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Abstract

This thesis is devoted to studying the spin pumping and inverse spin Hall effect
(ISHE) in 7m-conjugated polymers, PEDOT:PSS and PBTTT. Firstly, we investi-
gate the damping in the ferromagnetic resonance (FMR) of Yttrium Iron Garnet
(YIG) caused by spin pumping into adjacent conducting materials namely Pt and
the conducting polymer PEDOT:PSS. By a systematic study which also includes
multilayers in which the conducting layer is separated from the YIG by an insula-
tor, we can show that a considerable part of the damping can be attributed to the
so-called radiation damping which originates from the interaction of the magnetic
fields caused by the precessing magnetization with the conducting layer. Especially
when PEDOT:PSS is used as a spin sink, the observed damping must be completely
attributed to radiation damping and no contribution from spin pumping can be
identified. These results obtained in this part of the thesis demonstrate that Gilbert
damping as a measure of spin pumping can only be used when careful control ex-
periments accompany the investigation.

In the second part of the thesis, we present a systematic investigation for quan-
tifying ISHE in the m-conjugated polymer PEDOT:PSS. Using several reference ex-
periments, we can identify and isolate side effects which obscure the small but finite
inverse spin-Hall effect in the polymer. We employ a sample geometry in which the
contact areas and the area of spin current injection are laterally separated, which
allows us to distinguish the ISHE from thermovoltages induced by nonreciprocal
magnetostatic spin waves (MSSW) and from the ISHE induced by spin pumping
through the polymer into the contacts. With an additional control experiment, we
can even quantify the Nernst effect which also needs to be taken into account. With
these results, we can unambiguously show that the ISHE is present in this material,
albeit, at a level which requires a dedicated sample design and careful consideration
of various artifacts.

By employing the protocols and procedures applied for investigating ISHE in
PEDOT:PSS, we extend our study to include one of the most important polymers
in organic electronics, the semiconducting polymer PBTTT. In a systematic study
performed on several YIG/PBTTT bilayers, we present the first ever intensive study
addressing the detection of ISHE in this polymer.

Furthermore, we expand the scope of our study to include a wide temperature
range between RT 295 K and 5 K. We conduct an intensive study for the ISHE at
different polymers thicknesses and different doping regimes.

On the other hand, at low-temperature, an ISHE-thickness dependence study is
performed which gives us an insight into the spin relaxation mechanisms in PBTTT.
Moreover, this study enables us to estimate some of the key parameters of the spin
relaxation in this polymer namely spin diffusion length and spin relaxation time.
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1. Introduction

Chapter 1

1. Introduction

1.1. Motivation

Spintronics or spin electronics is a new branch of electronics based on purely quan-
tum effects employing not only carrier charge transfer as conventional electronics,
but also evoking carrier’s spin transfer. Spintronics has triggered an enormous rev-
olution in the recent technology especially in information storage since the revo-
lutionary discovery of the Giant magnetoresistance (GMR) in 1988 [1, 2] which
considerably changed our understanding of spin-dependent transport processes. For
a few years, organics were ignored in spintronics until recently the spin valves using
organic semiconductor were successfully made [3, 4].

Since then and attributing to many promising advantages of being flexible, cheap,
easy to fabricate, and more importantly large spin lifetime, organics including small
molecules and m-conjugated polymers - 7CPs, have attracted much attention as spin
transport materials. The considerable interest in these materials from the spintron-
ics community had resulted in an emergence of the organic spintronics.

One of the main advantages that initially attracted much of the attention to
organic materials is their expected longer spin diffusion length (SDL) due to the
weak spin-orbit coupling (SOC). Because of that, organic materials are found to be
promising for some spintronics devices, like spin valves where spin information can
be potentially transferred over long distances.

However, these advantages of the large spin coherence and weak SOC have be-
come drawbacks and challenges when using organics in other processes in spintronics
especially those related to the generating and detecting spin currents namely, spin
pumping, spin hall effect, and its inverse.

Spin pumping describes the flow of a spin current from a ferromagnet into an ad-

jacent material (spin sink) due to spin precession [5-14] or due to thermal gradients
in the ferromagnet [15-17].
In this process, the precession of magnetization in the ferromagnetic layer in ferro-
magnetic resonance (FMR) results in a non-equilibrium in the spin chemical poten-
tial (spin accumulation) which can diffuse into the nonmagnet. This spin accumula-
tion has a time-independent component which is collinear to the external bias field
of the FMR and a time-dependent precessing component which is perpendicular. If
the spin accumulation created in the nonmagnet experiences sufficient spin flip, it
does not flow back into the ferromagnetic material, and the out diffusion of the spin
current reduces the spin accumulation and its time independence which is collinear
to the external bias field of the FMR, can diffuse into the non-magnet. As a re-
sult, the FM is closer to equilibrium, a fact which becomes visible as an enhanced
damping and an increased linewidth in FMR [5-14].

As a consequence of the spin pumping, the magnetic damping is enhanced due
to the transfer of the angular momentum from the localized spins in the FM to the
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conduction electrons or polarons in NM or wCP spin-sink, respectively. The increase
of the damping is usually extracted from the FMR measurements performed at wide
radio frequency (RF) range [12, 18, 19].

Investigating spin pumping into normal metals (NM) which have strong SOC has
been done for years using plenty of NMs which are considered as perfect spin sinks
with high spin pumping efficiency [5, 6, 9-14, 20, 21]. However, very limited studies
on spin pumping into polymers were made due to the poor spin pumping efficiency
comparing to the NMs [22, 23].

The most popular modus operandi of studying spin pumping in an FM/NM bi-
layer system is that the broadening of FMR linewidth measured for the FM/NM
structure with respect to the bare FM, and hence the damping enhancement is an
indication of the spin pumping from FM into NM. However, it was found that,
the damping enhance in the bilayer systems has many origins depending on the
type of the material (FM and NM), sample-waveguide coupling, sample geometry
and measurement configurations. This means when studying the magnetic damping
via FMR linewidth and damping enhance, all damping origins should be considered.
This situation becomes very important for polymers because of the small spin pump-
ing efficiency where in this case the damping enhance due to spin pumping becomes
comparable to the damping emanating from the other damping origins rather than
spin pumping.

The spin current flowing into spin sink material is detected as charge current in
a process called inverse spin Hall effect (ISHE). The efficiency of the spin-charge
conversion is governed by the SOC of the spin-sink material.

Several studies have been done for ISHE in NMs which is easily detected because
of large SOC which results in large detected dc voltage which could amount to mV
range [12, 20, 24-26]. On the other side, the weak SOC in polymers is the reason
behind the very limited ISHE studies made there [22, 23, 27]. This weak SOC which
results in a weak spin-flip rate and also the large thermoelectric response for many
polymers (like PEDOT:PSS) bring many significant unforeseeable artifacts which
interfere with the measured ISHE. For these reasons, measuring ISHE in polymers
can only be done via systematic studies including many control experiments and
careful measurements.

It is worth mentioning that, despite the many challenges emanating here, in-
vestigating spin pumping and ISHE in polymers is still very important in order
to integrate these polymers in future spintronics devices especially for some 7CPs
which are widely used in many recent microelectronic devices, namely PEDOT:PSS
and PBTTT.

Recently, PEDOT:PSS has made its entry in spintronics by showing indications
of spin-charge conversion which was studied by measuring ISHE. However, only few
studies shed light on that with contradicting results [23, 27, 28]. This contradiction
comes from the inconsistency between considering the detected voltage either pure
ISHE or pure thermovoltage. On the other side, all studies done on PBTTT observed
no ISHE [23, 29, 30], despite observing spin pumping into it indicated by the FMR
linewidth broadening [23].

The aim of this work is to establish a new platform for studying spin pumping
and inverse spin Hall effect in m-conjugated polymers. In the spin pumping part, we
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introduce a new origin of the magnetic damping enhance in FM/Spin-sink bilayers
which has a significant contribution to the net magnetic damping during the spin
pumping especially in FM /7CP bilayers. This is investigated using systematic stud-
ies within series of control experiments. Such systematic studies also are performed
for investigating and detecting the pure ISHE in highly doped 7#CPs, PEDOT:PSS
and for the first time the highly doped semiconducting polymer PBTTT. These
studies are carried out following many strategies and careful measurements applied
to quantify the ISHE and to isolate side effects which obscure the ISHE detected in
the polymers.

1.2. The State of the Art

The most recent studies performed on the ISHE detection in PEDOT:PSS were done
by Sun et al. [23, 31]. These studies were carried out by generating a very high spin
current density employing pulsed-FMR (p-FMR) technique. A pulsed microwave
power of 1kW, which is more than 4 orders of magnitude larger than the power
used in our experiments, is used to induce a spin pumping from a conducting FM
(Py) into heavily doped PEDOT:PSS. From these experiments, high ISHE-V and
ISHE-I are detected which are amount to 17 uV and 69 nA, respectively. On the
other hand, despite using such ultrahigh power, no ISHE was detected from the spin
pumping into PBTTT.

An earlier study was done by Ando et al., on YIG-PEDOT:PSS bilayer structure
employing 40 mW continuous-wave microwave to induce spin pumping from thick
YIG into the polymer [27]. Using a highly doped PEDOT:PSS similar to that used
in our study, an ISHE signal of a half 4V is measured.

Using the same YIG/PEDOT:PSS bilayer structure, and also the same power
regime, Wang et al., studied the STHE in the highly doped PEDOT:PSS based on
thick YIG [28]. In contrast to the previous studies, they showed that the measured
dc voltage in the polymer during the FMR is completely governed by Seebeck ef-
fect in the polymer where the temperature gradient is created by the nonreciprocal
magnetostatic surface spin wave (MSSW) propagation in YIG.

1.3. Thesis Outline

This thesis is organized as follows. Chapter 2 starts with the fundamentals necessary
for understanding the results included in this work. To acquire a full recognition
about the spin pumping and ISHE we start with the theoretical basics of the mag-
netization dynamics and ferromagnetic resonance and then end up with the theory
of spin pumping and magnetic damping phenomenology. Besides that, this chapter
explores in brief the spins and polarons in 7CPs digging into the polarons origins
and their main relaxation mechanisms. One of the main issues which is frequently
mentioned throughout this work is the thermoelectric response in polymers and
their influence on the ISHE measurements. To cover that, two major effects namely
Seebeck effect and Nernst effect are presented in brief in this chapter. At the end of
this chapter, we present a brief overview of the main materials under investigation
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demonstrating their key properties and features relevant to the objectives of this
work.

Chapter 3 contains a detailed description of the fabrication and characterization
methods of the materials and devices used in this work. Besides that, it contains an
overview of the setups and instruments employed in the FMR and ISHE measure-
ments.

Chapter 4 is devoted to investigating the radiation damping in the FMR of YIG
caused by spin pumping into the adjacent materials, Pt and the conducting poly-
mer PEDOT:PSS. Throughout this chapter, the spin pumping and the so-called
radiation damping are investigated in detail by performing many control experi-
ments using plenty of samples structures.

Chapter 5 contains a systematic study for quantifying the pure ISHE in highly doped
PEDOT:PSS. To achieve that, we present a systematic study employing several con-
trol experiments investigating many voltage origins associated with ISHE detection
in YIG/PEDOT:PSS.

Chapter 6 is devoted to the spin-to-charge conversion study in semiconducting 7CP
PBTTT. This study was done applying the same systematic protocols established
in chapter 5. However, investigating the spin-charge conversion in PBTTT is done
in a much broader way not only detecting a pure ISHE but also investigating the
ISHE and the spin relaxation mechanism in different doping regimes and a wide
temperature range.

Finally in chapter 7, a summary of the thesis highlighting the important results
and outcome of this work. It also includes some remarks or questions that can be
considered for future work.
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Chapter 2

2. Fundamentals and Theory

Virtually no area of spintronics today - especially when it comes to generating and
detecting the spin current - is free from employing the spin pumping and inverse
spin-Hall effect (ISHE). Usually, spin pumping and ISHE are concurrent with each
other. The spin current injected into spin sink material is detected as a charge
current via the ISHE mechanism. The purpose of this chapter is to present a the-
oretical background for the spin pumping and ISHE. This includes the basics and
phenomenology of the general concepts in magnetism and spintronics which will
be the ground for interpreting and understanding the results presented within this
thesis. In addition to that, spins and polarons in 7w-conjugated polymers (7CPs) are
discussed reviewing their main transport and relaxation mechanisms.

2.1. Magnetization Dynamics
2.1.1. Magnetic Moments and the Equation of Motion

For electrons orbiting an atom’s nucleus, the relation between the magnetic moment
m and the electronic angular momentum £ is defined by [21, 32]

m =L (2.1)

In this definition the parameter v is called the gyromagnetic ratio and it has unis
of s7'7=1 or s710e™!. 7 is defined in terms of Bohr magneton pp, Lande-factor
(spectroscopic splitting g-factor) and the reduced Plank constant h as

9HB
== (2.2)
Here pup = eh/2mec (in cgs units). e , m and , ¢ are the elementary charge, electron
rest mass, and the speed of light respectively. The electron’s spin which is of pure
quantum mechanical nature can be treated analogously to angular momentum. In
this case, we will have spin angular momentum €3 = mghe,. mg is the magnetic
quantum number and it is related to the quantum number of electron spin s which
has magnitude s = 1/2. e, is the unit vector and its direction is parallel to the spin
angular momentum.
The eigenvalues of the magnetic quantum number of the electron spin are mg =
:I:%. So in this situation we get

m =y = —ymshe, (2.3)

The negative sign comes from the negative electron charge. Applying steady
magnetic field Hy on an atom results in an energy splitting known as Zeeman effect
which is given by the Hamiltonian



2. Fundamentals and Theory

H,=-—-m-Hy=~vyhmsH (2.4)

The corresponding energy eigenvalues ¢; are represented by a set of equally space
energy levels Ag; with the only transitions allowed Amg = +1.
Accordingly, the energy level spacing is

Az—:i = ’)/ﬁHo (2.5)

The transitions of the magnetic dipole between the adjacent energy levels are ex-
pected for radiation of angular frequency wgy proportional to the energy Ae between
these adjacent levels

Ae = hwy (2.6)

Irradiating this system with microwave (MW) radio frequency field H, ;1 Hy,
a maximum rf absorption can be achieved at frequency w, = vHp. This latter is
the resonance condition and it also is the principle behind electron paramagnetic
resonance (EPR) and ferromagnetic resonance (FMR). These details of the Zeeman
energy splitting and also MW power absorption inducing the resonance are shown
in figure 2.1.

Figure 2.1 — Representation of Zeeman splitting energy which also illustrates the
principle of FMR where the maximum power absorption occurs at Ae = hw,; =yhHy.

The effect of the steady magnetic field Hg on magnetic moment m results in a
torque T'=m x Hy. Since the torque itself is defined by the change of the angular
momentum —, then the equation of motion for the magnetic moment change under
the influence of magnetic field in cgs units is

1dm
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2.1.2. Magnetization Precession

The magnetic field in Eq.2.4 represents the external Zeeman field. In principle,
the total magnetic field acting on magnetic moments m is the effective magnetic
field H.f; which summarizes all possible field origins interacting with m inside the
magnetic material. H.y; can be written as [21]

Heff:ch+Hani+Hstress+Hdem+Hext (28)

where H ¢, H 4, H stress, H ger, and H .,y are magnetic fields accounting for ex-
change interaction, magnetic and crystal field anisotropy, ferromagnet deformation,
demagnetization effect, and external DC magnetic field, respectively.

In FM, the magnetization M can be defined as the magnetic moments m; per
unit cell volume [33],

Zf\; mi
av
This equation clarifies that the magnetization in the unit cell volume can be treated
within a macroscopic spin. This assumption of magnetic moments per unit cell
volume and magnetization is valid when we consider all magnetic moments m; per
unit cell are uniform adopting the finite element model [34]. Using Eq.2.8 and Eq.2.9

the equation of motion (Eq.2.7) in cgs units can be reformulated

M= (2.9)

1dM

According to this equation, with the torque T acting on m which corresponds to
the rate of change of the angular momentum, the static magnetic field H.s¢ acting
on the magnetization M results in precession of M around Hs at constant cone
angle © as shown in figure 2.2a. As shown by this equation, M precesses around
H sy without reaching the equilibrium position. The precession motion of the
magnetization M that exposed to an effective magnetic field was first introduced
by Landau and Lifshitz in 1935 [35]. However, in reality the magnetization in
FM reaches equilibrium in a relaxation rate defined by the material properties.
This situation is expressed by the magnetic damping and it is illustrated in figure
2.2b. This dissipation of precession motion occurring in real material systems and
presented as magnetic damping was inserted as an extra term in the equation of
motion, Eq.2.10 [36]. The new equation is usually referred to Landau-Lifshitz-
Gilbert (LLG) equation which is given by (in cgs units):
dM Q@ dM

S

« is a dimensionless parameter referring to the relaxation process of the precession
motion and known as Gilbert damping constant. M is the saturation magnetization
of the magnetic material. The first term in RHS of Eq.2.11 refers to the precession
motion part, while the second term refers to the damping part. Both cases, the
undamped and the damped precession motion are clarified in Fig. 2.2 a and 2.2b
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Hefr 7 Hesr

(a) A=vxHg | (b) A=IMXH

-

Figure 2.2 — Representation of magnetization precession under the effective magnetic
field H.f¢. (a) The precession of the magnetization M driven by the torque acting
on the magnetic moment indicated in Eq.2.10. (b) The effect of the damping on the
magnetization precession motion which causes a spiral trajectory for the magnetization
pushing it back to its equilibrium, Eq.2.11.

2.2. Magnetic Susceptibility and Ferromagnetic Resonance
2.2.1. Magnetic Susceptibility

Equation 2.11 describes the magnetization dynamics M and its response to the
total effective magnetic field H,yr. The total external magnetic field acting on the
magnetic ultrathin films along thickness d in z-direction is given by [37, 38]:

‘ 0

Zeff:—iaMi]: (2.12)
where ¢ = x,y,z and F is magnetic free energy density. In FMR experiments, M
is driven to the resonance by an external rf field h,.;. In this case Heyr in Eq.2.8
includes both the DC magnetic field Hy. and also the h,; applied field.

HethHdC—i-h,«f (2.13)

Consequently, in this case the magnetization M can be written as:

where Mj is the static magnetization, and m(t) is the dynamic magnetization
which represents the rf component of M.

Using the time variation exp(—iwt) suggested for the linearized Landau-Lifshitz
equation for the magnetization m introduced by B. Henrich and co-workers [39, 40],
the average of the rf magnetization components per unit area in the film (M, and
My) 1 to an average rf driving field hy represented by hg is simply given by the
two following equations of motion [37],

Here, FM surface is in x-y plane. M, is defined by M, and M, because of the effective
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i My+ B M, =0 (2.15)
Y Y
Hﬁ—@?pwy+fﬂwzzﬂgwm (2.16)
where B is the effective magnetic flux density and it is expressed as
Keff
B=H+47 Mg+ —+—(3+ cosdO) (2.17)
2M
Keff
H=H+ 2]1\45 c0s40 (2.18)
stf
47TMeff :47TDzM8— QMS (2.19)

The factors K7 11 and K&/ are related to the surface in-plane four-fold and uniaxial
anisotropy of the film, respectively. D, is the demagnetization factor and © defines
the magnetization direction with respect to the applied magnetic field. The rf
response signal during the FMR experiments is represented by the rf magnetic
susceptibility x, where

X=x +ix (2.20)
X can be obtained by solving the equations 2.15 and 2.16 which yields:

ho (B~ 192][H — =]~ (2)2

X = (2.21)

This equation contains two x components, Re(x) and Im(x). These two compo-

nents can be extracted as [38]

H—Hpyrg
L+ 2 2
AH +(H_HFMR)

X = Al (2.22)

//_A[ AH ]
Xo= AH2—|—(H—HFMR)2

(2.23)

where A = f(B,H), Eq.2.17, and Eq.2.17. H in these equations represents the
DC external magnetic field (= Heyt), Hparg is the resonance field, and AH is the
Halfwidth at half maximum (HWHM) of the Lorentzian absorption represented by

XH. AH is linked to the rf frequency by the magnetic damping « as

AH=a% (2.24)
v

components of the applied rf field. rf is applied along z-axis and its magnetic field component
is directed along y-axis. Also, the rf component of M is m(z,t) [37] .
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The spectrum of the susceptibility components X/ and XH are shown in Fig. 2.3a.
This figure also shows the FMR parameters which can be extracted from X/ spec-
trum namely, HWHM AH, Hpyr and also the power absorption P, which is
represented by the resonance amplitude.

2.2.2. Ferromagnetic Resonance and Resonance Condition

Ferromagnetic Resonance (FMR) is the most popular technique used for studying
rf absorption by the ferromagnet. This was first observed in 1946 by Griffiths [41]
and also independently by Zavoisky [42]. Tt is clear from the previous section that,
several FM parameters (e.g FMR amplitude, AH | «, etc ), can be extracted from
the susceptibility spectrum. In FMR spectrum, the FMR amplitude extracted from
the XN curve represents the rf power absorbed by the magnetic film P, and it is
expressed as [37, 43]

1
Py = 5 Im(x)|ho|* (2.25)

Where hg is the rf magnetic field components driving the magnetization which
is perpendicular to the DC magnetic field H. As shown in this equation, Im(x)
reaches its maximum value when the absorbed power P, is at its maximum which
is exactly at the resonance Hpsg.

The FMR condition for the fully saturated sample can be obtained from Eq. 2.21
where the absorption Im(x) maximizes and by setting the damping « to zero, then
we get

()2 =HB (2.26)
/‘)/
(8)2 = [HFMR+47TMeff—|— W(3+COS4@)] X [HFMR“‘ Kleff 0084@] (2.27)
g 2M 2M,

Studying shape effect in FMR in a specimen of a cubic ferromagnetic insulator in
x-z plane (Fig. 2.3b) with demagnetization factors N, Ny, N, at small precession
cone angle the frequency of the uniform mode is given by [44]

w
(5% = [Ha o (Ny = No) Mo X [H 4+ (N = N2) M (2.28)

Nz, Ny, N, are the demagnetization factors along x,y,z directions. In x — 2 plane,
Ny =N, =0 and Ny =4r. Considering H, = Hp)g, Eq. 2.28 becomes,

w
(5)2 = HpMmRr[HryMR + 47 Mgy (2.29)

Which is the Kittel formula for the resonance condition in the in-plane geometry.
This equation is similar to the equation 2.27 when K7 1 is very small [45]. In the case
of out-of-plane geometry where H is perpendicular to the x-z plane, N, = N, =0

and N, =4m, and hence we get
w
(;) = [Hppg — 47 M) (2.30)

Which is the Kittel formula for the resonance condition in the out-of-plane ge-

10
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ometry. These two cases represent the frequency of the uniform mode (UM) where
the wave vector (k = 0), in distinction to the magnons and the other nonuniform
precession modes [44].

| Magnetic field |

Figure 2.3 — (a) The spectrum of the two susceptibility components X/ , XN illus-
trating both AH and Hpyp. It shows the amplitude of X curve which is used to
calculate the P, as depicted in Eq. 2.25. (b) Representation of the in-plane geometry
indicating the orientation of H and M vectors along the x — z plane of the sample.
The angles ©y and ©,, are also shown here which define the directions of H and M,
with respect to z direction, respectively.

In FMR experiments, driving magnetic film to the resonance is achieved by apply-
ing Hezt, Eq.2.13. In this case, the maximum absorption associated to the resonance
is obtained using one of the two following methods. One method is by fixing the
applied Hy. and sweeping the f,; until it coincides with the magnetization eigen-
frequency fp and at this point the MW absorption has its maximum value. The
second possibility is to change the magnetization eigenfrequency fo which is done
by sweeping Hy. at fixed rf frequency and the resonance occurs at Hept = Hpygr
where f,; = fo [21]. At the maximum absorption one can extract the linewidth AH
and the rf absorption amplitude P, as mentioned in the previous section.

2.3. Phenomenology and Origins of Magnetic Damping

The relaxation of magnetization in ferri/ferromagnetic materials manifests itself in
the form of damping which often is measured from the FMR absorption linewidth
AH as discussed in the previous section (Eq.2.24). FM system can be well described
by its magnetization behavior in terms of the magnetization precession and the
spins coupling by exchange or dipolar interactions [46]. The damping parameter
which appears in the LLG equation, Eq. 2.11, describes the spiral motion of the
magnetization M and can be considered as characteristic parameter for FM material.
Magnetization relaxation, characterized by the magnetic damping constant «, has
two origins, intrinsic «;, and extrinsic a,. The intrinsic spin damping involves three
major mechanisms: magnon-phonon coupling (MPC), eddy current, and itinerant
electron relaxation. The latter originates from the interaction of s-p like electrons in
ultrathin film FM materials. Because this study will focus on ferrimagnetic insulator
YIG, this type of damping is not relevant here.

11
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Eddy current damping aeqqy is a result of the magnetic precession inducing current
in FM conductors [47-49]. This case is illustrated in figure 2.4.

edd

A czzl ez @@

() o+

Figure 2.4 — A schematic of FM thinfilm showing the eddy current damping aeqay
generated by the eddy current .44, flowing in a closed loops induced in the conducting
FM.

This new damping generated here ayqq, contributes to the net damping in LLG
equation and this contribution can be evaluated by integrating Maxwell’s equation
across the film thickness dr [50, 51]. a,qqy for the FMR mode (uniform mode, k& =0)
is calculated in terms of Mg, the thin film conductivity o, and the film thickness dg
as [47-50],

1 4
Aeddy = EMSV(?)Ud% (2'31>

Qeddy can be significant in FM conductors and it strongly depends on FM conduc-
tivity. Interestingly, this effect is found to be significant not only in bare conducting
FM films but also conducting or insulating FM when capped with conducting spin
sink material. In this FM/Spin-sink structure, eddy current produces either a distor-
tion of the FMR lineshape with no influence on the AH [49] or additional damping
induced by the inhomogeneous precession in FM insulator producing an eddy cur-
rent in the capping layer [8]. This latter adds small and finite damping which can be
detected when using low-damping FM spin injector like epitaxial YIG, demonstrated
in chapter 4.

The second process of the intrinsic damping is caused by magnon-phonon coupling
(MPC) app[52]. MPC describes the uniform mode (UM) degradation by the direct
energy transfer from the UM to the lattice motions (phonon) or energy transfer
into the non-uniform modes and then decays into the lattice [53]. Both relaxation

processes are illustrated in figure 2.5. The magnetic damping parameter due to
MPC mechanism can be described by [52, 53]

207y B (1+1)\2
app="S7 (")
S

Where 1, B,,,,v, Ms and £ are the phonon viscosity, the magneto-elastic shear
constant, the Poisson ratio, saturation magnetization, and the Young modulus, re-
spectively. The intrinsic part of the damping is extracted from the w,; — AH linear
dependence shown in Eq. 2.24.

On the other hand, extrinsic damping originates from two-magnon scattering
(TMS) where the uniform mode decay is due to coupling with other spin waves
(magnons). This is caused by the material defects and thus it is proportional to the

(2.32)

12



2. Fundamentals and Theory

magnetic inhomogeneity:.

Despite the link of the magnetic inhomogeneity to TMS, the inhomogeneous
broadening AHjy, however, is mainly attributed to the distribution of magnetic
properties (such as saturation magnetization and/or effective magnetic fields) which
results in distribution of resonance frequencies and therefore additional line broad-
ening [52, 54]. As a result, the w,; — AH dependence will have the form,

AH = o + AH, (2.33)
v

In FMR experiments, this linewidth-frequency dependence is employed to extract
the magnetic damping.

Uniform mode Spin waves

Dissipation in lattice

Figure 2.5 — An illustration of the two dissipation mechanisms occurring due to the
Magnon-phonon coupling indicating the UM dissipates energy to the lattice, directly
or indirectly by intermediate interaction with spin waves. Based on [53].

2.4. Spin Pumping

The discovery of the spin pumping and spin current injection had started with the
first principles of the spin-polarized transport presented in the pioneering work by
Mott in 1936. He postulates that the spin mean free path in FM metals is much
longer than the electron mean free path. This means the electron transports in FM
metals have different channels based on their spin state. This scenario yields a differ-
ence in the DOS for the two-electron spins which results also from the antisymmetric
situation for both spins wavefunction due to Pauli exclusion principle.

This antisymmetry affects the total energy of the system which results in energy
shift called exchange energy ? E,. This situation shown in Fig. 2.6b which indicates
the FM system in equilibrium case. This is distinctly different from the case of
normal metals where DOS for electrons near Er are equal for spin-up and spin-
down states (Fig. 2.6 a). The spin pumping can be understood in terms of the
spin accumulation induced by the change in magnetization in FM. Basically, the

2The energy due to exchange interaction is described using Heisenberg Hamiltonian H =
— Zij A;;S;.5;, Ajj is exchange constant and S;; are spin states. In FMs , Fe,. favors parallel
alignment of electron spins and this exchange interaction is dominant over a length [., given

by ler = 1/% [52]

13
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change in the magnetization leads to spin accumulation, and this results in a shift
in the energy bands between both spin states (Fig. 2.6 ¢). Electrons with E > Ep
relax by filling the lower energy state through spin flip process till both states go
back to the equilibrium Er (Fig. 2.6d). This relaxation process is enhanced when
an adjacent normal metal is attached to the FM layer and a spin current carrying
angular momentum is pumped through the FM/NM interface. The resulting spin
current Jy is easily defined as the difference of the current density for both individual
current jy and jl , as Js = %(jT—ji) .

(@) () (o (d)

>

Mt

Figure 2.6 — A schematic representation of the spin pumping in terms of the electrons
DOS and spin accumulation. (a) DOS for both spin states in the normal metal. (b)
DOS for spin states in FMs in equilibrium. (¢) DOS in FM where spin accumulation
is induced by magnetization change which drives the energy levels from equilibrium.
(d) Relaxation process for the electrons with E > Ep through spin flip mechanism
which drives them back into equilibrium.

The transfer of the angular momentum from FM into spin-sink occurs also when
using FM insulator. This case refers to the spin pumping as distinct from the spin
injection mechanism which usually is linked to the conducting FMs. In the spin
pumping, the angular momentum is carried in the FM insulator and flows into an
adjacent material due to spin gradient - spin accumulation - caused by magnetization
precession induced by FMR [5-14] or due to thermal gradients in the FM [15-17].

In the spin pumping induced by FMR, the precession of magnetization in the FM
insulator results in a non-equilibrium in the spin chemical potential for the spin-up
and spin-down p! and p*. This non-equilibrium refers to the (spin accumulation)
s = ! — gt which can diffuse into the nonmagnet, Fig.2.7. The resulting spin
current Jy in this case depends on the gradient of the spin accumulation as Jg o< V.

The chemical potential decay and then splitting at FM/NM interface are illus-
trated in figure 2.7. In FM insulator (e.g YIG) as a spin current source, a magnon
chemical potential p,, is introduced where a pure spin current is pumped into NM.
i and its relaxation is different from the case of spin-polarized current injection.
Here the spin current is pumped as a result from the difference in the Apu,, around
the interface and also from the interaction between the localized spins at the FM
with the conduction electrons at the NM. This case is illustrated in figure 2.7a.

14
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a)FM NM b) FM NM

T i
Tk,
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Figure 2.7 - Spin pumping and spin accumulation- Chemical potential decay ul+ and
splitting at the FM/NM interface.(a) The pl} splitting and then decay when pumping
pure spin current from FM insulator where the SDL ()\s) of FM is very long. As rep-
resents the length where the spins are flipped in NM due to their interaction with the
localized spins in FM . (b) The spin accumulation concept in terms of the nonequilib-
rium magnetization M (which is equivalent to Vs ) induced by the magnetization
precession in FM. 6 M diffuses into NM in a length scale characterized by the spin
diffusion length As. These schemes are created based on [13, 55].

The chemical potential gradient Vus (spin accumulation) driving spin pumping
also describes the spatial magnetization nonequilibrium M. Therefore, the spin
pumping can be explained in terms of the spatial magnetization nonequilibrium o M
through the NM, [13, 55] as shown in figure 2.7b.

dM can be achieved either by injecting spin-polarized current [13, 55| or through
magnetization precession around H,,; which is driven from the equilibrium by fer-
romagnetic resonance, section 2.2. The effective decay length is equivalent to the
spin diffusion length A of the nonmagnet.

In the spin pumping process, the spin accumulation has a time-independent com-
ponent which is collinear to the external bias field of the FMR and a time-dependent
precessing component which is perpendicular. If the spin accumulation created in
the nonmagnet experiences sufficient spin flip, it does not flow back into the fer-
romagnetic material, and the out diffusion of the spin current reduces the spin
accumulation in the FM. The spin pumping induced by time-independent spin ac-
cumulation results in dc spin current diffusion into the NM and damping increase,
and this case is illustrated in figure 2.8.

(apty/M)[MkdM/dt

4-====== JBF z

Figure 2.8 — Schematic view of FM/NM bilayer illustrates the time-independent
component of the spin accumulation resulting from the magnetization precession in
FM around H.;:. This component is responsible for the dc spin current pumped into
NM which relaxes by spin flip and then produces a dc voltage by ISHE.
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2.4.1. Spin Current Injection and Relaxation in Spin Sink

Following the model presented by Tserkovnyak et al.,[56], and assuming NM with
a finite length L extends from the interface (y=0) to y=L, figure 2.8, the spin
accumulation pus(y) flowing along y into the normal metal is defined by the spin
diffusion equation

= DA — 75 g (2.34)

Solving this equation using the boundary conditions for the spin accumulation at
y(0,L) we get

_cosh k(y—1L)
tsy) = sinh kL 1

Where the total spin accumulation p = [215]/[AN'SDE] . N, S D are the DOS,
area of the interface and the spin diffusion coefficient, respectively.

In conventional NM, the diffusion of the spin accumulation across the NM is not
conserved process, but it experiences a decay due to the spin-flip induced by the
SOC. k is the wavevector and it is given by

(2.35)

[1 +dwrs] /2

k‘:
As

(2.36)

For most of high-Z metals, k ~ 1/\s and this approximation is valid if we assume

the precession frequency w is smaller than the spin-flip relaxation rate (1/75) [56].
The spin diffusion length As and spin-flip time 7, are related via the diffusion

coeflicient D
As =1/D s (2.37)

Using equation 2.35, and referring to the derivation details reported in [56-58],
the decay of the spin accumulation ps along y causes a spin current Js. The spin
current change in the NM thickness dyjs along y direction from the interface is
given by

sinh (dyar—y)/As
sinh dNM/As

where Jy is the spin current at the FM/NM interface (y=0) and it is equivalent
to the pumped spin current J:P. The decay of the spin current along the NM
demonstrated by equation 2.38 is illustrated in figure 2.9 for different d/\s cases.
As shown in this figure, when d > Ag the spin current decay is large due to the
high spin relaxation through spin flip process, and most of the spin current vanishes
in the spin-sink before reaching its surface. In this case, the net spin current J7¢
out of the pumped current J:P is high and the backflow current JSBF is small. On
the other hand, when d < A4 the relaxation of the spin current is very weak and
this results in large spin accumulation. The large spin accumulation created here
induces more backflow current JfF , therefore most of the pumped current flows
back to the FM [52, 56, 59]. As explained here, the spin pumping process includes
three currents, the pumped spin current J:P, net spin current Jg and backflow spin

Js(y)=Jo

(2.38)
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current JfF . In this situation, the net spin current flowing into NM is given by

h dm
Joet = gsp — JBE = E(Aif T x E> (2.39)
where A%/ ~ gl} F= [g™]/[1 4 Bg™]. B is the backflow parameter and it is ex-
pressed as (3 = %. ds is the spin-flip scattering energy d5 (= 1/[NSAs] )
[56]. In perfect spin-sink materials like Pt and Ta, when the d > A, ,JBF is not

significant. However, it becomes very significant for the ultrathin films and also for
nonperfect spin sinks like semiconductors and organic materials [8].

T T T T T

1.0- —d=1

1 ——d, =20

0.81 :

. ——d=3,]

Qjo.e- ——d =42,

~ 04- — 4,75

0.2 -
0.0

Figure 2.9 — The decay of J, along the NM at different NM thicknesses d compared
to the A\s. The curves are plotted according to equation 2.38.

2.4.2. Spin Mixing Conductance and Effective Damping

The recent theories on the spin pumping into nonmagnetic materials were inspired
by the theory of DC current pumping presented by Brouwer in 1998 [60]. Brouwer
derived a formula that relates the pumped DC current to the parametric deriva-
tives of scattering matrix S(X1, X2) of the system. Adopting Brouwer’s theory,
Tserkovnyak et al., presented a mechanism for the spin pumping based on the scat-
tering at the time-dependent spin potential at the FM/NM interface [11]. To shed
light on the role of the FM/NM interface as the main environment for the spin
pumping, we follow the approach by Tserkovnyak, Brataas and Bauer [11, 56]. As
explained in detail in the previous sections, the enhancement of the magnetic damp-
ing in the FM/NM system results in a spin current JZP to leak into the adjacent
NM as a result from the magnetization precession in FM material. The resulting
spin current pumped by magnetization precession perpendicular to the interface is

Jﬁp:E(Armx dm _ dm)

i 2.4
A7 dt L dt (2.40)
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Where A, and A; are interface parameters defined as,

1 / /
AT = 52 [|T;rnn_rifnn|2+|tnzn_tn%n|2} (2'41)
mmn
Ai=Tm Y 1] ()t (th,)7] (2.42)
mn

Where 71 (r+.) and t;fm(t;%n) are the reflection and transmission coefficient for
spin-up (spin-down) electrons at FM/NM interface. m and n label the transverse
modes at the Fermi energy in the adjacent normal metal. Equations 2.42 and 2.41
can be written as

A=[A+id;] = gM 11 (2.43)

g™ and t™ denote the interface spin mixing conductance and transmission coef-
ficient, respectively. When FM film is thicker than the transverse spin-coherence
length d > Aeon,(Acon = 7/ (k’l7 — kiﬁ) , where k™ is the spin-dependent Fermi wave
vector), t™ vanishes. For several normal metals used as a spin sink in spin pump-
ing such as Pt and Ta, A, is very small. Hereby, the spin pumping through the
interface is controlled by the reflection parameters A, ~ Re[g“]. Only the real part
will be considered in this work since I'm[g'™] vanishes for the diffusive and ballistic
FM/NM contacts [11, 61]. Using this assumption, equation 2.40 becomes

JP = E(Armx —

- (2.44)

From conservation of the angular momentum, assuming the entire emitted spin
current is absorbed in NM [52], one can get

sp — 1 thOt
Sy dt

where My, = MV is the total magnetic moment through the entire FM volume
V. From equations 2.44 and 2.45 we get,

(2.45)

d d
d—? = asp(m X d—?)

asp denotes to the spin pumping contribution to the Gilbert damping constant which
represents the magnetic damping enhance due to the spin pumping process into the
FM/NM interface. ag), can be obtained after carrying out simple algebraical steps
as [52]

(2.46)

1
giBYg
= eee— 2-47
Cp = o Mdp (2:47)

Eventually, for FM/NM bilayer system, the net magnetic damping will be

a=ag+ag (2.48)

where qq is the initial magnetic damping which is equivalent to the damping of
the bare FM. Spin mixing conductance ¢™ is an important factor in spin pumping
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processes and spinterface phenomenon and it tells a lot about the spin pumping
transparency. Due to its dependence on both, interface and the spin-sink material,
g™ is considered not only an interface parameter but also a bulk parameter.

It is worth mentioning that, equation 2.47 is valid when we have a perfect spin
sink where the injected spins relax very quickly due to the high spin-flip rate. This
case is consistent with some normal metals like Pt, Ru, and W. In this situation,
any backflow results from spin accumulation will be very small. However, on the
other side when the spin sink has a small spin-flip rate which results in a small spin
relaxation for the injected spins, like the case in some NMs and most organics . In
this situation, a significant amount of spins return back to the FM (J2) and then
the spin pumping contribution to the magnetic damping becomes aggf

L,

_ 2.49
Yo" T UrMdp (2.49)

g;rjc 7 s the effective spin-mixing conductance for the system and it affects the net

spin current as shown in equation 2.39. g;ic f is given by [10, 56|

1R ) I o 7s 0s/h -1 2 50

0 is linked to the spin resistance Ry of the spin-sink material as

_ Rsh

Ts

s (2.51)

R, is the resistance per spin in units of h/e? of the spin-sink with thickness \s.
In terms of R, and for the case of d — oo, the effective spin mixing conductance
gi}  in equation 2.50 can be simplified as

1 1

- 4R (2.52)
17 7 T4

Gerr 9

Based on equation 2.51 and the definition of dg, gl} J can be written as

1 1 2\
— =t (2.53)
gl} ; gt " hoS

where ¢ = DNe? which results from the Einstein’s relation which links o and D.
Equation 2.53 clearly demonstrates that, the effective spin pumping out of the
FM /spin-sink interface is governed by the effective spin-mixing conductance which is
strongly depends on the spin diffusion length and the conductivity of the spin-sink.
Furthermore, from this equation we can elucidate two cases, small g™ leads to weak
spin pumping and on the other side, large As causes large back flow and small net
current J¢*. This explains the weak spin pumping into weak SOC materials with

large A\ as also shown in experiments [8]. Furthermore, the proportional relation

Rs o< (\s/0) assumes a constant g;ic 7 when o of the spin sink is proportional to As.

This case addressed here is important when studying ISHE at different temperatures
T when the change in T influences ¢ and Ag and hence Rgs. The Rg— T relation
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then defines how does gl} ! change with T. The effective additional damping due to

e

the spin pumping ozsf f will be written as

P
eff 1 9uB g1 e
' = 5T T hos) (2:54)

As it is shown from this equation, any additional damping due to spin pumping is
suppressed by the additional effect added by the second term in the RHS of equation
2.54. This is due to the weak spin-flip rate in the spin-sink which results in flowing
of the spin angular momentum back to the FM. This situation is unlikely for the
perfect spin sink materials which have high spin-flip rate and small spin diffusion
length[10, 56].

More clarification for the effective spin mixing conductance gz} f can be made by
recalling the resistor model [Fig. 2.10]. Based on the equivalent circuits drawn here,
the spin resistance Rs of the spin sink acts as a short resistance (shunting path)
between the spins of the minority and majority spin channels. Adopting that, in
perfect spin sink where \g is small, Rs becomes insignificant and the spin current
is shorting through the normal metal without being affected by the R4 [Fig. 2.10a)].
Here, the spin current is governed by the intrinsic spin mixing conductance g'.
This situation is distinctly different from the case of large \s which yields high R
and hence the spin mixing conductance decreases. In this case the spin current is
significantly affected by R, and governed by g;% It [Fig. 2.10b].

N
* geff R+
b) Hm ‘ : N
(1/2)Rs
FM g NM
(1/2)R
m * RN l“lfn Rh

Figure 2.10 — Schematic illustrations of g™ and g;{f in NM. (a) The spin current
is shunting through the NM with no influence by Rs. In this case only the intrinsic
spin-mixing conductance ¢ is considered for the spin pumping. (b) The case when
R, is significant where it acts as a shorting path for the spin current. The spin current
here is governed by g;%f. Here R?V and R}V are the spin-up and spin-down resistors,

respectively, where R\ =Rt =2 Ry.
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2.5. Spin-Charge Interaction

The interaction between spin and charge which includes generation and detection
of spin currents is encapsulated by three known mechanisms: anomalous Hall ef-

fect (AHE), spin Hall effect (SHE) and inverse spin Hall effect (ISHE). Spin-orbit
coupling (SOC) is the central hallmark for these three mechanisms.

2.5.1. Spin-Orbit Coupling - SOC

Spin-orbit coupling (SOC) is a relativistic effect describing the coupling of the spin
s and orbital [ of the electrons. The corresponding Hamiltonian of SOC is given by
[62],

eh e dv
where o is the spin factor of Pauli matrix and it is related to the spin angular
momentum S

Hso = —

S=—o (2.56)

Or = <(1) é) Oy = <(Z) —02> L0y = <(1) _01> (2.57)

¢, E.p, %, are the speed of light, electric field, electron momentum, and potential
gradient, respectively.

Indeed, because SOC is linked to the s —1{ interactions, it increases significantly
with the atomic number Z [63, 64]. SOC is the origin behind spin-dependent scat-
tering for charge currents. This scattering causes up and down spins to deflect in
opposite directions. Three SOC mechanisms are included here, two extrinsic mech-
anisms, side-jump and skew scattering which are caused by impurity potential and
one intrinsic mechanism which is related to the atomic structure.

Skew scattering (SS), refers to Mott scattering studied in relativistic physics in
1929 [65] which then was identified in FMs by Smit in 1958 [66]. This mechanism
is an asymmetric scattering process originating from SOC between electrons and
impurities in the material. In this mechanism, the final momentum directions of the
spin-up and spin-down are different and the spin Hall conductivity ¢®¥ 2 is propor-
tional to the momentum relaxation time 7. [67].

Side-jump scattering (SJ), also originates from the presence of the material im-
purities and was first proposed by Berger [68]. SJ is superimposed on SS deflection
after electrons are scattered from the impurities in multiple scattering events (Fig.
2.11), then they are deflected back because of the opposite field. As a result, the
outgoing trajectories of the quasiparticle are displaced by a side-step shift A. In
this case, o™ is independent of 7. [59, 67, 69)].

30Y ‘}—z and it is related to the spin Hall angle fgy and the electrical conductivity o, o*¥ =
o X GSH
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Intrinsic interaction (I1) is dominant in large Z metals and ideal crystals. In this
case, spin-orbit coupling in combination with virtual inter band transitions gives rise
to spin-dependent transverse velocity [67, 69]. Like SJ, the spin Hall conductivity
here is independent of 7.. The three mechanisms are illustrated in figure 2.11.

SS

II

Figure 2.11 — Illustrations of the three mechanisms of the spin-orbit coupling in-
cluding the extrinsic mechanisms, SS and SJ and also the intrinsic interaction II. The
schemes are created based on [59, 69, 70]. A is the side-step displacement resulting
from the SJ scattering process.

2.5.2. Spin-Hall Effect - SHE

As a consequence of the microscopic scattering processes discussed in the previous
section, two mechanisms manifest macroscopically, i.e AHE and SHE. The spin Hall
effect (SHE) was first proposed in 1971 by Dyakonov and Perel [71] and explained
by the relativistic interactions between spin and orbit of electrons in metals. This
transforms charge current into a transverse spin current. Then later, a theoretical
work by Hirsch triggered this process’ resurgence calling this phenomenon spin-Hall
effect (SHE) [72]. He also proposed a way to experimentally measured spin current
using the same principle that allowed the spin imbalance to be created in the first
place. Thereafter, many works have investigated this phenomenon electrically [73—
77], and optically [73, 78, 79].

The AHE case can be explained by the conducting FM’s DOS for spin-up (major-
ity) and spin-down (minority) electrons which are unequal. The majority electrons
scatter in one direction and minority scattered in an opposite direction producing
a transverse spin-polarized current. So this case will include creation of Jg and Jg
perpendicular to the generated charge current J.. The case of AHE is illustrated
in Fig. 2.12a. On the other hand, in nonmagnetic material the DOS for both spin
states are equal and then the scattering rate is the same for both. As a result, the
scattering processes create a pure spin current Js 1 J., accumulating at the edges of
the material. This case represents the SHE and it is illustrated in figure 2.12b.
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(a) Jc (b) J.

Js J.

]

Figure 2.12 — (a) Illustration of AHE produced in FMs indicating both, the spin-
polarized current J¢ and spin current J; perpendicular to the charge current J. .(b)
SHE which yields a pure spin current Js also perpendicular to the charge current J. .

The relation between Js; and .J. is defined by a vector product, and both are
linked by the spin Hall angle (SHA) 65y which quantifies the spin-charge conversion
efficiency in the NM [24].

h
Js = 5-Osule o] (2.58)

Where o denotes the direction of the spin index, Fig.2.12b.

2.5.3. Inverse Spin-Hall Effect - ISHE

The ISHE is the reciprocal process of the SHE and it describes the conversion of
spin current .Js into charge current J., a result of SOC in the materials, Fig 2.13a.
Similarly, ISHE is linked to the SHA and J. by a vector product as [7, 20, 24],

2e

Je =~ 0sulJs x o] (2.59)

It is obvious from this formula that, the DC voltage V;gpy g resulting in the ISHE
process is measured in a direction perpendicular to both Jg and the direction of
the spin polarization. This picture for Viggg, Js and o is illustrated in the figure
2.13b which shows a spin-pumping device composed of FM/NM bilayer structure.
As shown here, the spin current Js is injected from a FM into a NM across FM/NM
interface. The resulting DC voltage is detected as Viggg(x) where the spins po-
larization o(z) is oriented perpendicular to both Js(y) and Viggp(x) and along
Hea:t-

Assuming the spin current J(y) is injected uniformly across the whole NM layer
which gives rise to the electric field F(z). The value of this field and hence Vigpp
is obtained by integrating the spin current over the whole NM thickness [18, 58]

0
B(z) =22 < Jy(y) > (2.60)
ONM
Using the spin current definition demonstrated by equations 2.38, 2.58 and 2.59

and considering the boundary conditions at y=(0,L) (equation. 2.34), we get
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[ Ospr As tanh(dyar/2Ms) %
dnvonym +dEvory R

Visng = — )Jo (2.61)

which yields

—e Osi As tanh(dyy/2)s) glf, f 1P ©?
ANMONM +dFMOFM

Where [ is the effective length of the area of spin pumping (the length of FM), P

is a factor that arises from the ellipticity of the magnetization precession, and © is

the cone angle [12, 18, 80]. The cone angle is given by © = [yh,¢]/[2aw], where h,
is the MW field amplitude.

a)

VIisHE = (2.62)

e movemi

ex

Figure 2.13 — (a) An illustration of the ISHE creation indicating the spin accumu-
lation and the resulting charge current J.. (b) A schematic of the FM/NM bilayer
structure indicating ISHE measurements configuration during the spin pumping pro-
cess. The microstrip waveguide is employed to transfer rf power which drives FM into
the resonance.

Equation 2.62 represents the decay of the ISH voltage through the thickness of
the spin-sink material. This equation is important for studying ISHE and it clearly
shows that the resulting DC voltage significantly depends on the NM dimensions
(length and thickness) and also the characteristic parameters (SHA, spin mixing
conductance g™, and SDL \) of the NM.
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2.6. Spin Waves

Spin waves (SWs) represent the phase-coherent precession of microscopic vectors of
magnetization propagating in the magnetic medium [81]. The low-energy quantized
spin waves in the magnet are called magnons and it was first introduced by Holstein
and Primakoff [82], and Dyson [83] who predicted they behave like Bosons obeying
Bose-FEinstein statistics.

Among the many types of spin waves and os-
cillations, one of the most important spin waves
is that called magnetostatic spin waves (MSWs).
MSWs are classified into three distinct classes
depending on the direction of the magnetization
vector - which is aligned to the effective mag-
netic field H- relative to the wave propagation
vector k.

Backward volume magnetostatic spin waves
(BVMSWs) have (H||k). Whereas there are two
different types associated with H L k. If H field
is applied out of plane, the spin waves generated
are forward volume magnetostatic spin waves
(FVMSWs). If the H field is applied in plane,
the spin waves generated are magnetostatic sur-
face spin waves (MSSWs).

Figure 2.14 — Dispersion relation
of the three SWs types, MSSWs,
BVMSWs and FVMSWs. Adapted
from [84].

The three MSWs classes are distinguished by different dispersion properties (i.e.
f (k) relations) as shown in figure 2.14, [81, 84, 85].

MSSWs especially that so-called Damon-Eshbach modes (DEM) will be discussed
in this section because these modes largely influence spin pumping and ISHE.

Spin pumping from spin waves

It was found that the FMR mode (k=0 ) isn’t the only source for spin pumping.
SWs contribute as well. The spin pumping efficiency for SWs becomes significant
for low damping films like YIG [86-89].

Furthermore, spin pumping was found to be mode selective. More specifically,
in thick FMs, MSSWs are more densely located at the surface where the dynamic
magnetization is higher in the surface area than at the volume of the sample which
is different from the volume waves where the magnetization over the whole volume.
As a result, the coupling of the conduction electrons in NM with the MSSWs in
FM is enhanced beyond the coupling with BVMSWs. Thus, MSSWs contribute
more in the spin pumping process than BVMSWs [86, 87|. However, in thin FMs,
both MSSWs and BVMSWs contribute equally to the spin pumping because the
localization difference for both is not as strong as the case of thick FMs.
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MSSW and spin heat conveyer

In the surface of the in-plane magnetized FM, MSSWs or that so-called DEM modes
flow in direction D corresponding to

D|M xn (2.63)

Where M and m represents the uniform magnetization and the surface normal
vector, respectively. This means, the modes moving in on side of film propagate in
the opposite direction as the modes propagating on the other side of the film. This
phenomenon called 'field displacement nonreciprocity' [51, 90] and it is explained
due to the difference in the k population for the DEMs on both sides of the film.

It was found that DEM in the range of microwave frequencies can convey heat at
a far distance creating a negative temperature gradient different from conventional
microwave heating, [90]. This phenomenon is illustrated in figure 2.15a.

In experiments, when SWs are excited in FM film (e.g YIG) via MW rf power
using planar waveguides, the MW field is inhomogeneous through the FM thickness
and decreases with the distance from the rf waveguide.

This means MW power absorption will be higher for the MSSWs at the surface
close to the Rf source which results in transferring more heat than the other surface,
figure 2.15b. This in turn, produces heat gradient VT between the two ends.

The temperature gradient VT caused by DEM in YIG was observed clearly not
only in thick films [90], but also thin films [91, 92].

Although the thermal effect resulting here is relatively small, it becomes signif-
icant when used these FMs for spin pumping into an adjacent spin-sink with high
thermoelectric-response i.e high Seebeck or Nernst coefficient.

Figure 2.15 — The spin-heat conveyor in YIG due to DEM. (a) A schematic illustra-
tion of the thermal gradient created by the DEM flowing and conveying heat through
FM material. (b) The nonreciprocity feature of the DEM created in both sides of
YIG surface and the induced heat gradient. These schematics are created based on
the spin-wave heat conveyor theory proposed in [90].
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2.7. Organic Spintronics : Spins in Polymers

Unlike metals and inorganic semiconductors, organic polymers are highly flexible
and can be easily integrated into many devices. Besides that, their electrical and
thermoelectric properties can be easily tuned and controlled via doping [93-95].

These advantages make organic polymers promising candidates in microelectronics
and flexible devices. However, employing polymers in spin pumping and ISHE is
still very limited because their typically large spin diffusion length results in slow
magnetization relaxation and weak spin pumping efficiency. Besides that, the small
SOC results in weak spin-charge conversion which is measured by ISHE. One of the
main polymer families is the 7-conjugated polymers (7CP). In this section, some
of the key spin-relevant features of mCPs are presented. In addition, the transport
mechanism of spin carriers (polarons) and the spin relaxation mechanisms which
have a major role in the spin transport in 7CPs are also presented.

2.7.1. m-conjugated Polymers - 7CPs

mCPs are polymers composed of series of molecular stacking layers with atoms con-

nected via m-bonds resulting from p, orbitals, figure 2.16. Despite the backbone

structure containing o-bonds, which result from the hybridization of sp? orbitals in

C atoms, only 7 electrons are responsible for the material’s electrical and optical

properties. This is due to the large gap (several €Vs) between o electrons and the

valence band. While 7 electrons are sensitive to the SOC in 7CP, o electrons only

are effective when hyperfine interactions (HFI) of 7 electrons is considered [96]. For

this reason , only 7 electrons are considered in many models studying 7CPs [97, 98|.
In heavy metals, high atomic number Z gives

rise to the SOC as discussed in section 2.5.1.

7CP on the other hand - like most of the or-

ganic materials - are composed of light atomic

weight compounds which are mostly C-based. =

This leads to suppressed and weak SOC. Some

polymers contain some medium weight atoms

like sulfur, but the SOC is not affected as much

as the case with heavy atoms. Besides that, the Figure 2.16 — An illustration of

hopping events of the charge carriers take place the 7w — 7 stacking layers for 7CPs

at the cites of the C atoms. PEDO:PPSS. Adapted from [99]

2.7.2. Polarons in 7CPs

In order to understand the spin transport and spin relaxation mechanisms in 7CPs,
it is important to shed light on the spin carriers in these materials, polarons. In
the language of condensed-matter physics, polarons are quasiparticles represented
by electrons coupled to the quantized vibration of crystal lattice (phonons). This
concept was first discussed in 1933 by Lev Landau in his work on the motion of
the electrons in solids [100] and recently many studies have been done on this topic
[101, 102]. Polaron type and size are features most relevant to organic spintronics.

The size depends on the distortion strength resulting from the displacement of
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the atoms within the crystal structure due to the electron/hole -lattice coupling.
Two types of polarons exists, electron-polaron and hole-polaron. Figures 2.17 show
e-polaron and h-polaron with different sizes coupled with phonons. (More details
can be found here [101, 102]).
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Figure 2.17 — Schematics for the polaron creation via the coupling between elec-
tron/hole and the lattice distortion. The schemes illustrate isosurface plots of the
polarons density |1|? of LiF for a small size electron polaron a, large electron polaron
b, and a hole polaron c. a,b are adapted from [101] and (c) is adapted from [102] .

2.7.3. Charge Carrier Transport Mechanism

The temperature dependence of conductivity and charge transport in w#CPs are
interpreted in terms of the variable-range-hopping (VRH) model which describes
the hopping transport between localized states 4, [103, 104]
ToN1/d
o(T)= O'(O)&Tp[— (?) }

Ty is a material-dependent parameter called the characteristic temperature and
it is linked to the DOS at Fermi energy level g(Er) and charge carrier localization
length ¢ via Ty = 8/[g(Er)(3kp] where kp is the Boltzmann constant, 3 is a numer-
ical factor ( f= 18.1 - 21.1 in VRH model [105, 106]). d = D +1 where D represents
the dimensionality of the charge carrier path [106]. For the 3D-VRH which charac-
terizes most of the 7CPs, (e.g PEDOT:PSS)® d = 4 [106, 107]. However, for other
7CPs like highly-doped PBTTT © d value was obtained between 2 and 3 [108].
The charge carrier localization length ¢ depends on the mCP particle size and also
the doping ratio. Its importance comes from its influence on the spin relaxation
during the polaron transport in 7CP. This is because a significant spin relaxation
events during hopping in some highly-doped mCPs was found to take place not only
during the single hopping event but also in the trap process after several hopping
events [105], Fig.2.18. The magnitude of ¢ fluctuates between less than a nanometer
in some 7CPs (e.g., PBTTT [30]) to several nanometers in others (e.g, PEDOT:PSS
[109]. The polarons hopping, localization and relaxation lengths are illustrated in
figure 2.18 which shows these parameters in FM /polymer bilayer.

(2.64)

4The states denote to localized states i,j which are occupied by two charge carriers separated by
rij = |r; —r;| and have energy E;; = eQ/kmj , k is constant.

SPEDOT:PSS : poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)

SPBTTT : poly(2,5-bis(3-hexadecyllthiophen-2-yl)thieno[3,2-b]thiophene
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The diffusion coefficient Dy, of the hopping polarons which carry spins through
7wCPs is linked to the spin-flip time 7, by the equation A = /D, Ts.

Dpp is temperature dependent and strongly depends on carrier mobility p as
defined by the Einstein relationship for thermally-excited transport [29, 30],

Dhop = (“’ZB)T (2.65)

In highly-doped semiconductors, the diffusion coefficient depends on the conduc-
tivity and the density of states at Fermi energy g(Fr). This represents the degen-
erate case which is similar to the metallic systems [105, 109]. In this case, Einstein
relationship has the form,

(2.66)

w = == m Hopping event
. ¥4 Localization process

s Trapping process

s,
A

Figure 2.18 — Schematic of 7CP indicating spin transport and relaxation in a polymer
attached to FM. The hopping, trap, and localization events as well as the parameters
SDL (As), ¢ are shown. This core-shell-like structure is similar to that reported for
PEDOT:PSS 7wCP. The parameters illustrated in the schematic are defined according
to [105].
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2.7.4. Spin Relaxation Mechanisms in 7CPs

In solids, there are four mechanisms for spin relaxation, the Elliott—Yafet (EY)[110],
D’yakonov—Perel (DP) [111], Bir-Aronov—Pikus (BAP)[112] and hyperfine interac-
tion (HFI) between nuclear and spin carriers (electrons or holes) [113]. Out of these
four mechanisms, only EY and DP are significant in polymers. HFT is not effective
in 7CPs because the spin hopping events take place through states localized at C
atoms which have no nuclear spin [113-115], unlike inorganic materials. Besides,
HFT is also insignificant at high magnetic field regime. BAP also is insignificant
in unipolar materials which have only either electron or hole charge carrier type,
because the electron spin relaxation is linked to the exchange and annihilation in-
teraction between electrons and holes. This is enhanced by the strong scattering of
the holes by impurities and the fast relaxation of the hole spin [112, 115].

Elliott—Yafet - EY

In EY relaxation mechanism, spin scattering causes spin-flip during the momentum
scattering events with phonons or impurities. This mechanism originates from the
SOC discussed in section 2.5.1, which causes the spin wavefunctions to have a mix-
ture of Pauli spin-up |1> and spin-down [|> states [13]. The spin relaxation rate
1/75 in this approach is proportional to the momentum scattering rate 1/7. as

L (Ll
s A T
(%)2 is a constant related to the spin-flip probability and composed of SOC matrix

element between the adjacent bands L and the separation between these bands A
[116].

(2.67)

D’yakonov—Perel - DP

This mechanism takes place when there is a lack of the inversion symmetry and
causes spin state dependent transport. This splitting acts on the electrons as if an
internal k-dependent magnetic field is present [116]. This can be considered as a loss
of spin coherence between scattering events due to the spin precession associated
with the change of the k vector. The relation between 75 and 7, in DP mechanism
is given by
1 2
— =~ N7, (2.68)
Ts
Here, A is the energy scale for the inversion symmetry breaking induced SOC
[116]. Since the material resistance is linked to the momentum scattering rate, and
also because resistance is temperature-dependent, one can study the behavior of the
spin relaxation time with T. In 7CPs, one can expect a different 75 —T" dependence
from the case of NM because of the different dependence of ¢ on T in both cases.
The combination of both mechanisms EY and DP scaled with the resistivity can be
expressed as [117]
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. ap+ b (2.69)
Ts P

a, b are constants linked to EY and DP mechanisms, respectively. According to
this formula, when both mechanisms affect the spin relaxation, the entire 7, will
change with resistivity in nonmonotonic way. The relation of 75 with the momentum

scattering time 7. for both mechanisms are depicted in figure 2.19.

a)

Scattering

Tey center DP

Te T

Figure 2.19 — Spin relaxation mechanisms illustrated by the relation between 7, and
Te for both EY and DP mechanisms. (a) EY relaxation mechanism where spins are
relaxed by scattering from the impurities due to SOC. (b) DP relaxation mechanism
where the spin coherence is lost between scattering events due to the spin precession.

2.8. Thermoelectric Response in 7CPs

Due to their large influence on spin current measurements, the thermoelectric re-
sponses in 7CP will briefly be discussed in this section. Among many thermoelectric
effects reported in literature, only two will be discussed here due to their major in-
fluence on ISHE in 7CP, namely the Seebeck effect and Nernst effect.

2.8.1. Seebeck Effect

Seebeck effect is a thermoelectic effect that refers to the generation of an electric field
E in the material parallel to the temperature gradient VT generating it. The ratio
of the resulting E to the thermal gradient is called Seebeck coefficient, S = F/VT.
Seebeck effect is characterized by the dimensionless thermoelelctric figure of merit
[93] .
2
ZT—HS(K>T (2.70)

Where, o is the electrical conductivity, x is thermal conductivity and T is the
absolute temperature. Although S is small for metals, it is relatively high for many
polymers. At low x, and high energy conversion efficiency S?c, high power factor
ZT" and then high thermoelectric response is obtained as described in equation 2.70,
94, 118].

Some metals like Pt and Ru have small S ~ 0 and 1uV/ K, respectively [119], which
is smaller than the S value for conducting polymers like highly-doped PEDOT:PSS
which has S = 20uV/K [93].
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A smaller Seebeck coefficient (~ 1 —10uV/K) was also found for 7CP semicon-
ducting PBTTT doped by FATCNQ 7 in the high conductivity regime [94].

2.8.2. Nernst— Ettingshausen Effect

The thermoelectric effect emerging in the presence of magnetic field which gener-
ates a transverse electric field perpendicular to the both, the longitudinal thermal
gradient and the magnetic field is called Nernst— Ettingshausen effect [120]. This
voltage Vj, resulting from this effect is expressed by the following equation

T
Vy = NB, (2.71)

Where, N, I, B, and dT'/dz are the Nernst coefficient, effective material length,
applied magnetic field, and the thermal gradient. It is clear from this equation that,
the voltage that results here depends on the direction of B. When the magnetic
field has opposite polarity, the effect’s electric field reverses, too, figure 2.3.

dT

v, V.,
— «—

V .
y B)%Biﬁ
B,

Figure 2.20 — A schematic illustration of the Nernst effect generated in the material
producing a transverse electric field E perpendicular to the both, magnetic field B and
thermal gradient dT'. As illustrated here, the voltage polarity changes by changing B
polarity.

In the spin Hall voltage measurements especially ISHE, at FMR condition the
absorbed power in the ferromagnet leads to a local heating which causes a temper-
ature gradient in the non-magnet perpendicular to its surface. The induced heating
together with the external applied magnetic field produce a transverse voltage due
to the Nernst effect. This voltage appears only at FMR, similar to the ISHE, and is
reversed with magnetic field applied in the opposite direction. In polymers where the
spin-charge conversion is very weak, the generated voltage is comparable to ISHE
voltage.

"FATCNQ: 2,3,5,6-tetrafluoro-7,7,8,8- tetracyanoquinodimethane

32



2. Fundamentals and Theory

2.9. Materials under Investigation

In this section, the materials which compose the devices fabricated in this thesis are
briefly presented. These include three materials , PEDOT:PSS, PBTTT and YIG
ferrimagnet. The main properties of these materials which are related to this work
will be outlined.

2.9.1. PEDOT:PSS

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS), is one of
the polythiophene based mCPs and is considered to be a conducting polymer & be-
cause of its metallic-like conductivity, attributed to an intermediate energy bandgap
of 1.6 eV [123]. This metallic feature is strongly linked to the large m-orbital overlap
which relocalizes the carrier wavefunction at the Fermi energy Ep [109, 122].

The chemical structure of PEDOT:PSS illustrated in figure 2.21 a, shows that
this polymer contains two parts, PEDOT and PSS.

(@) (b)

(0]

o OO0 D“?’)SO
N

CH3

PEDOT

Figure 2.21 — Chemical structure of PEDOT:PSS, a and DMSO, b. (¢) AFM image
of PEDOT:PSS illustrating the core-shell-like structure. The dark domains are the
PEDOT-rich and the light domains are the PSS-rich structures. This image is adapted
from [124]. (d) A schematic of the anisotropic structure of PEDOT:PSS indicating the
difference between the in-plane path (IP) of the charge carrier and the out-of-plane
path (OOP) due to the antisymmetric core-shell structure.

From the microscopic point of view, the molecular structure of PEDOT:PSS man-

8Conducting polymers - distinct from metallic polymer like polyaniline - refer to the polymers
which have semi-metallic features. They are characterized by a small band gap and low DOS
at Ep. In contrast to metals and metallic polyaniline [121], semi-metal polymers have a high
Seecbeck coefficient S [122].
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ifests itself into PEDOT-rich core domains surrounded by PSS-rich shell domains.
This is shown in figures 2.21 ¢,d. This elongated domain structures is the origin of
the structural anisotropy in PEDOT:PSS which results in unequal in-plane (IP) and
out-of-plane (OOP) conductivity [27] as it is illustrated in the schematic in figure
2.21d.

PEDOT:PSS has high water solubility due to the hydrophilicity of PSS with
water, making it is easy to fabricate into smooth thinfilms using spin-coating [109].
It is widely used in electronics devices, diodes, transistors, hybrid solar cells [109,
125]. However, its weak SOC and small mobility p [28, 108] hinder its use in spin
pumping and ISHE experiments.

It is worth mentioning that, low px hinders the use of PEDOT:PSS as a polaron
transport medium as discussed in section 2.7.2. However, this can be compensated
by increasing the carrier concentration via doping. A tremendous increase for the
electrical conductivity (exceeding 1000 S.cm™1) can be easily achieved via doping
through the addition of high boiling-point solvents. This value is around five orders
of magnitude higher than that of pristine polymer [122].

DMSO, figure 2.21b, is one of the most common dopants used in PEDOT:PSS.
It influences electronic properties like carrier concentration and conductivity, and
reduces the bandgap by raising the HOMO and lowering the LUMO energy levels
[93, 122, 123]. It also influences the back-bone molecular structure via tuning 7 —
stacking interdistance which plays a major role in the polaron size and transport
[30, 93, 108, 122, 125].

Although the thermal conductivity of PEDOT:PSS is small compared to metals’,
(~ 0.3 W/(m.K) for the 5% DMSO doped polymer) [93], its thermolectric response
namely Seebeck coefficient - which is highly relevant to the electrical efficiency - is
relatively high and exceeds 20 pV/K [93, 122]. Moreover, in some doping conditions
this value reaches a level as high as 150uV/ K [93, 122, 126] . The core-shell clusters
in PEDOT:PSS along the polymer backbone structure have a size with diameter
range between 20-60 nm. With this size, the localization length ¢ is found to be in
the range 8-44 nm [109, 127].

2.9.2. PBTTT

Another thiophene-based 7CPs is poly(2,5-bis(3- alkylthiophen-2-yl) thieno [3,2-b]
thiophene) (PBTTT), figure 2.22a . This polymer is well known in electronics field,
especially for its use in organic field-effect transistors (OFET) because of its high
field-effect mobility, (1.8 ¢m?V ~15~1) which is one of the highest reported to date
29, 108].

Unlike PEDOT:PSS, PBTTT is considered to be a semiconductor polymer be-
cause it exhibits a semiconductor-like conductivity and its semiconducting behavior
9 is conferred by its HOMO-LUMO gap which amounts to 2.2 eV [108, 123].

9Despite the PBTTT semiconductor not showing metallic charge transport like that in polyaniline
[121], or semi-metallic like PEDOT-based polymers, it does show evidence of coherent charge
transport in metallic grains at low temperature despite its relatively high F, [108].
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Figure 2.22 — Chemical structure of PBTTT, a, and FATCNQ, b. Adapted from
[29, 128].

Several doping approaches (chemically and electrochemically) have been used to
increase the PBTTT conductivity, either those based on redox or acid-based reac-
tions, [129] or co-depositing solution-processable m7CPs with strong molecular ac-
ceptors such as 2,3,5,6-tetrafluoro-7,7,8,8- tetracyanoquinodimethane (F4-TCNQ)
[130], figure 2.22b.

Even though it is easy and popular to use solution-based doping, it was found to
insert some disorder into the m-stacking structure and the conductivity obtained was
relatively low (~ 2 S.cm™!) [130]. Only recently, a solid-state based doping method
was performed via thermally evaporating FATCNQ on the PBTTT layer and with
this method, highly ordered lamellar microstructure and high conductivity polymer
(~ 248 S.cm™!) are achieved. More details about that reported here [108]. Such an
optimized structure can be promising for spin current transport.

Despite the low thermoelectric efficiency (namely Nernst effect) of PBTTT com-
pared to PEFOT:PSS, its Seebeck coefficient S was found to reach 10 pV/K when
its electrical conductivity reaches 100 S.cm™! with high doping. On the other hand,
S decreases ( ~ 1pV/K) when o increases beyond 100 S.cm™' [94]. This large
coefficient value implies the Seebeck effect must be considered when performing
spin-transport measurements.

2.9.3. Yttrium lron Garnet - YIG

Yttrium-Iron-Garnet (YIG) or Y3Fe50q5 is a ferrimagnetic insulator is considered
to be one of the lowest magnetic damping materials available [131, 132]. YIG has
nearly cubic symmetry, definite composition, and only trivalent metal ions. Its cubic
unit cell has a lattice constant of 12.37+0.004 A and contains 24 Y% cations , 40
Fe?t cations, and 96 O?>~ ions . The Fe3t cations are arranged in two sites, a
octahedral site contains 16 Fe3t ions and d tetrahedral site contains 24 Fe3* ions.
Y3+ cations are located in ¢ sites called dodecahedral where each site is surrounded
by 8 O?~ ions [19, 133, 134]. The three distinct sites with the composing ions are
illustrated in figure 2.23b. The locations of these ions within the entire unit cell are
illustrated in the figure 2.23a .

Because the Y371 ions have no magneitc moment, the magnetic properties of YIG
originate from the exchange interaction between sites a and d containing Fe3T ions.
Because each Fe3t ion has magnetic moment of 5up, this results in a magnetic
moment of 40up for the unit cell [19]. This value corresponds to a saturation
magnetization 47 My = 2470 Oe which is equivalent to the 47w M, measured for YIG

35



2. Fundamentals and Theory

at 4.2K [135, 136]. The value of 47 M; reported frequently in literature for YIG at
room-temperature is around 1750 Oe [19, 137]. The octahedron-tetrahedron Fe3*
network leads to very low magnetic anisotropy which results in very low magnetic
damping. As a consequence, YIG has the lowest magnetic damping reported among
all magnetic materials. Very low damping values of around 2.7 x 1075 and 6 x
10=° are reported for YIG prepared by slow cooling [131] and LPE method [8],
respectively. Moreover, several tens of nanometer-thick YIG deposited by PLD also
shows an extremely low damping (~ 5.6 x 1075) [132]. Curie temperature T¢ of YIG
is as high as 560 k [138]. Because of this high T and ultra low damping, YIG is a
very promising candidate for room-temperature magnetic devices and applications.

(a) - ® a-Fe
Y @ d-Fe
o0 €

QcY

Figure 2.23 — Crystalline structure of YIG. (a) Schematic of the cubic unit cell
of YIG indicating the locations of the ions Fe3* | Y3T and O?~. (b) The cations
arrangement at a vortex of sub unit cell illustrating O%>~ ions surrounding the cations
in the cites a, d, and ¢. Adapted from [134].

2.10. Tuning Conductivity in 7CPs by Dedoping Process

Dedoping is the opposite process of doping. In the doping process, the dopant
content in the polymer is enriched and consequently the conductivity increases. On
the other hand for dedoping, the dopant ratio of the polymer is reduced gradually
and is associated with conductivity reduction.

One of the most popular methods used in polymers to tune conductivity by de-
doping is the thermal-based dedoping. This method is performed by applying a
sequence of post-annealing steps on the polymer and during the annealing steps,
the dopant content and conductivity are gradually reduced.

The main advantage of the dedoping process in polymers is that the dopant ratio,
and hence the conductivity, can be tuned easily and efficiently without destroying
the inner structure of the polymer. This is confirmed by some characterization
studies reported here [30, 108]. Moreover, this is studied in detail within chapter 3
and chapter 6 of this thesis.
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Chapter 3

3. Fabrication and Characterization Methods

This chapter is devoted to covering the details of fabrication and characterization
methods which will be presented in two sections.

In the first section, we describe the materials used in all structures of our devices,
exploring their fabrication conditions and important parameters.

The second section covers the setups and instruments employed for all FMR and
ISHE measurements and also the characterizations done in this work. For all FMR
and [SHE measurements, the cgs unit system will be used throughout the entire
thesis.

3.1. Materials Fabrication

All main samples used in this work are composed of FM and spin-sink materials.
The FM material used here is an epitaxial film of YIG. The spin-sinks are either
platinum or 7CPs. Two different 7CPs are used, PEDOT:PSS and PBTTT. To
measure ISHE, Pt, Ru, and Au electrodes are used.

3.1.1. YIG Fabrication and Surface Optimization

To make YIG ferrimagnetic layers, YIG wafers were purchased from Matesy '° and
grown by liquid phase epitaxy (LPE) on 0.5 mm layer of gadolinium gallium garnet
Gd3Gas012 (GGG) substrate. Using GGG substrate is important when depositing
YIG because it has a lattice mismatch n of only 0.057%. This is calculated due
to n = (ag —ay)/ay x 100, where ay = 12.376A and ag = 12.383A are the lattice
constants for YIG and GGG, respoectivley [133]. For our experiments, we used LPE
YIG with two thicknesses, 100nm and 200nm. The roughness of these samples was
investigated using AFM, figures 3.1(a,b). The rms surface roughness observed for
YIG was 0.28 nm.

In order to boost spin pumping from YIG into the spin-sink material, the YIG
surface quality was enhanced employing a sequence of cleaning steps with organic
solvents and also using Piranha as explained in appendix B. Our optimization of the
YIG surface quality results in an enhancement of the spin pumping and a remarkable
increase in the ISHE.

Ohttps:/ /www.matesy.de
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Figure 3.1 — AFM for the YIG (200-nm) surface at two different wafer areas.

These are illustrated in figure 3.2a, which shows the magnetic damping extracted
from FMR measurements and in figure 3.2b, which shows the ISHE measurements
carried out on two YIG /Pt samples. The first sample went through normal cleaning
procedures with organic solvents (Acetone, IPA, NEP). The second sample went
through the same cleaning procedure as the first with an additional cleaning step
using Piranha. (The cleaning procedures are explained in appendix B).
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Figure 3.2 — The enhancement of spin pumping a, and ISHE b, due to the surface
optimization obtained by piranha cleaning for the YIG surface compared to the normal
cleaning procedures done using organic solvents. Both samples have YIG/Pt bilayer
structure.

3.1.2. Fabrication and Preparation of Highly-doped PEDOT:PSS

The first 7CP employed in the devices fabricated in this work was highly-doped
PEDOT:PSS. An ultrathin layer of PEDOT:PSS was deposited using commercially
available formulations in water (Clevios PH510, or PH1000 Heracus). For all spin
pumping and ISHE experiments, this solution was additionally doped with 5 wt% of
DMSO to enhance the conductivity as discussed in section 2.9. A small amount of 0.5
wt% of Dynol is added to the PEDOT:PSS mixture to act as a surfactant, reducing
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the surface dynamic tension during spin coating [139]. Ultimately, this enhanced the
polymer adhesion. The solution is mixed in magnetic stirrer in an ambient cleanroom
atmosphere for 2 h and then spin-coated at different speed depending on the desired
thickness. Directly after the spin coating, the films are heated on a hot plate at
140 °C' for 10 min. Different thicknesses of the PEDOT:PSS film were obtained by
varying the spin-coating speed which allowed the range of thicknesses from 30 nm
to 200 nm. The in-plane electrical conductivity oyp is massively increased due to
DMSO doping. The o7p values obtained for the doped film are (300-560) S.cm™*
and (800-900) S.cm™! for Clevios PH510 and PH1000, respectively. PEDOT:PSS
is known for its highly anisotropic conductivity, so the oyp is significantly different
from cppop. The IP and OOP measurements were done on PEDOT:PSS film with
thickness of 180 nm and 106 nm , respectively. The dimensions of the measuring
area and the electrodes’ width are illustrated in figures 3.3(a,b) inset, and also in
figures 3.3(c,d). Figures 3.3(a,b) show the J-E plots obtained from the four-point
resistivity measurements for PEDOT:PSS doped with DMSO in the, in-plane (IP) a,
and out-of-plane (OOP) b, configurations. The conductivity values o7p and cpop
extracted from these plots are 900 S.cm™! and 2.5 x 1073 S.cm ™!, respectively.
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Figure 3.3 — Four-point resistivity measurements for PEDOT:PSS doped with DMSO
in both, in-plane a, and out-of-plane b, configurations. The plots show J vs. E
calculated from I-V values and the polymer dimensions. For in-plane, Ti/Au electrodes
are used and for out-of-plane Py and Pt are used as bottom and top electrodes,
respectively. The scale bar in the inset is 400um. (c,d) Schematic illustrations of the
IP and OOP resistance measurements, respectively. L= 1 mm, and w=3 mm for IP
configuration. w=100 um for OOP configuration.
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3.1.3. Fabrication and Characterization of PBTTT

The fabrication and characterization steps of PBTTT polymer are done in Cavendish
Laboratory in Cambridge by the microelectronics group. PBTTT is fabricated using
a PBTTT solution made by dissolving the solid PBTTT-C14 into 1,2-dichlorobenzene
(DCB) using concentration ratios for PBTTT:DCB between 10 and 25 (g/l) depend-
ing on the targeted thickness.

This PBTTT solution is then deposited onto YIG samples by spin-coating in a
glovebox with Ny atmosphere. Different spin-coating speeds are used to get different
thicknesses in the range from 25 nm to 200 nm. Table 1 includes the deposition
parameters with the associated concentrations and the obtained thickness.

Table 1 — Spin-coating parameters including the concentration ratios and the nominal
thickness obtained for PBTTT.

| Spin speed (RPM) || PBTTT:DCB ratio(g/!) | d(nm) |

9000 for 60s 10 25
5000 for 60s 12.5 20
5000 for 60s 25 100
1500 for 60s 25 200

After spin-coating PBTTT, the film undergoes two post-annealing steps. First,
the film is annealed at 120°C' for 2 min and then annealed at 180 °C' for 20 min. This
gradual annealing prevents any abrupt phase change which occurs between 140-160
°C'. After annealing, the film is cool down gradually.

The conductivity of this polymer is enhanced by a solid-state doping method
via thermal evaporation of FATCNQ onto the PBTTT layers, figure 3.5a. FATCNQ
evaporation was done on a Kurt.J.Lesker thermal evaporator system number TUR050
in Nitrogen atmosphere under 3 x 1079 mbar vacuum at a deposition rate of 0.9 +
0.1 A/s. The heater was ramped up to 110 °C, the F4 started evaporate around
80 °C'. The dopant particles diffuse into the bulk of the PBTTT film during the
evaporation and storage of the film at room temperature after deposition. In this
diffusion process, the dopant particles make their way down to the substrate. This
was confirmed by many characterization methods, discussed in detail here [108].

Figures 3.4a and b show a top-view and 3D AFM images of 100nm PBTTT film
after evaporating FATCNQ dopant and its diffusion into the polymer, respectively.
The white pillars on the surface are dopant molecules which are absorbed by the
polymer and diffuse into the polymer layers down till the substrate as demonstrated
here [108]. The resulting PBTTT doped polymer has a uniform surface with an
r.m.s surface roughness of 3 nm (measured in the 2um X 2um square area as shown
in figure 3.4c ).
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Figure 3.4 — (a,b) AFM surface image of PBTTT/FATCNQ during the evaporation
of F4ATCNQ dopant and its diffusion into the polymer, respectively. The particles
shown in the images are dopant particles which diffuse into the polymer down till the
substrate. (c) A 3D AFM spot from PBTTT doped surface where no dopant left on

the surface.

The resulting conductivity of the polymer is tuned by varying the amount of
the FATCNQ), done by varying the nominal thickness of the FATCNQ deposited
in the evaporation. The doping process done via thermally evaporating FATCNQ
on PBTTT is highly efficient and controllable, allowing the conductivity to tune
through a wide range of values. And also as shown in Fig. 3.5b, the dopant diffuses
throughout the whole film. This was confirmed by studying the depth profile of the
composition ratio of the dopant to the polymer (FATCNQ:PBTTT), characterized
by measuring XPS scans while etching the film with an in-situ Ar ion-beam [108].
The molecular ratio FATCNQ:PBTTT decreases exponentially from the polymer
surface until around 10 nm deep. Farther down the ratio has a constant value 30%
with nearly no change until the substrate.
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Figure 3.5 — (a) Schematic diagram of the evaporation doping method of FATCNQ
and resulting stacking of PBTTT and FATCNQ molecules chain. (b) A curve repre-
sents the molecular ratio of FATCNQ:PBTTT obtained from the XPS depth profile
data. The schematic is adapted from [108] and the curve is plotted based on the
experimental data reported in the same reference.

Efficiency of Dedoping Process for Tuning Conductivity and Dopant Ratio

In doped PBTTT, the conductivity and the dopant ratio can be tuned easily by
dedoping as explained is section 2.10. In the dedoping process, the dopant content
of the polymer is controlled by annealing the polymer in a sequence of steps. This
process is efficient for tuning conductivity as assessed by ultraviolet-visible (UV-Vis)
absorption spectroscopy. Figure 3.6a shows UV-Vis spectra performed for 100 nm
PBTTT doped with evaporated FATCNQ. The sample were dedoped at 100 °C in
Ny atmosphere at each dedoping step. The figure shows two distinct peaks at 555 nm
(2.2 V), which corresponds to the neutral absorption peak (the pristine PBTTT),
and at 400 nm (3.1 eV) which corresponds to the dopant peak, FATCNQ. As clearly
shown in the spectra, the peak intensity at the dopant position decreases gradually
during the dedoping process (8-steps dedoping) from its its maximum when the
sample had its original dopant ratio until a small peak at the 8th dedoping step,
indicating decreased dopant content. This gradual decrease in the dopant contents
is associated with the gradual conductivity decay from 150 S.cm ™! for a fully-doped
polymer to 0.34 S.cm~! for a polymer at dedoping step 8 as shown in figure 3.6b.
This plot contains the conductivity versus the relative absorbance at the peak 400nm
which refer to the dopant contents . The additional two peaks that appear at 770
nm and 870 nm in figure 3.6a, are attributed to the presence of fully ionized singly
charged F4-TCNQ anions on top of the broadband polaron absorption of PBTTT
[108]. The information of the annealing steps performed for dedoping are listed in
table 2.
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Figure 3.6 — Tuning conductivity and dopant ratio by dedoping process. (a) UV-Vis
absorption spectrum performed for 100 nm PBTTT sample doped with FATCNQ.
The plot includes the spectrum of each dedoping step. (b) Conductivity measured at
each dedoping step plotted versus the relative intensity at 400 nm. I0 represents the
intensity of the fully doped step.

Table 2 — The information of post-annealing steps performed for dedoping PBTTT.
Zero step refers to the fully doped poylmer

| Amnealingstep [ 0 | 1 | 2 [3]4]5]6] 7| 8 |
Annealing time (min) || - | 20 | 20 | 20 | 40 | 44 | 70 | 345 | 12h
o (S.em™1) 150 | 120 | 100 | 87 | 67 | 49 | 38 | 24 | 0.34

3.1.4. Fabrication of the Electrodes and the Interfacial Layer

In addition to the three main materials composed the devices used in this work (YIG,
PEDOT:PSS, and PBTTT), other materials also are used, namely, Pt, Ru, Au, and
Al2Os. Pt and Ru are deposited either as electrodes for the samples prepared
for ISHE measurements or as spin-sink full layers for some control samples. The
deposition is done by magnetron sputtering for which the thickness is obtained by
calibrating the growth rate using x-ray reflectometry. The electrodes are defined
using shadow masks. For measuring ISHE in YIG/PBTTT samples, Au electrodes
are used which are deposited by electron beam evaporation and defined on the
samples using a shadow mask. On the other hand, for some devices an interfacial
layer of ca. 30 nm Al;O3 was deposited on the YIG by electron beam evaporation.
This layer is used in some control experiments to exclude the effect of spin pumping
from YIG into the spin sink. The thickness of the oxide is measured directly while
the deposition is running using a quartz microbalance integrated into the thermal
evaporation device.
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3.2. Characterization Setups and Instruments

This section will be devoted to reviewing the experimental setups and instruments
used in both FMR and ISHE measurements which are the main pillars of the exper-
iments presented in this thesis.

In both FMR and ISHE measurements, YIG is driven to the FMR by rf field gen-
erated by rf current transmitted through an antenna. For this purpose, a microstrip
waveguide (MSWG) is used.

3.2.1. Microstrip Waveguide - MSWG

MSWG is one of the wide range planar waveguides used to transmit rf power from
one port to the other. These waveguides can be used for transmitting rf power
in wide range frequency in both MHz and GHz regimes. The general aspects of
the MSWGs are shown in figure 3.7a, which shows a conductor with width w and
thickness ¢ printed on top of a grounded dielectric substrate of thickness d and
relative permittivity e,.

Such a geometry provides us with a hybrid of TM-TE wave ' and the (E,H)
field lines distributing in the insulator region - between the stripline and the ground
plane - and also in the air region as shown in figure 3.7b.

The MSWG used in our experiments has a characteristic impedance of 50 {2 and
has a 250 pm wide transmission line with a thickness of 35 um. The top-view image
of this MSWG is shown in figure 3.7c. As shown here, the transmission line of the
MSWG is located on the top of the WG where the rf power is transmitted. For FMR
and ISHE measurements, the sample is placed in the middle of this transmission line.

a ) —W——

C) Transmission line
Figure 3.7 — Illustrations of the Microstrip waveguide (MSWG) used in FMR exper-
iments. (a) A side-view schematic for the MSWG indicating the transmission strip
line and the separating grounded dielectric layer. (b) Comsol dc simulation for the
electric and magnetic field (E , B) lines distribution within the dielectric region and
on top of the transmission line (COMSOL Multiphysics ®) (c) A top-view image
for the MSWG used in our experiments illustrating the stripline and the input and
output rf power.

HFor the case of MSWG it is not possible to get a pure TEM wave because the phase velocity of
TEM fields in the dielectric region would be ¢/e,, whereas the phase velocity of TEM fields in
the air region would be ¢. So, it is impossible to fulfill the phase-matching boundary condition
at the dielectric-air interface [140].
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3.2.2. FMR Setup Configuration

For FMR measurements, the device under test (DUT) is placed face down on the
stripline antenna. While an external homogeneous magnetic field (He;) fixes the
magnetization of YIG parallel to the antenna, a radio-frequency (rf) current through
the antenna is used to create an rf field (h,y) which excites the ferromagnetic reso-
nance in YIG. The spectrum is taken by sweeping the external field.

For FMR measurements, H, is modulated at a low amplitude and using low
modulation frequencies, between(100-1000) Hz allowing for FMR measurements us-
ing a lock-in amplifier. More details regarding magnetic field modulation is here
[141]. The magnetic field is modulated using two small coils attached to electro-
magnet poles. The resolution of the field control is around 0.05 Oe. The rf power is
generated using a RHODE and SCHWARZ SMF100A Microwave Signal Generator.
To determine the FMR amplitude, the absorption in the waveguide is measured
using a high-pass filter connected to a Schottky diode whose signal is fed into a
lock-in amplifier. The output signal of the lock-in amplifier is measured using an
Agilent 34420A 7.5 digit nanovoltmeter. The microwave signal transmitted through
the sample is measured as a function of the H,, for the given frequency. The setup
layout and the included devices and connection profiles are illustrated in figure 3.8.

Digital voltmeter| [ qcl-in amplifier

Signal out Signal in M‘(;d. Ref]

Rectifier diode
Highpass filter

Waveform
generator

Main Syn

MW generator

RF out

Magnet power supply
[

Electromagnet

Figure 3.8 — Basic configuration of FMR setup used in spin pumping experiments.
The figure illustrates the device under test (DUT) located on the MSWG and also all
employed devices involved in the measurements.

The FMR signal obtained from rf absorption in the sample is proportional to the
imaginary part of the microwave susceptibility XH shown in equation 2.23. How-
ever, because we add magnetic field modulation, the susceptibility x(H) becomes
X(H + he™?), where w and h are the modulation frequency and magnetic field of the
modulation coil, respectively [142]. Using Taylor expansion for the susceptibility
with respect to time, the first two terms will be x(H) —i—iwhei‘*’t[%], and this is the
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Figure 3.9 — Typical FMR spectrum indicating x~ curve and also the Cgfq curve fed

into Lock-in amplifier. AH,_, which is estimated from the differential curve of X
obtained in experiments is indicated.

signal which is fed into the lock-in amplifier. Looking at this formula, the first term
represents a dc term and it is filtered out. The second term represents an oscillatory
signal with the same frequency as the field of modulation signal which is used a
reference for the Lock-in amplifier. As a result of that, the second term which is
the first derivative of the susceptibility will get into Lock-in amplifier. So, in FMR
characterizations where the FMR spectrum is recorded using a Lock-in ampliﬁeg/,

the FMR parameters are extracted from the first-derivative susceptibility curve %'
The linewidth (HWHM) AH used for damping calculations is calculated from the
peak-to-peak linewidth AH,_, extracted from the differential curve. The AH is
linked to AH,,_, by the relation

V3
2
Both parameters are illustrated in the figure 3.9.

The damping is obtained by fitting the frequency dependence of the linewidth

AH according to the equation AH = oz% + AHj, [section 2.3]. The value of the

gyromagentic ratio - is estimated by plotting the values of exciting frequency f

as a function of the resonance field Hrjsgr and then fitting the plot to the Kittel
equation

AH=Y2AH, , (3.1)

f= W|\/HFMR[HFMR+47TMeff] (3.2)

Figure 3.10a, shows the plotted data for 100nm YIG which are fitted according
to Kittel formula, 3.2. The value obtained from the fit for v is 2.8 MHz/Oe. The

saturation magnetization 47 My is measured using SQUID magnetometry and found
to be 1800 Oe, figure 3.10b.
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Figure 3.10 — Calculation of the gyromagnetic ratio v and the saturation magneti-
zation 47 My for 100nm LPE YIG. (a) Hpasr data plot as a function of the exciting rf
frequency fitted due to Kittel equation, equation 3.2. (b) Hysteresis loop measured by
SQUID magnetometery for the YIG film. This curve is obtained after subtracting the
paramagnetic background of the GGG substrate. The sample size is 5.73 x 1.74 mm?.

3.2.3. ISHE Setup Configuration

Similar to FMR, ISHE measurements also are done by placing the device face down
on a MSWG antenna with a transmission line thickness of 35 um and width of
250 um. ISHE is measured at the FMR which is excited by h,; while the YIG

magnetization is saturated by H., as explained in section 3.2.2.

Digital voltmeter t : —
Ch2  chi Lock-in amplifier

Signal out Signal in

V.  +V
> P Moc'li Ref

Rectifier diode

Highpass filter

MW generator

Pulse Ref. ®
RF out e

(C ) 3
VV !Q
Modulation Coil

Magnet power supplyl
)

-+
3]
c
(o)
@
€
o
fu.

+J

O

@
W

Figure 3.11 — Schematic of the ISHE measurement setup including all instruments

used in the measurements.

The stripline is isolated with a thin layer of PMMA or polyimide to avoid any
shorting between the antenna and the sample conducting layer. The rf amplitude
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is measured using a high-pass filter, a diode, a Lock-In amplifier, and a Keysight
34420A nanovoltmeter. ISHE measurements are carried out using copper leads
attached to the sample contacts (Pt, Ru, Au) with silver glue. For these measure-
ments, the rf amplitude rather than the magnetic field is modulated. For amplitude
modulation, we used modulation frequency f,,,q of 500 kHz with a pulse period of
2us and pulse width of 1us. The experimental setup used for ISHE measurements
including all employed instruments is illustrated in figure 3.11.

Signal:Noise Optimization

ISHE is easily detectable when using high SOC NMs as spin sinks because of high
spin-charge conversion efficiency.

However, in 7CPs like PEDOT:PSS and PBTTT, the ISHE detection becomes
a challenging task due to the small resulting signal (several tens of nV). The noise
level is approximately equal to the signal level or even higher. On the other hand,
increasing the rf excitation power rises the ISHE signal but also induces much noise.
Furthermore, using high excitation power generates artifacts like thermovoltages.
For these reasons, it is more reliable to measure the ISHE at low power than at high
power. For these reasons, it was necessary to optimize the ISHE signal by treating
the relatively high noise. This was achieved by applying many strategies:

e Instead of attaching the polymer directly to the voltmeter using the Cu leads,
rectangular contact electrodes made of Pt, Ru or Au are defined at the edges of each
sample. This prevents a Schottky barrier which may be formed at the contacts. A
Schottky barrier creates high background noise and consequently adds a large voltage
offset to the measurements. Performing ISHE measurements with low expected
signal at high sensitivity with the Lock-in amplifier when a Schottky barrier exists
is very difficult. Finally, using silver paste to attach the leads to these metals
contacts reduces contact resistance as well.

e To detect clear and pure ISHE signal, one of the most influential sources, low
frequency noise [143], must be treated. This includes the modulation frequency, so
for simplicity we will call it 1/ f,,,04 noise.

The main effective strategy for treating 1/ f,,0q noise is to use a high modulation
frequency fy,04 while modulating the rf amplitude. This is because 1/ fi,0q noise
inversely scales with the f,,,,q and thus decreases significantly when high f,,,,q4 is used.
To show the effect of the modulation frequency on the ISHE signal and noise, we
performed a series of ISHE measurements on one of our samples (YIG/PBTTT) at
different f,,q. The figures 3.12(a-f) show the ISHE measurements for YIG/PBTTT
sample carried out by modulating the amplitude at f,,,q : 1kHz, 10kHz, 50kHz,
100kHz, 200kHz and 500kHz.

It is obvious from these figures that the signal:noise increases rapidly with in-
creasing fp,oq4- This can be shown more clearly in figures 3.12(g-h) which include
the values of the signal and noise for each curve, which are extracted from the ampli-
tude of the curves and the width of the noise in the curves, respectively. As shown
in figures 3.12(g), while f,,,4 increases, the noise is suppressed and the signal purity
improves. As a result, the signal amplitude grows higher than the noise amplitude,
Fig. 3.12(h). The signal amplitude measured here is around 15 times bigger than
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the noise width which is very significant for such an ISHE measured at this low
voltage level,( ~ 20 nV).
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Figure 3.12 — Investigation of the 1/f,,,q noise by studying the influence of the
modulation frequency fy,,q on the ISHE signal:noise ratio. (a-f) The ISHE curves
measured for a YIG/PBTTT(25nm) sample at different fy,04. (g) The noise is sup-
pressed with increasing f,,q for the frequency range between 1-500 KHz. (h) The
purity of the ISHE-signal grows which is indicated by the rise of the signal:noise at
the selected modulation frequencies. The optimal ISHE signal used for comparing the
noise is measured at 500 kHz and shown in figure f. ISHE measurements were carried
out at h,y = 9 GHz, and P,y = 40 mW (16 dBm).
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Chapter 4

4. Radiation Damping in FMR Induced by a
Conducting Spin Sink

4.1. Introduction

In this chapter 2, we investigate the damping in the FMR of YIG caused by spin
pumping into adjacent conducting materials namely Pt and the conducting polymer
PEDOT:PSS. By a systematic study which also includes multilayers in which the
conducting layer is separated from the YIG by an insulator, we investigate the
predominance of so-called radiation damping which originates from the interaction
of the magnetic fields caused by the precessing magnetization with the conducting
layer. Especially when PEDOT:PSS is used as a spin sink, this damping source
becomes dominant and no contribution from the spin pumping can be identified.
Based on the studies performed here, we demonstrate the validity and the limits
of using the Gilbert damping as a measure of spin pumping in spin sinks materials
including NMs and wCPs. To achieve all of that, we perform ferromagnetic resonance
experiments on various structures based on YIG/PEDOT:PSS and YIG/Pt. Many
steps and control experiments were performed to precisely investigate the resulting
magnetic damping and its origins.

Spin pumping describes the flow of spin current into a spin sink. When the spin
current flows into a material with sufficient SOC, it can be converted into a charge
current by the ISHE. To investigate spin pumping, however, not only can ISHE be
used, but also the damping in FMR can be used as a measure for spin pumping.
This is because it is increased when spin current resulting from spin pumping flows
into a material in which spin flip can take place, an effect which is often used for
the quantification of spin pumping in literature [9-14, 20, 21].

12This study has been published in Ref. [8].
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4.2. Magnetic Damping Origins in YIG/Spin-sink Bilayers

In fact, in addition to the intrinsic damping «;, and the damping contribution from
spin-pumping o, [9-14, 18, 20, 21], other damping sources also can have a signifi-
cant contribution to the overall damping, which may become dominant depending
on the layers structure, sample and waveguide dimensions, and the experimental
parameters and conditions. These damping sources include: eddy current damping
Qeddy, Tadiative damping .44, and electromagnetic shielding damping agp,.
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Figure 4.1 — The major origins of magnetic damping in FM /spin-sink bilayer systems.
(a)asp' (b) Aeddy- (C) Arad

Eddy current damping ceqqy refers to that originated from the eddy currents
induced in conducting FMs, section 2.3. aeqqy only is effective in FM conductors
and since all our devices are based on FM insulator YIG, so aeqq, will be skipped
in our discussions [47-50].

Radiative damping a4 is caused by the eddy currents /.44, induced in the waveg-
uide and it more strongly depends on the waveguide properties than the properties
of the device under test [144-146].

Electromagnetic shielding damping ayy, is arises due to the shielding of the elec-
trical and /or magnetic microwave fields along the MSWG caused by the conducting
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film placed close to it. Although the shielding effect has the biggest influence on the
FMR phase and amplitude, however, its effect on the waveguide impedance changes
the radiation damping as well [147-149]. Illustrations of the damping sources which
have a major contribution to the net damping are shown in figures 4.1(a-c).

4.3. Experimental Details
4.3.1. Samples Information

The work presented in this chapter is based on a sequence of control experiments
employing different samples.

All samples are based on a series of layers based on 200 nm thick films of single-
crystal YIG with dimensions ~ 2 x 5 mm? grown on GGG by liquid phase epitaxy
(LPE). All samples are cut from the same YIG/GGG wafer and cleaned with organic
solvents following the cleaning steps explained in appendix B. For the investigation
of spin pumping, nine samples represent two sets prepared using two different ma-
terials as a spin sink. One set uses Pt full layer deposited by magnetron sputtering.
Another set uses highly-doped PEDOT:PSS obtained from the commercial formu-
lation in water (Clevios PH510, Heraeus), deposited and doped in the same way
explained in section 3.1.2. The solution is spin-coated in the ambient atmosphere
at 4000 r.p.m. for 1 min. The films are heated on a hot plate at 140 °C for 10
min. The nominal in-plane conductivity o7p of the material is 300 S.cm ™!, and the
resulting PEDOT:PSS has an optimal thickness of 140 nm, and o7p = 560 S.cm™!.
The thickness is measured using a DEKTAK surface profilometer. For control ex-
periments, an additional AloO3 interfacial layer with 30 nm thickness is deposited
on some samples by electron beam evaporation. The layers and thicknesses of all
nine samples are listed in table 3.

Table 3 — Samples used with materials and layer thicknesses

Sample YIG (nm) AlxO3 (nm) Pt (nm) PEDOT:PSS (nm)

SL[YIG] 200 - - -

$2:[YIG/PEDOT:PSS] 200 ; . 140
S3:[YIG/Pt] 200 : 10 .
S4:[YIG/AlyOs] 200 30 ; ;

S5:[YIG/AloO3/PEDOT:PSS] 200 30 - 140
S6:[YIG/AlyO5/Pt] 200 30 5 ;
ST:[YIG/AlO3/Pt] 200 30 10 .
S8:[YIG/Al»O3/Pt] 200 30 15 .
SO:[YIG/AlyO3/Pt] 200 30 20 ;
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4.3.2. Experimental Setup
Magnetic Damping and Ferromagnetic Resonance

The original goal of the experiments was to determine the spin-mixing conductance
for YIG/PEDOT:PSS by measuring the difference in FMR damping for pure YIG
and a YIG/PEDOT:PSS bilayer. Special emphasis was to be put on the identifi-
cation of artifacts because a low spin mixing conductance is to be expected for the
polymer. This is due to dependence of the effective spin mixing conductance on the
SDL and spin-flip rate, equation 2.50. In low spin-flip rate materials like polymers,
this results in additional factors reducing the spin mixing conductance as illustrated
in this equation and hence suppressing the spin pumping. To check the validity of
the experiments a comparison with YIG/Pt should be done. For the various exper-
iments, the FMR is measured for all samples and the damping enhancement with
respect to pure YIG is extracted from the spectra. For the FMR measurements, the
samples are placed face down on a strip-line antenna. While an external homoge-
neous magnetic field H,, fixes the magnetization of the YIG parallel to the antenna,
a radio frequency (RF) current through the antenna is used to create an rf field h,.¢
which excites the ferromagnetic resonance in the YIG, Fig.4.1a. The spectrum is
taken by varying the external field at constant frequency. The FMR measurement
configuration is illustrated in figure 3.8.
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Figure 4.2 — (a) FMR curves and linewidth obtained at 8 GHz for S1, S2, and S3. (b)
The Hparr values extracted from FMR spectrum of bare YIG (200nm) at different
rf frequencies. The data are fitted with Kittel equation for the in-plane geometry,
equation 3.2.

The magnetic field resolution applied here is around 0.05 Oe. H,, is modulated
at small amplitude (~ 0.1 Oe) at a frequency of (184 Hz) allows for FMR mea-
surements using a lock-in amplifier. All information of the RF signal generation
and detection are explained in detail in section 3.2.2. As explained there, due to
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the lock-in measurement the measured signal represents not the absorption signal
but its derivative. The relative excitation power in these experiments is kept in the
range between (-1 dBm) and (-10 dBm).

Gilbert damping « is obtained using the FMR linewidth frequency dependence
(AH - f) of the uniform mode using the linear equation AH = aﬁ + AHg, where

AHy is the intrinsic linewidth (inhomogenious broadening),| section 2.3].
AH which refers to the half width at half maximum (HWHM) is calculated from

AHp_, using the formula AH = @AHp,p.

The gyromagnetic ratio used here for our calculations is obtained by fitting FMR
spectrum data at the resonance (Hpprr) to Kittel equation for the in-plane geometry
[Eq. 3.2]. This is shown in figure 4.2b. The value obtained from the fit is 7
= 2.8 MHz/Oe which is equivalent to that reported in literature [150, 151]. The
magnitudes of the effective saturation magnetization 4w M, and v extracted from
Kittel equation fit for all samples are listed in appendix A.

Inverse Spin Hall Effect Measurements

For ISHE measurements, copper leads are attached as voltage electrodes on both
ends of the sample using silver glue. The stripline antenna is isolated from the
sample using a thin layer of polyimide. The experimental setup employed for ISHE
measurements is illustrated figure 3.11.

4.4. Results and Discussion
4.4.1. Spin Pumping and Magnetic Damping

First the damping and its enhancement by spin pumping are investigated on three
samples, one reference sample S1 and two samples covered by a spin sink material
namely S2 and S3. Figure 4.2a, shows the FMR signals for YIG, YIG/Pt and
YIG/PEDOT:PSS at 8 GHz. The gray area indicates the peak-to-peak linewidth.
The increased linewidth for sample S2 and S3 indicates an increased damping. By
fitting the multiple lines of the resonance spectra using Lorentzian line shapes, the
linewidths and Hpjsp are obtained, Fig. 4.3a. The resonance peaks are defined
according to the uniform mode position which is confirmed by fitting the resonance
field Hpprr using the Kittel formula for the in-plane geometry, Eq. 3.2. The fitting
plots due to Kittel equation of all devices used in this chapter and the extracted
parameters are included in appendix A.
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Figure 4.3 — (a) FMR curves showing the multiple lines in the spectrum for S2:[YIG-
PEDOT:PSS]. The spectrum is taken with in-plane magnetic field at a frequency of
8 GHz. The solid lines are fitted to Lorentzian line shapes. (b-c¢) FMR linewidth
as a function of the resonance frequency. The damping value for S1, S2, and S3 are
determined from the slope of the linear fit. The errors for the damping values are
estimated from the standard error resulting from the linear fit. The errors for the
linewidth values are estimated considering both the magnetic field modulation 0.1 Oe
and also the deviation of the FMR Lorentz fit from the experimental data.

Using the linear fit of the AH — f relation, and the extracted v value, we obtain
a=6+0.8x10"° for the bare YIG, a =4.8+0.3 x 10™* for YIG/Pt, and a =
1.14£0.2 x 10~* for YIG/PEDOT:PSS [Figs. 4.3b,c]. The damping enhancement
is (Aa=5408x107%) and (Aa =4.2+0.8 x 107%) for YIG-PEDOT:PSS and
YIG-Pt, respectively. This seems to be a strong indicator for spin pumping.
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4.4.2. Magnetic Damping Control Experiments

As mentioned above, enhanced damping can also have other origins. The net damp-
ing for FM/conductor includes contribution of all damping parameters

Onet = Qip + Qsp + Qeddy + Qrad + Qsh (4 1)

This equation shows all damping contributions in a FM /conductor bilayer reported
in literature. However, these contributions only occur under certain circumstances
related to the properties of magnetic materials, waveguides, spin sink, and exper-
imental conditions. The strategy followed in our control experiments is to study
every damping source individually by simultaneously excluding the other sources.
For this purpose a series of control experiments are done on additional YIG based
multilayers. These include the following samples: S4, S5 and S7. Sample S4 is in-
tended to exclude any additional damping by the AloO3 layer itself. Another group
of samples is prepared to study the damping change with Pt thickness (5, 10, 15, 20
nm) when an Al2Os3 layer blocks the spin pumping. These samples are S6, S7, S8,
and S9.

In samples S4, S5, and S7 the non-magnetic and insulating AlyOs layer prevents
any spin injection from the YIG into the non-magnetic film. By blocking the spin
current at the YIG/(NM,7CP) interface we eliminate . So, the only damping
enhancement in our YIG/AlpO3/(Pt,mCP) will be due to the other damping effects
which will be discussed later.

Before studying the enhanced damping in the YIG/Al2O3/(NM,7CP) trilayers,
we first test in sample S4 whether the YIG/Al2O3 interface alone causes any addi-
tional damping. Figure 4.4a shows damping curves for sample S1 and S4. Obviously
the Al3Os has no detectable influence on the damping. Although there is a nom-
inal increase in damping it is only by approx. 10% and may well be related to
small differences in the fit of the resonance lines and error bars. In a next control
experiment we check whether the AloO3 layer indeed blocks the spin pumping by
investigating the ISHE in sample S7. Figure 4.4b shows the inverse spin Hall effect
(ISHE) for S7 in comparison to sample S3. On the scale of the ISHE signal of sam-
ple S3 the plot clearly shows zero ISHE voltage and even for higher measurement
sensitivity no ISHE signal can be detected for sample S7. The AlsOs layer thus
efficiently suppresses any spin pumping. As a consequence any enhanced damping
in samples S5 and S7 must have a different origin. Figure 4.4c shows the dependence
of linewidth on frequency for samples S1, S2, and S5, respectively. Both samples
with PEDOT:PSS show an identical increase in damping within the error bars. The
inserted AloOs layer does not seem to have any influence. Nevertheless, the increase
in damping is significant, approx. (Aa =5=+0.8 x 107?).

Figure 4.4d shows the linewidth/frequency dependence for samples S1, S3, and
S7. Here we find that for the YIG/ AlyO3/Pt sample the damping is also increased
by (Aa=840.8 x 107°) with respect to bare YIG, a value comparable to S5. In
contrast to the samples with PEDOT:PSS, however, the damping increase is much
lower than for the direct YIG/Pt interface of sample S3. So, as a first result even
without spin pumping we find a considerable increase in damping as soon as a
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conducting layer is placed on the sample.

As shown in Eq.4.1 there are five possible contributions to the damping in FMR,
@in (intrinsic), oy (spin pumping), aeqay (eddy currents), a,qq (radiative), and oy,
(shielding). The Gilbert damping constants considered here are cy, , sp , Qrqq, and
Qgp, while aqqy is neglected. Eddy current damping cigqqy results from the eddy
current I.4q, generated in a conducting ferromagnetic material which is induced as
a result of the magnetization precession. It depends on the conductivity of the FM,
so it is negligible in magnetic insulators [47-50].
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Figure 4.4 — Test of the suppression of the spin pumping by an Al>O3 interlayer.
(a) An AlyO3 layer alone does not modify the damping of a single YIG film beyond
the error bars. (b) In a YIG/Al;O3/Pt trilayer the ISHE is completely suppressed
compared to a YIG/Pt bilayer. (c) Linewidth vs. frequency plotted for pure YIG,
YIG/PEDOT:PSS, and YIG/Al2O3/PEDOT:PSS. The damping enhancement due to
the PEDOT:PSS is significant, however, it is identical within the error bars with and
without the insulating interlayer, respectively. (d) For the YIG/Al2O3/Pt also an
additional damping is observed. Nevertheless, it is significantly smaller than without
the AloO3 interlayer.
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4.4.3. Radiation Damping «,,; and Electromagnetic Shielding o,

Radiation damping ayy, is caused by the eddy currents induced in the waveguide
or in the metallic film [144-146]. As stated in [146] waveguide and sample are
designed for efficient excitation which in turn also means that the magnetization
precession induces currents in the waveguide which lead to the increased damping.
Unlike avqqy, radiative damping depends on the properties and dimensions of the
waveguide and the sample, so it is relevant for both ferromagnetic insulators and
conductors. The damping contribution due to the radiation is given by

N d_ungWtﬁ
raT 9 Z0W

Where Zy and W are the conductor impedance and width, respectively, ¢ is the
sample length, 7 is the gyromagnetic ratio, and 7 is a dimensionless parameter that
accounts for the mode profile in the sample [146]. It should be noted that the spacing
between the waveguide and the sample also plays an important role. The radiative
damping is decreased with increased spacing between waveguide and sample.

(4.2)

Figure 4.5 — Schematic diagram for measurement geometry during the FMR exper-
iment. The RF field induced by the Antenna causes an inhomogeneous precession in
the YIG film. This precession induces Eddy currents in the Pt layer which is located
between antenna and YIG. While the Eddy currents induced by the antenna only
reduce the amplitude of the signal, the Eddy currents induced by the precession can
cause additional damping and an increase in linewidth.

Especially in ferromagnets with very low damping, the contribution of radiation
damping can become significant [152]. Because the effect is based on the coupling
between waveguide and ferromagnet, it also contributes when we measure the damp-
ing of the pure YIG layer. So its magnitude must be smaller than the measured
damping of & =640.8 x 107° and it can only be the cause of our findings if this
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coupling changes from sample to sample. We thus need to understand the influence
of a thin conducting layer between ferromagnet and waveguide on the damping.
Some publications also discuss the so called electromagnetic shielding [147-149].
For example Bailleul et al. calculate that the presence of a thin conducting layer of
sub-skin-depth thickness between waveguide and ferromagnet can effectively shield
the magnetic and electric fields and change the impedance of the waveguide [147].
A shielding of the field alone cannot increase the damping but will just decrease the
amplitude. Nevertheless, a change of impedance can change the radiation damping
as described in Eq.4.2.

Our experimental findings can be explained by taking into account the interplay of

radiation damping and the conducting layer which is used as a spin sink and which
is in direct contact to the ferromagnet. Schoen et al. demonstrate that the spacing
between the waveguide and the ferromagnet has a strong influence on the radiation
damping [146]. For example from direct contact between waveguide and ferromagnet
to a spacing of 200 um the radiation damping is decreased by two orders of mag-
nitude. In our case the spacing between waveguide and ferromagnet is determined
by the polyimide layer on the waveguide which has a thickness of tens of microns.
However, when the conducting Pt or PEDOT:PSS spin-sink layer is inserted, it is
in direct contact to the ferromagnet and hence reduces the spacing between the FM
and the conducting layer to zero. It can thus cause radiation damping by the eddy
currents induced in the conducting layer by the inhomogeneous precession in the
YIG, Fig.4.5. While for the pure YIG layer and large spacing, the radiation damp-
ing must be smaller than 6 x 107> an increase of only one order of magnitude in case
of the spin pumping samples is enough to explain our findings and is in agreement
with the results of Schoen et al. Also, our control samples with an AlO3 interlayer
fit this picture because the thickness of the AloOs3 is only 30 nm.
In this case, a radiation damping almost as large as for zero spacing can be expected.
Furthermore, the different results for PEDOT:PSS and Pt are well in line with the
theory of radiation damping. The resistance of the PEDOT:PSS layer (120 ) is
approx. two times higher than the one of the Pt (55 2). As a result also the induced
eddy currents and the related radiation damping are higher for the Pt covered YIG
than for the sample with PEDOT:PSS. From the measurements with the AlyO3
interlayer [Figs. 4.4c and 4.4d] we can determine the radiation damping by coupling
to the conducting layer as the difference between the net damping and the damping
in the bare YIG layer. For the Pt we obtain a value of Ao =8 x 10~ and for the
PEDOT:PSS Aa =5 x 107°. It is noteworthy that these values are so small that
they can barely be determined when using a metallic ferromagnet which often has a
damping much higher than this. Only for the YIG layer which exhibits a very low
initial damping these values can be measured accurately.
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4.4.4. The Net Damping by Spin Pumping

So, in additional to the damping contribution by spin pumping oy, any further
damping enhancement for our ferromagnet/conductor stack can most likely be at-
tributed to radiation damping 4.

If we want to determine the spin-pumping we thus need to measure the differ-
ence in damping between the samples with YIG/Pt or YIG/PEDOT:PSS and the
reference samples YIG/AloO3 /Pt and YIG/AloO3/PEDOT:PSS respectively [Figs.
4.4c and 4.4d]. For the Pt we find a difference of & =3.4+0.4 x 10~*. For the PE-
DOT:PSS, however, there is no difference within the error bars. As a consequence
we can conclude that any damping by spin pumping is extremely small and com-
pletely obscured by the radiation damping for PEDOT:PSS. Because the additional
damping associated with «,,q is caused by the current induced in the conducting
layer capping the FM insulator, the damping must also depend on the resistance
of the conducting layer. To investigate this issue we have fabricated a sequence of
samples (S6 - S9) consisting of YIG/Al203/Pt(x) trilayers with different Pt thick-
nesses x (x= 5, 10, 15, 20) nm.

Figures 4.6(a-d) show the frequency-dependent FMR linewidth for the different
stacks of the sequence (S6 - S9).

The damping curves of all YIG/Pt sample series including those with AlyO3 in-
terlayer and also the bare YIG reference sample are shown in figure 4.6e. From this
figure, the effect of the radiation damping and its magnitude between the intrinsic
damping region (bare YIG), and the dominant spin pumping region (YIG/Pt) is
clearly shown.

Figure 4.6f shows the pure radiation damping «,.,q for the sample series S6 - S9
obtained by measuring the total damping and subtracting the Gilbert damping of
the single YIG layer.

Except for sample S7 which shows an unexpectedly low damping we observe a
constant increase of damping with Pt thickness. We have also checked the sample
resistances and they scale inversely with Pt layer thickness. Table 4 shows the
measured values for the damping and Pt resistance.
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Table 4 — Total damping « obtained experimentally for the YIG/Pt samples with
and without AlxOs3.

Sample | YIG/Al203(30 nm) AlO3(nm)-  Damping @ Rpy(Q)
/Pt(x),x(nm) Pt (nm)

S1 YIG 0-0 6.0+£0.8x 107 -

S6 YIG/AlsO3 /Pt 30-5 2.64+0.2x107% 200
S7 YIG/AlyO3/Pt 30-10 1.4402x107* 102
S8 YIG/Al2O3/Pt 30-15 29402x107% 91
S9 YIG/AlsO3/Pt 30-20 31403x107* 35
S3 YIG/Pt 0- 10 48403x107% 55

This contribution to the overall damping must also be considered when the results
of spin pumping experiments are used to calculate the spin mixing conductance [9—
14, 18, 20, 21]. In the case of YIG/Pt the approximation of a spin diffusion length in
the Pt smaller than the Pt thickness can be used and the spin mixing conductance
can be calculated as explained in section 2.4.2 as follows:

4 AmMdp
IHB

Using dyjg = 200 nm , 47M; = 1531 Oe, g = 2.02 [153], and pup = 9.27 X
10~2lerg/G [33], the resulting g™ is 6.8 4 0.8 x 10®¥m~2 if we do not correct for
radiation damping. If however, we additionally consider a contribution by the
radiation damping as measured with the AloOs interlayer the calculation yields
5.440.6 x 10¥m =2 which is a significant correction well beyond the error bars. It
should be noted that, both results are in the range of values reported in the literature
[9-14, 18, 20, 21, 46]. Our calculations show that, even in systems with significant
spin pumping, radiation damping can cause a large error. The influence of radiation
damping has been reported in the literature, however, it was only considered as a
correction for the intrinsic damping in the ferromagnet [146]. Its importance for spin
pumping experiments has not been mentioned in the past. The fact that with and
without correction by radiation damping our spin mixing conductance for YIG /Pt
lies within the values previously published by others [9-14, 18, 20, 21, 46] might be
one additional reason for the deviations between different experiments.

g Qsp (4.3)

For the polymer the situation is different. There the additional damping as
measured (Aa ~ (0.5+0.2) x 107%) would result in a spin mixing conductance of
g™ =8.0+3.2x10""m 2 if the approximation mentioned above was used. Most
likely, however, the spin diffusion length in the PEDOT:PSS is larger than the PE-
DOT:PSS thickness [27] and a more complex formula needs to be applied [equation
2.50], which would also necessitate measurements for different polymer thicknesses
[10, 56]. As we show below, however, the extraction of the spin mixing conductance
is pointless. After correction for the radiation damping, no additional damping is
left within the error bars. It should, however, be noted that the negligible increase
in damping for the YIG/PEDOT:PSS interface does not mean that no spin pump-
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ing takes place. Most likely spins are injected into the PEDOT:PSS creating a spin
accumulation, however, due to the low spin flip rate/long spin diffusion length [27],
the backflow is equally high. This way the steady state spin current out of the
ferromagnet which is the cause of the additional damping remains extremely small.
In this case no comparison with past experiments is possible because no damping

experiments have been reported for YIG/PEDOT:PSS.

From these results we must conclude that the spin mixing conductance has to be
calculated as:

o 4 M Sd F
9HB
where, anar, apy, and a,.qq are the damping as measured for the combination of
ferromagnet and spin sink, the intrinsic damping for the FM only, and the radiation
damping, respectively.

Finally, the fact that for PEDOT:PSS we find mainly dominance of radiation
damping and no indication of spin pumping beyond the error margins is in agree-
ment with the low SOC expected from this polymer. This means, if there is spin
pumping it will be very small and therefore the resulting ISHE signal will be small
as well. Such a small ISHE will need a systematic and precise measuring strategy
like this performed here for studying radiation damping in YIG/PEDOT:PSS. For
this purpose, an intensive and systematic study is performed which will be included
in the next chapter.

g (N M — OFM — Qrad) (4.4)
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4.5. Summary

In this chapter, we investigate the radiation damping in the FMR of YIG caused by
spin pumping into Pt and 7CP PEDOT:PSS spin sink.

Our results show that when ferromagnetic layers with very low damping are used
for spin pumping experiments, radiation damping may be a major part of the total
damping. In spin pumping experiments, the conducting spin sink which is deposited
on the ferromagnet’s surface adds damping just by eddy currents which are induced
due to inhomogeneous precession in the ferromagnet. Especially when a spin sink
with low spin scattering (like organic materials) and thus low damping enhancement
is investigated the radiation damping can yield results which are bigger than any
damping stemming from the spin pumping itself. Because the radiation damping is
difficult to estimate, it is necessary to perform experiments on reference samples with
non-conducting interlayers which inhibit the spin-pumping. These allow to measure
the radiation damping directly which can then be used to correct the values obtained
for the spin-pumping samples without interlayer.
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Chapter 5

5. Quantifying the ISHE in Highly-doped 7CP
PEDOT:PSS

5.1. Introduction

In this chapter '3, we present a systematic investigation of the ISHE in 7#CP PE-
DOT:PSS. Using a number of reference experiments, we are able to identify and to
isolate side effects which obscure the small but finite inverse spin-Hall effect in the
polymer. Using a sample geometry in which the contact areas and the area of spin
current injection are laterally separated we are able to distinguish the ISHE from
thermovoltages induced by non-reciprocal MSSW and from the ISHE induced by
spin pumping through the polymer into the contacts. With an additional control
experiment, we can even quantify the Nernst effect which also needs to be taken into
account. With these results, we can unambiguously show that the ISHE is present
in this material, however, at a level which requires a dedicated sample design and
careful consideration of various artifacts.

The presence or absence of the ISHE generated in YIG/PEDOT:PSS bilayer sys-
tems has been investigated in the past with contradicting results. In Ref. [27] Ando
et al. claimed an effect similar in magnitude to that of YIG/Pt. In Ref. [91] our
group already indicated that the so-called spin wave heat conveyor effect which can
create a temperature gradient in a typical measurement geometry for the inverse
spin Hall effect may result in thermovoltages indistinguishable in signature from the
ISH voltage, even when thin film YIG is used. In 2018 finally, Wang et al. [28]
showed that indeed the thermovoltages which appear in a sample geometry similar
to that in Ref. [27] are dominating and as a result claimed that there either is no
ISHE in YIG/PEDOT:PSS or that it is below their detection limit because of the
strong effects of asymmetric sample heating. As we will show it is possible to avoid
the mentioned effect by using a suitable sample design. Nevertheless, we also find
that further side effects need to be investigated and quantify to identify the small
but finite ISHE in PEDOT:PSS.

I3The study has been submitted for publication.
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5.2. On the Voltage Origins in 7CPs Spin Sink

ISHE mechanisms 1&) used to study the spin to charge conversion by detecting the
pure spin currents Js injected from an FM into a spin sink which in most cases is
non-magnetic NM. As shown in figure 5.1, the ISHE is detected as a dc voltage (or
charge current 7;) in the direction perpendicular to 7; and the spin polarization
vector @, respectively, whose direction in the case of sat&)ration is denoted by the
external magnetic field H. The relation between J. and Jg is defined by the vector
product J. = %GSH[J_,; X ). According to the z—jc} conversion (section 2.5.3),
Visgp in the spin sink in contact to the FM is calculated using the equation 2.61.

Figure 5.1 — The typical ISHE measurement configuration illustrating the rf current
applied using MSWG, and the direction of the applied H with respect to the measured
ISHE voltage.

In contrast to the ISHE in metals with large SOC (e.g., Pt, Ta), ISHE in 7CPs
with large spin diffusion length (SDL) [27, 105] and high Seebeck coefficient [28,
93] requires special attention to side effects. From [Ref. [8]], and the study in
the previous chapter, it is clear that any ISHE in this material system, if existent,
must be small compared to the signals measured by [Ref. [27]]. So any attempt to
measure the ISHE must take into account all physics which may cause a signal with
a signature similar to that of the ISHE.

Indeed there are a number of artifacts which can appear in the typical detection
geometry for the ISHE. Only one example are non-reciprocal magnetostatic surface
spin waves (MSSW) or Damon-Eshbach modes (DEM) (see section 2.6). Following
the ferromagnetic resonance intensity, these spin waves generate a lateral tempera-
ture gradient resulting in a thermovoltage in the polymer-metal contacts which are
at different respective temperatures. This case is shown in figure 5.2a. Because of
the properties of DEM, this gradient is reversed for the opposite direction of the ex-
ternal magnetic field, and the resulting thermovoltage is virtually indistinguishable
from the ISHE. Especially for PEDOT:PSS the effect can be quite severe because
of the large Seebeck coefficient [93]. In this case, the ISHE can only be determined
by either measuring and subtracting the thermovoltage in a reference experiment
or by using a special geometry which we describe later. Also in many samples, the
spin source under the organic film overlaps with the metal contacts on top of the
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film. In this case, it is possible that a spin current flows through the polymer into
the metal contacts and causes an additional ISHE there (Fig. 5.2a). This effect
is normally discarded by using a contact material with negligible ISHE. It should
be noted, however, that an ISHE negligible in one experiment may become size-
able when the detection sensitivity is increased by several orders of magnitude as is
typically necessary for polymers. This effect can also be avoided in the optimized
geometry presented later in this study.

b)

Figure 5.2 — Schematic illustrations of the possible voltages induced with FMR
excitation in YIG/PEDOT:PSS bilayer. (a) The voltages result from MSSWs Vissw
and spin pumping into the contacts Voontact- (b) The voltage Viernst due to the
Nernst effect induced by FMR, power absorption.

A third artifact can be caused by the Nernst effect in the spin sink, [section
2.8.2]. At resonance condition, the absorbed power in the ferromagnet leads to a
local heating which causes a perpendicular temperature gradient in the non-magnet
(Fig. 5.2b). Together with the external magnetic field, the resulting Nernst effect
can cause a voltage which similarly to the ISHE appears only at resonance and is
reversed with reversing magnetic field. Because the Nernst effect appears in the
same spot as the ISHE it can only be quantified in a suitable reference experiment
which allows the Nernst effect but completely excludes the ISHE. While all these
effects are mostly negligible when a metallic spin sink with large SOC and short
SDL (like Pt) is used, they can be sizeable or even dominant for low SOC polymers.
In that case, the measured voltage V) is composed of four components

VM = ‘/}SHE+VMSSW+VNernst+VContact (51)

where Vg p is the pure ISH-voltage, Virssw is the thermovoltage caused by the
DEM, Viernst the voltage caused by the Nernst effect and Viopniaer the voltage caused
by spin pumping into the contacts.

67



5. Quantifying the ISHE in Highly-doped mCP PEDOT:PSS

5.3. Experimental Details
5.3.1. Sample Information

The samples in this chapter are based on 100-nm-thick films of single-crystal YIG
with a size of 2x5 mm? grown on GGG by LPE. For a number of samples, the
YIG layer is patterned to form a 2 mm wide stripe, (Fig. 5.9) using Ar-ion milling
with Al foil as a shadow mask which provides a stripe with smooth edges which
are required for depositing a continuous polymer layer. More details are found in
appendix C. All YIG samples used here are subjected to cleaning procedures with
organic solvents followed by piranha following the steps explained in appendix B.
The PEDOT:PSS is prepared and doped in the same way as in the previous chapter
except using the PEDOT:PSS commercial formulation (Clevios PH1000, Heraeus)
which yields higher conductivity with DMSO doping. The polymer is deposited by
spin coating in an ambient atmosphere at 4500 rpm for 45 s, and then the films
are annealed on a hot plate at 140°C for 10 min. The resulting PEDOT:PSS has a
thickness of approx. 70 nm and o7p = 800 S.cm™!. Rectangular contact electrodes
of either Pt or Ru are defined at the edges of each sample. By the width of the
electrodes which is given in table5 and the sample size, the electrode spacing is
defined which is an important parameter for the analysis of the results discussed
through this chapter. The electrodes are deposited by magnetron sputtering using
a shadow mask to guarantee well defined dimensions. For control experiments an
interfacial layer of ca. 30 nm AlsOs is deposited on the YIG by electron beam
evaporation.

The layer sequence and the relevant parameters for all investigated samples are
listed in table 5.

Table 5 — Samples parameters and layers dimensions for the full YIG and YIG stripe
structure. The parameters d and w (shown in Fig. 5.1) denote the thickness and the
width of the metal electrode used for ISHE measurements, respectively.

Sample YIG AlO3 Pt [d-w] Ru [d-w]
[nm|  [nm-mm]  [nm-mm]
S1[YIG-PEDOT:PSS-Pt] Fal - (10-2)
S2[YIG-Al,O3-PEDOT:PSS-Pt] | Full 30 (10 - 2) -
S3[YIG-PEDOT:PSS-Pt] Fal - (10-1) :
S4[YIG-PEDOT:PSS-Pt] Fal - (10-2) .
S5[YIG-PEDOT:PSS-Ru] Full - - (10-1)
S6[YIG-PEDOT:PSS-Ru] Fall - . (10 - 2)
S7[YIG-PEDOT:PSS-Pt| Stripe - (10 - 0.5) -
S8[YIG-Al,O3-PEDOT:PSS-Pt| | Stripe 30 (10 - 0.5) -
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5.3.2. ISHE Characterization and Setup Configuration

The information of the ISHE setup and measurements configuration are explained in
section 3.2.3. The stripline of the waveguide used for these measurements is isolated
with a thin layer of PMMA to avoid any shorting between the antenna and the
polymer.

To avoid any effects by ageing of the polymer, all ISHE measurements are done
shortly after finishing the respective sample fabrication. The voltage values are
extracted as the maximum of the curves fitted by a symmetric Lorentzian function
[7]

PQ
(H - Hfmr)2 +12
Where I' denotes the spectral linewidth at half maximum. All ISHE measurements

are carried out at the FMR position where both ISHE and FMR curves for each
sample are measured simultaneously, Fig.5.3.

V(H)=Visug (5.2)
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Figure 5.3 — Magnetic field dependence of the FMR (down) and ISHE (top) for
the YIG-PEDOT:PSS bilayer illustrating the voltage measured at the same resonance
position where the ISHE value is in its maximum.
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5.4. Results and Discussion

The ISHE-voltage is given by equation 2.62. For all our samples we can assume
the same spin mixing conductance at the interface between YIG and PEDOT:PSS.
In order to allow for a quantitative comparison, we need to normalize by the cone
angle © = 72};’;{, which can vary due to different damping or small variations in the
coupling between the stripline antenna and the sample [8]. The necessary linewidth
and rf-field h,.y can be extracted from the respective FMR absorption measurements.

Furthermore, comparing different samples is only possible if the sample resistance
is taken into account because the ISH-voltage is caused by the ISH-current which
flows in the sample and the voltage drop is proportional to the resistance of the
sample in the area where spin currents are injected. So all voltages measured are
divided by the respective resistance value and only the resulting currents are plotted
and compared. This normalization by the sample resistance transforms Eq. 2.62 to

Iispr = —e€ Osg As(w/L) tanh(ds/2)\s) g f 1P ©* (5.3)

which is plotted for all the samples in the following, where L, w and ds are the
length, width and thickness of the spin-sink, respectively.

The first measurement is done on a sample with continuous YIG and PEDOT:PSS
films, respectively and 2 mm wide Pt contacts (S1). This geometry is typical for
ISHE measurements as in [27, 28] (Fig. 5.4(a)).

The ISHE is measured at the uniform mode of the FMR where maximum rf-
absorption takes place as previously shown in Fig.5.3. ISHE measurements for
sample S1 are shown in figure 5.4c. In this structure the YIG film extends over
the whole sample and thus also underneath all PEDOT:PSS and the Pt contacts.
This geometry is typically used to measure the ISHE in polymers. In Ref. [27]
Au contacts were used which are replaced here by Pt in order to allow for better
identification of artifacts due to spin pumping into the contacts.

70



5. Quantifying the ISHE in Highly-doped mCP PEDOT:PSS

c —— 120 d . - e
@ 180° @ 180°
80+ @ | orentz Fit (0°) | 80 @ | orentz Fit (0°) -
. 40 @ | orentz Fit (180°) . @ | orentz Fit (180°)
ié; 4 | g- 40+ |
20 % O-W
404 "~ -404
801 S1 80{ S2
2% 10 0 10 20 %0 10 0 10 20
H-H,,.(O€) H-H,,:(Oe)

Figure 5.4 — ISHE current for two different YIG/PEDOT:PSS samples. Sample S1
has the geometry shown in (a) which is typically used in those experiments. As shown
the expectation is that the spin pumping into the PEDOT:PSS is the origin of the
measured voltage. The respective signal is shown in (c¢). For sample S2 which has
the geometry shown in (b) an AlsOs3 layer prevents any spin pumping and as in Ref.
[8] we expect the MSSW to create a temperature difference between the two contacts
which results in a thermo voltage. The resulting signal (d) is smaller than for the
sample without insulating interlayer.

As expected the ISHE signal shows opposite sign for opposite magnetic field.
These results are qualitatively consistent with the previous results reported for this
polymer with this geometry [27, 28]. In Ref. [27] Ando et al. attributed this voltage
to the spin-charge conversion in the polymer while Wang et al. [28] identified the
thermal gradient resulting from MSSW as its origin. As we will see, both effects are
present but there are even more effects to be taken into account.

As demonstrated in [8], we investigate a similar sample, however with an insulating
interlayer between YIG and PEDOT:PSS which prevents any spin pumping (Fig.
5.4b). Structures S2 and S1 are completely identical except for a 30nm layer of
Ala03 between YIG and polymer. In this case, any voltage signal must result from
thermally induced effects and either be induced by the MSSW or by the Nernst
effect.

The signals measured for S2 are shown in figure 5.4d. It is worth noting that, both
samples S1 and S2 also show that typical V-0 relation which results from the
vector product feature of the resulting voltage with respect to the spin current and
also the spin polarization, equation 2.59. In this case the magnet field is applied
in-plane in an angle between 6 = 0° and 6 = 180° with respect to the MSWG. This
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is shown in figures 5.5 (a,b) which show voltage curves for both samples S1 and
S2 respectively in the angle range (0 = 0° to 0 = 180°). The voltages extracted
from the curves” amplitude and also the difference V(S1)-V(S2) are also plotted and
fitted with cos(6), [Fig. 5.5¢|. As shown here, not only V(S1) and V(S2) are fitted
well with cos(#), but also the difference V(S1)-V(S2) which may contain the pure
ISHE, also is fitted well.
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Figure 5.5 — (a,b) ISHE-angle dependence for sample S1 a, and sample S2 b, mea-
sured in the range (0 = 0° to 6y = 180°) of the in-plane geometry. (c) Cos (0) fit
of the V-0 dependence for V(S1) and V(S2) and also the subtracted voltage values
V(S1)-V(S2) which are fitted also on the same way. (d) Schematic illustration of the
V —0g in-plane configuration.
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Unlike the results obtained by P. Want, et al. [28], the ISHE signals observed
here for both structures S1 and S2, respectively (Fig. 5.4) are not equal but differ
by a factor of 2. This is in contrast to the assumption in Ref. [28] that the observed
voltage is only a thermovoltage induced by MSSW. Because simulations show that
the temperature profile in the PEDOT:PSS is not modified by the AloOs3 insertion,
the result strongly suggests that there is at least one other effect related to spin
pumping. It would, however, be premature to take this as a proof for ISHE as
we will see later. In order to elucidate the lateral temperature profile, YIG film is
investigated under similar excitation conditions using Lock-In thermography which
was done in our group by Olga Wid. Similar measurements can be found in [91]. As
a result, we find that at the end of the structures the temperature difference is very
small if present at all and close to our detection limit of approx. 0.1 mK, [Fig.5.6].
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Figure 5.6 — LIT measurements for 100nm YIG sample using coplanar waveguide
(CPWG). (a,b) LIT amplitude images taken close to the resonance at +H and —H.
The amplitude is measured at the region between two RF tips and underneath CPWG
fabricated by electron beam lithography, metal (Ti/Ag/Au) deposition. The CPWG
has a width of 80um. The RF power here is 19 dBm. (c) Temperature profile plotted
for the highly Rf excited region along 5 mm length (the yellow stripe in a and b).
The plots show the curves for both H polarities and also the difference between both
cases. (d) A single plot with small T-scale for the temperature profile extracted from
the difference between the curves of +H and —H. A value between ~0.2-0.1 mK is
obtained at a distance > 4mm close to the end of the sample. We should state that,
only for better visibility the gray scale of the two images has been changed her.
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These figures show the lock-in thermograpy (LIT) amplitude images for the rf
excitation in 100nm YIG film using coplanar waveguide (CPW) in both in-plane
magnetic field polarities (+H and —H), Figs.5.6 a,b respectively. Figure 5.6¢ shows
the temperature profile for both H polarities and also the difference between both
cases which also is shown in a small T-scale in figure 5.6d. The investigation of the
temperature gradient in YIG thinfilm during the rf excitation using LIT technique
is studied in detail here [91, 92]. It should, however, be noted that the Seebeck
coefficient of PEDT:PSS is sizeable and even 0.1 mK of temperature difference can
lead to tens of nV of thermovoltage between the two contacts.

In order to investigate further side effects, we prepare a set of samples with differ-
ent respective contact width (2 mm in sample S4 vs. 1 mm in sample S3). A smaller
contact width simultaneously increases the spacing between the contacts from 1 mm
to 3 mm modifying several aspects of the experiment. For smaller contacts, spin
pumping into the contacts is reduced as are any temperature differences between the
contacts and related thermovoltages. The ISHE, however increases because the rel-
evant length in which the ISHE is induced is increased and shunting by the contact
metal is reduced.

In our samples, smaller contacts cause a strong decrease of the signal indicating
that at least in this configuration the ISHE does not dominate (Figs. 5.7c¢ and
5.7d). To narrow down the origin of the signal we investigate two more samples
with 1 and 2 mm contacts, respectively, but with Ru as a contact material instead
of Pt (Figs. 5.7e and 5.7f). Ru has a smaller ISHE than Pt but a comparable
Seebeck coefficient [154]. This allows us to distinguish between MSSW and ISHE
in the contacts. Especially for the sample with 2 mm contacts the signal is reduced
by more than 25 % from Pt to Ru showing that the ISHE in the contacts is not
negligible although not fully responsible for the measured signal. Nevertheless, a
significant contribution by the MSSW is still undisputed in these samples as is also
expected because of the high Seebeck coefficient of PEDOT:PSS [27, 28, 90, 93,
105].
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Figure 5.7 — ISHE results for combinations of two different respective contact widths
and two different respective contact materials. As shown in (a) and (b) we expect the
spin pumping into the contact and the related ISHE voltage to cause a larger effect
for wider contacts. The respective results are shown in (c) and (e) for lmm contacts
and in (d) and (f) for 2 mm contacts. Although a thermovoltage caused by the MSSW
cannot be excluded, the different results for Pt (c,d) and Ru (e,f) indicate that the
main contribution stems from the spin puming into the contacts.

Based on these results, we have designed a sample geometry which eliminates at
least the MSSW and the contact ISHE. Instead of a full YIG layer underneath the
polymer, we use a YIG stripe which is smaller than and centered in the gap between
the metal contacts (Fig. 5.9a). This way no spin pumping into the contacts can take
place and also the asymmetric heating of the contacts by the MSSW is dramatically
reduced. It should be noted that the lateral spacing between the YIG and the
contacts is of the order of mm. Comsol simulations were performed to show that
there is indeed a sizeable reduction of the temperature difference at the contacts due
to the new geometry. As shown in figure 5.8¢c, 7 uK is the temperature difference
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between the two ends which is very small compared to the original temperature
gradient (100 pK) applied on YIG stripe edge.

mK
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Figure 5.8 — Comsol simulation for the temperature reduction along the surface of
the YIG-PEDOT:PSS sample where the width of YIG stripe is 2 mm YIG. (a) A
temperature gradient of 0.1 mK is applied between the two edges of YIG stripe. (b)
A schematic of the sample indicating the line where T values are extracted along the
surface which are plotted in c. (c¢) A plot for the observed temperature gradient (T-
293.15 K) along the sample surface. The plot shows a temperature reduction from the
edge of the stripe until the ends of the sample which results in significant temperature
difference between the two sample ends.

Again we prepare one sample for the ISHE measurement (S7) and a reference
sample with AloOs (S8, sample structure in Fig. 5.9b) to prevent spin pumping.
As shown in Fig. 5.9, both samples show a finite signal, however, the signal for
the sample with no spin pumping is reduced by approx. 50%. These results finally
prove that there is indeed an ISHE in PEDOT:PSS. Nevertheless, there is a further
contribution that does neither originate from the MSSW nor from the contacts and
that we can now attribute to the Nernst effect.

The Nernst effect is caused by the vertical temperature gradient induced by the
heating of the YIG which occurs at ferromagnetic resonance. It is the only thermally
generated artifact that is not avoided in our measurement geometry. To finally
quantify the ISHE the Nernst voltage needs to be subtracted from the ISH-voltage
and then the ISHE must be normalized by the sample resistance which finally yields
an ISHE-current of approx. 25 pA.
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Figure 5.9 — Measurements of the ISHE in the optimized geometry. The sample
(a) has a centered YIG stripe which does not extend underneath the contacts. The
resulting ISHE current is shown in (¢). When an AlyO3 layer is introduced between
YIG and PEDOT:PSS in this geometry as small effect remains (d) which can be
attributed to the Nernst effect caused by a vertical temperature gradient in the sample

(b).

It should be noted that a comparison between different samples based on PE-
DOT:PSS is not straight-forward. Ageing of the polymer and of the samples can
change the size of the effect and it is of utmost importance to compare only samples
which are based on the exact same formulations of PEDOT:PSS and solvent, ideally
prepared at the same time under the same conditions and characterized immediately
afterwards. For our experiments we have made sure that all samples which were com-
pared directly, were fabricated under conditions which allowed reproducibility better
than the effects investigated. Sets of samples which were fabricated and measured
for direct comparison comprise samples S1;52, S3;54,55;S6, and S7;S8, respectively.

Because of these constraints we have not fabricated large series of samples to get
a precise number for the spin mixing conductance or the spin Hall angle. Neverthe-
less, theoretical calculations were performed to predict the relevant parameters for
PEDOT:PSS. These parameters were used to check whether our results fit at least
the order of magnitude of the expectations.
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5.5. Numerical Calculations of the ISHE

The numerical calculations are carried out by the INSPIRE Group in the institute
of physics in Mainz. These calculations for the spin Hall angle are based on a recent
theoretical work on the spin Hall effect in organics [155], where the spin Hall effect
arises at the first order of spin-orbit coupling and it originates from the misalignment
of m—orbitals in triads. In the hopping regime, the spin Hall effect, similar to the
ordinary or the anomalous Hall effects, arises when in addition to hopping between
pairs of sites (site i and j), the hopping in triads (hopping via an intermediate site
k) is also considered. The hopping integrals over a triad loop for the spin Hall effect,
give rise to a non-zero phase shift, if the molecular orientations of organic material
are not aligned [155]. The importance of hopping in triads was first recognized by
Holstein [156] and subsequently by others [157-164] in the study of the ordinary
Hall effect and later for the anomalous Hall effect [165, 166]. Detailed derivation
and results of the model used for the numerical calculations are given in appendix
D. The spin Hall conductivity is obtained via oy, = J¢/E* with JY the spin current
along y direction when the electric field E* is applied along the x direction. The spin
Hall angle is determined as O, = o,/ (amayy)l/ 2 with o4, and oyy as the electrical
conductivity along the x and y directions, respectively. The results for the spin
Hall conductivity and the spin Hall angle are plotted in figure 5.10. The transport
results are consistent with variable range hopping behavior, over a temperature
range (40, 320) K, as expected. At room temperature, we get og, = 8 X 1077 and
O, =6 x 1077, consistent with our experimental results.

10_6 3 T T T 3 6 x 10—7 r T T T T
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~ -7 L 6\ 4 < @\
(-\f)/ 10 &\9 (DV) 2x1077 &\9
< S 1 SN
S | e ~.
1078 | NY 1077 RS
0.25 0.30 0.35 0.40 0.25 0.30 0.35 0.40

T-14 (K-14) T4 (K=

Figure 5.10 — Spin Hall conductivity ogy and spin Hall angle g of PEDOT:PSS
as a function of temperature.

The magnitudes of the spin diffusion length \¢ and spin life time 7, are calculated
based on the characteristic parameters of the m-conjugated polymer PEDOT:PSS
which has the same doping as our polymer. These parameters include: the electrical
mobility u;p and pupop, orp and orp, carrier concentration n, work function WF
and the intermolecular distance §. The magnitudes of these parameters are: urp =
0.01—0.1ecm?/V.S, poop =3x 10"2em? /V.S [108], o7p =800 S.cm™!, cpop = 2.4 %
1073 S.em™!, n =3 x 10" cm™3 [27], and WF=5.1 eV [167]. For the polaron size
calculations, we use the intermolecular distance between ™ — 7 stacking layers in the
backbone structure of the polymer ¢ (illustrated in figure 5.11). For the calculations,
the value 6 = 0.34 nm is used based on the experimental observations reported for
PEDOT:PSS prepared at the same doping conditions [125].
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Figures 5.11, shows the numerically calculated values of Ag and 75 in a wide range
of electrical mobility urp and intermolecular distance 6 of PEDOT:PSS.
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Figure 5.11 — 3D plots for the spin diffusion length A; and the spin lifetime 74 change
with the intermolecular distance ¢ in a wide range of the electrical mobility prp of
PEDOT:PSS (shown in colors). The dotted line corresponds to ¢ = 0.34 nm.

Based on Eq. 5.3 we calculate the expected ISHE for our experiment using v =
2.8 MH/Oe [8],d = 70nm, f =5 GHz , [ = 2mm, P=1.21 [18] for YIG, w = 2 mm,
L = 3 mm, h,y = 0.16 Oe (corresponding to P = 80 mW for the given dimensions
of our antenna), a = 1.5 x10™4, and oprpor.pss = 800 S.cm™ .

An approximate value for the spin mixing conductance of g™ = 8 x 107 m~2 for
YIG/PEDOT:PSS was estimated in a former experiment [8].

Based on the mobility range reported in literature for PEDOT:PSS, the value
estimated for \s which corresponds to 6 = 0.34 nm from figure 5.11 is 120 nm. Using
these values obtained here, the calculation yields an ISHE current of 40 pA which
is twice as much as we actually measure. Because of the large uncertainty of the
input parameters this is still a surprisingly good agreement with our experimental
results. Nevertheless, the fact that the orders of magnitude fit confirms at least that
the claim of an ISHE of this order of magnitude is credible.
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5.6. Summary

Summing up, the results presented within this chapter have shown that despite
any previous claims [28], PEDOT:PSS exhibits a small but measurable ISHE which
is in coarse agreement with theory. In typical sample geometries, this ISHE is
easily concealed by thermovoltages induced by MSSW or by spin pumping into the
contacts. By carefully optimizing the sample geometry it is possible to eliminate
these two artifacts. The remaining small signal can be partially attributed to the
ISHE and to the Nernst effect. These results show that extreme care is necessary
to identify or even quantify ISHE in organic materials or other materials with low
spin-orbit coupling. The sample geometry derived for our experiments can at least
facilitate this procedure, although the Nernst effect can only be removed by careful
extraction and subtraction from the original signal.

80



6. Spin-to-Charge Conversion in Semiconducting Polymer PBTTT

Chapter 6

6. Spin-to-Charge Conversion in Semiconducting
Polymer PBTTT

6.1. Introduction

In this chapter, we present the first ever intensive study addressing the detection
of spin-to-charge conversion in the semiconducting 7CP PBTTT. Using the exper-
imental protocols and systematic steps reported in chapter 5 for studying ISHE in
wCPs, we investigate the ISHE in PBTTT in different experimental conditions. For
each experiment, the polymer thickness, temperature, or doping is varied. This
study provides a solid framework to address the major parameters influencing the
ISHE in PBTTT. Moreover, it expands our knowledge giving us better insight into
the spin relaxation mechanism that results from polarons transporting spin current
in PBTTT.

7CP PBTTT has made its first entry in spintronics recently through addressing
the polarons spin current transport and their relaxation mechanism [29]. In that
work, only, the pure spin current transporting through the polymer was investigated
and then detected in a Pt capping layer. However, no ISHE was observed in the
polymer itself. Even when using very high rf excitation power utilizing pulsed-FMR
(p-FMR) which provides high spin current density, no ISHE was observed, despite
the FMR line broadening which is typically an indication of the spin pumping '# [23].
These difficulties in observing any indication of ISHE in this polymer is substantially
expected due to its weak SOC and hence its high SDL A; which surprisingly is
found to reach 1 pm [30]. What makes PBTTT so interesting is the controllable
and highly-ordered lamellar microstructure through the interdigitated side chains.
These features provide steady and high charge mobility throughout the polymer
which is a great advantage in microelectronic devices [108, 168-171].

14 As discussed in chapter 4, FMR broadening is not necessarily an indication of the spin pumping
due to the several magnetic damping sources resulting in FMR broadening. This scenario
becomes very likely when using a conducting FM (e.g., Py).

81



6. Spin-to-Charge Conversion in Semiconducting Polymer PBTTT

6.2. Experimental Details
6.2.1. Samples Information

All samples studied in this chapter are composed of PBTTT polymer deposited on
100-nm thick films YIG grown on GGG. In all samples, the YIG layer is patterned
to form a 2 mm-wide stripe done by Ar-ion milling with Al foil as a shadow mask.
The YIG stripe is employed in our geometries to avoid any interaction with the
contacts when measuring ISHE as discussed in chapter 5. For all samples, YIG
surface is cleaned by organic solvents and piranha solution. The samples here have
a size of ~ 3.5 x5 mm?. The PBTTT films are spin-coated on the cleaned YIG
surface. To vary the thickness of each PBTTT film on the YIG samples, spin-
coating parameters such as speed were varied. The resulting films measured 25, 50,
100, and 200 nm thick. To optimize the structure of doped PBTTT and increase
its conductivity, FATCNQ was evaporated directly on the polymer [108]. PBTTT
fabrication and doping information are explained in section 3.1.3. The fabrication
steps and layer sequence of the devices prepared in this chapter are shown in figure
6.1. In addition to the YIG-PBTTT samples used for ISHE investigations, another
sample was prepared to investigate the Nernst effect by adding an AloOs interfacial
layer between YIG and PBTTT.

Ao

Ar-Ion etch &

YIG clean WY e

e

5mm

Figure 6.1 — Schematic illustration of the YIG-PBTTT samples indicating the fab-
rication steps and also the sequence and the dimensions of the different layers.

Several samples are fabricated for the study presented in this chapter. The main
parameters and the layer sequence of these samples are listed in table 6. For ISHE
measurements, Au electrodes are deposited directly on top of GGG substrate using
electron beam evaporation and defined by a shadow mask, figure 6.1. In the result-
ing geometry, the electrodes are located far from YIG stripe and underneath the
polymer.
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Table 6 — PBTTT samples information

Sample YIG PBTTT F4TCNQ AlOj;
[hm]  [nm] [nm] [nm]
S1[YIG-PBTTT] 100 25 20 -
S2[YIG-PBTTT] 100 50 20 -
S3[YIG-PBTTT] 100 100 20 -
S4[YIG-PBTTT] 100 200 20 -
S5[YIG-AlsO5-PBTTT] | 100 100 20 30
S6[YIG-PBTTT] 100 200 20 -

6.2.2. ISHE Measurements

ISHE measurements are carried out using the sample geometry and measurement
configuration explained in section 3.2.3. Cu leads are attached to the Au contacts
at the end of the sample using silver glue. The polymer is removed from a small
area of the Au top surface to ensure good contact with the Cu leads. An illustration
of the sample geometry and measurement configuration is shown in figure 6.2. The
ISHE measurements are performed at rf power of 40 mW. All information regarding
the ISHE signal-to-noise optimization and amplitude modulation are explained in
detail in section 3.2.3. Regarding the low-temperature measurements, the cryostat
is liquid Helium cooled allowing for ISHE temperature-dependent measurements in
the range between 300 K and 5 K.

Figure 6.2 — A Schematic illustration of the sample structure and ISHE measure-
ments configuration used in this study. YIG stripe is located underneath the PBTTT
polymer. H is applied in-plane with respect to the microstrip waveguide and ISHE is
measured at both ends of the sample using Cu leads attached to the Au electrodes.
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6.3. Results and Discussion
6.3.1. ISHE Detection at FMR

ISHE is measured at the FMR in both magnetic field directions (0° and 180°) with
respect to the MSWG which is done by changing magnetic field polarity, +H and -H.
As shown in figures 6.3(a) and (b), the ISHE maxima is observed at the resonance in
opposite directions correspond to the dc field polarities associated to the magnetic
field polarity change. These resulting dc voltage profiles are in agreement with the
ISHE characteristic discussed previously throughout this thesis.
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Figure 6.3 — Measuring ISHE in PBTTT at FMR. (a) ISHE measurements for YIG-
PBTTT sample in both H field polarities, +H and —H (inset) as a function of the
sweeping field. The ISHE measurements here are performed using an rf power of 40
mW. ISHE amplitude is observed and measured at the same position of the resonance
as indicated in b.
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6.3.2. Nernst Effect Induced by FMR Absorption

As concluded from ISHE investigations in chapter 5, measuring the pure ISHE in
mCP can only be achieved by considering all voltage sources and artifacts associated
with rf excitation. The most significant artifact here is likely to be the Nernst
Effect, because of the polymer’s unique thermoelectric characteristics, as described
in sections 2.9.2 and 2.8.

In this study, the Nernst effect is investigated using sample S4:[YIG-Al,O3-PBTTT].
This structure with AlsOs interfacial layer is efficient for studying the artifacts in-
duced by FMR absorption. In order to detect a measurable voltage due to Nernst
effect, we use relatively high rf excitation power (~ 100 mW). Figure 6.4a (up)
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shows the curves of the voltage measured at FMR and induced by the Nernst ef-
fect Vernst which is measured for sample S5 at 100 mW rf power. A quite small
but measurable voltage signal is observed when the field polarity changes, which is
similar behavior to that shown during ISHE. This small Vyepnst (~ 5nV ) confirms
the existence of the Nernst effect in PBTTT polymer. Despite its low magnitude,
these findings are important especially when we go to high power because this effect
increases with power. This is due to the higher power absorbed by the FM at FMR
at high power which is shown by the large FMR amplitude. As a result, a high
ViNernst magnitude is expected at high power regime. Nevertheless, Viernst is still
very small compared to the ISHE signal measured at the same rf power on an other
sample with the same polymer thickness (sample S3 with dppgprr = 100nm) with
no oxide interfacial layer, figure 6.4b. Furthermore, since the rf power used for the
ISHE control experiments in this chapter is less than 100 mW (mostly 40 mW), any
voltage originating from the Nernst effect will be very small and most probably in
the noise level.
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Figure 6.4 — Nernst effect investigations in PBTTT. (a) (Upper) Voltage measure-
ments for sample S5 carried out at both magnetic field polarities +H and -H. (Lower)
FMR absorption curve measured simultaneously with the ISHE. (b) A comparison
between the voltage curves of samples S3 and S5 measured at both magnetic field di-
rections. All dc voltage curves here are normalized by the associated FMR absorption.
The measurements here are done at 100 mW rf power.
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6.3.3. ISHE-Power Dependence

In this section, we study the dependence of the ISHE-voltage (ISHV) on the mi-
crowave power Py .

As discussed in section 2.2.2, the maximum power absorption - where the reso-
nance takes place - is proportional to the amplitude squared of the driving field |h\$ 2
P, x hz f- From equation 2.62 and the cone angle definition in section 2.5.3 where

Visar < ©2 and since AH is independent of Py, so at the same MW frequency
f, © o< hyp. From that, one can deduce the linear relation of Visy g to h%f. This
yields a linear relation with the power as,

Visap o hip o< Py (6.1)

This explanation can also be understood based on the proportionality between
spin-pumping driven spin-current and the rf field square as Jg h% 5 as discussed in
section 2.5.3. The resulting ISHV linear dependence with applied rf power Py is
reasonable because the maximum ISHV is measured at the FMR resonance mode
Hpgyrr where the power absorption Py, is maximum and therefore, Py, o< Py .

Figure 6.5a shows the ISHV curves measured at different MW power and figure
6.1b shows the extracted ISHV amplitudes from the curves which are plotted as a
function of the applied MW power. As shown in figure 6.5b, the data show a nice
fit in the linear regime as predicted by the V;gyp model.
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Figure 6.5 — ISHE- Py dependence. (a) Voltage curves measured for YIG-PBTTT
sample at the FMR mode. (b) ISHV vs. MW power plot. The solid spheres represent
the experimental ISHV maximum values extracted from ISHV spectra in a. The red
line is the linear fit to the data.
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6.3.4. ISHE-Angle Dependence

As demonstrated in equation 2.59, ISHE-current is characterized by the cross prod-
uct with respect to the spin current Js; and magnetization vector . The magne-
tization vector also is represented by the angle of the magnetization precession 6,,.
In YIG ferrimagnet, with weak crystalline anisotrpy, 6,, = 0 , where 0 represents
the angle of the applied magnetic field H. As a consequence, this cross product
also describes the relation between Vigpyp and 0. Figure 6.6a shows the angular
dependence of Vg which is represented by plotting Vigpp as a function of 0.
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Figure 6.6 — ISHE-angular dependence for YIG-PBTTT sample done at rf field of
f = 4 GHz. (a) ISHV spectra measured at different 0. (b) Visgp extracted from
the ISHE curves normalized by FMR absorption P, and fitted to cos(fg). (c) An
example of the FMR experimental curve and the Lorentz fit which is used to extract
P, for each 6y. The parameter "a" represents the FMR curve amplitude which is
equivalent to the P,. (d) The Py, —60g change represented by the relative amplitude,
(relative to alg—q ).

In these curves, the magnetic field H is swept in plane with respect to the MSWG,

in the angle range (0 = 0° to 0y = 180°), Fig. 6.6b (inset). FMR spectra also are
measured for this sample simultaneously with ISHV throughout the entire 8 sweep.
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It is worth noting that, as mentioned in the previous section, the Vigy g is linked to
the Py, which in turn is linked to the f,.¢. In microstrip or coplanar waveguides, the
ratio of the rf power Py to the rf field A,y components - acting perpendicular to
the magnetization M producing magnetization precession around the applied field
H - changes during the field sweep. This change yields variations in P, represented
by FMR amplitude. This is clearly shown in figure 6.6d which represents the plot of
the FMR absorption amplitudes as a function of . It is clear from this curve that,
Py, drops to 30% of its maximum value at the middle of the magnetic field sweeping,
i.e., 0y =90°. As a consequence, this influence of 0 sweep on P, has a big impact
on the ISHV-angular dependence, which results in a significant deviation from the
perfect ISHV-angular behavior [172]. This deviation can be treated by considering
the correlation of [Py, , h,s] and this is achieved via normalizing the ISHV curves
by the P, extracted from the FMR curves. In our results, Visgp — 0y angular
dependence is obtained, figure 6.6b, by normalizing V;gpg g extracted from the ISHE
curves by P, values extracted from the FMR curves. As shown in figure 6.6b, the
experimental data can be fitted very well to cos(fp) which is in consistence with
the ISHE-angular dependence for the in-plane configuration.
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6.3.5. The Effect of Temperature and Doping on ISHE in PBTTT

The full picture of spin-charge conversion in PBTTT can be revealed by studying
the spin transport and relaxation in different temperature and doping conditions.
In PBTTT, spins are carried by localized charge carriers (or so-called spin-1/2 po-
larons) which move by hopping [29, 30]. The change of the carrier concentration n
and their mobility g with varying temperature and doping ratio and their relation
to the ISHE may enable us to understand the ISHE mechanism in highly-doped
PBTTT.

In this section we discuss in detail how do two processes affect ISHE in highly-
doped PBTTT based on their impact on the ISHE characteristic parameters. It
is important to mention that the ISH-voltage (ISHV) in temperature and doping
studies represents the measured magnitude while the ISH-current (ISHI) represents
the voltage normalized by the sample resistance.

Temperature Effect on ISHE

The effect of temperature on ISHE-voltage (ISHV) in PBTTT can be clarified by
studying the influence of T on all parameters characterizing the ISHE mechanism.
Referring to section 2.5.3, ISHV depends on the spin pumping and is quantified by
spin current Js , Ogp, spin diffusion length A\s and the spin-sink conductivity o.
As illustrated in equations 2.44 and 2.62, Js is proportional to gl} 7 and cone angle

square ©2. So, the change of J; with T can by understood by studying g;% 7 Vs T

and also © vs. T'. Like many mCPs with low SOC and low spin relaxation rate, gZ} 7

in PBTTT significantly depends on the intrinsic spin mixing conductance ¢'+ and
Sharvin resistance (spin resistance) Ry [equations 2.52 and 2.53].

To study the influence of temperature on these parameters and how this affects
ISHV, we start with the 0 —T change. Adopting the VRH model which describes
the charge transport in 7CPs [section 2.7.3], 0 — T change follows the exponential re-
lation illustrated in equation 2.64, which shows increasing o with increasing T'. This
o — T behavior is expressed as a positive T-coefficient of conductivity which is the
opposite of conductivity behavior in metals, which have a negative T-coefficient [29,
30, 108, 117, 173, 174]. Based on this difference in T-coefficients, ISHV is expected
to scale with o in 7CPs differently from metals. In the FM/PBTTT bilayer, the
high conductivity and gradient of the spin accumulation in the spin current direction
give rise to the spin current Jg(x), where Js(z) = —(0,/e) 7 du(x). Therefore, the
charge current J.(y) measured along y-direction increases because J.(y) o< Js(x) [20,
27, 57]. At high conductivity, the polymer has high carrier mobility, high carrier
concentration, or both. In this case, the spin carriers are scattered into a direction
perpendicular to the spin current and this produces a large flux of the charge current
transverse to the spin current. In this picture where both o, and du(z) increase,
the spin current and hence the charge current increase. This may explain the en-
hancement of the spin-charge conversion efficiency at high conductivity observed in
these m CPs despite the weak SOC [23, 27]. The effect of o on ISHV can also be
explained by the influence of n and p on Jg, where increasing J; results in ISHV
increase, as illustrated in equation 2.62. It was found that the spin current induced
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by FMR can only be transmitted through 7 CPs when a sufficient concentration
of spin-carrying polarons is present [29, 30, 57]. For PBTTT, reducing T results
in decreasing n and g [29, 30, 108]. This was also confirmed by the Hall mobility
measurements performed on similar samples while varying the temperature [108].
In this publication, they show that the ratio of conductivity at room temperature
to 20 K is about 7, while the corresponding Hall mobility ratio is smaller than 3.
Considering these findings, it is appropriate to conclude that, during the cool-down
process, the polymer conductivity is not only affected by the Hall mobility but also
by a lack of spin carrier concentration n. At high T the spins density n increases
which leads to increasing Js. This link between Jg and n can be understood in terms
of the coupling between localized spins in the FM and the spin carriers - polarons
- in the polymer [57]. This spin-polaron coupling is enhanced by increasing carrier
density which in turn raises the spin current. The large increase in the conductivity
with temperature leads to an increase in the diffusion coefficient D. The latter in-
creases with increasing o due to the Einstein relationships addressed in section 2.7.3
for highly-doped semiconductors (degenerate SCs) as D = (W) Even for the

low-doping regime, D is expected to increase with T due to the Einstein relation for
nondegenerate case where D = (%)T. This increase in D results in increasing Js,
which follows its definition Jg(z) = —(e/up)D 7 du(z) [20, 27, 57], where both the
diffusion coefficient and spin accumulation gradient are proportionally related to Js.
As a result, increasing conductivity enhances the spin-polaron coupling and stimu-
lates the flow of spin current into the polymer which in turn produces a measurable
ISHE in the polymer regardless of its weak SOC. The ISHV is expected to depend
largely on T, because ISHV depends on the conductivity. Conductivity, in turn,
depends on p and n, whose relationships with temperature we have already shown.
The strong link between ISHV and J; calls for further clarification for the influence
of T on Js in order to understand the ISHV change with T. To do this, the two main
characteristic parameters related to Jg, g;% 7 and ©, and their influence by T will be
addressed here. As explained in section 2.4.2; the effective spin-mixing conductance
is defined as gz} =1 (g™, Rs). The intrinsic spin mixing conductance g™ is found to
be T-independent [175, 176]. However, the situation may become different with the
g;ic 7 due to the influence of Ry and how this additional factor changes with T. Since

Rs o< (As/0), gZ}f will have the same relationship with 7" as (As/o0). For g;%f to

remain constant with temperature, both A\s and ¢ need to follow the same function
of T such that the effect of T is canceled out. This means, while ¢ is increasing
with T, As should also increase in the same way. The most recent study of the
spin current transport in highly-doped PBTTT shows ¢ and \g are proportional to
each other [30]. Within a wide conductivity range (22 - 100) S.cm~! controlled by
thermal annealing, the (A\s/0) ratio remains nearly constant. However, the ratio’s
relationship with T may be different from that in dedoping regime because the be-
havior of ¢ depends on which doping regime it’s in. More specifically, one cannot
assume o behaves the same when both temperature and dopant ratio are changed,
because n and p depend differently on T and dopant ratio. So in 7CPs, one may
expect the ratio (A\s/o) and hence g;%f to change with T. Only if both o and A4

increase with increasing T, we may expect a slight change in g;% 7 with T. It is worth
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mentioning that, in normal metals like Pt and Pd, different A\ —T" behaviors were
reported [117, 174]. In one study A is found to be a T-independent, and in another
study As decreases with increasing T [117, 174]. This contradiction was attributed
to the difference in how the diffusion coefficient D changes with T and also due to
the dominating relaxation mechanisms in the spin-sink material. The change in A4
with T in metals might be different from 7CPs due to many reasons. These include,
the different T-coefficient, the dominant spin relaxation mechanism in both kinds
of materials, and the difference that n and p change with T. As we knew in metals
the spin concentration remains nearly unchanged with T while in 7CPs both n and
p change significantly [29, 30, 108]. So far, no study has been done on the change
of As vs. T in highly-doped PBTTT as well other similar 7CPs like PEDOT:PSS
and P3HT. The way As; changes with T in highly-doped PBTTT is still unclear.
However, if you consider the EY mechanism as the main source of spin relaxation in
PBTTT [29, 30], we can then expect As to increase with increasing T. As a result,
if both A\g and ¢ increase with T, gz} 7 will be roughly temperature independent.

The other parameter related to Js is the cone angle ©. As shown in section
2.5.3, Js x ©2 oc (Py,/[AH]?). A significant change in FMR linewidth AH and the
rf absorbed power P, is expected with varying T. This change when measuring
YIG/PBTTT samples can be attributed to many reasons. The coupling between
the waveguide and sample changes because the waveguide impedance changes at low
temperature. This directly affects the P,.

Additionally, the saturation magnetization has a significant change at low tem-
peratures, as predicted by Bloch law M(T") = M,(0)[1 — (%)3/2], where M(0) is a
parameter related to the net spin density in the FM system [136, 177]. In addition,
because the saturation magnetization is linked to the cone angle [20, 80], and thus
the linewidth; therefore, the saturation magnetization change will be reflected in the
linewidth magnitude. As a result, the change of cone angle with T should be noted
when analyzing the ISHV-T data.

Another major parameter related to the ISHV is the spin Hall angle 65 which de-
scribes the spin-charge conversion efficiency. 0gp is determined as s = osr/ (Jmayy)l/ 2
with o, and oy being electrical conductivity along the x and y directions, respec-
tively. Here the spin Hall conductivity is ogg = JY/E¥, so that Ogg o< (Js/J.) .
From these relations, the reduction in Js with decreasing T causes a decrease in
Osp; however, the spin hall angle also depends on how much conductivity changes
with T. Because o depends on T, gy may depend on temperature as well. How-
ever, due to the conductivity anisotropiy of PBTTT, it is difficult to determine how
precisely 0,04y and gy change at low T. So far, no studies have reported gy
for PBTTT. PEDOT:PSS wCPs, which also has a large conductivity anisotropy
shows a clear fgp - T dependence over a wide temperature range as discussed in
section 5.5. Therefore, the situation in PBTTT could be roughly similar to that of
PEDOT:PSS. In metallic spin-sinks like Pt and Pd, gy — T shows nonmonotonic
variation through a wide T range due to the dominance of EY or DP [117, 178].

In conclusion, we see with decreasing T, the parameters D, n, ;4 and then Js de-
crease. As a consequence, ISHV significantly decreases. The network connecting all
ISHE-characteristic parameters based on their correlated change caused by temper-
ature is illustrated in the diagram in figure 6.7. This diagram clearly shows how are
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all parameters connected to each other and temperature.

Figure 6.7 — The network of all ISHE characteristic parameters based on their cor-
The mutual relations for all correlated pa-

related change caused by temperature.

rameters are listed in the tables below, alongside some references addressing these

relationships.

Parameters Reference

relation No.
(1) [29, 30, 108, 117, 174]
(2) [29, 30, 108]
(3) [29, 30, 108]
(4) [29, 30, 117, 174]
(5) [175, 176]
(6) 20, 80, 136, 177]
(7) [105, 109]
(8) [30]
(9) [20, 24, 57, 58]
(10) [20, 27, 57]

92

Parameters

relation No.

Reference

(11) 29, 30, 109, 179]
(12) 29, 30, 108]
(13) 29, 30, 108]
(14) [10, 56, 180]
(15) [10, 56, 180]
(16) [10, 56, 180]
(17) 20, 58, 175]
(18) 29, 30, 57
(19) [10, 56, 180]
(20) [10, 56, 180]
(21) 20, 27, 57, 58]
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Doping Effect on ISHE

In 7CPs, o is tuned not only by temperature cooling-down but also by the dedoping
process performed by thermal annealing (section 3.1.3). This process is found to
be efficient for tuning polymer conductivity due to the significant reduction of the
carrier concentration n which results in a large reduction of o. Herein, decreasing o
is mainly because of the reduction of n which is related to the dopant ratio. This
ratio is significantly reduced in dedoping as shown in figure 3.6. Consequently, we
can assume the change in n during dedoping is dominant. For a specific polymer
structure, when mobility is constant, o is expected to scale linearly with n. As
shown in figure 3.6b, the conductivity shows nonlinear behavior with the dopant
ratio. This nonlinearity may be an indication mobility in fact changes with n. To
test this hypothesis, a wide range of dedoping experiments were performed on a
doped PBTTT sample, where n was measured at each doping step using ESR at
the Cavendish Laboratory in Cambridge. These results are shown in figure 6.8a.

Here the conductivity data show a significant deviation from linear behavior,
confirming the mobility changes during dedoping. In addition to these experimental
findings, the influence of dedoping on u can also be explained by its influence on
the VRH mechanism as reported in some studies [30, 125]. This influence comes
from the doping effect on the m — 7 stacking distance and hence the localization
length along the polymer backbone. Accordingly, increasing doping reduces the 7 —
stacking distance and thus reduces the hopping length Lj,, which eases hopping of
the charge-carriers between the different sites through the polymer [105, 181].

Due to the big reduction of n and p in dedoping, and because J; is strongly linked
to n as discussed previously, Js is expected to decrease significantly along with o.
According to the strong ISHV-J, dependence, reducing Js will reduce ISHV.

Considering the strong link of these parameters: o, n and pu to Js , Rs, and gZ} 2
the dedoping process is expected to affect these parameters as significantly as the
temperature.

The network connecting all ISHE-characteristic parameters based on their cor-
related change caused by dedoping is shown in the diagram in figure 6.8c. This
diagram shows how all parameters are connected to each other and the dedoping
process. As we notice from the discussion above and also from the two diagrams
in figure 6.8c and figure 6.7, the cornerstone parameter for tuning ISHV, either by
changing temperature or the dopant ratio, is the material’s conductivity . As a
consequence, we expect decrease of normalized ISHV, or ISHI, to be identical in
both processes.
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Figure 6.8 — (a) Conductivity vs. ngp;, during dedoping process. (b) The trend of
Nspin change with resistivity. (c¢) The network of all ISHE characteristic parameters
based on their correlated change caused by dedoping (DD). The mutual relations for
all correlated parameters are listed in the tables below, alongside some references
addressing these relationships.

Parameters Reference Parameters Reference

relation No. relation No.
(1) [30, 108] (8) [10, 56, 180]
(2) [30, 108] (9) (105, 109]
(3) [29, 30, 57] (10) [10, 56, 180]
(4) [29, 30, 108] (11) [10, 56, 180]
(5) 29, 30, 108] (12) 20, 27, 57|
(6) [29, 30, 109, 179] (13) [10, 56, 180]
(7) [30] (14) [20, 27, 57, 58]
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ISHV-Temperature dependence in PBTTT

As previously stated, conductivity is the cornerstone of the ISHV-T behavior. The
decay of o with decreasing T in PBTTT is shown in figure 6.9 which includes the
conductivity calculated from the resistance values measured for sample S4. The large
decrease of o with T is mainly attributed to the decrease of the carrier mobility and
also the carrier concentration as discussed previously.

4_ T T T T T T T T
N _
2_ T /d |
57 o(T) = o (0)eap| - (?0)1 ] :
LN d=2.2+0.4 -
T, (K) = 1360
0 T T T T T T T T T T T T
0O 50 100 150 200 250 300
T (K)

Figure 6.9 — Temperature dependence of the longitudinal conductivity ¢ measured
for sample S4. The plot shows the best fit to the VRH model.

The line is a fit using the VRH model, equation 2.64. According to that, o —T

behavior follows the formula o(7") = J(O)empL— (%)Ud} where d = D+ 1. From this
figure, the best fit yields d = 2.2+ 0.4 which is the closest to the fit predicted by
Efros-Shklovskii variable-range-hopping (ES-VRH) model [104]. The characteristic
temperature Ty obtained from the fit is around 1360 K. These findings are in good
agreement with the previous work done on the same structure [108].

The ISHV-T dependence is studied over a wide temperature range (5-295 K). Four
samples are employed for this study, S1, S2, S3, and S4 which have PBTTT thickness
of 25 nm, 50 nm, 100 nm, and 200 nm, respectively. All measurements here were
performed at 9 GHz and used rf power of 40 mW. For each temperature, ISHV is
measured at both magnetic field polarities, +H and —H. To avoid any irreversible
conductivity change due to the conductivity degradation of the polymer during cool
down, all ISHV-T, FMR-T, and R-T measurements were performed by cooling the
samples from 295 K and down to 5 K. The figures 6.10 (a-d) show the ISHV curves
for the four samples at both magnetic field polarities over the temperature range
(70-295 K). As clearly indicated here, no ISHV signal is observed below 70 K for

most samples.
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Figure 6.10 — ISHV curves for the YIG-PBTTT samples S1-S4 at a temperature
range between room temperature (RT = 295 K) and 70 K. The plotted curves here
are the measured ISHV curves normalized by the cone angle.

It is worth mentioning that, a big change of the FMR linewidth (AH) and P, is
observed in cooled-down samples. This change becomes clear at low T which can
be attributed to many reasons. The coupling between the waveguide and sample
changes, because impedance at low temperature changes. This impedance change
affects the rf absorbed power P, [147-149]. Additionally, the saturation magneti-
zation has a large T-dependence as predicted by Bloch law mentioned previously.
In addition, because the saturation magnetization is linked to cone angle [20, 80],
and this is linked to the linewidth, the saturation magnetization change will be
reflected in the linewidth magnitude. In the samples, these changes are identi-
fied by measuring AH and P, of the FMR curves simultaneously during ISHE
measurements at each temperature. The observed values of AH and P, are plot-
ted in the figures 6.11(a-d). These plots also include (P,;/[AH]?) data because
Js oc ©2 oc (P /[AH]?. Because of the cone angle changes with T, and because
ISHV x Js x ©2% o (Py,/[AH]?), to compare the ISHV measurements and ac-
count for the effect of temperature, the ISHV measurements must be normalized

by (Pab/[AH]?).

96



6. Spin-to-Charge Conversion in Semiconducting Polymer PBTTT

P (MV) AH (Oe) P,/ [AHI® Py (MV) AH (Oe) P,/ [AH]
al al 30 4 r30 ~2.0
30 - 30
a ) —m— FMR-[P_, (mV)]J| 20 b) n u- FMR-[P,, (mV)}}
25 A AH(Oe) - 25 B 4 = A AH (Oe) 2% s
20| a4 JMum e P /T fo | Y20 M ma @ Pu/HE fioo
““ ' . 2 1y .- I
5] 4 8 oo a, 5 [0 15 @ w0 Tug, 15 1.0
AR | ‘e o N / o L r
104 o ° ..‘o—t:\l—l L 10 104 a® .'.'.‘0\..::’- -10 0.5
A .. 0.5 Y ® o | to
° )
51 ™ &arsssassaaa |5 51 e Mhaassssasaasni b5
0+ I"V.I — T T T T -0 0.0 01 " T T T T T T -0 0.0
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T (K) T (K)
2 P_ /[AHF
P, (MV) AH (Oe) P /[AH]" P, (mV) AH (Oe) Fab
30 30 304 30 20
C) —m FMR{P,, (mV)]Il 20 d ) —m— FMRP,, (mV)I| |
25 A AH (Oe) 25 251 A AH (Oe) -25 15
. —e— 2 L15 - -1
20 /'/.:f:"\. S P/l 20 201 a o _Py/lAr 20
A N N | A XN i
154 . 0 \‘.,,.\.\.;- L15 k1.0 154 A .‘»'(:x- [ 2Y F15 1.0
A/ | oo " na, e "g®. e i I
Iy - -u | 10 - g ® -10
01 T *teee [ 05 /A® . ."*-?lf= » L0.5
1 | A L ' 54 M L5
5 | o AL AAAAAAAAAA AL [S .ﬂ AAAAAAAAALAA L | L
O_ IP T T T T T T _O _00 0_ ! T T T T T T T T T T T _0 _00
0 50 100 150 200 250 300 0 50 100 150 200 250 300
T(K) T (K)

Figure 6.11 — (a-d) FMR linewidth and power absorption amplitude for the samples
S1-S4 respectively, over the temperature range (70-295 K). Both AH and P, are
extracted from the Lorentz fit of FMR curves. The ratio P,,/[AH]? is related to the
cone angle square.

The decay of the ISHE in PBTTT over this temperature range is studied using
the ISHV amplitudes extracted from the curves in figure 6.10 and then plotted
versus temperature. This decay is demonstrated by the ISHE-T behavior for both
ISHE-voltage and ISHE-current as plotted in figure 6.12a and 6.12b, respectively. A
gradual ISHE decay is observed here and the signal nearly disappears below 70 K. As
we see here, the ISHV and ISHI change with T is consistent with the conductivity
decay with reducing T as shown in figure 6.9. This decay of the voltage unveils
a suppression of the spin-charge conversion in PBTTT at low temperature which
is a reasonable considering the significant decrease that the mobility and carrier
concentration experience at low-T regime as confirmed by the experiments reported
here [108]. Furthermore, this reduction at low T is in agreement with the Jg-related
parameters change with T which is discussed in detail at the beginning of this section
and also illustrated in figure 6.7.
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Figure 6.12 — ISHE voltage and current decay with temperature for the four samples
S1-S4. The grey area indicates the region where the ISHE starts to vanish. Vj,4r, and
Lorm represent the ISHV and ISHI normalized by the cone angle.

ISHV-Doping dependence in PBTTT

In our highly-doped PBTTT, we study the doping effect on the spin-charge conver-
sion efficiency by measuring the ISHV in samples with varying conductivity tuned
by dedoping. The dedoping is performed on sample S6 by applying a sequence of
post-annealing steps at 100 °C' in Ny atmosphere for each step. The dedoping steps
and the resulting conductivity of each step are listed in table 7.

Table 7 — Conductivity and resistance of PBTTT polymer vs. dedoping. The table
shows the post-annealing steps and the resulting resistance and conductivity at each
step. Zero step refers to the fully doped polymer

| Amnealingstep | O [ 1 ]2 |3 [4][5[6]7[8] 9 ][10]11]
Annealing time(min) || - | 15 | 20 | 20 | 20 | 20 | 20 | 30 | 50 | 120 | 100 | 120
R(kQ) 12[15[18[26[33[39]4 [48]56] 73] 10 | 16
o (Sem™!) 60 |48 [39 |27 [22 |18 [18[15 | 13[ 10 | 7 [ 5

The dedoping process is performed on YIG-PBTTT which has a PBTTT thickness
of 200 nm. The thickness was chosen to be significantly larger than the expected spin
diffusion length in order to avoid a limiting the spin current by the finite thickness.
Figure 6.13 shows the ISHI and ISHV plotted with the associated resistivity at each
annealing step. As shown in this figure, the ISHV and ISHI are reduced by around
one order of magnitude during dedoping which is close to the associated conductivity
reduction indicated in table 7.
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Figure 6.13 — ISHV and ISHI for YIG-PBTTT(200nm) plotted as a function of the
sample resistivity p. The current plots are obtained by normalizing the voltage with
the sample resistance. p is calculated from resistance value measured for the sample
at each annealing step.

The pronounced drop of the spin-charge conversion efficiency demonstrated by the
ISHV in PBTTT is an indication of the diminishing of the spin current transport
efficiency into the polymer at low n regime. The big reduction of the carrier con-
centration during dedoping sheds light on the dominant role of n on ISHV decay in
PBTTT. However, the associated reduction of mobility during dedoping also reveals
an important contribution of the carrier mobility on the ISHE decay as well. The
mobility change during dedoping can also be identified from the difference between
the overall trend of the n reduction plotted with p (Fig. 6.8b), and the trend ob-
served for the ISHV and ISHI with p shown in Fig.6.13. The difference becomes
more obvious if we compare both at similar p range as shown in the inset of figure
6.8b.

To conclude here, the ISHV decay in highly-doped PBTTT during dedoping pro-
cess is explained by the enormous reduction of the carrier concentration n and also
a considerable reduction in the mobility p. Considering that the spins are carried
by polarons, these results point to the key role that the mobile carrier density and
inter-polaron distance play in spin diffusion and spin relaxation in highly-doped
PBTTT. Eventually, we conclude that the ISHV and the spin current transport in
the PBTTT polymer become less efficient in the low doping regime.

Mobility ;. vs. Carriers Concentration n Effect on ISHV in PBTTT: A
Comparison Study

As demonstrated before, both n and p change in both cooling-down and dedoping
processes. We also found that n change is dominant in the dedoping process (Figs.
3.6 and 6.8a), and p change is dominant in cool-down process [108]. The fact that
each parameter is dominant in different regimes could imply ISHV is not inherently
the same during both dedoping and temperature change.

In this section, we study the ISHV rise and decay while tuning the polymer’s
conductivity by varying the doping concentration and temperature separately. We
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perform a comparison study for ISHI in both cases employing the results obtained in
section 6.3.5 for sample S6 for the case of o tuned by dedoping method. On the other
side, for o tuned by thermal cooling, we use the ISHV-T dependence results obtained
for sample S4. The role of spin carrier concentration n and mobility p in ISHI decay
is studied using two YIG-PBTTT samples with the thickest PBTTT (samples S4 and
S6, PBTTT 200nm). The reason for using the thick film is to avoid the influence of
the active thickness change during the temperature change. However, this influence
will not be significant as the film thickness is much bigger than the spin diffusion
length. Figure 6.14 compares the ISHI decrease while reducing the conductivity
using these two mechanisms. Interestingly, the ISHI change for both cases is almost
identical. However, referring to our discussion at the beginning of this section, this
consistency can be explained due to many aspects. Although the reduction of n and
(1 may be different in both controlling regimes, the similar measurements of ISHI
reveals that there is compensation in n when p is reduced and vice versa.

This, in turn, results in nearly similar magnitude of (n x ) which means there
is a similar change in the conductivity in both approaches. The ISHI change with o
might mean that the change in ISHE is related to the conductivity itself rather than
the mobility or carrier concentration alone. Moreover, these findings highlight the
big role of the conductivity in the spin-charge conversion in 7CPs which is consistent
with our discussion before. Finally, these results confirm the strong correlation
between n and p in the cooling-down and dedoping process clarifying that both are
inseparable.
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Figure 6.14 — The role of n vs. u in the rise and decay of ISHE. The plots represent
the current values obtained from the normalized ISHV with the sample resistance. Iy
in the cool-down case is the ISHI at the RT. In the dedoping case, Iy is the value
for the fully doped polymer. The ratios indicated by the plotted lines in the figure
represent the current ratios at different decay regions. The error bars are estimated
from the uncertainty in the fitting of ISHV curves.
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6.3.6. Estimation of Spin Diffusion Length \; of PBTTT

As explained in section 2.5.3, ISHE voltage created in PBTTT can be estimated
from the injected spin current Js; and the spin accumulation dp induced by spin
pumping into the polymer. The latter is obtained from the Bloch equation for the
spin carriers in spin sink [20, 27, 57].

In this case the spin current is Js(x) = —(0,/€e) v 0p(x) where the spin accumu-
lation at the interface dug is independent of polymer thickness.

In systems like PBTTT 7CP with weak SOC and large spin-life time 75, one of
the leading causes of the inverse spin-Hall effect is building up the spin-dependent
chemical potential u(x) where its gradient induces a spin current [27, 57]. Consid-
ering the spin accumulation induced by spin pumping and the coupling between the
spins in the FM and the spin carriers in the polymer, ISHE can be obtained by
integrating the spin current over the whole polymer thickness [20, 27, 57]. Adopting
these considerations, the ISHE voltage is expressed as [20, 27, 57]

Visae =0sma(l/d)(1/e)tanh(d/2Xs)tanh(d/As)d o (6.2)

Where 0g7 4, £, and d are the spin Hall angle, FM effective length, and the polymer
thickness, respectively.

Estimating spin diffusion length Ay and spin lifetime 73 for PBTTT is achieved
by studying ISHV for different PBTTT thicknesses adopting the model represented
in equation 6.2.

We present here the results of the ISHV-thickness dependence study done on the
four YIG-PBTTT samples S1-S4, over temperature. The ISHV value is obtained
from the average of the ISHV curves’ amplitude magnitudes for both magnetic field
polarities at each temperature (Fig. 6.10). It should be noted that for the formula
given here no normalization by the resistance is necessary. The Viorm at each
temperature represents the extracted voltage normalized by the cone angle.

Figures 6.15 show the ISHE voltage change with PBTTT thickness at different
temperatures. The spin diffusion length is obtained by fitting the ISHV vs. d curves
(Fig. 6.15) according to equation 6.2. As shown here, the ISHE voltage is fitted to
the equation 6.2 well at all different temperatures.
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Figure 6.15 — ISHV-thickness dependence at different T values in the range between
(295 - 70 K). d represents the PBTTT thickness. The data are fitted due to equation
6.2. The errors of the voltage are extracted from the Lorentz fit of the ISHV curves.

The values of A\g extracted from the individual curves are plotted as a function of
T and shown in figure 6.16. As depicted in this figure, As; has a clear temperature
dependence with a maximum value of 67 nm. By reducing T, g clearly decreases
and reaches 12 nm at 70 K. This reduction in A¢ may be an indication of an increase
of the spin-flip rate in the highly-doped PBTTT at low T. A reduction of the spin
diffusion length with decreased temperature is consistent with the reported behavior
in other studies [117, 174]. This hypothesis is further supported when taking into
account the positive T-coefficient of conductivity (Fig. 6.9) which is in contrast to
the case of the metals which have negative T-coefficient [117, 173, 174]. The resulting
As — T behavior can be understood based on the dominant mechanism that governs
the spin relaxation in different temperature ranges which will be discussed in detail
in the next sections.
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Figure 6.16 — The plots of the experimentally extracted As as a function of T. The
grey area represents the overall monotonic behavior of A; over T. The errors are
estimated from the uncertainty in the measurements and also in the fits. Regarding
the calculated parameters, the errors of the multi-variable functions are calculated
based on the general rules presented here [182].

6.3.7. Spin Lifetime 75, of PBTTT

The spin lifetime 75 is calculated from 74 = )\g /D. The diffusion coefficient D is
calculated using Einstein relationships addressed in section 2.7.3. As stated there,
two approaches are followed for calculating D. The first approach assumes the
Einstein relation for thermally excited transport in nondegenerate semiconductors
D= ("I%B)T. In this case, the diffusion of the spin carriers strongly depends on
the temperature and charge carriers’” mobility pu. Adopting this equation is valid
because the carriers’ mobility has a major influence on thermally excited transport
[29, 30, 108]. In the second approach, D is calculated using the Einstein relation
for hopping transport in highly-doped semiconductors (the degenerate case) which
resembles metallic systems. D in this case is expressed as D = (W) Adopting
this equation for calculating D in highly-doped PBTTT is valid for three reasons.
First, PBTTT semiconductor is highly-doped with high conductivity and high car-
rier concentration. The conductivity in this doping regime is close to that of the
conducting polymers’ and it is several orders of magnitude higher than the con-
ductivity of pristine PBTTT. Also, the carrier concentration is as high as that for
highly-doped conducting polymers (e.g PEDOT:PSS). Second, although PBTTT
does not have ideal metallic charge transport like that found in some organics like
polyaniline [121], it does show some evidence of coherent charge transport in metal-
lic grains at low temperature. Besides that, a clear Hall voltage signal was observed
in a wide temperature range in this highly-doped PBTTT, providing evidence for
some metallic behavior using the delocalized charge carriers [108]. Third, in highly-
doped polymer with high carrier concentration where the carriers are located closer
to each other, the exchange interaction between the neighboring spins becomes a
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major factor for spin diffusion [30]. In this situation, the spin diffusion takes place
between two adjacent polarons and the distance between the two is defined by the
spin localization length &.

g(Ey) is expressed as (/[To¢3kp]. The characteristic temperature Ty and the
numerical constant 3 are calculated employing the VRH model described in sec-
tion 2.7.3. Based on the explanation presented above, the spin lifetime 75 will be
calculated using D for both the degenerate and nondegenerate cases.

It is worth mentioning that the feasibility of using these two approaches will
be determined according to the suitability of the calculated D with respect to the
PBTTT characteristic parameters, (e.g u, o).

In the first approach, D is calculated employing p data obtained from the Hall
effect measurements performed on 40 nm PBTTT doped film which are reported
here [108]. The resulting 7, values calculated from D over temperature are plotted
in figure 6.17a. As indicated in this figure, the maximum spin relaxation time 7 is
around ~ 1 ns near room temperature. On the other hand, for the degenerate case,
the characteristic temperature of Tj is calculated from the fit of the data in figure
6.9. The obtained characteristic temperature T is 1360 K. The computed polaron
localization length ( along the m— 7 stacking layers in PBTTT is found to be 0.4 nm
from first principles [30]. Using these parameters, D values are calculated. Using
the calculated D and the measured Ay, the spin-flip time 74 is calculated and the
values over the whole temperature range are plotted in figure 6.17 b.

204-@ 1(ns) Nondegenerate SC | 560 @ 1(ns) Degenerate SC| ]
la . 480 ]
1.6_' ) 1 4001 b) 9
4 /N : 1
2 | @ 320 19
S é | = 60 y
0.4- 3 00 ] w0 |
0.0- ] 0

. . . ; ; . T T T T T T T T T T
s 100 1 b0 2% a0 50 100 150 200 250 300
T(K)

T(K)

Figure 6.17 — (a-b) The plots of the experimentally calculated 74 as a function of
T in both, degenerate and nondegenerate semiconductors approaches, respectively.
The grey area represents the overall monotonic change of 75, over T. The errors are
estimated based on the general roles for calculating the errors of the multi-variable
functions presented in [182].

As shown in this figure, a maximum 75 of around 400 ns is obtained in the range
close to the room temperature. This high spin lifetime is an indication of low
spin scattering probability which is consistent with many studies done on similar
polymers [27, 29, 30, 105, 115]. The weak SOC provides a low spin-flip rate and the
spins are conserved for a longer time throughout the polymer. On the other side, in
high carrier density regime (10?° cm?), the neighboring spins are located close to each
other and their wavefunctions overlap and this creates an efficient pathway for the
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transfer of spins between adjacent carriers which provides longer spin conservation
time [30]. However, it is important to state that, due to the nature of the calculations
involved in this approach which includes several parameters (calculated or measured
from experiments), the error gradually increases, and eventually it becomes huge
compared to the calculated D. Moreover, using the D obtained from the degenerate
case to calculate the mobility will result in a value of less than p value obtained from
the experiments by 2 orders of magnitude. This may hinder using the degenerate
approach for calculating D in organic semiconductors. One possible reason for
this inconsistency with this approach here is using the in-plane conductivity o;p
which is significantly different from the out-of-plane conductivity cpop. Considering
coop might be useful in this case because it describes the direction of the hopping
spin transport through the polymer which also corresponds to the direction of the
pumped spin current [105].

6.3.8. Spin Relaxation Mechanism in PBTTT

The monotonic change of 75 with T can be understood within the mechanism that
governs the spin relaxation. We know that EY and DP have an opposite propor-
tionality with material conductivity ¢. In EY mechanism 75 o 7. o ¢ while in DP
mechanism 74 o< 1 /0. Based on the dependence of 75 on T and the polymer conduc-
tivity obtained from the experiments, and referring to the discussion in section 2.7.4,
the spin relaxation mechanism we expect to account for in our case is the Elliot-Yafet
(EY) spin-orbit scattering. The observed dominance of EY is consistent with other
studies that explore spin relaxation in similar materials, where spin-flip is caused
by momentum relaxation due to phonon scattering [115, 117]. The probability of
relaxation by spin precession due to DP is very small due to the weak SOC in this
polymer. Also, like many wCPs, the effect of the HF interaction is not important
in PBTTT due to the very weak HF coupling where the magnitude of the HF field
amounts to 10 Oe [30].

In EY mechanism, the correlation between 75 and the relaxation time of electron
momentum 7, is expressed as % o~ (%)2%

The spin relaxation here is caused by the spin-lattice relaxation via the coupling
between the polymer backbone and the conduction electrons. So at high-T regime,
we expect a high relaxation rate 1/7, due to the high phonon-polaron scattering and
vice versa. However, in many highly-doped polymers the spin relaxation rate may
change differently with T due to the events the spin carrier experiences during the
transport are linked to T differently from the case in the other SCs. These events
link temperature to polymer-backbone characteristics and they include hopping,
trapping and relaxing. As we know, the carrier transport in 7CPs is dominated by
the VRH process. The hopping rate is a thermally induced process where the number
of hops scales with T as npep ~ (k:ot)T/ To 183, 184]. If we assume the spin relaxes
mostly in the hopping events, then we expect the spin relaxation rate 1/7, to be
comparable to the carrier hopping rate 1/7,,,. However, in highly-doped polymers
it was found that the hopping length Ly, of the spin carrier is much shorter than
the spin-flip length As [30, 98, 105]. This means the spin-flip probability in the
hopping event is very small and that the spin mostly is conserved in the hopping
events. This can be explained by the spin-flip taking place in a trapping process
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1/T¢rap which occurs after several hopping events. In this case the 1/74.qp=1/75. This
picture of the charge hopping and trapping is illustrated in figure 6.18a. More hops
result in the reduction of the overall number of traps and thus the spin lifetimes last
longer. Consequently, larger 75 at high temperature is an indication that the spin
relaxation takes place primarily during trapping events where in this case n.qp <<
Nhop- This assumption has taken into account the multiple hopping model (MH)
which considers hop events to be correlated (Fig.6.18a) to differentiate it from the
multiple trapping model (MT) which treats each hop event independently as a trap
release event (uncorrelated hopping) [183]. Using the MT model is found to be
inappropriate due to the existence of the correlation between the hopping events in
highly-doped polymers [183]. One example is the correlation of the hopping to the
configuration of cites. More specifically, two sites near each other may experience
back and forth hopping before the carrier moves to another hop/trap site (Fig.6.18a).
This case is induced in highly-doped polymers where the distance between hopping
cites is reduced [99, 125]. This correlated hopping may be one of the reasons for the
long spin lifetime in high doping regime where the ™ — 7 intermolecular distance is
reduced [99, 125] which induces this back-forth hopping transport involved in MH
model. In this back-forth hopping between a small number of sites, the spins are
nearly conserved.

Multiple Hopping Model (MH) g(g)
>

Trap
Low T

Figure 6.18 — Schematic of the expected spin transport and relaxation between
different cites with different energies . (a) Spin flip in trapping event after several
polaron hops. The multiple hopping model (MH) is illustrated here where the hops
are correlated. (b) An illustration of the intramolecular spin relaxation (IMSR) which
is dominant at low temperature.

This model addressed here presents a good explanation for the spin relaxation
change with temperature in highly-doped PBTTT. In the high-T regime, the hop-
ping rate 1/73,, increase results in a reduction in the trapping rate 1/74.q;, which
leads to increasing 7,. On the other side at low-T regime, the low 1/73,, will result
in increasing 1/74qp which yields a small 75. This scenario explained above is con-
sistent with the experimental result obtained here for Ag of PBTTT. Considering
the hopping length Ly, in highly-doped PBTTT is close to the value of the spin
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localization length ¢ 9, this results in Lj,p that is two orders of magnitude smaller
than the \g obtained experimentally. Furthermore, as shown in figure 6.17, 75 in-
creases monotonically with T which explains the major role of the trapping process
in the spin relaxation. Regarding 75 vs. o change, as shown in figure 6.19a, 75 is
proportional to o as expected from EY mechanism which reflects the dominance of
this mechanism for the spin relaxation in PBTTT. The situation presented here for
the trapping process inducing spin relaxation leads to an expected relation between
the spin relaxation rate 1/75 and the carriers mobility p. This relation is attributed
to the strong proportionality between carrier mobility and temperature [29, 30, 108].
At high-p regimes, the spin-flip rate 1/75 is expected to decrease. This is because,
at high mobility, the spins are expected to conserved longer due to small 1/74qp.
As a results, 75 is expected to increase monotonically with . The change of 75 with
i is shown in figure 6.19b, where p values are measured at the same temperature
values where 7 is studied. The mobility data are taken from the results reported in
[108].
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Figure 6.19 — EY spin relaxation mechanism in PBTTT. (a) The experimental results
of 75 plotted as a function of the associated PBTTT conductivity . The data are
linearly fitted to match the behavior as dictated by the EY spin relaxation mechanism.
(b) The change of 75 vs. p. The line shows the linear fit of the data as expected from
the EY mechanism. 75 values plotted here are the data of non-degenerate SC case.

As shown in figures 6.19b , 75 increases with increasing p which is consistent with
the discussion above. Despite the consistency of 74 change with 7', o, and p with EY
mechanism, there is a deviation from ideal EY behavior at large conductivity/large
mobility values. This deviation may be interpreted by an impact of other parameters
on the spin relaxation rather than those involved in EY mechanism. A possible
explanation is the difference the conductivity changes with T in 7CPs from that
in metals. As we know in metals by varying ¢ with T, the carrier concentration
does not change. However, in 7CPs, both n and p change with T. In such case, the
change of 74 with T, [%} will be influenced by u, n and T.

Eventually, the overall influence will be manifested in implicit and explicit way

; ; .drs __ 0T Ots dpp | Ots dn
and it will be expressed as : ;7% = aF + a5 dT + 5T

The localization length ¢ is linked to the hopping length Lpop by the relation Ly, =
[(9/87B)(To/T))*/*¢ [105, 181]. The average hopping distance Lj,, between polarons along
the m — 7 stacking direction in highly-doped PBTTT is around 0.45 nm [30]
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Some studies have reported a contribution from the intramolecular spin relax-
ation (IMSR) in some organic materials, where IMSR is considered as a hopping
independent mechanism [184, 185]. This mechanism is illustrated in figure 6.18b.
IMSR is predominantly neglected in organics because the spin relaxation due to this
mechanism is generally considered to be governed by the intermolecular motion of
the charge carrier. This mechanism is not common in 7CPs for the charge carrier
transport. IMSR is found only to be significant in small-molecule semiconductors
which have weak charge-carrier mobility where the relaxation occurs when charge
carriers are residing on molecules. This scenario may become suitable for polymers
in such circumstances where the charge-carrier mobility is very weak, corresponding
to the low-T regimes in 7CPs. In this case, the spin carrier resides longer in the
localization state into the polymer molecule before escaping to another site. In our
case with the highly-doped PBTTT, IMSR may explain the increase in 1/75 at low
T where p is small as shown in figure 6.19b. More specifically, at low-T and then
low-p regimes, the long residence of the spin in the molecule at the trap event causes
the spin to relax through IMSR mechanism. At last, we can conclude that the spins
in highly-doped PBTTT are relaxed due to the EY mechanism via the trap-assisted
spin-flip in combination with the IMSR process.
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6.4. Summary

In this chapter, the existence of the spin-to-charge conversion in highly-doped 7CP
PBTTT was confirmed by detecting ISHE in several of YIG/PBTTT bilayer struc-
tures. Applying the experimental protocols established in the previous chapter for
measuring ISHE in 7CPs, we achieved systematic and intensive study for the ISHE
in PBTTT. We expanded the scope of our study to include a wide temperature
range starting from RT and down to 5 k. At RT, the ISHE was systematically
investigated in samples with different polymer thicknesses and different doping ra-
tios varied by our aforementioned dedoping process. The roles of the mobility and
charge carrier concentration for the ISHE were also investigated by tuning conduc-
tivity which was achieved by varying temperature and doping ratio. We performed
an ISHE thickness-dependence study at low temperatures which provided insight
into the spin relaxation mechanisms in PBTTT. This study enabled us to extract
some of the key parameters of the spin relaxation in highly-doped PBTTT, namely
spin diffusion length and spin relaxation time. Our results indicate that the spin
relaxation in PBTTT can be explained by EY mechanism. Besides that, the varying
of the spin life-time with temperature indicates that the spin is more likely conserved
in the hopping events and the spin flip occurs at the thermally reduced trapping
events.

109



7. Summary and Outlook

Chapter 7

7. Summary and Outlook

7.1. Summary

The main objectives of the present PhD-thesis were to study spin pumping and
ISHE in 7CPs, namely PEDOT:PSS and PBTTT. In order to give a conclusive
overview of the main outlines of the chapters, for each chapter containing results
and discussion, a summary is included at its end.

The key points drawn out from this thesis can be summarized as follows:

a)- Radiation damping induced by a spin sink in FMR is a very sizable
and important effect in spin pumping.

e When ferromagnetic materials with very low damping like YIG are used for spin
pumping experiments in FM /spin-sink bilayer, radiation damping ;.4 becomes a
major part of the total damping. Especially when a spin sink with low spin scattering
and thus low damping enhancement like 7CP is used, the radiation damping can be
bigger than any damping stemming from the spin pumping itself.

e Radiation damping investigation in FMR, clearly demonstrated that studying
spin pumping into low spin-flip-rate polymers by employing the damping enhance-
ment is not feasible. Consequently, to calculate all spin-pumping related parameters,
like spin pumping damping agp,, SHA 0gp, and spin mixing conductance g™, the
correction introduced by «,.,q must be considered.

b)- The real ISHE in PEDOT:PSS exists and can be measured by em-
ploying an optimized geometry and eliminating artifacts.

e The spin-charge conversion in highly doped #CP PEDOT:PSS has been con-
firmed. The investigation of ISHE in this polymer has shown that despite any
previous claims, PEDOT:PSS exhibits a small but measurable ISHE which is in
coarse agreement with theory.

e We developed geometry which enables us to eliminate the two artifacts originat-
ing from MSSW and spin pumping into the contacts. The remaining small signal can
be attributed to the ISHE after subtracting the signal generated by the Nernst effect.

¢)- The spin-to-charge conversion in highly doped PBTTT is confirmed
and the measured ISHV unveils some important parameters of the poly-
mer.

e Applying the experimental protocols established throughout the entire thesis
for achieving accurate ISHE measurements in 7CPs, we could measure a pure ISHE
in PBTTT confirming the existence of the spin-to-charge conversion in this semi-
conducting polymer.
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e When the polymer has a low doping ratio, the ISHV is no longer measurable.
This indicates the spin current transport and ISHE in the polymer become less
efficient in low doping regime.

e Our investigations for spin relaxation time with temperature reveal the spin
relaxation in PBTTT can be explained by EY mechanism. Besides that, the vary-
ing of the spin life-time with temperature indicates that the spin is likely conserved
in the hopping events and the spin likely flips during thermally-reduced trapping
events.

d)- With careful experiments and optimized sample geometries, very small
effects (damping or ISHE) can be detected.

Finally, the common denominator amongst all materials studied therein is that
all measurements could not have been done correctly nor achieved without adopting
three main things: systematic experiments with controls, careful measurements, and
optimized samples’ geometries. These three pillars might be less important in high
SOC spin-sinks, but they are very critical in weak-SOC materials like 7CPs.

7.2. Outlook

¢ Performing ISHE measurements to fully understand the effect of temperature
and doping on ISHE requires extensive knowledge of their effect on the ISHE-
characteristic parameters and also the interplay of these parameters to each other.
To achieve that, further studies are still needed. However, performing ISHE is still
not enough for obtaining all spin-pumping and ISHE related parameters of the poly-
mer spin-sink.

¢ The full picture of the spin relaxation mechanism in highly-doped 7wCPs still
requires the studying of the spin carrier diffusion in both directions, in-plane and out-
of-plane. This is an important issue especially when it comes to the polymers with
highly-anisotropic conductivity between the in-plane and out-of-plane directions,
like PEDOT:PSS and PBTTT.

o ISHE is considered to be a practical way to convert magnetic information to
electrical information. However, based on the weak spin-charge conversion efficiency
observed in wCPs, employing ISHE in the organic spintronic applications is not yet
feasible. For this reason, more studies are needed to increase this efficiency. Once
this goal is reached this mechanism might find use in future organic electronic and
spintronics devices.
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Appendix A

A. FMR Mode Fit with Kittel Equation

All samples studied in chapter 4 are measured at the FMR mode (uniform mode).
This is confirmed by fitting the FMR mode with Kittel equation - in the in-plane
configuration - which describes the relation between the resonance field Hpjsr and

the exciting microwave frequency f, .

The plots of f vs. Hpygr of all samples are shown in figure A.1.
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Figure A.1 — Resonance field Hpyrgr as a function of exciting rf frequency fitted due
to Kittel equation.

The values of v and 4w M,s; extracted from the fits are listed in table 8 for all
samples S1-S9.
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Table 8 — The values of v and 47 M.y, extracted from the fitted experimental curves
plotted in figure A.1.

Sample Structure v (MHz/Oe) 4wM,.s; (Oe)
S1 YIG 2.8 184216
52 YIG/PEDOT:PSS 2.79 1876+5
S3 YIG/Pt 2.79 1858+4
S4 YIG/Al,O3 2.79 1859+3
SH YIG/Al203/PEDOT:PSS 2.79 1878+£3
S6 YIG/AlyO5 /Pt5 2.79 185844
S7 YIG/Al,O3/Pt10 2.8 18377
S8 YIG/Al,O5/Pt15 2.79 185147
S9 YIG/ Al,O5/Pt20 2.8 182245

Appendix B
B. Cleaning Procedures of YIG Surface

The cleaning procedures performed on YIG surface are done using organic solvents
and piranha. The pre-cleaning steps with organic solvents are done in the following
order :-

1- 10 min with acetone in ultrasonic bath.

2- 10 min with IPA in ultrasonic bath.

3- 10 min with MIBK or NEP in ultrasonic bath.

4- 10 min with IPA in ultrasonic bath.

5- Rinsing with IPA followed by quick drying in Ny flow.

For piranha cleaning procedure we used, a mixture of (H202,98% and H2S0.,30%)
in ratio 1:4 in volume for 10 min. This procedure is followed by rinsing in deionized
water for 10 min and drying in Ny flow.

114



C. Creating YIG Stripe with Smooth Edges

Appendix C

C. Creating YIG Stripe with Smooth Edges

YIG strip is made by Ar-ion etching employing Al foil as a shadow mask, figure C.1a.
The reason for choosing this shadow mask instead of using photoresist mask made
by optical lithography, is to get a smooth transition between YIG and GGG at the
stripe edges and hence to avoid sharp edges. The sharp edges cause discontinuity in

the polymer layer during spin coating.

Figure C.1b shows a microscopic image of the resulted YIG stripe from Ar-ion
etching process. The smooth edges are demonstrated by the surface profile measured

by Dektak for the YIG stripe-edge area, figure C.1c.

The smooth transition from YIG stripe to GGG at the edge area is clear in this
figure. From the surface profile, the calculated inclination (tilt) angle of the stripe

edge is around 0.27°.
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Figure C.1 — Dektak profile of the smooth edges of YIG stripe. (a) Schematic of
the Ar-ion etching used to create YIG stripe using a shadow mask. (b) Microscopic
image of the resulting YIG stripe. The scale bar is 500 um. (c) The surface profile
measured by Dektak for the YIG stripe indicating the smooth edge of the resulting

YIG stripe. The arrows from a to c¢ highlight the position of the strip edge.
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Appendix D

D. The Numerical Calculations Model of the ISHE in
PEDOT:PSS

For numerical calculations, a system which includes more than 10000 sites arranged
on a cubic mesh is considered. Hopping between any pairs and triads of sites within
a cutoff distance is taken into account. With parameters taken from literature,
the electrical conductivity is obtained by applying a small bias, within the linear
response regime, across the x or y direction.

First, the voltage drop along the x or y direction is obtained using

> g (V= VT2 =0, (D.1)
J

where the conductance between site i and j is defined as

gis = ve 2R Ryl o =(3/2)(ei e el (D.2)

and Vf/ Y are the potentials. The parameters €, |R; — Rj|, o and v are the site
energies, the intersite separation, the decay constant of the localized wave functions
and the phonon frequency, respectively. The electrical conductivity is calculated by

1 z/ x/Y\2
Ul’/yszQ%:gij(Vi Y=V, (D-3)

with €2 being the volume of the system. The spin Hall conductivity is obtained via
osn, = JY/E* with JY the spin current along y direction when the electric field E*
is applied along the x direction. The spin Hall conductivity can be written as

2
€
7o =gz 2 Wi VsV Vi) (D-4)

where the hopping probability via an intermediate site is

z
z Mﬁy2€*a(3ij+3jk+3m) [e~ B2 el HlexlHlej—eilHer—el) L = 54 j = k],

ijk — VO

(D.5)
The spin Hall angle is determined as Oy, = o,/ (amayy)l/ 2 with o, and Oyy as
the electrical conductivity along the x and y directions, respectively. In order to
ensure that the results are not the artefact of an ordered cubic mesh (not applicable
for semi-crystalline or disordered organics), we allow for a spatial disorder by altering
the distance between any pair of sites randomly in all directions by up to 15% of
its original distance. The results for the spin Hall conductivity and the spin Hall
angle are plotted in figure 5.10. The parameters are o =2, A= 1073, v = 10! 571
and Vy = 0.1 eV. The transport results are consistent with variable range hopping

behavior, over a temperature range [40, 320] K, as expected.
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