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ERKLÄRUNG

Hiermit versichere ich, dass ich die vorliegende Arbeit selbständig verfasst
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Preface

One of the most promising and exciting developments in state of the art physics is the

so called Spinelectronic (Spintronic) technology. Present semiconductor devices rely

on the precise manipulation of electronic charge. In spintronic devices not only the

charge of an electron but also its spin is utilized. This additional degree of freedom

allows the construction of completely new non-volatile electronic components. Such

applications are based on different magnetoresistive effects. The scientific research

concentrates primarily on the Giant Magneto Resistance (GMR) and the Tunnel

Magneto Resistance (TMR) effect [1][2]; the high potential for applications acceler-

ated this development [3][4].

Beyond the industrial interest in applications the nature of magnetism and elec-

tronic transport can be studied by specialized spinelectronic devices. Thin film GMR

multilayers for example have been used for the first quantifications of the spin atten-

uation lengths in transition metals [5][6][7][8], predicted by Mott [9].

Especially experiments with ballistic electrons can deliver interesting information

about, e.g. spin scattering in ferromagnetic metals [10][11]. Since the invention of

Ballistic Electron Emission Microscopy (BEEM), several different experiments on

attenuation length and metal/semiconductor interface characterization have been ac-

complished using this upgraded Scanning Tunnel Microscope (STM) [12].

A different approach looks at ballistic currents generated in solid state struc-

tures, in particular MR-junctions. Current research of IBM (Almaden) investigates

Magnetic Tunnel Transistors (MTT) and similar Schottky tunnel-barrier hybrid junc-

tions, which inject ballistically spin-polarized currents into multiple quantum wells,

thus into a Light-Emitting Diode (LED) [13]. The spin direction of the injected

electrons affects the circular polarization of the emitted light. From the determined

1
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spin-polarizations it is possible to obtain spin diffusion lengths inside the semicon-

ductor, here Gallium Arsenide.

A possible application for spin-polarized currents in semiconductors can be all

kinds of spin-transistors. Das and Datta proposed a possible lateral spin-transistor

setup based on a Schottky-gate between ferromagnetic structures used as source and

drain [14]. Unfortunately the spin-polarization measured in this configuration does

not exceed ≈ 0.1% [15][16][17]. The experiment requires highly polarized currents

due to the so-called conductivity mismatch or fundamental obstacle for electrical spin

injection from a ferromagnetic metal into a diffusive semiconductor [18]: Both spin

channels get filled up by electrons due to the fact that the density of charge carriers

inside the semiconductor is about 4 orders of magnitude lower than in metals and

furthermore the semiconductor’s conduction band is not spin-split; the polarization is

virtually lost. Injection via a tunnel magnetoresistive junction is a promising solution

to deal with this: small but highly polarized currents can conserve the polarization

during the injection.

Although spintronic is a popular subject in actual research scattering processes

and injection of spin polarized currents into semiconductors are not yet fully un-

derstood. The reason might be the challenging demands of the experimental setups

and the topical bridging between the two disciplines of semiconductor physics and

magnetism. Only few and partially inconsistent data for spin attenuation lengths in

transition metals and causations for temperature and energy dependent scattering

can be found in the literature for typical energies of about 1 eV. Furthermore, spin

transistors with metal polarizer and analyzer1 have not been fabricated yet.

The preparation and use of different injection tools for spin-polarized ballistic

electrons is outlined in this thesis. Hybrid junctions, consisting of MR-junctions,

tunnel and Schottky-barriers are characterized and compared with the theory. It

is shown that ballistic currents are injected into semiconductor substrates. These

currents should be highly spin-polarized. With help of the the experimental results

spin attenuation lengths in Cobalt are calculated and discussed. The effect ratio

1Spin transistors with dilute ferromagnetic semiconductors as a polarizer have been successfully
fabricated [19].
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measured in the ballistic current is compared to the predicted ratio, calculated from

attenuation lengths.

Moreover BEEM investigations on spinvalves are presented. BEEM is presented

as a tool to map magnetic domains in spinvalves. Additionally, magnetization depen-

dent spectroscopy on spinvalves has been accomplished and the results are compared

with theoretical predictions. Magnetic major-loops of the investigated junction are

measured in the ballistic current.
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Experimental Idea

Experiments with ballistic electrons in specialized MR-junctions are the content of
this thesis. Hybrid samples consisting of Magnetic Tunnel Junctions (MTJs) and
Schottky-barriers have been developed, optimized, fabricated, and investigated for
that purpose. Continuative experiments have also been done.

The ambition is to inject spin-polarized electrons above the Fermi level into a
semiconductor substrate. The spin-polarization of a ferromagnetic thin film is usually
≈30-50% at room temperature, depending on the metal, refer to e.g. [20]. A magnetic
tunnel junction consists of two ferromagnetic thin films, separated by a thin insulating
tunnel barrier. This stack is usually embedded in conductive layers and seed layers to
improve the growth during the deposition. The use of layers which affect the coercive
fields of the ferromagnetic electrodes is common, too. If the ferromagnetic films are
magnetized antiparallel, the electrical tunnel resistance is phenomenologically higher
than in parallel alignment, when a bias is applied at the tunnel-barrier. This effect
is called the tunnel magneto resistance effect. With the difference in resistance the
magnetoresistive effect ratio is defined, see below.

In this thesis, the lower electrode consists only of a single Cobalt layer which is
directly sputtered on a semiconducting substrate where a Schottky-barrier is formed.
The chosen tunnel bias of the TMR junction is ≈1V. Electrons, which are injected
into the Cobalt electrode, have a certain chance to pass this film without scattering.
Due to the fact that those charge carriers do not loose energy in this layer, they can
pass the Schottky-barrier subsequently. This non-scattered current fraction is called
ballistic current.

The chance of an electron to pass the magnetized Cobalt layer without scattering
depends on its spin. It has a better chance to pass this film when the spin momentum
is aligned parallel to the layer’s magnetization than in the other case (antiparallel).
For that reason, more electrons with parallel spin than antiparallel polarized are
detected at the Schottky-barrier.

5
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Figure 1: Simplified schematic sketch of the MTJ based experiment: Electrons with
both spin states (with 30-50% spin-polarization from the upper ferromagnetic layer)
are injected from the tunnel barrier (1) into the lower MTJ base electrode (2). Parallel
polarized current fractions have a better chance to pass the Schottky-barrier (3) and
enter the semiconductor (4). The total spin-polarization and the magnetoresistive
signal is amplified in the base electrode.

If the magnetization of both electrodes is aligned parallel, the majority electrons
(with spin parallel to both layers) dominate the tunnel current because of the TMR
effect. Due to the fact, that those electrons have a better chance to pass the Cobalt
layer without scattering, the spin-polarization of the ballistic current is amplified
inside this film.

In case of an antiparallel alignment of the ferromagnetic electrodes the tunnel
current is less and only spin-polarized to a small degree. Only small fractions of this
current pass the Cobalt and the Schottky-barrier. Consequently the magnetoresistive
effect ratio observed in the current which passed the Schottky-barrier is higher than
the TMR ratio observed in the tunnel current. The spin-polarization converges to
100% if the Cobalt layer thickness is ≈10 nm. Figure 1 shows a simplified sketch of
the setup. This experiment is used in this thesis to characterize ballistic currents and
to quantify the spin attenuation lengths in Cobalt.
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Not only TMR- but also different GMR-effect based junctions have been investi-
gated; the idea of these experiments is mostly analogical.

Therefore the theoretical chapter will address the following topics:

• Magnetoresistive effects and their origins

• Metal/semiconductor interfaces

• Ballistic electrons in metal

• Basics of BEEM

• Ballistic hybrid junctions
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Chapter 1

Theory and Basics

1.1 Magnetoresistive Effects

The intensive research on magnetoresistive effects started with the discovery of the
antiferromagnetic exchange coupling and the GMR by Grünberg et al. [1]. Differing
from the use as a simple sensor, GMR based junctions are presented here as spin-filter
for ballistic currents.

Most experiments presented in this thesis are based on specialized MTJs [2]. The
relevance of the TMR effect versus other magnetoresistive effects emerged with the
first two-digit effect ratios measured at ambient temperature [21][22]. For a review of
the development before refer to [23].

In general, MTJs are used as prototypes in sensors and MRAM applications nowa-
days [24]. Combined with modern patterning techniques the potential of MTJs sur-
passes even that of GMR sensors [25][26]. In contrast to the standard applications the
tunnel-barrier is used in this thesis to inject ballistic currents. Details are discussed
in section 1.5.2.

1.1.1 Tunnel Magneto Resistance Effect

The Tunnel Effect and Spin-polarized Tunneling

The tunnel effect is one of the early experimental proofs of the quantum theory. E.g.
the source of β-rays could be explained as electrons or positrons that tunnel out of an

9
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Y(q)

q

Figure 1.1: The wave function can attain the classical forbidden potential barrier.
Ψ(q) has an exponential decay inside the barrier; the wave is attenuated beyond. In
thick barriers the wave is evanescent and practically no tunneling occurs.

atomic core. Early theoretical studies about tunneling in solid state structures have
been accomplished in the 1930s but it is still topic of current research [27].

In the quantum theory each particle is assigned to a wave function ψ. Using
Heisenberg’s interpretation of the quantum mechanics, ψ2d3x is the probability to
find the particle in a volume element d3x. This wave can attain areas, usually po-
tential barriers, which are forbidden for a classical particle, see figure 1.1. ψ has an
exponential decay in such areas. Tails of the wave function may exist behind the
forbidden area. For that reason the probability to find the particle beyond a poten-
tial barrier is not zero, in contrast to the classical prediction. This probability is
evanescent if the forbidden area is thick.

In MTJs electrons tunnel through insolating barriers. As these barriers are thin
films (here: ≈ 1 . . . 2 nm) a tunnel current, sufficient high for common measurement
techniques, can be observed. To explain this tunnel effect of electrons between realistic
metals, especially from one transition metal to an other, a closer look to the Density
Of States (DOS) ρ in the metals and the transmission probability matrix element
T through the barrier in dependency of the energy E is necessary. A characteristic
feature of transition metals is the split d-band, which causes a different DOS for
electrons with different spin in the conductance band. The current from electrode 1
to electrode 2 can be written as

I1,2(E) =
2πe

~

∫ ∞

−∞
ρ1(E) · ρ2(E + eV ) · |T 2(E)| · f(E) · (1− f(E + eV ))dE (1.1.1)
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f is the Fermi-Dirac function and V the bias voltage at the barrier [28]. The complete
current is the difference between I1,2 and the current in the opposite direction I2,1.

Wentzel, Kramers and Brillouin established an approximation, the WKB approx-
imation, to calculate the probability T for a particle to tunnel in dependence of its
energy E [29]. This method is a series expansion of ~ with neglecting terms of higher
order than ~2.

From this it follows that

T (E) ≈ exp{−2

~

∫ √
(2m(Φ(x)− Ex)) dx}. (1.1.2)

m is the mass of the passing particle and Φ is the barrier height. The term under
the square root is the effective barrier. It is obvious that high energy particles have
a better chance to pass a realistic e.g. gaussian shaped barrier: The thickness is less
for those particles.

Tunnel Barriers in Solid State Structures

The preparation of tunnel barriers is in practice a big challenge. In this thesis all
tunnel barriers, except those in the BEEM experiments, are magnetron sputtered
aluminium films, which are oxidized after sputtering by a microwave plasma. The
TMR effect is reliant on a high quality barrier; leak currents and pinholes have to
be avoided. For the characterization of these insulating layers some simplifications of
the theoretical descriptions are necessary.

The simplest approximation is the Simmons fit [30][31]: The barrier is assumed to
be rectangular-shaped. The fit can deliver the average barrier height Φ and thickness
d, which are the most important parameters.

More detailed is the Brinkman fit [32], which is used in this thesis: The barrier
is assumed to be trapezoid-shaped. Beside the height and thickness a parameter for
the asymmetry ∆φ can be obtained. This is important if an electron tunnels from
one material to another with different Fermi-energy, see figure 1.2. Brinkman cal-
culated the voltage-dependent tunneling conductance of trapezoidal barriers using
two extreme models: the WKB approximation and perfectly sharp boundaries be-
tween metal electrode and insulator. Both cases display ”roughly parabolic” conduc-
tance/voltage plots for voltages . 0.4V. The term ”roughly parabolic” is explained
by Brinkman as follows:

”(...)one immediately recognizes the parabolic nature, in contrast to linear or
exponential dependencies which have been observed in some Chromium or doped
junctions or at high voltages.”
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d
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M M
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E
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Figure 1.2: Schematic sketch of Brinkman’s barrier model at a metal/insulator/metal
contact. The barrier is assumed to be trapezoid shaped. Additionally the bias eV is
sketched. The barrier thickness d, the barrier height Φ and the asymmetry ∆Φ can
be obtained by fitting a quadratic function to the differentiated I/V curve, recorded
at a tunnel barrier.

Taking the first terms of the WKB approximation, this quadratic behavior can
be confirmed because the conductance can be written as dI

dV
= AV 2 + BV + C. The

demanded barrier data can be obtained by fit parameters A,B and C:

Φ =
eC2

32A
ln2

(
h3

√
2e3meff

√
AC

)
(1.1.3)

d =
~

8
√

Φmeff

ln

(
h3

√
2e3meff

√
AC

)
(1.1.4)

∆Φ = − 12~Φ
3
2B√

2meffedC
. (1.1.5)

meff is the effective mass (assumed to be 0.4 [33]). In practice an I/V curve is
measured, numerically differentiated and fitted by a standard code [34]. In case of
tunneling between two ferromagnetic transition metals the magnetization of the layers
should be aligned parallel during the I/V measurement. For a closer look, refer to
[35].
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TMR Effect

Magnetic tunnel junctions consist of two ferromagnetic thin films separated by a thin
insulating barrier. In this context ”thin” always means the scale of a few nanometers.
If a bias voltage is applied between the ferromagnetic layers, the resistance of the
tunnel current can be measured. Phenomenologically there is a significant difference
in the resistance if the layers are magnetized parallel or antiparallel. Jullière explains
this behavior as entirely based on the spin-polarization [2]:

The spin of a tunneling electron is conserved during the tunnel process in a first
approximation. A two channel model for majority and minority electrons can be as-
sumed. Both ferromagnetic electrodes have a certain spin-polarization at the interface
to the barrier, defined as

P =
ρmaj − ρmin

ρmaj + ρmin
, (1.1.6)

where ρmaj is the DOS for the majority, ρmin for the minority electrons, respectively.
In case of parallel magnetization the tunnel current is high. Majority and minority

electrons have free states on both sides of the tunnel-barrier in the same quantity. The
electrons can tunnel into free states. In antiparallel alignment there are less states for
the majority electrons on the other side of the barrier, therefore they cannot tunnel.
The total tunnel current is reduced.

So the tunnel currents, resistances respectively, are different in different magnetic
alignments. The TMR ratio is defined by the tunnel resistances R↑↓ and R� as

TMR =
R↑↓ −R�

R�
. (1.1.7)

The standardization on the resistance in antiparallel configuration of the magnetic
layers is only convention. Jullière used the more pessimistic standardization on the
resistance in parallel configuration (often referred as ”JMR”).

Phenomenological the spin-polarizations of the electrodes also deliver this ratio:

TMR =
2P1P2

1− P1P2

(1.1.8)

Jullière’s model is only an approximate description of the TMR effect. A major
weakness of this model is the definition of the spin-polarization in equation 1.1.6
for tunnel experiments. In contrast to Andreev reflection ([36]) or photoemission
experiments ([37]) this polarization is no intrinsic attribute of materials. It depends
on the transfer matrix of the tunnel-barrier. This matrix can be different for different
barrier materials and barrier thicknesses1.

1E.g. it is reported that some experiments with Strontium Titanate show a negative TMR-ratio
[38].



14 CHAPTER 1. THEORY AND BASICS

a) b)

Figure 1.3: DOS for spin states in Cobalt from [39]. Figure a) shows the spin-down
DOS, b) the spin-up DOS. The dotted line visualizes the Fermi-energy. The majority-
and minority DOS is reversed at the Fermi level: The spin-up DOS is the minority
DOS.

A second weakness is an apparent antilogy regarding the DOS in transition metals:

As an approximation the bulk DOS is assumed to be the interface DOS. A closer
look to this near the Fermi level shows that in all ferromagnetic 3d transition metals
the minority charge carriers’ contribution is larger there, see figure 1.3 as an example
for Cobalt [39]. Consequently the experimental spin-polarization should be negative.

This antilogy can be resolved as follows: Ferromagnetism relies on 3d-electrons.
However the tunneling process is dominated by s-electrons because of their higher
effective mass, refer to equation 1.1.2. The TMR effect occurs like Jullière’s model
predicts with 3d transition metals because these s-band electrons are polarized an-
tiparallel to the 3d band electrons via hybridization [40].

In this thesis only comparatively thick Aluminium oxide barriers are investigated.
No negative spin-polarizations have been observed for such stacks. In fact, all mea-
sured spin-polarizations of common ferromagnetic materials like Cobalt, Nickel, Iron
and alloys of those show a polarization of about 30-50% at low temperatures in this
configuration [20][41]. Higher values can be achieved using half-metallic alloys or
amorphous metals [42][43].
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Figure 1.4: Example for the oscillatory behavior or MR-amplitude with varied spacer
thickness, from [45]. In this case Cobalt/Copper multilayer stacks have been charac-
terized at ambient and at liquid Helium temperature.

Experimental details of the characterization of magnetic tunnel junctions are pre-
sented in chapter 2.2.

1.1.2 Giant Magneto Resistance Effect

Fundamentals

The development of GMR sensors is motivated by the high potential for applications.
For instance GMR read head sensors in a hard disk drive are a common application
[44]. Nowadays, the areal data density on the disk is increased to ≈50Gbit/inch2.
This development is inter alia a consequence by the use of GMR-sensors.

When Grünberg et al. investigated a Fe/Cr/Fe tri-layer system by Brillouin light
scattering they discovered an antiferromagnetic coupling between the ferromagnetic
layers over the Chromium spacer [1]. Further examination by Parkin et al. showed
an oscillatory nature of this phenomenon if the spacer thickness is varied, see figure
1.4. Dependent on the interlayer thickness the coupling can be ferromagnetic or anti-
ferromagnetic and the oscillatory period depends on the non-ferromagnetic material
in between [46]. The fundamentals of this phenomenon can be explained with the
Rudermann Kittel Kasuya Yosida (RKKY) exchange coupling [47][48]. For a closer
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look it is necessary to take quantum well states inside the interlayer into account,
which are induced by electron reflection at the interfaces [49][50][51]. Details can be
found in [52].

The GMR effect occurs in stacks, consisting of thin ferromagnetic layers separated
by thin (in practice usually) diamagnetic interlayers. If an external magnetic field
forces the ferromagnetic layers to polarize in parallel (in an antiparallel coupled stack)
a decrease in the in-plane resistance can be observed [53][54]. This behavior can
be explained by the two channel or two current model for electrical transport in
ferromagnetic transition metals [55]. For details refer to [56] or [57]. The definition
of the GMR ratio is analog to the definition of the TMR ratio in equation 1.1.7.

In general antiferromagnetic coupling between the layers is not necessary to ob-
serve the GMR effect. In literature a tri-layer without coupling is often referred to as
a spinvalve.

Spinvalves

The term ”Spinvalve” is ambiguous in literature, but in general all definitions show
a common base:

• Two ferromagnetic thin films are separated by a non-ferromagnetic interlayer.

• The coercive fields of the single layers are different.

• The stack shows GMR effect.

Dieny et al. e.g. used this term for a stack where one of the layers is pinned
by the exchange bias of an additional antiferromagnetic layer [58]. This concept is
useful for sensor applications: In interlayer exchange coupled GMR multilayer sensors
fluctuations of the interlayer thickness can form areas with antiferromagnetic coupling
and ferromagnetic coupling. This leads to a decrease of the effect ratio. In exchange
bias coupled systems this problem does not occur.

The simplest way to form a spinvalve is to use two different ferromagnetic materials
with different coercive fields and separate them with a (comparatively to a usual
GMR stack) ”thick” diamagnetic layer, so that approximate no interlayer coupling is
present. Copper is the most common spacer due to the good conductance. The use
of e.g. Ruthenium is popular, too, due to the excellent coupling properties.

In this thesis spinvalves of the latter type with Copper spacer are investigated, not
in Current In Plane (CIP) but in Current Perpendicular to Plane (CPP) geometry
(refer to chapter 3 and 4). First CPP measurements have been performed by Pratt
et al. [59]. Measurements in this geometry usually show a higher GMR ratio than
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CIP experiments [60]; however, in contrast to CIP-measurements, it is necessary to
pattern the layers; consequently fabrication and measurement are less trivial.

The idea of the perpendicular measurement in this thesis is different to the stan-
dard experiment, because not the common diffusive charge transport through the
layers but the ballistic is investigated. The MR-effect observed in the ballistic current
has different origins; this is the content of chapter 1.3.2.

1.2 Metal Semiconductor Interfaces

Most modern electronic devices rely on semiconductor technics. Hence semiconductor
surfaces and interfaces are a prevalently studied subject in science for more than
130 years. The knowledge of metal/semiconductor contacts goes back to pioneering
work of Braun who discovered the asymmetrical characteristic of I/V-plots at such
interfaces in 1874 [61]. In the early years it was common to compare charge transport
phenomena in semiconductor junctions with those in electron tubes. In his famous
publication Schottky showed the limits of this analogy and formed the first model of
the electronic behavior at a semiconductor metal interface, the so called Schottky-
Barrier [62].

1.2.1 Schottky’s Model

The diode at an ideal semiconductor metal interface has been explained by Schottky
as follows:

In thermal equilibrium the Fermi levels of the metal and the semiconductor must
be aligned at the interface. The difference in work function eφM = EV ac −EF of the
metal and electron affinity χSC of the semiconductor induces different situations of
band bending. When the two materials are brought in contact the compensation of
the Fermi levels leads to a charge flow, which causes a dipole layer at the interface.
Due to the low charge carrier concentration in semiconductors, which is orders of
magnitude less than in metals, shielding is less effective here. In metals the partici-
pating charge is screened within the Thomas-Fermi screening distance (dTF ≈ 0.5 Å),
in semiconductors the space charge extends hundreds of Ångstroms inside [63].

This space charge layer can be either depletion or accumulation. Depletion is
generated e.g. if a low work function metal is contacted with a n-type semiconductor.
Accumulation can occur e.g. if a high work function metal is brought in contact with
a n-type semiconductor.
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Figure 1.5: Schottky-barrier height versus metal work function, taken from [64]. The
data is obtained on cleaved Silicon (111)-(2×1) surfaces. Predictions from Schottky’s
and Bardeen’s model are plotted for comparison. Both models are not adequate to
describe the experimental data.

In general Poisson’s equation 1.2.1 governs band bending V (x) and the form of
space charge layers.

d2V

dx2
= −ρ(x)

εεo
(1.2.1)

Here ρ is the space charge density and ε the dielectrical constant. The maximum
band bending at the interface is related to the potential barrier an electron has to
pass which is excited from the metal into the conduction band of the semiconductor.
This is the so called Schottky-barrier ΦSB.

Schottky’s model describes the main features of metal/semiconductor diodes; how-
ever it is too naive to get deep insight into the phenomena at the interface. According
to Schottky a strong variation of ΦSB with the work function is expected; this is not
experimentally observed. A comparison between experimental reality and Schottky’s
prediction is visualized in figure 1.5.

Schottky neglects chemical bonds of metal atoms at the interface to the semicon-
ductor atoms. These bonds induce interface states which influence the barrier notably,
even in the ideal case without intermixing of semiconductor and metal atoms.
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1.2.2 Models with Interface States

Bardeen improved Schottky’s model by implementing interface states between the
two materials [65]. His argumentation refers to experimental data of Meyerhof, who
studied contact potential differences and rectifications for metal point contacts to
silicon and germanium [66]. Since the nature of interface states was completely un-
known and hard to observe Bardeen assumed that the well known surface states of the
semiconductor persist buried under the metal layer. Surface states arise because the
periodicity of the crystal is interrupted by the surface and solutions of Schrödinger
equation exist which correspond to states in the gap of the semiconductor. The
wave function of these states is evanescent, similar to tunneling wave functions. In
Bardeen’s model semiconductor surface states pin the Fermi level.

The total charge balance consists then of three fractions:

• The charge in the metal QM

• The space charge in the semiconductor QSC

• The charge at the interface (here semiconductor surface, respectively) states
QSS

Charge neutrality of the whole system requires QSC = QSS in thermal equilibrium.
No net current can flow through the junction then. Figure 1.6 visualizes the band
scheme in this model.

It is obvious, that band bending and the Schottky-barrier height are strongly
dependent of these additional states, but independent of the metal in this model.

Regarding experimental data it is also obvious that Bardeen’s assumption that
the interface states can be identified as semiconductor surface states is incorrect. The
I/V characteristics of a semiconductor-metal contact are in fact strongly influenced
by the metal and its work function, refer to figure 1.5 again. It is the approach of
taking interface states what makes Bardeen’s model remarkable.

Spicer et al. proposed an alternative model where the Fermi level is pinned by
defect levels in the semiconductor gap, the so called Unified Defect Model (UDM) [67]
[68] [69], later Advanced UDM (AUDM)2 [70] [71] [72]. Using photoemission spec-
troscopy the surface fermi level position of III-V semiconductors (Gallium-Arsenide,
Indium-Phosphate and Gallium-Antimony) with less than one monolayer metal and
oxygen coverage has been determined experimentally. Spicer found that the Fermi

2It is called unified because it additionally applies to III-V metals and insulators and advanced
historically after identifying the defect levels.
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Figure 1.6: Schottky-barrier with interface states (schematic). ΦM is the metal work
function, χSC the electron affinity of the semiconductor, ∆ is the interface dipole
energy and ΦSB the Schottky-barrier height.

level is pinned with coverage of 20% metal or ∼1% Oxygen, respectively. For a large
range of different metals like Caesium, Indium, Gold, Aluminium and Oxygen the pin-
ning is independent of the metal used; the observed states are an intrinsic parameter
of the semiconductor.

For n-type Gallium-Arsenide an electron depletion layer is formed and EF is
pinned at about 0.75 eV above the valence band maximum. In case of p-type Gallium-
Arsenide a hole depletion layer is formed and EF is pinned between 0.4 and 0.5 eV
above the valence band maximum. The dominant state is at 0.7 eV and can be asso-
ciated with a local Arsenide deficit [67]. These states are referred as Metal Induced
Gap States (MIGS).

The nature of MIGS is complex at non-ideal metal-semiconductor interfaces. The
states can be identified as tails of the Bloch function assigned to a state in the metal,
which range into the semiconductor [73]: It cannot change abruptly to zero where no
electrical states exist in the forbidden band, see a schematic sketch in figure 1.7. The
breakdown of periodicity of the Bloch function leads to an exponential decay with
imaginary wave vectors in the semiconductor.

In a one-dimensional idealized model, the dispersion curve of the vectors fills
the gap of the semiconductor with virtual states, the so called Virtual Induced Gap
States (VIGS), refer to figure 1.8. As the name suggests not all of these states really
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Figure 1.8: One-dimensional model of dispersion curve. The imaginary wave vectors
κ = −iq fill the gap of the semiconductor until qmax. In this model the vectors
are symmetric around the branching point. The appropriate DOS in the gap has
singularities at EV (the highest level in the valence band) and EC (the lowest level
in the conductance band).
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exist; the existence depends on the default conditions at the interface. The Bloch
function of a state in the metal induces VIGS in the semiconductor and their DOS
has singularities at EV and EC , see figure 1.8. These virtual states can be derived
from the band structure. The more donor like states can be separated from the more
acceptor like states by the so called branching point EB, which can be calculated by
summation of the bulk states [74][75][76][77].

The branching point EB is crucial for the understanding of the nature of Schottky-
barriers:

• If EF is below EB a positive interface charge interacts with the charge carriers.

• If EF is above EB a negative interface charge interacts with the charge carriers.

In the first case ionized empty donor states build up the charge, in the second case
occupied acceptor states have the analog converse effect. In the one dimensional
model visualized in figure 1.8 EB is in the middle of the gap.

The difference δFB = EF − EB describes the intra-bond charge transfer due to
the interface dipole ∆, which depends on the metal. The complete intra-bond charge
transfer can be calculated by the empirical formula of Pauling et al. [78]:

∆q =
0.16

eV
|ψM − ψSC |+

0.035

(eV )2
|ψM − ψSC |2 (1.2.2)

ψM and ψSC are the electro-negativities of the metal and the semiconductor. Due
to the fact that ψM ≈ 2.0 eV and ψSC ≈ 1.9 − 2.1 eV , the charge transfer can be
neglected as a first approximation. In this case it is possible to estimate the Schottky-
barrier height from the branching point of the VIGS and the Fermi level. Results
of calculations that take ∆q into account can be proven clearly experimentally3 [79]
[80] [81]. A strong correlation between the charge neutrality level (EB −EV ) and the
Schottky-barrier height can be observed and used to estimate the branching point
[75], refer to figure 1.9.

The existence of VIGS and the corresponding DOS over the whole gap in realistic
three-dimensional crystals and ideal interfaces has been derived for several examples
[82][83]. In these cases EB is no more the middle of the gap like in the simplified
one-dimensional model; it is dependent on the variety of wave functions contributions
from different directions of the Brillouin zone and especially determined by zones with
a high DOS.

In most III-V semiconductors, the band structure in the zone center Γ determines
the direct gap. It bears little relation to the conductance band as a whole. The small

3These experiments concentrate on noble metals evaporated on different semiconductors. In case
of transition metals the interface is not that perfect, refer to chapter 1.2.3
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Figure 1.9: Experimental Schottky-barrier heights of Gold contacts to common semi-
conductor substrates versus the charge neutrality level (EB − EV ), theoretically de-
rived by Tersoff [74], taken from [64].

effective electron mass there induces only little k-space associated with this gap. The
effective mass at minima associated with indirect gaps is usually higher; they describe
a large region of the conductance band in k-space and are therefore more significant
for this band. For that reason the states near indirect minima determine the position
of EB.

More accurate calculations performed by Tersoff use an indirect gap which is
corrected for spin-orbit splitting ∆SO. This leads to

EB =
1

2
[EV,max + EC,min,ind], (1.2.3)

where EC,ind is the indirect conductance band minimum, not located at Γ. EV,max is
the maximum of the valence band, located at Γ. It is an average value due to spin
orbit splitting in Γ. The twofold-degenerate band maximum is pushed up about 1

3
∆SO

relative to the threefold-degenerate band with no spin orbit splitting, while the split
off state is pushed down 2

3
∆SO. Thus the effective maximum is EV = EV − 1

3
∆SO.

The Schottky-barrier height can be estimated from the minimum indirect gap
energy EC,ind,min − EV , the interface spin orbit splitting ∆SO and δFB = EF − EB:

e · Φ ≈
(EC,ind,min − EV − 1

3
∆SO)

2
+ δFB (1.2.4)
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δFB = EF − EB ∆SO ΦSB,theo ΦSB,exp

Si 1.11 0.04 0.35 0.32
Ge 0.66 0.29 0.08 0.07

GaAs 1.81 0.34 0.65 0.52
InAs 1.21 0.39 0.34 0.47
AlAs 2.15 0.28 0.83 0.96
GaP 2.27 0.08 0.92 0.94
InP 1.87 0.11 0.70 0.77
AlSb 1.63 0.70 0.50 0.55
GaSb 0.80 0.75 0.07 0.07

Table 1.1: Schottky-barrier parameters of common semiconductors covered with Gold,
experimental and theoretical, all in eV, taken from [74][75][76][77].

The consistency of this approximation is demonstrated in table 1.1, which shows the
parameters, calculated and measured, for Gold deposited on common semiconductor
substrates.

1.2.3 Chemistry Dependent Models

Film growth studies show that interfaces between semiconductors and metals are
not as ideal as the VIGS and MIGS model suppose. Chemical reactions and struc-
tural changes like interdiffusion are not included in these models. Using Low Energy
Electron Diffraction (LEED) spectroscopy a dependence of Schottky-barrier height
on chemical reactivity can be detected [84].

Especially the interface between III-V semiconductors and transition metals is
strongly reactive [85][86]. Hence a specialized model for this case has been developed
by Ludeke and Landgren [87]. It is based on experimental data from X-ray photoe-
mission spectra of Gallium Arsenide (110) and Gallium Antimonide (110) surfaces,
covered with several transition metals. The common ground and quintessence of all
these investigation is interdiffusion and compound formation of these metals with
the substrate. Comparing e.g. deposited Titanium and Palladium layers on Gallium
Arsenide indicates strong exchange-type reaction but shows remarkable differences in
the Fermi level position, which is not conform to the AUDM [88]. Figure 1.10 shows
exemplarily the decompositions of the Gallium and the Arsenide 3d-surface levels for
different coverage of Titanium and Palladium.
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Figure 1.10: Decompositions of 3d surface level of Gallium and Arsenide for different
coverages with Titanium and Palladium, indicated in the sketch [88]). These spectra
have been measured by X-ray photoemission. The larger dots are experimental data.
The small dotted lines are the single kinetic energy components fitted by a Doniach-
Sunjic line shape [89]. The sum of the components is displayed by the solid line.

The experimental data can be explained by the mixed interface Schottky model,
also called effective work function model by Freeouf and Woodall [90][91]. The chem-
istry of the new compound at the interface forms the basis of this theoretical approach.
It suggests that the Fermi level is not pinned by surface states. It is ”. . . related to
the work functions of microclusters of the one or more interface phases resulting from
either oxygen contamination or metal-semiconductor reactions which occur during
metallization” [91].

All these models are important for the theoretical understanding of real interfaces
and Fermi-pinning, but for predictions of Schottky-barrier heights and other interface
parameters detailed information about roughness and metallurgy of the interface is
necessary. Such conditions are mostly not given in practice. Investigations on the
interface chemistry are difficult to perform in realistic stacks. For that reason it is
nearly impossible to predict real Schottky parameters of barriers between transition
metals to III-V semiconductors by theoretical calculations.
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It is necessary to note at this point that for perfect Schottky-barrier preparation
(which is necessary for fundamental investigations on semiconductor/metal interfaces)
the substrate is cleaved under UHV conditions, so that no oxide is on the surface
before the deposition of the metal. For a review of practical techniques refer to e.g.
[64] or [63].

In this thesis such conditions are not fulfilled. The Schottky-barriers are by far not
perfect and fortunately this sophisticated preparation is not necessary. The Gallium
Arsenide wafer is etched by hydro-carbonic acid to remove the oxide and subsequently
put into UHV. Annealing under vacuum condition to remove the hydrogen termina-
tion is set aside, for details refer to chapter 2.1.1. As seen in the experiments this is
sufficient for ballistic electron experiments.

1.2.4 Electrical Characterization of Schottky-Barriers

The electrical characterization of Schottky-barrier parameters by performing I/V
curve measurements is the most common method for comparison to others4. For
that purpose, an ohmic contact is prepared at the semiconductor. If no bias is ap-
plied, electrons can pass the barrier only by tunneling and by their thermic kinetic
energy. As an approximation only the current density in perpendicular direction to
the interface of the Schottky-barrier jz can be taken into account, first from the metal
to the semiconductor:

jM 7→S
z =

∫ ∞

EF +eΦSB

e · vz ·DC(E) · f(E)dE, (1.2.5)

where vz is the velocity component in z-direction, f(E) the Boltzmann distribution
and DC(E) the DOS in the conductance band. The bias is contained implicit in vz

in this formula.
A square root dependency of the DOS can be assumed as an approximation,

thus DC(E) ∼
√
E − EC , where E − EC is the kinetic energy of an electron in the

conduction band. The current density jM 7→S
z from the metal to the semiconductor

can be estimated as:

jM 7→S
z = A∗ · T 2 · exp

−eΦSB

kB · T
exp

eV

kBT
(1.2.6)

A∗ = 4πm∗k2
B/h

3 is the Richardson constant, T the temperature and kB the Boltz-
mann constant. For free electrons the effective mass of the electrons is m∗ = m0 and
A∗ = 120A/(cm2K2).

4Photoemission experiments are used e.g. for more fundamental research on semiconductor/metal
interfaces [88].
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Figure 1.11: Forward current density of the I/V Schottky-diode characteristic, plotted
logarithmically. The graph has been calculated for n = 1 and js = 1 pA/µm2 at room
temperature with equation 1.2.8. The Schottky-barrier parameters n and js can be
reobtained from the (extended) linear part of the graph: The slope delivers n and
the zero-crossing current density is js. Additionally ΦSB can be calculated exemplary
from js with equation 1.2.9 as ΦSB ≈ 0.8 eV .

The current density in the opposite direction from the semiconductor to the metal
can be estimated as:

jS 7→M
z = −A∗ · T 2 · exp

−eΦSB

kB · T
(1.2.7)

From this it follows that the total thermionic current density is:

jS↔M
z = js[exp(eV/kBT )− 1] (1.2.8)

where
js = A∗T 2 exp(−eΦSB/kBT ) (1.2.9)

is the saturation current density. js can be fitted from a logarithmical plot of the
current density to the bias in forward direction; the Schottky-barrier height can be
determined from this, see figure 1.11.

For practical reasons an ideality factor n can be included in this equation, to
quantify the non-ideal behavior of an experimentally obtained Schottky-barrier:

js = A∗T 2 exp(−eΦSB/nkBT ) (1.2.10)
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This n can be written as:

n = [1 +
∂∆Φ

∂V
+
kB · T
e

∂(lnA∗∗)

∂V
]−1 (1.2.11)

The meanings of the three single summands in equation 1.2.11 are:

1. 1 for ideal behavior

2. ∂∆Φ
∂V

is the bias dependence of the barrier correction ∆Φ due to combined effects
of image force and applied field

3. Term to take tunneling contributions, recombination effects and trapping at
interface states into account5

In the ideal case, the second and third summand of equation 1.2.11 are zero6. To
gain n from experimental data, it is necessary to determine the slope of the linear
part of figure 1.11 in forward direction:

n =
e

kBT

dV

d(ln jz)
(1.2.12)

for V > 3kBT
e

. It is obvious that reasonable values for the barrier height can only be
obtained for n ≈ 1 because js cannot be quantified accurately otherwise.

n can also be obtained for V < 3kBT
e

and reverse bias with the more general
formula 1.2.13:

n−1 =
kBT

e

∂

∂V
ln[jz/(1− e

−eV
kBT )] (1.2.13)

One should note that the ideality factor is in fact a function of the bias and can only
be specified for a particular operating point. The practical procedure, using equation
1.2.12, is a common approximation for the evaluation of the Schottky-contact. For
a review on the theory of metal/semiconductor contacts and the characterization of
Schottky junctions refer to [63].

5This term contains the generalized Richardson constant A∗∗ = pP pQ
a∗

1+pP pQvr/vd
. Here pP

is the probability of electron emission over the potential barrier into the metal without electron-
optical-phonon backscattering. pQ is the ratio of the current flow with tunneling and quantum-
mechanical reflection to the current flow without these effects, vr is the recombination velocity and
vd the diffusion velocity from thermionic emission. The effective Richardson constant is in practice
dependent on the bias, due to the current’s tunneling contributions and recombinations with interface
states.

6The best ideality factor to be found in realistic experiments is n ≈ 1.01− 1.02; the ”non-ideal”
effects never disappear completely [63].



1.3. BALLISTIC ELECTRONS IN TRANSITION METALS 29

1.3 Ballistic Electrons in Transition Metals

1.3.1 Diffusive and Ballistic Transport

Historically Drude’s free electron gas theory comprehends inter alia the assumption
that resistivity of metals is a consequence of electron scattering at atomic cores [92]
[93]. This model was improved by Mott7: Charge transport in realistic extended
crystal is always limited by scattering of electrons (holes, respectively) at phonons,
impurities, lattice imperfections and other electrons [9], except in superconducting
materials. The latter effect is of particular importance in ferromagnetic metals. Scat-
tering at atomic cores makes no contribution to the resistance. In transition metals
electron-electron scattering occurs in two processes according to Mott:

1. Direct scattering of two electrons near the Fermi-surface. For spherical Fermi
surfaces this makes no contribution to the conductivity, but for non-spherical
Fermi-surfaces a term in the resistance ∼ T 2 arises, particularly large for tran-
sition metals.

2. At low temperatures in ferromagnetic metals, a term in the resistance appears
due to scattering of conduction electrons by spin waves ∼ T 2. At high temper-
atures a term for spin disorder becomes more important.

When an electric field is applied, the random walk of the charge carriers gets a
preference direction. Technically the current direction is defined opposite to the mean
electron flow. The mean free path λ of an electron with Fermi speed, according to
different experiments, in most metals at room temperature about 5 to 100 Å[94]. The
usual electron transport, dominated by scattered charge carriers, is called diffusive.

An electron injected into a solid state structure with a certain energy above the
Fermi level has a limited chance to pass it without scattering, depending at first
on the length of the path which it has to pass inside the metal and secondary on
intrinsic parameters of the material and thirdly on the energy. This ballistic electron,
a ballistic current, respectively, can be used for several investigations. Especially in
nanometer-scale patterned structures and thin films ballistic currents can be observed
due to the short ways, e.g. in MTJs and spinvalves measured in CPP geometry.

7Nobel Prize in Physics 1977 ”for . . . fundamental theoretical investigations of the electronic
structure of magnetic and disordered systems”
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1.3.2 Spin Attenuation Lengths and Ballistic Magneto Cur-

rent

Origins of the Spin Dependent Electron Transport in Transition Metals

The general interest in measuring electron attenuation lengths came up with Drude’s
theory of electronic transport. Lots of experimental results for different metals can
be found in literature, e.g. the pioneer work of Fuchs and Sondheimer [95][96]. These
works concentrate on measurements of the conductance of thin films and thin wires
[97].

The essential modification in the interpretation of such experiments on transition
metals came up with the band theory:

With use of the band theory, Mott anticipated that in transition metals the
scattering from s- to d-bands dominates electronic transport [9]. Though
the d-band in ferromagnetic elements is spin split, the attenuation length
must be spin-dependent.

First experimental investigations on electron spin-polarization in ferromagnetic
materials have been accomplished by LEED on Nickel surfaces [98]. The diffracted
intensities of a spin-polarized electron beam is dependent on the magnetization of
the sample. Furthermore photoemission experiments show an asymmetric behavior
for the spin-polarization on ferromagnetic surfaces [99]. Based on these results, first
calculations concerning the energy dependence of spin attenuation lengths have been
carried out [100]. These works concentrate on larger electron energies than in this
thesis.

Campbell and Fert verified Mott’s hypothesis in dilute binary and ternary fer-
romagnetic alloys but were unable to quantify the lengths in the first experiments
[55]. This has been accomplished again by Fert and several other groups using GMR
junctions more than 50 years after Mott’s prediction.

First illustrations of the GMR effect took mainly interfacial spin dependent scat-
tering into account. More detailed studies introduced spin-dependent bulk scattering
[101]. The associated attenuation lengths have been quantified in specialized spinvalve
stacks [5][6][7][8]. The experimental setups are sketched in chapter 3.1.3.

Various alternative techniques have been used to investigate spin-dependent elec-
tron transport:

• Spin-resolved photoemission [102][103][104]

• Time and spin-resolved two-photon photoemission [105]
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• Spin-resolved electron transmission [106][107]

• BEEM (see below) [94][108][109][110]

• SVT (see below) [111]

The approach accomplished in this thesis is related to the two latter prompts.

The transport in transition metals can be explained using Matthiessens’ rule [112]:

λ−1
� = λ−1

�,e/h + λ−1
�,e/e + λ−1

�,phonon + λ−1
�,th.SWabs. (1.3.1)

λ−1
↑↓ = λ−1

↑↓,e/h + λ−1
↑↓,e/e + λ−1

↑↓,phonon + λ−1
↑↓,th.SWem. + λ−1

↑↓,SSWem. (1.3.2)

λe/h, λe/e and λphonon are attenuation length terms that take electron-hole, electron-
electron and electron-phonon scattering into account. Additionally terms for emission
(λ↑↓,th.SWem.) and absorption (λ�,th.SWabs.) of thermal spinwaves are implemented.
Equation 1.3.2 contains an extra term for spontaneous spinwave emission. Only ma-
jority spin electrons can absorb and only minority spin electrons may emit spinwaves
due to the conservation of angular momentum. Theory predicts that the minority
spin attenuation length is dominated by the λmin,SSWem. term [113][114]. A detailed
experimental investigation of spinwave terms can be found in [112].

Ballistic Current Attenuation and BMC-Ratio

In general the decay of a non-polarized ballistic current inside a non-magnetic mate-
rial, dependent on the distance d, can be written as

I(d) = I0 · e−t/λ. (1.3.3)

I0 is the original current, the emitter current, respectively. λ is the attenuation length
of the ballistic current. This parameter is dependent on the crossed material and the
energy of the injected charge carriers. Scattered electrons loose energy and are no
more called ballistic.

If the current is injected into a ferromagnetic metal, equation 1.3.3 has to be
modified. The spin-dependent mean free paths have to be implemented. Similar
to GMR and TMR explanations a common approach is the use of two independent
channels for the two possible spin states. The result is equation 1.3.4:

I(d) = I0 · [0.5 · e−t/λ� + 0.5 · e−t/λ↑↓ ]. (1.3.4)

λ� and λ↑↓ are the different attenuation lengths for majority electrons and minority
electrons.
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The experiments in chapter 3.1 demand a special estimation: The injected current
is polarized. For that reason the spin-polarization PE has to be implemented in
equation 1.3.4. Furthermore a case differentiation is necessary. In case the current
is injected from another ferromagnetic metal the magnetization alignment of both
metals affects the resulting current. This leads to the general equation 1.3.5 for
the ballistic current I� and I↑↓ in case of parallel and antiparallel magnetization in
magnetic tunnel junctions:

I�(↑↓)(d) = I0(0, 5 + 0, 5PE)e−t/λ�(↑↓) + I0(0, 5− 0, 5PE)e−t/λ↑↓(�) . (1.3.5)

In principle, it is possible to derive spin attenuation lengths with this equation
just by measuring the current for both cases when the precondition of known spin-
polarizations and layer thickness is given. Practically this measurement is not trivial.
The ballistic current must be separated from the diffusive. In this thesis this is done
by injection of electrons with energy E & 1eV over a tunnel potential barrier and sub-
sequent energy-filtering of scattered electrons by a Schottky-barrier. The Schottky in-
terface metal is grounded to avoid electrical charging. Obviously the spin-polarization
of the ballistic current is rising with increasing passed path. The Schottky-barrier
requires the implementation of a transmission coefficient T to equation 1.3.5 [10]:

I�(↑↓)(d) = I0(0, 5 + 0, 5PE)e−t/λ�(↑↓)T�(↑↓) + I0(0, 5− 0, 5PE)e−t/λ↑↓(�)T↑↓(�).(1.3.6)

T is considered to be spin dependent here. It is the theoretical transmission through
the barrier in a junction with 0 nm base thickness. For some heterostructures , slight
spin-filtering effects have been predicted, but this is neglected here [115][116].

In chapter 3.2 and 4, the estimations for the current have to be modified for the
special cases of different stacks with and without polarization of the injected current.
In practice the ratio of collector-current to emitter-current IC/I0 is plotted versus
different base layer thicknesses t to get λ from a fit.

As a result from the spin filtering effect in ferromagnetic thin films, it is possible
to define a new magnetoresistance e.g. in TMR stacks. For apparent physical reasons
this phenomenon is not called ”magnetoresistance” but ”magneto current” in the
following. The definition of the Ballistic Magneto Current ratio (BMC) is analog to
the definition of the TMR ratio in equation 1.1.7:

BMC =
I� − I↑↓

I↑↓
. (1.3.7)

Due to the fact that no bias is applied at the Schottky-barrier not the resistances but
the ballistic currents are used for this definition.
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1.4 Ballistic Electron Emission Microscopy

1.4.1 Scanning Tunnel Microscopy

One of the most powerful tools to observe the electronic structure of conducting sur-
faces is the Scanning Tunnel Microscope (STM). It has been developed by Binning
and Rohrer [117][118] during the 1980s8. Due to its simple setup (consisting in prin-
ciple of some Piezo electric ceramics, a tip and a high quality current measurement
device) and its high performance, inexpensive commercial devices and also construc-
tion kits are available.

In principle, a STM works as follows: A metallic tip, in practice usually a sharp-
ened Tungsten wire, scans over the conducting surface of the sample. The distance
between tip and surface is about 1 nm. A bias voltage, applied between sample and
tip, generates a tunnel current which can be measured. As explained in chapter 1.1.1
this current is extremely dependent on the distance d the electrons have to tunnel,
namely I ∼ e−d/d0 . As a rule of thumb, it is possible to assume that one Ångstrom
difference in distance is one order of magnitude difference in the current.

The resolution is in first approximation only dependent on the tip’s shape. A
Tungsten filament cut by wire cutting pliers can possibly deliver sub-atomic resolution
but more complex tip preparation processes lead to a better chance for sharp tips.
First atomic resolution STM pictures have been published only months after the
pioneering publication [119].

There are two modes to operate the STM:

• Keeping the tip in a constant level over the sample (constant-height mode)

• Keeping the current constant (constant-current mode)

In case of an electronically homogenous surface, constant-current mode means
essentially constant distance d to the surface. Characterizing inhomogenous surfaces,
the topography and the electronic structure of the surface can indeed be obtained
very exactly, but not properly be separated9.

Keeping the height over the sample constant enables quick measurements but
should only be performed at extremely smooth surfaces. An unevenness could damage
or change the shape of the tip in this operation mode.

8Nobel prize in Physics 1986 ”. . . for their design of the scanning tunneling microscope”
9This is an essential equivocality in all STM pictures: The topography and the electronic structure

of the observed sample can never be separated in situ. Only additional information can clarify if
e.g. an experimental unevenness on a smooth surface is a topographic imperfection or an atom with
different electronic properties. Spectroscopy can differentiate this but is very time intensive. For
that reason it is a common technique to scan the same area two times with different tunnel bias
[120].
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Figure 1.12: Schematic setup of a ballistic electron emission microscope [125]. Addi-
tionally to the STM current It, the ballistic current IC into the substrate is recorded
simultaneously.

A detailed description and review of tunnel microscopy can be found in [121] and
[122].

1.4.2 BEEM

To observe samples consisting of a thin film on a semiconductor surface, a STM can
be upgraded to a three terminal device called Ballistic Electron Emission Microscope
(BEEM). This apparatus has been build and published first by Kaiser and Bell in
1988 [12][123][124]. For BEEM experiments, additionally to the tip/surface current,
the ballistic current into the semiconductor is measured. Schottky-barrier param-
eters can be measured by tunnel-current/voltage spectroscopy; this makes direct
imaging of subsurface interface properties with sub-nanometer resolution possible,
the Schottky-barrier is mapped. Furthermore comparing topography scan and the si-
multaneous recorded ballistic scan allows the identification of measurement artifacts.
The schematic setup is shown in figure 1.12.

In this thesis special magnetoresistive stacks, namely spinvalves, are investigated
by BEEM. Setups like these are also referred in the literature as Ballistic Electron
Magnetic Microscope (BEMM) or Ballistic Electron Emission Spectroscope (BEES)
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Figure 1.13: The SVT schematic from [129]. The spinvalve is embedded between two
Schottky-barriers. Scattered electrons do not pass the second barrier.

[108][126]. It is possible to map magnetic domains in nanometer scale using the
ballistic current [127].

A detailed description of the BEEM used and the experiment itself can be found
in chapter 4.3.

1.5 MR-junction/Schottky Hybrid Junctions

1.5.1 Spinvalve Transistors

The first experimental solid state structure, based on the transport of non-equilibrium
hot electrons rather than on Fermi electrons, has been the Spinvalve Transistor (SVT)
by Lodder et al., introduced in 1995 [111][128]. This device consists of a spinvalve
installed between two semiconductors and thus two Schottky-barriers. The Schottky-
contacts are made with noble metals like Gold and Platinum. One semiconductor is
the emitter, the metallic spinvalve is the base and the second semiconductor is the
collector of this transistor. The current is measured in CPP geometry. Figure 1.13 is
a sketch of the experimental setup.

The idea is to filter the electrons by their spin as explained in chapter 1.3.2.
Electrons scattered inside the spinvalve will not be able to pass the Schottky-barrier
due to the energy loss. If both layers are magnetized parallel, the electrons polarized
antiparallel to them are filtered because of their shorter attenuation length in both
layers. In case of an antiparallel alignment, all electrons are filtered in one of the



36 CHAPTER 1. THEORY AND BASICS

layers. The total current is reduced drastically compared to that in parallel alignment.

The SVT’s maximum experimental MR ratio of about 400% at room temperature
is exceptionally high [130].

Lodder’s SVT is the first experimental proof for ballistic electron effects in a
magnetoresistive spintronic setup. However the fabrication is challenging: The two
Schottky-barrier assembly can only be manufactured by wafer bonding under UHV
conditions. Furthermore the stack of a spinvalve plus the noble contacts to the semi-
conductor is thick in the dimension of ballistic electron experiments. For that reason
the collector currents are usually small; with special setups and slightly biased col-
lector electrode an effect ratio of 400% and an output current of 40µA could be
measured recently [130].

For a recent review on this topic refer to [131].

1.5.2 TMR/Schottky Hybrid Junctions

TMR/Schottky hybrid systems consist of a magnetic tunnel junction on a semicon-
ductor substrate. The lower electrode, the base, is deposited directly on the substrate
without any buffer layers. Spin-polarized ballistic electrons are injected from the up-
per electrode of a MTJ, the emitter, into the lower electrode, the base; ballistic
electrons are filtered to their spin and fractions get non-scattered into the semicon-
ductor, the collector, see chapter 1.3.2. The first important advantage of this setup,
compared to the SVT, is the possibly thin base which enables higher ballistic cur-
rents. The second advantage is the comparatively easy fabrication which is based on
standard deposition techniques. The currents in parallel and antiparallel alignment
of the magnetization in a hybrid stack can be calculated from equation 1.3.6 in chap-
ter 1.3.2. Using equation 1.3.7 the spin attenuation lengths can be estimated from
collector current data of an assembly of junctions with varied base layer thicknesses.
In general the BMC ratio is lower than in SVT systems because only a single layer
filters the ballistic electrons.

This BMC ratio is not obligatory dependent of the TMR ratio value. The TMR
ratio is high if the spin-polarization at the interfaces of the tunnel-barrier is high and
the tunnel-barrier itself has no short circuits. The BMC ratio depends primarily on
the attenuation lengths and the perfect parallel and antiparallel aligned electrodes.
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Figure 1.14: TMR/Schottky-barrier hybrid junction (schematic). The ferromagnetic
electrodes are a Permalloy (NiFe 80/20) and a Cobalt layer. In contrast to Lodder’s
measurement no second bias is applied between Schottky-barrier and lower ferromag-
netic MTJ electrode.

1.5.3 Tunnel-Barrier/Spinvalve/Schottky-Barrier Hybrid Junc-

tions

A composition of TMR/Schottky hybrid and SVT is achieved by replacing one Schottky-
barrier of the SVT by a tunnel barrier [132] [133]. This junction is referred to Magnetic
Tunnel Transistor (MTT). The BMC ratio of the SVT is conserved or even better and
the fabrication is comparatively easy. Parkin et al. report a BMC ratio of 3400%10

[133]. Furthermore, a spin-polarized current can easily be injected into the spinvalve
by deposition of a ferromagnetic metal on the tunnel-barrier, just like in a magnetic
tunnel junction.

To calculate the BMC ratio equation 1.3.4 has to be extended by inserting new
terms for the three layers, where the non-magnetic term can be cancelled and both
currents must be inserted in equation 1.3.7.

10This value is commented by Lodder as not to be comparable with SVT effect ratios due to
the comparatively low transfer ratio (≈ 10−7)[134]. In practice MTT and SVT junctions are often
additionally biased between base and collector to optimize the electrical specifications. Transfer
ratio and effect ratio can be balanced this way. Rising the effect ratio affects the signal to noise ratio
negatively. Especially for sensor applications balancing may be useful, because not a high effect
ratio but a good signal to noise ratio and high collector currents are desired in this case.
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Figure 1.15: Tunnel-junction/Spinvalve/Schottky-barrier hybrid setup with spinpo-
larized injection from a pinned Permalloy layer schematic.

In case of a Cobalt/Permalloy spinvalve the BMC ratio can be written as:

BMC = [[I0 · 0.5 · e−dCo/λ�Co · e−dPy/λ�Py + I0 · 0.5 · e−dCo/λ↑↓Coe−dPy/λ↑↓Py ]

−[I0 · 0.5 · e−dCo/λ�Co · e−dPy/λ↑↓Py + I0 · 0.5 · e−dCo/λ↑↓Co · e−dPy/λ�Py ]]

/[I0 · 0.5 · e−dCo/λ�Co · e−dPy/λ↑↓Py + I0 · 0.5 · e−dCo/λ↑↓Co · e−dPy/λ�Py ]

=
[e−dCo/λ�Co · e−dPy/λ�Py + e−dCo/λ↑↓Coe−dPy/λ↑↓Py ]

[e−dCo/λ�Co · e−dPy/λ↑↓Py + e−dCo/λ↑↓Co · e−dPy/λ�Py ]
− 1. (1.5.1)

In case of spin-polarized injection from another ferromagnetic layer or (possibly)
by a magnetized STM tip into the spinvalve, this estimation has to be modified. Again
the 0.5 terms have to be replaced by terms containing the emitter spin-polarization
PE. The maximum ratio is determined by the states with minimum and maximum
ballistic current, assuming that both magnetic spinvalve layers have approximately
the same filtering effect. If this precondition is not given, e.g. one layer is much
thicker than the other, it is necessary to derive this special case differently. As a
visualization figure 1.15 is considered as an example. If the unpinned Permalloy layer
between tunnel-barrier and Copper is antiparallel to both other layers, the ballistic
current is minimal. The highest ballistic current is estimated in case of all layers are
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Figure 1.16: Visualization of equation 1.5.2. The BMC-ratio is plotted versus the
layer thicknesses for Cobalt and Permalloy. The spin-polarization of the injected cur-
rent is estimated to be 50%. The assumed attenuation lengths are λ�Co = 6.0 nm
and λ↑↓Co = 1.0 nm for Cobalt and λ�Py = 5.04 nm and λ↑↓Py = 0.9 nm for Permalloy
(refer to section 3.1.3). With rising layer thickness the effect ratio increases exponen-
tially.

parallel magnetized. This leads to:

BMC =
[(0.5 + 0.5PE)e−dCo/λ�Co · e−dPy/λ�Py + (0.5− 0.5PE)e−dCo/λ↑↓Coe−dPy/λ↑↓Py ]

[(0.5 + 0.5PE)e−dCo/λ�Co · e−dPy/λ↑↓Py + (0.5− 0.5PE)e−dCo/λ↑↓Co · e−dPy/λ�Py ]
−1.

(1.5.2)
The influence of the Permalloy emitter is implemented by the spin-polarization terms.
This ratio is obviously higher than without spin-polarized injection as a consequence
of the additional state. Because of the complexity of this formula, it is visualized in
figure 1.16.
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Chapter 2

Fabrication and Characterization

2.1 Fabrication

2.1.1 Substrate Choice and Preparation

To observe ballistic effects, the diffusive current fractions have to be filtered from the
total current. As mentioned before for this purpose, a Schottky-barrier is used in this
thesis. To obtain an appropriate Schottky-contact, the choice of the semiconductor
substrate is crucial.

The use of the most common semiconductor in industry and science, Silicon, is
not promising because of the difficulty in handling and preparation. The use of
semiconductor substrates requires clean room conditions during all the preparation.
In industrial Silicon processing standardized clean procedures consisting of several
etch and oxidizing steps are used to remove the natural oxide from the wafer and
to form a clean atomic smooth surface terminated by Hydrogen. The Hydrogen is
removed by subsequently annealing of the sample under UHV-conditions just before
the deposition process is started.

This approach is not practicable. If the use of Silicon is not stringent, there are
alternatives: Gallium Arsenide is one of the most promising substrates for semicon-
ductor applications and for research purposes. The electronic structure is well known
[135]. The charge carrier mobility is higher than in Silicon which makes it a promising
candidate for semiconductor applications.

41
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The substrates used in this thesis are Silicon-doped 2”-Gallium Arsenide (100)-
wafers with a carrier concentration of 1 − 5 · 1017/cm3 1. For hybrid junction ex-
periments, a commercial substrate delivered by Crystec2 has been used. The front
side surface is epipolished, the backside is lapped. BEEM applications have also been
obtained by a substrate grown by Molecular Beam Epitaxy (MBE) by Strasser et al.
at the TU Vienna, which are crystalline at the surface3. With Cobalt deposited on
these kind of wafers, it builds up a Schottky-barrier with a height of about 0.5 - 1 eV
reverse-biased to the substrate; details are discussed in chapter 3.1.1.

The first step of preparation is the deposition of 50 nm Gold on the backside of
the whole wafer by DC-magnetron sputtering and annealing the substrate for 90 s at
370◦C on a hot plate [137]. Gold atoms move into the substrate via diffusion. This
forms an ohmic contact to the semiconductor4. After this procedure, the wafer is
fragmented to small parts which are used as samples. The next step is the removal
of the natural oxide at the surface by an etch dip of the sample in hydrochloric acid
for 30 s. This acid etches selectively the surface oxide but not the Gallium Arsenide;
this fact additionally benefits smooth surfaces. Immediately after the etch dip the
substrate is scavenged in deionized water, dried by a Nitrogen rinse and loaded into
the vacuum chamber for deposition.

A better Schottky-barrier could be fabricated by cleaving the substrate in UHV
just before sputtering, but this is not possible with wafer surfaces and not necessary
for ballistic experiments.

2.1.2 Metal Deposition

All layers are deposited by DC-magnetron or RF sputtering in the commercial full
automatized apparatus CLAB 600 from Leybold Dresden, see figure 2.1. The layers
are sputtered in the main chamber which contains one 4” RF magnetron sputter
source for Manganese-Iridium, four DC magnetron sputter sources for Tantalum,
Copper, Aluminum (all 4”) and Gold (2”) and two special DC magnetron sputter
sources for ferromagnetic targets5 (4”). Equipment variations for special purposes,
e.g. changing targets or even sources or installing homogenizer for dynamic wobble

1Error bars for the carrier concentration in Gallium Arsenide wafers are usually in this magnitude.
2Crystec Charge number S3620 and S3629. For a detail characterization of electronic properties

refer to [136].
3The polishing process performed at commercial crystalline substrates damages the perfect sur-

face. In the MBE system perfectly finishing crystalline layers are grown.
4In fact the contact is a low quality Schottky-barrier. Its resistance, especially in reverse-bias

direction, can be neglected compared to the Cobalt Schottky-barrier.
5The permanent magnet under the target is stronger in such sources due to the field shielding of

the ferromagnetic target.
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Figure 2.1: CLAB 600 by Leybold Dresden.

deposition, are possible within a few hours. The chamber has a base pressure of at
least 3.5 · 10−7 mbar. For sputtering, Argon is let into the chamber to a pressure of
about 1.3 · 10−3 mbar; during the sputtering the pressure is kept constant by shifting
a shutter in front of the main turbo pump at a certain level. The sputter power is
kept constant at 115W for all materials except Gold (29W). The sputter rate of each
target is controlled at regular intervals by reference samples which are analyzed by
X-ray diffraction or AFM, refer to [57]. Additionally standardized magnetic tunnel
junctions are sputtered and evaluated regularly6. This well known junction is a strong
indicator for almost any problem of the sputter apparatus.

Two plasma oxidation chambers are implemented to the CLAB 600, so that no
break of the vacuum is necessary for the oxidizing procedure. The first is a microwave
plasma chamber, the second a pulse-plasma chamber (which has not been used for
these experiments). Barriers are prepared by first sputtering a layer of 1.4 nm Alu-
minum and oxidizing that in the next step, yielding a 1.8 nm thick Aluminum oxide
layer. An 1.8 nm Aluminum oxide layer evolves from the Aluminum and the Oxygen.
To control charge effects on the surface of the sample during the oxidation, a drop
of silver paste is put on the edge of the sample, so that a connection to the sample
holder is guaranteed. The sample holder is put on a controlled electrical potential
of -10V against the microwave base [139]. This is stringent for predictable results in

6The properties of this stack are presented in e.g. [20][138]
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oxidizing. For a closer look on plasma oxidation processes refer to [138].
The Manganese-Iridium, a natural anti-ferriomagnetic alloy, has to be either an-

nealed over Neèl temperature7 and cooled down in a homogenous magnetic field,
referred to field cooling, or sputtered in presence of a magnetic field.

The first process must be accomplished ex situ. If the whole stack is annealed,
a further advantage, especially in magnetic tunnel junctions, occurs: defects and
imperfections in the tunnel barrier can heal.

The second process must be accomplished in situ. The most mentionable ad-
vantage here is that it is not necessary to anneal the sample, because the heating
may change some sample properties. The second advantage lies in the wide open
possibilities of magnetic design, especially in sensors, which are not possible by ex
situ alignment. Ferromagnetic layers can be aligned in different direction within one
stack. Furthermore, one preparation step is saved. In presence of a crystalline axis of
the substrate it is necessary to attend on a reasonable alignment of this axis and the
field direction. The crystal anisotropy might induce a hard axis in direction of the
exchange bias field otherwise. Except the Cobalt layer thickness, the stack is always
the same in the following experiments:

x nm Co/ 1.8 nm Alox./ 4 nm Py/ 10 nm MnIr/ 4 nm Ta / 50 nm Cu / 30 nm Au

The base-layer thickness x is varied between 4 and 12 nm. Stacks with less than
4 nm base thickness are impossible to characterize. Especially in the uncovered parts
of the lower electrode (see chapter 2.1.3), where the Cobalt surface oxidizes, no proper
connection via this layer in guaranteed. More than 12 nm thickness leads to the limit
of current resolution in the measurement of ballistic electrons; the emitter current
should be ≥ 50 pA for clear results in the used measurement setup. In contrast to
usual TMR stacks no buffer and conducting layers can be deposited under the lower
electrode. 1.8 nm Aluminum oxide forms the tunnel-barrier. The upper electrode
consists of a Permalloy layer, antiferromagnetically pinned by Manganese-Iridium.
All layers above the tunnel-barrier are sputtered in a magnetic field, applied by two
Neodymium-Iron-Boron permanent magnets, integrated in a sputter-mask8. This
induces an alignment of the Permalloy to the antiferromagnetic Manganese-Iridium.
The field is aligned along the (100)-axis of the Gallium Arsenide to avoid angles
between the Cobalt and Permalloy easy axis 9. Tantalum is deposited as a diffusion
barrier. Copper and Gold layers are put on top for the electrical contact and to avoid

7This threshold is no constant but dependent on the layer thickness. The blocking temperature
is always about 175◦ C.

8The sputter mask is not removed during the deposition of the non-ferromagnetic layers because
this might induce bugs in the processing of the handlers inside the sputter chamber.

9Though the mask change is a critical process, it is applied during the whole sputtering of the
upper electrode.
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oxidation.
Subsequently the sample is annealed at 200◦C for 20 minutes and cooled down

in a magnetic field. This step is rather important to increase the quality of the
barriers than for the magnetic advancement. Up to an annealing temperature of
200◦C the ideality factor approaches to 1 and the diode in reverse-bias direction
blocks the current better after annealing. Crossing this threshold degrades both
parameters. The sample gets more and more ohmic, probably due to diffusion and
alloying processes of the gold at the sample backside and the Cobalt.

2.1.3 Lithography

The lithographic procedure begins with spin-coating and baking of resist layers on
the sample surface. This synthetic layer is exposed and developed, so that parts of
the sample are protected by the remaining resist in a subsequent Argon ion beam
etch process. Several different resists of Allresist have been used in this thesis. The
ion milling process is controlled by a Quadropol Mass Spectrometer (QMS), so that
the stop in a certain layer is possible. After this the resist is removed.

Three different types of lithography were used in this thesis:

1.Optical Lithography with Masks

This technique is accomplished by putting a prefabricated mask that is light per-
meable at the areas which shall be exposed on the sample. An ultra violet lamp,
operated by the Thermo Oriel controller10 exposes the photosensitive resist (AR-P
53511, spin-coated 1 s at 200 rpm and 30 s at 6000 rpm, baked 30min at 95◦C) for a
certain adjustable time. After developing the resist remains only at the light pro-
tected areas. Although smaller patterns are possible, the minimum reasonable size is
≈ 5× 5µm2. This is the fastest and easiest pattern procedure but exact positioning
of the mask is not possible.

2.Optical Lithography with Laser Lithographer

The exposing procedure is accomplished by a commercial laser exposing apparatus by
Heidelberg Instruments. The sample is scanned under a lens, equipped with a shutter,

10Controller: Digital Exposure Control Model 68950.
Lamp: Thermo Oriel Instruments Model 87431-1000-1.
Power supply: 68810 arc lamp power supply

11This positive resist is exposed inverse, thus it works like negative resist.



46 CHAPTER 2. FABRICATION AND CHARACTERIZATION

which lets the ultra violet laser light pass to the areas which are to expose. The result
after developing is the same like in optical lithography by masks, but the minimum
pattern size is ≈ 1µm2. The positioning of the starting point on the sample makes
directed exposing possible, assisted by a positioning camera. The same resist is used
as for mask lithography.

3. Electron Beam Lithography

A Scanning Electron Microscope (SEM) from LEO (LEO 1530) has been upgraded
for e-beam lithography by Raith Instruments. A current-sensitive resist (AR-N 7500,
spin-coated for 1 s at 200 rpm and 30 s at 4000 rpm, baked for 2min at 85◦C) is ex-
posed by the electron beam. The theoretical minimum pattern size is more dependent
on the resist than on the SEM. Practically the smallest dots using PMMA resist are
≈ 25 × 25 nm2 and the minimum gaps are ≈ 10 nm. The smallest magnetic tunnel
junctions fabricated and characterized with conducting AFM was a 50 nm dot [140].
Due to the fact that the used device is originally a SEM extremely exact positioning
is possible.

In contrast to usual TMR characterization for ballistic current measurements, it
is necessary to pattern the lower TMR electrode, here to 625×625µm2 squares, so
that the Schottky-barrier area is defined and not large12. The single junctions and a
contact to the lower electrode is patterned inside these squares. At least a two step
lithography is necessary.

The first step can be accomplished by optical mask lithography. After exposing
and developing the Argon ion etch apparatus is used to remove the uncovered material
down to the substrate.

The second step can be either accomplished by the laser exposer or e-beam lithog-
raphy, because of the necessity of positioning. On top of the 625×625µm2 squares
now squares of 50×50µm2, 80×80µm2 and 100×100µm2 are exposed. Additionally
the border and a part of the middle is endorsed like displayed in figure 2.2. Afterwards
the sample is etched until the aluminum oxide barrier can be detected with the QMS.
The tunnel barrier at the surrounding area is mechanically destroyed extensively13

and is used as a contact to the lower ferromagnetic electrode. Due to the large area
the resistance to the base electrode is low compared to that of a single junction. The
TMR bias can be applied now between the outer structure and the single junctions.

12In principle it would be adequate to cleave the edges of the sample properly away, so that no
shortcuts on the sides influence the Schottky-barrier.

13During the ultra sonic bonding this area is contacted at several points. Due to local destructions
of the tunnel-barrier and the superior area the net resistance at the tunnel-barrier is negligibly.
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Figure 2.2: Lithographic design schematic. Three different sizes for the MTJs are
patterned. The border is used for the contact to the lower electrode. It is kept near
to the single junctions to avoid high ohmic resistance within the thin lower electrode,
which is not protected against oxidation.

Subsequently the sample is glued in an IC-Socket by conducting silver (to ensure
the ohmic contact) and contacted by 25µm gold wires, connected by ultra sonic
bonding.

2.2 Characterization Techniques

2.2.1 Electrical Characterization

TMR ratio

In practice the TMR ratio is measured by applying a small bias of 10mV or less at
the tunnel-barrier and recording the resistance versus a magnetic field. The sample is
fixed between coils. A magnetic major-loop in a simple MTJ14 is recorded as follows:

The field is linearly driven from a high field down to zero and up to the negative
maximum value, then returned to the positive value. After the zero-crossing, when
the coercivity HC1 is reached in negative direction, the first layer will switch; the
resistance increased. Increasing the field further, HC2 will be crossed in negative
direction and the resistance will fall back to the original value. The switching on way
back to the initial value is analogous unless there are special couplings (Neél-coupling,

14”Simple” means without pinned layers or similar interlayer or shape induced couplings.
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exchange-bias etc. refer to chapter 2.2.2 or [20]). Indirectly, the hysteresis of both
layers can be recorded and the TMR ratio is specified.

A minor-loop is performed by stopping the field enhancement at the antiparallel
state and going back again. The complete hysteresis for the soft magnetic layer can
be recorded like this (including zero-crossing magnetization on the way back) and the
TMR ratio is measured.

It should be mentioned here that the choice of 10mV bias is a user defined setting
which is only constituted by practical reasons. Thorough measuring at low tempera-
tures should be accomplished with less bias; 10mV electron energy is nearly similar to
room temperature electron energy. On the other hand ballistic currents need higher
bias, so that non-scattered electrons can pass the Schottky-barrier.

Tunnel barrier

Additionally to major- and minor-loops it is reasonable to record the I/V charac-
teristics. The evaluation of the tunnel-barrier, described in chapter 1.1.1, reveals its
quality. The thickness from the Brinkman fit should be close to the known thickness
from the sputter parameters and the barrier height should be sufficiently high, oth-
erwise the TMR ratio is affected. Furthermore, a low quality barrier will not allow
ballistic measurements, due to the dielectrical breakdown at low bias voltages.

BMC

Characterizing a hybrid junction requires a two channel measurement, similar to the
BEEM setup. The conventionally measured TMR tunnel-current is the first. Addi-
tionally the ballistic current between lower electrode and semiconductor is monitored
simultaneously.

For this recording a special high internal resistance amplifier/measurement box
was designed and build in collaboration with Slawomir Czerkas and the Elektronik
Werkstatt, Physik Universität Bielefeld. Instead of common two probe (four probe15,
respectively) measurement specialized boxes, this device has a third independent
electrode. Bias can be applied and currents plotted from electrode one to two (chan-
nel one) and electrode two to three (channel two), where the joint electrode two is
grounded. For that reason both currents are recorded related to the ground. This is

15Four probe measurement of the TMR ratio is not advisable in TMR/Schottky hybride junctions.
The lower electrode is thin and might be oxidized at uncovered areas. This leads to a high lateral
resistance which can induce measurement artifacts in the effect ratio [141].
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Figure 2.3: Sketch of electrical characterization. Junctions, patterned like shown
in figure 2.2 are connected by US-bonded Gold wires. For connecting the upper
electrode, the top of the junction is connected; the base is contacted via the border.
The TMR-ratio is measured by plotting the currents I1 (at the ampmeter A1) and
the BMC-ratio by plotting I2 (at the ampmeter A2) versus the magnetic field.

useful because measurements on floating potential are more difficult and limited in
resolution. Figure 2.3 is a sketch of the setup.

To obtain clear results it is necessary to measure at low temperature. For that
purpose a closed cycle helium cryostat by Oxford Instruments16 is used. Temperatures
between 10K and 330K can be accessed, stabilized, and computer controlled17. The
sample IC-socket is plugged into the cryostat. The electrical connection to a switching
box is established. This box performs the switching of the single pins of the IC-
socket computer controlled to the amplifier/measurement box. The amplified signals
are analyzed by two Keithley 2000 multimeters, which are digitally read out by a
computer via IEEE. The computer saves all data to the department server.

When the tunnel bias (in the right direction and sufficiently high) is applied on
channel one (the grounded electrode two is the lower electrode), ballistic currents
are monitored on channel two, without applying a bias. Diffusive scattered electrons
can discharge to the ground. Although both channels are able to record in the same

16Cryopump: Edwards Crypdrive 1.5
17Controller: Oxford Instruments ITC 503
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range of currents and the hardware is identic, the second channel is optimized for
small while the first is more accurate for higher currents18.

MR-Characterization via I/V-Curves

An alternative approach to characterize a BMC-junction completely is to record two
I/V-characteristics, one in parallel and one in antiparallel alignment of the magnetic
electrodes. The bias is applied at the tunnel-barrier and the current at the Schottky-
barrier is measured again simultaneously. Tunnel barrier parameters can be obtained
with the Brinkman fit from the graph with parallel electrode alignment. Plotting the
effect ratios TMR=(ITBP (V)/ITBAP (V))-1 and BMC=(ISBP (V)/ISBAP (V))-1 versus
V yields the complete bias dependent TMR and BMC characteristics.

In practice, there is a non-trivial obstacle using this technique: The noise on both
measurements affects the resulting plot drastically. Especially at the Schottky-barrier,
the signal can range from the magnitude of pA in reverse- to µA in forward-bias
direction. Noise reduction is difficult because the amplification of the signal cannot
be adjusted to these conditions during the measurement due to different internal
resistances on the amplifier/measurement box.

Although this characterization method has been used for TMR/Schottky hybrid
junctions in this thesis this technique is more important for BEEM spectra of spin-
valves (refer to section 4.4).

2.2.2 Magnetic Characterization

The magnetic analysis is primarily used for the spinvalve experiments in chapter 4 and
3.2, because the existence of an antiparallel alignment of ferromagnetic layers is crucial
there. Also in TMR- and GMR-junctions, an antiparallel alignment is desired. For
that reason magnetic investigations are performed in this thesis. Interactions between
the layers may influence the magnetic behavior and consequently the magnetoresistive
effects. In most real stacks additional pinning layers (e.g. antiferromagnetic layers
[142] [143]) are included for better antiparallel arrangement. Other natural exchange
couplings between the layers are present additionally. Néel coupling [144], dipole
coupling19 and anisotropic behavior of the magnetic layers influence the switching
process. Computer aided simulations of switching processes are an established tool
to predict and to interpret the behavior experimentally found.

Most computer simulations of spintronic junctions are based on the Stoner Wohl-
farth model [145]. In principle, these calculations are obtained by finding the local

18Due to offset calibrations it is impossible to be accurate over the whole range.
19Due to the lateral large MR-junctions dipole couplings are negligible here.
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Figure 2.4: Sketch of MOKE setup. A laser (a) transmits light through a linear
polarizer (b) to the sample on a fixation (c). Two ferrite coils (d) apply the magnetic
field for the minor-loop. The reflected light has two pass the analyzer (e) which is
a linear polarizer, 89◦ rotated to the first polarizer. The intensity of the laser beam
behind this analyzer is recorded by a photodiode detector (f).

minimum of energy terms (Zeeman-, anisotropy- and orange-peel-term). Other sim-
ulations include the local magnetization and can map it in a graphical output, e.g.
oommf (Object Oriented MicroMagnetic Framework) by the National Institute for
Standards and Technologies [146].

This thesis concentrates on experimentally characterization of the magnetic be-
havior. Simulations cannot deliver additionally important information.

MOKE

The magnetic behavior of a MR-junction with a total stack thickness ¡20 nm can be
investigated by performing a Magneto Optical Kerr Effect (MOKE)20 measurement
[151].

The experimental setup is arranged as follows: The light of a low-noise 0.5mW
laser diode is polarized and pointed on the sample in an angle of 25◦ to the sample

20As the name implies MOKE is based on the Kerr effect [147] [148]. This phenomenon is based
upon the spin-orbit coupling and implicates the circular polarization of reflected light to the mag-
netization of the reflector surface [149] [150].
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plain. The sample is fixed between Ferrite rod coils, which can apply a magnetic
field of up to 3500Oe. The reflected ray has to pass a second polarization filter,
which is rotated 89◦ to the first and points into a photodiode detector. The setup is
shown schematic in figure 2.4. For a detailed review on magneto optical Kerr effect
characterizations refer to [151].



Chapter 3

Injection of Ballistic Currents via

Tunnel/Schottky-Barrier Hybrid

Junctions

3.1 Results from TMR/Schottky Hybrid Junctions

As mentioned in chapter 1.3.2, it is necessary to plot the collector-current versus
the base-layer thicknesses t to obtain attenuation lengths by a regression. For that
purpose the base electrode of the TMR stack must be varied to a reasonable extent
for the analysis presented in this chapter. The remaining layers are kept in constant
thicknesses for reproducibility purposes.

53
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3.1.1 General Characterization of the TMR/Schottky Hy-

brid Junction

TEM

A powerful tool to examine a stack of thin films directly is the Transmission Electron
Microscope (TEM) [152] [153]. Figure 3.1 shows a TEM cross section picture of a
typical hybrid junction. The Aluminum oxide layer is the only amorphous layer; all
others show crystalline growth. The crystalline growth of the Cobalt base layer is
crucial for ballistic experiments. A consequence of small crystallites is the existence
of many grain boundaries; these cause scatter processes which reduce the ballistic
transmission. During the BEEM experiments in Vienna, a spinvalve with Ruthenium
spacer and cover could not be characterized due to the low transmission. Ruthenium
layers are known to have small crystallites and are a common spacer in GMR junctions
[46][154]. This spinvalve has been 4 nm thinner than other spinvalves with Copper
spacer and Gold coverage, which could be characterized. Amorphous growth would
lead to even smaller signals. In fact, the Cobalt layer in figure 3.1 is crystalline.

The contrast between the Cobalt and the Gallium Arsenide is a strong indication
for an oxide layer on the III-V semiconductor. This originates from the fact that the
wafer is temporarily exposed to air between the etching process and the metal depo-
sition. The interlayer has a thickness of approximately 1 nm and affects the barrier
characteristics; quantifications will be presented later in this chapter. The conse-
quences to the ballistic transmission have been neglected in this thesis. This neglect
is legitimate because this thin barrier has no strong influence, as the characterizing
parameters show, see below. The total electron transmission into the substrate might
be reduced, but surely this is no spin dependent effect, so that the results are not
affected. Furthermore this oxide protects Cobalt and Gallium Arsenide against in-
termixing by diffusion. This would decrease the Schottky-barrier quality1 and cause
inaccuracies in the quantification of the attenuation length due to the unknown met-
allurgy of the boundary area.

It is unlikely that the contrast is a consequence of the growth of the layer. When
a Cobalt layer is deposited, the growth starts with a fcc arrangement. With increas-
ing thickness, the alignment changes to hcp, which is favorable in thermodynamic
equilibrium [155]. It is not known if this occurs only when the metal is deposited on
amorphous substrates like Silicon oxide or on crystallite, too. Due to the fact that
the density of fcc and hcp Cobalt is the same, it is not visible as a contrast in a TEM
picture.

1Intermixing leads to an ohmic contact.
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Figure 3.1: TEM cross section picture of a TMR/Schottky hybrid stack. Crystalline
growth of all layers except the amorphous Aluminum oxide can be anticipated. The
contrast inside the Cobalt layer, near the interface to the substrate, seems to be due
to an oxide layer on the Gallium Arsenide. The boundary between Permalloy and
Manganese Iridium layer is hard to see.
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Figure 3.2: TMR major-loop of a BMC junction, recorded at 10K and 10mV bias.
The junction has a lateral size of 50×50µm2. The area resistance is ≈25MΩµm2. In
positive magnetic field direction, the sample is not saturated entirely. For technical
reasons fields higher than 2 kOe are impossible to apply inside the cryostat. In this
case an effect amplitude of more than 32% is observed, although the antiferromagnetic
coupling is not perfect.

By using a TEM cross section picture, the total thickness is controlled. In this
particular case, the Cobalt layer of nominal 6 nm thickness is about 5.7 nm thick in the
TEM picture. This difference is within the error bar of 8% from the XRD-technique
which is used to calibrate the sputter rate.

Tunnel Barrier and TMR

The TMR ratio varies from 12% to 14% at room temperature and from 24% to 32%
at 10K. The variation is due to the imperfections in the stack and the barrier, which
cannot be optimized for every base layer thickness. Figure 3.2 shows a typical major-
loop. The plateau in the current’s minimum is a strong indicator for an antiparallel
alignment of the magnetic electrodes. The in situ alignment of the Manganese Iridium
layer is not as perfect as annealing above Néel temperature and cooling down in a
magnetic field.

The tunnel-barrier is characterized using Brinkman’s fit as explained in chapter
1.1.1. Samples without reasonable values for barrier height, thickness and asymmetry
are not taken into account for two reasons:
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Figure 3.3: (a) Exemplary I/V plot of a 100×100µm2 tunnel-barrier of MTJ. (b)
Differentiated I/V plot. The Brinkman fit is used for evaluation. Therefore the data
in the range of -400 to +400mV are fitted with a paraboloid, sketched as a black
line. This leads to a barrier height of Φ=3.2 eV, a thickness of d=1.75 nm and an
asymmetry of ∆Φ = 1.2 eV .

• Results would be dubious.

• Applying the necessary bias of at least ∼ 1V , the junction is destroyed.

Figure 3.3 shows a typical I/V plot (a), its derivative (b) and an exemplary eval-
uation. These results are reproducible. The barrier height of 3.2 eV is a reasonable
value, compared to other stacks with 1.8 nm Aluminum oxide. Typical values are
Φ = 2.7 − 3.2 eV. The barrier thickness is close to the expected value of d=1.8 nm.
The asymmetry ∆Φ = 1.2 eV cannot be evaluated here. In standard TMR stacks
with Cobalt and Permalloy electrode, embedded in seed and conducting layers, an
asymmetry of 1− 1.8 eV is measured, too. This parameter is strongly dependent on
offsets during the measurement. For I/V plots the measurement amplifier box has
to be switched to a large effective range. The box offset is optimized for low ranges
to characterize small currents. For technical reasons, it is impossible to optimize
the measurement box in all working ranges at the same time. Offsets during I/V
measurements might affect the measured asymmetry. Due to the fact that the more
significant values Φ and d are in the expected range, it is possible to summarize that
the Aluminum oxide layers are high quality tunnel-barriers.
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Schottky-Barrier

In practice three conditions lead to high quality Schottky-diodes:

• Noble metal contacts (e.g. Gold)

• Perfect substrate surfaces (e.g. crystals cleaved under vacuum conditions)

• Undoped semiconductor with low carrier concentration

None of the conditions above is fulfilled in this case. First of all Cobalt is no
noble metal. Furthermore, an oxide layer between Cobalt and Gallium Arsenide
may influence the interface properties, as the TEM cross section picture 3.1 may
indicate. The difficult theoretical description of Schottky-contacts with transition
metals has already been sketched in chapter 1.2.3. Moreover, the substrate used for
the experiment is doped.

For that reason, the Schottky-barrier of Cobalt to Gallium Arsenide is of compa-
rably low quality. The ideality factor is typically between 1.3 and 1.5. As explained in
chapter 1.2.4 this imperfection is due to combined effects of image force and applied
field, tunneling contributions, recombination effects and trapping at interface states.

As an example figure 3.4(a) shows a typical Schottky I/V-characteristic. An
ideality factor of n≈ 1.4 can be evaluated from the logarithmic plot 3.4(b). The
saturation current density can be read as 0.2 pAµm2. Calculating the Schottky-barrier
height with equation 1.2.10 results in ΦSB ≈ 0.8 eV . The plausibility of this value is
limited due to the non-ideal barrier, but the magnitude is reasonable. These results
for ideality and barrier height are reproducible for almost all samples. In the literature
ΦSB = 1 eV with n=1.06 and ΦSB = 0.86 eV with n≈1 are reported for Cobalt on n-
type (100) Gallium Arsenide [156][157]. In these experiments the substrate has been
an undoped crystal with a carrier concentration of 2×1016/ cm3, and Selenium doped
with a carrier concentration of 6×1016/cm3, respectively. Therefore, the measured
parameters in this experiment are reasonable values.

Experiments with Gold instead of Cobalt do not show high quality parameters,
either. The best ideality factor of a Gold/Cobalt contact was 1.3 with ΦSB = 0.5 eV .
The reason for the non-ideal contact does not seem to be Cobalt specific but prepa-
ration technique specific. The oxidation of the substrate surface before the metal
deposition cannot be prevented.

Fortunately, in practice a high quality barrier is not necessary for ballistic experi-
ments. The barrier is only the filter which separates ballistic electrons from diffusively
scattered electrons. High energy electrons have a better chance to pass the barrier as
to be seen in figure 3.4(a).
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Figure 3.4: (a) I/V characteristic of Schottky-barrier at room temperature. (b) Same
characteristic with logarithmically scaled current density (certainly only in forward
direction). The ideality factor is n≈ 1.4. With js = 0.4 pA/µm2 the Schottky-barrier
height can be derived as ΦSB ≈ 0.8 eV . The accurate determination of js is affected
by the ideality factor, q.v. figure 1.11. For that reason the plausibility of the ΦSB

value is limited.
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Figure 3.5: Major-loops of a TMR/Schottky hybrid junction (base thickness 4 nm),
recorded at 10K temperature and 1.6V bias. The TMR channel (a) shows reduced
TMR characteristic. The reduction of the ratio is due to the high bias. The simul-
taneous measured ballistic current (b) has a higher effect ratio but a lower current
amplitude.

3.1.2 BMC

Figure 3.5 shows an exemplary major-loop of a TMR/Schottky hybrid junction. In
the next sections the coherence of ballistical parameters with the base thickness, bias,
temperature and spin attenuation lengths are analyzed.

BMC Ratio vs. Base Thickness

Figure 3.6 shows the measured BMC-ratios versus the base thickness. Such mea-
surements are strongly influenced by inaccuracies, especially by small offsets at the
Schottky-barrier which cannot be prevented. Consequently, the values vary. The
black plot is an approximation for the maximum BMC ratio with λ�=6,0 nm, λ↑↓=1,0 nm
and 40% spin-polarization from the emitter. The dashed grey plots are approxima-
tions of the error induced by the sputter calibration error. It is plausible that (almost)
all measured values are below the theoretical prediction, which requires ideal condi-
tions. On the other hand, the measured ratios are not far below this threshold, which
is an indicator for the good quality of the junctions.

To interpret and evaluate figure 3.6 it is necessary to investigate the influence of
small offsets to this particular measurement.

Using equation 1.3.6 and 1.3.7 it is possible to estimate the idealized theoretically
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Figure 3.6: BMC-ratio versus base thickness. The BMC values scatter in the region
of 80-100%. The black plot is the calculated maximum BMC for λ� = 6, 0nm,
λ↑↓ = 1, 0nm and 40% spin-polarization from the emitter. The dashed grey plots are
8% error bar approximations from the sputter calibration. The extraordinary value
of 170% is unrealistic and seems to be an artifact.

predicted BMC ratio versus the base layer thickness for predetermined attenuation
lengths and emitter spin-polarization. This has been accomplished exemplarily in
figure 3.7.

As this figure suggests, the BMC ratio increases with rising base thickness. The
increase ends at a certain threshold base thickness, depending on λ↑↓, and the ratio
converges to a constant value.

The BMC ratio increases, because the electrons polarized antiparallel to the base
magnetization get filtered more effectively than the others, when the base thickness
is increased, refer to figure 3.8. In this example, the spin-polarization of the ballistic
current is more than 90% at 6 nm Cobalt thickness for all assumed λ↑↓ values and
converges to 100% for higher base thicknesses.

When a constant offset bias at the Schottky-barrier affects the ballistic currents
I� and I↑↓ the behavior changes. Figure 3.9 visualizes the consequences of such an
artifact or leak current:

• Offsets falsify the result for a thin base less than for a thick base. Both currents
are affected to the same extent by the offset.

• If no offset affects the measurement the BMC ratio keeps almost constant when
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Figure 3.7: Visualization of BMC ratio versus the base layer thickness for different
λ↑↓ values and λ�=6nm (the origin of these values is presented later in this chapter).
In every case the maximum value converges to ≈130%.

the base thickness passes a certain threshold. The exponential decay of I� and
I↑↓ forces it to converge.

• For a positive offset, the BMC ratio has a maximum limit and decreases in case
of high base thickness. The relative difference between I↑↓ and I� is reduced.

• For a negative offset, the BMC ratio diverges for high base thickness. The
relative difference of the currents increases.

To avoid this as much as possible, the amplifier/measurement box is gauged at
regular intervals. Accurate attendance is crucial for reproducible results. Remaining
inaccuracies in the current are in the magnitude of the noise, which is about ≈ 100 pA
at room temperature and ≈ 10 − 20 pA at 10K. Even such small offset biases can
affect the result distinctly. This is the reason for the scattered values in figure 3.6.

It can be summarized that measured BMC ratios should be constant when a cer-
tain threshold for the base thickness is crossed, depending on the intrinsic attenuation
lengths.
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Figure 3.8: (a) Exponential decay of single spin channel currents plotted versus the
base layer thickness t in a TMR/Schottky hybrid junction, here in the case of parallel
magnetized electrodes. The black line is the parallel polarized current. The other
lines are the antiparallel polarized currents for different λ↑↓ values. Graph (b) is the
spin-polarization versus the base thickness, plotted for different λ↑↓ values. It rises
continuously with increasing Cobalt layer thickness in the base.
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Figure 3.9: Same estimation as shown in figure 3.7 with an offset bias applied at the
Schottky-barrier. The original current is increased ±0.1% and ±1%. The Schottky-
barrier transmission coefficient T is implemented in the calculations. The red graph
again is the graph without offset from figure 3.7. In case of positive offsets, the
BMC ratio has a maximum. In case of negative offsets, e.g. when a small potential is
applied against the ballistic current, the ratio even diverges, because the total current
in antiparallel magnetization alignment converges to zero to a larger extend than in
parallel alignment.
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BMC Ratio vs. Bias

Depending on the temperature, the injection of ballistic electrons into the substrate
can only be detected at comparably high voltages; the standard 10mV TMR mea-
surement is not possible. It is impossible to constitute a threshold value because
the visibility of the effect is limited by the resolution of the current measurement in
the used ampmeter. In practice at room temperature, the BMC is seen at voltages
above & 500mV while at 10K at least 950mV have to be applied. Figure 3.10
shows the BMC and the TMR ratio versus the bias for different temperatures for a
TMR/Schottky hybrid junction with 9.6 nm base thickness. As expected, the TMR
ratio decreases for high bias. The maximum BMC ratio is at low temperatures, but
it does not disappear completely at room temperature.

Figure 3.10(a) shows the experimentally obtained BMC ratio of a hybrid junction
versus the bias at 10K. The abrupt appearance of a ballistic current is to be seen at
the collector electrode at a certain bias value. When the temperature is increased,
this threshold becomes blur, refer to figure 3.10 (b), (c) and (d). This threshold
does not really exist. The BMC-effect appears above a certain bias because it is
not possible to measure the BMC ratio at low temperatures and low bias due to the
small current. Especially in antiparallel magnetic alignment, the signal-to-noise ratio
is poor. Consequently a possibly existing bias dependence is not observed in this
measurement.

In contrast to the plots in figure 3.10, figure 3.11 demonstrates the bias dependence
of the BMC ratio. The ratio is calculated from two I/V-plots, one recorded at parallel
and one recorded at antiparallel alignment of the ferromagnetic electrodes. Due to the
fact that the effect ratio is lower than in figure 3.10(b) (which should be equivalent due
to the same conditions during the measurements), it is obvious that the antiparallel
alignment during the recording of the plot was not perfect. For that reason the
current in antiparallel alignment was to a small extent higher than usual and the
signal-to-noise ratio high. In section 4.4 the assumption of a bias dependent BMC-
ratio is supported (see below figure 4.5). Due to the fact that the BMC ratio is
predominantly dependent on the electron attenuation lengths, this must be the origin
of this effect.

From the free electron gas model energy dependent attenuation lengths were to
be expected. The dominating electron-electron scattering for the parallel polarized
electrons should decrease like:

λ�el−el ∼
√
Ee + EF

E2
e

, (3.1.1)

In this equation, Ee is the electron energy. The BMC ratio does not need to be
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Figure 3.10: BMC and TMR ratio vs. bias for different temperatures. Ballistic trans-
port is detected from 10K to room temperature. The stack of the junction has a base
thickness of 9.6 nm. The lateral size has been 6400µm2. The measurement has been
started at 10K. During the last measurement at room temperature the junction has
been destroyed.
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Figure 3.11: Effect ratios versus bias obtained from I/V-plots of the same junction
as to be found in figure 3.10 at 20K (refer to section 2.2.1). In this case a bias
dependency of the BMC-ratio can be anticipated.

dependent on this, especially when both spin channels are influenced equally. A
closer look at this fact will be taken in the next section.

Above 100K the signal becomes noisy and small. The BMC ratio exceeds the
TMR ratio only slightly and only at high bias, shown in figure 3.10 (e) and (f). The
increase of the collector current cannot only be explained by thermal energy variations
of electrons. This energy would be ≈25meV, which is too low. The fact that the ratio
emitter current to collector current IE/IC increases with rising temperature indicates
that the Schottky-barrier properties change. The only temperature dependent effect
which influences the barrier ideality factor are tunnel contributions, see equation
1.2.11.

Ballistic currents can be detected up to 330K, even though the signal is noisy
then and no systematical measurement series but only single measurements have
been taken.

3.1.3 Spin Attenuation Lengths in Cobalt

The measurement of spin dependent attenuation lengths in transition metals can be
taken by gathering the ratio of the collector current IC to the emitter current IE for
different base thicknesses and fitting equation 1.3.6. The following approximations
are necessary:
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• Possible influence of the oxide layer at the Cobalt/Gallium Arsenide interface
is neglected (see section 3.1.1)

• Possible inaccuracies induced by Cobalt growth are neglected (refer to section
3.1.1)

• The magnetic electrodes are assumed to be perfectly aligned.

The first estimation is legitimate because there is no spin dependent effect at this
oxide layer which could falsify the results. Only the total current is decreased.

The second approximation is acceptable because the TEM cross section picture
proves the correct calibration of the sputter rate, at least for this particular sample,
which has a comparatively thin layer.

The third item is also reasonable, because all measured major-loops showed a
plateau in an antiparallel state. This is a strong indication for a good alignment.

The approach of fitting equation 1.3.6 is only justifiable if enough data, especially
for very thin layers, are available. Otherwise, the fraction of the antiparallel polarized
current can almost be neglected. In this thesis, the attenuation lengths are calculated
from the data measured in parallel alignment of the TMR junction’s electrodes. In
antiparallel configuration, the noise is too large to obtain supplementing information.

Plotting the ratio of collector current to emitter current IC/IE versus the base
layer thickness shows an exponential decay. Plotting the IC/IE-axis logarithmically
shows a linear dependence, see figure 3.12(a). If the influence of minority electrons is
neglected, which is reasonably above a certain threshold for the base layer thickness,
the slope of this linear plot can be evaluated. Assuming λ↑↓ = 10 Å as an approxi-
mation, it can be calculated that only ≈ 4% of the electrons at a base layer thickness
of 4 nm would be minority electrons. At 5 nm it is only 1.8% of the current. Thus
neglecting this fraction is an adequate approach. The result of the linear regression
of base thicknesses ≥ 6 nm in figure 3.12 is λ� = 60± 9 Å 2.

It is also possible to make an approximation of λ↑↓:
The transmission coefficient at an imaginary base thickness of 0 nm, extrapolated

from the linear graph, is T� = 5 · 10−5. Due to the fact that the influence of the
antiparallel polarized electrons is neglected by this plot, the real total transmission
factor is higher. This transmission T� is in the strict sense T� · (0.5 + 0.5· PE) 3.
Assuming the spin-polarization of Permalloy to be 53%4 it is possible to estimate as
follows:

2The fit has been accomplished with the regression wizard of Sigma Plot 2001 v. 7.101
3In the following it is assumed that T� = T↑↓.
4The experimental value of 53% at 10 K can be found in the literature [20].
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Figure 3.12: Plot of the current ratio IC/IE versus the base layer thickness. The
currents are measured in parallel configuration of the ferromagnetic electrodes. All
data have been measured at 10K and 1.2V bias. From the slope of the red dashed
line λ� can be quantified (the influence of minority charge carriers is neglected):
λ� = 60 ± 9 Å. Also neglected for the regression are the values below 6 nm base
thickness. The grey graph is a plot of equation 1.3.6 using λ� = 60 Å and λ↑↓ = 10 Å.

Ttotal = T� · (0.5+0.5 ·PE)+T↑↓ · (0.5− 0.5 ·PE) = 5 · 10−5 +1.5 · 10−5 = 6.5 · 10−5

5

For that reason it is maintainable to implement a point to the regression with
the coordinates t=0 nm and IC/IE = 6.5 · 10−5. This additional data point allows an
approximation of the maximum λ↑↓.

Plotting a regression curve using equation 1.3.6 shows that reasonable fits are only
possible with λ↑↓ ≤ 20 Å. With higher values the graph does not comply with the
data. The grey graph in figure 3.12(a) is an exemplary plot of this equation using
λ↑↓ = 10 Å and λ� = 60 Å. The graph visualizes again the difficulty to quantify λ↑↓
from raw data.

The attenuation lengths in Cobalt have been experimentally determined before in
GMR experiments: λ� = 55 ± 4 Å and λ↑↓ ≤ 6 Å at room temperature [158].

With regard to BEEM-experiments, this result is not approved. Using this tech-
nique, λ� = 21 ± 1 Å and λ↑↓ = 8.3 ± 0.8 Å have been measured, again at room
temperature [108].

5These values are in good agreement with comparable experiments, e.g. [10]
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λ�(Å) λ↑↓(Å) Bias(V) Temperature(K) Source
Co 60±9 ≤ 20 1.2 10 this thesis
Co 21.0±1 8.3±0.8 1.3 RT [108]
Co 55±4 ≤ 6 RT [158]

CoFe 67.0±2.6 13±1 1.4 77 [10]
Fe 15±2 21±5 RT [158]

NiFe (81/19) 50.4±3 9±2 1.4 77 [10]
NiFe (80/20) 43.0±3 10±2 0.9 100 [112]
NiFe (80/20) 46.0±3 ≤ 6 RT [158]

Table 3.1: Review on experimentally found attenuation lengths in ferromagnetic ma-
terials. The data is measured with different setups, therefore a comparison might not
make sense. This might be a reason for the inconsistent values, especially for Cobalt.
The desired magnitudes should not be dependent on the measurement setup but on
the material, temperature and bias. Systematical mistakes or inapplicable experi-
ments might falsify these results. Note that the value of λ↑↓ is in some experiments
only approximated, e.g. in this thesis.

These experiments are substantially different. At first, during the BEEM-experiment,
the bias voltage was ≥ 1.3V while GMR-experiments are usually carried out at 10-
100mV. Secondly, the approach and evaluation is completely different.

The BEEM approach is very direct: The attenuation of the current is measured
versus the layer thickness. The deviant to values of other groups might be due to the
roughness of the layers, which can be seen in the BEEM images.

The GMR-experiment uses a pinned spinvalve characterized in CPP-geometry:
Current is injected from an exchange-bias coupled Nickel Iron layer through a spacer
into a ferromagnetic (again Nickel Iron) filter layer and subsequently into the so-called
”back layer” of which the properties are to be examined [158]. A similar setup has
been used before to perform spin-accumulation experiments on Gold [159].

Both experiments show in common: The minority electron attenuation length is
below 10 Å. In case of TMR/Schottky hybrid junctions, extremely thin base layers are
necessary for an adequate quantification; base layers thinner than 40 Å are impossible
to prepare with the setup used in this thesis, refer to section 2.1.2. Nevertheless the
majority electron attenuation length is easy to measure in ballistic experiments.

Table 3.1 shows a review on several experimental attenuation lengths in transition
metals. Only comparatively few data can be found in literature, especially at low
temperatures. For that reason, the results of this thesis are difficult to compare with



3.1 TMR/SCHOTTKY HYBRID JUNCTIONS 71

those from other experiments; the injection energy and the temperature are different.
Nevertheless, a qualitative comparison is possible:

• Most investigated ferromagnetic materials have λ� ≈ 40− 60 Å

• Usually λ↑↓ ≈ 5− 15 Å, therefore it is considerably smaller than λ�.

• The injection energy does not seem to be a dominant parameter on the attenua-
tion length (unless the energy is� 1 eV similar to most alternative experiments.

• No temperature dependence of the attenuation length is found.

The assertion of the last item is based only on few data from literature. For that
reason the next section presents the temperature dependent IC/IE ratio.

3.1.4 Temperature Dependent Scattering

According to Matthiessens’ rule and Mott’s prediction there should be a significant
difference of the temperature dependence of scattering for the two spin channels. At
low temperatures a term∼ T 2 in the resistance should occur due to electron scattering
at spin waves. At higher temperatures spin disorder should gain importance.

Investigating these effects using TMR/Schottky hybrid junctions ambiguous re-
sults are measured. Only a small change in the IC/IE ratio is measured. Figure
3.13 shows two plots of the collector current, normalized on the emitter current. The
relative current rises with increasing temperature. Due to Mott, the current should
drop, because of spin wave scattering.

IC/IE is dependent on three effects:

IC/IE ∼ f(λ↑↓,�(T ), Ttotal(T ), PE(T )) (3.1.2)

Ttotal is the total transmission through the Schottky barrier and PE the spin-polarization
of the emitter.

A temperature dependency of the attenuation length is nowhere to be found in the
scarce literature on transition metals, but in SVT junctions temperature dependent
spin wave scattering has been quantified [131]. These results cannot be approved in
this experiment. The IC/IE increases at high temperatures. If spin wave scattering
would be a dominating effect, this ratio should decrease.

The maximum value of the spin-polarization is found at low temperature. When
the spin polarization of the injected current is high, more electrons are collected in
parallel alignment of the magnetic layers. This effect should decrease IC/IE for high
temperature, too.
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Figure 3.13: Collector current normalized on the emitter current. Plot (a) is for a
4.2 nm and plot (b) for a 5.6 nm Cobalt base. The blue graph is the current in parallel
alignment, the red in antiparallel alignment of the electrodes. In plot (a) the electrical
connection to the junction seems to be instable, due to the large shift at 150K. The
relative collector current rises with increasing temperature.

The influence of the total transmission should be small, but as seen before the
BMC ratio decreases at high temperatures which might be a result of a change of the
Schottky-barrier properties. This proposition can be confirmed by figure 3.13: The
relative collector current increases at high temperature and thus the BMC ratio is
decreased, because this effect is not spin dependent.

3.2 Results from Tunnel-Barrier/Spinvalve/Schottky-

Barrier Hybrid Junctions

As already explained in chapter 1.5.3, instead of using the wafer-bonding technique
to create a SVT it is possible to integrate a spinvalve between a tunnel-barrier and
a Schottky-barrier alternatively. This hybrid junction should have the same spin-
filtering properties as the SVT. An interesting advancement of this setup is the
possible spin-polarized injection from another ferromagnetic electrode beyond the
tunnel-barrier.

The main obstacle in this particular experiment is to get a sufficient transmission
through the spinvalve stack. The spinvalve consists of three layers. Layer interfaces
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induce scattering of electrons which decreases the transmission. Furthermore the
total thickness of this stack is at least 10 nm, which reduces the ballistic current at
the collector.

For practical reasons it is renounced at this point to optimize an antiferromagnet-
ically coupled spinvalve6. The ferromagnetic layers are decoupled using a compara-
tively thick Copper interlayer instead. This leads to a well defined antiparallel state
of the stack, but the thickness of the Copper layer is yet another crucial parameter
on the transmission since the attenuation length is about 9-10 nm [94][102].

Figure 3.14 shows a TEM cross section picture of a test stack. According to the
calibration, the thicknesses should be:

GaAs / 4.0 nm Co / 3.9 nm Cu /3.5 nm Py / 1.8 nm AlOx. / 7.2 nm Ta

An analysis of the picture shows that all layer thicknesses but the Aluminum oxide
thickness are correct. In the TEM picture, this value seems to be 2.3 nm which is too
thick. The oxidation process is not adjusted to this thickness. The sputter calibration
has not been wrong due to the sample in the other TEM picture (figure 3.1), which
has been sputtered on the same day. This could be a hint for a specific property of
this stack.

For electrical characterization a slightly different stack has been sputtered:

GaAs / 4.0 nm Co / Cu 4.0 nm / 3.9 nm Py / 1.8 nm AlOx. / 4 nm Py / Cu / Au

The antiparallel state of the spinvalve is approved from other similar stacks by
MOKE. The sample is connected to the measurement box, similarly to TMR hybrid
junctions. Again the bias is applied at the tunnel-barrier and the ballistic current
observed at the second channel of the box.

Unfortunately, the measurement quality is limited by the reproducible low quality
tunnel-barrier, which has a tendency to over-oxidize in this stack. The Brinkman-
fit delivers ΦB = 1.5 eV, d=20 Å and ∆Φ = 0.08 eV; perfect barriers should have
ΦB =2.5-3 eV and d=18 Å and a low asymmetry. The area resistance was limited to
0.5MΩµm2. For that reason wire bonding directly on the upper electrode has been
impossible. Only cautious contacting with Gold tips has been used. This implicates
the impossibility of low temperature measurements.

Figure 3.15 shows a major-loop recorded with a hybrid junction. In the tunnel-
current (figure 3.15a) only the (in this case non-pinned) TMR major-loop can be

6A batch of substrate in this thesis has maximum eight 2” wafers. Using substrates from different
batches in one experimental series is not possible because the carrier concentration has a large error
bar and experiments are only reproducible with wafers from the same batch. For that reason it would
be irresponsible waste of material to carry out an optimization series for the exchange coupling each
time if the sputter device is equipped for these experiments.
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Figure 3.14: TEM cross section picture of a spinvalve in-between Gallium Arsenide
and Aluminum oxide layer. The tunnel-barrier is 2.3 nm thick here though it should
be 1.8 nm due to the sputter time. Because of the correct calibration (approved in
figure 3.1), this must be a specific problem here.
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Figure 3.15: Major-loops a of tunnel-barrier/spinvalve/Schottky-barrier hybrid junc-
tions. The tunnel bias has been 500mV and the measurement has been accomplished
at room temperature. a) Loop recorded at the tunnel-barrier. b) Loop recorded in
the ballistic current at the Schottky-barrier. The switching of the single layers is
visualized in c).
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observed. The spinvalve effect is not visible here due to the fact that the Permalloy
layer in the base is mostly removed during the Argon ion etching. The complete stack
only remains under the patterned tunnel-barrier. Moreover, the spinvalve major-loop
would vanish in this plot because the absolute resistance of about 20 Ω of the lateral
spinvalve is two orders of magnitude lower than that of the tunnel-barrier.

In the ballistic current (figure 3.15b) an additional state can be observed: Not
only the two ferromagnetic layers of the TMR-element but three layers switch inde-
pendently.

The arrows in figure 3.15c visualize the order of the single layers’ switching. The
major-loop can be interpreted as follows:

• Starting the major-loop at -60Oe all layers are parallel.

• The effect ratio increases at +5Oe in the tunnel and the ballistic current. So
the upper TMR electrode must have switched. The spinvalve is still aligned in
parallel.

• The ballistic ratio increases again at 32Oe to its maximum. Now the spinvalve
must have switched. The TMR is unchanged, so the lower spinvalve layer must
have switched.

• The TMR- and the BMC-ratio start decreasing again at 35Oe. The upper
spinvalve electrode (respectively the lower TMR-electrode) has switched. All
layers are parallel again.

The maximum effect amplitude is observed only in a small interval between ≈32Oe
and ≈35Oe. It cannot be proved that all layers are practically aligned perfectly
antiparallel in this state, but the existence of the state is clearly proved.

Due to the magnetic properties of the stack it is not possible to observe more states
of such a stack. With an antiferromagnetically pinned upper TMR-electrode or an
antiferromagnetically coupled spinvalve it would be possible to obtain an additional
state where the magnetic tunnel junction is magnetized in parallel position and the
spinvalve in antiparallel alignment; only the lowest layer is switched.

The ballistic current is more than 5 orders of magnitude lower than the tunnel
current. This value is consistent with TMR/Schottky-hybrid junctions with compa-
rable base thickness. The two additional interfaces inside the spinvalve stack seem to
have a minor effect on scattering.

Leak currents decrease the ballistic effect ratio at room temperature. The TMR-
ratio is only about 1.1% and the BMC-ratio about 1.4%. The ballistic effect ratio
again exceeds the conventional ratio.



Chapter 4

Ballistic Electron Emission

Microscope Experiments

This chapter contains the results of a fruitful cooperation between the Technical Uni-
versity in Vienna, department of Festkörperelektronik and the Universität of Bielefeld,
Department of Physics, D2 Nano Device Group. Non-patterned spinvalve samples,
prepared and characterized magnetically and electrically in Bielefeld have been inves-
tigated by BEEM in Vienna.

The experimental idea is similar to the one of the SVT-junction, but the electrons
are injected by a STM tip instead of a Schottky-barrier. For that reason the injection
(vacuum-) barrier is almost perfect.

4.1 Fabrication

BEEM spinvalve samples have to fulfill two major specifications:

• sufficiently thin stack

• clear switching behavior of the spinvalve

The injected (STM) tunnel current of a BEEM is small compared to the plane currents
in hybrid junctions. For that reason the net thickness of all layers should be as small
as possible to guarantee a sufficiently large collector current. On the other hand, the
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spinvalve should have a well defined antiparallel state and a protective layer to avoid
oxidation on top. A compromise of these converse conditions has to be found.

Chosen substrate and preparation method is the same as described in section
2.1.1. The deposition is obtained in the sputter apparatus described in chapter 2.1.2.
As a compromise for the necessary specifications the following stack is used:

4.5 nm Co/ 4.2 nm Cu / 3.5 nm Py /4.0 nm Au,

sputtered on Silicon doped (100) Gallium Arsenide. During the sputtering process,
a magnetic field is applied at the sample. It is aligned along the (100) direction of the
substrate. In that way, anisotropy induced by the substrate and easy axis induced by
the magnetic field have the same direction.

The 4 nm Gold layer is the protection against oxidizing. A 4 nm Gold film is the
thinnest definitely entirely homogeneous layer which can be sputtered. For the BEEM
experiment the Gold thickness is not crucial, the specific electron attenuation length
is comparatively high (λ=100-130 Å) at room temperature, determined by BEEM
[109] [110]), but the lateral GMR vanishes with thicker films completely due to the
decreasing resistance. Moreover, the tip can be damaged when oxidized areas are on
the sample: When the current at such an area decreases the tip is approached to the
sample until it crashes into the surface.

4.2 Magnetic and Electrical Characterization

In this case electrical characterization consists of recording major-loops in direction
of the easy axis of the induced anisotropy and in 90◦ rotated direction (just for
completeness reasons).

Figure 4.1 shows a typical GMR major-loop in easy axis direction. The GMR ratio
of 1.6% is as expected comparatively low; the thick Copper and Gold layer dominate
the lateral conductance. More important for this experiment is the switching behavior
of the magnetic films. The coercivity of each layer can only be anticipated from figure
4.1. A MOKE measurement delivers the exact coercive fields of each layer and is
stringent.

MOKE measurements ensure the magnetic separation of the Cobalt and the
Permalloy layer. Again the data is recorded in easy axis and hard axis direction.
Because of the thin protection layer MOKE is able to characterize this stack excel-
lently.

Figure 4.2 shows a typical MOKE graph in direction of the easy axis of the
anisotropy. The coercivity of the first layer is about 5Oe, the second switches at
35Oe. The graph proves that there are no more switching processes between 5 to
35Oe which is an indicator for a good antiparallel alignment.
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Figure 4.1: GMR graph of non-patterned a spinvalve, recorded with 50mV Bias. The
coercive fields can be anticipated.
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Figure 4.2: Magnetization characterization of the spinvalve obtained by MOKE. At
5Oe and 35Oe switching processes are monitored. Between theses coercivities the
magnetic layers are magnetized antiparallel. A decrease in the BEEM signal should
be monitored if the magnetic field is applied between 5Oe and 35Oe.
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4.3 BEEM Setup

The BEEM is equipped with a liquid Helium cryostat which can apply temperatures
between 4.2K and room temperature. Two Helmholtz coils are implemented to the
microscope to apply the magnetic field. Major- and minor-loops can be accomplished
during the scanning or during spectroscopy. A schematic sketch of the setup is shown
in figure 4.3.

A specially cut Gold wire is used as the STM tip. It is sharpened by a scalpel with
two cuts, performed in an angle of 90◦. Before any BEEM spectroscopy is started one
fast STM scan with low resolution is carried out. By doing so, potentially existing
double tips can be repaired because the tip shape changes slightly during such a
process. Subsequently the tip is evaluated by a scan with high resolution.

The signal from the modified STM head (shown in figure 4.4) is submitted by
shielded coaxial wires through a 1.5m long rod to the electronics. Both signals (STM
and BEEM) have to be amplified before they are evaluated by the applied electronics.
For practical reasons, it cannot be amplified near the measurement but at the end
of the rod, outside the cryostat. This leads to capacities which limit the speed of a
measurement due to crosstalk.

The STM signal is increased by a standard OP-circuit. In contrast the amplifica-
tion of the BEEM signal is non-trivial. The sample is on floating potential because
the tip is grounded. For that reason, the amplification has to be done by a special
floating electrometer, designed by R. Heer [160]. This instrument shows a bias in-
dependent output offset. Noise and thermal drift are low. The resolution is up to
±20 fA and it can also be used for fA measurements related to the ground. For a
detailed description refer to [160].

The presented BEEM measurements at room temperature are carried out in ambi-
ent atmosphere in contrast to most STM experiments in literature [161]. The applied
tunnel current must not fall below a threshold of 20nA to ensure a sufficient high
ballistic signal at the collector. Tunnel voltages VT < 1.2V are too low to guarantee a
current detection in antiparallel configuration of the magnetization. An antagonistic
problem occurs here: The signal in antiparallel configuration should be as small as
possible for good BMC ratios but it has to be sufficiently high for detection.
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Figure 4.3: Schematic sketch of a BEEM setup: Inside the liquid Helium cryostat (1)
a rod (2) is attached, equipped with the STM head (3) at its end. The sample (3a)
is fixed using conducting silver on the sample-holder (3b) which can be moved by
piezo crystals. All edges of the samples have to be accurately cleaved beforehand to
avoid shortcuts at that point. The sample holder has a contact to collect the ballistic
current. The tip (3c) is a sharpened Gold wire. The sample surface (the base,
respectively) is contacted by a gold wire (3d), which is carefully glued by Indium to
prevent destruction of the interface. The tip can approach the sample by a special
piezo-electric mechanism (3e). Outside the cryostat, two Helmholtz coils (4) apply
the homogenous magnetic field. Signals from the tip and the collector are submitted
by shielded wires inside the rod. Two measurement boxes (5) at the end of the rod
(outside the cryostat) edit the signal. The first is an amplifier for the STM signal.
The second is a special floating electrometer for the non-grounded BEEM signal.
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Figure 4.4: OMICRON scanning probe microscope used for BEEM experiments. This
device is additionally equipped with an AFM.

4.4 Results

BEEM is used in this thesis for three applications:

• spectroscopy of the ballistic transmission in a spinvalve with different magnetic
configurations of the layers

• magnetic major-loops of ballistic electrons

• mapping of ballistic currents versus the topography

Spectroscopy and magnetic major-loops have been accomplished at different tem-
peratures between 10K and room temperature. Topography scans have recently been
carried out at room temperature. Due to the small currents, accurate mapping is dif-
ficult at low temperatures for the comparatively thick stacks presented in this thesis.
An accurate BEEM picture at room temperature takes about six hours. Low tem-
perature scans would take much longer.

Before any scan the samples are saturated by the Helmholtz coils, so that the
magnetic configuration is defined in parallel.
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4.4.1 Spectroscopy and Magnetic Major-Loops

Figure 4.5(a) shows the collector current versus the tunnel bias at 0Oe and at 26Oe
magnetic field1. This spectrogram visualizes the different transmission in antiparallel
(26Oe) and parallel configuration (0Oe).

Figure 4.5 (b) is a major-loop recorded in the ballistic current. Using a tunnel
bias VT = 1.5V at room temperature the collector current in parallel magnetization
alignment is IC,P = 0.7 pA and IC,AP = 0.1 pA in antiparallel alignment; thus a BMC
ratio of 600% is observed. The signal-to-noise ratio is high due to the low collector
current. Related recent experiments by Lodder et al. show an analogical behavior
[162].

Figure 4.6 shows two typical major-loops recorded at 250K and at 10K. The
approximate absence of leak currents at the Schottky-barrier reduces the total current
to the net ballistic current at 10K. This fact and the higher spin-polarization lead
to less noise and larger ratio. Leak currents attenuate the signal because the total
currents in parallel and antiparallel magnetic alignment are both increased.

To observe this systematically, I/V-curves are recorded in the parallel and the
antiparallel state for different temperatures and the MC-ratio is calculated bias de-
pendent on this, see figure 4.7. Again, when the temperature is decreased the signal
increases at the cost of the total current. Additionally, this spectroscopy contains the
energy dependence of the MC-ratio.

Equation 1.5.2 can be used with the attenuation lengths obtained in chapter 3.1
and the values from Parkin et al. to estimate a maximum BMC ratio of about 1400%
for this particular stack [10]. Including the 8% error bar of the sputter calibration the
effect amplitude is predicted to be 1400%±500%. The experimental value is 800% at
10K, which is in good agreement to the prediction, refer to figure 4.7.

4.4.2 Topography and BEEM Pictures

Figure 4.8 shows the difference between parallel and antiparallel alignment of the
magnetic films in a typical BEEM picture. An external magnetic field switches the
magnetization of one layer during the scan. While the topographic STM picture
remains unchanged the BEEM picture changes abruptly when the coercivity of one
layer is crossed and the spinvalve is in antiparallel configuration.

1Though the sample is the same which is characterized in the MOKE graph figure 4.2 the co-
ercivity is different. This might have two reasons: First, the field in the cryostat is not measured
but calculated from the (calibrated) current. Second, the angle between coils and easy axis of the
anisotropy might be chosen slightly different in both measurements. It is difficult to make a better
alignment than ±5◦ in both cases.
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Figure 4.5: (a) Collector current versus tunnel bias with constant magnetic fields 0Oe
and 26Oe at room temperature. When no magnetic field is applied and the sample
has been saturated before, the magnetization of both layers is aligned parallel; the
collector current increases with rising bias. In antiparallel configuration, the collector
current increases less; more electrons scatter in the base, loose energy, and cannot
pass the Schottky-barrier. Additionally, a schematic sketch of the setup is shown.(b)
Collector current versus magnetic field with constant bias of 1.5V. The major-loop
shows an effect amplitude of 600%
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Figure 4.6: Two typical major loops at 250K and 10K, both recorded with VT = 1.5V
and IT = 20nA. The noise is less at 10K because of the decrease of thermal leak
currents.
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Figure 4.7: Local magneto current MC plotted as a function of the tunneling voltage
at temperatures of T=10K, 70K 139K, 190K, 250K and T=300K, respectively. An
offset was added for better viewing. At room temperature the maximum BMC ratio
is 400%, at 10K 800%.
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Figure 4.8: 400× 400nm2 topography and BEEM picture of spinvalve sample (VT =
1.8V, IT = 20nA, T = 300K). The image resolution is ≈1 nm per pixel. During the
scanning process the magnetization of one layer is switched by an external magnetic
field. (a) Topography. No change can be observed. (b) Corresponding collector
current picture. The switching process is visible.

Dust on top of the sample, to be seen in the topography, shields the current and
can be identified as a ”shadow” in the BEEM picture, but only in the part where both
layers are magnetized in parallel. Moreover this picture demonstrates the resolution
of this technique which is not yet on its limit at this point. Obtaining better high
resolution pictures is at first only a question of time with regard to the measurement,
which might be limited by external properties.

In figure 4.9 magnetic domains formed at a film imperfection are shown. The four
pictures are a series recorded during a minor-loop2. The imperfection seems to be
a scratch, due to the locally high transmission in any magnetic configuration of the
spinvalve. The resolution is ≈8 nm per pixel.

The minor-loop is started at a high field so that both layers are magnetically
aligned in parallel (a). When the magnetic field is near the coercivity of the magnetic
soft layer, domains are formed at the imperfection (b). The switching process is
constricted by local fields. When a critical magnetic field value is passed, the whole
layer switches and the spinvalve is in antiparallel alignment (c). Nearly no current can
pass the Schottky-barrier and the BEEM picture is dark. The field is decreased again

2Scanning one BEEM picture in good quality and high resolution takes hours of time. For that
reason, the field has not been changed constantly, as in a common minor-loop, but gradually to
reasonable values.
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Figure 4.9: Series of four 4 × 4µm2 BEEM pictures of a spinvalve sample, recorded
during a minor-loop cycle (VT = 1.8V, IT = 20nA, T = 300K). A film imperfection
captures magnetic domains. (a) Both layers are magnetized in parallel (angle 0◦) and
the magnetic field is sufficiently high. The imperfection does not affect the magne-
tization. (b) Near the coercive field of the magnetic soft layer a magnetic domain
is formed. The scratch pins the magnetization by its stray fields. From the reduced
transmission through the spinvalve, visualized by the darker color, the mean angle
between the layers’ magnetizations can be approximated. The magnetization of the
layers has rotated ≈ 25◦. (c) In antiparallel magnetization alignment (angle 180◦),
the imperfection is well visible but does not affect the surrounding area. (d) Decreas-
ing the magnetic field leads again to the formation of a domain. The alignment of
the remaining area does not seem to be perfectly parallel, due to the low transmis-
sion (compared to picture (a)). The mean angle between the magnetizations can be
approximated from the collector current to be at ≈ 65◦.
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and crossing the critical field leads to domain formation again (d). The transmission is
not the same as in picture (b) because the magnetization of the film is not saturated;
as mentioned above the sample is saturated prior to each measurement by applying
a sufficiently high magnetic field. The mean angle between the magnetic layers can
be approximated from the transmission.

The investigated domain is a result of a scratch in the film. Stray field effects,
which are known from the edges of patterned magnetoresistive junctions, affect the
magnetic layers during the switching process. One layer is locally pinned by these
fields while the other is aligned along the external field. This leads to a locally
antiparallel configuration of the spinvalve; the transmission is low and the BEEM
picture is dark at that point. The domain wall is a Neél wall. The energy to build
up a Neél wall is less than the energy of a Bloch wall inside such a thin film [163].
Furthermore, a Bloch wall would require ≈ 300 times the lattice constant to change
the magnetization direction 180◦ [164]; this should be visible as a continuous change
in the contrast, disturbed on a distance >50 nm.

The only comparable experiments in the literature are BEEM spectra of spinvalves
by Haq et al. and BEMM domain mapping of a Co/Cu/Co trilayer by Rippard et al.
[162] [127] [108].

Haq’s experiment is similar to the presented spectra; the results are similar, too.
In contrast to the spinvalve used in this thesis, the collector is a silicon substrate,
which is covered with 7 nm Gold. By doing so, a high quality Schottky-barrier is
fabricated, but the total transmission is reduced. For that reason, the signal-to-noise
ratio of the major-loop is comparatively low.

In Rippard’s experiment BEMM pictures of a 3 nm Co/4.5 nm Cu/3 nm Co/0.9 nm
Cu/7.5 nm Au stack on silicon are taken at different magnetic states. The formation
of domains is visible near the coercive field of the films. The transmission is evaluated
and compared with that of trilayers with other Cobalt thicknesses. From the results
attenuation lengths in Cobalt are calculated, see Table 3.1. The resolution of the
images presented in this thesis and Rippard’s BEMM pictures is approximately the
same. The BMC ratios measured by BEEM in this thesis, also support the measured
attenuation length values.



Chapter 5

Summary

The use of modified MR-junctions as ballistic electron injection tools is outlined in
this thesis.

First TMR/Schottky hybrid junctions on Gallium Arsenide are presented. These
junctions can be fabricated reproducibly with varying base thickness. They are used
for investigations on the electron transport in transition metals. It is shown that the
ferromagnetic base electrode spin-filters the electrons. The ballistic current decays
exponentially in this layer. The resulting BMC-ratio is in the expected magnitude.
Spin-attenuation lengths in Cobalt could be quantified: λ� = 60±9 Å and λ↑↓ ≤ 20 Å
at 10K and 1.2V bias. This result is consistent with comparable experiments on
Cobalt (BEEM, GMR). It is shown, that the attenuation lengths are bias dependent.
Also the transmissions into the substrate comply with other publications.

The TMR/Schottky hybrid experiment is a good method to determine spin-
polarized ballistic currents and characterize them. These junctions could be utilized
as sources of spin-polarized currents in possible applications. The spin-polarization of
the current inside the base layer can converge to 100%, dependent on the thickness of
the base. It remains to be shown if this current is really injected in the spin-polarized
way into the semiconductor. This experiment should also deliver the sustainment
inside the substrate.

The fabrication of tunnel-barrier/spinvalve/Schottky-barrier hybrid junctions has
been executed in almost the same manner as the fabrication of the TMR/Schottky
hybrid junctions. In contrast to Parkin’s MTT- and Lodder’s SVT-junction this
thesis presents a setup where the current is injected spin-polarized into a spinvalve.
Three independent states of the ballistic current amplitude can be observed, which
correspond to the two TMR-states and an additional spinvalve state. Quantitatively
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the results are not different to the room temperature results of TMR/Schottky hybrid
junctions. Both suffer from leak currents outside cryogenic ambient conditions. The
multiple states of the collector current are another interesting improvement of the
basic idea.

BEEM-sample preparation has been made without lithography. BEEM is pre-
sented as a high resolution microscope and spectroscope to observe several ballistic
effects and to map magnetic domains in magnetoresistive junctions, here spinvalves.
It delivers major-loops in the ballistic current, recorded in sub-nanometer areas of a
sample [162][165].

In this thesis BEEM spectra at different temperatures are shown. The BMC ratio
of the collector current is up to 800%, which corresponds well with the theory. Again,
the bias dependence of the BMC ratio is demonstrated. The mapping of magnetic
domains has also been shown. The maximum pixel resolution of the presented BEEM
images is about 1 nm at a current resolution of 10 fA.



Chapter 6

Outlook

The essential requirements for spintronic semiconductor devices are:

• Efficient injection of spin-polarized electrons into a semiconductor

• Negligible spin-depolarization during transport

• An electronic detection element

All these requirements should be fulfilled by sub-micron scale junctions.
This thesis concentrates on the first prompt. Consequently an interesting contin-

uation of this work would be the investigation and maybe application of the high spin
polarized current inside the semiconductor. At first the spin diffusion length in the
substrate could be determined. Until now all experiments concerning this topic have
been accomplished using optical detection. The degree of circular polarization of the
electroluminescence emitted by a LED allows the direct determination of the spin
polarization of the injected carriers [166][167]. The polarization of the current can be
accomplished using dilute magnetic semiconductors or ferromagnetic layers grown on
the substrate for those experiments [19][168]. In this setup the analyzer is grown in
the Gallium Arsenide and can thus be located arbitrary near to the emitter without
complex lithography.

Alternatively a TMR/Schottky hybrid junction could be integrated into a setup,
similar to that proposed by Das and Datta [14]; for a schematic sketch of this upgraded
configuration see figure 6.1.
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Figure 6.1: Schematic sketch of a setup to analyze spin diffusion. The TMR bias V1

injects the current into the substrate. V2 is a small bias to force the electrons to the
analyzer. The distance d, the current has to pass through the semiconductor, can be
varied to measure the diffusion length. The MR-ratio measured at the analyzer can
be used to quantify the spin-polarization. In a Das/Datta transistor a Schottky gate
would be between the injector and the analyzer.

The referred experiment is highly discussed due to the search for a possible solution
for the fundamental obstacle for electrical spin injection from a ferromagnetic metal
into a diffusive semiconductor, demonstrated by Schmidt et al. [18]. As mentioned in
the preface, lateral spin transistor devices show a degree of spin-polarization limited
to ≈ 0.1% [15][16][17]. In the literature two possible approaches are mentioned to
circumvent this dilemma and build a working spin transistor:

• Injecting with 100% spin-polarization.

• Adapting density of charge carriers.

Schmidt concludes from his results that ”...for efficient spin injection one needs
a contact where the spin-polarization is almost 100%”; he concentrates on the first
item. E.g. half-metallic alloys like Nickel Manganese Antimony have been proposed
as a candidate to inject directly [169]. Calculations on the band-structure of this
Heusler-alloy predict a bulk spin-polarization P=100% as an intrinsic property [170].
However experimentally obtained values for P are 28% in a tunnel junction experi-
ment and 58% measured with superconducting point contacts [171] [172]; this is no
crucial advantage to simple ferromagnetic layers. Recent TMR experiments confirm
these results [173]. In these works one electrode of a MTJ has been a Heusler-alloy.
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The TMR-ratio at 10K is 95%; assuming 50% spin-polarization for the metal elec-
trode as an approximation (Cobalt Iron 70/30, refer to [20][174]) the spin-polarization
of the Heusler alloy can be estimated as 66% in this case, according to equation 1.1.7.
With 100% spin-polarization 200% TMR-ratio would be expected. Even if a per-
fect Heusler-alloy would be fabricated, there are new obstacles in this approach: To
fabricate such samples an annealing process during the deposition is necessary. The
substrate is heated up to 450◦C to achieve the necessary Heusler phase, for details
refer to [173]. It might be implausible that the half-metal/semiconductor interface is
of sufficient quality in such a junction because of diffusion processes; nevertheless de
Groot et al. are confident that it is possible to restore the Heusler properties at the
interface by proper engineering [169].

Rashba’s proposal concentrates on the second item: He suggests the preparation
of a tunnel barrier between metal and semiconductor [175]. The reduced injected
(tunnel-) current effects an adaption of the charge carrier densities. Due to the
difficult fabrication of this junction until now no experimentally breakthrough has
been published. The controlled reproducible oxidation directly on a semiconductor
substrate is challenging because of charge effects during the process. Furthermore the
barrier must be sufficient thick and homogeneous for an eligible injection.

The highly polarized and small current in TMR/Schottky hybrid junctions or
in BEEM experiments might be an alternative approach to this experiment. Both
approaches, small current and moreover high polarization, can be achieved this way.
Furthermore the injection energy is above Fermi level. First work on this has recently
been started by Lars Tiemann [136]. His thesis mainly concentrates on the fabrication
of Rashba-junctions and similar setups. It is shown that for ambient temperature and
temperatures above spin-polarized currents can be detected in the semiconductor,
but again with weak effect-ratio. First steps for the proposed TMR/Schottky hybrid
junctions device have also been accomplished.

The main challenge to perform a spin-injection experiment is the fabrication of an
appropriate analyzer. Usually, it is a ferromagnetic layer which should have different
coercivity than the layers of the hybrid junction. This can be achieved for instance by
utilizing shape anisotropy, which does not require additionally sputter but lithography
steps; for practical reasons lithography is the favored process.

In fact the analyzer is the weak point in every spin injection experiment, especially
in lateral setups like the Das/Datta-transistor. For that reason the LED-experiment
has already been successfully upgraded with a TMR/Schottky hybrid junction as
injector, as mentioned in the preface [13].
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Alternatively to complete LEDs, single quantum wells could be integrated into
the substrate. BEEM experiments on quantum wells with unpolarized current have
already been accomplished by the cooperating group in Vienna [176]. Burying those
structures under MTT-junctions, hybrid junctions or alternatively spinvalves for
BEEM investigations is an interesting advancement in spintronics: The spin-polarized
injection of currents into single quantum wells.

For applications it would be interesting to transfer the existing junctions to Silicon
substrates. The spin relaxation time is orders of magnitude higher than in Gallium
Arsenide. Optical detection by LEDs is difficult in Silicon, but in this case a magnetic
analyzer might be more effective than in Gallium Arsenide. Furthermore Silicon based
devices are more attractive for industrial applications due to the long experience with
this material.
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und Sven Kämmerer für Unterstützung im Labor und Diskussionen. Der Mechanik

Werkstatt und besonders Dieter Gollay aus der Elektronik Werkstatt danke ich eben-

falls für die unkomplizierte und kreative Hilfe.

Außer von den Kollegen in Bielefeld habe ich von zwei weiteren Gruppen Un-
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