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Abstract

The magnetoresistance and magneto-thermoelectric effects of Pt/Co/Pt layered
systems are investigated. The wire shaped films are prepared by means of
photolithography varying the cobalt thickness ¢¢, in the range of 0.8 nm to 50 nm.
Measurements of the resistivity p and the thermopower (Seebeck coefficient) S in
dependence on external magnetic field and magnetization orientation, respectively,
are performed. The thickness dependent evaluation enables to disentangle effects
that are superimposed in the measurements and to correct for the shunting
influence of the Pt layers on the electrical current and thermovoltage in the Co
layer. The latter is essential for a quantitative determination of the genuine
magnetization dependent magnitudes of the effects originating in the Co bulk and
Co/Pt interfaces.

Beyond reproducing the known results of the anisotropic magnetoresistance
(AMR) and anisotropic interface MR (AIMR) effects their thermoelectric analogs,
namely, the anisotropic magneto-thermoelectric power (AMTEP) and the interface
AMTEP are revealed whereat the latter was firstly reported in literature as part
of this thesis. The existence of these effects were anticipated due to the Mott
formula which describes the proportionality between the thermopower S and the
electrical conductivity o (= p~! if scalar) in the form of S = C'-o~! with C being
proportional to the energy derivative of the conductivity at the Fermi energy.

The AMR and AIMR results are adapted regarding the current shunting with
an existing correction model, considering the layered sample structure, yielding
the genuine effect sizes. For the AMTEP and interface AMTEP another model
is developed to determine the pure effect sizes in the thermopower, too. The
comparison of the bulk and interface effects reveals a different scaling in the
resistivity and thermopower as Cyuk 7 Clutert.- In consequence to the dependence
of C' on the mentioned derivative, this leads to the conclusion that in the regions
where the effects originate (bulk and interface, respectively) a different electronic
band structure is present.

To validate the integrity of this finding numerous additional investigations are
performed, e.g., the consideration of the three dimensional temperature gradient in
the sample and its impact (Nernst effects) on the thermoelectric measurements. It
is found to be the source of parasitic contributions to the longitudinal thermopower
which are successfully eliminated from the measurement data.






Zusammenfassung

Es werden die Magnetowiderstands- und magnetothermoelektrischen Effekte von
Pt/Co/Pt-Schichtsystemen untersucht. Die drahtférmigen Filme werden per
Photolithographie hergestellt, wobei die Cobalt-Dicke t¢, im Bereich von 0.8 nm
bis 50nm variiert wird. Der spezifische Widerstand p und die Thermokraft
(Seebeck-Koeffizient) S wird in Abhéngigkeit eines externen Magnetfeldes bzw.
der Magnetisierungsorientierung gemessen. Die dickenabhangige Untersuchung
erlaubt es, Effekte, die in den Messungen iiberlagert auftreten, zu trennen und
den Kurzschluss-Einfluss der Pt-Schichten auf den elektrischen Strom und die
Thermospannung in der Co-Lage zu korrigieren. Letztgenanntes ist unerlésslich
fiir eine quantitative Bestimmung der unverfalschten magnetisierungsabhéngigen
Grofen der Effekte, welche im Co-Volumenfestkorper und den Co/Pt-Grenzflachen
ihren Ursprung finden.

Neben der Reproduktion der bekannten Ergebnisse des anisotropen Magneto-
widerstandseffekts (AMR) und des anisotropen Grenzflichen-Magnetowiderstands-
effekts (AIMR) werden deren thermoelektrischen Gegenstiicke, der anisotrope
Magneto-Thermokrafteffekt (MTEP) und anisotrope Grenzflachen-Magneto-Ther-
mokrafteffekt (interface AMTEP), aufgedeckt, wobei der letztgenannte erstmalig
im Rahmen dieser Arbeit in der Literatur veroffentlicht wurde. Die Existenz
besagter Effekte wurde anhand der Mott-Formel erwartet, welche die Proportion-
alitat zwischen Thermokraft S und der elektrischen Leitfihigkeit o (= p~' falls
skalar) in der Form S = C'-o~! beschreibt. C' ist dabei proportional zur Ableitung
der spezifischen Leitfihigkeit nach der Energie an der Fermi-Energie.

Die AMR- und AIMR-Ergebnisse werden beziiglich des Kurzschluss-Einflusses
auf den Strom mit einem bestehenden Korrekturmodell, welches das Schichtsystem
berticksichtigt, angepasst, was zu den unverféilschten Effektgrofien fiithrt. Fiir den
AMTEP und den Grenzflichen-AMTEP wird ein weiteres Modell entwickelt um
auch fiir die thermoelektrischen Messungen die reinen Effektgrofien zu bestimmen.
Der Vergleich der Volumenfestkorper- und Grenzflacheneffekte enthiillt eine un-
terschiedliche Skalierung in Widerstands- und thermoelektrischen Messungen, da
Chulk 7# Cinterr. beobachtet wird. Wegen der Abhéngigkeit von C' von der vorher
erwahnten Ableitung fiihrt dies zu dem Schluss, dass in den Entstehungsgebi-
eten (Volumenfestkérper bzw. Grenzflachen) der Effekte eine unterschiedliche
elektronische Bankstruktur vorliegt.

Um die Aussagekraft dieses Ergebnisses zu verifizieren, werden zahlreiche zusét-
zliche Untersuchungen durchgefiihrt, z. B. die Beriicksichtigung des dreidimension-
alen Temperaturgradienten in der Probe und dessen Einfluss (Nernst-Effekte) auf
die thermoelektrischen Messungen. Es wird festgestellt, dass dieser die Quelle
parasitiarer Beitrage zur Langs-Thermokraft darstellt, welche erfolgreich von den
Messdaten entfernt werden konnen.
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1 Introduction

In the early 1820s T. J. Seebeck first observed the phenomenon that in a closed
circuit of dissimilar metals a current will flow if one of the junctions is heated
[1, 2]. In case that this circuit, being exposed to a temperature gradient, is
left open a voltage drop, the so-called thermovoltage, can be detected. These
and related effects came to be known as thermoelectricity. Some years later, in
1856, W. Thomson discovered a change of the electrical resistivity associated with
the magnetization orientation in ferromagnetic 3d metals [3] which was termed
anisotropic magnetoresistance (AMR) effect. Today, magnetoresistance is the
general term that collectively characterizes all phenomena where the charge carrier
transport of a system changes due to the influence of a magnetic field or the
magnetization. At nearly the same time of observing the AMR Thomson was also
able to show a similar impact of magnetization orientation on the thermodiffusion
current or thermovoltage [4], see also Fig. 1.1. This is the anisotropic magneto-
thermopower (anisotropic MTEP) effect. Further investigations on the MR and
MTEP in a variety of metallic systems were performed hand in hand till the early
1920s [5].

After that the MTEP effects in metals played only a minor role and were
investigated rather sporadically whereas the MR effects were intensively studied,
especially the AMR which had its booming period in the 1960s to 80s [6]. With the
advances in preparation techniques yielding thin films with good quality interfaces
the age of spintronics began when the giant magnetoresistance (GMR) was found
[7]. To some extent the corresponding MTEP measurements were performed in
the GMR systems [8].

In 2008 the spin-Seebeck effect was discovered! by Uchida et al. [9] which led
to the birth of spin caloritronics. This field is concerned with the generation,
detection, and quantification of spin currents in thin films arising from thermal
gradients [10, 11, 12]. It is possible to electrically detect the spin currents via the
anomalous Hall [13] (or Nernst [14]) effect or inverse Spin Hall effect due to spin-
dependent scattering processes. The Fig. 1.1 illustrates the different connections
of spin, heat and charge which define the research topics of spintronics (interplay
of charge and spin flow), spin caloritronics (interplay of heat and spin flow) and
thermoelectrics (interplay of heat and charge flow) [15]. The anisotropic magneto-
thermoelectric power (MTEP) effect touches all three areas as it is connected with

ILater some issues regarding the quantification due to parasitic planar Nernst effects were
uncovered.
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Figure 1.1: Connections of spin, heat and charge flow defining the research top-
ics of spintronics (interplay of charge and spin flow), spin caloritronics (interplay of
heat and spin flow) and thermoelectrics (interplay of heat and charge flow). The
magneto-thermoelectric power (MTEP) effects characterize magnetization-dependent
thermodiffusion currents.

the heat generated charge flow under consideration of the magnetization of the
sample.

In thin Pt/Co/Pt layered systems which amongst others gained importance in
context with the investigations on perpendicular magnetic anisotropy (PMA) [16]
interface contributions to the AMR were found by members of the research team
of H. P. Oepen in 2011 [17]. This newly discovered effect is called anisotropic
interface magnetoresistance (AIMR) [17, 18, 19, 20] and is a consequence of a
magnetization dependent scattering probability of the electrons at the interfaces.
As there is a connection between the electrical resistivity and the thermopower
described by N. F. Mott [21] which in addition was also shown to be valid for MR
and MTEP effects [22, 23, 24, 25| the question was raised if and how the AIMR
effect would show up in magneto-thermoelectric measurements. Answering this
question is the main purpose of this work.

After giving the theoretical background on the performed investigations in
Ch. 2 the experimental basics are discussed in the first sections of Ch. 3 includ-
ing the sample layout and the temperature calibration for the thermoelectric
measurements. In Sec. 3.3 the exemplary results of the investigations on the
longitudinal and transverse resistivity and thermopower of the Pt/Co/Pt samples
in dependence on the magnetization are given. The Sec. 3.4 is concerned with
supplementary investigations needed to correctly evaluate the measurement data.
Before concluding this work in the last chapter, in Ch. 4 the MR and MTEP
results in dependence on the Co thickness are discussed including the presenta-
tion of a modeling of the MTEP results to account for shunting effects of the
non-ferromagnetic Pt layers.



2 Theoretical background

In this chapter the theoretical fundamentals of the investigations and its evaluation
performed in the course of this work are presented. Regarding the essentials of
the theory of magnetism, be referred to Refs. [26, 27, 28, 29, 30, 31]. If it is
convenient some of the theory will be given in direct context with the discussion of
the measurements, e.g., the explanation of the magnetic anisotropy. Starting with
Sec. 2.1, the major magnetoresistance (MR) effects that occur in the measurements
are discussed, including the longitudinal (2.1.1) and transverse (2.1.2) MR effects.
The Sec. 2.2 is concerned with some insights on the thermoelectricity whereat
the Mott formula (2.2.1) is discussed and, in Sec. 2.2.2; the longitudinal and
transverse magneto-thermoelectric (MTEP) effects are explained.

2.1 Magnetoresistance effects

This section deals with the dominating magnetoresistance (MR) effects that occur
in the Pt/Co/Pt sample systems investigated in the course of this thesis. Generally,
they describe the influence of the external magnetic field H and the magnetization
M on the electrical resistivity tensor ? According to Ohm’s law the tensor
connects the electrical field E and the electrical current j in the following manner
32]

E=%j. (2.1)

The effects can be categorized into the ones that affect the diagonal elements of
the resistivity tensor (influencing the longitudinal voltage drop along the current
direction j) and the ones that alter the off-diagonal elements (influencing the
transverse voltage regarding j). For the sake of simplicity a current impressed
in the film plane (zy-plane) along a distinct direction (z-direction) is assumed
(like fulfilled in the experiments) which leaves the longitudinal resistivity p, and
the transverse resistivities p, and p, whereby the last mentioned quantity is not
experimentally accessible due to the planar sample layout.

2.1.1 Longitudinal magnetoresistance effects

According to Onsager’s law [33, 34] the longitudinal MR effects exhibit even func-
tions of the resistivity p, in dependence on M and H: p,(M,H) = p,(—M, —H).

The probably most famous MR effect in ferromagnetic metals is the anisotropic
magnetoresistance (AMR) effect discovered by W. Thomson in 1856 [3, 4]. It was
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found that the resistivity is maximal' when the current and magnetization direction
are in parallel (j || M) and minimal when they are oriented perpendicularly (j L
M), so that a possible maximum change of resistivity is given by Apanr = pj—po.
The underlying mechanism of the AMR originates from the spin orbit interaction
(35, 6, 36, 37]. In a simple picture it is argued that the s-d scattering probability
depends on the relative orientation of magnetization and current direction [35].

In any investigation designated to determine the magnitude of the MR effect it
is a good experimental proceeding to not only measure the extreme values but
also the angular dependence of the effect. This prevents a distortion of the result
for example caused by contributions of additional present effects with different
symmetries. For polycrystalline materials like in the case of the used Co/Pt
systems the angular dependence is given by

p(p) = p1+ Apanr - cos’p (2.2)

where the angle ¢Z(M,j) is altered in the sample/substrate plane with p at
@ =0°and p; at p = 90°.

Normally, the magnitude of the AMR effect is expected to be nearly independent
of the thickness of the investigated material [38, 39]. For the same layered Co/Pt
systems used in the course of this work, however, it was shown that the interfaces
of the individual layers provide an additional AMR contribution of different
magnitude than the one of the bulk material which leads to a thickness dependence
of the overall detected AMR effect for thin films where a large interface to bulk
ratio is present [20].

Another crucial effect regarding this thesis is the anisotropic interface magne-
toresistance (AIMR) effect. It was first discovered by Kobs et al. in Co/Pt layered
systems [17, 40, 19] and subsequently a phenomenological model considering an
M-dependent electron scattering probability at the interfaces, was developed [20].
In addition, a fully relativistic description of the magneto-transport where the
spin-orbit interaction is inherently included could reproduce the experimental find-
ings [18]. As the magnitude of the AIMR is relatively small, it is only detectable
for thin films (< 50 nm) where the fraction of the probe for the MR effects, i.e.,
the impressed electrical current, at the interfaces is sufficiently large compared
to the fraction in the bulk. Since the discovery of the AIMR in Co/Pt it has
been found for other material compositions, too [41, 42, 43|, pointing to a general
behavior in thin layered structures.

The minimum resistivity due to the AIMR effect is present for the magnetization
oriented in the plane of the thin film while it is maximal when M is parallel
to the film/interface normal (py,), yielding an effect size of Apapyr labeling the
difference between these two values. When rotating the magnetization in the
plane perpendicular to the current direction where changes of the resistivity due

In some materials a negative sign for the AMR effect is found [6].
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to bulk-like AMR does not occur, i.e., tuning the angle (M, j) with p, at § = 0°
and p, at § = 90°, the angular dependence of the AIMR effect looks like

p(0) = p1 + Aparur - cos?0 . (2.3)

In the context with the AIMR it is worth mentioning the geometrical size effect
(GSE) [44, 45, 46] originating from the texture in polycrystalline ferromagnets.
The mechanism is the same like for the AMR effect (crystalline AMR [47]) which
leads to varying contributions to the resistivity due to anisotropic scattering
depending on how M is oriented with respect to the crystalline texture. As
the here used Co/Pt systems exhibit an isotropic growth in the film plane but
develop an out-of-plane texture, the GSE shows the same functional dependence
like the AIMR effect (Eq. 2.3). While Apamvr is positive for Co/Pt Apgsg was
determined to be of opposite sign. Furthermore, it was found that (opposed to
the thus misleading name) the GSE is a bulk effect not depending on thickness as
expected as it originates from the texture. In consequence, the GSE contributes as
a constant negative offset to the AIMR effect in the measurements (see Sec. 4.1).

The last effect to be mentioned explicitly in this section is the magnon MR,
also known as spin-disorder MR (SMR) effect. It describes the decrease of the
resistivity p of a ferromagnetic system due to an increase of the magnetization over
the saturation value at a certain temperature with an applied magnetic field H
(disregarding single spin excitation). It can be understood looking at the impact
of the field on the magnon spectrum. The magnetic field reduces the number
of magnons, i.e., the quasiparticles of the spin waves, which leads to a reduced
resistivity as the number of scattering events of magnons and electrons decreases.
It was found that the SMR effect exhibits a linear change of p in dependence on
H independent of orientation of the field in a wide range of temperature and high
field strengths up to 40 T [48, 49].

2.1.2 Transverse magnetoresistance effects

According to Onsager’s law [33, 34] the transverse MR effects exhibit uneven func-
tions of the resistivity p, in dependence on M and H: p,(M,H) = —p,(—M, —H).
The two effects of concern within this work are the Hall effects. The normal
or ordinary Hall effect (OHE) [50] characterizes the influence of a perpendicular
magnetic field H, on the transverse voltage U, when a current is flowing in

x-direction which can be written as
Uy = RU,UJ()HZ[Z (24)

where Ry is the material-dependent normal Hall constant. The OHE scales
inversely with the thickness t of the investigated specimen. The origin of the effect



2 Theoretical background

is the Lorentz force. In ferromagnets another contribution arises in U, depending
on the perpendicular magnetization orientation M, described as extraordinary
or anomalous Hall effect (AHE) [13]. It is caused by the spin orbit interaction
[51, 52] and exhibits a similar functional dependence like the ordinary effect:

I,
Uy = RS”OMZT (2-5)

with Rg being the anomalous Hall constant.

2.2 Thermoelectricity & magneto-thermoelectric effects

When the investigated system is exposed to a temperature gradient and contacted
by other materials like in the case of the magneto-thermoelectric measurements
conducted in context with this work, Ohm’s law has to be extended as follows

E:?(M)-j+?(M)-VT—i.w. (2.6)

While the first term is zero in the MTEP investigations as no current is applied
the temperature gradient VT introduces a contribution to the generated electric
field proportional to the thermopower S (Seebeck coefficient) of the materials.
The last term characterizes the occurring field due to the gradient of the chemical
potential p at the material transitions.

First, the thermopower shall be discussed. It describes the generation of an
electric field due to the phenomenon of thermodiffusion of charge carriers. For
metals this is depicted in the sketch given in Fig. 2.1(a). In the case of an
existing temperature gradient along a wire the electrons moving from the hot to
the cold wire end possess a higher velocity everywhere in the wire compared to
the ones moving in opposite direction. The resulting directed movement creates
an electric field along the wire which in turn disrupts the net thermodiffusion
current, meaning that after this equilibrium state is reached the number of moving
electrons from hot to cold end and vice versa is the same. This is valid for the
wire not being implemented in a closed circuit.

However, experimentally the field is not directly detectable in the form of a
measurement of a thermovoltage drop dU = —S dT" along an isolated wire. Only
if the wire is brought into contact with another material, shown in Fig. 2.1(b) as
an open-circuit diagram, it is possible to measure a voltage which then represents
the difference of the thermovoltages (relative thermovoltage) of the materials. In
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(a) (b)
T, T, ab
. . A: Pt/Co/Pt
—e e : B: Pt
hot l cold
d c

Figure 2.1: (a) Sketch of a metal wire with an applied temperature gradient depicting
the thermodiffusion of electrons. The electrons moving from hot to cold wire end possess
a higher velocity everywhere in the wire compared to the ones moving in opposite
direction. The resulting directed movement creates an electric field along the wire. This
field disrupts the thermodiffusion current (open circuit). (b) Diagram of an open circuit
composed of material A and B. The two material transition are at different temperatures
T} and T for thermoelectric measurements. The Pt/Co/Pt wires (A) investigated in
the course of this work are contacted by Pt leads (B) on both ends as indicated.

the following this is explained for the circuit given in Fig. 2.1(b) [1, 53]:
AUy =U, = U, = (U, = Ue) + (Uc — Uq) + (Ug — Us)

:Lde+/Glch+deU
:—/CbSBdT—/dCSAdT_/adSBdT (2.7)
:_/CdSBdT—/dCSAdT

- /T2 (Ss — Sp)dT

T

The material A with the thermopower S, and the contacting material B with Sg
each contribute a thermovoltage, see first line of Eq. 2.7, as T} # T, is valid. The
last line of the equation reveals that the measured thermovoltage AUy, (between
points a and b) is determined by the different thermopowers of the materials.
Moreover, it is clear that the integral becomes zero, i.e., no voltage drop, if the
temperatures are the same or if the circuit is composed of only one material
meaning that Sx = Sg.

In consequence of Eq. 2.7 the relative thermopower can be calculated from the
measured AUy, via division by the temperature difference AT =T, — T;. As the
Seebeck coefficient generally is temperature-dependent it is defined for the limiting
case of AT — 0 to be valid for an arbitrary temperature difference [54, 1, 55]:

L —Um\
Sias = Jim. ( N ) — Sy — Sg . (2.8)

Note the (unusual) negative sign of the expression. For the investigations presented
in this thesis the circuit setup was initially arranged in a way to measure a positive
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thermovoltage. To meet the convention in literature on the sign of thermopowers
the minus was added to achieve the correct result.

The third term of Eq. 2.6 describes the generation of a field due to Vi at the
material transitions as already stated above. The gradient is present because the
chemical potential p differs for material A and B yielding a diffusion of electrons
and consequently a contact voltage U. = —1/e- (up — pa) similar to the description
of the thermovoltage. However, these voltage contributions are fully compensated
along the circuit which, especially, is also valid in the presence of a temperature
difference between the material transitions. It is argued that p indeed locally varies
in the (homogenous) contacting materials due to the temperature dependence on
the distance to the heated transition but is equal at the circuit ends which are of
the same material at the same temperature [56]. Hence, the thermovoltage is only
caused by the thermodiffusion.

Supposing a layered sample system the Eq. 2.8 can generally be rewritten [2] to
describe the shunting effects in the sample composed of materials A and B:

Zi Sio;
Zi 0;

with i = (A, B) and the electrical conductivities ;. The samples investigated in
the course of this work are composed of Co and Pt layers. Minding Kirchhoff’s first
law I = I, + Iy assuming the material layers as conductors connected in parallel
and with I = U/R = SAT/R the dimensions of the single layers are introduced
in the above equation by writing the resistance for each layer as R = o~ -1/(w - t)
with the length, width and thickness of the layers (for details see Ref. [57]). In
case of the investigated wire-shaped Co/Pt samples the lateral dimensions are the
same for all layers so that only the thickness ¢ will occur as parameter:

i Sioit;
Yot

with ¢ = (Co, Pt). More information on the consideration of the layered structure
are given in Sec. 4.2.1.

S=Sxm—Sp = — Sp (2.9)

S — Spy . (2.10)

2.2.1 Mott formula

As stated above (Eq. 2.6) both an electric current and a temperature gradient
in a system are proportionally connected to a corresponding electric field by the
resistivity p (or conductivity o) and thermopower S, respectively. The knowledge
that these two parameters are not isolated but connected with each other was
reached by N. F. Mott [21, 58]. Based on the Boltzmann equation in relaxation
time approximation with the assumption of non-interacting electrons that scatter
at randomly distributed defects of the crystal lattice [59, 1] Mott was able to
derive a formula for the Seebeck coefficient. For a temperature gradient 07'/0x
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along the (long) z-axis of a rod he obtained the following relation between absolute
thermopower (Seebeck coefficient) S and differential conductivity o*

g_ ﬁk‘%T dlno*(E)
3 e 0E o

2R - (2.11)
kT[ 1 0 (E)L:£

3 ¢ |o°(E) OE

which came to be known as Mott’s formula (£: chemical potential). The second
expression follows from the identity for the derivative of the logarithm. The
differential conductivity o* is defined as

o*(E) = 2}; / (g}i ) (k) |‘1va€| (2.12)

where 7 is the relaxation time and dAg represents the integration over the energy
surface E in k-space. The electrical conductivity o is

o= /a*(E)gJ;ng , (2.13)

where fj is the Fermi distribution function in thermal equilibrium without electric
field.

In many experimental investigations a linear relationship between S and o is
found [60, 1, 61, 62, 63]. Using Mott’s formula (Eq. 2.11) this means that

o [60*(E)

= const. (2.14)

B=¢

This (obviously general) finding can be understood in the limit of low temperatures
(T <« TF), where the chemical potential equals the Fermi energy ¢ ~ Er and
% = —0(E — Ey) is valid in a good approximation. Hence, 0*(E)|pegep, = 0 is
obtained from Eq. 2.13 and from Eq. 2.14 it follows:

lag;SEE >1 L const. (2.15)

The latter approximation (0*(E)|g=¢=pg, = 0) is the reasoning for the frequently
used (though questionable) expression of the Mott formula [21, 64, 65, 1]:

g T kTl laU(E)l . (2.16)

3 e ol| OF
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Figure 2.2: (a) From Ref. [66]. Thermopower S (plot: «) in dependence on the inverse
resistance 1/R visualizing the planar Nernst effect (PNE) vs planar Hall effect (PHE)
(i.e., impact of AMTEP and AMR, respectively, in transverse voltage) for Ni and Ni-Fe
films. (b) From Ref. [8]. S over 1/R for Permalloy/copper and Co/Cu-Ni multilayers
representing the impact of the giant MR (GMR) and its thermoelectric analog.

Sometimes this expression is given in terms of the resistivity, e.g., Ref. [66]. If
in Eq. 2.11 the conductivity is substituted by o = p~!, valid for scalars (see also
Sec. 3.4.3), and minding dInz/dz = —0Inz~!/dz this yields

S —; [8’(;(;7)] . (2.17)

Starting instead from Eq. 2.16, the following expression is obtained:

Socp[agg)] o (2.18)

2.2.2 Magneto-thermoelectric effects

In experiments the validity of the Mott formula (Eq. 2.16) has been numerously
demonstrated, see Sec. 2.2.1, even for ferromagnetic systems where magnetore-
sistance (MR) and magneto-thermoelectric power (MTEP) effects are present.
In particular, in case of the AMR [24, 66, 67|, magnon MR [22, 68, 67|, giant
MR (GMR) [23, 69, 8, 70], tunneling MR (TMR) [25], and their corresponding
magneto-thermoelectric equivalents, linear dependencies of the Seebeck coefficient
S on the inverse electrical conductivity ! (M) are found with the magnetization
M as an implicit variable. This implies for the Mott formula to be written as

S(M) =

TRT 1 [80(E,M)1 219

3 e oM) oFE
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2.2 Thermoelectricity & magneto-thermoelectric effects

Note that the notation of the above expression in terms of the resistivity p (see
Eqgs. 2.17 & 2.18) or resistance R qualitatively has the same outcome. Exemplary,
the results for two investigations published in literature are presented. For the
impact of the AMR and anisotropic MTEP (AMTEP) effects in different systems
the linear S(1/R) curves are given in Fig. 2.2(a) while a plot for the GMR and
its thermoelectric analog in the same representation is displayed in (b). The
linear functional dependence of each of the depicted curves reveals that the
derivative in Eq. 2.19 is constant for the single measurements. For the transverse
conductivity /thermopower depending on M due to the anomalous Hall and Nernst
effect, respectively, a similar behavior was found [71, 72, 73].

Obviously, the important MTEP effects regarding this thesis are the analogs to
the MR effects discussed in Sec. 2.1. The AMTEP was more or less simultaneously
discovered with the AMR and described by W. Thomson [4] in 1856. The in-plane
magnetization dependence of the thermopower S due to the AMTEP effect can
be written as

S(¢) = 51 + ASamrrp - cos® (2.20)

with the definition of the angle ¢ being the same as in the case of the AMR while
replacing the current direction with the direction of the temperature gradient.
Another longitudinal MTEP effect is the thermoelectric counterpart [74, 8] to the
spin-disorder MR (SMR) which will be termed spin-disorder MTEP (SMTEP)
in this work. The main transverse MTEP effects concerning this thesis are the
field-dependent ordinary Nernst effect (ONE)

EONE = —NQ/L(]H x VT (221)
and the magnetization-dependent anomalous Nernst effect (ANE)
EANE = _NS,UOM x VT (222)

with Ny and Ng as material-dependent Nernst coefficients [14]. They show the same
characteristics like the OHE and AHE (2.1.2), respectively, but are experimentally
more challenging to quantify. While the Hall effects are linearly dependent
on the impressed current which is the same within an investigated sample the
Nernst effects scale with the temperature gradient V1" which naturally is harder
to determine or control in the measurements than simply applying an electric
current.
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3 Experimental details

This chapter deals with the experimental essentials of this work. In the first
section (3.1) the investigated Pt/Co/Pt layered system is presented, including the
deposition by means of sputter techniques (3.1.1), the sample layout and electrical
contacting for the magnetoresistance (MR) and magneto-thermoelectric power
(MTEP) measurements (3.1.2), and the brief summary of structural and magnetic
properties focusing on the magnetic anisotropy of the film system (3.1.3).

Thereafter (Sec. 3.2) the measuring principles are explained by introducing
the superconducting magnet setup which provides the external magnetic field
(3.2.1) followed by the definition of the main measurement geometries for the
MR and MTEP investigations (3.2.2). The Section 3.2.3 deals with the tempera-
ture calibration for the samples necessary to quantify the results of the MTEP
measurements.

The following part, Section 3.3, is concerned with the presentation of exemplary
results of the conducted longitudinal MR and MTEP experiments. This covers
the field-dependent (field sweeps: Sec. 3.3.1) and angle-dependent (rotations:
Sec. 3.3.2) investigations while for the latter a preliminary comparison of MR and
MTEP effects is given in Sec. 3.3.3. The qualitative nature of the transverse Hall
and Nernst effects, including the additional information they can provide on the
investigated samples, are discussed thereafter (3.3.4).

In the last section of this chapter (3.4) the properties of the samples which are
important to correctly interpret the results from the measurements are presented
in more detail. The Sec. 3.4.1 gives a brief insight on how the base temperature
influences the thermovoltage for the investigated samples, followed by the focus on
the dependence of the thermopower on the present temperature difference along
the Co/Pt wires (3.4.2). Furthermore, it is investigated if the tensorial properties
of the electrical resistivity /conductivity are of importance for the utilized sample
system (3.4.3). In Sec. 3.4.4 the very important identification and elimination
of occurring parasitic effects in the magneto-thermoelectric measurements are
discussed, as without this the correct quantification of MTEP effects cannot be
accomplished.

3.1 Pt/Co/Pt sample system

In the following the preparation (3.1.1) and the layout including the electrical
contacting (3.1.2) of the investigated Pt/Co/Pt samples are described. Further-
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3 Experimental details

more the structural and magnetic properties of the film system are presented, see
Sec. 3.1.3.

3.1.1 Deposition of layered film system

The standard samples discussed in this thesis consist of a Pt/Co/Pt layered
film system grown on a glass substrate. While the platinum layers are of a
constant thickness, namely 5nm for the seed layer and 3nm for the cap layer, the
ferromagnetic cobalt layer thickness varies from 0.8 nm to 50 nm (see Fig. 3.1).

To meet the substrate requirements for the preparation and the resistance
and thermoelectric measurements glass is the material of choice. It fulfills the
criteria of being electrically insulating (see Sec. 3.1.2), having a smooth surface
for proper film growth, and having a relatively low thermal conductivity [75] in
order to achieve a laterally widespread thermal gradient within the metallic film
for the thermoelectric measurements. The used polished borosilicate glass is a
commercial cover slip for a microscope slide manufactured by Schott AG, Germany.
The dimensions of the glass slip are 18 mm x 18 mm x 0.16 mm, which allows the
simultaneous preparation of four wire samples before cutting the substrate down
to a lateral size of roughly 6 mm x 6 mm after the preparation to fit the used
chip carrier. The root mean square (RMS) roughness of the glass surface was
determined by means of atomic force microscopy to be 0.2 nm.

Before the deposition of the ferromagnetic film system in the shape of the
desired sample wire (see Sec. 3.1.2) in a first step a mask of a positive photoresist
is created on top of the substrate by means of UV lithography with a laser direct
writing system!. Subsequently, the Pt/Co/Pt layers are grown on the glass in a
UHYV sputter chamber. As this chamber has been a core element of our working
group for many years this thesis will not provide a thorough discussion of its
assembly, mode of operation, etc. More details can be found in older works like
Refs. [76, 77, 78, 40, 79]. The film deposition is performed at room temperature
and a base pressure in the chamber of <2 x 10~ mbar. The first 4 nm of the Pt
seed layer are grown via electron-cyclotron resonance (ECR) at a working pressure
of the argon gas of 5 x 10~* mbar with a rate of 0.3nms™!. The main purpose of
using the ECR technique with its relatively high mobility of sputtered atoms is to
achieve a Pt(111) texture in crystalline growth. The rest of the seed layer, as well
as the Co layer (growth rate of 0.028 nms™!) and the Pt cap layer (growth rate of
0.058 nms™1), serving as protection of the Co against oxidation and providing a
second Co/Pt interface, are then applied by the use of direct current magnetron
sputtering. Compared to the ECR, with magnetron sputtering the atoms are
deposited at a lower energy which leads to less interdiffusion at the Pt/Co interfaces
and hence to a higher perpendicular magnetic anisotropy of the films. For both the

IThe work concerning the lithography was conducted by staff members of the working group
of Prof. Dr. K. Nielsch, INF, Hamburg, Germany.
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3.1 Pt/Co/Pt sample system
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cap layer 3 nm
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Figure 3.1: Schematic cross section of the Pt/Co/Pt layered system grown on a glass
substrate in shape of a 510 pm x 20 pm wire by means of UV lithography (3.1.2). The
seed layer is composed of 4 nm electron-cyclotron resonance (ECR) deposited Pt and
1nm DC magnetron sputtered Pt. The ferromagnetic layer is magnetron sputtered Co
with a variable thickness of tc, = 0.8nm to 50nm. As cap layer 3nm of magnetron
sputtered Pt are used.

Pt and the Co the Ar working pressure was 3.4 x 1073 mbar with an ion current
at the sputter target of 30 mA and 50 mA, respectively. Simultaneously to the
creation of the main sample, the same layered system was deposited as a plain
film on several other substrates (Si, SiOs, SizNy, glass) as well as in the shape of
a wire (0.5 mm x 6 mm; see Sec. 5.2.3 in Ref. [40]) on SizN, to serve as reference
samples for possible additional investigations and error checking.

After the beforehand described process the photomask is removed from the
sample and a second mask defining the shape of the contacting structure including
thermometers and heating wires (see Sec. 3.1.2) is applied. Then a Pt layer of
60 nm is deposited by means of ECR sputtering. On the one hand, this technique
allows for a precise control of the thickness to achieve a similar electrical resistance
and shape/volume of the wire thermometers and heating wires (see Sec. 3.1.2) for
different samples. Especially in the case of the heating wires, this is of importance
to obtain a comparable heating behavior for the same applied heating power
(3.2.3). On the other hand, the ECR technique provides a relatively high adhesion
of the sputtered Pt film on the glass substrate which is advantageous regarding
the wire bonding of the contacting pads (see Sec. 3.1.2). If instead a simple
sputter coater was used for creating the Pt, an underlying adhesion layer like
Ti or Cr would be necessary to prevent a tear-off during bonding. However, as
the contacting structure also serves as reference material for the thermoelectric
measurements (see Sec. 3.1.2 and 3.3) it is preferable to use plain Pt to preserve
the easiest possible comparability of the Seebeck coefficient to literature values.

3.1.2 Sample layout and electrical contacting

The layout of the completed sample is exemplary depicted as microscope pho-
tograph in Fig. 3.2. The vertically oriented Pt (5nm)/Co (t¢c,)/Pt (3nm) wire
is located in the center and is colored implying the temperature gradient dur-
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3 Experimental details

ing thermoelectric measurements to delimit its boundaries in the picture. The
wire measures 510 pm x 20 pm whereat it is important for the wire to possess a
certain length to obtain a sufficiently high and for different samples simultane-
ously minimal varying temperature difference between the hot and cold end in
the thermoelectric measurements. Of course, a defined and fixed wire geometry
knowing the length [, the width w, and the thickness ¢ should be used to be able
to calculate and compare the specific quantities like for example the electrical

resistivity
w-t
Pz = Ry - E (3.1)

between samples. At half of the length of the wire there is a small horizontal
Pt/Co/Pt wire for measurements of the transverse voltage.

The rest of the depicted sample structure consists of Pt with a thickness of 60 nm
providing the pads (numbered in the picture) for external electrical contacting,
the wire/resistance thermometers at the ends of the Co/Pt wire, as well as the
heating wires. All of the mentioned features are needed in the course of the later
performed measurements with the exception of one of the heaters serving as a
redundancy for possible manufacturing faults of the sample.

For the external electrical contacting and the mounting to the manipulator of
the used magnet (see 3.2.1) the sample on the glass substrate in glued to a chip
carrier. The pads of the sample are then connected by means of wire bonding
with Al wires to the pads of the chip carrier. A photograph of a chip carrier with
an installed sample is shown in Fig. 3.2(b).

The pads 3 and 4 (9 and 10) are used to impress a current [, in the heating wire
on the top (bottom) and to measure the voltage drop Uy, to be able to calculate
the heating power B, = Uy, - I},. This is done without the use of a four-point probe
measurement as the relatively large pads, and the short and wide leads connecting
the heating wire only add a negligible error/offset.

During the temperature calibration of the sample (for details see 3.2.3), needed
for the thermoelectric investigations, the electrical resistance of the wire ther-
mometers is measured with a four-point probe method. For this a non-invasive
current is impressed and the voltage drop is recorded via the pads 1, 2, 5, and 6
(8,9, 11, and 12) in the upper (lower) thermometer. As example for one of the
thermometers the circuit diagram is shown in the bottom of Fig. 3.2.

When performing the MTEP investigations the thermovoltage Uy, along the
Co/Pt wire is determined between the pads 1 and 12 (and/or pads 6 and 7) while
a heating power P, is applied. For the MR investigations (P, = 0mW) a constant,
non-invasive current of 0.2mA is impressed on the one side of the wire (pads 1
or 2 to 11 or 12) and the voltage is measured on the other side (5 or 6 to 7 or
8) and vice versa. If the current and voltage leads were connected on the same
side, the thermometer wire would distort the determination of the resistance of
the Co/Pt wire. The devices utilized for both the MR and MTEP measurements
are a Keithley 6221 current source and a Keithley 2182A nanovoltmeter.
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3.1 Pt/Co/Pt sample system
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Figure 3.2: (a) Microscope photograph of the sample layout. For the MR measurements
the voltage drop along the vertically oriented Co/Pt wire is measured, e.g., via contacts
6, 7 for a constant current applied to the Pt pads 1, 12. For the MTEP measurements
a temperature gradient along the Co/Pt wire is generated by driving a current through
the Pt heater via contacts 3, 4. The resulting thermovoltage Uy, is measured via pads 6,
7 (or 1, 12). The upper heater and resistance thermometer including the circuit diagram
for the temperature calibration are seen in the zoom in the lower panel. (b) Photograph
of the sample on the glass substrate glued into the chip carrier. The electrical contacting
is realized by means of Al wire bonding.

The pads 13 and 14 are intended for the measurements of Nernst (MTEP) or
Hall (MR) effects, respectively.

To check for an undesired creeping current in the thermoelectric measurements
between the heating wire and the rest of the structure the resistance between
the two mentioned elements was measured. As the result was higher than 1 G2
it is safe to say that the heating current has no direct influence regarding the
determination of the thermovoltage.

Note that the MR investigations described above are for the use of a fixed
current which is the conventional (and easy) procedure. As the tensorial properties
of resistivity and conductivity may be of importance regarding the Mott formula
(Sec. 2.2.1) the MR measurements were also performed by using a fixed voltage,
see Sec. 3.4.3. It was found that there is no measurable difference between the
both mentioned methods for the used Co/Pt systems.

While all the main measurements presented in this thesis were performed using
the above described layout a new layout was developed for ongoing and future
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Figure 3.3: Sketch of a new sample layout for ongoing and future investigations. The
dimensions of the Co/Pt wire and thermometers are the same as in Fig. 3.2. Compared
to the old layout the Pt pads and, consequently, the transitions from the platinum to
the Al bonding wires are in further distance to the heating source to prevent undesired
contributions to the thermovoltage in the MTEP measurements. Apart from the depicted
one, additional contacting structures are available, e.g., with multiple thermometers
along the sample wire.

investigations, see Fig. 3.3. As the dimensions of the core elements like the Co/Pt
wire, the thermometers and the heating wires are not changed, the focus lies
on the outer contacting structure which features larger pads located at higher
distance to the center area. First, this serves a practical purpose because in the
course of some measurements it is necessary to change the wire bonding of the
sample which partially leads to a reduction of the pad area when the bond is
removed. In an extreme case this may render the sample useless but can be
prevented by the use of much larger pads like in the new layout. Second, and
more importantly regarding the results of the thermoelectric investigations, the Pt
pads and, consequently, the transitions from the Pt pads to the Al bonding wires
are at further distance to the heating source. In this way it can be avoided that
the Pt/Al transitions heat up to a different extent depending on their position (as
approx. no heating at all) which would cause an additional undesired contribution
to the measured thermovoltage as sometimes detected, see Fig. 3.9 in Sec. 3.2.3.

Apart from the new layout shown in Fig. 3.3 some other contacting structures
were designed, for example with multiple wire thermometers along the Co/Pt wire
to determine the longitudinal temperature profile of the sample (not shown).

3.1.3 Magnetic anisotropy

In this section the magnetic and structural properties of used the Pt/Co/Pt
sample system are presented. This especially serves the purpose to check for the
expected film growth in comparison to other works where the same deposition
techniques were used. It was found that the Co/Pt films are of polycrystalline
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3.1 Pt/Co/Pt sample system

nature with, generally, a fec(111) out-of-plane texture which labels a random
distribution of the crystal grain orientations in the film plane but a net orientation
of the hexagonal c-axis parallel to the film normal [40, 79]. The interfaces between
Co and Pt exhibit a rather distinguished interdiffusion zone of two to three atomic
monolayers [40, 79].

Due to the urge of energy minimization the overall magnetic anisotropy deter-
mines the direction of spontaneous magnetization M and thus also influences the
behavior regarding the reversal of M with the external field H. The dominating
contributions to the anisotropy constant K for the here used film systems are
the shape anisotropy Kghape, the magnetocrystalline volume anisotropy Kyca,v
and the magnetocrystalline surface anisotropy Kca,s. The constant Kgpape char-
acterizes the maximum M-dependent difference in stray field energy of the film
and is Kghape = —52 M3 = —1.23MJ/m?® with the saturation magnetization of
Ms = 1.4 MA /m for Co [80], favoring an in-plane magnetization of the thin system.
The magnetocrystalline volume anisotropy term describes the dependence of the
energy caused by the spin-orbit coupling regarding the magnetization orientation
relative to the crystal lattice. In the case of the hexagonal Co crystal the energy is
only depending on the orientation of M in respect to the c-axis, i.e., the easy axis
of magnetization, and therefore exhibits a uniaxial anisotropy with a preferred
perpendicular (out-of-plane) magnetization due to the texture of the films investi-
gated in the course of this work. The energy density of the magnetocrystalline
volume anisotropy can be represented as a power series expansion whereby for Co
normally only the first and second order terms K, and Ky are of significant
impact [27], however, being of smaller magnitude than the shape anisotropy. The
third mentioned contribution, the surface anisotropy, is a consequnece of the
spin-orbit coupling and the symmetry breaking of the crystal at the interfaces
[81]. Kmea,s also favors the perpendicular orientation of the magnetization and
can overcome Kghape for thin Co layer thicknesses, see last term of Eq. 3.3.

In summary, the interplay of the presented anisotropy contributions for the
Co/Pt samples will lead to two different outcomes, namely, an easy axis of
magnetization perpendicular to the sample plane or an easy plane (with no
preferred direction) of M, depending on the Co volume to Co/Pt interface ratio,
i.e., depending on the Co thickness t¢,.

Experimentally, for each sample the superposition of the different anisotropy
constants can be determined and, subsequently, disentangled by evaluating the
thickness dependence, as it contains information on the relative impact of the single
contributions. This is done by looking at the hard axis magnetization reversal
behavior where a coherent rotation of M with field can be assumed. In the case
of the only investigated sample with perpendicular magnetic anisotropy (tc, =
0.8nm) the anisotropy was extracted from the in-plane field sweep measurements
(3.3.1). Further details of the used method are not discussed here and can be found
in Ref. [82]. For the samples with an easy plane of magnetization it is convenient
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Figure 3.4: Transverse voltage U, depending on the perpendicular field strength poH
for a sample with tc, = 6 nm and an easy plane of magnetization. The plot, representing
a hard axis reversal of the magnetization, reveals the impact of the AHE. The influence of
the OHE was removed from the measurement. The normalized perpendicular component
of the magnetization m is proportional to U,. Above pg|H| ~ 2T the system is in
magnetic saturation. The anisotropy constants are obtained by fitting Eq. 3.2 to the
data in the regime of magnetization reversal (blue curve).

to use the anomalous transverse MR and/or MTEP effects which are sensitive
to M,, i.e., the AHE (2.1.2) and ANE (2.2.2). In the standard measurement
geometry the external field H is aligned with the hard axis (film normal) and the
effect signal (transverse voltage U,) is proportional to m, = M /Mg which defines
the perpendicular component of M normalized to the saturation magnetization.
The competing of the anisotropy and Zeeman energy is then described in second
order approximation with the first and second order anisotropy constants K; and
K by the following relation [40]:

—_— + — mL—i-—ml:,uoH(ml) . (32)

(2K1 4K2) 4K2 3
Mg Mg Mg

Depending on the availability? of measurements, the AHE, the ANE, and the
parasitic ANE (see Sec. 3.4.4) are evaluated for each sample by fitting Eq. 3.2
to the data to determine the anisotropy constants. As an example, Fig. 3.4
depicts the transverse voltage U, over the external perpendicular field strength
woH for tc, = 6nm, revealing the impact of the AHE. The influence of the
ordinary Hall effect was removed from the measurement. Above ug|H| ~ 2T the
system is in magnetic saturation with a maximum voltage of £Ug while in the
range between the magnetization reversal takes place. The blue curve in this
segment represents the fit using m, oc U, which gives as a result for the anisotropy
constants. As it was found before [40] that K, influencing the curvature, is more

2For some samples the Hall/Nernst bars of the Co/Pt wire were corrupted during fabrication
or in the course of the measurements.
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Figure 3.5: (a) Thickness dependence of the anisotopy constant K; (Eq. 3.3) for
Pt/Co/Pt on glass substrate and SigNy (reference samples), respectively, in the range
of tco = 0.8nm up to 50nm. The values for samples with an easy plane (substrate
plane) of magnetization (K; < 0) are obtained from the measurements exemplary
depicted in Fig. 3.4. Only for tc, = 0.8 nm the film exhibits a perpendicular easy axis
of magnetization. The gradual decrease of the curve is due to the reduced impact of the
surface anisotropy on the overall anisotropy with increasing Co thickness. (b) K7 - tco
versus tc, representation (see Eq. 3.4) of the data from (a). Here, the slope of the
curve represents Ky g, including volume and shape anisotropy, and the y-intercept
gives the value for 2K;g. For tc, < 30nm (glass substrate) K {C‘E’eﬁ ~ —1.25MJ/m? and
Kis ~0.73mJ/ m? are obtained. The deviation at tc, = 50 nm is addressed in the text.

or less independent of thickness it was set to K = 70kJ/m? in the evaluation for
all samples with different c.

In the further analysis only the anisotropy terms of first order are considered.
The constant K7 from Eq. 3.2 can be expressed as

2K
Ky = Ky — 2oa2 42018 (3.3)
2 ZfCo
Kiv,et

The effective volume term Kjycq is defined as the sum of the magnetocrys-
talline volume anisotropy and the shape anisotropy. The influence of the surface
anisotropy decreases with rising tc, which is a consequence of the decreasing
interface to volume ratio. The Figure 3.5(a) shows the thickness dependence of
K, for Pt/Co/Pt on glass substrate in the range of tc, = 0.8nm up to 50 nm.
Additionally, the results for the reference samples produced simultaneously on
SigNy (3.1.1) are plotted. The curves reveal that for ¢¢, = 0.8 nm the film exhibits
a perpendicular easy axis of magnetization (K; > 0) while for the remaining
samples an easy plane behavior is found where K; levels off to a constant nega-
tive value at approx. 20 nm which is slightly lower in case of the glass substrate
compared to SizgN4. The gradual decrease is due to the reduced impact of the
surface anisotropy on the overall anisotropy. The divergent value at 50 nm for the
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sample on glass will be addressed later on.
When modifying Eq. 3.3 by multiplication with t¢, it is transferred into the
following relation:

Ki(tco) - tco = Kives - tco + 2K1s . (3.4)

As a consequence, in the K -t versus tc, plot (see Fig. 3.5(b) including linear fits
of Eq. 3.4 to the data) the slope of the curve represents Ky g, including volume
and shape anisotropy, and the y-intercept gives the value for 2Kg5. Under the
valid assumption of fec growth, the results for SigsN, are K {CV%H ~ —1.20 MJ/m?
and K5 ~ 0.85 mJ/m? which is in good agreement with other works where similar
samples are used (e.g. Ref. [40]). In the case of the glass substrate (comparable to
SiO,) the following values are obtained for tc, < 30 nm: K55 ~ —1.25 MJ/m?
and K5 ~ 0.73mJ/m?. Again, these results are very reasonable for fec Co/Pt.
The slight deviations for the different substrates can be explained among other
things by different relaxation of crystalline strain [83, 84, 85]. When looking at
the slope between tc, = 30 nm and 50 nm for the use of glass substrate (only two
data points) a value of Kjyg ~ —0.90 MJ/m? is received. As the effective value
for hep Co growth K il{}f;ﬁ was found to be —0.73MJ/m? [40] it can be argued that
in this regime a coexistence of fcc and hcp is present, gradually tending towards
hep growth for higher tc,. However, further investigations are needed to confirm
this assumption.

It is worth mentioning that also for small Co thicknesses (approx. tc, < 4nm)
a change of the slope takes place, resulting in different Ky and g values [40].
From the available data this behavior cannot be resolved and, therefore, will not
be discussed here.

When performing the MTEP measurements the sample underlies a temperature
gradient with a typical maximum temperature difference of 50 K (see Sec. 3.2.3).
From investigations regarding the temperature dependence of the anisotropy [40]
it is expected that this will not generate a significant change in anisotropy along
the Co/Pt wire. This could be confirmed by comparing the results obtained from
the AHE and ANE as they do not show deviations that exceed the error margins.

3.2 Measurement principles

This section deals with the measurement principles of the MR and MTEP investi-
gations. After introducing the measurement setup (3.2.1) and defining the main
measurement geometries (3.2.2), the temperature calibration necessary to quantify
the results of the magneto-thermoelectric measurements is presented in Sec. 3.2.3.
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Figure 3.6: Cross sectional technical drawing of the superconducting electromagnet.
The main features and position of the sample mounted on the manipulator are labeled
in the picture. Adapted from Ref. [40].

3.2.1 Measurement setup

A core requirement for the MR and MTEP measurements is a specific manipulation
of the magnetization of the investigated samples. This is achieved by means of
an external magnetic field provided by a superconducting electromagnet from
Ozxford Instruments, see Fig. 3.6. The used device features a solenoid embedded
in a helium cryostat which surrounds the cylindrical chamber in which the sample
manipulator is located. Apart from the necessary vacuum isolation of the helium
cryostat the magnet is also equipped with a liquid nitrogen radiation shield in
order to diminish the liquid helium consumption. The magnet is able to provide a
field (oriented vertically relative to the floor plane) up to £11 T in the center of the
concentric coils, i.e., the sample position. A sample mounted on the manipulator
and inserted into the magnet can be rotated within two planes which allows an
alteration of the magnetization within or perpendicular to the substrate plane of
the specimen. In the course of the measurements the sample position may slightly
vary from the center axis of the solenoid but deviations from the desired field
strength at the sample position are extremely small and can be neglected [40].

The inserted sample is exposed to ambient conditions of the lab but due to
a naturally imperfect isolation of the cryostat the temperature in the chamber
is slightly lower than room temperature so that the base temperature for the
measurements performed with this device is about 290 K.

3.2.2 Measurement scheme

In this section the main measurement geometries for the MR and MTEP inves-
tigations are explained based on a simplified scheme depicted in Fig. 3.7. The
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heater

Pt/Co/Pt
glass

Figure 3.7: Sketch of the Pt/Co/Pt wire and Pt heating wire on the glass substrate
including the denotation of the main measuring geometries. While the wiring is depicted
for the MTEP investigations, the scheme is also valid for MR measurements. The surface
of the substrate is located in the zy-plane. The long axis of the sample wire is parallel
to the z-axis, the short wire edge is parallel to the y-axis, and the stacking direction
of the film system is parallel to the z-axis. In case of the field sweep measurements
(Sec. 3.3.1) the external magnetic field is individually aligned along one of the three
generic directions and denoted as follows: longitudinal (H || x), transverse (H || y),
polar (H || z). During the rotation measurements (Sec. 3.3.2) the angle of a constant
high external field keeping M || H is varied in the substrate plane (in-plane: ¢) or
in the plane perpendicular to the current / voltage drop direction (out-of-plane: 6),
respectively.

scheme shows the Pt/Co/Pt wire and the heating wire on the glass substrate
including the circuit diagram for the thermoelectric measurements. The case for
MR is not presented as the focus lies on the orientation of the wire relative to the
coordinate system also shown in the picture.

The surface of the substrate is located in the xy-plane whereby the long axis
of the sample wire, i.e., the direction of the impressed current (MR) or of the
thermovoltage drop (MTEP), is parallel to the z-axis, the short wire edge is
parallel to the y-axis, and the stacking direction of the film system is parallel to
the z-axis.

The main types of measurements to characterize the MR and MTEP effects
are on the one hand the variation of the external magnetic field H at a fixed
position of the sample, and on the other hand the variation of angle between the
magnetic field and the sample at a constant field strength. The field variation
measurements, also called sweep measurements, are mostly used to investigate the
behavior of the system at high magnetic fields but also to gain information on the
magnetization reversal. In order to do so, the magnetic field is aligned with one of
the three generic directions of the wire which are denoted longitudinal for H || x,
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3.2 Measurement principles

transverse for H || y, and polar for H || z. In each case the field is varied from
+6T to —6T (or vice versa) and back to the starting value at a typical rate of
0.2T/min to 0.4 T/min. The primary reason of measuring the whole loop instead
of only one direction is the identification of possible thermal drift in the recorded
curves.

The other type of measurements (rotation measurements) has the purpose to
study the angular dependence of the magnetization M on the current or voltage
drop direction. Here, a constant high external field of +6 T or —6T which is
sufficient to always keep the magnetization aligned with H is used (for more details
see Sec. 3.3.2) to be able to directly map the recorded data with the angle set at
the magnet. As the sample mounted on the manipulator cannot be rotated by 360°
the measurements are performed in two consecutive steps using both polarities
of the external field to receive the full information on the angular dependence.
As shown in the scheme for the so-called in-plane rotation the magnetization is
varied like —95° < ¢ < 495° approximately starting from the transverse direction
(¢ = £90°) and being aligned with the longitudinal direction at ¢ = 0°. The
out-of-plane rotation in the plane perpendicular to the current or voltage drop
direction describes the angular dependence between —95° < 6 < +95° where
6 = +90° is the transverse and 6 = 0° is the polar direction.

3.2.3 Temperature calibration

In order to gain the possibility to make a quantitative analysis of the thermovoltage
Uiy, in the form of the Seebeck coefficient S = limar_o % a temperature
calibration for the investigated samples is required. The method presented here
gives as a result the temperature at the hot and cold end of the Co/Pt wire,
respectively, and, therefore, the temperature difference AT = Tt — Teola-

The calibration is a two-step-process performed by means of a Quantum Design
PPMS DynaCool. In each step the electrical resistance of the upper and lower
wire thermometer is monitored by a four-point measurement technique using
a non-invasive current of 0.2mA. At first, the whole sample is slowly heated
from 290 K to 360 K (at heating power B, = 0mW) to obtain the resistance of
the wire thermometers Ri; and Ris in dependence on the temperature 7'. This
happens in an air atmosphere, on the one hand, to ensure a preferably uniform
heating of the sample, and on the other hand, to account for the convection as the
magnetothermoelectric measurements are performed under ambient conditions of
the lab. In a second step at the base temperature of the MTEP experiments of
about 290 K the heating power B, is ramped up while Ri; and Ry, are recorded.
The correlation of the received R (7)) and R;(1,) curves (see Fig. 3.8) results in the
dependence T'(P,) for each thermometer so that the temperature difference along
the Co/Pt wire AT (F,) is easily obtained (see Fig. 3.8(c)). For the investigated
range of 0mW to about 20mW (reached at an impressed heating current of
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Figure 3.8: Temperature calibration curves for a sample with tc, = 2nm. (a) Electrical
resistance Ry; and Rio of the two wire thermometers (Sec. 3.1.2) in dependence on the
base temperature Th,se ranging from 290K to 360 K (at heating power P, = 0mW).
(b) Resistance Ry and Ry2 at Thase = 290 K for ramping up the heating power P, to
approx. 20mW. Ry; increases stronger than Rys as it corresponds to the thermometer
closer to the heating source. (c¢) Temperature difference AT = Tyt — Tiolqa between
the hot and cold wire end in dependence on the applied heating power F;,. The curve
is obtained from the correlation of the R(T") and Ry(F,) curves, see (a) and (b), and
yields a linear dependence with a deviation smaller than 3 %.

approx. 5mA) this curve is linear with a deviation smaller than 3%. At the
maximum heating power the temperature difference is AT = (63.7 £ 0.5) K with
Teoa = 295.5 K for the shown curves received for the sample with t¢, = 2 nm.

Regarding the reversibility of the experiments it is important to ensure that
no structural changes in the wire thermometers and Co/Pt wire occur while
the described process. Therefore, an annealing of the heating wire is performed
beforehand using a heater power which is slightly higher than the values used
during the calibration or any of the following measurements. Within the measuring
resolution the highest achieved temperature in the Co/Pt wire has no influence
concerning the anisotropy (see Sec. 3.1.3).

The temperature calibration was conducted for three different samples with
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3.2 Measurement principles

cobalt thicknesses of tc, = 0.8 nm, 2nm and 50 nm. It was found that the results
show only small deviations, thus it can be concluded that the heat transfer is
carried mostly by the glass substrate. Further evidence supporting this assumption
is that the Nernst signal, i.e., the transverse voltage at the half length of the wire
is equal for two samples with the same Co thickness of t¢, = 6 nm but different
widths of 10 pm and 20 pm and therefore different volumes and contact surfaces
shared with the substrate (see curves in Fig. 3.14 in Sec. 3.3.4). This means that
not only AT between the wire ends but also the temperature gradient along the
wire (see Eq. 2.22) is nearly the same. Especially for the differential expressions
(as for instance AS/AT) small deviations in the temperature calibration can be
neglected (also see the characteristic curves in Sec. 3.4.2).

All magneto-thermoelectric measurements are conducted at a heating power of
P, = 15mW as this operating point turned out to be the best compromise between
a sufficiently high thermovoltage and measuring in the linear regime of the S(AT)
curve (see Fig. 3.18 in Sec. 3.4.2). This corresponds to a temperature difference
of AT ~ 49K. If the measurements are performed at much smaller temperature
differences the uncertainty in the determination of the Seebeck coefficient rises
and if going to much higher heating powers (P, > 20mW) the relative increase of
S with P, decreases. The latter is very likely due to an enhanced heating-up of
the substrate at the cold end of the wire (compared to the hot end) which reduces
the efficiency of achieved AT per applied heating power.

As can be seen in Fig. 3.8(b) the cold end of the Co/Pt wire also slightly
heats up when applying the heating current. Thus, some of the contacting
pads, especially pads 2 and 5 (see Fig. 3.2), heat up, too, as they are located
within the same distance from the heater like the cold wire end. Due to this
circumstance an additional thermovoltage is introduced because of the different
temperatures at the transitions from the Pt pad to the Al bond for a measurement
of the longitudinal voltage. This leads to a small offset voltage in the magneto-
thermoelectric measurements. To minimize this preferably only the outer pads
1 and 6 at the hot wire end are used to to measure Uy,. In order to study the
magnitude of the offset voltage a sample without the cobalt layer (f¢, = Onm) but
otherwise the same specifications like the other samples was prepared. The results
for the investigation of Uy, (AT) and S(AT') obtained from the measurement along
the inner and outer pads, respectively, are shown in Fig. 3.9.

Interestingly, when using the outer pads the thermopower is not constantly zero
which could be expected as according to the temperature calibration curve of the
cold wire end these remote pads do not heat up or at least only for high heating
powers. Instead, a thermovoltage is already detectable for very small temperature
differences where the temperature of all pads still equals the base temperature.
The explanation for this finding is the fact that the absolute thermopowers of
the platinum of the contacting structure (60nm) and the thinner platinum of
the wire (8nm) are different [86] (also see Sec. 3.4.2) so that this combination
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Figure 3.9: (a) Thermovoltage Uy, and (b) thermopower S in dependence on the
temperature difference AT for a wire without a Co layer (tc, = Onm) but otherwise
the same properties like the other samples. The different curves are obtained for the
contacting of the nearby (2, 5) and distant (1, 6) Pt pads with Al bonds, see also Fig. 3.2.
The signal for the use of the distant pads is due to the different (thickness dependent)
absolute thermopowers of the Pt in the wire (8nm) and contacting structure (60 nm)
resulting in a relative thermopower unequal zero. In case of using the pads closer to
the heating wire the Pt/Al transition slightly heats up which causes an additional
contribution to the thermopower.

of thick and thin Pt acts as a thermocouple providing a relative thermovoltage.
The thermopower obtained from measuring along the inner pads is different and
represents the superposition of the described effect and the mentioned additional
contribution of the heated Al/Pt transition closer to the heating wire. To address,
amongst other things, this design flaw a new sample layout was designed, see
Sec 3.1.2.

Further information, e.g., regarding the temperature profile/gradient along the
Co/Pt wire, are discussed in the section on Nernst effects (3.3.4).

3.3 Field-dependent measurements

In this section exemplary investigations of the longitudinal resistivity and ther-
mopower depending on the variation of an external magnetic field, i.e., field sweep
measurements (3.3.1), and depending on the orientation of the magnetization
in a saturating field, i.e., rotation measurements (3.3.2), are presented. For the
rotation measurements a preliminary comparison of MR and MTEP effects is
conducted, see Sec. 3.3.3. Furthermore, the transverse Hall and Nernst effects are
described qualitatively (3.3.4), whereat the focus lies on the additional information
on the sample system that can be derived from the Nernst effects.
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3.3 Field-dependent measurements

3.3.1 Field sweep measurements

The field sweep measurements (see Sec. 3.2.2) were conducted for all samples of
the series ranging from tc, = 0.8 nm to t¢, = 50 nm. Exemplary, here the results
for two samples are discussed, namely one sample (¢, = 2nm) with an easy plane
of magnetization (zy-plane), and one sample (tc, = 0.8 nm) with an easy axis of
magnetization pointing out of the sample plane along the z-axis. The curves for
the MR and MTEP sweeps are shown in Fig. 3.10.

In Fig. 3.10(a) the longitudinal resistivity versus the magnetic field strength is
plotted for the three generic field orientations (3.2.2) obtained from the sample
Pt (5nm)/Co (2nm)/Pt (3nm). As in the case of p(Hirans) and p(Hong) the field
H is oriented in the easy plane of magnetization the curves represent a fast reversal
of M near 0T. For the hard-axis curve p(Hpolr) a parabola-like behavior is visible
between approximately +1T and —1T. This is due to the angle dependence
of the AMR and AIMR effects combined with the circumstance of a coherent
rotation of M in this range. The steep resistivity changes at small fields between
+100 mT are observable for all field sweep directions because of the magnetization
reversal via domain wall movement. Here, the direction of the magnetization
within the magnetic domains influences the resistivity due to the AMR effect. At
technical saturation all curves merge into the same linear behavior, i.e., a decrease
of resistivity on increase of field strength caused by the magnon MR [48, 87]. As a
consequence of the isotropic high field behavior, the differences Apip, = piong — Ptrans
(AMR) and Apop = Ppolar — Ptrans (AIMR) [17, 19] are constant above saturation
and are equal to the differences in p extrapolated from high field behavior to zero
field.

For the sample with ¢, = 0.8 nm the transverse® and longitudinal measurements
are hard axis/plane field sweeps while in the polar direction H is parallel to the
easy axis. The same characteristics as described above for t¢, = 2nm are visible
(Fig. 3.10(c)), in this case with the coherent rotation behavior in p(Hians) and
p(Hiong). The creation of magnetic domains near zero field does not show in the
curves as the magnetization in the domains is parallel to the z-axis so that the
resistivity due to the AIMR effect is the same regardless of whether M is pointing
out of or into the sample plane. This is due to the circumstance of the AIMR
being a longitudinal MR effect with an even functional behavior of p,(M, H)
(2.1.1).

During the MR field sweep measurements which can take up to two hours (see
Sec. 3.2.1) there may occur a change of the ambient temperature. If present,
this temperature drift and hence the temperature-driven change of resistivity
normally is linear in good approximation and smaller than 1 K so that a correction

3Note that for small Co thicknesses the slope of P(Hirans) slightly differs from the other curves
in the high field regime so that the behavior for the three generic field orientations is only
approximately isotropic. This so-called anisotropic high field magnetoresistance (AHMR)
was found by M. Hille and is described in Ref. [88].
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Figure 3.10: Field sweep measurements for (a), (b) tco = 2nm and (c), (d) tco =
0.8nm. (a), (c) Electrical resistivity p in dependence on the external magnetic field
woH aligned along the three principle directions transverse, longitudinal and polar,
respectively, see Sec. 3.2.2. The results for the influence of the field on the thermopower
S are plotted in (b), (d). The differences in resistivity and thermopower above technical
saturation are labeled as Apip, = piong — Prrans (AMR) and Apop = ppolar — Pirans
(AIMR), and ASip = [Strans| — |Siong| (anisotropic MTEP or AMTEP) and AS,, =
|Strans| — |Spolar| (interface AMTEP).

is straightforward. A temperature difference of 1K corresponds to a change of
resistivity of approximately 0.04pQ2cm [40, 89] for the measurement shown in
Fig. 3.10(a).

Also in Fig. 3.10, the corresponding magneto-thermoelectric measurements of the
very same samples with (b) tc, = 2nm and (d) 0.8 nm are depicted. Qualitatively,
each individual plot of Seebeck coefficient S = —Uy,/AT versus field strength
resembles the corresponding p(H) curve which indicates that S(M) is inversely
proportional to p(M) (see Eq. 2.17). Here, the thermovoltage Uy, is the direct
measurement parameter while the temperature difference AT is obtained from
the temperature calibration, see Sec. 3.2.3, to calculate the thermopower.

Above technical saturation, the absolute values of the three MTEP curves
exhibit the following relation of Seebeck coefficients: |Sians| > |Spolar] > [Stong|-
Due to the isotropic high field behavior, the differences between the curves are
again constant above saturation. The magneto-thermoelectric power caused by the
AMR of Co is given by ASi, = |Strans| — |Siong| (anisotropic MTEP or AMTEP)
while the difference AS,, = |Stans| — |Spolar| 1s also distinctly larger than zero
revealing the existence of the magneto-thermoelectric equivalent of the AIMR
[90].
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3.3 Field-dependent measurements

Note that the depicted MTEP curves, especially in the polar measurement
geometry, were adjusted regarding some so-called parasitic effects which occur in
the magneto-thermoelectric measurements. A detailed discussion of these complex
contributions which are superimposed on the actual functional dependence of
interest can be found in Sec. 3.4.4.

A possible small drift of temperature already mentioned in the context with the
MR measurements does not have a significant impact in the MTEP experiments.
While in the case of the resistivity slight changes of the base temperature are visible,
the temperature difference AT in the magneto-thermoelectric measurements will
not be considerably affected by this. However, the temperature dependence of
S could be an issue for a varying base temperature but this is not visible in the
measurements. For a more detailed discussion see Sec. 3.4.1.

3.3.2 Rotation measurements

Like the field sweep measurements (3.3.1), the rotation measurements, i.e., the
angle dependence of resistivity or thermopower on magnetization (see Sec. 3.2.2),
were conducted for all samples. Here, the results for the same two cobalt thicknesses
that were already discussed in the section on the field dependence, t¢, = 0.8 nm
and 2nm, are presented exemplary.

The field sweep curves p(H) and S(H) reveal an isotropic high field behavior of
both the resistivity and Seebeck coefficient (Fig. 3.10) meaning that independent
of the field orientation in this regime the here linear curves show the same slopes
in p and S, respectively. This allows for the determination of p(M) and S(M)
by simply rotating the samples in a field at which the magnetization M is fully
saturated without that any field-dependent effects distort the measurement. The
here used field of po|H| = 6T is high enough to keep M aligned with any direction
of the field*.

In Fig. 3.11(a) and (c) the resistivity as a function of the orientation of M is
depicted for tc, = 2nm and 0.8 nm, respectively. For the in-plane rotation p(y)
where M is varied within the sample plane the characteristic cos? p-dependence
(see Eq. 2.2) of the AMR effect is revealed for both samples. The lowest resistivity
is reached for the transverse orientation of the magnetization while the highest
value is present for M aligned along the longitudinal (current) direction. The
difference Apip, = piong — Prrans describes the maximum change of resistivity due to
the AMR (see also Sec. 3.3.1 on field sweeps). The out-of-plane variation of the
magnetization p(6), in the plane perpendicular to the electric current direction,
shows the same functional behavior of resistivity (see Eq. 2.3) where the minimum

4This is especially valid for field orientations along the longitudinal, transverse and polar
direction which is essential to correctly determine the investigated effect sizes. In some cases
it is observed that at other orientations even for 6 T the Zeeman energy is not sufficient to
fully overcome the magnetic anisotropy energy which leads to small deviations from M | H.
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Figure 3.11: Rotation measurements for (a), (b) tco = 2nm and (c), (d) tco = 0.8 nm.
(a), (c) Electrical resistivity p as a function of the magnetization orientation for an in-
plane (¢) and out-of-plane (#) angle variation, see Sec. 3.2.2. The results for the influence
of the magnetization orientation on the thermopower S are plotted in (b), (d). The solid
lines represent cos? fits to the data. The maximum differences (amplitudes) in resistivity
and thermopower are labeled as Apip, = piong — Ptrans (AMR) and Apgp = ppolar — Ptrans
(AIMR), and ASj, = |Strans| — |Siong| (AMTEP) and ASop = [Strans| — [Spolar| (interface
AMTEP).

resistivity puans nNaturally is the same as for the in-plane effect. With pyolar as
maximum, the out-of-plane effect size is denoted as Apop = Ppolar — Pirans and is
mainly caused by the AIMR for the depicted curves. If present, the geometrical
size effect (GSE, see Sec. 2.1.1) of the investigated Co/Pt systems is only relevant
for higher Co thickness where the impact of the AIMR effect to the measured
signal is reduced due to the thickness dependence of the latter effect (2.1.1).
The corresponding MTEP measurements to the beforehand discussed MR
curves are plotted in Fig. 3.11(b) and (d). Qualitatively, the S(y) and S(#) curves
match the angle dependence of the AMR and AIMR effect, respectively. This
confirms the validity of the relation S o —1/p according to the Mott formula (see
Eq. 2.17) for both rotational geometries. The Seebeck coefficient in dependence
on the in-plane variation of the magnetization S(¢) reveals the conventional bulk
anisotropic magneto-thermoelectric power (AMTEP) effect [66] with an amplitude
of ASip = |Strans| — |Stong| (see Sec. 2.2.2). The out-of-plane rotation curve S(6)
is characterized by
S(0) = Strans + AS,p cos® (3.5)

with AS,, = |Strans| — [Spolar] > 0 and represents the magneto-thermoelectric
counterpart of the AIMR effect. It was named interface AMTEP and firstly
reported in the course of this work, see Ref. [90]. Consequently, the dependence
of the thermopower on M for any orientation can be summarized as

S(p,0) = Strans + AS;p cos® psin® 6 + AS,, cos* 0 . (3.6)
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3.3 Field-dependent measurements

Figure 3.12: Thermopower S plotted over the electrical resistivity p for (a) tc, = 0.8 nm
and tc, = 2nm (data from Fig. 3.11), and for (b) tc, = 6nm. The curves represent
the in-plane and out-of-plane variation of the magnetization, respectively. The slopes
indicating the relative scaling of the bulk and interface effects in the MR and MTEP
measurements are labeled as apux = ASip/Apip and aing = ASep/Apop. The ratio
Aint/apulk ~ 0.52 is obtained for the two thin films while for tc, = 6nm it is approx.
0.63. In (b) the slope apyk from (a) is scaled to match the data (in-plane) emphasizing
the difference in ratios as ajy¢ does not match the out-of-plane data.

As already mentioned in context with the field sweep measurements, parasitic
effects may occur in the magneto-thermoelectric measurements due to the nature
of the applied temperature gradient. Naturally, this also concerns the rotation
curves depicted in Fig. 3.11 where these contributions were removed. For more
details, see Sec. 3.4.4. Because of the layered structure of the Pt/Co/Pt samples
the magnitudes of the MR and MTEP effects which only originate from the Co
layer (and interfaces) are masked to a certain extent depending on the Co thickness
due to the shunting influence of the Pt layers. To determine the genuine effect
sizes and also to disentangle possibly occurring bulk effects (e.g., the GSE) from
the AIMR / interface MTEP, which locally probe the Co/Pt interface region, the
Co thickness dependence is evaluated, see Ch. 4.

Finally, when taking a closer look on the curves in Fig. 3.11 it is striking that
the interface effect with respect to the bulk effect is larger in the MR than in the
MTEP, meaning Apop/Apip > ASep/AS;p,, for both samples. This finding will be
discussed in the following section.

3.3.3 Electrical resistivity vs thermopower

In the previous section it was pointed out that, while the functional dependen-
cies are the same, the relation of the in-plane and out-of-plane MR effect sizes
Apop/Apip compared to the MTEP effect sizes AS,,/AS;, is distinctly different
for each of the two discussed samples with t¢, = 0.8 nm and 2nm. For the sake of
better comparison, for the bulk effects (AMR and AMTEP) the thermopower S(¢)
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is mapped onto the resistivity curve p(p), and for the interface effects (AIMR
and interface AMTEP), S(#) is plotted over p(f) as can be seen in Fig. 3.12(a).
Because of the cos?-dependence of all the single measurements the two resulting
curves are, of course, linear what visualizes the validity of the Mott formula in the
form of S = a - p (see Eq. 2.18) whereby the offset shall be disregarded. In case of
the bulk contributions the slope is determined by apux = ASip/Apy, and for the
interface effects by aine = ASyp/Apop. As a consequence of the mentioned different
relative scaling of the single measurements the two curves S(p(y)) and S(p(6))
exhibit different slopes with the smaller one for the interface effects. Quantita-
tively, as ratio for the slopes, ain/apux = 0.52 £ 0.02 is obtained for t¢, = 0.8 nm
and Ging/apuk = 0.53 £ 0.02 is obtained for ¢, = 2nm which are the same within
the error margins. In other words, the scaling of the magnetization dependent
contributions to the thermopower depending on the resistivity is different for bulk
and interface. As the same magnitude of this scaling was found for two samples
with different Co thickness and, thus, different shunting influence of the Pt, it is
reasonable to assume the generality of this finding. Especially, because the impact
of the layered structure in the regime of relatively thin Co layers, here 0.8 nm and
2nm, cancels out in a first approximation when looking at the ratios of bulk and
interface effect (not to be confused with the overall shunting influence), see Ch. 4.

As an example for higher Co thicknesses, the in-plane and out-of-plane S(p)
curves for ¢, = 6nm are given in Fig. 3.12(b). The found slope ratio for this
sample iy /apu = 0.63 + 0.02 differs not negligible from the values obtained
before. Hence, to properly classify this result in comparison to the ones for thin Co
layers a consideration of the shunting influence is essential, especially, to rule out
that the assumption of generality is violated. A modeling presented in Sec. 4.2.

Furthermore, for even larger Co thicknesses it has to be considered that the
impact of bulk effects like the GSE (2.1.1) in the out-of-plane measurements may
show up and become dominant. In addition, for decreasing values of |AS,,| a
proper correction for the parasitic effects occurring in the MTEP investigations
(3.4.4) becomes challenging, see also Sec. 4.2.

3.3.4 Hall and Nernst effects

The transverse MR and MTEP effects (see Ch. 2) are not in the main scope of
this work but as they provide some helpful information about the investigated
samples (for example regarding the magnetic anisotropy, see Sec. 3.1.3) or occur
as parasitic effects (see Sec. 3.4.4) an introduction of their character is presented
in the following.

In case of the MR measurements the two® present effects are the ordinary Hall

Other transverse effects are the planar Hall effect (PHE) [91, 92] / planar Nernst effect (PNE)
[93, 94, 66] which describe the impact of any longitudinal effect on the transverse voltage
due to the tensorial properties of the resistivity / thermopower tensor.
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Figure 3.13: (a) Sketch of the Pt/Co/Pt wire and Pt heating wire on the glass
substrate including the illustration of the electrical contacting to measure the transverse
thermovoltage U, when a temperature gradient is applied. The polar orientation of the
external magnetic field H, utilized to investigate the Nernst effects is indicated. (b)
Transverse thermovoltage U, in dependence on the magnetic field strength p0H. for
tco = 6nm. The curve shows the impact of the linear ONE arising from the Co and Pt,
and the superimposed ANE originating from the Co layer. The signal due to the ANE
is constant when the technical saturation of magnetization is reached.

effect (OHE) and the anomalous Hall effect (AHE). Their analogs in the MTEP
investigations are the ordinary Nernst effect (ONE) and the anomalous Nernst
effect (ANE). All the named effects are characterized by a cross product (see
Sec. 2.1.2 and 2.2.2), meaning that the generated electric field is perpendicular
to the direction of current (Hall) or temperature gradient (Nernst), and the
magnetization or magnetic field. As the nature of the Hall and Nernst effects are
qualitatively the same, exemplarily only the Nernst effects are discussed.

The Figure 3.13(a) depicts a sketch of the typical experimental setup to deter-
mine the Nernst effects. The heating wire creates a temperature gradient 97'/0x
along the Co/Pt wire while the external magnetic field H, is oriented in polar
direction. The resulting transverse voltage U, in dependence on the field strength
is plotted in Fig. 3.13(b) for a sample with tc, = 6nm. The curve represents
a superposition of the ONE arising from the Pt and Co layers, and the ANE
that originates from the ferromagnetic Co. The ONE is linearly depending on
H. whereas the ANE, an effect sensitive to the magnetization M., only causes a
change of voltage until the saturation magnetization is reached and then levels
off to a constant contribution. Due to this nature the ordinary and anomalous
Nernst effects can be easily separated. When looking at the qualitative behavior
of the effects it is striking that they exhibit the same sign. This is an interesting
finding as the constant of the ordinary Hall effect for both Co and Pt is negative
[95, 96, 97, 98] while the anomalous Hall constant of Co is positive [99, 52] which
means that in the transverse MR measurements the OHE and AHE show opposite
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Figure 3.14: (a) Microscope photographs (zoom; for complete layout see Fig. 3.2)
of two samples with tc, = 6nm but different wire widths of 10 pm and 20 pm. (b)
Longitudinal thermovoltage in dependence on the heating power for both samples. As a
consequence to the good match of the single curves the temperature difference between
the wire ends must be the same for both samples. (c) Transverse thermovoltage U,
as a function of the external field strength poH for the 10 pm and 20 pm wide Co/Pt
wire. The signals do not show significant deviations which means that not only the
temperature differences but also the gradients along the wires are the same.

slopes. If the observed discrepancy is due to an intrinsic effect meaning that the
relation S o p following the Mott formula (Eq. 2.18) has an opposite sign for one
of the effects is still under investigation.

After describing the main features of the transverse effects, in the following some
interesting findings on how to utilize the effects to learn about the behavior of
the sample system (Co/Pt wire and glass substrate) in presence of a temperature
gradient are discussed.

Like the Hall effects, the Nernst effects do not depend on the wire width if a
constant current I, or temperature gradient 0T /Ox, respectively, is maintained
[100, 51]. This fact provides an experimental approach to check how the different
thermal conductance of substrate and Co/Pt wire influence the heat distribution in
the system. For this purpose two samples with the same tc, = 6 nm but different
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Figure 3.15: (a) Microscope photograph of a sample (tc, = 6 nm) with two Nernst
bars to measure the transverse thermovoltage U, at different distances from the heating
wire. The Co/Pt wire has no contacting structures to measure the longitudinal voltage
or temperatures at the wire ends but otherwise possesses the same properties as in the
standard layout. (b) The transverse voltage U, as a function of the polar magnetic field
H, measured at the two transverse bars for the use of the upper heating wire. The signal
of the ONE was removed. The impact of the ANE is of different magnitude, higher
for the (upper) bar in closer distance to the heating wire, what indicates a non-linear
change of temperature along the Co/Pt wire.

widths of 10 pm and 20 pm and therefore different volumes and contact surfaces
shared with the substrate were fabricated (see also Sec. 3.2.3). Alongside with the
longitudinal thermovoltage dependence on the heating power, the U,(H,) curves
for both samples, obtained for the same heating powers, are shown in Fig. 3.14.
As they do not show any significant deviations and, consequently, the temperature
gradient is the same, it is clearly revealed that the vast majority of heat transfer
is carried by the substrate and the metal structures on the surface have no impact
in this regard.

To roughly estimate how the temperature profile along the Co/Pt wire looks like
another sample with two bars for measuring U, was fabricated, see Fig. 3.15(a).
The depicted sample features a Co/Pt wire with tc, = 6 nm and the same length
of 510 um as in the standard layout. It does not possess the contacting structures
for longitudinal voltage measurements or temperature calibration but, as pointed
out in Sec. 3.2.3 and above in this section, the temperature difference between
the two ends of the wire can satisfactorily be obtained via interpolation from the
temperature calibration curve for the applied heating power. At approx. one and
two thirds of the total wire length the transverse voltage was measured. The
resulting U, curves obtained from the two transverse bars in dependence on the
polar field H, are depicted in Fig. 3.15(b). Note that the impact of the ONE was
removed, only leaving the ANE signal.

Correctly, the generated transverse electric field E, due to the Nernst effects
is proportional to the temperature gradient 07/0x (2.2.2). In the case of the
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Figure 3.16: Temperature T of the wire with respect to the base temperature in
dependence on the z-position along the wire depicted in Fig. 3.15(a). The hot end is
located at © = 0. The T at the hot and cold wire end are obtained from the temperature
calibration. The positions of the two Nernst bars are indicated. The curve shows a
T(x) = e~*==%0) fit to the data and is an example how to estimate the temperature
profile by the use the slope ratio at the Nernst bar positions. This ratio is deduced from
the ANE signals given in Fig. 3.15(b).

presented curves where the ANE is measured along the, compared to the overall
wire length, slim transverse bars with Ax = 5num the following approximation
is valid: 0T/0x ~ AT /Ax. This leads to £, x AT/Az x U,/Ax and with the
given equal width of the two bars to U, oc AT. When labeling the maximum
voltage change due to the ANE as AUang this can be rewritten as AUang o< AT
The curves in Fig. 3.15(b) reveal that the Nernst bar closer to the used heating
wire provides a larger effect size AUang than the second bar with a ratio of
1.83:1 between the two. Consequently, it can be concluded that the change of
temperature along the Co/Pt wire is not linear but is increased in proximity to
the heating source, which is a plausible finding for a volume substrate.
Additional to the change of temperature at the first transverse bar relative to
the second one the absolute temperatures at the ends of the wire are deducible
from the temperature calibration. For the here used power of 11 mW they are
determined to be 38 K and 3 K above the base temperature of 290 K, causing
a temperature difference of AT = 35K. These two data points are plotted in
Fig. 3.16 in dependence on the z-position on the Co/Pt wire with x = 0 for
the hot wire end. To estimate the temperature profile along the wire, in a first
step a simple model that seems reasonable for a volume substrate is fitted to
the T'(z) plot, namely, an exponential decrease function T'(z) = e~*@~20) is used,
where a is the only scaling parameter and x( serves as an offset parameter. In a
second step, the slopes AT /Az at the Nernst bar position are determined for the
model. The change of temperature at the first position is —0.0862 K/pm and at
the second —0.0348 K/pm which leads to a ratio of 2.48:1. Compared to the ratio
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of the relative temperature change obtained from the ANE measurement this is
a deviation of only 35 % meaning that the exponential model seems to describe
the true temperature profile of the wire in good approximation. However, be
advised that the assumption of an exponential decrease is not based on the claim
of being the correct solution for the heat equation. In fact, it cannot account
for the position of maximum temperature (heating wire at * = —10pm) like
a Gaussian-like function would do, which in turn was found to not reasonably
describe the measurement data at all (not shown). Consequently, the simple
assumption rather serves the purpose of presenting an approach to verify a certain
solution or to experimentally determine the temperature profile. For the latter
more data points (via various Nernst bars) should be considered. Solving the
heat equation for the system is probably rather complex as numerous boundary
conditions, e.g., the shape of the heating wire, convection of the air, thermal
interface resistances [101], etc., have to be accounted for.

Likewise by utilizing the ANE it could be shown that in the course of the
magneto-thermoelectric measurements no polar temperature gradient 07'/0z is
induced in the Co/Pt wire within the experimental uncertainty which is addressed
in more detail in Sec. 3.4.4.

It is worth mentioning that another sample with the same layout without the
contacting structures like the one depicted in Fig. 3.15(a) was investigated. Here,
a Co layer of 30 nm was directly deposited on the substrate without any Pt layers.
The measurement of the the transverse voltage clearly reveals the impact of the
ANE (not shown; similar to the results in Fig. 3.15(b)). Due to the lack of
contacting structures and the Pt layers, which could establish a locally closed
circuit, this obviously points to the presence of a net spin current in the Co
whereat no net electrical current is present. Such structures could be used to
study pure spin currents generated by temperature gradients.

3.4 Supplementary investigations

This section is concerned with some additional investigations that provide helpful
information on the Co/Pt samples to be able to correctly interpret the results of
the MTEP measurements.

In Sec. 3.4.1 the dependence of the thermovoltage on the base temperature for
the investigated samples is briefly presented. It follows a look at the dependence
of the thermopower on the present temperature difference along the Co/Pt wires
and the heating-up behavior of the system after the heating power is applied
(3.4.2). Furthermore, it is investigated if the tensorial properties of the electrical
resistivity /conductivity are of any significant impact for the utilized sample system,
see Sec. 3.4.3, especially regarding the relation S o« —1/p taken for the Mott
formula. In Sec. 3.4.4 the very important identification and treatment of occurring
parasitic effects in the magneto-thermoelectric measurements are discussed, as
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Figure 3.17: Seebeck coefficient S in dependence on the base temperature T for a
sample with tco, = 9nm from 180K to 260 K at an applied heating power of 15 mW.
The thermopower changes linearly with raising temperature at a rate of —0.03 1V /K2

without this the correct quantification of longitudinal MTEP effects cannot be
accomplished.

3.4.1 Temperature dependence of thermopower

In general, the absolute and thus also the relative Seebeck coefficient depends on
the base temperature at which the measurement is performed. As in the case of the
Pt/Co/Pt samples it is dealt with a system where the thickness dependence of S,
as well as the shunting effects between the layers (see Sec. 4.2) are of importance,
but no data for this specific system can be found in literature, a measurement
of S(T) for one sample was conducted. This helps to gain knowledge of how
a temperature drift during the measurements impacts on the result and also
serves as a preliminary investigation for possible future magneto-thermoelectric
measurements at different temperatures.

The Fig. 3.17 depicts the S(T") curve for a sample with ¢, = 9nm from 180 K
to 260 K at an applied heating power of 15mW. It was recorded by means of
a Spectromag measurement setup. In the shown range the Seebeck coefficient
decreases linearly with rising temperature at —0.03 pV /K2. This equals a change of
S per 1K of 0.3 %. With this finding one can estimate how a possible temperature
drift (see Sec. 3.3.1) influences the magneto-thermoelectric measurements for other
samples. In the example for the MTEP sweep measurement shown in Fig. 3.10(b)
for tco, = 2nm the maximum drift of 1 K sometimes observed for the MR sweeps
would equal a change of S in the magnitude of 0.007 pV /K2 In comparison with
the magneto-thermoelectric effects this would be a very small but still visible
impact. However, most of the times no drift of 1" is observed at all. Thus, it can
be assumed that the constant heating power supply stabilizes the system in the
form of a continuous convection of the air in the direct vicinity of the sample.
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As mentioned above, the preliminary measurements on S(7°) also provide insights
for future temperature dependent MTEP investigations which are not part of
this thesis. The main issue that was observed in the course of the experiments
is the correct determination of the temperature difference between the hot and
cold wire end which is essential to calculate the correct magnitude of the Seebeck
coefficient. If, for example, the current for the desired heating power of 15 mW
(AT ~ 49K) is determined at room temperature, it is found that at 7' = 5K
the heating power P, is decreased by approximately 25 % for a constant current
which is, of course, due to the lower resistivity of the Pt heating wire at lower
temperatures. As a consequence, the heating current must be adapted for every
temperature to maintain a constant P,. Additionally, if the investigations are
intended to cover a broad range of temperature, also the thermal conductivity of
the substrate has to be taken into account so that the desired AT can be kept
at a constant value. This would make temperature calibrations at different base
temperatures necessary. A different approach could be an alternating measurement
of Uy, and the thermometer resistance (or a new sample design with separate
wire thermometers) to determine and adapt the temperature difference during
the measurements by comparing with existing calibration curves (3.2.3).

Other experimental challenges of the temperature dependent investigations,
especially for low temperatures are the strongly increasing Helium consumption
due to the impressed heating power and, depending on the used measurement
setup, the additional temperature gradient in the sample system a punctual cooling
system would introduce.

3.4.2 Dependence of thermopower on temperature difference

The thermopower S is formally defined for the limiting case of AT — 0 as

. —Un

= Jim, (37) &7
where Uy, is the measured thermovoltage over a temperature difference AT
at a certain base temperature Ty... Naturally, with no applied temperature
difference no thermovoltage will be obtained so that the value for S has to be
extrapolated from values at AT # 0. While this provides information on the
correct relative Seebeck coefficient at Ti.s., more importantly for the performed
magneto-thermoelectric investigations, it can be checked if the magnetization
orientation in the sample has any varying influence on S(AT') which would make
a correction of the measured values AS;, and AS,, necessary.

The exemplary results for a measurement of the thermovoltage at varying
temperature differences / heating powers are depicted in Fig. 3.18(a) for a sample
with tc, = 2nm. The curves were recorded for the three generic orientations
of the applied magnetic field with a saturating strenth of po|H| = 6T in the
range from zero up to approximately 65 K or 20 mW, respectively. The calculated
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Figure 3.18: (a) Thermovoltage Uy, for the three generic orientations of the applied
magnetic field (ug|H| = 6 T) in dependence on the temperature difference AT / heating
power P, (solid lines) for a sample with tc, = 2nm. The also plotted thermopower is
calculated via S = —Uyy, /AT (circles). The dashed lines are linear fits to the curves
for P > 7mW. The MTEP effect sizes ASip = (Uirans — Ulong) /AT and AS,, =
(Urans — Upolar) /AT which are constant for the fitted regime are indicated. (b) Slope
of the S(AT) curves as a function of the Co thickness ¢c,. The general shape of the
curve is mainly determined by the different shunting and weighting of S¢, and Spt for
different sample compositions. The unexpected positive slope in the regime of thin tcg
is assumed to be due to a different temperature dependence of Spy for the varying Pt
thickness in the Pt/Co/Pt wire (tpy = 8 nm) and the contacting structure (¢tpy = 60 nm).

corresponding thermopowers S are also shown in the figure. It can be observed
that the Seebeck coefficient describes the same qualitative behavior for the three
field orientations, merging into a linear dependency for B, 2 7mW illustrated
by linear fits. In the range < 7mW the relatively large errors originate from
deviations regarding the linearity between AT and B, as well as existing small
offset voltages to Uy, in the measurement setup. The most important observations
are the constant slopes that are the same for all three curves and, therefore, the
constant differences ASi, = (Uirans — Ulong) /AT and ASop, = (Uirans — Upolar) /AT
between the curves in the linear regime. This implies that the MTEP results
obtained for the standard working point of 15 mW are valid for a wide range of
temperature differences, especially for the limiting case of AT — 0 defining the
Seebeck coefficient (Eq. 3.7).

It was found that the slopes of S(AT) are different for varying cobalt thicknesses
including a sign reversal, i.e., a negative slope, for higher t¢, as can be seen in
Fig. 3.18(b). As the measurements are performed at the same base temperature
and the platinum thickness is constant between samples the general shape of
the depicted curve strongly indicates that the slope mainly is determined by the
different shunting and weighting of S¢, and Sp; for different sample compositions

42



3.4 Supplementary investigations

1023 .'f
- 7/
r
i 1022+ # T
D:‘_:. :' M""
10211 7 P,=15mW
. v
_f*/ field orientation:
1020 / e ftrans.
/ e long.
1019 l 1 1 1 1
0 200 400 600 800 1000

t(s)

Figure 3.19: Time evolution of the thermovoltage Uy, after applying a constant heating
power of P, = 15mW for the external field (uoH = 6 T) oriented in longitudinal and
transverse direction, respectively (tco = 50nm). After 5min the system has almost
reached a thermally stable state with a change rate < 0.1% for the following 10 min.

(for details see Sec. 4.2). For higher Co thicknesses where the impact of the
Pt layers is reduced the evolution of the slope levels off to a constant negative
value. This is consistent with literature [1, 102, 103] as, in the regime of the
present Ti.e in the experiments, a decreasing S¢, is reported for a rise of the base
temperature and, thus, also follows for an increasing temperature difference as
the average temperature of the sample rises. In the case of Spy a negative slope of
S(AT) is expected, too [1, 102, 104], which consequently should be observed for
samples with low t¢, where the impact of the Pt dominates the overall measured
Seebeck coefficient. However, the results in the plot (Fig. 3.18(b)) contradict this
statement. Three samples, namely, the ones with {c, = 0.8 nm and 2nm, as well
as the one with no Co layer at all (not plotted; see Fig. 3.9), show a positive slope.
The latter sample possesses, apart from the missing Co, the same specifications
like the other samples regarding the Pt layers and the Pt contacting structure, see
also Sec. 3.2.3. The fact that despite tc, = Onm this sample where Pt is measured
against Pt provides a thermopower at all is caused by the different thickness of the
Pt in the wire (tpy = 8nm) and the contacting structure (tp; = 60 nm) as for thin
films the Seebeck coefficient is thickness dependent [86]. Coming back to the sign
of the slope it is reasonable to assume that, while in general Sp; decreases with
temperature, the temperature dependence of Sp; is slightly different for varying
Pt thickness. If this assumption is valid, it would imply that Sp¢ gonm decreases
stronger with temperature than Sp¢ gnm, causing the observed positive slope of
S(AT) in the regime of thin tc,.

As already mentioned in context with the sweep and rotational measurements
there are parasitic contributions present in the measurements, especially for polar
field orientations (see Sec. 3.4.4). These effects are eliminated in the shown curves
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Figure 3.20: Resistivity p,, and inverse conductivity 1/0,, for Pt/Co(0.8 nm)/Pt as a
function of angle of magnetization orientation. (a) and (b) show the results for rotating
the magnetization in plane (¢) and out of plane (@), respectively. The angles are defined
in Sec. 3.2.2.

by performing the measurements for both magnetic field polarities and calculating
the average of the results. In consequence, the comparison of the S(AT) curves
from a certain sample allows to easily determine the magnitude of the bulk and
interface AMTEP effects without conducting the rotational measurements. The
values for AS;, and AS,, from Fig. 3.11 are the same as the ones obtained from
Fig. 3.18(a) within the error margins.

When investigating the dependence of the thermopower on the temperature
difference the heating power needs to be gradually raised. To gain knowledge
on the heating up behavior of the samples (here shown for ¢, = 50nm) the
thermovoltage was recorded over time after applying a constant heating power of
15mW, see Fig. 3.19. It is visible that after 5 min the system has almost reached
a thermally stable state and the change of Uy, becomes very small (< 0.1 % for
the following 10 min). This and the fact that during the S(AT') measurements P,
is only gradually raised show that the used waiting time of 5 min between data
points in Fig. 3.18(a) is more than sufficient.

3.4.3 Relation between electrical conductivity and resistivity

This section closely follows the written elaboration in the Supplemental Material
of my own publication, i.e., Ref. [90].

As the Mott formula is originally derived in terms of electrical conductivity o it
was examined if the utilization of the reciprocal value of the measured electrical
resistivity p is justified for the investigated polycrystalline Co/Pt samples.

In experiments on electrical transport the resistivity ? (or resistance R;;) is
in general the quantity of choice. The electric field E (or voltage drop U;) is
determined under the application of a constant current density j (current [;):
E=%jU = R;; - I;). To obtain the conductivity ‘0" from the resistivity
W the tensorial character of both quantities has to be taken into consideration
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which means that the longitudinal resistivity contains both longitudinal and
transverse conductivity contributions and vice versa. Commonly, the impact of
these contributions strongly depends on the system under investigation.

The longitudinal resistivity p,, and conductivity o,, has been measured in-
dependently in four point geometry as a function of magnetization orientation
M (see Sec. 3.3.2). The longitudinal conductivity o,, (i.e. electric current) was
determined applying a fixed voltage: j, = 0y, + E,. For a Pt/Co/Pt wire with
tco = 0.8 nm both, p,, and 1/0,,, are plotted in Fig. 3.20. As both curves are the
same within the uncertainty of the experiment for in-plane as well as out-of-plane
rotation of M it is obvious that the two quantities p,, and o,, have a scalar
character, thus pg, = 1/0,.

3.4.4 Separation of Nernst contributions from the longitudinal
magneto-thermopower

Apart from some extensions this section closely follows the written elaboration in
the Supplemental Material of my own publication, i.e., Ref. [90].

In any kind of transport measurement transverse effects are generally superimposed
on longitudinal effects and vice versa. This is due to slight deviations from the
ideal sample geometry and a finite resistivity of the contacting leads that results
in non-vanishing potential differences in the transition area of sample and contact
leads. In case of MTEP measurements the superposition is more complex than for
MR measurements. While in the latter case a constant current / voltage can easily
be realized, a three dimensional temperature gradient V7'(r) has to be expected
in any kind of experimental MTEP investigation. As a consequence, contributions
of anomalous and ordinary Nernst effect (ANE and ONE) [14] (see Sec. 2.2.2)

Ex = —NopoH x VT —NgpoM x VT (3.8)
ONE ANE

show up in the signal of longitudinal MTEP. Ny and Ng are material-dependent
Nernst coefficients. The Nernst effects can be easily separated from the longitudinal
MTEP utilizing symmetry considerations. According to Onsager’s reciprocal
theorem the longitudinal MTEP (and MR) effects and the leading terms of the
transverse effects, i.e., the Nernst (and Hall) effects, exhibit axial- and point-
symmetry, respectively, as a function of field/magnetization [33, 34, 32]. Hence,
the longitudinal MTEP signal corrected by Nernst effects can be simply determined
by Ucerrected(H M) = (U,(H, M) + U,(—H, —M))/2. Moreover, the transverse
voltage contributions UP#asitic(H, M) = (U,(H, M) — U,(—H, —M))/2 allow for
conclusions about the existing temperature gradient V7'(r) as shown in the
following for the Pt/Co (2nm)/Pt sample.
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Figure 3.21: Transverse MTEP versus field. In the upper graph U,, measured at the
cold (blue) and hot (orange) end of the wire, is plotted versus the longitudinal field
(H || ). In the lower panel the same measurements (black/red) are shown for polar
fields (H || z). For the sake of clarity the orange and blue curves are shifted up- and
downwards, respectively. A sketch of the experimental setup is given as inset.

Detailed investigation of the parasitic Nernst effects in the longitudinal
magneto-thermopower

In this section the investigation on the parasitic Nernst contributions in the
longitudinal MTEP is presented. Beforehand, the transverse MTEP behavior is
discussed to reveal information about the existing temperature gradients. In order
to qualitatively check for the (average) temperature gradient g—g(x) the transverse
voltage U, is measured simultaneously at both the hot and cold contacting area.
In Fig. 3.21 U, for hot/cold contacts are plotted versus field applied along the
film normal (H || z). The transverse voltage Uy not(Hpolar) shows the features of a
hard-axis magnetization curve generated by ANE (see Sec. 3.3.4). As an ANE
effect that originates from the Co layer is observed, it follows that the Pt leads
(thickness = 60nm) do not act as short-circuit between the edges of the wire
(left /right). Plotted on the same scale, U, coq appears constant which implies that
%(m) is much smaller in larger distances from the heater, as expected for a bulk
substrate (see Sec. 3.3.4). In a longitudinal field sweep (H || z), U, not as well
as Uy cola are almost equal and constant (see blue and orange curve in Fig. 3.21)
meaning that the change of temperature in the Pt/Co/Pt stacking direction %—Z is
negligibly small.

Fig. 3.22(a) shows the measured longitudinal voltage U, versus polar field Hyojar
taken simultaneously from the right- and left-hand edge of the wire (black and
red curve). Considering point-symmetry, the parasitic Nernst contributions are
determined as U£7?raSitiC(Hpolar) = (Upi(Hpolar) — Usi(—Hpotar)) /2, © = (left, right)
(see black and red curve in Fig. 3.22(b)). The curve in Fig. 3.22(c) depicts the
longitudinal MTEP signal that is corrected by the Nernst contributions. The
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Figure 3.22: (a) - (c) Longitudinal MTEP vs polar field (H || z). (a) Uz(Hpolar)
taken at the left (black) and right side (red) of the Co/Pt wire. The inset shows the
experimental setup. (b) The black and the red curve show the Nernst contributions
in Uz (Hpolar) determined from the measurements in (a) according to (Uyi(Hpolar) —
Ug,i(—Hpolar))/2, © = (left, right). The green and orange curves show the Nernst
contributions which are opposite at the left and right side as a consequence of the
spatial-dependent Nernst effect in the Co/Pt wire (see 1. in the text). The sketch
depicts the spatial dependent Nernst effects with the resulting electric fields E along
the wire edges. The blue curve resembles the parasitic Nernst contributions that are
the same at the left and the right side of the Co/Pt wire (see 2. and 3. in the text). (c)
Corrected longitudinal MTEP Uy corrected (Hpolar) = (Uz(Hpolar) + Uz (—Hpolar))/2 for
the data of plot (a) after removing the Nernst contributions.

(d) - (f) Longitudinal MTEP vs polar field (H || z) with short-circuited left and right side
of the Co/Pt wire, including a sketch of the experimental arrangement. (d) U (Hpolar)
taken at the left (black) and the right side (red) of the Co/Pt wire. (e) Calculated Nernst
contributions (Uy(Hpolar) — Uz(—Hpolar))/2 to Uy(Hpolar) utilizing the data shown in
(d). The sketch emphasizes the fact that this contributions arises from a temperature
gradient %—z(y) between the contacting leads (dashed box). (f) The purple curve shows
the corrected longitudinal MTEP Uy corrected (Hpolar) = (Uz(Hpolar) + Uz (—Hpolar))/2
for the data of plot (d) after removing the Nernst contributions. For comparison the
corrected signal obtained from the measurements without short-circuiting is shown
(cyan curve; data from (c)). For the sake of clarity the cyan curve is shifted by 1 pV.
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3 Experimental details

corrected signal is obtained from the data of Fig. 3.22(a) by Uec*d(H..) =
(Um,i(Hpolar> + Uz,i(_Hpolar>)/27 1= (left, I‘ight).
The parasitic signals UfjraSItlc(Hpolar) consist of the following three contributions:

1. The fact that %(x) is not constant (see above) causes spatial-dependent
Nernst contributions, i.e., a varying transverse voltage along the Co/Pt wire
that yields a longitudinal potential difference (see electric field vectors E in
the sketch of Fig. 3.22(b)). In case of a positive magnetic field this gradient
of negative/positive charge density at the left /right side of the wire causes a
corresponding parasitic contribution to the measured longitudinal MTEP.
Thus, the parasitic Nernst signal is of opposite sign for both longitudinal
voltages Uy right (Hpolar) and Uy jeft(Hpolar). These parasitic contributions
UPSSE () and UZS () = — U (Hige) e plotted as
green and orange curve in Fig. 3.22(b), respectively.

Further parasitic contributions to the longitudinal voltage U, (Hpomr) exist (blue
curve in Fig. 3.22(b)), which are the same on both sides (U right(Hpolar) and
Useft(Hpolar))- The latter signal is due to:

2. The fact that %(x) is not constant results in further spatial-dependent
Nernst effects in the contacting leads as well as from the transition areas
between leads and Co/Pt wire. Thus, a complex superposition of ONE and
ANE contributions occurs in the measured longitudinal MTEP.

3. A temperature gradient along the y-direction g—g(y) exists, which comes

from some symmetry breaking of the setup, i.e., a misalignment of heater
with respect to the symmetry axis defined by the Pt/Co/Pt wire.

The latter two contributions can be separated by a shunting of the right and left
edges of the Pt/Co/Pt wire. The short-circuit eliminates the contributions that
are connected with a varying %L (z) (1. and 2.). Experimentally, the short-circuit
is realized by means of 25 pm thick Al wires (see sketch in Fig. 3.22(d)). In other
words, the Al wire eliminates the voltage drop in Uy pot(Hpolar) (not shown) that
showed up in Fig. 3.21 (discussed above). The Uy right/ie(Hpolar) curves for a
polar field sweep are shown in Fig. 3.22(d). It is obvious that both curves are
equal, which proves the elimination of the spatial-dependent Nernst signals in the
measured longitudinal MTEP signal. The still present small parasitic transverse
MTEP signal (Us,.i( Hpolar) — Uz i(—Hpotar)) /2, @ = (left, right) (Fig. 3.22(e)) arises
from the temperature gradient along the y-direction %@) in the region of the
Pt/Co/Pt wire between the contacting leads (see dashed box in the sketch of
Fig. 3.22(e)).

The longitudinal MTEP signal corrected by Nernst effects (U (H 1.,) =
(Us.i(Hpolar) + Usi(—Hpolar))/2) is depicted in Fig. 3.22(f) (purple curve) and is
very similar to the plot in Fig. 3.22(c). Note that the deviation between both
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Figure 3.23: Longitudinal thermovoltage in dependence on the out-of-plane orientation
of magnetization (see Sec. 3.2.2) for tc, = 6 nm. The directly measured signal U, ()
and the corrected cos? § signal of the interface AMTEP are plotted in (a). The parasitic
cos # contribution extracted from the directly measured curve is given in (b).

yeorrected(H 1) curves around 0T is due to a slightly different alignment of the
sample with respect to the external magnetic field.

Certainly, the parasitic Nernst signals are also present in the out-of-plane mag-
netization rotation U,(f) in the form of a superimposed cos§ dependence, which
can be distinguished straight forwardly from the cos? 6 signal of the longitudinal
interface AMTEP. Exemplary for ¢, = 6 nm, the directly measured signal for a
rotation measurement as well as the disentangled interface AMTEP are depicted
in Fig. 3.23(a) while (b) shows the effective parasitic Nernst contribution.

In contrast to the above problems with polar orientation of field the experiments
with in-plane orientation of the field do not show any parasitic Nernst contributions
within the uncertainty of the experiment of 0.1 nV (2nV/K).
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4 Longitudinal magnetoresistance &
magneto-thermoelectric power

In this chapter the in-plane and out-of-plane effects in the longitudinal MR and
MTEP measurements are discussed in dependence on the Co thickness of the
Pt/Co/Pt samples. This particularly serves the purpose of disentangling and
characterizing the various effects.

The Sec. 4.1 is concerned with the thickness dependence of the directly measured
magnitudes of the difference resistivities Ap;, and Ap,p, followed by the correction
of the effects for the influence of the current shunting (4.1.1) which occurs due to
the nature of the layered structure of the samples. This is essential to be able to
evaluate the pure MR effects sizes originating from the Co and Co/Pt interfaces.

In Sec. 4.2 the in-plane and out-of-plane MTEP effects AS;, and AS,, directly
obtained from the rotation measurements in dependence on the Co thickness
tco are presented. Similar to the MR investigations, the layer composition of
the samples strongly influences the overall measured thermopower, too. The
developed model to account for this behavior of different shunting and weighting
of the Seebeck coefficients in dependence on the thickness of Pt and Co is given
in Sec. 4.2.1. Again, this yields the acquisition of the genuine effect sizes which
are presented in Sec. 4.2.2. After the shunt correction the MR and MTEP results
are compared, especially regarding the relative scaling of the interface and bulk
effects.

In the last section (4.3) of this chapter a look is taken on the preliminary
investigation on the spin-disorder MR and its thermoelectric analog.

4.1 Thickness dependence of magnetoresistance effects

The thickness dependence of the MR effects in Co/Pt layered systems, especially
the AMR and AIMR effects, have been thoroughly investigated over the last
years [40, 82, 17, 20]. For the sake of completeness the results of the investigated
samples for this thesis are briefly summarized in this section.

The magnitudes of the in-plane MR effect Ap;, and the out-of-plane MR
effect Apop, i.e., the difference resistivities, are determined from the rotation
measurements (see Sec. 3.3.2) for all samples with varying cobalt thickness tc.
The results are depicted in Fig. 4.1(a). Note that the difference resistivities are
calculated as Ap = AR-tc,-w/l where only the Co thickness instead of the overall
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4 Longitudinal magnetoresistance & magneto-thermoelectric power

thickness t = t¢, + tp; of the wire is considered. This is a first approximation
tracing back to the work of Kobs et al. [40, 82| to account for the fact that the MR
effects originate from the ferromagnetic cobalt layer and is used here to maintain
the comparability to earlier works. A full model also considering the changing
current flow with changing ¢¢, will be addressed later.

The curve Apip(tco) characterizes the evolution of the AMR effect with rising
Co thickness. Up to tc, &~ 20nm this in-plane difference resistivity performs
a gradual increase and then levels off to a more or less constant value (with a
slight decrease for high t¢,). The initial rising is mostly caused by the current
shunting due to the Pt layers of the Co/Pt wire as for small ¢¢, the probe for the
impact of the magnetization orientation, i.e., the current flowing through the Co,
is noticeably reduced. For higher Co thicknesses this shunting is diminished and
becomes almost insignificant so that the magnitude of the AMR effect merges
into the constant bulk value.

For the curve Apg,(tc,) where M is altered in the plane perpendicular to the
current flow direction the same reasoning regarding the current shunting applies
but a qualitatively different behavior is observed. After a similar increase like
in the AMR effect up to tc, &~ 5nm the out-of-plane effect dependence on the
thickness blends into a 1/t¢, decline at tc, &~ 10 nm, reaching zero for high Co
thicknesses. Kobs et al. argued that this functional dependence clearly implies
that the underlying effect is connected to the interface-to-bulk ratio and, as it
it still observable in the regime where current shunting plays a minor role, thus,
reveals an interfacial effect, the anisotropic interface magnetoresistance (AIMR).
Of course, this effect is always present if the properties of the interface do not
change but is difficult to detect for high tc, due to the decreasing fraction of
electric current at the interfaces.

The investigations of the samples prepared in the course of this thesis do not
show any hints in the Apg,(tco,) curve for the presence of the geometrical size
effect (GSE), a crystalline texture related effect. It was identified in Ref. [40],
where the same Co/Pt system grown on SiOy was used, as a constant negative
offset with opposite sign compared to the AIMR effect. Although the substrate is
similar to the here used glass it can be argued that the texture is less pronounced
so that the GSE does not occur or is of smaller magnitude as Apyp,(tc,) does not
show a sign reversal in the investigated range.

A different and probable assumption is that the GSE is present for the samples
with ¢, < 30nm but cannot be distinguished from the AIMR effect as in this
range the interface effect is of higher magnitude than the GSE. As a consequence,
only for tc, = 50 nm the GSE would be absent. A hint to support this assumption
may be the found in the presumably changed crystalline growth for this sample
deduced from the deviation of magnetic anisotropy compared to the other samples,
see Sec. 3.1.3. A further indication of the change of the sample properties for
tco = 50nm could be the rather distinct drop of the AMR effect size of this sample.
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Figure 4.1: (a) Difference resistivities Apj, and Apo, as a function of the cobalt
thickness tc,. The values are obtained from the in-plane and out-of-plane rotation
measurements, see Sec. 3.3.2. (b) Pure thickness-dependent in-plane and out-of-plane
effect sizes Apco,ip(tco) and Apcoop(tco) calculated (see Sec. 4.1.1) from the data
plotted in (a), the inset shows the data for high ¢c,. The curves reveal the existence of
interface contributions to both the AMR and AIMR effect. Data from Ref. [89].

However, as the growth for ¢, = 50 nm is argued to tend towards hcp this would
mean an even higher effect size of the GSE (2.1.1) which in turn would mean a
less pronounced texture for this sample to explain the observed behavior.

4.1.1 Correction for shunting (MR)

The results presented above are the difference resistivities directly determined from
the measurements. As the fraction of the current flowing through the Co layer
varies with ¢, when a constant current is impressed in the sample, the magnitude
of the MR effects in the cobalt are not accessible via a direct measurement.
However, it it possible to calculate the genuine effect sizes by the use of a parallel
current model describing the current in the Pt and Co layers in combination
with a Fuchs-Sondheimer modeling to account for the scattering at the Co/Pt
interfaces. More details can be found in Refs. [20, 89]. The intrinsic effect sizes
Apco,ip(tco) and Apceop(teo) are plotted in Fig. 4.1(b). Both curves for the pure
in-plane and out-of-plane MR effects show the functional dependence of 1/t¢,. In
the case of the AIMR effect this is expected following the reasoning given above
and emphasizes that the effect originates from the Co/Pt interfaces.

That the pure AMR effect qualitatively exhibits the same behavior was not
foreseeable from the directly measured values (see Fig. 4.1(a)) and obviously
reveals that the AMR in Pt/Co/Pt does not solely occur as a bulk effect of a
constant magnitude. More precisely, the 1/t¢, dependence of Apceip(tco) provides
evidence of interfacial contributions to the AMR as well due to inversion symmetry
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Figure 4.2: Difference thermopower in dependence on the Co thickness for the (a)
in-plane, ASj,, and (b) out-of-plane, AS,,, variation of M. The data is directly obtained
from the rotation measurements presented in Sec. 3.3.2. The general resemblance to the
MR results stands out. The deviation at tc, = 50 nm (also visible in MR) may be due
to the sample properties and a superposition of large parasitic effects in the original
measurement, respectively. Data from Ref. [89].

breaking at the interfaces!, as stated by Kobs et al. in Ref. [20]. Another reasoning
assumes AMR contributions from the CoPt interdiffusion areas at the interfaces
of different magnitude than from the bulk-like Co area. This would lead to a
non-constant Apce ip(tco), even after the shunt correction, as the current density
at the interdiffusion zones would change with t¢,.

Additionally, the decrease of the pure AMR effect sizes with rising Co thickness
could point to changing structural properties of the cobalt which impact would
be superimposed to the above described effects. These changes could for example
concern the interfaces, the crystalline strain [106, 107] or static defects of the
system [40]. However, the latter, strongly influencing the absolute AMR effect
size, is unlikely to change between samples for a consistent preparation procedure,
although it could explain the rather distinct drop of Ap;, for the wire with
tco = 50 nm.

4.2 Thickness dependence of magneto-thermoelectric effects

Similar to the presentation of the MR results in Sec. 4.1 this section deals with
the thickness dependence of the MTEP effects which were determined from
the amplitudes AS;, and AS,, of the rotation measurements for different Co
thicknesses tc,, see Sec. 3.3.2. The curves for both the (a) in-plane and (b)
out-of-plane variation of M are depicted in Fig. 4.2.

!These contributions were modeled with a semi-classical Boltzmann approach taking (interfacial)
Bychkov-Rashba spin-orbit interaction into account [105].
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As the thermopower S is proportionally related with the electrical resistivity
p (see Eq. 2.18) the clear resemblance of the MTEP effect curves ASi,(t¢,) and
ASp(tco) with the ones obtained from the MR investigations does not surprise.
The anisotropic magneto-thermoelectric power (AMTEP; see Fig. 4.2(a)) also
gradually rises with increasing t¢, and then, after a slight decrease, levels off to a
constant value at higher thicknesses. Again, shunting effects are superimposed
on the curve dominating its general shape. This is a consequence of the Pt
layers of the Pt/Co/Pt wire which, beside the Co, act as additional sources of
thermovoltage and have a varying influence on the overall thermopower when the
Co thermovoltage changes for a variation of the magnetization. The impact of
the shunting and weighting of the Seebeck coefficients is discussed in Sec. 4.2.1.
The drop of ASj, at tc, = 50nm is very likely to be caused by deviations of the
sample properties as already discussed in the context of the MR results.

The ASop(tco) curve mainly represents the evolution of the interface AMTEP
with Co thickness, see Fig. 4.2(b). The increasing values for low t¢, followed by a
1/tc, decay for higher ¢¢, are comparable to the AIMR whereby the curve underlies
the same shunting effects like for the in-plane measurements. However, the data
for tc, > 20nm is not as convincing as for the MR measurements. This is due to
the large parasitic effects (see Sec. 3.4.4) in the out-of-plane rotations for high
Co thicknesses which distinctly exceed the effect signal. While for ¢¢, = 20nm
and 30nm the values of AS,, are still reasonable, there is no evident explanation
why the value at 50nm is distinctly larger than zero, especially, as in the MR
rotation no effect was detectable. This is dissatisfying, nevertheless not of great
importance because these results are rather caused by the uncertainty of the
experiment or structural influences than point to general deviations of the AIMR
behavior in the thermopower at large thicknesses. It is more significant that the
reliable results for lower Co thicknesses do not present doubts for the assumption
that the finding of a different scaling of interface and bulk effects in the MR and
MTEP (see Sec. 3.3.3) is valid. For the further discussion see Sec. 4.2.2.

4.2.1 Modeling of magneto-thermoelectric effects

In Section 3.3.3 it was pointed out that the layered structure of the Pt/Co/Pt
system is very likely to disguise the magnitude of the MTEP effects that originate
from the Co layer. This would lead to deviations between the directly measured
values for AS;, and AS,,, and the genuine effect sizes. In order to rule out that
the finding of the distinctly different slopes of the S(p) curves for the in-plane
and out-of-plane magnetization effects are only artificial due to the composition
of the samples, a modeling taking the layered nature into account is presented in
the following.

The Figure 4.3 shows a simplified circuit diagram for the MTEP measurements.
When a temperature difference is present in the setup each involved material acts
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Figure 4.3: Simplified circuit diagram of the MTEP measurements. When a tem-
perature difference is present each involved material acts like a voltage source with
a certain internal resistance defining its absolute thermopower. The difference of the
absolute thermopowers of the Pt contacting structure (B) and the Co/Pt wire (A) is
the relative thermopower Speas calculated from the measured thermovoltage Uyy,. If the
same material is used for A and B the generated voltage drops in A and B will be of
opposite sign (measured thermovoltage is zero).

like a voltage source with a certain internal resistance which defines its absolute
thermopower. The difference of the absolute thermopowers of this so-called
thermocouple consisting of the sample material A and contacting / reference
material B is the measured thermopower S,..s, defined as [54, 1, 55]

L —Um\
Sineas = Algo( N ) — Sy —Sg . (4.1)

In the case of a Pt/Co/Pt wire (material A) contacted by Pt leads (material B)
the thermopower Speas = S is given by the difference of the Seebeck coefficient of
the wire Sp¢/co/pe and the leads Spy:

S = SPt/Co/Pt - SPt

> Sioit;
= 20T g
> Oit; o
_ SPtOCotCo - SCOUCOtCO (42)

Opt tPt + O-COtCO

UCO(M7 tCo)tCo
— Sco(M, teo) — S
opitps + 0co(M, too)tco (Sao( Co) Pt)

f(M)tCO)

with ¢ = (Co, Pt) and the electrical conductivities 0. The last three lines of this
equation result from the consideration that the Co and Pt layers of the wire are
connected in parallel whereat the seed and cap layer are combined as one Pt layer.
As the lateral extent of the single layers is constant only a thickness dependence
on tpy(= const.) and t¢, occurs, regarding the dimensions of the system. The
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Figure 4.4: The measured thermopower S as a function of the in-plane and out-of-plane
magnetization orientation for (a) tco = 0.8nm and (b) tc, = 6 nm, see also Sec. 3.3.2.
The dashed green curve S(p) = f(¢)- A (with A = Sc, — Spy = const.) reveals the angle
dependence of the shunting and weighting impact of f when setting the thermopower for
Co and Pt as independent of M. The green and orange solid lines represent the fitting
of Eq. 4.7 to the in-plane and out-of-plane data, respectively, revealing the parameters
Chuik and Cintert. which ratio represents the relative scaling of the bulk and interface
effects in the MR and MTEP. While the measured ratios aint/apux = 0.52 £ 0.02
(tco = 0.8nm) and ajnt/apux = 0.63 +0.02 (tc, = 6nm), see Sec. 3.3.3, are distinctly
different, the obtained shunt corrected values Cipterf. /Chuk = 0.47 £0.04 and 0.51 £0.03
are similar within the error margins.

given expression holds for the assumption that the lateral temperature difference
does not differ among the single layers, which is a good approximation as no traces
of a perpendicular temperature gradient were found, see Fig. 3.21.

The magnetization dependence of the measured thermopower S is revealed
by the fourth line of Eq. 4.2 and determined by the intrinsic M-dependence of
Sco(M, tc,) and the defined factor f(M,tc,), respectively. The latter describes
the tco,-dependent shunting of the thermovoltage in Co by the Pt layers as well
as the M-dependent weighting of electronic heat flow within the Pt/Co/Pt stack
due to oo (M).

Note that the equalization of Sp; in Eq. 4.2 only has an approximative character
as the thermopower for the thin Pt of the wire and thick Pt of the contacting
structure have different magnitudes, see Sec. 3.4.2. However, this has no influence
on the correct determination of the difference thermopowers.

To describe and eliminate the impact of the magnetization and thickness
dependent shunting and weighting effect on the MTEP measurements a correction
model was developed, as presented in the following. At first, the attention is
focused on the factor f(M,tc,) of Eq. 4.2 to evaluate its influence.

The thicknesses to, and tpy are known from the sample preparation. The
Pt conductivity op; (the same for all investigated wires) is obtained from the
MR shunt modeling (4.1.1). Remembering that S = f - A with A = (Sco — Spt)
represents the modeling of the measured thermopower (Fig. 4.5(a)), in a temporary
approximation A is set constant via the use of the bulk values S¢, = =20 pV/K
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and Spy = —5pV/K [1] which is motivated in the paper published in the course
of this work [90] as the relative change of S with thickness is at least one order of
magnitude smaller than for o(¢) [63]. By now, a more sophisticated modeling is
used [89] that takes the thickness dependence of the thermopowers into account,
see Fig. 4.5(b). In a next step oco(¢ = 0°), also obtained from the MR shunt
modeling, is adjusted within its error margins to match the modeling f - A to
the actual measured S for the transverse orientation of the magnetization. To
recapitulate, at this point the base value (transverse) of the MTEP rotation
measurement fits the one of f - A.

To account for the magnetization dependence of f(M,t¢,) the influence of
the angle of magnetization on oc,(tco) has to be considered. This is done by
introducing the relations of the in-plane and out-of-plane MR rotations which are
given by the following equation, whereat the indices for in-plane and out-of-plane
rotation, and their corresponding angles are jointly written for simplicity.

0co(p,0) = 0Co trans — DAOCoip.op * cos*(p, 0) . (4.3)

As in the rotation measurements the difference resistivity is determined, not the
difference conductivity, note Ap # (Ac)™!, the quantity Acceipep in Eq. 4.3 has
to be rewritten with this approximation [32]:

A ~ ApCo,ip,op
0 Co,ip,op ~ 2
PCo

= Apco,ipop * 0%0 : (4.4)
The last step to accomplish the description of f(M,t¢,) in accordance with the
measurements the shunt corrected (pure) magnitude Apco ipop has to be inserted
in Eq. 4.4 which is easily realized as these values are known from the MR shunt
correction, see Fig. 4.1(b). The plot of S = f(M,tc,) - A with A = const. is
depicted in Fig. 4.4, exemplary revealing the impact of the shunting and weighting
factor for tc, = 0.8 nm and 6nm. It is obvious that f(M,tc,) is of much smaller
relative influence for the lower Co thickness.

In order to receive a full description of the measurement data the expression
A = Sco(M, tco) — Spy which has been set constant so far is now characterized as
magnetization dependent by

SCO(Ma tCo) - SCo,trans + ASCo,ip,op : 0082(907 0) (45)

representing the pure (S¢,) impact of the angle dependence of the in-plane and
out-of-plane rotations whereat AScg ip op is still unknown. This term is substituted
in Eq. 4.5 via the use of the Mott formula (Eq. 2.18) by

ASCo,ip,op = 'AIOCO,ip,op (46)

ﬂjk’%T 80(E) bulk,interf.
3 e oF

E=Ep

Cbulk,interﬂ
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Figure 4.5: (a) The measured relative Seebeck coefficient S = Spy/co/pt — Spt in
dependence on the Co thickness tc,. The general shape is caused by the shunting effect
of the Pt layer but also includes the impact of a non-constant Sc,(tc,). For high Co
thicknesses these effects decrease in their influence. (b) The absolute Seebeck coefficient
Sco as a function of tc,. The values were calculated based on the data from (a) in
course of the modeling of the MTEP measurements, see Sec. 4.2.1, by C. Erdmann [89].
The strong deviation for ¢tg, = 0.8 nm are of acceptable impact on the determination of
the pure effect MTEP sizes, see Fig. 4.6. It may be caused by the circumstance that for
very thin films no complete bulk-like Co layer is developed for which the modeling does
not account. Data from Ref. [89].

with Cipterr. buik including a constant prefactor and the specified derivative. With
this last step the starting Eq. 4.2 describing the layered nature of the Co/Pt wires
can be translated in

S(@; 9) = f(% ‘9) : (SCO,trans + C(bulk,interf. : A,OCO,ip,op : COS2(§0; 9) — SPt) (47)

where Cypux and Ciyierr. are the fit parameters to model the in-plane and out-of-
plane MTEP rotations, delivering the pure MTEP effect sizes ASc, i, and ASco op-
Additionally, the ratio of Cpui and Clyerr. indicates the scaling of the investigated
bulk and interface effects between MR and MTEP, see Eq. 4.6. For t¢, = 0.8 nm
and 6 nm the full modeling of the MTEP rotation measurements is depicted in
Fig. 4.4.

4.2.2 Correction for shunting (MTEP)

In the following the shunt corrected effect sizes of the AMTEP ASc,;, and
interface AMTEP ASc, o, are discussed. Beforehand, it was shown how these
values were calculated and thus revealing their proportionality to the AMR effect
via AScoip = Chulk - Apcoip and likewise for the interface effect (Eq. 4.6).

The Figure 4.6(a) shows the results for ASc,;, in dependence on the cobalt
thickness t¢,. The qualitative behavior is very similar to the pure AMR effect,
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Figure 4.6: The pure difference thermopowers (a) AScoip and (b) ASce op in depen-
dence on the Co thickness tc,. The values are calculated via the modeling (4.2.1) of
the in-plane and out-of-plane MTEP rotation measurements and represent the shunt
corrected values of the data in Fig. 4.2. The curves mainly reveal the genuine effect sizes
of the (a) AMTEP and (b) interface AMTEP which can be fitted by a 1/tco-decline.
Thus, not only the interface effect but also the AMTEP shows contributions originating
from the interfaces. For tc, > 20nm the ASc, op possess large error margins due to the
small effect sizes combined with large parasitic Nernst contributions in the measured
curves. Data from Ref. [89].

showing a 1/tc, functional dependence. The shape of the curve reveals that the
AMTEP effect does not only occur as a constant bulk effect but also contains
interface contributions which are especially visible for the thin film regime. Here,
the same reasoning applies as in the case of the shunt corrected AMR results.

The out-of-plane difference thermopower ASc, o, as a function of ¢, is given
in Fig. 4.6(b). A 1/tc.,-dependence can describe the data, again, pointing to
the proportionality of this effect to the out-of-plane MR effect Apcoop(tco), see
Fig. 4.1(b), and identifying it as an interface effect. The magnitude of the interface
AMTEP for the sample with tc, = 0.8 nm tends towards a relatively low value
compared to the fitted curve. This is very likely to be a consequence of the absolute
thermopower Sc, for this sample what shows a clear deviation from the Sc,(tco)
curve (Fig. 4.5(b)) which was used for the modeling procedure. It can be argued
that for very thin films no complete bulk-like Co layer is developed, not accounted
for in the model. However, as the effect size is still of a reasonable magnitude it is
evident that errors in the determination of the thickness dependence of S¢, are of
small influence for the determination of the difference thermopowers. This was
already mentioned in Sec. 4.2.1 where the approximative use of bulk values for
Sco and Spy in a previous modeling procedure was motivated.

The results of the out-of-plane difference thermopower in the regime t¢, > 20 nm
are not, particularly convincing. While for t¢, = 30 nm the value seems appropriate,
AScoop appears to be too low at 20nm and too high at 50nm. The main
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4.2 Thickness dependence of magneto-thermoelectric effects

reason for the uncertainty of this data showing large error margins originates
from the superimposed contribution of parasitic Nernst effects in the original
measurements (Sec. 3.4.4) gaining impact with t¢, in relation to ASc, op. Moreover,
at tc, = H0nm there is no evidence for the presence of the GSE in the MR
measurements, see Sec. 4.1, which was speculated to be caused by a differing
crystalline growth compared to the other samples. In the out-of-plane difference
thermopower, however, an effect size distinctly larger than zero was observed,
which consequently translates into a signal visible in AS¢, op, too. Without any
more data covering this range it is idle to give speculations on the behavior, e.g.,
a different impact of the GSE in the thermopower.

4.2.3 Comparison of shunt-corrected anisotropic MR & MTEP effects

In this section the pure difference resistivities Apco ip(tco) and Apco op(teo) and
pure difference thermopowers ASc, i (tco) and ASc op(tco) are compared. Accord-
ing to the Mott formula (Eq. 2.16) the effects are predicted to show a proportional
dependence. This was verified for the AMR and AIMR because the AMTEP
and interface AMTEP exhibit the same qualitative behavior in the magnetic field
dependent (3.3.1) and magnetization orientation dependent (3.3.2) measurements.
As the prefactor 72/3 - k3T /e of the Mott equation is constant for all measure-
ments, a first conclusion is that the derivative [0o(E)/OE]_p_ is constant, too.
From the uncorrected rotation measurements, however, and still after applying
the correction model it was discovered that the derivative has to be different
for the interface and bulk effects. In other words, the proportionality parameter
C, containing this derivative, in ASc, = C' - Apc, is varying between bulk and
interface and describes the different relative scaling of the effects originating there.
This scaling is discussed in dependence on the Co thickness by evaluating the
following expression for all samples:

C’interf. o [801 mtert / [&7—1 bulk o ASCO,Op A‘S(Co,ip
C1bulk 0FE oF E=Ep ApCo,op ApCo,ip .

(4.8)

In the context with the rotation measurements the ratio of in-plane and out-of-
plane effect sizes, i.e., the uncorrected C-ratio labeled with the slopes a, was
already mentioned, exemplary, for the first three samples. For t¢, = 0.8nm
the ratio is @iy /apux = 0.52 £ 0.02, while for the others 0.53 + 0.02 (2nm) and
0.63 +0.02 (6 nm) is obtained whereat the latter was argued to deviate because of
shunting effects. To verify this assumption the ratios of the corrected C-values are
compared. In case of to, = 0.8 nm it is Ciyers./Courx = 0.47 £ 0.04, for the other
samples 0.474+0.03 (2nm), 0.51 +0.03 (6nm), and 0.52 4+ 0.03 (12nm). They are
the same within the error margin and point to the general validity? of the finding.

2This is only valid for the assumption of Apce i, = const. (used in Ref. [90]) in the shunt
modeling of MTEP effects. For details see the erratum.
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Figure 4.7: Sketch of thermopower Sg, over resistivity pc, referring to Sec. 3.3.3.
The linear curves (Mott formula) for the bulk effect (slope Chuk o< ASco ip/ApPCoip)
and interface effect (slope Cintert. X ASco,0p/ApPCoop) are depicted. The representation
visualizes the difficulty to accurately determine the ratio Ciptert./Chux for high Co
thicknesses tc, where the interface effect tends to zero.

The results for the higher Co thicknesses tc, = 20 nm, 30 nm and 50 nm are 0.50,
0.50 and 0.51, respectively, but shall be disregarded as the errors exceed the values
by at least the double magnitude of the values itself. A visual clarification why
it is difficult to accurately determine the ratio for high t¢, is given in Fig. 4.7
where (similar to the representation in Sec. 3.3.3) the magnitudes of the bulk and
interface effect characterize the slopes of the linear Scq ip.op(Pco.ip.op) Curves. It is
evident that the small signals of the interface effect for thick Co layers prevent to
extract Cipgerr./Chue Within reasonable error margins.

Note that the dismissal of data for high Co thicknesses has no consequences
regarding the claim of the general validity (thickness independent) of finding a
different value of [0 (E)/OE]_p, for bulk and interface effects. This is due to the
fact that the high thickness regime may not deliver reliable data but particularly
does not contradict the finding. In addition, already in context with the directly
measured results of @y /apuy for the two lowest Co thicknesses, see Sec. 3.3.3,
where no deviation between the ratios was found, a generality of the finding
was assumed. This was motivated by receiving the same result for samples with
different compositions of the layered structure in a regime where shunting is of
little influence (see Sec. 4.2.1).

When thinking of the AMR and AMTEP, and the AIMR and interface AMTEP
as localized probes for the properties of the areas where they originate, i.e., the
Co bulk and the Co/Pt interface, respectively, then it can be concluded that the
difference of Cpui o [00(E)/ 8E]gileF and Ciytert. X [00(E)/ GEESEF reveals the
presence of different electronic (band) structures (see also Sec. 2.2.1) in the bulk
and interface region.
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Figure 4.8: Effect sizes of the (a) SMR and (b) SMTEP in dependence on the Co
thickness tc,. The data is obtained as slopes from the field sweep measurements (3.3.1)
in the regime of po|H| 2 2T, i.e., =1/po - 0p/OH (MR) and 1/po - 0S/0H (MTEP),
for the three principle directions of the magnetic field orientation. The SMTEP effect
performs a sign reversal between tc, = 2nm and 6 nm.

4.3 Spin-disorder effects in MR & MTEP

In this section the preliminary results of the investigation on the spin-disorder
MR (SMR), see Sec. 2.1.1, and its thermoelectric analog, the spin-disorder MTEP
(SMTEP), are presented.

In simple terms, the SMR effect describes the field-dependent impact of the
magnon spectrum of a ferromagnetic system on the longitudinal resistivity p.
If an external magnetic field is applied the magnons (quasiparticles of the spin
waves) are reduced in number which leads to a reduced resistivity as the number
of scattering events of magnons and electrons decreases. The same reasoning
applies for the influence on the thermopower S.

The SMR and SMTEP have an influence whenever an external field H is
present but the easiest way to determine the impact of the effects is to focus on
the regime above technical saturation of the magnetization as other longitudinal
magnetization effects are constant here. The magnitudes of the SMR and SMTEP
are obtained from the field sweep measurements (Sec. 3.3.1) via the slopes of
the curves for po|H| 2 27T. In dependence on the Co thickness the plots of
—1/po - 9p/OH (MR) and 1/pg - 0S/0H (MTEP) are given in Fig. 4.8 for the
three principle directions of the magnetic field orientation. The general shape
of the two curves is very similar which again indicates the direct relation of
the thermopower and the electrical resistivity as described by the Mott formula
(Eq. 2.17). The qualitative behavior of an increase of the effect size with thickness
whereas the rise is reduced for high t¢, to merge into a constant value is clearly
dominated by the shunting effect of the Pt layers, as described before. While
the shunt correction for the SMTEP has not been accomplished yet, the one for
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Figure 4.9: Electrical resistivity p plotted over the thermopower S at po|H| 2 2T
(longitudinal field orientation) for a sample with tc, = 6 nm. The data is obtained from
the field sweep measurements, see Sec. 3.3.1. The linear curve reveals the validity of the
Mott formula for the relation between SMR and SMTEP effect.

the SMR can be found in Refs. [89, 108] which stand in context with this work.
However, the here depicted results alone point to some interesting features when
comparing the MR and MTEP.

It is very striking that the 1/p-0S/0H curve performs a sign reversal between
tco = 2nm and 6 nm which is not observed for the MR measurements. For the
assumption that all the effects in p translate into the same behavior in S like can
be seen for example for the field sweep measurements in Fig. 3.10 (t¢, = 0.8 nm
and 2nm) the sign of the SMTEP for higher Co thicknesses is unexpected. A
comparison to other works that are concerned with the thermopower of systems
including Co in dependence on the magnetic field [74, 8], describing the anticipated
behavior, endorses the odd nature of discovering a sign reversal. The shunting
due to the Pt layers in the wire cannot be the reason for this behavior because
a correction would only affect the magnitude of the effect size but not the sign.
As pointed out in Ref. [89], although a violation of the Mott formula has been
observed before, e.g., for a graphene systems at temperatures near the Dirac
point [109, 110] this is very unlikely to provide insights for the described finding
regarding the measurements on Co/Pt at room temperature. Another speculation
[108] that the magnon drag effect [111, 1, 112] might offer a possible explanation
by being suppressed for low t¢, and unfolding its impact for higher Co thicknesses
is also questionable as the investigations are performed at high fields and room
temperature [63, 22, 113, 114]. To hopefully establish more insights on this
interesting finding the sign reversal of the SMTEP is under ongoing investigation.

In context with the field dependence (3.3.1) of the resistivity and thermopower,
respectively, the isotropic high field behavior, meaning the independence of the
SMR and SMTEP impact regarding the field orientation, was pointed out. It was
also mentioned that this is an approximation, especially, in the case of the MR field
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4.3 Spin-disorder effects in MR & MTEP

sweeps for low Co thicknesses where the anisotropic high field magnetoresistance
(AHMR) [88] causes a slightly larger change of p with field for the transverse field
orientation compared to the polar and longitudinal geometries. In the MTEP
sweeps this effect only has been observed for t¢, = 0.8 nm. However, when taking
a look at the S(H) curve for tg, = 2nm in Fig. 3.10 it is apparent that the
slopes 1/ - 0S/0H are equal for polar and transverse orientation but here a
deviation is found for the longitudinal curve. As a consequence, the plot of .S over
p in the high field regime, exemplary shown for one orientation and t¢, = 6 nm
in Fig. 4.9, exhibits a different slope for each the longitudinal, transverse and
polar orientation of the magnetic field. As the S(p) representation illustrates
the functional dependence of the Mott formula it follows the conclusion that the
proportionality or scaling of the SMR and SMTEP effects is different depending
on the field orientation, similar to the finding regarding the bulk (AMR and
AMTEP) and interface (AIMR and interface AMTEP) effects discussed before.
This topic is still under investigation, especially, regarding the evolution of the
finding with the Co thickness. The data is already acquired, see Fig. 4.8, but for a
reliable evaluation it would be desirable to reduce the errors and possibly extend
the measurements to higher fields. Moreover, the accurate correction for parasitic
(ordinary) Nernst effects in the MTEP measurements has to be minded.
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5 Conclusion and outlook

The magnetoresistance (MR) and magneto-thermoelectric power (MTEP) effects
of Pt/Co/Pt layered systems deposited on glass substrate were investigated in
dependence on the cobalt thickness tc,. The variation of t¢, for the wire shaped
samples in the range of 0.8 nm to 50nm had the main purpose to disentangle
different effects from the measurements and to be able to evaluate and correct the
shunting influence of the Pt layers on the electrical current (MR) and thermovoltage
(MTEP) in the Co layer. For a quantitative analysis this is important in order to
obtain the genuine magnetization dependent effect sizes that only originate from
the ferromagnetic Co and Co/Pt interfaces.

In the course of the magnetoresistance investigations the known results on the
anisotropic MR (AMR) and anisotropic interface MR (AIMR) [17, 18, 40, 20] effects
were reproduced. The magneto-thermoelectric power measurements revealed the
corresponding effects, namely, the AMTEP and interface AMTEP whereat the
latter was firstly reported in literature as part of this work [90]. Due to Mott’s
description (Eq. 2.16) of the proportionality between the thermopower S and the
electrical conductivity o in the form of S = C - 1/0 with C' « [00/0FE],_g_, the
energy derivative of the conductivity at the Fermi energy, the existence of these
effects were anticipated.

The results of the in-plane (AMR) and out-of-plane (AIMR) magnetization
variations were corrected regarding the shunting with the model presented in
Ref. [20] yielding the pure effect sizes Apc,. For the MTEP measurements another
model, considering the layered sample structure and partially deploying results
from the MR model, was developed in the framework of this thesis to calculate the
genuine effect sizes AS¢, for the AMTEP and interface AMTEP. The comparison
to the MR analogs via ASc, = C-Apc, revealed a different scaling in thermopower
and resistivity between the bulk and interface effect as Chuyx # Clinterr.- This led to
the conclusion that Cyy and Ciyerr. reflect certain properties of the areas where
the corresponding effects originate, namely the Co bulk and the Co/Pt interface.
As C is proportional to [0o/OF],_p which then is non-equal for interface and
bulk, a difference in the band structure in these regions can be assumed. The
combination of MR and MTEP measurements as localized probe for a certain
magnetization dependent effect can be instrumentalized for other than the here
presented effects, too, to gain knowledge on the electronic states. In order to
evaluate if this is a realistic approach layer resolved first principal calculations of
the electronic states (here, in the Co/Pt system) in dependence of magnetization
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orientation would be helpful [115, 116]. Moreover, like stated in Ref. [90], a further
contribution to the different values of C' may arise from different strengths and
types of the spin-orbit coupling effects causing the AMR and AIMR [117]. For a
deeper understanding of the presented finding it could also be helpful to investigate
other layered systems where the AIMR effect has been identified [41, 42, 43].

The confidence that the above discussed findings are robust is based on a number
of additional measurements characterizing various properties of the investigated
system that were performed to check for potential sources of errors. In the
investigation on the thermopower S in dependence on the temperature difference
AT for different orientations of the magnetic field it was shown that the results of
the AMTEP and interface AMTEP effect sizes are valid for a wide! range of AT
This means that despite the temperature dependence of the Seebeck coefficients
these values do not need any correction regarding the temperature difference
applied to the system. Moreover, it has been found that the magnetization
dependent S(AT') curves present an accurate method to determine the MTEP
effect sizes without the need of field sweep or rotation measurements.

While, experimentally, the MR investigations are rather simple, the fact that in
the MTEP measurements the sample is exposed to locally varying temperatures
adds a certain complexity. In the sample layout, for example, it has to be carefully
considered if any material transitions act as unwanted sources of additional
thermovoltages. More importantly, the three dimensional temperature gradient in
the Co/Pt wire was qualitatively investigated and evaluated regarding its impact
on the measurements. The gradient was identified as source of several parasitic
contributions to the longitudinal thermopower due to the Nernst effects which
were eliminated from the measurement data. In turn, just these Nernst effects
could be utilized to determine the magnetic anisotropy of the samples.

Apart from the findings summarized above there are still some interesting
observation that seem worth to be investigated further on. In context with the
Nernst effect measurements it was pointed out that the ONE and ANE exhibit
the same sign among each other whereas their corresponding MR effects are of
opposite sign. This could indicate a varying translation of one of the Hall effects
into its corresponding Nernst effect regarding the Mott formula. As a quantitative
analysis of the VT-dependent Nernst effects would certainly not hurt in resolving
this matter, the temperature profile along the Co/Pt wire should be determined.
For this purpose a special sample layout was designed. Another approach, though
more challenging, would be the sample preparation onto a membrane which
generally provides a spatially linear change of temperature (constant temperature
gradient) so that a simple two-point calibration of 7" would suffice. This would
also reduce the presence of the mentioned parasitic Nernst contributions to the
longitudinal thermopower.

Valid for a reasonable range of applied heating power with regard to the heat dissipation
capabilities of the substrate.
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Also yet without explanation is the observed sign reversal of the spin-disorder
MTEP when changing the Co thickness, not existing in the MR. Here, a variation of
the base temperature of the Co/Pt system and the application of higher magnetic
fields, respectively, could be useful in order to check for the possible influence of
drag effects on this finding. Although, the fact that the sign reversal occurred
at room temperature makes an explanation by means of drag effects, normally
present near 7' = 0 K only, very unlikely.
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Erratum

Proof reading the manuscript of my thesis I noticed an inconsistency in the results
of the shunt model for the magneto-thermoelectric measurements. This concerns
the AScoip(tco) and ASceep(tco) data in Fig. 4.6 provided by C. Erdmann in
context with his master thesis [89]. Due to the erroneous fitting of the MTEP
shunt model, in which wrong results of the MR shunt correction (see Sec. 4.1.1
and Refs. [20, 89]) were entered, the plotted effect sizes of the pure in-plane and
out-of-plane MTEP do not yield a thickness independent ratio Ciygert. /Chu = 0.5
(Eq. 4.8) in combination with the pure MR effect data Apco.ip(tco) and Apce.op(tco)
(Fig. 4.1(b)). In Sec. 4.2.3 the latter is wrongly stated. The resultant constant
ratio is found to be only accurate for the assumption of Apc,;, = const. (used
in Ref. [90]). The recently developed modeling of the impact of shunting on MR
effects [20], which distinctly reveals interface contributions to the AMR (not to be
confused with the AIMR), seems to yield smaller Cipierr./Chuxk ratios. Due to time
limitations I could manage to check the results for the smallest thicknesses only.
The sample with a Co thickness of ¢, = 0.8 nm turns out to produce meaningless
values regarding the uncertainty due to the steep rise of the Apc, curves. For
tco = 2nm the result is Ciygert. /Chuie ~ 0.2. In consequence of the smaller ratio,
the shunting effect of the layered structure in the MTEP is larger for thin films
than previously assumed. Moreover, the results of a preliminary fitting for other
thicknesses reveal that Ciperr./Chux 7 const. and that the ratio increases with .
The thickness dependence can be attributed to the fact that in Cy i not only
the bulk-like AMR is effective but the newly found interface contributions to the
AMR are included via Apc, ip, too.

Note that the considerations given above have no impact on the statement that
the scaling of interface and bulk effects are different, meaning different magnitudes
of the derivative [0o(E)/OE]|_p, in the Mott formula. This in turn points to
different electronic states in the Co bulk, Co/Pt interface and Co/Pt interdiffusion
regions.
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