaAs and related compounds. The
excellent structural compatibility between ZnSe and GaAs, both of zincblende
structure with a lattice mismatch of ∼ 0.5%, provides integration of ZnSe based
devices with widespread GaAs based ones in a heteroepitaxial manner. The
wide band gap of 2.7 eV places ZnSe far out on the insulating side among the
conventional semiconductors GaAs (Eg = 1.4 eV), Si (Eg = 1.14 eV) and Ge
(Eg = 0.67 eV). Consequently, for a sufficiently thin layer of ZnSe, electron
tunneling from the Fe electrode to the acceptor side of the SDS is likely to
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Fe ZnSe SC device structure

EF

Figure 3.6: A band scheme of a proposed spin injection device based on Fe/ZnSe.
Spin polarised carriers from the Fe electrode are transmitted via tunneling through
the energy gap of ZnSe and injected into the conduction band of a degenerate n-type
semiconductor.

occur at moderate bias. In this way, according to Eq. (2.22), spin polarised
electrons can be injected into the SDS with an efficiency determined by the
spin polarisation γ at the Fe/ZnSe interface and the resistance r∗b of the ZnSe
layer.

Since the width and therefore the resistance of the ZnSe barrier layer is
easily manipulated during fabrication, the most crucial parameter for spin in-
jection into a SDS is the spin polarisation γ at the Fe/ZnSe interface. In the
previous section, a γ of 65% was predicted for an ideal interface and indeed this
would be sufficient for an appreciable spin injection. Experimentally however,
the metal/semiconductor interface involves intricate effects such as interdiffu-
sion, chemical reactions and migration of semiconductor surface constituents.
Most of these effects have a degrading or even devestating influence on the in-
terface polarisation. A typical example of this is the Fe/GaAs interface where
Fe preferentially reacts with As to form FexAsy phases with diminished mag-
netisation that persist for several monolayers [36, 37, 38].

The present work is devoted to investigate the structural properties, mag-
netic properties and spin polarisation effects at the Fe/ZnSe(001) interface. In
the next chapter, the experimental techniques used to acquire this information
are described and the results are summarised in Chapter 5.
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Chapter 4

Experimental techniques

In this chapter, the techniques used to fabricate and characterise the Fe/ZnSe
heterostructures are described. The principle behind each technique is given
together with features and methods of particular importance for the system
under study.

4.1 Sample fabrication and characterisation

4.1.1 Molecular beam epitaxy

The technique of molecular beam epitaxy (MBE) was first introduced in the
late 1960s for growing epitaxial compound III-V semiconductors such as GaAs.
Later on the technique was applied to metal epitaxy and today it is by far the
most commonly used technique for the growth of heteroepitaxial metal/semicon-
ductor structures.

MBE operates under ultra high vacuum (UHV) which means base pressures
below 10−10 mbar. A molecular beam is created by heating a source material
until it evaporates in a cell with a very small nozzle, a so called effusion cell or
a Knudsen cell. As the vapour escapes from the cell through the nozzle, the
molecules form a collimated beam and because of the UHV, the vapour flux
can travel ballistically for several meters without suffering from collisions with
other molecules. The growth is initiated by aiming the molecular beam onto
a substrate and usual deposition rates range from sub 1 Å to tens of Å per
minute. A typical MBE setup is shown in Fig. 4.1.

Compared to other techniques such as sputtering, MBE has certain ad-
vantages in the aspect of controlled growth. Since no reactive gases need to
be introduced, the sample is kept under UHV during deposition and allows
electron-beam probing techniques such as RHEED to be used for structural
characterisation in real-time.

The specific system used for the fabrication of Fe/ZnSe heterostructures on
GaAs substrates is an UHV MBE system with interconnected III-V and II-VI
chambers for arsenides and selenides, respectively. Characterisation techniques
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Figure 4.1: A typical molecular beam epitaxy setup.

such as RHEED, XPS and STM are available in situ and are described in the
following sections.

4.1.2 Reflection high-energy electron diffraction

Reflection high-energy electron diffraction (RHEED) has become a standard
tool for in situ monitoring of thin film growth in a variety of deposition systems
and provides information about crystal structure, orientation and roughness of
the film surface. In particular, RHEED can be used to its full potential when
incorporated in the MBE system where monitoring can be performed during
deposition. In RHEED, electrons in an energy range 1-100 keV are incident on
the sample at grazing angle (1−3◦). A fluorescent screen detects the diffracted
beam and the resulting diffraction pattern can be analysed.

The angle of incidence is of great importance for the surface sensitivity. As
an example, for Fe the empirical relation between the mean free path λ (i.e.
the average distance travelled before a scattering event) of electrons is related
to the electron energy E0 by [39]

λ =
E0

15.54 ln(0.0547E0)
. (4.1)

For a 15 keV RHEED at normal incidence, λ would be almost 150 Å and thus
exceedingly long for an accurate surface analysis. On the other hand, at 1◦
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a)

b)

c)

Figure 4.2: RHEED patterns from (a) a well ordered surface, (b) a (2 × 2) surface
reconstruction on a (1 × 1) periodic crystal and (c) a 3D surface.

incidence, the effective λ normal to the surface is only about 2.5 Å. Since,
in this way, the probing distance along the surface is large, multiple elastic
scattering events enhances the resolution of the diffraction pattern.

Examples of RHEED diffraction patterns are shown in Fig. 4.2. The dis-
tance between the spots or streaks reflect the reciprocal atomic plane distances.
From a well ordered surface, the RHEED pattern results in narrow streaks as
shown in Fig. 4.2 (a). The streaking is due to the grazing incidence of the beam
and the width of the streaks is inversely related to the long range order of the
surface. That is to say, a surface with a long range two-dimensionality will
result in narrow streaks, while a short range order will cause broadening of the
streaks. If a superstructure is present on the surface such as a (2× 2) surface
reconstruction on a (1 × 1) periodic crystal, the reconstruction will appear as
streaks at half the distance of the subsurface crystal streaks as seen in Fig. 4.2
(b). In the case of rough surface with 3D islands, the long range order is broken
and the beam predominantly passes through the grains. This gives rise to a
transmission pattern consisting of spots as in Fig. 4.2 (c).

4.1.3 Photoemission spectroscopy

Photoemission spectroscopy was developed in Uppsala in the mid 1960s by Kai
Siegbahn and co-workers and rewarded him the Nobel prize in 1981. The tech-
nique is based on Einstein’s photoelectric effect. By irradiating a surface with
monochromatic light (with wavelengths ranging from UV to x-rays depending
on source), photoelectrons are ejected and energy analysed. As it is an electron
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Figure 4.3: Universal curve of the mean free path of electrons in matter as function
of electron kinetic energy.

spectroscopy, it operates only under UHV conditions. The surface sensitivity
of this technique results from the short mean free path (or escape depth) λ of
electrons in matter. A universal curve describing the electron mean free path
as function of electron energy is shown in Fig. 4.3 [40].

In the recorded energy spectrum, a series of photoelectron peaks appear.
The difference between the known photon energy and the measured photoelec-
tron energies give binding energies characteristic of the elements present on the
surface. If the chemical state of the emitting atom changes, this is observable
in the spectrum as a shift in specific binding energy or a different peak shape.
Thus, the photoemission technique can yield information about chemical reac-
tions and charge redistribution effects in the vicinity of the surface. Moreover,
with a known λ, the thickness d of a film deposited on a substrate can be
estimated from the peak intensity attenuation of a substrate constituent as

I(d) = I0e
−d/λ, (4.2)

where I0 is the intensity in the case of a clean substrate surface.

4.1.4 Scanning tunneling microscopy

Connected in situ with a MBE system, scanning tunneling microscopy (STM)
provides an outstanding tool for surface analysis and imaging. Without break-
ing vacuum, fresh samples can be transferred from the deposition chamber into
the microscope. This is of course not merely a practical benefit. Atmospheric
exposure will, in most cases, have devastating effects on the surface morphology
due to undesired contamination and chemical reactions.
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Figure 4.4: Atom resolved STM image of a 20 Å Fe film on ZnSe(001). The atomic
pattern corresponds to a segregated Se (2 × 2) superstructure on the Fe surface.

The STM technique relies on the quantum mechanical tunneling of elec-
trons. A bias potential is applied between the sharp probing cantilever tip and
the surface of a conductive film. When the tip is positioned about 10 Å or less
from the surface, electrons can tunnel through the vacuum barrier resulting
in a small current flow. Since the tunneling current depends exponentially on
the tip-surface distance, a resolution of ∼ 0.1 Å can be achieved, i.e. individ-
ual atoms can be distinguished. A system of piezoelectric crystals control and
record the XY Z position of the tip relative to the surface, where Z is along the
surface normal. In most cases, the STM is set to operate in constant current
mode. With the use of a feedback circuit to the piezo elements, the Z position
of the tip is adjusted to maintain a constant current as the probe scans the
XY plane. The Z displacements are computer logged together with the XY
position data to form a topographic image of the surface. An example of an
atom-resolved STM image is shown in Fig. 4.4.

Although STM includes many attractive features, there are certain limita-
tions that one has to be aware of before making quantitative analysis. One
important limitation is the effect of the tip size. The smallest tips that are
made today range between 50 − 100 Å in tip diameter. Depth profiling over
imperfections such as deep voids with radii of the same order of magnitude as
the tip or less, can give ambiguous results. This comes about since the tun-
neling current predominantly flows from the edges of the void instead of the
bottom.
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4.1.5 Transmission electron microscopy

A transmission electron microscope (TEM) image (or alternatively, a diffrac-
tion pattern) is formed by proper focusing of the scattered electrons trans-
mitted from a thinned sample region exposed to a high-energy electron beam.
Apart from imaging, several modern microscopes are equipped with spectro-
scopic facilities that utilise the different scattering events that take place when
the electrons interact with the sample. One example is electron energy loss
spectroscopy (EELS). Combined with TEM, EELS can extract local elemental
distributions from selected areas on the atomic scale.

For multilayered structures such as tunnel junctions, cross-sectional imaging
is of great value and TEM is one of the few methods that can provide this on
an atomic scale. Already from a high-resolution (HRTEM) image, substantial
conclusions about interface quality, crystallographic properties and defects can
be drawn. Combining this with selected area diffraction (SAD) and in situ
spectroscopic techniques, a very complete picture of the structural properties
can be obtained. An example of a HRTEM image and a SAD pattern is shown
in Fig. 4.5.

The theoretical resolution in TEM can be approximated by the Rayleigh
criterion for light microscopy, which states that the smallest distance δ that
can be resolved is given by

δ =
0.61λ
µ sinβ

, (4.3)

where λ is the wavelength of the radiation, µ the refractive index of the medium
under study and β the semi angle of collection of the magnifying lens. Typically
in a TEM, electrons are accelerated to energies 100 - 400 keV which correspond
to wavelengths of the order pm (10−12 m). As an example, approximating the
denominator µ sinβ to unity (i.e., the numerical aperture, hardly realistic in
TEM), the resolution would be the be determined by roughly half the wave-

Figure 4.5: A HRTEM image of a Fe/ZnSe(001) interface together wih a SAD pat-
tern. The spots identified as Au in the SAD pattern come from the capping layer
(not shown in the image).

34



4.2. MAGNETIC CHARACTERISATION

length λ. This would mean that the microscope can resolve approximately
1/100 of an atomic diameter. In practice, however, the resolution is limited by
the system of electromagnetic lenses that focuses and aligns the beam. Most
important, and often called the heart of the microscope, is the objective lens
that focuses the beam on the sample. The practical resolution of a TEM is
about 0.15 - 0.3 nm, i.e. slightly above an atomic diameter.

The most important limitation with TEM does not lie so much in the tech-
nique itself, but in the sample preparation. In order to achieve images with
good contrast, the sample must be made very thin. From Eq. (4.1), using an
electron energy of 100 keV, single scattering events at normal incidence are to
be expected up to a thickness of about 750 Å (in the case of Fe). Therefore
the thickness of a cross section should not exceed this value by far in order to
maintain a high degree of transmission and subsequent contrast. The thinning
process is very tedious and time consuming and sample handling often requires
the fingers of a surgeon. Using standard techniques, the thinned lateral region
of the sample that fulfils the high resolution contrast condition is very small,
typically < 1 µm in diameter. Thus, different parts of a sample should be
thinned for representative results.

For a complete description of TEM, see the excellent book by Williams and
Carter [41].

4.2 Magnetic characterisation

4.2.1 X-ray magnetic circular dichroism

X-ray magnetic circular dichroism (XMCD) is a quite recent development of
X-ray absorption spectroscopy (XAS) and was first observed for K-shell ab-
sorption in Fe in 1987 [42]. In general, synchrotron radiation sources are used
to provide the x-rays for high resolution experiments.

The XMCD technique relies on spin-selective photoexcitation of core level
electrons into the empty DOS. Circularly polarised light transfer its angular
momentum h̄ for right helicity (σ+) or −h̄ for left helicity (σ−), to an electron
in a spin-orbit split core level, say, the 2p3/2 level as shown to the left in Fig. 4.6.
Via the spin-orbit coupling, the photon angular momentum is transferred in
part to the spin. As the two different helicities transfer opposite angular mo-
menta, photoelectrons with opposite spins are created. These spin-selective
transitions open the door to magnetic contrast.

The transition probability ratios between spin-up and spin-down electrons
into a paramagnetic d-state are 62.5%/37.5% for the 2p3/2 level and 25%/75%
for the 2p1/2 level [43] (for right helicity light in the present notation). This
means that an excess of spin-up electrons are created at the 2p3/2 level whereas
there is an excess of spin-down electrons from the 2p1/2 level. This comes about
due to that the spin-orbit coupling at the 2p1/2 level is opposite to that at the
2p3/2. For left helicity, the reciprocal ratios would be obtained.

In a magnetic transition metal, there is an unbalanced number of spin-
up and spin-down holes in the 3d band, which causes a splitting due to the
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Figure 4.6: Principle behind XMCD. Spin-polarised core level electrons are pho-
toexcited into the the empty DOS. The spin polarisation of the photoelectrons can
be reversed by changing the helicity of the circularly polarised light. In a ferromagnet,
this gives rise to a spin dependent absorption as shown in the spectra to the right.

exchange interaction and hence a magnetic moment. The spin magnetic mo-
ment ms is simply given by the difference in number of holes N

↑
h − N↓

h , i.e.,
ms = −2 〈Sz〉µB/h̄ = (N↑

h −N↓
h)µB . The orbital moment, mo = −〈Lz〉µB/h̄,

arises from the spin-orbit interaction, but is much smaller than the exchange
interaction. For bulk bcc Fe, ms = 2.1 µB and mo = 0.1 µB . Now, if spin
polarised photoelectrons encounter the empty DOS (i.e., the holes) in the 3d
band, the above transition probability ratios will be weighted by the number
of holes in each spin band. Therefore, by switching the magnetisation between
parallel and anitparallel alignment with respect to the the photoelectron quan-
tisation axis, or equivalently, switching the helicity σ of the light, there will be
a non-vanishing difference between the absorption spectra. This is depicted in
the graph in Fig. 4.6 where L3 and L2 are the absorption edges corresponding
to transitions from the 2p3/2 and 2p1/2 levels, respectively. The difference spec-
trum, µ(σ−) − µ(σ+) with µ(σ+/−) being the helicity dependent absorption,
represents the magnetic dichroism.

In order to extract spin- and orbital magnetic moments, the magneto-optical
sum rules can be employed [44, 45]

mo =
−4qNh

3r
(4.4)

ms =
−(6p− 4q)Nh

r
(4.5)

where p and q are, respectively, the integrals over the L3 and L3 + L2 edges
in the difference spectrum µ(σ−)− µ(σ+) and r is the integral over the white-
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line intensity given as a step function of the average cross section spectrum
µ(σ−) + µ(σ+) [46].

4.2.2 Mössbauer spectroscopy

In 1957, Rudolf Mössbauer discovered the recoil-free nuclear resonance in solids
[47] and was rewarded the Nobel prize only four years after. The technique of
Mössbauer spectroscopy utilises the recoilless resonant emission and absorption
of γ-radiation by atomic nuclei in solids as a probe of the local electric and
magnetic fields surrounding the nuclei.

Due to its magnetic properties, a commonly used Mössbauer isotope is
57Fe. This isotope has a 14.5 keV nuclear transition energy between the ex-
cited I = 3/2 state and the I = 1/2 ground state and the γ-rays that are
transmitted in the deexcitation process are used for the spectroscopy. The
commonly occurring isotope 56Fe does not exhibit the Mössbauer effect but
contains about 2% of the Mössbauer isotope 57Fe, which for many applications
is sufficient. For thin films, pure 57Fe must in general be used for appreciable
spectral statistics. This might, at first, be considered as a disadvantage given
the rareness of this isotope. However, once a piece of 57Fe has been acquired,
atomic layers of 57Fe can be incorporated at selective regions in thin films
structures to locally probe the electric and magnetic fields. As an example,
a few monolayers of 57Fe can be confined between a bulk-like 56Fe film and
a substrate so as to probe the interfacial properties of the bulk-like Fe film.
This information is not accessible with most other techniques and represents
the outstanding potential of Mössbauer spectroscopy when applied to layered
structures. For thin films on thick substrates, coversion electron Mössbauer
spectroscopy (CEMS) is preferred before the γ transmission geometry due to
the strong absorption of the substrate. The number of conversion electrons is
proportional to the number of absorbed γ-rays.

The interactions that take place between an atomic nucleus and the sur-
rounding electrons are called hyperfine interactions and they can be divided
into three distinct contributions. The first is the electric monopole interaction
that shifts the energy levels and gives rise to the isomer shift. The second
is the electric quadrupole interaction that splits the I = 3/2 into two states,
namely m = 3/2 and m = 1/2 leaving the ground state unaffected. The third,
and most interesting for magnetic materials, is the magnetic dipole interac-
tion that lifts the degeneracy of both the I = 3/2 and I = 1/2 states by the
so-called magnetic hyperfine field. The six allowed transitions in this case, as
determined by the selection rule ∆m = 0,±1, are shown to the left in Fig. 4.7.
In a Mössbauer measurement, these transitions appear as a six line spectrum
(shown to the right in Fig. 4.7) and from this a measure of the hyperfine field
and, subsequently, the magnetic moment can be deduced.

In presence of a magnetic dipole interaction, the relative intensities in the
acquired Mössbauer spectrum depend on the angle α between the γ-rays inci-
dent from the radioactive source and the direction of magnetisation in the γ
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Figure 4.7: The allowed transitions in presence of a magnetic dipole interaction,
giving rise to a six-line Mössbauer absorption spectrum (in CEMS geometry).

absorbing sample. The intensities are given by

I1,6 = 3(1 + cos2 α), I2,5 = 4 sin2 α, I3,4 = 1 + cos2 α, (4.6)

as derived from the angle-dependent Clebsch-Gordan coefficients that describe
the different transition probabilities. Expressed as intensity ratios, this gives

I1,6 : I2,5 : I3,4 = 3 : 4 sin2 α/(1 + cos2 α) : 1, (4.7)

where indices 1− 6 correspond to the peaks in the spectrum in Fig. 4.7. Thus,
also the orientation of the magnetic moment can be deduced. In the conven-
tional geometry where the γ-rays are incident along the sample plane normal,
it can be distinguished whether the magnetic moment is oriented out-of-plane
(α = 0) or in-plane (α = 90). Furthermore, by allowing a component of the
γ-rays to be projected in the plane, for example by using a 45◦ incidence of the
γ-rays, the specific in-plane orientation of the magnetic moment relative of the
crystallographic axes can be tracked down.

4.2.3 Spin-resolved inverse photoemission

Inverse photoemission (IPE) is really the inverse of conventional photoemission,
that is to say, a low energy electron beam (5−50 eV) is used to induce radiative
transitions into empty conduction band states just above the Fermi level and
the intensity of the emitted photons is detected. The technique is very surface
sensitive since the penetration depth at these electron energies is of the order
2− 3 Å.

A typical experimental setup for spin-resolved IPE (SRIPE) is shown in
Fig. 4.8. The electron beam is produced by the negative electron affinity in
GaAs-based photocathodes [48] and spin polarisation is achieved by photoex-
citation with circularly polarised light, much in the same way as described in
section 2.2.1. By using strained GaAsP photocathodes, a beam spin polarisa-
tion of about 65% can be obtained [49].
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Figure 4.8: Typical setup for a SRIPE experient.

In Fig. 4.8, the beam is at normal incidence to the sample surface with
a polarisation quantisation axis in the plane of the sample (i.e. perpendicu-
lar to the electron momentum). In the case of a ferromagnetic sample, the
spin-up and spin-down bands are shifted in energy resulting in majority and
minority spin bands. Thus, if the beam polarisation is parallel to the sam-
ple magnetisation, an interaction would favour majority spin band transitions
whereas minority spin band transitions would be favoured in an antiparallel
configuration. The two configurations are easily obtained by either reversing
the sample magnetisation or reversing the helicity of the circularly polarised
light.

In a SRIPE experiment, the energy of the polarised electron beam is var-
ied while detecting the photons emitted from the spin-dependent transitions
into the empty DOS. By collecting spectra for beam polarisations parallel and
antiparallel to the sample magnetisation, the obtained spectra thus reflect the
majority and minority empty DOS at the surface of the ferromagnet. A quan-
tity of interest that can be deduced from the spectra is the surface ferromagnetic
exchange splitting. For a detailed description of the interpretation of the, often
intricate, spin-resolved spectral features, see Ref. [50].

Some drawbacks with the technique is that the sample can only be studied
at magnetic remanence, as is common in electron spectroscopies. This means
that, in the geometry of Fig. 4.8, an out of plane magnetisation would give no
spin asymmetry in the spin-resolved spectra, which can result in misleading
interpretations of the magnetic state of the sample.

4.3 Microfabrication

Magnetic tunnel junctions, as fabricated, consist in principle of three superim-
posed planar layers; a metallic base electrode, an insulating tunnel barrier and
a metallic top electrode. Since a current perpendicular to plane (CPP) geom-
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Figure 4.9: A four step lithography process for microfabrication of magnetic tunnel
junctions. (i) Exposure of the base electrode. (ii) Separation of adjacent junction
devices. (iii) Insulator protection and contact opening. (iv) Contact deposition.

etry is required for operation, the base electrode needs to be exposed in order
to enable contacting. This is preferably done by microfabrication. There are
also certain advantages with microstructured junctions. The most important
one is that the probability of having a uniform barrier layer is higher on a mi-
croscale, which governs a more homogeneous current distribution throughout
the junction.

The patterning procedure for the Fe/ZnSe/Fe magnetic tunnel junctions
consists of four lithography steps (see Fig. 4.9) that will be described in detail
below. Standard optical lithography is used for defining the microstructures
and the principle behind this technique is described briefly in the caption to
Fig. 4.10.

4.3.1 Step 1. Definition of junctions

The samples are cleaned with acetone in a soft ultrasonic bath for 5 minutes
followed by rinsing in iso-propanol and drying under nitrogen flow. Prior to
photoresist deposition, the samples are checked to be free from stains and
cleansing products in an optical microscope. The resist spinner consists of a
rotating head on which the samples are mounted using low-pressure air. For
better adhesion of the resist, a primer is first spinned on for 30 seconds at 6000
rpm. Then a positive photoresist, usually Shipley 1813, is spinned on at the
same settings. It has been shown that these settings result in a resist thickness
of about 1.3 µm. The samples are left on a 90◦C hot plate for 1 minute for
the photoresist to dry and to become more firm. Higher temperatures together
with longer heating times will result in a harder more glass-like resist but will
be difficult to remove at a later stage.
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a) b) c)

Figure 4.10: Basic principle behind optical lithography. A few micron thick layer
of a photosensitive polymeric liquid is spinned onto the sample surface. When the
photoresist is dry, the sample is exposed to UV light through a mask that defines
the microstructure (b). The illuminated area of the photoresist undergoes a change
in chemical composition and during immersion in a developer solution, the exposed
parts of the resist will dissolve as in (c) or remain depending on the polarity of the
resist.

The resist-protected samples are placed in the optical system containing the
UV source and mask aligner stage. The photomask in this first step defines the
actual tunnel junctions. In groups of three, multiple sets of circular junctions
images with radii 10, 20 and 50 µm or 100, 200 and 300 µm are etched out in
black on the otherwise transparent mask plate. Each set of three junctions fit
inside a square area of 0.5×0.5 mm2 and the squares have fitting marks at the
corners to simplify later alignment steps. After appropriate positioning of the
mask, the sample is brought in contact with the mask and exposed to 40 mJ
UV light. The exposed resist is dissolved in MF319 developer for 50-60 seconds
followed by water rinsing. Complete resist removal and junction definition is
checked in an optical microscope.

The etching step that now follows is the most critical part of the whole
patterning procedure. The etching must open the structure outside the defined
junctions down to the bottom electrode. To do this, physical etching with
Ar ion milling at normal incidence is used and preferred over, e.g., selective
chemical etching for several reasons. One is that chemical etching can result in
undesired undercutting effects on the structure making it more fragile. Another
reason is that, in the case of ion milling, the etching depth can be probed
efficiently by surface sensitive Auger electron spectroscopy (AES).

Samples are put inside a UHV system containing both the ion miller and
AES. Ar+ ions are extracted from a plasma discharge at 75 W and 10−4 Torr
Ar and accelerated to 200 eV at normal incidence to the sample. The ion beam
etches surface areas of up to 20 mm in diameter with a thickness gradient below
20% from the centre to the edge. Although empirical etch rates of each material
are at hand, the etching is performed step by step and the depth is checked with
Auger for precaution. In the case where the base and top electrodes are similar
(i.e. Fe in both layers) it is desirable to obtain an Auger spectrum showing the
ZnSe barrier so that the top electrode is not mistaken for the bottom one. If the
ZnSe barrier is not seen, another option is to compare the peak intensities of
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Figure 4.11: Auger spectra for Ar ion etched Fe/ZnSe/Fe magnetic tunnel junc-
tions. Top spectrum: The top Fe electrode with Au cap removed. Middle spectrum:
The ZnSe barrier region with a resolved Zn peak. Bottom spectrum: The base Fe
electrode.

Fe. A decrease in Fe intensity followed by an increase generally indicates that
the top electrode has gradually been removed and that the bottom electrode
is reached. Due to the thickness gradients mentioned previously, the etching
is continued a few nm into the bottom electrode to ensure proper contacting
later on. Auger spectra for a three-step etch process are seen in Fig. 4.11.

After the etching procedure is finished, the photoresist is removed from the
samples with acetone and rinsed in iso-propanol. Step one is concluded by a
junction definition check at the microscope (Fig. 4.12).

4.3.2 Step 2. Definition of the base electrode

This step defines the bottom electrode as a rectangular bar and subsequently
disconnects the different sets of junctions on the substrate. The photomask
alignment is a bit more tedious than in step 1 since the fitting marks have to
agree, although this is even more important in the next step. As the ion etching
in this case is down to the substrate, is not as crucial as in step 1 due to that
the substrate level in most cases is visible with the bare eye.

4.3.3 Step 3. Insulator deposition and contact opening

In this step, an insulator is deposited to fully cover the junctions. This is
followed by the opening of channels to the bottom and the top electrode that
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Figure 4.12: An optical microscope image of a 10 µm junction at the completion of
the first lithography step.

enables the contacting described in step 4.
In a DC sputtering system, the insulator Si3N4 is deposited from reactive

sputtering of Si in a 1:1 Ar:N2 atmosphere at 5 mTorr and 100 W. The total
thickness of the insulator is of the order of 2000 Å. The photomask defines
contact holes that are to be located on top of the junctions and on top of the
base electrode. At this stage, the positioning of the mask with respect to the
junctions is critical. The contact holes that goes on top of the junctions are
only slightly smaller than the corresponding junction area and thus, a moderate
misalignment of the mask can result in a shorted or even disconnected junction.
After the exposure, the contact holes are accurately checked to be in place with
a microscope. At this point, the junctions are covered with Si3N4 and, on top
of this, a resist layer with the defined contact holes.

Hexafluoride, F6, ion etching is used to open the channels defined by the
holes in the resist and to reach the metallic structure. The simplified chemical
process can be written as Si3N4 + 12F → 3SiF4 + 2N2. The reaction products
are vaporous and evacuated from the surface. An interference technique using
laser light determines when the etching has reached the metallic structure. A
sketch of the resulting structure is shown in Fig. 4.9 (c).

4.3.4 Step 4. Metallisation and lift-off

This last step consists of metal contact deposition and subsequent definition
using the lift-off technique. The spinned-on S1813 photoresist is heated for 5
minutes at 90◦C on the hot plate. In order to achieve the overhanging profile
needed for lift-off, the next step is a chlorobenzene soak. The samples are
left in the chlorobenzene for 10 minutes and then heated for 5 min at 90◦C.
Chlorobenzene diffuses into the photoresist causing it to swell. A gel is formed
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Figure 4.13: An optical microscope image of a microfabricated junction with a
square Au contact on top.

in the upper region of the photoresist, which has a different developing rate than
the rest of the resist. This will cause the developer to undercut the photoresist
structure and produce the desire profile. The photomask in this case defines
the contact leads.

In a vacuum system for metallisation, 500 Å of Ti followed by 2000 Å of Au
is deposited by evaporation. The total thickness of 2500 Å is quite sufficient
to fill the opened channels. Ti is used for improved adhesion of Au by the
formation of TiAu alloy at the interface. After this, the samples are placed in
an acetone soak for 2−3 hours. The lift-off process is initiated at the undercut
regions where the acetone comes in direct contact with the resist. The resist is
successively dissolved along with the metal overlayer and lift-off is completed
when the defined contact structure appears. A junction with a Au contact on
top is shown in Fig. 4.13.
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Chapter 5

Summary of results

5.1 Growth morphology

The Fe/ZnSe(001) heterostructures have been grown in an UHV molecular
beam epitaxy system with interconnected III-V and II-VI chambers for ar-
senides and selenides, respectively. Effusion cells for metal evaporation are
incorporated in the II-VI chamber. The system accommodates in situ surface
characterisation techniques such as RHEED, XPS and STM.

The preparation of the ZnSe(001) substrate and the Fe films is described
in detail in Paper IV. In brief, a 2000 Å thick buffer layer of undoped GaAs
is homoepitaxied at 560◦C on an epiready GaAs(001):Te substrate from which
the native oxide has been removed by an As overpressure at 600◦C. At 280◦C,
100 Å of ZnSe is grown at a Se/Zn flux ratio of close to 1 in an atomic layer
epitaxy manner. The surface is terminated Zn rich and stabilises subsequently
to the c(2 × 2) surface reconstruction. This surface was shown to provide the
best seed epilayer for the Fe growth. The Fe is grown at a temperature of
180◦C at a pressure below 5× 10−10 mbar.

Also presented in Paper IV is a STM analysis of the surface morphology
evolution with Fe coverage combined with lattice relaxation measurements by
RHEED. It is shown that the Fe growth can be divided into three distinct
stages; (i) 0 - 2 ML: Nucleation and growth of isolated and isotropic 2D islands
with a uniform lattice relaxation up to 2 ML from an initial pseudomorphic
state. (ii) 2 - 4 ML: Quasi 1D coalescence along the [11̄0] in-plane direction
that causes a saturation of the lattice relaxation along [110] by the formation
of void dislocation lines running in parallel with the coalescence. These dislo-
cation lines induce a significant tensile strain along [11̄0]. (iii) 4 - 11 ML: 2D
coalescence and layer-by-layer terrace growth with a gradual relief of anisotropic
strain. The 1D coalescence observed in stage (ii) is somewhat unexpected as
the ZnSe-c(2 × 2) is spatially symmetric and the most likely explanation for
this is the thermodynamically governed Fe-Se sp3 bonds running in the [11̄0]
direction.

The chemistry and charge transfer effects at the Fe/ZnSe(001)-c(2×2) inter-
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face are investigated by means of photoemission in Paper VI. High resolution
photoemission spectra indicate the absence of chemical reactions as concluded
by, for example, the onset of a sharp and stable Fermi edge already at 1.5
ML of Fe. Moreover, the interface appears to be chemically stable up to an-
nealing temperatures of 360◦C, which is an important result concerning device
applications.

5.2 Magnetic anisotropy

The magnetic anisotropy of thin Fe layers grown on ZnSe(001) is addressed
in Papers III-V. To some surprise, an in-plane uniaxial magnetic anisotropy
(UMA) is found below a critical Fe thickness, which thus opposes the cubic
symmetry of bcc Fe. The easy axis is found to be oriented along the [110]
direction while a hard axis is found in the [11̄0] direction (see Fig. 5.1).

A UMA is not uniquely found in Fe/ZnSe(001) heterostructures but has
been observed in other Fe/semiconductor structures such as Fe/GaAs(001)
[51, 38], Fe/InAs(001) [52] and Fe/Ge(001) [53] and therefore seems to be
a phenomenon of general character. It is believed that the UMA arises from
symmetry breaking attributes on the semiconductor surface such as anisotropic
reconstructions and unidirectional bonds, but the precise mechanism remains
under debate. In Papers IV and V, two approaches to explain the origin of
the UMA are presented, where the first one relies on magneto-elastic effects
and the other on interface electronic structure.

In Paper IV, the in-plane magnetic energy density Em is written as a
sum of the magneto-elastic contribution, resulting from an anisotropic lattice
distortion, and the cubic magneto-crystalline contribution

Em = B1(ε11α2
1 + ε22α

2
2) + 2B2ε12α1α2 +K1α

2
1α

2
2, (5.1)

where εij are thickness dependent strain tensor elements, B1 and B2 are the
magneto-elastic coefficients, K1 the cubic anisotropy coefficient and αi the
direction cosines representing the magnetisation direction. The minimum of
Eq. (5.1) corresponds to the easy axis of the magnetisation. With εij values
obtained from the lattice relaxation measurements, it turns out that Eq. (5.1)
yields a UMA with an easy axis oriented [110] for an Fe film strained in the
[11̄0] direction. As the strain is gradually relieved with increasing Fe thick-
ness, the UMA is suppressed accordingly and the cubic magnetic anisotropy
takes overhand. This predicted anisotropy behaviour agrees well with what has
been observed by magnetisation measurements on this system as well as other
ferromagnet/semiconductor systems.

The first principles calculations in Paper V are performed for perfect ZnSe
surfaces as well as a c(2× 2) reconstructed surface. The latter corresponds to
the surface used throughout the experimental papers. At a first glance, all
these surfaces are fourfold symmetric. However, an anisotropic contribution
can be envisioned by considering the sites that Fe will occupy when put on top
a ZnSe surface. As the lattice parameter of Fe is about half that of ZnSe, Fe
atoms will occupy both bonding and antibonding sites. At bonding sites, the
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Figure 5.1: Magnetisation loops for a 25 Å thick Fe film on ZnSe(001) displaying a
uniaxial anisotropy with an easy axis oriented [110] and a hard axis oriented [11̄0].
At 100 Å, the cubic anisotropy is recovered with an easy [100] axis as seen in the
inset loops.

Fe atoms satisfy the unidirectional sp3-bonds from the substrate surface while
Fe atoms at antibonding sites are left uncoupled to the substrate in terms of
chemical bonding. Already this simple argument opens the door to anisotropy
at a seemingly square symmetric interface.

In the calculations it is found that the magnetic anisotropy energy is min-
imised with a magnetic moment oriented perpendicular to the sp3-bonds. Con-
sequently, these unidirectional bonds can be held responsible for the UMA,
which implies that the UMA arises from details in the interface electronic
structure. For the c(2 × 2) surface, the easy axis becomes oriented [110], i.e.,
analogous with the results obtained by considering the magneto-elastic contri-
bution.

Apparently, both methods are capable of predicting a UMA along the 〈110〉
azimuths. However, it is not believed that these methods necessarily need to be
competing, but rather that one contribution to the UMA is a consequence of the
other. The probable sequence is that the anisotropic strain, that generates the
magneto-elastic contribution, arises from the unidirectional bonding symmetry
at the semiconductor surface. The origin of the UMA is thus proposed to be a
superposed effect of intrinsic interface bonding and extrinsic magneto-elastic
coupling.
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5.3 Interface magnetism

Two different techniques have been used to probe the interface magnetism
of Fe/ZnSe(001) heterostructures namely x-ray magnetic circular dichroism
(XMCD) and conversion electron Mössbauer spectroscopy (CEMS) (Papers
II and III). The interface magnetism is of crucial importance since it is a pre-
requisite for spin polarisation and, subsequently, operational spintronic devices.
As the magnetic moment and, in particular, the spin polarisation depend on de-
tails in the electronic structure (sections 1.1.1 and 3.2.1), the relation between
them can not be assumed to be simply linear. Even so, most calculations indi-
cate that changes in the magnetic moment usually affect the spin polarisation
in similar ways, that is to say, an increased magnetic moment brings along an
increased spin polarisation and vice versa.

In Paper II, XMCD spectra are recorded at the Fe L2,3 absorption edges
for sub-monolayer to bulk-like films and the magneto-optical sum rules are
employed to evaluate the spin and orbital magnetic moments (section 4.2.1).
The results at 10 K are shown in Fig. 5.2 together with theoretical values from
Ref. [54]. Striking is that, in the whole thickness range measured, the mag-
netic moment is equal or even enhanced compared to bulk Fe. The enhanced
magnetic moment at low coverage is correlated with an increase in the number
of holes Nd in Eqs. (4.4) and (4.5) and the overall thickness dependence of the
magnetic moment shows a very similar trend as the theoretically predicted one.
The offset between the curves derives mainly from the particular calculation
method used that tends to overestimate the moments [54].

In Paper III, the magnetic properties of a 5 Å 57Fe layer on ZnSe buried
under 20 Å of normal Fe are investigated with CEMS. The interfacial layer

Figure 5.2: Total magnetic moment of ultrathin Fe layers on ZnSe(001). The ex-
perimental values are obtained by XMCD at 10 K. An enhancement of the magnetic
moment is observed at low coverage in agreement with electronic structure calcula-
tions from Ref. [54].
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exhibits a distinct hyperfine magnetic field splitting yielding a hyperfine field
of 32.7 T, which is in good agreement with the bulk hyperfine field of 33 T
for bcc Fe. This attests, within the experimental accuracy, that there is no
reduction of the magnetic moment at the Fe/ZnSe(001) interface.

In contrast to XMCD, CEMS does not indicate an enhancement of the mag-
netic moment and this can be appreciated by a simple argument. In XMCD,
a second interface to vacuum in addition to the Fe/ZnSe interface contributes
to a modified bandstructure due to the low dimensionality of the Fe films. In
CEMS, on the other hand, the information is restricted to the true Fe/ZnSe
interface since the 57Fe probe-layer neighbours solely Fe at the upper interface.

These two experiments are believed to represent the first unambiguous evi-
dence of a persistent bulk magnetic moment at a transition metal/semiconductor
interface.

5.4 Spin polarised tunneling

In section 3.3, an Fe/ZnSe-based spin injection device was introduced. The
idea relied on introducing ZnSe as the essential tunnel barrier in order to enable
spin injection from an Fe contact into a degenerate semiconductor. Since it is
demonstrated throughout the experimental papers that Fe/ZnSe structures can
be heteroepitaxied on GaAs(001) and, furthermore, that the magnetic moment
at the Fe/ZnSe interface retains the bulk value of Fe (Papers II and III),
the remaining issue to be addressed is whether the spin is conserved in the
tunneling process through ZnSe.

A way to verify spin-polarised tunneling is by magnetoresistance measure-
ments on magnetic tunnel junctions. This is what has been done in Paper I
where Fe/ZnSe/FeCo(001) magnetic tunnel junctions have been fabricated. By
no means is this a trivial approach to demonstrate spin-polarised tunneling. It
is basically difficult to grow metals and semiconductors repeatedly with main-
tained epitaxy and layer homogeneity. To the author’s knowledge, there exist
to date only two examples of epitaxial magnetic tunnel junctions that utilise
ferromagnetic metal electrodes. One is the Fe/MgO/FeCo(001) junction [55]
and the other is the Fe/ZnSe/FeCo(001) junction presented here. The unique-
ness of the present junction is the novelty of using a semiconductor barrier
layer. As mentioned in section 1.2.3, the ferromagnetic electrodes need to have
different coercivities. In the awareness of this, 15% of Co is added to Fe in
the base electrode in order to obtain a different switching field with respect
to the upper Fe electrode. Although STM evidences that the introduction of
Co induces local defects on the FeCo surface, the ZnSe barrier layer appears
homogeneous and to be of excellent epitaxial quality. A TEM cross section of
the Fe/ZnSe/FeCo junction is shown in Fig. 5.3.

In Paper I, a TMR of 16% at 10 K is found from magnetoresistance mea-
surements on 10 µm sized junctions, which thus represents a clear evidence that
spins can be transferred through the ZnSe barrier layer. This is an important
result for the development of semiconductor spintronic devices. However, the
field dependence of the magnetoresistance turns out to be complex and is at-
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Fe top electrode

ZnSe barrier

FeCo base electrode

Figure 5.3: A cross sectional HRTEM image of a Fe/ZnSe/FeCo(001) magnetic tun-
nel junction.

tributed to conduction through the Co induced defects emerging into the ZnSe
barrier. An example of such a magnetoresistance curve is shown in Fig. 5.4.

Figure 5.4: Resistance vs. magnetic field in a Fe/ZnSe/FeCo magnetic tunnel junc-
tion showing 16% magnetoresistance at 10 K.
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To Elisabeth Sjöstedt at the Condensed Matter Theory group I want to
confirm that I also really enjoyed our endless coffee discussions, I think I even
understand your unit cell now. Thanks also to Olle Eriksson and Lars Nord-
ström from the same group for your scientific advice. I would like to express
my gratitude to Kai Siegbahn for allowing me to perform the photoexcitation
experiments at the ESCA laboratory during my last months, I sincerely hope
that these exciting experiments will continue in some way.

This thesis would not have been possible without the financial support that I
have benefitted from. The following organisations are gratefully acknowledged:
The French Ministry of Foreign Affairs (MAE), Centre National de la Recherche
Scientifique, The Swedish Institute, The Swedish-French Research Association
and The Swedish Foundation of Strategic Research. A personal thanks goes to
Professor Jean-Marie Guastavino at the department of Culture and Science at
the French Embassy in Sweden.

Finally, many thanks to my mother and father for their unconditional sup-
port even at times when I did not deserve it. And Silvia, for the love, care
and understanding you have showed during this time, I can never thank you
enough, you are an angel.

And so he finishes.

Fredrik Gustavsson
Stockholm, 10th of April 2002.

52



Bibliography

[1] M. Baibich, J. Broto, A. Fert, F. V. Dau, F. Petroff, P. Etienne, G.Creuzet,
A. Friedrich, and J. Chazelas, Phys. Rev. Lett. 61, 2472 (1988).

[2] J. S. Moodera, L. R. Kinder, T. M. Wong, and R. Meservey, Phys. Rev.
Lett. 74, 3273 (1995).

[3] S. S. P. Parkin, K. P. Roche, M. G. Samant, P. M. Rice, R. B. Beyers,
R. E. Scheuerlein, E. J. O’Sullivan, S. L. Brown, J. Bucchigano, D. W.
Abraham, et al., J. Appl. Phys. 85, 5828 (1999).

[4] S. Ohnishi and A. J. Freeman, Phys. Rev. B 28, 6741 (1983).

[5] W. H. Butler, X. G. Zhang, X. Wang, J. van Ek, and J. M. MacLaren, J.
Appl. Phys. 81, 5518 (1997).

[6] D. Nguyen-Manh, E. Y. Tsymbal, D. G. Pettifor, C. Arcangeli, R. Tank,
O. K. Andersen, and A. Pasturel, Mat. Res. Soc. Symp. Proc. 492, 319
(1998).

[7] J. M. MacLaren and X.-G. Zhang, Phys. Rev. B 59, 5470 (1999).

[8] R. Meservey and P. Tedrow, Phys. Rev. Lett. 25, 1270 (1970).

[9] M. Julliere, Phys. Lett. 54A, 225 (1975).

[10] C. B. Duke, Tunneling in solids (Academic press Inc., 1969).

[11] J. Nassar, M. Hehn, A. Vaures, F. Petroff, and A. Fert, Appl. Phys. Lett.
73, 698 (1998).

[12] J. S. Moodera and G. Mathon, J. Magn. Magn. Mater. 200, 248 (1999).
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