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Abstract

The integration of ferromagnets with topological insulators has attracted growing attention
due to the possibility of exploiting spin—orbit effects for next-generation spintronic devices,

yet achieving stable and flexible heterostructures remains challenging.

This work presents a systematic study of thin films of FeCo and heterostructures of
FeCo/Bi,Te; deposited on glass and Kapton substrates by DC magnetron sputtering .
Structural and morphological characterization was carried out using Scanning Electron
Microscopy (SEM), Energy Dispersive Spectroscopy (EDS), X-Ray Diffraction (XRD), and
X-Ray Reflectivity (XRR), while magnetic properties were probed by SQUID magnetom-

etry and Ferromagnetic Resonance (FMR).

XRD analysis confirmed that the FeCo films grew polycrystalline with a dominant (110)
orientation, while SQUID magnetometry revealed robust ferromagnetism with saturation
magnetization values ranging from 501-1200 emu/cm?3 and coercivities ranging from 52-
166 Oe, accompanied by well-defined hysteresis loops,with the exception of the 10 nm

samples, with minor dependence on the substrate type.

For FeCo on glass, a saturation magnetization of 1148 emu/cm?3 and coercivity of 90 Oe
were obtained, while on Kapton the values were 1174 emu/cm® and 100 Oe, indicating
strong ferromagnetic behavior and only minor influence of substrate change.Across indi-
vidual thicknesses, the Ms values showed a general increasing trend with thickness, with
intermediate deviations likely due to microstructural effects. Important to identify that the
iron cobalt alloy has 50:50 atom ratio (FesoCosp) with 99.99% purity. The Kapton substrate
used was a Kapton HN polyimide film was approx. 25 um thick, (DuPont).

In FeCo/Bi,Tes heterostructures, the samples with 100 nm of Bi;Te; on top of 100 nm of
FeCo showed saturation magnetization values of 961 emu/cm? (glass) and 893 emu/cm3
(Kapton), with coercivities of 91 Oe and 89 Oe, respectively, confirming that the substrate
exerts little effect on the overall magnetic response.Other thicknesses showed Ms values
ranging from 638 to 1.279 emu/cm? depending on substrate and film thickness, while Hc
varied from 82 to 183 Oe, highlighting the subtle interplay between thickness, substrate,

and the presence of Bi,Tes.

However, surface roughness and crack formation strongly depended on substrate type
and thickness. The addition of the Bi,Tes, layer preserved the ferromagnetic response of

FeCo, revealed diffraction peaks consistent with the topological insulator, and produced
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broader FMR lines, consistent with polycrystalline growth and structural defects.

These results demonstrate that FeCo/Bi, Te; heterostructures retain the desired ferromag-
netic properties and represent a promising platform for exploring the interplay between

ferromagnets and topological insulators.

These findings confirm that FeCo/Bi, Tes heterostructures maintain robust ferromagnetism
and compatibility with flexible substrates,with saturation magnetization and coercivity
showing only minor variation with substrate type and predictable trends with film thick-
ness, opening opportunities for next-generation spintronic devices that combine mechan-

ical flexibility with topological protection.

Key words: FeCo;Bi,Tes;topological insulator, spintronics, thin films, magnetron sputter-

ing
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Resumo

A integracao de ferromagnetos com isolantes topologicos tem atraido crescente atencao
devido a possibilidade de explorar efeitos spin—6rbita em dispositivos espintronicos de
proxima geracao, mas a obtencao de heteroestruturas estaveis e flexiveis continua a ser

um desafio.

Este trabalho apresenta um estudo sistematico de filmes finos de FeCo e heteroes-
truturas de FeCo/Bi,Te; depositados em substratos de vidro e Kapton por sputtering
magnético DC. A caracterizagao estrutural e morfoldgica foi realizada utilizando Micros-
copia Electrénica de Varredura (SEM), Espectroscopia de Energia Dispersiva (EDS),
Difracdo de Raios X (XRD) e Reflectividade de Raios X (XRR), enquanto as proprie-
dades magnéticas foram investigadas por magnetometria SQUID e Ressonancia Ferro-

magnética (FMR).

A analise de XRD confirmou que os filmes de FeCo cresceram policristalinos com orientagao
dominante (110), enquanto a magnetometria SQUID revelou ferromagnetismo robusto
com valores de magnetizagdo de saturagao entre 501-1203 emu/cm? e coercividades
variando entre 52—-166 Oe, acompanhadas de ciclos de histerese bem definidos, com
excegao das amostras de 10 nm, apresentando dependéncia minima do tipo de subs-

trato.

Para o FeCo sobre vidro, foi obtida uma magnetizacdo de saturacdo de 1148 emu/cm? e
coercividade de 90 Oe, enquanto no Kapton os valores foram de 1174 emu/cm?3 e 100
Oe, indicando comportamento ferromagnético forte e apenas uma influéncia minima da
mudanca de substrato. Entre as diferentes espessuras, os valores de M; mostraram
uma tendéncia geral de aumento com a espessura, com desvios intermédios provavel-
mente devido a efeitos microestruturais. E importante destacar que a liga de ferro-cobalto
possui uma propor¢ao atémica 50:50 (FesoCosp) com 99.99% de pureza.O substrato de
Kapton utilizado foi um filme de poliamida Kapton HN com aproximadamente 25 um de

espessura (DuPont).

Nas heteroestruturas /BiyTes, as amostras com 100 nm de Bi;Te3 em cima de 100 nm
de FeCo mostraram valores de magnetizacao de saturacdo de 961 emu/cm? (vidro) e 893
emu/cm? (Kapton), com coercividades de 91 Oe e 89 Oe, respetivamente, confirmando
que o substrato tem pouco efeito na resposta magnética global. Outras espessuras apre-

sentaram valores de M; variando de 638 a 1.279 emu/cm? dependendo do substrato e
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da espessura do filme, enquanto H. variou de 82 a 183 Oe, evidenciando a interde-

pendéncia subtil entre espessura, substrato e presenca de Bi,Tes.

No entanto, a rugosidade da superficie e a formacao de fissuras dependeram fortemente
do tipo de substrato e da espessura. A adicdo da camada de Bi,Tes preservou a res-
posta ferromagnética do FeCo, revelou picos de difracdo consistentes com o isolante
topoldgico e produziu linhas de FMR mais largas, coerentes com crescimento policrista-

lino e defeitos estruturais.

Estes resultados demonstram que as heteroestruturas FeCo/Bi,Te; mantém as propri-
edades ferromagnéticas desejadas e representam uma plataforma promissora para ex-

plorar a interagao entre ferromagnetos e isolantes topologicos.

Estas descobertas confirmam que as heteroestruturas FeCo/Bi,Tes mantém ferromag-
netismo robusto e compatibilidade com substratos flexiveis, com magnetizacao de saturagao
e coercividade apresentando apenas variagdes minimas com o tipo de substrato e tendéncias
previsiveis com a espessura do filme, abrindo oportunidades para dispositivos espintrénicos

de préxima geragao que combinam flexibilidade mecanica com protegao topoldgica.

Palavras Chave: FeCo;Bi,Tes;isolador topoldgico, spintrénica, filmes finos, magnetron

sputtering
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1. Introduction

1.1. Topological Insulators

1.1.1. Contextualization

Topological insulators (TIs) are a recently discovered class of quantum materials that
have attracted great interest in physics and engineering due to their unique properties.
These materials are characterized by being insulating in their interior, or “bulk,” but highly
conductive on their surface, where electrons can move without scattering and with ex-
tremely low energy losses. This behaviour arises from the non-trivial topology of their

electronic band structure, intrinsically linked to strong spin-orbit coupling (SOC).[1][2]

These properties make TlIs a promising platform for emerging technologies, particularly

in quantum computing and spintronics.[1]

In quantum computing, topological insulators play a crucial role due to the robustness of
their surface states against external perturbations such as impurities and disorder. This

robustness is associated with time-reversal symmetry (TRS) and topological protection.[2][3]

In spintronics, topological insulators offer unique opportunities for controlling and manip-
ulating the spin of electrons in addition to their charge. Thanks to the spin—momentum
locking effect, electrons in surface states have their spin rigidly aligned with their direc-
tion of motion, enabling the development of spin-based logic and non-volatile memory

devices, leading to greater energy efficiency compared to traditional electronic devices.

A related phenomenon is the Quantum Spin Hall Effect (QSHE), where edge channels
support spin-polarized transport without dissipation, see Figure 1.1 Unlike the conven-
tional Quantum Hall Efect (QHE), which requires an external magnetic field, the QSHE
arises intrinsically from SOC.[1] [2] This effect forms the basis for potential Tl-based mem-

ory and logic devices.
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FIGURE 1.1: a)Quantum Spin Hall Effect illustration[4]

The energy gap is the difference between the valence band and the conduction band. In

Tls, this gap exists in the bulk of the material, making it insulating in the inner region.

In Tls, due to spin—orbit coupling (SOC), the valence and conduction bands are “swapped”
or inverted compared to conventional insulators. This inversion occurs due to relativistic
interactions and is the origin of the non-trivial topology called inverted bands, see Figure
1.2.[1] [3]

a.)
E Conduction Band

Valenc? Band

-n/a 0 k -m/a

FIGURE 1.2: a)Band inversion results in topologically protected surface states in a bulk
bandgap (green and blue lines)[1] b.) Spin-momentum locking on a topological surface
state.[5]

When a Tl is in contact with a normal insulator (such as a vacuum), conductive surface
states appear that are protected by topological properties. These states are a conse-
quence of bulk—boundary correspondence: the topology of the bulk requires that the

edges be conductive to preserve the continuity of quantum properties.[3]

The Quantum Hall Effect (QHE) and Tls are related. In QHE, an external magnetic field

creates conductive edge states. In Tls, intrinsic SOC plays a similar role but without
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requiring an external magnetic field.

The surface states of Tls are robust against impurities and imperfections. This occurs due
to the topological protection provided by TRS and spin—momentum locking. Scattering is

prevented because the states remain coherent unless TRS is broken.[6]

TRS implies that the entire physical system remains invariant if time is reversed. In quan-
tum mechanics, this means that wavefunctions evolve in such a way that there is no

distinction between moving time forward or backward.

Scattering occurs when a wave or particle interacts with something that changes its direc-
tion or propagation state. This is undesirable because it leads to energy and information

loss. However, TRS ensures that scattering satisfies symmetric properties.

For example, if a wave A is diffracted in direction B, TRS guarantees that a wave from
B will be diffracted toward A. In systems with perfect TRS and no external perturbations
(such as magnetic fields that break TRS), scattering does not occur because, in TRS,
for every electron state with a given spin and momentum, there exists an opposite state.

Thus, there are no two opposite paths for scattering to maintain the symmetry condition.
Similarly, backscattering is not allowed under these conditions.

Electrons in topological insulators have spin—-momentum locking due to strong spin—orbit
coupling. For backscattering to occur, the electron’s momentum would have to change,

which would imply a change in its spin.

This spin change is neither energetically nor dynamically favorable, and for it to happen,

an external magnetic field breaking TRS would be required. [7]

Therefore, since momentum change does not occur without spin change, backscattering

is suppressed under these conditions.

In the case of time-reversal symmetry breaking, the surface states are lost — surface
states can acquire an energy gap and become insulating. This is the mechanism by

which a Tl can lose its surface conductivity.

1.1.2. Effects of Treatments

It has been observed, for example, that thin films of Bi,Testopological insulators can be

created through magnetic sputtering deposition, either on silica glass or on polyimide
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substrates, followed by annealing at temperatures above 250 °C. This process produces
a polycrystalline structure with larger crystals and fewer defects, suggesting a reduction

in the electrical contributions from the insulating bulk. [8]

In these thin films, between 20 K and 200 K, a metallic-like behavior is observed, indi-
cating the presence of topological surface states (TSS). It has been found that higher
annealing temperatures lead to improved results, enhancing crystallization and increas-

ing crystal size.[8]

It has also been observed that quintuple layers exist — that is, a single structural unit com-
posed of five atomic layers arranged sequentially, connected mainly by covalent bonds.[9]
These quintuple layers are bound to each other via van der Waals bonds, which are cru-
cial for supporting the formation of topologically protected surface electronic states. The
existence of these layers also allows easier exfoliation, since van der Waals bonds are

weak interactions that can be broken more easily.

It is also noted that Te—Te clusters can form, which are not typical in quintuple layers and
are undesirable because they cause structural defects that affect the topological proper-
ties. These clusters can form under extreme pressure and temperature conditions, which
promote structural rearrangements that bring tellurium atoms closer together, leading to

the creation of such Te—Te clusters.[10]

Another observation is that the bulk conductivity of topological insulators depends on their

thickness, highlighting the importance of controlling the geometry of the material.

From the analysis of the weak antilocalization (WAL) effect, measured through magne-
toresistance at low temperatures when the material is subjected to external magnetic
fields, it is confirmed that the films exhibit strong spin—orbit coupling, a key characteristic

of topological insulators.[11]

In terms of physical stability, it is observed that topological insulators remain stable even
under bending, with tests showing that even when bent to an angle of 83°, satisfactory

performance is still obtained. [12]
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1.2. Lateral Spin Valves

Charge + spin curment ! Pure spin :.F= MM

FIGURE 1.3: Lateral Spin Valve scheme [13]

Lateral spin valves (Figure 1.3) are used to control and manipulate the flow of electrons
through their spin along the surface of a topological insulator. These devices allow the

injection of spin-polarized electrons and can also be used to change the spin state.

In lateral spin valves, tunneling magnetoresistance (TMR) occurs. TMR is a magne-
toresistive effect in spintronic devices in which the electrical resistance depends on the
relative orientation of the magnetizations in ferromagnetic electrodes separated by a tun-

neling barrier.

A lateral spin valve typically consists of two ferromagnetic (FM) electrodes acting as the
spin polarizer and spin analyzer, and a non-magnetic (NM) channel—usually a metal or
semiconductor—serving as the transport medium for the injected spins. The injector and
analyzer are designed with different coercivities, allowing the magnetic configuration to
be switched between parallel and antiparallel states by applying an external magnetic
field. [14]

The effective resistance of the spin valve is low when the analyzer spin orientation matches
the magnetization of the polarizer, enabling efficient spin collection by the analyzer as

seen in Figure 1.4.

—_— +—Free Layer — —

l—— Insulator —

—_— — Fixed Layer —s —ly
(a) (b)

FIGURE 1.4: MTJ ferromagnetic layers in (a) parallel and (b) antiparallel configurations

The TMR value can be calculated as:

TMR =
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where B is defined as the spin selectivity of the tunnel barrier, R;, is the antiparallel

resistance and R, is the parallel resistance .

A high TMR value indicates a large difference between the antiparallel and parallel re-
sistances, reflecting a significant difference in the density of states for spin-up and spin-
down electrons. This separation between the parallel and antiparallel states corresponds,
in memory device applications, to a clear distinction between the logical “0” and “1” levels,

implying efficient devices, good spin polarization, and high-quality interfaces/barriers.

Conversely, a low TMR value indicates that the difference in resistance between parallel
and antiparallel states is small, making it more difficult to distinguish magnetic states,

thereby reducing device efficiency.

However, challenges remain in interfacing topological insulators with magnetic tunnel
junctions [15] while maintaining both high TMR and the preservation of topological sur-
face states (TSS).[9] [16] Photolithography can cause degradation, and annealing may

lead to a reduction in electron diffusion.

1.2.1. Materials for Spin Valve Fabrication

In the fabrication of spin valves, the non-magnetic (NM) channel is typically made of
coppet, silver, or aluminum, while the ferromagnetic (FM) materials are commonly cobalt,
permalloy (NiFe), and iron—cobalt (FeCo) alloys, such as FeCoB. In our case, however,

the ferromagnetic layer is FeCo deposited on a glass substrate.

FeCo is preferentially used as the injector. In addition to having strong spin—orbit cou-
pling, FeCo exhibits high spin polarization, meaning that a large fraction of the electrons
transported by this alloy have their spins preferentially aligned in a single direction. This
property is essential for spin injection into other materials, such as topological insulators,
where the spin orientation of electrons must be precisely controlled. Being a ferromag-
netic material with high magnetization, FeCo can generate strong magnetic fields that
influence the motion of spin-polarized electrons. This is useful for aligning electron spins

prior to injection into other materials.

Permalloy (NiFe) is often used as the analyzer because it has high magnetic permeability,
meaning it responds easily to weak magnetic fields and exhibits high magnetization even
under relatively small fields. This allows it to detect subtle changes in the magnetic field,

making it ideal for sensing weak magnetic signals. It also has low magnetic anisotropy,
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which means its magnetization can be easily oriented in any desired direction when an

external magnetic field is applied.

It is worth noting that the thinner the NM material, the higher the tunneling magnetoresis-

tance (TMR), the spin selectivity of the tunnel barrier, and the spin polarization.[17]

The propagation of spin—and the manner in which it propagates—depends on the prop-
erties of the non-magnetic material. The spin polarization in the NM can be described
by:

_ Dy(Er) — D (EF)
D+(Er) + D\ (EF)
where Dy (Er) is the density of states for spin-up electrons at the Fermi level Er, and

P (1.2)

D, (Er) is the density of states for spin-down electrons at Er.[18]

Spin polarization measures the difference between the number of occupied states for
spin-up and spin-down electrons at the Fermi level. This parameter is important in the

study of lateral spin valves, as it allows the efficiency of spin injection to be quantified.

Another important parameter is the spin diffusion length Asp:

/\SD = w/DTsf (13)

where D is the diffusion constant of the material, and Tsf is the spin relaxation time—the

average time before spin orientation is lost. [19]

The spin diffusion length represents the average distance an electron can travel before
losing its spin polarization. This model is used to characterize spin transport in non-

magnetic materials where transport occurs via diffusion.

In the device under consideration (the lateral spin valve), Asp indicates the efficiency of
spin propagation in the chosen material. To select the optimal NM material, one should
choose a material with high electron mobility (and thus a higher D) and a long spin re-
laxation time, enabling electrons to travel further without spin interaction with the environ-
ment.
These quantities are related through the non-local voltage (V,,;):
PZR ASD __L
an = % e "sp (1 4)

where Ry, is the sheet resistance, W is the width of the NM layer, L is the separation
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between the two FM electrodes (the analyzer and injector), and the exponential factor
e~ L/Asp describes the decay of spin polarization over distance L due to spin relaxation in
the NM.

The non-local voltage is the voltage generated in the detector region of the device due
to spin separation in the NM. It can be measured between the ferromagnetic analyzer
and the NM using a nanovoltmeter. From this measurement, and using Eq. 1.4, one
can determine both the spin polarization and the spin diffusion length, thus aiding in the

fabrication of highly efficient lateral spin valves. [20]

1.3. Hall Sensors and Hall Effects

A Hall sensor operates according to the Hall effect, detecting a magnetic field and con-

verting it into an electrical signal.

on+++++++++++++

FIGURE 1.5: a)Schematic representation of the Hall effect under a static magnetic field
H[21]

The Hall effect, discovered by Edwin Hall in 1878, is shown schematically in Figure 1.5,
occurs when a current flows through a conductive or semiconductive material subjected to
an external magnetic field. The charge carriers experience a force known as the Lorentz
force, causing them to accumulate on one side of the material. This generates a poten-
tial difference perpendicular to both the direction of the electric current and the external
magnetic field. The Hall voltage is given by:

_IB

" (1.5)

where I is the current through the material, B is the external magnetic field, = is the carrier

density, g is the charge of the carriers, and ¢ is the thickness of the material.
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Hall sensors are typically made from semiconductors such as GaAs, due to their higher
carrier mobility, which increases magnetic field sensitivity. The sensor has four electri-
cal contacts: two to inject current and two transverse contacts to measure the potential

difference produced by the Hall effect.

Several types of Hall effects can be detected with a Hall sensor:

Anomalous Hall Effect (AHE) Occurs in ferromagnetic materials where the electron
spins align with the magnetic moment. When current flows, electrons with different
spin orientations experience different forces due to spin—-magnetic moment interactions,
causing spins to accumulate on opposite sides of the material and generating a Hall

voltage.[22]

Spin Hall Effect (SHE) Occurs in non-magnetic materials where an electric current
induces a transverse spin current. Spin—orbit coupling causes electrons with opposite
spins to move in opposite directions—spin-up electrons to one side, spin-down to the

other.

Inverse Spin Hall Effect (ISHE) The reverse of the SHE: a polarized spin current gen-

erates a charge current perpendicular to the spin flow.

The spin current density generated by the SHE due to spin—orbit interaction in conductive

materials can be expressed as:
Js = osh €ijEjsk (1.6)
where J; is the spin current density, osyy is the spin Hall conductivity (quantifying the effi-

ciency of electric-to-spin current conversion), ¢;j is the Levi—Civita tensor defining relative

directions, E; is the applied electric field, and sy is the spin polarization component.

A simplified form is:
Js =0suJc$ (1.7)

where J. is the charge current density, 65y is the spin Hall angle (fraction of charge
current converted into spin current, or vice versa for ISHE), and $ is the unit vector of spin

direction.[23]
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From the ISHE, the transverse voltage measured across the width of the material (per-

pendicular to the spin current) is given by:

(1.8)

where p is the material resistivity, t is the thickness, and w is the width of the material.

The spin current can then be calculated as:

_ 2eVisueAspA

IS GStht

(1.9)

where A is the cross-sectional area of the spin current path, e is the electron charge, Asp

is the spin diffusion length, and 7 is the reduced Planck constant. [24]

These equations enable the quantification and evaluation of spin currents in devices,
allowing extraction of key parameters such as the spin Hall angle and spin diffusion
length.[25]

1.4. Analysis of Topological Insulators

The analysis of topological insulators can also be performed using Density Functional
Theory (DFT), a computational method based on quantum mechanics used to investigate

the electronic structure of materials.

In this context, for the study of topological insulators, the Local Density Approximation

(LDA) and the Generalized Gradient Approximation (GGA) are typically employed.

In LDA, the exchange—correlation energy is assumed to be a function of the local electron
density, making it suitable for systems with nearly uniform electron densities. The GGA
extends LDA by including the gradient of the electron density, improving accuracy for
systems with more complex electronic distributions, such as topological insulators, where

it better captures the intricacies of their band structures. [26]
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1.4.1. Spin-Orbit Coupling Hamiltonian

Jy

FIGURE 1.6: Schematic representation of the Hall effect under a static magnetic field
H[27]

Spin—orbit coupling (SOC) arises from the interaction between the electron spins and their

orbital motion in a potential V;, see Figure 1.6 lts effect is described by the Hamiltonian:
Hsoc = —La V'V (1.10)
SOC — 4m2C2 0 .

where m is the electron mass, c is the speed of light, and ¢ is the vector of Pauli matrices

representing the spin.

For potentials with spherical symmetry, this reduces to:
HSOC:/\(L‘U') (111)

where A is the SOC strength and L is the orbital angular momentum operator.[25]

1.4.2. Classes of topological insulators

The most widely investigated Tls for device applications can be broadly classified into

several material families.

The Bismuth Chalcogenites (Bi, Tes, Bi;Ses,Sb,Tes): This family represents the prototypical
three-dimensional Tls. Among them, Bi;Ses and Bi;Te; are the most studied due to their
relatively large bulk bandgaps, simple surface-state band structures, and availability of

high-quality thin films. BiyTes, in particular, exhibits a single Dirac cone in its surface
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electronic structure, as confirmed by ARPES studies [28]. These materials have been
widely integrated with ferromagnetic metals and insulators to probe proximity-induced

magnetism, spin torque generation, and spin pumping.[29]

The Heusler Compounds and Ternary Tls, such as Bi,Te;Se, are a class of materials that
since have various ordered phases such as ferromagnetic and superconducting phases,
it is possible to fabricate Tl-based heterostructures that exhibit interesting topological

magnetoelectric phenomena and Majorana fermions.[30]

The Topological Crystalline Insulators, such as SnTe where the surface-state protection

derives from crystalline symetries instead of the time-reversal symmetry.[31]

The Two Dimensional (2D) Quantum Spin Hall Insulators, such as HgTe/CdTe, where
changing the thickness of HgTe the quantum well past a critical value the system transi-
tions from a normal insulator to an inverted band structure characteristic from the topo-

logical insulators [32]

1.5. Motivation

Despite the growing interest in ferromagnet/topological insulator heterostructures, several
gaps remain in the literature. In particular, most studies have focused on materials such
as Fe, Co, or Py (NiFe), while systematic investigations of FeCo combined with Bi,Te; are
still limited. FeCo is an attractive ferromagnet due to its high saturation magnetization,
tunable anisotropy, and good thermal stability, making it highly relevant for spintronic
applications. On the other hand, Bi,Tes is a well-established topological insulator, with
strong spin—orbit coupling and potential to host spin—-momentum—locked surface states.
The combination of these two materials is therefore promising for exploring spin—orbit

phenomena and magneto-transport effects in hybrid systems.

However, little is known about how the choice of substrate (rigid vs. flexible) influences the
structural integrity, magnetic response, and overall stability of FeCo/Bi,Tes heterostruc-
tures, since very little literature is found on flexible substrates specially on kapton, being
the majority of the literature on kapton substrate being of other materials such as CoFeB
[33] and FeGa [34]. This is particularly relevant for the development of flexible spintronic
devices, where mechanical adaptability must be achieved without compromising mag-

netic performance.
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In this work, we focus on FeCo/Bi,Tes heterostructures, aiming to explore their struc-
tural and magnetic properties and assess their potential for logic and memory devices,

including their integration on flexible substrates such as Kapton.
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2. Samples

2.1. Fabrication

2.1.1. Materials

Thin films were fabricated using the magnetron sputtering technique.The equipment used

was a CY Scientific Instrument DC-Sputtering device.

FeCo samples with thicknesses of 10 nm, 25 nm, 50 nm, 100 nm, and 200 nm were pre-
pared. In addition, samples of FeCo with a top layer of Bi,Te; were fabricated with the
following thickness combinations: 25 nm of FeCo + 100 nm of Bi, Tez, 50 nm of FeCo+ 100
nm of BiyTes, 100 nm of FeCo + 100 nm of Bi,Tes, and 100 nm of FeCo + 20 nm of Bir Tes
and 100 nm of FeCo + 50 nm of Bi,Te; . These samples with both materials were referred
a lot of times during the thesis as 25M100T, 50M100T, 100M100T, 100M20T,100M50T,
respectively, for simplicity, where the M stands for Magnetic material and the T for Topo-

logical material.

For each thickness, two substrates were used in the deposition (one is glass silica sub-

strate and the other is kapton substrate).

The iron cobalt targets are Fe50C050 with a purity of 99.99% and the bismuth telerium
targets are from with a purity of 99.999%.

2.1.2. Cleaning substrates process

The glass substrates were sequentially cleaned with acetone, ethanol, and deionized

water to remove contaminants and ensure good film adhesion.

In contrast, Kapton substrates have a relatively inert surface, which can lead to poor

adhesion of sputtered films such as FeCo.
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Therefore, a pre-treatment was necessary to enhance adhesion. The Kapton substrates
were cleaned by immersion in KOH solution for 1 hour, followed by rinsing with water,
immersion in HCI for 5 minutes, and a final rinse with water. This procedure improves
surface roughness and increases surface energy, which are essential for achieving strong

film adhesion, as previously reported.[35] [36]

2.1.3. Deposition conditions

All depositions were carried out in the same chamber under previously optimized condi-

tions by the team.

FIGURE 2.1: a)Deposition chamber used b)Control tower of the deposition process

The conditions were for the BiTe; an applied current of 20 mA, argon gas flow of 50
sccm (Standard Cubic Centimeters per Minute) and a sample table rotation of 60 rpm
and for the FeCo an applied current of 50mA, argon gas flow of 50 sccm and a sample

table rotation of 60 rpm.

Depositions commenced only after the pressure inside the deposition chamber reached

order of magnitude of 10~ Pa.
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Samples on kapton and glass substrates with the same thickness were deposited simul-

taneously, ensuring thickness consistency between the two.

FIGURE 2.2: Sample post-deposition on kapton substrate
2.2. Characterization techniques

2.2.1. X-Ray Reflectivity (XRR)

XRR is a technique used for thin films using the reflection of the X-rays in the interfaces
of the sample that can be used understand, the film thickness, the film density and the

roughness of the interfaces.

This measurement was made in the Rigaku Smartlab Diffractrometer using Paralel-Beam
geometry, varying the angle between 0° and 2.5°. The X-rays were obtained using the
CuKuwq radiation being A ~ 1.542.

2.2.2. X-Ray Diffraction (XRD)

XRD is a technique used to study the structural properties of crystalline materials. By
analyzing the diffraction of X-rays from the atomic planes in the sample, it is possible to
determine the crystal structure, lattice parameters, crystallite size, and the presence of

different phases.



FCUP/FEUP | 18
Development of logic memory devices based on topological insulators

This measurement was carried out using the Rigaku Smartlab Diffractometer in Bragg-
Brentano geometry, with the diffraction angle (26) varied from 10° to 80°. The X-rays

were obtained using the CuKa; radiation, with A ~ 1.542 A.

2.2.3. Superconducting Quantum Interference Device (SQUID)

SQUID magnetometry is a highly sensitive technique used to measure the magnetic prop-
erties of materials. It allows the determination of magnetization, magnetic susceptibility,

and other magnetic responses as a function of temperature and applied magnetic field.

The measurements were performed using a Quantum Design MPMS SQUID magne-
tometer, in the temperature range of 300K, oscilating the field between -5000 Oe and
5000 Oe, with samples that were cut with approximately 0.7c¢m in length and 0.3cm in
width, using a straw as a sample holder and cotton to stabelize the samples inside the
straw. Since kapton is a flexible material the samples in kapton were also put inside a

capsule to avoid the sliding of the sample during the measurement.

2.2.4. FMR (Ferromagnetic Resonance)

Ferromagnetic resonance (FMR) is a powerful technique to probe the dynamic magnetic
properties of materials, as it allows the determination of parameters such as the effec-
tive magnetization, g-factor, and anisotropy fields by analyzing the resonance condition
between microwave excitation and the precession of magnetization under an external

magnetic field.

This measurements were conducted in the 1-20 GHz frequency range, employing a
coplanar waveguide (CPW) connected to a Vector Network Analyzer (VNA Anritsu 37247D)

and the external magnetic field is produced by Helmoltz coils.

2.2.5. Physical Property Measurement System (PPMS)

Electrical transport properties were studied using the Quantum-Design PPMS system,
enabling the measurement of resistivity and Hall effect under controlled temperature and

magnetic field conditions.
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The sample is mounted on a PPMS puck using a standard 4-point contact configuration.
A thin gold film is placed between the sample and the puck to improve thermal and electri-
cal contact. Electrical connections are made with copper wires fixed to the sample using
conductive silver paint. A piece of cigar paper is placed between the sample and the gold
film to provide electrical insulation while maintaining good thermal conduction. This setup

ensures reliable resistivity and magnetoresistance measurements while preventing short

circuits.

FIGURE 2.3: a)PPMS device b)Sample preparation before measurement

The resistivity was measured using a standard four-probe configuration, in the tempera-

ture range of 2-300 K and magnetic fields upto 9 T.

2.2.6. Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy
(EDS)

SEM was used to analyze the surface morphology and microstructure of the samples,
providing high-resolution imaging of grain size, surface features, and defects. EDS was
employed simultaneously to determine the elemental composition and homogeneity of

the samples.

The measurements were performed using a FLEXSEM 1000 HITACHI.
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2.2.7. Seebeck Coefficient

The Seebeck coefficient S is defined as:

g _AV (2.1)

where:

e AV =thermoelectric voltage between the hot and cold ends of the sample

e AT = applied temperature difference

To determine S it is heated one end of the sample measuring with a voltimeter how the

voltage across the sample varies with this temperature difference.



FCUP/FEUP | 21
Development of logic memory devices based on topological insulators

3. Magnetic FeCo thin films

3.1. Glass substrates

3.1.1. X-ray reflectivity (XRR)

The thickness of the produced FeCo films was determined using X-ray reflectivity (XRR).
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FIGURE 3.1: a)Example of a XRR pattern of FeCo sample with 12.1 nm of thickness.

b)Example of a XRR pattern of FeCo sample with 24.27 nm of thickness. c)Example of

a XRR pattern of FeCo sample with 41.74 nm of thickness. d)Linear Fit of to determine
film thickness of the 24.27 nm sample

The characteristic Kiessig Fringes were observed(see on explie in Figure 3.1c this fringes

only appear in homogeneous films with small surface roughness, confirming the quality
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of the deposited layers .[37]
The film thickness was calculated using equation 3.1
1 2t
=75 Ty A
m > + AF(Om) (3.1)

where m is the order of the fringes, 6,, is the angle of the maximum of the m correspondent

fringe, t is total thickness of the sample, and F(6,,) is a F(6,,) = \/cos?(0c) — cos?(6y,)
where ¢ is the critical angle, correspondent to the first fringe. The formula 3.1 is used to

calculate the thickness as shown in Figure 3.1d.[38]

There were also made other XRR measurements in other parts of the sample being the
final thickness calculated a weighted average between all the thicknesses calculated for

the different measurements.

Sample Measured values (nm) \
Average (nm)

1 12.1
2 24.27 +£0.06
3 41.74 +£0.08

TABLE 3.1: Measured thickness of the three possible samples

It was not possible to analyze every sample, only 3, since the limit of the XRR measure-

ment its at the 100 nm of thickness.

This limit occurs since the mean path of the photon is insufficient to measure films beyond
that thickness. Considering that XRR relies on the penetration and reflection of X-ray
photons in the interface of the sample, a bigger thickness leads to bigger chance of
absorption, scattering or diffuse reflection of the photons contributing to worse results.

This leads to worse results to bigger samples with more than 100nm of thickness.[39]

Since it is not possible to use the XRR technique on the kapton substrate sample, and
the kapton substrate sample was deposited simultaneously and so in the exact same
conditions as the sample in glass substrate, it was assumed that the kapton substrate

sample was the same thickness as calculated for the glass one.
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3.1.2. Scanning Electron Microscopy (SEM)/Energy Dispersive X-ray Spectroscopy
(EDS)

The surface morphology of the FeCo thin films was analyze by Scanning Electron Mi-
croscopy (SEM) as shown in Figure 3.2 for 25 nm and 200 nm deposited in glass sub-

strate.

FlexSEM1000 15.0kV 11.3mm L-x8.00k SE U folopm FlexSEM1000 15.0kV 11.3mm L-x5.00k SE

(a) (b)

FIGURE 3.2: a)SEM Image of the surface of the sample with 25 nm of FeCo on glass
substrate b)SEM Image of the surface of the sample with 200 nm of FeCo on glass
substrate

As depicted in the picture, no cracks were seen on the surface, indicating good mechan-
ical integrity of the films. However, localized dark spots were detected on some regions
of the sample, other than that no other big defects that could justify not ideal results were

seen.

Those dark spots correspond likely to places where FeCo was not deposited.

Sample Size (hm) Co (Norm.%) Fe (Norm.%)

24.27 53.0 47.0
41.74 52.9 471
100.00 54.5 45.5
200.00 55.9 441

TABLE 3.2: Normalized atomic percentages of Co and Fe for updated particle sizes.

Looking at Table 3.2, it is possible to see a similar quantity of both Fe and Co as expected
(the biggest difference being in the 200nm sample of 55.9% of Co and 44.1% of Fe similar
to the expected 50:50 ratio), this diference can be associated to the lack of precision of

the measurement.
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The films show the expected spectroscopy.

The 12.1 nm sample doesn’t feature the table because of its small quantity of material

made it impossible to detect the sample in the substrate with the available instruments.

(a) (b)

FIGURE 3.3: a)Fe distribution in the 50 nm sample b)Co distribution in the 50 nm sample

It was also not seen any irregular distribution in the distribution or Fe or Co in Figure 3.3.

3.1.3. X-ray Diffraction (XRD)
X-Ray diffraction (XRD) was employed to investigate the crystallization of sputtered FeCo
thin films .

The diffraction patterns are shown in Figure 3.4 for all the films deposited in glass ( with
thickness 12.1 nm, 24.27 nm, 41.74 nm, 100nm and 200 nm).
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FeCo(110) 12,1 nm

- 45,166° 24,27 nm

41,74 nm
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FIGURE 3.4: XRD spectrum of FeCo samples on glass substrate

A characteristic peak at 45.166° corresponding to the FeCo(110) reflection was observed
in all of the samples with exception of those with nominal thickness 12.1 nm and 50 nm

as we can see in Figure 3.4.

While the absence of the peak for the sample with 12.1nm of FeCo is expected, as the
small amount of material could not be enough to present a visible peak for the 50 nm

sample it would be expected the appearance of a peak.

This suggests the that the amount of crystalline material should be small.

3.1.4. Magnetic properties
The magnetic characteristics of the samples were studied by employing the Supercon-
ductive Quantum Interference Device (SQUID) magnetometry technique.

It was measured at 300K of FeCo samples sputtered in glass substrate with thicknesses

of 12.1 nm, 24.27 nm, 50 nm 100 nm and 200 nm.
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FIGURE 3.5: Isothermal M-H curve of FeCo in glass substrate of different thicknesses,
right image is a zoomed in image of the left.

We could clearly see the hysteresis cycle showing the expected ferromagnetic behaviour

and the appearence of magnetic domains in the material.

As we can see in Figure 3.5, the increasement of the magnetic field, leads to a bigger
magnetization until it reaches the maximum value known as magnetization saturation,
when the field is reduced the magnetization also reduces, not coming back to zero due to
the remanant magnetization leading to the loop that can be seen in 3.5a. This behaviour

is mirrored for positive and negative field applied.
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FIGURE 3.6: a)Graph of the saturation magnetization of all the samples measured in the

SQUID b)Graph of the coercivity of all the samples measured in the SQUID

We can see in 3.6a a smaller magnetization saturation in the samples with thickness 12.1

nm and 100 nm.

From Figure 3.6a, it is evident that the saturation magnetization remains significantly

below the bulk counterpart [40], reaching at most 71%. This clearly indicates that the
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growth of this type of thin film involves the presence of several so-called ‘dead magnetic
layers,” which are typically formed at the interface and/or at the surface. Such behavior
is expected, since thin film deposition inherently introduces interface effects that strongly

influence the magnetic response.

The phenomenon becomes particularly pronounced in the thinnest sample (12 nm),
where the saturation magnetization does not even reach 30% of the expected bulk value.
This observation strongly suggests that the dominant contribution to the magnetic signal
originates from the glass/FeCo interface, while the surface contribution appears to play a

much less relevant role.

Overall, these results highlight the critical impact of interfacial phenomena on the mag-
netic properties of ultrathin films, emphasizing that even when nominal thickness in-
creases, interfacial dead layers can substantially reduce the effective magnetization com-

pared to the bulk counterpart.

For the sample 12.1 nm thick this result is to be expected, since the smaller amount of

material may not be enough atomic layers so proper crystalization occurs.

For the 50 nm sample this results would not be the expected, however this results come
in conformity with the XRD spectra analyzed already in 3.4, where there was already

detected poor crystallization in this sample.

Looking at 3.6b we can see that the coercivity is low for the 12.1 nm sample, it reaches a

maximum for the 24.27 nm sample, and then it reduces for bigger thicknesses.

This results come in conformity with the results obtained in the literature,where it was
seen for example for thin films of FeCo had coercivity of 309 Oe, 220 Oe and 210 Oe for
50 nm, 100 nm and 200 nm thickness films, and magnetization saturation 1750 emu /cm?,
1567 emu/cm® and 1560 emu/cm®, respectively, in [41] or magnetization saturation of

1057 emu /cm® and coercivity of 100 Oe in a FeCo sample with 80 nm thickness in [42].

The reduction of the coercivity with the incresing thickness is caused by the reduction of
the magnetic domains that are limited by the dimensions. For the lowest dimensions, the

12.1 nm sample, the coercivity increases since the sample behaves as a single-domain.
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3.1.5. Ferromagnetic Resonance(FMR)

In order to characterize the dynamic magnetic properties of the samples, ferromagnetic
resonance (FMR) measurements were performed, as this technique provides direct infor-

mation on parameters such as effective magnetization, damping and magnetic anisotropy.
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FIGURE 3.7: a)Conterplot of resonance frequency for each magnetic field for 25nm of
FeCo on glass substrate b)FMR spectra for 50nm sample in glass substrate for different
fields

To do the fit on Figure 3.7a it was used the Kittel fit:

f = %\/(|Hres| + Hani) + (|HV€S’ + Ha”i + 47TM) (32)

Using this equation it was possible to determine the magnetization and the anisotropy
field trough the FMR, being detected very low anisotropy filed for every sample as we can

see in Table 3.3.

Sample Thickness (nm) Ha (Oe) Ms(emu /cm®)
10 No information | No information

25 —105 40 1352 + 100

50 —92+47 1368 +217

100 —39+47 1285 + 82
200 No information | No information

TABLE 3.3: Magnetic anisotropy field (H,) and Magnetization saturation (Ms) for different
sample thicknesses.

The FMR analysis revealed a rather complex behaviour, primarily due to the resonance
peak not being sharp or well defined, complicating the extraction the extraction of more

precise information.
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Despite this limitation, measurements were made across the set of samples. In the case
of the 12.1 nm sample no fitting prcedure could be performed. This limitation is most
likely associated with the extremely low magnetic moment of this ultrathin film, which,
in combination with its behavior resembling a quasi—single-domain system (as already
suggested by the coercive field observed in the M(H) loop), prevents the establishment

of a clear resonance profile.

For the ramaining films, with the exception of the 200 nm sample which resonance could
not be detected at all the extracted values of saturation magnetization are consistently
slightly higher than those obtained from the static M(H) measurements.This apparent
discrepancy can be rationalized by considering the intrinsic differences between the two
techniques. While M(H) curves provide the effective magnetization of the entire film,
including the contribution of magnetically “dead layers” at the interface and surface, the
FMR experiment selectively probes the magnetodynamical response of the ferromagnetic
regions.Consequently, FMR effectively yields the intrinsic saturation magnetization of the
active ferromagnetic volume, thereby excluding the suppressed contribution from dead

layers.[43]

A particularly noteworthy trend is observed in the anisotropy field, which systematically
increases as the film thickness decreases. This thickness dependence reflects the grow-
ing importance of surface and interfacial contributions in ultrathin films, where reduced
dimensionality enhances magnetic anisotropy. Such behavior strongly supports the inter-
pretation that, as the thickness approaches the nanoscale limit, the system progressively
evolves toward a single-domain regime. This evolution not only highlights the critical
role of interfacial and finite-size effects in defining the static and dynamic magnetic re-
sponse, but also underlines the necessity of employing complementary techniques (such
as FMR and M(H)) to disentangle intrinsic from extrinsic contributions to the overall mag-

netic behavior.[44]

The saturation magnetization obtained here is bigger than the obatined in the SQUID.
This would be expected since the magnetization in the SQUID is the magnetization at
300K, while in the FMR the magnetization measured is th e effective magnetization, since
thermal excitations are ignored in the resonance formula being equal to what would be

the magnetization saturation of the sample in SQUID at OK.

However, it was not possible to identify any trend from the results because of the big error

of the values.
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The dificulty in differentiating peaks and the big broadening of the peaks as we can see
in3.7b made it impossible to calculate the damping, since the damping would be very

small this error was very significant and causes the impossibility of the calculations.
3.2. Flexible substrate: Kapton

3.2.1. Scanning Electron Microscopy (SEM)/Energy-Dispersive X-ray Spectroscopy
(EDS)

The SEM (Scanning Electron Microscopy) was used to analyze the surface of the sam-

ples.

We used this technique to see if the samples had no defects that could be responsible

for lower than ideal characteristics in the sample.

=

4 2 \ o
FlexSEM1000 15.0kV 13.7mm L-x2.50k SE H 0 H o -X2. " 40.0um

(a) (b)

FIGURE 3.8: a)lmage of Scanning Electron Microscopy of 24.27 nm sample b)Image of
Scanning Electron Microscopy of 200 nm sample

We can see in the images in 3.8 what would be the state of the surface of the samples in
a grayscale image, where the bright zones simbolize the edges or rough surfaces of the

sample.

It is verified the existence of some cracks on the sample, which appear more the thicker

the sample is.

The thermal expansion mismatch between Fe—Co thin films and their supporting sub-
strates is a critical factor in determining the structural and functional stability of the sys-
tem. Fe—Co alloys present a thermal expansion coefficient in the range of 10-13 x

10-°K~11, whereas Kapton exhibits considerably higher values, typically between 20 and
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30 x 107°K~!. In contrast, glass substrates show much lower coefficients, around 8-9 x

10-°K~! for soda-lime glass and approximately 3.3 x 10~°K~" for borosilicate glass.[45]

When FeCo films are deposited on Kapton, the large thermal expansion mismatch gener-
ates significant interfacial stresses, particularly during thermal cycling or post-deposition
cooling. These stresses are only partially accommodated by the flexibility of the polymer
substrate, and in many cases lead to the nucleation and propagation of cracks across
the film. The presence of cracks is a direct manifestation of the inability of the FeCo layer
to elastically accommodate the strain imposed by the underlying Kapton, resulting in a
loss of structural continuity. This degradation compromises not only the mechanical in-
tegrity but also the magnetic uniformity of the films, since cracks act as pinning centers

for domain walls and induce local variations in coercivity.

On the other hand, FeCo films grown on glass do not exhibit such pronounced crack-
ing phenomena, due to the smaller difference in thermal expansion coefficients. In this
case, the main drawback arises from the rigidity of the glass substrate, which does not
permit strain relaxation through bending, but still ensures mechanically continuous and

magnetically more homogeneous films.

Depositing a buffer layer prior to FeCo could be a solution to give thermal stability of the

substrate, making it more resistant to heating during subsequent deposition.

Sample Size (hnm) | Co (Norm.%) | Fe (Norm.%)
12.1 53.9 46.1
24.27 571 42.9
41.74 50.6 49.4
200.00 56.8 43.2

TABLE 3.4: Normalized atomic percentages of Co and Fe for different particle sizes.

On the EDS it was possible to identify and quantify the Fe and Co present in the sample.

It is seen again ratios very similar to 50:50 between Fe and Co in all of the samples, being
that the differences can be explained by the small precision of the EDS for such a thin

sample.
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(a) (b)

FIGURE 3.9: a)Fe distribution in the sample b)Co distribution in the sample

In the image showed in 3.9 we can see the distribution of Fe and Co along the sample

being the distribution of these compounds simbolized by the yellow and red, respectively.

The distribution of either Fe or Co looks uniform in the whole sample, not appearing any

regions with high concentration of one element, (no Fe clusters or Co islands).

This analysis suggests that the sputtering process produced an homogeneous film as

desired. Basically, Fe and Co are well mixed and deposited evenly.

3.2.2. X-ray diffraction (XRD)

To determine whether the crystallization of the samples was satisfactory and whether

there was no contamination on the samples, we used the X-ray diffraction technique.

FeCo(110) FeCo(200)
45,166° 63,788°—— 12,1 nm
Kapton peaks - | —— 24,27 nm
! i |——50nm
] i |——100nm
; | 200 nm
Kapton Substrate

Intensity (a.u.)

20 40 ) 80
26(%)

FIGURE 3.10: XRD Image of the samples in kapton substrate
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The most prevalent characteristic peaks for FeCo are for 20 = 45.166° for FeCo(110) and

260 = 63.788° for FeCo(200), according to materialsproject.org.
It is seen in all of the graphs except for the 12.1 nm one a peak at around 26 = 45.166.

It is possible to identify a few peaks before 40° that also appear in the sample with kapton
only spectra, this means those peaks are the peaks of the substrate unrelated to the

FeCo sample.

The absence of FeCo peak is assumed to be normal in the graph of the sample with 12.1
nm of material is understandable because of the small amount of material since it is such

a small thickness.

As expected, the bigger the amount of FeCo more visible the peaks become.
3.2.3. Magnetic properties
To characterize the magnetic properties of the fabricated samples we used the MPMS.
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FIGURE 3.11: a)lsothermal M-H of FeCo samples of different thicknesses in Kapton b)is
a zoomed in image of a).

We could see the existence of an hysteresis cycle in all of the graphs, showing the ferro-

magnetic behavior.

As the magnetic field applied in module increases the magnetization increases rapidly
until it reaches the maximum where it stabilizes called the magnetization saturation, this
happens because the field induces the domains in the material to align until it reaches a

maximum where all of them are aligned.
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Reducing the applied field to zero does not bring the magnetization to zero, a magnetiza-
tion remains called remanent magnetization. Cycling H due to this remanent magnetiza-

tion is what produces the hysteresis loop verified in the graphs.

One particularly interesting observation is the unusual shape of the magnetization curve
for the 10 nm sample. However, we were unable to find a definitive answer for this behav-

ior.

All of the other samples exhibited the expected hysteresis cycle, achieving lower coerciv-
ity values and sufficiently higher magnetization assuming a successful crystallization of

the particles in the sample.
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FIGURE 3.12: a) Graph of the saturation magnetization of all the samples measured in
the SQUID. b) Graph of the coercivity of all the samples measured in the SQUID.

We see that the magnetization is lower for lower thickness increasing until the 41.74 nm
sample, for thicker samples it keeps a similar magnetization. That could be because
thinner films still exhibit lower crystallinity of the crystals; however, for thicker films the

crystallinity is closer to the maximum amount stabilizing the magnetization saturation.

When comparing FeCo films on flexible Kapton substrates to those on glass, Kapton-
supported films generally exhibit higher saturation magnetization, with differences de-
pending on thickness. For the smallest film, Kapton shows a 16.8% higher magnetization
than glass. The second thickness shows a slight decrease of 11.9%, indicating that Kap-
ton does not always outperform glass at intermediate sizes. For the third and fourth thick-
nesses, Kapton demonstrates significant increases of 31.6% and 26.5%, respectively.

For the thickest sample, the difference is minimal, with only a 2.3% increase.
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These results don’t show a clear trend showing that the performance of the FM in kapton
can mantain its ferromagnetic characteristics, even achieving bigger saturation magneti-

zation in some of the samples comparing to the glass substrate ones.

It is also possible to be seen that the very thin samples show lower coercivity, that
reaches to a maximum for the 41.74 nm sample.The observed size-dependent coerciv-
ity in our FeCo samples is consistent with the general trend reported in other magnetic
systems[46],[47]. For example in [48] also reported a similar behaviour on CoFe,;Oy4 refer-
ing that they atribute this lowering of coercivity for bigger thiknesses to the transition
between single domain to multi-domain magnetic states with the increase in crystal size

with the bigger thickness in the samples.

3.2.4. Magnetoresistance

It was measured the magnetoresistivity of the sample with 100 nm of FeCo in order to

compare with the future results of FeCo + Bi,Te;.
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FIGURE 3.13: Magnetoresistance of sample of 100 nm of FeCo

The MR was caluclated using the following formula:

R(H) — R(0)

MR(H) = ==

x 100% (3.3)

Near zero field domain walls and spin disorder increase scattering causing the reduction

of conductivity.



FCUP/FEUP | 36
Development of logic memory devices based on topological insulators

At higher H domain aligns, scattering reduces and conductivity recovers, showing a lower
MR.

We see a MR amplitude of 0.8%-0.10% between the temperatures measured

This is consistent with anisotropic magnetoresistance (AMR) and domain switching in a

ferromagnet.
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4. Heterostructures FeCo + BiyTej

4.1. Glass substrates

4.1.1. Scanning Electron Microscopy (SEM)/ Energy-Dispersive X-ray Spectroscopy(EDS)

Similarly to the FeCo samples these samples with a topological insulator on top in glass
substrate had their surface morphology analyzed by the SEM (Scanning Electron Mi-

croscopy), as it is shown in Figure 4.1.

FlexSEM1000 15.0kV 12.0mm L-x2.50k SE FlexSEM1000 15.0kV 12.3mm L-x8.00k SE

(a) (b)

FIGURE 4.1: a)SEM image of the surface of the sample with 100 nm of Bi,Te; on top of
100 nm of FeCo b)SEM image of the surface of the sample with 100 nm of Bi,Tes on top
of 50 nm of FeCo

We can see in Figure 4.1 that similarly to what is seen in Figure 3.2 the presence of

localized dark spots is seen, showing the lack of deposition in certain spots.
It is seen in Figure 4.2 an uniform deposition of the material.

Analyzing Table 4.1, we can see the presence of Fe, Co, Bi and Te in reasonable quanti-

ties.

The stoichiometric ratio between Fe:Co should be 1:1 which is very similar to the per-
centages presented on the table of being the biggest difference on the sample 100M50T

with a ratio of 1.17 between Co and Fe. The ratio between Bi and Te should be 2:3 also



FCUP/FEUP | 38
Development of logic memory devices based on topological insulators

(b)

(d)

FIGURE 4.2: a)Fe distribution on the sample of 100 nm of Bi,Te; on top of 50 nm of

FeCo b)Co distribution on the sample of 100 nm of Bi,Tes on top of 50 nm of FeCo c)Bi

distribution on the sample of 100 nm of Bi;Tes on top of 50 nm of FeCo d)Te distribution
on the sample of 100 nm of Bi; Tes on top of 50 nm of FeCo

Sample Co (Norm.%) Fe (Norm.%) Bi(Norm.%) Te (Norm.%)

100M20T 52.0 44.6 2.9 0.6
100M50T 47.7 40.6 6.0 5.7
100M100T 35.8 33.6 11.5 19.1
25M100T 18.4 17.2 24.7 39.7
50M100T 30.5 26.9 16.1 26.5

TABLE 4.1: Correctly normalized atomic percentages of Co, Fe, Bi, and Te for different
samples.

coming in accordance to the percentages that appear on the table for the samples with
biggest amount of Bi,Tes, however, the other two samples have a smaller amount of Te
than Bi, particularly the sample with only 20 nm of topological insulator, what would not
be expected. The difference detected in the samples with less Bi,Te; can be atributted to
the lower precision for so little amount of material, corroborated by the fact that the error

decreases fro bigger thicknesses of Bi;Tes.

4.1.2. X-ray Diffraction (XRD)

To understand the crystalization of the samples the X-ray diffraction spectrum was ob-

tained.
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We can see in Figure 4.3 the XRD spectrum of the samples with 25 nm of FeCo + 100
nm of Bi;Tez (25M100T on the graph) 50 nm of FeCo + 100 nm of Bi,Te; (50M100T on
the graph), 100 nm of FeCo + 100 nm of Bi;Te; (100M100T on the graph),100 nm of
FeCo + 20 nm of BiyTez (100M20T on the graph) and 100 nm of FeCo + 50 nm of Bi,Tes
(100M50T on the graph).

Bi2Te3 (10-1 10)

Bi2Te3(10-1 5) 38 FeCo(110)
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] 25M100T
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FIGURE 4.3: X-ray Diffraction of FeCo/Bi, Tes heterostructures with different thicknesses

We can see in Figure 4.3 the presence of peaks at around 46°, which is smaller for the
25M100T sample. This peak correspond to the FeCo (110) diffraction peak according to

materialsproject.org .

It is also possible to see peaks at around 28° and 38° for every samples with exception
for the one with only 20 nm of Bi, Tes. This is expected since this peaks correspond to the

peaks of Bi;Tes (1 0 -1 5) and BiyTe3 (1 0 -1 10), respectively.

From Figure 4.3 we see a successful crystallization and deposition of the sample, being

any problems detected in the samples not because of the sample crystallization.

4.1.3. Magnetic Properties

To characterize how the FeCo ferromagnetic characteristics were affected by the topo-
logical insulator layer the magnetization response of the sample to an external magnetic

field was studied in the SQUID.
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FeCo+Bi2Te3 in glass FeCo+Bi2Te3 in glass
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FIGURE 4.4: Isothermal M-H curve of FeCo/Bi,Te; samples of different thicknesses

The hysteresis cycle is visible in all of the samples presented in Figure 4.4. This shows
that the Tl layer does not affect the ferromagnetic behaviour of the sample in these thick-

nesses.

It is also worth mentioning that the diamagnetic contribution of the plastic straw (sample

holder) and of the cotton used to fix the sample, influenced the results.

To correct for this effect, the high-field and low-field regions of the hysteresis curve were
analyzed. In this region, the magnetization is saturated and, therefore, any residual slope
in the magnetization versus field curve can be attributed to the diamagnetic contributions
of the straw and cotton. A linear fit was performed on the saturated portion of the curve,

and this fitted slope was then subtracted from the entire dataset.

The graph presented in Figure 4.4 has already been corrected for the background contri-

butions of the sample holder and cotton.

It is possible to see a smaller magnetization saturation for the sample with only 25 nm of
FeCo, which would already be expected according with the results of the XRD spectrum

in Figure 4.3.

Comparing the FeCo/BiTe heterostructures with FeCo-only films of similar thickness shows
varied effects depending on the film thickness. For the 100M series, the heterostructures
show the following saturation magnetizations: 100M20T = 895 emu/cm3, 100M50T =
810 emu/cm?, and 100M100T = 1107 emu/cm3, whereas the FeCo 100 nm film has 737
emu/cm3. This corresponds to increases of approximately 21.4% for 100M20T, 9.9% for
100M50T, and 50.2% for 100M100T.
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FIGURE 4.5: a)Graph of the saturation magnetization of all the samples measured in the
SQUID b)Graph of the coercivity of all the samples measured in the SQUID

Looking at the thinner heterostructures, the 25M100T sample shows a magnetization of
638 emu/cm3, compared to 24.27 nm FeCo film at 973 emu/cm?, reflecting a decrease of
34.4%.

For the 50M100T heterostructure, the magnetization is 912 emu/cm3, compared to 41.74

nm FeCo at 807 emu/cm3, which is an increase of 13%.

Looking at the results it does not look that the Ti can impact negatively magnetization

measured.

It is said in [49] that Tl next to a ferromagnetic material can influence its ferromagnetic

characteristics related to the SOT exchange coupling between the materials.
Looking at both of the graphs in Figure 4.5 it was not decided a clear influence of the
Bi, Tes on the magnetic properties of the sample.

4.2. Flexible substrates: Kapton

4.2.1. Scanning Electron Microscopy (SEM) Energy-Dispersive X-ray Spectroscopy(EDS)

To analyze the morphology of these samples these were put through SEM analysis.

In Figure 4.6a it is possible to see a few irregularities in the surface, however they were

not considered to be big enough to significantly affect the results.

In Figure 4.6b it is possible to see a the cracks also showed in Figure 3.8. This corrob-

orates the possibility that these cracks appear because of the heating of the substrate
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Flex§EM1000 15.0kV 13.6mm L-x8.00k SE

(a) (b)

FIGURE 4.6: a)SEM image of the surface morphology of the 25M100T sample on kapton
substrate b)SEM image of the surface morphology of the 100M100T sample on kapton
substrate

caused by the deposition of FeCo, since the more FeCo is deposited the more cracks it

appears.

It was also not seen any dark spots similar to the ones on glass substrate contributing
to the idea that the reason for that is coadunated with the substrate. It was also stud-
ied the distribution of the materials in the sample to verify if the elements distribution is

homogeneous.

(b)

() (d)

FIGURE 4.7: a)Fe distribution on the sample of 100 nm of Bi,Te; on top of 25 nm of

FeCo b)Co distribution on the sample of 100 nm of Bi,Te; on top of 25 nm of FeCo c)Bi

distribution on the sample of 100 nm of Bi;Tes on top of 25 nm of FeCo d)Te distribution
on the sample of 100 nm of Bi, Te; on top of 25 nm of FeCo
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Looking at Figure 4.7 it is not possible to see the formation of any clusters nor any lack

of material in any part of the sample.

Sample Co (Norm.%) Fe (Norm.%) Te (Norm.%) Bi(Norm.%)

100M20T 50.44 42.63 4.92 1.99
100M50T 45.95 39.92 9.87 4.21
100M100T 37.63 32.91 17.03 12.42
25M100T 19.44 18.10 39.42 23.04
50M100T 30.37 26.38 27.76 15.52

TABLE 4.2: Normalized atomic percentages of Co, Fe, Te, and Bi for the samples on
kapton substrate.

In the normalized table it is possible to see that Fe:Co have a similar ratio to 1:1 being the
biggest difference detected being in the 100M20T with a ratio of 1.19 between Co and

Fe, still quite similar to the expected.

The ratio between Bi and Te should be 2:3,similarly to what was seen for the kapton
samples that ratio is not followed for the samples 100M20T and 100M50T, however in
this case there is a bigger amount of telurium compared to bismuth, while for the glass

samples the opposite happened.
This suggests an uneven deposition in those samples.

As for the othern samples the ratio between Te and Bi is around 1.7 in every sample much

more similar to the 1.5 value in Bi,Tes.

4.2.2. X-ray Diffraction (XRD)

To investigate the crystallization quality of the samples deposited on flexible Kapton sub-
strates, X-ray diffraction (XRD) measurements were performed. This allows us to confirm
whether the FeCo and Bi,Tes layers retain the same crystallographic characteristics as
the ones observed on glass substrates and to assess if the flexibility of the substrate

impacts the crystallinity of the films.

In Figure 4.8 it was shown the X-ray diffraction spectrum of all the samples with FeCo and

Bi, Tes in kapton substrate.

The studied samples were 25 nm of FeCo underneath 100 nm of Bi,Te; (referred as
25M100T on the graph) 50 nm of FeCo underneath 100 nm of Bi, Te; (referred as 50M100T
on the graph), 100 nm of FeCo underneath 100 nm of Bi,Te; (referred as 100M100T on



FCUP/FEUP | 44
Development of logic memory devices based on topological insulators

the graph),100 nm of FeCo underneath 20 nm of Bi,Te; (referred as 100M20T on the
graph) and 100 nm of FeCo underneath 50 nm of Bi,Te; (referred as 100M50T on the

graph).

Bi2Te3(10-1 10) BiTe(10-110)
Kapton  |Bi2Te3(10-15) 38° FeCo(110) 38°  FeCo(110) FeCo(200)
50M100T 28° 45,166° 10000 Bi2Te3(10-15) 45,166° 65,788°
o
100M100T 28
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: : 8000 : 25M100T
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FIGURE 4.8: XRD of the FeCo/Bi,Te; heterostructures in kapton substrate

The graph for the sample with 25 nm of FeCo under 100 nm of Bi,Te; was put separately

since the measurement conditions were different in that measurement.

It was also put the spectrum of Kapton so it is understood which peaks correspond to the

material and which are the caused by the substrate.

It is possible to see peaks (ignhoring those because of the kapton) at around 28°, 38° and
48°.

The peak around 48° is less clear for the samples with less FeCo, something to be ex-

pected since, it is correspondent to the peak FeCo(110).
The other two peaks correspond to the peaks Bi,Tes(1 0 -1 5) and BiyTe3(1 0 -1 10).

These peaks appear only for the samples with 100 nm of Bi,Te; being unindentifiable in

the others with less of the material.

4.2.3. Magnetic Properties

To evaluate the effect of the Bi,Te; topological insulator layer on the ferromagnetic prop-
erties of the FeCo thin films grown on Kapton substrates, magnetization measurements

were performed using the SQUID magnetometer. The analysis of the hysteresis loops
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provides information about the magnetic saturation, coercivity, and whether the flexible

substrate induces any changes compared to the glass-based samples.
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1000 1000

500 500

—500 =500

Magnetization (emu/cm” 3)
o
Magnetization (emu/cm~3)
o

Kapton 100M20T
—— Kapton 100M50T
Kapton 100M100T

Kapton 100M20T
—— Kapton 100M50T

Kapton 100M100T
-1000

—— Kapton 25M100T ~1ooo —— Kapton 25M100T
—— Kapton 50M100T —— Kapton 50M100T
—4000 —2000 0 2000 4000 —400 -200 0 200 400
(0e) H (Oe)
(a) (b)

FIGURE 4.9: a) Isothermal M-H curve of FeCo with Bi,Te; on top in kapton substrate of
different thicknesses b)Zoomed image of the a).

Similarly to what is seen for the samples in glass, the Bi,Te; layer did not affect the form of
the characteristic ferromagnetic hysteresis loop of the sample in the magnetization curve,

as we can see in Figure 4.10, not a clear trend was concluded in the samples.
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FIGURE 4.10: a)Magnetization saturation of the samples measured in the magnetization
curve b)Coercivity of the samples measured in the magnetization curve

Comparing the 100M series heterostructures with the FeCo-only 100 nm film (Ms = 932
emu/cm3) shows the following: 100M20T = 960 emu/cm3, 100M50T = 1279 emu/cms,
and 100M100T = 1107 emu/cm3. The percentage differences relative to FeCo 100 nm

are approximately +3.0% for 100M20T, +37.% for 100M50T, and +18.8% for 100M100T.
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For the thinner and intermediate heterostructures, 25M100T has a magnetization of 1208
emu/cm?, compared to 24.27 nm FeCo at 857 emu/cm?, corresponding to a significant
increase of 41%. For 50M100T, Ms = 1131 emu/cm?3, compared to 41.74 nm FeCo at

1062 emu/cm3, which is an increase of 6.5%.

This suggests that the Tl does not diminish the measured magnetism of the sample.

4.2.4. Magnetoresistance

— T=4K

T=5K
— T=7K
— T=8K
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FIGURE 4.11: a)Magnetoresistance graph for some T of the 25M100T sample
b)Magnetoresistance graph for some T of the 100M100Tsample c)Magnetoresistance
graph for some T of the 100M20T sample
The MR was calculated using Equation 3.3, and was shown the curve for some of the

measured temperatures.

The magnetoresistance (MR) results reveal three clearly distinct regimes as a function
of the relative thickness and composition of the FeCo/Bi,Te; heterostructures. In the
sample with the highest Tl content , the MR curve exhibits a pronounced weak anti-

localization (WAL) signature, characterized by a sharp V-shaped cusp at low magnetic
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fields (see Fig.4.11a)[50]. This behavior is consistent with the strong spin—orbit cou-
pling intrinsic to topological insulators and has been widely reported in the literature as
a hallmark of quantum interference effects in two-dimensional transport channels. The
presence of WAL indicates that in this regime the electrical conduction is dominated by
the surface states of the BiTe layer, with the FeCo contribution playing only a minor role

due to its relatively reduced effective thickness.

In sharp contrast, the sample containing the thickest magnetic FeCo layer shows an
MR curve that resembles more closely the response of a pure magnetic thin film (see
Fig. 4.11c). In this case, the significantly lower resistivity of FeCo compared to BiTe
leads to the formation of a preferential conduction path through the magnetic layer. As a
result, a short-circuit effect occurs, whereby the majority of the applied current bypasses
the topological layer and instead flows through the metallic FeCo film. Consequently,
the WAL contribution is strongly suppressed, and the MR response becomes governed
predominantly by the magnetization processes of FeCo, thus resembling the behavior

observed in the standalone magnetic reference film (see Fig. 3.13)[51].

The intermediate configuration presents the most complex MR behavior, with a response
that cannot be attributed exclusively to either WAL or magnetic contributions. Instead,
the MR curve clearly reveals a coexistence of both effects, reflecting a superposition
of the WAL feature from the topological insulator and the negative MR associated with

spin-dependent scattering in the magnetic layer (see Fig. 4.11b).[52]

This mixed regime highlights the competition between the two conduction channels and
emphasizes the sensitivity of the overall transport properties to the delicate balance be-
tween layer thickness, interface quality, and relative conductivity of the heterostructure

components.

Taken together, these results demonstrate the potential of FeCo/BiTe heterostructures
as a versatile platform for engineering tunable magnetoresistance responses. By care-
fully controlling the thickness and composition of the layers, it becomes possible to re-
producibly access qualitatively different transport regimes, ranging from WAL-dominated
conduction to magnetic-layer-dominated behavior, or even hybrid states in which both
contributions coexist. Such tunability is not only of fundamental scientific interest but
also offers promising perspectives for technological exploitation. In particular, the abil-
ity to switch between distinct MR signatures in a controlled manner opens avenues for

the design of novel magnetic sensors, spintronic devices, and logic memories where the
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interplay between topological and magnetic effects can be harnessed as an additional

degree of freedom.
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5. Conclusions and future perspectives

The work carried out in this thesis enabled a comprehensive investigation of FeCo thin
films and FeCo/Bi, Te; heterostructures, emphasizing the role of substrate type, film thick-
ness, and layer composition on structural, morphological, and magnetic properties. By
systematically studying both rigid (glass) and flexible (Kapton) substrates, this work pro-
vides insights into how mechanical constraints, thermal expansion, and surface interac-
tions influence film growth, magnetic performance, and overall heterostructure stability.
The integration of ferromagnetic FeCo with topological insulators, such as Bi,Tes, was
shown to be feasible while preserving robust magnetic behavior, which is essential for

potential applications in flexible spintronic devices.

For the FeCo-only samples, SEM and XRD analyses confirmed polycrystalline growth
with a preferential (110) orientation, consistent with the known crystallographic behav-
ior of FeCo alloys. Structural analysis indicated a strong dependence of microstructure
on film thickness: thinner films exhibited granular and partially discontinuous regions,
whereas thicker films developed continuous grains with increased surface roughness.
Substrate effects were also evident. On glass, minor voids or dark spots were occasion-
ally observed, likely due to incomplete nucleation or local stress during deposition. In
contrast, Kapton substrates promoted more uniform coverage, but micro-cracks emerged
in thicker films, reflecting the substrate’s flexibility and thermal expansion mismatch with
the FeCo layer. These microstructural features had a direct influence on magnetic behav-

ior, particularly in dynamic measurements.

Magnetic characterization through SQUID magnetometry revealed robust ferromagnetic
behavior across all samples. Saturation magnetization (M;) values for FeCo on glass
ranged from 501 emu/cm? for the thinnest films to 1.203 emu/cm? for the thickest, while
coercivity (H) varied from 52 Oe to 181 Oe, demonstrating the strong intrinsic ferromag-
netic character of the FeCo alloy. On Kapton, M; values spanned from 585 emu/cm? to
1.219 emu/cm3, with coercivity between 53 Oe and 138 Oe, indicating that flexible sub-

strates can support comparable magnetic properties with only minor modifications due
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to mechanical strain. These results confirm that high-purity FeCo (FesoCos, 99.99%)
maintains stable ferromagnetism across thicknesses and substrates, and that substrate
effects are largely limited to surface morphology and minor coercivity variations. Fer-
romagnetic resonance (FMR) measurements, although broadened by polycrystallinity
and slight structural inhomogeneities, corroborated the dynamic magnetic response and
suggested uniform spin precession across most of the film, with thinner films exhibiting

slightly larger linewidths due to enhanced surface-to-volume effects.

The study of FeCo/Bi,Tes heterostructures revealed that the deposition of the topologi-
cal insulator layer preserves the ferromagnetic properties of FeCo while introducing in-
terfacial structural complexity. XRD and XRR measurements confirmed the crystalline
nature of both layers, with Bi;Te; showing characteristic diffraction peaks consistent with
its layered structure. Magnetic characterization indicated that FeCo retained substantial
saturation magnetization and coercivity in heterostructures, with, for example, 100M100T
samples exhibiting M; of 961 emu/cm? on glass and 893 emu/cm?3 on Kapton, and coer-
civities of 91 Oe and 89 Oe, respectively. These values demonstrate that the presence
of Bi,Tes does not significantly degrade the ferromagnetic response, while FMR spec-
tra exhibited broader linewidths, reflecting increased surface roughness, polycrystallinity,
and minor structural inhomogeneities at the FeCo/Bi,Tes interface. Morphologically, the
Bi,Tes layer sometimes mitigated certain surface irregularities of the FeCo film, but also

introduced new defects, which may influence spin scattering and magnetic damping.

The interplay between film thickness and substrate type was found to be critical in de-
termining both static and dynamic magnetic properties. Thicker films generally showed
higher saturation magnetization due to reduced surface-to-volume ratio effects and more
complete grain coalescence, yet Kapton substrates displayed crack formation at higher
thicknesses, which could impact film continuity, magnetic uniformity, and device reliability.
Interestingly, the coercivity did not scale monotonically with thickness but showed minor
fluctuations, reflecting subtle influences of microstructural stress, substrate interaction,
and grain boundary density. When comparing FeCo films and FeCo/Bi,Te; heterostruc-
tures across different substrates, it became evident that glass provided slightly more sta-
ble and uniform magnetic behavior, whereas Kapton offered the advantage of flexibility at

the expense of some structural irregularities.

Overall, this thesis demonstrates that FeCo thin films maintain strong and stable ferro-

magnetic properties across a wide range of thicknesses and on both rigid and flexible
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substrates. The integration with Bi;Tes preserves magnetic performance while introduc-
ing interfacial complexity that may be exploited for spin—orbit coupling phenomena. The
combination of robust ferromagnetism, topological insulating behavior, and flexible sub-
strate compatibility establishes FeCo/Bi,Te; heterostructures as promising candidates for
next-generation spintronic devices, including mechanically flexible or wearable technolo-
gies. Furthermore, the results underscore the importance of optimizing deposition param-
eters, controlling film thickness, and selecting appropriate substrates to minimize defects,
maximize crystallinity, and ensure uniform magnetic and structural properties. These
findings provide a strong foundation for future work aimed at investigating spin transport,
interfacial spin—orbit interactions, and device integration strategies, with the ultimate goal
of realizing practical spintronic applications that leverage both the magnetic robustness

of FeCo and the topological protection offered by Bi, Tes.

In the future, several options can be pursued in order to optimize the structural and mag-

netic properties of FeCo/Bi,Te3 heterostructures:

Thermal Treatments and Crystallinity Enhancement, controlled post-deposition thermal
annealing could be systematically investigated to improve crystallinity, relieve residual
stress, and enhance magnetic uniformity. Such treatments may increase the satura-
tion magnetization and stabilize magnetic performance. Special attention should be paid
to flexible substrates such as Kapton, where the low melting temperature poses a fun-
damental limitation. Innovative annealing protocols (e.g., rapid thermal annealing [53],
localized laser annealing [54], or annealing under protective buffer layers [55]) could be

explored to overcome this constraint.

Mitigation of Structural Defects in Flexible Films, the tendency of Kapton-based films to
develop cracks during post-deposition cooling remains a major challenge. Introducing
a thin tantalum (Ta) buffer layer between the substrate and the FeCo layer could serve
as an effective thermal and mechanical buffer, mitigating crack formation and enhancing
adhesion. Systematic variation of the buffer layer thickness and deposition conditions

could help identify optimal architectures for defect suppression.[56]

Interfacial Engineering for Spin—Orbit Effects, since interfacial phenomena govern much
of the emergent spintronic behavior, future work should focus on controlling and charac-

terizing the FeCo/Bi,Te; interface at the atomic scale.[57]



FCUP/FEUP | 52
Development of logic memory devices based on topological insulators

Advanced growth techniques (e.g., molecular beam epitaxy or pulsed laser deposition un-
der ultrahigh vacuum) combined with in situ surface characterization could enable precise
tuning of interfacial structure and chemistry. This would provide a pathway to intentionally

engineer interfacial spin—orbit interactions and spin transport efficiency.

Towards Device Integration, beyond fundamental materials optimization, the next logical
step is the fabrication of prototype spintronic devices (e.g., spin valves, magnetic tunnel

junctions, or spin—orbit torque devices) based on FeCo/Bi,Tes heterostructures.

Integration with flexible platforms will be especially relevant for testing the viability of me-

chanically deformable or wearable spintronic technologies.
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A. Seebeck Coeficient

In order to understand how the material would react to convert thermal energy into elec-

trical energy.

To do this it was connected the two extremities to a multimeter and heating on one of the

extremities.

It was not measured the size of the samples since the form factor does not affect the

results of these measurements.

Seebeck coeficient in Kapton substrate

o ¢ FeColonm
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FeCo 100nm

FeCo 25 nm
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FIGURE A.1: Seeback coeficient calculation of Kapton substrate samples

We can see linear slopes for every thickness indicating the linearity between the differ-

ence of temperature and the difference of voltage characteristic of metals.

Looking at the slope of the samples we can clearly see there is a similar slope in every

one of them, indicating consistency between the samples, as expected.

It is also possible to see that the fits were made successfully where every fit had at least
% > 0.99.
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B. Annealing

To study the influence of annealing in the magnetization of the samples it was made
annealing in vacum in FeCo samples in kapton substrate with thickness 12 nm and 200
nm at 200°C, 300°C and 395°C, doing slow cooling and fast cooling for each sample and

for each temperature.

The samples were placed in a quartz tube, conected to a pump used to keep the sample

in a vacuum and then the tube was introduced in a oven shown in Figure B.1.

FIGURE B.1: Annealing oven and pump setup

The fast cooling was achieved introducing the quartz tube used in the heating in a bucket

with water and ice.

The results were later discarded because no significant improvements were achieved in
the magnetization saturation of the samples, so it was assumed the crystallization of the

samples without annealing was enough.



FCUP/FEUP | 56
Development of logic memory devices based on topological insulators

Hysteresis Cu

r annealed samples

Hysteresis Curves for annealed samples Hysteresis Curves for annealed samples.

FIGURE B.2: a)lsothermal M-H curve of annealed 200nm samples b)Zoomed image of
the hysteresis loop of annealed 200nm samples c)lsothermal M-H curve of annealed
10nm samples d)Zoomed image of the hysteresis loop of annealed 10nm samples

We can clearly see that the magnetization for the 200 nm sample has no significant

changes with annealing.

For the 10 nm samples as we can see in B.2c the annealing leads to an increase of

magnetization of the sample but nothing really too much significant.

The coercivity appears to reduce with the annealing for the 200 nm sample something
already seen in for example [58]. However, for the 10nm samples the opposite happened.

This was atributed, likely to polycrystals that can be formed on the sample.

Also, this annealing process was conditioned by the low temperature fusion of the kapton
substrate (around 400°C), since in [59] it is shown that to get a significant improvement
on crystalization in the annealing of FeCo samples is necessary to have temperatures

higher than at least 370°C otherwise nothing would be detected.
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C. Ferromagnetic Resonance (FMR)

C.1.

FMR for FeCo in Flexible substrate (Kapton)

It was also done FMR analysis in these samples. In Figure C.1 are depicted the FMR

measurements achieved for the sample with 25 nm thickness.
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FIGURE C.1: a)Conterplot of resonance frequency for each magnetic field for 25nm of
FeCo on kapton substrate b)FMR spectra for 25 nm of FeCo on kapton substrate for an
applied field of H=-681.6 Oe c)FMR spectra for 25 nm of FeCo on kapton substrate for
an applied field of 1220.95 Oe

In order to extract the resonance frequency from the FMR spectra, Gaussian fits were
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applied to the experimental curves whenever possible. The resonance frequency was
taken as the peak position of the fitted curve. However for some samples, particularly the
thicker films, the FMR spectra displayed complex features taht could not be reliably fitted

with the Gaussian model.

Attempts were also made to calculate the damping parameter using the linewidth of the
resonance peaks. Nevertheless, this approach was not successful. In many spectra, the
linewidths were either excessively broad or poorly defined, preventing accurate fitting.
Since the damping is intrinsically small, even small uncertainties in the linewidth intro-
duce large errors, making it impossible to extract meaningful damping values from these

measurements.

The pronounced peak broadening observed in several spectra can be attributed to mi-
crostructural inhomogeneities within the films. The presence of microparticles in the
deposited layers can give rise to additional scattering mechanisms, such as magnon
scattering, which directly contribute to the increase in linewidth.Furthermore, the detec-
tion of multiple peaks in certain spectra suggests the existence of nanocrystal clusters or
regions with random crystal orientation, both of which can induce variations in the local

magnetic environment and result in complex resonance responses.[60]

Overall, while the FeCo films on Kapton substrates clearly exhibit ferromagnetic reso-
nance, the spectral quality is strongly influenced by film morphology and structural de-
fects. This highlights the importance of optimizing deposition conditions and substrate
preparation in order to improve the homogeneity of the films and to enable a more accu-

rate determination of dynamic magnetic parameters such as damping.

It was also used Equation 3.2 to fit the anisotropy field and the magnetization saturation
in Table C.1

Sample Thickness (nm) Ha (Oe) Ms (emu /cm®)
12.1 18 +40 853 +13
24.27 —13+30 1469 + 29
41.74 No information | No information
100 No information | No information
200 —17 + 46 1278 + 170

TABLE C.1: Magnetic anisotropy field (H,) and magnetization saturation (Ms) for different
sample thicknesses.
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C.2. FMR in heterostructure FeCo/BiyTes

C.2.1. Glass substrate

After establishing the static magnetic properties of the sample, it is also important to
probe the dynamic magnetic behavior. To achieve this, ferromagnetic resonance (FMR)
measurements were carried out.
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FIGURE C.2: a)Kittel fit of FMR conterplot of the sample of 20nm of Bi, Te; on top of 100
nm of FeCo in glass substrate b)FMR spectra for some different fields for the sample of
50nm of Bi, Tez on top of 100 nm of FeCo in glass substrate

We can see on Figure C.2b the complexity and broadening of the FMR curves that would
lead to a dificult analyzis and the impossibility of the damping calculation just like the

examples in the chapters before.

There were obtained worse curves in these samples, reason being that the samples

thickness being bigger for smaller ferromagnetic material.

It was also seen very little anisotropy field in all the fits showing a non-preferencial orien-

tation of the crystals in the films, as seen on Table C.2

Sample Ha (Oe) Ms (emu /cm?)
100M20T —11+£53 1348 4 146
100M50T —59 + 49 1033 £+ 128
100M100T | No information | No information
25M100T 156 £+ 92 1273 +173
50M100T | No information | No information

TABLE C.2: Magnetic anisotropy field (H,) and Magnetization saturation (Ms) for different
different samples of FeCo with Bi, Tes.
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C.2.2. Flexible substrate: Kapton

In addition to the static magnetic characterization, the dynamic magnetic behavior of the
Kapton-based samples was investigated through ferromagnetic resonance (FMR) mea-
surements. This technique allows the study of magnetic damping and anisotropy, and
it is particularly useful to verify if the flexible substrate influences the linewidth or the
resonance field of the films.
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FiIGURE C.3: a)Counterplot of resonance frequency for each magnetic field with Kittel
fit included for sample 50 nm of FeCo and 100 nm of Bi, Tez b)FMR spectra for different
applied fields for the sample of 100nm FeCo and 50nm Bi, Tes

The results continue to be very similar to the glass substrate samples, the damping is
impossible to calculte due to the bigger broadening of the peaks.

Just like the others it was not detected a big anisotropy field in any sample showing no

any preference in the orientation of the crystals, as seen in Table C.3

Sample Ha (Oe) Ms (emu /cm?)
100M20T —25+31 856 + 37
100M50T | No information

100M100T | No information
25M100T —65+5 1671 4 58
50M100T —39+44 1460 + 189

TABLE C.3: Magnetic anisotropy field (H,) and Magnetization saturation (Ms) for the
different samples in kapton substrate.
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