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Chapter 1

Introduction

The discoveries of thermoelectric effects date back to the beginning of the 19
century. In 1821 Thomas Johann Seebeck observed an electrical current flowing
through two interconnected, disparate metal plates when a temperature difference
was applied across the junction'. This effect is now referred to as the Seebeck
effect. A few years later, in 1834, Jean Charles Athanase Peltier was the first
to measure the heat released or absorbed in such a junction when an electrical
current is driven through the junction under isothermal conditions?, now known
as the Peltier effect. A strong collaboration between James Prescott Joule and
William Thomson led amongst other things to the prediction and discovery of a
third thermoelectric effect, the Thomson effect, around 1854. It was found that any
conductor is heated by an electrical current (Joule heating) and that, in the case of
a current flowing in the presence of a temperature gradient, another heat quantity
(Thomson heat) appears, which can be reversed by the current direction. William
Thomson was then the first to develop a theory that explains these findings and
reveals the relations between these three thermoelectric effects®.

Today, the Seebeck effect is commonly used in electrical thermometers and the
Peltier effect is exploited to construct thermoelectric heating or cooling devices.
Usually, Peltier elements are only used under special circumstances, because of
their poor thermodynamic efficiency. Since the Peltier elements are very scalable
in size, they are often deployed when a very small cooling device footprint is needed.
As a consequence, there is still extensive on-going research with the aim of finding
suitable materials to build efficient thermoelectric devices.

A first conjunction between thermoelectric effects and spin-dependent transport
in ferromagnetic metals and across material interfaces was made in the ground-
breaking theoretical work of M. Johnson and R. H. Silsbee*. But only a decade ago
the research field known as spin caloritronics® emerged, after the pioneering work
of Parkin’s® and Ansermet’s groups”? on thermoelectric effects in Giant Magne-
toresistance (GMR) multilayers, and ultimately with the discovery of a new phe-
nomenon, the spin-Seebeck effect, by Uchida et al.'’ in 2008. This new research
field has recently attracted considerable attention, driven not only by the prospects
for fundamental research to observe theoretically predicted effects or even discover
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new spin-related phenomena, but also by the need for new strategies and devices
in information technology. The continuous down-scaling of todays’ complemen-
tary metal-oxide-semiconductor (CMOS) logic devices is reaching a point at which
the energy dissipation due to ohmic losses in the devices is no longer bearable!!.
Spintronic devices, especially magnetic tunnel junctions—which are the focus of
this thesis—open up various interesting approaches to overcome this issue, while
offering writing speed and scalability comparable to, and allowing integration with,
actual CMOS logic'* 14,

This thesis is embedded in the broad and active fields of spintronics and spin
caloritronics. The work presented in the following chapters focusses on the so-
called tunnel magneto-Seebeck effect in magnetic tunnel junctions based on the
Co-Fe-B/MgO layer stack. Apart from several open questions for fundamental
research, this material system is technologically relevant, due to the huge tunnel
magnetoresistance effect of up to 600 % at room temperature’® and the possibility
of industrial-scale production by standard DC- and RF-sputtering techniques'®.

The outline of the thesis is as follows: In chapter 1, section 1.1, the derivation of
the thermodynamic kinetic equations is sketched and the basic three thermoelec-
tric effects are discussed. Subsequently, a short introduction to the extension of
these equations in the presence of an external magnetic field or for a ferromagnetic
material is given. The relations introduced in this section are used throughout this
thesis. The remainder of the chapter then presents a selection of recent reports
on spin caloritronic effects that are related to this thesis: Section 1.2 gives a short
overview of the spin-Seebeck effect, followed by an introduction to spin-dependent
thermoelectric effects in metallic spin valves (section 1.3) and in tunnel junctions
(section 1.4).

Chapters 24 contain reprints of three peer-reviewed articles that represent the
main part of this thesis. In chapter 2, ab initio calculations of the tunnel magneto-
Seebeck effect in a Co-Fe/MgO tunnel junction are presented in combination with
the first experimental observations of this theoretically predicted effect, which were
achieved by optical heating of the tunnel junctions. Chapter 3 is devoted to the
detailed analysis of the time-dependent voltage signals that were already shown
in chapter 2. This analysis is made possible by experimental efforts in improving
the setup with respect to time-resolution and signal-to-noise ratio. The effects in
magnetic tunnel junctions grown on different substrates are studied and it is shown
that the detected Seebeck voltages are locally generated in the tunnel junction.
In chapter 4, the parameter space for another, theoretically predicted effect, the
thermal spin-transfer torque, is investigated by means of the optimization of growth
conditions and the related electrical characterization of the tunnel junctions, as well
as ab initio calculations of the thermal torques and finite-elements simulations of
the heat transport in the tunnel junction.

Chapter 5 contains first results of the two most recent experiment series and
an estimate of the thermoelectric figure of merit for the magnetic tunnel junctions
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used in this thesis. The presentation and discussion of this unpublished data is
meant to demonstrate possibilities for future theses and research. The discussion
also points out the requirements for further theoretical work and the potential of
magnetic tunnel junctions as efficient thermoelectric devices. Finally, in chapter 6,
the work presented in the thesis at hand is summarized.

A statement on author contributions to the reprinted publications, as required by
the PhD program regulations of the Georg-August University School of Science!”,

can be found behind the bibliography.

1.1 Thermodynamical kinetic equations and the thermoelectric
effects

The thermoelectric effects, which are topic of this thesis, can be described by the
thermodynamic kinetic equations. These equations can be derived from thermo-
dynamic principles by starting with the total derivative of the entropy per unit

volume s'®:

1 7
= —du- 2 1.1
ds Tdu Tdn, (1.1)

in which T is the temperature, pu is the electrochemical potential for the electrons,
u is the internal energy per unit volume, and n is the number of electrons per unit
volume. Contributions from other parts of the solid have been neglected. From
eq. (1.1) follows that the entropy current density Jg can be written as

1 p
Js = v = I

The rate of entropy change with time ¢, $, can thus be written as'®:

0s
G = — - Js.
S 8t+v

As described in detail in ref. [18], by applying continuity equations and the rela-
tionship between the heat ) and the entropy S (dQ = T'dS), the rate of entropy
change can be written in the form:

By using a linearization ansatz, it follows from this equation that the current den-
sities Jg and Jy can be expressed in terms of so-called generalized forces'® F;:

Iy =) LyF.  Jo=) LyF;
j j
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If an electric current density J is considered at this point instead of the particle cur-
rent density Jy, and the electric potential ¢ is used instead of the electrochemical

potential, the kinetic equations become'??:
Jo = Loy (—V®) + Loo(—VT). (1.4)

An approach to these kinetic equations using the Boltzmann equation in the re-
laxation time approximation is pursued in refs. [19, 20]. The results lead to the
following description of the kinetic coefficients'”

Lll - *C07 (15)
1
L21 - TL12 = _gﬁla (]‘6>
1
LQQ - WEQ, (]_7)

in which the moments are given by:

= /J(E)(E ) ( gé) dF, (1.8)

with the electrical conductivity o(E) at energy E and the distribution function f.

The theoretical description of transport in tunnel junctions takes place in the
framework of the Landauer formalism, in which transmission probabilities 7 (E)
through the tunnel barrier are calculated. The moments are in this case given

a521,22.
of (E,p,T)
/T WE — M( o >dE, (1.9)

in which the factor e? was added to the version found in ref. [22], to keep it consistent
with the definitions of the coefficients (egs. (1.5) to (1.7)).

The kinetic equations (1.3) and (1.4) with the coefficients (eqs. (1.5) to (1.7))
and moments (eqs. (1.8) or (1.9)) present the basis for the thermoelectric effects
and their theoretical calculation.

1.1.1 The Seebeck effect

The Seebeck effect occurs when a temperature gradient is created across a material
in an open-circuit condition, in which no electric current is flowing. Since J = 0 in
this case, equation (1.3) yields (expressed in finite differences):

V=Ad= —%AT — —SAT. (1.10)

11
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In this equation, the Seebeck coefficient S is defined as:

L12 1 Ll
e edy 1.11
Lll GTEO ( )

S
Here, the relations (1.5) and (1.6) were used to put the Seebeck coefficient in terms
of the moments (1.8) and (1.9), respectively. Further, it follows from the definitions
of the latter that Li; equals the conductivity o. With these results, the first kinetic
equation for the electric current density can be written as:

J=0Ad+0SAT. (1.12)

Phenomenologically, the Seebeck effect can be understood as follows: The elec-
trons at the hot end of the material, on which the temperature gradient is applied,
possess a higher thermal energy than the electrons at the cold end. As a conse-
quence, the velocity of the electrons at the hot end is also higher, leading to a
net diffusion current of the electrons from the hot to the cold end. At the latter,
electrons accumulate, giving rise to an electric field in the material which counter-
acts the thermal diffusion current and leads to a steady-state voltage that can be
measured in an open-circuit condition.

The experimental determination of the absolute Seebeck coefficient is, however,
not trivial'”. An experimental voltage measurement on a thermocouple is depicted
in Fig. 1.1. Two metals, A and B, are joined at two temperatures, T} and Ty > T7.
In an experiment, the voltmeter that is connected to one of the materials has in
general a third temperature 7”. By applying eq. (1.10) to the three parts of the

s ——
T', ®, _@f_ T', ®,

V=a, - @

T, ®, Ty > T7, P9

Figure 1.1: Measurement of the Seebeck effect. Two metals A and B are joined
at the temperatures T and T5. A voltage can only be detected at the voltmeter
when the two metals have different Seebeck coefficients, as indicated by eq. (1.13).




Chapter 1 Introduction

thermocouple, the following relations are obtained:

CI)Q — (I)/Q - _SB(T2 — T/),
Oy — &y = —Sy(Tr — TY),
) -, = —Sp(T' —Ty).

Hence, the voltage V' detected by the voltmeter yields:
V=30, - = (Sg— S4)(Tr —T1). (1.13)

The obtained voltage in the experimental scenario is a measure for the difference
in Seebeck coefficients of the two materials involved. It is obvious that no voltage
would have been measured if only one material (Sp = S4) had been used for the
experiment.

1.1.2 The Peltier effect

The Peltier effect occurs when an electron current is flowing through a material
under isothermal conditions. First, the kinetic equations are modified to describe
the Peltier effect. It is possible to express the heat current density Jg (eq. (1.4)) in
terms of the electric current density J (eq. (1.3)). By solving eq. (1.3) for (—=V®)
and using L9y = T'L1s (eq. (1.6)), one obtains for the heat current density:

2 L11L22 - L12L21

Jo+ —VT). 1.14
i o (=VT) (1.14)

Jo=T

If no electron current is present, the coefficient connecting the heat current den-

sity caused by a temperature gradient is the thermal conductivity'® x = —22 =

-3 =
L“L”L;ML”LM. Further, the Seebeck coefficient S = f—if appears in equation (1.14),

so that the heat current density becomes:
Jo=T5J —kVT. (1.15)

Due to VI = 0 in the isothermal material considered for the Peltier effect, the
relation between heat and electron current densities becomes:

Jo=T8J =117, (1.16)

in which the Peltier coefficient,
=TS, (1.17)

describes the amount of heat carried by an electron current under isothermal con-
ditions.
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1.1.3 The Thomson effect

If a temperature gradient is applied in addition to a current flow in a material that
is connected to heat reservoirs at each end, the Thomson effect describes the change
in heat flow that depends on the direction of the electric current. To derive the
Thomson coefficient, one starts again with eq. (1.1), which gives in combination
with dg = T'ds and taking the time derivative®

dg du dn
at —ar M
By using the continuity equation for the particle current Jy and by describing the
change of total energy u by means of heat and electric current, taking into account
the build-up of an electric field, it is possible to show that the rate of heat change
is given by'?:
dg
dt

Inserting eq. (1.15) into eq. (1.18), the assumption of a uniform electric current

(V-J =0) leads to

=-V-Jo-V®-J. (1.18)

dg

o = 1 V(T8) + V(xVT) = Ve - J.

Since S = S(T'), the gradient can be written as V.S = %VT. Additional insertion
of eq. (1.12) solved for V& gives

3‘; - —T%J VT + V(kVT) + 1J2 (1.19)
The last term in this equation (%JQ) is the Joule heat that occurs even without
an existing temperature gradient in every conductor due to its resistivity and is
independent of current direction. The second term is the change in heat as given
by the heat conduction equation that follows from the Fourier law. This term only
contributes when the temperature gradient is not constant throughout the material.
The first term is the Thomson heat which depends on the temperature gradient and
the direction of the electric current. Consequently, the Thomson coefficient [ is

defined as 49
B=T3 (1.20)

1.1.4 Thermomagnetic effects

In metals, thermomagnetic effects arise when an external magnetic field Hey is ap-
plied perpendicular to the plane in which heat and electric currents flow'® (Fig. 1.2a).
In the following, the convention is used that electric currents, temperature gradients
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or voltages are applied in x-direction, i.e. between z; and x5 in Fig. 1.2. Further,
the following effects—if applicable—are called isothermal if the temperature gra-
dient in y-direction is set to zero, or adiabatic if the heat current in y-direction is
set to zero'®. The complete set of effects is addressed in detail in ref. [18], whereas
only a few examples are discussed here.

In the situation in which no temperature gradient is applied and an electric
current is driven in x-direction, the Hall effect leads to the build-up of a volt-
age in y-direction, i.e. between y; and y, in Fig. 1.2a. If, on the other hand, no
electric current is driven through the material, but a temperature gradient is ap-
plied between z; and x5, a voltage in y-direction can be detected again. This is
the so-called Nernst effect. The FEttingshausen effect describes the build-up of a
temperature gradient in y-direction that is generated by an electric current driven
in z-direction. Finally, if the temperature gradient between y; and y, is caused
by an applied temperature gradient along the z-direction, this effect is called the
Leduc-Righi effect.

To describe the effects above, kinetic equations can be constructed'® as in egs.
(1.3) and (1.4). The equations are developed for electric and heat currents in z- and
y-direction. The gradients of the temperature and the electrochemical potential are
also split into the two cartesian coordinates. Thus, one ends up with four equations
containing four kinetic coefficients each. The Onsager relations in the presence of
an external magnetic field state that'®

Lij(Hext) = Lji(_HeXt)‘

The use of this relation, combined with the assumption that the material is isotropic
in the plane, leads to a reduction of the kinetic coefficients to six'®. Furthermore,

Figure 1.2: Geometries for thermomagnetic effects. a, Thermomagnetic effects
occur when an external magnetic field is applied perpendicular to the z-y-plane,
in which heat and electric currents flow. Spin caloritronic effects occur in this ge-
ometry in the absence of an external magnetic field due to spin-orbit interaction,
when spin currents in normal metals are regarded. In ferromagnetic materials, the
magnetization aligned as indicated, the geometry gives rise to “anomalous” ther-
momagnetic effects. b, In ferromagnetic materials, this geometry leads to “planar”
thermomagnetic effects.
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assigning coefficients for the above mentioned effects, the dynamical equations can
be written in matrix form

vmcb O-i_l Hext Rz _S — 1T ext1); Jx

qu) _ - extRi 0—1'_1 Hextni _S Jy : (121)
JIQ _TS _THextni — Ry —Ilext K'L’Q VxT
J?? THext'r]i —TS Hextliis —K; VyT

in which the index 7 denotes isothermal coefficients, R the Hall coefficient, n the
Nernst coefficient and £ the Leduc-Righi coefficient.

If spin currents are considered in a normal metal in the absence of an external
magnetic field, the spin-orbit interaction can lead to new spin caloritronic effects
that are labeled according to their properties and the above definitions, but with
the prefix “spin”.

In ferromagnetic metals, the thermomagnetic effects can be classified depending
on the direction of the magnetization. If the magnetization is perpendicular to
the plane, as in Fig. 1.2a, the effects are labeled with “anomalous” as prefix, e.g.
anomalous Nernst effect. If the magnetization is in the plane, as in Fig. 1.2b, the
effects are labeled with the prefix “planar”, e.g. planar Nernst effect!’.

1.1.5 Spin-dependent effects in metallic magnetic multilayers

In metallic multilayers that contain ferromagnetic metals, such as GMR and tun-
nel magnetoresistance (TMR) layer stacks, the spin transport can conveniently be
described with an independent-electron approach using a two current model. For
each of the two spin types, a conductance channel is used to describe the transport
of the respective spins in the multilayer'!. The transport in GMR and TMR de-
vices that contain two metallic, ferromagnetic layers with collinearly, i.e. parallel or
antiparallel, aligned magnetizations is of particular interest. In the following, the
kinetic equations for GMR stacks are introduced, whereas the transport in tunnel
junctions is treated later in this chapter.

In the two current model, considering only linear response, the charge current

= Jy +Jy, spin current J; = J4 — J; and heat current Je = Jf + J? can be
cast into matrix form as a function of the driving forces electrochemical potential

He = “T—;rm, spin accumulation ps = py — p) and temperature 7' (ref. [11]):
J 1 P ST %Vuc
Jo|=oEr)| P 1  PST|| £V |- (1.22)
Je ST P'ST =f —2VT
Here, 0(Er) = 04(Er) + 0, (EF) is the total conductivity at the Fermi level, P =
% i is the spin polarization of the conductivity, P’ = % 5 its energy
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derivative, S = m is the total Seebeck coefficient and x = k4 + k; the total

thermal conductivity. The P'ST entries in the matrix equation (1.22) give rise to
the spin-dependent Seebeck and the spin-dependent Peltier effect. For both effects,
spin-dependent coefficients can be defined as follows?*?*:

Ss :ST_SM HS :TSS :HT_Hi' (123)

23,24 (

Recently, these two effects were observed experimentally see section 1.3).

1.2 The spin Seebeck effect

In 2008, Uchida et al.'’ discovered an unexpected new effect that they called spin
Seebeck effect. The authors of this report prepared 20 nm-thick permalloy films
that were patterned into strips with lengths and widths in the order of millime-
ters. At the ends, 10 nm-thick platinum strips were patterned across the permalloy
strips (Fig. 1.3e). Uchida et al. observed a spin current being injected into the
platinum strips if the permalloy was magnetized in the plane and a temperature
gradient applied collinearly, as indicated in Fig. 1.3e. The spin current in the Pt
strips is detected via a voltage generated by the inverse spin Hall effect, which orig-
inates from the spin-orbit interaction in the paramagnetic metal (Fig. 1.3c). In this
transverse configuration, the spin Seebeck effect was also reported for ferromag-
netic insulators (ref. [25], Fig. 1.3g) and ferromagnetic semiconductors®®. In 2010,
Uchida et al.?” reported that the spin Seebeck effect can also be observed in the
longitudinal configuration that is sketched in Fig. 1.3d. For the experiments, the
ferromagnetic insulator yttrium-iron-garnet (YIG) was used (Fig. 1.3f, ref. [27]).
The existence of the effect in insulators and the length scales on which the effect
occurs suggest that the spin Seebeck effect is mediated by magnons (Fig. 1.3b) and
phonon-magnon interaction, and that spin transport due to conduction electrons
is negligible!!. Therefore, according to Bauer et al.'!, the effect should be labeled
magnonic Seebeck effect, but the name spin Seebeck effect is still widely used in
literature.

At the time of this writing, a vivid discussion on the contamination of the spin
Seebeck signal by other effects persists in the magnetism community. Especially
when thick substrates are used, the temperature gradient can deviate from perfect
in-plane alignment and the measured transverse spin Seebeck signals could be in-
fluenced by longitudinal spin Seebeck and anomalous Nernst signals (ref. [28] and
refs. therein). In addition, Avery et al. tested the transverse spin Seebeck effect
in permalloy films grown on 500 nm-thin Si-N membranes, in which no deviation
of the in-plane temperature gradient caused by substrate influence is expected?®.
In these experiments, however, only signatures of the planar Nernst effect were
observed.

These issues do not apply to the longitudinal configuration (Fig. 1.3d), where the
temperature gradient is applied perpendicularly to the sample plane, collinearly to
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1.2 The spin Seebeck effect

the injected spin current. Using this configuration, Chien’s group reported on
induced magnetic moments in Pt at the Pt/YIG interface generated by a proximity
effect??1. These magnetic moments could also distort the detected spin Seebeck
voltage. On the other hand, Geprags et al. could not find any evidence for the
proximity effect in Pt/YIG bilayers® in their samples. In element-specific X-ray
magnetic dichroism measurements no magnetic signal was found for 7 nm and 10 nm
Pt films, and only a negligible magnetic moment of 0.003u5 for 3nm Pt.

In the longitudinal configuration, the spin Seebeck effect (LSSE) coincides with
the anomalous Nernst effect (ANE) and a careful disentanglement of the two ef-
fects is necessary. Meier et al. performed longitudinal spin Seebeck measurements
on NiFe;O,/Pt bilayers with the aim of distinguishing between the ANE and the
LSSE?. Since the NiFe,Qy is a semiconducting ferrimagnet, the contribution of the
ANE to the detected signal can be controlled by the base temperature of the film,

a Conduction-election spin curent d Longitudinal configuation e Transverse configuration
Paramagnetic
t .
i Ly

T W VTl +z q=90° g vr
= 20 — @VTll-zq=90°

V WVTi+zq=0
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Figure 1.3: The spin Seebeck effect. a, Spin current mediated by conduction
electrons. b, Spin current due to a magnon. c, Principle of the inverse spin Hall
effect. d, f, Configuration and experimental data for the longitudinal spin Seebeck
effect. e, g, Configuration and experimental data for the transverse spin Seebeck
effect. Taken from ref. [11]. © 2012 NPG.
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Chapter 1 Introduction

because the ANE requires free charge carriers. The authors were able to disentangle
the superposition of ANE and LSSE signals, since an increase of ANE contribution
with increasing temperature is found that is similar to the temperature dependence
of the conductivity?®.

1.3 Spin-dependent Seebeck and Peltier effects in spin valves

The spin-dependent thermoelectric effects that were introduced at the end of sec-
tion 1.1 were studied first by Shi et al. on Co/Cu GMR multilayers in 1993°.
Further experiments on thermally driven spin transport through GMR multilayers
were carried out a decade ago by Gravier et al. on Co/Cu nanowires™®. In these
experiments, evidence for a spin-dependent Peltier effect was already found”. Re-
cently, the research group of van Wees studied the spin-dependent thermoelectric
effects on non-local GMR spin valves in detail®*?*34,

Slachter et al.?® were able to show that a spin current can be thermally injected
into a normal metal by using a non-local spin valve, as depicted in Fig. 1.4. In this
experiment, a first ferromagnetic layer (FM; in Fig. 1.4) is heated by an electric
current (Joule heating). This heating generates a temperature gradient in the ad-
jacent normal metal. To study the spin dependence of the Seebeck coefficient in
the first ferromagnet, a second ferromagnetic layer (FMs in Fig. 1.4) is placed as a
detector within the spin diffusion length of the normal metal. If different Seebeck

Figure 1.4: Device for detection of the spin-dependent Seebeck effect. The
non-local spin valve consists of two ferromagnetic layers (FM;, FMs, made of
permalloy) that are connected via a copper layer. The Joule heating caused by
an electrical current flowing through FM; generates a heat current into the ad-
jacent normal metal. The second ferromagnet FMy acts as a detector for a spin
accumulation close to the interface. Taken from ref. [23]. © 2010 NPG.
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1.3 Spin-dependent Seebeck and Peltier effects in spin valves

coefficients exist for the two spin channels in the ferromagnet, a difference in voltage
should be measured for the two magnetizations M; and M,, aligned parallel or an-
tiparallel, respectively. The signal of the thermally driven spin injection is expected
to scale with the Joule heating, that means with the square of the current driven
through FM;?*. In a device as shown in Fig. 1.4, in which permalloy (NigyFes)
is used as ferromagnetic material and copper as normal metal, a spin-dependent
Seebeck coefficient of S, = —3.8nVK™! is observed. The authors also investigate
electrical spin injection in these devices and compare electrical and thermal spin
injection efficiency. Based on their results, Slachter et al. claim that thermal spin

injection might be a feasible alternative to electrical spin injection?®.

Furthermore, the group of van Wees was also the first to directly observe the
spin-dependent Peltier effect in a single GMR stack®*. Flipse et al. constructed a
GMR spin valve in perpendicular geometry, as shown in Fig. 1.5. Several bottom
and top leads to the device can be used for four probe electrical measurements. In
addition, a platinum-constantan-thermocouple is brought close to the GMR stack
to measure temperature differences generated by the (spin-dependent) Peltier ef-
fect. The measurement procedure is depicted in Fig. 1.5b: An electrical current is
sent through the GMR stack using the contacts 1 and 2. Concurrently, the Seebeck
voltage at the thermocouple is recorded. Due to the large Seebeck coefficient of

Figure 1.5: Direct measurement of the spin-dependent Peltier effect. a,
Scanning electron microscope image of the device used for detection of the spin-
dependent Peltier effect. For the yellow colored leads, gold is used. The blue area
consists of cross-linked PMMA to insulate the buried GMR device. As bottom con-
tact, platinum is used (grey). The constantan (NigCuss) part of the thermocouple
is depicted in red. b, Sketch of the device and the measurement procedure. A cur-
rent is driven through the GMR stack consisting of permalloy and copper (contacts
1 and 2). The temperature difference generated by the spin-dependent Peltier effect
is detected using an electrically insulated thermocouple (the insulating Al,O3 layer
is sketched in green). Taken from ref. [24]. © 2012 NPG.
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constantan (—32pV K™'), even small temperature differences in the bottom lead
can be detected®®. The measured temperature difference is related to the conduc-

tivity spin polarization P, = Zggj and to the spin-dependent Peltier coefficient
HS = HT —1II i) via
AT = Z-(1— P, (1.24)
K

in which o is the total electrical conductivity, # the thermal conductivity and
the spin accumulation®®. The authors observed temperature differences of AT =
3mK, in agreement with finite-element simulations of the heat and spin trans-
port, combined with eq. (1.24). Flipse et al. further determined P, in addi-
tional electrical four probe measurements. Combining the experimental results
with the finite-element modelling, they obtained a spin-dependent Peltier coeffi-
cient II; &~ —0.9mV for permalloy. Using the relation between Seebeck and Peltier
coefficients (eq. (1.17)), the authors obtained a Seebeck coefficient of —3.0pV K™,
in accordance with their earlier results obtained in non-local spin valves®*.

1.4 Spin-dependent Seebeck effects in tunneling systems

Several experiments on thermoelectric effects in magnetic tunneling systems have
been carried out by other research groups concurrently with the work presented in
the next chapters. Those works include thermal spin injection into a semiconductor,
Seebeck effects in tunnel junctions with alumina (AlyO3) barriers and in the Co-
Fe-B/MgO system, tested by resistive heating in the latter case. Furthermore, a
short introduction to the theoretical predictions of the thermal spin-transfer torque
is given.

1.4.1 Seebeck spin tunneling into silicon

Efficient spin injection into semiconductors is an important issue with respect to the
integration of spintronic devices with existing logic devices based on semiconductor
technologies. For this reason, Le Breton et al. studied the possibility of thermal
spin injection into silicon®’. To investigate this effect, which is called Seebeck spin
tunneling, ferromagnet /insulator tunnel contacts were placed onto silicon layers as
sketched in the upper part of Fig. 1.6. The authors use permalloy (NiggFey) as
a ferromagnet in combination with an AlyO3 tunnel barrier. A temperature dif-
ference between the ferromagnet and the silicon is created by Joule heating of the
silicon layer®”. The spin accumulation in the silicon close to the tunnel barrier is
studied in the Hanle geometry: Given an in-plane magnetization of the ferromag-
net and, thus, an in-plane orientation of the injected spins, an external magnetic
field perpendicular to the plane leads to spin precession, which diminishes the spin
accumulation in the silicon and results in a Lorentzian-shaped field dependence?”.
The lower left graph in Fig. 1.6 shows the voltage that drops across the tunnel
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1.4 Spin-dependent Seebeck effects in tunneling systems

junction, in addition to voltages caused by the resistances in the leads and the
silicon when the silicon is heated. The same shape is obtained when the heating
current direction in the silicon is reversed (open/closed circles in lower left graph
in Fig. 1.6). This fact, the linear scaling of the amplitude (lower right graph in
Fig. 1.6) and other test experiments lead to the conclusion that the generated spin
accumulation in the silicon layer originates solely from thermal spin injection from

the ferromagnet through the tunnel barrier®.

Le Breton et al. also performed electrical spin injection experiments to deduce
the sign of the thermally generated spin accumulation from the electrically obtained
data by comparison®’: When the silicon is heated with respect to the ferromagnetic
layer, a positive spin accumulation is found, i.e. the magnetic moment of the spins
in the silicon layer is parallel to the magnetization of the ferromagnet, whereas
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Figure 1.6: Seebeck spin tunneling into silicon. Upper part: A tunnel junction
consisting of a ferromagnet and an oxide layer is placed onto a silicon layer. Joule
heating is used to heat the silicon layer and to create a temperature difference
across the tunnel barrier. The Hanle curves, shown in the lower left graph, and the
linear dependence of the effect amplitude on the heating power, shown in the lower
right graph, indicate the thermal spin injection into silicon. Taken from ref. [14].
© 2012 NPG.
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an inversion of the temperature gradient leads also to an inversion of the spin
accumulation.

To predict the influences of certain parameters, such as the tunneling spin polar-
ization, on the Seebeck spin tunneling, Le Breton et al. developed a free-electron
model considering an elastic tunneling process. This model reveals amongst other
things a strong dependence of the spin accumulation (in magnitude and sign) on
the asymmetry of the tunnel spin polarization around the Fermi level. This fact
also holds true for ferromagnet-insulator-ferromagnet tunnel junctions, as pointed
out in the simultaneously published work that is presented in chapter 2.

1.4.2 The tunnel magneto-Seebeck effect

In contrast to the experiments presented so far, it is more convenient to examine the
thermoelectric coefficients in a ferromagnet-insulator-ferromagnet junction for the
two collinear magnetization alignments parallel (P) and antiparallel (AP), instead
of the spin-dependent definitions given in eq. (1.23). When 6 is defined as the angle
between the magnetization directions of the two ferromagnetic layers, the tunnel
magneto-Seebeck ratio (TMS ratio) is given by?®:

S(0°) — S(6)

S RINEGDE

(1.25)

in which S denotes the Seebeck coefficient, § = 0° for P alignment and 6 = 180°
for AP alignment.

The tunnel magneto-Seebeck effect in alumina tunnel junctions

The tunnel magneto-Seebeck effect in tunnel junctions with alumina barriers was
investigated by Lin et al. MTJs consisting of ferromagnetic CoggFeyq layers sepa-
rated by an amorphous Al;O3 tunnel barrier were studied using laser heating. In
detail, the layer stack used in the experiments consists of*”: 5nm Ta / 25 nm PtMn
/ 2nm CogpFeig / 0.8nm Ru / 3nm CogpFejy / 2nm Al,O3 / 2nm CogoFeg /
5nm NiggFegp / 4.8nm Ru / 10nm Au. MTJs of 80 pm diameter were patterned
out of this layer stack, insulated with alumina, and Ta/Cu layers were used as top
contact®’.

A tunnel magnetoresistance (TMR) curve is shown in Fig. 1.7a. A TMR ratio of
40 % is observed. Fig. 1.7b depicts measurements of the Seebeck voltage generated
in the MTJ, when either the top or bottom contact is heated or no heat is applied.
When the MTJ is heated by the laser from the top, a negative voltage is observed,
whereas the sign of the Seebeck voltage changes when the temperature difference is
inverted. Based on resistance changes in the top contacts during laser heating, Lin
et al. estimate a temperature gradient of 1K or less across the tunnel junction®’.
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Figure 1.7: Tunnel magneto-Seebeck effect in alumina junctions. a, TMR
curve. b, Seebeck voltage measurements in different heating configurations. c,
d, Seebeck voltages as function of applied laser power. ¢, d, Thermocurrents as
function of applied laser power. Taken from ref. [37]. © 2012 NPG.

Given the negative Seebeck voltages in this case, the authors calculate a positive
Seebeck coefficient of 1000 pV K~! according to eq. (1.11) as a lower estimate®’.

In addition, the authors performed Seebeck voltage and thermocurrent measure-
ments as a function of applied laser power (Fig. 1.7c-f). The tunnel magneto-
Seebeck effect can be seen in Fig. 1.7c and Fig. 1.7d and amounts to a ratio of
40 %, which equals the TMR ratio®”. As can be seen in Figs. 1.7e-f, Lin et al. do
not observe any magnetic effect in the thermocurrent measurements.

The positive sign of the Seebeck coefficient and the absence of a magnetic effect in

thermocurrent measurements are in contrast to the observations on Co-Fe-B/MgO
MTJs that are presented in the next section and in chapters 2-3. Lin et al. claim
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that the differences are due to the coherent tunneling process®® in MgO tunnel
junctions and develop a model to explain the differences®”: The Julliere model is
employed to describe the conductivities in parallel and antiparallel magnetization
alignments. Egs. (1.3) to (1.8) are then used to obtain expressions for the Seebeck

coefficients and thermocurrents, which support the experimental observations®”.

Magneto-Seebeck effect in MgO based tunnel junctions with resistive
heating

The tunnel magneto-Seebeck effect in Co-Fe-B/MgO tunnel junctions was studied
simultaneously to the work presented in the following chapters by Liebing et al.** *!.
Whereas laser heating is used in the thesis at hand to create temperature differences
across the MTJ layer stack, Liebing et al. heated the MTJ by Joule heating of an
additional heater line on top of the tunnel junction (Fig. 1.8). The layer stack of the
MTJ is depicted in Fig. 1.8a. The temperature rise in the heater line was extracted
from its electrical resistance at different heating powers (Fig. 1.8c,d). Heating
powers up to 124 mW were possible*!. Similar to the method used in the following
chapters, the experimental parameters were used in finite-element simulations of the
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Figure 1.8: Resistive heating of a Co-Fe-B/MgO tunnel junction. a) MTJ layer
stack. b) Scanning electron microscope image of the device. c¢) Resistance change
and temperature rise for different heating powers. d) Temperature dependence
of the heater line resistance. e) Finite-element simulations of the temperature
distribution in the device. Taken from ref. [39]. © 2012 AIP Publishing LLC.
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1.4 Spin-dependent Seebeck effects in tunneling systems

heat transport through the MTJ (Fig. 1.8e) to estimate the temperature gradient
across the tunnel barrier. For a heating power of 60 mW, a temperature difference
of 45mK was obtained?**!.

The left graph of Fig. 1.9 depicts the results of Seebeck voltage measurements
on MTJs showing a TMR ratio between 70 % and 140 % that were obtained by
Liebing et al. using different heating powers*'. Seebeck voltages of up to 80V
and TMS ratios of 50 % are observed. The TMS ratios decrease with increasing
heating power, whereas the Seebeck voltages are proportional to the applied heating
power*!.

Liebing et al. also studied the thermocurrent in their MTJs*'. The results are
shown in the right graph of Fig. 1.9. Contrary to the observations of Lin et al.’",
a magnetic switching of the thermocurrent is visible for all tested heating pow-
ers. The thermocurrents also scale linearly with the applied heating power, and
thermocurrents calculated from the TMR and TMS measurements agree with the
measured thermocurrents (dashed lines in the right graph of Fig. 1.9). The magni-
tudes of the Seebeck voltages, and the magnetic switching of the thermocurrents are
in good agreement with the results obtained by laser heating which are presented
in the remainder of this thesis.
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Figure 1.9: Resistive heating: Seebeck voltages and thermocurrents. Left
graph: Seebeck voltages observed with different heating powers. Right graph:
Thermocurrents measured at the same heating powers. Taken from ref. [41]. ©
2013 AIP Publishing LLC.

1.4.3 Thermal spin-transfer torque

The existence of a thermal spin-transfer torque, that is the torque acting on a
ferromagnetic layer’s magnetization driven by a thermally induced spin-polarized
current, was predicted by Hatami et al. for magnetoelectronic devices*?, and by
Slonczewski for a spin valve incorporating a ferromagnetic insulator as polarizing
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Figure 1.10: Angular dependence of thermal spin-transfer torque. In-plane
and out-of-plane thermal spin transfer torques are shown for an Fe/MgO/Fe MT]
with a 3 monolayer barrier at 7' = 300 K. Taken from ref. [44]. © 2011 American
Physical Society.

layer®3. First ab initio calculations of the thermal spin-transfer torque in epitaxial
Fe/MgO/Fe MTJs were presented by Jia et al.**. The results of that publication
initiated the investigations of the parameter space for thermal spin-transfer torque
in chapter 4.

Jia et al. considered an epitaxial Fe/MgO/Fe magnetic tunnel junction to which
a temperature gradient and/or a voltage can be applied. To calculate the thermal
spin-transfer torque, the authors consider the spin current from one layer n in the
MTJ to the next (n + 1) (ref. [44]),

Juin = g [ ABItEs 1 n(BVL(E) + 6 s (B) (B,

in which t, ,(F) and t[, ,(E) present the coefficients for spin transmission and
fr/r(E) the Fermi-Dirac distribution functions of the left and right lead, respec-
tively. When no external voltage is applied and only a temperature difference AT
exists, the spin current can be expanded in terms of AT. The difference of incom-
ing and outgoing spin currents then gives the torque on a single layer and the total
torque Taz can be obtained**:
TAT = eA_CZ:ZOj (E - EF)TV(E)@% (E) dE,

in which 7/ (F) is the electrical torkance. The thermal torkance 7r = Tar/AT is
shown in Fig. 1.10 for a 3 monolayer MgO barrier as a function of angle between
the magnetizations of the two involved ferromagnetic layers. In a magnetic tunnel
junction, both the in-plane and out-of-plane torques are important for the switching
process'®. Both terms are in the order of 200nJ m=2 at a temperature difference of
1K.

Jia et al. conclude from their results that thermal spin-transfer torque switching
of MTJs is possible with temperature differences across the MgO barrier of 6.5 K
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1.4 Spin-dependent Seebeck effects in tunneling systems

for switching from antiparallel (AP) to parallel (P) magnetization alignment and
56.5K to switch from P to AP**. Additionally, thermal torques are calculated for
MgO barrier thicknesses of 5 and 7 monolayers. However, the results of Jia et al.
predict that the thermal torques are already strongly reduced to 3nJm—2K~! at 5
monolayers of MgO.
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Chapter 2

Seebeck effect in magnetic tunnel junctions

M. Walter, J. Walowski, V. Zbarsky, et al.
Nature Materials 10, 742 (2011)
DOI: 10.1038/nmat3076

Abstract. Creating temperature gradients in magnetic nanostructures
has resulted in a new research direction, that is, the combination of
magneto- and thermoelectric effects®!?:2%2%26  Here, we demonstrate
the observation of one important effect of this class: the magneto-
Seebeck effect. It is observed when a magnetic configuration changes the
charge-based Seebeck coefficient. In particular, the Seebeck coefficient
changes during the transition from a parallel to an antiparallel magnetic
configuration in a tunnel junction. In this respect, it is the analogue to
the tunnelling magnetoresistance. The Seebeck coefficients in parallel
and antiparallel configurations are of the order of the voltages known
from the charge-Seebeck effect. The size and sign of the effect can be
controlled by the composition of the electrodes’ atomic layers adjacent
to the barrier and the temperature. The geometric centre of the elec-
tronic density of states relative to the Fermi level determines the size of
the Seebeck effect. Experimentally, we realized 8.8 % magneto-Seebeck
effect, which results from a voltage change of about —8.7pV K™! from
the antiparallel to the parallel direction close to the predicted value of
—12.11V K. In contrast to the spin-Seebeck effect, it can be measured
as a voltage change directly without conversion of a spin current.

The creation of an electric field by a temperature gradient in a material has been
known as the Seebeck effect since 1826. In recent years new spin-dependent thermal
effects have been discovered in ferromagnets and the Seebeck effect is receiving
renewed interest. The transport of heat and spin in magnetic nanostructures is
described in ref. [8]. The spin-Seebeck effect driving this field was experimentally
found, for example, in nanoscale metal structures®® and in magnetic insulators
and semiconductors®>?. A strong asymmetry of the density of states with respect
to the Fermi level promotes the heat-driven electron transport that leads to the
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common charge-Seebeck effect. These strong asymmetries can be found in the spin-
split density of states in ferromagnetic materials. Previously, the effect amplitude
resulting from this spin asymmetry was believed to be a second-order effect. In
this work, we demonstrate that the magneto-Seebeck effect can be large. We first
present ab initio calculations that show that this effect can be of the same order
as the charge-Seebeck effect, using magnetic tunnel junctions (MTJs), where two
ferromagnets are separated by a thin insulating tunnel barrier. The effect is related
to a half-metallic behaviour of the tunnel junction with respect to the tunnelling
states. Our experiments show that a thermoelectric power can be generated in such
nanostructures over distances of only 2.1nm, the thickness of the tunnel barrier.
The change from parallel to antiparallel electrode configuration is —8.7puV K™ at
room temperature, while maintaining all other conditions in the junction constant.
Related to this magnetization switching we calculated a magneto-Seebeck effect of
8.8%. In theory, this change is predicted to be up to 100V K~!, corresponding
to 1,000 % (ref. [36]). In future spincaloritronic® applications, the local cooling of
an individual nanometre-sized area could, therefore, be switched magnetically. The
junction size enables stacking and nano-integration of these thermopower devices.

The magneto-thermal effect is based on the seminal work described in ref. [4].
This gave a general description of the mechanisms that affect a ferromagnetic ma-
terial when a heat flow causes a temperature gradient. Strong thermomagnetic
effects can be expected in a half-metal, where the spin polarization can be up to
100 % (ref. [45]). We can define a spin-dependent Seebeck coefficient by replacing
the charge-dependent Seebeck voltage by a voltage generated for each spin chan-
nel. The difference between the two spin-dependent Seebeck coefficients is driving
a spin accumulation. In contrast, the magneto-Seebeck effect is different from the
spin-Seebeck effect, because it is not related to a spin-voltage generation. It occurs
in junctions and is similar to the giant and tunnelling magnetoresistance (TMR).
It results in a charge-Seebeck effect that is changed by the magnetic orientation of
the electrodes. This voltage is accessible directly without conversion. To have a
high charge-Seebeck effect, a high asymmetry in the energy dependence with re-
spect to the electrochemical potential for the transport states is necessary, realized
in semiconductors as shown in Fig. 2.1a. Consequently, for the thermomagnetic
effect, these energy asymmetries must be different for spin-up and spin-down car-
riers. For our experiments, the recent progress in giant TMR junctions enabled us
to use MTJs with high spin asymmetry. Their large contrast in the spin-dependent
transmission due to different symmetries of the tunnelling states in the two spin
channels should lead also to different energy asymmetries of the tunnelling states as
shown in Fig. 2.1b. We define the magneto-Seebeck ratio (Syg) from the Seebeck
coefficients in the parallel (Sp) and anti-parallel (Sap) configurations:

Sp — Sap

min (SP,SAP) (2'1>

Sms =
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At first glance, it seems that the magnetoresistance, the spin-Seebeck effect and
the magneto-Seebeck effect should be related to each other. However, these are
different effects, and, in general, it is not possible to calculate one from the others.

To understand this point, it is important to realize that the transport coefficients
are calculated from the transmission function 7'(F) of the tunnel junction but that
they have different integral values. The conductance g is determined by the inte-
gral of the transmission function 7'(E) multiplied by the derivative of the electron
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Figure 2.1: Origin of the magneto-Seebeck effect. a, Semiconductors are known
to generate high Seebeck effects. b, In MTJs, thermal differences in the electron
distributions and strong asymmetry in the spin-dependent tunnelling channels are
depicted. T'(E) is the transmission of the full tunnel junction, for which either the
ferromagnetic electrodes can be a highly spin-polarized half-metal or the combina-
tion of the barrier and the ferromagnet exhibits half-metallic characteristics. The
function T'(F) (-0 f(E, 1, T)) is given in darker colour. The thick line marks the
resulting value of the geometric centre Sp and Sap. In the lower symmetric case,
the magneto-Seebeck effect is vanishing. ¢, Calculation of the Seebeck coefficients
as a function of temperature for tunnel junctions with ten monolayers of MgO as
a barrier. The magnetic layers are 20 monolayers thick. The semi-infinite leads
are Cu in the bce-Fe structure. We assume a mixed termination of FeCo at the
FeCo/MgO interface that is an ordered, 2 x 1, in-plane supercell with one Fe and one
Co atom. d, Seebeck coefficients for the parallel configuration and the antiparallel
configuration are shown. e, The corresponding magneto-Seebeck effect Sys.
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occupation function g f(E, u, T) at temperature T and electrochemical potential
pu: ,
e

9= [ T(B) (-0uf(E.u.T) dE 22

The Seebeck coefficient is also given by the transmission function 7'(F') multiplied
by the derivative of the occupation function dg f(E, u, T):

_fT(E)(E - N) (_aEf(EvuvT)) dF
T [T(E) (~0pf (.. T)) dE

In contrast to the magnetoresistance, the Seebeck coefficient is the geometric
centre of T(E) (—0rf(E,u,T)). Figure 2.1b illustrates these quantities for two
different cases. The geometric centre for parallel and antiparallel configurations (Sp
and Sxp) is marked by the thick line. We assume a transmission function that has
different energy asymmetries in both magnetic configurations and different positions
of the electrochemical potential. In the first case, a high TMR and a high magneto-
Seebeck ratio are obtained. In the second case, the value of Syg is essentially
zero, but the TMR is highest. Generally speaking, cases with vanishing value of
Sus and large TMR (or vice versa) are also possible. Therefore, we can tailor
MTJs to be good candidates for large magneto-Seebeck effects. Consequently, we
investigated temperature-induced voltages in MTJs starting with samples showing
large TMR ratios. Two different types of junction with large TMR values could be
used, that is, Fe-Co/MgO/Fe-Co and half-metallic compounds. We focus on the
former case, as it is demonstrated to have the largest experimental value, 604 % at
room temperature'®. The tunnelling states of the electrons have been thoroughly
investigated for MgO-based MTJs and the understanding of spin polarization of the
current and the quantitative approach to magnetoresistance in tunnel junctions has
advanced enormously in recent years.

Our theoretical investigations are ab initio calculations based on density func-
tional theory. In particular, we used the Korringa-Kohn-Rostoker and the non-
equilibrium Green’s function method to obtain the transmission function T'(E)
(ref. [46]). Using T'(E), we calculated the transport coefficients according to equa-
tions (2.2) and (2.3) (refs [21, 22]). We investigated the magneto-Seebeck coef-
ficients for different temperatures for Fegs5Coq5/MgO /Feg5Cogs MTJs with bee
structure of the ferromagnetic electrodes. The temperature dependence is consid-
ered only within the electron-occupation function. Owing to coherent tunnelling,
the atomic structure of the interface could be important. Therefore, we investi-
gated the Seebeck coefficients for different possible interface structures, that is,
the Fe-terminated structure, the Co-terminated structure and a mixed-termination
structure. The results at a temperature of 300 K listed in Table 2.1 show a strong
dependence on the interface structure. Even a sign change was observed. How-
ever, the case where the layer next to the barrier is pure Co or pure Fe is un-
likely in the experiment. Consequently, we continued our investigation with the

S = (2.3)
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Table 2.1: The Seebeck coefficients for parallel Sp and antiparallel Sxp config-
urations and the magneto-Seebeck effects calculated for different supercells at a
temperature of 300 K.

FeCo/MgO/FeCo with a ten-monolayer MgO barrier

Sp (BY) Sar (5) Sp — Sap (F)  Swms (%)
CoFe ~19.7 —32.4 12.7 64.1
FeCo 45.9 —50.0 95.9 209.0
CFFC 9.4 —44.6 54.0 573.2
Ol 51T —34.0 —21.9 ~12.1 —55.2
Experimental —107.9 (—1,300) —99.2 (—1,195)  —8.7 (=105)  —8.8 (—8.8)

value

The results show the sensitivity to the interface composition. Sys defines the relative change
and can be negative or positive. Abbreviations: CoFe—Coq 5Feq 5 layers with Co at the MgO
interface. FeCo—Coq s5Feq 5 layers with Fe at the MgO interface. CFFC—Coq 5Feq 5 layers with
Fe at one of the MgO interfaces and Co at the other. Cog s5Feq s—supercell in plane with Co:Fe
1:1 at the interface. The values derived from the experiment are given for a temperature difference
at the MgO barrier of 53 mK (4.4 mK) respectively. The temperature difference AT is taken from
the numerical simulation of the temperature gradients using the thin-film value (bulk value) of
the thermal conductivity of MgO.

mixed-termination structure (CogsFegs). In Fig. 2.1d, Sp and Sxp are plotted as a
function of temperature for a tunnel junction that has an MgO barrier that was 10
monolayers thick. In addition, we plot the corresponding magneto-Seebeck ratios
(Fig. 2.1e). Although Sp and Sxp do not change sign, Syis does when Sp = Spp. We
found that Sp and Sap were large when compared with charge-Seebeck coefficients.

For the experiments, we use Co-Fe-B/MgO/Co-Fe-B pseudo-spin-valve struc-
tures. The 1 x 1pm? tunnel junction is heated homogeneously by 30 mW laser
power (diode laser with 15-20 um focus in diameter and a wavelength of 784 nm,
Fig. 2.2a,b) and the charge-Seebeck voltage (Seebeck voltage in the following) is
measured for the parallel and antiparallel orientations of the layer magnetization
(Fig. 2.2¢,d). To obtain the temperature distribution and the time constants for
the heat diffusion, we used finite-element simulations. Transmission electron mi-
croscopy (TEM) in Fig. 2.3a reveals the device geometry that serves as an input to
integrate the heat diffusion equation. To calculate the Seebeck coefficients, we esti-
mate a temperature difference AT at the 2.1 nm MgO barrier. For polycrystalline
MgO films with a nanometre grain size, the heat conductance is lower than the
bulk value owing to the grain boundaries?”. The high-resolution TEM in Fig. 2.3a,
however, reveals a good crystalline quality of the investigated samples. Neverthe-
less, the thermal resistance at the Co-Fe/MgO interfaces can have similar effects
to the grain boundaries. Therefore, we used both the bulk and the reduced value
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Figure 2.2: Switching of the Seebeck effect through the magnetization. a b,
Schematic representations of the laser-heating set-up (a) and the Au top-contact
geometry of the device with the laser spot dimensions (b). c¢,d, From antiparallel
(c) to parallel (d) orientation of the layer magnetization, the charge-Seebeck voltage
varies. By the magnitude of its change the magneto-Seebeck effect Syig is defined.

for the thermal conductivities as given in Supplementary Information.

In Fig. 2.3b we show the resulting temperature profile in a two-dimensional cross-
section for 200 ps and 1ps after the laser power is turned on. A series enables
determination of the timescales of the heating: the static temperature profile is
reached after about 2ps. The final temperature distribution is shown as a line scan
in Fig. 2.3c across the tunnel junction. A temperature difference at the 2.1nm
MgO barrier of 53 mK (4.4 mK) is derived from the numerical simulation using the
thin-film value (bulk value) of the thermal conductivity of MgO respectively.

Figure 2.4 shows the magneto-Seebeck effect of a single MTJ with a TMR of
150 %. The temporal voltage traces in Fig. 2.4a, as observed in several junctions,
show a peak-like voltage when the laser heating is increased and decreased peri-
odically. A negative peak occurs when the laser power is turned on. From the
time constants simulated we identify this voltage peak with the Seebeck voltage
generated at the junction. The shutter moving through the laser spot limits the
timescale to approximately 10-100 ps in our data. As a reference the sequence of
the measured laser power is given for each signal trace. The voltage reverses sign
when the laser heating is turned off. The Au pads efficiently conduct the heat away
from the heat spot (extension of 17.51um) into the large bond pads that act as a
heat sink. The other side of the junction is then still at a higher temperature and
the temperature gradient is reversed. In the lowest curve with an 800 Hz modu-
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Figure 2.3: Cross-sections and temperature gradients in the tunnel junction.
a, TMR junctions: device structure studied with TEM. The high resolution shows
the epitaxial relationship Fe-Co(001)/MgO(001) for two transmission directions,
MgOI[100] and MgO[110]. b, The simulated temperature distributions for 200 ps
and 1ps after the laser power of 30 mW is turned on in a two-dimensional cross-
section. ¢, The temperatures for the final static-equilibrium condition as a line
scan.

lation frequency, the MTJ was heated asymmetrically, enabling a longer cooling
time. The Seebeck voltages for the parallel and antiparallel configurations are de-
termined from Fig. 2.4b, in which the Seebeck voltage is shown as a function of
the applied field. As expected from the temporal traces, a larger value was found
for the fastest modulation of the laser power (at 3kHz). The Seebeck voltage at
the junction contributes more to the total signal than it does for the slower mod-
ulation, where the whole sample heats up on a larger area. A signal proportional
to the modulation frequency is the dominant component. We obtain —5.71V for
the parallel and —5.3 1V for the antiparallel orientation, that is, a change of the
Seebeck voltage by 0.4V for the tunnel junction. Fluence-dependent experiments
suggest that the increase of the Seebeck voltage with laser power depends on the
increase of the temperature gradient at the barrier and the base temperature at
the junction, which is increased by the laser power as well, as discussed further in
Supplementary Information. If the junction barrier is pushed through a dielectric
breakdown®®, the magneto-Seebeck effect disappears.

The experimental results and the theoretical predictions for the Seebeck coeffi-
cients are summarized in Table 2.1. The theoretical prediction for the CogsFeq 5
case with Co:Fe 1:1 at the interface is closest to the experiment. The values are
negative for both the parallel and the antiparallel configuration. To calculate the
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Figure 2.4: Seebeck voltages for Fe-Co-B/MgO/Fe-Co-B elements. a, Tem-
poral traces are shown for different modulation frequencies. The heating by the
laser is shown in red overlaid on the corresponding Seebeck voltage (the voltages
are shifted for clarity). b, Magneto-Seebeck voltages are given above for 1.5 and
3kHz lock-in modulation. ¢, The corresponding magnetoresistance (TMR) shows
a hard-soft switching of the pseudo-spin-valve structure.

Seebeck coefficients from the experimentally determined Seebeck voltage Vp ap, we
take the temperature gradient to be 53 mK across the 2.1 nm MgO tunnel barrier
from our numerical modelling. Thus, we obtain a value of Vp/AT = —108 nV K!
for the Seebeck coefficient Sp for the parallel orientation. A decrease of the thermal
gradient taking the bulk value for the MgO thermal conductivity as input parameter
in our model increases the Seebeck coefficients calculated accordingly. This enables
derivation of an upper limit of —1,300 1V K~! for the Seebeck coefficient, given in
brackets. Note that spurious other voltages generated in the layer stacks or within
the heated device change the Seebeck-effect amplitude, but not the difference of
the Seebeck voltage for parallel and antiparallel configurations. In accordance with
this, the experimental results for the difference (Sp —Sap) of —8.711V K~! are closer
to the predicted value of —12.1 1V K~! than the individual values of Sp and Sap.
The lower limit of the magneto-Seebeck effect, that is, the relative change of the
Seebeck voltage for the parallel and the antiparallel case, is —8.8 %.

Finally, the magneto-Seebeck effect in M'TJs enables control of these effects. As
a major strategy to develop the possibilities opening up with the magneto-Seebeck
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effect it is crucial to tailor the thermal tunnelling current arising from the majority
and the minority spins, that is, to maximize the shift of the geometric centre relative
to the Fermi level of these electronic states contributing to the thermal transport.
The calculations demonstrate that even the sign of the magneto-Seebeck effect can
be controlled using different Co-Fe compositions. Findings on tunnel junctions
using a different method (resistive heating) yielding the same effect magnitudes
with different sign were recently reported’ using Co-Fe-B/MgO/Co-Fe-B devices
but of different composition and structure (using a Singulus Tech. cluster tool).
The qualitative change for the devices presented here however enables comparison
of theoretical and experimental results. The results presented compare well to the
theoretically predicted change, including the predicted sign reversal of the magneto-
Seebeck effect at elevated temperatures (see Supplementary Information). Further,
the experiments showed that the magneto-Seebeck effect can be generated over
length scales of only a few nanometres—across a 2.1-nm-thick tunnel barrier in
our case. This reveals that the magneto-Seebeck effect in MTJs can be used to
manipulate and design thermovoltages in nanometre-scale devices. The contrast
for switching the voltage can be increased further in the future, which will enable
control of the Seebeck effect by magnetic switching.

Note added in proof. After acceptance of this paper, we became aware of a
paper by Jansen and colleagues®® demonstrating a thermal injection of spins from
a ferromagnet through an Al,O3 tunnel barrier into silicon.

2.1 Methods

2.1.1 Fabrication

The Co-Fe-B films were prepared by magnetron sputtering using 2 inch targets
with compositions of CogsFep4Bgo (analysis Co:Fe 0.52:0.48)and CogoFeq B2
(analysis Co:Fe 0.32:0.68) in an ultrahigh-vacuum system with a base pressure
of 5 x 1071 mbar. They are annealed ez situ at temperatures of 450-550 °C (post-
growth annealing, 20-60min). For samples prepared in the Gottingen chamber
MgO was e-beam evaporated after transferring to a separate ultrahigh-vacuum
chamber with base pressure of 5 x 107 mbar (maximum TMR reached is 200 %
at room temperature). With the Bielefeld chamber, MgO was prepared by mag-
netron sputtering (maximum TMR reached is 330 % at room temperature). The
sample stack was reduced to a simple pseudo-spin-valve structure to minimize the
contribution of spurious Seebeck voltages at metal interfaces not stemming from
the junction: Au 27nm/Ru 3nm/Ta 5nm/Co-Fe-B 5.4nm/MgO 2.1 nm/Co-Fe-B
2.5nm/Ta 5n1m/SiOy 500 nm/Si(100). This was done as a trade-off with the mag-
netic separation of the switching fields, because no antiferromagnetic exchange-bias
layer is used, which could also give a magnetic contribution. After ex situ annealing
in a constant field, further structuring was done by standard ion-beam etching to
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Chapter 2 Seebeck effect in magnetic tunnel junctions

yield 1 x 1 pm? to 12.5x 12.5 pm? junctions to the MgO barrier. The high-resolution
TEM data in Fig. 2.3 (bottom, left) reveal the coherent growth of crystallized Co-
Fe(110) on each side of the MgO(100) barrier (solid-state epitaxy) in columns that
can be identified (MgO[001] and MgO[110] in the transmission direction). As an
isolation layer at the sides of the element, a 100-nm-thick SiO, layer was grown
by thermal evaporation. A 100-nm-thick, top-contact Au layer was deposited as a
bond pad. This also prevents direct optical carrier excitation in the MgO barrier.
A 5nm layer of Cr was deposited below the Au top-contact layer for better adhesion
on the SiO, isolation.

2.1.2 Experimental set-up

For the laser heating, a 100 mW, Toptica, intensity-stabilized laser diode module
(wavelength, A = 784 nm) was focused to a diameter of 15-20 pm full-width at half-
maximum. For the standard experiments we used 30 mW laser power. The beam
position on top of the bond pad was controlled through a camera. The intensity
was modulated using 800 Hz, 1.5 kHz and 3 kHz modulation frequencies. To prevent
a current flow in the system that could be modified by the change of the resistance
of the junction, a high-input-impedance (100 G£2) LT1113 precision operational
amplifier (Linear Technology) was used. The bandwidth of the amplifier is 5 MHz.
This was installed close to the sample to minimize the effect of the cable capacitance
(< 15pF). A simulation of the circuit with the sample resistance showed that the
change of the resistance will contribute < 1nV to the absolute voltage. Curves
of Seebeck voltage versus magnetic field are measured using a Stanford Linear
Research lock-in amplifier.

2.1.3 Thermal modelling of parameters (COMSOL)

To simulate heat flow and temperature distribution, the M'TJ was modelled using
the COMSOL finite-element package. The tunnel-junction geometry was taken
from the cross-sectional TEM data as input parameters. The element was embedded
into a 3pm cylinder. The heat flow from the laser heating comes from the top. For
a 30 mW laser power the absorbed laser power is 10 mW. The temperature at the
bottom of the cylinder in the Si(100) substrate was set to ambient temperature.
The 500 nm SiOs layer on top of the substrate is the bottleneck for heat diffusion
through the cylinder stack. The temperature at the bottom layer of the element
depends sensitively on the heat flow though the SiO, layer and determines the 2 s
needed to reach the final heat gradient. A prism-shaped, adaptive mesh was used
with resolution > 10 nm in the plane and subnanometre perpendicular to the plane.
In addition, we carried out simulations on a larger length scale to simulate lateral
heat diffusion. The heated area extends to about 17.5 pm diameter, and, in this
case, the absolute temperature increase is reduced to 8 K. The equilibrium heat
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gradient is attained within about 2ps. For the 2.1nm MgO thin tunnel barrier,
a value of the thermal conductance of k = 4 W(mK)™! is assumed to be closest
to reality. This value has been determined experimentally for a thin film*". It is
expected to be much closer to the bulk value of x = 48 W(mK)™!, which gives
an upper limit for the Seebeck coefficient. All material parameters used in the
numerical model are provided in a table in Supplementary Information.
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Chapter 3

Time-resolved measurement of the tunnel
magneto-Seebeck effect in a single magnetic tunnel
junction

A. Boehnke, M. Walter, N. Roschewsky, et al.
Rev. Sci. Instrum. 84, 063905 (2013)
DOI: 10.1063/1.4811130

Abstract. Recently, several groups have reported spin-dependent ther-
moelectric effects in magnetic tunnel junctions. In this paper, we
present a setup for time-resolved measurements of thermovoltages and
thermocurrents of a single micro- to nanometer-scaled tunnel junction.
An electrically modulated diode laser is used to create a temperature
gradient across the tunnel junction layer stack. This laser modulation
technique enables the recording of time-dependent thermovoltage sig-
nals with a temporal resolution only limited by the preamplifier for
the thermovoltage. So far, time-dependent thermovoltage could not be
interpreted. Now, with the setup presented in this paper, it is possi-
ble to distinguish different Seebeck voltage contributions to the overall
measured voltage signal in the us time regime. A model circuit is de-
veloped that explains those voltage contributions on different sample
types. Further, it will be shown that a voltage signal arising from the
magnetic tunnel junction can only be observed when the laser spot is
directly centered on top of the magnetic tunnel junction, which allows
a lateral separation of the effects.

3.1 Introduction

In recent years, the research field “spin caloritronics” has attracted considerable
attention in the magnetism and spintronics communities.”!! New spin-dependent
thermoelectric effects have been discovered in ferromagnetic metals,' insulators,?
and semiconductors.?® Triggered by the experiments of Gravier et al.® and Shi et al.’
on giant magneto resistance (GMR) multilayers, and by theoretical predictions of
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large magnetothermoelectric effects in magnetic tunnel junctions,*® several groups
reported observations of a tunnel magneto-Seebeck effect (TMS) in magnetic tunnel
junctions (MTJs) with MgO-1%% and alumina-barriers.®” A closely related effect is
thermal spin injection into silicon through Seebeck spin tunneling.®® In non-local
spin valves, thermally driven spin injection was discovered?® and Peltier and Seebeck
effects were studied.?® The number of these new effects, combined with the proposed
thermal spin-transfer torque***" might enable the fabrication of thermally driven
Magnetoresistive Random Access Memory (MRAM) and other spintronic devices.

Some of the effects are vividly discussed in the community.?*?3°! In contrast,
the experiments on CoFeB/MgO-based MTJs with high tunnel magnetoresistance
(TMR) ratios, in which either a laser’ or resistive heating’ is used to generate
the temperature gradients, show comparable results. These are of the same mag-
nitude as predicted by ab initio calculations.?®** For MTJs with alumina-barrier,
larger Seebeck voltages as compared to MgO-barriers at comparable temperature
gradients are found. However, there are a few variations between the different ex-
periments: First, the sign of the Seebeck voltage remains unclear, which could also
vary depending on temperature and Co-Fe-composition.”® Further, it was reported
by Ref. [37] that no magnetic effect is observed in the thermocurrent obtained with
alumina-barriers and that Seebeck voltages could be observed when heating the
electrical leads a distance of the order of millimeters away from the MTJ.

In the following, we will address these issues and show results for the Seebeck
voltage as well as for the thermocurrent and the determination of the voltage sign
with a lock-in technique in Sec. 3.4. A model circuit is developed in Sec. 3.5
to interpret the time-dependent signals. In Sec. 3.6 heating-position dependent
measurements are presented, which reveal that the Seebeck voltage is generated
locally at the MTJ in this geometry.

3.2 Description of the experimental setup

The setup used in this work is based on the experiments performed by Gravier et
al.” on metallic nanowires. We adapted the electrical and optical techniques to the
requirements for measuring small thermovoltages across a micrometer-sized single
MTJ.

To heat the MTJ from the top and to create a temperature gradient across the
layer stack, a 150 mW laser diode (Toptica ibeam-smart-640-s) is focused down to
a beamwaist of 5 um — 10 gm using a microscope objective (Mitutoyo M Plan Apo
10x). The central laser wavelength is 637 nm. An exact positioning of the laser
spot onto the MTJ is crucial for obtaining reliable voltage measurements. Thus, the
position of the laser spot can be controlled using a confocal microscope as depicted
in Fig. 3.1(a). With a set of different electromagnets, the sample can be studied in
magnetic fields B;, < 250mT in-plane and By, < 150 mT perpendicular to plane.
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Figure 3.1: Experimental setup for measurements of the TMS effect: (a) Optical
setup with confocal microscope including a fast photodiode (PD) and a CCD cam-
era, (b) electrical setup showing the connections of the sample and optoelectronic
components to the lock-in amplifier and oscilloscope.

The thermovoltage is detected with a lock-in amplifier. In our earlier publication,*’

a mechanical chopper was used to modulate the laser heating at 1.5 kHz, however
it was found that the beamwaist of the unfocussed laser in combination with the
mechanical chopping decreases the time-resolution of the thermovoltage detected
by the oscilloscope. As a consequence, a waveform generator (Agilent 33500B)
has been implemented to modulate the laser diode power with a square wave of
1.5kHz. As can be seen from Fig. 3.1(a), a fast photodiode (EOT ET-2030, rise
time of < 300 ps) is integrated in the confocal microscope part of the setup to check
the square-wave form of the light intensity. With this optical setup a rise and fall
time of < 1 us of the light intensity can be achieved. This is faster than the rise time
of the preamplifier used for high impedance MTJs. Thus, the time-resolution of the
measured voltage signal of the MTJs is only limited by the electronic equipment,
which is shown in Fig. 3.1(b): The MTJ is connected to a precision voltage pream-
plifier via shielded cables (total length 1.6 m). Depending on the MTJ resistance
either a high impedance amplifier (femto DLPVA-100-F-S) with a rise time of 3.5 us
or a faster amplifier for low impedance sources (HVA-10M-60-F) with a rise time of
3.5ns can be used. The signal preamplified by 60dB — 80dB is then fed either to
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the oscilloscope directly (blue dashed line in Fig. 3.1(b)) or to the lock-in amplifier
(red dashed-dotted line in Fig. 3.1(b)). In the latter case, the time-dependent volt-
age signals are recorded by the oscilloscope which then is connected to the monitor
out of the lock-in amplifier. A Stanford Research Systems SR830 lock-in amplifier
and a Philips PM3382 oscilloscope are used. All electrical components are triggered
by the waveform generator and carefully grounded to minimize noise coupling into
the measurement circuit. The noise level of the setup is within a range of 10nV —
501V, which is of the same order as Johnson-Nyquist-noise of the MTJ’s resistance
at room temperature. The low noise level enables observing small voltage changes
on the order of nanovolts at low laser intensities, as shown in Fig. 3.2.

For a thermocurrent measurement, the MTJ is connected without preamplifier
to the lock-in amplifier set to current detection.

Table 3.1: Material parameters for COMSOL simulations. If not specified other-
wise, the values are taken from Refs. [39, 49, 53, 54]. The thermal conductivities
used in the simulations are printed in bold letters. Experimental thin film values
are given where available.

Material p (103 %) Cv/p (kgLK) Kbulk / Kenin (%

Au 19.32 128 320.0 / 70> 170P
Cr 7.15 449 94.0
Ru 12.37 238 117.0
Ta 16.65 140 57.0
Permalloy 8.7 460 19.0
[rMn 10.18 69.7 6.0
Co-Fe-B 8.22 440 86.7
MgO 3.58 935 48.0/ 4.0°
5104 2.20 1052 1.4
Si 2.33 700 150.0
SiN 3.11 700 35.9

2 Reference [55].
b Reference [56].
¢ Reference [47].

3.2.1 Determination of temperatures

Since the CoFeB and MgO layers of only a few nanometer thickness are buried
under several layers of electrical leads, it is very difficult to reliably measure the
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temperature difference across them. Putting thermocouples to the electrical leads
of the MTJ can only give a rough estimate of the temperature distribution.

Consequently, the heat conduction equation is, therefore, numerically solved us-
ing COMSOL Multiphysics®” to determine the temperatures of the MTJ layers.
The results have to be regarded as estimates, since interface heat resistances are
not taken into account and bulk values of thermal conductivities, densities and
heat capacities are used for the metals layers. These material parameters are taken
from literature shown in Table 3.1 for the M'TJ materials. The table shows that
the thermal conductivity of an Au thin film is lower by at least a factor of 2. In
addition, we used the experimentally observed thin film value for the MgO layer,
because here the thermal conductivity changes by an order of magnitude. This im-
proves the reliability of our simulations.*”*’ Further details on the simulations can
be found in earlier publications.*>°" The temperature difference across the 1.5nm
MgO layer resulting from the simulations is used in section 3.4.1 in combination
with the measured voltage to calculate the Seebeck coefficients.

3.3 Sample preparation

The MTJs are prepared on two types of substrates: MgO and oxidized p-type silicon
(Si) (50 nm SiOg, resistivity of 20 €2 cm) by sputter deposition in a Leybold Vakuum
GmbH CLAB 600. The film system on MgO consists of bottom contact Ta 5/Ru
30/Ta 10/Ru 5; pinned layer Mnlr 15/CoFeB 3; tunnel barrier MgO 1.5; free layer
CoFeB 3/NiFe 6; top contact Ta 3/Ru 3/Ta 3/Au 15 (thicknesses are given in nm).
In case of Si/SiO, substrates the pinned layer is slightly changed to MnlIr 12/CoFe
3/Ru 0.9/CoFeB 3. Elliptical MTJs with a size of 6 um x 4 um are produced by
electron beam lithography and subsequent ion beam etching. Afterwards, 100 nm
of SiN are sputter deposited next to the MTJs as insulator. An Au bond pad is
placed adjacent to the MTJs in an additional sputtering and patterning process for
connecting the 15 nm Au top contact to the measurement electronics. This allows
free optical access to the MTJ.

3.4 Experiments on magnesium oxide and silicon substrates

3.4.1 TMR and TMS measurements

Thermoelectric effects can be derived theoretically from thermodynamic principles.
For the case of an MTJ, the thermoelectric coefficients dependent on the tunneling
probability can be expressed by equations based on the Landauer formula,.!®?21-36:37,58
In this way, the influence of spin transport on the Seebeck voltage of an MTJ can
be described. To clarify the interconnection between the different transport coef-
ficients and sign conventions, we first derive the Seebeck voltage, Seebeck current,
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Chapter 3 Time-resolved measurement of the tunnel magneto-Seebeck effect

TMS and TMR from the thermodynamic kinetic equations and the moments of the
transport integral.
The charge transport through the barrier of the MTJ is given as

I =GV + GSAT (3.1)

where G is the electric conductance and S is the Seebeck coefficient. According
to Eq. (3.1), a current [ is either generated by an external voltage V or by a
temperature gradient AT. In a Seebeck current measurement no external voltage
is applied to the MTJ (V' = 0) whereas in a perfect voltage measurement no current
is transported in the circuit (I = 0), which yields

[ =GSAT, V=-SAT (3.2)

for the measured current and voltage, respectively. The coefficients can be rewritten
22,36

as -
— 2 — _ L
G=e Lo, S = oT LO (33)
using the moments
2 n
Lo= [ T(E)(E - 0" [-08f (B T))dE (3.4)

dependent on f (E, u, T), the Fermi occupation function at a given energy E, elec-

trochemical potential 1 and temperature 7', and on the energy-dependent trans-

mission probability 7" (EF') that is different for the parallel (P) and antiparallel (AP)

orientation of the bottom and top layer’s magnetization, which leads to different

moments for both states.*>* Thus, the TMS is calculated analogous to the TMR:
Rap — Rp Sp — Sap

TMR = ——, TMS = — . 3.5
Rp min (|Sp|, [Sap|) (3.5)

The MTJs on Si/SiOy and MgO were prepared to investigate the influence of
the substrate material on the TMR and TMS measurements. Fig. 3.2 shows field
dependent resistance and Seebeck voltage curves of elliptical MTJs with an area of
19 pm? prepared on Si/SiO, and MgO, respectively.

In case of the Si/SiOy substrate, the resistance of the MTJ switches between
1583 Q2 in the antiparallel and 864 €2 in the parallel orientation of the ferromagnetic
layers, which yields a TMR ratio of 83 %. The Seebeck voltage, generated by laser
heating with a power of 10 mW, changes from 1.39 1V in the antiparallel to 1.34 'V
in the parallel state resulting in a TMS ratio of 3.7 %. The Seebeck voltage detected
by the lock-in amplifier is positive as shown in Fig. 3.4(a). This means that the
electrons are accumulated at the cold electrode, which results in a negative Seebeck
coefficient (Eq. (3.2)).

40



3.4 Experiments on magnesium oxide and silicon substrates

-30 -20 -10 0 10 20 30

1800 | (a) Si substrate ——TMR 40
~ S
1500 2
o (0]
© 1200 S
3 S
o 8
3
900 ®  Figure 3.2: Low laser power
and  different  substrates:
TMR (blue circles, left scale)
2580 _and TMS (red line, right
) 3 scale) of nominally identical
g 2150 e MTJs on (a) Si/SiOy and
8 £ (b) MgO substrates obtained
% 1720 % with a laser power of 10 mW
x % and 15mW, respectively. The
¢ arrows represent the relative
1290 orientation of the magnetic
30 20 -10 0 10 20 30 layers. The TMR and TMS
Magnetic field (mT) values are given in Table 3.2.

The MTJ on MgO exhibits a larger resistance than the MTJ on Si/SiO, substrate.
The resistance varies between 2400 €2 in the antiparallel and 1411 €2 in the parallel
state. A TMR ratio of 70% is obtained. The corresponding Seebeck voltage,
induced by laser heating with 15 mW laser power, switches at the same magnetic
fields between 3.08 1V and 3.00 1V gaining a TMS ratio of 2.6 %. As for the MTJ
on Si/Si04 substrate, the Seebeck voltage is again positive (Fig. 3.4(b)).

In Table 3.2 the parameters of the TMR and TMS are shown. The small dif-
ferences are within the normal deviations between different MTJs and can also be
due to different growth conditions on the two substrates. As a consequence, no
evidence for influence of parasitic Seebeck voltages arising from different substrates
on the TMS measurements is found.

The Seebeck coefficients in Table 3.2 are calculated from the above mentioned
simulated temperature gradient across the barrier and the thermovoltage generated
inside the MTJ. This thermovoltage consists of a spin-dependent component from
the ferromagnetic electrodes and a spin-independent background from the other lay-
ers in the MTJ. A possible solution to estimate this spin-independent background
is given in Ref. [39]: The MTJ is forced to a dielectric breakdown after the TMS
measurement is performed and the remaining, spin-independent background ther-
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movoltage is determined. The background thermovoltage is approximately 0.05 %
up to 0.4 %, such that after subtraction, the resulting TMS ratios are around 20%
for the data presented in this paper. However, the morphology of the layers changes
due to the voltage stress applied to the MTJ, e.g., the CoFeB can change from an
amorphous to a crystalline structure and the interfaces between the thin films can
be destroyed.*® Therefore, this method allows only an estimation for the background
thermovoltages arising from other sources of the layer stack of the tunnel junction
that do not contribute to the TMS itself.

Table 3.2: Comparison of TMR and TMS on MgO and Si/SiO, samples.

Si 864 1583 83 %
MgO 1411 2400 70 %
Si 1.34 1.39 —223 —232 3.7 %
MgO 3.00 3.08 750 770 2.6 %

% ATvgo = 6 mK is used for Si/SiOy substrate and ATy0 = 4 mK for MgO substrate.

3.4.2 Thermocurrent measurements

In an open circuit, the Seebeck effect creates a voltage in an MTJ experiencing a
temperature gradient, whereas in a closed circuit geometry, it can drive a Seebeck
current. Fig. 3.3 shows the magnetization dependence of the Seebeck voltage and
Seebeck current induced by laser heating with a power of 150 mW for an MTJ
on MgO with an area of 1.57 um? and a resistance of 28.1k) in the antiparallel
and 16.7kS2 in the parallel states. Note that the laser power is considerably larger
than in the first example (Fig. 3.2). The voltage varies between 93.30 4V in the
antiparallel and 90.72 1V in the parallel state, whereas the current behaves inversely
such that it reaches 4.90nA and 6.07 nA, respectively. This yields a TMS ratio of
2.84 % and a current effect-ratio of 23.9 %.

Since the moments in Eq. (3.4), which depend on the magnetization dependent
transmission 7'(E), occur in the conductance G as well as in the Seebeck coefficient
S (Eq. (3.3)), both, the voltage and the current should exhibit a magnetic field
dependent variation, as suggested by Eq. (3.2). This prediction is confirmed by
our experimental results. The difference in the effect amplitudes is explained by
the fact that, as it can be seen in Eq. (3.2), the voltage only depends on the
Seebeck coefficient S, whereas the current is additionally dependent on the electrical
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conductance G, which is strongly dependent on the magnetization alignment due
to the high TMR ratio.

Seebeck currents were also investigated by Lin et al.,>” but in contrast to our
measurements they do not detect a dependency of the current on the magnetic
field which they explain by the different mechanisms causing TMS in alumina-based
MTJs. On Co-Fe-B/MgO MTJs, Liebing et al. demonstrated magnetic switching
in Seebeck current measurements very recently.*!

3.4.3 Time-dependent thermovoltage signals

To gain a deeper understanding of the processes leading to the TMS signal measured
by the lock-in amplifier, a closer investigation of the time-dependent voltage signal
is essential. It is assumed that the temperature gradient rapidly increases and
decreases upon laser on/off, which is justified by temperature simulations yielding
a time of < 2 us to reach equilibrium. Thus, a nearly rectangular time-dependent
voltage signal is expected corresponding to the laser modulation.

In Fig. 3.4, the time-dependent voltage signals of MTJs on Si/SiOy and MgO are

43



Chapter 3 Time-resolved measurement of the tunnel magneto-Seebeck effect

Voltage signal —— SPICE simulation

0.0 0.2 0.4 0.6 0.8
8 7 T ’ T T T T
6 i Si substrate

>

8 ?2[

2 o

~ L

3 -2

Fe! L

8 -4

2 L

Figure 3.4: Time-dependent volt-
age signals of MTJs on (a) Si/SiOq
and (b) MgO substrate with a
laser power of 10 mW and 15 mW,
respectively. As blue circles Sim-
ulation Program with Integrated

Seebeck voltage (uV)
o N BN » oo

Circuit Emphasis (SPICE) simu- laser on

. s . -2 : f Z i s ! s
lations are shown, as described in 0.0 0.2 0.4 06 08
Sec. 3.5. Time (ms)

depicted. The traces for both substrate materials clearly reveal voltage plateaus
with a small rise and fall-time when the laser is turned on and off. Whereas on MgO
the rectangular shape is clearly visible, unexpected negative and positive voltage
peaks can be additionally observed at the start and end of the heating period
on Si/SiO,. The position and shape of these voltage peaks suggest an electrical
capacitance as their origin. The source can be further restricted to the substrate
as the additional voltage only occurs in samples with p-doped Si substrate which
is capacitively coupled to the bottom electrode by the 50 nm SiO, dielectric.

3.5 Development of a model circuit

Uncovering the processes responsible for the strikingly different temporal voltage
traces measured on MgO and Si/SiO, substrates can be achieved by describing the
sample structure as a model circuit. Fig. 3.5 sketches how the relevant parts inside
the sample can be converted into an equivalent circuit consisting of three major
units.

The first part is the MTJ simplified as a voltage source Vyrry simulating the
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Seebeck voltage generated by the temperature gradient across the barrier, a resis-
tor Ry representing the dielectric barrier and a capacitor Cyry describing the
capacitance built up by the two ferromagnetic layers (FM) separated by the MgO.

The second unit contains the electrodes and wiring including the resistance of the
bottom electrode Ryottom and of the top contact, mainly the gold bond pad Ray-pad-
Furthermore, a capacitance Caypaq is build up by the gold pad and the bottom
electrode separated by the insulator SiN surrounding the MTJs. It is supplemented
by the cable capacitance Cg,ple of the coaxial cables connecting the sample to the
electronic equipment.

The third major component is the substrate. In case of MgO samples, the sub-
strate is insulating and therefore has not to be taken into account when constructing
a model circuit (Fig. 3.5(a)). When Si samples are depicted, the substrate is a p-
type semiconductor that creates a Seebeck voltage Vg when heated (Fig. 3.5(b))
that capacitively couples to the bottom electrode through the SiO, capping. The
temperature gradient inside the substrate arises when the MTJ is heated. Not only
the upper side of the MTJ is heated when irradiated by the laser, but also the lower
part near the substrate experiences an elevated temperature due to heat conduction
through the layer stack. Thus, the temperature inside the substrate underneath
the MTJ is higher than at the edges of the sample. The resulting temperature
gradient creates a Seebeck voltage in the p-Si substrate as sketched in Fig. 3.5(c).
This effect is included in the model circuit by adding a voltage source and two
capacitances Csio,, one underneath the MTJ and another at the point where the
bottom electrode is connected to the gold bond wire, as these two points confine
the segment where a capacitively coupled voltage can be detected (Fig. 3.5(b)).
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The size of all capacitances can be calculated from the model of a parallel plate
capacitor except the cable capacitance that is given by the manufacturer. The
sum of the resistors Ryiry, Rbottom and Raypad connected in series has to match
the measured TMR whilst the value of Ryotiom and Rg; can be deduced from the
geometric dimensions of the conduction channel constituting between the MTJ and
the contact point of the bottom electrode to the gold bond wire.

Fig. 3.4 shows a good agreement of SPICE simulations of the model circuit with
the measured data. Our model of a Seebeck voltage created in the silicon substrate
that cannot occur inside the MgO substrate explains the effects observed in the
experiment. The absolute values of the voltages Vyir; and Vs; have to be deduced.
All other components are calculated and summarized in Table 3.3. Considering
that the relation of the amplitude A detected by the oscilloscope and the voltage
output V of the lock-in amplifier is given by V ~ 0.5 - A for a square wave signal,
the measurements of Fig. 3.4 agree very well with those of Fig. 3.2. Based on these
results, we are able to assign the different measured voltages to a Seebeck effect

Table 3.3: Basic estimations for calculating the resistance and capacitance in the
model circuit for simulations.

Ry Extracted from TMR data

Vi Fit to data

Rav-pad Geometric dimensions of Au pad and resistivity of 1002

Cleables Given by manufacturer 160 pF

Rg; Geometric dimension of Si substrate, conducting 3002
channel is created between MTJ and bond wire
contact to bottom electrode
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inside the MTJ on the one hand and a Seebeck effect inside the substrate material
on the other hand.

3.6 Position-dependent measurements

The tunnel magneto-Seebeck effect should arise from Seebeck voltages generated by
a temperature gradient across the MgO layer sandwiched between two ferromagnets.
From the underlying geometry of the MTJ sketched in Fig. 3.5(c) we conclude
that moving the laser spot away from the junction on the gold bond pad should
already decrease this temperature gradient and hence the observed Seebeck voltage.
Furthermore, lateral temperature gradients created by the laser spot on the gold
bond pad should cancel out because of the lateral radial symmetry of the heating.

We performed several position-dependent measurements in the vicinity of the
gold bond pad of the junction, and also with the laser spot moved more than
Imm away from the MTJ. The inset of Fig. 3.6(a) shows the geometry of the
bond pad with the MTJ located at position P1. The area heated by the laser is
sketched as a red circle. Its diameter is according to simulations®” only slightly
larger than the laser spot (d = 10 um). TMS measurements were taken with the
laser positioned at P1 — P4. The corresponding time-dependent voltage signals are
shown in Fig. 3.6(a). It can be seen that a square-wave-like Seebeck voltage that is
attributed to the MTJ, as discussed in Secs. 3.4-3.5, occurs only if the laser spot
is centered directly onto the MTJ at P1. Only at this position the TMS effect is
observed. At position P2, adjacent to the MTJ, the Seebeck voltage of the MTJ is
already strongly reduced. Only the voltage peaks attributed to voltages generated
in the Si substrate occur at all four positions. Time-dependent voltage signals were
recorded also for large distances, which are shown in Fig. 3.6(b): It is observed
that the time constant of the exponential decay of the voltage peaks increases with
distance. The plotted simulated curves describe the signals reasonably well. In
the model, the MTJ voltage Viyrry is set to zero for non-zero distances between
the laser and the MTJ and the voltage peaks can be reproduced by adjusting the
resistance of the substrate and by lowering the generated voltage (reduced effective
temperature gradient, Fig. 3.5(c)) according to the increased distance.

These findings support the attribution of the voltage peaks to parasitic voltages of
the Si/SiO, substrate. Further, they show that the setup enables us to discriminate
voltages locally generated in a single MTJ.

3.7 Conclusion

In summary, we have presented an experimental setup that allows the reliable mea-
surement of thermomagnetoelectric effects in a single tunnel junction with nanovolt
resolution at a temporal resolution of a few microseconds. MTJs grown on oxidized
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Figure 3.6: (a) Short distances: Measurements in the vicinity of the MTJ; the
positions are shown in the inset. Laser spot and M'TJ are located at P1, the heated
area is sketched in red. (b) Large distances: Measurements of a different MTJ at
distances more than factor of 10 larger as in the case of (a).

Si and MgO substrates have been tested and show comparable Seebeck voltages
and currents. We find a magnetic effect also in the Seebeck current measurements.
Further, with the improved temporal resolution, the voltage signals of the MTJs
can be interpreted with the help of a model circuit. On oxidized Si substrates an
additional voltage generated in the substrate can be identified. However, no evi-
dence is found that this voltage influences the TMS measurements carried out with
a lock-in amplifier. Distance dependent measurements reveal that the detected See-
beck voltage originates only from the MTJ layer stack. When the laser is moved
away from the MTJ, only the Seebeck voltage signal of the substrate can be found.
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Parameter space for thermal spin transfer torque
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Abstract. Thermal spin-transfer torque describes the manipulation
of the magnetization by the application of a heat flow. The effect
has been calculated theoretically by Jia et al. in 2011. It is found
to require large temperature gradients in the order of Kelvins across
an ultra thin MgO barrier. In this paper, we present results on the
fabrication and the characterization of magnetic tunnel junctions with
three monolayer thin MgO barriers. The quality of the interfaces at
different growth conditions is studied quantitatively via high-resolution
transmission electron microscopy imaging. We demonstrate tunneling
magnetoresistance ratios of up to 55% to 64% for 3 to 4 monolayer
barrier thickness. Magnetic tunnel junctions with perpendicular mag-
netization anisotropy show spin-transfer torque switching with a critical
current of 0.2 MA /ecm?. The thermally generated torque is calculated
ab initio using the Korringa-Kohn-Rostoker and nonequilibrium Green’s
function method. Temperature gradients generated from femtosecond
laser pulses were simulated using COMSOL, revealing gradients of 20 K
enabling thermal spin-transfer-torque switching.

4.1 Introduction

Spintronic devices provide excellent opportunities for data storage applications.
Today, magnetic random access memory (MRAM) has shown several advantages
to conventional RAM. Besides faster access times also higher storage density, lower
power consumption and nonvolatility are obtained.'®

Spincaloric effects in magnetic tunnel junctions (MTJs) may provide a great way
of using excess heat for storage devices.!'*> Utilizing effects such as the tunneling
magneto-Seebeck (TMS) effect, the energy efficiency of memory will be enhanced
and mark a next step towards a greener information technology. This effect was
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recently predicted theoretically®® and observed experimentally.?”#0:4

In addition to the TMS effect, thermal spin-transfer torque (T-STT) has been
proposed by Slonczewski®® in 2010 and calculated by Jia et al.** in 2011. Corre-
sponding to the conventional spin-transfer torque effect® %’ a spin-polarized tun-
neling current is used to switch the state of an MTJ. In case of T-STT, this current
is generated from the thermally excited electron transport across the tunneling
barrier.

The theoretical considerations of T-STT lead to experimental challenges for the
sample preparation and the experiments: 3 monolayer (ML, 0.63nm) thin MgO
barriers as well as large temperature gradients in the order of Kelvins across this
barrier are required.** Here, we demonstrate that all requirements can be fulfilled.

4.2 Sample Preparation

The samples are prepared on thermally oxidized silicon substrates in an ultra high
vacuum (UHV) chamber. The MTJ stack consists of Ta (10 nm) / Co-Fe-B (2.5) /
MgO (0.63-2.1) / Co-Fe-B (5.4) / Ta (5.0) / Ru (3.0). The thickness of the MgO
is varied from 3 ML (0.63nm) up to 10 ML (2.1 nm). For MTJs with perpendicular
magnetization anisotropy (PMA) the thickness of the Co-Fe-B electrodes is reduced
to 1.0 and 1.2nm.

Tantalum and Co-Fe-B are deposited in a magnetron sputter chamber, while
the MgO barrier and the ruthenium capping layer are e-beam evaporated in an
adjacent chamber without breaking the vacuum. The layer stack is annealed ez
situ to crystallize the Co-Fe-B electrodes in a solid-state epitaxy process.

After annealing, the samples are patterned using standard UV- and electron-
beam lithography and structured by argon ion milling down to diameters of 150 nm.

4.3 Growth of Ultra Thin Barriers

Growing ultra thin MgO barriers introduces experimental challenges, because crys-
talline MgO barriers give rise to large TMR ratios due to their spin-filter effect.®!:5?
This effect is decreased for thin barriers.*® While thick barriers of 10 ML thickness
can yield TMR ratios of over 600% at room temperature, this value is strongly
decreased for thin tunnel barriers.!” A decrease of the spin polarization from addi-
tional d-like contributions was reported for alumina junctions as well.%?

MgO deposited on amorphous Co-Fe-B usually crystallizes in the (001) direction
if five or more ML are deposited. The Co-Fe-B crystallizes during annealing, while
MgO acts as a template for the solid-state epitaxy process® and long range order on
the atomic scale is induced at Co-Fe-B/MgO interfaces.®> For ultra thin barriers,
this effect is not present and thus the interface quality is reduced. A successful
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4.4 Quantitative HRTEM Analysis of MgO Barriers

Figure 4.1: HRTEM images of a thick 10 ML (left) and a heated 3 ML MgO barrier
(right). The IQR values are (5.6 £ 1.5)° (10 ML) and (6.7 £ 0.8)° (3 ML).

preparation of a TMR device below 5ML of MgO has to focus on a crystalline
growth below that critical thickness.

The effect of the deposition rate and influence of substrate temperature on the
shift of the critical MgO crystallization thickness has been discussed by Kurt et al.
and Isogami et al. A threshold value of 5pm/s MgO deposition rate is reported
to obtain high quality tunnel barriers. Also, infrared heating to 300°C is reported
to enhance the TMR ratio of 4 ML thick barriers reaching values of more than
200%.99°7 The interfaces of our junctions exhibit their best properties at deposi-
tion rates of 1 pm/s. Furthermore, we investigated the effect of sample annealing
between 100°C and 350°C during e-beam evaporation of the MgO barrier.

4.4 Quantitative HRTEM Analysis of MgO Barriers

Transmission electron microscopy (TEM) was conducted at a Philips CM200 FEG
UT under 200 kV, with cross-sectional specimens prepared by a FEI Nova NanoLab
600 Focused Ton Beam under 30kV with a final polishing step at 5kV. High resolu-
tion TEM images of the MgO barrier were Fourier-filtered around the MgO growth
direction and MgO reciprocal lattice constant, which results in the MgO layer being
represented by distorted lines arising from its crystal texture. This effect is used
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to estimate the degree of texturing of the layer by transforming the image into a
two-dimensional line parameter space using the Hough transform.®® The texture
leads to intensity peaks with finite distributions in the transformed image. The
width of these distributions is estimated by their inter-quartile range (IQR) for the
parameter pairs of several lines, whose average value is used as the approximation
for one image.

For example, the high degree of texturing of the 10 ML layer in Fig. 4.1 (left) is
estimated as (5.6 £ 1.5)°, whereas the lower degree of texturing of the 3 ML layer
in Fig. 4.1 (right) gives a value of (6.7 £ 0.8)°.

This allows us to quantify the degree of order and to optimize the barrier growth
conditions. We applied the method to find the optimal MgO growth temperature.
The IQR value is strongly decreased with an MgO growth temperature of 100°C.
However, we found no further enhancement for growth temperatures higher than
100°C (Fig. 4.2).

1M1F ¢4ML .
10 :

Averaged IQR (°)

st | 10 ML

4: L 1 L 1 L 1 /
0 50 100 150 300 350 400

Heating temperature (°C)

Figure 4.2: Quantitative analysis of the HR-TEM images of ultra thin MgO barriers
at different growth temperatures. The black line is a guide to the eye. The IQR
values for room temperature and 100°C were obtained in 4 ML MTJs, 150°C and
350°C in 3 ML MTJs. The inset shows the space frequencies (red) used for Fourier
filtering of the 3 ML. MgO barrier from Fig. 4.1.
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4.5 Spin-transfer Torque in PMA Junctions

First, R(H) and I(U) measurements are carried out to characterize the samples.
The 10 ML MgO barriers show a TMR ratio of up to 270% and a large TMS effect
of up to 50%. For 3 ML of MgO, a TMR ratio of up to 55% is found.

New materials with high perpendicular magnetization anisotropy are important
for high density storage applications. For example, MTJs with Mn-Ga electrodes
are very promising due to their high PMA.% Fortunately, PMA has been demon-
strated for Co-Fe-B films below a critical thickness. Due to the small thickness,
which is approximately equal to the absorption length of the transferred torque,
this results in a reduction of the critical switching current J.."%™ Secondly, J. is
reduced, because the increase in PMA in these junctions lowers the influence of
the out-of-plane demagnetizing field which is one of the factors responsible for a
high J..”>™ As a consequence, we expect that this reduction of J. also applies to
the thermally driven electron transport through the device and thus enhances the
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Figure 4.3: Electrical characterization of an MTJ with 4 ML MgO barrier and
PMA. top: minor loop, bottom: RV-characteristic with an applied field of 8.6 mT.
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possibility of observing T-STT.

Thus, the thickness of both Co-Fe-B layers was reduced to 1.0nm and 1.2nm.
The resistance is plotted as function of the magnetic field perpendicular to the
plane in Fig. 4.3. The upper viewgraph shows PMA for this thickness range of both
magnetic layers. The MgO thickness is 4 ML (0.84 nm) in this case with a maximum
TMR ratio of 64%. For the TMS measurements the MTJ was heated from the
top with a diode laser (wavelength 640 nm, power up to 150 mW), modulated by
a frequency generator at 1.5kHz. The voltage is then recorded using a lock-in
amplifier (see Ref. [49] for more details). A TMS effect of 6% was observed.

The lower graph of Fig. 4.3 shows the junction resistance as a function of the
applied bias voltage with a magnetic offset field of 8.6 mT. Spin-transfer torque
switching from the antiparallel (AP) to the parallel (P) state as well as from the P
to the AP state can be seen. The corresponding critical currents are —25 A and
52.5 pA. Given a diameter of 155 nm of the circular junction and using an average
critical current of 38.5 A, the average critical current density equals 0.2 MA /cm?.
This value is much lower than the critical current densities of more than 0.8 MA /cm?
reported by other groups so far.”74™

4.6 Torque Simulations

We also perform ab initio calculations based on density functional theory. In partic-
ular, we use the Korringa-Kohn-Rostoker and the nonequilibrium Green’s function
method?®™ to obtain the thermal spin-transfer torque of the tunnel junction. In
particular, the torque acting on the atomic layer ¢ is given by

A(E) = 3 AT, % 671(E), (4.1)
where 4; is the exchange energy, ]\Z is the magnetic moment, and MZ = ]\_4’Z /M.
The change in the magnetic moment in each layer dm; due to the current is calcu-
lated using the nonequilibrium Green’s function formalism where the details of our
implementation are given in Ref. [70]. To get the energy-dependent torque acting
on the free layer 7%°¢(E), we sum up over all atomic layers within the free layer.
By integrating over energy we get for the total torque in the free layer

rltee / (722 (B, T, 1) + 77% L fr(E, T, 1) dE, (42)

where frry and Tpry are the occupation function and temperature of the left
(right) lead. p is the electro-chemical potential and TzrifR( Ros1) 18 the torque acting
on the free layer originating from electrons going from left to right (right to left).
The system consists of a tunnel barrier with 3 ML MgO between two ferromagnetic

Fe leads with 20 ML and Cu as a reservoir.
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Figure 4.4: Calculated thermal torque at different lead temperatures for a 3 ML
MgO barrier (left). With shifting the CoFe Fermi level by 40 meV (right) the acting
torque can be enhanced significantly.

The resulting thermal spin-transfer torque for different temperatures of the left
lead as a function of the temperature difference is shown in Fig. 4.4 (left). The
slope of the function changes with different temperatures. However, the size of the
torque is small in comparison to the bias driven spin-transfer torque.™ To simulate
the influence of the Fe-Co alloy used as the electrodes, we adjust the Fermi level
by a shift of 40 meV.

The resulting thermal spin-transfer torque is shown in Fig. 4.4 (right). Now, the
size of the torque changes by one order of magnitude and is similar to the values
obtained by Jia et al.** Therefore, the position of the Fermi level, which can be
adjusted by the composition of the Fe-Co alloy, is a key feature to maximize the
thermal spin-transfer torque and has to be further investigated.

4.7 Temperature Simulations

It remains to show that a temperature gradient of larger than 10 K can be realized
across our ultra thin barriers. Here, we want to utilize an ultrashort femtosecond
laser pulse to generate large temperature gradients. Then, extreme conditions are
attained by the very short deposition of the energy within a very thin layer at the
top surface of the device. This allows temperature gradients of approximately 100 K
within a few nanometer right after excitation and thermalization of the electrons.
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Chapter 4 Parameter space for thermal spin transfer torque

As the time evolves, this extreme temperature gradient will level out. We applied
finite element simulations using the COMSOL Multiphysics numerical solver to
estimate the temperature gradients across the MgO barrier that can be achieved in
our experimental geometry.

The magnetic tunnel junction is simulated with a diameter of 200nm and is
modeled in a two dimensional, rotational symmetric geometry. The simulated
layer stack is as follows: 3 um Si substrate/500 nm SiO2/10nm Ta/2.5nm Co-Fe-
B/0.63nm MgO/5.4nm Co-Fe-B/5nm Ta/3nm Ru/36.6nm Au. According to our
lithography process, the layers down to the 10 nm thick Ta layer are patterned as
a junction pillar which is isolated by 50.4nm of SiO,. The top strip line consists
of 6.3nm Cr and 25.2nm Au. The complete model has a diameter of 50 ym which
is large enough to cover the heating effect of the laser pulse with wy ~ 11 um (see
below). COMSOL’s heat transfer module solves the heat conduction equation in
which the femtosecond laser pulse acts as heat source. In addition, we have to know
the specific heat c,, the density p and the thermal conductivity s for the materials
involved and these values can be found in Ref. [49]. The heat distribution provided
by the laser pulse is modeled by the Lambert-Beer law and a scaling factor which
includes the material’s reflectance R as well as the optical penetration depth .
The spatial distribution of the pulse energy E, e is assumed to be Gaussian with
the beam waist wgy. The temporal shape of the laser pulse is Lorentzian with the
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Figure 4.5: Left: Simulated temperature difference across a 0.63nm MgO tunnel
barrier as a function of time. Right: Temperature of the heated gold surface and
the two MgO/Co-Fe-B interfaces.

26



4.8 Conclusion

pulse duration I'.

The parameter values are Epyee = 0.2 uJ, wo = 11 pm, I' = 501s, as measured in
the confocal microscope setup used and described in Ref. [49]. The heat distribution
provided by the laser pulse was calculated with the optical constants found in the
literature for gold,”>"" namely a reflectivity at 800nm of R = 0.975 and an optical
penetration depth at 800 nm of A = 12.7nm. The thickness of the uppermost gold
layer is almost twice its optical penetration depth. Therefore, most of the heat will
be absorbed in the gold layer, which justifies taking only the optical constants for
gold into account. The layers were discretized in a fine mesh with element sizes in
the junction layers of 0.2 — 2nm.

In the right viewgraph of figure 4.5 the temperatures for the two Co-Fe-B/MgO
interfaces and the gold surface in the center of the junction are shown. The temper-
atures as well as their temporal evolution is reasonable for the two Co-Fe-B/MgO
interfaces. As depicted in Fig. 4.5, the maximum temperature difference across
the MgO interface is approximately 20 K. Temperatures of more than AT = 6.5K
are required for the T-STT switching from the antiparallel into the parallel state
according to the calculations of Jia et al.** In total, we achieve a temperature dif-
ference of more than a few Kelvin for more than a hundred picoseconds for the
pulse power and geometry simulated here.

4.8 Conclusion

We demonstrated the fabrication of magnetic tunnel junctions with ultra thin MgO
barriers and small interface roughness. The samples of 3 ML to 4 ML barrier thick-
ness showed high TMR ratios of 55% to 64% and spin-transfer torque switching
with critical current densities as low as 0.2 MA/cm?. The texture of the junctions
has been investigated by high-resolution TEM imaging quantitatively. We sug-
gest the average inter-quartile range value of the MgO layer Hough transform as
an quantitative indicator of the degree of texturing for the junction quality. This
allows us to optimize the MgO barrier growth. The thermal torque has been cal-
culated as a function of the temperature gradient. With adjusting the Fermi level
via the Co-Fe-B composition, a maximum T-STT effect can be obtained. Tem-
perature simulations of junctions heated by femtosecond laser pulses revealed large
temperature gradients in the order of 10 K for around 100 ps. On the base of these
parameters, we expect to observe T-STT in these kind of junctions. Thus, magnetic
switching by applying only a temperature gradient will be feasible.
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Chapter 5

Outlook

This chapter deals with first results obtained in two additional series of measure-
ments that were performed in the last months of this thesis. The discussion of
chapter 2 is continued, on how the tunnel magneto-Seebeck effect in MTJs can
be tuned. One possibility, presented in section 5.1, is to apply a DC bias voltage
simultaneously to the laser heating. Another option is the change of material used
as the MTJ’s ferromagnetic electrode. In this regard, section 5.2 describes first
results obtained from MTJs containing the Heusler compound CosFeSi as ferro-
magnetic electrode. To check the applicability of MTJs as thermoelectric devices,
the thermoelectric figure of merit is estimated in section 5.3.

5.1 Bias voltage dependence of the tunnel magneto-Seebeck
effect

In chapter 2, the requirements for a high tunnel magneto-Seebeck effect were dis-
cussed. The transmission probability of electrons through a magnetic tunnel junc-
tion at the Fermi level not only needs to be very different for parallel and antiparallel
magnetization configuration of the two ferromagnetic electrodes, which leads to a
high tunnel magnetoresistance ratio; it also requires a strong asymmetry of the
transmission function with respect to the Fermi level, as sketched in Fig. 2.1 for
the antiparallel transmission Tap, to achieve a high tunnel magneto-Seebeck effect.

The Co-Fe-B/MgO system meets the above mentioned requirements on the spin-
dependent electronic structure: As calculated by Butler et al.*®, as well as by
Mathon and Umerski’®, the spin-polarization of bee-Fe and bee-Co, which is caused
by a fully spin-polarized A; band, is enhanced by the complex band structure of
MgO. Electrons in not spin-polarized states that contribute to a spin-independent
tunnel current decay much faster in the barrier than electrons in the A; states.
Experimentally, TMR ratios of up to 604 % were observed in this system!®.

The necessary asymmetry of the barrier’s transmission function was studied in
ab initio calculations by Heiliger et al.°?. In that publication, it was predicted
that the Seebeck coefficients and, hence, the tunnel magneto-Seebeck effect can be
tailored by choice of Co-Fe composition of the Co-Fe-B alloy. Fig. 5.1 shows the
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results of the calculations carried out by Heiliger et al. for Co-Fe alloy compositions
ranging from pure Co (x = 0) to pure Fe (z = 1) in steps of Az = 0.1. The TMS
ratios and Seebeck coefficients shown in Fig. 5.1 are the room temperature values.
There is no observable trend in the dependence of TMS ratios on Co-Fe composition
(Fig. 5.1(a)). The divergences of the TMS ratios for several compositions are due
to zero-crossings of either Sp or Syp in Fig. 5.1(b). For Fe contents less than 30 %,
as well as between 70% and 80 %, large, positive TMS ratios are obtained. Fe
contents between 40 % and 60 %, on the other hand, lead to very small TMS ratios
that exhibit a sign change at around 50 % Fe content. Finally, the TMS ratio of pure
Fe is negative and large. In Fig. 5.1(b) it can be seen that the Seebeck coefficients
also do not show a clear dependence on the Co-Fe composition. Both, Sp and Sap
oscillate between positive and negative values, so that even cases exist, in which
Sp is positive whereas Sap is negative, and vice versa. Several zero-crossings occur
for both magnetization alignments when the Fe content is varied from 0% to 100 %
in which the TMS ratio diverges due to its definition (eq. (1.25)). The change
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Figure 5.2: Temperature dependence of the Seebeck coefficients for different
Co-Fe alloys. Results of ab initio calculations for temperatures between 100 K and
800 K. Seebeck coefficients are shown for parallel (black) and antiparallel (red)
magnetization alignment, respectively. Dashed lines are used for a 10 monolayer
(ML) MgO barrier, whereas solid lines are used for 6 ML MgO. The Co-Fe compo-
sitions are the same as in Fig. 5.1. Taken from ref. [52]. © 2013 American Physical
Society.

in barrier thickness leads only to minor changes in the behavior of the Seebeck
coefficients.

Heiliger et al.”” also calculated the temperature dependence of the Seebeck co-
efficients for the considered Co-Fe compositions, as shown in Fig. 5.2. The results
suggest that the Seebeck coefficients change only marginally at temperatures above
400 K for most of the Co-Fe compositions. A sign change of one of the Seebeck co-
efficients occurs for 10 % and 80 % Fe content and for pure Fe. A crossing of Sp and
Sap is also predicted for several compositions within the considered temperature
range of 100 K to 800 K.

The experimental realization of MTJs with different Co-Fe-B compositions is,
however, challenging: Targets with the desired compositions need to be tested,
the stoichiometry of the Co-Fe-B film on the sample needs to be analyzed, growth
conditions have to be optimized and argon ion milling parameters determined. But,
on the experimental side, another approach is conceivable. Since the change of Co-
Fe-B composition leads to a shift of the Fermi level and hence to a change in the
asymmetry of the transmission function, this shift can also be realized by applying
an external voltage to one of the electrodes.

l.52

5.1.1 Sample preparation

The sample discussed in this section contains pseudo-spin-valve junctions made of a
layer stack, similar to those on the samples discussed in chapters 2 and 4. The layer
stack was fabricated under UHV conditions (base pressures around 5 x 1079 mbar)
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in two interconnected chambers. In the first chamber, the Ta and Co-Fe-B layers
were deposited by magnetron sputtering. The MgO tunnel barrier as well as the Ru
capping layer were deposited in the second chamber by e-beam evaporation. The
layer stack was deposited on a single crystalline MgO substrate and is composed as
follows: MgO substrate / 10nm Ta / 2.5nm CogoFegoBay / 1.7nm MgO / 5.4nm
CogoFegoBao / 5.0nm Ta / 3.0nm Ru. In subsequent e-beam lithography and argon
ion milling steps, which were conducted at Bielefeld University, 125 nm SizN, were
deposited to insulate the junction pillar and 15nm Ta plus 92nm Au were added
afterwards as top contact layers which were patterned as bond pads.

A detailed investigation of the TMR and TMS effect of this sample can be found
in Tim Eggebrecht’s master’s thesis™. In the following, the discussion will focus
on the bias-dependent measurements of the thermocurrent.

5.1.2 Experimental setup

The setup used for the experiments discussed in this section is depicted in Fig. 5.3.
The optical setup (Fig. 5.3(a)) is unchanged from the one described already in
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Figure 5.3: Experimental setup for TMS measurements with bias voltage.
a, Optical setup as in chapter 3. b, Electrical setup as in chapter 3 in which
the precision voltage amplifier is exchanged for a transimpedance amplifier. This
amplifier can be either set to ground, or a bias voltage can be applied to the MTJ.
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chapter 3. The former electrical setup (chapter 3, Fig. 3.1 (b)), however, was
modified to facilitate the detection of thermoelectric effects in the MTJ while a
DC voltage is applied to the latter. Since the laser is modulated at a frequency of
f = 1.5kHz, the most straightforward way to determine the thermoelectric effects
occurring in the MTJ is to observe the current signal at the frequency f. This
part of the total electric current originates from the laser heating modulated at
this frequency. For this reason, the precision voltage amplifier used in Fig. 3.1 was
exchanged for a precision transimpedance amplifier (DLPCA-200, femto GmbH)
which takes a current as input and outputs an amplified voltage proportional to this
current (Fig. 5.3b). This amplifier further allows the application of a DC voltage
to the MTJ. Alternatively, it can be set to measure against ground potential. In
addition, the amplifier output is AC coupled so that it does not detect the electric
current caused by the DC bias voltage. A transimpedance gain ranging between
1x103VA~! and 1 x 101! VA~! can be chosen, depending on the magnitude of
the current signal. As indicated in Fig. 5.3b, the output of the transimpedance
amplifier is connected to a lock-in amplifier which is used for data acquisition.

5.1.3 Estimate of Peltier and Thomson effects

The application of a DC bias voltage during the thermoelectrical characterization
leads to a DC current flowing through the MTJ, concurrently to a temperature gra-
dient created by the laser heating. In this scenario, two other thermoelectric effects
come into play: the Peltier and the Thomson effect that were introduced in sections
1.1.2 and 1.1.3, respectively. In the following, the coefficients for both effects will
be estimated using the theoretical predictions described earlier in section 5.1, as
well as experimental results.

To calculate the Peltier coefficient, it is necessary to know the Seebeck coefficient.
Seebeck coefficients for Co-Fe-B/MgO tunnel junctions were presented in chapters
2 and 3. They range from 100 pVK™! to Sy = 770V KL, Due to an underes-
timation of the temperature gradients in the M'TJs caused by unknown thin film
thermal conductivities and interface resistances, these values represent an upper
limit for the Seebeck coefficients. Ab initio calculations (Figs. 5.1 and 5.2) revealed
Seebeck coefficients in the order of Sy, = 301V K1, Because of this uncertainty,
the Peltier coefficient is calculated according to eq. (1.17) for both extreme cases.
The temperature at the MgO barrier might reach 7" = 400 K for higher laser powers.
The minimum and maximum Peltier coefficients thus amount to:

Moax = ST’ & 308V, (5.1)
Hmin = SminT ~ 12mV.

The measurements, which will be presented in the following, were carried out at a
maximum bias voltage of V., = 300mV. The resistance of the MTJ for parallel
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magnetization alignment can be taken from Fig. 5.4 and amounts to Rp = 6 kf).
This leads to a maximum current of I,,x = 50 pA. The heat current I generated
by the Peltier effect can now be calculated using eq. (1.16), the electric current [
and the Peltier coefficients:

15 = Hnax max = 16 pW, (5.3)
I5™ = M Inax = 0.6 pW. (5.4)

This heat can be neglected in the following experiments, in which laser powers of
150mW (and focussed to approximately the MTJ diameter) are incident on the
MTJ.

The change of the Seebeck coefficient with temperature enters eq. (1.20) for the
Thomson coefficient. Since the exact temperature dependence of the Seebeck co-
efficient cannot be deduced from experiments so far, the results of the ab initio
calculations shown in Fig. 5.2 are taken into account. As can be seen in the figure,
for most alloy compositions, the Seebeck coefficient at T' = 400 K is nearly constant,
thus % ~ 0. As a consequence, the Thomson coefficient § = Tg—,_ﬁ ~ 0. There-
fore, the Thomson heat will be also neglected in the discussion of the following
experiments.

5.1.4 First results

Prior to the evaluation of the thermocurrent measurements, the bias dependent
TMR measurements have to be analyzed. Fig. 5.4a shows two series of TMR mea-
surements that were performed at a variety of bias voltages on a 6jm x 4pm
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Figure 5.4: Dependence of TMR ratio on bias voltage. a, TMR measurements
performed at different bias voltages. The resistance of parallel magnetization align-
ment is found to be constant, Rp =~ 6 k(). b, TMR ratios calculated from the curves
shown in a as function of bias voltage. No clear dependence on the bias voltage
can be identified.
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Figure 5.5: Thermocurrent measurements at different bias voltages. Measure-
ments at selected voltages between —50mV and 50 mV are depicted. The current

signal is detected by the lock-in amplifier at the laser heating modulation frequency
of 1.5kHz.

elliptical MTJ. The curves indicate several switching fields at which the magneti-
zation alignment changes from antiparallel back to parallel. A possible reason for
this behavior is the existence of several magnetic domains in the two ferromagnetic
layers of the MTJ. All curves have a resistance Rp &~ 6 k{2 for the parallel magne-
tization state in common. The TMR ratios calculated from these curves are shown
in Fig. 5.4b as a function of bias voltage. It can be seen that the TMR ratios are
distributed randomly between 170 % and 90 % and that no clear dependence on
the applied bias voltage can be identified. A possible reason for this broad distri-
bution is the above mentioned multi-domain switching behavior of this MTJ. For
this reason, an average TMR ratio of 145 % is used for further analysis. Given this
TMR ratio and a resistance of 6k() in the parallel state, the average resistance in
antiparallel state becomes Rap &~ 14.7 k().

A selection of thermocurrent measurements is shown in Fig. 5.5. The lock-in
amplifier was triggered such that the thermocurrent signal appears at the X (in-
phase) input of the lock-in amplifier. Thus, a positive current leads to a positive X
signal and vice versa. Further, to obtain the curves plotted in Fig. 5.5, the voltages
measured by the lock-in amplifier were converted to currents through division by
the transimpedance gain of the preamplifier. A test without laser heating and a
DC bias voltage of up to 300 mV revealed only a negligible current signal around
0.03nA. This verifies that only currents caused by the laser heating are detected.
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At 50 mV bias voltage, a positive thermocurrent is observed. The current is larger
for antiparallel magnetization alignment of the electrodes. The same situation—
with a smaller difference between the voltages in parallel and antiparallel state—is
observed at 10 mV, whereas the thermocurrent is larger in parallel state when the
measurement is performed without bias voltage. At —10mV, the thermocurrent
for parallel alignment is almost shifted to zero and a negative current is observed
in antiparallel state. Finally, at —50 mV bias voltage, negative thermocurrents are
observed for both magnetization alignments, of which the magnitude is larger for
the antiparallel configuration.

The Seebeck voltages generated during laser heating can be derived from the
thermocurrent measurements presented in Fig. 5.5 and the TMR measurements
depicted in Fig. 5.4. According to eq. (3.1) in section 3.4.1, the current [ is given
by

I =GV +GSAT.

The Seebeck voltage (SAT) thus becomes in general:

1
SAT =—-I-V.
G

Due to the measurement technique, the DC bias voltage V' is not detected in the
thermocurrent measurements. In addition, substituting the conductance G with
the resistance Rp,ap of the two magnetization alignments, yields a relation that
connects the thermocurrents and resistances found in parallel and antiparallel state
to the respective Seebeck voltages:

(SAT)p/ap = Rp/aple/ap. (5.5)

The data in Fig. 5.6a are calculated from thermocurrent and TMR measurements
using eq. (5.5). On the larger voltage scale up to £200mV, the Seebeck voltages
depend linearly on the applied bias voltage. Both slopes, for parallel and antipar-
allel magnetization configuration, are positive, whereupon the magnitude of the
slope is larger for the latter configuration. For small bias voltages below 10 mV, the
behavior of the Seebeck voltages exhibits more structure (inset of Fig. 5.6a): The
voltages in parallel and antiparallel state are almost equal and nearly constant for
bias voltages between 0 mV and 5mV. Similarly, the voltages are also nearly con-
stant between 0 mV and —5mV, yet the difference between the Seebeck voltages
observed in parallel and antiparallel state is large. At bias voltages higher than
+5mV, the linear behavior starts to develop.

The different slopes of the Seebeck voltages lead to negative TMS ratios for
positive bias voltages that decrease in magnitude when the bias voltage approaches
zero. Between 0mV and —10mV the sign of the TMS ratio changes and due to
the zero crossing of the parallel state Seebeck voltage at approximately —10mV, a
TMS ratio of 7000 % is obtained. With further increasing bias voltages, the TMS
ratio drops again to a nearly constant value of 250 %.
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Figure 5.6: Bias voltage dependence of the TMS effect. a, Seebeck voltages
extracted from thermocurrent and TMR measurements at different bias voltages.
b, TMS ratio calculated from the Seebeck voltages shown above.

5.1.5 Discussion

The observations made in this experiment deviate from the theoretical predictions
for different Co-Fe alloys introduced at the beginning of section 5.1. The ab initio
calculations predict that the change of Fe content from x = 0 to z = 1 in a
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Fe,Co;_, alloy leads to shifts of several hundred meV of features in the transmission
function (Fig. 4 in ref. [52]). This energy range is also covered by the bias voltage
measurements presented here. However, whereas the Seebeck voltages were found to
be linearly dependent on the applied bias voltage, the calculations predict a rather
oscillatory behavior of the Seebeck coefficients as a function of alloy composition.

On the other hand, the Co-Fe composition used in the experiment is close to
x = 0.7 in Fig. 5.1. Close to this composition, the calculations also predict a linear
behavior of the Seebeck coefficients. The slopes are positive, in the experiment as
well as in the ab initio calculations.

Furthermore, the changes in Seebeck coefficients caused by modifications of the
alloy composition cannot be compared directly to the bias voltage dependent mea-
surements. Although both methods lead to shifts of the Fermi level in the fer-
romagnetic electrodes of the MTJ, the application of a bias voltage changes only
the Fermi level of one electrode, whereas a change of alloy composition in both
electrodes also leads to a shift in Fermi level in the two.

As a consequence, further ab initio calculations are currently underway that will
allow a direct comparison between theory and experiment. On the experimental
side, further measurement series have to be carried out to improve the experimen-
tal statistics. These experiments should include power dependent measurements
performed at each bias voltage to obtain a qualitative insight into the temperature
dependence of the Seebeck coefficients (similar to Fig. 5.2).

The most interesting outcome of this measurement series is that a bias voltage
can be used in the experiment to tailor the response of the Seebeck voltage, both
in voltage sign and magnitude. Especially the measurement at —10mV, in which
the Seebeck voltage is close to zero for parallel alignment, presents the possibility
of building a thermoelectric device that can be magnetically turned on and off.

5.2 Tunnel magneto-Seebeck effect in Heusler compound
tunnel junctions

The previous chapters dealt with investigations of the effect in Co-Fe-B/MgO mag-
netic tunnel junctions. However, another interesting class of materials exists which
fulfills the demands for a high tunnel magneto-Seebeck effect: the class of half met-
als. While the ferromagnetic transition metals Fe and Co exhibit spin-polarizations
P below 60 %—which is consistent with the maximum observed TMR ratios be-
low 100% in MTJs with alumina barrier, according to the Julliére model'®—a
spin-polarization of 100 % can be achieved in half metals. This is due to the spin-
dependent electronic structure of these materials, which is metallic for one type of
spins, whereas it contains a band gap for the opposite spin direction and thus acts
as an insulator for the latter spins. Such a high intrinsic spin-polarization has the
advantage that no special choice of tunnel barrier material is needed to build MTJs
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with very high TMR ratios and tunnel magneto-Seebeck effects.

An all-optical determination of the spin polarization of a selection of half metals
was done by Miiller et al.*> and Mann et al.*’. The results obtained by Mann et al.*"
are depicted in Fig. 5.7. The spin-polarization of the half metal CrOy amounts to
99 % in the experiment and is the highest of the investigated materials. The Heusler
compounds CosFeAl, CooMnGe and Co,MnSi, belonging to the class of half metals,
showed spin polarizations between 66 % and 86 %. These values are still far from
the 99 % of CrO,, but are already significantly higher than the spin-polarization
of the Co-Fe-B alloy (P = 65%) and of the transition metal ferromagnets CoFe
(P = 55%), permalloy (NigiFejg, P = 48 %) and Ni (P = 45%), which are also
shown in Fig. 5.7 for comparison.

Consequently, first experiments with magnetic tunnel junctions employing the
Heusler compound CosFeSi as electrode material were carried out in the course
of this thesis. The following subsections describe the sample preparation and dis-
cuss the dependence of the tunnel magneto-Seebeck effect on modulation frequency
and laser power. In addition, thermocurrent measurements were carried out as
a function of applied laser power. Further, position-dependent measurements are
discussed, in which the laser spot was moved away from the contacted MTJ.
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Figure 5.7: Spin polarization of selected half metals. The demagnetization time
and spin-polarization are determined from all-optical pump-probe experiments.
The half-metallic behavior is modeled theoretically and results in the functional
dependence 7, (P) given by the black and red lines. Taken from ref. [80].
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5.2.1 Sample preparation and TMR

The sample investigated in the following was prepared under ultra high vacuum
conditions on a single-crystalline MgO substrate. The layers were sputter deposited
on the substrate at room temperature. The layer stack is as follows (see also
Fig. 5.8a): MgO substrate / 5nm MgO / 5nm Cr / 20nm CoyFeSi / 2nm MgO
/ bnm CoroFezy / 10nm Mngzlry;; / 25nm Ru. After deposition, the sample was
post-annealed in a separate vacuum chamber for 1h at a temperature of 325°C.
An external magnetic field of 650 mT was applied during annealing. The Mngslr;;
layer pins the magnetization of the CoroFesy layer by exchange bias and leads to
the minor loop shown in Fig. 5.8b.

Elliptical MTJs of 6pm X 4pm, 4pm X 2pm and 2pm x 1pm in lateral size
were prepared out of the layer stack by electron beam lithography and argon ion
milling down to the middle of the CosFeSi layer. The long axis of the ellipses
was chosen to be parallel to the direction of magnetic field during annealing to
strengthen the magnetic easy axis of the two ferromagnetic electrodes through
the shape anisotropy. In subsequent steps, tantalum oxide was deposited around
the MTJ pillar as insulation, and additionally added 5nm Ta / 70nm Au were
patterned into bond pads on top of the MTJ, again by e-beam lithography and
argon ion milling.

TMR measurements that were taken throughout the electro-optical characteriza-
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Figure 5.8: Layer stack of the Heusler compound sample and TMR measure-
ments. a, Layer stack of the MTJ containing the Heusler compound Co,FeSi as one
ferromagnetic electrode and a CoFe alloy as the second ferromagnet, separated by
a 2nm MgO barrier. b, TMR measurements taken throughout the electro-optical
characterization of the MTJ. The arrows mark the magnetization alignment of the
two electrodes.
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tion process are shown in Fig. 5.8b. The TMR ratio is at 102 % already quite high,
but still significantly lower than TMR ratios observed in Co-Fe-B/MgO samples.

5.2.2 Frequency dependence of the Seebeck voltage

The first measurements were performed with a diode laser modulation frequency
of 1.5kHz, as described in section 3.2. However, the Seebeck voltages recorded by
the oscilloscope, which are shown in Fig. 5.9a, do not show the expected square-
wave form. As a consequence, oscilloscope traces were taken at 713 Hz and 77 Hz
modulation frequency.

It can be seen in Fig. 5.9a that a saturation of the Seebeck voltage is already
visible at 713 Hz for parallel electrode alignment. For the antiparallel alignment,
in contrast, the Seebeck voltage has not yet reached its saturation value. At 77 Hz,
the Seebeck voltages are saturated for parallel and antiparallel alignment. Fig. 5.9b
shows TMS measurements carried out at 1500 Hz and 77Hz. Due to the slow
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Figure 5.9: Frequency dependence of the Seebeck voltage. a, Time-dependent
Seebeck voltages recorded with an oscilloscope for parallel and antiparallel magne-
tization alignment. The laser was modulated with 77 Hz, 713 Hz and 1500 Hz. b,
TMS measurements taken with 77 Hz and 1500 Hz, respectively.
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response of the Seebeck voltage, not only the voltages recorded by the lock-in
amplifier are much smaller at 1500 Hz, but also the TMS.

The rise and fall times of the Seebeck voltage are larger by more than an order of
magnitude than those found in the Co-Fe-B/MgO samples investigated in chapter 3.
However, there are differences between the Heusler compound sample regarded in
this chapter and the Co-Fe-B/MgO samples: First, the thickness of the MgO barrier
amounts to 2nm, whereas the barrier thickness of the samples used in chapter 3
was 1.5 nm. Second, 6 pm x 4 pm ellipses with an area of 19 pm? were studied in the
Co-Fe-B/MgO case, which is larger by a factor of 3 than the area of the 4 pm x 2 pm
ellipses (area ~ 611m?) considered here. Both quantities change the resistance and
the capacitance of the MTJs. Tim Eggebrecht reported in his master’s thesis™ that
slight changes in the temporal evolution of the Seebeck voltage could be explained
by changes in resistance and capacitance of the MTJ and, hence, by a different
time constant of the circuit. For this reason, SPICE simulations were carried out
to check if the different timescales observed in the oscilloscope traces of the Heusler
compound MTJ can completely be attributed to a change in the time constant of the
circuit. The simulation parameters were taken from table 3.3 in chapter 3, except
the capacitance and resistance of the MTJ and the Seebeck voltages. According
to Fig. 5.8b, the resistances Rp ~ 744k} and Rap =~ 1481k} were taken for
parallel and antiparallel magnetization alignment, respectively. Given an M'TJ area
A~ 61m?, a MgO thickness of d = 2nm and a permittivity of MgO of eM8© = 9.6
(ref. [81]), the capacitance of the Heusler compound MTJ becomes:

T

A
CMTJ =£&0 &_MgO . E ~ 0.267 pF (56)

The Seebeck voltages for parallel and antiparallel alignment were determined from
Fig. 5.9a and amount to Vp ~ —1043 1V and Vap ~ —2100nV, respectively. The
results of the SPICE simulations with these parameters are depicted in Fig. 5.9a as
gray triangles and are in good agreement with the Seebeck voltages observed in the
experiment (blue lines). Therefore, no evidence for a change in heat transport is
found in MTJs containing Heusler compounds, when compared to Co-Fe-B/MgO
MTJs.

Nevertheless, one striking difference between the time-dependent Seebeck volt-
ages of Co-Fe-B/MgO and Heusler compound MTJs can be accounted for: Whereas
the Seebeck voltages of the samples discussed in chapter 3 and of the in-plane
anisotropic samples investigated in ref. [79] were all positive, the MTJs contain-
ing the Heusler compound CosFeSi as one of the ferromagnetic electrodes show
a negative Seebeck voltage. This means that these MTJs possess a positive See-
beck coefficient, which is for example found in semiconductors in which the electric
properties are dominated by hole transport.
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5.2.3 Dependence on applied laser power

In the following, measurements of the tunnel magneto-Seebeck effect are presented
which were carried out at a variety of laser powers. As discussed in detail in the
supplementary information of the nature materials article (ref. [49], appendix A),
higher laser powers lead to a raised base temperature of the MTJ as well as a
higher temperature gradient across the MgO barrier. Thus, a qualitative study of
the temperature dependence of the TMS effect is possible.

Fig. 5.10a shows measurements recorded at laser powers ranging from 1 mW to
150 mW and without laser heating. The negative voltage sign is taken from the
results presented in section 5.2.2 and added to the absolute values recorded by the
lock-in amplifier. As expected, the signal of the measurement without laser heating
is around zero and magnetic switching is not visible. That is, no spurious voltages
and noise sources couple into the experiment. Already at 1 mW, the typical TMS
minor loop can be identified in the measurement.

The Seebeck voltages measured in parallel and antiparallel magnetization state
are depicted in Fig. 5.10b as a function of laser power. For both states, the absolute
value of the Seebeck voltage rises linearly with increasing laser power, apart from
the values observed at 150 mW only. The Seebeck voltages reach values of up to
—3500 1V in antiparallel and —1800 1V in parallel state at 150 mW, respectively.
These values are very high when compared to the Seebeck voltages of Co-Fe-B/MgO
based MTJs: Fig. 3.3a in section 3.4.2 presents a TMS measurement at 150 mW.
The Seebeck voltage amounts to roughly 901V. In Tim Eggebrecht’s master’s
thesis™, Seebeck voltages in the order of 101V were observed in Co-Fe-B/MgO
pseudo-spin-valves. The top contact of the sample discussed in section 3.4.2 was
significantly thinner, whereas the sample investigated by Eggebrecht had a slightly
thicker top contact (115 nm on top of the upper ferromagnet) compared to the sam-
ple discussed here (100 nm on top of MngsIr;7 layer). Hence, the voltages observed
in Fig. 5.10 are compared to the results of Eggebrecht. The latter measurements
were performed using a beam waist of wyg = 11 pm. In contrast, the measurements
shown in Fig. 5.10 were carried out with a beam waist of wg = 4 pm, leading to a 8
times higher laser intensity incident on the MTJ. Assuming that the linear power
dependence observed by Eggebrecht is valid for higher intensities, the maximum
voltages in the order of 10 pV would correspond to Seebeck voltages of < 80pV
for the case of 150 mW laser power and a beam waist of 4 pum. Taking further
into account that the top contact of the Heusler MTJs presented here is 15nm
thinner, it can still be asserted from the results of Fig. 5.10 that the Seebeck volt-
ages of the Heusler junctions are by an order of magnitude larger than observed in
Co-Fe-B/MgO based MTJs.

In addition, the extracted TMS ratios are plotted in Fig. 5.10b as a function
of laser power together with the corresponding Seebeck voltages. The TMS ratios
range between 90 % and 100 % and decrease linearly with increasing laser power.
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Figure 5.10: Laser power depedence of the TMS effect. a, TMS curves of a
Heusler compound MTJ measured at different laser powers.

alignment is marked by the arrows.

The magnetization

b, Thermovoltages (left scale) for parallel

(blue circles) and antiparallel (red circles) magnetization alignment as a function
of applied laser power. Additionally, the TMS values (right scale, black circles) are

given for each laser power.
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5.2 Tunnel magneto-Seebeck effect in Heusler compound tunnel junctions

The change in TMS ratio is small compared to Eggebrecht’s results™. In that work,
the TMS ratios are highest for low intensity and decrease with increasing intensity,
in some cases the TMS ratio drops from 60 % to 40 %. Moreover, this decrease is
not always linear.

Furthermore, the tunnel magneto-Seebeck ratios observed in the Co-Fe-B/MgO
junctions were never of comparable size to the tunnel magnetoresistance ratio. But
as can be seen in Fig. 5.10b and Fig. 5.8b, the TMR (102 %) and TMS (90 %100 %)
ratios are almost equal. Such an analogy has so far only been observed by Lin et
al*” in alumina tunnel junctions.

5.2.4 Thermocurrent measurements

Thermocurrent measurements on Co-Fe-B/MgO MTJs were already presented in
section 3.4.2. It was observed that the thermocurrent in a closed circuit measure-
ment also depends on the magnetization alignment of the electrodes. A MTJ that
shows 3% TMS effect and a TMR ratio of 70 % yielded a change of approximately
24 % in the thermocurrent. The same behavior was reported by Liebing et al.*!
for the same material system, but using resistive instead of optical heating. On
the other hand, no magnetic thermocurrent effects were found in alumina based
tunnel junctions, which were studied by Lin et al.?", contrary to the findings in the
Co-Fe-B/MgO system.

For this reason, several thermocurrent measurements were carried out at different
laser powers. The results are shown in Fig. 5.11. In Fig. 5.11a, a measurement at
90 mW laser power with magnified current axis is shown as an example. The typical
minor loop of the MTJ is distinguishable. However, the effect ratio is less than
1%. This is in sharp contrast to the observations made on Co-Fe-B/MgO MTJs
in section 3.4.2, in which the thermocurrent effect ratio is even higher than the
TMS ratio. Moreover, the measurements at different laser powers reveal that, on
the scale of the power-dependent change in thermocurrent, no magnetic effects can
be identified—in opposition to the TMS measurements shown in Fig. 5.10. These
results are similar to the thermocurrent behavior of alumina based MTJs published
by Lin et al.*”, who explain the absence of a magnetic effect in the thermocurrent
with the properties of the electronic density of states in the CoFe/Al;O3 system
and a model based on the Julliere model.

5.2.5 Position-dependent measurements

To investigate the local generation of the Seebeck voltage, position-dependent mea-
surements were performed, in which the laser spot was moved away from the con-
tacted tunnel junction. Fig. 5.12a shows a sketch of the bond pad microstructure
including the positions at which the measurements shown in Fig. 5.12b were made.
The positions 1 to 4 are in the close vicinity of the MTJ, less than 30 pm away
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Figure 5.11: Thermocurrent measurements of Heusler compound MTlJs. a,
Thermocurrent curve measured at 90 mW laser power. A small magnetic effect of
less than 1% is visible. b, Thermocurrents measured at different laser powers. On
this scale, no magnetic switching can be identified for any of the laser powers.
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Figure 5.12: Position-dependent measurements of Heusler compound MT Js.
a, Sketch of the microstructured bond pads on the sample in which the positions
of the laser spot are marked. b, TMS measurements of the upper right MTJ with
the laser focussed on the different positions.

from the contacted MTJ, on the edges of the bond pad microstructure. Position
5 is located at the opposite end of the group of four bond pads, at a distance of
approximately 130 pm to the MTJ. In Fig. 5.12b two additional measurements, not
displayed in Fig. 5.12a, are shown, in which heating was performed at distances of
250 pm and 500 pm away from the MTJ.

The Seebeck voltage that is generated when heating at positions 1 to 4 is even
larger than when heating the MTJ directly, possesses the same sign and exhibits
magnetic switching, as shown in Fig. 5.12b. However, this voltage only occurs when
the laser spot is centered on the edge of the bond pad. It has to be noted that the
positioning of the laser spot on the highly thermally conductive gold bond pad does
not create a Seebeck voltage. In principle, an explanation for the voltage generation
at the bond pad edges would be that one half of the laser spot creates a not radially
symmetric, planar temperature gradient in the lower ferromagnetic layer extending
to the MTJ, which causes a Seebeck voltage. In this case, a change of voltage
sign would be expected, as observed by Eggebrecht, who investigated the position-
dependence on comparable length scales, but found a sharp drop of the voltage
and an inversed voltage sign when heating next to the bond pad and close to the
MTJ™. This is opposed to the results shown in Fig. 5.12b. The position-dependent
measurements on Co-Fe-B/MgO tunnel junctions discussed in section 3.6 showed a
small residual voltage of the same sign at comparable length scales (P2 in Fig. 3.6).
However, due to different bond pad dimensions in that case, the edge of the bond
pad was not reached, leading to a different scenario.
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At position 5, 130 pm away from the MTJ, the voltage signal has already dropped
by a factor of 100 and decreases further at 250 pm and 500 pm. This indicates
that the observed voltages are generated locally in the MTJ and compares to the
position-dependence of Co-Fe-B/MgO MTJs discussed in section 3.6. The curves
in Fig. 5.12b show magnetic switching, even at a 250 pm distance from the MTJ,
whereas Eggebrechts’ measurements on Co-Fe-B/MgO tunnel junctions™ and those
discussed in section 3.6 did not, apart from when the junction was directly heated by
the laser. This magnetic effect might be caused by the difference in the patterning
of the Heusler compound sample: To get a good crystalline quality of the Co,FeSi
layer, it has to be grown on a crystalline MgO substrate with a thin chromium
seed layer. The argon ion milling step for defining the MTJ pillar then removes the
material down to the middle of the CosFeSi layer. Thus, a ferromagnetic CooFeSi
layer remains that covers the whole sample and acts as a common bottom contact
for all MTJs on the sample. A temperature gradient, created in this ferromagnetic
layer by focussing the laser next to the bond pads, might lead to a magnetic effect
in the Seebeck voltage. On the contrary, Co-Fe-B/MgO tunnel junctions are grown
on rather thick paramagnetic tantalum and/or ruthenium layers and the junction
stack is etched down into the Ta/Ru beneath the lower Co-Fe-B layer. Thus, no
ferromagnet remains next to the bond pads that could create any magnetic effects
in the Seebeck voltage.

5.2.6 Discussion

Although the first studies of MTJs employing Heusler compounds as electrodes yield
interesting and promising results, further experiments are necessary to investigate
some of the striking differences that these junctions show in comparison to the
Co-Fe-B/MgO system.

The Seebeck coefficients observed in Co-Fe-B/MgO tunnel junctions are nega-
tive and agree well with theoretical predictions in their order of magnitude and
their voltage sign. For CosFeSi/MgO/CoFe tunnel junctions, no theoretical pre-
dictions exist so far. Ab initio calculations should be carried out in the future to
allow a comparison of the huge thermovoltages observed and the positive Seebeck
coefficients found in the experiment to theoretical expectations.

In section 5.2.4 it is found that only a very small magnetic effect can be ob-
served in thermocurrent measurements. As discussed in that section, the results
are similar to the observations by Lin et al. on CoFe/Al,O3 tunnel junctions®’.
Moreover, the observation of almost equal TMR and TMS ratios are in accordance
with that publication. These results are in contrast to observations made on Co-
Fe-B/MgO MTJs and contradict the expectation that in general the thermocurrent
should show magnetic switching conforming to the thermodynamic kinetic equa-
tion (3.1), if TMR and TMS are existent. As a consequence, CoFe/Al;O3 tunnel
junctions and further Heusler compound MTJs (e.g. containing Co,FeAl) should
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be investigated in prospective studies to extend the understanding how the spe-
cific (spin-dependent) electronic structure of these material systems leads to the
discussed properties of the thermomagnetoelectric effects.

The position-dependent measurements presented in section 5.2.5 show a decrease
of the Seebeck voltage with increasing distance of the laser spot from the MTJ.
This indicates a local generation of the Seebeck voltage in the MTJ. However, a
magnetic switching of the Seebeck voltage is observed even at larger distances.
Further, voltage curves similar to those measured with direct heating of the MTJ
are observed when the laser spot is placed on the bond pad edges whereas no voltage
is created when the laser heats an area in the middle of the bond pad.

In further experiments these observations should be studied more closely. To
verify that no parasitic voltages are created in the experiment, additional samples
with different bond pad sizes and geometries should be fabricated to understand
the voltage generation at the bond pad edges. The magnetic switching of the See-
beck voltage at larger distances between laser spot and MTJ could be due to other
spin-dependent thermoelectric effects, such as e.g. the spin-Seebeck effect or the
anomalous Nernst effect. The existence of these effects in Heusler compounds have
recently been reported in the literature®. To determine if the magnetic effect ob-
served in position-dependent measurements is caused by the CosFeSi layer covering
the whole sample as a common bottom contact for the MTJs, a set of samples
should be prepared in which either the CosFeSi layer is also patterned as a contact
line, or the layer stack is etched down to the thin Cr seed layer. The high lead
resistance caused by the thin chromium layer should be of no concern, at least for
the measurements of the Seebeck voltage.

5.3 The thermoelectric figure of merit

In the previous chapters and sections, it has been shown that Seebeck voltages gen-
erated in magnetic tunnel junction can be switched magnetically into two voltage
states. Further, the first results of section 5.1 suggest that the Seebeck voltages
can be tuned in such a way that a thermoelectric device can be realized which can
be switched on and off depending on the magnetization alignment of the two fer-
romagnets in the MTJ. Taking into account the feasibility of thermal spin-transfer
torque (chapter 4), it might even be possible to switch the magnetization state ther-
mally. But how efficient are magnetic tunnel junctions as thermoelectric devices?
To answer this question, the thermoelectric figure of merit, which is connected to
the efficiency of thermoelectric devices, is estimated in the following for the tunnel
junctions presented in this thesis.

The thermoelectrical figure of merit can be derived by analyzing the heat flow
in a Peltier element which is used either as cooling device or as a thermoelectric
power generator. It can be shown?’ that the maximum temperature achieved in a
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cooling device is
1
(Th - Tc)max - §ZTC27

and that the Carnot efficiency of the thermoelectric power generator can be ex-

pressed as
(T, —To)(V1+ 2T, + 1)

T/max - Th( 1 + ZTaV —"_ g:—f‘) ?

in which Ty, T, and T,, = % denote the hot, cold and average temperatures
of the device, respectively. In these equations, the parameter Z presents the so-
called thermoelectric figure of merit which is dependent on the material’s Seebeck
coefficient S and its electrical (o) as well as thermal conductivity (k):

S?o
Z = — (5.7)
Since the unit of Z is K—!, the dimensionless value ZT is typically given in literature,
where T' is the operating temperature of the device. Extensive research has been
done in the last decades to create materials with a high Z7T'. At room temperature,
the best alloy materials exhibit figures of merit of ZT = 1, whereas values as high
as ZT = 2.5 have been found in superlattices®’.

For the following estimation of the figure of merit ZT', Seebeck coefficients re-
ported for Co-Fe-B/MgO junctions in the previous chapters will be taken into
account, although ZT can in principle be optimized by tuning the Seebeck coeffi-
cients, e.g. by choice of material. The thermal and electrical conductivities present,
however, a possibility to alter the ZT factor by several orders of magnitude just by
changing layer thicknesses. The most important layers in the MTJ layer stack are
the two ferromagnetic electrodes and the tunneling barrier, because these layers are
responsible for the spin-dependent thermoelectric effect that is of interest.

The electrical conductivity in MTJs is dominated by the tunneling resistance of
the barrier. For low voltages Simmons derived a theoretical model that describes
the current density /A as function of the barrier thickness t\jz0 (ref. [83]):

2
IV 3y2m.p (%) exp <47Tt2/[go 2me<P),

A tygo 2

in which m, is the electron mass, h Planck’s constant and ¢ the height of the po-
tential barrier. The electrical conductivity is obtained by multiplying this equation
by tmgo/V and inserting numerical values for the constants in suitable units:

o =3.16 - 10*/p exp(—1.025\/ptyg0), (5.8)

in which tyz0 is in A and ¢ in volt. The unit of the electrical conductivity is
Q'm
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Figure 5.13: Electrical and thermal conductivities of MTJs as function of
barrier thickness. a, Electrical conductivity of the MTJ (eq. (5.8)) for barrier
heights of 0.5eV and 1.0eV. Values are given for 3 and 8 monolayers of MgO. b,
Thermal conductivity of the MgO barrier plus its interfaces. Assumed are interface
conductances of 1 x 108 Wm 2K~ and 1 x 10°Wm2K~!. Further, the thermal
conductivity of the MgO layer is either taken as kpim = 4 Wm ™K1 or as kpux =
48 Wm~1 K~ Again, values for 3 and 8 monolayers of MgO are given.

Fig. 5.13a shows the thickness dependence according to eq. (5.8) for two bar-
rier heights that are typically found for Co-Fe-B/MgO MTJs*. With increasing
barrier thickness, the electrical conductivity decreases exponentially and the slope
is determined by the barrier height. The thinnest barrier that could be fabricated
experimentally is 3 monolayers of MgO (0.63nm), whereas in most cases MgO thick-
nesses of 8 monolayers are used for the thermoelectric measurements. Fig. 5.13a
shows that, depending on the assumed barrier height, the electrical conductivity
can be enhanced by a factor of 10® to 10* through reduction of the MgO barrier
thickness from 8 monolayers to 3 monolayers.

The thermal conductivity is estimated by taking into account the thermal con-
ductivity of the MgO layer and its two interfaces to the adjacent Co-Fe-B layers.
This configuration presents a series of thermal resistances such that the total resis-
tance (written in terms of conductances) yields

1 2 t Gk
_ 2 hwo o 1KMgO |
Gt  Gr  Kwmgo 2kmg0 + Grtmgo

with the interface conductance G; and the thermal conductivity of MgO kye0.
The thermal conductivity of the MgO layer plus interfaces, ki, is obtained by
multiplying the conductance with the MgO thickness:

G rEMg0tMe0 (5.9)

Rtot = GtottMgO = Yntee + Gring O-
g g
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Chapter 5 Outlook

The total thermal conductivity of the MgO barrier including its two interfaces ac-
cording to eq. (5.9) is plotted in Fig. 5.13b for different assumptions of G; and
kmgo- It is reported in literature that the interface conductance G; depends only
weakly on the type of interface® and is of the order of 1 x 10 Wm2K~! to
1 x10°Wm 2K~ (ref. [20]). The total thermal conductivity of the MgO layer
is depicted in Fig. 5.13b for both interface conductances. In both cases, a reduc-
tion by more than 50 % of the thermal conductivity is found when the MgO barrier
thickness is reduced from 8 monolayers to 3 monolayers. Further, a thin film value
(Kthin = 4 Wm ™ K1) and a bulk value (kpy = 48 Wm ™ K~1)are assumed for the
thermal conductivity of the MgO layer itself. But since the interface conductances
dominate the total thermal conductivity, especially for G; = 1 x 108 Wm 2K},
the choice of the layer thermal conductivity has only a small effect.

As shown in Fig. 5.13, the thermoelectric figure of merit can be strongly en-
hanced by reducing the MgO barrier thickness because of the resulting increase of
electrical and decrease of thermal conductivity. The thermoelectric figure of merit
Z'T as function of barrier thickness is presented in Fig. 5.14. It is calculated ac-
cording to eq. (5.7), multiplied by 7" = 300 K and using egs. (5.8) and (5.9), as well
as a MgO layer thermal conductivity of kpu = 48 Wm ™t K~!. Several magnitudes

100 g——1——

10 L
; 13 T=300K, k = 48 Wm'K

$=1000uVK"', G=10°Wm’K", ¢=0.56V

01 [

T

0.01
1E-3 |
1E-4

1E-5 |

1E-6 L

Figure 5.14: Thermoelectric figure of merit of Co-Fe-B/MgO MTlJs. The
thermoelectric figure of merit ZT is calculated according to eq. (5.7) (multiplied by
T = 300K) for different magnitudes of the parameters entering this equation. A
thermal conductivity of 48 Wm ™~ K~! is assumed for the MgO barrier. In addition,
the experimental thin film limit of 3 monolayers MgO is marked by the gray dashed
line.
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5.3 The thermoelectric figure of merit

are assumed for the physical quantities contributing to Z7' in eq. (5.7). First, a
Seebeck coefficient of 30V EK™! is taken (see also section 5.1.3), combined with
an interface conductance of 1 x 10° Wm™2 K~! and a barrier height of ¢ = 1.0eV
(black line in Fig. 5.14). A first order of magnitude enhancement of Z7T is achieved
by changing the interface conductance to 1 x 108 Wm™2K™! (red line in Fig. 5.14).
According to literature®®®, interface conductances of 1 x 10° Wm 2K~ are real-
istic only for perfect interfaces. As discussed in chapter 4, the crystalline quality
and thus also the quality of the interfaces is lower for 3 monolayer MgO barriers.
Consequently, the assumption of Gy = 1 x 108 Wm=2K~! can be justified, espe-
cially in the 3 monolayer limit. An improvement in Z7T of another magnitude is
obtained by assuming a Seebeck coefficient of 100 pV K~ (blue line in Fig. 5.14).
This value is still realistic, both from an experimental (chapter 2) and theoretical
(chapter 2 and section 5.1) point of view. Even Seebeck coefficients in the range of
1000 pV K1 might be realizable (chapter 3). However, these values were obtained
by using temperature simulations that indeed considered the reduced value of the
thermal conductivity in the thin MgO barrier, but did not take thermal resistances
of interfaces into account. Hence, the results can be regarded as an upper limit of
the Seebeck coefficient. On the other hand, a Seebeck coefficient of 10001V K~!
already leads to a ZT' close to 1, comparable with today’s best thermoelectric
alloys?’. The barrier height of ¢ = 1eV was found® for MTJs showing a TMR
ratio of approximately 100 %. In high quality MTJs with TMR ratios larger than
200 %, barrier heights of ¢ = 0.5€V are also possible. A reduced barrier height leads
to a less steep decrease of Z'T" with increasing MgO thickness and further improves
the thermoelectric figure of merit (green line in Fig. 5.14). At the 3 monolayer
limit, even a ZT of 1.3 is achieved.

It can be concluded from these estimations that magnetic tunnel junctions have
the potential to be efficient thermoelectric devices. Assumptions that are feasible
experimentally already lead to ZT" = 1.3. The Seebeck coefficient of the MTJ
that contributes to ZT quadratically might be even further improved by materials
engineering of the ferromagnetic leads. One might also think of using double barrier
junctions with very thin MgO barriers to introduce additional interfaces which
decrease the thermal conductivity and at the same time lead to higher temperature
gradients in those layers that are important for the tunnel magneto-Seebeck effect.
Another option to decrease the thermal conductivity of the MTJ as a whole would
be to use nanolaminates®® as electrical lead layers. This, however, will improve the
thermoelectric figure of merit, but then reduce the tunnel magneto-Seebeck effect,
because of the increased spin-independent Seebeck voltage created in these layers.
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Chapter 6

Summary

The demand for higher computational powers and higher storage capacities has led
to an on-going miniaturization process of logic and storage devices, while maintain-
ing and even optimizing their computational speed. As a consequence, the power
consumption of these devices is steadily increasing and a physical limit of this pro-
cess is conceivable, in which the power dissipation is no longer tolerable. Thus, new
concepts and ideas are sought-after to overcome this limit.

Solid-state devices that utilize the spin of an electron as well as its charge, i.e.
spintronic devices, offer interesting possibilities in this regard. For this reason,
the research field of spin caloritronics has emerged in the last decade, which is
committed to the investigation of the spin degree of freedom in the thermoelectric
properties of spintronic devices. This field has attracted considerable attention in
recent years, and the experimental as well as theoretical work presented in the
introductory chapter 1 is only a small, albeit important, part of the progress that
has been made by the scientific community.

The present thesis contributes to this exciting field with investigations of spin-
dependent thermoelectric effects in magnetic tunnel junctions. The publication
presented in chapter 2 provides the first experimental observation of the tunnel
magneto-Seebeck effect in tunnel junctions, utilizing laser heating to generate the
required temperature gradients. Finite-element simulations are employed to es-
timate the temperature distribution in the micro-structured device containing the
MTJ. The observed Seebeck voltages and estimated Seebeck coefficients are in good
agreement with ab initio calculations, when a mixed Co-Fe interface is assumed to
be the experimentally most realistic scenario. The calculations presented in this
chapter shed first light on the strong influence of material parameters on the tunnel
magneto-Seebeck effect.

Chapter 3 is devoted to the detailed investigation of the time-dependent Seebeck
voltages down to the microsecond regime. The improvement of the experimental
setup allows for the measurement of changes in the Seebeck voltage in the nanovolt
regime and on the microsecond timescale. MTJs grown on MgO and thermally oxi-
dized Si substrates show very similar Seebeck voltages and tunnel magneto-Seebeck
ratios. Sharp peaks in the time-dependent voltage signals that were observed in
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chapter 2 do not appear in MTJs grown on MgO substrate. A model circuit of
the MTJ is developed that is able to explain the voltage signals observed experi-
mentally: The sharp peaks in the Seebeck voltage originate from Seebeck voltages
induced in the Si substrate that couple capacitively through the thermally grown
oxide of the substrate. Since no Seebeck voltages can be induced in an MgO sub-
strate, these peaks do not appear in the time-dependent Seebeck voltage of MTJs
grown on this substrate. Thermocurrent measurements are performed that also
show a magnetic effect. In further experiments, the heating laser spot is moved
away from the connected MTJ and a strongly decreasing Seebeck voltage is de-
tected. These experiments verify that the Seebeck voltage is generated locally in
the MTJ. Thus, a deeper insight into the tunnel magneto-Seebeck effect is gained
in this chapter. The results of chapter 2 and 3 are furthermore in agreement with
the resistive heating experiments on Co-Fe-B/MgO tunnel junctions carried out by
Liebing et al.3**!,

Chapter 4 deals with the experimental feasibility of the theoretically predicted
thermal spin-transfer torque switching by investigating the parameter space, deter-
mined by Jia et al.**. A quantitative HR-TEM analysis allows the optimization of
the MgO growth conditions in terms of deposition temperature. It is shown that
Co-Fe-B/MgO tunnel junctions with a barrier thickness of only 3 monolayers MgO
can be fabricated. Nanometer-sized junctions with these ultra-thin barriers, incor-
porating Co-Fe-B layers with perpendicular magnetic anisotropy, show remarkably
low critical switching currents of less than 0.2 MA cm ™2 in DC I-V-characteristics.
The required temperature gradients in the order of 10 K, as proposed by Jia et al.,
can be achieved by heating with a femtosecond laser, according to finite-element
simulations. However, additional ab initio calculations predict that the thermal
spin-transfer torque strongly depends on the Fermi level position and, hence, on
the Co-Fe composition. The thermal torque can be orders of magnitude lower than
predicted by Jia et al.

The importance of material parameters on the tunnel magneto-Seebeck effect
has already been pointed out. The outlook in chapter 5 presents first results of
the most recent experiments in which this topic is treated. The tunnel magneto-
Seebeck effect is either tuned by applying an external voltage and thus shifting
the electronic density of states of one ferromagnetic layer, or by utilizing a Heusler
compound as a ferromagnetic electrode. The first results are already promising,
but challenges remain for further theses, as discussed in the respective sections.
In the last section of chapter 5, the thermoelectric figure of merit is estimated for
magnetic tunnel junctions and it is suggested that M'TJs have the potential to be
efficient thermoelectric devices.

Although much progress has been made, several theoretically predicted effects,
such as thermal spin-transfer torque switching, have not yet been observed in ex-
periments. In addition to appropriate material systems (e.g. systems having a large
Seebeck coefficient and showing a huge tunnel magneto-Seebeck effect), a deeper
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understanding of heat transport in nano-structured multilayers is necessary to op-
timize the thermal design of future spin caloritronic devices, in which considerable
temperature gradients are generated only in the functional layers. Therefore, spin
caloritronics and the tunnel magneto-Seebeck effect in tunnel junctions remain an
exciting topic. Whether spintronic devices, which utilize waste heat for logic op-
erations and consume small amounts of power, are the future devices of a greener
information technology is a question that only further fundamental research can
answer.
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Appendix A

Supplementary information of Nature Materials 10,
742 (2011)

A.1 Details of the laser heating and Seebeck voltage transients

The slowest time constant in the heating process arises from the low conducting
electric isolation SiO, layer on the Si wafer, which is the thermal bottleneck. The
temperature gradient at the barrier itself, which is responsible for the voltage gen-
eration, is 4.4mK, in accordance with the simple estimation using the ideal bulk
value for MgO for the thermal conductivity x. A closer fit of theoretical and ex-
perimental results will be possible with a more precise experimental determination
of the temperature gradient at the MgO barrier, since it depends sensitively on the
thermal conductivity of the thin films and interfaces and thus has the largest error
bar. While, in principle, this task is possible for such thin films®’, it will be difficult
to accomplish, especially in a single device. However, the thin film value for the
2.1nm MgO layer is expected to be less than its bulk value of K = 48 W/(m - K). For
polycrystalline MgO films with a grain size of 3-7nm, a value of kK = 4 W/(m - K)
was found at room temperature, which differs by a factor of ten?”. This difference
arises from the grain boundaries. In addition, the thermal resistance at the Co-
Fe/MgO interface can be considerable, i.e., 1 x 10° W/(m? - K) [87]. This interface
term is approximately of the same order as the thermal resistance of a film that
is 1 nm thick and may further increase the thermal gradient and thus decrease the
Seebeck coefficients calculated. Taking into account the crystalline quality of the
tunnel junctions grown by solid-state epitaxy as derived from the high resolution
TEM, the most realistic scenario is a model assuming bulk-like thermal conductiv-
ity for the MgO because of its crystalline quality and a thermal interface resistance
at both Co-Fe/MgO interfaces. Thus, the value for the MgO tunnel barrier is
expected to be between the thin film value for the polycrystalline material and
the bulk value. Here we give the polycrystalline and the bulk value as a lower
(conservative estimation) and upper limit (optimistic estimation).

In the following, we discuss the dynamic time scales that contribute to the voltage
response to the laser heating experiments shown for different modulation frequencies
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Table A.1: For MgO the thin film value (bulk value) of the thermal conductivity
given respectively.

Material & (W/(m-K)) p (10%kg/m?®) cv/c, (J/(kg-K))

Ta 57 16.7 140

Ru 117 12.4 238

Au 320 19.3 128

Cr 94 7.2 449
MgO 4(48) 3.6 935
SiO, 1.4 2.2 1052
CogoFegoBag 87 8.2 440

in Fig. 2.4a (main manuscript). Time traces have been measured after amplifica-
tion (100-MHz PM 3382 Phillips oscilloscope). A negative voltage was found for
the opening of the shutter upon heating. When the shutter is closed, the cooling
reverses the sign of the voltage. The heat is effectively conducted away from the
17.5 pm heat spot into the large 100 nm thick Au bond pads. The time constant of
the voltage increases within a few ps, i.e., the response of the voltages are approx-
imately 10-100 ps, generally asymmetric for the heating and cooling process. The
dynamic response depends on three factors, all of which were in the microsecond
regime, i.e., 1) the time constant of heating, 2) the width of the Gaussian laser
intensity profile that moves across the chopper blade, and 3) the response time of
the LT1113 precision operational amplifier to realize a high input impedance of
100 GQ2. While the thermal equilibration time in the COMSOL model is 2 s, and
the response time of the amplifier 5 MHz, we identified the width of the Gaussian
laser intensity profile that moves across the chopper blade as slowest contribu-
tion limiting the response time. The laser diameter and chopper blade dimensions
(different for each modulation frequency with varied chopper blades) range from
20-150 s and can be extracted from the reference diode signal in Fig. 2.4a (main
manuscript).

In addition, we conducted tests to determine whether spurious magneto voltages
were generated in the layer stack. A natural failure of the barrier (dielectric break-
down) at low voltages allows shorten the junction without too much destruction of
the element, and the magneto-Seebeck effect should vanish. To prove this claim,
we conducted tests to determine whether magneto-Seebeck voltage was generated
at the tunnel barrier. The tests consisted of gradually shorting the barrier, as ev-
idenced by a decrease in the resistance from the 100k() of an intact junction to
1k and, finally, to 100€2 for the shortened junction. In the intermediate state,
the magneto-Seebeck effect decreased to about 1%, but the magnetic effect in the
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A.2 Lateral heating in the Au bond pad

Seebeck voltage vanishes completely if the MgO tunnel barrier is bridged. This
excludes the existence of magneto voltages not generated at the tunnel barrier.
However, a background voltage is still contributing to the signal, thereby limiting
the experimentally determined value of the magneto-Seebeck effect, Sys. Also, we
can exclude the generation of lateral spin currents. This was checked by reversing
the direction of rotation of the chopper blade and thereby changing the direction
of the possible lateral heat gradients in plane. This sign change should in that case
also lead to sign reversal, which is not observed.

Au contact . .
Au contact 600

Sio,

450 ~ Ta contact

g sio,
= 300
N
150
0
40 20 0 20 40
X [um]

Figure A.1: COMSOL simulation on the larger length scale to illustrate the exten-
sion of the heating spot of 15 um. The diameter of the spot heated up extends to
17.5 pm.

A.2 Lateral heating in the Au bond pad

Shown in Fig. A.1 is the full bond pad that has been simulated to reveal the
extension of the heated area. The simulation shows that the Au bond pad is not
heated homogeneously. The Gaussian beam diameter of 15 pm results in a heated
area of 17.5pm in diameter, not much further extended than the area heated by
the laser spot. The reason is the large heat conductivity of 320 W/(m - K) of the
100 nm thick Au bond pad layer. During one modulation cycle first, the laser power
is turned on the temperature rises. Second, when turned off, the large Au bond
pads that have the highest heat conductivity work as a cooler. The temperature
gradient is reversed in the junction. This is detected in the sign reversal of the
Seebeck voltage for the transient voltage traces.
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Figure A.2: Seebeck voltage measured for a tunnel junction heated with low laser
fluencies (diode laser). a, Seebeck voltage versus applied magnetic field. b, Seebeck
voltages for parallel and antiparallel orientation. The model is derived assuming a
change of the Seebeck coefficient with temperature.

A.3 Fluence dependence of the Seebeck voltages

In the following the fluence dependence of the Seebeck voltage is discussed. The
magnetoresistance of the junction is 120 % and it shows a magneto-Seebeck effect
of 6.2%, which is somewhat smaller than for the element discussed in the main
manuscript in particular. The voltage change from parallel to antiparallel config-
uration is 2.5 pV (for 30 mW laser power). In the experiment the laser fluence is
varied from 5 to 40 mW. It can be seen that with increasing the laser fluence the
shape of the signal does not change. However the Seebeck voltage increases as ex-
pected. For the highest laser fluence one finds —45 1V in the parallel configuration
and —421V for the antiparallel configuration. To discuss the evolution in detail,
the values are given in Fig. A.2. One observes that the voltage increases nonlin-
early with the pump fluence. However this behavior is expected: with increasing
the pump-fluence not only the temperature difference at the barrier increases, also
the base temperature increases. One can calculate the voltage dependence from
the following model

VP,AP = SP7APAT = SP7APTCL<T — 293 K) (Al)
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Here sp ap is defined as the slope of the Sp ap versus T' curve. The parameter a
is given by the total junction geometry. It relates the temperature gradient at the
junction (AT) to the temperature gradient in between the tunnel barrier (7") and
room temperature (293 K) at the substrate bottom. From a series of simulations
using laser fluences from 5 to 40 mW, we estimate a value of 1.8 mK/mW as rise in
the temperature gradient AT with laser power. The increase of the temperature
at the tunnel barrier is 1.2 K/mW with laser power. In addition, the theoretical
model predicts that the Seebeck coefficient itself decreases as the base temperature
is raised. Assuming a constant slope sp ap, we can qualitatively understand the
linear plus quadratic behavior of the data in Fig. A.2b.
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Figure A.3: Seebeck voltage measured for a tunnel junction heated with high laser
fluences (Ti:sapphire oscillator, central wave length A\ = 810nm). a, Seebeck volt-
age versus applied magnetic field. b, Magneto-Seebeck effect as a function of the
laser power and corresponding temperature calculated by the numerical model. The
data for the diode laser is shown for direct comparison. A sign change is observed
in the region at around 400 K as expected from the theoretical model.

Even larger fluences are reached using a Ti:sapphire laser, which can be regarded
here as a cw laser source at moment. This is justified to a good approximation be-
cause of the large distance from the Au top layer to the tunnel barrier (> 130 nm).
We find that the magneto-Seebeck values for high laser fluences lie on top of the
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previous data determined using the cw diode laser, both shown in the shown in the
same figure for direct comparison (Fig. A.3b). One observes a characteristic sign
change of the magneto-Seebeck effect in-between 60 and 90 mW. This sign change
is predicted by our theoretical model (Fig. 2.1e, main manuscript). By relating
the pump fluence to a temperature using the numerical finite element simulation,
one can plot the magneto-Seebeck effect as a function of the temperature derived
at the tunnel junction (Fig. A.3b). For the largest laser power the base temper-
ature can be increased up to 475 K. The sign reversal takes place at around the
predicted compensation point for the Seebeck voltages for parallel and antiparallel
orientation at 400 K. However there are also features observed not expected from
the model. The magneto-Seebeck effect shows a decrease in between 300 to 350 K
before it rises and crosses zero. However, the magneto-Seebeck effect reaches 40 %
for 150 mW laser power, close to the theoretically expected value. The maximum
voltage change from parallel to antiparallel configuration is 15uV. Altogether,
the finding of the prominent feature, the sign reversal with increased temperature,
supports the conclusion that the transport coefficients calculated according to the
model of coherent tunneling can explain characteristic features and thus is expected
to be the dominating contribution to the magneto-Seebeck effect.

In the high fluence range one may ask if for such large temperature gradients
the theoretical model is still valid. The temperature gradient at the 2.1 nm thick
MgO barrier is 270 mK for the highest fluence. To answer this question, it is helpful
to compare this temperature to an energy scale. Bias dependence is calculated in
such a system for up to 1V bias voltage®. This amounts to 1eV disturbance of the
electrochemical potential or huge voltage gradients of 10000000V /cm. Therefore
the temperature gradients here can be regarded as a much weaker disturbance.
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