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Chapter 1

Introduction

The emerging field of spin caloritronics 2!, which focuses on the interaction
between spin and heat transport in materials, has gained strong interest in
recent years. Primarily the prospect that thermal spin transport enables new
mechanisms for thermal-to-electric energy conversion, makes the investiga-
tion of spin caloritronic effects particularly interesting for energy conversion
applications, e.g., waste heat recovery in modern electronics. A promising
approach to attain this objective is the tunnel magneto-Seebeck (TMS) effect.

The TMS effect was predicted from ab initio theory by Czerner et al.[®!
and experimentally discovered by Walter et al.[*) and Liebing et al.'®! in
Co-Fe-B/MgO/Co-Fe-B magnetic tunnel junctions (MTJs) in the year 2011.
MTJs are nanopatterned spintronic devices that consist of a nanometer thick
insulating tunnel barrier (e.g., MgO) sandwiched between two ferromag-
netic electrodes (e.g., Co-Fe-B). The fundamental mechanism behind the
TMS effect is the altering of the Seebeck coefficients in an MTJ when the
relative alignment of the magnetizations of the electrodes is reversed. If a
temperature gradient is applied to the MTJ, this altering of the Seebeck coef-
ficients can be observed as a change of the Seebeck voltage. No additional
power source that provides a bias voltage is needed to obtain this signal.
Thus, the readout of the MTJs by the TMS effect allows the use of waste
heat generated in electronic devices to operate, e.g., memories or sensors,



1. Introduction

without an additional power source. This makes the TMS effect particularly
interesting for reducing the power consumption of future electronic devices.

One important benefit of the TMS effect, compared to other spin caloritronic
effects, like the Spin-Seebeck effect!®7] is the fact that it is observed in MTJs,
which are already implemented in up-to-date electronic devices, such as
hard discs or random access memories. Today, the readout of these de-
vices is performed via the tunnel magnetoresistance effect (TMR) under
an externally applied bias voltage. The TMR effect describes the change
of the resistance of an MTJ depending on the relative magnetization ori-
entation of its ferromagnetic electrodes. It was first discoverd by Julliere
using Fe/Ge-O/Co tunnel junctions in 1975!®!. Today, the insulating layer
mostly consists of amorphous Al,O, or crystalline MgO!*'%) in combination
with a wide range of electrode materials, such as ferromagnetic alloys !,
Heusler compounds!'?, superconductors'*®), and even antiferromagnets'*.
Intense research has led to stable logic devices with effect ratios of several
hundred percent. The versatility and robust nature of MTJs has made them
the backbone of modern spintronics >, Carefully designed MTJs enable
effects like spin-transfer torque or spin-orbit torque switching. These dis-
coveries opened a broad field for new devices, such as the magnetoresistive
random-access-memory (MRAM). This variety of new effects in combination
with the adaptable material parameters of MTJs makes them particularly
interesting for the use in spin caloritronic devices.

Although these facts already reveal the large potential of MTJs, the rela-
tively new spin caloritronic counterpart to the TMR effect, the TMS effect,
has gained relatively little attention when considering the development of
new devices. The reasons for this lack of interest are most likely due to the
low Seebeck voltages of only a few microvolt, and the low effect ratios of only
a few percent, being much less than for the established TMR effect. However,
so far only Co-Fe or Co-Fe-B based MTJs with MgO or Al,O, barriers have

d #5172 These material combinations have proven to be

been investigate
ideal for high TMR effect ratios. Nonetheless, this does not necessarily imply
their suitability for the generation of high TMS effects, due to the different
transport mechanisms . Accordingly, it is not surprising that recent ab initio
calculations by Geisler and Kratzer[?®! predict higher TMS effects for MTJs

that contain half-metallic Heusler compound electrodes.



The scope of this work is, to obtain a simplified, yet accurate model
for the prediction of high TMS effects to enable a fast material screening.
Furthermore, this study aims at an experimental evidence that MTJ devices
with tailored density of states (DOS), in particular with half-metallic Heusler
compound electrodes, can significantly improve the TMS effect.

In order to obtain information on the thermoelectric transport in the MTJs,
the Landauer-Biittiker formalism?”! is applied and the influence of different
DOSs on the size of the Seebeck coefficients and the TMS effect is evaluated.

To prove the feasibility of the proposed material parameters, the TMS
effect is investigated using a number of different methods and on various
types of MTJs. In this context, firstly, a new method for shifting the chemical
potentials through the DOS of the electrodes by using an external bias
voltage and simultaneously determining the Seebeck effect in the MTJs is
introduced. Secondly, it is investigated whether the nearly half-metallic
Heusler compounds Co,FeAl and Co,FeSi provide the desired high TMS
ratios.

This thesis is organized as follows: In Chapter 2 the theoretical foundation
for the effects that are treated in the experimental sections are presented.
This includes a detailed introduction to the TMR and Seebeck effects. With
this knowledge the TMS effect is derived, and a model, based on the DOSs
and the transmissions of the MTJs in the Landauer-Biittiker formalism, is
elaborated. This includes a method to obtain the TMS effect size from the
shape of the DOS. Additionally, the nonlinearized Landauer-Biittiker for-
malism is used to investigate the TMS effect under an applied bias voltage.
Furthermore, the nonlinearized formalism can be applied to study the influ-
ence of the temperature dependent shifts of the chemical potentials in the
electrodes on the Seebeck coefficients.

In Chapter 3 the methods and techniques necessary for the experimental
observation of the TMS effect are introduced. This chapter concentrates
on the optical and electronic setup, and links the theory to the applied
techniques. It also explains the sample design and the methods necessary for
the preparation and characterization of the samples. Furthermore, COMSOL
simulations are proposed for determining the temperature profile in the
MTJs.
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Chapter 4 presents the results obtained with the methods in Chapter 3. It
begins with basic TMS experiments on Co-Fe-B/MgO/Co-Fe-B MTJs. This is
followed by a discussion of the temperature profile in the MTJs for different
heating scenarios. After this more general insight into the TMS effect, the
analysis focuses more detailed on the connection of the TMS effect to the
DOS of the MTJs. First, the behavior of the TMS effect under an applied bias
voltage is revealed. This section of Chapter 4 also compares the experimental
determined dependence of the Seebeck effect on an external bias voltage to
the predicted results from the model in Chapter 2. Second, the TMS effect in
Heusler based MTJs is investigated and compared to Co-Fe-B based MTlJs.
This includes a connection to the model, that has been derived from the
Landauer-Biittiker formalism and the DOS in Chapter 2.

Finally, Chapter 5 summarizes the theoretical and experimental findings.
It also gives an overview of ongoing experiments, and an outlook on new
ideas for future investigations.



Chapter 2

Theoretical background

The TMS effect complements the well established TMR and charge Seebeck
effects. Hence, a basic understanding of both effects is of significant im-
portance for elaborating a theoretical framework. The precise descriptions
of these effects are unavoidably connected to the concept of the density of
states (DOS). Whereas atoms exhibit discrete energy levels, in periodic solids,
that consist of a large number of atoms, these energy levels form bands.
The exact shapes and positions of the bands are determined by the periodic
lattice of the solid, e.g., its crystal structure, and the type of atom at each
position of the lattice. Still the concept of bands does not yet clarify how
many states are available for electrons. For gaining a number that describes
this property, it is necessary to evaluate the number of electronic states that
are available in a certain energy interval. This is taken care of by the DOS,
which represents the number of available electronic states per energy (%%,
The DOS largely determines the electronic properties of solids. Insulators,
for example, exhibit a gap in the DOS that is too wide for charge carriers to
be excited into the conduction band. Thus, they cannot conduct electrical
current. In metals, the conduction bands are partly filled by electrons al-
lowing an easy excitation of electrons into higher states and an easy charge
transport. In semiconductors, a smaller gap is found than in insulators. This
gap allows a thermal excitation of charge carriers from the valence bands
into the conduction bands. For ferromagnets, e.g., the electrodes of the MTJs,
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the DOS is different for spin-up and spin-down electrons [*®!

. In general,
more states are available for spin-up electrons in the majority DOS, than for
the spin-down electrons in the minority DOS. This imbalance between the
two spin species explains the presence of the macroscopic magnetic moment
of ferromagnetic materials. Furthermore, the abundance of one sort of spin
can lead to a spin-polarized charge transport in ferromagnetic materials.

In the first two sections of this chapter, the TMR effect and the charge
Seebeck effect are explained based on the DOS. In the second part of the
theory chapter the TMS effect is introduced. First, it is discussed in a similar
fashion as the TMR and charge Seebeck effects, by using the DOS. Afterwards,
the Landauer-Biittiker formalism is presented. It combines the concept of the
charge Seebeck effect based on the DOS with the tunneling process in the
MTJs. In other words, this formalism connects the DOSs of the electrodes to
the electronic properties of the tunnel barrier. The linearized form of this
formalism is particularly useful for the derivation of the transport coefficients,
i.e., the conductance and the Seebeck coefficient, of the MTJs. Hence, this
linearized form is used to discuss the size of TMS effects for different material
combinations by comparing their DOSs and transmissions.

The nonlinearized form of the Landauer-Biittiker formalism allows the
implementation of two gradients across the barrier, e.g., a temperature
difference and a voltage drop. This description is applied to treat the bias de-
pendence of the TMS effect and the influence of the temperature dependence
of the chemical potentials in the electrodes.

2.1. Tunnel magnetoresistance

Before immersing more deeply into the subject of spin caloritronic effects
in MTJs, this section provides a basic introduction to the well establish
spintronic effect in MTJs known as tunnel magnetoresistance (TMR). It is
crucial to understand the physics behind the TMR effect to pinpoint the
differences and similarities between the TMR effect and its spin caloritronic
counterpart, the TMS effect (section 2.3), as both are observed in equivalent
sample structures. The following sections present a summary of the most
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important theoretical background for the TMR effect, as it can be found in,
e.g., Refs. 16 and 29.

Figs. 2.1a and b sketch the schematic cross section of an MTJ consisting
of two metallic ferromagnets separated by a thin insulating layer. The
insulator acts as a tunnel barrier for charge carriers traveling between the
two ferromagnetic electrodes. The indicated tunneling current is driven
by an external bias voltage Vi, applied to the electrodes, allowing the
determination of the resistance of the MTJ. Fig. 2.1a depicts the MTJ in a
state with the magnetization of both ferromagnets aligned antiparallel. For
most material combinations this is the state of high resistance. When the
magnetization direction of one of the ferromagnets is reversed (Fig. 2.1b)
a parallel orientation of the two magnetizations is achieved, and the MTJ
reaches its state of low resistance. For simplicity, in the following these two
characteristic states are referred to as the antiparallel (ap) and parallel (p)
state of the MTJ with the resistances R,, and R,, respectively. To size the
change of resistance the effect ratio (TMR ratio) is defined:

Rap - Rp
TMR = —R (2.1)

2.1.1. The TMR in the free electron model

The first simple explanation for the origin of the TMR effect was given by
Julliere!®). According to his model, the origin of the high and low resis-
tance states can be attributed to the spin-polarization of the ferromagnetic
electrodes and spin-polarized tunneling through the barrier. This simplisitc
model has been extended by Slonczewski[**) by employing the DOS of the
ferromagnetic electrodes D(E) and the elastic tunneling through a rectangu-
lar potential barrier to deduce the currents crossing the MTJ. The DOSs of
the individual ferromagnetic electrodes are described by the DOS of a free
electron gas® D(E) oc VE as sketched in Figs. 2.1c,d. The ferromagnetism
of the electrodes is introduced by the exchange splitting, which relatively
shifts the DOSs for majority (spin-up) and minority (spin-down) charge
carriers. As the applied bias-voltage moves the DOSs left and right of the
barrier up or down in energy, the chemical potential u of one electrode lies
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a High resistance b Low resistance
5 ——
v\\ oW barrier ) high
current FM 1/ current
c E E d E E

DOS FM1 DOS FM2 DOS FM1 DOS FM2

Figure 2.1. The tunnel magnetoresistance effect: Schematic drawing of an MTJ
with bias voltage source and ammeter with, a antiparallel, and b parallel magneti-
zation alignment of the ferromagnetic (FM) electrodes. ¢, d Corresponding density
of states (DOS) of the MTJ. The white arrows indicate the direction of the magnetic
moments of the electronic states. The black arrows represent the currents crossing
the tunnel barrier for each spin orientation. The thickness of the arrows mirrors the
size of the current.

lower in energy with respect to the other, allowing electrons to tunnel from
occupied into free states.

Since an intermixing of the conduction channels for spin-up and spin-down
charge carriers is excluded, this model can be regarded as a two current
model for the two spin channels. The current per channel is proportional
to the quantity of occupied initial and unoccupied final states with the
same spin within the energy interval between the chemical potentials of the
electrodes. In the ap state (Fig. 2.1c) the tunnel probability is small, because
the electrons travel between the majority DOS of one and the minority DOS
of the other ferromagnet resulting in a small number of either initial or final
states close to the chemical potentials. However, in the p state (Fig. 2.1d)
the number of initial and final states in the majority states is large, such that
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a large number of spin-up (red) electrons can tunnel. The resulting current
is increased compared to the ap state generating the difference in resistance
between these two states.

2.1.2. Coherent and incoherent tunneling

In addition to the DOSs of the ferromagnetic electrodes, the electronic struc-
ture of the barrier influences the tunneling process. A more detailed review
of the influence of the barrier is given in Ref. 29, which serves as a basis for
this section. For example, electrons tunnel differently trough an amorphous
AlO, barrier than through crystalline MgO[2>%2%]  This difference can be
attributed to the coupling between the Bloch-states of the electrodes and the
evanescent states of the barrier. As amorphous AlO, exhibits no preferred
crystallographic symmetries, Bloch-states with different orbital symmetry
can couple equally well to evanescent states in the barrier and, thus, have
similar tunneling probabilities. This process is called incoherent tunneling.

MgO, however, possesses distinct symmetries, because of its crystalline
structure. Consequently, Bloch-states from the electrodes with A; symmetry
can effectively couple to the evanescent states in the barrier, resulting in a
coherent tunneling. This coherent tunneling enhances the tunneling proba-
bility for the A, states, which hold a higher spin-polarization in commonly
used ferromagnets (e.g., Fe(®¥ Co (%!, Co-Fe!'% Co-Fe-B[**%7) and Heusler
compounds *®)). Therefore, the TMR ratio of MTJs with an MgO barrier is
increased compared to amorphous barrier materials (e.g., AlO,). Recently,
the benefical effect of coherent tunneling on the TMR has also been reported
for Mg-Al-O barriers [3%4%,

2.2. Charge Seebeck effect

After the basics of electron tunneling between two ferromagnets under an
applied bias voltage have been introduced in the last section, this section
gives an overview on the thermoelectric transport, or Seebeck effect, in
conductors. It is based on Refs. 28,41,42.

The classical or charge Seebeck effect was discovered by Thomas Johann
Seebeck in the year 1821. Phenomenologically, it describes the generation



2. Theoretical background

Material A

E Material B g|d

E—

Figure 2.2. Thermocouple consisting of materials A and B with Seebeck coefficients
of opposing sign. The cold junctions are connected to a voltmeter that measures
the total effective difference in the electric potential along the whole conductor
loop 431,

of a voltage along a temperature difference AT in a metal or semiconduc-
[41.42] " The Seebeck voltage or thermovoltage V is proportional to the
temperature difference and the Seebeck coefficient S:

tor

V =-SAT (2.2)

Since this effect is the basis for all spin caloritronic effects that include
charge transport, e.g., the TMS effect, this section provides a summary of
the most important concepts. This should enable the reader to qualitatively
understand the connection of the size of the Seebeck coefficients with the
density of states and the occupation function.

2.2.1. A practical view of the Seebeck effect

Experimentally, Seebeck voltages are usually determined using a thermocou-
ple (Fig. 2.2), i.e., a conductor loop consisting of two materials A and B with
different Seebeck coefficients S, and S;. At one junction the thermocouple is
heated to the temperature T,,,, while the other ends of the conductors are
connected to the ports of a voltmeter at a lower temperature T,,4. The total
voltage measured by the voltmeter is

V = (SB - SA) . (Thot - Tcold) . (23)

10
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AT
hot - oeessssmm cold
i Vi )
— = e
; fast E slow :

Figure 2.3. Thermal diffusion: Electrons diffuse to the cold end of the conductor.
The accumulation of negative charges at the cold end leads to an electric field
pointing from cold to hot.

This equation points out that for practical measurements two different mate-
rials with S, # Sy have to be used, because, otherwise, the Seebeck voltages
along the conductor loop cancel out.

But how are these voltages generated in the first place? In a simple picture,
such as in the Drude-Sommerfeld model, the movement of electrons in a
metal is described as a gas of interacting particles. Hence, the electrons
move with a mean thermal velocity. If this model is applied to the Seebeck
effect, different electron velocities are obtained along the wire, because of
the temperature difference (Fig. 2.3). Electrons at the hot end move faster
than electrons at the cold end. These different velocities result in a net
electron diffusion from the hot to the cold end causing a charge imbalance
along the conductor. This diffusion current generates an electric field E,
which then generates an opposing drift current. In the stationary state, the
drift and diffusion currents compensate, which results in a stationary electric
field. This generated electrical field can be expressed as an electric potential
gradient —d ¢ /dz along the conductor, which can be measured as a Seebeck
voltage 128,

As this description is derived from the Drude-Sommerfeld model, it is only
valid for a free electron gas. In a real solid conductor, however, the electron
transport is strongly dependent on the band structure and the related DOS
of the material. This dependence explains why different materials possess
different Seebeck coefficients. For instance, the Seebeck coefficients of
semiconductors change sign when instead of a p-type (S > 0) an n-type
(S < 0) material is observed. This is attributed to the different types of
carriers contributing to the charge transport. In an n-type semiconductor

11
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electrons carry the diffusion current, resulting in a negatively charged cold
end of the semiconductor. In a p-type semiconductor the holes mainly
contribute to the diffusion. This leads to a positively charged cold end
of the semiconductor. Conclusively, the generated voltages have opposite
signs. This also reverses the sign of the Seebeck coefficient according to
Eq. 2.2. However, exclusively considering diffusion currents is not sufficient
to accurately describe the Seebeck effect and a deeper understanding is
imperative for the optimization of materials with respect to their Seebeck
coefficients.

2.2.2. Influence of the density of states

For a detailed qualitative understanding of the connection between the DOS
and the Seebeck coefficients, the available charge carriers in the vicinity of
the chemical potential u have to be considered. The following descriptions
are mostly based on Ref. 31. The density of available electrons n(E) with an
energy E is specified by the DOS D(E) multiplied by the occupation function,
namely, the Fermi-Dirac statistics f (E): 3!

n(E) = D(E)f (E) = D(E) , 2.4
1+exp (Z};ﬁ)

where k; is the Boltzmann constant, and T the temperature. For zero
temperature the Fermi-Dirac distribution describes a step function with the
step at the Fermi energy u (T = 0K) = Eg, but for higher values the function
is smeared out in a range of a few k;T. As n(E) is the density of occupied
states per energy E, states are occupied below and unoccupied above E; at
T = OK. Fig. 2.4 features three different characteristic DOSs. Each graph
sketches the occupation around u in the cold (T = 0K) and the hot end of
the material according to the Fermi-Dirac distribution. In general, electrons
travel between occupied states and free states, which means that electrons
above u can travel from hot to cold, whereas electrons below u travel from
cold to hot. In this picture, a high Seebeck coefficient is expected when one
of the currents is much larger than the other, resulting in a large net current
from one end of the material to the other.

12
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a Normal metal b Intrinisic c n-type
semiconductor semiconductor

(:é)ld ) ot cgld mmmm) hot chId ) hot

DOS DOS DOS

Figure 2.4. Seebeck effect for different DOSs: a In a metal the amount of oc-
cupied states below u is similar to the number of unoccupied states above u.
Accordingly, the net current between hot and cold is small, resulting in low Seebeck
coefficients. b In an intrinsic semiconductor the amount of occupied states in the
conduction band equals the amount of unoccupied states in the valence band. This
also leads to a small net current and low Seebeck coefficients. ¢ In an n-doped
semiconductor y is shifted towards the conduction band, allowing more electrons
to be excited from the donor levels into the conduction band than holes generated
in the valence band. This results in an increased electron current from hot to cold
and higher Seebeck coefficients.

Neglecting the energy dependent mobility of charge carriers in conductors,
an important relation between the DOS and the value of the Seebeck coeffi-
cient is already identified by considering the model DOS of three different
materials, i.e., a metal, an intrinsic semiconductor and a heavily doped
n-type semiconductor (Fig. 2.4).

In a metal with a flat DOS (Fig. 2.4a) the two aforementioned opposing
currents have the same size, because of the similar amount of occupied
and unoccupied states above and below u. In an intrinsic semiconductor
(Fig. 2.4b) the DOS looks differently, due to the band gap between the
valence and the conduction bands. Nonetheless, the net current is still small,
because u is positioned in the middle of the gap. Only if donor states are
introduced that shift u towards the conduction band (Fig. 2.4¢) exist more

13
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occupied states in the conduction band above u than free states (holes) in
the valence band below u. This imbalance generates a sizable net current
from hot to cold resulting in a large negative Seebeck coefficient. For a
p-type semiconductor u is shifted towards the lower edge of the gap, evoking
more unoccupied electron states (occupied hole states) in the valence band.
Therefore, the net current is reversed and a large positive Seebeck coefficient
is expected.

Hence, two essential mechanisms are extracted from the dependence of
the Seebeck coefficients on the DOS. First, the slope dD(E)/dE of the DOS
in the vicinity of u influences the height of the Seebeck coefficient. For a
flat DOS (Fig. 2.4a) the Seebeck coefficient is small. Only if the slope is
steep is the Seebeck effect increased. A DOS with a gap to separate the
electron transport above and below u is even more beneficial. Second, a
high slope of the DOS alone does not lead to a high Seebeck effect. Only if
the DOS is asymmetric with respect to u is the Seebeck coefficient large. For
example, this is realized when u is not positioned in the middle of the gap of
a semiconductor.

Neglecting the mobility is a highly simplified approach and, therefore,
it should be treated with great caution. However, in Sec. 2.3.3 it will be
shown that in a lot of cases this straightforward picture can reveal the same
information about the suitability of a material for spin caloritronic devices as
a more sophisticated description.

2.3. Tunnel magneto-Seebeck effect

In the course of the last sections, a fundamental understanding of the
charge Seebeck effect (Sec. 2.2), and the spin dependent tunneling in MTJs
(Sec. 2.1) which constitutes the basis for the TMR effect was gained. In this
section this knowledge about the thermal transport and the spin degree of
freedom is combined to obtain a deeper insight into the TMS effect.

The TMS effect #517:18:20.23-25] describes the altering of the Seebeck coef-
ficients S, and S,, of an MTJ by switching the magnetization alignment of
the ferromagnetic electrodes between the p and ap state. Experimentally,
the size of this change is determined by applying a temperature difference

14



2.3. Tunnel magneto-Seebeck effect

AT across the tunnel barrier and measuring the generated Seebeck voltage
Voap = —SpapAT as sketched in Fig. 2.5a,b. This method assumes a constant
AT for both states of the MTJ. To size the effect, the TMS ratio® is defined
in the style of the TMR ratio as
TMs= — v Ow __anzte VoW 2.5)
min (IS,1, 1S,/ min (1,,1,1%,])

As the S, ,, and the voltages can be negative, the division by the minimum

of the absolute values is inevitable.

2.3.1. The TMS in the free electron model

In this thesis a simplistic description is introduced which highlights that
the origin of the TMS effect is ascribed to the DOSs of the electrodes (Figs.
2.5¢,d). Therefore, the free-electron model for the electrodes (like for the
TMR effect, Sec. 2.1) and the simplified model for the charge Seebeck effect
(Sec. 2.2) are combined. In the TMR effect, the bias voltage causes a relative
shift of the chemical potentials u in the electrodes, which evokes the tunnel
current. In the TMS effect the temperature gradient is the driving force
for electrons to cross the tunnel barrier. The resulting diffusion currents
are described analogously to the ordinary charge Seebeck effect (Sec. 2.2).
Assuming the DOS of the free-electron model D(E) o< vE, the current from
hot to cold above u is higher than the reversed current from cold to hot
below u. This is attributed to the slightly larger amount of occupied states
above u and the enhanced transmission of electrons with higher energy 4.

However, in the TMS effect that is based on the tunneling between ferro-
magnetic electrodes a distinction between the two spin-channels is made.
Since spin-flip processes are neglected during the tunneling process, again,
the transport of charge carriers over the barrier is treated individually for
both spin-channels, similarly to the TMR effect (cf. Sec. 2.1). In the ap
state of the MTJ (Fig. 2.5¢) the currents in both spin channels are small,
because of a lack of either initial or final states (all contributing current
paths are marked by arrows). The small net current over the barrier in both
spin-channels results in a small Seebeck coefficient Sap and, hence, a small
voltage V.
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ATl "\ low ATl high
1‘ voltage 1} voltage
C  cold hot d  cold sy hot
E E E

DOS FM1 DOS FM2 DOS FM1 DOS FM2

Figure 2.5. The tunnel magneto-Seebeck effect: a, b For determining the Seebeck
coefficients S, ,,, in the antiparallel and the parallel state, respectively, a temperature
gradient is applied across the MTJ and the generated Seebeck voltages V,, ,,, are
measured. ¢, d Sketches of the DOS for a cold T = 0K (FM1) and a hot (FM2)
ferromagnet in the free-electron model for the ap and the p states, respectively. The
broadening of the occupation is exaggerated for illustration purposes. The black
arrows indicate the direction of electrons passing the barrier. The width of the arrow
symbolizes the size of the corresponding diffusion current. A high net current leads
to the generation of a large electric field, resulting in a large Seebeck coefficient.

In the p state the number of states in the spin-up channel is increased
(marked by thicker arrows). This increase gives rise to a slightly larger net
current and, thus, a larger Seebeck coefficient S, and a larger voltage V.

Although this model is highly simplified, it explains the first TMS experi-
ments by Walter et al. ¥ surprisingly well. For Co,Fes,B,,/MgO/Co,Fes,B.,
MTJs they find S,, = —99.2uV K™! has a smaller absolute value than S, =
—107.9uVK™'. This is particularly remarkable, since in this description any
influence of the electronic structure of the barrier and the exact shape of
the DOS on the tunneling process are neglected. Still, this simple picture
based on the the free electron model with D(E) o vE cannot be used for
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2.3. Tunnel magneto-Seebeck effect

real materials, because their DOS often exhibits features like gaps or peaks
in the vicinity of the chemical potential that drastically influence the See-
beck coefficients*!. This becomes obvious when looking at the Seebeck
coefficients of Co,oFe,0B,,/MgO/CoyoFe ,Byy MTJs. Here S,, = —232uVK™
is found to be larger than S, = —223 uV K~'[7], Therefore, the next section
will investigate how the model can be adapted to describe real ferromagnetic
materials and how the electronic properties of the barrier can be included.

2.3.2. Thermoelectricty in the Landauer-Biittiker formalism

So far, it has only been dealt with the descriptions of the classical Seebeck
and the TMS effect in the free electron picture (Sec. 2.3.1), or in macroscopic
bulk samples (Sec. 2.2). However, for the TMS effect the charge transport
between two electrodes separated by a nanometer thick tunnel barrier has
to be considered. Therefore, a description appropriate for the transport in
the nano regime has to be employed.

For this purpose the Landauer-Biittiker formalism is introduced. The fun-
damental description of this formalism is based on Ref. 28. The description
of thermoelectric transport in the Landauer-Biittiker formalism follows Ref.
27.

The general idea behind this formalism is sketched in Fig. 2.6. Two
reservoirs at temperatures T; and Ty, and chemical potentials u; and uy
are connected by a channel that allows charge transport, e.g., ballistic
conduction or elastic tunneling, as in MTJs. The current through the channel
is influenced by the energy dependent transmission 7 (E) of the channel
and the difference of occupation in the left and right reservoir f; (E) — fx (E).
As only small devices are investigated, the transport through the channel
is treated as elastic, meaning that electrons entering the channel with the
energy E on one side, also leave the channel with the same energy E on
the other side. Elastic scattering is allowed. Under these assumptions the
energy dissipation, e.g., the creation of heat due to the current, occurs in the
reservoirs 0],

For a better understanding of the following formulas, two different trans-
port scenarios are investigated (Fig. 2.6). First, a voltage is applied between
the two reservoirs and the current is determined, as it would be done in a
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Figure 2.6. Landauer transport between two reservoirs with temperature T g and
chemical potentials uy . f; g(E) are the corresponding occupation functions. The
net current is proportional to the transmission & (E) between the reservoirs and
the difference in the occupations f; (E) — fg (E). A current is generated by, a
applying a voltage V between the two reservoirs at a constant temperature T, or b a
temperature difference AT = T; — Ty under short circuit conditions (u; = ug = W).

resistance measurement. In a second example, a temperature gradient is ap-
plied to the reservoirs under short circuit conditions and the thermocurrent
is determined. This gives access to the Seebeck coefficient of the system.

If a voltage V = (u, —ug) /e is applied to the reservoirs at the same
temperatures T, = Tz = T, the occupation functions of the left and right
reservoirs are shifted with respect to each other without changing their
thermal broadening (Fig. 2.6a). Accordingly, the occupied states in the
left reservoir have a higher energy than the occupied states in the right
reservoir. This energy difference allows electrons to flow from left to right.
Of course, only states in the interval between f; (E) — fi (E) can contribute
to the current. The shape of this difference with respect to the energy is
displayed in red in the lower panel of Fig. 2.6b. As the transmission  (E) is
energy dependent, not all of the states in the interval contribute equally to
the transport. For obtaining the total current, the difference in occupation is
multiplied by the transmission and it is summed over all energies:

2e
I=7Jd5 [ (B)— fr(B)] 7 (E), (2.6)
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2.3. Tunnel magneto-Seebeck effect

where e is the elementary charge and h is Planck’s constant.

The description of the current in equation 2.6 is universally valid as long as
the occupation function and the energy dependent transmission are known.
For the example in Fig. 2.6a the difference of the two occupation functions
is created by assuming different chemical potentials in the left and right
reservoir, due to an applied voltage.

In Fig. 2.6b both reservoirs are electricly connected. Under these short cir-
cuit conditions, no voltage builds up and the chemical potentials y; = uz = u
are equal. The chemical potential, however, is not the only coefficient that
influences the Fermi occupation of the reservoirs, but the temperature is
an important parameter as well (cf. Eq. 2.4). Thus, applying a tempera-
ture gradient between the reservoirs results in a different broadening of
the occupation functions f; (E) and f; (E) (lower panel of Fig. 2.6b). Again,
this gives rise to a difference f; (E) — fz (E), which changes sign around
the chemical potential. This distribution implies that electrons above the
chemical potential y move from hot to cold (left to right), whereas electrons
below u move from cold to hot. At first sight, one might receive the impres-
sion that an equal amount of electrons travels in opposite directions and
the net current amounts to zero. This would be true, if the transport did
not depend on the energy dependent transmission & (E). The transmission
contains the information on the transport mechanism in the channel, as well
as the availability of states in the reservoirs depending on the DOS. This
property of the transmission links the Landauer-Biittiker description to the
aforementioned model of diffusive currents and their connection to different
DOSs (cf. Sec. 2.2.2). Furthermore, with the transmission & (E) a parameter
to include the electronic properties of the tunnel barrier into our model is
found.

Two important properties of the transmission have been omitted so far.
T (E) does not only depend on the energy E but also exhibits a dependence
on the temperature T and the bias voltage V [#7). These parameters have
to be taken into account when the Landauer-Biittiker formalism is used for
the quantitative prediction of tunnel currents from ab initio theory (cf. Secs.
2.4.2 and 2.4.1). They are less important for the qualitative understanding
of thermoelectric transport in the Landauer-Biittiker formalism, and, hence,
are neglected in the following sections.

19



2. Theoretical background

2.3.3. Linearized Landauer-Biittiker formalism

A widely used approach for the description of thermoelectric transport in the
Landauer-Biittiker formalism has been introduced by U. Sivan and Y. Imry (%!
in the year 1985. It is used by, e.g., Heiliger et al. and Kratzer et al. to
perform ab initio calculations of the thermoelectric properties of MTJs, and
other nanostructures 3419204548491 'This model assumes small voltages and
temperature gradients, allowing a description of the current in the regime of

linear response
I=(Au/e+SAT) -G, (2.7)

where Ay is the difference in chemical potential and G is the conductance.
Under open circuit conditions (I = 0), for example in a voltage measure-
ment, this equation yields V = Au/e = —SAT, if no external voltage is
applied. Hence, this expression resembles the equation for the Seebeck
voltage (Eq. 2.2). In a closed circuit, e.g., in a current measurement with
V = Au/e =0, a Seebeck current depending on the Seebeck coefficient and
the conductance remains. Without a temperature difference AT = 0, but
under an externally applied voltage (V # 0) Ohm’s law is obtained.

The values for the conductance and the Seebeck coefficient are derived
by linearizing the universally valid Landauer transport equation (Eq. 2.6).
Precisely, this approach is only correct for infinitesimally small differences of
the chemical potentials and temperatures between the two reservoirs. Within
these restrictions, the conduction is expressed as

G= ¢ dE of T (E 2.8
=% (E_E) (E), (2.8)

and the Seebeck coefficient results in

__ide(%)(E—u)f?(E)
T [dE(£)7(®)

2.9

A more detailed explanation of the derivation of the equations 2.8 and 2.9 is
available in Appendix A.
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2.3. Tunnel magneto-Seebeck effect

2.3.4. The linearized and nonlinearized formalism

However, before this linearized formalism, as proposed by Sivan and Imry 7,
is applied for further derivations, it is useful to investigate for which tem-
perature gradients and voltages it is still valid. One important property
of the MTJs that is neglected in the linearized model is the temperature
dependence of the chemical potentials of the ferromagnetic electrodes. In
some materials, e.g., in semiconductors with a large difference between the
effective masses for holes and electrons, this effect can be very large. Since a
temperature difference is generated between the electrodes, the shifts of the
chemical potentials u; and uy in the left and the right electrode, respectively,
are different. Thus, a temperature difference AT unavoidably generates a
difference Au.

The impact of an additional difference Au, and hence the temperature
dependence of the chemical potentials, can be investigated within the non-
linearized Landauer-Biittiker formalism. Such an investigation has recently
been published by Geisler and Kratzer!2%). For the nonlinearized model that
includes temperature dependent shifts of the chemical potentials, they set
the constraint
e

0=
h

J dE [ f,, 1, (E) = for (B)] - 7 (E, 2. (2.10)
Since they do not allow a Seebeck current, they have to introduce a counter
voltage to cancel this current. The size of this voltage resembles the See-
beck voltage obtained from the linearized Landauer-Biittiker formalism
for small temperature gradients. They proved this assumption by com-
puting the thermoelectric properties for a Co,MnSi/MgO/Co,MnSi MTJ in
the linearized Sivan-and-Imry-approach (Sec. 2.3.3) and the nonlinearized
Landauer-Biittiker formalism. The Seebeck voltages obtained via the Sivan-
and-Imry-approach are similar to the voltages calculated via the nonlin-
earized Landauer-Biittiker formalism with temperature dependent chemical
potentials, as long as the temperature difference AT is small, i.e., a few mK.
Thus, their explanation presents an understanding of the Seebeck coef-
ficient S (T,) as a first order Taylor expansion coefficient of the counter

voltage
V(T,T) =S (1) (T,—Tx) + 0 (T7). (2.11)
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This interpretation clarifies why the two approaches give similar results for
small temperature differences. Thus, it is acceptable to use the linearized
Landauer-Biittiker formalism for the investigations of the TMS effect in MTJs,
as long as the temperature difference is small and no large difference Au is
generated. Hence, it is used for the following derivations.

2.3.5. The transmission and the chemical potential

The most important parameter in the Landauer-Biittiker formalism (Egs. 2.8
and 2.9) is the transmission & (E), but for the Seebeck coefficient also
the position of the chemical potential u is of significant importance. For
future considerations, a more detailed discussion of the influence of these
parameters on the size of the conductance and the Seebeck coefficient is
necessary. A similar investigation has been made in Refs. 50 and 51, which
provide the basis for this section.

Taking a closer look at the integral in Eq. 2.8, it can be seen that the size of
the conductance is given by the area under the curve (9 /9E) Z (E). This
picture emphasizes that mainly the states in an interval of a few k; T around
the chemical potential, these are namely those within the thermal broadening
of the Fermi function (9 f/9E), contribute to the charge transport according
to the transmission function & (E). In the following, this area is referred to
as the occupied transmission.

The Seebeck coefficient (Eq. 2.9), can be deductively interpreted as the
center of mass of the occupied transmission. The position of this center of
mass is given with respect to the chemical potential u, as indicated by the
parenthesis (E — u) in the numerator of Eq. 2.9.

Fig. 2.7 displays three model transmissions with the occupied transmission
sketched in dark blue, and its center of mass marked by a red line. Three
characteristic cases of shapes of the transmission are distinguished; in the
first case (Fig. 2.7a), a large transmission without any distinct features is
considered. Hence, the occupied transmission is equally distributed around
the chemical potential. This symmetry results in the center of mass of the
corresponding area being positioned at the chemical potential. Because
of the large transmission, a large conductance is found for this case. The
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2.3. Tunnel magneto-Seebeck effect
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Figure 2.7. Seebeck effect and conduction dependence on transmission: For
different transmissions 7 (E) (light blue), the area beneath (0f/JdE) 7 (E) (dark
blue), and its geometric center (red) are sketched for, a a large and symmetric
transmission around u, b a small and symmetric transmission around u, and ¢ an
asymmetric transmission around u.

Seebeck coefficient, however, tends to be small, because the center of mass
and the chemical potential are found at the same energy.

In Fig. 2.7b the transmission exhibits a dent around the chemical potential.
Thus, the occupied transmission is much smaller than in the first case. This
results in a small conductance. Although, a transmission relatively rich in
features is investigated, it is still symmetric with respect to the chemical
potential, causing a symmetric occupation of the transmission with the center
of mass at the chemical potential. Accordingly, the Seebeck coefficient also
tends to be small.

In the third case (Fig. 2.7c), the transmission is shifted with respect to the
chemical potential. The increase in transmission at the chemical potential
enables an intermediate conductance in comparison to the first two cases.
As the shift of the transmission also causes an asymmetric occupation, the
center of mass shifts below the chemical potential revealing a non-vanishing
Seebeck coefficient.

These examples can be summarized in two important statements. First, a
high transmission around the chemical potential induces a large conductance.
This is independent of the symmetry of the transmission with respect to the
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chemical potential. Second, a high Seebeck coefficient can only emerge, if
the transmission is asymmetric with respect to the chemical potential. It
is, however, not directly associated with the actual area of the occupied
transmission.

These findings can be related to the TMR and TMS effects. In an MTJ the
transmission of spin-up charge carriers differs from the one of the spin-down
charge carriers*’). In other words, the MTJ has differently sized and shaped
transmissions in the p and the ap state. For explaining this concept it is
assumed that Figs. 2.7a and b are the transmissions of an MTJ in the p and
the ap state, respectively. In this case the MTJ exhibits a high TMR effect,
because the conductances of the p and the ap state show a large difference,
which is visible from the different sizes of the occupied transmission. The
TMS effect, however, is very small, because the center of mass is the same
for the p and the ap state.

If, instead, the transmissions of Figs. 2.7b and c are compared, a smaller
TMR effect is found, because the areas of the occupied transmissions change
less between the p and the ap states. However, the TMS effect in this case is
enhanced, as the center of mass moves from a symmetric (vanishing Seebeck
coefficient) to an asymmetric (non-vanishing Seebeck coefficient) position
with respect to u. Consequently, a high TMR effect does not necessarily
result in a high TMS effect, and vice versa .

2.3.6. The transmission and the density of states

In section 2.2.2 the influence of different DOSs on the Seebeck coefficients
has already been discussed. In the Landauer-Biittiker formalism the DOS
influences the transport only indirectly through the energy dependent trans-
mission. However, investigations of the transmission of full devices, such
as MTJs, are rare. In most cases, only ab initio calculations of the DOS are
available (e.g. AFLOWLIB.org!®?!) for making predictions on the electronic
properties of the materials used as electrodes. This urges the need to under-
stand the influence of the DOS on the transmission. Particularly; it is of great
importance to determine the approximate asymmetry of the transmission
from the DOS, as this is the key to easily distinguish between materials with
high and low Seebeck coefficient.
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The most reasonable approach for gaining a fundamental insight into how
the DOS and the transmission are interconnected is density functional theory.
This technique is used to calculate the DOSs and the transmission of simple
devices, such as MTJs. The benefits of this technique are the accessibility of
most parameters of the system, e.g., the electronic structure, the interfaces,
the atomic positions in compounds, the material combinations, and the
position of the chemical potentials. The main disadvantage of this method is
the time consuming numerical computations necessary to obtain the results,
in particular for the transmission of an MTJ.

One example of the successful application of this technique to Fe/MgO/Fe
tunnel junctions has been published by Heiliger et al. [*’). In the first step,
they extract the relationship between the local density of states (LDOS) at
the Fe/MgO interfaces and the transmission. Besides the LDOS, they are
able to identify another major influence on the transmission, namely the
filter effect of the barrier material, which has also been predicted by Butler
et al.'®?! for MgO tunnel barriers. In the second step, they apply a bias
voltage to the MTJ to relatively shift the DOSs of the two electrodes. This
shift of the DOSs evokes that a peak in the transmission crosses the mean
chemical potential (u; — uy) /2. They clearly attribute this peak to a peak
in the LDOS of the electrodes. Thus, the work of Heiliger et al. suggests
that, although the transmission is not directly connected to the DOS, it can
be used as a first approximation for the transport properties of a tunnel
junction.

In another work, Geisler and Kratzer!?®) calculated the transmission and
the (L)DOS of the Heusler compound based Co,MnSi/MgO/Co,MnSi MTJs.
Their findings clearly reveal that the gap in the band structure of the minority
spins of the Heusler compound electrodes is also found in the transmission
of the whole MTJ.

Therefore, simply looking for a DOS with an asymmetric position of the
chemical potential with respect to a feature, such as a gap, might be an
efficient method for spotting materials that enable high Seebeck coefficients
and high TMS ratios in tunnel junctions. This, however, is only valid, as long
as it is kept in mind that also the electronic structure of the barrier and the
interface can strongly influence the transmission, and, hence, the Seebeck
coefficients.
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2.4. Enhancing the tunnel magneto-Seebeck effect

In Secs. 2.3.5 and 2.3.6 the asymmetry of the transmission with respect to
the chemical potential has been identified as the most efficient parameter for
modifying the Seebeck coefficients of an MTJ. Furthermore, the asymmetry
of the transmission has been linked to certain asymmetrical features of the
DOS, such as peaks or gaps.

In this section, this knowledge is applied to obtain the properties of the
optimum DOS, and hence, the optimized materials for high TMS effects.
In this thesis the following theoretical descriptions are presented for the
first time, and form the backbone for enhancing the TMS effect. As only
the position of the chemical potential has to be shifted to alter the Seebeck
coefficients, there is no need to modify the actual shape of the DOS. This
suggests two approaches.

The most direct approach is replacing the material of the electrodes with
a material that possesses a DOS that is rich in features. In most cases these
features generate a large asymmetry of the DOS, which translates to an
asymmetric transmission with respect to the chemical potential.

A more sophisticated approach is to start from a random material with
a non-specific DOS and then modify the chemical potential. To generate a
change in the Seebeck coefficient, e.g., to gain a high value, the chemical
potential can be shifted externally to an energy where the transmission
exhibits a large asymmetry. For example, it can be attempted to find the edge
of a gap or a peak. This method strongly benefits from the fact that only
the symmetry of the transmission in the vicinity of the chemical potential
influences the Seebeck coefficient. Furthermore, from an experimental point
of view it avoids the preparation of many samples with slightly different
DOSs, provided that it is possible to find a mechanism to externally influence
the position of the chemical potential. In the next section the theoretical
background necessary for the experimental implementation of this approach
is explained.
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2.4.1. The influence of a bias voltage on the Seebeck effect

In the introduction to this section, it has been found that shifting the chemical
potential with respect to the transmission is a powerful tool to quickly
determine information on the interplay of these two material properties.

However, experimentally fulfilling this task is not easy. In this thesis it
is found that the most straight forward solution is to simultaneously apply
a bias voltage and a temperature difference between the electrodes of the
MTJ. The bias voltage shifts the chemical potentials of the two electrodes
by eV, causing two effects. Firstly, an additional charge current travels
across the barrier, that is only generated by the bias voltage and does not
contain any information on the Seebeck effect of the MTJ. Secondly, by
varying the bias voltage, the DOSs of the individual ferromagnetic electrodes
are scanned for features by the chemical potentials. The broadening of the
occupation around the chemical potentials is different for the hot and the cold
electrode and, thus, a Seebeck like property of the junction can be probed.
A corresponding theoretical description of the phenomena involved in this
process is developed in this thesis and is described in the next paragraphs.

The important aspect for the correct theoretical description is, that apply-
ing a bias voltage to the MTJ does not shift the mean chemical potential
of the linearized Landauer-Biittiker formalism (Egs. 2.8 and 2.9) through
the transmission, but the chemical potentials of both electrodes have to be
considered individually. Thus, the linearized Landauer-Biittiker formalism
can no longer be applied. Instead, the nonlinearized expression for the
current (Eq. 2.6) has to be used. As a drawback, there is no longer a direct
link between the asymmetry of the center of mass and the magnitude of
the Seebeck coefficients, as it is explained in Sec. 2.3.5. Still, the individual
electrodes can be probed separately for their asymmetries.

Since the Seebeck contribution of the junction is desired, the fraction of
the current that is only generated by the bias voltage V; = up — u; has to be
removed. This is done by using a DC bias voltage and an AC heating. The
static DC bias generates a DC current and the AC heating generates an AC
current on top of this DC background. Feeding this signal to a narrow band-
pass filter that removes the DC background and lets the AC signal pass, should
yield the portion of the signal that is generated by a temperature difference
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Figure 2.8. Temperatures in the MTJ when heated from one side: When the
heating is switched on a temperature difference AT = Ty — T, is generated. Simul-
taneously, the mean base temperature T rises by AT.

in the electrodes. However, heating the MTJ does not only generate a
temperature gradient AT, but also elevates the mean base temperature T
of the device. Fig. 2.8 illustrates the change of the temperatures from the
cold to the heated MTJ. In the cold MTJ the temperatures of the left and
the right electrodes, T, and Ty, are equal to the mean temperature T of
the MTJ. When the heating is switched on a temperature gradient AT is
generated, but also the mean temperature is elevated by AT. Increasing the
base temperature T results in a change of the resistance of the MTJ. This
temperature dependence of the resistance is more pronounced in the ap state
than in the p state!'%. Since the filter transmits all changes of the signal at
a frequency equal to the modulation frequency of the heating, it does not
block the change of current generated by the change of the base temperature.
Hence, the filtered current still contains one component that is connected to
a Seebeck effect and another contribution that is only generated by a change
of the base temperature.

The current generated in the heated (hot) and cold MTJ is expressed by
using the Landauer-Biittiker formalism, according to Eq. 2.6:
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. J 4E7 (EVoT) [f (B T) — f (B T)] @212
2e —
= TJ dET (E, Vs, T) Afiqq (2.13)

Iy = %f dEZ (E, Ve, T+AT) [f (E,u, T+ AT - 2L (2.14)

—f (E,un, T+AT +21)]
2e — —
=— | dE7 (E, Ve, T+ AT) Afyo, (2.15)
These equations reveal that the current trough the hot MTJ differs from
the current through the cold MTJ. This difference has two origins. On the
one hand the occupation functions f (E,u, T) change when the heating is
turned on, on the other hand the transmission is modified between heating
on/off, due to its temperature dependence. For the correct quantitative
calculation of the currents it is important to include the bias voltage and
temperature dependence of the transmission into the Landauer-Biittiker
formalism by employing 7 (E, V, T). However, for obtaining a much simpler
expression that still allows a good qualitative description, the temperature
dependence of the transmission is neglected in the following sections. This
is in agreement with theoretical work performed by Heiliger et al. [*>*”) who
also use temperature independent transmissions for calculating the current
through MTJs. However, this simplification does not result in temperature
independent currents, because of the temperature dependent occupation
functions f (E, u, T) that have a major influence on the currents.
Now the detected current after the filter can be expressed as the difference
between the current of the cold and the hot MTJ. Accordingly, the measured
signal is given by:

2e
Al = Ihot - Icold = F dET (E: VB) (Afhot - Afcold) (216)

with the energy and bias voltage dependent transmission 7 (E, ;).
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This expression suggests that a signal is only generated, if the Af are
different for the hot and the cold MTJ. However, it also reveals that any
difference between the Af leads to a contribution to the signal AI. This
is not restricted to the generation of a temperature gradient, but also an
increase of the base temperature T + AT contributes to AI. Of course, this
equation also points out that a signal is not detected, if there is no modulated
heating applied to the MTJ. In that case Af,,, and Af, 4 are the same and
Al is zero.

Investigating the Seebeck and non-Seebeck contributions

The difference Af, ., —Af.,q is caused by different effects. For a more detailed
understanding of the impact of the various contributions to this difference,
three cases are investigated. In the first case, it is assumed that only a
temperature gradient AT is generated and the base temperature remains
constant AT = 0. In the second, no temperature gradient is generated,
AT = 0, but the base temperature is elevated by AT during the heating of
the MTJ. In the third, both effects occur, the base temperature is enhanced
and a gradient is generated across the barrier.

Fig. 2.9 displays the Fermi occupation of the electrodes for these three
cases as a function of the energy for a bias voltage of 0.5V. The bias voltage
causes a shift of the chemical potentials of the individual electrodes with
respect to the zero bias position of the chemical potential u,. The chemical
potential of the right electrode uy is shifted to 0.25eV and the chemical
potential of the left electrode u; is moved to —0.25 eV. For simplicity, zero
temperature is assumed when the heating is switched off, resulting in a
step-like occupation function for the cold MTJ.

In the first scenario (Fig. 2.9a), only a temperature gradient is created
between the two electrodes. Accordingly, the occupation of the right heated
electrode broadens, but the occupation of the left cold electrodes remains
unchanged. In the second scenario (Fig. 2.9b), only the base temperature
is elevated, causing a similar broadening of the occupation functions in the
left and right electrodes. In the third scenario (Fig. 2.9¢) both effects occur.
Hence, both occupation functions experience a broadening. However, the
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Figure 2.9. Occupation functions for the three different scenarios: a Only tem-
perature gradient. b Only increase of mean temperature. ¢ Both effects occur
simultaneously. d Resulting contribution A f;,,, — Af.qq to the current difference Al
between heating on (hot MTJ) and off (cold MTJ) in Eq. 2.16.

right more strongly heated electrode has a wider occupation function than
the left cooler electrode.

The different altering of the Fermi occupation in the heated MTJ for the
three scenarios yields different contributions to Af,,, — Af,. 4. Fig. 2.9d
displays the resulting Af; . — Af.q in dependence on the energy. The largest
changes for all scenarios occurs close to the energies of the shifted chemical
potentials u; and uy of the electrodes at +0.25eV. This is not surprising,
as it has been seen in Figs. 2.9a-c that the broadening of the occupation
functions of the electrodes only affects an interval of a few meV around u;
and uy. Hence, these are the energies for which different occupations of
the hot and the cold electrodes are expected. Furthermore, the data reveal
that for different scenarios the contributions possess different symmetries
with respect to zero energy. If only the base temperature changes by AT,

31



2. Theoretical background

the contribution to Af,,, — Af.,q iS sSymmetric with respect to zero energy.
This is due to the equal broadening of the occupation in both electrodes.
Accordingly, Afi,, is symmetrically broadened with respect to u,, which is
chosen to be at zero energy.

If instead only a temperature gradient AT generates a difference Af,, —
Af,4> the obtained contribution is asymmetric with respect to zero energy.
This asymmetry is generated by the asymmetric broadening of the Fermi
occupations with respect to u,. In other words, Af;, is more strongly broad-
ened at the energy u;, corresponding to the right heated electrode. The
point symmetry observed in Fig. 2.9d is generated because the tempera-
ture difference AT is defined symmetrically between the left and the right
electrode with respect to the mean temperature T, thatis T, = T — % and

Tp=T+%"

Introducing the transmission of the MTJ

So far the obtained results are independent on the electronic structure of the
observed MTJ. The information on the electron transport across the barrier
is included into the Landauer model through the transmission & (E). The
expression for the obtained signal AI (Eq. 2.16), only takes the previously
discussed Afy, — Af.q and the transmission as parameters. Hence, also
the contributions to the detected signal AI for the three aforementioned
scenarios can be studied by introducing the transmission.

To do so, the transmission for an MgO barrier between two Co-Fe elec-
trodes is modeled. Fig. 2.10a displays such a model transmission in ac-
cordance to results of self-consistent ab initio calculations based on density
functional theory applying a screened KKR (Korringa-Kohn-Rostoker) Green’s
function method. The effectiveness of this method for the description of
experimentally investigated systems has been proven by, e.g., Papanikolaou
et al.'1®%, Zeller et al.'®" and Heiliger et al.[*’}. For a Co-Fe/MgO/Co-Fe
system the transmission resembles the curve in Fig. 2.10a. With this trans-
mission, the contributions to the signal AI for the three heating scenarios
(Figs. 2.10b,c) are computed. The calculations performed in this thesis ne-
glect the bias voltage dependence of the transmission. There are two reasons
for this. Firstly, it is numerically demanding and time consuming to compute
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Figure 2.10. Contributions to Al for a Co-Fe based MTJ with an MgO barrier:
a Energy dependent transmission of the MTJ. b Obtained signal AI for the three
different scenarios. ¢ Zoomed in cutout of b for bias voltages between 30 mV.

the bias dependence of the transmission. Secondly, and more importantly,
experimentally the bias dependence of the Seebeck effect (cf. Sec. 4.3) is
only observe for small bias voltages (£30 mV), for which only small changes
of the transmission due to an applied bias voltage are expected*”). Ne-
glecting the voltage dependence of the transmission intrinsically assumes
that the tunnel junction is symmetric, leading to I(V) = —I(—V), i.e., a
perfectly antisymmetric IV curve. Thus, it is important to consider this when
comparing the calculations presented here with the experimental results
(Sec. 4.3). Particularly; it is crucial to check whether the investigated MTJ
is symmetric, e.g., by measuring the IV characteristics or the differential
conductance in dependence of the bias voltage. With these simplifications it
is possible to investigate the contributions to the obtained current signals Al
without large computational effort.
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Although, the MTJ exhibits a transmission rich in features, the pure
Seebeck type contribution (AT = 0, AT # 0) to Al is rather flat for low
bias voltages (red curves in Fig. 2.10). This can be nicely seen in Fig. 2.10c,
which displays the interval of bias voltages between +30 mV in more detail.
But even for larger bias voltages Al is still nearly perfectly symmetric with
respect to zero bias voltage. Nevertheless, a zero-crossing of the signal is
found at &~ +0.3 V. A zero crossing is a remarkable feature, pointing out that
applying a bias voltage to an MTJ and determining the Seebeck contribution
is a revealing experiment.

For the scenario with elevated base temperature and without a temperature
gradient (AT # 0, AT = 0), a point symmetric Al is found with respect to
the origin of zero bias voltage and zero AI (blue curves in Fig. 2.10). The
curve for Al possesses a maximum at 0.22V and a minimum at —0.22V. In
the region of small bias voltages the signal nearly resembles a linear curve
with a positive slope.

If both effects occur (AT # 0, AT # 0), the antisymmetric curve of the
second scenario is shifted downwards by the symmetric contribution of the
temperature gradient (green curves in Fig. 2.10). This can be seen best in
Fig. 2.10c.

To properly understand how the different contributions and symmetries
of AI are related to the shape of the transmission, the transmission of the
real MTJ (Fig. 2.10a) is reduced to its simplified main features. For each
feature, the signal AI is evaluated separately and, hence, its portion in the
real signal can be deduced (Fig. 2.11).

The transmission of the first model contains a single Gaussian peak at
—0.25 eV that only slightly extends to positive energies (Fig. 2.11a). The
voltage dependent contributions to the signal AI are similar to the results
obtained for the transmission of the "real" MTJ (Fig. 2.10). They exhibit
the same symmetries, as well as a maximum and minimum, when a change
in base temperature is assumed. However, the Seebeck like contribution
(AT =0, AT # 0) does not cross the x-axis.

For the transmission of the second model the Gaussian peak is shifted to
0.25 eV (Fig. 2.11b). The calculated AI for the scenario of an elevated base
temperature, but without temperature gradient (AT #0, AT =0), reveal
the exact same results as for the first model transmission with the peak at
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Figure 2.11. Contributions to Al for different model transmissions: a A peak
in the transmission at negative energy. b A peak at positive energy. ¢ A symmetric
transmission with a pseudo-gap.

negative energies. The contribution of the temperature gradient (AT = 0,
AT # 0), instead, switches from negative to positive values. Thus, the data
for AT when both effects are present (AT # 0, AT # 0) is shifted to positive
values, instead of negative values, as in the first case.

The transmission of the third model consists of two Gaussian peaks at
+0.25€eV (Fig. 2.11c). Because the peaks do not decay to zero at zero
energy, a finite transmission at zero energy is obtained. In other words,
a pseudo-gap with a symmetric transmission is found. If only the base
temperature is elevated during heating (AT # 0, AT = 0), the resulting AI
are still the same as for the first two cases. The Seebeck like contribution
(AT =0, AT # 0), nonetheless, exhibits a completely different behavior; it
is much smaller for all applied bias voltages, compared to the previous cases.
Furthermore, it is antisymmetric with respect to zero volt.

After these evaluations the question arises whether there is a simple
rule for the connection of the shape of the transmission to the behavior
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of the signal AI. For the pure non-Seebeck contribution (rise of the base
temperature AT only) it is impossible to link the shapes of the transmission
to AI, because the results are the same for all modeled transmissions. On
the contrary, the Seebeck like contribution (only AT) shows a relationship
between the symmetry of the transmission and the size and sign of the
obtained signal. For an asymmetric transmission, Al is symmetric. The
sign of AI is determined by the position of the symmetric mean of the
transmission. For a symmetric transmission, a much smaller contribution
is received and AI becomes antisymmetric, instead. These relations can
also be extracted from the signal, when not only a temperature gradient is
generated, but also the base temperature is elevated.

The experimental determination of a Seebeck effect under an applied
bias voltage

From an experimentalist’s point of view, the description of the response of the
MTJ in terms of the current signal A, that is derived from the nonlinearized
Landauer-Biittiker formalism, is highly unsatisfactory. A major drawback
is the impossibility of defining the transport coefficients, in particular the
Seebeck coefficient. Hence, directly determined Seebeck coefficients from
a conventional Seebeck experiment without applied bias voltage cannot
be compared to the Seebeck contribution that is generated in an MTJ that
experiences a temperature difference and a bias voltage. However, as de-
scribed in Sec. 2.3.4, in the case of small temperature differences AT and
small bias voltages V the linearized Landauer-Biittiker formalism represents
a first order approximation. Hence, in the linear regime it is possible to
derive a bias-Seebeck coefficient S®® from the AI signal by employing the
equation of the linearized current (Eq. 2.7). It has to be kept in mind, that
the bias-Seebeck coefficient S can only be observed when a bias voltage
and a temperature difference are simultaneously applied to the MTJ.

The description of the currents based on the linearized Landauer-Biittiker
model allows to insert experimentally determined transport coefficients, e.g.,
the conductance, into the equation. Accordingly, a determination of the
Seebeck contribution to the total current becomes feasible in the regime of
small applied bias voltages. In the following paragraphs this knowledge is
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used to relate the current signal to the bias-Seebeck coefficient S, The
presented derivation has been published in Ref. 18, that directly evolved
from the work performed for this thesis. It lays the foundation for the first
investigation of the voltage dependence of the TMS effect.

In the linearized Landauer-Biittiker formalism the DC voltage driven con-
tribution to the total current is proportional to the conductance (Eq. 2.8).
Experimentally, this is obtained from current measurements without an
applied temperature gradient, i.e., when the heating is switched off.

Iz=G-V (2.17)

These data are usually obtained from TMR measurements, as described in
Sec. 3.1.3.

When the heating is switched on the Seebeck current G - SP™ AT is mea-
sured additionally. This current is proportional to the conductance G and
the Seebeck voltage SP® AT, yielding

I, =G V+G-S"™AT. (2.18)
~—~—

Tog

If the resistance R of the MTJ and the total current are known, it is possible
to determine the Seebeck contribution as
Ion — Ioff

SPBAT = T =AI-R, (2.19)

where AT corresponds to the output of the narrow band-pass filter, i.e., a
lock-in amplifier (Sec. 3.1.7).

This approach, however, neglects the temperature dependence of the
resistance of the MTJ. The elevated base temperature causes a decrease of
the resistance of the MTJ that is expressed as

AR = R(Ty)—R(T,,),withR,, <R,;=R (2.20)
= R, =R—AR

With the resistance R determined when the heating is switched off, for
example in a TMR measurement.
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As the resistance of the MTJ changes under heating on/off, the current
generated by the bias voltage is different for the heated and not-heated MTJ.
Conclusively, the current difference between on/off is expressed as:

Al=] —1. = S™AT + ! 1% ! 1% (2.21)
' f 7 R—AR R-AR R '
~ ~—~—
Ion Ioff
= ! SPESAT + ARv (2.22)
" R—-AR R '

Al consists of two parts depending on the two gradients across the barrier; a
current generated by AT that is proportional to the bias-Seebeck coefficient
S8 and a voltage-induced current that is proportional to the resistance
ratio AR/R. In an MTJ, all of these three quantities, S®, R and AR, change
when the magnetic state of the MTJ is reversed from p to ap®*. In a
bias voltage region where the contributions generated by AT and V are
comparable, this relationship allows to deliberately tune the current Al by
the two parameters AT and V. Eq. 2.22 reveals two interesting experimental
options to exploit the two independent driving forces of the current. Both
options are developed in this thesis.

Bias enhanced tunnel magneto-Seebeck effect

In the first variation, an external fixed voltage is applied to the MTJ in the p
state that cancels out the Seebeck voltage SEiaSAT to achieve AI, = 0. Now,
when the magnetization is reversed to the ap state, V remains constant, but
the resistances change to R,, and AR,,, and the Seebeck voltage changes
its magnitude to S'a’;aSAT because of the TMR and TMS effects. Thus, the
measured Al,, will differ from zero. Although, a change in R and AR could
compensate the change in S®@, this exact cancellation is extremely unlikely
for Co-Fe-B/MgO/Co-Fe-B MTJs (the effect ratios for these effects differ by
at least one order of magnitude, see Ref. 4). Hence, an on/off switching of
the measured current upon magnetization reversal is received. To quantify
this effect, the bias-enhanced TMS (bTMS) ratio is defined:

AL, — AL
)

bTMS =
min (|AL|,|AL,

(2.23)

>
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Bias dependence of the magneto-Seebeck effect

In the second experimental variation, it is estimated how the bias-Seebeck
coefficients S'ljfj; (V) change with the applied bias voltage. This experiment
provides first insights into the influence of the band structure of the electrodes
on the TMS. This is made possible by carefully tuning the relative position
of the chemical potentials using the bias voltage V as described in detail in
Sec. 2.4.1. To suppress non-linearities with respect to V, a small voltage
interval that exhibits a linear IV characteristic is chosen, implying R(V) =R =
const. and AR (V) = AR = const. Furthermore, contributions from artifacts
caused by, e.g., Peltier and Thomson effects are neglected based on estimates
using the typical Seebeck coefficients of Co-Fe-B based MTJs 1719201 (cf,
Appendix C.2). Therefore, a linear model is employed to determine the
contribution of (AR/R)V to Al. Using the information from this model, the
non-Seebeck contribution is subtracted from the measured AI, and SP*AT
is determined.

Despite the relatively complicated derivation of the signal Al from the
generated currents in the MTJ, the final result is rather fundamental. A direct
connection of the symmetry of the transmission to the shape of the signal Al
is found. For small temperature differences and voltages it is even possible
to regain the Seebeck contribution to the signal. Accordingly, applying a
bias voltage to an MTJ and performing a Seebeck current measurement is a
powerful approach to gain a deeper insight into the shape of the transmission
and to grasp more information on its asymmetry. Since material combinations
with a highly asymmetric transmission are desirable for high TMS effects,
the gained information is useful to systematically modify the transmission
to receive high TMS effects even without applied bias voltage. In the next
section it is discussed which materials are suitable for this purpose.

2.4.2. Finding the optimum material

As it has been demonstrated before (Secs. 2.3.5 and 2.3.6), the DOS has
a great impact on the Seebeck effect in MTJs. Different DOSs can be im-
plemented into MTJs by replacing the electrode materials. A first evidence
for the sensitivity of the TMS effect to a change in the DOS was already
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revealed by the first TMS experiments by Walter et al. [*! and Liebing et al. [°
that yield TMS ratios of —8.8 % and 30 %, respectively. Both used Co-Fe-B
electrodes and MgO barriers, but the composition of the Co-Fe-B was strik-
ingly different; Walter et al. used Co,,Fe4,B,, (from energy dispersive X-ray
analysis Co:Fe 0.32:0.68), whereas Liebing et al. used Cog,Fe,,B,, (Co:Fe
0.75:0.25). This change in the composition results in a drastic change of the
Seebeck coefficients of the MTJs, although it barely affects the TMR ratios.

A more systematic analysis of different Co-Fe compositions on the TMS
effect has been undertaken by Heiliger et al.[**), who used ab initio alloy
theory to calculate the Seebeck coefficients of the MTJs. Their findings
exhibit a strong influence of the composition, and, hence, the DOS on the
TMS effect. According to their predictions, the variation of the composition
can even cause a sign change of the Seebeck coefficients. Furthermore, they
find Seebeck coefficients with opposing signs when the MTJ is switched from
p to ap. This yields corresponding TMS ratios in a range of 800 % for the
calculated compositions. If theses relatively small modifications of the DOS
due to stoichiometry have such a great impact on the TMS effect, replacing
the Co-Fe based electrode material with a different material class potentially
has an even stronger influence. Furthermore, producing alloys of Fe, Co,_;
is not always feasible. Hence, it is much more promising to investigate
half-metallic Heusler compounds for achieving the desired improvements, as
it is presented in this thesis.

An introduction to half-metallic Heusler compounds

Heusler compounds were discovered by Friedrich Heusler in 1903 °>°¢), He
observed a ferromagnetic behavior of the compound Cu,MnAl, although
it only contains atoms that form non-ferromagnetic solids. This property
is found for several materials with the structure X,YZ, where X and Y are
transition metals and Z is a main group element. The crystal structure was
unveiled by Bradley and Rodgers >’} in 1934. The structure is described by
an fec lattice with a four-atom basis *®). The resulting four fcc sub-lattices are
denoted as A, B, C and D, which are occupied in the order X-Y-X-Z. The origin
of the sub-lattices are shifted by the vectors A : (1/4,1/4,1/4), B : (1/2,1/2,1/2),
C : (3/4,3/4,3/4), and D : (0,0,0) in Wyckoff coordinates. The resulting
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Figure 2.12. Crystal structure of an L2, Full-Heusler compound X,YZ: The crys-
tal is described as an fcc lattice with a four-atom basis. The sites A, B, C and D are
occupied by the atoms X, Y, X and Z. The origins of the sub-lattices are shifted against
each other by 1/4 along the space diagonal and are located at: A : (1/4,1/4,1/4),
B:(1/2,1/2,1/2), C: (3/4,3/4,3/4), and D : (0,0, 0).

structure is sketched in Fig. 2.12 and is referred to as the L2, structure of
X,YZ full-Heusler compounds.

Half-metallicity is predicted for a variety of Heusler-Compounds **!. This
property is defined by different electronic properties for the spin-up and
spin-down charge carriers. One sort of spin exhibits a metallic DOS, whereas
the DOS for the opposite spin species possesses a gap around the chemical
potential u.

For some compositions of the form X,YZ the occupations of the sites B
and D by the atoms Y and Z are equal in energy. This degeneracy leads to a
random occupation of the B and D sites by atoms Y and Z. Conclusively, the
ordering is reduced to the B2 type. The different occupations of the lattice
sites in the L2, and the B2 ordering influence the electronic structure of the
materials. For example, the disorder in the B2 structure can cause the gap
in the DOS of half-metallic Heusler compounds, to narrow to a pseudo-gap,
with a finite number of states present at the chemical potential.

Large charge Seebeck coefficients in Heusler compounds

But why are half-metallic Heusler compounds so fitting for generating high
Seebeck coefficients, and high TMS effect ratios in MTJs? This question is
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Table 2.1. Charge Seebeck coefficients of Heusler compounds: Magnetic mo-
ments, Curie temperatures, and absolute Seebeck coefficients of Co,YZ compounds
(data taken from Balke et al. [6°]).

Compound T. (K) M., (5K) (uz) S(300K) (uVK™)
Co,TiAl 128 0.75 -55
Co, TiSi 380 1.96 -27
Co,TiGe 380 1.94 -22
Co,TiSn 355 1.97 -34
Co,MnAl 693 3.96 -4
Co,MnSi 985 4.97 -7
Co,MnGe 905 4.98 -15
Co,MnSn 829 5.03 -33
Co,FeSi 1100 5.97 -12

answered in this thesis as presented in the next sections. For understanding
the ingredients needed for high Seebeck coefficients it is useful to take
one step back and remind oneself of the origin of different charge Seebeck
coefficients in different materials. As illustrated in Sec. 2.2, semiconductors
turned out to have much higher Seebeck coefficients than metals. This
difference is attributed to their different DOSs around the chemical potentials.
The gap in the DOS of the semiconductor suppresses the transport of either
holes or electrons, resulting in a high net diffusion current and, thus, in a
large Seebeck effect.

In half-metallic Heusler compounds, a DOS with a gap around the chemical
potential for one sort of spins is found, while the other species of spins
occupies a metallic DOS. If the transport in such a material is described
within the previously introduced two current model for each spin channel
(see Sec. 2.3.1), it can be treated as a semiconductor-like transport for
one spin orientation and a metal-like transport for the other spin direction.
Consequently, a high Seebeck coefficient for the semiconductor-like DOS and
a low Seebeck coefficient for the metal-like DOS is expected. Introducing
these materials into MTJs allows a selection of these channels by spin-
dependent tunneling ®).
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The first impact of the gap on the Seebeck effect is revealed when com-
paring charge Seebeck coefficients of bulk Heusler compounds with free-
electron-like metals. At room temperature, T = 300K, Co based Heusler
compounds possess Seebeck coefficients exceeding —50 uVK™! (see Tab. 2.1),
whereas Al only reaches —1.8 uVK™'[®Y, For commonly used ferromagnets
the Seebeck coefficient is even smaller, for example 0.3 wVK™! in pure Fe!6%,

The benefits of a half-metallic DOS

The previous comparison of Seebeck coefficients of bulk materials gives a first
impression on the benefits of using half-metallic Heusler compounds in MTJs
to realize high TMS effects. For a deeper understanding of the mechanisms
in MTJs, the model proposed in Sec. 2.3.1 is a helpful tool. It suggests, that
a qualitative estimate of the size of the Seebeck effect in MTJs is possible
by only considering the DOSs (see Sec. 2.3.6). The spin-dependence of
the Seebeck coefficients is taken into account by individually considering
the contributions of each spin species to the total tunneling current (two
current model). Therefore, in the next paragraphs the knowledge gained in
Sec. 2.3.1 is transferred from normal ferromagnetic DOSs to half-metallic
DOSs.

Fig. 2.13 depictively compares the thermoelectric transport in an MTJ
consisting of two normal ferromagnets (Fig. 2.13a,b) with an MTJ containing
one ferromagnet and one half-metal (Fig. 2.13c,d). The contributions of
the indicated tunneling currents in Fig. 2.13a,b for a normal ferromagnet
(FM1)/barrier/normal ferromagnet (FM2) MTJ have already been discussed
in Sec. 2.3.1. Here, only the two most important results are recalled; the
currents above and below the chemical potential almost have the same size
and, thus, cancel out. As there is only a small net diffusion current, the
resulting Seebeck effect is small. This picture does not change significantly
when the MTJ is switched from ap to p. However, a small increase of the
diffusion currents is observed, since there are more states contributing to the
transport in each spin channel. Since the increase is small, only a small TMS
effect is generated.
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Figure 2.13. Comparison of normal ferromagnet and half-metallic electrodes:
Ferromagnet/insulator/ferromagnet MTJ a in the ap and b in the p state. In an
MTJ consisting of two free-electron-like ferromagnetic electrodes diffusion currents
above and below u cancel out. ¢,d Half-metal/Insulator/ferromagnet MTJ, in the
ap and the p state, respectively. By replacing one electrode by a half-metal some of
these currents are suppressed due to the gap. Thus, the net current is enhanced.

For the MTJ consisting of a half-metal (HM) /barrier/normal ferromagnet
(FM) a completely different result is obtained. In the ap state (Fig. 2.13c) the
net current is dominated by the electrons traveling from the majority states
of the ferromagnet into the minority states of the half-metal (red states)
above the chemical potential u. These electrons can only travel above u,
because below u either initial or final states are unavailable. This lack of
states below u results in a vanishing diffusion current below u from the
cold into the hot ferromagnet. However, the large amount of states above u
leads to a substantial net diffusion current from the hot ferromagnet to the
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cold half-metal. The enhanced net diffusion current results in an increased
Seebeck voltage. For the electrons with momentum up (blue states) the
transport remains unchanged, because these states still exhibit a metallic
DOS.

When the MTJ is switched to the p state (Fig. 2.13d), the net current is still
dominated by the transport of electrons above u from the hot ferromagnet
to the cold half-metal. Nonetheless, the current in the p state is decreased,
since electrons with momentum up have to travel between the minority
states of the ferromagnet and the minority states of the half-metal (blue
states). The number of minority states in the normal metal is smaller than
the number of majority states, that contributed to the transport in the ap
state. In the p state the decreased availability of initial states in the hot
normal ferromagnet causes a reduction of the diffusion current, although
the amount of final states in the half-metal remains the same as in the ap
state of the MTJ. Thus, the Seebeck voltage is smaller in the p state than in
the ap state. For electrons with momentum down (red states) the transport
remains the same as in Fig. 2.13b.

DOS of Heusler compounds Co,FeSi and Co,FeAl

For the following investigations in this thesis two different Heusler com-
pounds are chosen; Co,FeSi and Co,FeAl. The TMS effect in MTJs that
contain these materials should be predictable from the DOS. Therefore, the
DOS is calculated by density functional theory (Fig. 2.14). For computing
the DOSs of the Heusler compounds in 1.2, ordering the full-potential augu-
mented plane-wave code elk[®* is used. The DOS in B2 ordering is obtained
by the SPR-KKR code®¥. The fractional occupation of the Wyckoff-position
1b was realized by the coherent potential approximation. In both cases,
the Perdew-Burke-Ernzerhof functional is applied for approximating the
exchange correlation interaction.

At first sight, the DOSs of Co,FeSi and Co,FeAl in the L2, ordering (Figs.
2.14a,b) reveal similar features. For the minority DOSs a large number of
states is found above the chemical potential adjacent to a gap-like feature for
lower energies. Compared to the feature-rich minority DOSs, the majority
DOSs of both compounds is relatively flat close to the chemical potential.
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Figure 2.14. Density of states of Heusler compounds: a of Co,FeSi and b
Co,FeAl in the L,1 structure, and ¢ of Co,FeAl in the less ordered B2 structure.
Positive values of the DOS indicate majority (spin up) states, negative values indi-
cate minority (spin down) states. The chemical potential is chosen to be at zero
energy (Co,FeSi data from Sterwerf [651y,

Consequently, the DOSs of both materials nicely fulfill the shape of the
desired "optimum" DOS that is suggested in Fig. 2.13. Hence, they are most
likely very suitable for obtaining high Seebeck voltages and high TMS effect
ratios.

Looking more carefully, the different positions of the chemical potentials
with respect to the gap are recognized. For the Co,FeAl the chemical potential
is placed at a centered position in the gap, whereas for the Co,FeSi the
chemical potential cuts through the lower edge of the characteristic peak
of states in the minority DOS, causing the DOS of Co,FeSi to be highly
asymmetric with respect to the chemical potential.

However, this difference is only present, if the Co,FeAl crystallizes in
the L2, ordering. Co,FeAl in the less ordered B2 structure does not posses
such a pronounced gap in the minority DOS as Co,FeAl in the L2, structure
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(Fig. 2.14c). Since states remain in the gap, only a pseudo-gap is found in
the B2-ordered Co,FeAl. Furthermore, the width of the gap narrows, such
that the chemical potential is nearly cutting through the bottom edge of
the peak above the gap. Although, the formation of a pseudo-gap might
be disadvantageous in terms of spin-polarization, the higher asymmetry of
the DOS with respect to the chemical potential should increase the Seebeck
effect in the Co,FeAl based MTJs. In other words, the B2 ordered Co,FeAl
should resemble the properties of the L2, ordered Co,FeSi concerning the
thermoelectric transport in MTJs.

Since the ordering of the Heusler compounds has a significant influence
on the size and even position of the gap in the minority DOS, its impact
is discussed in more detail. The size, position, and how well the gap is
pronounced are heavily debated in literature about ab initio calculations of
the DOS of Heusler compound, e.g., by Meinert et al. [°®). For real samples it
is even more complicated. Whether the gap in the minority DOS is a proper
gap with zero states at a certain energy, or whether it is a pseudo-gap with a
finite number of states, sensitively depends on the exact composition and
crystallographic order of the compounds!®”). This does not only include the
ordering of the compound in the L2, or B2 phase, but also the presence
of impurity atoms, lattice vibrations, and many other deviations from the
ideal Heusler structure®®. However, in Sec. 2.2.2 it has been shown that
the most important feature for a high Seebeck effect is a high asymmetry of
the DOS in the vicinity of the chemical potential. This condition is fulfilled,
even if a small amount of states exists in the gap. Furthermore, Czerner
and Heiliger[%°], Comtesse et al. 1*°!) and Geisler and Kratzer[?%) predict that
the interface configuration between the Heusler compound and an adjacent
material influences the thermoelectric properties in nanostructures much
more than minor lattice imperfections. Although their results suggest a
strong dependence of the thermoelectric properties on the exact lattice and
interface structures, Geisler and Kratzer [2°] suggest Heusler compounds to be
ideal for high Seebeck and spin-dependent Seebeck coefficients. This, once
more, underlines that Heusler compounds might be the perfect candidates
for experimental observations of high TMS effects in MTJs.
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Chapter 3

Methods & Materials

This chapter gives an introduction to the most important techniques that
are necessary for the investigation of the TMS effect. The first section
(Sec. 3.1) concentrates on the optical and electrical setups that are specifically
designed and optimized for the observation of the TMS effect. The second
section (Sec. 3.2) gives a profound description of the sample preparation.
In particular, it focuses on the sputter deposition of the layer stacks and
the patterning of the MTJs. Different designs are introduced and their
advantages and disadvantages are discussed. The third section (Sec. 3.3)
contains a brief explanation of the X-ray techniques that are employed for
the characterization of the deposited layer stacks. The last section (Sec. 3.4)
presents the most important parameters for obtaining the temperature in the
MTlJs from finite element simulations.

3.1. Tunnel magneto-Seebeck effect setup

In this section the experimental setup for the determination of the TMS effect
via laser induced heating is explained. The basic parts of the optical setup,
the electrical connection of the nano-patterned sample to the measurement
electronics, as well as the electronic components are discussed. Furthermore,
parasitic effects that can be generated by the electronics are briefly examined.



3. Methods & Materials

This information has partly been published in Ref. 17, which originated
directly from this work.

In the last part, a method to perform TMS experiments under an addi-
tionally applied bias voltage is introduced. This method is based on the
knowledge gained on the transport through MTJs that experience a voltage
and temperature drop across the barrier (Sec. 2.4.1).

3.1.1. Optical setup

The optical setup for inducing a temperature gradient in an MTJ through
laser heating is depicted in Fig. 3.1. A diode laser (Toptica iBeam smart
640-S) emits laser light with a central wavelength of A = 637nm in a
tunable power range of 1mW to 150mW. The laser diode is modulated
between on/off with a waveform generator (Agilent 3352A) that allows the
continuous adjustment of the modulation frequency from a few Hz up to
several kHz. This is particularly useful, if the impedances of the samples
change.

For achieving a well defined beam spot on the sample, the beam diam-
eter is first expanded by two lenses and then focused down by an infinity
corrected microscopy objective (Mitutoyo M Plan Apo 10x) with a primary
magnification of 10X, a working distance of 33.5 mm, and a numerical aper-
ture of 0.28. With this setup a beam diameter of down to ~ 6 um can be
obtained. To enable a homogeneous heating of MTJs with a larger diameter,
the beam size is increased by moving the sample out of focus.

The reflected light is collected by an ultrafast photo diode (EOT ET-2030,
rise time of < 300 ps), enabling the measurement of the beam width by the
knife edge method7%7!). Therefore, the beam is moved over a well defined
edge on the sample, e.g., the edge of a gold bond pad. As the reflection of
the gold surface and the adjacent insulator are different, the diode voltage
changes with the spot position. The resulting curve is proportional to the
change in power of the reflected light and, since a sharp edge is probed, re-
sembles the lateral beam profile. The change in the diode signal is described

by
Pcasured (X) = Py [1 —erf (MH (3.1

2 wg
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Figure 3.1. Optical setup: For heating, a modulated laser (A = 637nm, P, =
150 mW) is focused onto the MTJ. The position is controlled via a confocal micro-
scope arrangement equipped with a camera.

With the maximum obtained diode signal P,,,,, the position of the beam on
the sample x, the position of the edge on the sample x,, and the radius of
the beam waist w,, that is the 1/e? radius in the lateral intensity distribution
of the beam profile. The shape of the measured power P, ceq (EQ. 3.1) is
largely determined by the error function

erf(x) = %j e tdt (3.2)
0

Exemplarily, Fig. 3.2 displays the obtained values and fits for the sample
position adjusted to a narrow and a wide beam width. For all measurements
the beam is set to a size larger than the MTJ diameter and the beam size is
controlled via the knife edge method.

Furthermore, the photo diode monitors the rise and fall time of the mod-
ulated laser signal. This is an important information for investigating the
temporal evolution of the Seebeck voltage.
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Figure 3.2. Beam waist: Reflectivity for knife edge measurements and correspond-
ing fits of the beam waist w,. a For the sample at the focal position of the beam,
i.e., the narrowest beam waist achievable. b For the sample moved out of focus.

3.1.2. Connecting the sample to the measurement electronics

The MTJ sample is glued into an IC bond socket with 24 pins, from which
12 pins are used in the experimental setup. The individual MTJs and the
bottom contact are connected to these pins by ball-wedge or wedge-wedge
bonding with a 25 pm gold wire. Fig. 3.3a displays a light microscope image
of an electrically connected sample with a wedge bond on top of the gold
contact pad. The bright dot adjacent to the gold contact pad is the MTJ that
is still optically accessible by the laser beam, since it is not covered by the
wire. In Fig. 3.3b a larger section of the sample is visible. The first pin on the
left is connected to the bottom electrode, which is the same for all MTJs. The
other wires are connected to the top contacts of different individual MTJs.
For all measurement modes performed with the optical setup, the sample
is clamped into a receptacle for the IC bond socket between the pole shoes
of an electromagnet that provides a maximum magnetic flux density of
£+60mT to the sample. The receptacle allows electrical access to the sample
for connecting the measurement electronics. From the receptacle onward,
the signal of each pin is transferred through a coaxial cable ending in a
BNC connector. This arrangement allows the individual connection of each
MTJ that is equipped with a bond wire, and the bottom contact to the
measurement electronics. The exact measurement equipment is determined
by the desired measurement to be performed. Each of them will be explained
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bottom contact

Figure 3.3. Sample in IC bond socket: Microscopy images of, a a wedge bond
placed on top of a gold contact pad, connected to a single MTJ. The MTJ is still
optically accessible, and b the sample with the bottom contact (left pin) and several
MTJs connected to the socket.

in the course of the next sections. To avoid a dielectric breakdown of the
tunnel barrier in the MTJs, the bottom and the top contacts are shorted by
a switch, while the measurement electronics connected to the sample are
exchanged, i.e., the measurement mode is changed.

3.1.3. Tunnel magnetoresistance in the optical setup

The magnetoresistance of the investigated MTJs is determined inside the
optical setup before each TMS experiment. Therefore, a sourcemeter in
constant voltage mode (Keithley 2400) is connected to the bottom and top
electrodes of the MTJs. When not explicitly indicated, all TMR measurements
within this work are performed with a constant bias voltage of 10 mV and
the bottom electrode of the MTJ connected to ground. From the generated
current and the applied voltage the resistance is determined. The magnetic
field provided by the electromagnet is sufficient to switch the MTJs between
the p and the ap states. For controlling the switching behavior of the MTJs,
the magnetic field is swept over an interval at least larger than the coercive
field of one electrode (minor loop), or preferable larger than the coercive
field of both ferromagnets (major loop). From the obtained resistance versus
field curves, the TMR ratio of the MTJs is determined without removing
them from the magneto-Seebeck setup.
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Furthermore, in this configuration so called IV characteristics of the MTJs
are obtained. These curves are recorded by varying the applied voltages in an
interval of several 100 mV around zero bias. The corresponding current (I) is
measured and plottet versus the voltage (V). This is an important technique
to gain information on the tunneling characteristics of the MTJs and the
barrier quality”?.. It is sufficient to record the IV characteristics in the p and
ap states. A continuous sweep of the external field is not necessary.

3.1.4. Tunnel magneto-Seebeck voltage

For the determination of the Seebeck voltage of the MTJ, a voltage pre-
amplifier with a subsequent lock-in detection in combination with an oscillo-
scope to monitor the temporal evolution of the signal is used. An overview of
the electronic equipment and the wiring is given in Fig. 3.4. In the standard
configuration the connections indicated by the red dashed-dotted lines are
used.

For the measurement, the bottom and top contacts of the MTJ are con-
nected to a precision voltage amplifier (DLPVA-100-F-S, input impedance
1 TR, switchable gain up to 100 dB, switchable AC/DC coupling, switchable
bandwidth 1kHz/100kHz). The standard Seebeck measurements are per-
formed with the amplifier in DC mode at a gain of 60 dB (factor of 1000) and
a bandwidth of 100 kHz. Similarly to the TMR measurements, the bottom
electrode is connected to the ground of the amplifier.

The high impedance of the amplifier is crucial to avoid leakage currents
that generate parasitic changes of the detected Seebeck voltages when the
MTJ is switched from p to ap. A detailed explanation on how artificial
TMS effects evolve from leakage currents through the amplifier is found
in Appendix B. Here, it is only pointed out that they are small enough to
be neglected for typical sizes of the TMS effect. The largest artificial TMS
effect is expected for the MTJs with the highest resistances (R, ~ 2MQ
and R,, ~ 4MQ) that are still three orders of magnitude smaller than the
input impedance. The change in resistance causes a maximum artificial
TMS effect of &~ 0.2 %, which is taken into account as an error for the TMS
measurements. Nevertheless, the error is small enough to not drastically
influence real TMS effects in the order of at least several percent. For MTJs
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Figure 3.4. Electric connections and electronic equipment: The red dashed dot-
ted lines indicate the connections to the lock-in amplifier. The blue dashed lines
symbolize a direct connection of the sample to the oscilloscope without the lock-in
amplifier (adapted from Ref. 17).

with resistances of below 100 k2 the artificially generated TMS effect due to
leak currents reduces to less than 0.01 %. Thus, for typical Seebeck voltages
of 10wV to 100wV in the MTJs with lower resistance, this artificial TMS
effect resembles a change in the voltage of AV = 1nV to 10nV, and, thus, is
negligible.

The output voltage of the voltage amplifier is passed to a lock-in amplifier
(Stanford Research Systems SR830) set to voltage mode and locked to the
modulation frequency of the diode laser. The TMS effect is determined by
performing minor or major loops similar to the TMR effect measurements
(cf. Sec. 3.1.3). For every point along the loop the external magnetic field is
kept constant for a duration of at least three time constants of the lock-in
amplifier. This allows the proper saturation of the Seebeck signal after the
magnetic field has changed. This lock-in signal in combination with the
applied temperature gradient is used to calculate the Seebeck coefficients
S =V/AT (Eq. 2.9) in the p and the ap state of the MTJ.

The voltage signal is further controlled by a scope connected to the monitor
out of the lock-in amplifier. The scope allows the observation of the saturation
of the signal and the choice of the appropriate modulation frequency for the
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laser. In addition, the scope can be used to record the temporal evolution of
the signal (see Sec. 3.1.5).

3.1.5. Temporal evolution of the Seebeck voltage

The temporal evolution of the Seebeck voltage is an important information
for determining the correct frequency for the lock-in measurement. To
exactly compare the on/off cycle of the laser with the evolution of the
Seebeck voltage not only the voltage signal is fed to the oscilloscope, but
also the reference signal from the waveform generator and the response of
the photo diode are monitored on individual channels of the oscilloscope.

The voltage signal is fed to the scope via two different paths. First, it can
be taken from the monitor out of the lock-in amplifier, as described in the
previous section. This is particularly useful, if only the shape of the voltage
signal is of interest and a magnetic field sweep is performed. Alternatively,
the oscilloscope can be directly connected to the voltage amplifier. The
necessary connections are marked by the blue dashed lines in Fig. 3.4. This
second method is preferable, if also the size of the signal and the baseline,
i.e., when the laser is turned off, are of interest. With this method the signal
is only modified by the precision amplifier and, hence, less falsified.

Nevertheless, it has to be taken into account that the scope detects the
peak-to-peak voltage V of the rectangular voltage input. The lock-in amplifier,
however, is only sensitive to the first component of the Fourier series of this
signal, because the rectangular signal is multiplied by the sinusoidal internal
reference of the lock-in amplifier and integrated over time. This equals a
Fourier transformation of the rectangular signal 7!

\%
Ver(t) ~ 3 (1+1.273sin(wt) 4+ 0.42sin(3wt)
4+0.254sin(5wt)+...) (3.3)

When the lock-in is set to the first harmonic, it only detects the first com-
ponent of this Fourier series. Furthermore, the lock-in amplifier measures
the root-mean-square (RMS) value of the first harmonic. Accordingly, the
lock-in output of the rectangular input signal yields

VEMS ~0.45-V. (3.4)

lock—in
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3.1. Tunnel magneto-Seebeck effect setup

For the derivation of the TMS effect ratio from the oscilloscope traces, the
voltages in the p and the ap state of the MTJ are recorded under applied
magnetic field. For an investigation of the temporal evolution, also the diode
signal has to be recorded as a reference signal for the modulation of the
heating.

Since the temporal evolution of the Seebeck voltage is recorded in the p
and in the ap state of the MTJ, the Seebeck coefficients S, and S,, of the
MTJ can also be determined using the saturated peak-to-peak voltage of the
oscilloscope. This method in in even better agreement with the definition
of the Seebeck coefficient than deriving the Seebeck coefficient from V,*° .
Taking the RMS Seebeck voltage from the lock-in amplifier (cf. Sec. 3.1.4)
only provides the "RMS Seebeck coefficient". However, up to now, Seebeck
coefficients of MTJs have always been determined from the lock-in signal,
e.g., by Walter et al.'* and Liebing et al.!?*). To fulfill this convention
introduced in these publications all Seebeck coefficients in this thesis are
determined from the lock-in RMS readings, unless it is explicitly specified.

3.1.6. Tunnel magneto-Seebeck current

So far, only Seebeck voltage measurements were introduced. However,
Eq. 2.6 suggests that applying a temperature difference to an MTJ also
generates a Seebeck current I = G - SAT. With the information on the
resistance R = 1/G of the sample this current is used to determine the size of
the Seebeck voltage SAT =1 - R independently of the direct Seebeck voltage
measurement introduced in Sec. 3.1.4.

For the measurement of the Seebeck current, the voltage amplifier is
removed and the MTJ is directly connected to the lock-in amplifier in current
mode (input impedance 1kQ to virtual ground'). Magnetic field sweeps,
similar to the TMR effect and Seebeck voltage measurements, are performed
to obtain the switching behavior of the Seebeck current when the MTJ state
is changed between p and ap.

Refer to the manual of the SR830 DSP lock-in amplifier for more detailed information.
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Figure 3.5. Setup for Seebeck effect measurements under applied bias voltage:
a Schematics of the circuit with the DC voltage source connected to the AC heated
MTJ. The generated current is fed to a I/V converter that passes the signal to a
lock-in amplifier. b Temporal evolution of the laser induced AC Seebeck current and
the voltage induced DC current. The lock-in amplifier that rejects the DC current
only detects the root-mean-square (rms) value of the amplitude of the AC current
generated by the heating of the MTJ.

3.1.7. Seebeck effect under applied bias voltage

In Sec. 2.4.1 was shown that Seebeck effect measurements under an applied
bias voltage are an efficient tool to easily tune the chemical potentials in the
electrodes of an MTJ. However, it has been revealed that it is not feasible
to simultaneously apply a bias voltage and directly determine the Seebeck
voltage of the MTJ. To overcome this problem a current measurement under
an applied temperature gradient and under an additional bias voltage are
performed. In the linear approximation the current contains a Seebeck and
a voltage driven contribution (see Eq. 2.6). This enables regaining the bias-
Seebeck coefficient from the experimentally detected current signal. In this
section, an experimental approach to achieve this objective is introduced.
The circuit for this measurement mode of the TMS setup is depicted in
Fig. 3.5a. Like in the standard magneto-Seebeck effect measurements, the
modulated laser beam is used to generate a temperature gradient across
the MTJ. This gradient leads to an AC Seebeck current inside the MTJ
that is fed to a variable-gain transimpedance amplifier (FemtoDLPCA-200
current to voltage converter, gain 10° V/A to 10°V/A, AC coupling). The
cut-off frequency is at least 200 kHz with a rise time of 1.8 ms, which is
sufficient for measurements at 1.5kHz. The amplifier is simultaneously
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3.2. Fabrication of magnetic tunnel junctions

used to apply the desired DC bias voltage of up to £300mV to the MTJ.
The output signal of the transimpedance amplifier is passed on to a lock-
in amplifier set to AC voltage mode with an integration time of 100 ms.
The reference signal for the lock-in amplifier is the signal of the waveform
generator, which controls the laser modulation. Hence, the lock-in amplifier
provides an improved signal-to-noise ratio and, more importantly, it rejects
the DC current that is generated by the bias voltage, which is independent of
the Seebeck coefficient. Thus, it only detects the change of the current that is
generated by the laser heating of the MTJ (Fig. 3.5b). A detailed description
of the contributions to this current signal Al is presented in Sec. 2.4.1.

3.2. Fabrication of magnetic tunnel junctions

The MTJ samples for the TMS investigations are fabricated from different
sputter deposited layer stacks. All these stacks have in common that they
contain two ferromagnetic layers separated by a thin tunnel barrier forming
the MTJ. The material of these layers can vary, as well as the exact composi-
tion and sequence of the surrounding layers. They are chosen according to
the desired properties.

After the deposition and optional thermal annealing the sample stacks are
patterned. The cross section of the final sample is depicted in Fig. 3.6a. It
displays the MTJs on a bottom contact below the MTJs that extends over
the whole area of the sample. The bottom contact provides electrical access
to the bottom ferromagnet (FM2) of all MTJs through a single gold contact
close to the edge of the sample. The top ferromagnet (FM1) is connected to
a top electrode that is placed on top of an insulator. A good quality insulator
is crucial to avoid shorting between the top and bottom contact, as well
as the individual MTJs. The shape of the top contact still allows optical
access to the gold above the MTJ, even if a 25 um bond wire is placed on
the contact pad (Fig. 3.6b, and cf. Fig. 3.3 in Sec. 3.1.2). The position of
the top contact with respect to the MTJ, as well as its size and thickness are
chosen such that even a large laser spot with a diameter of 20 pm is still fully
absorbed by the gold layer (Fig. 3.6¢). Thus, a direct laser irradiation of the
ferromagnetic layers or the bottom contact trough the insulator is excluded.
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Figure 3.6. MTJ samples after lithography: a Schematic cross section of the pat-
terned MTJs consisting of two ferromagnets (FM1, FM2) separated by a tunnel
barrier. b Top view of a single MTJ with top contact pad and 20 pm laser spot. ¢
Enlarged section of the top view. The MTJ is positioned such that a 20 um laser spot
is not extending over the edges of the gold pad.

The lithography process for preparing theses samples is nearly the same for
all sample stacks and is explained in the next paragraphs. The deposition of
the layer stacks is explained in Secs. 3.2.1 and 3.2.2.

In a first step, the MTJ pillars are produced by electron beam (e-beam)
lithography and subsequent Ar ion etching. After the sample is coated with an
e-beam negative resist (AR-N 7520-18 at 5000 rpm for 30s, bake out 2 min
at 80°C) it is exposed using a Zeiss Leo 1530 scanning electron microscope
(SEM) equipped with a high precision interferometer sample positioning
stage and a Raith lithography unit. A detailed review on electron-beam
lithography is found in Ref. 74. After development of the resist, the bottom
electrode is covered using a marker pen and the sample is etched by Ar ions
until only the MTJ pillars under the exposed resist and a metallic bottom
electrode extending over the whole sample remain. The depth of the etching
process is monitored by a secondary ion mass spectrometer (SIMS) that
collects ions emitted from the etched surfaces. Subsequent to the etching
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3.2. Fabrication of magnetic tunnel junctions

process, the MTJ pillars are insulated by ~ 140 nm of a sputter deposited
insulator, e.g., Ta,O5 or Si;N,?. Finally, the remaining resist and marker are
removed in an ultrasonic bath of 1-Methyl-2-pyrrolidinone to allow electric
access to the top and bottom contacts.

In a second lithography step, gold contact pads are placed on top of the
MTJs. For this purpose, 5 nm of Ta and 60 nm of Au are DC sputter deposited
on the sample. The sample is coated with negative resist and the pattern
of the pads is exposed by e-beam lithography. The bottom contact is again
covered by applying a marker pen. The exposed and developed sample is
Ar ion etched until the insulator adjacent to the MTJs is reached, and no
conducting material remains between the contact pads. Finally, the resist
and the marker are removed in an ultrasonic bath.

3.2.1. Co-Fe-B/MgO/Co-Fe-B MTJs for bias dependence

For the TMS measurements under an applied bias voltage Co-Fe-B (2.5 nm)/
MgO (1.7 nm)/Co-Fe-B (5.4 nm) pseudo spin valve structures patterned into
elliptic MTJs of 4pm x 6 um are used. The layer stacks for the MTJs are pro-
duced in an home-built ultra high vacuum (UHV) sputtering chamber (base
pressure 10~ mbar) on MgO substrates and consist of Ta 10/Co,sFes,B,,
2.5/MgO 1.7/Co,sFec B,y 5.4/Ta 5/Ru 3 (numbers represent thickness in
nm). After the preparation, the stacks are annealed at 450 °C for one hour
in an external magnetic field of 300 mT. The MTJs are patterned using the
previously described e-beam lithography and subsequent Ar ion milling. The
Ta layer beneath the Co-Fe-B serves as the bottom electrode. SiO, or Si;N,
are deposited around the MTJs as an insulator. Afterwards, gold contact
pads are deposited on top of the MTJs, as sketched in Fig. 3.6. A schematic
of the layer stack and function of the individual layers is depicted in Fig. 3.7.

3.2.2. Heusler compound MTJs

For the investigation of the TMS effect with respect to different DOSs, two
types of Heusler based MTJs are used. In the first type the MTJ is formed
by Co,FeSi/MgO/Co,Fes,. The second type contains a different Heusler

2The specific insulators for each MTJ type are given in Secs. 3.2.1 and 3.2.2
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Figure 3.7. Layer stack of the Co-Fe-B MTJs: The 6um X 4um elliptical MTJ
pillars are patterned down to the Ta 10 nm layer that serves as a bottom electrode.

compound, Co,FeAl, and the MTJs consist of Co,FeAl/MgO/Co,,Fe,,B..
The layer stacks for these MTJs are sketched in Fig. 3.8.

The layer stacks of the Co,FeSi based MTJs are prepared in a BesTec DC/RF
magnetron co-sputtering system with a base pressure of 107° mbar. A 5nm
Cr seed layer on top of a 5nm MgO buffer layer has proven to provide the
optimum growth conditions for the Co,FeSi Heusler compound [%>7>). These
layers are sputter deposited on MgO(001) substrate and in situ annealed
at 700°C. Afterwards, 20nm of epitaxial Co,FeSi are deposited by DC
magnetron co-sputtering from elemental targets at room temperature in an
Ar atmosphere with a pressure of 2 x 10~% mbar. The 2 nm thick MgO barrier
is RF sputter deposited on top of the Co,FeSi. A Co,,Fe,, counter electrode
of 3nm thickness is DC sputter deposited from a composite target. The
counter electrode is exchanged biased by a 10 nm thick antiferromagnetic
Mng,Ir,, layer that is sputter deposited from a composite target. The stack is
capped with 25 nm of Ru.

Afterwards, the stack is ex situ annealed at 325°C for 1h in an in-plane
magnetic field of 6.5kOe. This post annealing process increases the crys-
tallinity of the MgO barrier[7®!, which is important for coherent tunneling.
Furthermore, heating the antiferromagnetic Mn-Ir over its blocking tempera-
ture and performing a subsequent field cooling process allows to align the

direction of the pinning along the external magnetic field 77},
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Figure 3.8. Heusler based MTJs: a Top pinned Co-Fe/MgO/Co,FeSi MTJs. The
Co,FeSi layer also serves as bottom contact. b Co-Fe-B/MgO/Co,FeSi MTJs. Here,
the TiN seed layer provides the bottom contact.

For the patterning of the elliptical MTJs the stacks are etched down to
the Co,FeSi layer which serves as a bottom contact, and, accordingly, has to
cover the whole sample (see Fig. 3.6). The remaining MTJ pillars of different
sizes are insulated by 140 nm of Ta,O5. The Ta,O; layer is deposited by
reactive RF sputtering from a Ta target in an Ar-O atmosphere with 12 %
oxygen. Afterwards, the top contact pads consisting of Ta 5nm/Au 60 nm
are deposited on top of the MTJs.

The layer stack of the Co,FeAl Heusler compound samples possesses a
30 nm TiN buffer layer directly deposited on a MgO(001) substrate. The TiN
layer is reactively sputter deposited in the BesTec sputtering chamber. During
the deposition, the substrate is heated to 450 °C, and 2 sccm of nitrogen gas
and 20sccm of argon gas are introduced into the chamber. The nitrogen
atoms react with the Ti atoms of the elemental Ti sputter target and form
TiN. The 10 nm of Co,FeAl are sputter deposited from a stoichiometric target
in a Leybold CLAB 600 sputtering chamber (base pressure of 10~7 mbar)
at room temperature. The 2nm MgO barrier is RF sputter deposited from
an MgO target and the 3nm Co,,Fe,,B,, counter electrode is DC sputter
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deposited from a stoichiometric target in the same chamber. A double layer
of Ta 3nm/Ru 3nm is added for capping of the MTJ layers.

The layer stack is then ex situ annealed at 325°C for 1h in an in-plane
magnetic field of 6.5 kOe to increase the crystallinity of the MgO barrier and
to obtain a crystalline Co-Fe layer at the interface to the MgO 76781,

3.3. X-ray analysis

X-ray diffraction (XRD) is a common technique for determining the crys-
talline structure of solids. For the investigation of Heusler films, gaining
this information is crucial to check the desired crystalline properties of the
individual layers. In particular, their electronic structure sensitively depends
on the correct crystalline order (cf. Sec. 2.4.2). A more detailed explana-
tion of the technique is found in Refs. 79, 80 and 81. The following short
introduction is based on these references.

XRD exploits the diffraction of X-rays on crystals. X-rays with a wavelength
A scatter at the lattice planes of the crystal with an interplanar distance d
(Fig. 3.9a). Constructive interference between two scattered waves occurs
when the path lengths differ by an integer multiple of the wavelength.
The path difference between the interfering waves is 2d sin(6), with the
scattering angle 6. Accordingly, the constructive interference of X-rays that
are scattered by the crystallographic planes is given by Bragg’s equation

nA =2d -sin(6), (3.5)

where, n € N denotes the order of diffraction.
In crystals, planes are indexed by the Miller indices h, k, and [. The
notation (h, k, 1) defines planes that are orthogonal to the reciprocal lattice

vectors b,, b, and b, [28:46]

Gh,k,l == hbl + kbz + lb3

Different (h, k,[) are accessed by XRD by tilting the crystal around the axes
v and ¢ (cf. Fig. 3.9b).

The X-ray investigations presented in this thesis are performed in a Phillips
X'Pert Pro MPD X-ray diffractometer with Cu K, radiation at a wavelength
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Figure 3.9. Geometry of the XRD measurement: a Diffraction at the lattice planes
according to Bragg’s equation. b By rotating the sample around the angles ¢ and ¢
different lattice planes can be investigated.

of 1.5419 A in a 6-260 geometry. Usually, a full XRD scan covers the interval
of 260 = 20° - 125°. Standard 6-26 scans are performed in the Bragg-
Brentano geometry. For detecting the Heusler (111), (222) and (444) peaks
an Eulerian cradle is used for tilting the sample around the 1 and ¢ axes.

Furthermore, by using X-ray reflectivity (XRR), the roughness and the
thickness of the deposited layers are determined [#2%3), This is particularly
interesting for the Heusler layers and the MgO barrier. To perform an XRR
investigation the same setup is used as for the XRD scans, but at small 8
angles. Small 0 angles result in total reflection of the incident beam at the
sample surface, but if the angle is slightly enlarged, the intensity of the beam
reflected at the surface of the sample falls off rapidly, and reflections of the
beam at all interfaces in the sample occur. With rising 0, the interference of
the reflected individual beams leads to a pattern of maxima and minima, so
called Kiessig fringes. From these fringes, the thickness of the layers, their
roughness, and their mass density are deduced ¥%/.

3.4. Finite element simulations

The determination of a temperature difference across the nm thick barrier of
an MTJ is a nontrivial task. It is impossible to bring a thermometer close to
the electrode/barrier interface to determine the temperatures on each side,
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since the thermometer itself strongly influences the thermal conductance
through the layer stack. Consequently, up to now it has remained impossible
to experimentally determine the temperature gradient in an MTJ directly.

Therefore, COMSOL Multiphysics finite element simulations are performed
to determine the rise of the base temperature and the achieved temperature
gradient over the MgO barrier, when the laser is applied to the top of the
MTJ.

For the simulation, the thermal conductivity x, the specific heat c, and the
mass density p of all layers in the MTJ are needed. An overview of these
values is given in Tab. 3.1. The mass densities of the Heusler compounds
are determined by XRR experiments where the data are fitted by the Parratt
algorithm to obtain the thickness, mass density and roughness of the films.
Since data for the thermal conductivity x of Heusler compounds are not avail-
able for Co,FeSi and Co,FeAl, values of different Co and Fe based Heusler
compounds are compared and an average value of 20 Wm™ K1 8485 g
used. Furthermore, there are no data available in literature for the specific
heat c, of the Co,FeSi and Co,FeAl Heusler compound. However, a value
of 424 Jkg ' K™! for Co,VSi'®® is found in literature. Co,VSi possess the
Heusler structure X,YZ with X = Co and Z = Si, and exhibits a gap in the
DOS close to the chemical potential ©¥7-%8) similar to the studied compounds.

Yet, it has to be noted that these finite element simulations only give an
approximate value for the temperature gradients in the MTJs. Especially,
the thermal properties of the thin MgO barriers are currently intensively
discussed. So far the thermal conductivity has been assumed to be equal to
experimentally determined thin film values by Lee et al. [°*). A much more
recent work by Zhang et al. [/
that are ten times smaller. An experimental evidence for these predictions is

predicts values of the thermal conductivity

still pending. Of course, these differences in the thermal conductivity of MgO
strongly influence the size of the simulated temperature gradient. Hence,
the Seebeck coefficients calculated with the data given in Tab. 3.1 should
only be compared to values based on similar simulations performed with the
same parameters, e.g., in Refs. 4,17,18.
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3.4. Finite element simulations

Table 3.1. Material parameters for COMSOL simulations: If not specified oth-
erwise, the values are taken from Refs. 4,20,89,90. The density of the Heusler
compounds and the TiN layers are taken from XRR measurements. The thermal
conductivities used in the simulations are printed in bold letters. Experimental thin
film values are given if available.

Material - p (103%) CP(kgL-K) Kbuik / K pin ﬁ
Au 19.32 128 320.0/ 701 - 1701
Cr 7.15 449 94.0
Ru 12.37 238 117.0
Ta 16.65 140 57.0

Ta,Os 8.27 306 0.2
NigoFe,, 8.7 460 19.0
Ir-Mn 10.18 69.7 6.0
Co-Fe-B 8.22 440 86.7
MgO 3.58 935 48.0/ 4.0%
SiO, 2.20 1052 1.4
Si 2.33 700 150.0
SiN 3.11 700 35.9

Co,FeAl 6.8 424 86] 90 [8485]

Co,FeSi 7.2 42486 90 [8485]
TiN 5.45 60494 28.8195
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Chapter 4

Results

4.1. Typical TMS measurements with laser heating

Before immersing deeply into the experimental observations of the TMS and
bias TMS effects in different types of MTJs, this section gives a profound
introduction to typical TMS experiments and the important information
that can be extracted from the data. Since this is an introduction, first,
TMR and TMS measurements of the most common MTJ type with an MgO
barrier and Co-Fe-B electrodes are presented. As seen before, this material
combination sets the benchmark for the development of improved MTJ
devices. Consequently, effects observed with other material combinations
are always judged against Co-Fe-B/MgO/Co-Fe-B MTJs. Some of the results
presented in this section have been published in Refs. 17 and 18, which
directly emerged from the work performed for this thesis.

Fig. 4.1a displays the dependence of the resistance of a Co,yFe,,B,,/MgO
1.7nm/CoyyFe,,B,; MTJ on an external magnetic field. The resistance
changes abruptly between R, = 67k in the p state and R,, = 215kQ2
in the ap state. This switching is caused by the TMR effect (Sec. 2.1). The
alignment of the magnetization in the electrodes of the MTJ is indicated
by the small arrows. The change in resistance results in a TMR ratio (cf.
Eq. 2.1) of 220 %. The clear switching between high and low resistance in
combination with a high effect ratio reveals the two most beneficial prop-
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Figure 4.1. Typical TMR and TMS measurments of Co-Fe-B based MTJs: a TMR
of a CoysFessB,y, based MTJ at a 10 mV bias voltage. b TMS of the same MTJ at
150 mW laser power. ¢ Temporal evolution of the Seebeck voltage at 10 mW laser
power of a Co,yFe 0By, based MTJ on MgO substrate. d Temporal evolution of a

similar MTJ on Si/SiO, substrate. The curves in c and d are recorded in the p state.

The red curves in ¢ and d are simulations based on a model circuit[17].

erties of Co-Fe-B/MgO/Co-Fe-B MTJs and their advantages for spintronic
applications.

Fig. 4.1b exhibits the TMS effect of the same MTJ. The Seebeck voltage
under 150 mW laser power reaches 6 uV in the p and 9V in the ap state
of the MTJ. This voltage is much too small for the detection of "logic on" or
"logic off" in modern electronic devices that are typically operated at "logic
on" voltages of ~ 1V}, Although the MTJ reveals a TMR ratio of 220 %
the TMS ratio only amounts to 50 %. This is due to the fact that the TMR
and TMS effects are generated by different properties of the electronic states
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4.1. Typical TMS measurements with laser heating

If the Seebeck voltage is investigated in dependence of the external field,
a switching between the high and low states is observed exactly at the same
field values as the switching of the resistance in the TMR experiment. Hence,
the change of the Seebeck voltage and the switching of the resistance are
related to the same magnetization reversal of the electrodes of the MTJ.

In Figs. 4.1c,d the temporal evolution of the Seebeck voltage in Co,,Fe,,B,,/
MgO 1.5 nm/Co,,Fe,,B,, MTJs in the p state on MgO or Si/SiO, (50 nm) sub-
strates is presented. The traces are recorded at a laser power of 10 mW at a
modulation frequency of 1.5 kHz. An additional peak at laser on/off is found
when the Seebeck experiments are performed on MTJs on Si substrate. At
first sight, this observation is puzzling, since the 50 nm of SiO, prevents any
electrical contact between the semiconducting Si (resistivity of 20 Q cm) and
the MTJs. This excludes the direct interference of the voltage detection at
the MTJ by a Seebeck or photo effect in the Si, as proposed by Xu et al. 122!,
A closer examination, however, reveals that the additional spikes for the
MTJs on Si originate from a Seebeck effect in the substrate that is capaci-
tively coupled to the bottom lead of the MTJs!*”). In an insulator, such as
MgO, the Seebeck effect cannot occur, and hence no spikes are observable
in the temporal evolution of the Seebeck voltage detected in MTJs on MgO
substrate. This assumption is proven by performing simulations of model
circuits with and without an additional capacitively coupled voltage source
in the substrate. The retrieved curves with capacitively coupled voltage
source nicely resemble the spikes observed for the Si substrate (Fig. 4.1d),
whereas no spikes are found for the model circuit without a capacitively
coupled voltage source (Fig. 4.1c).

These results reveal two important requirements that have to be fulfilled
to realize a reliable detection of the TMS effect. First, a sharp laser on/off
switching has to be performed to accomplish quick rise and fall times of the
voltage signal from the Seebeck effect. The high temporal resolution of the
oscilloscope in combination with the sharp on/off switching of the heating
allow the detection of parasitic effects, such as the capacitive coupling on
Si substrate. Second, it is highly advisable to use insulating substrates that
prevent the generation of additional electrical signals generated by inductive
or capacitive coupling. The importance of this second point is highlighted by
a report on a "Giant thermoelectric effect in Al,O, magnetic tunnel junctions"
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with Co-Fe electrodes by Lin et al. 1?*!, in which they report Seebeck voltages
of up to one millivolt and TMS effect ratios of up to 40 %, which is in the
range of the TMR ratio of the investigated MTJs. Recently, however, they
had to correct these results, since they found that in their MTJ samples a
large photo voltage in the substrate can be the origin of the "[...] large
light induced voltage in magnetic tunnel junctions grown on semiconductor
substrates"[??], Hence, they "believe that the large effect could be the result
of an experimental artifact"??!. To avoid any misinterpretation of the signals
stemming from conducting or semiconducting substrates, insulating MgO is
chosen as substrate for all Seebeck experiments discussed in the following
sections of this thesis.

4.2. Temperatures in the MTJs

During the laser irradiation a temperature difference is generated across
the MgO barrier of the MTJs. Additionally, the base temperature rises.
COMSOL simulations are performed to estimate the size of both effects. An
introduction to this method was given in Sec. 3.4. In this section the results
of the simulations are presented. For the simulations the MTJ sizes, the laser
spot size and the laser power are chosen according to the values used in the
experiments. Furthermore, the influence of the size of the laser spot on the
temperature profile in the MTJs is investigated.

4.2.1. Heusler compound MTJs

For the simulations of the temperature evolution upon heating in the Heusler
compound based MTJs, a round MTJ of 3 um in diameter is assumed. The
laser spot is modeled as a Gaussian beam with a beam waist of 5 um. This
value equals the experimentally determined beam diameter of 10 um. For
the laser with a power of 150 mW, a power of 120 mW is measured at the
position of the sample. Hence, this value is used in the simulations.

Fig. 4.2 displays the results of the COMSOL simulations for the Co,FeAl
and Co,FeSi based MTJs. In Fig. 4.2a it can be seen that a temperature
gradient is generated across the barrier of the MTJ, pointing from the bottom
Heusler electrode (lower temperature) to the top electrode. The gradient

72



4.2. Temperatures in the MTJs

¢¥20mEr T T T 1]
£ 3516 M %‘
® 351.2 — = —
S - O\ Co,FeSi >
€ 350.8 2 =
2 C | I I I [ 1
4 -2 0 2 4 0 40 80 120
Position (nm) Laser power (mW)
< bl T T T T 1 <
= 353.0 = — <
o - ~MgO ] o 340
2 3520 — =
@© @©
g 351.0 I g 520
F 350.0 =
-60 -40 -20 0 20 40 0 40 80 120
Position (nm) Laser power (mW)

Figure 4.2. Simulated temperature gradients in the Heusler based MTJs: a AT
across the 2 nm MgO barrier at 150 mW laser power. b Temperature evolution over
the whole layer stacks. ¢ Dependence of AT in the Co,FeAl based MTJs on the
applied laser power. d Increase of the base temperature T with laser power for the
Co,FeAl based MTJs.

across the insulating barrier is much steeper than the gradient generated in
the metallic electrodes. This gradient over the barrier is the driving force for
the Seebeck induced tunneling of electrons across the electrodes and enters
the Landauer model in Eq. 2.9 as AT. This gradient is also used to calcu-
late the Seebeck coefficients from the experimentally determined Seebeck
voltages. This is in accordance with other TMS experiments performed by
Walter et al.'* and Liebing et al. [>?°!. The obtained gradients amount to a
AT of 390 mK for the laser set to a power of 150 mW for both Heusler based
MTJ types.

However, if the temperature change at all interfaces, i.e., over all layers
of the MTJ (Fig. 4.2b), is considered, a second much larger gradient is
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observed in the Co,FeSi based MTJs. This gradient is attributed to the
Mn-Ir pinning layer. Mn-Ir has a much lower heat conductivity than the
surrounding layers (cf. Tab. 3.1), and hence, supports the generation of a
temperature gradient. For the Co,FeAl based MTJs that do not contain an
Mn-Ir layer, no second gradient, that is equally steep as the gradient over the
MgO barrier, is observed. The large second gradient in the Co,FeSi based
MTJs makes it necessary to check if the determined voltage indeed is mostly
generated by the temperature gradient across the MgO barrier, and not by
the second gradient in the samples. This is done by breaking the MgO barrier
and determining the remaining Seebeck voltage, as discussed in detail in
Sec. 4.4.

For the Co,FeAl based MTJs simulations with different laser powers are
performed (Figs.4.2c,d). The generated temperature gradients rise linearly
with the laser power and range between 30 mK for the laser set to 10 mW and
nearly 400 mK for the laser set to 150 mW. Also, the base temperatures for
different laser powers rise linearly from room temperature to approximately
350K at 150 mW laser power. Since the temperature increases linearly
with the applied laser power, a linear increase of the Seebeck voltage with
laser power is expected. However, due to the simultaneous rise of the base
temperature, it is possible to observe the temperature dependence of the
Seebeck coefficients. This dependence might lead to a deviation of the
Seebeck voltage from the expected ideal linear behavior.

4.2.2. Co-Fe-B based MTJs

The simulation of the temperature gradient in the Co-Fe-B based MTJs,
in which the TMS effect under applied bias voltage is investigated, are
performed with a spot diameter of 20 pm and the laser power set to 150 mW.
The elliptical MTJ has a size of 6 pm X 4 um. The obtained results exhibit a
rise of the base temperature from room temperature (293 K) to 306 K when
the laser power is set to 150 mW. Simultaneously, a temperature gradient
of 11 mK is generated across the 1.5 nm thick MgO barrier. The calculated
value is much smaller than in the Heusler compound MTJs. This is owed to
the larger beam diameter, the increased MTJ size and the decreased barrier
thickness.
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Figure 4.3. Dependence of the temperatures on the beam size in the Co,FeAl
based MTJs: a The temperature difference across the MgO barrier. b The base
temperature in the center of the MgO barrier. The simulations are performed for
the laser set to a power of 150 mW.

4.2.3. Dependence on laser spot diameter

For the Co,FeAl based MTJs simulations of the temperatures with different
sizes of the laser spot have been conducted (Fig. 4.3). The smallest diameter
is chosen to be 4um and the largest to be 40 um. Within this range, a
significant drop of the temperature difference across the MgO barrier from
AT = 800mK for the smallest beam size to 50 mK for the largest beam is
obtained. Simultaneously, the base temperature decreases from 390K to
310K.

These results reveal how drastically the size of the laser spot influences
the Seebeck effect measurements. Hence, the beam size has to be carefully
checked before or after each measurement by the knife edge method as
described in Sec. 3.1.1.

4.3. Tunnel magneto-Seebeck effect under applied
bias voltage

In Sec. 3.1.7 it has been seen, that applying a bias voltage to an MTJ that
is heated by a modulated (on/off) heat source generates two effects. The
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Figure 4.4. Comparison of tunnel magnetoresistance and bTMS effects: a TMR
ratio and the resistance of the MTJ under a changing magnetic field. b Bias TMS
ratio and measured current signal for a bias voltage of —10mV at 150 mW laser
power. Here, the on/off behaviour (AI, = OnA, Al,, = —2.3nA) is observed.
Hence, the resulting effect ratio reaches nearly —3000 % and is much higher than
the TMR ratio observed at the same MTJ.

first effect is the bias-enhanced tunnel magneto Seebeck (bTMS) effect (see
Egs. 2.22 and 2.23). The bTMS effect describes the interaction of the currents
that are generated by the external bias voltage V,;,, and the Seebeck effect.
The experimental work concerning this effect and presented in this section
has been published in Ref. 18. Within this publication the total suppression
of a tunnel current in an MTJ in only one magnetic state was reported for
the first time. Up to now, only a change between finite resistances could be
achieved by the tunnel magnetoresistance effect (Fig. 4.4a). The switching
between on/off of the signal obtained from the MTJ as described by Eq. 2.22,
is a new feature only established by the bTMS effect (Fig. 4.4b). It can only
evolve from the combination of two gradients across the barrier, i.e., an
electric field gradient and a temperature gradient.

To evaluate the TMS effect and its dependence on V;,,,, first the tunnel
resistance of the MTJ is characterized. Fig. 4.4a shows the dependence of the
resistance on the magnetic field; the black arrows indicate the magnetizations
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of the ferromagnetic electrodes. The TMR ratio attains approximately 150 %,
which is a typical value for MTJs with a thin MgO layer of good quality %%,
Hence, the readout of the magnetic state of the MTJ is realized by measuring
the resistance.

Nevertheless, the bTMS effect determined at a similar MTJ provides a
much higher effect ratio of —3000% (Fig. 4.4b). In this particular case,
the high ratio is realized by combining a bias voltage of —10mV with a
temperature gradient across the barrier that is created using a laser power
of 150 mW. The measured signal AT is the current difference between the
heated and non-heated MTJ, which is approximately O nA in the p state and
—2.3nA in the ap state of the MTJ. The high effect ratio is created by this
on/off behavior of the signal when the MTJ state is switched between p and
ap. The high readout contrast and the on/off behavior are two advantages
of the bTMS compared to the TMR effect when it is used to determine the
state of an MTJ.

A more detailed investigation of this remarkable result is shown in Fig. 4.5a,
where the measured current difference AI is plotted as a function of the
external magnetic field for different values of V,;,,. For V;,,, between —20 mV
and 20 mV, the measured values vary drastically and even change their sign
(Fig. 4.5b), which again points out the striking result of these experiments;
the signal Al can be switched on or off by reversing the magnetic state of
the MTJ, which is also visible in Fig. 4.4b.

Figs. 4.5a-c show that AI reverses the sign from negative to positive for
Vhias Detween 0 mV and —10 mV. However, Al, and Al,, do not change their
sign at the same bias voltage. A zero Al is found at —10mV. This zero
crossing of Al and the finite value of Al,, yield an infinite bias-enhanced
TMS effect according to Eq. 2.22. Using these experimental data, a bTMS
ratio of approximately —3000 % at V;;,, & —10mV as shown in Fig. 4.4b and
Figs. 4.5a—c for a laser power of 150 mW, is obtained. Moreover, Al,, crosses
zero at —3mV, which is accompanied by a non-zero AI,. Accordingly, an
increased bTMS ratio is also found for —3 mV.

The divergences of the bTMS ratio become more obvious when a linear
model is applied to the measured data and the bTMS ratio is calculated
(Fig. 4.5¢). This result and the zero crossings of Al and AI,, were previously
revealed in Eq. 2.22 and become evident by concentrating on small bias
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Figure 4.5. Bias tunnel magneto-Seebeck effect: a AI versus magnetic field for
selected bias voltages. At —10mV, the p signal is close to zero, whereas the ap
signal is non-zero. This difference produces an on/off behavior. b Dependence of
the measured current signal Al on the bias voltage for 150 mV laser power. Al
and AlL, cross zero at different values, which leads to an on/off behavior. The
results from the linear model are shown as lines. ¢ Bias TMS effect ratio derived
from a. The light line is deduced from the linear model. The divergences and the
high effect ratios are attributed to the vanishing AI in only one magnetic state of
the MTJ (on/off behavior) at —10 mV and —3 mV bias voltage. d Seebeck voltages
that are derived from Eq. 2.22 after subtracting the linear contribution.

voltages in Fig. 4.5. Since a vanishing AI signal is only found in one state of
the MTJ at a certain bias voltage, AI can be switched from zero to a finite
value only by changing the magnetic state of the MTJ. This result implies a
potentially infinite contrast, e.g., between the p state ("1") and the ap state
("0") if the readout is performed by the bTMS effect.
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The second important experimental result allows a first investigation of
the dependence of the TMS effect on the relative position of the Fermi level
of the electrodes. However, according to Eq. 2.22, the measured signal
includes a component that linearly rises with V, as long as AR/R is constant
with V. This correlation is valid for small bias voltages (—20 mV to 20 mV)
as presented in Fig. 4.6. Hence, the Seebeck voltage S"® AT is calculated
by subtracting (AR/R)V from the measured AI shown in Fig. 4.5b. This
determination is based on a linear model, which is adapted to the measured
AI (V) curves to deduce AR as the only free parameter. This model considers
the measured resistance R and the current at zero bias AI (V = 0). Then,
the information on the variation of the Seebeck voltage S®®AT at small bias
values (Fig. 4.5d) are extracted based on Eq. 2.22.

Fig. 4.6 also reveals, that the temperature dependence of the conductance
is different in the p and the ap state of the MTJ, i.e., the curves for laser on/off
differ much more in the ap state than in the p state. A similar observation
for the temperature dependence of the resistance of Co-Fe-B/MgO/Co-Fe-B
MTJs has been made by, e.g., Parkin et al.[*°). For extracting the Seebeck
contribution from the measured AI signal it is crucial to take this into
account. However, this is intrinsically implemented into the model (Eq. 2.22)
by determining the change of resistance (AR/R) for each state individually
from the linear fit shown in Fig. 4.5b. Hence, the different values for the
SY@AT in the p and ap state (Fig. 4.5d) are only attributed to the change of
the Seebeck coefficients between the p and the ap state, and are not parasitic
effects from the different temperature dependencies of R, and R,,,.

Measurements with different laser powers on a second similar MTJ are
presented in Fig. 4.7. More data obtained at this MTJ can be found in
Appendix C.3. Fig. 4.7 displays the dependence of SP™AT that is extracted
from Eq. 2.22 on the bias voltage. These measurements show that a higher
laser power results in a higher Seebeck voltage. Furthermore, in the p state a
nearly constant Seebeck voltage is observed when changing the bias voltage.

In the p state of the MTJ, the Seebeck contribution to the signal is constant
in the interval of bias voltages between £20 mV. However, the S AT in
the ap state of the MTJ vary much more with the bias voltage, which causes
a crossing of the p and ap voltages. For the 90 mW laser power, this crossing
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Figure 4.6. Dependence of the differential conductance dI/dV on the bias volt-
age for the heated (laser power 150 mW) and cold (laser blocked) MTJ: The
values for the parallel (p) state and the antiparallel (ap) state have been measured
at a magnetic field of 300 Oe and —70 Oe, respectively. In the small bias voltage
range, the conductance is approximately constant.

is observed at —15mV and 5 mV bias, whereas at 150 mW, the crossing is
observed at —9mV and 5mV.

It should be noted, that the larger resistance of the ap state of the MTJ
causes a higher noise level as compared to the p-state. Thus, future ex-
periments should try to reduce the noise by, e.g., working at lower base
temperatures. However, the determined Seebeck contributions SPBSAT to
the current signals exhibit the same geometries, as predicted by the model
in Sec. 2.4.1. As discussed in Sec. 2.4.1, for this comparison it is crucial
that the investigated MTJs possess a symmetric behavior with respect to the
applied bias voltage. This can be seen from the constant conductance in
Fig. 4.6, 1i.e.,dI(+V)/dV =dI(—V)/dV. For small bias voltages the theo-
retical model predicts a linear behavior of AI, when a temperature gradient
and a change in base temperature are considered (Fig. 2.10). This linear
behavior is also found in the experimental data in Fig. 4.5b. If only the pure
Seebeck contribution is considered, i.e., in the presence of a temperature
gradient without an increase of the base temperature, the model predicts
a constant value for the bias range between —20mV to 20 mV (Fig. 2.10).
The same result is exhibited by the Seebeck signal S®® AT (Figs. 4.5d and
4.7) that is extracted from the experimentally determined current signal AI.
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Figure 4.7. Dependence of SP AT on the bias voltage and heating power: See-
beck voltages that are determined according to Eq. 2.22 for different laser powers
in the p and the ap states. The signal rises with increasing laser power.

This agreement is a promising evidence for the correctness of the Seebeck
data that are derived from the measurements under applied bias voltage.
Hence, this technique constitutes a powerful tool for future material research
concerning the thermoelectric properties of MTJs.

The most important objective for future experiments is to find methods to
increase the Seebeck contribution to the measured current signal. A precise
determination of the Seebeck voltage under an applied bias voltage can pro-
vide a deep insight into the transport phenomena and might lead to higher
TMS effects. However, this task is challenging because the generation of a
temperature gradient in an MTJ unavoidably increases its base temperature.
This increase in temperature affects the resistance, which is required to
determine the non-Seebeck contribution (Eq. 2.16). Vice versa, the Seebeck
effect always disturbs the resistance measurement of the heated MTJ. An
independent determination is only possible when the temperature depen-
dence of the resistance is determined separately. However, the temperatures
of both electrodes (separated by only a nm thick tunnel barrier) cannot yet
be determined.

Hence, instead of indirectly modifying the transmission by an applied bias
voltage, currently, it is much more feasible to generate high TMS effects
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by directly modifying the transmission of the MTJs. This can effectively be
implemented by replacing the electrode material as suggested in Sec. 2.4.2.
The realization of this approach is presented in the next section, by using
Heusler compounds as electrode material.

4.4. High tunnel magneto-Seebeck effect in Heusler
compounds

Based on their DOS it has already been revealed that half-metallic Heusler
compounds in MTJs should provide high TMS effects (cf. Sec. 2.4.2). In this
section the careful investigation of the TMS effect in two different Heusler
compounds, Co,FeAl and Co,FeSi, is presented. The preparation and the
composition of the layer stacks are described in detail in Sec. 3.2.2.

First, the TMS effect of Co,FeAl/MgO/Co4yFe, By, MTJs is discussed.
These MTJs are patterned on top of a 30 nm TiN buffer layer that serves as
a lead to the bottom electrode. Accordingly, magnetic materials are only
present in the patterned MTJs themselves. The choice of non-magnetic
materials for the leads is important to entirely exclude parasitic effects orig-
inating from magneto-transport phenomena, like Nernst effects'!) or the
anisotropic magneto thermopower[!°’!| that can lead to a response of the
detected voltages to an external magnetic field similar to the TMS effect.
Hence, samples with a thick non-magnetic buffer are used to ensure that the
detected magnetic switching is only generated in the MTJ and not elsewhere
in the sample.

In the second part of this section the TMS effect obtained in Co,FeSi/
MgO/Co,,Fe;, MTJs is presented. In these MTJs the Heusler compound is
grown on top of a thinner 5nm Cr layer. As the 5nm Cr layer is too thin
to provide sufficient electric contact to the bottom electrode, the magnetic
Co,FeAl is also used as bottom lead.
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Figure 4.8. Quality of the TiN/Co,FeAl/MgO layers: a X-ray diffraction data
obtained from stacks with different Co,FeAl thicknesses. The expected diffraction
maxima are labeled. b Micrograph from an AFM analysis of the layer stack with
10 nm Co,FeAl with a root-mean-square roughness of 0.25 nm

4.4.1. Co,FeAl based MTJs

Sample quality

Before investigating the thermoelectric properties of the Co,FeAl based MTJs,
the quality of the TiN buffer and the adjacent Co,FeAl is checked by XRD
(cf. Sec. 3.3) and atomic force microscopy (AFM) on half MTJ layer stacks
prepared in the same way as the complete MTJ stacks (Fig. 4.8). These results
regarding the layer quality of the Co,FeAl Heusler compounds evolved from
a Bachelor thesis by Jana Ludwig[°}.

The XRD scans of TiN 30 nm/Co,FeAl/MgO 2 nm with different Co,FeAl
thicknesses from 3nm to 10nm (Fig. 4.8a) unveil that the TiN posseses
nearly the same lattice constant as the MgO substrate, since it is only visible
as a small shoulder in the MgO peak. The derived lattice constant for the
TiN is (4.25 £ 0.10) A, which is in good agreement with the literature value
of 4.24 A2 The XRD results also suggest that a 10 nm Co,FeAl layer is the
optimum choice for the MTJ stacks, as for this thickness the Co,FeAl (004)
peak perfectly matches the expected value of 65.83°. For the Co,FeAl, a B2
ordering is found by detecting the (222) and (444) peaks, while a (111)

83



4. Results

peak, indicating L2, ordered Co,FeAl, is absent['%*). The B2 ordering results
in a less pronounced and shifted gap in the DOS with respect to the chemical
potential (cf. Sec. 2.4.2 Fig. 2.14).

Furthermore, the micrograph obtained by the AFM investigations (Fig. 4.8b)
reveals a low root-mean-square roughness of 0.25nm for the TiN 30 nm/
Co,FeAl 10nm/MgO 2nm layers. This low roughness value is crucial for
MTJs with a tunnel barrier of high quality to avoid electrical shorting be-
tween the two electrodes through pinholes.

Switching behavior and temporal evolution

After determining the good sample quality of the layers for the Co,FeAl based
MTJs, the electric and thermoelectric transport properties of Co,FeAl based
MTJs are investigated. Fig. 4.9a displays the Seebeck voltage of an elliptically
shaped 3pm x 1 pum sized Co,FeAl based MTJ under 150 mW laser power at
a laser modulation frequency (on/off) of 13 Hz. As the spot diameter of the
laser on top of the MTJ is ~ 10 um, a homogeneous illumination of the MTJ
is ensured. A sharp switching of the Seebeck voltage between —216 uV in
the p and —434 uV in the ap state of the MTJ is observed. This yields a TMS
ratio of —101% (see Eq. 2.5). It is noteworthy, that the Seebeck voltage
of the Co,FeAl based MTJs is negative, which is different from the Co-Fe-B
MTJs observed by Walter et al. [*), Liebing et al. [°!, and Boehnke et al. 1?77,
Furthermore, the generated Seebeck voltages are much higher, than for the
Co-Fe-B based MTJs studied with the same laser setup *'78) and presented
in Sec. 4.1. A more detailed comparison of Heusler compound and Co-Fe-B
based MTJs is given later (Sec. 4.4.3).

The Seebeck coefficients are calculated from the simulated temperature
difference across the MgO barrier of 390 mK (cf. Sec. 4.2.1) and the ex-
perimentally determined voltages at a laser power of 150 mW. Seebeck
coefficients of S, = 554uVK™" and S,, = 1113 uVK™" are obtained for the p
and the ap state, respectively.

The abrupt changes of the Seebeck voltage occur at the same field values
and with the same shape as the switching of the resistance of the MTJ. The
similarities are nicely seen when the resistance data is plotted on top of
the Seebeck voltage (Fig. 4.9a). The resistance, obtained at 10 mV bias
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Figure 4.9. Seebeck voltage of a Co,FeAl based MTJ: a The resistance (left axis)
and the Seebeck voltage (right axis) switch at the same fields, i.e., when the
magnetic orientation of the ferromagnetic layers changes between p and ap. b
Temporal evolution of the Seebeck voltage between laser on/off in the p and ap
state.

voltage, changes between 5.45M(Q in the p state and 10.87 MQ2 in the ap
state, yielding a TMR ratio of 99 % (see. Eq. 2.1).

The similar switching behaviors of the resistance and the Seebeck voltage
are first evidences that the reversal of the magnetic orientation of the fer-
romagnetic electrodes causes the change of the Seebeck voltage. Of course,
the fundamental origin is the change of the transport coefficients of the MTJ
under magnetization reversal (see Sec. 2.3.3).

Since a modulated heating source in combination with high-resistive MTJs
is used, it is crucial to monitor the temporal evolution of the signal. For
the correct detection of the Seebeck voltage by the lock-in amplifier, it is
highly important that the Seebeck signal saturates after the laser has been
switched on or off. During laser on the voltage has to reach a constant
plateau, whereas during laser off it should drop back to zero. The rise and
fall times of the signal are dependent on the resistance and capacitance of
the MTJ['7); the higher the resistance, the slower is the saturation. Fig. 4.9b
displays oscilloscope traces of the Seebeck signal that reveal a saturation of
the voltage in the p state after 10 ms and in the ap state after 15 ms when
the laser is switched on or off. The increased saturation time in the ap state
is attributed to the increased resistance. Accordingly, the modulation of the
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laser heating with 13 Hz, corresponding to a laser on period of ~ 38 ms, is
slow enough to allow a correct lock-in detection. The higher values of the
voltages detected by the scope compared to the lock-in amplifier are due to
the difference in the detection techniques. The scope displays the peak-to-
peak voltages, whereas the lock-in amplifier displays the root-mean-square
value of the first harmonic of the signal (cf. Sec. 3.1.5). For a conversion to
the lock-in-signal, the oscilloscope signal has to be multiplied by a factor of
0.45 (Eq. 3.4). As the oscilloscope traces are recorded in the p and ap state
of the MTJ, the temporal traces also disclose the difference of the Seebeck
voltage between the magnetic states of the MTJ. The TMS ratio obtained
from this difference amounts to &~ —100 %. Hence, it is nearly of the same
size as the TMS ratio obtained from the lock-in measurements in Fig. 4.9a.
This good agreement is another proof for the reliability of the correct voltage
detection by the lock-in technique.

Power dependence of the tunnel magneto-Seebeck effect

After having received a first impression on the capability of Co,FeAl based
MTJs for providing high Seebeck voltages in combination with large TMS
ratios, it has to be proven that the switching and effect size are reproducible.
Therefore, the Seebeck voltage is recorded at different laser powers for
a second smaller elliptical shaped MTJ of 2pm X 1um. The results in
Fig. 4.10a emphasize the pristine and reliable switching of the Seebeck
voltages between the p and the ap state even down to low heating powers of
10 mW. For zero heating power the signal vanishes due to the absence of a
temperature gradient.

In Fig. 4.10c the Seebeck voltages of the MTJ in the p and ap states
are displayed for different laser heating powers. The absolute values of
the voltages increase linearly with rising laser power from zero to almost
—450uV in the ap state. For 150 mW laser power V,, = —227uV and V,, =
—442uV are recorded. From these values, the Seebeck coefficients are
calculated to S, = 582uVK™" and S,, = 1133uVK™". This is in the same
range as for the first MTJ. The TMS ratios for different heating powers
remain nearly constant at approximately —93 %, proving a consistent and
reliable readout of the TMS ratio, even under changing heating conditions.
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Figure 4.10. Tunnel magneto-Seebeck effect of Co,FeAl based MTJs: a Depen-
dence of the Seebeck voltage on the magnetic field. b Tunnel magnetoresistance.
The arrows indicate the magnetic orientation of the ferromagnetic layers. ¢ De-
pendence of the voltage in the p and ap state, and TMS ratio derived from these
voltages.

The resistances of this second MTJ (Fig. 4.10b) switch between R, =
5.5MQ and R,, = 11.0MQ2 yielding a TMR ratio of 100 % which is well
comparable to the previous MTJ (Fig. 4.9). The power dependence of
the previously investigated MTJ is presented in Appendix D.1 and reveals
similarly high voltages and TMS ratios.

Contributions from the leads: MTJ after dielectric breakdown

To ensure that the Seebeck voltage is indeed generated by the temperature
gradient across the MTJ and not, for example, in the leads, the junction is
forced into a dielectric breakdown and the remaining Seebeck voltage is
determined (Fig. 4.11). To break the 2 nm tunnel barrier, a bias voltage of 4V
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is applied to the MTJ. The broken tunnel junction disables the spin-dependent
tunnelling across the barrier. Hence, the TMR effect in the broken junction
vanishes and the resistance drops from a few MQ to 436 Q) (Fig. 4.11b). A
voltage is still detected under laser irradiation, but the characteristic bow
tie shape of the Seebeck voltage versus magnetic field curves disappears for
the broken MTJ (Fig. 4.11a). The remaining Seebeck voltage still increases
with applied laser power, but instead of negative, positive and thirty times
smaller voltages are obtained. Although, the bow tie shaped response of the
signal to the magnetic field is not visible any more, a barely visible hysteresis
curve is detected. Looking at the saturation values of these hysteresis curves,
an averaged upper limit for the effect size of 2% is determine in the broken
MTJ (Fig. 4.11c), in contrast to approximately —100 % in the MTJ with an
intact tunnel barrier. The origin of this hysteresis is not fully clarifyied, but
most likely it is generated by Nernst effects in the ferromagnetic electrodes.
It can neither originate from the leads, since these are non-magnetic, nor
can it be generated in the substrate, as reported for silicon[*”"??! because
insulating MgO is used.

The difference in the shape of the voltage versus magnetic field curves,
the opposite sign of the voltage, and the strongly decreased size of the effect
ratio after breakdown of the junction point out that the high TMS ratios are
generated solely by the thermoelectric transport between the Co,FeAl and
the Co-Fe-B across the intact tunnel barrier.

Heating at different distances from the MTJ

Although, the TMS ratios for different heating powers remain unchanged
(Fig. 4.10c), moving the laser spot away from the top of the MTJ, i.e.,
generating an inhomogeneous temperature gradient across the tunnel barrier,
affects the generated Seebeck voltages and TMS ratios (Fig. 4.12). A decrease
of the Seebeck voltage is observed when the distance between the MTJ is
increased. The decline of the Seebeck voltage is directly related to the
reduced temperature gradient across the barrier for increased distances. The
Seebeck voltage versus magnetic field curves keep the characteristic bow
tie shape. Thus, a TMS effect is expected, although the MTJ is not directly
illuminated. Fig. 4.12b unveils that the TMS ratio remains at relatively high
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Figure 4.11. Co,FeAl based MTJs after dielectric breakdown:a Dependence of
the Seebeck voltage for different laser powers, and b the resistance on the magnetic
field. ¢ Dependence of the Seebeck voltage in the p and ap state (left axis), and the
effect ratio (right axis) on the laser power.

values of above —80 %, even though the distance between the MTJ and the
lasers spot exceeds 500 um. Only for the data recorded with the laser spot
positioned at a distance of 1800 um a significant decrease of the TMS ratio
is observed and the bow tie shape of the Seebeck voltage versus magnetic
field curves in Fig. 4.12a vanishes.

The detection of a TMS effect in the Co,FeAl based MTJs, even if the
laser is moved relatively far away from the MTJ, can only be explained by
a temperature gradient remaining across the MgO barrier. The two major
justifications for this assumption are the presence of magnetic material
only in the MTJ itself and the vanishing of the bow tie shaped Seebeck
voltage versus magnetic field curves after the dielectric breakdown of the
MTJ. Taking these two results into account, no other source of the magnetic
switching of the voltage can be determined than the MTJ itself. However,
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Figure 4.12. Seebeck voltage and TMS effect for different positions of the laser
spot: a Switching of the Seebeck voltage when the laser spot is moved away from
the top of the MTJ. b Seebeck voltage in the p and ap state of the MTJ and
corresponding TMS ratio for different distances between the laser spot and the MTJ.

it has to be emphasized, that a reliable determination of the thermoelectric
transport in an MTJ is only guaranteed when the MTJ is homogeneously
heated across the barrier. For laser experiments this requires an irradiation
with a laser spot larger than the MTJ and focused on top of a transducer layer
directly above the MTJ. A direct illumination of the functional MTJ layers,
e.g., the ferromagnetic electrodes, or an illumination of the leads is not
advisable, since it will most likely not probe the correct Seebeck contribution
of the MTJ, as revealed by the distance dependence of the Seebeck voltage
in Fig. 4.12.
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The Seebeck current

Besides the Seebeck voltage, also the Seebeck current of the MTJ is deter-
mined. Derived from Eq. 2.6, the current in such a measurement is expressed
by

I =

p.ap SpapAT =

p,ap p,ap
(VS:ebeck)
SR, =—— L (4.2)

p,ap
Ip,ap

Seebeck
(Vo) 4.1)

This equations reveal that the Seebeck current depends on the change of the
Seebeck coefficients S, ,, and the resistance R, ,, between the p and ap state
of the MTJ. After inserting Eq. 2.7 it resembles Ohm’s law (Eq. 4.2). Thus,
the resistance of the MTJ is recalculated from the independently recorded
Seebeck voltage and Seebeck current data.

Fig. 4.13a depicts the Seebeck current obtained from an elliptical MTJ with
diameters of 3um X 1um at 100 mW laser power. The current is switching
between 36.6 pA in the p and 39.3 pA in the ap state, resulting in an effect
ratio of approximately 7 %. The Seebeck voltage determined at the same
MTJ without altering the laser irradiation is displayed in Fig. 4.13b. It
changes between —83 WV in the p state and —176 uV in the ap state of the
MTJ, yielding a TMS ratio of —112 %. Recalculating the resistance from the
Seebeck current and the Seebeck voltage data in Fig. 4.13a and b, results
in a curve that almost perfectly fits the measured resistance displayed in
Fig. 4.13c.

A similar agreement of the recalculated and measured resistance is also
achieved for Seebeck measurements with 150 mW laser power and on a sec-
ond similarly shaped MTJ with resistances R, = 5.4 MQ and R,, = 10.8 MQ.
This MTJ reveals a TMR ratio of 100 % and a TMS ratio of —97 %.

As the resistance is correctly recalculated from the Seebeck voltage and
current, two conclusions are drawn: First, the Seebeck voltage and current
detection of the MTJ are very reliable and reproducible. Independent mea-
surements lead to similar results. Second, Eq. 2.6 correctly describes the
thermoelectric transport in the Co,FeAl based MTJs.
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Figure 4.13. Seebeck current of Co,FeAl based MTJ: a Seebeck current recorded
at 150 mW laser power. b Seebeck voltage of the same MTJ under unchanged
irradiation conditions. ¢ Directly measured resistance at 10 mV bias voltage and
recalculated resistance from Seebeck data in a and b.

Does Co,FeAl perform better than Co-Fe-B?

Finally, the initial question, if Co,FeAl based MTJs are advantageous for
high TMS effects can be approached. For this purpose a Co,FeAl based MTJ
is compared to a Co,cFes,B,,/MgO (1.7 nm)/Co,cFes,B,, MTJ. Both MTJs
possess an elliptical shape and diameters of 2pum x 1pum.

For highlighting the advantages and disadvantages of each MTJ, the
TMR and TMS effect ratios of the Co-Fe-B based MTJ with resistances of
R, = 66k and R,, = 211k are directly compared to the Co,FeAl based
MTJ with R, = 5.45MQ and R,, = 10.87 MQ (cf. Fig. 4.10). Fig. 4.14 clearly
reveals that the TMR ratio of the Co-Fe-B based MTJ is nearly twice as high
as the TMR ratio of the Co,FeAl based MTJ. The higher TMR ratio of the Co-
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Figure 4.14. Comparison of CoFeB and Co,FeAl based MTJs: Although, the TMR
ratio a of CoFeB based MTJs is nearly twice as high as the TMR ratio of Co,FeAl
based MTJs, the TMS ratio b of Co,FeAl is two times the TMS ratio of CoFeB.
Furthermore, the TMS ratios have opposing sign.

Fe-B based MTJ has been expected, because currently Co-Fe-B/MgO/Co-Fe-B
MTJs set the benchmark for the TMR effect.

Surprisingly, this relation is reversed when the TMS ratio is investigated.
The TMS ratio of the Co-Fe-B based MTJ does not exceed 50 % whereas
the TMS ratio of the Co,FeAl based MTJ reaches —90 %. Not only does the
absolute value of the TMS ratio nearly double when replacing one Co-Fe-B
electrode by Co,FeAl, but so does the sign of the TMS ratio change. The
sign change is explained by considering the sign of the Seebeck voltages
determined at both MTJs with 150 mW laser power. For the MTJ containing
Co-Fe-B, the Seebeck voltages switch between V, = 6.4V and V,, = 9.1V,
whereas for Co,FeAl based MTJs the voltages are much higher and possess
negative signs, i.e., V, = —234uV and V,, = —450uV.

4.4.2. Co,FeSi based MTJs

The second Heusler compound that promises to provide high TMS effects is
Co,FeSi. L2, ordered Co,FeSi and B2 ordered Co,FeAl have a comparable
DOS with respect to the relative position of the chemical potential to the gap
in the minority DOS (Sec. 2.4.2). Hence, similar results for the amplitude
and sign of the gained Seebeck voltages are expected. Furthermore, also
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a high TMS ratio is predicted, because of the nearly half-metallic DOS of
the Co,FeSi. However, before the determined voltage signals can definitely
be attributed to the TMS effect, the crystalline structure of the Heusler
compound film, the switching behavior of the MTJs, the lead contributions,
and the reproducibility of the obtained TMS ratios for different laser powers
have to be checked. Therefore, the same investigations as for the Co,FeAl
based MTJs (Sec. 4.4.1) are conducted.

Sample quality

The sample quality has been carefully investigated and optimized by Sterw-
erf et al.1>7%), In the XRD analysis of the Co,FeSi layers they find a narrow
and well pronounced Heusler (004) peak at 26 = 67° and the (002) peak at
32°. From these peaks they were able to determine a lattice parameter of
5.64 A, which is equal to the bulk lattice parameter'°. From the ratio of
the (002) and the (004) peak, as well as from analyzing the (111) peak they
can determine, that the Co,FeSi in these samples mainly crystallizes in the
L2, ordering.

Furthermore, they examined the TMR ratio in dependence on the post
annealing temperature. In their investigations the highest TMR ratio of
118 % for the Co,FeSi based MTJs could be achieved at 325 °C. Accordingly,
this is the annealing temperature that is used for the samples prepared for
the following investigations (cf. Sec. 3.2.2).

Switching behavior and temporal evolution

The Co,FeSi MTJs are equipped with an antiferromagnetically pinned top
Co-Fe electrode (cf. Sec. 3.2.2). The pinning prevents the Co-Fe electrode
from switching at low external magnetic fields. The higher fields needed to
reverse the magnetization of the pinned layer exceed the field provided by the
electromagnet in the TMS setup. Hence, it is only possible to record minor
loops of the MTJs, i.e., reversing the magnetization of the unpinned Co,FeSi
bottom electrode while keeping the magnetization of the CoFe electrode
constant, and receive a signal that resembles the hysteresis loop of this layer.
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Figure 4.15. Seeebeck voltage of a Co,FeSi based MTJ: a The resistance (left
axis) at 10 mV bias voltage and the Seebeck voltage (right axis) at 150 mW laser
irradiation switch at the same magnetic fields, i.e., when the magnetization of the
Co,FeSi layer is reversed. b Temporal evolution of the Seebeck voltage at 150 mW
laser power between laser on/off at a modulation frequency of 13 Hz.

The TMR and TMS loops of an elliptical 2um x 1pum Co,FeSi based
MTJ with a 2nm MgO tunnel barrier and a Co,yFe;, counter electrode are
displayed in Fig. 4.15a. The switching of the resistance between 4.00 M2 in
the ap state and 2.15 M2 in the p state is clearly visible. The resulting TMR
ratio amounts to 86 %. The Seebeck voltage obtained at the same MTJ with
150 mW laser power exhibits a similar switching behavior as the resistance.
It changes at the same fields between —664 pV in the ap state and —370 uV
in the p state. This change yields a TMS ratio of —80 %. Hence, the ratio is
only slightly smaller than the values obtained for the Co,FeAl based MTJs
investigated in Sec. 4.4.1.

Fig. 4.15b features the temporal evolution of the Seebeck signal under
150 mW laser radiation with an on/off modulation at a frequency of 13 Hz.
The obtained TMS ratio is —92 %, which is slightly higher than the value
obtained by the lock-in measurement. The peak-to-peak voltages of Vp =
—1471pV and Vap = —763 1V correspond to root-mean-square voltages of
the first harmonic detected by the lock-in-amplifier of V, = —661uV and
V,p = —343uV. These values are in a similar range as the experimentally
obtained lock-in data. Furthermore, the temporal evolution of the Seebeck
voltage obtained at the Co,FeSi based MTJs reveals that the modulation
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Table 4.1. Overview of Co,FeSi based MTJs: The MTJ with the higher resistance-
area product exhibits higher TMR and TMS ratios. The resistance is determined
at a bias voltage of 10 mV. The Seebeck voltages are recorded with 150 mW laser
power and a spot diameter of ~ 10 pm. The TMS ratios are averaged over Seebeck
measurements with laser powers between 10 mW to 150 mW.

MTJ size R,A R.pA TMR  V, V,, TMS
(umxpm) MQum?) (MQpm?) ©vY)  @v)

a 2x1 3.36 6.28 86% —370 —664 —83%

b 3x1 3.93 7.94 102% —263 —503 —95%

frequency of 13 Hz is slow enough for the Seebeck voltage to reach saturation
after the laser is switched on or off. In the p state the increase and decrease
of the signal is faster (TPI’/Z ~ 0.6ms') than in the ap state (r?‘/’z ~ 1.1ms) of
the MTJ, due to the decreased resistance of the MTJ in the p state.

A similar switching of the Seebeck voltage under varying magnetic field
is found for a second elliptical MTJ with a size of 3pm X 1um (see Ap-
pendix D.2). For this MTJ (MTJ b) the TMS ratio reaches an average of
—95 %, which is higher than for the previously described MTJ (MTJ a),
where the ratio only yields an average of —83 % (Tab. 4.1). A difference
is also spotted, if the TMR ratios of the two MTJs are compared. MTJ b
has a TMR ratio of 102 % whereas MTJ a only produces a TMR ratio of
86 %. This observation suggests, that the difference of the TMS ratios is
purely based on the less pronounced change of the transport coefficients,
i.e., the conductance and the Seebeck coefficient, in MTJ a. Such a behavior
is usually evoked by a local variation of the quality of the tunnel barrier.
This assumption is supported by the fact that the resistance-area product is
decreased for the MTJ with the lower TMR and TMS ratios, indicating the
poorer quality of the MgO barrier in MTJ a.

The Seebeck coefficients for MTJ a (cf. Fig. 4.15 and Tab. 4.1) are S, =
948uVK ™' and S,, = 1703pVK™'. For MTJ b the values still reach up to

10% to 50 % rise time of the signal when the heating is switched on. The 0% to 90 % rise
times are 75, ~ 1.6ms and g, ~ 3.6ms
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Figure 4.16. Tunnel magneto-Seebeck effect of Co,FeSi based MTJs: The MTJ
has a size of 2um x 1 pm. a Dependence of the Seebeck voltage on the magnetic
field. b Tunnel magnetoresistance. The arrows indicate the magnetic orientation of
the ferromagnetic layers. ¢ Dependence of the voltage in the p and ap state, and
TMS ratio derived from these voltages.

S, =674uVK™" and S,, = 1290uVK™'. These values are even higher than
for the Co,FeAl based MTJs.

Power dependence of the tunnel magneto-Seebeck effect

Since it is ensured that the switching of the Seebeck voltage is fully attributed
to the change of the magnetic orientation of the ferromagnetic layers, the
stability of the switching and the TMS ratios for various laser powers is
studied. For this investigation data obtained from MTJ a are used.

Fig. 4.16a indeed exhibits a switching of the Seebeck voltage for all laser
powers between 10 mW to 150 mW with an average TMS ratio of —83 %.
The curves of the Seebeck voltage resemble the switching of the resistance
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in Fig. 4.16Db, as already seen in Fig. 4.15. For 0 mW laser power, i.e., the
heating switched off, a Seebeck signal is not detected, since no temperature
gradient exists across the barrier. The absolute Seebeck voltages increase
linearly with rising laser power (Fig. 4.16c). However, the TMS ratio is not
constant, but the absolute value decreases slightly for higher laser powers
from nearly —90% at 10 mW to —79 % for 150 mW. A similar decrease is
found in a second MTJ (see Appendix D.2).

Most likely, this decrease is a first indication of the temperature depen-
dence of the Seebeck coefficients. When the laser power is increased not only
the temperature gradient across the barrier, but also the base temperature of
the MTJ rises. Both changes influence the thermoelectric transport across the
tunnel barrier. However, in the available setup it is not possible to externally
control the base temperature of the MTJ, and, hence, a more systematic
investigation of the temperature dependence of the TMS effect is pending.

Contributions from the leads: MTJ after dielectric breakdown

To further ensure that the detected switching of the Seebeck voltage is
only generated by the MTJ and not by other parts of the sample, e.g., the
ferromagnetic bottom lead, the barrier of the MTJ is forced into a dielectric
breakdown. In the broken MTJ, the spin-polarized tunnelling between the
ferromagnetic electrodes is impossible, and the remaining signal has to be
generated by a different mechanism, e.g., by a Seebeck effect in the leads.
This is the most probable origin of the small voltages displayed in Fig. 4.17a.

The low resistance of the MTJ after breakdown (Fig. 4.17b) clearly exhibits
that the tunnel barrier has been destroyed. A response of the resistance to
the reversal of the magnetization of the ferromagnetic electrodes is no longer
visible.

A similar behavior is found for the Seebeck voltage that exhibits almost
no response to the external magnetic field. Only for higher laser powers, i.e.,
higher Seebeck voltages, a hysteresis loop is distinguished from the noise.
The origin of the remaining switching might be due to magneto transport
phenomena in the ferromagnetic Co,FeSi bottom lead. The barely visible
change of the detected voltage generates an averaged effect of —1 % and,
hence, is much smaller compared to the intact MTJ (cf. Fig. 4.16).
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Figure 4.17. Co,FeSi based MTJs after dielectric breakdown: a Dependence of
the Seebeck voltage for different laser powers, and b the resistance on the magnetic
field. ¢ Dependence of the Seebeck voltage in the p and ap state (left axis), and the
effect ratio (right axis) on the laser power.

Since the MTJ reveals nearly no switching after the tunnel barrier is
forced into a dielectric breakdown, it is guaranteed that the leads do not
significantly contribute to the high TMS ratio obtained from the intact MTJ.
The high Seebeck voltages and TMS ratios are only generated due to the
temperature difference across the MgO barrier.

Heating at different distances from the MTJ

In the last section it has already been found that the high Seebeck voltage is
generated by the MTJ and not by the leads or any other material surrounding
it. Accordingly, the voltage should decrease when the distance between the
MTJ and the laser spot is increased. Fig. 4.18 exactly reveals this behavior.
However, for a distance of 300 pm, which is 30 times the laser spot diameter,
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Figure 4.18. TMS effect of a Co,FeSi based MTJ for different positions of the
laser spot: a Switching of the Seebeck voltage when the laser spot is moved away
from the top of the MTJ. b Seebeck voltages in the p and ap state of the MTJ and
corresponding TMS ratios for different distances between the laser spot and the
MTJ.

the detected voltage still reaches more than —20pV. Furthermore, the
switching of the MTJ remains visible and the TMS ratio, even for a distance
of 1200 pm, remains at a high value of more than —80 %.

These experiments show the same characteristics as found in Co,FeAl
based MTJs (Sec. 4.4.1), and thus confirm the previous results; First, a
reliable measurement of the Seebeck voltage is only obtained, when the MTJ
is fully irradiated from the top. Second, even if the laser spot is moved away
from a centered position on top of the MTJ, a temperature gradient across
the tunnel barrier remains. This gradient is much smaller, as seen from the
decreased Seebeck voltages, but yet large enough to generate a detectable
TMS effect.

In conclusion of these findings, the temperature gradient across the tunnel
barrier is by far the most probable origin of the detected voltages, even at
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larger distances. The reasons, why other effects are most unlikely, are the
decrease of the Seebeck voltage when the laser is moved away from the
MTJ, and the disappearance of any switching when the MTJ is destroyed.
However, since these Co,FeSi based MTJs contain a ferromagnetic bottom
lead, other magneto-transport effects cannot be fully excluded as this has
been the case for the Co,FeAl based MTJs that had non-magnetic leads.

The Seebeck current

Similar to the experiments performed with Co,FeAl based MTJs in Sec. 4.4.1,
the Seebeck current of the MTJ is determined and the resistance is recal-
culated by dividing the Seebeck current by the Seebeck voltage. These
values are obtained from independent measurements at the same MTJ under
unchanged irradiation conditions.

Fig. 4.19a displays the switching of the Seebeck current of MTJ a in
Tab. 4.1 (elliptical shape of 2um X 1um). The current resembles the same
switching behavior as the resistance and the Seebeck voltage (Fig. 4.19b).
However, the effect ratio only yields 1%. This is attributed to the similar
sizes of the TMR and TMS ratios. According to I = S/R- AT (cf. Eq. 2.7),
the switching of the Seebeck coefficient S and the resistance R cancel out
when the two effects are of similar magnitudes.

Fig. 4.19c displays the resistance of the MTJ under varying magnetic field.
As before, the difference between the p and ap state of the MTJ is clearly
recognizable. Furthermore, the curve of the recalculated resistance from
the Seebeck data lies on top of the directly measured resistance, except of a
small offset. Since both approaches, directly measuring the resistance and
recalculating the resistance from the Seebeck data, lead to similar results,
this proves that the linearized Landauer-Biittiker formalism (Eq. 2.7) also
correctly describes the transport through the Co,FeSi based MTJs.

Does Co,FeSi perform better than Co-Fe-B?

In the course of this section it was already seen that the Co,FeSi based MTJs
exhibit high Seebeck voltages and high TMS ratios. Still it has to be proven
that these MTJs perform better than the wide spread and commonly used
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Figure 4.19. Seebeck current of Co,FeAl base MTJ: a Seebeck current recorded
at 150mW. b Seebeck voltage of the same MTJ under unchanged irradiation
conditions. ¢ Directly measured resistance at 10 mV bias voltage and recalculated
resistance from Seebeck data in a and b.

Co-Fe-B/MgO/Co-Fe-B MTJs. For obtaining direct comparison, the TMR and
TMS effects are evaluated in an antiferromagnetically pinned Co-Fe-B and
a Co,FeAl based MTJ with a similar TMR ratio of about 80 % (Fig. 4.20a).
The exact layer stack of the Co-Fe-B based MTJ is Ta 5/Ru 30/Ta 10/Mnlr
12/CoFe 23 /Ru 0.9/Co,yFe,,B,, 3/MgO 1.5/Co,yFe, B, 3/NiFe 6/Ta 3/Ru
3/Ta 3 (numbers are thickness in nm). The stack is ex-situ annealed at 350 °C
for 1h and field-cooled in an external magnetic field of 7 kOe. Afterwards, it
is patterned into MTJs of elliptical shape with diameters of 6 um x 4 um and
insulated by Ta,O;. For optical and electric access the MTJs are equipped
with Ta 5/Au 60 contact pads. The Co-Fe-B based MTJ used to obtain the
data in Fig. 4.20 has resistances of R, = 8600 and R,, = 1570 Q.
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Figure 4.20. Comparison of Co,FeSi and Co,yFe,oB,, based MTJs: a A pinned
Co-Fe-B and Co,FeSi MTJ with similar TMR ratios. b The TMS ratios of the same
MTlJs differ by a factor of ~ 20 and have opposite sign.

Although the MTJs have similar TMR ratios, the TMS ratio of the Co,FeSi
based MTJ is more than 20 times larger than the TMS ratio of the Co-Fe-B
based MTJ. Furthermore, the TMS ratios have opposing signs. The Seebeck
voltages for the Co-Fe-B MTJs are approximately 10 uV at 150 mW, whereas
for the Co,FeSi the Seebeck voltages exceed —500uV at the same laser
power (cf. Tab. 4.1). This equals a factor of 50 between these two sample
types or, in other words, an improvement of the signal level by 34 dB.

This outcome clearly reveals that the TMR and TMS effects are based on
different transport mechanisms. In addition to that it exposes the capabilities
of the Co,FeSi based MTJs to generate high TMS effects and high Seebeck
voltages. It also shows the benefits of using electrode materials for the TMS
effect that contain a pseudo-gap in the DOS close to the chemical potential,
like Co,FeSi.

4.4.3. Comparison of Heusler compounds to Co-Fe-B MTJs

For a final comparison of the Heusler based MTJs to Co-Fe-B based MTJs
with MgO barriers, it is useful to investigate the TMS and TMR effects of
several devices. An overview of these effects for MTJs containing Co,FeAl,
Co,FeSi, and two different Co,Fe,_,B,, composition investigated in this thesis
is displayed in Fig. 4.21. For the Heusler compound MTJs TMR ratios of
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Figure 4.21. Comparison of TMR and TMS effect in Heusler compound and Co-
Fe-B MTJs: a The TMS effect of Heusler compound MTJs ranges between —80 %
and —120 %, whereas the TMR only reaches 100 %. b In Co,gFes4B,, the TMS ratio
does not exceed 50 %, although the TMR ratio reaches more than 200 %. MTJs with
CoyoFe 0By electrodes exhibit TMR ratios comparable to Heusler based MTJs. The
TMS ratios however only amount to a few percent.

nearly 100 % with very little deviations (Fig. 4.21a) are found, indicating
the homogeneous properties among all MTJs. The TMS ratios range between
—80% to —120 %. A significant difference between the Co,FeAl and Co,FeSi
based MTJs is not found. This is probably attributed to the comparable DOS
of B2 ordered Co,FeAl and L2, ordered Co,FeSi.

For the Co-Fe-B based MTJs the picture is less homogeneous (Fig. 4.21b).
MTJs containing two Co,¢Fe-,B,, electrodes show a high TMR ratio of up
to 200 %, but only TMS ratios of maximum 50 %. For MTJs consisting of
Co,oFe, B, electrodes the TMR effect only reaches up to 80 % with TMS
ratios not exceeding 4 %.
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For putting this into perspective the TMR effect sizes observed in this thesis
are compared to values reported in literature. The maximum TMR ratios that
have been reported for Heusler compound based MTJs were achieved with
Co,MnSi by Liu et al. [1%] and reach up to nearly 2000 % at a temperature
of 4.2 K. They still achieve 350 % at room temperature. A similar value of
330 % is observed by Wang et al. [*® for B2 ordered Co,FeAl when the layer
stacks are post annealed at high temperatures of 450 °C. This value reduces
to 110 % when the samples are annealed at 300 °C, which is comparable
to the results obtained in this thesis (Fig. 4.21a). For Co,FeSi based MTJs
maximum TMR effects of 170% at 14K and 118 % at room temperature
have been observed by Sterwerf et al. [>!, which is comparable to the values
in this thesis. For Co,,Fe,,B,, based MTJs Ikeda et al. [1%! report a TMR ratio
of 604 % at room temperature. These high values could not be reproduced
in this work. A possible reasons for this might the use of MgO substrate
instead of thermally oxidized Si substrate. MgO substrate has a slightly
higher surface roughness than thermally oxidized Si substrate. Thus, MTJs
prepared on MgO substrates probably possess a slightly reduced barrier
quality than MTJs prepared on thermally oxidized Si. However, thermally
oxidized Si is inappropriate for the observation of the TMS effect, since it
causes a variety of parasitic effects that falsify the detection of the Seebeck
voltages (cf. 4.1).

The comparison of the effect sizes in Fig. 4.21 already reveals the beneficial
properties of Heusler based MTJs for the TMS effect. This advantageous
behavior is even enforced, when looking at the Seebeck voltages (Tab. 4.2).
For Co,FeSi and Co,FeAl based MTJs the values exceed at least —200 uV
and reach up to more than —600 V. These are root-mean-square values
obtained from the first harmonic of the lock-in amplifier at 150 mW laser
power. Consequently, with a comparable DC heating source, the values are
nearly twice as high and reach up to some mV.

Compared to these values, the Seebeck voltages of less than 10V in
CoyeFes,B,, based MTJs appear extremely small. Although they exhibit
maximum TMS ratios of slightly over 50 %, the proper detection of the signal
for these small voltages is much more complicated than for the high signals
generated by Heusler compound based MTlJs.
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Table 4.2. Comparison of MTJs with different materials: The elliptical MTJs
have different sizes (a= 2um X 1um, b= 3pm X 1pum, c= 4um X 2um). The
resistance is determined under a bias voltage of 10 mV and the Seebeck voltages
are obtained by 150 mW laser heating with a spot diameter of ~ 10 pm.

Materials Size R,(kQ2) Ry(k) TMR V,(uV) V,(uV) TMS

Cor Fer B 1 16.7 28.1 68% 90.6 93.2 2.8%

4074020 0.84 151  79% 35.7 37.0 3.7%

o Fer B2 66.8 211.7 217% 6.0 9.0 50 %

26754220 61.4 200.7 227% 8.4 9.9 18%

a 5500 11000 100%  —227 —442  —94%

Co,FeAl® b 5408 10850 93% —216 —434 —101%

b 2297 4536  97%  —124 —258 —108%

) a 2151 3993  86%  —366 —654 —78%
Co,FeSi*

b 1673 3372 101%  —263 —503 —91%

! CoygFe 0By0/MgO 1.5 nm/CoyyFe B,y
2 CoygFesyByy/MgO 1.7 nm/CoyeFes, By
3 Co,FeAl/MgO 2.0 nm/Co,qFe 0B,

* Co,FeSi/MgO 2.0 nm/Co,,Fe,,

For the CoyyFe,;B,, based MTJs the Seebeck voltages at 150 mW laser
power are slightly higher than for the Co,¢Fe,B,, based MTJs, but still do
not reach 100 wV. The drawback of the Co,,Fe,,B,, composition is a strongly
reduced TMS effect of less than 4 %. The low effect ratio makes these MTJs
irrelevant for any use as memory devices based on the TMS effect.

The strong influence of the composition of the Co-Fe-B electrodes on the
detected TMS values might be surprising. Yet, these results are in accordance
with predictions of the TMS effect for different Fe,Co,_, compositions by
Heiliger et al.!'®). For Fe,sCo,s (Co,Fe, B,) they predict high Seebeck
coefficients of &~ —30 uVK 'and a low TMS effect ratio of a few percent. For
a composition of Fe; ;3Co, 5, (Co,sFes,B,,) they predict decreased Seebeck
coefficients of &~ —7uVK™! but an enhanced TMS ratio of several hundred
percent.
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Chapter 5

Conclusion & Outlook

The major scope of this work is a deeper and more profound understanding
of spin caloritronic effects in MTJs. More precisely, it aims at exposing the
properties that are necessary to obtain high TMS effects. Therefore, in the
first part of this thesis (Chapter 2) a theoretical model is elaborated that
allows predictions of these properties. In the second part, these predictions
are verified by experiments (Chapters 3 and 4).

For the implementation of the TMS effect into logic devices, large Seebeck
coefficients and high TMS effect ratios are necessary. From the theoretical
description of the TMS effect within the Landauer-Biittiker formalism, two
basic ideas evolve for reaching these goals. First, the chemical potentials
in the ferromagnetic electrodes of the MTJs can be shifted to a position
with a highly asymmetric DOS by an external bias voltage. Second, the
materials of the ferromagnetic electrodes can be replaced by materials that
intrinsically provide an asymmetric DOS, e.g., an asymmetrically positioned
gap, with respect to the chemical potential. The former method allows a
quick scanning of the DOS in each electrode for asymmetries, and promises
a deeper insight into the electric and thermal transport phenomena in MTJs.
The latter approach is paving the path toward new improved devices for
potential new spin caloritronic applications.

The linearized Landauer-Biittiker formalism (Sec. 2.3.3) is of great avail
for connecting the DOS to the Seebeck coefficients. With the support of
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this model, an effective method for predicting material combinations in
MTJs with possibly high TMS effects, simply by considering their DOSs, is
developed. This facilitates the use of material property repositories, such as
AFLOW %21 that give access to a vast number of DOSs from density functional
theory. The more sophisticated ab initio calculations of the transmissions
of the MTJs remain only necessary for a precise prediction of the transport
coefficients, such as the Seebeck coefficient and the conductance, for the
selected materials of interest. Hence, the simplified approach, developed
within this thesis, supports high throughput screening of materials that
might be suitable for high TMS effects. These theoretical studies unveil
that the electrode material of choice for high TMS effects has to possess a
highly asymmetric DOS in the vicinity of the chemical potentials for one spin
species, whereas, the other type of spins experiences a relatively flat DOS.
Thus, half-metallic ferromagnets are identified as the ideal candidates for
high TMS effects.

These remarkable predictions from the theoretical elaborations urge for an
experimental examination. Therefore, a specifically designed laser heating
setup that allows the investigation of magneto transport phenomena is used
(Chapter 3). The laser setup and measurement electronics are optimized
concerning the signal to noise ratio, the sharp on/off switching of the heating,
and the exact positioning of the laser spot on top of the MTJ (Sec. 4.1). These
improvements are crucial in obtaining reliable and reproducible results.
Furthermore, it is proven that the time resolution of the heating and the
measurement electronics is sufficient to detect parasitic effects that do not
occur from Seebeck effects in the MTJs. In particular, semiconducting
substrates are determined as the origin of the most severe parasitic influences.
Hence, in this work MTJs on insulating MgO substrates are used exclusively
for all TMS experiments.

With this reliable method high TMS effects of over —100 % are obtained
at the nearly half-metallic Heusler compounds Co,FeAl (Sec. 4.4.1) and
Co,FeSi (Sec. 4.4.2). This material class is predicted to be ideal for high
spin caloritronic effects based on their DOS (Sec. 2.4.2). Tab. 5.1 gives
an overview of the most important results for the Heusler based MTJs in
comparison to Co-Fe-B based MTJs. It clearly reveals that the Heusler based
MTJs possess a significantly higher TMS effect ratio than their Co-Fe-B based
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Table 5.1. Seebeck coefficients of MTJs with different materials: The elliptical
MTJs have diameters of 2 um X 1 pm. The Seebeck voltages are obtained at 150 mW
laser heating.

Materials VouV)  VpwV)  S,(uVK™) S, (VKT TMS
CoyoFe 0By’ 90.6 93.2 —750 —770 2.8%
C0y6Fs4Byg? 6.0 9.0 —545 —-818 50 %
Co,FeAl® —227 —442 582 1133 —95%
Co,FeSi* —370 —664 948 1703  —80%

! CogFesBy0/MgO 1.5 nm/CoyyFe By
2 CoygFesyByy/MgO 1.7 nm/CoygFes, By
3 Co,FeAl/MgO 2.0 nm/Coy,oFeyoB,g

4 Co,FeSi/MgO 2.0 nm/Co,,Fes,

counterparts. Additionally, the Heusler based MTJs exhibit larger Seebeck
voltages. To obtain a more comparable parameter, the temperature profile
of each sample type is simulated (Sec. 3.4), and the Seebeck coefficient
S = —V /AT is calculated from the Seebeck voltage and the temperature
difference between the electrodes. Again, a higher value of the Seebeck
coefficient is found for the Heusler compound based MTJs. Furthermore,
the sign of the Seebeck voltage and coefficient are reversed, when replacing
Co-Fe-B by a Heusler compound.

Both results support the introduced theoretical model that predicts a
strong influence of the DOS not only on the size, but also on the sign of
the obtained Seebeck coefficients (Secs. 2.2.2 and 2.4.2). When comparing
Co,FeSi and Co,FeAl based MTJs, a higher Seebeck coefficient is found for
the Co,FeSi based MTJs. This difference is most likely generated by the
more pronounced gap in the Co,FeSi Heusler compound, compared to the
quasi gap in the B2 ordered Co,FeAl (Sec. 2.4.2). Nevertheless, both Heusler
compounds are superior to Co-Fe-B showing higher TMS effects (Sec. 4.4.3).

This already emphasizes the extraordinariness of the results, which are
concluded in two main aspects: First, these experiments introduce a new
material class to the TMS effect that substantially improves the Seebeck
voltage and effect ratio. The high TMS effects in Heusler compound based
MTJs uncover a new and interesting feature of this versatile material class. In
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spintronic applications, Heusler compound based MTJs have not been able to
overtake their Co-Fe-B based counterparts. However, the opposite seems to
be true for spin caloritronic applications, in which Heusler compound based
devices exhibit higher signals and larger effect ratios. These remarkable
benefits have been discovered and proven by the presented investigations.
The robustness of these properties opens a new playground for further dis-
coveries in the field of spin caloritronics that have remained concealed up to
now. Second, and probably even more fundamental, the experimental results
are a clear demonstration of the applicability of the simplified model that is
elaborated in Sec. 2.4. The theoretical model in combination with experi-
ments clearly reveals the important features in the DOS that are necessary
to generate a high spin caloritronic effect. The thorough investigation and
comparison of the TMR and TMS effects in different materials lead to a much
deeper understanding of the fundamental contributions to these effects, and
allow an efficient screening for improved spin caloritronic materials.
Another main aspect of this thesis, is the investigation of the TMS effect
under an applied bias voltage. The nonlinearized Landauer-Biittiker formal-
ism is presented as a suitable framework for investigating the thermoelectric
transport in the MTJs when a temperature difference AT and a bias voltage
V are applied across the tunnel barrier simultaneously (Sec. 2.4.1). This
model allows to separate the different contributions to the tunneling current
generated in the MTJs. This is crucial, because the AC heating of the MTJs
does not only modulate AT, but additionally changes the base temperature
T at the same frequency. Under an applied DC bias voltage both effects con-
tribute to a change of the tunnel current AI between heating on/off. Hence,
the experimental separation of the Seebeck contribution from the total signal
is impossible. In simulations of the current, however, it is feasible to study
arise of T independently from the generation of a temperature difference
AT. Within this theoretical framework the different contributions in Co-Fe-
B/MgO/Co-Fe-B MTJs are easily distinguishable by their symmetry. Only by
developing this description of the tunnel current in the Landauer-Biittiker
formalism, two interesting new methods are developed: the bias-enhanced
tunnel magneto-Seebeck (bTMS) effect drastically increases the magnetic
readout contrast. Furthermore, a new technique to determine the Seebeck
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voltages under an applied bias voltage by applying a linear model to the
experimental data is introduced.

The bTMS effect combines two effective gradients across the tunnel barrier:
a temperature gradient and a voltage. Both gradients drive charge currents
that depend on different parameters. The bias voltage creates a current
that mainly depends on the resistance. The temperature gradient generates
a current that is additionally influenced by the Seebeck coefficient of the
MTJ. Both parameters change differently when the magnetizations of the
ferromagnets are reversed, which causes an on/off behavior of the bTMS
signal at specific bias voltages (Sec. 4.3). Hence, the effect ratio diverges,
which allows a much better readout contrast than the commonly used TMR
effect. Experimentally, values of nearly —3000 % are observed.

To cast light on the influence of the direct tuning of the chemical potentials
on the TMS effect, a combination of the bTMS setup and the Landauer-
Biittiker formalism is used (Sec. 4.3). An external bias voltage is applied
to the MTJ to alter the relative position of the chemical potentials of the
two ferromagnetic electrodes. The experimentally determined dependence
of the Seebeck contribution to the overall current is comparable to the
results of the simulations gained from the nonlinearized Landauer-Biittiker
formalism (Sec. 2.4.1). For a small voltage range, which allows the use of the
linearized Landauer-Biittiker formalism, even the bias voltage dependence
of the Seebeck coefficients is obtained.

Both techniques — the tuning of the chemical potentials and the bTMS
provide a large contrast of a physical property in the two magnetization
states. This result makes them notably attractive for future applications in
logic devices and memories.

Due to the novelty of the TMS effect, a lot of questions are still unanswered.
Even more questions and ideas evolved during the experiments that are
presented in this thesis. In the following paragraphs the most promising
ideas and first concepts for their realization are presented.

An important aspect for future investigations will surely be the temperature
dependence of the TMS effect. The influence of the base temperature on
the TMS effect ratio is already visible in the Co,FeSi based MTJs (Sec.4.4.2).
This effect has to be studied in detail in a cryogenic environment. Therefore,
the most accessible method is patterning a heater line on top of the MTJs, as
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5. Conclusion & Outlook

already demonstrated by Liebing et al.[>!. The results of low temperature
experiments will provide a more fundamental understanding of the tunneling
transport, and, hence, they can contribute to an improved material choice
for the electrodes.

Not only the electrode materials, but also the barrier material influences
the transport in an MTJ. Besides the known barrier materials Al,O, and MgO,
MgAl,O, has recently received large interest, because it provides coherent
tunneling and additionally posseses a decreased lattice mismatch to Co-Fe-B
electrodes 34%1%7]  TMS data of Co-Fe-B/MgAl,O, 1.8 nm/Co-Fe-B with a
TMR effect of 34 % and a TMS ratio of 3.3 % have already been recorded %%/,
but lack the desired improvements. More detailed investigations of different
barrier thicknesses and improved off-stoichiometric Mg-Al-O are a subject of
ongoing experiments, and might reveal higher effect ratios.

An important task that could not be solved since the discovery of the TMS
effect in 2011 is the exact determination of the temperature difference across
the tunnel barrier. The group of Cahill has shown that time domain thermal
reflectance (TDTR) [1°! and time-resolved magneto optical Kerr effect (TR-
MOKE) measurements'!%) can reveal information on the temperature of a
material. In a more recent work, they have shown that they can optically
pump and probe the sample from different sides!'!%*!) and still obtain a
reliable time dependent demagnetization signal in TR-MOKE experiments.
For determining the temperature gradient across the thin MgO barrier in the
earlier presented samples, their setup is modified allowing a combination of
both temperature sensitive detection techniques. Therefore, layer stacks of
CoyoFe B,y 1nm / MgO 2nm / Ru 100 nm are sputter deposited on double
sided polished MgO substrate. The samples are ex-situ annealed at 300 °C for
1h to crystallize the MgO film. For the generation of a temperature gradient,
the pump pulse is applied to the thick Ru layer (Fig. 5.1). The Ru film serves
as a transducer layer and prevents the laser light being transmitted to the
MgO and Co-Fe-B layers. Since, the samples possess a ferromagnetic and a
non-ferromagnetic layer adjacent to the MgO film, the TDTR technique is
applied to probe the temperature in the non-ferromagnetic Ru layer and the
TR-MOKE signal probes the ferromagnetic Co-Fe-B through the transparent
MgO substrate.
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Figure 5.1. Temperature difference across a thin MgO layer: a Schematics of
the sample and the pump-probe experiment. b Temporal evolution of the two probe
methods.

The first results in Fig. 5.1b clearly reveal a different response of the
detected signals. The TDTR signal, i.e., the temperature of the Ru layer, that
is pumped by the laser, is rising earlier than the TR-MOKE signal from the
back of the sample. This is a first sign of a heat propagation through the
2nm thick MgO barrier and the generation of a temperature difference. For
obtaining the temperature gradient from the in-phase V;, and out-of-phase
V. signals of the TDTR and TR-MOKE signals, a model for the thermal
transport across the layers is pending. Nonetheless, the present results are
promising for realizing a temperature measurement at both sides of the thin
MgO layer. Thus, this technique is promising for obtaining more precise
values of the temperatures and the thermal conductivity in the sample than
the current COMSOL simulations.

In addition, the pump-probe technique allows the observation of thermal
spin-transfer torques™!''! in ferromagnet/Cu/ferromagnet spin valves. A
comparable study of this important mechanism for the switching of the MTJs
by applying a temperature gradient is still lacking.

Pump-probe experiments may also uncover the role of different relaxation
mechanisms in the tunneling process. Exciting the electrons in the ferromag-
netic electrodes with a short intense laser pulse might enable a tunneling
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5. Conclusion & Outlook

of hot electrons over the barrier before they relax with the lattice ', This
decoupling of the electron and lattice temperatures can only be observed at
short time scales. Hence, further investigations with the existing pump-probe
setup are planned.

Of course, magneto Seebeck effects cannot only occur in magnetic tun-
nel junctions, but in any magnetoresistive device. One class of materials
that is highly adabtable to a variety of demands, are organic semiconduc-
tors113114] In particular their use in lateral organic spin valves is beneficial,
since it allows the combination of field effects and magnetoresistance. Field
effect modulated spin valves!'>! and field effect modulated Seebeck co-
efficients[11®] have already been investigated. However, a combination of
these two effects, i.e., a field effect controlled magneto-Seebeck effect in an
organic spin valve, is still lacking. For the investigation of Seebeck effects
in these devices, it is desirable to use high magnetic fields, a stable sample
environment and a well controlled temperature difference AT. Hence, a
cryostat insert that fulfills these demands has been designed. A detailed
description of this setup is found in Appendix E. First experiments at organic
spin valve are pending, because prior to these investigations a calibration
of the setup is needed. Nevertheless, first measurements of charge Seebeck
and Nernst effects give reliable and reproducible results (Appendix E). Thus,
further experiments with organic spin caloritronic devices are planned in the
near future.

As a final conclusion, the theoretical and experimental elaborations in
this thesis contribute fundamentally to the understanding of the TMS effects
in MTJs. By using the linearized Landauer-Biittiker formalism to describe
the thermoelectric transport in MTJs, a simplified, yet suitable model for
the prediction of TMS effects from the DOSs of the ferromagnetic leads is
established. Based on this, half-metallic Heusler compounds are revealed
as the ideal electrode materials for MTJs with high TMS effects not only by
theory, but also by experiments. This proves the applicability of the proposed
model, and unveils a phenomenal new property of the versatile class of
Heusler compounds. Further impressive insight into the electronic transport
has been achieved by describing the current across an MTJ, which experi-
ences an applied bias voltage and simultaneous temperature difference, in
the nonlinearized Landauer-Biittiker formalism. This description leads to the
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discovery of a significant new effect, the bias-enhanced TMS (bTMS) effect.
The bTMS effect constitutes the first realization of on/off characteristics of
the current through an MTJ under magnetization reversal. Furthermore, the
nonlinearized formalism permits the investigation of Seebeck coefficients of
an MTJ when the chemical potentials in the electrodes are shifted externally.
This characteristics had been concealed up to now. Hence, these careful
and profound investigations represent a vital contribution to the thriving
fields of spin caloritronics and spintronics. The newly gained knowledge will
hopefully support the discovery of innovative devices, e.g., power saving
memories, as well as unknown fundamental physics.
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Appendix A

Linearization of the Landauer formula

For infinitesimally small differences in the chemical potential Ay = u; — Uy
and temperatures AT = T; — Ty the Landauer-Biittiker formalism (Eq. 2.3.3)
is linearized to determine the conductance G and the Seebeck coefficient S.
In the following a brief overview of the derivation of the linearized equations
is presented. The starting point for the derivation is the Landauer transport
equation (cf. Eq. 2.6):

e
I= EJ dE [ Tl (B) — fimTe (E)] T (E) (A.D)
The parameters at the Fermi-Dirac functions f*' (E) indicate that these
energy dependent functions also depend on the chemical potentials u and
the temperatures T of the corresponding reservoirs.

A.1. Conductance

First an expression for the answer of the system to a relative shift of the
chemical potentials in the two reservoirs at zero temperature difference needs
to be found. This resembles the situation of an ideal current measurement



A. Linearization of the Landauer formula

under an infinitesimally small applied voltage. Since the difference u; — uy
is infinitesimally small f; (E) — fi (E) is rewritten:

fB)—fr(E)  Of

= (A.2)
Py — Mg ou
Hence, in this linear regime, Eq. A.1 is rewritten:
e of
I= 7 J dE ( ) (u, — ug) 7 (E) (A.3)
The partial derivative is calculated using the Fermi function
! ! ith x = =M (A4)
= , with x = —— .
1+exp( u) 1+ exp(x) kyT
Accordingly, the derivative is rewritten and it is obtained that
0 of 0x 1 %}
af _af 1y af (A5)
Em U " oxou u kT ox’

Also the partial derivative of f with respect to the energy is calculated:

af _af ox ( 1 )_af

— | = A.6
0E  0x0E kyT | 9x (8.6)

The last two equations allow expressing the derivative of f with respect to
the chemical potential through the derivative with respect to the energy:

of  of

= A.
ou JOE &.7)

Now this is inserted into Eq. A.3 and the difference in chemical potential is
replaced by a voltage (u, —ug) =e-V:

=— J dE V9 (E) (A.8)

The linear response of the conductor to an applied voltage or to a current
are now expressed in terms of the conductance G =I/V:

G= ¢ dE ang A.9
() o)
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A.2. Seebeck coefficient

A.2. Seebeck coefficient

For the calculation of the Seebeck coefficient Eq. A.1 is linearized with respect
to the temperature difference AT = (T, — Ty):

fBE)-f(E) L Of

= A.10
T.— Ty aT ( )
This replacement yields a thermocurrent in the linear regime:
e 1%}
I=—|dE of (T, - Ty) 7 (E) (A.11)
h OT ) ~——2
AT

Next, the partial derivative of the Fermi function with respect to the temper-
ature is calculated:

of Of dx E—u\ of
—=————=|- o A.12
T 0xdT ( kBTZ) dx (a-12)
Comparing this to equation A.6 results in:
of of E—u
—=—-—— Al
oo () 13

The Seebeck coefficient is defined as V = —SAT. With the conductance
G =1/V this is rewritten to S = —I/(GAT) and with equations A.9, A.11,
and A.13 the Seebeck coefficient in the linear regime is gained:

__ide(%)(E—,u)ﬂ'(E)
el [dE(L)7(E)

(A.14)

121






Appendix B

Leakage current through the voltage
amplifier

Leakage currents present in non-ideal voltmeters can cause parasitic contri-
butions to the measured voltage. These undesired effects are enhanced, if the
tested device and the voltmeter own similar resistances. Moreover, a change
in the resistance of the measured device, such as in an MTJ, influences the
voltage determined with a non-ideal voltmeter. This undesired change can
lead to artificial TMS effects that are not related to the change of the Seebeck
coefficients of the MTJ.

For the Seebeck voltage measurements a high impedance voltage ampli-
fier with an input impedance of 1 T is used as a voltmeter. It is directly
connected to the bottom and top contacts of the MTJs with base resistances
ranging from a few k2 to several MQ. The finite resistance of the amplifier
allows a leakage current to travel through the circuit in Fig. B.1a. The
leakage current I,.,, can be calculated from the Seebeck voltage Vg.upoq @and
the total resistance of the circuit R, = Ry, + Ry, containing the series
resistances of the amplifier and the MTJ:

I — VSeebeck
leak R + RMTJ

amp

(B.1)

From this equation it is recognized that the leakage current changes with
the resistance of the MTJ. If the resistance of the MTJ is much smaller than



B. Leakage current through the voltage amplifier
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Figure B.1. Origin of artificial TMS effect: a Model circuit b Artificially generated
TMS effect for MTJs with different parallel resistance R, and different TMR ratios.

the input impedance of the amplifier, this contribution can be neglected,
but for MTJs with resistances in the range of several MS2 it should checked
whether the change of the resistance between the p and the ap state can
lead to a similar change of the measured voltage as the expected TMS effect.
For this purpose the voltage determined by the amplifier in the model circuit
displayed in Fig. B.1a is calculated. The Seebeck voltage generated in the
MT]J is kept constant, neglecting any dependence of the Seebeck coefficients
on the magnetic orientation of the MTJ, but the resistance of the MTJ changes
according to the TMR ratio (see Eq. 2.1):

R;?TJ = Rl;/m -(14+TMR) (B.2)

The amplifier is modeled by an equivalent circuit consisting of an ideal
voltmeter (R — o00) and the input resistance of the amplifier Rymp = 1MQ

connected in parallel. The voltage drop across the amplifier is determined
by the input resistance and the leakage current:

amp

p,ap — . = — .
V. - Ramp Ileak - R +Rp,ap
amp MTJ

amp

VSeebeck (B3)
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Inserting the voltages Vo and Vi, INtO the equation of the TMS ratio
(Eqg. 2.5) and using Eq. B.2, the ratio of the artificially generated TMS effect

is calculated:

Vi Ry
TMSiical = - — 1 = 75— - TMR (B.4)
Vamp Ramp + RMTJ

For the ideal voltage amplifier (R,,, — o) the fraction of the resistances
yields zero and the artificial TMS effect vanishes. For the non-ideal amplifier
with R,,,, = 1 MQ the size of the fraction depends on the difference between
the resistance of the MTJ and the amplifier. This prefactor defines how
much the TMR effect, i.e, the relative change of the resistance between
the p and the ap state of the MTJ, contributes to the artificial TMS ratio.
Fig. B.1b displays the size of the artificial TMS effect in dependence on
the resistances of the MTJ in the p state. Even for an MTJ with a high
resistance of Rp = 2Mf and a large TMR effect of 200 % the artificially
generate TMS effect, due to the non-ideal voltage measurement, is below
0.5%. Accordingly, any voltage change larger than this is not attributed to
the finite resistance of the voltage amplifier and the TMR effect of the MTJ.
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Appendix C

Tunnel magneto-Seebeck effect under
bias voltage

This section represents an extension to the investigations of the TMS effect
under applied bias voltage. It contains details on the measurement technique
and additional experimental results that support the findings in Sec. 4.3. The
information in this section has been published as supplementary information
to Ref. 18] that directly evolved from the work performed for this thesis.

C.1. Direct and indirect determination of the Seebeck
voltages

A direct measurement of the Seebeck voltage SAT is only possible when no
external bias voltage is applied to the MTJ, but SAT can also be determined
indirectly from the current and the resistance measurements (Eq. 2.22) 1723,
Accordingly, both techniques are compared when no bias voltage is applied to
the MTJ. For zero bias voltage (V = 0mV) Eq. 2.22 gives SAT =1/G - Al =
R-AI . Fig. C.1a shows a comparison of the directly and indirectly determined
SAT. The spikes in the curve of the indirect determination occur because of
slight differences in the switching field for the bTMS (current) and TMR effect
measurements (Fig. C.1b & c¢). The measured and indirectly determined



C. Tunnel magneto-Seebeck effect under bias voltage
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Figure C.1. Directly and indirectly determined Seebeck voltages without bias:
a The directly measured Seebeck voltage (SAT), and the indirectly obtained SAT,
recalculated from the current and resistance measurements, show the same switch-
ing fields and the same height. The corresponding TMS ratio is given on the right.
b Dependence of the resistance R on the applied magnetic field and correspond-
ing TMR ratio. The measurements are performed with a bias voltage of 10 mV.
¢ Dependence of the Seebeck current AI on the applied magnetic field without
bias voltage and corresponding bTMS ratio. Accordingly, the measured current
AI =(1/R,,) - SAT is proportional to the Seebeck coefficient and the inverse of the
resistance (S/R). Hence, the measurements of b and ¢ can be used to determine the
blue curve in a.

Seebeck voltages have nearly the same height. Hence, a determination of
the SAT from the current with this method (based on Eq. 2.22) leads to the
correct deduction of the Seebeck coefficients and their dependence on the

bias voltage.
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C.2. Peltier and Thomson effects

C.2. Peltier and Thomson effects

For the correct interpretation of the results it is essential to calculate the heat
current created by the DC charge current I, driven through the MTJ by the
bias voltage (Peltier effect). The amount of heat generated

Q=1-I,,, MO=ST (C.1)

is directly proportional to the Peltier coefficient IT and, therefore, to the
Seebeck coefficient S of the MTJ. At temperatures of T ~ 400K the measured
Seebeck coefficients for Co-Fe-B/MgO MTJs are in the range of 100 uVK™*
to 770 uVK11%1720) " For a minimal measured resistance of 6kQ and a
maximal applied bias voltage of 300 mV, this yields a maximum heat current
of Q. ~ 16 uW. Thus, the heat generated by Peltier effects is neglected, as
a laser with a power of up to 150 mW is focused on top of the MTJ, creating a
much larger temperature difference across the barrier than the Peltier effect.
Furthermore, a Thomson heat is generated by the temperature gradient and
the current density j caused by the bias voltage and the Seebeck voltages
across the MTJ. This effect is described by the heat production rate per unit
volume as

) i ds

qg=—-KjVT, K—T'd—T (C.2)
when Joule heating and thermal conductivity are not included. K is the
Thomson coefficient that is non-zero for Seebeck coefficients which de-
pend on the temperature. For MTJs, the temperature dependence of the
Seebeck coefficients has not been experimentally determined. Ab initio cal-
culations*”! show that between 300K and 400K the Seebeck coefficients
remain nearly constant for most Co-Fe compositions. This yields dS/dT ~ 0
and therefore Thomson effects vanish.

C.3. Bias enhanced TMS effect at a second MTJ

The bias enhanced tunnel-magneto Seebeck effect is measured for different
laser powers at a second similar sample. The data presented in Fig. C.2
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C. Tunnel magneto-Seebeck effect under bias voltage

show the measured currents Al for different laser powers. Fig. C.2a displays
the dependence of the measured currents Al on the applied bias voltage
for different laser powers. The absolute value of Al is always larger in the
ap state of the MTJ than in the p state. At this sample, a zero-crossing of
the current in one magnetic state is found at bias voltages of approximately
—10mV and —2mV (AL, (—10mV) ~ 0nA, Al,,(—2mV) ~ 0nA). This
on/off characteristics leads to high (theoretically diverging) bTMS ratios
at these values of the bias voltage (Fig. C.2b). The zero-crossing of the
current and the high bTMS effect ratios originate from a compensation of
the thermal current and the current created by the bias voltage.

Fig. C.2c shows that the absolute current at a bias voltage of —10mV
increases with rising laser power. The current in the p state is much smaller
than in the ap state and has an opposite sign. The increase in both states can
be explained by the larger base temperature and temperature gradient that
is created when the laser power is raised. The larger temperatures lead to an
increased AI according to Eq. 2.22, because the Seebeck contribution SAT
and the difference of the resistance AR are increased. The current in the p
state is set to a value close to zero by applying a bias voltage of —10 mV. The
increase of this current exhibits that the Seebeck contribution to the overall
current is rising with increasing laser power and cannot be compensated by
the bias voltage contribution anymore. The current in the p state rises by
a factor of 2 while the current in the ap state increases by a factor of 4.6,
which leads to the observation of the highest bTMS ratio at a laser power of
150 mW and a bias voltage of —10mV.

C.4. Contributions from the bias voltage and Seebeck
voltage

In the experiment a zero current signal is found in the p state at a bias voltage
of —10mV (A, (—10mV) »~ 0nA). The corresponding Seebeck voltage
S,AT that is compensated by the bias voltage of —10mV is calculated using
Eq. 2.22. Further the measured conductances are needed for the MTJ in the
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Figure C.2. Laser power dependence of the bias enhanced TMS effect: a De-
pendence of the current Al on the bias voltage for different laser powers. A
zero-crossing of the current for one magnetic state can be observed at approximately
—10mV and —2mV. The absolute current rises with increasing laser power. b
bTMS ratio determined from the measurements in a. The highest effect of more
than —6000 % is observed for a laser power of 150 mW. ¢ Current measurements
at an applied bias voltage of —10mV. At this value of the bias voltage the current
in the p state is close to zero, whereas, the current in the ap state is two orders of
magnitude larger. The increase of the current in the p state shows that the Seebeck
and the voltage contribution compensate better for smaller laser powers.

p state G,, &~ 194.97uS and G ~ 194.70 uS when the laser is switched on
or off, i.e., the MTJ is heated or at room temperature.

Al Gon - Goff
— — —— =SAT (C.3)
Gon Gon
0.27uS
SAT & —— " . (~10mV) ~ 13.85uV (C.4)
194.97uS
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C. Tunnel magneto-Seebeck effect under bias voltage

The same calculation can be done for the ap state of the MTJ where a bias
voltage of —2mV is needed to compensate the current signal AI,,(—2mV)
OnA. The conductances for the ap sate are G,, ~ 81.02uS and G
80.18u.S.

A
A

0.84uS
S, AT a

N 22 amV) A 20.8pV .5
» s1.02ps 2mV) W (€>)

Because of the small factors G., — G.4/G,, relatively high voltages in the
millivolt regime are needed to compensate the contribution of the Seebeck
voltages in the microvolt range to the measured currents AT. Seebeck
voltages of some microvolts are measured at the investigated junctions when
no bias voltage is applied (Fig. C.1a).
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Appendix D

Further TMS data of Heusler based
MTJs

D.1. Co,FeAl based MTJs

In Sec. 4.4.1, it has already been discussed that the Co,FeAl based MTJs
exhibit high Seebeck voltages and high TMS ratios that are very reproducible
among different MTJs. Here, the data of the elliptical MTJ (diameters
3um X 1um) investigated in Fig. 4.9 is studied in more detail. Fig. D.1a
displays the Seebeck voltage under changing external magnetic field for
different laser powers. These curves are recorded with a laser spot diameter
of 10 pm. Similar to the data presented in Sec. 4.4.1, an abrupt switching
of the Seebeck voltage between the p and ap state of the MTJ is observed.
The switching fields are consistent with the switching of the resistance in
the TMR measurement at the same MTJ (Fig. D.1b). The voltage in each
state rises linearly with the applied power, i.e., with increasing temperature
gradient across the barrier. The highest voltages have been obtained at
150 mW and amount to V, = —218uV and V,, = —429uV. This difference
yields a TMS ratio of approximately 96%. The ratio is nearly constant
with varying laser power, which is in good agreement with the observations
discussed in Sec. 4.4.1. With a temperature difference of 390 mK across
the barrier (cf. Sec. 4.2.1), the Seebeck coefficients yield S, =559V K!
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Figure D.1. Tunnel magneto-Seebeck effect of a Co,FeAl based MTJ. a Depen-
dence of the Seebeck voltage on the magnetic field. b Tunnel magneto resistance. ¢
Evolution of the voltage in the p and ap state, and the TMS ratio derived from these
voltages with rising laser power. The MTJ has a size of 3um X 1pm

and S,, = 1100uV K™!, which are even slightly higher than for the data
presented in Fig.4.10.

D.2. Co,FeSi based MTJs

In Sec. 4.4.2, it has already been revealed that the Seebeck voltage nicely
follows the switching behavior of the resistance in Co,FeSi based MTJs.
Furthermore, a slight decrease of the TMS ratio is observed when the laser
power is increased. A similar dependence is observed for a second, marginally
larger, MTJ of 3um x 1um. The Seebeck voltage in this MTJ reaches
—500uV in the ap state at 150 mW. This value is a little smaller than for
the 2pm x 1um sized MTJ described in Fig. 4.16. On the other hand, the
averaged TMS ratio of the larger MTJ is —95 %, which is 10 % larger than
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Figure D.2. Tunnel magneto-Seebeck effect of a Co,FeSi based MTJ. a Depen-
dence of the Seebeck voltage on the magnetic field. b Tunnel magneto resistance. ¢
Evolution of the voltage in the p and ap state, and the TMS ratio derived from these
voltages with rising laser power. The MTJ has a size of 3um X 1 um

for the smaller MTJ. A comparable difference is also found for the TMR
ratio, which amounts to 102 % in the larger MTJ (Fig. D.2b) and 86 % in
the smaller MTJ (Fig. 4.16). Accordingly, the decreased of TMS ratio of the
smaller MTJ is attributed to the less pronounced change of the transport
coefficient between the p and the ap state. The most probable origin for
this difference between the MTJs is the locally reduced barrier quality, e.g.,
because of pin holes, in the smaller MTJ. This assumption is supported by
the reduced resistance-area product of the smaller MTJ (see Tab. 4.1).
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Appendix E

Cryostat insert for Seebeck and Nernst
experiments

The topic of this thesis is the investigation of magneto-Seebeck effects in
MTJs. However, other devices based on various materials also show inter-
esting magneto-Seebeck effects. One material class that particularly caught
my interest are organic semiconductors!'!#117:118 This material class is a
promising canditate for the combination of field effects!!*), magnetoresis-
tance (') and Seebeck effects!!®!. For the experimental investigation of
these effects two ingredients are needed. The first ingredient is a device that
combines an organic field effect transistor '] with a lateral spin valve !4,
The realization of such a device has been presented by Dediu et al. ['?°!, The
second ingredient is a well controlled sample environment that allows the
application of a stable temperature difference to the lateral spin valves. This
temperature difference is necessary for the generation of a Seebeck effect. An
appropriate experimental setup has been designed during the work related
to this thesis.

First, the organic field effect is investigated. The setup used for these in-
vestigations has been designed by Kai Bagschik during his diploma thesis 2!,
Tests of copper phthalocyanine (CuPc) organic field effect transistors (OFET)
with gold source and drain contacts prove that it is possible to reproduce
the field effect in samples prepared in this setup. Therefore, the contacts
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Figure E.1. Organic field effect transistor: a Top view of the contacts of a field
effect transistor with a channel length of 500 um and a channel width of 5um. b
Characteristic source-drain current versus voltage curves under gate-drain voltages
between 0V to 106V in steps of 6.6V.

for the source and drain of the transistor are patterned on a Si/SiO, 500 nm
substrates. The channel width of the OFET is 5 um and the channel length is
500 um. For future Seebeck experiments an additional insulated heater line
is patterned close to the channel of the OFET. For gating the OFET a voltage
is applied to the back side of the silicon substrate that is insulated from the
channel by 500 nm of SiO,. A microscopy image of the patterned sample is
shown in Fig. E.1a. For finishing the OFET, a layer of CuPc is evaporated on
top of the source and drain contacts in a vacuum chamber. The microscopy
image shows that only the source and drain contacts are accessible for the
CuPc, while all leads and the heater are covered by an insulator. Experimen-
tally determined source-drain currents Ig, in dependence of the source-drain
voltage Vg, for different gate-drain voltages V, are shown in Fig. E.1b. The
results reveal the characteristic shapes of these curves, as expected for a field
effect transistor.

For the investigations of Seebeck coefficients a precise control of the
sample temperature under an applied temperature difference is crucial. To
realize this task, a cryostat insert has been designed that allows experiments
between 77 K and 400K, either in vacuum, or in a gas atmosphere, e.g., N,
or Ar. The whole cryostat setup is placed inside the bore of a 5T cryomagnet
to allow magneto transport experiments.
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Two different mounts exist for the sample. In the first sample mount
(Fig. E.2), the temperature difference is applied in the in-plane direction of
the sample by a heater attached to only one side of the sample mount. The
temperatures and the temperature difference are controlled by two Cernox™
temperature senors placed on top of the sample close to the device under
test. For providing a constant base temperature, a second heater is attached
to the sample mount that allows a homogeneous heating. This heater is
controlled by a temperature control feedback loop that takes the temperature
of the Cernox™ as an input parameter and accordingly sets the power of the
heater. For electrical contact to the sample wire bonding is used. Since the
sample mount can be rotated, the magnetic field can be rotated from the
in-plane axis of the sample to the out-of-plane direction.

The second sample mount allows the application of a temperature differ-
ence along the out-of-plane direction of the sample. Here, the temperature
difference is generated via two Peltier cells. One of them cools the sample,
the other one is functioning as a heater. In this case not only the temperature
difference, but also the thermal flux thorough the sample can be monitored
by two passive Peltier cells that act as heat flux sensors. With this setup the
direction of the magnetic field can be rotated in the plane of the sample.
This, for example, allows to investigate the anisotropy of thermoelectric
effects.

First experiments in organic based spin valves are still pending, since their
testing is not yet completed. Before reliable Seebeck effect measurements can
be obtained the samples have to be tested concerning the magnetoresistance
and field effects. Finding the right materials for the electrodes and the
channel is not easy. This is particularly delicate, because the electronic levels
of the organic semiconductors do not match the electronic structure of the
ferromagnetic, metallic electrodes !*>]. Accordingly, at the current status an
implementation of MgO tunnel barriers to obtain a better spin injection into
the channel of the OFET is tried. Once a high quality tunnel barrier is grown
on the source and drain contacts, these devices will be tested considering
their magnetoresistive properties.

However, besides the investigation of Seebeck effects in gated organic spin
valves, the cryogenic setup can be used to investigate other magneto trans-
port and magneto thermal effects. The probably most prominent megneto
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Figure E.2. Cryostat setup for Seebeck and Nernst experiments: a Overview of
the setup with sample environment and connections to the outside. b Sample
mount for experiments with in-plane AT. The magnetic field can be rotated from
in-plane to out-of-plane. ¢ Sample mount for experiments with out-of-plane AT.
The magnetic field can be rotated in the sample plane.

transport effect is the Hall effect!*??!. If a current J, is passed through a

conductor that experiences a perpendicular magnetic field B,, a transverse
electrical field E, is generated?®). The generation of the electric field is
attributed to the Lorentz-force that acts on the electrons forming the current.
In a general form the ordinary Hall effect is expressed as

E=—u,RyJ xH, (E.1)

where H is the magnetic field, U, is the magnetic permeability and Ry is the
Hall coefficient'?*), In a ferromagnetic conductor, the Hall effect is not only
generated by an external magnetic field, but also by the magnetization M
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of the ferromagnet. This effect is called the anomalous Hall effect (AHE),
which generates an electric field dependent on the magnetization

E=Ruygt XM, (E.2)

with the anomalous Hall coefficient R,;;. In experiments usually the Hall
resistivity

E}’

Py == (E.3)

X

is given as a function of the externally applied field. Hence, for ferromagnets
usually a hysteresis loop is received, when p,, is studied under sufficiently
large varying external magnetic fields.

The thermoelectric counterpart to the Hall effect is the Nernst effect 1241,
Instead of a voltage driven this effect uses a thermally driven charge current
that arises from a Seebeck effect. Thus, the current J is replaced by a
temperature gradient VT 123, This yields

E=uoNyVT x H, E=NyVT xM (E.4)

for the ordinary and the anomalous Nernst effects (ANE), respectively. For
the presentation of experimental data it is convenient to define a transverse
Seebeck coefficient

E

_ ¥
Ser = T (E.5)

Both, the Hall effect and the Nernst effect show a similar response to the
external magnetic field and the magnetization.

With the sample mount that can provide an in-plane temperature gra-
dient, it is possible to determine the temperature dependence of the Hall
and Nernst effects in Mn,Ru,Ga. This material is of particular interest, be-
cause, by alloying Ru into Mn,Ga it is possible to prepare a zero-moment
ferrimagnet with high spin polarization?>). The zero net-magnetization is
created by a compensation of the magnetization of two antiferromagneti-
cally coupled Mn sublattices. Hence, the material is a ferrimagnet for most
temperatures, and the loss of the overall magnetization is only reached at
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Figure E.3. Hall and Nernst effects of a Mn,Ru,Ga film: a Temperature depen-
dence of the Hall and Nernst voltage without external field. b Hall effect mea-
surements before and after the compensation point. ¢ Corresponding Nernst effect
measurements. The corresponding data points of the curves in b and ¢ are marked
by arrows in a.

a distinct compensation temperature. Before and after this compensation
point the Hall coefficients have opposing signs. This can be observed by
performing anomalous Hall effect measurements with varying base tem-
perature. In Fig. E.3a we can clearly see that the anomalous Hall signal
recorded at an external field of 4T decreases with rising temperature. It
vanishes at a temperature of approximately 235K and then increases again,
but with opposite sign. The origin of this reverse is a different temperature
dependence of the magnetization on the two Mn sublattices as explained in
detail by Kurt et al. ''*! and Thiyagarajah et al. [*°],

The reversal of the anomalous Hall effect is seen even more clearly
when we consider two individual Hall effect measurements, as presented
in Fig. E.3b. These curves are recorded after the Mn sublattices already
recovered their magnetization on both sides of the compensation points. It
can be seen that the contribution from the anomalous Hall effect that forms
a hysteresis loop changes sign.
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A similar behavior is also found for the Nernst effect. The temperature
dependent data are displayed as the red curve in Fig. E.3a. The amplitude
of the signal decreases until it reaches the compensation point, where it
vanishes. For higher temperatures it increases again but with opposite sign.
This also indicates the reversal of the magnetization as already observed by
the Hall effect. Fig. E.3c reveals this result more clearly. The two hysteresis
loops, originating from the anomalous Nernst effect are recorded at differ-
ent temperatures above and below the compensation point. For the solid
line, the temperature is well above the compensation point, at which the
magnetization of the sublattices is already recovered, resulting in a clear
hysteresis loop. For the dashed line, the temperature is only slightly above
the compensation point, leading to a decreased overall magnetization and,
hence, a smaller hysteresis loop. However, the reversal of the signal, due to
the reversed magnetization, is still visible. The data obtained from hysteresis
loops at different temperatures are indicated by the grey markers on top of
the red temperature dependent data.

These data of the Hall and Nernst effects in Mn-Ru-Ga are an impressive
demonstration of the versatility of the designed cryostat setup. Not only
does it allow the investigation of Seebeck effects in nano patterned devices,
but it also offers a powerful tool for the insight into more fundamental
physical effects that only occur under an applied temperature gradient. The
specialties of this setup are its precise temperature control and high external
magnetic fields.
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