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ABSTRACT

GUEDES, Robson César de Oliveira, D.Sc., Universidade Federal de Vigosa, March,
2026. Synthesis and Characterization of Organic Semiconductors and
Topological Crystalline Insulator Tin Telluride toward Spintronic Applications.
Adviser: Joaquim Bonfim Santos Mendes.

Spin-to-charge conversion is intensively studied in spintronics for its potential in next-
generation low-power, high-performance electronics, including quantum-information
archi- tectures. Here we investigate this conversion via dynamical magnetic
excitations (spin Seebeck effect and spin-pumping ferromagnetic resonance). We
studied topological in- sulators (tin telluride) and organic semiconductors (polyaniline,
PEDOT:PSS) for their respective advantages, the efficient charge—spin
interconversion in the former and long-distance, chemically tunable spin transport in
the latter. Structural and morphological characterizations were performed: Raman
spectroscopy confirmed PEDOT:PSS film forma- tion and UV-Vis spectroscopy
yielded optical band gaps. MBE-grown tin telluride samples were characterized by
Raman, high-resolution X-ray diffraction, and X-ray reflectivity. Organic-
semiconductor studies used polyaniline (synthesized in-house) and PEDOT:PSS.
The synthesis yielded thin films whose Raman spectra are consistent with the
expected molecular structure and doping state.

The experimental study shows coherent spin transport and measurable
spin—to—charge conversion across organic and topological platforms. In Pt/PANI/YIG
heterostructures a 100 nm PANI film presents DC conductivities 2.5-14.3 (-cm?) after
acid doping. Ferromagnetic-resonance linewidths give gy vic 0-56-0pyyis: @nd spin-
Seebeck analysis yields a spin hall angle of ¢ ,"N' = (1.70 + 0.06) x 10°. PEDOT:PSS
films (2.20 and 2.54 m) display canonical Raman fingerprints and optical energy gaps
of 2.55/2.44 eV for direct and 2.00/2.06 eV for indirect transitions, consistent with
conductive polymer behavior. From the ferromagnetic resonance linewidths, we
found Qocporpssyic 146 Jpyyi @Nd spin-Seebeck analysis yields a spin Hall angle
of PEPOTPSS = (3.43 £ 0.06) x 10°. Epitaxial SnTe(111) on InP shows high
crystalline quality (rocking-curve FWHM = 0.080°), out-of-plane lattice expansion (a =
6.330 A for 20 nm, 6.370 A for 7 nm) and a strain-induced downshift of the A
phonon (125.3 121.6 cm?') on the Raman spectrum. Spin dynamics in Py/SnTe yield
Oer 1.4x1018 m?, VSPIOeak =171V, Jc =3.15 x 10" A/Im, Js = 4.74 x 10* A/m?
0.080 nm and

' IREE —

sh'sg = 0.24 nm, with  0.25 x 103, collectively supporting efficient



interfacial spin transfer and spin-to-charge conversion.

Keywords: spintronics; organic semiconductors; crystalline topological insulator; spin-
to-charge conversion



RESUMO

GUEDES, Robson César de Oliveira, D.Sc., Universidade Federal de Vigosa, marco
de 2026. Sintese e Caracterizacdo de Semicondutores Orgéanicos e do Isolante
Cristalino Topoldégico Telureto de Estanho com Foco em Aplicacbes em
Spintronica. Orientador: Joaquim Bonfim Santos Mendes.

A conversdo de spin em carga € intensamente estudada em spintrbnica por seu
potencial em eletrénicos de proxima geracdo, de baixo consumo de energia e alto
desempenho, incluindo arquiteturas de informacéo quantica. Aqui investigamos essa
conversao por meio de excitacdes magnéticas dinamicas (efeito Seebeck de spin e
ressonancia ferromagnética por bombeamento de spin). Estudamos isolantes
topologicos (telureto de estanho) e semicondutores orgéanicos (polianilina,
PEDOT:PSS) por suas respectivas vantagens, a eficiente interconversao carga—spin
no primeiro e o transporte de spin a longas distancias, ajustavel quimicamente, no
segundo. Caracterizagbes estruturais e morfologicas foram realizadas: a
espectroscopia Raman confirmou a formacdo do filme de PEDOT:PSS e a
espectroscopia UV-Vis forneceu os gaps oOpticos de energia. Amostras de telureto
de estanho crescidas por MBE foram caracterizadas por Raman, difragcdo de raios X
de alta resolugcéo e refletividade de raios X. Os estudos com semicondutores
organicos utilizaram polianilina (sintetizada internamente) e PEDOT:PSS. A sintese
produziu filmes finos cujos espectros Raman sdo consistentes com a estrutura
molecular e o estado de dopagem esperados.

O estudo experimental mostra transporte coerente de spin e conversdo mensuravel
de spin em carga em plataformas organicas e topoldgicas. Em heteroestruturas
Pt/PANI/YIG, um filme de PANI de 100 nm apresenta condutividades DC de
2.5-14.3 (-cm') ap6s dopagem A&cida. As larguras de linha de ressonancia
ferromagneética fornecem gp v 0-56-9pyvi6: € @ analise do efeito Seebeck de spin
fornece um angulo de Hall de spin de (™M= (1.70 + 0.06) x 10° Filmes de
PEDOT:PSS (2.20 e 2.54 m) exibem assinaturas Raman candnicas e gaps Opticos
de energia de 2.55/2.44 eV para transi¢cOes diretas e 2.00/2.06 eV para transicoes
indiretas, consistentes com o comportamento de polimeros condutores. A partir das
larguras de linha da ressonancia ferromagnética, encontramos gorporpssyic 146
Jpyvicr © @ analise do efeito spin-Seebeck resulta em um angulo de spin Hall de
o FPOTPSS = (3,43 + 0.06) x 10° SnTe(111) epitaxial sobre InP apresenta alta
qualidade cristalina (FWHM da curva de rocking = 0.080°), expanséo do parametro
de rede fora do plano (a = 6.330 A para 20 nm, 6.370 A para 7 nm) e um



deslocamento para menores frequéncias do fénon Ay induzido por deformacéao
(125.3 121.6 cm?') no espectro Raman. A dindmica de spin em Py/SnTe fornece g,
1.4 x 108 m2, VsP,_ =171V, Jc = 3.15 x 10" AIm, Js = 4.74 x 10* A/m?, . =
0.080 nm e ¢, = 0.24 nm, com 0.25 x 103, sustentando coletivamente uma
eficiente transferéncia interfacial de spin e conversdo de spin em carga.

Palavras-chave: spintrbnica; semicondutores organicos; isolante topolégico
cristalino; conversdo de spin em carga
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the colors of the respective Raman curves. . . . . . . .. .. ... ...

Raman spectra of Te/SnTe(20 nm)/InP and AlO, /Py/SnTe(7 nm)/InP
are shown. The peaks labeled M2, M3, and M4 correspond to the most
intense phonon modes. In particular, the M3 peak is the longitudinal
optical (LO) mode with A;, symmetry. Its shift toward lower frequencies
as the film thickness decreases is an anomalous effect associated with

the strain state of the layer and with the topological nature of this

material. . . . . L
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Figure 63 —

Figure 64 —

Figure 65 —

Figure 66 —

Figure 67 —

The panel (a) exhibits a High-resolution X-ray diffraction (HRXRD)
spectrum of the AlO,/Py/InP(111) sample, just peaks related to the
(111) family of InP planes are present. Also, one peak related to NiFe
(220) orientation is observed at 20 ~ 77°. The panel (b) shows 260-w
XRD scans for the SnTe(30 nm)/InP sample, exhibiting single-phase
SnTe (111) layer with diffraction peaks corresponding to SnTe (111)
near 25°and SnTe (222) around 50°. Laue fringes are observed for the
SnTe (111) peak, indicating a high degree of coherence between the
SnTe film planes and sharp interfaces. Panel (c) shows the rocking
curve of the (222) reflection from the 30 nm SnTe layer, which exhibits
a FWHM of 0.080°. In panel (d) the curves for one sample with and
without the Py layer are plotted. The broadening of the SnTe (222)
peak in the AlO,/Py/SnTe/InP sample is attributed to its reduced
thickness. . . . . . ..
Panel (a) shows the FCC unit cells of the InP substrate and SnTe.
Panels (b) and (c) illustrate the in-plane compression of the SnTe lattice
parameter, while the out-of-plane lattice parameter is expanded. This
deformation of the SnTe unit cell increases the interplanar spacing, as
confirmed by the peak positions in the XRD spectrum. . . . . . .. ..
X-ray reflectivity (XRR) measurement and fitting adjusts for SnTe(7 nm)
and SnTe(20 nm) samples, the estimated parameters are shown in the
Tables 3and 4. . . . . . . .. L
(a) Schematic illustration of the planes examined in a symmetric RSM
measurement. Panels (b) and (c) show the symmetric RSM reconstruc-
tion of the (222) planes for the SnTe(20 nm) /InP and Py/SnTe(7 nm) /InP
samples, respectively. In both images, it is possible to observe slight
oscillations along the g = 0 line, which are characteristic signatures of
Laue fringes. . . . . . . . . .
(a) Schematic illustration of the planes examined in a asymmetric RSM
measurement. Panels (b) and (c) show the asymmetric RSM reconstruc-
tion of the (224) planes for the SnTe(20 nm)/InP and Py/SnTe(7 nm)/InP
samples, respectively. The inclined dashed line connects the InP(224)

position to the origin of the reciprocal space. . . . . . . . . . ... ...
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Figure 68 —

Figure 69 —

Figure 70 —

Field-swept FMR microwave absorption derivative spectra for (a) Py/InP
and (b) Py/SnTe(7 nm)/InP samples measured at an excitation fre-
quency of 9.4 GHz, with an applied microwave power of 13.54 mW
in a resonant cavity. Using the increase in linewidth, it is possible to
estimate the spin mixing conductance. The resonance magnetic field is
equal to 1.081 kOe and 1.056 kOe for (a) and (b) respectively. . . . . .
Measured dc voltages obtained for (a) Py(20 nm)/SnTe(7 nm)/InP
sample with the magnetic field oriented at ¢ = 0° and 180° with the
resonance magnetic field Hg = 1.056 kOe. The fit shows very good
agreement with the data, describing a superposition of symmetric and
antisymmetric components. Panel (b) shows the symmetric contribu-
tion, which is exclusively associated with a spin to charge conversion
mechanism. The inversion of the voltage with the field direction is a
characteristic feature of the ISHE or IREE. . . . . . .. ... ... ..
Panel a) shows the dependence of the dc voltage line shapes as a function
of the incident microwave power for Py(20 nm)/SnTe(7 nm)/InP sample
at ¢ = 0°. Panel (b) shown the dependence of the symmetric component
of the spin pumping dc voltage as a function of microwave incident
power. The inset shows peak values of the dc spin pumping voltage as
a function of the incident microwave power. The data points exhibit a

linear behavior, as expected for ISHE or IREE. . . . .. ... ... ..
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1 INTRODUCTION

The expressive technological development driven by the Internet of Things (IoT),
automation, e-commerce, and artificial intelligence is a hallmark of what some specialists
are calling the Fourth Technological Revolution, or Industry 4.0. This technological
advancement is shaping our workplace and how humans communicate with each other and
with machines. Improvements in communication methods and multivariable data analysis
have led to high volume data processing, driving the development of high-performance

devices with low power consumption, low cost, and large memory storage capacity.

The size of the smallest transistor (3 nm) in a classic silicon based processor
is very close to the limit of miniaturization, limiting its density and maximum clock
frequency in a processor unit. The need for data processing power increases each year,
in the way that the development of new parallel computing processing units, such as the
Tensor Cores [1], will dictate the rate of technological evolution, mainly in the Al field.
To solve this demand, industry and academia are looking for new materials or physical
phenomena. Quantum computing, two-dimensional materials and quantum quasiparticles
are among the most promising candidates to be used in the new revolution on data

processing devices [2, 3, 4, 5].

Topological materials exhibit distinctive features that make them ideal candidates
for such applications. This behavior arises primarily from dissipationless spin-polarized
currents and the potential for skyrmion stabilization at topological insulator surfaces
or interfaces [6]. These dissipationless channels enable electrons to propagate without
energy loss. Additionally, spin momentum locking generates spontaneous spin polarization
orthogonal to the electron momentum, allowing low-power electrical currents to manipulate
the magnetization of an adjacent magnetic layer [7]. Moreover, the existence of skyrmions
in localized magnetic nanostructures offers a promising route for binary information storage.
These features make this class of materials a promising platform for quantum computing

applications.

Carbon-based materials, also known as organic semiconductors, have been consol-
idated in the development of next-generation electronic devices due to their stable electrical

performance under repeated mechanical deformations and and their electrical conductivity,
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which is controllable by chemical processes [8, 9]. In addition to efficient charge transport
and controllable electrical resistance, certain conducting polymers exhibit high efficiency

in the transport of spin currents and in spin—to-charge conversion |10, 11, 12].

In the field of electronics, conducting polymers such as Poly(3,4-ethylenedioxythiophene)
polystyrene sulfonate (PEDOT:PSS) are widely used as hole transport and injection layers
in high-performance flexible displays, such as OLEDs [13, 14, 13]. Beyond this application,
organic semiconductors such as graphene, polyaniline, and PEDOT:PSS also demonstrate
efficiency in the transport of spin currents generated by spin pumping ferromagnetic reso-
nance (SP-FMR) or by the spin Seebeck effect (SSE) [15, 12, 11]. With these properties,
organic semiconductors emerge as a promising platform for the study and application of

flexible spintronics.

In this demanding context for flexible conducting materials and metallic semicon-
ductors with distinctive transport properties, conducting organic polymers such as PANI
and PEDOT:PSS, as well as topological insulators such as tin telluride (SnTe), emerge
as promising materials for applications in high-performance and low-power information-
processing devices. The dissipationless transport with spin-polarized electric currents
in topological materials, as well as the scalability, mechanical flexibility, and spintronic
features of organic semiconductors, make this class of materials a promising platform for

the development of next-generation spintronic devices.

In this work, measurements related to spin current transport, generated by Spin
Pumping Ferromagnetic Resonance (SP-FMR) and Spin Seebeck Effect (SSE) in different
materials, were performed. For this, heterostructures formed by PEDOT:PSS covered
with platinum on a surface of Yttrium Iron Garnet (YIG) (Pt/PEDOT:PSS/YIG) were
built. The YIG film was grown on a Gadolinium Gallium Garnet substrate using the
liquid-phase epitaxy method by the research group of A. Azevedo at the Universidade
Federal de Pernambuco. The PEDOT:PSS was deposited by the drop-casting technique!
and the platinum by sputtering. Heterostructures of Permalloy/SnTe grown in situ by
Molecular Beam Epitaxy (MBE) on an Indium phosphide (InP) (111) substrate were also
investigated using the FMR and SP-FMR techniques.

'In Drop-casting technique a small volume of solution is directly deposited onto a substrate and
allowed to dry under controlled environment conditions. The solvent evaporation leads to the formation
of a solid film [16].
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The investigation focused on the transport and conversion efficiency of spin
current into charge currents in the Pt layer, directly in the PEDOT:PSS layer, and in the
Py/SnTe/InP(111) heterostructures. For both materials, we determined the fundamental
physical parameters, and the efficiency of spin current transport. This work seeks to
contribute to the understanding of the main physical phenomena underlying the spin-to-
charge conversion in these systems, particularly in materials with potential application
in high-performance devices. We aim to contribute to innovation in high-density and
low-power data processing technologies, which are key elements of the ongoing technological

revolution.

This thesis is organized into three chapters. Chapter 1 presents the theoretical
background related to spin-to-charge conversion phenomena, as well as the mechanisms
responsible for generating spin currents. Additionally, a discussion of the materials
studied in this work is provided. Chapter 2 describes the growth techniques and all the
characterization methods employed for morphological, structural, and electronic analyses.
Chapter 3 presents and discusses the experimental results, followed by a final discussion

summarizing the main conclusions of this work.
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2 THEORY AND FUNDAMENTALS

The first chapter of this work is dedicated to the presentation of the theoretical
background and physical phenomena related to spin-to-charge conversion. Effects such as
the spin Hall effect (SHE), Rashba-Edelstein effect (REE), and spin Seebeck effect (SSE), as
well as their reciprocal effects, are presented. In addition, ferromagnetic resonance (FMR)
and spin pumping ferromagnetic resonance (SP-FMR) are discussed as the mechanisms
responsible for the generation of spin currents. An overview of spintronics, topological
materials, and organic semiconductors is also provided. The PEDOT:PSS, PANI, and tin

telluride materials are also presented in this chapter.

2.1 Spintronics

Spintronics is a branch of physics responsible for the study of spin currents and
their properties. One of the main focuses is the investigation of the conversion between
electric charge currents and spin currents, and vice versa. This phenomenon is called spin-
to-charge conversion. The manipulation of spin currents is of great technological interest,
since the manipulation of spin currents opens a new way to transport and manipulate
information. One example of this is the use of spin currents to switch magnetization in

thin magnetic layer through the spin-orbit torque (SOT) effect [17, 18].

In contrast to charge currents, the intrinsic energy dissipation associated with
spin currents can be negligible in certain systems, such as spin-polarized currents in
the topological surface states (TSS) of topological insulators, where transport occurs at
surfaces or edges. Materials capable of supporting coherent spin-current transport are
highly desirable for the development of new memory devices with higher storage density
and lower power consumption. Spin-orbit-torque-based magnetic random-access memories
(SOT-MRAM) have been demonstrated to be up to ten times more efficient than spin
transfer torque (STT) devices, since no current passes through the magnetic layer, reducing
energy losses due to the Joule effect [19]. Figure 1 illustrates the magnetization switching

mechanisms for STT and SOT.
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(a) (b)

_ Spacer FM2

electron flow

Figure 1 — Magnetization switching schemes for STT in (a) and SOT in (b). In STT, the spin-
polarized electric current passes through the magnetic layer, changing its magnetization
direction. In this process, the exchange interaction is dominant and is responsible
for the magnetization switching. In SOT, a spin current can induce magnetization
switching by means of spin—orbit coupling (SOC). The spin current can be generated
by bulk (Spin Hall Effect) or surface (Rashba-Edelstein Effect) mechanisms by electric
currents on TSS.

The field of study in spintronics is not limited to semiconductors or heavy metals,
advanced materials such as organic semiconductors have been shown to be efficient in the
transport of spin currents and their conversion into charge currents |20, 12]. This behavior
can be explained by the large spin diffusion length in these materials, which allows a spin
current to propagate over long distances without significant loss of its spin orientation.
This feature originates from the weak spin—orbit coupling intrinsic to polymeric materials,
a consequence of their low atomic number composition. This characteristic, combined
with the mechanical flexibility, scalability, low cost, and electrical stability, makes them

promising platforms for the development of flexible spintronic devices.

2.2 Spin currents

A spin current is the spin angular momentum flux transported by charge carriers
or collective excitations called magnons. The spin angular momentum can be transported
in two distinct ways, the spin-polarized current and pure spin current |21, 22|. In the case
of spin-polarized current, the electric current transports a net imbalance of spins, meaning
that both electric charge and angular momentum are transported. Spin-polarized currents
can be generated in different ways, passing an electric current through a ferromagnetic
material, by a precession in the magnetization in a resonance regime, or through the

topological surface states of topological insulators. In the case of a pure spin current,
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spin angular momentum is transported without an accompanying charge current. Such
pure spin currents can be generated, for example, by means of SP-FMR, particularly in

magnetic insulating materials such as yttrium iron garnet (YIG).

Pure spin currents can be converted into charge currents in different classes of
materials, such as non-magnetic materials, magnetic conductors, semiconductors, and
metals [23, 21, 22, 24, 25|. This conversion is more efficient in materials with high atomic
number that leads to a strong spin—orbit coupling (SOC). Some examples are Pt, W, and Bi,
as well as in topological insulators. Spin currents can also be manipulated over macroscopic
length scales, for example in the magnetic TI Crg15(Big1Sboo)1.s5Tes exhibiting the
quantum anomalous Hall effect (QAHE), enabling their practical implementation in

spintronic devices [18, 26, 27|.

A spin current Js can be defined mathematically in three distinct ways: through
diffusive transport, quantum mechanics, or magnetization dynamics [28|. Initially, for
transport in metals or semiconductors, a spin current is defined as the difference between
the flux of electrons with spin-up orientation, J4, and electrons with spin-down orientation,
Jy, as

Js = Jy — J|.

The spin current density can be treated within a diffusive transport picture in
terms of an electrochemical potential, using the concept of spin accumulation (ps = fir—py),

one has

=g hO’N

Jg=—2y

in units of angular momentum per unit time per unit area. In this equation, oy is the
conductivity for electrons in each spin states, e is the electron charge, and £ is the reduced
Plank’s constant. Within the quantum mechanical definition, the spin current is given by
the product of the spin density and the carrier velocity, both treated as operators. In this
formulation, the spin current is a second-rank tensor, having both a flow direction and a

spin polarization direction, and can be written as [28§|

Js: E Szk Vk,
k
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where s,y is the spin density and vy is the carrier velocity.

In the context of interfaces between metals and magnetic materials, the spin
current is defined in terms of the magnetization dynamics of the magnetic material, such
that the spin current injected into the non-magnetic material is proportional to the vector
product between the magnetization and its time derivative [28§],

hg;%f oM
=—=(Mx — ).
Is A M? ( ot )

where ng# is the real part of the effective spin-mixing conductance at the interface. In the
present work, this latter approach is considered. Further details on spin currents will be

discussed in the following sections.

Besides the extensive use of heavy metals in the spintronics field, organic semicon-
ductors have proven to be efficient materials for the transport of spin angular momentum.
In this context, conductive organic polymers have attracted interest due to their low cost

and their potential application in flexible electronic devices and optoelectronics [29, 30, 31].

2.3 Inverse Spin Hall Effect

The spin Hall effect is one of the phenomena responsible for converting spin
currents into charge currents in a phenomenon called spin-to-charge conversion [32|. This
conversion can be driven by SP-FMR process, in which the spin current is generated by
the precession of the magnetization of a ferromagnetic (FM) material, which is in turn
driven by a microwave magnetic field under FMR. When the FM material is in contact
with an adjacent non-magnetic metal (NM), the spin current flows across the interface
and penetrates into the bulk of the NM layer, where it is partially convert it into a charge
current transverse to the original spin-current propagation direction. This charge current
accumulates at the edges of the sample, generating a DC voltage signal that is proportional
to the sample magnetization. This conversion phenomenon in three-dimensional materials
is known as the Inverse Spin Hall Effect (ISHE). The first experiments of spin-to-charge
conversion by means of ISHE with SP-FMR were performed with a bilayer composed by
an ferromagnetic metal and a metallic layer [33, 34, 35, 36, 37|. Figure 2 illustrates the
ISHE phenomenon.
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E Figure 2 — Schematic representation of SP-
FMR, and ISHE in spin-to-charge
: conversion process. The static mag-
netic field H induces the magnetiza-
tion M along the z direction, while
the microwave magnetic field ﬁrf
Pc drives the resonance of M. The spin
current Jg flows into the NM layer,
/—» where it is converted into a charge
H current .J,. The spin polarization is
YIG represented by &.

Experiments involving spin-to-charge conversion governed by the ISHE can be
performed using a metallic film as a detecting layer. This film can be a heavy metal with
thickness larger than the spin diffusion length Ay!, particularly when the material of
interest is located between the magnetic layer and the heavy metal layer. In this regime,
increasing the thickness of the heavy metal minimizes the DC signal generated by the

metal itself.

The spin current density at the FM/NM interface is given by the following

R halt, [~ dM
Joly = 0) = —<df (Mx , (2.1)

expression:

 4AmM? dt
where vy is the direction normal to the sample surface and also the propagation direction of
fs. The solution of this expression gives the spin current density pumped out throughout

the interface

hngNp h, 2
Js(0) = "0 () - ), 22)
where
AH?
L(H - H,) = (2.3)

(H — H,)* + AH?’

is the Lorentzian function, and

. 4w (Hr + 47TMeff)

. (2.4)
Yy (QHT + 47TM€ff)

'Tt is the characteristic length over which a nonequilibrium spin polarization decays inside a material
due to spin relaxation processes.
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p describes the ellipticity factor of the precessing magnetization. Here Mg is the effective
magnetization inside the film, taking into account the demagnetizing field arising from the
finite size of the sample. This solution can be applied to different classes of interfaces |28,

38].

In a three-dimensional system a spin current propagates into the adjacent mate-
rial’s bulk, this spin current undergoes attenuation due to scattering phenomena. The
total equation that describes the spin current intensity as a function of its propagation

distance is given by

Sinh[(tN — y)/)\N]
sinh(tN/)\N) ’

where ¢ represents the thickness of the ML. By means of ISHE, a spin current is partially

Js(y) = Js(0) (2.5)

converted in a transverse charge current by the relativistic spin-orbit coupling (SOC)
which scatters electrons with opposite spins in opposite and transverse directions relative
to the propagation direction of the spin current. The resulting charge current is then a
consequence of the imbalance between spin-up and spin-down electrons. The density of

charge current generated is given by
Jo = 0sy(2e/1)Js x &, (2.6)

where sy represents the spin Hall angle and & the spin polarization. It is important to
note that the direction of the generated charge current is orthogonal to both the spin
current and the spin polarization. Therefore, reversing the spin polarization, or the spin
current direction, leads to an inversion of the measured DC signal, making this behavior a

signature of the ISHE.

The efficiency of the conversion of spin current into charge current is quantified
by the Spin Hall angle (fsy). In our studies, fgy is defined as the ratio between the spin
current density and the charge current density, vide Equation 2.6. The Spin Hall angle is
usually related to the strength of the SOC, such that high conversion values are generally
observed in heavy metals due to their high atomic number. However, factors such as
roughness, crystalline quality, and two-magnon scattering interfere with the magnitude
of Osy [38]. As a figure of merit, topological insulators have emerged as materials with

record spin-to-charge conversion rates [39].

Integrating the Equation 2.5 along the sample dimensions, we have the voltage
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generated at the ends of the sample as follows [40]:

1 t hey \?
Vspp = ~RwAnefsi 9.} pe: tanh | - L) cosgL(H —H,), (2.7
4 ¢ 2N

where R is the electrical resistance of the normal
metal (NM) layer, w is the width of the NM strip,
Ay is the spin diffusion length in the normal metal,
e is the electron charge, sy is the spin Hall angle
of the normal metal, f is the microwave frequency,
g;ff is the real part of the effective spin-mixing con-
ductance at the interface, p,, is the ellipticity factor
of the magnetization precession, ty is the thickness
of the normal metal layer, h, is the amplitude of
the radio-frequency microwave magnetic field, AH is
the ferromagnetic resonance linewidth (half width at
half maximum), ¢ is the angle between the applied
static magnetic field and the direction perpendicular

Figure 3 — Schematic of the coor-
dinate reference system

to the charge current (as shown in Figure 3), and adopted in the SP-FMR
L(H — H,) is the Lorentzian function describing the measurement.Image
resonance lineshape as a function of the static mag- adapted from [28].

netic field H and the resonance field H,.

By Equation 2.7, the inversion of the signal with the reversal of the external
magnetic field is evidenced. This behavior is represented by the cos # dependence, which
makes Vspg reach its maximum and minimum at ¢ = 0° and ¢ = 180°, respectively, while
its value is zero at ¢ = 90°, assuming a material with positive fsy . At this angle, the
vector product between J, and & generates a vector orthogonal to the line connecting the

contacts, resulting in a zero measured voltage. This behavior is a hallmark of the ISHE.

2.4 Inverse Rashba-Edelstein Effect

Two-dimensional electron systems formed by heavy metals with high spin—orbit
coupling interaction (SOC) give rise to another spin-to-charge conversion process called the
Rashba—-Edelstein effect (REE). This effect originates from the broken inversion symmetry
at a surface or interface and from the SOC [41, 42|. An electron in a two-dimensional

system, subjected to an electric field (€) and a magnetic field (H), has, within a relativistic

treatment, a spin-dependent energy described by two terms.
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where the terms are the Zeeman and the SOC energies respectively. The broken symmetry

at a surface or interface of a crystal given rises to a resulting electric field
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where Z is the unit vector normal to the surface.

The Hamiltonian for this two-dimensional system with Rashba and kinetic term

is given by
nk?
- 2m

H

+ar(Zxk)- &, (2.8)

where k is the wave vector for an electron in the plane, and ap is the Rashba parameter

given by
N eh*(0V/0z)
= qm2ee

From this, the energy dispersion is obtained as

where 4 signs represents the two possible orientations of spins orthogonal to the electron
propagation direction. This equation shows that the energy has a parabolic dependence
on the wave vector, additionally the second term makes the energy dispersion £ =+ (k;, k)

to split laterally in the k plane, as shown in Figure 4.
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(b) tk

v

Figure 4 — Split representation of the energy dispersion for a two-dimensional electron system
with the Rashba interaction (a), The red and blue arrows represent the spin orientation.
The Fermi level (Ey) is presented by the constant energy defined by the plane, also
the spin-momentum locking by the spin orientation tangential to the Fermi circles.
Panel (b) shows a top view for a positive energy value, showing the zero net spin
accumulation and electric current.

Another phenomenon that occurs as a consequence of the Rashba effect is the
spin—momentum locking (SML), where the spin orientation is locked orthogonal to the
momentum. The spin orientations in Figure 4 represent this effect by the circles at the
Fermi level, where the spins are tangential to the circles. The SML is responsible for the

spin-to-charge conversion in two-dimensional systems.

In a two-dimensional electron gas system, all the states in k-space of the spin-
polarized Fermi circles are occupied, and in this sense the total momentum is zero in the
equilibrium, as represented by the dashed circles in Figure 5 (a). By the application of an
electric field in, for example, the —z direction, a resulting force pulls the electrons in the
+x direction. As a result, the Fermi circles are displaced along the k, axis. In this case,
the number of occupied states with positive k, becomes larger than those with negative
k., so a charge current in the —z direction arises with a spin polarization along the y

direction.

The reciprocal mechanism of the REE is the inverse Rashba—Edelstein effect. In
this effect, a pure spin current with spin polarization along the +y direction, for example,

when injected into the two-dimensional system, creates a net spin accumulation in the
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plane. As a result, the Fermi circles are displaced in opposite directions along the k, axis
due to the non-zero resulting momentum, as shown in Figure 5 (b). With this, a charge

current along the —z direction is generated.

(a) k 10k

y * 2
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P, ==
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/ | \
'I [ \ Figure 5 — Schematic representation of the di-
1 ; Tk rect Rashba-Edelstein effect (REE)
\ I / gy and its reciprocal, inverse REE. The
\ ~ / Jox dashed lines represent the Fermi cir-
R —:’ - cles in the equilibrium state. Panel (a)
b shows the direct REE, in which a spin-
( ) k A polarized electric current arises when
y an electric field is applied. Panel (b)
| shows the inverse REE, in which an
injected spin current produces a spin-
polarized electric current.
e k
X
|-] Cx

In this sense, a two-dimensional charge current is generated from a three-

dimensional spin current.

The vector relation describing the two-dimensional charge density generated is
given as follows:

— —

jo = agr(e/h)(Z x 9) (2.9)

where ap is the Rashba parameter, S is the nonequilibrium spin density induced by spin
injection, and 2 is the unit vector normal to the interface related to the resulting Rashba
electric field [28]. It is important to note that, in contrast to the ISHE, the direction of
the generated charge current by IREE is independent of the direction of the spin current
injected at the surface. It depends only on the spin polarization and on the direction
of the effective Rashba electric field along 2. This relation can be expressed in units of
(charge)/(time - area) by:

2e

Jo = (%) AIREE /s (2.10)
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where Aggg is called the IREE length, and it is related to the Rashba parameter as

QRTs
AIREE = o

Here, 74 is the effective relaxation time of the spin density in the two-dimensional electron
gas in the presence of SML. Relating Equations 2.10 and 2.2, the charge current can be

written as

™
. ew Gogb [ hr
Jc = AIREE off ( /

- AH) L(H — H,). (2.11)

The peak voltage can be obtained from SP-FMR and SSE experiments, as
described previously. Considering that I = wjc and that the resonance condition is

H = H,, one obtains

2

VspPeEk = ;l)\IREE Rwe f gzép (Z%) , (2.12)

where R is the resistance of the layer and f is the microwave frequency, defined as f = w/2.

Thus, the IREE length can be directly determined from
AV

Rwe fglep(hy/AH)?

/\IREE = (213)

By considering some examples of three-dimensional heavy metals and topological
insulators, it was shown that the spin-to-charge conversion is about one order of magnitude
more efficient in topological insulators, where the IREE governs the process [43|. To
support this conclusion, the authors compared the A\jgrgg obtained for the topological

insulator with the product sy y reported for three-dimensional materials.

2.5 The longitudinal spin Seebeck effect

The spin Seebeck effect (SSE) is the phenomenon in which a spin current is
generated by a thermal gradient. Its discovery in 2008 by Uchida et al. [44] gave rise
to the field of spin caloritronics. The longitudinal SSE is usually performed using a
insulating magnetic material as a source of spin currents. In this case, a ferromagnetic (or
ferrimagnetic) insulator (FMI)/metallic layer (ML) bilayer is subjected to a temperature
gradient V1" applied orthogonally to the layers. This generates a magnonic spin current Js
in the FMI layer, which is injected across the FMI/ML interface into the ML layer. Upon

reaching the ML, the pure spin current is converted into a charge current by the ISHE or
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IREE, depending on the sample features. This current produces an electric voltage Vssg

at the edges of the sample, as in SP-FMR experiments.

#

b
1/1\71‘." YIG Jﬁ

Figure 6 — Representation of an FMI (YIG)/ML (Pt) heterostructure used in a typical SSE
experiment. In this scheme, the spin-to-charge conversion is governed by the ISHE.

The magnon accumulation at the FMI/ML interface produces a spin current
density that flows across the interface, generating a charge current whose origin depends
on the system configuration. In a three-dimensional system, a 3D spin current density

generates a 3D charge current density via the inverse spin Hall effect (ISHE), given by

B} %
Jc—QSH(h)Js g,

where fsy is the spin Hall angle and & represents the spin polarization. The integration of
this current density over the sample volume yields the spin Seebeck voltage Vssg, taking

into account the spin diffusion length Ay, we have

2e t
where O is a factor that depends on the material parameters and universal constants?,
and VT is the thermal gradient. The factor p depends on the effects arising from the

thickness of the FMI layer, this value can be expressed by

B cosh(tpp/lm) —
N smh(tFM/lm) ’

where [,,, is the magnon diffusion length. The parameter p =~ 1 for tpy > [, and p = 0

(2.15)

for tpy < Ly,

2All dependencies are discussed page 335 of Rezende, SM [28].
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For the two-dimensional system case, where the IREE is the responsible for the
spin-to-charge conversion, the Seebeck voltage is given by

2e

7 AIREECSng}fVT' (216}

Vsse = Rypw

Thus, by knowing the values of the electric potential and the thermal gradient, it is possible

to estimate important quantities in the field of spintronics, such as A\;jrgEg.

2.6 Topological insulators

Topological insulators (TIs) are materials characterized by an insulating bulk
and conducting states on their edges in two-dimensional systems or on their surfaces
in three-dimensional systems. Electrons at the edges or surfaces, occupying a metallic
boundary state, majority cannot be scattered by non-magnetic impurities or defects. These
conducting states result from the combined effects of symmetry protection and strong
SOC making them robust against perturbations that do not break the symmetry of the
system [45, 46, 46, 47, 48, 49, 50|. Figure 7 shows the band dispersion in momentum
space of a topological insulator. From this image, it is possible to observe the energy gap

between the bulk bands, while the topological states remain gapless.

E

\ ‘ Bulk
A\ ’;f" Conduction Figure 7 — Band dispersion representation con-
/ Band structed in the reciprocal space for
Edge / a topological insulator. The TSS are
States\ k the linear dispersions at the bulk band
A gap. Only a specific spin orientation
\ Bulk is allowed in each edge-state band, as
\ VaBlzgsle depicted by the blue and red arrows.

The TSS exhibit ballistic transport along the edges in 2D systems or on the
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surfaces of 3D systems, meaning that charge transport occurs without energy dissipation?.
Electrons propagating in the TSS experience the spin-momentum locking (SML) effect,
where the electronic spin is locked orthogonally to its momentum, generating then a
spontaneous spin polarization. Topological states are chiral, it means that a given
electronic band transports only electrons with a specific spin orientation, while electrons
with opposite spin necessarily travel with opposite momentum, as represented by the chiral
edge states in the Figure 8. The SML phenomenon occurs due to the Ti band structure,

combined with strong spin—orbit coupling.

Figure 8 — Schematic representation of the quan-
tum Hall insulator phase in a 2D ma-
terial, which is analogous to that of
a 2D-topological insulator. On the
right-hand side, the linear band dis-
persion representing the edge states
of this system is shown. The blue and
beige colors represent the 2D bulk va-
lence band and the 2D bulk conduc-
tion band, respectively.

Chiral Helical
Edge States

2D bulk State

The topological insulator phase arises from the nontrivial bulk-boundary corre-
spondence of materials with strong SOC. A short explanation of this phenomenon starts
with a description of an electron in a cubic, periodic, and infinite crystalline lattice where
its propagation is described by the Schrodinger equation with a periodic potential [51].
As the potential is periodic, the following description is adopted

V(F+ R) =V (7, (2.17)
where R is any vector belonging to the Bravais lattice. Due to the translational symmetry
of the lattice, the Hamiltonian operator of the system is given by

.\ 132
H=— 2.1
> v, (21)

The translation operator associated with the crystalline lattice commutes with the Hamil-
tonian, such that

[H,T7] = 0. (2.19)

3At T = 0 K. For T > 0 K, inelastic backscattering processes are allowed, resulting in a finite
conductivity [50].
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As a consequence, it is possible to find wave functions that are simultaneous eigenfunctions

of the Hamiltonian and the translation operator. From translational symmetry, one has

Ta(F) = ¥ (F + R). (2.20)

The solution of this problem is provided by Bloch’s theorem, which states that the
eigenfunctions of the Hamiltonian can be written as an exponential associated with the
propagation of a plane wave multiplied by a function that has the periodicity of the lattice

potential [51], as follows

Pae(7) = €™ (). (2.21)

-,

A quantum number (k) emerges naturally in this solution due to the periodic character of
the crystalline lattice. The vector k appears in this context as the wave vector that labels
the electronic states. This relation establishes that an electron propagates through the
crystal as a wave modulated by the lattice periodicity, and that its energy is given as a
function of the quantum number k. Therefore, the different values of k enumerate all the
allowed energy states of the system, constructing then its electronic band dispersion. The
electronic bands are defined over the Brillouin zone, as shown in Figure 7. This definition
allows their global properties (in momentum space) to be characterized by topological

invariants.

A topological invariant is a property of a system that remains unchanged under
continuous transformations?. A classical example is illustrated in Figure 9 (b), where an
object with a hole can be continuously transformed from a mug into a donut without

changing its number of holes, that is, the topological invariant.

(a) (b)

Figure 9 — Representation of real objects with topological invariant (genus) equal to 0 in (a) and
1in (b).

4In the TIs case, those transformations cannot close the bulk energy gap
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In this example, the genus number is the integer topological invariant associated
with the topology of the surface. In the context of topological insulators with time-reversal
symmetry, the topological invariant is given by the Z, number of the system. Accordingly,
Z, = 0 represents a trivial material, whereas Z, = 1 corresponds to a topological insulator®.
Strong SOC is central to the topological phase, as it induces band inversion, thereby
characterizing the transition from the trivial state (Z2 = 0) to the nontrivial state (Z; = 1).
The robustness of the TSS arises from the bulk-boundary correspondence. In this context,
topological insulators correspond to materials whose bulk electronic bands exhibit a
nontrivial topology, which necessarily leads to the emergence of conducting states at the

boundaries of the system.

The time-reversal symmetry condition ensures that the topological states of TIs
are protected as long as this symmetry is preserved. This ensures that the metallic surface
states are robust against nonmagnetic defects or impurities. An electron propagating in
a given direction in a topological state can only be scattered by a magnetic impurity,
which interacts with its spin. In contrast, backscattering by nonmagnetic impurities or
lattice defects is forbidden, since the corresponding scattered energy state is not accessible
without a spin flip. As conventional scattering processes do not flip the electron spin,
magnetic impurities provide the only effective mechanism for backscattering. Thus, a
magnetic field or a magnetic impurity acts as an agent that breaks time-reversal symmetry,

lifting the topological protection of the surface states in this material.

In particular, charge currents flowing in the T'SS result in a spin-polarized electric
current that can generate large spin torques in an adjacent magnetic layer, thereby enabling
efficient and fast manipulation of the magnetization in memory devices. This feature,
together with ballistic electronic transport, makes TT materials highly promising for the

development of ultra-low-power memory devices [18, 17, 26, 50, 2|.

2.6.1 Topological Crystalline Insulator Tin Telluride

In contrast to conventional topological insulators protected by TRS, topological

crystalline insulators (TCI) are characterized by topological phases protected by spatial

5These invariants are defined from the Berry connection of the Bloch wave functions. For details on
the definition of the Z5 invariant, see reference [52].
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symmetries of the crystal. Mirror, rotation, glide, and screw are examples of symmetries
in the lattice for a TCI [53, 54, 55|. Tin Telluride (SnTe) is a topological crystalline
insulator exhibiting T'SS protected by mirror symmetry. In SnTe, strong SOC leads to
band inversion at multiple L points of the Brillouin zone (as shown in Figure 10). This
results in multiple TSS where four Dirac cones arise on specific faces such as {100}, or

{111} as in our studies [53, 55, 54, 56].
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000000000 Figure 10 — SnTe (111) structure representation,
e 8 g gg g © the (111) direction is the up vector
o 000 in the plane of the screen. Panel (b)
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shows the {100} and {111} surface
projections of the first Brillouin zone
for the rock-salt structure of SnTe.
Four Dirac cones are present in
both directions. Image (b) adapted
from [57].
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Due to the presence of mirror symmetry, the electronic states can be classified
according to their mirror eigenvalues, giving rise to a nonzero mirror Chern number (n,/)
and to the emergence of Dirac surface states. This integer topological invariant (n,;) can
assume values larger than one, allowing the existence of more complex topological states.

Additionally, SnTe is trivial in terms of the Z5 invariant [53, 54].

In contrast to the TIs, the topological surface states of TCI are robust against
magnetic impurities or external magnetic field, since this field doesn’t create structural
distortions that break mirror symmetry. In SnTe, a structural phase transition from the
cubic to the rhombohedral phase can breaks mirror symmetry, opening a gap in the TSS.
In this sense, TCIs can be more suitable for SP-FMR investigations, where magnetic fields
are applied in the measurements. However, high crystalline ordering must be achieved in
order to ensure mirror symmetry. These characteristics make SnTe an appealing platform

for exploring symmetry-engineered topological phases and their interplay with magnetism
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and spin-dependent transport phenomena.

2.7 Organic semiconducting materials

The physical properties of polymers such as flexibility, mechanical strength, low
density, and high dielectric rigidity, justify their wide use as insulating materials in tradi-
tional electronics |9, 58, 59]. Although the vast majority of polymers are naturally electrical
insulators, this characteristic is not always true. As early as the 1960s, organic molecules
capable of transporting electrical charge were identified. However, their excessively rigid
molecular chains, along with resulting handling difficulties, insolubility, and infusibility,

limited their technological potential [60].

In the early 1970s, Shirakawa and Ikeda demonstrated the possibility of producing
polyacetylene films through the polymerization of acetylene [61]. In 1977, MacDiarmid
and collaborators [62]| revolutionized this field of research by discovering that treating
polyacetylene with acid (doping) could increase its electrical conductivity by up to 13
orders of magnitude, enabling this polymer to reach a conductivity close to that of metallic
copper at room temperature. The notable conductivity achievable by these materials,
also known as organic semiconductors are comparable to doped semiconductors [63]. A
comparison between conjugated polymers and semiconductors are illustrated on the scale

presented in Figure 11.

Conductivity
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Figure 11 — Electrical conductivity of organic semiconductors compared with metals, semicon-
ductors, and insulators. Image extracted from [64]
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Electrical conduction in organic semiconductors is a complex phenomenon that
differs significantly from conduction in metals or conventional inorganic semiconductors.
The absence of a well structured periodic crystal lattice makes the complete description
difficult of the transport phenomenon by a quantum description. One more simple
description is that the electric charge conduction occurs primally in the m-conjugated
bonding system along the polymer backbone (see Figure 12) and also by the formation of

additional charge carriers through acid or base doping.
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Figure 12 — Schematic representation of the formation of o and 7 bonds in a C=C double bond,
showing the overlap of p orbitals in (a). Panel (b) shows a schematic chemical
structures of conductive polymers highlighting their m-conjugated systems along the
main chain. Image (a) adapted from [65] and (b) from [60].

Insulating polymers are predominantly composed of sigma (o) bonds along their
polymer backbone, resulting in strongly localized electrons. This leads to a large energy gap
between the HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest Unoccupied
Molecular Orbital), making them insulating®. In contrast, conducting polymers exhibit an
alternation of single and double bonds along their polymer backbone, forming a system of
m-conjugated bonds as shown in Figure 12 (b). This conjugation, also called resonance
hybridization, enables the delocalization of 7 electrons across the atoms leading to the
formation of a lower energy band gap due to the charge distribution across the polymeric
structure, as depicted in Figure 13 (a) [60, 66, 67, 64] . Conjugated polymers exhibit a
smaller bandgap between the LUMO and HOMO compared to insulating ones, giving

6In the context of organic semiconductors, HOMO and LUMO play the roles of the valence band and
conduction band, respectively.
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them semiconductor-like properties.
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Figure 13 — Schematic energy level distribution for a neutral PEDOT chain (a) and for a positively
charged PEDOT chain with charge +4 (b). Charge injection introduces new electronic
states within the gap, leading to a reduction of the effective energy gap. Image taken
from Ref. [63].

Most conjugated polymers, in their intrinsic state, are semiconductors with low
electrical conductivity. To enhance its conductivity, a doping process can be performed.
During the doping process, electric charge are added to or removed from the conjugated
polymer chain through the introduction of chemical agents (dopants). The term doping is
used by analogy with doping in inorganic semiconductors, however, the dopants (acids or
bases) used in polymers are typically added in much higher quantities than those used for
inorganic semiconductors. In fact, the dopant mass in polymers can reach up to 50% of

the initial mass of the compound [68].

Doping in conjugated polymers can occur via oxidative (p-type) or reductive
(n-type) processes. In oxidative doping, the dopant agent removes electrons from the
polymer’s HOMO band, creating positive charge carriers. This is the most common doping
type applied to conducting polymers such as PEDOT, which becomes a cationic polymer
through this process. In reductive doping, on the other hand, the dopant agent adds
electrons to the polymer’s LUMO band, generating negative charge carriers (electrons).

n-type doping is generally less stable in air compared to p-type doping.

The field of study in organic semiconductors has gained prominence in recent
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decades due to their unique combination of efficient electrical charge transport and the
intrinsic mechanical flexibility of polymeric materials, enabling their application in flexible
and stretchable electronic devices [69, 64, 9, 30, 31|. Due to the study of these materials,
new technologies have been developed, making it possible to produce incredibly thin and
light devices. The organic light-emitting diode, better known as OLED, is an example of
a device manufactured with an organic semiconductor matrix. Figure 14 shows a flexible
screen manufactured from OLED. Conducting polymers also have enormous potential for
applications in areas such as solar cells, electromagnetic shielding films, plastic batteries

[60, 61, 62, 68|, and others.

L

Figure 14 — Flexible OLED screen with a thickness of 0.01 mm. Image extracted from [70].

In addition to the remarkable applicability of conducting polymers in electronics
and optoelectronics, as previously mentioned, organic semiconductors have attracted
increasing interest in the field of spintronics. Conducting polymers such as polyaniline,
PEDOT:PSS, and 2D graphene have been shown to be effective for spin-current transport
and for spin-to-charge conversion |71, 20, 15]. However, the disordered manner in which
the molecules of these polymers usually are arranged represents a challenge to be overcome.
In order to mitigate the low degree of structural ordering, techniques such as atomic
(or molecular) layer deposition can be employed to enhance control over the generation,

transport, detection, and manipulation of spin currents in this class of materials |72, 73].

2.7.1 The organic semiconducting polymer PEDOT:PSS

The Poly(3,4-ethylenedioxythiophene) (PEDOT) is a carbon-based conducting
polymer that exhibits a remarkable conductivity value that can be larger than high dopped
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semiconductors |74]. The PEDOT was developed by Bayer AG in 1988 [75] and it remains
one of the most widely applied polymers in the flexible electronic industry due to its high
conductibility (reaching up to 6,000 S/cm), low cost, ability to form transparent films in
the visible spectrum, stability and processability, justifying its broad adoption in both
industrial and academic research [76, 74, 75, 77, 78, 79, 80, 81, 82].

For optimizing its solubility, the PEDOT is commonly used in the macro-
molecular salt form with the poly(estirenesulfonate) (PSS), so forming the poly(3,4-
ethylenedioxythiophene):polystyrene sulfonate composite that is widely known by its
acronym PEDOT:PSS. The PSS acts as a counterion stabilizing PEDOT the PEDOT in
the disperse state providing the necessary structuring to the thin films development [83].
The structural part PEDOT is the oxidized component of the compound and is responsible

for the conductivity of the PEDOT:PSS complex [79].

The high conductivity is due to the unbalanced distribution of charges along
its polymeric chain, forming polarons and bipolarons’, which are responsible for the
electrical conduction of the entire polymeric complex. Additionally, high carrier mobility
is correlated with the degree of order and the narrow stacking between polymer chains

[84]. Figure 15 represents the PEDOT:PSS structure.

PEDOT
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i\E iE PSS
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Figure 15 — Chemical representation of the PEDOT:PSS structure, where n, x, and y represent
the repetition units.

"Polarons are quasiparticles formed by a charge carrier coupled to local lattice distortions in a material.
Bipolarons correspond to bound states of two charge carriers coupled to the lattice.
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PSS is the insulating component of the polymer. It contributes to the stability
and processability of the material by enabling PEDOT to be dispersed in aqueous solution.
PSS contains deprotonated sulfonate groups, —SOj;, meaning that they have lost a proton,
H™, and therefore carry a negative charge. These groups act as counter-ions for the positive
charges on PEDOT, stabilizing the dispersion. In an environment with excess PSS, the
electrostatic interaction between positively charged PEDOT and negatively charged PSS

forms a nanoscale core-shell structure, as illustrated in Figure 16.

PSS

core
Colloidal gel particle Aggregation
(Tertiary structure) (Quaternary structure)

Figure 16 — PEDOT:PSS chain inside of core-shell structures and its agglomeration representation.
Image extracted from [85].

The proportion between PEDOT and PSS compound has a direct influence on the
composite conductivity. This proportion determines the charge balance in the polymeric
chain. The electrical conductivity of PEDOT:PSS can be significantly increased by the
addition of solvents as ethylene glycol or dimethyl sulfoxide or also by the pH tuning
[86]. The high value of conductivity can be reached for pH values between 0 and 3 [87].
In an acid environment, the sulfonate groups —SOj3 can accept one proton becoming
sulfonic acid —SO3H in a process called reprotonation. That change can lead to the
structural reorganization or phase separation of PEDOT:PSS. This process allows the
PEDOT parts approaching each other forming more efficient ways to the electrical charge
transport leading to a high enhancement in the conductivity. The thiophene rings form a
m-conjugated system with p-type doping and for each three thiophene rings created, one
positive charge is present. This is due to the oxidative polymerization reaction triggered
by radicals. In this way, PEDOT is the component responsible for the conductivity for
the conductivity of the PEDOT:PSS group [64].

Due to its mechanical flexibility, transparency and high electrical conductivity,
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PEDOT:PSS is widely applied in the organic optoelectronic devices field. In this case,
PEDOT:PSS is commonly used to enhance hole injection in Organic Light Emitting Diodes
(OLED) improving its efficiency [14, 13|. Other applications for this polymer include the
fabrication of supercapacitors, organic plastic solar cells, cathode ray tubes, rechargeable

batteries and other advanced electronic devices |74, 88, 78, 89, 90, 91, 92, 93, 94].

Conductive organic polymers are composed of light atoms and, consequently,
exhibit weak values of SOC. Although this feature is not favorable from the perspective
of spin-to-charge current conversion, it makes this material well suited for spin current
transport. This is because a spin-polarized current is not strongly scattered by the SOC

in this material, allowing for efficient spin propagation.

2.7.2 The organic semiconducting polymer polyaniline

Polyaniline (PANI) is a p-type organic semiconducting polymer and one of the
most widely studied conjugated polymers in both academia and industry, similarly to
PEDOT:PSS [95, 96, 60, 64|. PANI stands out due to its ability to be synthesized either
chemically, as performed in this work, or electrochemically, which enables the fabrication
of low-cost films with simple and accessible processing. From the perspective of electronic
structure and charge transport, PANI exhibits metallic transport. It can be doped in
acidic or basic solutions, and this doping process can be reversible [95, 96, 60, 97|. A

schematic representation of the chemical structure of PANI is shown in Figure 18.

In PANT thin films, polarons act as charge carriers. The overlap of electronic
wave functions along several polymer chains leads to the formation of a polaronic band, in
which the Fermi level is located. This band defines the allowed energy levels for electrical

charge transport [95, 98|.

The manipulation of electrical conductivity is intrinsically related to the concept
of secondary doping [67, 85, 8|. Phenomenologically, the treatment of an already doped
polymer, in which primary doping is performed during the synthesis process, involves the
use of a substance acting as a secondary dopant, either acidic or basic. This treatment can
increase the electrical conductivity by several orders of magnitude. This process induces
changes in the electronic spectra and in the crystallinity, which often persist even after the

removal of the secondary dopant. For instance, in thin films immersed in acidic solutions,
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the conductivity increases and remains stable even after complete drying [67, 85, §].

Further details about PANI will be introduced in the section dedicated to its

synthesis in Polyaniline electrochemical synthesis section.

2.7.3 Spintronics in Organic Semiconductors

Pure spin current presents advantages compared to conventional electronic current.
It does not result in energy dissipation through the Joule effect and can propagate through
a wide variety of conductors, as well as organic semiconductors. The remarkable capability
for spin current injection, transport, and conversion in semiconducting materials has been

demonstrated in many studies [99, 100, 101, 102, 12].

In organic semiconductors, the long spin relaxation lifetime (on the order of
10 ps) [103, 20, 104] and the spin diffusion length exceeding 500 nm (significantly larger
than those observed in heavy metals) make this class of materials promising platforms for
spintronic device applications |71, 97, 105, 106, 20, 99]. This behavior is mainly attributed
to the weak SOC, as organic molecules are composed of light atoms such as hydrogen,

carbon, and oxygen.

The spin-to-charge conversion was performed for the first time in the conductive
polymer PEDOT:PSS by means of SP-FMR. A ferrimagnetic insulator substrate (YIG,
Y3Fe;012) was used to produce the pure spin current that diffuses into the polymeric
layer and was then converted into charge current [20|. In three-dimensional systems, the
mechanism underlying spin-to-charge conversion is usually attributed to the inverse spin
Hall effect. However, later studies revealed that the physical origin of the dc voltage
observed in the PEDOT:PSS/YIG bilayer under FMR is mainly associated to a temperature

gradient induced by the propagation of nonreciprocal magnetostatic surface spin waves [10].

Despite the significant progress and research in organic spintronics, the physical
mechanisms underlying spin-to-charge conversion in organic semiconductors remain under
debate. The weak SOC, which enables long spin transport distances, simultaneously limits
the spin-to-charge conversion efficiency through commonly discussed mechanisms, such
as the inverse spin Hall effect. Furthermore, experimental results can be influenced by

interfacial effects and thermally induced voltages. Phenomena such as the spin Seebeck
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effect and the Rashba—Edelstein effect can play a role in the spin-to-charge conversion
process, describing the relationship between the arising of spin currents. In this sense,
complementary techniques need to be employed in these materials in order to distinguish
the different contributions. Finally, structural engineering of organic semiconductors
is highly desirable to enhance spin-to-charge conversion and to improve the distinction

between the underlying mechanisms [107, 11, 69, 8, 67|.

In this context, conductive polymers emerge as promising platforms due to their
chemical conductive tunability via the doping process, low cost, ease of growth, and
compatibility with long spin diffusion length based approaches [66, 69, 30, 8, 97|. Among
them, polyaniline and PEDOT:PSS stand out, offering controllable electrical properties
and easy-to-growth processes. Their structural differences, such as molecular weight, make
them suitable for distinguishing the influence of structural changes on spin-to-charge

conversion and on the dominant underlying mechanism.
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3 MATERIALS SYNTHESIS AND CHARACTER-
IZATION OF ORGANIC SEMICONDUCTORS
AND TOPOLOGICAL INSULATORS

The first part of this chapter is dedicated to the presentation of the synthesis
routes of the polymeric organic semiconductor polyaniline (PANI), as well as the fabrication
of its thin films and of the PEDOT:PSS polymer. In addition, the method used for the
growth of thin films of the crystalline topological insulator tin telluride (SnTe) is presented.
The second part of this chapter is dedicated to a brief overview of the experimental
techniques applied to these materials. The experimental techniques include atomic force
microscopy (AFM), Reflection High-Energy Electron Diffraction (RHEED), high-resolution
X-ray diffraction (HRXRD), Raman spectroscopy, spin Seebeck effect (SSE) experiments,
ferromagnetic resonance (FMR), and spin pumping ferromagnetic resonance (SP-FMR).
Most of these techniques were applied to all polymeric and solid-state semiconductor
samples, with the exception of RHEED, which was exclusively applied to SnTe, and SSE,
which was exclusively applied to PANI.

3.1 DMaterial Synthesis and Sample Preparation

3.1.1 Polyaniline electrochemical synthesis

The synthesis of PANI is presented in this section on methodology and charac-
terization techniques, however, this section can also be considered as a result of this work,

since the synthesis successfully produced the expected polymer.

The first step in the PANI synthesis process was obtaining the purified aniline
solution. This solution must mainly be composed of aniline monomers, this is achieved
through the fractional distillation process [108]. During this procedure, aniline is heated
in a volumetric flask at a constant temperature of 80°C, then the vapor is condensed in
a Liebig condenser and stored in an Erlenmeyer flask. All procedures were performed
protected from light to avoid the aniline photo-oxidation [109, 110]. The purified aniline
was stored below 10 °C and also protected from ambient light. Figure 17 (a) illustrates

the aniline purification process.
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Figure 17 — Panels (a),(b), and (c) shows the experimental apparatus used for aniline distillation,
PANI polymerization, and PANI filtration respectively.

During the polymerization process (see Figure 17 (b)), a solution of ammonium
persulfate ((N Hy)25203) and hydrochloric acid (HC1) was slowly dripped into the solution
of aniline (C4H;NHy) and HCI [111]. The entire procedure lasted 12 hours and was
carried out at a temperature below 0°C. After this procedure, the PANI solution was
filtered to obtain the long chains, through the solid formed in the filter. The formed PANI
solid was then washed with acetone (C'H3C H3) using the Soxhlet extraction procedure for
six hours, the apparatus is shown in Figure 17 (¢) [112, 111]. This procedure was performed
to remove the short-chain PANI from the obtained solid. The aniline polymerization
procedure produces PANI in the emeraldine salt state (see Figure 18 (b)), which is the
state with the highest electrical conductivity for this polymer [113, 114, 115, 116].
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Figure 18 — Panel (a) exemplify the possible oxidation states of PANI. (b) The emeraldine base
is achieved by dedoping procedure with a basic solution. The doping—dedoping
process of the PANT chain. This process occurs by subjecting the polymer to acid or
base treatment. Here A~ is the counter-ion of the acid molecule used to dope the
polyaniline. The dot above A is a symbol indicating ionic separation. The polaron
(mainly associated with amine sites') and bipolaron (associated with imine sites)
configurations of the emeraldine salt are represented. Polyaniline films produced with
emeraldine base form exhibit a bluish color, whereas those in the emeraldine salt
form display a green coloration.

To ensure greater structural stability for the synthesized polymer, PANI was
stored in the emeraldine base state (see Figure 18 (b)). For this purpose, the PANI
solid was submitted to a dedoping procedure in 0.1 M ammonium hydroxide (NH,OH)
aqueous solution in order to remove the H' atoms bound to the polymeric chain. The
solutions was filtered producing dark slabs as shown in Figure 19. For more efficient and
complete drying, the PANI solid was ground using a porcelain mortar and pestle, and then
stored in a desiccator containing 100 grams of silica for 72 hours. The crushed PANI (see

Figure 19 (c)) was then kept in a low-humidity and light-protected environment [113, 114].

!An amine group is characterized by a covalent bond between carbon and nitrogen atoms, while an
imine group possesses a double bond between these atoms.
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&

Figure 19 — Filtration process of the base emeraldine PANI. From panel (a) can be observed that
the filtered solution is completely transparent. The obtained PANI solid is shown in
panels (b) and (c).

The conductive PANI in the emeraldine salt state, used for the production of
thin films, is obtained by mixing the previously obtained solid with formic acid CH50O,
85%. After mixing, the solution was passed through a porcelain filter with a porosity
of 16-40 pum. The conductive PANI solution obtained by filtration was stored at low
temperature and protected from light [117, 118|.

At this stage, the prepared solution is ready for thin film fabrication. In this work,
we employed the spin-coating technique to produce PANI thin films of varying thickness.
In the spin-coating technique, a small volume of solution is deposited onto the substrate
and rotated at a determined speed. The centrifugal force spreads the solution uniformly
across the surface, forming a homogeneous thin layer. The final thickness depends on
parameters such as rotation speed, time, and solution viscosity [119]. Further details are

provided in the Result chapter.

3.1.2 PEDOT:PSS sample production

The PEDOT:PSS polymer used in this work was commercially obtained from
Sigma-Aldrich [120]. The synthesis of the used PEDOT:PSS occurs through chemical
oxidative polymerization in an aqueous medium, the oxidant agent usually can be ammo-
nium persulfate (NH4)2S20g) or sodium persulfate (NayS20Os) [89, 64, 121]. The process

is based on the dispersion of the EDOT monomer in a solution containing PSS, which acts
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both as a template and as a dispersing agent. The reaction is initiated by the addition of
an oxidizing agent (such as persulfate, for example), which removes electrons from EDOT
and generates cationic radicals. These radicals couple to form PEDOT chains that, being
insoluble and positively charged (doped state), bind electrostatically to the negatively
charged PSS chains. The final result is a stable colloidal complex, in which PSS ensures
water solubility, while PEDOT provides the conjugated network required for electronic

conduction. A representative of PEDOT:PSS polymeric chain is shown in Figure 15.

For the purpose of studying spin-current transport, thin films of this compound
were fabricated. The spin-coating technique was initially chosen for the fabrication of
PEDOT:PSS films. However, the resulting films were not uniform on the YIG substrate
due to the low interfacial affinity between the solution and the substrate. To overcome
this limitation, the drop-casting technique was employed for film fabrication. More details

about PEDOT:PSS samples are discussed in the Chapter three.

3.1.3 Molecular Beam Epitaxy

This section provides an overview of molecular beam epitaxy (MBE), a technique
widely employed for growing thin films and nanostructures with high crystalline quality.
The main components of the MBE system and the physical phenomena governing epitaxial
growth are described in this section. The relevance of MBE for the growth of tin telluride

thin films is emphasized, setting the stage for the discussion of future experimental results.

MBE is an epitaxial growth technique that operates in a non-equilibrium envi-
ronment and is used for the production of epitaxial films of metals, semiconductors, and
insulators. In the MBE method, which is a type of physical vapor deposition technique,
growth occurs atomic layer by atomic layer in an ultra-high vacuum (UHV) environment,
using atomic or molecular beams generated by heated effusion cells directed onto a heated
substrate. The term epitazy means the atomic (or molecular) deposition that occurs in
parallel planes with the same, or nearly the same, lattice parameter as the substrate,
following its crystallographic order. MBE is notable for producing films with high crys-
talline quality, where doping and composition can be finely tuned thanks to the precise
temperature and shutter control system. High-quality effusion cells and in-situ observation

techniques make MBE a distinct, reliable, and versatile growth method. Additionally,



Chapter 3. MATERIALS SYNTHESIS AND CHARACTERIZATION OF ORGANIC
SEMICONDUCTORS AND TOPOLOGICAL INSULATORS 63

sharp interfaces between different materials, which are crucial for the development of

optoelectronic devices, can be achieved [122, 123].

High-quality films produced by MBE require ultra-high vacuum (UHV) around
the effusion cells and the substrate, this condition is fundamental for ensuring the quality
of the films [124]. The main growth chamber of an MBE system is maintained under UHV,
with a residual pressure usually below 107 Pa (107'! Torr). This condition is essential to
guarantee that the mean free path of the evaporated particles is greater than the distance
between the sources and the substrate, thereby minimizing collisions with residual gas

molecules.

Even at 1072 Pa, the number of residual Ny, and O, molecules inside the growth
chamber can exceed approximately 10° cm™ [124], and some of these molecules will be
incorporated into the grown crystals. In modern MBE systems, UHV is achieved through
careful chamber design and advanced vacuum engineering. These systems typically
consist of three stainless steel chambers connected in series, with vacuum pumps attached.
The inner surfaces of the chambers are specifically designed to reduce gas absorption.
Additionally, some molecules are absorbed by the inner chamber surfaces, so a baking
procedure is required to achieve UHV and enable the growth of high-purity materials. The
baking process is performed at temperatures of approximately 200°C, and each chamber
has its own powerful vacuum pump to handle the heavy load during all the process. The
vacuum system usually includes a titanium sublimation pump in addition to liquid Ny
cryopanels, turbomolecular, ion, or oil diffusion pumps, as illustrated in Figure 20 (a).

(a)
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Figure 20 — Schematic diagram (a) of the MBE system, labeling the main stages. Panel (b) shows
a complete MBE system. Image (b) taken from [125].

The MBE system uses Knudsen effusion cells or electron-beam evaporators (e-
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beam) as material sources. Effusion cells consist of crucibles, shutters, and a resistor,
they are used for materials with relatively low melting points (Ga, In, As, Sb, Se, Sn, Te
for example) or high vapor pressures. The crucible is a container made of low-diffusion
materials such as Ta, W, or Mo, capable of resisting high evaporation temperatures. It
holds the material to be evaporated and controls the molecular beam intensity. The shutters
act as gates, allowing or blocking the molecular beam flux directed toward the substrate.
The resistors are responsible for heating the material to its evaporation temperature. They
are made of materials with high electrical resistivity and thermal stability (Ta, W for
example), even at high temperatures. Resistors are usually constructed in a spiral shape
or as a folded strip around the crucible. The heat generated by the resistor is controlled by
the applied current and monitored by a proportional-integral-derivative (PID) controller
allowing fine tuning of the molecular flux due to the nearly constant temperature precision,

with fluctuations below 1 °C.

E-beam sources are used for materials with the highest melting points and low
relative vapor pressures?, such as Co, Zr, Nb, Al, Mo, and Permalloy (NiggFey). The
e - beam is generated by thermionic emission from a tungsten filament, with a potential
difference ranging from 4 kV to 10 kV. The current applied to the filament can reach 50 A,
while the resulting emission current from the filament is typically between 10 mA and
100 mA. The accelerated electrons are guided to the crucible by a magnetic field and the
anode—cathode electric potential difference. The source material inside a hearth can be
heated to approximately 10* K at the point of impact of the electron beam. The current
in the filament is controlled to increase or decrease the number of bombarding electrons,
which in turn adjusts the amount of evaporated material. The evaporated material is
directed toward the substrate, where it precipitates upon impact. The hot surface of the
substrate absorbs the molecules, and through chemical reactions and kinetic diffusion, a
lower-energy interaction level is established and the film is formed [122]. The growth rate
in MBE is usually measured in A /s, allowing precise control over the growth of thin films
down to a few monolayers (single unit cells). Additionally, the chamber walls also absorb
some molecules. For this reason, a baking process must be periodically performed to clean

the chamber and avoid further contamination.

2This means that even at high temperatures, low pressure is required for the evaporated material flux
to be significant.
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One of the most important steps for high-quality sample growth is the proper
preparation of the substrate. This procedure must be carried out carefully, avoiding as
much as possible any contact with the substrate surface and preventing exposure it to the
open environment. The use of a face mask, safety glasses, gloves, bouffant caps, and a
cleanroom lab coat is always recommended. In addition, single-use lint-free laboratory
wipes and dedicated cleaned tweezers and screwdrivers are mandatory. For some substrates,
such as yttrium iron garnet (YIG), even the standard ultrasonic cleaning must be avoided,
as they left organic residues and carbon, reducing wettability and leading to poor adhesion

of subsequently deposited layers [126].

Purchased substrates usually require treatment to achieve atomically flat and
largely defect-free surfaces, which are essential for subsequent epitaxial crystalline growth.
This can be obtained through heat treatment, known as annealing. Another method used
to clean the substrate surface is outgassing. In this process, the substrate is loaded into
the MBE deposition chamber and heated to high temperatures (=~ 600° C) under a UHV
environment. This procedure removes water and embedded impurities from the substrate

surface.

To be loaded into the MBE deposition chamber, the samples are mounted on a
sample holder and then placed in the manipulator inside the growth chamber. Figures 21 (a)
and 21 (b) shows the sample holder and the manipulator. In this configuration, the
substrate is secured by two lateral strips of tantalum foil, tightened with four screws.
Alternatively, spot welding or melted indium can also be used to attach the substrate to

the holder.

(a) '(b)

Py -

Figure 21 — (a) Standard flag-style model FP15 MBE sample holder made of tantalum. Panels
(b) shows a manipulator, and (c) shows a IR optrisxi 640 thermal camera. Image (b)
taken from [127], and (c) from [128|.
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Substrate temperature is crucial in epitaxial growth, being a critical parameter
for the surface diffusion of atoms, which dictates the crystal quality of the grown ma-
terial [122, 129|. The substrate temperature is controlled by the current intensity in a
tungsten wire inside the manipulator platform, allowing for temperatures up to 1220 °C.
The platform possesses a thermocouple  near the substrate for temperature monitoring.
However, the temperature in the substrate is not necessarily the same as in the manip-
ulator, so an IR camera (see Figure 21 (c)) is used as a more accurate alternative for
temperature measurement. This IR camera is positioned outside the deposition chamber,
and measurements are taken through a glass viewport. The viewport is equipped inside
the chamber with a pneumatically actuated shutter to protect the glass from material
deposition. When correctly calibrated for the material’s emissivity, an IR camera can
achieve an accuracy of 2% for temperatures up to ~ 2500 °C [130, 131], allowing the high

precision temperature control of the substrate surface.

The effusion cell temperature regulates the flux rate of evaporated materials.
Controlling this parameter is also essential for achieving high-quality MBE-grown thin
films that follow the substrate orientation. The molecular flux dependence temperature

follows the Arrhenius laws [132].

E
® o exp (_k‘ ;) : (3.1)
B

where F, is an evaporation energy, kg is Boltzmann’s constant, and 7' the temperature.
The effusion cells are also equipped with thermocouples working with PID controllers,
allowing stable and finely tuned temperatures, and consequently, precise control of the

molecular flux.

3A thermocouple operates based on the principle of the Seebeck effect
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Figure 22 — Titan effusion cell and crucible used in the MBE system. (c¢) The model 539 is
mounted on a 6-inch CF flange with 4cc pockets and no sweep coils. It is available
in 3, 4, 5, and 6 pocket configurations and is ideal for research and development
applications. (d) Bent beam electron gun with a water-cooled evaporant support.
Image (a) adapted from [133], (b) from [129], and (d) from [134]. Image (c) taken
from [135].

The molecular flux rates must be calibrated to allow control of the thickness
of the grown sample through the deposition time. This calibration is usually performed
using in-situ techniques such as a beam flux monitor (BFM) and a quartz crystal monitor

(QCM), and ex-situ direct thickness measurements, such as step-height AFM.

The BFM is used to measure the flux of atoms or molecules that evaporate from
the effusion cell before the flux reaches the substrate. The BFM is based on a Bayard-
Alpert ionization measurement device, which is standard in UHV measurements [136, 137].
The BFM consists of a filament that emits electrons, a positively charged grid (anode),
and a collector (cathode), as shown in Figure 23. The heated filament emits electrons
that are accelerated toward the anode. Along the path, these electrons collide with the
molecular beam (or atom beam) in the UHV, ionizing it and creating positive ions. These
positive ions are then attracted to the collector, a wire kept at negative potential. The
resulting current (/) is proportional to the neutral molecule density in the beam and is

related to the pressure [138, 139].

The BFM can be positioned and retracted from the molecular beam path. The
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measurement position is kept a few centimeters below the substrate, intercepting the
molecular beams that would collide with the substrate. This allows measurement near the
sample position. The measured (I, ) is then converted into a Beam Equivalent Pressure
(BEP), which is relative to the molecular beam density. The BEP is useful to compare the
flux rates between two different effusion cells in real time. As the BEP provides a relative
measure, calibration with a direct thickness measurement is necessary for correct thickness

determination.

Parasitic magnetic fields (from the e-beam or electron gun of RHEED) can
interfere with the electrons inside the BFM and affect the readings. In this sense, a
measurement technique that is not affected by magnetic fields, such as the QCM, can be
used. The Quartz Crystal Microbalance (QCM) is an instrument that measures the real
deposition rate and the total thickness of a film in real time with high precision. This
equipment measures the deposited material mass at a short distance from the substrate
position, acting as an extremely sensitive microbalance inside the deposition chamber.
The QCM works by resonance and the piezoelectric effect, where a thin circular quartz
crystal is used as a mass sensor. The quartz sensor vibrates at its natural resonance
frequency when subjected to an AC signal. The crystal is cut at specific angles (AT-cut),
which makes its natural resonance frequency stable, depending only on its own mechanical
properties and thickness. To avoid frequency fluctuations caused by temperature changes,
the crystal is also water-cooled in its holder. As material is deposited on the quartz surface
by the molecular beam flux, its mass increases, causing a decrease in its natural resonance

frequency.
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Figure 23 — Beam Flux Monitor - Nude Bayard-Alpert Type lonization Vacuum Pressure Sensor.
Image taken from [139].

In fact, the deposited material does not have the same mechanical properties
(density, viscosity, shear modulus, and Young’s modulus) as the quartz crystal. This
difference, called acoustic incompatibility, causes a loss of vibrational energy transferred
from the vibrating quartz to the material, leading to a reading that does not perfectly
match the real deposited mass. For that reason, an acoustic impedance factor correction
must be applied. This correction, known as the Z-factor correction, can be determined
empirically through a calibration process. The QCM registers the thickness change (dqcm)

based on the shift in the resonance frequency of the quartz, given by the Sauerbrey equation

3.2:
ANgyp - fo—ft
Am = — L9 tan~! {Ztan <7r )] 3.2
21 h (3.2)
where
Z = (—pq“q> , (3.3)
Prity

Am is the mass change, A is the piezoelectrically active crystal area (g/ CII12), fo is the
resonant frequency of the fundamental mode (Hz), f; is the frequency of loaded crystal
(Hz), N, is the frequency constant for AT-cut quartz crystal (1.668 x 1013 Hz-A), p, is
the density of quartz (2.648 g/cm®), py is the density of the film (g/cm?), u, is the shear
modulus of quartz (2.947 x 10" g-em™'s™2), and p; is the shear modulus of the film
(grem™'s™2). This equation is used in the case Af/f > 0.05 [140, 141, 142].

After the deposition, an ez-situ method such as AFM or profilometry is used to

obtain the real thickness (dyea). The Z-factor is then empirically calculated as the ratio
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between the real thickness and the thickness reported by the QCM, as follows:

dreal

Z = : 3.4
docom (3.4)

The correct deposition rate is then estimated by
Rcorrected - Rsauerbrey - Z. (35)

For rigid materials (W, Ta, Mo, Ti) Z ~ 1, for soft metals with low boiling points (Pb, In,
Sn) Z > 1, and for polymers and other organic materials Z > 1. Due to the accumulation
of material on the quartz, the QCM sensor must be regularly replaced and calibrated to

ensure correct deposition rate estimation.

3.2 Characterization and experimental techniques

3.2.1 X-ray Diffraction

The X-ray diffraction (XRD) technique is a useful method for analyzing the
atomic ordering of materials in liquid, powder, and crystalline forms. An XRD spectrum is
obtained from the coherent scattering of an incident X-ray beam by the atomic arrangement

of the material, see Figure 24 (a). The interaction is described by
nA = 2dhkl sin (9, (36)

where n is an integer, dyy; is the interatomic spacing where the hkl are the Miller index,
and A is the X-ray wavelength. This relation is known as Bragg’s equation and connects
the interplanar spacing of a crystalline lattice with the angles at which constructive
interference of scattered X-rays occurs [143, 144]. To perform this type of measurement,
the electromagnetic wavelength must be comparable to the spacing between atomic
planes [143|. Figure 24 (b) illustrates the diffraction geometry, where beam 2 travels an
additional path length of 2dsin @ relative to beam 1. Constructive interference occurs
when this path difference is equal to an integer multiple of the X-ray wavelength, nA,

determined by the radiation source [144, 143|.
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Figure 24 — Illustrations of (a) the Bragg ge-
ometry and its angular degrees
of freedom and (b) Bragg re-
flections, with the sample repre-
sented as a set of lattice points.

With the three degrees of freedom of this configuration (¥, ®, and 0), it is
possible to define the diffracted wave vectors, whose components can be associated with

deformation (strain) and inclination (tilt).

The high-resolution X-ray diffraction (HRXRD) is one of the most fundamental
and accurate technique used in the determining the crystalline quality of MBE grown
films. This experimental technique requires high precision in the determination of lattice
parameters and peak profiles, which are essential for epitaxial and heterostructural analyses.
To achieve such resolution (on the order of Ad/d ~ 10~ to 107°), the use of a crystal
monochromator (usually Ge) and a crystal analyzer is fundamental for reducing the angular

divergence and spectral dispersion of the incident beam [143, 144].

Bragg’s law is a necessary condition that must be satisfied to place the detector
at a position where constructive interference can occur. However, it is not sufficient to
ensure the presence of a diffraction maximum, since the diffracted intensity must also
be considered. The intensity of the diffracted beam depends on the atomic arrangement

within the unit cell and is described by the structure factor

N
Fopg =Y foe?mihonthntizn) (3.7)

n=1

where f,, is the atomic scattering factor, which represents the ability of an atom to scatter

X-rays, and x,, y,, and z, are the fractional coordinates of the nth atom within the
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unit cell. In this sense, a diffraction peak is observed only if the structure factor at the

corresponding Bragg position is nonzero [143, 144].

In HRXRD measurements, it is common to describe the diffraction phenomenon
using reciprocal space. In this sense, it is convenient to express Bragg’s law in vector
notation. The incident and diffracted X-ray beams, together with the surface normal,
define a plane. Within this framework, X-ray diffraction can be represented in terms
of the incident wave vector K, and the diffracted wave vector K. The angle between
the directions of the wave vectors K, and K is equal to 260, as shown in Figure 25 (b).
Considering a fully elastic scattering process, one has |K| = |Ky| = k. The scattering
vector q, defined as the difference between the incident and diffracted wave vectors, has a
magnitude given by:

| q |=| K — Ko |=2ksin, (3.8)
considering the wave vector magnitude & = 1/ and using Bragg’s equation, one obtains

1
=, 3.9
q] A (3.9)

This corresponds to the definition of the modulus of the reciprocal space vector |Gppl,
which is associated with the (hkl) planes of a crystal. In this sense, the vector relation

can be written as

K — Ky =G (3.10)

When constructive interference occurs, the scattering vector G terminates at a point of

the reciprocal-space of the crystal, as shown in Figure 25 (a).
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Figure 25 — Panel (a) shows a reciprocal-
space diffraction condition. The
scattering vector must termi-
nate at a point of the reciprocal-
space in order for Bragg’s law
to be satisfied and a diffraction
peak to be observed. Panel
(b) shows the scattering vector
q= K- ffo = éhkl, where K(}
points in the incident direction
and K in the scattered direc-
tion. Also the trigonometric
relation used to determine the
magnitude of the scattering vec-
tor is shown.

One of the most fundamental XRD techniques is the 626 scan (or 20 — w in
some references), in which the motion of the sample and the detector are synchronized.
While the sample rotates by an angle 6 with respect to the incident beam, the detector
rotates by an angle 26. This configuration ensures that the detector always intercepts the
diffracted beam, with the diffraction angle being equal to the incidence angle. Figure 24 (a)

illustrates the measurement procedure.

From the reciprocal space point of view, the #-26 measurement changes only the
modulus of the scattering vector Gz, while keeping its direction fixed, as shown by the
red-doted line in Figure 26. This measurement detects variations in the interplanar spacing
(d), allowing the determination of crystallographic parameters such as the out-of-plane
lattice parameters and the strain level of an epitaxial layer. A large broadening in a 626
scan indicates a larger variation in the interplanar distances, suggesting a low coherence

between planes parallel to the substrate surface.
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Figure 26 — Schematic representation of the reciprocal lattice points of a (111) oriented sample
showing a map around the (224) reciprocal lattice point.

Another measurement method widely used for epitaxial single-crystal films is the
rocking curve. Through this measurement, it is possible to evaluate the crystalline quality
and the degree of perfection of the in-plane unit-cell orientation. In this measurement
configuration, the detector is kept fixed at an angle that satisfies the Bragg condition and
the structure factor, so that a diffraction peak is observed at this position [144, 143|. Then,
the sample is rocked by small angles 6 (according to the illustration in Figure 24 (a)).
A broadened peak in a rocking-curve measurement indicates that the unit cells, or even
crystallites, present a high degree of in-plane misalignment with respect to each other.

This effect is known as mosaicity [144, 143|.

In reciprocal space, the rocking-curve measurement corresponds to a variation
only in the direction of the scattering vector, as indicated by the blue dotted arc in
Figure 24 (b).The main quantitative metric extracted from this curve is the FWHM where

the value is proportional to the defect density in the sample.

The equipment used in this work was a Bruker D8-Discover configured for high-
resolution X-ray diffraction (HRXRD) measurements. The X-ray beam was generated by
a copper source, and the Cu Ka; line with A = 1.54056 A was used. Before reaching the
sample (primary beam), a Gébel mirror was employed to focus the beam from the source.
A high-perfection double-crystal germanium monochromator was used. This configuration
ensures a spectral bandwidth of AA/\ ~ 10™* and guarantees that only the Cu Ka; line
interacts with the sample. After interacting with the sample, the diffracted beam passes

through motorized slits with an opening of 0.1 mm providing an angular resolution of
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0.04°. Subsequently a nickel filter is used to block the Kz line. Figure 27 shows a XRD

setup configured in the high resolution mode.

Filter (Ni)

ks OO,
Motorized

Detector (0D) Slits

Secondary Beam

Goniometer Primary Beam

Figure 27 — High resolution XRD setup.

3.2.2 Reflection High-Energy Electron Diffraction

Reflection High-Energy Electron Diffraction (RHEED) is a technique sensitive
to the surface uniformity that uses a high-energy electron beam, typically in the range
from 10 to 100 keV, which interacts with the sample at a grazing angle, usually between 1
and 4 degrees [145]. Due to this geometry, the penetration depth of the electron beam is
limited to only a few atomic layers, ensuring high surface sensitivity. This setup allows
its simultaneous use during MBE growth, since the electron beam does not block the
evaporation flux. Moreover, an ultra-high vacuum (UHV) environment is desirable to

increase the electron mean free path.

Due to the de Broglie relation, an electron beam can be described as a wave,

with its wavelength related to the electron kinetic energy. For non-relativistic electrons?,

AMA) ~ ,/%, (3.11)

where F is the electron energy. This expression shows that high-energy electrons have very

this relation can be written as

short wavelengths[145, 146]. In this work, A ~ 0.10013 A was achieved using an electron
energy of 15 keV. For comparison, HRXRD uses A = 1.54056 A.

4Relativistic effect must be considered when the electron energy is higher than 50 keV. Usually this
energy is about 20 keV.
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In the kinematical theory, the Laue condition states that diffraction occurs when
the difference between the scattered wave vector and the incident wave vector is equal to a
reciprocal space vector (ending in a dot in the reciprocal space), as discussed previously in
Equation 3.10 on High Resolution X-ray Diffraction section. The diffraction occurs
only in the surfacial layers and, the system is therefore treated as two-dimensional. The
reciprocal space is usually formed by dots when related to three-dimensional diffraction in
bulk materials. In two-dimensional systems, due to the breaking of translational symmetry
along the z direction (perpendicular to the sample surface), the Fourier transformation
produces dots in the xy plane but extended rods along the z direction [145, 146]. Figure 28
shows blue rods, which are a representation of the reciprocal space of a two-dimensional

system.

reciprocal lattice
rods

Figure 28 — Schematic representation of the two-dimensional reciprocal lattice and the Ewald
sphere. The intersection between the sphere and the reciprocal lattice rods along the
recording line corresponds to what is visualized in the RHEED pattern.

The streaks pattern is a diffraction pattern observed on a fluorescent screen,
corresponding to the projection of the intersection between the Ewald sphere and the
reciprocal lattice rods, as labeled as "recording line" in Figure 28. Since the radius of
the Ewald sphere is very large and the incidence occurs at a grazing angle, the sphere
intersects the rods along their length, also producing streaks rather than perfect dots.
The asymmetric shape of a streak is due to irregularities in the sample surface, the finite
angular dispersion inherent to the equipment, and the not perfect scattering of the electron
beam|145, 146]. Those effects cause the distortions of the reciprocal rods as shown in
Figure 29. Details about the equipment used in this work were given in SnTe Sample

Growth by MBE section.



Chapter 3. MATERIALS SYNTHESIS AND CHARACTERIZATION OF ORGANIC

SEMICONDUCTORS AND TOPOLOGICAL INSULATORS 77
Direct space Recirocal space RHEED
pattern
flat and single- .
@ C"yStaIIin(le surface spots!”,,.-— 1
streaks
(b) flat surface with .
small domains l '
i ; Figure 29 — Schematics of different types of
| || satelite stlreaks realistic surfaces, showing their
(©) ts\ﬁcraf;i\;el stepped \|‘ “’ |" },,.»v-hl--a___l real space morphology, the cor-
g, . W I I i responding reciprocal space rep-
modulated streaks resentation, and the resulting
(d) multilevel stepped g A RHEED patterns. Image taken
surface ' ‘
G L = - from [146].
I
(e) vicinal surface % % % inclined S}{eaks
‘: :: :: \
k _ s\ - A:-’ """ “\\ ‘\‘

® 3Dislands i transmission spots

3.2.3 Atomic Force Microscope

Atomic force microscopy (AFM) is a widely employed surface characterization
technique in the fields of engineering and physics. Its primary advantage lies in its ability
to produce nanometric resolution topographical images of material surfaces. The high
spatial resolution, operational simplicity, and minimal sample preparation requirements
are key factors contributing to the broad applicability of this technique [147, 148, 149].
Based on the data acquired through AFM, parameters such as surface roughness, grain
distribution, real surface area, and thin-film thickness can be quantitatively evaluated.
Unlike electron microscopy techniques, AFM does not rely on lenses or electron beams
and can be operated under ambient temperature and pressure conditions, making it a

versatile and non-destructive method for analyzing a wide range of materials.

The operating principle of Atomic Force Microscopy (AFM) is based on scanning
the surface of a sample using a highly sharp tip attached to a cantilever. The cantilever is
typically made of silicon, and its tip is sharp consisting of only a few atoms, as illustrated in
Figure 30 (a). The sample is placed on a piezoelectric stage that allows precise movement

in the x, y, and z directions.
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Figure 30 — Scanning electron microscopy (SEM) image (a) showing the AFM tip attached to the
cantilever. (b) Qualitative representation of the force versus distance relationship
between the tip and the sample. (c¢) Diagram illustrating the operation of AFM
in contact mode. (d) Topographic AFM image of the PEDOT:PSS film surface,
highlighting its surface morphology. Image (a) taken from [150], (b) and (c) from
[149].

In AFM, the force between the tip and the sample is measured. The short
tip—sample distance, usually 1-2 nm, enables atomic-scale interactions, allowing the
detection of electrical forces between atoms of both surfaces, which leads to cantilever
deflection [147, 148, 149]|. Figure 30 (a) illustrates the tip-sample force as a function of

distance, where repulsive, attractive and zero force are identified [149].

At very short distances, the tip—sample interaction is repulsive and at large
distances the force becomes negligible. However, in the intermediate region between these
two regimes, the interaction force is attractive. Point 2 in Figure 30 (b) represents the
optimal operating condition, as it lies within a region where the force—distance relationship

is monotonic and stable.

The tip—sample force is proportional to the cantilever deflection and is described
by Hooke’s law, Fi nsiiever = —kz where k is the cantilever stiffness and z is the cantilever
deflection relative to its equilibrium position. A laser beam reflected from the back side of

the cantilever changes its direction according to the cantilever’s deflection, as shown in
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Figure 30 (c). This change in laser direction is detected by a four-quadrant photodiode,
and the signal is processed by a microcomputer to convert it into x, y, and z positions,

reconstructing a three-dimensional image of the sample surface.

The most conventional operating modes used in AFM are contact mode and
tapping mode. In contact mode, the surface of the sample is mapped while the z-position
is adjusted continuously to maintain a constant tip—sample force. The z-displacements
applied by the piezoelectric scanner are recorded as the topographic signal. In this mode,
the outermost atoms of the tip remain in continuous contact with the sample, operating
in the repulsive interaction regime. Contact mode is best suited for imaging rigid, low-
roughness samples, such as metals and semiconductors, and provides high-resolution
images. However, the tip lifetime may be reduced due to wear caused by friction during

scanning.

In tapping mode, the cantilever is driven to oscillate at its free resonance frequency.
As the tip approaches the sample surface, the cantilever’s resonance is altered, resulting in
a change in oscillation amplitude. This amplitude variation is used both as a detection
signal for z-deviation reconstruction and as a feedback signal to regulate the tip—sample
distance. Tapping mode significantly reduces friction and sample damage, making it best
suited for delicate samples such as polymers, biological specimens, and soft thin films.
However, the calibration procedure is more sensitive and requires careful adjustment.

Figure 31 presents a schematic illustration of the AFM operation mode [151].
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Figure 31 — Schematic diagram of the atomic force microscope (AFM) operating with lock-in
detection. Image taken from [151].
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3.2.4 Raman Spectroscopy

Raman spectroscopy is a non-destructive analytical technique used to obtain
spectra related to the natural vibrational modes of molecules of a material. This technique
is named after the Indian physicist Chandrasekhara Venkata Raman, who first observed it
in 1928 [152]|. The set of vibrational modes, which are associated with the atomic bonds
within a material, forms a kind of vibrational "fingerprint." This "fingerprint" can be
used both for the precise identification of a material and for the investigation of structural

changes, such as those induced by the doping process.

In Raman scattering, a monochromatic, collimated, and coherent light beam
generated by a laser is directed onto the sample to be analyzed. The incident light is
scattered by the molecules of the material, such that the molecular electron cloud is excited
by the oscillating electromagnetic field of the photon. The interaction between the photon
and the molecule occurs over an extremely short time interval, which is characterized as
the molecule’s virtual state [153]. This state is unstable, and the photon is immediately
re-emitted as scattered light. As a result of the interaction, the molecule may remain in a
final energy state different from the initial one, due to the exchange of energy with the

incident photon.

In most interactions between photons and molecules, their energies remain
unchanged. Thus, both the photon and the molecule retain the same energy before and
after the interaction. This phenomenon, classified as an elastic scattering process, is known
as Rayleigh scattering and accounts for the majority of observed scattering events, see

Figure 32 (a).

Raman scattering, on the other hand, is an inelastic process in which energy is
exchanged between the scattered photon and the molecule. This phenomenon is much less
frequent, occurring approximately once every 10° to 10® interactions with incident photons
[153]. When the scattered photon loses energy to the molecule, the process is referred to
as Stokes Raman scattering. In the opposite case, where the molecule transfers energy to
the photon (transitioning to a lower-energy state), the process is known as Anti-Stokes
Raman scattering. Figure 32 (a) and (b) illustrates these three distinct types of scattering.
In principle, both Raman processes would be equally probable, however, in a collection of

molecules, most are found in the ground state. Therefore, Stokes scattering is statistically
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more likely.
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Figure 32 — Possible light scattering processes by a molecule. In Stokes Raman scattering, the
scattered photon has lower energy than the incident photon. In Anti-Stokes Raman
scattering, the scattered photon has higher energy. In Rayleigh scattering, the
scattered photon retains the same energy as the incident photon. (b) Diagram of
Raman and Rayleigh scattering processes. The lowest energy state, m, represents the
fundamental vibrational level. Just above it, state n corresponds to the first excited
vibrational state, differing from m by one vibrational energy unit. The upward arrows
indicate the excitation energy, while the downward arrows represent the energy of
the scattered photon. Image (a) adapted from [154].

The virtual energy level is associated with the vibrational modes of the molecules
that make up the material and differs from the quantized electronic energy levels. In
general, the virtual level has lower energy than the first electronically excited state, as

illustrated in Figure 32 (b).

In the Raman spectroscopy measurement procedure, the scattered light is directed
into a spectrograph, which disperses it into a spectrum through light refraction. This
spectrum is then analyzed by a CCD (Charge Coupled Device) detector, enabling the
construction of a graph of vibrational intensity as a function of the wavenumber (Raman
Shift). The Raman Shift is the difference between the wavenumber of the incident laser and
that of the scattered light. Peaks in the Raman spectrum correspond to different vibrational
modes within the molecular bonds of the material. Each substance has its own vibrational
"fingerprint" composed of these characteristic modes. Raman spectroscopy allows access
to the normal vibrational modes and, subsequently, to the molecular structure, when
analyzed through group theory [155|. Figure 50 shows an example of Raman spectroscopy
of PEDOT:PSS showing its the characteristic peaks.

Through Raman spectroscopy, it is possible to obtain information about the

electronic state of a given material, identifying whether it is an insulator, semiconductor,
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or conductor. This result can be achieved through detailed analysis of the individual peaks
obtained via spectral deconvolution of the Raman spectrum. In the deconvolution process,
the positions of the peaks associated with the Raman shift are analyzed separately, allowing
for the identification of the material’s phase. Additionally, it is possible to indirectly

estimate the thickness of thin films based on the acquired spectral features.

3.2.5 Uv-Vis Spectroscopy

Spectrophotometry is a non-destructive optical characterization technique in
which a monochromatic electromagnetic wave interacts with the material of interest, and
the reflected or transmitted light is collected and analyzed. This technique is based on
the principle that each material absorbs or transmits light differently depending on its
electronic structure and composition. By measuring the intensity of the transmitted or
reflected light as a function of wavelength, it is possible to determine the absorbance or
transmittance spectra, which provide information about the optical properties such as
optical band gap energy, refractive index, absorption coefficient, and electronic transitions

of a material [156, 157, 158, 158, 159, 160].

The spectrophotometry technique can cover a wide range of the electromagnetic
spectrum. However, for each spectral region, there are commercial spectrometers specifically
optimized to operate within that range. The name of the spectral region usually defines
the designation of both the technique and the corresponding instrument, such as UV-Vis
(175-750 nm), near-infrared (NIR, 0.75-2.5 pm), mid-infrared (MIR, 2.5-50 pm), far-
infrared (FIR, 50-1000 pm), and terahertz (THz, 1-10 mm) ranges °. Therefore, the most
appropriate instrument must be selected according to the intended investigation [156, 157,

158, 158, 159, 160].

The UV-Vis absorption spectroscopy covers only a narrow region of the frequency
or wavenumber spectrum. However, this range is extremely important because the
corresponding energy differences correspond to the electronic transitions between quantized
energy levels of atoms and molecules. UV-Vis absorption spectra describe the behavior
of electronic transitions between quantized energy levels at different wavelengths, where

an electron in the ground state absorbs a photon with a specific energy as illustrated in

°It is worth noting that the UV-Vis frequency range lies in the petahertz (PHz) region.
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Figure 33 [161].

lonization limit
o| | 222 50
5 10%cm’
S5
S, 40
S3
35 R=3
S
30
[¥'S]
5F S 25
><1031
cm
50 & S 0

Absorbance

Figure 33 — Energy-level diagram illustrating singlet—singlet electronic transitions and their
correspondence with absorption bands. The S; assignments represent the quantized
energy levels and v; is its corresponding wavenumber. The ¢; corresponds to the peak
of absorbance of each transition. Image adapted from [161].

The basis of optical spectroscopy, and consequently of Uv-Vis spectra, lies on
the Bohr-Einstein frequency relationship. The discrete atomic (or molecular) energy levels

E; is related with the frequency of the electromagnetic radiation v as the following
AE:EQ—El :hV,

where h is the Planck constant (h = 6.626 x 1072* J- s) and v the frequency of light. An

electronic transition occurs when an electron goes from a discrete energy level to another

6. The energy band gap (E,) is an important

one by absorbing or emitting a photon
parameter, as it defines the amount of energy required for electrons to jump from the

HOMO to the LUMO, as depicted in Figure 34.

In some cases, a phonon can participate in this process to satisfy momentum conservation.
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Figure 34 — Schematic representation of the formation of the m and 7* bands in conjugated
polymers arising from the interaction between 7 orbitals of successive molecular units.
A 7 bond is a type of covalent bond formed by the lateral overlap of two parallel
atomic orbitals, usually p orbitals. Image extracted from [162].

In practical terms, the electronic transitions manifest as changes in the intensity
of light transmitted through a material when it is exposed to electromagnetic radiation.
The interaction between light and matter can thus be quantified by comparing the intensity
of the incident radiation (/y) with the transmitted radiation (I). This relationship provides
the experimental basis for defining the absorbance (A) and transmittance (7") of a sample,
parameters that describe how efficiently the material absorbs photons at each wavelength,

or in other words, how transparent a material is at each wavelength.

The light absorption measurements are described by the Bouguer-Lambert-Beer

law in the UV-VIS and IR-region:
1o
A= —logT = log 7= ebe, (3.12)

where T is the transmittance, I is the intensity of the light arriving to the sample, [ is the
intensity of this light emerging from the sample, € is the molar absorptivity, b is the path
length of sample, and c¢ is the concentration of absorber. The Uv-Vis spectrophotometer
scheme is shown in Figure 35. To measure the 7', the incident light from the xenon lamp
is passed through the sample cell. The transmitted light intensity through the sample
(I) is compared with the transmitted light intensity through the reference cell (Ip). The
transmittance is then calculated as T' = I /I, and the transmittance percentage (T') as

T x 100%. With this data, the absorbance is obtained by Equation 3.12.
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Figure 35 — A double-beam in space spectrophotometer illustration, in which the radiation emerg-
ing from the filter or monochromator is divided into two beams that simultaneously
pass through the reference and sample cells before reaching two matched photodetec-
tors. Image adapted from [163].

More details on the specific steps and configurations used to obtain the absorbance
spectra of PEDOT:PSS films are provided in the Absorbance of PEDOT:PSS films

section.

3.2.6 Ferromagnetic Resonance in Thin Films

One atomic magnetic moment has its motion described by the classical equations
of mechanics and electromagnetism. Considering an infinite magnetic material without
boundaries under the influence of a static magnetic induction B , the interaction energy

between its magnetic moment fi; and Bis given by
Ui =i B.

The torque produced by B acting on [i; when the magnetic moment is not parallel to the
magnetic induction is given by

T = /jl X g
The magnetic moment is related to its angular momentum by

f=—gpp.

By applying Newton’s law and recalling that the atomic magnetic moment has an angular

momentum hj, we obtain
di;
dt

= —jl; x B, (3.13)
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where
_ guB
h

is the atomic gyromagnetic ratio, with g being the Landé g-factor, ug the Bohr mag-
neton, and h the reduced Planck constant. Writing Equation 3.13 as a function of the
magnetization vector M , one obtains

ol <
This is the equation of motion for the magnetization under an external magnetic field in
the absence of magnetic damping. This equation, known as the Landau—Lifshitz equation,

shows that a external magnetic perturbation induces a precession of the magnetization

around the direction of the external magnetic field, with a precession frequency given by

wo = Yo H.

When a magnetic material is subjected to an oscillating magnetic field in the radio-frequency
range, its magnetic resonance frequency is given by this equation. Note that the resonance
frequency depends linearly on the external magnetic field 7, with the gyromagnetic ratio

acting as the proportionality constant.

In a real physical experiment, the magnetization precesses in spirals around the
external field, with a decreasing in angular displacement until M becomes parallel to H.
The time required for this process is known as the relaxation time and depends on the
material properties. Figure 36 illustrates the direction of the vector fd, which is responsible

for the reduction of the precessional radius.

The physical origin of this relaxation is related to the structure of the magnetic
material and spin interactions. However, the real magnetization dynamics can be described
without a detailed microscopic treatment by introducing a phenomenological torque term

that drives M toward its equilibrium direction, as follows:

M L o - dM
L oM X Hug + —M x — . 3.14
ThoM X Heg + M x — (3.14)

This is the Landau-Lifshitz—Gilbert (LLG) equation, where the phenomenological parame-
ter a was introduced by Gilbert [164]. The term Hg represents the effective magnetic field

"This equation is a simplification that does not take boundary effects into account.
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acting on the magnetization. This equation is widely used to describe the magnetization
dynamics in bulk metallic ferromagnets. Figure 36 shows the vector directions for a

precessing magnetic moment m.

Figure 36 — Magnetic moment (m) preces-
sion around the effective mag-
netic field H. The vector T rep-
resents the damping torque.

When a magnetic material is subjected to a microwave driving magnetic field
with frequency w and orthogonal to H , the damping parameter can be related to the
linewidth of the FMR lineshape by
awy
T.

AH =
This relation provides a direct way to estimate the Gilbert damping parameter.

When a magnetic thin film is in the resonance regime, under the influence of
demagnetizing effects generated by the sample boundaries, and considering the exchange
interaction between spins, the resonance frequency wy is related to the resonance magnetic
field Hy by [28]

wo = 7y [Ho (Ho + 4mM))"/? |

This expression is known as the Kittel equation and corresponds to the uniform mode
resonance frequency, where the magnetization is spatially uniform throughout the material.
The specific form of the Kittel equation depends on the sample geometry and on the

orientation of the external magnetic field.

3.2.6.1 Experimental Measurements

A ferromagnetic FMR experiment consists of analyzing the magnetization dy-

namics of a magnetic sample subjected to a radio frequency (rf) magnetic field applied
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perpendicular to an external static magnetic field. Usually, FMR experiments are per-
formed at a fixed microwave frequency while sweeping the intensity of the static magnetic
field. In this configuration, the use of a lock-in amplifier provides a significantly higher
signal-to-noise ratio. Alternatively, experiments can also be performed by keeping the

static magnetic field intensity fixed while varying the excitation frequency.

In the FMR setup, a microwave signal with a frequency of 9.4 GHz is applied to
a resonant cavity to generate the rf magnetic field. The microwave signal is guided from
the generator to the cavity through a microwave circulator, which is used to block signal
reflections and ensure unidirectional propagation from the generator to the cavity and
subsequently to the detection system (Lock-in amplifier). Immediately before the lock-in
amplifier, a rectifier circuit is connected in series with the coaxial transmission line, this
circuit converts the high frequency microwave signal (after interaction with the sample
inside the resonant cavity) from an AC signal into a DC signal, allowing the detection
by the lock-in amplifier. Figure 37 shows an illustration of the SP-FMR experimental

apparatus.

Microwave
genem’ror

Lock-in 588

, ir E‘é- ‘\

Figure 37 — Spin pumping FMR experimental setup representation. The connections between
the microwave generator, circulator, and resonant cavity are made using a hollow
waveguide, while other rf connections are typically performed using coaxial cables.

In this setup, the static magnetic field (ﬁ ) is generated by a pair of Helmholtz coils.

A low-frequency modulation magnetic field, with a frequency of 1.2 kHz, is superimposed
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on H using an additional modulation coil. This modulation causes a small oscillation of
the static magnetic field around its nominal value. The oscillating magnetic field serves as
an auxiliary technique to convert the DC absorption signal into an AC signal, which is
essential for detection by the lock-in amplifier, since this instrument is sensitive only to

AC signals.

The lock-in amplifier is configured to operate at the same frequency (1.2 kHz)
as the modulation field, ensuring that only the signal component synchronized with the
modulation is detected. This procedure significantly reduces noise contributions outside

the modulation frequency.

Inside the resonant cavity, the sample is positioned at a location where the
microwave magnetic field is maximized and the electric field is minimized. This positioning
is crucial for FMR measurements, as it reduces spurious effects associated with electric-
field-induced phenomena and ensures that the measured signal originates predominantly

from magnetic interactions.

—

Additionally, the microwave magnetic field (H,s) at 9.4 GHz induces the preces-
sional motion of the magnetic moments in the film. Since the resonance frequency depends
on the value of the static magnetic field Hy., the small modulation of Hy. also produces a
slight modulation of the resonance condition, enabling the detection of the field-derivative

FMR signal.

The static magnetic field (H) and the microwave magnetic field (H,) are applied
in the plane of the film and oriented perpendicular to each other. This configuration,
combined with appropriate values of the magnetic field magnitude and microwave frequency,
allows the excitation of spin waves in the magnetic film, leading to the resonance condition.
Under these conditions, the detected FMR signal corresponds to the derivative of the
microwave power absorption with respect to the static magnetic field intensity, which is
the quantity effectively measured by the lock-in amplifier. Figure 38 illustrates a typical

FMR measurement of permalloy grown by molecular beam epitaxy at room temperature.
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Figure 38 — Field-derivative FMR absorption spectrum of a permalloy film (20 nm) measured at
a frequency of 9.4 GHz.

The linewidth (AH) and the peak-to-peak distance (AH,,) were previously
measured and are shown in the inset. The resonance field H, corresponds to the field value
at which the derivative of the absorption changes sign, indicating maximum absorption.
From the relationship between the linewidth, the Gilbert damping parameter, and the

susceptibility tensor, it is possible to obtain the following expression &.

AH = \/—EAH

2) pp:

3.2.7 Spin Pumping Ferromagnetic Resonance

Spin pumping ferromagnetic resonance (SP-FMR) is basically characterized by
the emission of a spin current driven by magnetization dynamics. In magnetic materials,
FMR provides an efficient means of generating such spin currents that transports angular
momentum. Spin pumping is the Onsager reciprocal effect of spin-transfer torque. In
spin-transfer torque, an electrically generated spin-polarized current transfers angular
momentum to the magnetization, thereby inducing magnetization dynamics through the
torque exerted by the spins. In contrast, spin pumping represents the inverse process, in

which the magnetization dynamics act as the source of a spin current [28§].

8details can be found in[28]
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In SP-FMR, an additional contribution to the linewidth appears due to the atomic
contact between a ferromagnetic film (FM) and a nonmagnetic film (NM). The precessing
magnetization generates a spin current that crosses the FM/NM interface, carrying angular
momentum and consequently producing additional magnetization damping. This effect
arises from the conservation of angular momentum where the spin current flowing from
the FM into the NM layer removes angular momentum from the magnetization dynamics.
In this sense, angular momentum is pumped out of the ferromagnetic material. Figure 39
shows the effect in a FM/NM bilayer, where the magnetization precession in the FM layer

injects a pure spin current into the adjacent NM layer.

Hrf
T /i

Figure 39 — Ilustration of the SP-FMR mechanism. The angular momentum conservation leads
to the injection of a spin current from the precessing magnetization in the FM layer
into the NM layer.

The density of spin current injected at the FM/NM interface is given by the
following expression [165, 166, 167].

ot (ﬁMXdM wd_M>

(3.15)

ST urM \ M Y

In this equation, the spin-mixing conductance is g 1= g!* %—z'gl-N with dimension of 1/ area.

The terms g+ and z'g,iN are the real and imaginary part, respectively, defined as

1

ot ol 2t 2
ro 9 Z['rmn Tmn| + |tmn tmn’ ]7 (316)
gl =1m Y ] (b)) + th, (1)), (3.17)

where r] (rt ) represents the reflection coefficient (per unit area) for spin-up (spin-down)

electrons at the interface, and t! (¢} ) is the transmission coefficient (per unit area)
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for spin-up (spin-down) electrons. The indices m and n label the electronic modes at
the Fermi energy in the normal metal. Summarizing, the spin-mixing conductance is the
interface transparency to the flow of spin currents. The real part represents a damping

torque and is orders of magnitude greater than the imaginary part in real interfaces [165].

To quantify the additional damping produced by the contact between the NM
and FM layers, the LLG equation must be supplemented with a negative additional term

related to the angular momentum pumped out, as follows

—

M o a - dM Vb o4 o dM
—— =M x Hyp— —M
ar T e T

— X —.
At AT M2tpp, et at

(3.18)

Here tgys is the thickness of the FM layer, and the gZ}f is the real part of the spin-mixing
conductance. With this, the total Gilbert parameter (ar) becomes [28]

Tt
YGey
= — 3.19
ar @t 47TMtFM ( )
The SP-FMR also produces a increase in the linewidth expression as follows
AHp = Ay 4 2908 3.20
T = FM + AxMtpy,’ (3.20)

Here, AHp) is the linewidth of the FM layer in the absence of the NM layer, and w is the
FMR frequency. This equation reveals a signature of spin pumping induced damping, in
which the linewidth exhibits a linear dependence on frequency, while gZé shows an inverse
dependence on the FM layer thickness[167, 168, 28]. With this, it is possible to obtain the

g;ff by the increment in the linewidth by the expression

1t 47TMtFM

et = 5 (AHT — AHpy) - (3.21)

The thickness of the ferromagnetic layer, g\, should be replaced by the spin coherence
length when the latter exceeds tgpy. A DC electric voltage in the adjacent NM layer is one
of the most well-known effects associated with SP-FMR. This effect was first observed
experimentally by Azevedo and coworkers in 2004, and its theoretical description was later
provided by Saitoh and coworkers in 2006 [33, 34|. The SP-FMR is one of the most used
ways to produce spin currents in two and three-dimensional electron systems [28]. The
physical mechanism underlying the generation of a DC electric voltage conversion is the
ISHE or IREE, that was already discussed in Inverse Spin Hall effect section. and

Inverse Rashba-Edelstein Effect section.
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3.2.8 Spin Seebeck effect experiments

The experimental setup used for the SSE measurements is based on the application
of a thermal gradient VT perpendicular to the sample surface, allowing the investigation
of spin-current generation driven by heat flow in magnetic heterostructures. The thermal
gradient is generated using two Peltier modules, one placed on top of the sample and the
other beneath it. This configuration allows both positive and negative thermal gradients
to be applied. A static external magnetic field His applied in the plane of the sample to
define the magnetization direction of the magnetic layer. Figure 45 exemplifies the SSE

configuration.

Under a thermal gradient, a magnonic spin current Jg is generated in the
magnetic insulator layer (YIG). This spin current is injected across the interface into the
adjacent layer, which can be either a metal or an organic semiconductor, depending on
the heterostructure under investigation. The efficiency of spin transmission across the
interface is determined by the interfacial properties and the spin transport characteristics
of the intermediate layer. In the presence of strong SOC in the detecting layer (usually
a heavy metal), the injected spin current is converted into a transverse charge current
via the ISHE or IREE, depending on the material system and thicknesses. The resulting

charge accumulation leads to the development of a DC voltage across the sample.

The generated SSE voltage Vsgg is measured using electrical contacts placed at
the edges of the detecting layer and recorded with a nanovoltmeter. This setup allows
the direct correlation between the applied thermal gradient, the magnetic field direction,
and the measured voltage signal, providing a platform for investigating spin-to-charge
conversion and pure spin-current transport in distinct material systems. More details
about the SSE experimental setup and conditions are discussed in Spin Seebeck Effect

section of the result chapter.
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4 RESULTS

This chapter is dedicated to the analysis of the experimental data obtained
from the characterization techniques described in the chapter Materials Synthesis and
Characterization of Organic Semiconductors and Topological Insulators. The
results are divided into three sections, the organic semiconductors PANI and PEDOT:PSS,
and the topological crystalline insulator tin telluride (SnTe). Finally, a discussion is

presented to connect the results and summarize the main conclusions.

4.1 PANI Results and Discussions

The creation, detection, and manipulation of spin currents are among the most
extensively studied research topics in spintronics [169]. In our work entitled “Spin transport
and spin-to-charge current conversion in polyaniline by means of spin Seebeck experiments”
[71], we studied the spin transport and spin-to-charge current conversion properties in a
heterostructures containing a PANI thin films. This section describes the synthesis of the
organic semiconductor PANT and the fabrication of the heterostructures containing YIG
and Pt. Estimation of properties such as thickness, roughness, electrical resistivity, and
behavior under doping process were taken to characterize this material. In order to obtain
parameters such as the spin Hall angle and the spin-mixing conductance, spin Seebeck,

FMR, and SP-FMR experiments were performed, as described in the following subsections.

4.1.1 Thickness and roughness of PANI thin films

In the preparation of our samples, YIG was chosen as the substrate due to its
insulating and ferrimagnetic properties and low Landau damping [28] . These features
make YIG suitable for spintronic applications, since it can generate pure spin currents
without charge transport. The PANI thin films were prepared by the spin-coating technique
using a 6 pum-thick YIG film grown on GGG as substrate. The PANI solution (emeraldine
salt state) was spin-coated onto the YIG layer under ambient conditions at a rotation
speed of 3000 rpm for 60 seconds, forming a film with a thickness of approximately 100 nm.
The thickness of the PANI films was estimated by AFM measurements taken orthogonally

to a scratch purposely made on the film surface. Figure 40 (b) illustrates the thickness
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estimation method applied.
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Figure 40 — Schematic representation of the thickness calibration process for PANI thin films
deposited by spin-coating. Panel (a) shows a 3D AFM image of the scratch made on
the film surface, and (b) the corresponding profile used to estimate the film thickness.

AFM topographic images of all surfaces of the Pt/PANI/YIG heterostructure
were taken to evaluate the influence of the PANI layer on the root-mean-square roughness
(Ryms) of the sputter-deposited Pt. The first step was to obtain the R, of the YIG surface,
which was estimated to be 0.8 nm, as shown in Figure 41 (a). Subsequently, AFM images
of the PANI/YIG and Pt/PANI/YIG samples with an area of 500 nm x 500 nm were
acquired. For the PANI surface, R,,s = 2.652 nm, indicating a relatively rough surface
(see Figure 41 (b). Similarly, the Pt surface in the Pt/PANI/YIG trilayer presented an
R.ns = 2.758 nm, which is very close to that obtained for the PANI surface. Moreover, it
is possible to notice a change in the granular composition of the surface. These results

suggest that the PANI layer induces the formation of grains on the Pt surface, as shown

in Figure 41 (c)).

Figure 41 — AFM images of (a) the YIG film surface, (b) the PANI surface in the PANI/YIG
bilayer, and (c) the Pt surface in the Pt/PANI/YIG trilayer. The rms surface
roughness of the bare YIG film was approximately 0.8 nm. The PANI layer in the
PANI/YIG bilayer exhibited a roughness of Ry,s = 2.652 nm. The Pt surface in the
Pt/PANI/YIG trilayer showed a roughness of Ryys = 2.758 nm, very similar to that
of the PANI surface, indicating that the PANI roughness induced the formation of
grains in the Pt film.

After the fabrication of the PANI/YIG structure, a secondary doping process was
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performed. The sample was immersed in a sulfuric acid (HySOy) solution for 10 seconds
and then dried under ambient conditions. The purpose of this step is to further increase
the sample conductivity. This process is known to be reversible, as the conductivity
changes upon acid or base immersion, and the sample changes its color from green to blue

during the transition between the emeraldine salt and emeraldine base states [96].

The step of deposition of a 10 nm thick Pt layer on top of the PANI film by the
sputtering technique. Ag electrodes were also deposited by sputtering on the PANI edges,
using a mask to cover the central region of the sample. The Ag was used to fabricate
the electrical contacts, as shown in Figure 42 (a). The current—voltage (I-V) curve was
obtained for the PANI/YIG heterostructure, and it can be verified from Figure 42 (b) that
the contacts are indeed ohmic within the current range up to 1 ampere. It is also possible
to observe that both PANI films exhibit relatively low resistance values 14.13 k2 for the
sample immersed for 10 seconds and 6.39 k{2 for the sample immersed for 20 seconds. These
resistance values (~ 10* 2/cm) are typically associated with inorganic semiconductors.
This result justifies the “organic semiconductor” term commonly used for conjugated
polymers [64, 123]. The decrease to almost half the resistance value for the sample doped
for 20 seconds, compared with the one doped for 10 seconds, shows that this process is

indeed efficient in increasing the conductivity of the samples.
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Figure 42 — Schematic representation of (a) Pt/PANI/YIG and (b) current-voltage (I-V) char-
acteristics of the PANI/YIG structure. The linear dependence observed in the I-V
curve indicates the formation of ohmic contacts between the Ag electrodes and the
PANI layer. The DC conductivity of PANI ranged from 2.5 to 14.3 (2 cm)™?!, values
that are characteristic of a highly doped semiconductor.

Samples exposed to the acid solution for extended periods may exhibit surface
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irregularities due to the aggressive nature of the chemical treatment. For this reason, the
sample immersed for 10 seconds, which did not show significant changes in its surface

morphology, was chosen for the FMR measurements, as discussed in the next section.

4.1.2 Ferromagnetic Resonance - PANI

Ferromagnetic resonance microwave excitation measurements were performed in
our samples with the main objective of estimate the real part of spin-mixing conductance
(g91%) for the different interfaces of Pt/PANI/YIG heterostructure. This parameter can be

estimated by the following equation

1y AmMteon

Get = 0H, (4.1)

where 47 M = 1.76 kG is the saturation magnetization at room temperature of Py [170],
teon is the YIG film coherence length, A is the plank’s constant, and d H is the additional
linewidth that is obtained by the dP/dH versus H,; spectra [170]. In this measurement, a
shorted waveguide setup as used and the sample was positioned in a position of maximum

—

rf magnetic field and zero electric field using a PVC rod. The static magnetic field (H)
and the microwave magnetic field (ﬁr ) were applied in the plane of the film and oriented
perpendicular to each other. A schematic representation of the FMR system used in
our measurements is shown in Figure 43 (b). The theoretical details about the FMR is

discussed in Ferromagnetic resonance section.

Figure 43 — The spin-to-charge schematic illustration along the heterostructure is shown in (a).
Panel (b) shows the FMR setup configuration.

The derivative of the microwave absorption (dP/dH ) as a function of the magnetic
field H (FMR spectra) was obtained using a lock-in amplifier. A microwave field with
a frequency of 1.2 kHz was applied by the coils, modulating the signal and making it
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detectable by the lock-in amplifier. Figure 44 shows the FMR absorption spectra of
bare YIG, Pt(10 nm)/YIG, PANI(100 nm)/YIG, and Pt(10 nm)/PANI(100 nm)/YIG
respectively. The FMR spectra were recorded using a microwave frequency of 9.4 GHz
and with input power of 30 mW. The static magnetic field was applied along the z-axis,

as shown in Figure 43 (a).
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Figure 44 — Field-swept FMR, derivative spectra recorded at 9.4 GHz for 6 pm-thick YIG films
with different layers: (a) bare YIG, (b) Pt (10 nm)/YIG, (¢) PANI (100 nm)/YIG,
and (d) Pt(10 nm)/PANI (100 nm)/YIG (10 nm). The magnetic field was applied in

the film plane and oriented perpendicular to the long axis. All samples have lateral

dimensions of 1.5 x 3.0 mm?2.

The discrete lines observed in Figure 44 (a) correspond to the standing spin-wave
modes of the bare YIG. These modes have in-plane wave numbers quantized by the film

dimensions, which define the boundary conditions. They are:
ky =ngm/L,

k,=mn,m/L,

where L, = 3.0 mm and L, = 1.5 mm are the lengths of the sample. The most intense

line corresponds to the fundamental FMR mode with n, = 1 and n, = 1, whose frequency
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is close to that of the uniform spin-wave mode (k = 0), described by the equation
wo = Y(H + HA)Y*(H + Hy + 47 M + Hg)"/?, (4.2)

where v is the gyromagnetic ratio (7 = gup/h = 27 x 2.8 GHz/kOe for YIG), 47 M is the
saturation magnetization (1.76 kG at room temperature) [170], and H4 and Hg represent
the in-plane and out-of-plane anisotropy fields, respectively. The resonance lines located to
the left of the main FMR peak correspond to hybridized standing spin-wave surface modes,
while those to the right are associated with volume modes. All modes exhibit a similar
peak-to-peak linewidth of 0.36 Oe, which corresponds to a half-width-at-half-maximum
(HWHM) value of AHyig = 0.31 Oe.

From the spectra presented in Figure 44, the HWHM values obtained for the Pt/
PANI/YIG, PANI/YIG, and Pt/YIG structures [Figures 2 (d), (c), and (b), respectively]|
are 1.42 Oe, 0.70 Oe, and 0.90 Oe, all of which are broader than the 0.31 Oe measured
for the bare YIG film. The contact between the PANI layer and the YIG film leads to
a broadening of the linewidth, which originates from the spin current carrying angular

momentum out of the YIG layer [97].

A slight linewidth broadening is observed when the PANT layer is placed on top of
the YIG, and a more pronounced broadening occurs with the addition of the Pt layer onto
the PANI/YIG bilayer. From this additional broadening, the real part of the effective spin-
mixing conductance ggé for the PANI/YIG interface can be estimated using Equation 4.1.
From the data we determinded g&m NG = 0.56 g@J}G /Pt for the PANI/YIG bilayer and
g&m Jpeyyig = 16 gl,ilc /Pt for the Pt/PANI/YIG trilayer. The relatively large g&m JPL/YIG
value indicates an efficient spin transfer across the PANI/Pt/YIG heterostructure, where

the spin current pumped from YIG is transmitted through the 100 nm-thick PANT layer.

These results demonstrate that only a small portion of the spin current is absorbed
by the PANTI itself, while a significant fraction reaches the Pt layer, where it is efficiently
absorbed due to the strong spin—orbit coupling and high spin-sink capability of Pt. This
interpretation is consistent with the spin Seebeck effect (SSE) measurements discussed in

the next section.
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4.1.3 Spin Seebeck Effect - PANI

In order to verify the spin transport efficiency of PANI, the SSE measurements
were performed. Two different heterostructures were used, as shown in Figure 45. The
experiments were carried out by applying a thermal gradient VT perpendicular to the
sample surface using two Peltier modules one on top and another under the samples. A
static magnetic field H was also applied. This generates a spin current density Jg in
the YIG layer, which is injected through the PANI/YIG interface and transmitted to
the Pt layer. In Pt, the spin current is converted into a charge current due to its strong
spin—orbit coupling and detected as an Inverse Spin Hall Effect (ISHE) voltage, Vssg. The

DC voltage was measured using a nanovoltmeter.
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Figure 45 — Schematic illustration of (a) Pt(10 nm)/YIG and (b) Pt(10 nm)/PANI(100 nm)/YIG
heterostructures used in the spin Seebeck experiments.

Figures 46 (a) and (b) present Vggg as a function of the applied magnetic field H
for the Pt(10 nm),/YIG and Pt(10 nm)/PANI(100 nm)/YIG samples respectively. Different
values of AT were applied and maintained constant during the H scan. It is observed that
the Vssg saturation values for the The Pt(10 nm)/PANI(100 nm)/YIG samples are about
one order of magnitude smaller than those for the Pt(10 nm)/YIG sample, as expected due
to spin current losses through the PANTI layer. Additionally, in Figure 46 (b) the saturation
region at higher magnetic fields shows characteristic fluctuations of the experimental setup

used for SSE measurements.
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Figure 46 — Variation of the voltage difference Vggr as a function of the external magnetic field
at different temperatures for a Pt/YIG sample with a thickness of 10 nm. In (b),
the same analysis is presented for Pt(10 nm)/PANI(100 nm)/YIG, where the PANI
layer was slightly doped for 10 seconds in sulfuric acid solution. The variation of the
voltage difference Vgsg with temperature is shown for (a) Pt(10 nm)/YIG and (b)
Pt(10 nm)/PANI(100 nm)/YIG, measured under an external field of H = 1.0 kOe in
two opposite field directions. The error bars in correspond to the Vggg fluctuations
in the saturation region, while for the YIG /Pt sample, the smooth saturation results
in negligible error bars.

The Peltier module allows the application of both positive and negative thermal
gradients across the sample. Since Vggg o Js oc VT [171], reversing the direction of fg
also changes the sign of Vsgg. This behavior is illustrated in Figures 46 (c) and (d), which
display Vssg as a function of AT for the Pt/YIG and Pt/PANI/YIG samples, respectively.
Each point represents the mean Vsgg value in the saturation region for the corresponding
AT, considering the magnetic field direction. The voltage sign reversal with the change in

field direction reflects the reversal of the spin polarization.

To better understand the spin-to-charge current conversion in PANI, we analyzed
the SSE voltage in the bilayer structure of PANI(100 nm)/YIG(6 pm), as shown in Figure 45
(a). Two electrical contacts of Ag were fabricated by sputtering at the edges of the PANI
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layer, as like the previous one. Figure 47 (b) presents the current-voltage (I-V) curve
obtained using a pseudo-four-probe technique. The linear I-V response of the PANI/YIG
bilayer indicates the formation of Ohmic contacts between the electrodes between the
range analyzed. The DC conductivity of PANI ranged from 2.5 to 14.3 (Qcm) ™!, values

typical of a highly doped semiconductor and in accordance with literature reports [95].
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Figure 47 — Schematic illustration of the PANI(100 nm)/YIG heterostructure. The I-V curve in
(b) shows the ohmic behavior of the contacts between the electrodes and the PANI.
The variation of the SSE voltage with temperature difference measured in the PANI
layer is shown in (c). The static magnetic field of H = 1.0 kOe was applied in two
field directions of the PANI(100 nm)/YIG bilayer sample. The blue dashed line
represents the best linear fit of Vggg versus AT for measurements with a positive
magnetic field.

By applying a thermal gradient across the sample, we observed spin-to-charge
current conversion measured directly on the PANI layer. Figure 47 (c) shows Vssg as a
function of applied temperature differences AT, following the same procedure described
previously. The Vsgg values are on the same order of magnitude as those obtained for
the Pt/YIG sample. It is worth noting that the resistance of the PANI/YIG sample
is Rpant ~ 20 k2, much higher than that of the Pt/PANI/YIG trilayer, Rp; = 55 €.
Therefore, although the ISHE occurs in PANI, in the sample containing Pt the generated

charge current mainly flows through the lower-resistance Pt layer.
The spin current at the PANI/YIG interface is expressed as
Js = —CspglgVT, (4.3)

where Cg = 3.3 x 1072 erg-em-K~! is a coefficient depending on the intrinsic properties
of YIG such as temperature, and also the applied magnetic field, p accounts for the

finite thickness effect of the YIG layer, and VI' = AT /tsumpie is the thermal gradient
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considering tsample >~ 0.05 cm as the total sample thickness, including the GGG substrate

[171, 172, 173]. The resulting Vsgsg is related to Jg by the expression [171]

Vsse = FpRuw(2e/h)Aggtanh (tp;;w) Js (4.4)

where R, w, A\, Osg, and tpany are, respectively, the resistance, width, spin diffusion length,
spin Hall angle, and thickness of the PANI layer. The factor Fp ~ 2/3 corresponds to the

surface fraction covered by the Peltier heater used to generate the thermal gradient VT

The spin Hall angle sy quantifies the efficiency of the spin-to-charge current
conversion. Using the SSE measurement data from the PANI/YIG bilayer, the value of
Osu can be estimated by performing a linear fit of Vggg as a function of AT. The linear

relationship between Vssg and AT is given by:

Vsse = 0suy PAT,

where

h

N

CspYesy LpaANT
———= | tanh .
sample 2\

It represents a combination of constant parameters for this sample, obtained by substituting

Js into the expression for Vigg.

The best fit is represented by the blue dashed line in Figure 47 (c), with a slope
of POsy = (1.14 +0.04) x 1077 V/K. Using the parameters listed in Table 1, we obtained
P =6.72 x 1073 V/K, and finally

s = (1.70 £ 0.06) x 107°.
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Table 1 — Parameters used in the calculation of spin pumping in PANI/YIG films.

Parameter Value Reference
Elementary charge, e 1.6 x 107 C —
Resistance, R 6.0 k2 —

Film width, w 0.3 cm —

PANTI thickness, tpant 100 nm —

Spin mixing conductance, gt 0.56 glzt/YIG =5.6 x 10 em™2 [174, 175, 176]
Pt/YIG spin mixing conductance, gly v~ 10" cm=2 [174, 175, 176]
Parameter p ~ 1 for tyig > A [173]

PANT spin diffusion length, A ~ 590 nm [97]

This result indicates that the spin Hall angle sy measured for PANI is consistent
with values reported for similar polymeric materials [20, 107, 11]. It is important to note
that the SSE technique may present uncertainties related to experimental conditions and
temperature gradients within the samples [177, 178|. Therefore, these results provide an
estimate of the spin Hall angle of PANI based on SSE measurements performed directly

on this polymer.

4.2 PEDOT:PSS Results and Discussions

This section presents the results obtained from PEDOT:PSS thin films used to
investigate spin-to-charge current conversion. Structural characterization was performed
via AFM to evaluate the film thickness and roughness. Raman spectroscopy was performed
providing a spectrum with the main peaks associated to this material, all they labeled
according to chemical bonding. Optical absorbance measurements were also conducted
to determine the optical energy band gap, using Tauc plot methodology. Finally, results
from spin-to-charge conversion were obtained through the SSE and SP-FMR methods,

providing a comprehensive picture of the material’s performance.

4.2.1 Thickness of PEDOT:PSS films

The PEDOT:PSS films used in this analysis were produced by the drop-casting
technique. The thickness value of the films is essential for the estimation of the optical
energy gap by the Tauc method, for example. In our experiments, the thickness is

considered the optical path length that light travels during the absorbance measurement.
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Figure 48 shows the thickness values of PEDOT:PSS films, which were estimated using
the AFM technique. The film thickness was determined by performing measurements at
various points across a step edge. This step was created by scratching the film to expose

the substrate.

|20 w PEDOT:PSS 40 yl PEDOT:PSS
fdmpy

Average Thickness -
2.54 +0.04 ym

Average Thickness
(220+£0.01) pm |

0 1 2 3 4 5 6 7 8 0 10 20 30 40 50 60 70 80
X (pm) X (pm)

Figure 48 — Thickness of the films produced using (a) one drop (20 L) and (b) two drops (40 uL)
of PEDOT:PSS solution deposited on a quartz substrate.

From these results, we can observe that the film produced with 40 pL (two drops)
is slightly thicker than the one produced with 20 pL (one drop). This result suggests
that the film thickness is approaching a saturation regime as the volume of the deposited
solution increases beyond 40 ul. Figure 49 shows AFM images of the PEDOT:PSS
film surface. The RMS roughness value is strongly dependent on the sample preparation
technique. The value of R, = 5.11 nm is relatively large, which implies that PEDOT:PSS
films exhibit a higher surface area compared to PANI films produced by spin coating.
(b)

13.1 nm
12.0

10.0
8.0
6.0

4.0

0.0

Figure 49 — AFM image of the PEDOT:PSS film surface. The RMS roughness is approximately
Rims = 5.11 nm over an area of (2 x 2), um?. Since the PEDOT:PSS film was
deposited by the drop-casting technique, its surface roughness can vary significantly
near the edges of large areas. In this case, the RMS roughness can reach values of
several tens of nanometers.
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From Figure 49, it is possible to observe a granular morphology on the surface,
which is a characteristic feature of PEDOT:PSS, since excess PSS promotes the formation

of a core—shell structure, as previously discussed.

4.2.2 Raman Spectroscopy Results of PEDOT:PSS

The Raman spectrum of PEDOT:PSS deposited on a quartz substrate using
the drop-casting technique were acquired using a Renishaw InVia micro-Raman system
equipped with an argon laser operating at a wavelength of 514.5 nm. The Raman shifts
and their intensities of PEDOT:PSS are correlated with the electronic structure and
bonding of poly- and oligothiophenes containing m-conjugated backbones [179]. Several
Raman bands associated with the PEDOT polymer backbone are clearly observed in the

spectrum in the Figure 50, also its chemical structure is shown in the inset.

T ) ) L)
15000 Cy= Cy(-0) (symm.) T

10000

C= CB (asymm )

/

200 400 600 800 1000 1200 1400 1600 1800 2000
Raman Shift (cm™)

Intensity (A. U.)

5000

Figure 50 — Raman spectrum of PEDOT:PSS film deposited on quartz substrate. The main peak
are labeled according to the corresponding molecular bonds. The inset shows the
PEDOT chemical structure.

The bands at 1563 cm™! and 1532 cm™! are related to the asymmetric C, = Cj
stretching mode. The band at 1421 ¢cm™! corresponds to the symmetric! C, = Cj

'In the symmetric stretching mode, the peripheral atoms oscillate in phase, moving away from and
toward the central atom simultaneously. Conversely, in the asymmetric stretching mode, as one bond
elongates, the opposite bond contracts.



Chapter 4. RESULTS 107

stretching mode involving the —O group. The peak at 1368 cm™! is attributed to the
Cjs — Cj stretching mode, while the band at 1256 cm™ is associated with the inter-ring
C, — O, stretching. The band at 1093 cm ™! corresponds to the C' — O — C deformation
mode, whereas the peaks at 989 cm™! and 577 ecm ™! are related to the oxyethylene ring
deformation. The symmetric C' — S — C' deformation mode appears at 701 cm™!, and the
band at 437 ecm™! is assigned to the SO, bending mode. The peak positions and their
corresponding assignments are in good agreement with values reported in the literature

for commercial PEDOT:PSS [179, 180, 181].

Figures 50 presents the identification of the Raman peaks associated with PE-
DOT:PSS. The peak positions were marked based on the reference [179]. It can be observed
that most of the Raman peaks identified in this work are consistent with those reported
in the literature. The main vibrational modes of PEDOT:PSS are clearly present in
our results. The reference [179] discusses in detail the physical origin of the vibrational
modes of PEDOT:PSS observed in Raman spectroscopy. Additionally, Raman peaks
associated with the quartz substrate are expected at 540 cm™! and 1092 cm™!. However,
their intensities are relatively weak and therefore they do not significantly appear in the

PEDOT:PSS/quartz spectra.

4.2.3 Absorbance of PEDOT:PSS films

For the transmittance measurements, a manually crafted Teflon mask was used
(see Figure 51) in a Fluoromax Plus R928P equipment. Its purpose was to limit the area of
the film exposed to the light beam transmitted through the film by the UV—-Vis equipment.
The central hole in the mask has a diameter of 4 mm, which is smaller than the diameter
of the PEDOT:PSS films deposited on quartz. The mask was positioned over the film so
that the entire area of the central hole was covered by the film. This ensured that all the
light captured by the detector had passed exclusively through the regions covered by the
PEDOT:PSS film. In this way, it is possible to compare the transmittance intensity of

different samples.

In order to choose the most appropriate substrate used in our Uv-Vis experiments,
we acquired the transmittance spectra for 1 mm glass and quartz as shown in Figures

52 (a) and (b). From Figure 52 (a) we observe that a significant amount of light in
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Figure 51 — A Teflon mask with a thickness of 5 mm and a central hole diameter of 4 mm coated
with matte black spray paint.

the wavelength range of approximately 250 nm to 380 nm is absorbed by glass, whereas
the quartz substrate absorbs considerably less in this range. From this, between the
two substrates analyzed, we concluded that quartz is indeed the most suitable one for
studying the interaction of light with our polymer. Due to technical limitations of the
UV-Vis equipment used, light with wavelengths below 250 nm should not be considered

for phenomenological analyses.

The influence of the Teflon mask on the light transmittance of the quartz substrate
were analyzed in Figure 52 (b). The mask does not significantly affected the positions of
the PEDOT:PSS transmittance peaks. We can observe that there is a noticeable change
only in the peak intensity, which was expected, since the area of the substrate available to

transmit light is smaller when the mask is used.
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Figure 52 — The transmittance of the glass substrate is shown in (a) .Panels (b) shows the
transmittance of the quartz substrate (1 mm thick) with and without the Teflon
mask.

The transmittance data of the PEDOT:PSS/quartz samples were obtained to
estimate the optical band gap of this polymer. The curve corresponding to the quartz
substrate (Figure 52 (b)), measured with the mask, was taken as the background in

subsequent analyses of the PEDOT:PSS absorption spectra, as discussed below.

4.2.4 The optical band gap of PEDOT:PSS films

The optical bandgap corresponds to the photon energy that, when absorbed
by an electron, leads to the formation of an electron—hole pair (exciton) within the film,
bound together by the Coulomb interaction [182]. Materials with high optical band gap
values (2.0-3.5 eV) exhibit maximum absorption and emission in the visible/UV range,
which makes them more suitable for applications in visible LEDs, displays, and organic
field-effect transistors (OFETS) [92, 183, 184]. In contrast, materials with low optical band
gap values (1.0-1.8 eV) exhibit strong absorption of the solar spectrum, making them
excellent candidates for use as active layers in solar cells and in near-infrared (NIR) LEDs

185, 186, 187].

For the estimation of the optical band gap, the absorbance spectra of samples
were taken. From the normalized spectra in Figure 53 a "shoulder" can be observed at
around 380 nm, although it is partially overlapped by the broader band on the left and
the narrower peak on the right. This feature corresponds to the m—m* transition (HOMO-
LUMO) in the PEDOT backbone [188, 189], and the energy difference between these two

states is referred to as the optical band gap. The absorption spectrum shown in Figure 53
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also exhibits a valley going from 300 nm until 700 nm, indicating a lower absorption value
in the visible spectrum. In this range, PEDOT is the dominant component of the polymer
that absorbs light, while PSS does not show absorption peaks above ~300 nm [188|.
This behavior makes the material suitable for application as a transparent conductive
layer in solar panels, where the photoactive layer absorbs within this spectral range
[190, 191|. Additionally, the large hump close to 800 nm is associated with intramolecular
charge transfer [190] and the bipolaron subgap states [188, 190, 191], indicating the highly
conductive nature of the samples. The broadening in this region is explained by additional
weaker transitions arising from the lifting of degeneracies caused by polymer bending and
macroionic interactions [188], and the oscillations observed at wavelengths above ~750 nm

are attributed to substrate-related effects, as can be verified from Figure 52 (b).

1.00 - .

o
~
o

Absorbance (A.U.)

—— 254 m—— 2.20 ym
—— 2,54 um—— 220 ym
0.25F  254um .

Visible spectrum

0.00 L L L 1 L L
800 700 600 500 400 300 200

Wavelength (nm)

Figure 53 — Absorbance versus wavelength for PEDOT:PSS films deposited by drop-casting onto
quartz substrates, with thicknesses of 2.20 ym and 2.54 pym. The sudden decrease in
the curve around 220 nm is inherent to the experimental setup.

To estimate the optical energy gap of PEDOT:PSS, the Tauc method was
employed, as described by Equation 4.5. The Tauc plot method has been applied to estimate
the optical energy band gap in both inorganic [192, 193| and organic [191, 194, 182, 195]
materials. In this model, the absorbance results (Figure 53) and the thickness of the

PEDOT:PSS films were considered. The thicknesses of the films produced with volumes of
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20 pL (2.20 pm) and 40 pL (2.54 pm) plus the thickness of the quartz substrate (2.4 mm)
were considered as the optical path length in the Tauc equation. Internal reflections along
the optical path were not taken into account. The following equation presents the Tauc

model used to determine the optical energy gap
ahv =~ (hv — Ey)", (4.5)

where « is the absorption coefficient, v is the frequency of the incident photon, h is Planck’s
constant, v is a constant, and £, is the bandgap energy. The absorption coefficient o

accounts for both the sample thickness and its absorbance as follows:

2.303

The exponent n in equation 4.5 takes the value of n = 1/2 for direct bandgap
transitions and n = 2 for indirect bandgap transitions. Direct transitions are associated
with the absorption of a photon by an electron, where the electron jumps from the HOMO
level to the LUMO energy level. In an indirect transition, both a photon and a phonon
are absorbed by the electron in order to realize the energy level transition. In this process,
a phonon is absorbed to conserve the momentum. A schematic representation is shown in

Figure 54.

conduction band

valence band

» k

(a) Direct band gap (b) Indirect band gap

Figure 54 — Direct and indirect band gap representation. The vertical arrow represents the photon
absorption process, while the wavy arrow in the right size denotes the absorption or
emission of a phonon. Image adapted from [196].

Therefore, in amorphous polymers such as the organic semiconductors, the

indirect bandgap value is expected to be smaller than the direct bandgap [196, 182].
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The Tauc method, which consists of extrapolating the linear portion of the (ahr)?
curve to its intersection with the photon energy axis, was used to estimate the optical
band gap energy. From the estimation presented in Figure 55 (a) and (b), the pristine
PEDOT:PSS film showed optical band gap energies of 2.55 eV and 2.44 €V for the direct
transition, and 2.00 eV and 2.06 eV for the indirect transition. The obtained values lie
within the range reported for organic semiconductors, making them suitable for application

in photovoltaic devices [197].
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Figure 55 — Tauc plots of the pristine PEDOT:PSS film. Panel (a) represents the direct transition
and (b) indirect transition, this results are used to estimate the optical band gap
energies

The optical band gap value estimated for our sample lies within the expected
range for organic semiconductors and shows good agreement with previous studies on
PEDOT:PSS, both with experimental results obtained using the Tauc plot method and
with simulation methods based on Time-Dependent Density Functional Theory calculations
[188, 182, 98|. It is worth noting that several factors can influence the optical band gap
energy of organic semiconductors, including doping, synthesis route, film growth technique,

and solution concentration [198].

4.2.5 Ferromagnetic Resonance - PEDOT:PSS

Similar to polyaniline, PEDOT:PSS demonstrates excellent stability and versa-
tility and has been extensively studied for numerous scientific and technological applica-
tions [66, 67, 199, 69, 8]. Using the drop-casting technique described earlier, we fabricated
the PEDOT:PSS/YIG heterostructure employed in the investigation of spin-to-charge

current conversion phenomena. Figure 56 (a) presents a schematic illustration of the
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heterostructure used in this work. The drop-cast PEDOT:PSS layer converts the spin
current into a charge current by means of the ISHE [200, 201].

As a spin current generator, we used single-crystal YIG films with a thickness of
6 um grown by liquid-phase epitaxy on a 0.5-mm-thick (111)-oriented gadolinium gallium
garnet (GGG) substrate. The investigated samples were cut from the same GGG/YIG
wafer into rectangular shapes of 2.0 x 4.0 mm?, and all measurements were carried out at

room temperature.

Figure 56 (b) shows the current—voltage (/-V') characteristic curve obtained using
the pseudo-four-probe technique for the structure depicted in Figure 56 (a). This technique
is commonly employed for transport measurements in small samples, in which the voltage
and current leads are connected separately but share the same contact pad. Because the
contact resistances in our samples are negligible, they do not introduce significant errors
in the resistance measurement compared with the conventional four-probe technique. The
linear I-V behavior observed for the PEDOT:PSS/YIG structure in Figure 56 (b) confirms

the formation of ohmic contacts between the electrodes.

For the FMR microwave excitation and spin-to-charge current conversion mea-
surements, the sample with electrodes, as illustrated in Figure 56 (a), was mounted on the
tip of a PVC rod and inserted into a small aperture in the back wall of a short-circuited
waveguide, positioned at the maximum of the rf magnetic field and at a node of the

electric field. No microwave resonator was used.

The static magnetic field (H) and the microwave field (h,s) were applied in the
plane of the film and maintained perpendicular to each other while the sample was rotated.
In this configuration, the angular dependence of both the FMR spectra and the ISHE
voltage can be measured. Field-swept spectra of the derivative of the microwave absorption
(dP/dH) were obtained by modulating the magnetic field at 1.2 kHz and using lock-in

detection.

Figure 56 (c¢) shows the FMR absorption spectrum of the PEDOT:PSS/YIG
bilayer. The spectra were recorded with the magnetic field applied in the film plane,
perpendicular to the long axis of the sample, at a microwave frequency of 9.4 GHz and

an input power of 80 mW. The discrete resonance lines correspond to standing spin-wave
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Figure 56 — Panel (a) shows a schematic illustration of PEDOT:PSS/YIG structure and the
silver electrodes used to measure the dc voltage arising from spin-to-charge current
conversion. (b) I-V curve demonstrating the ohmic behavior of the contacts. Panel
(c) shows a typical field-swept FMR microwave absorption derivative spectrum of
PEDOT:PSS/YIG sample measured at a frequency of 9.4 GHz. Panel (d) shows the
field dependence of the ISHE voltage in PEDOT:PSS/YIG sample for three different
in-plane angles, as indicated in the inset (0°, 90°, and 180°).

modes, with the most intense line associated with the uniform precession mode.

During the FMR process, the spin current generated by the microwave-driven
FMR of YIG film is injected through the PEDOT:PSS/YIG interface. By means of the
ISHE in PEDOT:PSS, the spin current is converted into a charge current and electrically

detected as a dc voltage.

The contact between the polymer and the YIG layer induces linewidth broadening
in the microwave absorption spectra. This effect, driven by spin pumping, results from
angular momentum transfer via a pure spin current injected from the YIG into the
PEDOT:PSS layer. By analyzing this broadening, we estimate the real part of the effective

spin-mixing conductance, g;ff, of the interface using the following relation:
g;icf = (4nMtoon/hw) 0H, (4.6)

where AH is the additional linewidth broadening, w = 27 f, and A is the coherence
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length of the YIG film [170]. Using a linewidth value of AHx Wi = 0.31 Oe for the
bare YIG [28] and measuring the additional linewidths, we found Q%DOT:PSS yie = 146 %
10'® m™2. Comparing this value to that of Pt, we obtained QIT’J],EDOT:PSS yiq = 146 gg,i e
This result reveals a highly efficient spin transfer across the interface, as the g&f of the
PEDOT:PSS/YIG system is of the same order of magnitude as that of Pt/YIG, where Pt is
a heavy metal and a well-known spin sink [12, 28]. This conclusion is further corroborated
by the SSE electrical detection of the spin current converted within the PEDOT:PSS layer,

as shown in Figure 57.

4.2.6 Spin Seebeck Effect - PEDOT:PSS

SSE measurements were performed by applying a perpendicular thermal gra-
dient (VT') via a Peltier module, as illustrated schematically in Figure 57 (a) for the
PEDOT:PSS/YIG bilayer. The thermal gradient generates a spin current (Jg) in the
YIG layer, which is injected across the interface and converted into a charge current
within the polymer, being detected as an ISHE voltage (Vssg). Figure 57 (b) displays
Vsse as a function of the applied magnetic field (H) for several constant temperature
differences (AT). This setup allowed the direct observation of spin-to-charge conversion
within the PEDOT:PSS layer under both positive and negative gradients (£V7'). Since
Vssg o< Jg o< VT [171], reversing VT inverts the spin current direction and the voltage
sign, resulting in the linear behavior depicted in Figure 57 (c), where each point represents
the mean saturation Vgsg for a given AT. Additionally, reversing H inverts the voltage
sign due to the reversed spin polarization. Notably, the measured Vssg values are of the
same order of magnitude as those of a Pt/YIG heterostructure [12|. Finally, due to the
high stability of the signal at saturation, the associated error bars are smaller than the

data symbols in Figure 57 (¢ and d).
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Figure 57 — Panel (a) shows a Schematic illustration of PEDOT:PSS/YIG bilayer sample. (b)
Dependence of the spin Seebeck effect (SSE) voltage measured in PEDOT:PSS
layer on the temperature difference (AT') for the PEDOT:PSS/YIG bilayer, under
an applied magnetic field of H = 1.0 kOe for two opposite field directions. (c)
Dependence of the SSE current on AT for PEDOT:PSS/YIG sample, obtained
by normalizing the measured voltage by the resistance of PEDOT:PSS layer. (d)
Magnetic field dependence of the dc ISHE-SSE voltage in PEDOT:PSS/YIG sample,
measured for several temperature differences (AT).

The spin current injected across the PEDOT:PSS/YIG interface is governed by
the equation:

Jo = —CspglsVT. (4.7)

Here, g;ff is the effective spin-mixing conductance at the interface, and p is a pa-
rameter accounting for the finite thickness of the YIG layer. The coefficient Cy =
3.3x 107 erg - cm - K=! depends on the temperature, applied magnetic field intensity, and
intrinsic properties of the YIG film. The thermal gradient is defined as VI = AT /tsample,
with tsample = 0.05 cm representing the total sample thickness, including the GGG sub-
strate [171, 173].

The measured voltage (Vssg) is intrinsically linked to the spin current (J5) through
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the following relation [171]:

t .
Vase = FpRw(2¢/h) Mgy tanh (%) e, (4.8)

where R, w, tpepoT.pss, A, and fsy correspond to the resistance, width, thickness, spin
diffusion length, and spin Hall angle of the PEDOT:PSS layer, respectively. The geometric
parameter Fp = 2/3 corrects for the surface fraction of the sample effectively covered
by the Peltier heater used to apply VTI'. Based on the SSE measurements for the
PEDOT:PSS/YIG bilayer, we can determine fsy by extracting the slope from a linear fit

of Vssg as a function of AT'. This linear relationship takes the form:
Vssg = POsg AT, (4.9)

where P is a proportionality coefficient comprising the system’s geometric and intrinsic

constants:

t .
P = F,Rw(2e/h)\ tanh <%§'PSS> [C’Spg;%f/tgample . (4.10)

By substituting the expression for J; into the Vssp equation, we can derive the system
parameters. From the linear fit shown in Figure 57 (b), we extract a slope of Plsy =
(5.72 £0.1) x 1077 V/K. To calculate the proportionality constant P, we utilized the
following experimental parameters: e = 1.6 x 107 C; R = 1.58 kQ; w = 0.3 cm;
tpEpOT:Pss = 2.20x 10° nm; ngD%DOT:PSS/YIG =1.46x10"® m~2; p &~ 1 (since tyig > ) [173];
and a spin diffusion length for PEDOT:PSS of A = 180 nm [201, 97|. This evaluation
yields P = —1.664 x 1072 V/K. Consequently, we obtained a spin Hall angle of gy =
(3.43 4 0.06) x 107°. This value agrees well with the spin Hall angles reported for similar
polymeric materials [202, 12, 172]. While the SSE technique inherently carries uncertainties
associated with experimental conditions and internal temperature gradients [203, 204, 178§],
our direct SSE measurements provide a reliable estimate of the spin Hall angle in the

PEDOT:PSS layer, demonstrating that it is on the same order of magnitude as that of Pt.

In summary, we have investigated the spin current transport in the YIG /PEDOT:PSS
heterostructure by probing three interconnected physical phenomena: (i) the thermal
generation of a pure spin current via the spin Seebeck effect, (ii) the spin injection across
the YIG/PEDOT:PSS interface, and (iii) the spin-to-charge current conversion governed
by the inverse spin Hall effect directly within the PEDOT:PSS layer. These results clearly

establish the viability of this polymer as an active spintronic material. Considering its
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accessible synthesis routes, straightforward doping processes, high flexibility, and stable
optical properties, PEDOT:PSS emerges as a highly promising candidate for spintronic

applications, opening new avenues in the field of organic spintronics.

4.3 Tin Telluride Results and Discussions

In this section, the MBE sample growth procedure is presented and described. In
addition, a set of characterization techniques was employed to investigate the structural,
morphological, vibrational, and magnetic properties of the samples, as well as their spin-
to-charge conversion behavior. The structural analysis included in situ RHEED during
growth, AFM imaging, and Raman spectroscopy. High-resolution XRD with 26 scans,
X-ray reflectivity (XRR), rocking curve, and reciprocal-space map reconstruction were
carried out to assess the crystalline quality and strain state of the epitaxial SnTe layers.
Finally, FMR and SP-FMR measurements were performed to evaluate the spin-to-charge

conversion efficiency.

4.3.1 SnTe Sample Growth by MBE

This section is dedicated to the molecular beam epitaxy (MBE) growth details of
samples containing the topological crystalline insulator SnTe. All samples discussed in this
section were grown during my period as a visiting scholar under the Brazilian sandwich
doctorate program sponsored by the Coordenacao de Aperfeicoamento de Pessoal de Nivel
Superior (CAPES). The growth was carried out in the research group of Professor Cui-Zu
Chang at the Department of Physics of Penn State University in Pennsylvania, USA.

The samples involve the epitaxial growth of the crystalline topological insulator
tin telluride (SnTe) on insulating indium phosphide (InP) substrates, whose surface normal
is oriented along the (111) direction. The growth was carried out using an EVO-50
III-N MBE system (Instrument DOI: 10.60551/jb0f-5784), and a RHEED system from
STAIB Instruments equipped with a kSA 400 RHEED analysis software package was
used to monitoring the real-time epitaxial growth. Since SP-FMR experiments require a
ferromagnetic material (FM) in contact with SnTe, a layer of Permalloy was grown on

top of the SnTe layer. In order to construct a pristine topological insulator /ferromagnetic
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material (TI/FM) interface, the Py growth was performed in situ over the SnTe layer. In

this way, all layers in our samples were grown in situ by MBE.

The InP(111) substrate was mounted on the sample holder, as shown in Figure 21.
The InP(111) substrate was then outgassed inside the MBE chamber in order to remove
volatile contaminants such as oxides and water. The RHEED pattern of the as loaded
InP(111) substrate is initially poor, since the InP surface absorbs contaminants when
exposed to the ambient environment. For this reason, a well-controlled outgassing procedure
is required before initiating the Sn'Te growth. The substrate temperature is slowly increased
from 250°C to 400°C in small steps while the RHEED pattern is continuously monitored.
During the outgassing stage, the chamber pressure is around 2 x 10~ Torr, with fluctuations
occurring due to gas molecules being released from the substrate as the temperature
increases. A rapid temperature increase must be avoided because indium decomposition
may occur at the surface, leading to the formation of 3D islands [205, 206]|. This effect is
clearly reflected in the RHEED pattern as stripes with different widths and the appearance
of dots. The outgassing must be stopped when the RHEED pattern becomes uniformly
composed by sharp stripes before a complete degradation of the pattern. This procedure
was conducted with the MBE chamber pressure below 107!° Torr, avoiding an excess of

particles ejected from the substrate contaminating the chamber.

At the end of the outgassing procedure, the Te source is opened to create a
Te-rich environment. During outgassing, some indium atoms decompose at the surface and
form islands, which is undesirable for the subsequent epitaxial growth. To minimize this
effect, the Te flux reacts with the indium, forming InTe. Since the substrate temperature is
400°C (well above the Te evaporation temperature) only the Te that reacts with indium is
incorporated to the substrate surface, preventing the formation of a Te layer. This surface
stabilization mediated by Te lasts for approximately 10 minutes. After this treatment,
the substrate temperature is reduced to approximately 280°C, which is the SnTe growth
temperature. Before starting the SnTe deposition, the Te treatment is repeated for an

additional 10 minutes at this temperature.

The growth was carried out using a Knudsen thermal effusion cell as the source for
tin (Sn) and tellurium (Te). The effusion cell temperatures for Sn and Te were 1050°C and

250°C, respectively, while the substrate temperature was set to 280°C. These temperatures
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resulted in a deposition ratio of 0.0417 A/s. Based on the deposition flux and AFM
thickness measurements, the thickness of the SnTe layers was estimated in SnTe unit cells
(u.c.), where 1 u.c. &~ 0.68 nm [207]. Samples with SnTe thicknesses were grown with of
5, 8, 10, 15, 20, 30, and 38 u.c, where the SnTe deposition ratio is around 0.5 u.c/min.

Figure 58 illustrates the different heterostructures produced.

(b)

Figure 58 — Different heterostructures produced by MBE and investigated in this work.

At the beginning of the SnTe growth, the RHEED pattern is initially poor,
indicating a 3D growth mode. After about 10 minutes, the RHEED pattern becomes
sharp and well defined, signaling the transition to a 2D epitaxial growth regime [208]. The

growth pressure during the SnTe deposition is approximately 8.78 x 1071 Torr.

To perform the SP-FMR experiments, a magnetic layer is required. In this sense,
a 20 nm Permalloy (Py) (NiggFey) layer was grown on top of SnTe in all samples. It is
important to mention that this magnetic layer was grown in-situ over the SnTe layer at
room temperature. The Py deposition ratio was performed with an electron-beam voltage
of 7 kV and a current of 36 mA and sample was rotated at 4 rpm during the process. The
MBE chamber pressure during the deposition was 9 x 107! Torr. In this way, we have a
pristine, contamination-free, and well-defined interface between the topological insulator
and the magnetic layer. All samples were covered with a nominal thickness of 10 nm Te
(or Al, when specified) capping layer to avoid oxidation of the magnetic layer. The capping
layer was also grown at room temperature. The heterostructure in Figure 58 (a) was used
to determine the crystalline phase, while Figure 58 (¢) shows the complete sample used in

the spintronic measurements.

An electron beam energy of 15 keV and 1.55 A was employed to the RHEED to
monitor the InP substrate, the SnTe, and the Py surfaces. From Figure 59, it is possible
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to see well-defined streaks for the Sn'Te surface after the growth, which is characteristic of
a smooth and 2D surface with a low degree of imperfections or island formation. These
lines are a typical indication of the epitaxial growth of a textured SnTe layer, in which the

SnTe tends to follow the crystallographic ordering of the substrate.

In Figure 59 (b), the diffuse background together with the presence of rings
indicates that the Py layer is usually related to a polycrystalline phase. This is expected,

as the Py layer is grown at room temperature. This result will be rediscussed in the

HRXRD section.
(a) (b)

Permalloy

’

Figure 59 — Diffraction RHEED patterns captured after the growth of the SnTe and Py layers.
The streaks lines observed on the SnTe surfaces (a) are a characteristic of epitaxial
growth textured, in contrast, the blurred rings (b) suggest the polycrystalline phase
of the Permalloy layer.

4.3.2 Surface Roughness Analysis by AFM

The surface morphology of all samples were examined using an atomic force
microscope model NT-MDT PX ULTRA operating in tapping mode under a low-humidity
environment (< 15%) at room temperature. The measurements were performed using a
BudgetSensors Tap300Al-G probe. The cantilever has a typical force constant of 40 N/m
and a resonance frequency of ~ 300 kHz, with a length of 125 pm, width of 30 pm, and
thickness of 4 ym. An aluminum reflective coating ~ 30nm on the detector side enhances
laser signal detection [209]. The topographic images and RMS surface roughness was

taken with dimension of 2 x 2 um? area.

Figure 60 (a) displays the surface of the SnTe layer without any capping layer.
In the top-center region of the image, a bright triangular feature with a height of 3.496 nm

(~ 9.5 u.c.) can be observed. This triangular morphology is characteristic of SnTe grown
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along the (111) direction, where the cubic rock-salt structure exhibits a trigonal symmetry
in its surface projection [208, 57]. Some holes are also visible along the surface. These
holes are characteristic of the natural desorption of Te, which inevitably occurs to some
level during the growth [210, 211]. Figure 60 (c) shows the uniform and granular Te
capping layer, covering the entire Sn'Te surface. The measured RMS roughness values of

all surfaces are displayed in the Table 2.

Analysis of Figures 60 (b) and (d) reveals a clear change in the AlOy surface
morphology when the SnTe layer is located beneath the Py layer. This modification results
in a threefold increase in the AlO, surface roughness from 0.33 nm to 1.49 nm. The
sample with SnTe present the AlO, surface to evolve from small, uniform grains to larger
agglomerates, with the lateral grain average size increasing from approximately 0.05 pm

to 0.20 pm.

13.3 nm

e . T ey
. 500,nm) s ® 500 nm

Figure 60 — Surface images taken by AFM of (a) SnTe/InP (81 u.c. ~ 30 nm), (b) AlOx/Py/InP,
(c) Te/SnTe(54 u.c. ~ 20 nm)/InP, and (d) samples AlO,/Py/SnTe(20 u.c. ~
7.36 nm)/InP.

Table 2 — Summary of AFM measurements for the samples shown in Figure 3.

Sample Layer structure SnTe thickness RMS roughness (nm)

(a) SnTe/InP 81 u.c. (= 30 nm) 0.55
(b) AlO, /Py/InP - 0.33
(c) Te/SnTe/InP 54 u.c. (=~ 20 nm) 0.58
(d) AlO, /Py/SnTe/InP 20 u.c. (=~ 7.36 nm) 1.49

4.3.3 Raman Spectroscopy of SnTe

Raman measurements were conducted using a Renishaw InVia micro-Raman
system equipped with a 514.5 nm argon laser. A 100x objective lens (N.A. 0.75) was used
to focus the laser producing a spot size of approximately 1 ym? on the sample surface. The

spectra were acquired using 10 accumulations with an integration time of 10 seconds per
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accumulation, while the laser power was maintained below 10 mW to avoid local heating

and damaging effects.

Figure 61 (a) shows the Raman spectrum of the Te/SnTe(20 nm)/InP sample.
The longitudinal optical (LO) phonon mode associated with the SnTe (222) orientation
and A;, symmetry is observed at 125.33 cm™'. In addition, the transverse optical (TO)
phonon mode with Epo symmetry is detected at 142.04 cm~!. These peaks correspond to
the most intense phonon modes of SnTe. Their positions are in excellent agreement with

those previously reported in the literature {212, 213, 214].
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Figure 61 — Panel (a) shows the Raman spectra highlighting the most intense peaks associ-
ated with the SnTe(20 nm) layer. Panel (b) shows the Raman spectra of the
AlO,/Py/SnTe(7 nm)/InP heterostructure near a surface defect. The inset in (b)
shows a defect on the surface where three Raman spectra were collected. The colors
of the circles correspond to the colors of the respective Raman curves.

The Raman spectra of the AlO,/Py/SnTe(7 nm)/InP sample acquired at different
laser focus positions is shown in Figure 61 (b). The green curve corresponds to a
measurement performed on a triangular crystallite (SnTe feature, as discussed in AFM
section) located inside a defect in the Py and AlO, layers. From Figure 61 (b), it is
possible to observe that the peak intensities decrease when the measurement is taken
outside the crystallite. This behavior can be explained by the presence of additional
layers on top of the SnTe, which partially mask the Raman signal of the SnTe layer.
Another noticeable feature is the pronounced increase of the peak located near 104 cm™! of
AlO,/Py/SnTe (7nm)/InP (111), when compared with the Te/SnTe(20 nm)/InP sample.
This peak is associated with an optical phonon mode from the Brillouin-zone boundary at

the W point. Its appearance is attributed to first-order Raman scattering that becomes
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allowed due to disorder in the SnTe crystal structure [212].

A comparison between the Raman spectra of SnTe films with thicknesses of 20 nm
and 7 nm is shown in Figure 62 (b). The peaks labeled M2 and M3 are associated with
phonons at the W and L points of the Brillouin zone, while the M4 peak originates from a
second-order two-phonon scattering process. By analyzing the M3 peak, which corresponds
to the longitudinal optical A;, mode, it is observed that the thinner film exhibits a Raman
shift toward lower frequencies, from 125.3 cm™! to 121.6 cm~!. This anomalous behavior
is well known and has been previously reported for SnTe under hydrostatic pressure
conditions [212]. Specifically, for hydrostatic pressures ranging from 0 up to approximately
1.5 GPa, the phonon frequency shifts toward lower values. Above this critical pressure,
the phonon frequency shifts toward higher values, following the conventional hardening

behavior.

This phenomenon, reflects its anomalous response to compressive strain such
that an increase in strain induces a reduction in the phonon frequency. In the present case,
the compressive strain induced by the InP substrate during epitaxial growth leads to a
downshift of the M3 mode for thinner SnTe films. In thin-film systems, where strain can be
induced both by lattice mismatch with the substrate, this behavior becomes particularly
relevant. Thinner films, which typically experience higher internal strain or enhanced
confinement effects, tend to exhibit the M3 phonon mode at slightly lower frequencies

when compared to thicker films or bulk SnTe.

The origin of this anomalous behavior is associated with a phonon instability at
the I' point of the first Brillouin zone and with the band inversion [212|. This phonon
peak behavior is predicted to persist up to approximately 5.8 GPa, as estimated by
density functional theory (DFT) calculations. Above this pressure, the system becomes
stabilized, indicating the occurrence of a structural phase transition. This transition is
accompanied by a change in the electronic phase, from a crystalline topological insulator

to a semimetallic state [212].
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Figure 62 — Raman spectra of Te/SnTe(20 nm)/InP and AlO,/Py/SnTe(7 nm)/InP are shown.
The peaks labeled M2, M3, and M4 correspond to the most intense phonon modes.
In particular, the M3 peak is the longitudinal optical (LO) mode with A;, symmetry.
Its shift toward lower frequencies as the film thickness decreases is an anomalous
effect associated with the strain state of the layer and with the topological nature of
this material.

In addition, an inversion of intensity between the M2 and M3 peaks is observed,
along with a decrease in the M4 intensity as the thickness decreases from 20 nm to 7 nm.
These results are in good agreement with previous experimental observations and DFT
calculations reported in the literature [212]. From these results, we can infer that the
SnTe(7 nm) layer is more compressed than the SnTe(20 nm) layer, following a behavior
analogous to that observed for SnTe subjected to external hydrostatic pressure. Further

discussion of the strain level will be presented in the following section.

4.3.4 High-Resolution X-Ray Diffraction

The structural characterization of the MBE grown Py/SnTe/InP(111) samples
and the InP(111) substrate, were performed in a Bruker D8-discover diffractometer. To
obtaining information about the crystalline structure and crystal orientation of the SnTe
layer, High Resolution XRD measurements and 20 — w scans were performed. Reciprocal
space mapping (RSM) was carried out on the SnTe layer and the InP(111) substrate using
the symmetric (222) and asymmetric (224) orientations, respectively. In the symmetric

measurements, the crystalline planes parallel to the substrate surface aligned along the
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[111] direction of InP were analyzed. Also, the mosaic spread of the crystallites in the
SnTe layer was investigated in the asymmetric measurements along the [224] direction. In
addition, X-ray reflectivity (XRR) measurements were conducted to estimate the thickness,

roughness and densities of the Tellurium, Aluminum oxide, Permalloy and SnTe layers.

High-resolution X-ray diffraction (HRXRD) measurements of the AlO, /Py/InP
sample were performed to analyze the substrate quality and the phase state of the Py
layer. From Figure 63 (a), it is possible to confirm that only peaks related to the (111)
family of InP planes are present. Although the Py layer was grown with the substrate
at room temperature, a weak peak at 20 ~ 77° is observed. This weak peak is typically
associated with the NiFe (220) orientation [215, 216], indicating a low degree of plane
ordering of this phase. The presence of this peak may be attributed to the deposition of a
secondary NiFe phase caused by the different evaporation temperatures of Ni (1453°C at a
vapor pressure of 1072 mBar [217]) and Fe (1180°C at a vapor pressure of 1073 mBar [218])
in the e-beam system. This difference in evaporation temperatures for each material can
alter the effusion flux of each element, in a small level. As the effusion cell is unique, being
made of permalloy (NiggFey), the e-beam spot heats up. The permalloy is evaporated
from this unique effusion cell, and the temperature at the e-beam spot can cause the
separation of nickel and iron atoms, creating a secondary phase that is deposited. In this
case, the lower evaporation temperature of Fe can leads to a higher Fe flux, increasing
its relative content from 20% to nearly 50% during deposition, while the Ni flux remains
comparatively lower. This phenomenon changes the stoichiometry of part of the deposited
film from NiggF'esy to a more Fe-rich NiFe composition. Nevertheless, no peaks related to

the NigygFleoy are detected, suggesting that the Py layer is in an amorphous state.
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Figure 63 — The panel (a) exhibits a High-resolution X-ray diffraction (HRXRD) spectrum of
the AlO,/Py/InP(111) sample, just peaks related to the (111) family of InP planes
are present. Also, one peak related to NiFe (220) orientation is observed at 26 ~ 77°.
The panel (b) shows 260-w XRD scans for the SnTe(30 nm)/InP sample, exhibiting
single-phase SnTe (111) layer with diffraction peaks corresponding to SnTe (111)
near 25°and SnTe (222) around 50°. Laue fringes are observed for the SnTe (111)
peak, indicating a high degree of coherence between the SnTe film planes and sharp
interfaces. Panel (c) shows the rocking curve of the (222) reflection from the 30 nm
SnTe layer, which exhibits a FWHM of 0.080°. In panel (d) the curves for one sample
with and without the Py layer are plotted. The broadening of the SnTe (222) peak
in the AlO,/Py/SnTe/InP sample is attributed to its reduced thickness.

The 20—w XRD spectrum of the SnTe(30 nm)/InP sample shown in Figure 63 (b)
exhibits a single phase for the SnTe layer, with peaks corresponding to the (111) family of
planes, consistent with the substrate orientation. The SnTe (111) peak near 25° and the
SnTe (222) peak around 50° are well defined and display Laue fringes. This is an indication
of the a high degree of coherence between the SnTe film planes and the well-defined
interface between the substrate and the SnTe layer. The right-side fringes of the SnTe
(111) peak are not visible due to the overlap by the intense InP (111) peak.

Figure 63 (c) shows the rocking curve of the (222) reflection from the 30 nm
Sn'Te layer. The curve exhibits a sharp single peak, which was fitted using a Voigt-like
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profile. Rocking curves are commonly used to assess the mosaicity of epitaxial layers by
estimating the full width at half maximum (FWHM), a parameter that is proportional to
the defect density of the film, since narrower peaks indicate a lower density of crystalline
defects. For 30 nm Sn'Te epitaxial layer, we obtained a FWHM of 0.080°, confirming the
high crystalline quality of the film. For comparison, previously reported SnTe(111) films
grown by MBE show FWHM values of 0.11°(a~25 nm) [219], 0.06°(~15 nm) [208], and
0.09°(~100 nm) [208|. Our result is in consonance with these reports, demonstrating that

high-quality, large-area SnTe(111) epitaxial layers were successfully obtained.

The out-of-plane lattice constant a,; for cubic SnTe was determined by applying

Bragg’s Law to the (222) peak of SnTe in the spectrum of Figure 63 (d) as follows
2dhkl sinf = n\.

In this case, n = 1, corresponding to first-order diffraction. The wavelength () of the
XRD Cu source is 1.5406 A. For a cubic lattice, the interplanar spacing is related to the

out-of-plane lattice parameter by the following expression:

I S —

VR R
The SnTe diffraction peak analyzed has Miller indices (hkl) = (222). The measured angle
of the (222) diffraction peak is § = 24.935°. With these values, the out-of-plane lattice

parameter of the SnTe layers is estimated as:

a0 = 6.330 A

"™ — 6,370 A.

The reported lattice parameter of bulk SnTe is 6.318(3) A [207]. Accordingly, for
both samples, the out-of-plane lattice parameter is larger than the bulk value. This result
corroborates the estimated values of the out-of-plane lattice parameter estimated here,

SnTe (7 SnTe (20
where G,J_n e (7 nm) > aJ_n e (20 nm)

, consistent with cubic elastic theory, in which in-plane
strain induces an out-of-plane elastic response known as the Poisson effect [220]. The
crystalline structure of the InP substrate (with lattice parameter a = 5.86870 A)? induces

an in-plane compressive strain in the Sn'Te lattice parameter aj during growth. In response,

2The lattice mismatch between SnTe and InP is 7.5 %.
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the out-of-plane lattice parameter a, increases. Figure 64 illustrates the compression
constraint induced by the InP substrate on the SnTe layer. To verify these statements,
we reconstructed the asymmetric reciprocal space map for these samples, obtaining an
estimate of the in-plane lattice constant and, subsequently, the strained state of the SnTe
layer. The results will be discussed in the Asymmetric Reciprocal Space Mapping

section.

(a)
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Figure 64 — Panel (a) shows the FCC unit cells of the InP substrate and SnTe. Panels (b)
and (c) illustrate the in-plane compression of the SnTe lattice parameter, while the
out-of-plane lattice parameter is expanded. This deformation of the SnTe unit cell
increases the interplanar spacing, as confirmed by the peak positions in the XRD
spectrum.

The spectra shown in Figure 65 shows a comparative between the SnTe(7 nm)
and SnTe(20 nm) samples. As the capping layers are amorphous, they do not appear in
the HRXRD spectrum. The broadening of the (222) diffraction peak in the SnTe(7 nm)/
sample, shown in Figure 63 (c), is attributed to its smaller thickness when compared with
the 20 nm SnTe layer. Additionally, the SnTe (222) peak position have a large angle for
the SnTe(7 nm) than SnTe(20 nm). This result suggests that the thinner layer has a
smaller in-plane lattice parameter, and consequently more strained that the SnTe (20 nm)

layer and tends to approach the in-plane lattice parameter of InP substrate.
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Figure 65 — X-ray reflectivity (XRR) measurement and fitting adjusts for SnTe(7 nm) and
SnTe(20 nm) samples, the estimated parameters are shown in the Tables 3 and 4.

Figure 63 (d) shows the XRR spectra and the corresponding fitting results for
the AlO,/Py/SnTe/InP and Te/SnTe/InP samples. The density, thickness, and roughness

of each layer in both samples are listed in Tables 3 and 4.

Layer Density (g/cm?®) Thickness (nm) Roughness (nm)

Al 27+0.2 8.3+0.1 0.9+0.2
Py 8.3=x0.1 12.0£0.3 04+0.1
Sn'Te 6.5£0.2 8.9=£0.2 1.24+£0.3
InP 4.8=£0.1 - 0.5£0.1

Table 3 — Structural parameters for AlO, /Py/SnTe/InP structure obtained by the curve adjust
of the XRR data.

Layer Density (g/cm?®) Thickness (nm) Roughness (nm)

Te 0.41843 2.04255 0.64704
Sn'Te 6.02317 22.2028 0.345
InP 4.81352 - 0.97127

Table 4 — Structural parameters for Te/SnTe/InP structure obtained by the curve adjust of the
XRR data.

4.3.4.1 Symmetric Reciprocal Space Mapping

To obtain information about the strain state of the SnTe films and their in-plane
crystalline ordering, reciprocal space mapping (RSM) measurements were performed.

The map shown in Figure 66 (a) illustrates that a symmetric configuration provides
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information about lattice planes parallel to the substrate surface. In Figures 66 (b) and
(c), the RSM spectra around the symmetric (222) reflection for the SnTe(20 nm)/InP and
Py/SnTe(20 nm)/InP samples are presented. In both maps, two distinct diffraction peaks

are observed, one associated with the InP substrate and the other with the SnTe film.

The well-defined centers of the SnTe (222) and InP (222) spots, highlighted
in red, indicate a high degree of crystalline alignment and structural coherence in the
SnTe layers. In Figure 66 (b), the SnTe (222) and InP (222) diffraction peaks lie on the
q) = 0 axis, demonstrating that the SnTe (111) planes are perfectly aligned with those
of the InP substrate, with no detectable tilt or miscut, thereby confirming the epitaxial
relationship. Despite the evident epitaxy, the peak broadening observed in the 260w scans
for Figures 66 (b) and (c) indicates the presence of in-plane crystallite misorientation,

characteristic of mosaicity.
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Figure 66 — (a) Schematic illustration of the planes examined in a symmetric RSM measurement.
Panels (b) and (c) show the symmetric RSM reconstruction of the (222) planes for the
SnTe(20 nm)/InP and Py/SnTe(7 nm)/InP samples, respectively. In both images, it
is possible to observe slight oscillations along the ¢ = 0 line, which are characteristic
signatures of Laue fringes.
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4.3.4.2 Asymmetric Reciprocal Space Mapping

Figure 67 (a) exemplifies an asymmetric measurement providing information
about a specific family of inclined planes relative to the substrate surface. From the RSM
shown in Figure 67 (b), the relaxation state of the epitaxial SnTe layer relative to the
InP substrate was evaluated by examining the relative position of the asymmetric (224)
reflection. The in-plane lattice parameter of the 20nm SnTe layer was estimated to be
5.951 A, which is very close to the InP lattice parameter of 5.90 A. The corresponding
relaxation factor is 0.214, indicating that the 20 nm-thick SnTe layer remains largely
strained and tends to follow the substrate lattice parameter. This result is consistent with

the out-of-plane lattice parameter obtained using Bragg’s law, which is larger than the

bulk value of SnTe.

Figure 67 (c) shows peak broadening in both the 26-w and w directions in the RSM.
This indicates a increased in-plane misorientation among crystallites (mosaicity) and a
reduced coherence of the atomic plane spacing when compared to the Te/SnTe(20 nm)/InP
sample. The broader w scan for the Py/SnTe(7 nm)/InP sample evidences an increase in
mosaicity. However, caution must be exercised when directly comparing these samples,
as differences in layer stack and thickness inherently affect the mosaic spread and peak

broadening in HRXRD, particularly for ultrathin films.

The asymmetric map in Figure 67 (c) exhibits significant w broadening, which
prevents a reliable determination of the in-plane lattice parameter. However, it is possible
to notice that the region of highest intensity is closer to the dashed line connecting the
InP (224) peak and the ¢ = 0 point when compared to Figure 67 (b). This indicates that

the SnTe(7 nm) layer is more strained than the SnTe(20 nm) layer.
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Figure 67 — (a) Schematic illustration of the planes examined in a asymmetric RSM measurement.
Panels (b) and (c) show the asymmetric RSM reconstruction of the (224) planes for
the SnTe(20 nm)/InP and Py/SnTe(7 nm)/InP samples, respectively. The inclined
dashed line connects the InP(224) position to the origin of the reciprocal space.

4.3.5 Ferromagnetic Resonance

Using the FMR technique is possible to estimate the linewidth (AH), that is a fun-
damental parameter for investigating magnetic relaxation processes. In ferromagnet /normal-
metal bilayers, variations in the linewidth enable the quantification of the spin pumping
effect through the spin-mixing conductance (g;icf) The precession of the magnetization
injects a pure spin current into the adjacent non-magnetic layer, leading to a loss of
angular momentum in the ferromagnet and, consequently, to an enhancement of the FMR

linewidth.

For the FMR and SP-FMR experiments, a rectangular microwave cavity was used.
The cavity was configured to operate in the transverse electric TE;p2 mode, with a quality
factor () ~ 2000, at a frequency of 9.4 GHz. The static magnetic field H, generated by an
Helmholtz coil setup, was kept in the film plane and orthogonal with the microwave field

h,s. The dP/dH versus magnetic field spectra, shown in Figure 68, were obtained using
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lock-in detection using magnetic field modulation at 1.2 kHz. Both FMR and SP-FMR
measurements were performed at room temperature. For this configuration, the sample
was mounted at the tip of a PVC rod and positioned at a location inside the cavity where
the rf electric field is minimized and the rf magnetic field is maximized. Under these

conditions, galvanic effects driven by electric fields are avoided.
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Figure 68 — Field-swept FMR microwave absorption derivative spectra for (a) Py/InP and (b)
Py/SnTe(7 nm)/InP samples measured at an excitation frequency of 9.4 GHz, with
an applied microwave power of 13.54 mW in a resonant cavity. Using the increase
in linewidth, it is possible to estimate the spin mixing conductance. The resonance
magnetic field is equal to 1.081 kOe and 1.056 kOe for (a) and (b) respectively.

From the spectrum shown in Figure 68 it is possible to estimate the half width
at half maximum (HWHM) by the distance between the maximum and minimum points

of the derivative spectra. The relation between them is shown as follows

A= YV3am,
2

The increase in the FMR linewidth observed for the Py/SnTe(7 nm)/InP sample allows

the estimation of the effective spin-mixing conductance as follows

4 Mt
N — Py 5H
geff hw )

where 47 M = 1.76 kG is the saturation magnetization at room temperature of Py|[170],
tpy is the Permalloy thickness with a nominal value of 20 nm, i = 1.0545718 x 10734.J - s
is the plank’s constant, w = 5.906 x 10'%s~! is the angular resonance frequency using
f =29.4 GHz, and 0 H = 5 Oe is the additional linewidth caused by the spin pumping that
is obtained by the dP/dH versus H spectrum [170]. With those values, the estimated®

3we used 1G-Oe = 7.956 x10~3 T-A/m for the SI conversion.
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value of the spin-mixing conductance is

gk =14 % 10"%m=2.

This value is of the same order of magnitude as that reported for Py/Pt interface,
where Pt is known as one of the most efficient spin sinks [175, 174], and the well-known Ti
BisSes /YIG interface, in which the authors claim that the spin-to-charge current conversion
is governed by the IREE [221]. Previous values of ng# reported for sputtered SnTe/YIG
interfaces are gt &~ 3 x 107 m~2 [222], about one order of magnitude lower than that
obtained in this work. This enhancement may be attributed to the high-quality epitaxial
growth of the SnTe layer and to the state-of-art structural quality of the in situ grown

Py/SnTe interface, which favors more efficient spin injection under SP-FMR, conditions.

Moreover, this g+ value is of the same order of magnitude as that reported for
the topological insulator BisSes with six quintuple layers grown on a YIG substrate, for

which the authors claim that the spin-to-charge current conversion is governed by the

IREE [221].

4.3.6 SP-FMR in SnTe

Using the same parameters and setup configuration employed in the previous
section, we performed the SP-FMR measurements. The line shape V(H) is composed
of one symmetric therm related with spin pumping spin-to-charge conversion and other
asymmetric therm is related to galvanomagnetic effects such as the anisotropic magnetore-
sistance (AMR) [40]. The voltage in function of the external magnetic field H measured

between two electrodes at the edges of the sample is given by
V(H) = Vigm L(H — Hg) + Vasym D(H — Hp),

in which the L(H — Hpg) therm is a symmetric Lorentzian function,

AH?

M) = T = i+ a7

meanwhile D(H — Hpg) represents the antisymmetric Lorentzian,

AH (H — Hp)

P = g Hpr s (ARE
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Remembering that the FMR linewidth is denoted by AH. The voltage generated as

function of the magnetic field angle ¢ can be fitted by the following expression
V(H,¢) =[VS™ L(H — Hg) + V"™ D(H — Hg)|sin2¢ sin ¢ + Viy" L(H — Hg) cos ¢

where CL and SP subscript denotes classical and spin pumping origin of each therm
respectively. The classical therm is related to anisotropic magnetoresistance or spin
reification effects of the Py layer [40, 223|. Observe that D(H) = 0 when the amplitude of

the magnetic field is equal to Hg.

Figure 69 (a) shows the dc voltage measured for ¢ = 0° and 180°. For both
angles, the data are fitted with excellent agreement using the above equation. Figure 69 (b)
shows the symmetric part for both curves. The voltage peak inverts its sign when the
magnetic field is inverted by 180°. This behavior is characteristic of the ISHE or the
IREE, responsible to the spin-to-charge conversion [223|. The voltage Vsp;ak = 1.71 uV is

associated with the maximum value of spin-to-charge conversion process in SnTe and is

achieved at an input power of P; = 110 mW.

(a) (b)
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Figure 69 — Measured dc voltages obtained for (a) Py(20 nm)/SnTe(7 nm)/InP sample with
the magnetic field oriented at ¢ = 0° and 180° with the resonance magnetic field
Hpr = 1.056 kOe. The fit shows very good agreement with the data, describing
a superposition of symmetric and antisymmetric components. Panel (b) shows
the symmetric contribution, which is exclusively associated with a spin to charge
conversion mechanism. The inversion of the voltage with the field direction is a
characteristic feature of the ISHE or IREE.

This measurement procedure was repeated for all samples and for different

microwave powers, as shown in Figure 70 (a). By extracting the symmetric contribution,
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Figure 70 (b) was obtained showing the direct relationship between the microwave power
and the voltage generated by the spin-to-charge conversion. As shown in the inset of

Figure 70 (b), the Vgp scales linearly with the applied microwave power.
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Figure 70 — Panel a) shows the dependence of the dc voltage line shapes as a function of the
incident microwave power for Py(20 nm)/SnTe(7 nm)/InP sample at ¢ = 0°. Panel
(b) shown the dependence of the symmetric component of the spin pumping dc
voltage as a function of microwave incident power. The inset shows peak values of
the dc spin pumping voltage as a function of the incident microwave power. The
data points exhibit a linear behavior, as expected for ISHE or IREE.

Tin telluride is a topological crystalline insulator, it means this material is robust
against an external magnetic field, until certain level [54, 55, 53]. Moreover, the in-plane
external magnetic field and the magnetization of the permalloy layer are expected only to
shift the Dirac cone along the momentum direction, while preserving its linear dispersion,

making spin-to-charge conversion via the IREE possible [223].

4.3.6.1 Charge current density

The bi-dimensional charge current density J. is generated in the non-magnetic
material or at an interface. With units of charge per unit length, its origin can be related
to quantum phenomena such as the IREE or the ISHE. Its magnitude depends on the
spin-to-charge conversion efficiency, characterized by sy or Aijrgg. The charge density J,.

is estimated by .
Vs

Je=pu
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The therm Vspffak corresponds to the peak value of the measured spin pumping DC voltage
associated to exclusively to spin pumping Vsr;eak = 1.71 4V. The electrical resistance is
R =180€2. The sample width, defined as the distance between the electrical contacts, is
given by w = 2.5 mm. With this, we estimated

J. =3.80 x 107° A/m.

The obtained value is consistent in order of magnitude with that reported for MBE-grown

Sn'Te, in which the authors claim that the spin-to-charge current conversion is governed

by the ISHE [224].

4.3.6.2 Spin current density

The Three-dimensional spin current density J; represents the angular momentum
flux of injected spins per unit area and time. This flux occurs from a magnetic material
into a non-magnetic material in a layer or interface, as in FMR experiments. The spin
current density J; can be estimated by

ewpgls ( i

== \am

)QL(H—HR)

where the L(H — Hpg) is given by

AH?

LH) = (H — H,)? + AH?]

and is equal to 1 when in the resonance regime (H = Hg). In the J; equation, p = 0.30
is the precession ellipticity factor of the Py layer [15]. The term hy corresponds to the
amplitude of the microwave magnetic field. It is related to the microwave power applied
to the sample by h,s = 1.776+/PF; relationship, where P; is given in watts. In this work,
the maximum applied power was P; = 110 mW. Whit this parameters, we found the spin
current density of

J, = 4.74 x 10"A/m”.

This spin current value is less than one order of magnitude lower than that reported for
the topological insulator (Big22Sbg.7s), Tes, (Js = 2.3 x 10° A/m?), which is recognized as

one of the most robust and efficient topological insulators [71].
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4.3.6.3 The IREE conversion length

The IREE conversion length Ajggg is a parameter that characterizes the IREE,
connecting the three dimensional spin current density Js to the two-dimensional charge

current density J. through the following relationship:

Je
)\IREE = 7

I
This parameter quantify the spin-to-charge efficiency conversion in a interface or surface
with high SOC. It has units of length and is proportional to the magnitude of the
SOC [225, 226|. In this work we estimated A\jrgg = 0.080 nm. This A value is slightly
higher than those reported from SP-FMR, and longitudinal SSE measurements (0.076 nm)
in Big 99Sbg 7sTes /Py heterostructures [71]. This value is also and one order of magnitude

higher for that of Py/SnTe/YIG heterostructures with sputter-deposited SnTe [222].

4.3.6.4 Gilbert Damping

The Gilbert damping parameter « is a phenomenological, dimensionless quantity
that describes the rate at which the precessing magnetization relaxes toward the equilibrium
direction in the LLG equation. The FMR linewidth parameter is related to a by the

following expression

AH =2
y

where

_ 9bB
h

w being the angular frequency, up the Bohr magneton, & the reduced Planck constant,
and g spectroscopic splitting factor (g-factor). In this sense, a higher values of « lead to a
broader the FMR linewidth, indicating increased energy loss. Using v = 2,94 GHz/kOe,
w = 5.906 x 10'°s~! and the obtained value of the FMR linewidth from Py/SnTe and Py
structures, we have
apy, =144 x 107°
apy/snre = 1.69 x 1077

with this results, we have a Ao = 0.25 x 1072, A lower Gilbert damping value is desirable
for reducing power consumption in magnetic memories [227|. The estimated value in this

work is smaller that those reported from Py with the same thickness [40]. A more accurate

estimation can be obtained by evaluating the linewidth as a function of frequency [228].
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4.3.6.5 Spin Hall Angle

The spin Hall angle (fsy) is a parameter defined as the ratio between the spin
current density J; and the charge current density J.. The final equation form in function

of Vgp is
o 4Vsp

T\L tSnTe hT‘f 2
Rw)\efgeffptanh (—2/\sd ) (AH>

Osn

The measured DC voltage generated by spin pumping is denoted by Vsp = 1.71 V.
The electrical resistance of the layer where the spin-to-charge conversion occurs is given by
R,y = 180€) . The sample width, defined as the distance between the electrical contacts, is
denoted by w = 2.5 mm. The spin diffusion length of the non-magnetic layer is represented
by Asq. The effective spin-mixing conductance of the magnetic/non-magnetic interface
is given by gl = 1.4 x 10"®m~2. The electron charge e = 1.602176634 x 101 C. The
frequency of the driving microwave magnetic field is represented by f = 9.4 GHz. The
ellipticity factor of the magnetization precession is denoted by p = 0.3. The thickness of
the Sn'Te layer is represented by tsyre = 7 nm. The amplitude of the exciting microwave

field is given by A, = 0,348 Oe. The FMR linewidth is denoted by AH = 34 Oe.

0.24 nm

Osm ~
)\sd

This parameter quantifies the spin-to-charge conversion efficiency, meaning that
materials with high values of sy (such as Pt, Ta, W) are crucial for spin—orbit torque
magnetic memories, as they allow magnetization manipulation using small electric current
densities. In our experiments, we found a value of the spin Hall angle multiplied by the
spin diffusion length of OsyAsg = 0.24 nm. Based on the reported spin diffusion length
of (= 6 nm) well-known topological insulator BisSes [229], as reference [222] did, we
performed a rough estimation of 85y = 0.04 for our material. This magnitude is usually

found in good spin-sink materials such as Pt [230].
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5 FINAL CONSIDERATIONS

Spin transport and spin-to-charge conversion in PANI heterostructures were
investigated using SSE and SP-FMR experiments. Spin-coated PANI films with thicknesses
of approximately 100 nm exhibited good interfacial conformity and induced an increase in
RMS surface roughness from 0.8 nm (YIG) to about 2.65 nm, which was transferred to
the Pt top layer. Electrical measurements revealed ohmic contacts and tunable resistivity
(via secondary doping), with resistance values decreasing from 14.13 kQ to 6.39 k(.
FMR measurements demonstrated linewidth broadening in PANI/YIG and Pt/PANI/YIG
structures, evidencing efficient spin pumping across the interfaces. The extracted spin-
mixing conductance are gZéPANI/ Y16 — 0.56 - ggépt/ Y16 and gZéPANI/ PYYIG _ 16 - gZéPt/ Yie,
indicating that most of the injected spin current is transmitted through the PANI layer
and absorbed in Pt. Spin Seebeck measurements confirmed spin-current transmission
through PANI, with Vssg values approximately one order of magnitude smaller than in
Pt/YIG due to spin losses in the polymer. Direct detection of spin-to-charge conversion
in PANI yielded a linear dependence of Vssg on AT, from which a spin Hall angle of
Osg = (1.704+0.06) x 10~ was extracted. This value is several orders of magnitude smaller
than those typically reported for heavy metals and topological insulators, such as Pt and
BiySes, reflecting the intrinsically weak spin—orbit coupling in organic polymers [230, 229].
These results demonstrate that, despite its weak SOC, PANI supports long-range spin
transport and measurable spin-to-charge conversion, establishing conductive polymers as

viable platforms for organic spintronic and flexible devices.

Atomic force microscopy measurements show that PEDOT:PSS films deposited
by drop-casting exhibit thicknesses of approximately 2.20 pm and 2.54 pym for deposited
volumes of 20 plL and 40 pL, respectively, indicating the onset of thickness saturation
at higher solution volumes. The films present a granular morphology with an RMS
roughness of about 5.11 nm, reflecting the characteristic core-shell structure induced by
excess PSS. Raman spectroscopy confirms the chemical integrity of the PEDOT:PSS
films through the observation of characteristic vibrational modes associated with the
polymer backbone, in good agreement with literature reports. Optical transmittance
and absorbance measurements performed on quartz substrates reveal well-defined 7—r*

transitions and subgap absorption features related to bipolaron states, evidencing the highly
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conductive nature of the polymeric films. Tauc analysis yields optical band gap energies
of 2.44-2.55 eV for direct transitions and 2.00-2.06 eV for indirect transitions, placing
PEDOQOT:PSS within the typical range of organic semiconductors suitable for optoelectronic
and photovoltaic applications. The pseudo-four-probe measurements revealed linear I-V
characteristics, confirming the formation of ohmic contacts directly in the PEDOT:PSS
surface. The ISHE voltage exhibited a clear dependence on the in-plane magnetic field
orientation (0°, 90°, and 180°) and reversed its sign upon field inversion, evidencing
spin-to-charge current conversion generated by ISHE. Using a linewidth broadening in
the FMR measurements, we found glt‘%EDOT:PSS yie = 146 % 10'® m~2, and with this, we
obtained g%DOT:PSS NG = 1.46 gllt NI This reveals a highly efficient spin transfer across
the interface, as the gZé of the PEDOT:PSS/YIG system is of the same order of magnitude
as that of Pt/YIG [12, 28].

Under a thermal gradient applied perpendicular to the layers, a measurable
SSE signal was detected in the PEDOT:PSS layer. The magnetic-field dependence of
Vssg for different temperature differences AT shows the expected ISHE-SSE behavior,
confirming that thermally generated spin currents in YIG are efficiently converted into
electrical signals in the polymer layer. Consequently, we obtained a spin Hall angle of sy =
(3.4340.06) x 10~° that agrees well with the spin Hall angles reported for similar polymeric
materials [202, 12, 172]. Combined with spin-to-charge conversion measurements obtained
by SSE and SP-FMR, these results demonstrate that PEDOT:PSS films exhibit appropriate
structural quality, optical properties, and spin-transport functionality, supporting their
potential for organic spintronic devices. Although the spin-to-charge conversion efficiency
in PEDOT:PSS remains lower than that observed in inorganic systems such as Pt or
topological insulators, its performance is comparable to other conductive polymers reported
in the literature, highlighting the relevance of interface engineering for enhancing spin—

orbit-related phenomena in organic materials [227].

Atomic force microscopy measurements reveal that uncapped SnTe films exhibit
a triangular surface features, characteristic of grown along the (111) direction, and low
roughness, with an RMS value of approximately 0.55 nm. The presence of a Te capping
layer preserves the surface uniformity, yielding comparable roughness values of about

0.58 nm. In contrast, the incorporation of SnTe beneath the Py layer can be induced
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a pronounced modification of the top AlO, surface morphology, leading to an increase
in RMS roughness from 0.33 nm to 1.49 nm and to the formation of larger granular
agglomerates. This alteration can also be attributed to the relatively large thickness of the
Py layer (=~ 20 nm). Raman spectroscopy confirms the characteristic A;, and Ero phonon
modes at 125.33 cm~! and 142.04 cm ™!, respectively, in agreement with literature values.
In heterostructures, the partial attenuation of the Raman signal reflects the masking effect
of the overlayers, while the emergence of the disorder-related mode near 104 cm™! indicates
structural imperfections in thinner films. A systematic downshift of the A;, mode from
125.3 cm~! to 121.6 cm ™! is observed as the thickness decreases from 20 nm to 7 nm,
revealing enhanced compressive strain induced by the substrate. The concomitant changes
in the relative intensities of the M2, M3, and M4 modes further support the presence of
strain and confinement effects. These results demonstrate that film thickness strongly

influences the vibrational and structural properties of SnTe.

High-resolution X-ray diffraction confirms the epitaxial growth of single-phase
SnTe(111) films on InP(111), as evidenced by well-defined (111) and (222) reflections and
the presence of Laue fringes. The narrow rocking-curve width of 0.080° for the 30 nm SnTe
layer demonstrates high crystalline quality and low mosaicity. A weak NiFe(220) reflection
at 20 ~ 77° is related to the Py layer, suggesting its polycrystalline phase. Analysis
of the (222) diffraction peak yields out-of-plane lattice parameters of a; = 6.330 A for
20 nm and 6.370 A for SnTe (7 nm) films, both exceeding the bulk value, revealing
compressive in-plane strain induced by the InP substrate. X-ray reflectivity measurements
provide quantitative thickness, density, and roughness values for all layers, confirming
sharp interfaces. Together, the HRXRD and XRR results demonstrate that high-quality
epitaxial SnTe films were obtained and that strain and thickness play a central role in
determining the structural properties of the heterostructures. Symmetric reciprocal space
mapping around the (222) reflection confirms the high structural coherence and epitaxial
alignment between the SnTe(111) films and the InP(111) substrate, as evidenced by the
alignment of the SnTe and InP diffraction peaks along the ¢ = 0 axis. The observed
peak broadening reflects a moderate degree of in-plane mosaicity. Asymmetric reciprocal
space mapping around the (224) reflection reveals that the 20 nm SnTe layer remains
largely strained, exhibiting an in-plane lattice parameter of 5.951 A and a relaxation

factor of 0.214, close to the InP lattice constant. For the SnTe (7 nm) layer, pronounced
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peak broadening and intensity redistribution indicate increased mosaicity and a higher
compressive strain state. Together, these results demonstrate that film thickness strongly

controls strain relaxation and crystalline coherence in SnTe/InP heterostructures.

The spin-to-charge conversion experiments performed on the Py/SnTe heterostruc-
tures demonstrate efficient interfacial spin transport and conversion. From the analy-
sis of the ferromagnetic resonance linewidth, an effective spin-mixing conductance of
gl =1.4% 10" m~2 (1.4 x 10" cm~2) was obtained, indicating high spin-transmission
efficiency across the interface. The spin-mixing conductance of SnTe is of the same order of
magnitude as that of Pt, indicating a high efficiency for spin-current absorption [175, 174].
This result is particularly significant, since platinum is widely recognized as one of the most
efficient spin sinks. Furthermore, this value is comparable to those reported for other topo-
logical materials, such as Big22Sbg.7sTesz and BisSes, confirming the robust spin-absorption
capability of SnTe-based heterostructures |71, 229]. The Gilbert damping parameter
increased from apy = 1.44 x 107? for the reference Py layer to apy/snre = 1.69 X 1073 in the
presence of the SnTe layer, corresponding to a damping enhancement of Aa = 0.25 x 1073,
This increase is attributed to spin pumping into the SnTe layer. The injected spin current
density was estimated as J, = 4.74 x 10* A/m?, which was converted into a transverse

charge current density of J, = 3.80 x 107¢ A /m.

This spin current density is less than one order of magnitude lower than that
reported for highly efficient topological insulators, such as (Bi,Sb)sTes, which typically
exhibit J; values on the order of 10° A/m? [71]. From these values, an inverse Rashba—
Edelstein length of Airgg = 0.080 nm was extracted, evidencing the relevance of interfacial
spin—orbit coupling and spin—-momentum locking at the Py/SnTe interface. This value is
slightly higher than those reported for Py/Big22Sbg 7sTes heterostructures and approxi-
mately one order of magnitude larger than that obtained in sputter-deposited SnTe films,
indicating a superior interfacial quality and influence of high crystallinity in the present
MBE-grown samples [71, 222]. A rough estimation of the spin Hall angle of 65y = 0.04 was
done for our material. This magnitude is usually found in good spin-sink materials such
as Pt [230]. It is important to note that there is no consensus on whether the ISHE or the
IREE is dominant in the spin-to-charge conversion in SnTe. Due to the configuration of

our heterostructures, we cannot reach a definitive conclusion regarding which mechanism
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is dominant. Overall, these results confirm that SnTe acts as an efficient spin sink and
spin-to-charge converter, combining sizable spin-mixing conductance, measurable damping
enhancement, and finite interfacial conversion length. Compared to conventional heavy
metals and other topological insulators, the Py/SnTe system exhibits competitive spin-
transport and conversion efficiencies, reinforcing the potential of topological crystalline
insulators for spintronic applications based on spin pumping and interfacial spin—orbit

effects.

The results obtained for the PANI-based heterostructures have already been
published in https://doi.org/10.1016/j.jmmm.2021.168635. The results concerning the
PEDOT:PSS polymer films are currently in the final step of submission. Finally, the results

related to the Sn'Te heterostructures are in the final stage of manuscript preparation.
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6 PERSPECTIVES

In this study, we will investigate SnTe samples with varying thicknesses, spanning
from the three-dimensional to the two-dimensional limit. Our goal is to elucidate the
relative contributions of the ISHE and the IREE to the spin-to-charge conversion efficiency

across these dimensional regimes.
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