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Muystery creates wonder and wonder is the basis of man’s desire to understand.
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1 Introduction

In the last 100 years technology has advanced at a pace never seen before. The famous
“Moore’s Law” [1] is probably the most well known example of this seemingly ever
accelerating process. Since electricity was first described by Thale{] followed by extensive
research in the 17, 18" and 19" century by people like Benjamin Franklin [2], Luigi
Galvani [3] and André-Marie Ampere [4], this advance has been driven mainly by the
transportation and utilization of the electron’s charge.

The 20" century however saw the rise of a fundamentally new way to transport
information without any flow of charge. In early experiments by Mersevey, Tedrow [5]
and Julliere [6] it was discovered that the electron’s spin influences charge transport
properties to a large extent. This sparked a whole chain of developments and led to the
conclusion that even a device that only utilized the spin degree of freedom for transport
could be imagined. Nowadays scientists are able to create pure spin currents by a number
of techniques, one of which will be extensively discussed in this thesis.

In 1825, Seebeck [7] discovered that a magnetic field could be observed in a ring made
from two different but intrinsically non magnetic metals if their two contacts were
exposed to different temperatures (Fig. . What he indeed discovered was that the
electrons in the two metals were moving in order to bring the entropy in the system into
equilibrium and hence caused a charge current to flow in the ring that in turn gave rise
to the magnetic field. The Seebeck effect, as it is called nowadays, is used today in a
number of applications. It is, however, restricted to the creation of charge currents. It
was not until 2008, when Uchida et al. [8] discovered that a thermal nonequilibrium not
only influences charge transport but also spin distribution, which Seebeck might have
made responsible for his observation did he know spins even existed.

The spin Seebeck effect, as it was called by Uchida et al., describes the creation of a
pure spin current that originates from a complex interaction of phonons, magnons and

electrons at interfaces.

1Thales of Milet c. 624 BC - ¢. 546 BC



1 Introduction

Figure 1.1: Picture taken from Seebeck’s original publication [7]. By heating one of the contacts
a and b with a spirit of wine lamp he observed how the rings suddenly created a magnetic field
that he observed with a magnetic needle. A, B and K denote the metals antimony, bismuth
and copper.

Since the discovery of the spin Seebeck effect many questions arose on its origin, nature
and even its very existence was doubted at times. Starting from the foundations laid by
Uchida and his co workers [8], the theory work from Bauer, Xiao [9] and others and espe-
cially the research that was done at the Walther-Meifiner-Institute by Weiler, Meyer and
co-workers, this thesis focusses on creating a qualitative and quantitative and consistent
understanding of how spin currents are created by the spin Seebeck effect: what factors
influence their creation and transport and how the spin Seebeck effect compares to other
spin current driven effects.

It is found that previous and current “spin Seebeck measurement” can not be understood
in terms of the anomalous Nernst effect, that the processes involved happen on timescales
smaller than 1ps and maybe most importantly that there is strong evidence the spin
Seebeck and the other spin current driven effects (the spin Hall magneto resistance and
spin pumping) indeed arise from the same microscopic physics.

This thesis is organized as follows: starting with an introduction to the theory behind the
spin Seebeck effect (Ch. , followed by results (Ch. [4)) obtained from a special measure-
ment technique, which is explained in detail in the corresponding section (Sec. and
whose challenges, theoretical and practical limits will be laid out throughout the course
of this thesis, it is explained how the experimental results are influenced by different
sample parameters and the measurement setup. The samples studied in this thesis are
mostly platinum/yttrium iron garnet hybrids which are presented in Ch. . The data was
analyzed with help of a numerical thermal profile simulation (Sec. and then com-
pared to results from other experiments that also focus on the creation of spin currents
(Ch. @ The thesis concludes with a summary of the main results and the remaining

open questions and an outlook on possible future experiments (Ch. .



2 Theory

When the spin Seebeck effect was first discovered [8], it was already proposed that this
effect originates from a thermally induced imbalance in the electrochemical potential of the
two electron spin species. However, a thermal excitation also gives rise to “conventional”
magneto-thermo-caloric effects, which need to be critically considered in spin Seebeck
experiments. A brief introduction into the most relevant magneto-thermo-caloric effects

will therefore be given in the following.

2.1 Classical thermo-electric effects

The interplay between heat and electric currents has been known since the 1820’s [7].
Since then an understanding of how exactly heat and electrical conduction are linked to
each other has gradually been developed. Nevertheless thermo-electric effects are still
a topic of current research. Among the plethora of phenomenona that couple heat and
electrical currents, the Seebeck and the Nernst effect are of special interest to this thesis

and will be discussed in more detail in the following.

2.1.1 Seebeck effect

In the solid state, phonons always contribute to heat transportation [10]. However, ad-
ditional transport channels can be provided, e.g. by electrons or magnons [10]. When
a thermal gradient is applied to a conductor the charge carriers will redistribute such
as to thermally equilibrate the system. In the specific case of an assumed local ther-

mal equilibrium at the hot and cold end of the conductor according to the Fermi-Dirac



2 Theory

distribution [11} |12]
1
F(E)= 5, (2.1)

E—Ep

e T +1
more charge carriers in high energy states are present at the hot side of the solid compared
to the cold side. In order to establish a thermal equilibrium in the system charge carriers
on the hot side will move to the cold side, carrying energy and increasing the entropy of
the systenﬂ Consequently a charge imbalance builds up, which results in an electric field
that counteracts this movement until the system is in steady state. The strength of this
balancing motion and the resulting electric field is described by the Seebeck coefficient S.

Defining the electrical current density as j. = o E — aVT and the heat current density

_.
EN ernst

Figure 2.1: In a metal the electrons move from the hot to the cold side of the sample which
results in an electric field that counteracts this movement. Applying a magnetic field B per-
pendicular to the movement of the electrons creates a Hall type geometry that leads to an
electric field perpendicular to both V1" and B.

as jq = BE — kVT with the electric, thermal and thermoelectric conductivity tensors

o, k and «, respectively one can express the Seebeck coefficient as (using the geometry

of Fig.

_ESeebeck (07
S — L _ 2.2
VT 0. (2:2)

where « is given by
k3T do
= — 2.3
“T 73 om|, (2:3)
F

Likewise electrons in low energy states from the cold end will move to the hot end. To preserve the
simplicity of the argument this is neglected here.

10



2.1 Classical thermo-electric effects

Figure 2.2: The loop of the two conductors A and B is thermalized to two different temper-
atures 17 and T5. If the Seebeck coefficients Sx and Sp are different then a voltage U can be
measured along the conductors.

and « and [ are connected via the Kelvin relation § = o1'. The Seebeck coefficient S

can then be derived as
ki T Olno

=" 0B |,

(2.4)

Since the Seebeck effect is difficult to measure directly, usually two different conductors
A and B with different Seebeck coefficients Sy and Sp are connected to a loop (Fig. .
Heating (cooling) their contacts causes a current to flow through the system that can be

measured as a voltage drop

Ty
U :/ (Se(T) — SA(T)) dT. (2.5)
T
across one of the conductors.
At low temperatures this mechanism can be assisted by the so called phonon drag where

electrons are “dragged” along by the phonons [10].

2.1.2 Nernst effect

Around 60 years after the discovery of the Seebeck effect [7] Ettingshausen and Nernst
discovered that a magnetic field B that is applied perpendicular to a heat current I
leads to the creation of an electric field E o« B x I in the direction perpendicular to
both [14]. This can be easily understood in terms of the Lorentz force, which acts on the

charge carriers moving from the hot end of the sample to the cold end.

11



2 Theory

Referring to the geometry of Fig. [2.1] the Nernst coefficient N is defined as [13]

N ENernst o QyOzz — Ozz0zy

V= — = =
B BNernst|VT| ng + O-gy

(2.6)

With the help of the Hall angle ay = atan(—pBNemst) and the mobility g, the Nernst

coefficient N can be expressed as [13]

_ mkET Ooy
3¢ OE |y~

(2.7)

In materials with strong spin-orbit coupling (e.g. ferromagnets) the so called anomalous
(or spontaneous) Nernst effect (ANE) can occur [15]. While the exact mechanism is still
controversially discussed [15] the anomalous Nernst effect also obeys Eq. (2.6) so that

EANE XX Msp X VT, (28)

where M, is the spontaneous magnetization of the material.

2.2 Spin transport phenomena

The effects discussed in Sec. arose from an interplay between currents of phonons
and electrons (or other charge carriers). FElectrons, however, also carry spin angular
momentum (“spin” for short) [16]. In addition to charge currents, spin polarized and pure
spin currents must be considered [17].

In a two channel model |18] a charge current I. can be split up into the contributions
from particles with spin up (I;) and spin down (I}). For a single species of charge carriers

(e.g. electromns) it is obvious that
I. =1 +1, (29>

as the charge operator Q = —ely [18] does not distinguish between spin up and spin down

particles. Application of the spin operator S = h/2 (o, 0y, O'Z)T with the Pauli matrices

~

o; and det(S) = —1 however yields

L=—0(5-1). (2.10)

12



2.2 Spin transport phenomena

Pure charge current Spin polarized Perfectly Pure spin current
charge current spin polarized
charge current

4 \ 4

o ¢
#?‘? -7)% 5 v

Figure 2.3: In a pure charge current spin up and spin down electrons are moving in the
same direction. Consequently there is no net flow of angular momentum. In a spin polarized
and perfectly spin polarized charge current spin up and spin down electrons move in different
directions but the individual currents are of different magnitude. Both charge and angular
momentum are transported. In a pure spin current spin up and spin down electrons move in
opposite directions so that no charge but angular momentum is transported.

In the absence of any spin dependent scattering mechanisms, such that I and I are
parallel and of same magnitude there is no flow of angular momentum (I; = 0) so that
we have a pure charge current I = I, + %Is =1.

The spin orbit interaction, however, gives rise to a number of such processes such as
skew scattering [19], side-jumps |20] and intrinsic contributions [21] all of which cause an
imbalance between Iy and I). For I, = —I this leads to a pure spin current with no
accompanying charge flow whereas for |I;| # |I;| both angular momentum and charge
are flowing. Last but no least it is worth mentioning that spin currents can propagate
in magnetically ordered materials even in the complete absence of mobile charge carriers.

Then I is carried by magnons [22]. The different current types are sketched in Fig. ﬁ

2.2.1 Inverse spin Hall effect

The direct detection of spin currents is not straightforward. An elegant approach is to
exploit a method that converts spin currents to a quantity that can be measured with
conventional charge-based electronics.

In electrical conductors with pronounced spin-orbit coupling the spin Hall effect [23] con-
verts a charge current flowing in 2 direction into a pure spin current with spin polarization

S. The efficiency of this process is described by the so called spin Hall angle 0y that is

13



2 Theory

Figure 2.4: Due to the spin Hall effect a pure charge current I.. is converted to a pure spin
current Ig. The inverse spin Hall effect subsequently converts a pure spin into a pure charge
current.

given by the ratio of the spin conductivities and the electrical conductivity [18]:
SH h s oA
I>" =0y ~5 I.[z x §]. (2.11)
e

The inverse spin Hall effect is therefore given by

2
IS = gy (—g) LI% % 8], (2.12)

where 2 is now the direction of flow of the spin current.
Inverse spin Hall effect and Nernst effect share the same geometry (cf. Fig. and [2.6)).
This represents an important issue for the interpretation of the longitudinal spin Seebeck

effect, which is addressed in the following.

2.2.2 Spin Seebeck effect

In the spin Seebeck effect a pure spin current is generated through thermal activation of
a precessing motion of magnetic moments which is subsequently redistributed.
A very intuitive model for the spin Seebeck effect was given by Xiao et al. [9], and is

briefly sketched in the following.

14



2.2 Spin transport phenomena

Spin current generation

The approach by Xiao et al. is based on the results of Tserkovnyak et al. who
showed that the energy inherent to temperature induces a precessing motion of magnetic

moments. In proximity to a reservoir this causes a spin current

Jiolt) = 1= [Relg™)m(t) x sn(t) + (g™ i) (213)

to flow in order to distribute the energy. Here m = M /M,V denotes the magnetic unit
vector with saturation magnetization M in the volume V and ¢™ is the spin mixing
conductance at the interface between the magnet and the reservoir.

This kind of situation can, in principle, occur in any system that allows for the flow of a
spin current, when a single magnetic moment in a ferromagnet is excited and relaxes by
exciting its neighbours. In reality, however, a bilayer of a ferromagnet F that acts as spin
source and a normal metal N that acts as reservoir is usually studied. Such a situation
is depicted in Fig. 2.5] which will now serve as the basis for the derivation of the spin
Seebeck effect.

For the spin Seebeck effect the temperature that determines the precession amplitude is

A~

AY

Figure 2.5: A ferromagnet (F) is coupled to a normal metal (N). Assuming different boundary
conditions for phonons and magnons different temperature distributions can develop as sketched
by the red and green line. The magnetization of the ferromagnet precesses around the 2
direction.

the magnon temperature 7™. Now 7™ must not necessarily be the same as the material’s

15



2 Theory

phonon (7TP") or electron (T°) temperature. Such a mismatch can arise e.g., due to
different boundary conditions for the respective heat transport equations. For the phonons
(and due to good coupling also the electrons) a continuous temperature distribution and
finite first derivative (flow of phonons through the interface is possible) across the interface
can be assumed. In contrast, for the magnons no flow across the interface is possible due
to the lack of magnon states in the normal metal (Fig. . Note that the lack of magnon
states also means that no temperature 7' can be defined in N. Another source for such
a mismatch is the existence of thermal contact resistance (see Sec. that additionally
leads to a discontinuity of the phonon temperature at the interface.

The motion of magnetic moments is usually described by the Landau-Lifshitz-Gilbert

equation [20]

m=—ym x (Heg +h)+am xm (2.14)
or
My = —y(MmyHeg » — myHeg y + myh, — m,hy) + a(myr, — m,my) (2.15)
my = _V(mzHeff,:(: - mxHeff,z +mzh, — mth) + a(mzmﬂf o mﬂﬁmz) (216)
m, = —y(MgHegy — MyHeg o + mghy — myhy) + a(mgry, —mymy,) (2.17)

where v is the gyromagnetic ratio, Hg the effective magnetic field, a the Gilbert damping
parameter and h a randomly fluctuating field from various sources such as thermal or
contact noise [9]. In the experiments, presented later in this thesis (Ch. , the effective
magnetic field H.g will essentially be given by an external magnetic field. A comparison
shows that the term proportional to Re(g™) in Eq. is equivalent to the Gilbert
damping term in Eq. (2.14). Due to the fluctuation-dissipation theorem (Eq. (2.30)) the
spin current jg, has to be accompanied by a fluctuating spin current arising from thermal
noise in the reservoir described by a random magnetic field b’

MV ,
Ja=— ™ ym(t) x h'(t), (2.18)

where A is the area of the F/N interface.

The total current density from the ferromagnet to the normal metal is then given by

The static (DC) component of this current is given by

MV

(ds)pc = o/ (m x 1) — %(m < W), (2.20)

16



2.2 Spin transport phenomena

with o/ = (yARe(g™) /47 M,V) and where (- --) denotes the ensemble average.
With the geometry of Fig. in mind, where the net flow of angular momentum is from
the ferromagnet F to the normal metal N in 2 direction, the spin current reads
MV . :
(j.) = — [o/(mmmy — MyMg) — l<mmh; — myhéc)] . (2.21)
v A

For the random magnetic fields h and A’ the fluctuation-dissipation theorem (Eq. (2.30]))
furthermore yields [27, [2§]

20/ vkgT;
(VI (£ (0)) = =76,6(1)
J MSVmC
S0 kT (2.22)
B
(ht)ahy(0) = T2 5
where the temperature Ty = TS = T, IEh in the normal metal is assumed to be equal

for both phonons and electrons and 4, j = x,y. The volume V. here is in fact not the
volume of the ferromagnet but the so called magnetic coherence volume [9]. This quantity

describes the region in which a local perturbation influences the magnetic moments. It is

2 4xD \*/?
Vmc - 5 (k Tm> (223)
3¢ (3) \ksT¢

and takes a value of V. ~ (5.4nm)? for yttrium iron granet [29], the ferromagnet used

given by [29]

for most samples in this thesis. D = 2whAq/M; denotes the spin stiffness with exchange
constant A... For extended ferromagnets all occurrences of V' in this chapter have to be
substituted by V.

In a near equilibrium situation the Landau-Lifshitz-Gilbert equation can be linearized
along the z direction (m, ~ 1 = m, =0, h, ~ 0, Hyg = Heg2). Using vHeg = wp

Eq. (2.15) and (2.16)) then take the following form

My + ary, = —womy + vh, (2.24)

My — an, = +wemy — Yhy. (2.25)
Fourier transforming the equations via f(w) = [ f(t)e™tdt yields

M [(wo — iaw)® — w?] = (wy — iow)yh, — iwyh,, (2.26)

1y [(wo — iow)? — w?] = iwyhe — (wo — iow)yh,,. (2.27)

17
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Introducing

N 1 (wo — 10w —iWw ) (2.98)

(wo — iaw)? — w? iw wp — taw

the above can be written as
mi(w) = Y xij(w)vh;(w). (2.29)
J

With the help of Nyquist’s fluctuation dissipation theorem [30]

2kgT

S(w) = /(M(t), M (0))e™dt = Imy(w) (2.30)

the ensemble averages in Eq. (2.21]) can be computed, resulting in (cf. [31} 9])

_ yhRe(g™)kg

) = gt (TR =), (2:31)

For the experimental geometry used in this thesis (Fig. |5.4)) it is assumed that the differ-

ence T§" — Ty can be expressed as
™ — Ty =T — T = AT (2.32)

due to thermal contact resistance and negligible temperature change within F and N,
respectively (see Sec. . This is in contrast to the expression derived by Xiao et
al. who assume that AT originates entirely from the different boundary conditions for
the magnons (73") and phonons (Té’h) in the ferromagnet, with the latter continuously
continuing into the normal metal (Tlffh‘ = INIp/x interface)- NOte that Eq.

F/N interface
does not contradict the original expression derived by Xiao et al. but is merely taking

into account the different geometries of the experimental setups.

Spin current conversion

In the spin Seebeck effect the spin current generated as just described is then detected
via the inverse spin Hall effect (via conversion of the spin current into a charge current
which can be measured by conventional means).

Due to the inverse spin Hall effect (Eq. (2.12))), the spin current is transformed as:

18



2.2 Spin transport phenomena

IS

Figure 2.6: The two different geometries in which the spin Seebeck effect can be observed.
a) In the longitudinal spin Seebeck effect the temperature gradient is perpendicular to the
magnetization and along the F/N interface normal. b) In the transversal spin Seebeck effect
temperature gradient and magnetization lie in the same plane. The characteristic signature
is that the sign of the obtained voltage changes continuously along the temperature gradient.
The spin Seebeck effect was first observed in the transversal geometry .

2
i = eHEe(jzﬁ X 2. (2.33)
Inserting Eq. (2.31]) into Eq. (2.33)) and using the relation Visyg = plj. where [ is the length
of the normal metal in @ direction, the final expression for the spin Seebeck voltage takes
the form ; ()
pOueyRe(g™)kp
Visu = [AT. 2.34
o M, Ve (234
In the spin Seebeck experiments discussed in this thesis, the temperature difference AT
(Eq. (2.32)) is induced via local illumination of the F/N bilayer by a focussed laser beam

with power P. In this case, in simple terms, one can say that the amplitude and sign of

the spin Seebeck voltage are given by the temperature difference AT in 2 direction, with
the magnetization direction in the ferromagnet determined by an external magnetic field

H.,; and the measurement direction y (see Fig. [2.6])

H ext
H ext

Visn x m(ATy) P-y. (2.35)

19
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[

Figure 2.7: Sketch of the temperature distribution across the Hall bar as induced by the local
laser heating. Cold parts are depicted in blue whereas hot parts are depicted in red. For the
generation of the spin Seebeck voltage only the colored part is taken into account.

Alterations to the theory

Now, the spin Seebeck theory by Xiao et al. detailed above was derived for the geometry
(Fig.[2.6)b) used by Uchida et al. [8,[32,33] and Jaworski et al. [34] for their experiments.
The spin Seebeck experiments discussed in this thesis use a different geometry that needs
to be accounted for to fully capture the experimental situation (Fig. . Therefore, an
extension to the theory outlined above is presented here.
In Eq. the assumption is made that the temperature difference AT between the
magnons in the ferromagnet and the electrons in the normal metal is constant across the
entire length [ of the F/N interface (see Fig . In this thesis heat is applied locally by
a laser beam, such that the aforementioned assumption of constant temperature across
the entire interface is certainly not true. Additionally, Weiler et al. [35] observed a 1/w
relation between the spin Seebeck signal and the width w of the normal metal (see Fig.
that is not represented in Eq. (2.34)).
To model the experimental situation a laser with a Gaussian beam profile is assumed to
hit the Hall bar at its center, for simplicity reasons. It will be shown in Sec. that a
Gaussian beam profile is indeed a good approximation.

Considering the geometry as depicted in Fig. [2.7] in a first step the temperature profile
across the @ direction is taken into account by replacing the factor [AT with the integral

expression
+1/2

Q8

2 +oo )2
IAT — AT’ / e 2(8) dp ~ AT / e2(5) da, (2.36)

—1/2 —o0

20



2.2 Spin transport phenomena

where AT’ denotes the temperature difference 72" — TE" at the center of the laser spot.
The approximation [ — oo in the integration limits is reasonable since the typical Hall
bar dimensions in the experiments where around 1 mm in length compared to around
2.5 um laser spot radius a (Sec. . Consequently as long as the spot is not very close
to the edge of the Hall bar one should not observe any change in signal amplitude which
is confirmed in the experiment (see e.g. Fig. and )

Equation also assumes constant temperature in ¢ direction. To take the nonuniform
temperature distribution caused by the laser beam into account the mean temperature

along this direction is computed by

AT’ +w/2 N2 AT’ “+oo N2
AT;nean — / 6_2(3) dy ~ / e_Q(E) d’y (237)

w —w/2 w

o0

The approximation holds with the same argument as in Eq. (2.36]).
Combining Eq. (2.36)) and [2.37 yields

AT (L) AT g2
IAT — ” //e 2( ¢ )dyd:v: ” CLTW. (2.38)

With this Eq. (2.34]) transforms into

_ pOueyRe(g™kg AT a*n

v
15H TM Ve w2

(2.39)

For the case where the temperature difference is uniform across the entire F/N interface
the same calculations (without the --- — oo approximation) again yield the original
result of Eq. , which makes the extended model consistent with the geometry for
which the theory was originally intended for. Additionally both the originally heuristic
1/w term and the necessary a? dependence now are naturally taken care of. For the
later it will be shown later (Sec. Ch. that the temperature rise induced by the
laser scales with 1/a® but that for a < w/2 it is found that Vigg = const. as predicted by
Eq. .

The result of these, originally geometrically motivated, alterations to the original spin

Seebeck theory are therefore well reproduced by the experimental data.

In this chapter it was briefly addressed how phonons, electrons and magnons interact and
give rise to a number effects that show how rich and complicated a seemingly well known
field like the transport of heat can be. While the conventional Seebeck and Nernst effect

21
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rely on the transport properties of conductors, the spin Hall and inverse spin Hall effect
made it possible to show that, even in the absence of charge carriers, mechanisms quite
similar in their result, but drastically different in their origin, can emerge.

The spin Seebeck effect is therefore fundamentally different from the conventional Seebeck
effect due to a number of reasons. Firstly, the conventional Seebeck can, in principle, occur
in any electrical conductor whereas the spin Seebeck effect requires the presence of spin
polarization that can be excited by the application of heat. Secondly the conventional
Seebeck effect gives rise to a charge current whereas the spin Seebeck effect gives rise to
a spin current. Finally the spin Seebeck effect is not dependent on charge carriers at all

but can also occur in electric insulators.

22



3 Samples and materials

During the course of this work, spin Seebeck measurements were conducted on 25 dif-
ferent samples using the setup explained in Sec. {.I The main focus was on samples
based on the ferromagnetic insulator yttrium iron garnet (YsFe;Oqz, or YIG for short)
that was epitaxially grown in house at the Walther-Meifiner-Institute (WMI) by Matthias
Althammer and Sybille Meyer.

More specifically, the samples consist of thin yttrium iron garnet films grown on (111)
oriented gadolinium gallium garnet or yttrium aluminium garnet substrates. The yt-
trium iron garnet thin films were covered in situ, without breaking the vacuum, by a
normal metal thin film to enable spin current detection. Additionally, samples made
from nickel, cobalt, nickel ferrite and magnetite, made by Matthias Althammer, Franz
Czeschka, Mathias Weiler and A. Guptd[| were also examined. Table [3.2] and [3.1] show an
overview over all samples investigated. All samples were patterned into Hall bar struc-
tures (cf. Fig. by various members of the magnetics group at the WMI to enable
magneto-transport and spin Seebeck experiments.

In the following a short summary of the different materials used in the yttrium iron garnet

samples is given.

¢ Gadolinium Gallium Garnet (GGG) The choice of the substrate for the yt-
trium iron garnet thin films is determined by the need of small lattice mismatch
to avoid crystallographic defects. Gadolinium gallium garnet (Gd;GasO;3) is com-
monly chosen [36} 37, [38] due to its lattice constant a = 12.383 A [39] being almost
identical to the one of yttrium iron garnet (a = 12.4 A) [40]. However, GGG is also a
strong paramagnet, which makes experiments at low temperatures problematic, but
is not relevant here since the spin Seebeck effect originates at the platinum /yttrium

iron garnet interface where the magnetization of the GGG is irrelevant.

University of Alabama, USA
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Figure 3.1: Unit cell of yttrium iron garnet. Yttrium is represented in green, oxygen in red
and the two different iron sites in blue. The size of the spheres is given by the atoms’ atomic
radius.
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e Yttrium Aluminium Garnet (YAG) For experiments where the paramagnetic

contribution of the substrate is of concern and also to study the effect of differ-
ent substrates onto the yttrium iron garnet thin films, yttrium aluminium garnet
Y;Al(AlO4)s was chosen as an alternative substrate. YAG only exhibits very weak
paramagnetism but has a large lattice mismatch (a = 12.01 A) with YIG.

Yttrium Iron Garnet (YIG) To avoid the occurrence of the Nernst effect
(Sec. the electrically insulating ferrimagnet yttrium-iron-garnet YsFey(FeOy)s
is used as the source for the spin currents in this thesis. YIG is an artificially created
member of the garnet group where calcium (Ca) has been substituted by yttrium
(Y) and both silicon (Si) and aluminum (Al) by iron (Fe) compared to natural gar-
net (CagAly(SiOy)s). The crystal structure is bee so that a unit cell (@ = 12.4 A) [40]
of YIG consists of four complete YIG formula units with a total of 80 atoms. Due to
the complex structure (see Fig.|3.1]) of the unit cell the five Fe(Ill)-ions occupy two
different types of positions within the unit cell leading to ferrimagnetic behaviour.
The exchange coupling breaks down at a temperature of T = 560 K , .

The YIG thin films investigated here are grown at a substrate temperature of 550°C
via laser molecular beam epitaxy from a stochiometric polycrystalline yttrium iron
garnet target. The laser was operating with a wavelength of A = 248nm at a

2

repetition rate of 10 Hz depositing 2J/cm® at the target in a p = 25 pbar oxygen

atmosphere . More details on the growth process and structural poperties can

be found in [44} 45].



e Platinum (Pt) To detect the spin current from the YIG the inverse spin Hall
effect (Sec. is utilized. A large spin Hall angle is therefore beneficial to the
experiment. Platinum exhibits a spin Hall angle of 8y = 0.013 [46] or even larger [44],
which is considerably larger than the spin Hall angle found in most other metals.
The platinum was deposited in situ, without breaking the vacuum, on top of the

YIG thin films via electron beam evaporation.

e Copper (Cu) and gold (Au) In some samples a buffer layer of either copper or
gold is deposited between the YIG and the platinum. Except for sample #13 this
was done to critically test the impact of magnetic proximity polarization induced
in the Pt by the YIG [47]. Due to the large lattice mismatch (apy/au/cu = 4A) the
normal metals are all amorphous or polycrystalline. Gold and copper exhibit only
small (85" = 0.0035) [46] or even vanishing (65°PP" ~ 0) [48] spin Hall angles.
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sample # lab name platinum layer thickness [nm] buffer layer YIG layer thickness [nm] substrate (500 pm)

YIG1 unknown 30 GGG
YIG19 20 GGG
YIG20 20 GGG
YI1G44 20 GGG
YIG45 20 GGG
YIG55 46 GGG
YIG56 65.5 GGG
YIG57 58 GGG
YIG5H8 . 56 GGG
YIG59 37.5 GGG
YIG60 . 54 GGG
YIG61 54 GGG
YIGAul Au (7nm) unknown GGG
YY14 70 YAG
YY17 45 YAG
YY19 Au (10nm) 45 YAG
YY21 45 YAG
YY22 45 YAG
YY24 45 YAG
YY26 45 YAG

Table 3.1: Overview over the YIG based samples




sample # lab name composition

21 FBI2 Ni(50 nm)-MgO(500 jim)

22 FBI3 Co(50 nm)-MgO(500 pm)

23 NFO  Pt(10nm)-NiFe;O4(620 nm)-MgAl, Oy
24 SP1 Pt(71nm)-Ni(10 nm)-MgO (500 pm)
25 SP35  Pt(7nm)-Fe3O4(20 nm)-MgO (500 im)

Table 3.2: Overview over the non-YIG samples

srerojetr pue sofdureg ¢

Contact Pad Feed Line

Tmm

Figure 3.2: a) Schematic of a standard sample (e.g., sample #3). The platinum is deposited on the YIG during the initial growth process.
Using photolithography and ion beam etching the Pt is then patterned into a Hall bar structure. b) Schematic with dimensions of the Hall
bar with the naming convention that is used in this thesis.




4 Experimental results

In this chapter, the main experimental results obtained in this thesis are presented and
discussed. A more involved quantitative analysis requires qualitative information about
AT and thus is postponed to Sec.[6.1] In this chapter, first, the optics used in the experi-
ments are characterized. Then the results of local spin Seebeck measurements conducted
on several samples will be summarized. These data show that all the experimental results
in this thesis are qualitatively consistent with the spin Seebeck effect and that the relevant

timescales for the spin Seebeck effect must be smaller than 1 ps.

4.1 Experimental setup

Most spin Seebeck experiments to date [32, 33, 34] were done by applying a homogeneous
temperature gradient across the whole sample. This method is comparatively easy to set
up and makes it easier to detect the voltage induced by the spin Seebeck effect since the
whole sample is heated. However, questions of sample geometry, local effects and the role
of interfaces for example can hardly be studied.

Therefore, a new spin Seebeck measurement method was developed at the WMI by Weiler
et al. |35, 49] where, instead of applying a spatially homogeneous temperature gradient,
a focussed, scannable laser (cf. Fig. is used to generate a local thermal gradient. It
will be shown later (see Ch. |5)) that an increase of the sample’s surface temperature of
about 50 K can be achieved with this method using the setup presented in this thesis. A
schematic of the setup is shown in Fig.

Throughout the course of this work, two different laser diodes with wavelengths of 658 nm
and 660 nm, and output powers of 46 mW and 120 mW, respectively, have been used. The
laser beam is coupled into a single mode optical fibre that terminates in a f = 11 mm
lens mounted onto a xyz-stage with a 4 mm scanning range in each direction. That way

one can scan the laser beam across a sample’s surface. The latter is mounted between
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4 Experimental results

Figure 4.1: Depiction of the experimental setup used for the spin Seebeck measurements. The
laser beam from the laser diode can be blanked by an electronic beam shutter or adjusted in
intensity by a filter wheel. A beam splitter is used in some experiments to either record light
that is reflected from the sample or directly measure the shape and intensity of the laser beam.
A chopper wheel is used to modulate the beam to allow for lock-in detection of the signal
created by the spin Seebeck effect. The laser beam is coupled into a fiber that terminates in
a collimator mounted onto a xyz-stage. That way the laser beam can be scanned across the
sample. The complete setup is mounted onto an optical table to stabilize the system against
external influences such as vibrations. The sample is depicted not to scale.

two pairs of magnetic coils that form a 2D vector magnet. In addition to the already
present chopper wheel, an electronic beam shutter, a filter wheel and a beam splitter
were inserted into the beam’s path. The filter wheel is fitted with neutral density filters,
allowing the beam power to be varied reproducibly. The beam splitter is utilized in two
ways. The beam fraction that is outcoupled from the original beam can be detected by
a photodiode (photodiode A in Fig. to serve as trigger signal for the time resolved
measurements that will be presented in Sec. of this thesis. The other purpose is that
light reflected from the sample’s surface is guided back through the fibre and then by
aid of the beam splitter onto another photodiode (photodiode B in Fig. . That way
not only the thermoelectric but also the optical response of a sample can be measured.
The chopper wheel is used to modulate the beam intensity in a square wave like fashion
to allow for a better signal to noise ratio via lock-in detection. The samples are glued

and bonded to a chipcarrier system that enables recording a voltage originating from the
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4.1 Experimental setup

sample to be transmitted via BNC connectors.

For the measurements of the spin Seebeck signal (Sec. , the voltage arising due to the
spin Seebeck effect (cf. Eq. ) is fed into a Stanford Research SR830 lock-in detector
that is triggered via the chopper wheel. The multimeter (or lock-in as well) is used to
measure the signal from photodiode B that captures light reflected from the sample’s
surface (Sec. [4.3). For the time resolved measurements (Sec. the signal from the
sample is first amplified and then read out by a digitizer card that is triggered directly
by the laser light which is measured by photodiode A.

Note that during this thesis from here on, whenever a value for the laser power P is given
for the measurements this value is to be understood as the continuous wave equivalent of

the laser power. Simplifying the modulation of the laser to
1 :
P(t)=PF- 5 [1 4 sin(wt)].

It follows that
_h

5

The lock-in technique, however, returns P(t) for those points where wt = 7 4 2n-m, hence

P ={P())

P = PF,. In simple terms, if during this thesis a quantity is given as function of the laser

power P this is equivalent to a continuous wave (P(t) = const) measurement at 2P.
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4 Experimental results

b) Sample/
Lens photodiode
f

Focus distance

Figure 4.2: a) Depiction of the “knife edge” technique . The sharp edge was made by
covering half of the photodiode’s sensor with a piece of a scalpel’s blade. b) The “focus
distance” is given by the distance between lens and sample. Note that since the collimator (the
lens) is mounted by hand first the position of focus distance= 0 is arbitrarily defined in every
measurement. Optimal focus is achieved when the distance between the lens and the sample
is equal to the lens’ focal distance f.

4.2 Characterization of the laser beam

As described in Sec. a laser beam is used to heat the sample and generate the temper-
ature drop across the F/N interface. It was shown in Ch. that the laser spot radius a has
to be taken into account for a quantitative analysis of the spin Seebeck effect. The value of
the a is determined by the collimation optics but since a enters Eq. quadratically a
separate measurement of a was done to verify the value quoted in the spec sheet given by
the manufacturer. The so called “knife edge” technique is used to determine the laser
spot radius. This technique is generally considered to return very accurate and reliable
results while being fairly straightforward to conduct.

For the knife edge technique the focussed laser beam is moved across a sharp edge that
covers part of a photodiode. Plotting the diode’s output current as a function of the laser
beam displacement then yields a characteristic curve (Fig. ) allowing to quantify the

laser spot radius.

To derive the photodiode current as a function of the laser spot position consider a

photodiode in the x-y-plane where y < 0 is covered so that no light can reach the sensor

ZQ(;yQ)} at position y = b, it can

here. Assuming a Gaussian laser beam profile exp [—2 <

be derived from simple geometrical considerations that a normalized signal is expected to
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4.2 Characterization of the laser beam
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Figure 4.3: The blue dots represent experimental data whereas the red lines are fitted curves
according to Eq. . a) The focussed laser beam is moved across the sharp edge. The
signal is proportional to the area of the laser spot that is impinging onto the photodiode. The
laser spot radius can then be determined from the slope of the curve. b) Combination of
several measurements of the type shown in a) with varying distance between collimator and
photodiode. For a perfectly focussing system the curve is expected to follow the dashed line.
Due to the imperfections of the lens the diameter is limited by the lens’ numerical aperture.
The minimal spot size can then be determined from the difference between the cusp of the solid
curve and the minimum of the experimental data. c¢) The laser beam (before collimation) was
examined by incrementally closing a ring aperture and measuring the remaining laser power by
hand with a power meter. That way one can calculate back the laser beam radius. The value
obtained with this technique is slightly larger (0.56 pm) than the one obtained from the other
two methods depicted in a) and d), but so is the error. d) Same as a) but without collimation
optics.
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follow

9 +oo  ptoo o a?4(y-b)?
g9(b) = T/ / e 2( o >d9cdy (4.1)
asm Jo —00

with a the eiz radiu which will also be called beam radius from here on. Figure
shows typical knife edge technique data for the P = 120 mW laser used in the majority
of the experiments. It can be seen that the photodiode signal does in fact not drop to
zero for b > a as expected, but has a slight offset ¢ that has to be corrected for in the fit.
This is possibly due to diffuse scattering at a wavelength filter in front of the diode. Since
the raw data from the photodiode are not normalized this has to be accounted for by a
scaling factor s. Additionally it can be seen in Fig. that the edge is not at the same
position d for different distances between lens and photodiode. Thus the experimental
data have to be fitted to

c+s-g(b—d) (4.2)

This procedure was repeated for varying distances between lens and photodiode to find
the optimal focus point. For a perfect lens a plot of the beam radius over the focussing
distance z should show a linearly decreasing beam radius until a = 0 where it vanishes
and subsequently starts to grow linearly again. This Abs(z) type of behaviour with van-
ishing beam radius at optimal focus is reproduced reasonably well in the data (Fig. [4.3p),
although there are several factors that limit the minimal radius. The dominant factor is
the diffraction limit which is derived from Ernst Abbe’s sine condition [51] that connects
the minimal distance between two resolvable points d,,;, with the lens’ numerical aperture
Apn:

0.61-A
min — AN .

The 11 mm lens in the setup has a numerical aperture of Ay = 0.26 yielding a lower limit

(4.3)

for the spot radius of about 1.5 pm.

The data obtained by the procedure described above yields a minimal beam radius of
about 6.4pm as shown in Fig. but fitting this to an Abs(z) shows that there is a
clear offset in the data, apparently due to the initial offset of the signal at the edge. Tak-
ing into account the distance between the fit’s cusp and the minimum of the experimental
data the minimal beam radius is about 2.5 um (solid red line in Figi4.3b).

From this one can also calculate the unfocussed beam radius right at the lens which is
about 0.5 mm. This can then be compared to measurements following the same procedure
as described above, but with the lens removed from the collimator (Fig. [4.3d). Addition-
ally an experiment was done in which the radius was determined by measuring the total

power through an iris aperture with varying diameter (Fig.[4.3c). All three measurements

'The radius at which the beam intensity drops by a factor of e%
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4.2 Characterization of the laser beam

yield an unfocussed beam radius of just around 0.5 mm, corroborating the result obtained
in the first experiment.

Note that the value a = 2.5pm is about a factor of 2 smaller that the value of 5pum
quoted in the spec sheet of the collimator. However, manufacturers are known to be very
conservative with these type of data.

Overall, since all the measurements return about the same optimum value for the laser

spot radius a value of a = 2.5 nm will be used throughout this thesis.
Photodiode signal (normalized)
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Figure 4.4: Complete result of a “knife edge” measurement (a single line can is shown in
Fig. [4.3h). The reason why the signal does not go down to 0 is probably due to diffusive
scattering at the color filter in front of the lens. The bent edge is due to an angular mismatch
between sample and laser
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4 Experimental results

4.3 Laser-raster reflectometry imaging

The immediate benefit of the system described in Sec. is that it allows for the obser-
vation of local effects in, or properties of the sample.
In order to generate a spatial image of the quantity of interest, the stage is moved in such
a fashion that the laser spot scans the sample point by point with a fixed step size that is
limited by the stage’s accuracy of about 60 nm [52]. The distance between two neighbour-
ing points in this scanning process will be referred to as ”resolution” in the following.
As part of this thesis a photodiode (photodiode B in Fig. was inserted into the setup
in order to simultaneously conduct spin Seebeck measurements and optical imaging: a
fraction of the light that reaches the sample is reflected from its surface and recoupled
into the fibre. Once it reaches the beam splitter a certain amount is redirected onto the
photodiode. The photodiode thus yields a current that is proportional to the reflectivity
of the sample’s surface. Plotting the photodiode current in false color as a function of the
laser spot position (x,y) then gives an image of the sample, just like plotting Visu(z,y)
gives a map of the spin Seebeck effect [35]. Due to the different refractive indices of the
materials composing the sample different amounts of light are reflected making it possible
to clearly map the Hall bar structures on the sample as shown in Fig. [1.5] This laser-
raster reflectometry imaging allows one to safely attribute the spin Seebeck signal Vigy
discussed in Sec. to stem exactly from the Hall bar, and that there is no such thing as
ghosting where the spin Seebeck signal would appear at a slightly different position than
the Hall bar itself.

In Fig. Newton’s rings [53] can also be observed. Those appear due to reflections
between the lens and the sample and can be described by [53]

Ty = (n - %) AR (4.4)

where 7, denotes the radius of the n'® bright ring, A the wavelength of the laser and R
the curvature of the lens. From the position of the center of the rings, seeming to be
located beyond the lower end of the picture, it is theoretically possible to calculate back
on the angular mismatch between optical axis and sample normal. For the experiments
conducted during this thesis the small angular mismatch was not relevant. Should it
however become necessary to have a better alignment between sample normal and optical
axis, this effect could be used to properly align the setup.

The optical resolution achieved by the laser-raster reflectometry imaging is limited by the

laser spot radius of 2.5 pm. Even though images taken with smaller step sizes between the
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4.3 Laser-raster reflectometry imaging
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Figure 4.5: Laser-raster reflectometry image of sample #3. The greyscale represents the pho-
todiode current that is proportional to the reflectivity of sample at each position (z,y). The
lighter parts outline the shape of the Hall bar. Improper patterning of the Hall bar structure
can be seen in the upper left corner. Next to the bonds (black) additional black spots show
that the sample has been bonded twice. On the main body of the Hall bar some dirt can be
seen (e.g. at around [450 pm, 450 pm]) that is also reflected in the spin Seebeck image taken
simultaneously (see Fig. |4.7)).

individual points appear more pleasing (less pixelated) to the eye, no additional features
can be observed below a resolution of about 2pum (Fig. . Comparing an image that
was taken at 16 times the resolution of the 2 pm resolution image to which a Gaussian
blur was applied shows a striking similarity, the only notable difference being that the
higher resolution image shows more artefacts from the lock-in detection. However it does
not resolve the additional finer features that can be seen on a microscope image of the
same area. This further supports the notion that, as derived in Sec. [£.2] the laser spot

radius is around 2.5 pm.
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Figure 4.6: Image of a Hall bar’s feed line taken at a resolution of 2um x 2pm and 500 pm X
500nm. The higher resolution image does in fact not resolve more detail as can be seen when
it is compared to the Gaussian blur of the 2pm x 2pum image. The 500 pm x 500 nm image
does also not resolve features that are visible in the conventional microscope image (and are
considerably larger than 500 nm), since the resolution of the laser-raster reflectometry imaging
is limited by the laser spot radius a = 2.5 pm.

4.4 Local spin Seebeck measurements

With the laser spot well characterized, the spatially resolved spin Seebeck experiments
can now be analyzed.

The heating of the sample, caused by the absorption of the laser beam by the sample,
generates a temperature difference between the magnons in the ferromagnet and the elec-
trons in the normal metal. This gives rise to the spin Seebeck effect (cf Sec. . In all
samples the temperature difference AT as defined in Sec. m (TR — T, Eq. (2.32)) is
negative, since the platinum that is used as a spin detector has a much higher absorption
coefficient for the laser light than the YIG (c¢f. Sec.[4.6]). In the same fashion as for the
recoding of the the laser-raster reflectometry images (see Sec. the laser is scanned
in small steps across the sample surface by the xyz-stage. At every laser-spot position
(x,y), the voltage V(z,y) (the thermo-galvanic potential) between a pair of electrodes
(see Fig. is recorded by the lock-in detector. It will be shown in this section that
V = V(z,y) originates almost entirely from the spin Seebeck (and subsequently the inverse
spin Hall effect), such that Vigg will be used throughout this thesis. Plotting Visu(z,y)

in a false color plot then returns the desired image, referred to as "spin Seebeck image”
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4.4 Local spin Seebeck measurements

in the following. In this chapter in each spin Seebeck image, an inset depicts the area on
the Hall bar from which Vigy originates, indicated by a green rectangle. Each individual
point takes about 0.5s to measure, which is mainly due to the time the stage needs to
move from one point to the next. For samples that show a very weak spin Seebeck signal,
however, the integration time of the lock-in has to be increased up to around 1s so that
this becomes the limiting factor.
To focus the laser spot onto a sample a process similar to the one in Sec. is used. The
laser is scanned across the sample in the y-direction (¢f. Fig. for different distances
between lens and sample. This returns a square wave like signal for good and a more
Gaussian like for bad focus (see also Fig. . The process can be assisted by the optical
signal from photodiode B (Fig. and Ch. that shows a much sharper peak at the
correct focus and therefore makes exact focussing easier.
It is important to note that the sign of the spin Seebeck signal (Vigy) for almost all mea-
surements presented in this thesis has to be considered as arbitrarily defined. This is
due to the fact that the signal’s true sign can not easily be determined from the lock-in
measurements since the signal’s phase shift is not known a priori. Additionally the final
equation of the spin Seebeck theory (Eq. ) does not account for the sign reversal
possible through the external magnetic field. This property was “lost” in the derivation
of Visg when the inverse spin Hall effect was evaluated (Eq. ) and the magnetization
and measurement direction where specifically chosen in such a way that the resulting Visy
was positive. For the quantitative data evaluation (see Sec. Ch. , Ch. @ it is there-
fore, without loss of generality, assumed that the spin Seebeck signal Vigy is positive at
all times. A thorough discussion of the spin Seebeck signal’s sign is given in in App. [A.2]
Figure shows a Visu(z,y) image where the thermo-galvanic voltage between the
V_. (nV)
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Figure 4.7: Image of sample #3 (YIG/Pt) at 60mT (H|ly) and ~ 3mW laser power with a
resolution of 5pm X 5pm per data point. The voltage from the body of the Hall bar is about
400nV. Clearly visible is the Hall bar itself, the two bonds that are utilized for the readout of
the signal and also the places where the feed lines are connected to the main body of the Hall
bar.

two contacts at the long ends of the Hall bar is plotted over the position of the laser
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spot. Most notable are the two places where the bonding wires are contacted to the
Hall bar (z = 150pm and = = 1200 pm). Here a strong Visg signal can be detected
that has a different sign for each of the two bonds. As this signal doesn’t change
its sign or magnitude as a function of the magnetic field (see below) this signal is at-
tributed to the conventional Seebeck effect. In accordance with Eq. and Fig.
the two bonds produce a thermal voltage of opposing sign. Using the data of Fig.
with the Seebeck coefficients for platinum and aluminium (ASpi_a = 3.5uV/K) [54]
yields a difference in temperature between the two ends of the Hall bar of around 0.3 K.
It is shown later in this thesis (Ch. [5)) that this rise in temperature seems to be un-
reasonably small considering that aluminium is an even better absorber for the laser
light than platinum by a fair amount (a$3°™™/a88"™ ~ 1.8) [55]. Taking into account
that also the reflectance (RSO™ =~ 0.7, R™™ ~ 0.9) [55] and thermal conductivity
(kpy = 72W/m K, k) = 237 W/m K) [54] are much higher, however, the result is plau-
sible.
The most interesting observation is the spatially resolved spin Seebeck effect, however:
the main body of the Hall bar gives a uniform signal along its length and width which
is in good agreement with the spin Seebeck theory (Eq. (2.39))). The exact shape of the
signal close to the edges also agrees with the additions made to Eq. . This is further
elaborated on in Sec. 5.1l

In contrast to the conventional Seebeck effect (Eq. (2.5))) the spin Seebeck effect
(Eq. ) shows a strong dependence on the magnetization direction of the ferromag-
net. Figure[4.8 shows two spin Seebeck images for both a positive and a negative external
magnetic fields. The external magnetic field forces the magnetization to align itself par-
allel and thus determines the sign and magnitude at which Visg can be measured via the
inverse spin Hall effect (Eq. (2.12))). For a magnetic field in y-direction the inverse spin

Hall effect creates a current in the x-direction and vice versa.

Figure and b do indeed show that by reversing the direction of the external magnetic
field Visyg changes sign but is constant in magnitude. One can also record Vigy at a fixed
position (z,y) on the Hall bar as a function of the external magnetic field orientation «,
such as shown in Fig. |4.8c. Visug clearly follows a sin a behaviour as predicted by the
inverse spin Hall effect and Eq. . Moreover, Fig. 4.8c shows that this sin « has to be
corrected by adding a constant phase ¢ to « in order to exactly reproduce Vigy(«). This
phase ¢ stems from the slight rotation of the sample that can be seen in Fig. and b.
With the data of Fig. 4.7 and it was shown that the experimental setup presented in
Sec. can be used to create a voltage map of the spin Seebeck effect across a sample.
Using a 2D vector magnet it is also possible to confirm that the measured voltage does

indeed stem from the spin and not the conventional Seebeck effect.
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Figure 4.8: a) Spin Seebeck image of sample #14 taken at H = +70mT, H|y. In this
configuration a positive spin Seebeck voltage Vigy is measured. b) Same as a) but with
H = —70mT. In accordance with Eq. the sign of the measured voltage changes while
the magnitude remains unaltered. Note also that Vigg does not change sign with H polarity.
¢) Normalized spin Seebeck voltage Visy as a function of the orientation « of the external
magnetic field. As predicted by Eq. a sin « behaviour is observed (red line). The blue
line was simultaneously recorded along two transverse contacts (see Sec. [4.4.4]). Here the spin
Seebeck voltage is recorded in the y-direction, corresponding to a 90° shift of the measured
spin Seebeck voltage, as observed.

4.4.1 Spin Seebeck magnetic domain imaging

An additional benefit of the ability to locally resolve the spin Seebeck signal is that it be-
comes possible to visualize magnetic domains during the magnetization reversal process.
Weiler et al. already published first results [35] and their work has been continued in this
thesis.

To observe the magnetic domains, the external magnetic field is incrementally changed
from positive to negative saturation and a spin Seebeck image is taken at every field.
Close to the sample’s coercive field these images reveal the magnetic domains.

Figure also shows that during a magnetic field sweep the new domain orientation
nucleates on one end of the sample and spreads from there to the other end. In the figure
this is especially evident from the panels b) and c) where the positive voltage Vigy area
(red) starts to spread from the left to the right end of the Hall bar. The direction in
which the domain walls move is always the same for one specific sample for both the up-
and downsweep of the magnetic field.

This agrees with observations in thin cobalt films [56] and the formation of end do-
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Figure 4.9: In panel a) the sample (#3, YIG/Pt) is homogenously magnetized and no domains
are visible. Incrementally changing the magnitude of the magnetic field one can observe how
the sample’s magnetization starts to adjust to the new field orientation, with a domain wall
moving from the left to the right side of the Hall bar (b)-f))

mains [57). These end domains easily form at the edges of a sample once the external
magnetic field falls below a certain threshold that is in many cases much higher than the
sample’s coercive field. Since they are already partly oriented in the opposing direction
they benefit the formation of the new, reversed magnetic domain. What exactly causes
the domain walls to consistently move from one specific side to the other is not exactly
known. The sample itself is symmetric but the contact between the normal metal and the
bonding wires is not due to fabrication reasons. This could potentially explain the ob-
served behaviour, but on the other hand if the bonding wires are responsible for the initial
creation of the new magnetic domain orientation, then it is not clear why no examined
sample shows a behaviour where two domain walls are moving to the center of the Hall
bar from each of its two ends. Another possible explanation is that the preferred direction
in which the domain wall moves is due to inhomogeneities in the magnetic field where one
end of the sample resides in a slightly higher field during the reversal process than the
other end. However, as the emphasis of this thesis was not on domain wall nucleation or
motion this was not looked into any further.

For magnetic field values in close proximity to the coercive field (when the domain wall
motion can be observed) regions of different Vigy magnitude become visible within the
otherwise homogeneous Vigy signal. In the YIG samples (e.g., Fig. those regions
are a couple of micrometers wide. While single crystalline YIG does exhibit quite large
domains with lateral dimensions of several micrometers, the samples studied here
are epitaxially grown thin films where much smaller domains have been reported
. A possible explanation for this difference is that the observed areas are not single

magnetic domains but larger clusters of similarly oriented domains that form at rough
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4.4 Local spin Seebeck measurements

spots of the interface or surface of the sample.
Nevertheless, in the following these areas will still be called magnetic domains regardless
of their true nature, since strong evidence has been found that the local magnetization

orientation can be mapped with spatially resolved spin Seebeck measurements.

4.4.2 Spin Seebeck mapping resolution

One of the key parameters of a local measurement is the actual resolution at which one can
resolve individual features. To quantify the resolution at which features in the thermo-
galvanic signal Vigg can be resolved a sample is mapped close to its coercive field so that
the domain patterns become visible. A small area on the Hall bar is chosen and a spin
Seebeck image is recorded for different step sizes of the xyz-stage (see Fig. 4.10). The
theoretical limit is again given by the refraction limit (Eq. (4.3))), although instead of
the laser spot radius the radius of the heated region, which is possibly bigger by a fair

amount, now enters Eq. (4.3) and sets the limit for the resolution.
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Figure 4.10: Images of a small area in the middle of the Hall bar on sample #3 (YIG/Pt)
taken during a downsweep of the magnetic field at —11.4mT. Each of the three pictures was
taken with a different stepsize of the xyz-stage.

Figure shows that while smaller features become visible up to a resolution of approx-
imately 2 pm, even lower resolutions don’t reveal new features so that it can be concluded
not only that the resolution is of the order of the laser spot size (2.5 pm) but also that
the region that is heated up is not much bigger than the laser spot itself. This ensures
that different orientations of the magnetization can be resolved within a length of about
2.5 pm.

For future measurements this means that with spatially resolved spin Seebeck measure-
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ments samples considerably smaller than the current ones (with dimensions down to few
microns) could be investigated. This is particularly interesting since it has been shown be-
fore |35] that the spin Seebeck, or rather the inverse spin Hall signal Vigy, scales inversely
with the width of the Hall bar. This implies that the measured voltage will increase with
decreasing sample dimensions. With the current laser the spin Seebeck signal Vigy could
therefore be increased up to about a factor of ten, which could be exploited in samples
that exhibit a very small spin Seebeck signal (cf. Sec. |4.5)) where the signal to noise ratio

becomes very poor.

4.4.3 Thermal domain control

Closer inspection of the 3 images in Fig. reveals that the texture is not exactly the
same on all three images, but that the areas that yield a negative voltage Vigy (blue) are
actually increasing at the cost of the ones that yield a positive signal (red) with increasing
resolution. Since these pictures were taken one directly after the other, the time a given
position on the sample was exposed to the laser heating was also increasing.

More detailed investigations showed that the heat deposited by the laser irradiation does
indeed affect the magnetic texture of the sample. This allows the magnetization to be
controlled in a single measurement. For low laser powers, the magnetization texture
is affected much less than for high laser power, where the laser induced magnetization
manipulation can even go as far as flipping the magnetization of large parts of the sample
even if only a small area was hit by the laser. Also, while this change only occurs in a
magnetic field range very close to the coercive field H, for low laser powers, it can be
induced at magnetic fields much further away from H, for higher laser powers. This leads
to the conclusion that thermally assisted magnetization switching is possible in YIG/Pt
where the additional heat from the laser helps to overcome the coupling between the
individual magnetic moments still oriented parallel instead of antiparallel to the external
field. This kind of behaviour has already been observed for nickel ferrite and permalloy
thin films [62] and is already used in magnetic memory applications [63] but is new
for YIG to our knowledge. In the first experiments (Fig. it was shown that it is
possible to selectively change the magnetization in rectangular regions on the sample.
How well this process works is heavily dependent on the exact magnetic field and the
laser power used. In a three step process, first an image of the sample is taken close
to a coercive field at low laser power (P < 3mW). In the second step the region in
which the magnetization shall be switched is scanned with high laser power (P 2 3mW)

and /or with longer exposure to increase the time each point (z,y) is subject to the laser
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Figure 4.11: Sample #3 (YIG/Pt) is first magnetically saturated by exposing it to high
(+70mT) fields, after which the magnetic field is set to a value of —11.7mT (the coercive
field). a) A picture at low power (P ~ 1 mW) is first taken in order to minimize the thermally
assisted switching at this stage. In a second step the laser is scanned across the region between
300 — 400 pm (red square) at higher power (P ~ 6 mW). b) Another picture at low laser power
is taken afterwards, in which the treated region (red square) is already clearly visible. ¢) To
get bring the laser induced magnetization switching out more clearly, the difference between
panel a) and b) is taken.

heating. Finally another image of the whole sample is taken at low laser power. Low
laser power is used in the first and last step to not induce, or at least minimize, laser
induced changes in the magnetization texture. The region that has been treated with high
laser power then becomes visible in the last image when compared to the first one. The
laser induced switching of the magnetization is best visualized by plotting the difference
Vismi(z,y) — Visns(x, y) where Visy;(z,y) denotes the measures spin Seebeck voltage in
the ¢ step of the above procedure. As noted above for too low laser power not all
magnetic moments can be switched whereas (see also Fig. ) for too high laser power
the region in which the magnetization switching is induced is not well defined anymore.
Following the proof of concept in Fig. [4.11] in a next step an electronic shutter was used
to write shapes into the magnetization texture.

Tot this end, first a black and white image of the desired shape is made in which regions
where the shutter is supposed to be opened are represented in white whereas regions
where the shutter is supposed to be closed are depicted in black. The procedure is then

essentially following the same steps as in the previous measurements. However, in the
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second step the movement of the xyz-stage is now coordinated with the beam shutter so
that the laser only reaches the samples at those positions that are depicted white in the

before mentioned image.
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Figure 4.12: In a process similar to the one used in Fig. one can selectively change the
magnetization orientation of small regions. Here an electronic beam shutter is used to blank
the laser beam selectively, thereby “drawing” a shape into the magnetization. The two images
here are difference images of a measurement done on sample #3 (YIG/Pt) at two different
laser powers. For both images the external field was set to —13.7mT but for a) a laser power
of P~ 12mW and for b) P ~ 10 mW was used.

In Fig. the result of this technique is shown. The quality of the reproduction of the
mask image is very sensitive to both the laser power used in the different steps (especially
the second one) and also to the exact magnetic field at which the process takes place.
Some effort was invested into tuning those parameters but even better results with wider
Hall bars, with larger room for errors, and better control over the exact laser power and

magnetic field should be achieved in the future.

4.4.4 Longitudinal and transverse spin Seebeck signal

In Fig.[4.7, at the upper and lower edges of the Hall bar the Vigy signal drops considerably.
Due to their position and separation, one can attribute these features to the feed lines.
Theses spots show a particularly interesting signal in the transverse direction (Fig. |4.13)).

"Transverse” hereby refers to the orientation of the electric field perpendicular to the Hall
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Figure 4.13: Voltage map of sample #3 (YIG/Pt). Panel a) shows the Vigy signal obtained
from the pair of contacts A whereas panel b) is an image of Vigy of the same area, simultane-
ously recorded between the pair of contacts B. The influence of the transversal signal can also
be seen on the edges of the longitudinal signal.

bar’s body. In order to resolve this phenomenon, Fig. shows a map of Vigg measured
along a pair of feed lines that sit opposite of each other. According to Eq. the spin
Seebeck effect should only occur if the magnetic field has a component perpendicular to
the voltage measurement direction. In Fig. [£.14] however, the magnetic field was applied
collinear to the measurement (y) direction. Nevertheless, a Visy signal is recorded. It is
assumed that the Hall bar is not oriented exactly horizontal here, so that the magnetic
field has components perpendicular to the measurement direction that make the observa-
tion of a spin Seebeck signal Vigy via the inverse spin Hall effect possible.

Within the feed line the signal is homogenous but at the corners where the feed lines are
connected to the main body of the Hall bar the signal not only diminishes (which is in
accordance with Eq. where a factor 1/w was motivated) but also splits up into two
arms of different sign. This kind of behaviour is not expected since H and the sign of AT
that determine the sign of Vigg should be the same throughout the Hall bar. Due to the
symmetry of the sample at this spot and the symmetry of solutions to the heat equation
the change in sign can not be due to a change in the sign of the temperature difference.
Additionally the change in sign also occurs exactly around the coercive field of the sample
(Fig. 4.14) which was determined before. Thus this feature can probably be attributed
to the YIG’s magnetization that is somehow miss-oriented here. Micromagnetic experi-

ments [64, 57, 65] show that the magnetization’s orientation is indeed strongly influenced
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Figure 4.14: Transverse Vigy signal of sample #3 (YIG/Pt) in about the same area as in
Fig. at different magnetic fields. Far away from the coercive field (a) a symmetric pattern
is visible in the inverse spin Hall voltage. Closing in on and crossing the coercive field the
different areas gradually change sign (b,c,d) until the pattern is reversed at the opposite of
the starting field (e).

by edges and corners. These experiments however do not show a complete reversal of
the magnetization for magnetic fields far away from the coercive field as seen in Fig. [4.13
and but rather a slight bending of the magnetization normal to the edges. It may
be noted though that the these experiments were done with much simpler ferromagnets
like plain nickel or cobalt. The ferrimagnetic nature of YIG is likely to complicate the
matter.

Following the arguments just put forward, these features are attributed to the magneti-
zation texture in combination with the geometry of the Hall bar. Further measurements
need to be done to verify this claim. Since the majority of the measurements are done in
the @-direction where theses features are barely visible and don not alter the Vigg mea-

surements considerably, this is not an issue for the quantitative analysis in the following.
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4.5 Spin Seebeck effect in YIG/N/Pt trilayers

The results of the previous sections show that the observed voltage Visy is consistent
with the predicted behaviour of the spin Seebeck effect. However, the spin Seebeck and
anomalous Nernst effect depend on the magnetization orientation of the sample with
respect to the direction of the temperature gradient (the F/N interface normal for the
spin Seebeck effect) in exactly the same fashion (Eq. and (2.35)). In experiment it is
therefore a challenge to distinguish one from the other. In most samples presented in this
thesis the electrical insulator YIG was used as the ferromagnet, such that no Nernst effect
should occur. However it has been shown that a static spin polarization can be induced
in normal metals in proximity to conductive ferromagnets [66, |67, 68, (69, 70]. If a static
spin polarization would also occur in Pt/YIG hybrids, the spin polarized platinum could
contribute an anomalous Nernst voltage to the measured signal. It has been shown ([35]
supplements), however, that a possible contribution from the anomalous Nernst effect to
the measured voltage Visg would be at least one order of magnitude smaller than the
spin Seebeck effect voltage. This result will be confirmed at the end of this section. In
order to also quantitatively resolve the anomalous Nernst issue, three samples (#4, #5
and #16) were examined, in which an additional buffer layer of either gold or copper
was placed between the platinum and the YIG (Fig. [£.15)). Experiments have shown that
the induced magnetic proximity polarization is very small (= 0.06u5/atom) in gold [67]
and in copper [71], such that for those samples Nernst effect contributions can safely be
excluded.

The same setup as in Sec. (c¢f. Fig. has been used to measure the spin Seebeck
voltage Visy on these samples. Additionally, magnetization loops have been recorded by
fixing the laser spot position in the center of the Hall bar and varying the external magnetic
field in a range of 260 mT. In Fig. it can be seen that the insertion of the nonmagnetic
Au or Cu buffer layer does not qualitatively alter the Vigy signal. The drastic decrease
in the measured Vigg magnitude is not surprising since the buffer layer effectively short
circuits the inverse spin Hall voltage. This is due to the fact the spin Hall angle in copper
and gold is notably smaller than the one in platinum (65" ~ 0, 64" = 0.0035, 65t = 0.013,
see Ch. 3]) so that they do not contribute inverse spin Hall voltage. To account for this
one can divide the spin Seebeck voltage Visy by the samples’ resistivity p, as it has been
done in Fig. . The corresponding Visy/p signal magnitude only differs by a factor
of about three between the individual samples. The scatter is attributed to the different
absorption of the laser light by the samples and potentially different sample morphology.
Additionally the spin current is further weakened by the fact that it now has to cross two

instead of one interface and that further spin relaxations can occur in the buffer layer. The
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Sample with buffer layer Sample without buffer layer

magnetic proximity polarization?

Figure 4.15: Schematic of a sample with (left) and without (right) a normal metal buffer
layer between the platinum and the YIG. It has been shown that both gold and copper are
not susceptible to the magnetic proximity effect. The latter could cause anomalous Nernst
contributions to the measured thermo-galvanic voltage Visp. Since no magnetic proximity
effect data for platinum/yttrium iron garnet bilayers have been published in literature the
existence of such a phenomenon can not be excluded with certainty.
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Figure 4.16: Hysteresis loop for sample #4, #5 and #16 (with buffer layer) and #17 (without
buffer layer) normalized to a laser power of 10 mW and the resistivity p of the samples. In all
four samples the spin Seebeck effect can be measured however it is weakened by the introduction
of the buffer layer by a factor of about ten. The absolute values for Vigy agree with each other
within an order of magnitude.
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latter can be described by the spin diffusion length, which is around 60 nm for gold [72]
and several hundred nanometers for copper [73].

Interestingly, the coercive fields evident from Fig. seem to shift to lower values with
the introduction of the buffer layer. However, a similar behaviour is also observed on
bilayer samples, so the shift in the coercive field does not seem to be induced by the
buffer layer.

Additionally, one can compute the anomalous Nernst effect contribution to the measured
voltage Visy, assuming that there is indeed a static magnetic proximity polarization in the
platinum. Using Eq. and using data from Sec. (P=10mW = VT ~ 10°K/m)
and assuming the entire platinum thin film is magnetized ( as opposed to few monolayers
at the interface, reported before e.g. in [66]), with a nonrealistic large platinum Nernst
coefficient of about N ~ 1-107*V/KT [74] which has been found in a Lip9MogO;7 sample
at extremely low temperatures and which is among the highest Nernst coefficients found to
date and orders of magnitudes larger than conventional Nernst coefficients, an anomalous
Nernst effect voltage Vang =~ 21V is obtained. Thus several unrealistic assumptions had
to be combined to obtain a Vang of the same order of magnitude as the experimental Vigy
data (see Fig. 4.18)).

Huang et al. [47] claim to have observed a static magnetic polarization in Pt/YIG bilayers
and put into question all results where platinum has been used as a detector for spin
currents (e.g. [32]). However, these authors did not in fact directly detect the magnetic
proximity polarization but used magneto transport and spin Seebeck measurements which
they interpreted as evidence for induced magnetism. It can, however, be shown that the
observations from their magneto transport measurements can be entirely attributed to
the spin Hall magneto resistance [44], introduced in Sec. [6.2] Furthermore, Geprags et
al. |75] performed XMCD measurements on YIG/Pt hybrids, that showed that if there
is any static magnetic proximity polarization in the platinum it is orders of magnitude
smaller than in other ferromagnet/platinum bilayer hybrids (e.g. Ni/Pt). Therefore a
possible anomalous Nernst effect contribution to Vigy is insignificant for spin Seebeck
type of experiments in YIG/Pt.

Overall, the issue of a static magnetic proximity polarization in YIG/Pt is still source
of some controversy. As pointed out above, however, according to the experimental data
and calculations presented above, Nernst effect contributions to the Vigy signal of YIG/Pt

can be ruled out.
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4.6 Thermal scaling behaviour of the spin Seebeck effect

Since the spin Seebeck effect stems from a finite temperature difference at the F/N in-
terface, which is here induced by laser heating, it is important to quantify the relation
between laser power and spin Seebeck signal Visy.

In thermal equilibrium the temperature of all layers within a given sample should be
equal. If now a laser beam impacts on the sample surface a fraction R of its power is
reflected and subsequently causes no heating. The part that can enter the sample is par-
tially absorbed according to the materials absorption coefficient a (see Tab. . For the
thin layers used in this thesis, not all laser light is absorbed within one single layer. The
fraction of light that passes a specific layer of thickness d is then partially reflected and/or
absorbed within the next layer and so on. Assuming an initial laser power Py = Plaser
just before the laser hits the sample, its decrease within each layer ¢ with R; and d; can
be modeled as [76]

i o1 2

Pi(2,7) = Plaser (H (1- R») o s Xy aidig2(5) (4.5)

j=1

in cylindrical symmetry. z hereby refers to the direction normal to the layer stack and a
denotes the laser spot radius (cf. Sec. [£.2)). The reflectivity coefficients R; are computed
from the Fresnel equation |77, 51]

2
n; — N1

R, = (4.6)

N + Mg

The heat that is generated from this is directly proportional to the power density at each
point (z,r) within the sample and follows [76]

0P;(z,r) 1 o

Qutzr) = - 2EED L iy 20

0z ma a2’

(4.7)

The generated heat and subsequently the sample’s temperature are therefore directly
proportional to the laser power Ppser, as long as no additional effects (such as nonlinear
absorption), come into play.

To investigate the dependence of Vigg on P, every sample is examined at magnetic
fields far abovdf] its coercive field, recording Visy for different laser power as determined
by the filter used in the filter wheel (Fig. . For each setting of the laser power an image

of an 10 x 10 pm? area in the center of the Hall bar is taken at both positive and negative

2usually £70mT
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Figure 4.17: Scaling of the spin Seebeck voltage Vigy with incident laser power on sample #7
(YIG/Pt). The error in the inverse spin Hall voltage for individual points varies between 2.5%
for the low power measurements and around 1.5% for the high power measurements and thus
is smaller than the symbol size in this figure. The error in the laser power was assumed to be
1mW, since the power meter was heavily fluctuating at times.

magnetic field. The mean value -, Visu(z,y) of an image is then combined with the
corresponding value from the measurement at the opposing field to account for a possible
offset of the data, for instance from the conventional Seebeck effect. In Fig. a typical
result of such a measurement is shown. The spin Seebeck voltage Visu(P) clearly follows
the linear trend predicted by Eq. . By taking not only the signal from a single point
on the sample but rather taking the mean over an entire area, the error in the inverse
spin Hall voltage is usually very small. The determination of the laser power was however
a more difficult task since one of the fibres used in the measurements showed a nonlinear
response to the incident laser power so that the laser power at the sample had to be
measured separately by a power meter after each set of measurements. We furthermore
inserted an additional neutral density filter into the beam’s path for a number of samples
so that even lower powers could be achieved. The linear behaviour of the signal was
also confirmed in the low power regime, as described in more detail in [78|, the thesis of
Kathrin Ganzhorn whom I advised.

Figure [4.18| gives an overview over the spin Seebeck voltage Visg normalized to the
incident laser power Pj.... Again, the laser power was not calculated but determined
with help of a power meter after each measurement. Note that the normalization of Vigy

t0 Praser is only the very first step in making the spin Seebeck signals from the different

23



4 Experimental results

350

300 +

YIG56
1

250 +

200 +

(nV/Imw)

150 +

Laser

/P

% 100 -
B

50 +

2 3 4 5 6 7 8 9 10 11 12 14 15 16 17 18 19 20 22 23 24 25

Sample

Figure 4.18: Inverse spin Hall voltage divided by laser power for all examined samples. Both
the sample number (blue, x-direction) and the lab name (black) are given in combination with
the absolute value Vigy/Praser (red). Since the error is too small to be resolved graphically for
most samples (= £1nV/mW) it is omitted here.

samples comparable to each other. From Eq. a normalization to AT is required.
This however is possible only after calculating AT numerically as detailed in Ch. 5} The
Visn/ Praser Values summarized in Fig. thus only give a qualitative picture.

On average a spin Seebeck voltage Visg of about 100nV/mW was observed. Among
the YIG samples, sample #4 (YIG/Au/Pt) and #5 (YIG/Cu/Pt) show the lowest ratio
of Visu/Praser Whereas #7 (YIG/Pt) shows the highest value. The latter can, at least
partially, be attributed to the higher resistivity of the samples with very thin Pt layers.
Surprisingly, the spread for the supposedly identical samples #2 and #3 (YIG/Pt) is quite
pronounced. On the other hand the thickness and composition of the substrate seems to
play no major role as can be seen for the samples #3 (GGG) and #14 (YAG). The
influence of the substrate is further elaborated on in Sec. For all YIG/Pt samples,
two major parameters in Eq. should be the same, Re (g”) and fsg. The notable
difference between all samples is the thickness of the individual layers that critically
determines the magnitude of the spin Seebeck effect. Since the thickness does not only
change the resistivity but also how strong the laser heats the samples, a more involved
discussion and full calculation of AT is necessary, as detailed in Ch. 5] The origin of the

different amplitudes is also briefly examined, in [7§].
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4.7 Time dependent spin Seebeck measurements

For the majority of the measurements in this thesis the laser was modulated via the
chopper wheel (Fig. at a frequency of around 850 Hz. Within the frequency range
accessible using the chopper wheel (0 — 10kHz) no influence of the modulation frequency
onto Vigg was observed.
To conduct further investigations on this matter the laser diode and its driver [35] were
exchanged. The new laser diode’s output power can now directly be modulated through
the laser driver, controlled via an arbitrary waveform generator (AWG). By switching
the modulation of the laser from mechanical to purely electrical, the laser light could be
modulated with frequencies of around one kHz up to several hundred kHz. At higher
modulation frequencies the laser diode’s output power and the pulse shape started to
degrade.
To measure Vigy(t) while modulating the laser intensity, the laser spot position was once
again fixed at the center of the sample, and a constant magnet field of 70 mT was applied.
The inverse spin Hall voltage Visu(t) was amplified by a Stanford Research SR560 voltage
preamplifier [79] by a factor of either 1000 or 10000, depending on the measurement, and
then recorded by a digitizer card [80]. The amplification has been accounted for in the
data presented in the following. To monitor the laser beam’s power and shape, and also
to provide a trigger signal for the digitizer card, a part of the laser beam is redirected
onto a photodiode (photodiode A in Fig. .
At modulation frequencies up to around 10 kHz the signal is clearly following the square
wave signal from the photodiode (Fig. ) Since the signal to noise ratio was pretty
poor, the Vigy(t) traces in Fig. were averaged several thousand times. For higher
modulation frequencies sharp peaks at the edges of the square waves started to appear in
Visu(t). At even higher frequencies the clear "on” and ”off” levels became overlain by an
oscillatory component that followed an exponential decay after every switching process.
At modulation frequencies above 100kHz it became increasingly difficult to extract the
underlying spin Seebeck signal Vigg(t) so that it eventually became impossible to extract
values of the different levels (Fig. [£.19%c,e). A phase shift between the laser light and
the spin Seebeck voltage could not be observed for the frequency range 1kHz < f0q <
200 kHz.

Analyzing the signal via a Fourier transformation shows that the oscillatory component

can clearly be attributed to the harmonics of the modulation frequency. The Fourier
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Figure 4.19: a,c,e) Vigu(¢) signal read out by the digitizer card for fi,,q = 1kHz, 140 kHz and
200kHz at Py = 26 mW. For the two high frequency measurements an oscillatory component
dominates the spectrum. b,d,f) a Fourier transform of the Vigy(t) traces of panel a,c and e,
respectively. The red lines indicate the first 15 harmonics of f,0,q. For the 1 kHz measurement
only the expected odd harmonics appear in the spectrum.

spectrum of a function f(t) with periodicity 7' is given by

ft) = % + i ay, cos(kwt) + by sin(kwt) (4.8)
where
2 c+T
ag ——/ f(t) cos(kwt)dt
T
) e (4.9)
b :T/C f(t) sin(kwt)dt
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4.7 Time dependent spin Seebeck measurements
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Figure 4.20: Recovered first harmonic from the f0q4 = 200 kHz measurement. Its amplitude
appears consistent with 41V, coinciding with the values obtained from measurements at lower
frequencies.

For a square wave signal like it is used in the measurements here

1, O<wt<m
ft) = , f(t+2m) = f(t) (4.10)

-1, 7<wt<2r

the Fourier spectrum is given as

f(t) = %Z sin((2k — 1)wt) (4.11)

Therefore one only expects the odd harmonics to appear in the Fourier spectrum of the
experimental data. While this is true for the lower modulation frequencies (Fig. |4.19b)
also even harmonics start to appear at the higher modulation frequencies (Fig. ,f ).
Additionally the higher harmonics become significantly more pronounced which is not
what Eq. predicts. It is a known disadvantage [82] of operational amplifiers that
utilize negative feedback (i.e. the output signal is fed to the reversing input of the ampli-
fier) that above a certain threshold frequency positive feedback can occur. The positive
feedback then amplifies certain harmonics in the input spectrum as seen in Fig. and
e (or [82] Fig. 6.43).

One can attempt to recover the unperturbed signal Vigy(t) by removing the even harmon-
ics from the Fourier spectrum and then transform back into the time domain. However,
the result (Fig. is not good enough to allow a robust quantitative analysis.

Within the examined range of frequencies of up to 140 kHz where the "on” and ”off” levels
could still be distinguished, no clear dependence of Vigy is found on sample #14. The

combined data are shown in Fig. [4.21}
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Figure 4.21: The blue dots represent the spin Seebeck voltage Visy amplitude obtained from
subtracting the different voltage levels for laser on (Py = 26 mW) and laser off. The red line is
a linear fit to the data. Due to the increasing harmonics contributions to Visyg in the raw data,
the error of this method increases drastically with the modulation frequency.

From a theoretical perspective, one would not expect a dependence of Vigy on foq for
fmoa < MHz. There are several processes that potentially result in a finite time constant
for Visyg tvia the spin Seebeck effect. The most straightforward one is the spread of heat
through the sample, especially the F /N interface. Assuming that a constant spin Seebeck
signal can only be achieved during steady state, one can calculate a characteristic time
teq required for establishing thermal equilibrium, i.e., for a phonon to cross the F/N stack

or the entire sample:

toq A —. (4.12)

Here d denotes the total length a phonon has to cross and vy, is the phonon velocity
given by the speed of sound in the respective material. For a lower boundary estimate it
is assumed that d = 500 pmﬂ and vy, > 10°m/s (see Tab. such that teq ~ 5-107%s.
This is equivalent to a frequency of fo; = 2-10°Hz. If one assumes that only the F/N
stack (d ~ 100 nm) is relevant, then fo, = 1-10'? Hz.

For the spin Seebeck effect, not the phonon but the electron and magnon temperatures are
relevant [9]. Assuming that the vast majority of the laser power is absorbed by phonons
this energy has to be transferred to the magnon and electron populations before TP! =

T = T™ is achieved as assumed in Sec. [2.2.20 For the electrons the associated time

3The thickness of the samples used in this Thesis
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4.7 Time dependent spin Seebeck measurements

constant T,_ can be found to usually take values of a few picoseconds [83) 84] (foq =~
1012Hz). The associated time constant 7,,_y, for the phonon magnon interaction is in the
range of Tpp_m ~ 1-107%...1071% (foq = 1 - 10%-1°Hz) [85) [86} [87].

In conclusion one therefore would expect that Vigy is ”instantaneous”, at least on MHz
timescales. This result is well reproduced in the data shown in Fig. [£.21 An improved
setup that enables Vigu(t) experiments on sub ps-timescales is already being worked on
(¢f. Ch. . In addition to a new laser that is capable of emitting ps laser pulses, a

modified amplifier setup obviously will be required to avoid feedback artifacts.
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5 Temperature profile numerics

It was shown in the theory part of this thesis (Ch. that in order to quantitatively
analyze the spin Seebeck effect, several quantities have to be determined. According to
the theory developed by Xiao et al. [9] the parameter that is intrinsic to the spin Seebeck
effect is the difference in temperature between magnons in the ferromagnet and phonons
in the normal metal [9].

The question of whether this refers to the respective temperatures right at the interface or
the mean value across a certain length is not trivial. The spin pumping model on which
the derivation of the spin Seebeck effect by Xiao et al. is based on is, strictly speaking,
only valid for very small volumes (V =~ V. see Sec. in which the macrospin model
is applicable. For the extended ferromagnets in this thesis it is therefore very hard to
tell what temperature values to compare since, in principle, contributions from the entire
ferromagnet are possible, even if the magnetic moments are far away from the interface
and at a completely different temperature than the moments right at the interface. It
will later be shown that the temperature difference calculated from the respective tem-
peratures right at the interface does seem to agree better with the experimental results
so that it will be assumed that AT does, indeed, refer to the temperature difference right
at the interface.

For the original experiments performed in the longitudinal geometry [32] AT can straight-
forwardly be computed’] For the experimental geometry and the samples used in this
thesis the same equations, however, become much more difficult to solve since not only
does the dimensionality of the problem increase but also the number of layers increase and
the boundary conditions are more complex. This makes the derivation of a temperature
map for the different layers a very challenging task. Earlier results for the experimental
geometry used in this thesis, published by Weiler et al. [35], used a model derived in a
paper by Reichling and Grénbeck [76] who themselves where adding to a paper by Jack-
son et al. [88] to compute the temperature profile in the thin layers. While this approach

1Using the relation between the phonon and the magnon temperature from [9] and solving a staedy
state, two layer, 1D version of Eq. (5.5)) with fixed temperatures at the upper and bottom boundary
of the sample. A more detailed discussion on this topic can be found in
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5 Temperature profile numerics

will yield satisfactory results fur bulk-like layers?] it is not applicable in the context of
few nanometer thin films. For thin films, the thermal contact resistance comes into play
and greatly influences the actual temperature distribution in the layers, which was not
taken into accountf’|in those earlier models. Unfortunately, thermal contact resistances for
interfaces involving YIG have not been published, which complicates the problem quite a
bit. In Sec. however, models are presented by which thermal contact resistances can
be computed.

Taken together, in this chapter both an experimental and a numerical approach are shown
that make it possible to determine the temperature distribution in thin film heterostruc-

tures.

5.1 Experimental access to the thin film temperature

In a first step several approaches were explored to determine the temperature of the lay-
ers experimentally as accurately as possible. For the platinum, the idea was to measure
the change in resistance induced by the heating of the platinum layer by the laser and
relate this to the change in temperature. While it was possible to measure the change in
resistance and thus calculate a mean rise in temperature for the Hall bar, calculating back
on the local change in temperature proved to be very challenging. Different approaches
to take the experimental geometry into account [35, |89 all yielded unreasonable or un-
physical results.

For the YIG thin film, however, there is indeed a way to get access to its temperature.
When using high enough laser power and very good focus, the local change in tempera-
ture induced by the laser irradiation can become big enough to cause a drop in the spin
Seebeck signal, a behaviour one would not naively expect from Eq. . Besides the
temperature difference AT at the F/N interface, it is not immediately apparent which
quantities in Eq. are temperature dependent and if so to what extent. The satura-
tion magnetization M, the magnetic coherence volume V. and resistivity p do depend
on temperature, however, if those two were the only ones that would lead to a number of
problems. Up until temperatures very close to T, the material’s Curie temperature (the
temperature at which the ferromagnetism breaks down), Eq. predicts an increasing

spin Seebeck signal Vigy, even at constant AT. However, the measurements in chapter

20ne generally speaks of a bulk-like layer if its thickness is (much) larger than the phonon mean free
path.

3The calculations by Reichling and Grénbeck are in fact taking thermal contact resistance into account
but only for a single interface, while assuming continuous temperature and first derivative for the
others.
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Figure 5.1: The spontaneous magnetization of YIG according to the basic mean field theory
(Eq. (5.2))) approach and experimental results from Hansen et al. [90] and Anderson [91] (both
bulk YIG). If the sample heats up, the spin Seebeck signal is expected to drop due to the
decreasing spontaneous magnetization. Most likely due to the fact that YIG is not an ideal
ferromagnet but rather a ferrimagnet of complex nature, the experimental magnetization data
differ substantially from the simple theory. Thus, in the following only results derived from
the data form Hansen et al. and Anderson will be given.

show no deviation from a linear dependence, which can be entirely attributed to the in-
creasing AT. Therefore, in a strongly simplified and heuristic approach it is assumed
that, besides TN — Ty at the F/N interface, the only additional temperature dependence
of the spin Seebeck effect can be modeled by the behaviour of saturation magnetization,
since if the magnetic ordering vanishes then the spin Seebeck effect should also vanish
(see Sec. . The temperature dependence of the material constants in Eq. and

therefore the obtained Visy signal then can be written as

Visu(T')
AT

unlike Eq. (2.39) where Visi/AT o< p(T)/(M(T) - Vine(T)) o< p(T)T3/%\/M(T). It has

to be stressed again that this is a purely heuristic and very simplified approach to the

o< My(T), (5.1)

complex temperature dependance of Vigg and the results preseneted in the following can
only be understood as an estimate to the real temperature of the YIG. However, Eq.
can be motivated if one takes into account that Eq. was written with T" < T¢ in
mind where M could be assumed constant. Then one also has to assume that Vigy/AT
is basically independant of T, however, it is clear that Eq. has to scale with M(T")
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Figure 5.2: a) The detected spin Seebeck voltage is expected to stem from the area on the
sample illuminated by the laser spot (only the green area is taken into account). b) In a simple
picture, no change in the spin Seebeck signal is expected as long as the laser spot is still fully
within the Hall bar irrespective of focus (see text). However, if the laser spot is only partially
on the Hall bar, Vigy decreases.

as no spin Seebeck signal should be observed above T¢.
The spontaneous magnetization of YIG is shown in Fig. 5.1l Since the locally deposited
heat is inversely proportional to a2, E| scanning the laser spot across the Hall bar with
different focus distance grants access to both the (relatively) unaltered (for a large spot
radius) and lowered (for a small spot radius) magnetization.
In the mean field theory the spontaneous magnetization can be related to the temperature
by [10]

Tanh(m/t) = m, (5.2)

with m = M(T)/M(0) the spontaneous magnetization at temperature 7" divided by the
spontaneous magnetization at zero temperature and ¢t = T/T¢. To calculate the tem-
perature of the YIG upon laser heating, first Eq. is numerically solved for m at a
temperature of ¢ = 300/560 (room temperature). An adjusted value of m is then com-
puted by multiplying this value with the relative drop (Viayn/ViRa™" see Tab. in the
spin Seebeck signal Vigy. Finally Eq. is numerically solved for t at this adjusted m.

For the corresponding experiment, samples #3, #14 and #20 were chosen. Each sam-

ple was scanned in the y-direction, with incrementally increasing focus distance for each

4q is the beam radius. As shown in Sec. this is directly related to the distance between lens and
sample.
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5.1 Experimental access to the thin film temperature

scan. The highest voltage obtained for each of these scans was assumed to be the value
corresponding to a laser spot position in the middle of the Hall bar. Since the laser spot
radius a scales linearly with the focussing distance d, the area covered by the laser spot
is proportional to d?. According to Eq. the heat generated from the laser heating
is proportional to 1/a? o< 1/d?. Hence Vigy o area - AT o« a? - %. It can therefore be
assumed that the Visy signal is only proportional to the portion A’ of the laser spot radius
that is within the Hall bar where a signal can be generated. Assuming the center of the

laser spot is at the center of the Hall bar this portion A’ is given by
+1/2  ptw/2 _2<z2+y2)
Al(a) = / / e ) dydx (5.3)
—1/2 J—w/2

where [ denotes the length and w the width of the Hall bar. To recreate the experimental
data the individual linescans have to be combined such that the focus distance of the
laser spot is proportional to the laser spot radius . The curve that is obtained from the

combination of the linescans therefore has to be fitted to

1 1
a,cy,ce,c3) = c3 - Brf cErf | —— 5.4
flaser, e s) = s (12500\/5 : —Cga> <1000\/§ : —Clcj) 54)

where a, ¢1, ¢o and c3 denote the laser spot radius, the center position of the plateau, a

scaling factor that relates the focussing distance d to the laser spot radius and a factor
to scale the (otherwise normalized) function to the actual voltage levels. All lengths are
given as multiples of 1m. The numbers stem from the integration over the width and
length of the Hall bar. Erf(z) denotes the so called Error function which is given by
Erf(z) = \% fox et dt. A graphical representation of Eq. is plotted in in Fig. .

For lower laser power densities (i.e. defocussed laser spot) where the heating of the YIG
is small the experimental data fit the expected behaviour very well, as can be seen in
Fig. [5.3b. However for higher laser power density, a drop in the otherwise flat plateau
becomes apparent (Fig. [5.3d). The fact that the dip is not in the center of the plateau
is again attributed to geometric effects from the misalignment between sample and lens.
On simultaneous laser-raster reflectometry measurements it can also be seen that the dip
indeed occurs when the sample’s surface lies in the focal plane (and thus the beam radius
is minimal). For the analysis the region with the dip is first excluded from the input data
for a fit of the unperturbed plateau and then the ratio between this level and the dip’s
cusp is taken. This value is then used to solve for the YIG’s temperature with the help
of the functions derived from the data by Hansen et al. [90] and Anderson [91] shown in
Fig. .11

Table 5.1 shows the results for the three samples. At laser powers between 20 and 26 mW
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Figure 5.3: a), c) Similar to the “knife edge” procedure of Sec. the laser is moved in the
y-direction across the Hall bar of sample #3 while the spin Sebeeck voltage Vigy is recorded.
The banana like shape is again attributed to a slight angular mismatch between the laser and
the thin film normal. The upper picture was taken at Ppaser = 9mW whereas the lower one
was taken at Ppaser = 26 mW. In c¢) a drop in the Vigy signal can be observed at a focussing
distance of around 1.5 mm. This drop is attributed to the decreasing magnetization of the YIG
(see text). b) and d) represent the data along the the dashed lines in the center of the Hall
bar in a) and c), respectively. In b), where lower laser power was used the dip is only barely
visible, whereas in d) the dip is clearly visible. Color scheme and scale were chosen to increase

the visibility of the dip.

sample (Qpower) plateau [nV] dip [pV] ATasen AT{}{éierson AT&;&OW

#3 (26 mW) 3.838
#20 (20mW) ~1.80
#14 (24mW) 4.055

3.548 35.28
1.69 28.58
3.803 29.11

32.9 64.62
25.48 56.99
26.05 25.3

Table 5.1: Temperature data obtained from cross-referencing the drop in the spin Seebeck
signal with the drop in the YIG’s spontaneous magnetization. The temperature increase is

given in units of degrees K.
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5.2 Thermal contact resistance and temperature profile simulation using ANSYS

the YIG in all samples heats up around 30K according to both sets of experimental
magnetization data, and around 60 K for the simple mean field theoretical approach. To
compare these results the values from Tab. are now normalized to a laser power of
20mW. Introducing ATyig(i) that denotes the temperature increase of the YIG layer
of sample 7 (using the Hansen et al. data) for a laser power of 20mW one obtains
ATyig(#3) = 272K, ATyia(#20) = 28.6 K and ATyig(#14) = 24.2K. It is now clear
that sample #20 heats up slightly more than sample #14, which is consistent with the
thicker platinum layer of sample #20 that absorbs much more of the laser power. Sample
#3 also heats up slightly more than sample #14, although the platinum layers are equally
thick. However, sample #3 is grown on a GGG substrate whereas sample #14 is grown
on a YAG substrate. In Sec. it will be shown that this causes a higher temperature
of the sample.

Taken together, in this section it was shown that, assuming a linear relation between the
spin Seebeck signal Visg and the saturation magnetization, values for the temperature
increase in the YIG layer can be derived that are consistent with the sample thickness
and composition. In the next section these values will be compared to results obtained

from a numerical simulation of the temperature profile in the samples.

5.2 Thermal contact resistance and temperature profile

simulation using ANSYS

It was laid out in Ch. |5| that it is very difficult to analytically solve the heat transfer
problem for the experimental setup used in this thesis. To resolve this issue, a numerical
simulation, using the 3D finite element software ANSY'S, was performed to get a complete
picture of the temperature distribution within the sample.

ANSYS is a commercial finite elements software and is mostly used by mechanical en-
gineers and for fluid dynamics simulations, but also has the capability to compute heat
transfer in systems. A free copy of ANSYS Academic 14 was provided by the Leibniz
Rechenzentrum (LRZ) for the purpose of this study.

The simulation essentially computes the result of a number of coupled heat equations of
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the form [92, |76]

19T, Q
27‘; o ? X
v ]{51 at K;
/i.
hy =
piCi (5:5)
oT; 1

; 5 = A (ﬂ - ,TiJrl)‘Interface :
z Interface TH,

Here i is the index for the individual layers, x the thermal conductivity, p the density, C'
the heat capacity and k = k/pC' the so called thermal diffusivity.

While most material parameters can be found in literature, the thermal contact resistance
(TCR) Rty is not so easily available. Kapitza [93] was the first to introduce and perform
first calculations on this quantity (hence the TCR is also called Kapitza resistance).
Little [94] then derived the first model for the actual computation of the TCR, called the
acoustic mismatch model (AMM). In 1987, Swartz [95] came up with a similar approach
called the diffusive mismatch model (DMM). Both models compute the phonon based
temperature transport across an interface from the phonon density of states at each side
of the interface. Little’s model assumes that phonons are scattered according to Snell’s
law at the interface while Swartz assumes diffuse scattering. It is worth mentioning that
for temperatures away from absolute zero the results obtained from these calculations
often differ by factor of 2-4 from results obtained from experiments [96]. For the original
purpose, calculating the TCR for a liquid Helium metal interface, experimental results also
showed that the DMM gives a lower estimate while the AMM yields the upper estimate
of the TCR [96, 95].

The TCR computed from the DMM is given by the following equation [97]

L1 e AN ;(w,T)
(R~ = sz:vl,j/o a?MMM&—wa, (5.6)

w2

- 2120} s [exp(hw /kpT) — 1]’
oPMM _ Zj Lr;(w)

! > lig(w)’
]i,j = U@jh&)Ni’j (w, T)

Ni,j (w, T)

The temperature here and in the following models is assumed to be fixed at T" = 300 K.

For the phonon dispersion relation the Debye model [98] is generally used, with the Debye
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5.2 Thermal contact resistance and temperature profile simulation using ANSYS

frequencies computed from the longitudinal and transversal speed of sound v by

Wl

we = (6mn)3 v, (5.7)
with n the atomic density of the material [10]. While this approach should approximate
the monoelemental layers like platinum very well, it can only be taken as a rough ap-
proximation for YIG due to its much more complex structure. Additionally, for elevated
temperatures such as found in the experiments presented in this thesis, the approximation
of the phonon dispersion relation by the Debye model is likely to yield imprecise results.
Similarly the TCR in the AMM is computed from [96]

dNy ;(w, T
(Rew™) ™" Zcurlj/ i ” N 1) g (5.8)

/2
I, = / ™M (0, 5) cos 0 sin 0d6,
0

4pova j . cos b

AMM N P1V1,j cos 01
Q149 (017]> - 2

p2V2 5 cos O

pP1V1,; cos 04

where 65 is linked to ; by Snell’s law of acoustic waves [99)
vy sin fy = vy sin O (5.9)

The full expression for oM (6, ) was taken from [94].
As an example, the values calculated from Eq. (5.6) and (5.8) for the Pt-YIG and
YIG-GGG interfaces are shown in Tab. 5.2 using the material parameters gvien in

Tab. [A 1l

type of resistance Pt-YIG interface YIG-GGG interface

[W/m?* K] [W/m?* K]
(RANM)—L 3.31-108 1.76 - 10®
(RRMM)—1 1.15- 10° 1.02- 108

Table 5.2: Thermal contact resistance for the platinum/YIG and YIG/GGG interface.

The values obtained from the AMM and DMM agree with each other within an order
of magnitude, but in contrast to the metal/Helium interface, here the DMM yields the
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5 Temperature profile numerics

higher TCRs. Tien and Gerner [97] note that the DMM is more applicable to rough
interfaces, where diffuse scattering can occur and the AMM is better fit for epitaxially
grown interfaces. Consequently the AMM value is used for all interfaces in the following.
However, the values for AT, obtained in the following, should be considered potentially
slightly too low, since the DMM yielded higher TCRs for all studied interfaces.

In addition to the YIG /Pt heterostructures, samples in which an additional metallic buffer
layer was introduced between the platinum and the YIG, were also studied in this thesis.
This introduces an additional type of interface where the thermal transport is dominated
by the electrons of the two conductors. Following [100], the majority of electrons scatter
diffusively at the interface, thus the DMM can be modified to account for the electronic
transport [101]:

* _dN.(E,T)

(Rtn) ™' = %UI(EF)Fl(EF)/O Ed—TdE (5.10)

Ug(E)DQ(E)

w/2
Fl(E):/O 5 (E)Dr(E) + 0a(E) Do E) cos 6 sin 6df

with D;(E) and N;(E,T) the density and density of occupied states. This integral coin-
cides with the one for the electronic heat capacity C, which for a degenerate electron gas
takes to from of C, = (72/3)D(Ep)kiT = +T. Thus Ry can be written as

U7y + Zy)

RS = 5.11

TH A (5-11)
Zi = %UF,iT'

For the total thermal resistance of such an interface the contributions of the phonon and

electron based transport then have to be added

[ S
Ry Ry Riy

(5.12)

For the platinum/gold and platinum /copper interfaces the contribution from the electrons
is about an order of magnitude larger ((RETIH)_l ~ 5+ 10°W/m? K) than the contribution
from the phonons which is in good agreement with experimental results [101].

Now that the TCR is computed, the temperature profile in the samples can now be sim-
ulated. In ANSYS first the geometry of the problem is set up (Fig. [5.4)). The problem is
modeled axially symmetric to speed up the calculations and simplify setting up the geom-
etry, boundary conditions and loads for every sample. As a result the layers are modeled
as disks of 500 pm radius. The laser heating is modeled by applying a spatially dependent

heat generation function to each layer that is equivalent to the analytical expression for
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Figure 5.4: a) Depiction of the initial setup of the problem in ANSYS (not to scale). The
bottom of the substrate is fixed at room temperature, whereas the other outer borders obey
VT = 0 b) 3/4-cut through a typical result obtained from a steady state simulation of the
heat transfer problem with a logarithmic temperature scale.

the heat absorbed by the laser (Eq. (4.5) and (4.7))). As an additional boundary condition
the lower end of the substrate is set to a fixed temperature of 300 KE| (equal to room tem-
perature). Thermal radiation is not taken into account as its contribution is negligible.
A quick estimate with help of the Stefan-Boltzmann law

Praa = 0 A(To e — Tk ) (5.13)

sample env

using 0 = 5.67 - 107°W/m? K*, A = 80 - 1000 pm? and Tiample < 400K shows that less
than 0.1 mW are lost due to radiation which is less then 1% of the power absorbed by
the sample for typical experimental values. This was verified in a single simulation where
thermal radiation was accounted for.

A typical simulation result can be seen in Fig. Compared to the model from
Reichling and Gronbeck the new simulation yields slightly higher temperature changes
in the platinum and YIG layer and also shows the expected discontinuities of the
temperature at the interfaces. The higher temperatures can be rationalized considering
that in the ANSYS model where the TCR is taken into account the heat can not spread

as easily as in the Reichling and Grénbeck model.

SIn fact the temperature is set to 0K since this makes the interpretation of the data easier later on.
Since the temperature enters all involved equations linearly this trick does not alter the results.
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Figure 5.5: Temperature distribution of sample #3 (YIG/Pt) at P = 10mW at the center of
the laser spot as given by the ANSYS (blue) and Reichling and Grénbecks (red) model (cf. [35])
described in this thesis. The absolute temperatures for the model from Reichling and Gronbeck
agree reasonably well with the results from ANSYS (TR = 134K, TANSYS = 14K). The
temperature distribution is, however, continuous as opposed to the jumps at the interfaces
in the ANSYS result. Moreover, in the ANSYS simulation, due to the relatively low TCR
(expected for epitaxial interfaces) there is still a notable temperature gradient in the YIG as
opposed to a constant temperature that is expected for films with thicknesses of the same
magnitude as the phonon mean free path.

sample  ATYRE™ - ATGE AT e A0 mean)  ATH0V1G (Interface)
#3 35.28 32.9 35.63 0.76 0.53
#20 28.58 25.48 28.25 1.29 0.65
#14 29.11 26.05 21.76 1.24 0.49

Table 5.3: Comparison between experimental and simulation temperature increase and differ-
ence values for the samples where sufficient data for the experimental temperature determina-

tion was available. All temperatures and temperature differences are given in units of degrees
K.

Overall the results from the simulation agree well with the values directly derived from
the experiment, as summarized in Tab. especially taking into account that the mar-
gin of error for some crucial parameters such as the laser power or the Vigg dip depth
is around 10%. As the phonon mean free path is comparable to the platinum and YIG

layer thickness, one would expect a uniform phonon temperature normal to the thin film
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5.2 Thermal contact resistance and temperature profile simulation using ANSYS

plane . However, in the simulation, especially for the thicker YIG layers, a clear
temperature gradient across the YIG film thickness can be observed. It is therefore not
entirely clear a priori what value the actual temperature difference between the plat-
inum and the YIG takes. However, introducing AT'(i) that denotes the temperature
difference between the platinum and the YIG for sample i either directly at the in-
terface or between the respective mean values of the layers and comparing the ratios
AT ey (3)/ AT ey 10, AT st (3)/ AT ety (1)
with the experimental Visn(Plaser; #3)/Visu(PLaser, #14) from Sec. shows that
ATANSYS gives a much better agreement with the values from the experiment

Pt/YIG(Interface)
(Sec. [1.6). As evident from Tab. the full numerical simulation of the temperature
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Figure 5.6: a) Temperature drop at the interface, computed with the simulation presented
in Sec. normalized to laser power P = Ppaser- b) The spin Seebeck effect voltage Vigy
normalized to the temperature drop at the F/N interface. While the temperature drop scales
with the thickness of the platinum layer, the Vigy is apparently also influenced by other factors
than temperature difference.

profiles, including the TCR, is consistent with the experimental results. Now the values
for the power dependant signal from Sec. can be normalized to the temperature dif-
ference at the F/N interface. Figure shows that ATp¢/yig for all samples that were
simulated is within an order of magnitude. It can also be seen that ATp/yi¢ scales with
the platinum layer thickness of the sample. This is consistent with Eq. since a thicker

platinum layer absorbs more laser light and thus heats up more. The two samples with
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5 Temperature profile numerics

the gold buffer layer produce the highest ATp/viq, also because of their good absorbance
and the slightly higher TCR between gold and YIG. Surprisingly the samples with high
ATp¢/yic do not necessarily produce a high spin Seebeck voltage Vigy. The origin of this

mismatch will be discussed in more detail in Sec. 6.1

5.2.1 Substrate influence

As mentioned in Ch. [3] the YIG samples were grown on two different substrates, GGG and
YAG. Due to severe spread in the results even for seemingly identical samples (Sec. it
is very hard to quantify the substrate’s influence on the results. While there may also be
contributions to the underlying processes involved in the generation of the spin Seebeck
effect (e.g. influence on phonon-magnon coupling due to differing lattice mismatch) only
the immediate effect of the substrate on the phonon temperature can be quantified with

the simulation. To this end a stack of 10nm platinum on 50 nm YIG was simulated for
both a YAG and a GGG substrate.
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Figure 5.7: Simulation of the temperature profile of a Pt/YIG/GGG and a Pt/YIG/YAG

stack arising from illumination at 10 mW laser power.

The simulation (Fig. shows that samples grown on GGG heat up considerably more
than the samples grown on YAG so that Tgeg(z)/Tyac(z) = 1.5 for the entire F/N
region. The temperature difference at the F/N interface AT; however is almost equal:

ATgea/ATyac = 0.97. Accordingly, the choice of the substrate is not relevant from a
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5.2 Thermal contact resistance and temperature profile simulation using ANSYS

spin Seebeck point of view (Visy o< AT') since its influence on the temperature difference
is smaller than other random influences, e.g. fluctuations in the laser power or growth
related parameters that influence the spin Seebeck signal. However, the higher absolute
temperature of the GGG samples should help determining the temperature of the YIG
from experimental data as discussed in Sec. since the additional heat should shift the
YIGs temperature closer to T¢ and thus cause a more visible dip in the spin Seebeck
Signal. The experimental data, although not sufficiently statistically significant, do agree
with this trend.

Another parameter that systematically changes across all samples is the thickness of the
YIG layer. It takes values between 20 and around 70nm. To quantify its influence a
simulation was done for a 10 nm platinum thin film with YIG layers varying in thickness
between 10 and 120 nm on a GGG substrate and additionally one sample was examined
where the same platinum layer was deposited on 500 pm thick YIG bulk. According to
the simulation (Fig. the temperature difference at the F/N interface shows no film
thickness dependence in the the thin film regime, but a notable decrease for the bulk
sample. The absolute temperatures of the samples follow the same trend.

Comparing these findings with the data from the experiment this seems to be very
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Figure 5.8: The YIG thin film samples all show the exact same temperature difference at
the interface. This value decreases for the bulk YIG sample. Note that here the boundary
conditions are slightly different since the temperature sink at the backside of the sample is now
directly connected to the YIG.

reasonable. Neglecting the different YIG thicknesses, the samples #2, #3, #14 and #18
(7nm platinum) all show about the same spin Seebeck signal. This is also true for sample

#10 and #17 (= 20nm platinum), and furthermore agrees well with earlier studies on
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5 Temperature profile numerics

this subject [7§].

Taken together, it was shown in this chapter that the experimental data and the simulation
presented in this thesis have been shown to agree well with another. The simulation could
account for the thermal contact resistance between the individual layers of the samples and
thus now provides the temperature difference at the ferromagnet/normal metal interface,
which was not available from previous models. With this an important step for the

qualitative analysis of the results in Sec. has been done.
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6 Spin currents across interfaces

The spin Seebeck effect is just one of a number of effects in which (pure) spin currents play
an important role. In this chapter, an attempt is made to give a quantitative interpretation
of the spin Seebeck measurement results obtained in this thesis, followed by a comparison
to results obtained from spin pumping and spin Hall magneto resistance. The latter two
effects also deal with spin currents at interfaces. A comparison of the individual theories
shows that one can potentially predict the strength of every single effect from the results
of a measurement of any one of the three. The experimental data support this result.
Thus a unified description of spin angular moment transport across interfaces appears

possible.

6.1 Spin Seebeck data analysis

In Ch. [2[ a theory for both the spin Seebeck effect and the inverse spin Hall effect (that
makes the experimental detection of the former possible) was presented. This theoretical
model then was modified and extended (Eq. (2.39)) to account for the results from the
experiments presented in Sec. [4.6]As discussed in Ch. 5] the temperature profile in mul-
tilayer thin film stacks can be numerically computed. Thus, one can now quantitatively
compare spin Seebeck theory and experiment. Using Eq.

pOueyRe(g™M) ks AT a®r
TM Ve w2

Visa =

with 0y = 0.013 [46], v = 1.89-10''Hz/T [45], Re(g™) = 4-10%m~2 [103], M, =
129kA/m [45], Vipe = (5.4nm)? [29], @ = 2.5pm and w = 80 pm with the appropriate p
and AT’ (c¢f. CH.[5) for the individual samples in Eq. (2.39)

_ plueyRe(g™)kg AT a*r
N TM Ve w2

Visu
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6 Spin currents across interfaces

one obtains Vigg values in the order of 100 pV, as shown in Fig.[6.1] This is considerably
smaller than the nanovolt values obtained from the experiment (Sec. [4.6). In other words
a fudge factor of about 400 has to be used for the theoretical values to agree with the
experimental results.

Looking at possible sources of this mismatch it becomes clear that almost every parameter
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Figure 6.1: Comparison between experimental (blue) and theoretical (red) values for the spin
Seebeck signal at 1 mW laser power (see text).

in Eq. is only known up to a factor of around two or not even within an order of
magnitude as in the case of V.. Revised parameters may therefore be necessary to bring
theory and experiment into satisfactory agreement. In Sec. |6.2], it will be shown that
a much higher spin mixing conductance and spin Hall angle (which would improve the
agreement between theory and experiment) can also be found in other experiments. It
should be noted though that these very high values for the spin Hall angle and especially
the spin mixing conductance differ from previously published and well established data,
such as the ones used above. This will be discussed in more detail in the associated
section.

In the discussion so far the thickness tp; of the platinum layer was not explicitly taken
into account (except for the simulation of the temperature difference at the F/N interface,
and possibly encoded in the resistance of each sample). To check if the Vigy results are
also directly influenced by tp¢, the experimental values are divided by AT” calculated in
detail in Ch. [5| and p, and then plotted as a function of the respective platinum layer
thickness. Figure shows the result. If Eq. would account for all contributions
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6.1 Spin Seebeck data analysis

then

d Visu
—_— =0 6.1
dtPt ( AT’p) ’ ( )

which clearly is not consistent with experiment. For the following more detailed analysis,

75 . , . , . , . ,
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Figure 6.2: Plot of the inverse spin Hall voltage Visy divided by the two quantities known
to be a function of the platinum layer thickness (AT, p) over tpy. The red line is a fit of the

assumed t;t?’ /2 dependence of the inverse spin Hall voltage for the thicker samples, while the
dashed lines are supposed to give an idea of the possible behaviour for very thin platinum films,
which are marked green here.

samples #16, #4 and #5 are disregarded since their behaviour is likely to be different
due to the additional buffer layer between the platinum and the YIG. For reasons that
will become apparent during the course of this and the next chapter also samples with
a platinum layer thickness of less than 3nm are not taken into accountﬂ. Even without
these restrictions, Fig. shows that Eq. is not obeyed but that the experimental
data rather follow

1
Visn X ——, a > 0. 6.2
Is O (6.2)

A proper fit of the experimental data to Eq. yields @ = 1.36 £ 0.22. It is now
assumed that a = 3/2 in good agreement with the fit and for reasons that will become
clearer in the next section.

It is important to note that Fig. 6.2 quite clearly indicates Vigy o< tp¢ is only valid for

large tp;. For tpy < 3nm a constant or even decreasing Visy is observed.

Apt ~1—3nm
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6 Spin currents across interfaces

Such a behaviour can be understood when one compares the derivation of the spin Seebeck
signal (Eq. ) to that of the spin Hall magneto resz'stanceﬂ and the signal obtained
from spin pumping [18]. In the latter two, the spin accumulation g in the platinum layer
is taken into account by solving the spin diffusion equation

O 1
= DNApg — — g 6.3
ot N Tsf ( )

where Dy denotes the normal metal diffusion constant and 7 the spin-flip time. Since
Eq. is derived using a modified version of the spin pumping mechanism [9] it appears
natural that the spin accumulation has to be taken into account for the spin Seebeck effect
as well, resulting in a behaviour as depicted by the dashed lines in Fig. [6.2l The upper
dashed line outlines the trend of the established spin pumping theory (Eq. ) while
the lower one gives the trend of the spin Hall magneto resistance.

With that in mind a heuristic correction parameter can now be constructed by plotting
the ratio of Vi /Viey (the ratio of the the results from Eq. to the experimental
Visg results from Ch. over tpy in order to fit the exponent of the platinum thickness
dependence (Fig. [6.3).

Using the correction function obtained by this method, Eq. transforms to
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Figure 6.3: Plot of the ratio between the signal obtained from Eq. (2.39)) and the experimental
values as a function of the platinum layer thickness. The green dots once again mark samples
with tpy < 3nm which might not be within the validity limit of the approach taken in this
chapter.

’Nakayama, Althammer et al., unpublished. See also Ch.

80



6.2 Comparison of spin Hall magneto resistance and spin Seebeck effect

pOueyRe(g™) ks AT a’*n A
Visn = Sy
TM Ve w2 tP/t

(6.4)

where the correction factor takes a value of A = 1.87 - 1079 m?®2. With the exception of
the two samples with extremely thin platinum layers (marked in green) this improves the
agreement between theory and experiment by a factor of four (see Fig. compared to

the simple correction with a uniform fudge factor. It has to be stressed again that the
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Figure 6.4: Plot of the experimental and modified theoretical values (same scale). The two
green bars indicate the two samples with very thin platinum films where the error between the
approximation and the real behaviour becomes very large.

exact scaling behaviour of the spin Seebeck effect with the platinum layer thickness is
not known and that the approach taken here is only heuristic. more precisely, both the
absolute value of the correction factor A and the proposed dependence t;t?’ /2 are purely

heuristically motivated to this point.

6.2 Comparison of spin Hall magneto resistance and spin
Seebeck effect

Following an early report by Weiler et al. , both Althammer et al. and Nakayama et
al. [104] independently discovered a new type of magneto resistance that is induced

through conversion of a charge current into a spin current and subsequent reconversion to
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6 Spin currents across interfaces

a charge current in insulating ferromagnet/normal metal hybrid structures via the spin
Hall and inverse spin Hall effect (Sec. . Hence, the effect was baptised “spin Hall
magneto resistance” (SMR).

More precisely, in a SMR experiment, a magnetic field is applied perpendicular to a
charge current in the normal metal. This induces a spin current perpendicular to both
the charge current and the magnetic field via the spin Hall effect. Depending on the
spin current’s spin polarization o and the magnetization direction m of the underlying,
electrically insulating ferromagnet, this spin current can either be absorbed (0 L m) by
the ferromagnet or reflected (o || m) at the F/N interface, since angular momentum can
either be transferred into the ferromagnet or not. The part of the spin current that is
reflected at the interface is then reconverted to a charge current through the inverse spin
Hall effect. This leads to additional contributions to the original charge current Jo that

can be expressed in terms of changes in the transverse and longitudinal resistances [44]

Plong = Lo + plmf (65)
Ptrans = P2My + P3M;My. (6.6)

Here m;, my and m, denote the projection of the magnetization onto the axes j, t and n
(Fig. [6.5) while p; = —p3 according to the theory (Eq. (6.7)).

The SMR signal (called SMR amplitude in the following) is commonly expressed in terms
of the ratio Ap/p which is usually of the order of 107*. The experiments done by Al-
thammer et al. [44] were conducted in the same YIG/Pt (and YIG/(Au/Cu)/Pt) samples
that were studied for the spin Seebeck measurements presented in Ch. [l Interestingly,
samples with large SMR effect (large p1/po) also showed large spin Seebeck signals Vigy.
To quantify these observations, the theory of the spin Seebeck effect and the spin Hall
magneto resistance have to be compared.

Introducing the spin diffusion length in platinum Ap¢, the SMR amplitude can be written
as [104]
Ap  —p G%%%Re(gw) tanh? (%) .
P Po 1+ 2/\ptppt%Re(gN) coth (f\%‘t) ' e

This theory can be fitted to the data obtained from measurements on samples #2, #3,
#6, #7, #8, #9, #10, #11, #12, #14, #15, #17, #18, #19 and #20 assuming pp; =
400nQm, Apy = 1.3nm, Oy = 0.074 and Re(g™) = 1.14- 102 m~2 (Fig. [6.6). Note
that the values for the spin Hall angle and spin mixing conductance obtained here differ
substantially from the previously published values that were used throughout the rest of
this thesis. However, using these values for the calculation of the spin Seebeck signal in
Eq. brings the data to an agreement within a factor of 40, which is considerably
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Figure 6.5: Figure taken from . SMR measurements of sample #3 at T' = 300K at an

external magnetic fields of pgHpeas = 1000, 500, 100 mT (pgHmeas = 1000, 700, 100mT for
(c)). The green line represents a fit of the data to the model given in Eq. (6.5)) and (6.6]). The
dashed blue line indicates the behaviour expected for anisotropic magneto resistance.

Since

tperoo 1 4 2)\ptppt%Re(gT¢) coth

better than what was found using the literature values. It is important to stress that this
does not change the observed ¢p; dependence of the spin Seebeck signal (¢f. Fig. , but
only (drastically) alters the value of the correction factor A. Due to a non-trivial relation
between the individual parameters in Eq. the obtained values for the spin Hall angle
and spin mixing conductance have a very high uncertainty, which for the latter is in the
order of several magnitudes. Therefore the better agreement between the spin Seebeck

theory and the experimental data should be treated cautiously.

lim tanh(c-tpy) = lim coth(c-tp)) =1, ¢ >0

one finds that

tpg—00 tpt—00
2 22Bure ¢ R (o4 tanh? (L2 g2 2buore & R (1L
H  tpg h 9 2Apt . H tp; 3 e(g ) 1

(6.8)

tpt
APt

= lim 3 o —.
) tpg—oo | + ZAPtppt%Re(gT‘L) tPt

VRS
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6 Spin currents across interfaces
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Figure 6.6: SMR data plotted over the samples’ platinum layer thickness tp;. The solid line
is a fit to the experimental data according to Eq. . The dashed line indicates the 1/tp
limit of Eq. . At above tpy £ 2nm the difference between the fit and the simple power law
is sufficiently small to justify the approximation. The green dots mark the samples where this
approximation fails. The data have been provided by Matthias Althammer.

For the above parameter values, this limit is justified beyond a platinum layer thickness of
around tp; = 2.2nm, where the deviation from the full theory is less than a factor of two.
Hence, the analysis will now be restricted to samples with tp; > 3nm. This a posteriori
justifies the assumption made in the previous section that samples with a platinum layer
thickness of less than 3nm do follow a different trend and should therefore be omitted

from the analysis.

In Sec. it was found that (cf. Fig.[6.3)

VisH 1
I 2 (6.9)
3/2
ATp tpy
The ratio
Ap
» _ BT8p (6.10)
Visu VISH :
ATp
A2, ppy o2
_ 912{2 lflng TRe(gTL) GHE“/RC(QTi)kB 1 a7 X (6 11)
- 1+2APtth%Re(gN) ™Ms Ve ET@ :
_ QHA%ttheMstcw t1/2 (6 12)

(1 + 2)\ptppt%Re(gN)) hrykga? ) Pt
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Figure 6.7: Test of the validity of Eq. (6.12): The ratio of the SMR amplitude Ap/p to the
spin Seebeck voltage Visi plotted as a function of tpy. The green dots once again mark samples
with tpy < 3nm which are not taken into account for the t%,/tz fit (red line)

suggests that the ratio of SMR amplitude and spin Seebeck voltage should scale with tllp/f.

Indeed, the data available corroborates this prediction (Fig. . Fitting a t3, dependency
to the corresponding data yields o = 0.38 £ 0.19 (o = 0.76 4 0.17 if sample #12 which
shows the highest SMR amplitude but only average spin Seebeck voltage was not taken
into accoun v} so that the assumed t;/f behaviour is well represented by the data.

Another approach is to directly compare the SMR amplitude and the spin Seebeck
voltage for each sample. In Fig. it can be seen that

B
a0 <V‘SH> , (6.13)

p ATp

holds, with § = 0.49 4+ 0.09. However, if one assumes 5 = 2/3 the error of the fit only

increases marginally. Under this assumption and since XI—STI; x t;g /2 it follows that

Visn \ e _ 1 Do
ATP Pt Pt p :

3When this sample was examined in the spin Seebeck setup, the copper block that the sample is glued
to was notably skewed so that the applied magnetic field was most likely not very well aligned to the
thin film plane. Thus the measured spin Seebeck voltage is potentially lower than the actual maximal
signal of the sample.
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Figure 6.8: Plot of the SMR amplitude Ap/p over the respective spin Seebeck voltage
Visu/ATp for the different samples. While the 2/3 fit (Eq. (6.13)), solid red line) has been
done for the blue points with tpy > 3nm only, it does agree reasonably well even for samples
with thin platinum layers and those with an additional buffer layer between the platinum and
the YIG. The dashed red line is a fit with free exponent to the blue data points.

This corroborates the notion that the spin Seebeck effect and the spin Hall magneto
resistance are indeed dependent on tp; as given by Eq. and .
Taking the samples with very thin platinum layers and the ones with an additional buffer

layer into account, the fit (Eq. (6.13)) yields 8 = 0.58 £ 0.16, which agrees well with the
above value of 2/3.

While this is a consistent and therefore convincing result, it is important to note that a
similar agreement with the experimental data can be achieved if one assumes Ap/p
(VISH/AT/))I/2 and therefore Vigy/ATp o tpr.

Eq. shows that either the spin Seebeck effect or the spin Hall magneto resistance
can be used to quantitatively predict the strength of the other even if the exact relation
between the two can only be approximated as of now. Further experiments are therefore

necessary to quantitatively resolve this issue.
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6.3 Comparison of spin pumping and spin Seebeck effect

Figure 6.9: Figure taken from [18]. The distribution of conduction electrons among the two
different spin species with their respective density of states (DOS) in a ferromagnet. a) In
equilibrium the DOS for up and down electrons is shifted due to the exchange energy Fex. b) In
a gedankenexperiment the energy levels for the two spin species change almost instantaneously
(in realty this is caused by to the rf magnetic field), bringing the system out of equilibrium
that is restored via a spin relaxation process. c¢) After some time the system is in equilibrium
again.

6.3 Comparison of spin pumping and spin Seebeck effect

Another approach for creating pure spin currents has been theoretically proposed by
Tserkovnyak et al. [105] in 2002, following a paper by Berger [106] in 1996. In this so-
called spin pumping scheme, a radio frequency magnetic field is applied to a ferromagnet
which causes the magnetization vector to precess. The relaxation of the latter then creates
a spin current that can be converted into a charge current by means of the inverse spin
Hall effect (cf. Ch.[2)). Usually this type of experiment is done in F/N hybrid structures
such as the ones examined in this thesis.

With an ansatz [105] that is only marginally different than the one chosen for the
derivation of the spin Seebeck effect (Ch. [2)) one finds an instantaneous spin current

h

I, = ERe(gu) [m x 10 (6.14)

which time-averages to the DC spin current

1A
I, = P- ——wRe(¢gM)sin? © (6.15)
2m 2
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6 Spin currents across interfaces

in the approximation of a circular precession cone. Here w denotes the microwave fre-
quencyEL O is the precession cone angle of the magnetization caused by the microwave
magnetic field and P is a correction factor that accounts for the influence of demagneti-
zation fields on the magnetization precession [107]. Taking into account the accumulation
of spins within the thin normal metal film in which the spin current is converted into a
charge current this leads to [105] 18]

ey tanh (2’1\—NN) Re(g™)

Orlr + oniN

Vep = vaw Plsin® ©. (6.16)

Here \y is the spin diffusion length within the normal metal and op, oy, tr and ty are the
electrical conductivities and thicknesses of the ferromagnet and normal metal, respectively
and [ denotes the sample length. In the thick platinum layer regime (tp; > Apy) and with
YIG as ferromagnet (op = 0) Eq. transforms into

T
lim V, = lim efnpRe(g")

tpt—00 tpt—00 O'Pt Pt

vyw Plsin? ©. (6.17)

In order to compare the spin Seebeck signal V{3Pek with the spin pumping magnitude
across different samples, one has to divide Eq. (6.17) by factors that are not directly
related to the effect itself or show a known inherent thickness dependence. Under the

assumptions that tanh <£\—NN> ~ 1, Eq. (6.17) then transforms into

Vép . eQH/\ptRe(gN) - 1

= — 6.18
vaw Plppy sin? © tpy tpt ( )

In Fig.|6.10|data for samples #2, #3, #6, #10, #11, #12, #17, #19 and #20 (tp; > 3nm)

are shown along with a tgtl fit of the data. The spin pumping data for these samples have
been provided by Johannes Lotze. While the agreement between the theoretical pre-
diction and the experimental data is reasonable a fit with a free exponent « returns
a = —1.54 + 0.32, which suggests that other parameters also are dependent on the plat-
inum layer thickness.

Note that the spin pumping samples are not ezactly the same as in the SMR and spin
Seebeck experiments: after a YIG/Pt sample was grown via pulsed laser deposition (see
Ch. |3]) it was cut into several pieces, one of which was used for the spin pumping mea-
surements, while another was used for the spin Seebeck and spin Hall magneto resistance
measurements. Therefore the quality of the YIG and platinum should be the same in the
spin pumping, spin Seebeck and spin Hall magneto resistance experiments, but anything

that could have altered the samples during the patterning and etching process will not be

4the rf magnetic field frequency
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6.3 Comparison of spin pumping and spin Seebeck effect
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Figure 6.10: To allow for a comparison of the spin pumping voltage Vi in samples with
different platinum layer thickness, Vi, is divided by all factors that are known to vary across
the different samples and measurements. The solid red line indicates a t;tl fit according to
Eq. , to the data while the dashed line is a fit with free exponent. The data have been
provided by Johannes Lotze.

seen in this data.
Just as in Sec. a comparison of spin pumping and spin Seebeck data, appears

mandatory. Since
VisH o =3/
AT[) Pt

for the spin Seebeck effect (Eq. (6.9)), one should observe

Vsp

[ ) - !
I/walppt sin2@ . ‘/SPAT (6 19)
Vism o v P in2 ’
A ppe Visuvmw Plsin” ©
eGH)\PtRe(gTL) Orre~vRe ™ k 271- N
= Pt = :]\/IS(\imc> B i%ﬁ (620)
‘Pt
9 3
o )\Ptkaa 7T)\t1/2 (6 21)
2MVpew TV '

Figure. shows the data, plotted according to Eq. . However the data do not
support the predicted tlla/f trend in a satisfactorily fashion. The result in fact allows for
no clear determination of a scaling behaviour with the platinum layer thickness between
spin pumping and spin Seebeck effect.

Again, an alternative approach to compare spin pumping and spin Seebeck effect is to
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6 Spin currents across interfaces
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Figure 6.11: Plot of the ratio of the spin pumping signal V,, over the spin Seebeck signal Vigy
for each sample as a function of the sample thickness tp;. The red line is a fit of the suspected

t%,/tz behaviour. No clear conclusion about the relation between the spin pumping signal Vg,
and the spin Seebeck signal Vispg can be made from the data available.

look at how the spin pumping signal scales with the spin Seebeck signal directly. Since
Vip o< tpts Visn o< tpy”* = Vi o< (Vign) ™ (6.22)

if the assumptions made before are correct. In Fig. it can be seen that the data follow
the predicted trend reasonably well and a fit with free exponent « yields o = 0.74 4 0.26
in good agreement with the heuristic model. This again supports the notion that spin
currents can be described by a unified model.

Overall the comparison between spin Seebeck effect and spin pumping yields a qualitative
agreement while and the comparison with the spin Hall magneto resistance appears more
robust. However if one assumes that Vi, o< tp, /2 (instead of tor) then Vi, /Vigy = const.
which agrees with the result that is obtained from a fit of the data (Figl6.10) with free
exponent (o = —0.43 4 0.76). This would result in V, oc (Vigg)' which is well within
the margin of error of the fit. The same can be argued for Vg, o toe. Assuming both
the spin pumping and spin Seebeck theory are correct, then this could hint at additional
parameters not being independent of the film thickness. Since ¢™ is an interface effect
this leaves Ap; as a possible culprit.

In summary, in this chapter it was found that the spin Seebeck theory developed by Xiao

et al.[9] has to be modified to take the platinum layer thickness into account. A simple
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Figure 6.12: Plot of the spin pumping voltage over the spin Seebeck voltage obtained for the
different samples studied. The red line is a tl%./ts fit of the data according to Eq. (6.22).

power law appears sufficient to describe the experimental data. On this basis a comparison
between the spin Seebeck effect, the spin Hall magneto resistance and spin pumping was
done. The experimental data show a strong correlation between the three effects which
could be accounted for by comparing the individual theories with each other. However,
to quantitatively connect these different spin current related effects further theory work

and experiments will be necessary.
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7 Summary and Outlook

This thesis gives a detailed, quantitative experimental study of the spin Seebeck effect. It
thus continues and substantially extends the work done at the Walther-Meifiner-Institute
by Mathias Weiler during his PhD thesis [49].

The spin Seebeck effect hinges on the interplay between thermally excited phonons and
magnons in a ferromagnet and how a thermal non-equilibrium leads to the creation of
pure spin currents. Mathias Weiler showed that not only is it possible to observe the
spin Seebeck effect in yttrium iron garnet thin films, but that the effect can be locally
detected. The spin Seebeck effect thus enables the generation of local spin currents, and

can furthermore be utilized to map the domain structure in the ferromagnetic layer [35].

This thesis goes beyond the results of Weiler et al. [49, 35 in several aspects. For one, we
showed that it is possible to locally manipulate the yttrium iron garnet’s magnetization
and how edge states and other geometric effects influence the creation of magnetic do-
mains (Sec. [4.4) . Furthermore a new class of ferromagnetic insulator /normal metal samples
with an additional layer between the ferromagnet and the normal metal was examined
(Sec. . These experiments prove that spin currents can not only be detected far away
from the ferromagnetic insulator/normal metal interface at which they are created, but
also that anomalous Nernst contributions to the measured voltage signal can be excluded.
The scaling of the spin Seebeck effect with the induced temperature increase was exam-
ined and experimentally confirmed to be linear (Sec. as predicted by the theory.
Additionally, first experiments have been done to address the time constants involved
in the generation of the spin Seebeck signal. In good agreement with the known time
constants for the phonon-magnon and phonon-electron coupling we could confirm that
the spin Seebeck signal arises on timescales shorter than one microsecond (Sec. [£.7).

One key outcome of the present thesis is the substantially improved simulation of the tem-
perature distribution in the ferromagnetic insulator/normal metal hybrids, most promi-
nently taking into account thermal contact resistances between the individual layers. The

corresponding results enabled a quantitative analysis of the spin Seebeck signal (Ch. [f).
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7 Summary and Outlook

This new simulation now not only makes it possible to directly compute (and possibly pre-
dict) the spin Seebeck effect magnitude from theory, but is furthermore versatile enough
to account for any combination of layers in the thin film samples, which was not possible in
previous models |76, 108]. Additionally, we found that the spin Seebeck signal is inversely
proportional to the platinum layer thickness (Sec. a fact that is not evident from the
published theory but could be motivated by comparison with spin pumping experiments.
Last but not least, the spin Seebeck effect data obtained in this thesis were quantitatively
compared to spin pumping measurements and the newly discovered spin Hall magneto re-
sistance. The latter two effects are also influenced by a spin current/interface interaction.
We found a direct, quantitative relation between spin Seebeck effect, spin Hall magneto
resistance and spin pumping that could be accounted for both in a modelling approach
and the experimental data (Sec. and [6.3)).

These results unambiguously show that the voltage signals observed in this thesis are
indeed due to the longitudinal spin Seebeck. This is a very encouraging result since the
original transversal spin Seebeck effect [8] has been questioned a lot lately since the cor-
responding results from Uchida et al. appear difficult to replicate. Furthermore, our
experiments show that the spin Seebeck theory needs to be adjusted for additional de-
pendencies. Eventually a new theory accounting for all spin transport type phenomena
clearly will be required.

The contributions from this thesis help in the fundamental understanding of not only the
spin Seebeck effect, but also the spin Hall magneto resistance and the spin pumping effect.
Nevertheless there are still many issues that need to be tackled before a truly complete
picture of spin current related physics can be drawn. We strongly believe that further

investigations and investments into this filed will be greatly rewarding.

Outlook

Spintronics could be a future key factor in the never ending pursuit of faster computation.
Spincaloritronics is the a new spin to this field, and the understanding of the processes
involved is still in its early days.

For application purposes, the behaviour of the spin Seebeck effect on short timescales will
be of critical importance. Corresponding spin Seebeck experiments on timescales in the
sub microsecond regime are currently under way at the Walther-Meifiner-Institute. The
scaling of the effect on short timescales could very well also give important fundamental

insights and determine the feasibility of possible computing applications.
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A seemingly endless field is the search for material systems with larger Spin Seebeck
magnitude. Right now, the measured spin Seebeck voltages are of the order of a couple
of microvolts, which is not straightforward to detect and prone to noise. One important
step here also is to study the impact of the ferromagnetic insulator ayer thickness on
the spin Seebeck effect. Yttrium iron garnet samples are already in production to
verify the spin Seebeck effect in the bulk regime. Additionally, engineering of samples
with high thermal contact resistance could be a way of increasing signal strength. Le
Breton et al. [109] showed that the spin dependent Seebeck effect]] can even be observed
when the spin current has to cross a tunneling barrier. By careful engineering one
could possibly design a device with large spin mixing conductance but much higher
temperature difference between the ferromagnet and the normal metal, and thus increase
the spin current between the two. That way one could also utilize different ferromagnets,
especially conducting ones, if the tunneling barrier could be designed in a way that the
tunneling resistance is different for electrons and magnons. Since a tunneling process can
not occur unless there are free states at the opposite side of the barrier it also has to be
thin enough to allow the exchange interaction to influence the electrons in the normal
metal in order to observe the spin Seebeck effect.

There have also been reports about new materials exhibiting very large spin Hall
angles [111]. Replacing the platinum layer on top of the yttrium iron garnet, e.g. by
[S-tantalum, should increase the spin Seebeck signal and make observations at lower
heating power possible. The existing setup could also be used to find such materials, or,
once a full picture of the quantities involved emerges, to measure those quantities that
are still only known within some orders of magnitude (e.g., g™, O, Asq).

Since the different “spin current at interfaces” experiments (namely spin pumping, spin
Hall magneto resistance and spin Seebeck effect) seem to be correlated to each other it
would also be interesting to develop a device enabling all the different measurements in
one setup.

Up to now, our improved simulation still uses a simplified geometry to calculate the
temperature profile in the samples. This is not a limit of the simulation itself, but was
done to speed up the simulation work since, after all necessary parameters are collected
and/or calculated, creating the geometry is the most time consuming task. Therefore, an
extended version of the existing simulation could be used to not only reevaluate to data
collected so far but also to develop new sample designs in which the temperature profile
becomes more beneficial to the spin Seebeck effect.

Just like the classical Seebeck has its inverse in the Peltier effect, there is also the spin
Peltier effect. While the spin dependent Peltier effect [112] has already been observed,

In the spin dependent Seebeck effect, the Seebeck coefficient is different for spin up and spin down
electrons, which gives rise to spin polarized currents [110].
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the spin Peltier effect still awaits experimental observation. In general this could be done
with the current samples in the spin pumping setup, if one would be able to distinguish
between the signal from spin pumping and the additional contribution from the heating
or cooling of the platinum induced by the spin Peltier effect and the subsequent change
in resistance.

Just as the classical Seebeck and Peltier effect can be derived form the same theory, the
correlations between spin Seebeck effect, spin Hall magneto resistance and spin pumping
revealed in this work ask for a new theory developed by which all spin current related
effects can be described. Maybe in the future there will be “Maxwell’s spin equations”

that achieve this goal.

We are confident that the results presented here contribute to both the theoretical and
experimental understanding of the spin Seebeck effect. Yet they also showed that many
more experiments and theoretical work will be necessary to create a full understanding
of the spin Seebeck effect. We hope that our results can inspire others to investigate the

open issues and contribute to this fascinating field of physics.
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A Appendix

A.1 Simulation parameters

abosrption heat density thermal refractive
coefficient capacity conductivity index
am™]  C[J/keK] plkg/m’] £ [W/mK] n
Pt 82-100[55) 130 [113] 21450 [114] 72 [114 2.41+ 4.3 [55)
YIG 0.5-10° [115] 570 [113 5170 |116 7.4 117 2.2 4+ 0.003i [115
GGG 0 [118 400 |119 7080 |119 8 120 -
YAG 0 [121 625 |119 4560 122 13 [123 -
Au  62.5-10° || 130 |113] 19300 [124 318 125 0.16 + 3.28i ]|
Cu 72 -10° || 385 [113 8960 |54 419 [126 2.14 + 3.751 ||
longitudinal transversal Sommerfeld Fermi
speed of sound speed of sound  constant velocity
Vlong [m/9] Virans [m/s] 7 [J/m’K?] v [m/s]
YIG 7180 (127 3300 128 - -
Pt 3300 [129 1700 129 748.1 [130] 2.188-10° 131
GGG 6545 132 3531 132 - -
YAG 8600 |133 4960 |133 - -
Au 3240 || 1200 || 67.6 [130 1.041 - 10° [134
Cu 4760 2325 96.8 [130 1.245 - 105 134

Table A.1: Material parameters used for the ANSYS simulation of the heat distribution
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Figure A.1: The sign measurement was done with a digital multimeter with the contacts
connected and external magnetic field oriented as depicted above.

A.2 Sign in the spin Seebeck measurements

Since the spin Seebeck measurements presented in Ch. were done using the lock-in
technique it is not possible to determine the actual sign of the measured voltage as a phase
has to be chosen arbitrarily. However a spin Seebeck measurement was also done where a
Keithley K2002 [135] multimeter was used to measure the spin Seebeck signal. In order to
get an absolutely reliable sign the external magnetic field direction was determined using
a compass. Positive magnetic field direction is defined as the direction from the Antarctic
to the Arctic. With the setup depicted in Fig. a positive voltage was measured.

The spin polarization §, orients itself antiparallel to the external magnetic field H =
—yH. Since YIG has a fairly low absorption coefficient compared to platinum it follows
that Tr < Ty = AT < 0 and hence the spin current (Eq. is flowing in —2 direction.

Now the physical (positive) charge current direction can be calculated as

0
2
ICISH — 9H <__6> [S 0 X

h
-1
1
o (A1)
= a7 L | 0
0
. 2e
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OTpy
i1 —kpy,yia TmE (1) = £ (Tpy(t1) — Tyic(t1))

t1 + toy

N

1>

Figure A.2: Depiction of the simplified heat transport problem as used e.g. in [32]

Therefore the conventional current direction is in +& direction, from Hi to Lo, and
returns a positive voltage.
This is consistent with the sign observed by Uchida et al. [32] and Weiler et al. [35].

A.3 Derivation of the temperature distribution in a two

layer system

In the spin Seebeck experiments by Uchida et al. [32] a thin platinum layer was deposited
on bulk yttrium iron garnet. The temperature of the top and bottom of the sample were
held at constant temperatures 77 and 75. With the geometry depicted in Fig. the
solution of Eq. in steady state is of the form

AT; =0 (A.2)
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Using the Dirichlet boundary conditions mentioned above and the finite thermal contact
resistance R at the interface between the platinum and the yttrium iron garnet this is

solved by

T;(Z) = Q; + biz,
Tp(0) = T1 = apy = 11,
Tyic(ts + t2) = To = Ty = ayic + byic(t1 + t2),

O0Tpt -1
— bpy = Tou(ty) — Ty (t)] = Ty + bpits — avic — byiat]
2 . Pt liPtR[ Pt( 1) YIG( 1)] IiPtR[ 1 Ptl1 — AYIG YIG 1]
OT -1
a\;G . = byig = o R [Tpi(t1) — Tyvic(th)] = R [Th + bpits — ayic — byicti],
which yields the coefficients
apy = T17
bp, = ryic1a — Kpelh
t — ’
kpekyielt + Kyigti + Kpila
G — kpil1 Ty + RpilaTy + Rpekyic BT — kpiti 1o + Kyigti 1z (A.3)
yig = ;
kptRyiclt + Kyigti + Kpita
byic = HPt(T1 - TQ)

kpehyict + Kyiath + Kpila

Due to the reduced dimensionality of this solution compared to the heat transfer problem
discussed in this thesis (see Ch. [5)) the different results can not be compared directly, since
the heat flow in the lateral direction drastically influences the final result. For very thin
layers, however, these differences become less significant. Using tpy = 7nm and tyj;q =
20nm (sample #3), the thermal conductivities tabulated in Tab. and the thermal
contact resistance from Tab. with the temperatures for the platinum and the yttrium
iron garnet from the simulation results shown in Fig. 5.5 the temperature difference at the
F/N interface calculated analytically as obtained above and by the ANSYS simulation
agree with each other within 2%. Note that this does not mean that the temperature
profiles in our samples can be calculated analytically by the above since once the (thick)
substrate (tcag = 500pm) has to be taken into account the heat flow in the lateral

direction drastically changes the shape of the temperature profile.
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