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Abstract

Spin-based electronic devices constitute an intriguing area in the development of the
future nanoelectronics. Recently, 3D topological insulators (TIs), when in contact with
ferromagnets (FM), have attracted huge interest in the context of the spin-to-charge con-
version efficiency, with an efficiency in FM/TI heterostructures that is potentially higher
than that of FM at the interface with heavy metals. The main subject of this thesis is the
study of the chemical-physical interactions between the granular and epitaxial SbyTes
3D-TI with Fe and Co thin films by means of X-ray Diffraction/Reflectivity, Ferromag-
netic Resonance spectroscopy (FMR) and Spin Pumping-FMR techniques. Beside the
optimization of the materials properties, particular care was taken on the potential tech-
nology transfer of the presented results. Therefore, large-scale deposition processes such
as Metal Organic Chemical Vapor Deposition (MOCVD) and Atomic Layer Deposition
(ALD) were adopted for the growth of the SbyTe3 3D-TI and part of the FM thin films

respectively.

A thorough chemical, structural and magnetic characterization of the Fe/granular-SbyTes
interface evidenced a marked intermixing between the materials and a general bonding
mechanism between Fe atoms and the chalcogen element in chalcogenide based TlIs.
Through rapid and mild thermal treatments performed on the granular SbyTes sub-
strate prior to Fe deposition, the Fe/granular-SbyTes interface turned out to be sharper
and chemically stable. The study of ALD-grown Co thin films deposited on top of the
granular-SbhyTes allowed the production of high quality Co/granular-SbyTes interfaces,
with also the possibility to tune the magneto-structural properties of the Co layer through

a proper substrate selection.



In order to improve the structural properties of the SbyTes, specific thermal treatments
were performed on the as deposited granular SbyT'es, achieving highly oriented films with
a nearly epitaxial fashion. The latter substrates were used to produce Au/Co/epitaxial-
SbyTes and Au/Co/Au/epitaxial-SbyTes heterostructures and the dynamic of the mag-
netization in these systems was investigated studying their FMR response. The FMR
data for the Au/Co/SbyTes samples were interpreted considering the presence of a dom-
inant contribution attributed to the Two Magnon Scattering (TMS), likely due to the
presence of an unwanted magnetic roughness at the Co/epitaxial-SbyT'es interface. The
introduction of a Au interlayer to avoid the direct contact between Co and SbyT'es layers

was shown to be beneficial for the total suppression of the TMS effect.

SP-FMR measurements were conducted on the optimized Au/Co/Au/epitaxial-SbyTes
structure, highlighting the role played by the epitaxial SbyTes substrate in the SP pro-
cess. The SP signals for the Au/Co/Au/Si(111) and Co/Au/Si(111) reference samples
were measured and used to determine the effective spin-to-charge conversion efficiency
achieved with the introduction of the epitaxial SbyTes layer. The extracted SCC effi-
ciency was calculated interpreting the SP-FMR, data using the Inverse Edelstein effect
and Inverse Spin-Hall effect models, which demonstrated that the SbyTes 3D-TI is a

promising candidate to be employed in the next generation of spintronic devices.
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Chapter 1
Introduction

Nowadays, the electronic industry, in order to fulfill the increasing demand of new
and technologically advanced electronic devices, must face several challenges mainly con-
cerning the volume production and the efficiency of those devices placed on the market.
Thus, large-scale production methods and cutting-edge materials must be employed to
reach the purpose. Industrial methods and material science advances are not the only
elements needed to overcome the limitation of the today’s electronic devices, because the
exploitation of new physical paradigms turned out to be crucial to reach the goal. The
building block of the conventional complementary metal-oxide-semiconductor (CMOS)
electronics is the transistor. In a large part of the electronic devices based on the CMOS
technology (i.e. the floating gate transistor), the electrons are stored and their charge
exploited to create the binary logic states 0 and 1, which are at the base of the computa-
tional processes in the conventional electronic devices. In addition to the development of
novel and thus more efficient materials, the main requirement for the CMOS technology
evolution is the size reduction of the transistors, which consequently leads to the increas-
ing of their density on a single chip. The number of transistors scaling as a function of
the time is described by an empirical exponential relation known as the "Moore’s law"
(Fig.1.1).[1, 2] The latter describes how the newest electronic devices are progressively
able to process a higher number of calculations per unit of time, thus been more powerful
than the previous one. In addiction to the number of transistors, the performances of
a chip are related also to other characteristics such as the number of logic cores, the

working frequency of the clock and the power consumption. However, the progressive
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and very fast shrinking of the transistor size, necessary to fulfill the market request, is
approaching its physical limit due to the quantum-mechanical phenomena taking place
at the nanometric scale (~ 107?m) and the industrial difficulties encountered for the pro-
duction of nanoscaled devices. This condition is slowing down the exponential increasing
of the electronic device power, fact which pushed the scientific community towards the

investigation of innovative solutions.
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Figure 1.1: Plot of the the main technical features characterizing a microprocessor in the last 50
years represented in a semi-logaritmic scale. The exponential law for the number of transistors (yellow
triangles) predicted by Moore in the 80’s is reaching its limit, due to the physical constraints occurred
in the transistors production. The original plot was created by M. Horowitz, F. Labonte, O. Shacham,
K. Olukotun, L. Hammond, and C. Batten up to 2010 and by K.Rupp for 2010-2020.

In the last 50 years, in view of the so called more than Moore scenario, new electronic
branches emerged, such as optoelectronics, spintronics, quantum computing, neuroelec-
tronics and many others. Thanks to the research activity conducted in these fields, ef-
ficient, low-power and ultra-fast devices have been created and progressively introduced
in the market. As an example we can count the quantum computer produced by Google,
which began a reality in October 2019, or the Spin Transfer Torque — Magnetoresistive
Random Access Memory (STT — MRAM), a spintronic device for the memory storage
which is nowadays one of the most promising solutions to substitute the conventional
electronic memories (i.e. Dynamic Random Access Memory, Flash memories) in the fu-

ture.
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In the next sections of this chapter the main theoretical concepts concerning the physical
effects at the base of the modern spintronics will be presented, beside an introductory
part concerning the properties of the materials under investigation in this thesis and

their location in the related scientific panorama.

1.1 Spintronics

Since the ancient times, due to their controversial nature, the magnetic materials
stirred up enormous interest in the people, which started to study their properties from
the lodestones, naturally magnetized minerals (magnetite, Fe3O,) able to attract iron
pieces.[3, 4] Subsequently, there was a transition from the use of a magnetized needle
used in a compass to indicate the “true north” during the navigation in the sea (11-th
century), to a comprehensive and revolutionary theory of the electromagnetism proposed
by James Clerk Maxwell in 1864, which definitely reshaped the relationship between elec-
tricity, magnetism and speed of light. More recently, during the first decades of the 20"
century, a second scientific revolution took place with the introduction of the theory
of quantum mechanics in the scientific panorama. Thanks to quantum mechanics the
classical physics was replaced with a modern version of it, full of new and fascinating
breakthroughs that in few decades deeply modified our daily life. Among them, the
discovery of the intrinsic angular momentum of the electron - the electronic spin- is for
sure one of the most important. Indeed, the existence of the spin gave the possibility to
the researchers to exploit a further degree of freedom of the electron, in addition to its
charge, condition which opened unbounded research and technological fields.

In the micro- and nano-electronics context, to enclose all the spin-related physical phe-
nomena a new field emerged called spintronics. [5]In the late 80’s, Albert Fert and
Peter Grunberg independently discovered the Giant Magnetoresistance (GMR)in Fe/Cr
heterostructures, a quantum mechanical effect associated to a relevant change in the
electric resistivity of a ferromagnetic material when crossed by a spin-polarized electric
current.[5] In properly designed electronic devices, the two regimes of resistivity (high
and low) have been associated with the two logic states "0" and "1" and thus exploited for
the first prototypes of innovative magnetically controlled electronic devices. This spin-

dependent scattering processes deeply revolutionized the electronic industry, to such an
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extent that earned them the Nobel prize in physics in 2007.[6] The GMR can be consid-
ered as the ancestor of all the spintronic effects and its importance can be deduced by
the number of industrial applications which are based on it. For instance, in the context
of the memory storage, in place of the old devices based on the magnetic induction, the
second-generation of the Hard Disk Drives (HDD) read heads used the GMR effect to
read and write a single magnetic bit, tremendously improving the read/write speed and
the memory density of the HDD memories. A sketch of an HDD read head is depicted
in Figurel.2.

HonFerromagnetic metal (Cu

Figure 1.2: (Left) Inside of a commercial HDD memory and a zoom in of the read/write head.
(Right) Resistivity (R) and magnetization (M) of a ferromagnet/normal metal/ferromagnet tri-layer
as a function of the magnetic field. According to the mutual direction of the magnetization in the
ferromagnetic film the R(H) and M(H) responses change in accordance to the GMR theory.

A further spin-dependent scattering process, similar to GMR, is called Tunnel Mag-
netoresistance (TMR), which exploits the electronic tunnel effect across an ultra-thin
insulating layer sandwiched between two ferromagnetic layers, where the magnetization
of one of them is switchable ("free layer") and one is fixed. The electronic device based
on the TMR is known as Magnetic Tunnel Junction (MTJ). In a conventional MTJ the
resistivity of the junction is different according to the mutual direction of the magnetiza-
tion in the two ferromagnetic layers, thus defining two different logic states. The TMR
was discovered for the first time by Jullier in 1975, who reported a 14% magnetoresis-
tance gain in Fe/GeO/Fe heterostructures at 4 K. Nowadays, the TMR ratio between
the parallel and anti-parallel configuration of the ferromagnetic layers reached the 600%

at room temperature (RT) and more than 1000% at 4K in heterostructures where the
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insulation layer was substituted with MgO. [7] The TMR found its industrial applica-
tion in memory storage devices such as the Magnetoresistive Random Access Memory
(MRAM), memory cells in which the logic state is controlled by a MTJ. The MRAM
cells are extremely faster than their electronic counterparts, the Flash memories, (more

than 1000 times) and with a lower power consumption.

STT-MRAM MTJ

z[,{E

Figure 1.3: Artistic representation of a MTJ and its implementation in a STT-MRAM device. At the
bottom of the STT-MRAM a conventional transistor is needed to control the current flow across the
junction, limiting the scalability of the memory cell.

E=5"8 oy, -

Free Layer

Barrier Layer

Fixed Layer

Access Transistor

Despite these characteristics, MRAM is not the most efficient spintronic device, because
the relatively high current needed to write its magnetic state requires additional power,
and the presence of a transistor to control each cell affects its scalability. The Spin Trans-
fer Torque - MRAM (STT-MRAM) overcomes this limitation. In a STT-MRAM device,
the magnetization of a ferromagnetic layer is flipped using spin-polarized electronic cur-
rent. Here, the fixed layer of a MTJ is used to polarize the spins of a charge current
which is flowing into it, the same current that will subsequently transfer its angular mo-
mentum to the magnetization of the M'TJ free layer modifying its orientation. The STT
effect was reported for the first time in 1996 by the Slonczewski et al. paper. [8] As com-
pared to the conventional MRAM cells, the STT-MRAM offers a lower switching energy,
thus a lower power consumption, a slightly faster read/write process. However, some
limitations occur also in this case, because the current density required to switch the

magnetization of the free layer turned out to be detrimental for the devices endurance,

15



making it comparable with the MRAM. A sketch of a MTJ and a STT-MRAM devices
is reported in Fig.1.3. Moreover,a list of some relevant quantity to evaluate the efficiency

of some of the memory storage devices present on the market are reported in Table 1.4.

Figure 1.4: Mainstream and emerging candidates for memory storage. Table taken from Ref.[9].

Memory SRAM DRAM NOR-Flash NAND-flash STT-MRAM PCRAM ReRAM FeRAM !
Cell area >100 F? 6 F? 10 F? 4 F (3D) 6~50 F2 4~30 F? 4~12 F* 15~35 F2
Multi bit 1 1 2 3 1 2 2 1
Supply <1V <1V >10V >10V <15V <3V <3V <18V
Read duration ~1ns ~10 ns ~50 ns ~10 ps <10 ns <10 ns <10 ns <10 ns
Write latency ~1ns ~10 ns 10 pus—1 ms 100 pus-1 ms <10 ns ~50 ns <10 ns <5ns
Retention N/A ~64 ms >10y >10y >10y >10y >10y >10y
Endurance >106 >101° >10° >10* >10% >10° 106~1012 101

Write energy ~f] /bit ~10f]/bit  ~100 p]/bit ~10 f] /bit ~0.1p]/bit  ~10p]/bit ~0.1pJ/bit  ~10 f]J/bit

1 SRAM, Static Random-Access Memory; DRAM, Dynamic Random-access memory; STT-MRAM, Spin Transfer
Torque Magnetoresistive random-access memory; PCRAM, Phase-change Random-access memory; ReRAM,
Resistive Random-access memory; FeRAM, Ferroelectric Random-access memory.

All the above mentioned memory storage devices can be considered as a collection of two-
dimensional arrays of (2D) transistors and magnetic junctions ordered with a specific
architecture. For the most of the time the 2D architecture has been considered as
the most promising approach for a faster and cost effective size reduction of the single
memory cell. But a different solution emerged a decade ago, a 3D structure called
"racetrack" memory (RM) which was proposed as a candidate for faster, energy efficient
and ultra-scaled magnetic memory cells (Fig.1.5).[10]

A RM is constituted by a series of bended ferromagnetic nanowires in which magnetic
domains are magnetized in opposite directions forming the magnetic bits. The bound-
ary regions between two magnetic domains are called domain walls(DW) and the space
occurring between two DWs represents the size of the magnetic bit. By using pulses of
spin-polarized currents it is possible to move coherently the whole pattern of DWs along
the nanowire length, bringing them in specific regions where the information can be read
or written. Studies to improve the RM performances are still in course as demonstrated
by recent works. [11] More recently, ultra-thin films showing perpendicular magnetic
anisotroy (PMA), such as CoFeB, have been proposed as a step toward narrower DW

when compared to in-plane magnetic anisotropy (such as Permalloy).[11-15]
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Figure 1.5: In (a) and (b) respectively the vertical and horizontal RM configuration are represented.
Here the red and blue colors indicate the opposite magnetized magnetic domains. (c¢) and (d) shows
a sketch of the reading and writing processes of a RM. (e) Example of an arrangement of vertically
organized RMs forming a storage array. Figure taken from Ref. [10].

Writing is the problem...

In a magnetic device the writing process of a logic state is accompanied to a loss
of a certain amount of energy, which depends on the working principles at the base
of the specific device. As we mentioned above, the evolution of the spintronic devices
(from the GMR to the STT) pointed towards more energy effective "magnetic writing"
of an information. As it is clear by examining the physics behind the proposed mag-
netic devices, the key point to improve their performances is a combination between the
geometrical and physical aspects, which somehow are always related to the interfaces
between materials. Indeed, beside the introduction of new geometries and innovative
chip architectures, the study of the physical phenomena at the interface between ferro-
magnetic materials and non-magnetic metals (NM) plays a central role in the modern
spintronics. Recently, it has been observed that pure spin currents can be generated
inside NM materials through the spin-Hall effect (SHE).[16-19] In the SHE a charge
current flowing inside a NM is converted into a spin-polarized current as a consequence
of spin-orbit interactions (SOI) and a pure spin-current is generated perpendicularly to
the current flow. By controlling the intensity and the direction of the charge current

also the direction and the intensity of the spin-current can be controlled. The magnetic

17



momentum carried by latter spin-current can be transferred into an adjacent magnetic
layer with the aim to manipulate its magnetization and such effect is called Spin Orbit
Torque (SOT)[20, 21]. The discovery and the engineering of the conversion mechanisms
between a charge current into a pure spin current taking place at the interface between
magnetic and NM materials constituted a starting point of a new era of low power, ultra-
fast and highly scalable spintronic devices. Being the SOI more intense in materials with
high atomic number (SOI oc Z%) , the first attempts to exploit the SOT effect have
been made with Heavy Metals(HM)/Ferromagnets (FM) heterostructure.[22, 23]. More
recently, a new phase of condensed matter was theorized and discovered, [24] giving rise
to a new class of topological materials.[19, 24-26] Among them, topological insulators
(TIs) are nowadays one of the most promising candidates for the future spintronics.[27,
28] Many works demonstrated that, due to the exotic properties of TIs, in TI/FM het-
erostructures it is possible to obtain a higher spin-to-charge conversion (SCC) efficiency
as compared HM/FM bilayers.[16] In the Khang et al.(2018)[29] paper an example of
the ultra-low current density that can be used to control the FM magnetization through

SOT in FM/TI systems is provided. Here, for a MnGa(3 nm)/BiSb(5 nm) patterned

2 was demonstrated

heterostructure an average critical current of J = 1.5 x 104 em~
to switch the MnGa magnetization. The observed current density is found to be one or

two order of magnitude lower than in similar MnGa/HM systems (J ~ 1071084 cm™2).

Despite a large number of scientific reports about the SOT mechanisms, the huge variety
of magnetic effects arising at the interface between magnetic and NM thin films still needs
to be completely understood. Moreover, the manipulation of the magnetization through
spin-polarized charge currents is not limited to ferromagnetic materials, but on the con-
trary also anti-ferromagnetic and ferrimagnetic materials can be adopted for the same
purpose, opening other fertile and fascinating research areas.[30, 31] Moreover, beyond
TIs and HMs, other novel functional materials demonstrated to posses great potentiali-
ties for applications in spintronics. The most relevant are for sure the Weyl-semimetals,
a transition metal dichalcogenide class of topological materials whose properties can be
exploited similarly to TTIs. [32, 33]

The race towards the discovery of the best materials able to maximize the SCC at the
interface between materials in nanoscaled electronic devices is just at the beginning,

making the spintronics field a fertile soil for the future nanoelectronics.
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1.2 Topological insulators (TlIs)

In the recent years, the discovery of a new class of topological materials exhibiting
exotic properties called TIs revolutionized the condensed matter physics by both the the-
oretical and practical points of view. The topology is a branch of mathematics describing
the properties of objects which remain unchanged under the effects of smooth deforma-
tions. Usually, such properties are known as topological invariants and are labeled by
integer number (i.e. the genus). In order clarify the meaning of a smooth deformation,
people usually refer to the transformation of a "donut'(a toroid) into a cup, because
the two objects possess the same topological invariant. Differently, it does not exist a
smooth deformation able to transform a sphere into a cup, because of their different

genus (Fig.1.6).

Topological smooth deformations

eT=

g=2
Topological Invariant: genus - “g"”

Figure 1.6: In this figure are represented some typical smooth deformations of various objects. Here,
the topological invariant is called genus and can be roughly associated to the number of holes present
in a single object. A transformation is smooth when applied between objects with the same genus. For
instance, the sphere (g=0) cannot be smoothly transformed into a cup (g =1) because a hole should be
created, causing a not allowed discontinuity in the transformation.

The same concept of a different topological invariant can be exploited to describe TIs and
normal insulators(NI). Indeed, by crossing the interface of an hypothetical NI/T1 bi-layer
what happens is that the topological invariant of the system changes across the junction,
thus the interface cannot remain insulating anymore, which is the physical analogous of
a non-smooth deformation. As a consequence, the wave function of the electrons on the
TT surface become delocalized giving rise to surface metallic states. It turns out that,

in the specific case of 3D TIs, in the bulk of the material the band structure has an
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insulating character and on the surface a conducting one.

The class of of TIs composed by bismuth and antimony chalcogenides, such as BisSes,
BiyTes and SbeTes, is considered the second generation of TIs.[34-36] They are narrow-
band-gap semiconductors with rhombohedral crystalline structure belonging to the R-3m
space group. Being the TI SbyTes the material studied in this thesis, all the properties
described below refer to this family of TT.

The main unconventional electric properties of TIs are intimately related to their surface
states. As reported in the Ando’s review [26], the surface states in 2D and 3D-TIs can be
depicted as in Fig.1.7. Here, the colored lines represent the boundary topological states,

characterized by the so called helical spin-polarization or also known as spin-momentum

locking.
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Figure 1.7: Representation of the boundary states in a TI with Dirac-like dispersion. In (a) and (b)
the edge states of a 2D-TI and the surface states of a 3D-TI are represented respectively in the real
space. The colored lines indicate the spin polarized topological conductive states. In (c) and (d) the
energy dispersion of the 2D and 3D TT corresponding to (a) and (b) respectively. Figure taken from
Ref. [26].

In the energy dispersion band schemes (Fig.1.7(c) and (d)), the valence and the conduc-
tion bands represent the dispersion of the insulating bulk states and the line lying in the
bulk band-gap are the linearly dispersed surface states. For the 3D-TT case, the motion

of the electrons flowing in such a states is described by the 2D Dirac equation, the same
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equation adopted to describe massless free fermions in relativistic quantum mechanics
(Eq. 1.1). Here, vp is the electron velocity at the Fermi level, k is the electron momen-
tum, 2 is the unit vector perpendicular to the TI surface and & the electron conductivity.
Thus, it is usual to mention the energy dispersion of the surface states of 3D-TT as a 2D
Dirac cone. As a consequence, the electrons motion across these conductive states is in
principle dissipationless, representing one of the most important aspects in adopting T1Is

for the future ultra-low power nanoelectronics.

In Fig.1.7 the 2D and 3D representations of the surface state of a TI are reported. As
depicted in the band scheme on the left of Fig.1.7, the red and green arrows indicate
the spin of the electrons and that each surface state allows just a single spin orientation.
As a consequence of the spin-momentum locking, according to the direction the charge
current flowing across the surface states, at the Fermi level the spin degeneracy is removed
and only a precise spin polarization is allowed. This characteristics is related to the
topological protection of these surface states. Indeed, the electronic transport across the
topological states is protected by the time reversal symmetry (no back scattering from k
to -k, Fig.1.7(d) prohibition sign), which make these states robust against the disorder
(i.e. dislocations, impurities, etc.) and consequently contributing in a dissipationless
electronic conduction. However, the presence of magnetic disorder or the proximity with
magnetic materials (e.g. ferromagnetic materials) can modify the topological nature of
the TI, which is an important issue in developing spintronic devices based on FM/TI

heterostructures.

1.3 Synthesis of TIs: state of the art

As outlined in Section 1.1 and 1.2, the integration of ferromagnetic thin and ultra-
thin films with TIs is attracting high interest. The SCC effects arising at the interfaces
between materials are at the base of the spintronic devices functionality, thus the produc-
tion of high quality interfaces is required. Usually, in order to reach structurally ordered
materials and chemically sharp interfaces, highly controlled physical deposition methods

are adopted. The production of single-crystal TIs is mostly achieved by Molecular Beam
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Epitaxy (MBE), an atomically controlled physical deposition process which assure a high
crystal quality.[18, 37—40] Unfortunately, the conventional MBE facilities do not allow a
straightforward industrial production of TIs, because of the relatively small deposition
areas (typically max 1X1 ¢m?) and the costly procedure.

In order to pursue the large-scale integration of electronic devices based on these new
materials, the use of chemical processes is certainly of interest. When compared to
physical methods, the latter are beneficial in terms of augmented deposition area and
costs. Even if the chemically-driven growths are usually considered less efficient than
the physical counterparts, recently highly controlled Atomic Layer Deposition (ALD) and
Metal Organic Chemical Vapor Deposition (MOCVD) growths have been demonstrated
to produce high quality T1Is, sometimes with a nearly epitaxial order. [41, 42] Moreover, if
applied to the deposition of FMs, the adoption of the ALD technique demonstrated how
the use of chemical deposition methods facilitated the increase of the electronic devices
performances, thanks to the highly pure deposited materials, their excellent conformal-
ity and the fine thickness control. [43] As will be discussed in Section 3.1.2 and 3.1.2.1,
when compared with physical methods such as the Pulsed Laser Deposition (PLD), the
inherent low energetics involved in a chemically-driven growth, could be advantageous for
producing high quality interfaces.[44] So far, the use of the ALD in the field of spintron-
ics has been scarcely proposed and very often focused on the growth of ultrathin oxide
barriers in magnetic tunnel junctions. [45, 46] However, the use of ALD for the FM de-
position could in principle give rise to defect-free FM /TI interfaces, which are obviously
of particular interest to prevent spin-memory loss effects across the FM/TI interface.
Not to be forgiven, due to the inherent absence of "shadows effect’, a chemically-driven

deposition can be the only viable solution for the development of complex 3D geometries.

Many aspects have to be considered for the description of the physical effects at the
TI/FM interface and most of them are still not completely understood. In the next
section a brief summary of the most relevant considerations about the TT/FM interfaces

and the more classical HM/FM interfaces are reported.
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1.4 Spin-Charge interconversion in spintronic sys-

tems

The interfacial spin transport and the relative SCC mechanisms at the interfaces of
FM/TI and FM/HM systems can be studied using several techniques, which are based on
as many physical effects such as SOT [20, 23, 47], spin Seebek effect [48], spin pumping
(SP)[49, 50],etc. Moreover, similar studies can be extended on magnetic systems of dif-
ferent nature (i.e. antiferromagnets, ferrimagnets, ferroics materials, etc.), pushing the
spintronic applications beyond the FM materials. Generally, for a deeper understanding
of the physical aspects and for future applications in micro and nanoelectronics, a thor-
ough evaluation of the interfacial SCC efficiency is required. In the above mentioned tech-
niques and in many others, the SCC efficiency is obtained from the analysis of DC voltage
signals (i.e. SP and SOT measurements) acquired in particular conditions (see Section
2.2.3.5). Here, the interpretation of the extracted data is generally based on two main
physical effects and their reciprocal: the SHE/Inverse Spin Hall Effect (ISHE) [17] and
the Edelstein Effect (EE)/Inverse Edelstein Effect (IEE) [51] (Section 2.2.3.5). In these
SCC mechanisms a charge current is converted into a pure spin current (or viceversa)
exploiting the properties of the bulk or of the surfaces/interfaces of a FM/NM systems.
As it is explained further in Section 2.2.3.5, the SHE/ISHE exploits the bulk SOC to
generate a spin accumulation at the boundaries of a thin NM film and, as a consequence,
is more relevant in heavy materials (e.g. Pt, Pd, Ta, etc.). In the SHE/ISHE case, the
SCC efficiency is associated respectively to the so called spin-Hall angle (0gy)/Inverse
Spin Hall Angle (0;syk), a fundamental figure of merit for the estimation of the SCC
efficiency in this context. Differently, the EE and IEE involve only the surface or interfa-
cial states present in a FM/NM heterostructure and the relative SCC efficiency figure of
merit is the EE/IEE length qpr/Apr (see Section 2.2.3.5). In this thesis we evaluated
the SCC efficiency trough SP measurements, thus the ISHE and IEE are the figure of
merit of interest in order to evaluate the SCC efficiency in the presented FM /TI systems.

As introduced in Section 1.2, TIs are heavy materials with spin-textured electronic sur-

face states. For that, the SCC efficiency in TIs can be possibly enhanced by the presence

of these states, providing a better solution as compared HMs. A careful characterization
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of the SCC efficiency in TI-based system is challenging. Indeed, disentangling the ISHE
from the IEE in this materials is not straightforward, and requires detailed measure-
ments. Indeed, in literature, for SP experiments conducted on a single FM/TI system,
it is often given a double interpretation of the SCC mechanisms, both in terms of ISHE
and IEE. For instance, in Jamali et al. (2015) [52] the authors used the ISHE model to
interpret the SP data on CoFeB/BiySes systems, avoiding to isolate the contribution of
the BisSes TSS. Here, for different structural quality of the BisSes substrate different
Osp e were extracted in the range of 0.021 - 0.43. On the other hand, in the paper of Ma-
hendra et. al (2019)[53], despite the similarities with the FM/TI system investigated in
the Jamali’s paper, the DC signal acquired from the CoggFegoBao/granular — BiysSes;
heterostructure was interpreted in terms of IEE, even if, as declared by the authors, the
Areg evolution as a function of the Biyg3Ses; thickness did not match the prediction of
the IEE theory. The fact that such a similar systems are treated with different theoret-
ical approaches by many research groups, makes the identification of a proper strategy
in order to judge the efficiency of SCC in TI-based systems difficult. For that, also in
this thesis a tentative interpretation of the SP measurements is given both in terms of
ISHE and IEE (see Section 3.4).

A further critical issue for the extraction of the SCC efficiency in FM/NM systems is
the adopted measurement technique. In principle, the possible methods (i.e. SOT, SP,
etc.) used for the evaluation of the SCC efficiency should be all equivalent. However,
in literature there is a huge discrepancy among values calculated with different methods
for similar FM/NM systems. As it is reported by Wu et al.(2019) [38], the Osp g calcu-
lated for TTs in different configurations can vary from 0.047 to 425. The latter condition
can have many origins. For instance, the position of the Fermi level in TIs is often not
considered, but, as demonstrated in Ref.[38], it is strongly related to the nature of the
conductive states involved in the SCC, thus strongly influencing its efficiency and the
theoretical interpretation of the data. Another fundamental source of under- or overes-
timation of the SCC efficiency is for sure the intermixing between materials. Indeed, in
several works a deep characterization of the interface quality is missing, despite the pres-
ence of elemental intermixing and morphological and magnetic interface roughness were
largely demonstrated to have a central role for the determination of the SCC efficiency.

32, 52-57]
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In order to investigate on the role of the intermixing in FM/TI systems, many groups
tried to decouple the FM/NM interface introducing an interlayer between the FM and
NM layers. For instance, in the seminal work of Roja-Sanchez et al. (2016)[49] the in-
troduction of a Ag interlayer in the Au/Fe/Ag/a — Sn structure was demonstrated to be
beneficial for enhancing the SCC efficiency in this system, reporting a A\;pp = 2.1 nm ex-
tracted by SP measurements at RT. This value is quite large as compared several systems
without interlayer. As an example, in the Mahendra’s paper (2019) [53] A\;gr = 0.32 nm
and in the the Mendes et al. (2017) [58] and (2018) [59] papers A\;gr = 0.075 nm and A\;pp
= 0.4 nm for (Big225bo.78)2Tes and MoS, materials respectively. Similar estimations of
the SCC efficiency are reported in a very recent paper of Bonell et al. (2020) [60], where
a thorough study on the SOT response in different Py /Interlayer/(Bi, Sb)sTes systems
has been reported. Here, the introduction of different metallic spacers (i.e. Te, Ag,
Al) with different thicknesses has been demonstrated to dramatically enhance the SCC
efficiency in these systems, likely due to the suppression of the interface intermixing and
band-bending. In the latter work a particular care is given in the chemical-structural
description of the Py /Interlayer/(Bi, Sb),Tes interfaces, evidencing the criticalities con-
cerning the Te out-diffusion from the (Bi, Sb)yTes substrate. Similar considerations on
the Te interdiffusion in Fe/SbyTes (antimony telluride) structures are also discussed in
this thesis, together with a strategy to eliminate or dramatically reduce this effect. As
emerged from the latter considerations, the theoretical description and the experimental
studies of FM/TT systems for the optimization of the SCC efficiency are not trivial.

Given the above summarized scientific context, one of the main focus of this thesis is to
provide further insights on the benefits and the criticalities of both physical and chemical
deposition methods for the production of high quality FM/TI heterostructures to opti-
mize the SCC at the FM/TI interface. In Sections 3.1 and 3.2, the focus is on the coupling
between the SbyT'es 3D-TT with ferromagnetic Fe and Co thin films, with particular care
on the description of the interface between the materials. Aware about the importance
of the possible industrial transfer of the studied technology, almost the entire samples
production has been performed using large-scale deposition processes (4 inch wafers),
as discussed in Chapter 2. Moreover, in Chapter 3 a description of the magnetization
dynamic in Co/SbyTe3 and Co/Au/SbyTes heterostructures is provided, together with

the estimation of the SCC efficiency in these systems trough SP measurements.
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Chapter 2

Experimental Techniques

2.1 Samples Preparation

The growth methods adopted for the production of the samples analyzed in this thesis
are reported below. For each material a dedicated explanation of the specific deposition
technique is reported, highlighting the main pros and cons and the eventual collaboration
with external groups. My personal contribution for the samples synthesis was different
according to the material. In the case of the production of SbyTe3 substrates, I assisted
the work of my colleagues growers by measuring the chemical-structural properties of
the materials by XRD/XRR measurements. The ALD deposition of Co thin films was
performed directly by me during a two months at the Wayne State University in Detroit,
where I was introduced in the use of the ALD reactor present in the laboratory. For the
optimization of Fe and Co thin films deposited by e-beam evaporation in our home
laboratory, I followed for several months the activity of our technician by performing
XRR/XRD and FMR measurements in order to identify the best growth parameters.

2.1.1 MOCVD of TI

As demonstrated in several works [36, 61], the topological properties of the SbyTez T1
are related to its chemical-structural nature, thus during the optimization of the SbyTes
thin films deposition several attempts have been made to improve their crystalline quality
and surface flatness. In particular a proper selection of substrates and pre- and post-

thermal treatments have been performed in order to obtain the best chemical-structural
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quality, as will be discussed in Section 3.2.1.

The whole SbyTe; production has been entirely carried out at the CNR-IMM Unit of
Agrate Brianza (Italy) laboratory using the thermal reactor Aixtron AIX 200/4 MOCVD
tool equipped with an IR-heated 400 rotating graphite susceptor. The precursors adopted
for the MOCVD processes were provided by Air Liquid Electronics.

Within this thesis activity, the SbyTes thin films are grown on top of two different
substrates, the amorphous Si0,/Si and the crystalline Si(111), which are found to tune
the SbyT'es structural properties, starting from a granular continuous film (Section 3.1.1)
towards an epitaxial one respectively (Section 3.2.1).

A polycrystalline, granular and structurally continuous 30-35 nm thick SbyTes thin film
is grown on top of Si0,/Si substrates by using the antimony trichloride (SbCl3) and
bis(trimethylsilyl)telluride (Te(SiMes)s) electronic grade precursors at RT, where the
low-temperature deposition is reached by the Lewis hard-soft acid-base reactions. Here,
the deposition pressure is maintained at 50 mbar and deposition time is 60 min long.
In the case of the SbyT'e3/Si(111) structures, prior to the SbyT'es deposition, the Si(111)
substrates is treated with HF(5% in deionized H,O) for 3 min, rinsed with deionized
H>0 and dried with N,. Subsequently, the samples is quickly loaded into the atmosphere
controlled glove box of the MOCVD chamber. Once again, the SbCl3 and Te(SiMes)y
precursors are adopted and loaded into bubblers thermalized at 20.0 £+ 0.1 °C and deliv-
ered to the MOCVD chamber through a vapor-saturated ultra-pure N, carrier gas. The
depositions are carried out at 25 °C for 90 min at 15 mbar pressure, with a total flow of
5.575 1 min~!, and setting the precursors vapor pressures at 2.28 and 3.32 x10~* mbar
respectively for SbCl3 and Te(SiMes),. In order to obtain the best crystalline quality,
the SbyTes films were subjected to two thermal processes. The first one is carried out
prior to the SbyT'es deposition on the Si(111) substrate and performed in situ at 500 °C
for 60 min at 20 mbar, with a total N, flow of 11.000 1 min~—'. The second thermal treat-
ment (post-growth) is performed in situ on the pre-annealed SbyT'e3/Si(111) structure
according to the following recipe: (1) heating ramp: 5.575 1 min~! N, flow, 900 mbar,
from RT to 300 °C in 10 min; (2) annealing: 5.575 1 min~! N, flow, 900 mbar, 300 °C,
15 min; (3) cooling ramp: 1.500 1 min=! Ny flow, 990 mbar, from 300 °C to 200 °C in
20 min, from 200 °C to 100 °C in 35 min, from 100 °C to 50 °C in 20 min. As a result,
a 30 nm thick highly crystalline SbyT'es thin films are obtained.
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2.1.2 Heavy Metals

The production of HMs is often performed by means of RF magnetron sputtering
deposition, because of the high homogeneity and good crystals quality achieved with
such technique. In the context of a short term scientific mission I performed during the
1st year of my PhD activity at the Winter Laboratory in the Wayne State University
(Detroit - Michigan - U.S.), industrial Pt thin films have been used. The Pt substrates
used are grown on top of a 12 inch wafer in a Pt(70 nm)/SiO2(100 nm)/Si stack and
in this case the polycrystalline Pt film is mostly out-of-plane oriented along the [111]

crystalline direction.

2.1.3 Synthesis of ferromagnetic thin films
2.1.3.1 Co by Atomic Layer Deposition

The Co films were grown at the Winter laboratory with a Picosun R-200 BE reactor
for thermal ALD, connected to a in-house N, source and equipped with a SAES in-line
purifier for a 99.99999% N, quality. The precursors used are the bis(1,4-ditert-butyl-
1,3-diazadienyl)cobalt (Co(t-Bu2DAD)2),(1), and tertbutylamine(tBuNH2), (2), which
favored a highly controllable ALD process in the 170-200 °C ALD thermal window.[62]
The ALD of Co metal films is carried out by alternating a saturative pulsing sequence of
(1) (4's), Ny purge (10 s), (2) (0.1 s) and Ny purge (10 s) at 180 °C. We performed three
different deposition runs of 100, 250 and 1.000 cycles. For each run a Co deposition
on 1.5 cm x 1.5 cm samples is simultaneously deposited on top of the SbyT'e3(30-35
nm)/Si02(50 nm)/Si and the Pt(70 nm)/SiO2 (100 nm)/Si substrates, which gives the

possibility to investigate the effect of the substrate on the Co structural properties.

2.1.3.2 Fe by Pulsed Laser Deposition

In the context of a collaboration with the Moscow Institute of Physics and Technology
(Dolgoprudny - Russian Federation) the Pulsed Lase Deposition (PLD) technique was
exploited for the production of part of the Fe thin films investigated in this thesis. In
particular, 54 Fe(10nm) /5" Fe(1nm) bilayers were grown at RT in a home-made setup

with a base pressure of 107 Pa on granular SbyT'es substrates by using a YAG:Nd laser
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(A = 1064nm) operating in the Q-switched regime (7 = 15ns) with the variable output
energy E= 50+ 200 mJ and repetition rate v =5 — 50H z.

2.1.3.3 Fe and Co by e-beam Evaporation

The Edwards Auto306 e-beam evaporation facility is used for the growth of Au, Fe
and Co thin films in the CNR-IMM Unit of Agrate Brianza laboratory. Here, a systematic
activity is conducted in order to optimize the reliability of such deposition process, which
led to the production of evaporated ultra-thin films (down to 2 nm) on top of multiple
substrates (5703, Pt, SbyTe3). In all the processes the starting value of the vacuum in
the deposition chamber is in the range of 5-10~" —107% Pa. For each evaporated element
the electronic gun deposition current and the value of the vacuum in the growth chamber
during the process are: Au 120 mA - 7.8 - 107 Pa; Fe 80 mA - 4.6 - 107% Pa and Co 55
mA -4.6 - 107° Pa.

2.2 Measurement techniques

In this chapter the analysis techniques exploited for the chemical-structural and mag-
netic characterization of the samples investigated in this thesis are reported. The first
and the second sections are dedicated to X-ray and ferromagnetic resonance based tech-
niques, which constitute my main activity in the context of this thesis. In Section 2.2.4 a
brief description of additional experimental methods employed to get a full understand-
ing of the chemical, structural and magnetic properties of the materials of interest in
this thesis are presented. I was personally not carrying out those measurements (Section
2.2.4), but I worked in a tight connection with the responsible researchers in order to fully
comprehend the materials properties as it will be substantiated along the thesis (Chapter
3). For each complementary technique, the eventual collaboration with external research

groups is also indicated.

2.2.1 X-Ray Diffraction

The chemical-structural quality of the samples is investigated by both X-ray Diffrac-
tion (XRD) and X-ray Reflectivity (XRR) techniques and conducted at the CNR-IMM
Unit of Agrate Brianza.
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The XRD patterns of the samples were acquired using an HRXRD IS2000 four circle
goniometer equipped with a Cu K|, radiation (A = 1.5406A) and a curved 120° position
sensitive detector (Inel CPS-120)(Fig.2.1(a)). During all the measurements the X-ray
tube is maintained at 40 kV and crossed by a current of 9 mA. The high versatility
of this instrument allows multiple measurement configurations such as the Grazing In-
cidence X-ray Diffraction (GIXRD), the XRD in Bragg-Brentano geometry (BBXRD)
and the ¢ - scan XRD (¢ — XRD).

Bragg law
(a) A = 2d sin(0) (b)
o 2 0
d
—@— @ ¥ Detector
dsin®

X-ray gun [}

Figure 2.1: (a) Image of the HRXRD IS2000 four circle goniometer present in the CNR-IMM Unit
of Agrate Brianza laboratory. (b) Sketch of the diffraction of X-ray by a crystal and configuration of a
conventional XRD experiment.

In a GIXRD measurement a crystal is placed on the sample holder with an arbitrary
orientation of the crystalline planes with respect the x-ray beam. Once the sample is
properly aligned to reach the best sensitivity, in order to collect the signal from a larger
sample volume, a small angle between the sample surface and the beam is established
(w) and the diffracted x-ray photons are collected, in this case, by the wide angle gas
detector. If the lattice parameters a, b, ¢ and the crystalline symmetry are known the
instrument can be calibrated to observe specific (h, k, [) reflections, where h, k and I
represent the Miller indices. Each set of indices represents a diffraction plane and a
collection of characteristic diffraction planes constitutes a diffraction pattern, which can
be associated to specific crystalline structures and materials. The diffraction process is

essentially a scattering phenomenon between waves and the crystalline planes in a crystal
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lattice. When the X-ray waves travels inside the crystals they make different paths, and
the difference in the length of these paths produces a difference in their phase. This
phase difference leads to constructive and destructive interference between waves, thus
only few waves escape from the sample giving rise to a diffraction peak. The diffraction
process occurs when the wavelength of a wave is of the same order of magnitude as the
periodical distance (d) between two centers of scattering (i.e. crystalline planes). This
follows by the Bragg law, which links the X-ray wavelength A, the distance between
planes (d) and the X-ray beam incidence angle 6 (Fig.2.1(a)), and it is generally written

as

A = 2dsin(6) (2.1)

In order to properly interpret a generic XRD measurement, it is fundamental to high-
light two main concepts: the incident beam, the diffracted beam and the normal to the
reflecting plane are always coplanar; the angle between the diffracted and the transmit-
ted beam is always 260 and this is the real quantity measured during the experiments
(Fig.2.1(b)). Indeed, in a conventional GIXRD pattern on the x-axis are reported the
260 values and on the y-axis the intensity of the diffracted X-ray photons. The rela-
tionship defining the possible 26 angles in which a crystal can diffract a X-ray beam is
obtained combining the equation 2.1 with the plane-spacing equation, which is specific
for each crystal symmetry. In this thesis we study materials with face center cubic (fcc)
and hexagonal (hex) symmetry, thus the general relations which predict the diffraction

angles for the cubic and the hexagonal crystals are

2
sin*(6) = 4>\2<h2 +k*+1?) Cubic (2.2)
a
A2 (h? + hk + k? I?
.9 .
sin”(0) = 3 <a2> t 2 Hexagonal (2.3)

Further relations used in this thesis define the angle ¢ between two generic crystalline
planes (hq, k1,1;) with spacing dy and (hg, ko, [3) with spacing dy. The following are the
expressions for the cubic and hexagonal cases

hihg + kiks + 141
cos(¢) = o 1 Mk 1 il Cubic (2.4)

VB3 + K+ B)(h3 + K3 + 13)
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1
hihg + kiks + §(h1k2 + hoky) + Tl1l2

cos(¢) = Hezagonal — (2.5)

2 2 3a’ 2 2 2 3a? 2
h‘l + kl + hlkl + _ll h2 + kQ + h2k2 + _l2
4c2 4c2?

The GIXRD is a volume measurement in which a large portion of the sample is involved
and, as a consequence, the information obtained must be interpreted as averaged over

this volume.

The same principles introduced above for the GIXRD configuration are valid also for the
XRD in Bragg-Brentano geometry. The difference here is that the incidence angle (or
rocking angle) w is no longer fixed but it is varied and only the symmetric reflections are
collected (Fig.2.2(a)).

25

Co - fec (b)

Symmetric reflection
(out of plane orientation)

20

Sample ';‘
— 15 a8
= z
003 ‘@
- (003) 3 2
3 2
8 10 £
Z (006)
c
3
£ (009) 5
5 1b 1'5 2‘0 2‘5 3'0 3'5 40 4 T r ; T T T 1
26 (°) 20 30 40 50 60 70 80 90

26 ()

Figure 2.2: (a) Relative positions of an X-Ray beam and a single point detector in a Bragg-Brentano
XRD measurement. In this configuration only the crystalline planes oriented along the out-of-plane
direction can be detected and the XRD pattern below represents a generic pattern. (b) A BBXRD map
acquired by the wide angle detector is reported for a Co(35 nm)/Pt(70 nm) bilayer.

A conventional BBXRD pattern has the same aspect as in GIXRD experiments, but in
this configuration only the planes oriented along the out-of-plane (OOP) direction are
diffracting, thus lying parallel to the sample surface (Fig.2.2 (a) below). In our specific
case, we are not limited to the symmetric reflection, because for each w value the wide

angle detector collects the diffracted photons over a 120° angle, forming an XRD map
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which gives access to the so called non-symmetric reflections. An example of a BBXRD
pattern of a Co(35 nm)/Pt(70 nm) bilayer is reported in Fig.2.2(b). In this BBXRD map,
the w and 26 value are reported respectively on the x- and y- axes. For each w value a 120°
wide XRD pattern is collected. Here, the Bragg-Brentano condition is fulfilled only when
w = 6, condition which is represented by the dashed line in Fig.2.2(b). According to the
theory, for a single crystal sample the Bragg-Brentano signal on a BBXRD map should
be indicated by points lying on the Bragg-Brentano line. On the contrary, in Fig.2.2(b)
there are broadened lines. The angular extension of such a broadening represents the
deviation of the planes orientation from the OOP direction and it is called mosaicity,

which provides a more detailed picture of a crystalline structure.

Figure 2.3: Generic representation of the mutual positions between the X-ray beam, sample and
detector in a ¢ — X RD measurements. Once the w and y angles are fixed, the sample is rotated of an
angle ¢ and the diffracted photons are collected. In this configuration the in-plane orientation of the
crystalline grains present in a film can be identified.

Similarly to the BBXRD, the ¢ — X RD is exploited to investigate on eventual in-plane
(IP) orientation of a film.[42, 63] In this configuration, the sample is rotated around
an axis pointing towards a specific OOP orientation as depicted in Fig.2.3. A common
practice in this kind of measurements is to place the sample in a very specific position
where possibly a strong reflection is present. Usually, a main diffraction peak present in
the XRD pattern is chosen to ensure an intense signal. During this procedure an w and
x alignment is performed, where the x angle is indicated both in Fig.2.1(a) and Fig.2.3.
After this, the ¢ scans are recorded, one for the film and one for the substrate. Once the

mutual position of the peaks between the film and the substrate is defined, it is possible
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to determine if any IP preferential orientations of the film are present with respect to

the substrate and, consequently, the epitaxial relations can be determined.

2.2.2 X-Ray Reflectivity

When the X-ray are employed to study samples composed by layered thin films, they
allow also the determination of the thickness, roughness and electronic density of each
layer composing the stack. To describe the interaction between a sample and an X-ray
beam impinging on its surface, similar consideration applicable for optics with the visible
light can be done. A generic X-ray beam is an electromagnetic radiation with wavelength
of the order of 1A and, similarly to optics, the most relevant parameters to take into

2

account are the wave vector k = 5t and the index of refraction n, defined as

n=1—0+1i8 (2.6)
where
il 2.7
0 = —7TuPe .
5P (2.7)
and
f=2 2.8)
- 27_(_luax .

Here, r, = 2.818 m is the classical radius of the electron, p. in the electron density of
the material and pu, the absorption length. Usually, § is bigger than 3, thus the latter
is often neglected in the calculations. 0 is related with the so called critical angle (6,)
which is defined by the relation

cos(f.))=n=1-9§ (2.9)

In a XRR measurement the X-ray are reflected at the interface between the air (n =
1) and a material with n < 1 but anyway often close to the unit. As a result, § ~
107° — 1079, thus typical values for 6, are in the 0.1 - 0.5° range. Being § small, the
equation 2.9 can be approximated by using the Taylor expansion as 6, = v/25. If § > 0
consequently n < 1 and a phenomenon called total external reflection takes place for
angles 0; < 0, = v/26 (Fig.2.4). Thus, in the simplified case of a single layer film, for
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angles 0; > 0. it is possible to extract the electronic density of a layer using the equation

0. =21, (2.10)
T

For a Cu K, X-ray radiation a useful formula to convert the critical wave vector extracted
from the fit of the collected data is

pe = T11¢q? (2.11)

For the same single layer example, due to the interference effect occurring between X-ray
reflecting from the surface and from the bottom of the layer, the thickness of the layer
can be calculated measuring the angular distance between the maxima of the so called
"Kiessig fringes" (Fig.2.4) by using the equation
A 1
d = CY— (2.12)
In a real sample obviously the flatness of the layers is not ideal, but the presence of
a surface roughness is observed. A rough surface gives rise to diffuse scattering effects
which reduce the intensity of the specularly reflected beam. As a consequence, the
Fresnel relation from an homogeneous slab, which links the X-ray wave vector component
orthogonal to the sample surface (g,) with the reflected beam (R,,), is corrected with
an exponential part called Nevot-Croce factor. In this context, the layers thickness is
considered non-homogeneous and the roughness is included in the description introducing

a Gaussian distribution of the thickness as the following equation

32z7r 32im2 58

2 s —q: d

4 \/q L 32 — | exp <—2 5 > (2.13)
24 /q2 — g2 — 2z o%m

where d and o are respectively the average and standard thickness deviations. The ar-

Rflat q,z —

gument exposed above to describe the XRR technique must be considered just a very
general introduction of the argument. For real stratified materials the complexity of the
structure requires the introduction of more complex models known as dynamical theory
of reflection. For instance, in such a theory, the interfaces between materials are mod-
eled themselves with a high number of layers with constant density, which is necessary

to describe their continuous density profile. Here, the overall reflectivity response is
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obtained calculating the boundary condition of the electric and magnetic fields for each
slab, which is mathematically represented by a product of matrices. For a more accurate
description of both XRR and XRD techniques it is possible to refer to Ref. [64] and Ref.
[65].
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Figure 2.4: (a) Representation of the X-ray reflectivity in thin films. In the upper and central images
are sketched the total reflection and the normal reflection of an X-ray beam impinging on a thin film
surface. In the lower image an example of a typical XRR curve with indicated the critical angle 6,
is reported. (b) Reflection from an homogeneous slab of finite thickness. The wave vector k and its
projection along the direction orthogonal to the surface are schematized.

2.2.3 Ferromagnetic resonance (FMR)

Ferromagnetic Resonance spectroscopy (FMR) is one of the most adopted methods to
investigate the magnetization dynamics in magnetic materials. FMR provides multiple
information, such as the direction and the intensity of the magnetization vector (M ), its
magneto-structural quality , magnetic anisotropy and multiple energy dissipation effects.
In the next sections, the theoretical background behind FMR is introduced, along with

the experimental configurations of interest in the context of the present thesis.

36



2.2.3.1 Theoretical background

The description of the magnetic properties of ferromagnetic materials is generally a
many body problem, where a quantum mechanical approach is required for an adequate
physical description of the system. An effective strategy to override this constraint is
provided by the so called theory of micromagnetism, a continuum theory which filled the
gap between the empirical Maxwell’s theory of magnetism and quantum theory. [66] In
this theory, the fundamental quantity defining the magnetic state of a ferromagnet is the
magnetization (M). The modulus of (M) is defined as M = ¥ %, where [ and V are the
magnetic moment of a single atom and the volume of the magnetic medium. The atomic
magnetic moment can be written as y = 7.5, where S is the spin of the electron and
the gyromagnetic ratio, which is related to the dimensionless Lande g-factor through the

equation

UB
e 92.14
V=9 (2.14)

where pp = 9.274 x 10724J/T is the Bohr magneton.

In magnetic materials the interaction between an external magnetic field with the
spin of the electrons can generate a macroscopic magnetic polarization. In particular,
in ferromagnetic materials when an external magnetic field is applied and subsequently
removed, a net and spontaneous spin polarization is observed. This phenomenon can be
explained analysing the contributions to the total magnetic energy density (Eror). In

the next paragraphs the different contributions to Eror are discussed.

Zeeman energy The Zeeman energy (Ezeeman) represents the interaction energy be-
tween an external magnetic field (ﬁext) and the magnetic moments in a magnetic body.
Due to this energy term, a torque is exerted on the magnetic moments which minimizes
the energy of the system when they are aligned parallel to the external magnetic field.
The Zeeman energy can be expressed as the following integral over the volume of the
magnetic body

EZeeman = _/JJO/ ﬁe:pt : Mdv (215>
174

where g is the vacuum permeability. It is important to notice that the Ezceman is a

fundamental contribution to the total magnetic energy, because it is the term that allows
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the manipulation of the magnetization in a FM through an external magnetic field, a

central aspect for spintronic devices.

Exchange interaction energy The exchange interaction is the main responsible of
the long-range magnetic order in a material and it essentially arises from the equilib-
rium of the electrostatic Coulomb interaction and the Pauli exclusion principle between

electronic spins. Using the Heisemberg formalism the exchange energy (E,,) is given by

Boy=—> JijSi-S; (2.16)
i<j

where S; and S; represent the spin direction for the nearest neighbors spins and J;;
is the exchange integral, which is the energy difference between the parallel and the
anti-parallel configuration of the spins.[67] When .J;; > 0 the ferromagnetic ordering is
established and the energy minimum is reached for the parallel alignment of the spins.
On the contrary, if J;; < 0 is the anti-parallel spin configuration to be energetically
favored, which is characteristic of anti-ferromagnetic (AFM) materials. When close to
critical temperatures, the long-range magnetic order is dramatically compromised. The
critical temperature of a magnetic material can be calculated from the magnitude of the
Ji; integral and it is called Curie temperature (7¢) for FM and Néel temperature (1)
for AFM. For a macroscopic description the exchange energy has to be expressed in its

integral form as

A = A2
B, = Mg/(v - M)2aV. (2.17)

In this equation, A represents the exchange stiffness and M, the saturation magnetiza-
tion. It is important to notice that E., is isotropic in the space, thus for any volume dV'

and for any orientation of M the exchange energy is the same.

Demagnetizing field energy For a uniformly magnetized object the mutual interac-
tion between magnetic dipoles (dipole-dipole interaction) generates an internal demag-
netizing field (Hy), which contributes in the reduction of the total magnetic moment.
The Hy field can be deduced by writing the relation

V-M+#0 (2.18)
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which is valid for the magnetic dipoles on the surface of a magnetic body. In the contin-
uum approximation a magnetic dipoles density can be assumed and the demagnetizing

energy density (or dipole-dipole interaction) can be written as

Ey=-22 Hy-Mdv (2.19)

The analytic expression of Fy is difficult to extract, because it depends on both the
geometry and the magnetic state of the sample. Indeed, the magnetic field generated
by Ey is also known as shape anisotropy field [C. Kittel and Solid State Physics| The
magnetic samples studied in this thesis are all thin films, where the size of the specimen
along the film plane is orders of magnitude bigger than its thickness. In this case Ej, is

Eq= "€ M) (2.20)

where €, is the unitary vector normal to the sample surface. From the latter relation
it emerges that in magnetic thin films the magnetization has a preferential orientation

which lies within the sample plane (easy plane of magnetization).

Magnetocrystalline anisotropy energy The crystalline structure of a ferromag-
net influences the stationary position of the magnetization vector with respect to the
symmetry of the crystal lattice. The magnetocrystalline anisotropy originates from the
spin-orbit interaction between the spin and the orbital angular momenta of an electron
subjected to the local electric field generated by the surrounding atoms, thus strongly
depending on the atoms mutual position. As deeply discussed in M.Farle (1998)[68], the
expressions for Fyc are often complicated and presented as a power expansion of the
direction cosines of the magnetization vector with respect to specific directions of the
crystal lattice. Also in this case, the direction of the magnetization in which Fj;c has a
minimum is called easy azis of the magnetization and, as the opposite, when Fj;c reaches
its maximum values is called hard axis. In some ferromagnets such as Co, the magneti-
zation has one single direction for the easy/hard axis and in this case the expression for

Eye is given by

Eye =Y Kynsin®0 (2.21)
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where K,, (n = 1,2,...) are the constants of the uniaxial anisotropy. For an -hcp
crystal lattice the angle 6 is considered with respect to the c-axis of the unitary cell.
For crystalline Co-hcp at RT typical values of the first two terms of K, , are K, =
4.5-10°J/m?® and K, 5 = 1.5-10°J/m?. In this thesis only polycrystalline ferromagnetic
thin films are investigated, thus it was not possible to exploit any specific expression for
E\yo straightforwardly. Therefore, the considerations regarding the magnetic anisotropy

contribution are discussed during the exposition of the results.

Perpendicular magnetic anisotropy In magnetic thin films, a further relevant
anisotropic contribution to the magnetic energy is the perpendicular magnetic anisotropy
(PMA). As the thickness of the film becomes smaller the role of the surface starts to be
relevant, inducing the direction of the magnetization to move from the in-plane direc-
tion, due to the shape anisotropy, towards an out-of-plane orientation.[68] The energy
density contribution of PMA for in-plane magnetized samples generates the so called

out-of-plane magnetic anisotropy field, which can be defined as

(2.22)

where K is called out-of-plane anisotropy constant. In this thesis this equation covers a

central role because several studies as a function of the FM thickness (¢i;,,) are shown.

Total energy and effective magnetic field In order to have the overall depiction
of the magnetic system, all the energy terms have to be summed, obtaining the total

energy Fror. The expression for Eror can be generalized as
ETOT = EZeeman + Eem + Ed + Ean (223)

where F,, encloses all the anisotropy terms, which can be more than those discussed
above.[68] When the magnetization is uniform in the sample an effective magnetic field

can be defined starting from Eror and it can be expressed as

He; =V Eror (2.24)
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2.2.3.2 Magnetization dynamics

From the minimization of the magnetic energy of a ferromagnetic system the equi-
librium condition for the magnetization can be achieved. When a ferromagnetic system
is subjected to an external magnetic perturbation H.s¢, the magnetization vector M
changes its equilibrium state. The dynamics of M is described by the Landau-Lifshitz-
Gilbert (LLG) equation [Eq.2.25], which correlates the temporal variation of M with the
orientation of Hs.

dM - aM

= - a
— = — M x H, — (M x — 2.25
7 poyM x Hepp + v, (M x o ) (2.25)

s
The first term on the right-hand side of Eq.2.25 describes the dissipationless precessional
motion of the magnetization vector M around H.s¢, as represented in Fig.2.5. During
its motion, M spins around the external magnetic field with a frequency called Larmor
frequency (wy) defined as wy, = yH.rs. In ferromagnetic materials, typical values for
v are in the range of 1.75 — 2.5 - 10"Hz/Oe. Eq.2.14 shows that 7 is proportional to
the g-factor which is dependent on the ratio between the spin (us) and angular (puz)
momenta in the magnetic material as

pr_g-2 (2.26)

Hs 2
The value of the g-factor in ferromagnetic thin films can vary significantly from the bulk
value as a consequence of the reduced symmetry of the system or due to possible in-
termixing effects between materials. The second term on the right-hand side of Eq.2.25
takes into account all the dissipative phenomena acting on the magnetization vector,
which generate a spiraling motion of M towards the direction of the external magnetic
field, with a relaxation time 7 = 1/yauoH.ss (Fig.2.5(b)).[68] Here « is called damping
constant (or Gibert parameter) and it is the key parameter to study the dynamics of
the magnetization in a ferromagnetic material. The relaxation effect which contributes
in determining the value of o can be multiple. It does not exist a general theory able
to decouple each dissipative contribution, thus complementary chemical-structural and
magnetic experiment are demanding for a thorough understanding of a magnetic sys-
tem. In Chapter 3.3 of this thesis, we focused the attention mainly on two aspects

concerning the extraction of the damping constant: the chemical-structural quality of
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the studied materials and the so called two magnons scattering effect(TMS).[54] The
chemical-structural inhomogeneities constitute a relevant scattering source for the mag-
netization vector during its precessional motion, and their role is discussed along the
text in Chap.3.3.

(@)  Hy (b)  Hey
A A deﬁ

dt

dM
dt

am
dt

S

Figure 2.5: (a)Precessional motion of the magnetization vector M around the effective external mag-
netic field. As described by the first term on the right-hand side of Eq.2.25, the precessional motion
is fully stable with no energy loss. (b)Spiraling motion of M towards H due to energy loss mechanism.
This effect is described by the second term of the right-hand side of Eq.2.25. The damping constant «
is a measure of the energy loss rate.

If the ferromagnetic system is excited through an external periodic magnetic field (hgr)
acting perpendicularly to the quasi-static magnetic field (H.ys), for specific combina-
tions of the oscillating frequency of hrp and H.ss an energy absorption phenomenon
takes place giving rise to the ferromagnetic resonance. In order to extract the resonant
condition the LLG equation must be solved for specific geometrical configurations of
the system. For a thorough mathematical description of this procedure please refer to
Ref.[69, 70].

2.2.3.3 FMR condition and absorption lineshape

The FMR is an absorption energy phenomenon where the magnetization vector in
a ferromagnet resonates at the same frequency of an external oscillating magnetic field.
The resonance is described by the complex susceptibility x, which is derived by Eq.2.25

and has the form

Mg(Bojs — ia®
5(Bers ”i (2.27)

X = — : o
(Begr —102)(Hepp — i) — (%)?
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where B.yy and H.yy are the effective magnetic induction and the effective magnetic field
respectively.[69, 70] The energy absorbed during the FMR is related to a variation of
x[70] and the absorbed power (P,;;) can be expressed as

P (H) = ;Im[x]hﬁw (2.28)

The FMR thus occurs when I'm|x] reaches its maximum value, which corresponds to the
maximum of the energy absorbed. By ignoring the damping terms (o = 0), the relation
between the resonant frequency (fres = wres/27) and the applied external magnetic field
H.,; for any mutual direction of M and H.,; can be obtained calculating the maximum

of Eq.2.28 which occurs when

(2.29)

Wres =

vy \/ (52ETOT Eror (aQETOT )
oeq¢eq

M;sin(6e,) 002 0p? 000¢
The Eq.2.29 is called Smit-Beljers formula, where 6 and ¢ are the spherical coordinates
for M.

Figure 2.6: Generic geometrical configuration of H.yy and M with respect to the sample surface.

In Fig.2.6 a scheme of a system of coordinates with respect to the sample is shown
and a generic configuration for the vectors H.;; and M is fixed. Here, 0y indicate the
angle between the normal to the sample surface (z-axis) and H.pr. As discussed in
section 2.2.3.1, Epor determines the easy axis of the magnetization thus Eq.2.29 must

be evaluated in the equilibrium position of the magnetization 0., and ¢.,, which can be
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determined minimizing the total energy density Eror as

dEror _ dEror
5 % 5

In the FMR experiments discussed in this thesis, the external magnetic field is applied

(2.30)

¢eq =

parallel to the sample surface (/g = 90°) and all the ferromagnetic films are polycrys-
talline. For this particular case the Smit-Beljers formula assumes a simplified form known

as Kittel equation for the in-plane configuration [47, 68|, which is given by

Y
fres = %\/Hres(Hres + 47rMeff) (231)

Here M.z is the modulus of the effective magnetization vector, which is related to the
saturation magnetization (M) value and the out-of-plane anisotropy field (H,) by the

relation

2K,
Mten

e p— s _— J_ = s h— .
AnMesp = 4nMy, — H) = 4w M, (2.32)

The latter equation links the value of the effective magnetization with the surface
anisotropy constant K, which takes into account the role of the surface in ferromag-
netic thin film. In order to extract information from this equation a study as a function
of the thickness of the FM layer is necessary.

Considering the functional form of I'm[x] it is possible to demonstrate that the power
absorbed by the sample close to the resonance can be modeled as a symmetric Lorentzian
function. Anyway, an anti-symmetric contribution must be considered, because the
coupling between the instrumentation and the sample can partially mix the imaginary

and real parts of y. [69] As a consequence, the FMR absorption line can be modeled as

3y
(AH)Q + (Hea:t - Hres)2

2

2 ( ext — Hres)
(TH) +( ext — Hres)2

Paps = Ksym - Kasy (233)
In the latter equation AH = 2 a% (see also Eq. 2.37) and represents the full width at half
maximum (FWHM) of the absorption signal (Fig.2.7). In the next section (Fig.2.8), in
order to increase the sensitivity of the measurement, the rectified RF-signal is acquired

with a lock-in amplifier. Through a lock-in amplifier the signal is shown in its first
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derivative form, which can be written as

dPus (AH)? — A(H — H,.,)? K AAH(H — H,.,)
dH.p PV [A(H = Hyes)? + (AH)?)2 AYTTAH = Hye)? + (AH)?

5 T mH + C
(2.34)
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Figure 2.7: Typical FMR signal lineshapes of a Co(10 nm)/SbsTes sample acquired at 12 GHz and
relative fitting functions (red solid lines). The direct measurement of the absorbed power P,;s (black

squares) is fitted with Eq.2.33 and its derivative signal (blue squares) with Eq.2.34. The fitting functions
reproduce with a very good accuracy the evolution of both the datasets.

Despite the better sensitivity reached using the lock-in amplifier, at the beginning of the
FMR studies performed in this thesis, measurements were performed through a direct
acquisition of the signal, due to the lack of part of the instrumentation at the time. In
this case the fit of the acquired FMR signal was performed using Eq.2.28. In order to
make easier the treatment we will mention this during the discussion of the results when
necessary (Section 3.3.1).

Eq.2.34 is the derivative form of Eq.2.33, where the linear term "mH” is added to account
for the typical drift of the FMR signal during the measurement sweep.[71] Calculating
the stationary points of the second derivative of Eq.2.33, we obtain the peak-to-peak
linewidth of the first derivative of P, which is linked to the FWHM of Eq.2.28 by the
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relation

AH
which brings to the following equation
AH 2 4
AH, === = 2 o Ag=""% (2.36)
V3 V3 gl

Performing a study of the linewidth as a function of the resonant frequency, from the
latter equation it is possible to extract o value. In real systems, any magneto-structural
disorder in the ferromagnetic film introduces an additional inhomogeneous broadening
term (Hp), which has to be added in order to interpret the experimental data [68], see
Eq. 2.37.

4
AH = 7;0‘ Fres + AH, (2.37)

2.2.3.4 Broadband-FMR experimental setup

The BFMR measurements were performed using a home-made facility obtained from
the customization of a Bruker ER-200 instrument originally adopted for Electron Para-
magnetic Resonance (EPR) measurements. The setup is composed by a broadband
Anritsu-MG3694C power source (1-40 GHz), which is connected to a home-made grounded
coplanar waveguide (GCPW)(described in section 2.2.3.4) where the ferromagnetic sam-
ple is mounted in a flip-chip configuration (with the FM film close to the CPWG surface)
with a 20pm thick mylar foil placed in between to avoid the shortening of the conduction
line. When the RF-current exits from the GCPW, the signal is directed to a rectifying
diode (Wiltron, Model 7T0KB50 (NEG), 1 - 26.5 GHz, 20 dbm MAX) which converts the
RF-signal in a continuous DC-current, in turn sent to a lock-in amplifier for the signal
detection. A scheme of the BFMR facility is shown in Fig.2.8. The FMR measurement
was conducted positioning the sample between the polar extensions of the Bruker ER-200
electromagnet and maintaining its surface parallel to the external magnetic field H..,
in the so called in-plane (IP) configuration.

Once the microwave frequency was fixed, the measurement was performed by measuring

dPabs

72=) downstream of the electrical transmission line

the derivative of absorption power (
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Figure 2.8: Scheme of the custom instrumental setup used to perform BFMR measurements.

as a function of the external magnetic field produced by the electromagnets. Fixing the
RF-signal power, the same procedure was repeated for different frequency values. In
Fig.2.9 an example of the fitting of the collected data with the described FMR setup.
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Figure 2.9: FMR caracterization of a Au(5nm)/Co(5nm)/SbyTes heterostructure. On the left a typical
fit of the fres(Hres) curve using the Kittel equation for the in-plane configuration. On the right the
linear fit of the FMR signal linewidth (AH) as a function of the resonant frequency (fres). The insets
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Grounded Coplanar Waveguide (GCPW) The GCPW is the RF-component used
to generate the oscillating hrr magnetic field (see Eq. 2.28). A GCPW consists essen-
tially in a central conductor of width w, which carries the RF-current (signal line, S)
and two ground planes (G) separated from the signal line by an air gap of thickness wy,
(Fig2.10).
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Figure 2.10: (a)lllustration of a FM sample positioned in the flip-chip orientation on a GCPW. S
and G indicate respectively the signal and the ground conduction lines. hrpr represents the oscillating
magnetic field produced by the RF-current. (b) Image of the home-made U-shaped GCPW, where the
positions of the sample and of the Mylar foil used during the measurements are highlighted. The Mylar
foil is located between the sample and the board in order to avoid the electrical shortening of the line. To
connect the GCPW with the RF power source two Southwest connectors for high frequency application
are used.

During the BEMR experiments conducted in this thesis, an home-made U-shaped GCPW
was exploited for the acquisition of the FMR signal. In order to produce a broadband
GCPW, the Sonnet Software program for the modeling of high frequency conductive
lines was used. As a result, a broadband GCPW up to 20 GHz was obtained, with less
than 4 dB as a maximum power loss over the whole frequency range. The simulated
model considered the electric properties of the Cu/Dielectric/Cu tri-layer composing the
GCPW (RF-35 material provided by Taconic), and the geometrical constrains due to the
fixed distance of the electromagnet’s poles of the Bruker ER-200 facility. In Fig. 2.11(a)
and (b) the geometry and the modulus of the impedance of the simulated GCPW |S21|
are showed respectively. The production of the GCPW was carried out using conven-

tional photolithographic processes, where an aqueous FeC'l3 solution was employed as
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the etching solution for Cu. The shadow-mask with the desired geometric shape was cre-

ated by means of a professional ink-jet printer, which printed the mask on a transparent

plastic foil(Fig.2.12).

(a) (b)

3D - GCPW

N
|$21| (dB)

T
0 5 10 15 20

Gap = 150 um Frequency (GHz)

Signal line = 200 um

Figure 2.11: (a) Rendering 3D of the simulated GCPW with the Sonnet Software. The numbers 1 and
2 are the labels of the simulated electrical connections. (b) Modulus of the impendance (|S21]) between
the ports 1 and 2 is simulated as a function of the RF frequency.

Figure 2.12: Ink-jet printed photolithographic mask on a transparent plastic foil. The mask was fixed
on the glass of an UV lamp to impress the resist during the lithographic process.
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In addition to the description of the magnetization dynamics in FM thin films, the FMR
setup described here can be adapted to evaluate the spin-to-charge interconversion across
the FM/NM interface, exploiting the so called SP technique. In the next section, the
main theoretical concepts concerning the SP mechanism and the instrumentation setup

are discussed.

2.2.3.5 Spin pumping by FMR

The spin-to-charge interconversion mechanism at the interface of FM/NM systems
can be investigated using several techniques such as SP-FMR [49, 59, 72], ST-FMR 73—
75], harmonic longitudinal voltage measurements [76], etc. In SP by FMR (SP-FMR),
the precessional motion of the magnetization in the FM generates a pure spin current
which is subsequently injected in the NM layer and here converted in a charge current.
The theoretical description of the spin current generation and its transport across the
interface in FM/NM heterostructures in SP-FMR experiments was deeply discussed by
Tserkovnyak et al. (2002)[77, 78] and, in the last twenty years, experimentally widely
demonstrated and reported in literature, see for instance Ref.[52, 55, 79-81] .

In Section 1.4, we briefly introduced both the SP-FMR and the ST-FMR techniques and
we pointed out that these two mechanisms can be interpreted as the two sides of the
same coin(Fig.2.13). Indeed, as firstly described by Slonczewski in 1996 [8], in FM/NM
systems when a charge current is flowing across the NM layer, it can exert a torque
on the FM and eventually switching its magnetization (Section 1.1). According to the
Slonczewski theory the torque on the FM magnetization can be accounted by adding a

further term in the LLG equation (Tsione,), which can be written as

dM -~ a, - dM,
H = —/L()”}/M X Heff + MT(M X %> + TSioncz (238>

s
Thus, according to the latter equation, the effect of the current is to add a torque on the
magnetization vector M , sustaining the magnetization precession. For that, the Tg;oncs
term is also known as anti-damping term (Fig.2.13). On the other hand, if the vector
M loses its torque during its motion an extra contribution to the damping is provided,
which can be seen as the opposite effect of the Slonczewski torque. We refer to the latter

effect equivalently as SP or SP-FMR. As described by Tserkovnyak and co-authors, part
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of the magnetic moment lost by M can be converted in a pure spin current Ji”, which

is pumped from the FM into the NM layer.

(b)

</)

Figure 2.13: (a) Sketch of the torque (Tsionc.) induced by the spin accumulation in the NM material
on the FM magnetization. (b) If the magnetization of a FM material is forced to precess under the
effect of an external RF magnetic field, a portion of the angular momentum can be transferred in the
adjacent NM layer as a pure spin current Js.

In the SP theory the extra damping A« enters in the LLG equation as

dM oo ey, dM. Aa, - dM
—— = —upyM x H, LM x —) + = — 2.
7 poyM X ff+Ms( X dt)+Ms( X —) (2.39)

where a,.r is the damping constant of the free standing FM layer, when not influenced

by the presence of an adjacent NM layer. The total damping is finally written as

Qtot = Qpef + At (2.40)

and according to Ref. [77] can be expanded as

™) gup 1

Qpot = Qipey + Re(gey 10 i (2.41)

where Re(ggcf) is the real part of the spin mixing conductance, a quantity which pro-
vides information on the spin transmission across the FM/NM interface, and tgy; is the
thickness of the FM layer. The expression for the 3D spin current (J2P) generated in
the FM layer as a consequence of the extra damping term in Eq.2.41 is [77]

) v
gap _ T ReGery) o dM(%)

= 2.42
S T ar M2 dt \h (242)
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The latter equation for the generated spin current in a SP experiment is not complete,
because it does not take into account a correction due to a possible back-flow of the spin
current. Indeed, if tyy << Ag, where A is the spin diffusion length in the NM material,
the spin current will be reflected at the NM/vacuum interface, lowering the net spin
current crossing the FM/NM interface. To properly consider the back-flow the net spin

current needs to be corrected as

(2.43)

Jg,?zet - gD(l N B_QKIZM)
Eq. 2.41 and Eq.2.42 evidence the importance of a correct estimation of the damping
constant in the FM/NM heterostructures, which is measured by the FMR experiments
described in Section 2.2.3.1. By solving the LLG equation (Eq. 2.42), J3P as a function
of the angle 0y, (Fig. 2.6) can be expressed as

oo _ Ryt poMsin? Oun) +\GroMaysin?Ou)P + sy ey
ey (o

J
s 8o (Am Mrysin?(0ar)?) + 4w?

In our SP-FMR experiments the external magnetic field was maintained parallel to the

FM surface, thus in Eq.2.44 the terms sin?(y;) are equal to 1.

SP-FMR experimental setup

As discussed in the previous section, the J2P generated in the FM and injected
perpendicularly into the NM layer, is able to produce a charge current I.. This current
generated in the NM layer can be detected as a drop of potential across the measured
sample.[167,168 Noel thesis| In Fig.2.14(a) the scheme of the modified FMR setup to
perform SP-FMR measurements is reported. Basically, the instrumentation is the same
as in the FMR experiment (Fig.2.8), but in this case the sample is connected to a
nanovoltmeter using two thin Ag wires connected to the sample edges with Ag paint.
As we discussed above, the SP effect takes place during the FMR. Thus, the standard
procedure for the acquisition of the SP signal is to synchronize the sweep of the applied
external magnetic field with the DC voltage acquisition of the nanovoltmeter and, as a
result, a V(H) plot is generated (Fig.2.15).
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Figure 2.14: (a) The same FMR measurement setup adapted for SP-FMR measurements. (b) A
particular of the sample mounted on the GCPW and electrically connected to a nanovoltmeter through
Ag wires and AG paint.
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Figure 2.15: Acquired SP signal for a Au(5 nm)/Co(20 nm)/Au(5 nm/SbyTes heterostructure at fixed
RF frequency of 8.5 GHz and fixed RF power of 73 mW. The V,,;,(Hezt) curve is fitted with Eq.2.45
and the Vsyn, and Vagym components are extracted.

It is fundamental that during the SP measurement the modulation of the magnetic
field is turned off, because the low frequency modulation of the Helmoltz coils induces

artifacts in the DC voltage signal. Being the SP-FMR signal a direct consequence of the
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FMR phenomenon, the V' (H) signal can be fitted with a Lorentian function of with the

following form

(AH)?
AH? + (H — Hyey)?

(AH)(H — Hes)
AH? + (H — H,.,)?

where Vg, and Vg, are the prefactors of the symmetric and anti-symmetric part of
the Lorentzian function. In Eq. 2.45, AH indicates the half width at half maximum
(HWHM) of the V,,;, curve, and in this case the AH(f) dispersion can be written as

2
AH =%+ AH, (2.46)
v

The voltage generated during a SP experiment is called mixing voltage (Vj,.), being
an admixture of voltage signals with different origins. The SP signal has the form of a
symmetric Lorentian, thus Vg, = Vsp. On the other hand, anti-symmetric signals can
contribute in the V,,;, shape, usually due to anomalous Hall effect (AHE) and anisotropic
magnetoresistance (AMR). [32, 81, 82]

Once the value of Vgp is extracted from Eq.2.45, the estimation of the generated I.

current can be calculated using the Ohm’s law

_ Vsp
R

where R is the sheet resistance of the sample and it is independently calculated by four

I. (2.47)

point measurements. Usually, typical values for R are few tens of Ohm.[52] Another
important aspect for the calculation of the quantities of interest in SP measurements is
the estimation of the hgzp value. Indeed, as shown in Eq.2.44, the latter is necessary to
calculate the value of the generated 3D spin current generated in the FM layer. Usually,
a precise estimation of hrp is obtained performing SP measurement with a cavity FMR
instrumental setup and it depends on the geometrical characteristics of the cavity.[49,
50, 52] In our experiments we measured the SP directly with the GCPW, thus in order
to estimate the hrpr value we performed some calculations starting from the geometry of
our GCPW and using the Bio-Savart law. In Fig.2.16 a general geometry of a GCPW
and the calculation we used are reported.

The graph shown in Fig.2.16 shows the variation of the strength of the magnetic field

produced by the RF current at the center of the signal line (S) and on the normal z, for
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Figure 2.16: Simulation of the h,; magnetic field generated by the home-made GCPW described in
Section 2.2.3.4 as a function of the distance from the surface. For the simulation we fixed W=200um,
d=150pm and RF-power = 73 mW. Considering the distance of the measured samples from the GCPW
surface, in the SP-FMR measurements we considered hrpr ~ 0.70e.

a fixed RF-power. Measuring the real height of the sample from the GCPW surface, we
found that, due to the asperity of the GCPW | the average distance of our sample from
the surface is around 70 & 10um. For that in the calculation of J2P we assumed hpp
= 0.7 Oe. Anyway, in our opinion this value for hrp could be largely over estimated,
being the simulated geometry in Fig.2.16 just a rough estimation of the effective hrp
value generated by our home-made GCPW (Section2.2.3.4). For that, the results that
we obtained in Section 3.4 represent a lower limit of the real spin-to-charge conversion

efficiency in the studied samples.

At the interface between a FM and a NM film the SCC mechanisms can arise as a
consequence of two mechanisms: the SHE generated in the bulk of the NM layers or the
IEE in the surface states. In the following section a brief explanation of these two effects

is reported and the relative figures of merit for the SCC efficiency are indicated.
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2.2.3.6 Spin Hall and Inverse Spin Hall Effect (SHE, ISHE)

Generally, three main Hall effects can be observed in a material: the ordinary Hall
effect (HE), the Anomalous Hall Effect (AHE) and the SHE [17], which are sketched in
Fig.2.17 (a), (b) and (c) respectively. The SHE is a quantum-mechanical phenomena
related with the SOI discovered by Dyakonov and Perel in 1971 [83], which allows the
charge-to-spin (direct SHE) or the spin-to-charge (inverse SHE or ISHE) conversion in
NM material. When an electrical current flows through a metal with large SOC (i.e

HMs), electrons with opposite spins are deflected in opposite directions (Fig. 2.17(c)).

H, M, z|<i
N T ~

P44 XTIV L/&

¢
(a) Vy#0 (b) v,+0 (c) v, -0

Figure 2.17: (a) Ordinary Hall effect. An external magnetic field applied along the z direction causes
a charge unbalance at the boundaries, due to the Lorentz force (F,, = evgy;f+H.) exerted on the elec-
trons.(b) Additional contribution to the ordinary Hall effect in (a). No external magnetic field is applied.
AHE is similar to the Hall effect but here there is also a spin unbalance at the boundaries of the mate-
rial due to spin-dependent scattering processes or spin-dependent band structure. AHE is often used as
proof of ferromagnetism in materials. (c¢) Spin splitting inside the material due to the SHE. No external
magnetic field is applied on the material.

As a consequence, a spin current perpendicular to the charge current direction takes
place (Eq.2.48). The SCC efficiency due to SHE is accounted by the so called Spin Hall
Angle (AsyE), a dimensionless quantity proportional to the ratio between the generated
spin current from a charge current (direct SHE) or viceversa (ISHE). In the case of SP

experiments (Section 3.4) the ISHE is exploited, thus the sy g can be calculated from

J_YSHE = HSHEJ_; X 0 (248)

where ¢ is the unit vector of the spin polarization. Being the SHE dependent by the
strength of the SOC, the Osy g value is expected to ber higher in materials with a high
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atomic number, such as HMs (i.e. Pt, Ta, Pd, W). A table with typical 05y values is
reported in Ref. [17]. The SHE is a complex phenomenon which can have an intrinsic
(without impurities) or extrinsic (with impurities) nature. Further details about the

latter arguments can be found in Ref. [84] and in the references of this paper.

2.2.3.7 Edelstein and Inverse Edelstein Effect (EE, IEE)

Another interface effect closely related to the SHE is the so called Edelstein effect
(EE).[51] Here, a steady current J,, driven by an electric field E, produces a steady
non-equilibrium spin polarization.[85] The EE has been observed experimentally [86, 87]
and can be interpreted as the result of the effective magnetic field, generated due to
spin-orbit coupling, acting on the drifting electrons of a NM material in their own ref-
erence frame.[88] In the past decade, a drift-diffusion theory of the SHE, ISHE, and EE
has been proposed.[89] On the other hand, the inverse Edelstein effect (IEE) was poorly
studied, despite the spin-galvanic effect observed almost a decade ago by Ganichev et al.
[90] in GaAs can be interpreted as a manifestation of the IEE. In the very recent paper
of Rojas-Sanchez et al. [49], the IEE was described and experimentally demonstrated
for the first time.

The IEE can take place exploiting SOC-related properties of a two dimensional electron
gas (2DEG) at specific surfaces and interfaces, such as the so-called Rashba interfaces
[91] and the TSS of TIs.[24] Due to the similarities between the bandstructures of Rashba
interfaces and TIs we will discuss the EE and IEE in both of them simultaneously.

In Ref.[49], the energy dispersion of the 2D states in a Rashba interface and the Dirac-like
linearly dispersed TSS of a TT are represented, as depicted in Fig. 2.18.

In the EE, a charge current density J2P is injected along the x-direction and in the plane
of the sample and an electric field rises according to the equation J?P = cE , Where o
is the electrical conductivity. As a result, a Coulomb force acts on the electrons in the
material, ﬁCoul = qE with q the electron charge. Being ﬁCoul = dp/dt and p = hk with
p and k the momentum and the wave vector of the electron, if the charge current is

injected for a time At, we have

AtqJ?P

Ak =
oh

(2.49)
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Figure 2.18: In the top panel of (a) and (b) the energy dispersion of a 2D Rashba surface and a
Linearly dispersed TI surface are shown respectively. At the bottom of (a) and (b), the Fermi contour
for the Rashba case and the TI surface are represented with their chirality. In (c) and (d) the EE effect
is represented for the two systems. If a charge current J2?P flows along the x direction, a AH shift
of the contours arises, with a consequent generation of an extra spin population along the y direction.
(e) and (f) represent the opposite phenomena of (c) and (d) (IEE), where an injected spin current J&P
along the y direction creates a region with a spin accumulation on one side of the Fermi contour and a
depleted region on the other side, giving rise to a charge current J2P in the x direction. Figure taken
from Ref.[49].

If At is in the range of the typical electron relaxation time 7, thus in the range of the

femptoseconds (in metals) and picoseconds (in semiconductors), it is possible to write

TqJCQD
oh

Ak = (2.50)

The latter shift does not depends directly on E, thus a rigid shift of the Fermi contour
occurs, as shown in Fig. 2.18(c) and (d).

For the EE a charge-to-spin conversion between a 2D charge current into a 3D spin
current takes place, therefore it is possible to define a conversion efficiency for such

process as
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where qrr has the dimension of an inverse of a length.

qEE = (2.51)

In the case of the reciprocal IEE, a pure 3D spin current is converted into a charge
current during a spin-to-charge conversion process. In a IEE the spin accumulation is
created directly by the injected 3D spin current, giving rise to the Ak shift discussed

above. The spin-to-charge conversion efficiency for the IEE can be written as

2D
Je

3D
‘]s

where \;gg is the so-called inverse Edelstein length, usually expressed in nm. According

Aipp = (2.52)

to the calculation carried out by Fert and Zhang in Ref.[92], in a T A;gg can be written

as

AIEE = VETp = Ay (2.53)

where vy and 7, are the Fermi velocity and the relaxation time of the electronic mo-
mentum, which takes into account the scattering of the electrons in the TI bands. As a

consequence, the A\;gp is exactly equivalent to the mean free path (\,,r) in the TL.

2.2.3.8 Estimation of the Spin-Charge conversion efficiency

In the previous section we introduced some general concepts concerning the SP ex-
periments and the theoretical interpretation at the base of the data acquired in such
experiments. In this section we summarize the final shape of the equations used to ex-
tract the SCC in the materials studied in this thesis, according to the adopted model for
the data interpretation.

In a FM/NM system if the SCC is attributed only to the IEE the 3D spin current
generated inside the FM material is entirely absorbed by the surface states at the FM/NM
interface. Here, a 2D charge current is generated and the IEE length can be calculated
as

J2D L

Y = = 2.54
TR 73D ™ W J3Dsin(6,) (2.54)
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where W is the width of the measured sample (Fig.2.14(b)). On the other hand, if we
considered the SCC arising as a consequence of the ISHE, the spin diffusion length (\;)
in the bulk of the NM material needs to be accounted for. In this case as demonstrated
in Ref.[82] the following equation is valid

sinh(tN=2)

JS(Z) — JSD As

2.55
s sinh(%) ( )

where ty is the thickness of the NM layer. In order to calculate the generated charge

current /. along the x direction, Eq.2.48 must be integrated along z:

t -
L=wW / Y Osun(Jo(2) x &) - idz (2.56)
0

By substituting the expression reported in Eq.2.55 in the latter equation, the sy g can

be calculated as

J2D L

= 2.
sin(Oar) JEP (Oar)Astanh(53-)  Wsin(0ar) JEP (Oar) Astanh(55-) (2.57)

Osup =

The latter equation shows that the ISHE depends by both the ¢, and A of the NM ma-
terial. As a consequence of this expression, it turns out that the voltage signal measured
in a SP experiment is not directly proportional to the 8gy g, but to the product Osges.
Indeed, as reported in Ref.[93, 94], it is possible to extract the value of A\ studying the
generated spin signal as a function of ¢xj,. In this thesis, we did not perform a similar
tna dependent study, thus the g value was extracted by independent measurements as

discussed along the text in Section 3.4.

2.2.4 Other methods

The scientific results presented in this thesis are obtained also thanks to the efforts
spent by many researchers belonging to different research institutes, which collaborated
with our group to perform complementary measurements to those obtained by X-ray
based and FMR techniques.
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2.2.4.1 Time-of-Flight Secondary Ion Mass Spectrometry (ToF-SIMS)

The elemental distribution in the studied heterostructures was determined by TokF-
SIMS measurements performed in the CNR-IMM Unit of Agrate Brianza laboratory. An
ION TOF 1V, using Cs* ions with 500 ev for sputtering and Ga™ ions at E = 25keV,
was used for the analysis. The secondary ions were collected in negative polarity and
in interlaced mode. As discussed in chapter 3, the ToF-SIMS was used to analyse the
elemental interdiffusion in samples with Fe atoms. Under this operation mode, in a Fe
(or FeO,) matrix, the sensitivity of the instrument is enhanced for secondary FeO~ ions

with respect to the elemental Fe™ ion [95].

2.2.4.2 Vibrating Sample Magnetometry (VSM)

For a complementary magnetic characterization of the magnetic samples, VSM mea-
surements were performed on the investigated samples at the Polifab Laboratory - Po-
litecnico di Milano. The heterostructures hysteresys loops were acquired using a Mi-
croSense EZ-9 vibrating sample magnetometer, from which the saturation magnetization
(M) and the direction of the easy/hard axis were identified.

2.2.4.3 Atomic and Magnetic Force Microscopy(AFM/MFM)

In order to extract information about the magnetic and morphological features of the
surface of the analysed thin films, a Bruker AFM/MFM commercial system was used.
In order to efficiently decouple the morphological and magnetic signals, the tip of the
AFM/MFM probe was maintained at different heights from the surface, as explained

during the discussion of the results.

2.2.4.4 Brillouin Light Scattering (BLS)

Thanks to a collaboration with the University of Perugia, a BLS study was conducted
on selected samples. The BLS is an optic technique which makes possible the excitation
of spin waves inside a magnetic material when lighted with a laser source. Through
the analysis of the optic response, the magnetic properties of a magnetic material can
be studied. In order to be used as a complementary analysis to the BEFMR, the BLS

experiments were conducted applying a fixed external magnetic field parallel to the
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sample plane while the laser light was focused at normal incidence and its frequency is
swept. In such configuration BLS is totally equivalent to the BEFMR adopted in this work.
[96, 97] Thanks to the BLS we managed to investigate the magnetic signal produced by
ultra-thin ferromagnetic thin films (less than 2 nm), often too weak to be easily detected

by a BFMR measurement.

2.2.4.5 Conversion Electron Mossbauer Spectroscopy (CEMS)

The CEMS technique provides information about the chemical-structural and mag-
netic environment of 57 Fe atoms. The %7 Fe selectivity of this technique and the possibil-
ity to grow ultra thin 5" Fe films on top of other materials, make CEMS a very powerful
tool for the investigation of interface phenomena, following the magnetic properties of
an interface as a function of its chemical-structural modifications (i.e. intermixing, re-
construction, etc.) CEMS analysis was carried out at RT in a constant-acceleration
drive, with the sample mounted as an electrode in a parallel plate avalanche detector
filled with acetone gas. An a-Fe foil at RT was used for CEMS velocity scale calibration
and all the reported isomer shift were relative to a-Fe. The CEMS apparatus is the
home-made facility present at the CNR-IMM Unit of Agrate Brianza laboratory and the
collected spectra analysed with the Vinda software package.[98] For further details on
this technique please refer to [99-101].
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Chapter 3

Results and Discussion

3.1 Integration of Fe and Co thin films with granular
SbgT@g

In the first part of the following section the chemical-structural properties of MOCVD-
deposited granular SbyTe3 thin films are discussed. Two approaches for the integration
of Fe and Co thins films with SbyTe3 are proposed together with strategies for the im-
provement of the FM/SbyTes interface quality. The content of this section is largely
based on the results reported in the papers Ref. [44, 102, 103]. My main contribution
in these works was the analysis of the samples with XRD/XRR techniques, the study of
the effect of thermal treatments (which I directly performed) on their chemical-structural
properties and the thermodynamic description of the chemical evolution of the interfaces
in the presented multilayered heterostructures. In the case of the Co deposition, in ad-
dition to the above mentioned characterization activity, I also directly performed the
growth of the materials by means of ALD. Moreover, I collected, organized and linked
the data acquired by my coworkers in order to produce a systematic description of the

studied phenomena.

3.1.1 Chemical-structural characterization of granular Sb,7e;3

A 30 nm thick polycrystalline granular SbyTes thin film was deposited by MOCVD
on large area (47) Si0O,/Si substrates at RT. Despite of the granular nature, the SbyT'es
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thin film turned out to be structurally continuous as observed by Scanning Electron Mi-
croscopy (SEM). In Fig.3.1 (a), (b) and (c) the top, tilted and side views of the grown
SbyT'es thin films are reported respectively. The proof of the topological nature of the
SbyTes film, and thus also its electrical continuity, was reported in a recent paper pub-
lished by our group [104]. Here, low temperature magnetotransport measurements on
the SbyTes thin films have been conducted, with the consequent demonstration of weak
antilocalization (WAL) effect. The WAL can be interpreted as a marker for the presence
of surface conductive states in a TI material. As discussed in Ref.[104], the magneto-
transport measurements are very often affected by thermal noise, thus the topology in
SbyTes thin films was observed only at low temperature (15 K). Nevertheless, as reported
by several groups[REF], the evidence of the WAL at low temperature does not exclude

the presence of surface topological states also at RT.

Mg ige:

(a) Top View (b) Tilted View (c) Side View

Figure 3.1: SEM images of the granular Sb,Te3 thin film deposited by MOCVD taken from Ref.[102].

In order to investigate on the chemical-structural properties of the granular SbyTes thin
films, GIXRD and XRR analyses were performed. In Fig.3.2(a) the GIXRD pattern of
the SbyTes film is reported. Here, the marked crystallinity of this material is demon-
strated by the presence of relatively sharp diffraction peaks belonging to the rhombohe-
dral crystalline structure (space group R-3m). The identification of the lattice parameter
was obtained by the Rietveld refinement of the GIXRD collected data (Fig.3.2(a) red
line), which provided the value of a,b = 4, 27A and ¢ = 30.06A. The latter values are in
accordance with those found in literature for the same material [102], although a slight
reduction of the c-axis was observed. As compared to the powder diffraction pattern
(Fig.3.2 bottom), in our film a higher intensity of the (003) and (006) peaks is observed.
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This feature can be attributed to a texturization of the SbyTe3 film, corresponding to
a [004] out-of plane preferential orientation of its crystalline grains and it is often ac-
companied by a comparable increasing of the (009) reflection[Anderson]. The latter
feature is not easily appreciable due to the proximity of the (015) peak, which turned
out to be broadened due to the the contribution of the amorphous part of the SbyTes
crystalline structure. In order to confirm this picture, in Fig.3.2(c) the XRD measure-
ments in Bragg-Brentano geometry (BB-XRD) are reported for the same sample. These
measurements allow the determination of a preferential out of plane orientation of the
crystalline grains in a thin film. If it is present, a fully OOP orientation of a particular
family of crystalline planes is identified by the presence of spots lying on the bisector
between the w and 260 axes. In our samples SbyT'e3, the presence of faint lines in place
of spots provides different information. The main one is that their position indicates
that the film is OOP oriented along the [00¢] direction. Moreover, the extension of these
lines up to very small w values, corresponding to high mosaicity, allowed us to perform
the X-ray diffraction characterization in the GIXRD configuration, obtaining the same
information achievable by the Bragg-Brentano geometry. In Fig.3.2(c) we notice also
that the line corresponding to the (0 1 5) plane, the main peak in the powder, is present
only for small w values, thus due to the higher volume involved in the measurement for

such small angles.

3.1.2 Fe/SbyTes heterostructure

A **Fe(10nm) /%" Fe(1nm) bilayer was deposited by PLD on a granular SbyT'e3 sub-
strate (Section 2.1.3). As emerges by the GIXRD pattern shown in Fib.3.2(b) performed
on the whole **Fe(10nm) /5" Fe(1nm)/SbyTes stack, the polycrystalline nature of the Fe
bilayer is evidenced by the the sharp peak at 20 = 44.3° due to the reflection by the (110)
planes of the Fe body-centered-cubic(bcc) crystalline structure. The nature of the other
peaks is attributable to SbyTes, and being their position unaltered as compared with the
the bare substrate, we can assert that the Fe deposition did not affect the SbyTes bulk
stoichiometry. Of course the XRD/XRR analysis cannot distinguish between the two Fe
isotopes **Fe and ®"Fe, and we refer here to the ®*Fe /5" Fe bilayer simply as Fe. Thus,
in order to obtain information on the Fe/SbyTes interface, XRR measurements were
performed on the sample. In Fig.3.3 the XRR collected data and their best fit obtained
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Figure 3.2: (a) GIXRD pattern of the SboTes granular thin film. The red curve represents the
Rietveld refinement of the collected data. (b) GIXRD pattern of the Fe/SbsTes bilayer. At the bottom
of figures (a) and (b) the powder diffraction patterns of the SbyTes; and Fe phases are shown. (¢) XRD
pattern acquired in Bragg-Brentano geometry. The faint lines corresponding to the (003) and (006)
peaks indicates that the SbyTes film is OOP oriented along the [00¢] direction.

with a layered model are reported both for the bare SbyTe3 substrate and the whole
Fe/SbyTes structure. From the best fit, the thickness, roughness and electronic density
for each layer were extracted and summarized in Table3.1. The Fe/SbyTes heterostruc-
ture exhibits a six-layered structure, with the p. values in very good agreement with
those tabulated. In addition to the expected surface FeO - due to the absence of any
capping layer - Fe and SbyTes layers, two further interlayers were observed, at both the
SbyTe3/Si0Oy and Fe/SbyTes interfaces. Likely due to a partial segregation of oxygen,
the interlayer found in proximity of the SbyT'e3/Si0; interface was modeled as an Sb,0,
compound. More interestingly, the p. value for the interlayer at the Fe/SbyTes interface
turned out to be compatible with the formation of a FeTe compound. This result is sus-
tained by the presence of a T'eO, surface layer on the bare SbyTes substrate prior to Fe
deposition (Table3.1). The presence of such interlayers did not emerge by the presence
of further peaks in the GIXRD pattern (Fig.3.2(b)), being most likely amorphous or too
thin to be detected with this technique.
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Figure 3.3: In (a)and (b) the black line represents the XRR collected data on the Fe/SbyTes and
SbyTes samples respectively. The red line indicates the fit of the XRR data and the extracted values
are reported in Table3.1.

Table 3.1: XRR parameter for the Fe/SbyTes and SbaTe3/SiOy samples obtained from the fit reported
in Fig.3.3. In the central column the measured and the nominal values of the electronic density p. are
reported. The error bar on the thickness and roughness values is +0.1nm and £0.005e~A 3.

Fe/Sb,Te, Thickness (nm)  pe (meas./nom.) (e~ /A% Roughness (nm)
FeO 2.8 1.7/1.6 2.8
Fe 7 2.1/2.2 2.2
Interlayer FeTe 2.4 1.7/1.7 2.1
Sb,Tes 20.6 1.6/1.6 2.9
Interlayer SbyO, 2 1.5 0.4
SiO, 40.9 0.8/0.8 0.4
Sh,Te,\SiO,

TeO, 3.6 1.5/1.5 3
Sb,Tes 27.7 1.6/1.6 2.1
Interlayer SbyOx 1.9 1.5 0.6
SiO, 41.5 0.8/0.8 0.4

In order to investigate deeply on the origin of the chemical composition of the Fe/SbyTes

interface, we performed a ToF-SIMS analysis on the bare SbyTesz, as shown in Fig.3.4.
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Here, the evolution of the oxygen was monitored by plotting the OH signal (black marker)
and the SbO line (light-blue marker) rises near the SiO, substrate, suggesting the for-
mation of a SbO-like layer at the SbyTe3/SiOy interface. Differently, the purple line
indicates the evolution of the TeO signal, which clearly increases while approaching
SbyTes surface, thus compatible with the formation of a T'eO, enriched SbyTes surface.
This scenario is totally in accordance with the XRR data for the SbyTe; sample. Based
on both the ToF-SIMS and XRR measurements, we conclude that the favored formation
of a Te-rich SbyTe5 surface serves as a Te reservoir for the FeTe compound formation at

the Fe/SbyTes interface following Fe deposition.
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Figure 3.4: ToF-SIMS measurement of the bare SbyTe3 substrate. Each colored signal refers to an
element or a compound indicated by the legend in the figure.

As introduced in subsection 2.2.4.5, the choice to deposit a **Fe(10nm)/% Fe(1nm)
bilayer was to allow the interface sensitive CEMS analysis, being CEMS only sensitive
to °"Fe atoms. Moreover, the deposition of 1 nm thick layer of 5" Fe in contact with
SbyTesz gave us the possibility to investigate on the chemical-structural and magnetic
environment of the *"Fe atoms at the *"Fe/SbyTes interface. In Fig.3.5 the CEMS
spectrum for the 54 Fe(10nm) /" Fe(1)/SbyTe3 sample is reported. A CEMS signal can
be divided in four components: (i)a— Fe, (ii) DIST, (iii) DOUB-1 and (iv) DOUB-2. As

a result of the fit, for each of these components the hyperfine parameters are extracted
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and reported in Table 3.2, where < By > is the average hyperfine magnetic field, ¢ is the
isomer shift, AF is the quadrupole splitting, < I' > is the average linewidth and Ays the
ratio between the lines (1,6) and (2,5) of the magnetically-split components. The Area
(%) is the relative area of the fitting components assuming the Debye-Waller factor 1 for
all the components. The a— F'e component is referred to the Fe atoms in an unperturbed
local environment. On the contrary, DIST is a distribution of magnetically-split sextets
where the < Bjy > value is slightly lower than in pure Fe, in this case most likely coming
from the " Fe atoms in direct contact with the SbyTes surface. It happens because here
a bonding hybridization of the 5" Fe atoms can occur, thus lowering the < Bj; > value
and enhancing the isomer shift AFE, pointing towards a lower electronic density of the
5" Fe atoms as compared to the pure bece environment. The overall magnetic fraction
(a — Fe+DIST) out of the 1 nm thick layer of > Fe in contact with SbyTe3 is ~ 48%.
According to the values of Ays (Table3.2), the magnetization of the Fe film lies always
in the film plane.

>4Fe/>’Fe(1nm)/Sh,Te,

® Experimental
Simulation

—— a-Fe
DIST

—— DOUB-1

—— DOUB-2

Relative Area

-7 6 5 4 -3 -2 -1 0 1 2 3 4 5 6 7
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Figure 3.5: CEMS collected signal for the 54Fe(10nm)/5" Fe(1nm)/SbeTes heterostructure. The
meaning of the extracted CEMS signal components (colored lines) is discussed in the text. Taken from
Ref.[102].

For what concern the remaining °"Fe atoms, they coordinate paramagnetically as ac-
counted by the doublets DOUB-1 and DOUB-2. The hyperfine parameters of the DOUB-

1 component are in very good accordance with those previously reported for the FeTe
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Table 3.2: CEMS hyperfines parameters for the ®* Fe(10nm) /7 Fe(1nm)/SbsTe3 sample and extracted
from the fit of Fig.3.5

Parameters a-Fe DIST DOUB-1 DOUB-2
{Bne> (T) 33,2(2) 30,3(2) - -

6 (mm/s) 0 0,14(1) 0,46(1) 0,85(1)
AEg (mm/s) 0 0 0,54(1) 1,89(2)
IS (mm/s) 0,37(1) 0,5 0,50(1) 0,87(1)
Ass 4 4 - -

Area (%) 22.9 25 35.5 16,6

compound.[105, 106] As compared to Ref.[105, 106], we noticed a slight increase of the
AFE( value as compared the previously reported value for FeTe. The latter is attributed
to a local distortion of the FeTe phase due to interface effects, which is highly plausible
given the granular nature of the SbyTes substrate. Interestingly, the DOUB-1 compo-
nent attributed to the FeTe compound is the most relevant contribution to the CEMS
signal, accounting for ~ 35.5% of the 5" Fe(1)/SbyTes interface and thus demonstrating
that Fe atoms preferentially bond with Te. This finding is a strong confirmation of what
emerged by XRR and ToF-SIMS analysis. Finally, the DOUB-2 is associated to the
formation of FeO, compound, as suggested by its isomer shift value that points towards
a Fe*T electronic configuration.[107]

At first sight, a correct identification of DOUB-2 is not trivial, being its hyperfine
parameters also compatible with the formation of FeSby compounds, as reported in Ref.
[108]. Moreover, an alternative magnetic nature of DOUB-2 could be possible, because
an alternative fitting strategy was attempted using a broad distribution of magnetically-
split sextets with an average field of < Bjy >~ 107" (not shown). Anyway, the results
presented in the next section and reported in Ref.[103] undoubtedly inked the DOUB-2
CEMS component to the presence of the F'eOy phase.

As a result of the thorough investigation on both the 5 Fe(10nm) /5" Fe(1)/SbyTes and
SbyTez/Si05 heterostructures performed by means of XRD/XRR, ToF-SIMS and CEMS
techniques, a marked reaction at the Fe/SbyTes interface was evidenced. In particular,
thanks to the interface CEMS analysis, it was observed that a relevant fraction (~ 35.5%)

of the 1 nm thick Fe layer in contact with the SbyTes surface reacts with Te to form FeTe.
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The preferential bonding mechanism between Fe and Te turned out to be associated to
a Te enrichment at the SbyT'es surface, thus the obtained results suggest a possible gen-
eral interaction between Fe and the chalcogen element in chalcogenide-based TTs, as also
observed from others in similar structures.[109] Moreover, in our study reported in Ref.
[103] the chemical stability of the FeTe compound at the interface of Fe/SbyTes systems
was demonstrated up to 200°C, thus confirming the strong tendency of the Fe atoms to
bound with the elemental Te.

For any spintronic device, the presence of paramagnetic phases at the FM/TT interface
could be detrimental. In particular, in SP or SOT experiments this could lead to a
less efficient SCC. Moreover, from the technological point of view, the growth of FMs
is often conducted ex-situ, after the synthesis of the TI. For that, the TI surface is
usually protected by a capping layer during the transfer.[18] An effective removal of the
capping layer can be not straightforward and the presence of unwanted interlayers could
be detrimental for spin-to-charge conversion application. Despite that, as reported by
H. An et al. and A. Ruiz-Calaforra et al. in Ref.[110] and Ref.[111] respectively, the
presence of species or interlayers could give rise to unexpected enhanced SCC phenomena
in FM/Oxide or FM/Interlayer/NM heterostrutures, thus the trade-off between benefits
and criticalities is still controversial. Therefore, in the next section, the role of mild and
rapid thermal treatments is discussed as a possible solution to improve the Fe/SbyTes

interface quality.

3.1.2.1 Fe/SbyTe; annealing for the interface quality improvement

Being aware about the benefits that thermal treatments could offer for the improv-
ing of the interface sharpness in Fe/oxide systems, as a first attempt to improve the
Fe/SbyTes interface, the same Rapid Thermal Annealing (RTA) process used in Ref.[99]
was used. Here, a mild RTA composed by two steps is proposed: Ramp up (RT — 200
°C, 10 sec.); Heating (200 °C, 10sec.); Cooling down (200 °C < RT, 6 min.)). In Fig.
3.6(a) are reported the GIXRD pattern of the **Fe(10nm) /5" Fe(1nm)/SbyTes sample
already discussed in Section 3.1.2 prior (blue line ) and upon (red line) RTA. Here, clear
changes on the diffraction pattern are visible as a consequence of the thermal treatment.

For what concern the SbyT'es peaks, we notice that the (003) and (006) peaks are not sig-
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nificantly affected by the RTA. Differently, most changes are clearly visible for the (015)
and (01 10) reflections. Indeed, the intensity of the (015) peak decreases and the (01 10)
reflection almost disappears, an indication that the amorphous part of the film and crys-
talline orientation different from the [00¢] direction tend to reorganize. Looking at the
Fe(110) peak, just a slight reduction is visible, which is a proof that the Fe crystallization
persists almost unchanged. The lower intensity of the Fe(110) peak could suggest that
in the annealed Fe/SbyTes structure part of the Fe atoms coordinate in a new phase,
different from the previous a — Fe. On the other hand, a very intense peak appears at
20 = 32.5°. This anomalous peak formation indicates that a new energetically favored
crystalline phase arises as a consequence of the thermal budget provided to the sample.
From the CEMS analysis in Fig.3.5, the presence of a distorted FeTe crystalline phase
was evidenced at the F'e/SbyTes interface. In view of this, we attributed the anomalous
peak rise to the formation of a non-stoichiometric or distorted FeTe crystalline phase. At
the bottom of Fig.3.6(a), the FeTe powder diffraction pattern is reported and compared
with the anomalous peak at 20 = 32.5°. What emerged was that the main peak of the
cubic FeTe phase could be compatible with a distorted FeTe crystalline phase.
Fig.3.6(b) shows the ToF-SIMS performed on the annealed ** Fe(10nm) /5" Fe(1nm)/SbyTes
sample. Despite what discussed above concerning the GIXRD analysis, ToF-SIMS clearly
evidenced that the 5" Fe and 5 Fe atoms heavily diffuse into the SbyTes substrate, with
an overall damage of the interfaces and the FeTe fraction likely distributed across the

whole stack.

As it is clear by this results also a mild 200 °C RTA was proved to be detrimental for
the interface quality, due to the large enhancement of the elemental interdiffusion at the
Fe/SbyTey interface. In view of that, we decided to explore an alternative strategy. A
new set of samples was prepared and the RTA was performed prior to the PLD of Fe. Also
in this case, the Fe layer was composed by a 5 Fe(10nm) /5" Fe(1nm) bilayer to allow the
interface CEMS analysis. In Table3.3, the different thermal recipes are summarized for
each sample and for simplicity we named the **Fe(10nm)/*" Fe(1nm)/SbyTe3 samples
according to the performed RTA temperature as follow: SN - as deposited; S150 - RTA
at 150 °C; S200 - RTA 200 °C.

In Fig.3.7(a) and (b) the XRR data for the SN and S200 samples is reported and the

parameters extracted from the fit reported in Table3.4. The system here is modeled
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Figure 3.6: (a) GIXRD pattern of the Fe/SbyTes heterostructure prior (blue line) and post (red line)
annealing. At the bottom the powder diffraction pattern of the phases of interest are reported. (b)
ToF-SIMS signals of the sample Fe/SbaTes upon RTA. The evolution of the signals indicates that the
layered structure of the sample was compromised due to the interdiffusion of the ®” Fe and %4 Fe atoms
into the SbeTes substrate. Figure taken from Ref.[102].

Table 3.3: List of samples and relative thermal treatment prior to Fe deposition. The stack is the same
for the SN, S150 and S200 samples, but the thermal treatment is different as indicated on the right side
of the table.

RTA steps on Sb;Te; (prior to Fe deposition)

Sample Stack Ramp up Heating Cooling down
SN *Fe(10 nm)/*'Fe(1 nm) /Sb,Tes/SiO4/Si None None None
. . 105 105 2505

S150 **Fe(10 nm)/*Fe(1 nm) /Sb,Te;/SiO,/Si RT = 150 °C 150 °C = 150 °C 150 °C = RT
5200 5%Fe(10 nm)/*Fe(1 nm)Sb,Tes/SiOy/Si 10 105 2505

RT = 200 °C 200 °C = 200 °C 200°C = RT

using five layers with no need of any interlayer at the Fe/SbyTes interface. Moreover,
the thickness and the electronic density of the layers are not affected by the RTA process,
preserving the stack. Interestingly a slight reduction of the Fe and SbyTes surfaces is
observed, characteristics which point towards the formation of a sharper Fe/SbyTes
interface upon RTA.

Despite the XRR analysis detected small differences from the SN and S200 samples up
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Figure 3.7: XRR collected spectra (black solid lines) and the computed model for the samples (a) SN
and (b) S200. Figure taken from Ref.[103].

Table 3.4: Parameters extracted from the fit of the XRR curves reported in Fig.3.7. In (a) and (b)
the collected data and their fit are reported for the SN and S220 samples respectively. Table taken from
Ref.[103].

Layers Thickness [nm] P, [e” A7 Roughness [nm]
SN/S200 SN/S200 [nominal] SN/S200

FeO 2.8/3.1 1.7/1.7 [1.6] 2.4/23

Fe 6.2/6.3 2.2[2.22.2] 2.4/2.0

Sb,Te; 27.7/27.7 1.5/1.5[1.6] 2.3/2.

Sb,04 1.6/1.5 1.4/1.5[1.5] 0.2/0.1

Sio, 50.0/50.3 0.8/0.8 [0.8] 0.4/0.4

the RTA of the SbyTes substrate, the crystal quality of both the Fe and SbyTes layers
turned out to be largely affected by the thermal process.

In Fig.3.8 the GIXRD pattern for all the samples is reported, together with the powder
diffraction patterns of the Fe and SbyTes crystalline phases for comparison. As discussed
in section 3.1.1, the SbyT'es structure is highly textured, with an OOP orientation along
the [00¢] direction, as proved by the intensity of the (003), (006) and (009) peaks as
compared to the powder. Anyway, the overall crystallinity of the SbyT'es film can slightly

vary with the deposition run. Indeed, for seek of completeness, we point out that the
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overall crystallinity of the SbyTes films discussed below is higher if compared with those
reported in Section 3.1.1, which is accompanied by an higher orientation of the crystalline
grains along the [00/], as emerges from the lower intensity of the (015) peak in the
as deposited sample. In Fig.3.8(d) and (e), the FWHM of the SbyTe3 (003) and Fe
(110) peaks is reported. In Fig.3.8(d),we observed that the peaks relative to the [00/]
direction becomes higher and sharper as a function of the RTA temperature. This
behavior corresponds to an improvement of the SbyT'es crystallization, indicating that
the amorphous fraction of the as-deposited SbyTes film becomes crystallized and oriented
along the [00¢] direction. The effect of the thermal budget provided to the sample is
visible also from the higher intensity of the other SbyTes diffraction peaks, as clear
at 20 ~ 38° in Fig.3.8. In Fig.3.8(d) the evolution of the Fe (110) peak is reported
and, interestingly, we notice that the RTA on the bare SbyTes prior to Fe deposition
influenced the crystalline quality of the Fe layer. Indeed, also the FWHM of the Fe(110)
peak reduces with the annealing temperature, while the intensity increases, pointing
towards the formation of larger crystalline grains in the annealed S200 sample.

Similarly to what we did previously, we employed ToF-SIMS in order to monitor the
elemental interdiffusion between Fe and SbyTes. In Fig.3.9 (a) and (b), the ToF-SIMS
measurements for samples SN and S200 are reported respectively. Once again, the higher
sensitivity for the Fe atoms detection was obtained by tracking the 5" FeO and **FeO
respectively the green and orange lines. Observing the evolution of the curves, the
stacking order of the layer is respected, with the **Fe layer on top of the stack. More
importantly, after ~ 45sec of sputtering time, the *"Fe shows a relative maximum in
both the SN and S200 samples, which is due to the presence of the *Fe/5" Fe interface.
On the contrary, in the case of an ideal intermixing between **Fe and ®7Fe the pile
up effect would be lost and the 7 Fe signal flattened. Moreover, moving toward longer
sputtering times, the intensity decay of the *"FeO and % FeO signals is different, thus
confirming the transition from a °7 Fe-enriched region despite the knock of the % Fe due
to the sputtering. The Te and Sb profiles result very similar in both samples, suggesting
that the RTA did not promote elemental diffusive effects. The Te and Sb signals quickly
drop in the FeO, matrix at comparable values in the two samples, suggesting a similar
amount of diffused elements. Further, the slope of the Te signal is similar in both the
SN and S200 samples, with a marginal reduction in S200 associated with the loss of
the pile up in intensity at the **Fe/5" Fe interface and probably related to a very small
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Figure 3.8: GIXRD pattern of samples (a) SN, (b) S150 and (c¢) S200. In (d) and (e), the particular of
the evolution of the SbyTes (003) and Fe (110) peaks as a function of the RTA is showed respectively.
Figure taken from Ref.[103].

Te diffusion in the FeO, layer. Also the Sb signal shows a drop across the **Fe/*"Fe
interface with nearly the same slope in SN and S200. Nicely, within the technique limit,
no relevant Sb diffusion is detected in the Fe layer, pointing towards a clean > Fe/>" Fe
interface.

As a first magnetic characterization on the new set of samples we performed VSM on
the SN and S200. Fig.3.10 shows the magnetic hysteresis loops for the sample SN (blue
curve) and S200 (red curve) acquired by VSM at RT with the external magnetic field
applied in the film plane. From the shape of the hysteresis loops, in both samples the
easy axis of the magnetization lies IP of the Fe layer and the hard axis is along the
OOP direction, as evident from the comparison between the green and the red/blue
lines in the inset of Fig.3.10. This result is in accordance with the shape anisotropy
(Eq.2.20) contribution in such thin films. The value for the saturation magnetization
M, for the SN and S200 samples is around 1600 emucm=3(or kAm™'), which is very
similar to that reported for bulk a — Fe (1700 kAm™'). The latter result confirms the
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Figure 3.9: ToF-SIMS measurements of (a) SN and (b) S200 samples. A qualitative comparison
between the two datasets proved that the RTA preserved the interfaces stability between layers. Figure
taken from Ref.[103].

high magnetic quality of the Fe film, despite the lack of any capping layer (FeO, on the
surface, Table3.4).

The squareness of an hysteresis loop is defined as the ratio between the magnetization at
the remanence (y-axis interception) and at the saturation. In our sample the squareness
is around the 70%, compatible with the polycrystalline structure of the film. Interest-
ingly, the coercive field turned out to be slightly affected by the RTA, passing from 22 Oe
in SN to 16 Oe in S200. As discussed above following the GIXRD analysis as a function
of the temperature, the RTA on the S200 sample promoted the formation of larger Fe
crystalline grains. The larger Fe grains could correspond to larger magnetic domains in
the Fe layer, thus possibly connected with the reduction of the coercive field in the S200
sample. In the context of spintronic devices, the decrease of the coercive field of a FM
when in contact with a 3D-TT could be beneficial, because of the reduction of the energy
required to switch the magnetization of the FM layer through SOT effect at the FM/TI

interface.
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Figure 3.10: VSM measurement is the SN(blue) and S200(red) samples. The external magnetic field
is maintained IP. The inset shows the comparison between the VSM hysteresis loops when the magnetic
field is positioned IP (red/blue curves) and OOP (green curve). The error bar for the determination of
M, is within the 5%. Figure taken from Ref.[103].

In Fig.3.11 the CEMS analysis on the samples SN,S150 and S200 in shown. As in Fig.3.5,
all the CEMS spectra can be fitted with the four components o — Fe, DIST, DOUB-1
and DOUB-2 and the extracted hyperfine parameters are reported in Table3.5.

The fitting strategy was to fix the value of the hyperfine parameters for all the fitted com-
ponents in SN, S150 and S200, while the relative areas (Fig.3.11(b)) and the < B,y > of
the DIST component (Table3.5) are the free parameters of the fit. The identified CEMS
components are exactly the same as previously discussed in Section 3.1.2, thus @ — Fe
refers to the unperturbed Fe atoms, DIST to a broadened magnetic distribution due to
the under-coordinated Fe atoms and the doublets DOUB-1 and DOUB-2 are associated
with the two paramagnetic phases FeTe and FeO, (or FeSb) respectively. In accordance

with the VSM results (Fig.3.10), the Ass value associated with the ferromagnetic portion
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Figure 3.11: CEMS measurements of sample SN,S150 and S200. The blue points indicate the exper-
imental data and the solid purple line the simulated fit obtained from the sum of the a — Fe, DIST,
DOUB-1 and DOUB-2 components. (b) RTA dependence of the relative area for the four fitting com-
ponents. Figure taken from Ref.[103].

Table 3.5: Parameters extracted from the fit of the CEMS data shown in Fig.3.11. If the experimental
error is not indicated for a certain parameter, it means that it was fixed during the fitting procedure.
Table taken from Ref.[103].

Parameters o-Fe DIST DOUB-1 DOUB-2
§(mms™) 0,0 0,17(1) 0,46(1) 0,64(2)
AEq (mms™) 0,0 0,0 0,52(1) 1,95(3)
SN <B,e>(T) 33,02(3) 26,58(3) - -
S150 <Bpe>(T) 33,02(3) 28,57(3) - -
S200 <Bpe>(T) 33,02(3) 28,82(3) - -
<> (mms™) 0.35(1) 0.5 0.5 1,72(4)
Ags 4 4 - -

of the 5" Fe film showed that the magnetization vector lies always IP. What can be de-
duced from Fig.3.11(b) is that both the By and DIST components increase in the S200
sample, when compared to SN. This fact strongly supports the hypothesis that, upon
the RTA of SbyT'es, the Fe atoms at the Fe/SbyTes interface tend to reorganize towards
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a pure o — Fe configuration. In particular, we detected an ~ 8% increase of the By
for the DIST component from SN to S200 (Table3.5), which reflects an overall increase
of the magnetic moment at the Fe/SbyTes interface. Looking at the overall chemical,
structural and magnetic picture provided by Fig.3.5(b), is clear that a gradual increase
of the magnetic fraction (o« — Fe + DIST) of ~ 11% took place. Furthermore, a cor-
respondent lowering of the DOUB-2 paramagnetic component is observed, from ~ 27%
to ~ 14%. Based on the present findings, we attributed the DOUB-2 component to the
FeO, compound.

Differently from all the other CEMS components, DOUB-1 was affected by a negligi-
ble change as a function of the RTA temperature. Being DOUB-1 associated to the
formation of the FeTe compound, this result nicely supports previous insights about a
strong tendency of the Fe atoms to bond with chalcogen atoms in chalcogenide-based
TI.[102, 109] The presence of this small amount of interfacial FeTe could influence the
spin-to-charge conversion efficiency at the Fe/SbyTes interface, but its role is difficult
to determine and in general it could be detrimental. On the other hand, the stabiliza-
tion of a crystalline FeTe phase may give rise to superconductivity in Fe/FeTe/SbyTes
heterostructures, thus opening perspectives towards the study of the exotic interplay be-
tween topology, superconductivity and magnetism to investigate on the elusive Majorana
fermion, as previously proposed.[106, 112, 113] Motivated by the latter reasons, in the
following a thermodynamic picture about the formation of FeTe in Fe/SbyTes systems

and a comparison with some related literature are provided.

Vobornik et al.[114] and Walsh et al.[37] reported the favorable stability of the FeTe
compound based on thermodynamics considerations for different FM/TI compounds.
The standard-state Gibbs free energy variation was evaluated using the equation AG? =
AH® —TAS where AH? and AS? are the changes in entalpy and entropy respectively.
T indicates the temperature and it is fixed at 298 K, thus we can write AG°(H, S). In
Ref.[114] the authors considered the possible reactions taking place at the Fe/BiyTes
interface using a standard thermodynamics tabulation [REF], and discussed the natural
tendency of Fe atoms to react with BiyTes forming FeTegy (AGYr,,, spans from -
4.5 to 0.5 kJ/mol - Fe) and FeTey (AGYr,, spans from - 17.5 to - 6.6 kJ/mol - Fe)

compounds. The same approach was used in Ref.[37] for the Fe/BisSes heterostructure,
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pointing out, also in this case, the high reactivity betweem Fe and Se atoms. Here, the
formation of FezSes (AGY.,g., = —244.0kJ/mol - Fe) was found the most favorable. In
this thesis we performed similar thermodynamic calculations for the Fe/SbyTe3 interface

and the possible chemical reaction we identified are

kJ

3Fe+0.95bsTes — FeTepg +1.850  AGhere,, = —8.09—— (3.1)
3Fe+0.95bsTes — FeTegg + 1.850Te  AGhure,, = 100L (3.2)
: mol - Fe
3Fe +2SbyTez — 3FeTey +4Sb  AGY.,., = —34.8 kJ (3.3)
2 mol - Fe
Fe+2SbTes — FeTey +4SbTe  AGY,.r,, = 661.3 kT (3.4)
mol - Fe

From the latter equations, the formation of FeT'eyg and Fel'es compounds accompa-
nied by the dissociation of the elemental Sb are the most favorable when Fe reacts with
SbyTes. Anyway, we did not consider possibilities connected to the dissociation of SbyTes

in FeTe, + SbyTe, since the lack of thermodynamic data in literature.

As a result of this study, the RTA is demonstrated to favor the formation of a sharper
and structurally purer Fe/SbyTes interface. The presence of oxygen on top of the ShyTes
surface is unavoidable, as far as SbhyTe3 is exposed to the atmosphere without a proper
capping layer prior to the transfer to the PLD system for the deposition of Fe. Despite
that, we demonstrated that through a proper annealing procedure of the only SbyTes
substrate prior to Fe deposition an almost complete restoration of the SbyTe3 crystalline
quality can be achieved, thus improving the Fe/SbyTes quality. To a certain extent
this results permits to avoid the capping-decapping procedure for the production of
Fe/SbyTe3 heterostructures. In principle, the proposed RTA process can be extended to
other FM/TT systems, thus providing a tool for optimizing the interface quality without
the use of TT capping interlayers.

From the atomic-scale study on the chemical, structural and magnetic properties of the
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Fe/SbyTes interface when Fe is deposited by PLD, emerged the importance of controlling
the chemical reaction taking place at the Fe/SbyTes interface during the Fe deposition,
with the aim to avoid the formation of paramagnetic compounds in principle detrimental
for spin-to-charge conversion applications. For sure in this case, the high energetics in-
volved in the PLD process had a negative role in determining the quality of the Fe/SbyTes
interface. In order to investigate on the potential role of the energetics involved in the
FM deposition on the interface quality, in the next section the ALD of Co thin films on
the granular SbyTe3 and the main reason behind the choice of this new FM material are

discussed.

3.1.3 C(Co/SbyTe; heterostructure

As we deeply discussed in the previous section, the Fe/SbyTes interface is character-
ized by a high reactivity, in particular between Fe and Te atoms. A similar behavior
was reported by other authors [37, 114] and, interestingly, in Fig.14 of Ref.[37] the
authors summarized in a scatter plot the strength of the interaction between differ-
ent metals (grown by electron beam evaporation) and the BisSes TI. As a result, the
strength of the metal-Bi,Ses interaction in forming metal-Se compounds was ordered as
Au < Pd < Ir < Co < CoFe < Ni < Cr < NiFe < Fe, with Fe reported as the more
reactive in forming FeSe alloys. For that, Co turned out to be much less reactive than
Fe when in contact with BisSes. These evidences motivated us to conduct the ALD of
Co on the SbyTez, with the aim to combine both the favored thermodynamics and the

lower energetics of the process to reduce the intermixing at the Co/SbyT ey interface.

The ALD of metals is challenging due to the difficulty in the precursors preparation.
[43] In 2017 Kerrigan et al. demonstrated the possibility to synthesize metallic Co by
thermal ALD at relatively low temperature (170-200 °C), testing different precursors and
substrates. [62, 115, 116] During my PhD activity, I visited for two months the Winter
Laboratory (Detroit - U.S), being the laboratory in which Kerrigan produced the Co by
ALD.

During this collaboration, I performed simultaneous growths of Co ultrathin films at
180 °C on top of SbyTe3(35nm)/SiO3(50nm)/Si (set of samples previously prepared at
the CNR-IMM Agrate Brianza) and Pt(70nm)/SiO2(10nm)/Si substrates, in order to
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investigate the role of the substrate in determining the Co structural properties (Section
2.1.3.1). In Table3.6 the ALD-grown Co-based heterostructures are reported. In the
following a thorough and systematic chemical-structural and magnetic characterization

of these systems is discussed.

Table 3.6: Number of cycles and Co layer thickness for each sample sample studied. The thicknesses
reported here are extracted by different measurements methods as explained in the text. All the depo-
sitions were carried out at 180 °C. Figure taken from Ref.[44].

No. of cycles Co (nm)/SbTes Co (nm)/Pt
100 35 1.8
250 8.1 6.3
1,000 50 35

In Fig.3.12 the XRR data for the Co(8.1 nm)/SbyTe3 and Co(6.3 nm)/Pt samples ob-
tained simultaneously after 250 ALD cycles of Co is shown. The two heterostructures
were modeled using a multilayer stack and from the best fit of the data we extracted the

thickness, roughness and electronic density of each layer (Table3.7).

SEM cross section
Co(50 nm)/Sh,Te, Co(35 nm)/Pt
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Figure 3.12: XRR measurement of the 250 cycles ALD run on the SbyTes(top graphic) and Pt (bottom
graphic) substrates. In the inset SEM cross sectional view of the sample produced after 1000 cycles.
Figure taken from Ref.[44].

The electronic density of Co for Co/SbyTe3 sample results slightly lower than the nominal
values for bulk Co (2.37 — 2.44e~ /A®), as typically observed in thin films. [102, 117]
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Moreover, in order to properly model the XRR data of the Co/Pt stack it was necessary
to introduce an interlayer between Co and Pt, with a p value within the 3.3 — 4.9¢~/ A3
range, which correspond to the values of crystalline PtO and Pt respectively.

Table 3.7: Thickness, roughness and electronic densities extracted by the XRR fit of Fig.3.12 for the

Co(8.1 nm)/SbsTes and Co(6.3 nm)/Pt samples. The uncertainty on the thickness and roughness is
+0.1nm and £0.1e~' /A3 on the electronic density. Table taken from Ref.[44].

Co/Sb2Tes (250 Thickness Electronic density Roughness
cycles) (nm) (p) (e7/ A%) (nm)

Co 8.1 2.0 35
SbaTes 36.3 1.3 2.3
Si02 50.0 0.7 0.3
Co/Pt
(250 cycles)
Co 6.3 23 3.0
Interlayer 1.6 4.1 1.0
Pt 69.3 4.9 0.3
510, 103.3 0.7 0.6

The XRR measurements conducted on the bare Pt substrate prior to Co deposition
evidenced a surface roughness of 1.2 + 0.1nm (not shown), a quite high value for heavy
metals conventionally deposited by magnetron sputtering.[118] The latter results, jointly
with the relatively high roughness of the modeled interlayer (1.0 + 0.1nm), suggest the
presence of a partial oxidation of the Pt surface, likely organized in PtO, islands. The
presence of such partial surface oxidation is of course unwanted, and cannot be removed
with the mild 180 °C thermal annealing to which the samples are subjected during the
ALD of Co. In contrast to the ALD of Co on Pt, the XRR of Co/SbyTe;s is fully
interpreted without inclusion of any interlayer. Although an intermixed region between
Co and SbyT'e3 could be expected,[37] on the basis of XRR results, we find it negligible
when compared to the Fe/SbyTes system and well beyond the XRR detection limit.[37,
102] In the inset of Fig.3.12 the SEM cross section of the thickest samples (1000 ALD
cycles) is reported, by which we evaluated their structural integrity and thickness. In
order to get a further insight about the morphology of the materials, AFM was performed
both on the surface of the bare ShyT'es film and on the final Co(8.1 nm)/SbyTes stack
(Fig.3.13). From the AFM analysis on a 2 x 2um? area, the granular nature of the
SbyTes film and its structural continuity were confirmed. Moreover the root-mean-

square (RMS) roughness turned out to be 2.2+ 0.1nm, in very good accordance with the
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value extracted by the XRR model (Table 3.7). The image in Fig.3.13(b) confirms the
uniformity of the Co layer in the Co(8.1 nm)/SbyTes heterostructure and the RMS was
found to be 2.8 +0.1nm, being quite lower than the value extracted by XRR. The reason
behind the discrepancy between the roughness values extracted by the AFM and XRR
is that XRR is sensitive to both the morphological roughness and the density grading
between two layers, thus typically giving higher roughness than AFM, also suggesting

the presence of a subnanometric oxidized layer at the Co surface.

00pm 05 10 15 2.0 0.0 um 05 10 15 2.0
0.0 PN = K Y

05 RS
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Figure 3.13: AFM images of 2 x 2um? area of (a) the SbyTez surface and (b) the final
Co(8.1nm)/SbsTes structure. The extracted values for the RMS are 2.2 £+ 0.1lnm and 2.8 4+ 0.1nm
respectively. Figure taken from Ref.[44].

The thickness of the Co layer as a function of the number of cycles, as measured by XRR
and SEM, is plotted in Fig.3.14. The growth rate of Co on the SbyTes and Pt substrates
was extracted by the linear interpolation of the data, and turned out to be 0.5 A/cycle
for the Co/SbyTes sample and 0.35 A /cycle for Co grown on Pt. These values are lower
than those reported for similar process at 200 °C on Pt. This difference can be attributed
to both the different ALD reactor used (Picosun R-75 BE) and the lower temperature
of our process. [62, 115] The Y-intercept is -1.95 nm for the growth on the SbyTes and
-2.1 nm for the growth on Pt, which correspond to a delay in the Co deposition of 40
cycles in the first case and of 60 cycles in the second one. We attribute this delay to a
partial surface oxidation of the underneath SbyT'es and Pt surfaces. Indeed, Kerrigan
et al. showed that the Co growth is typically prevented on top of oxides [115]. Inter-
estingly, the different Co growth rates observed on top of SbyT'e; and Pt clearly show

that the Co deposition is affected by the chemical-structural nature of the substrate.
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As deeply discussed in Section 3.1.2.1, the SbyTe3 crystalline quality is enhanced upon
thermal treatments up to 200 °C and a consequent reduction of the surface oxidation is
also observed. This is much likely the cause of the higher Co growth rate observed on

top of ShyT'e3 when compared to Pt.
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Figure 3.14: Thickness of the Co thin films deposited at 180 °C as a function of the number of ALD
cycles for the SbyTez (black) and Pt (red) substrates. The extracted linear fits are: y = 0.049x —
1.946(Co/SbyTes) and y = 0.035z — 2.109(Co/Pt). Figure taken from Ref.[44].

In order to obtain further information on the influence of the substrate on the structural
properties of the Co thin films, we performed GIXRD measurements on both the stacks
and the collected diffraction pattern are shown in Fig.3.15 (a). As discussed before, the
SbyTes thin film is granular and highly texturized, with the OOP orientation of its crys-
talline grains directed along the [00¢] orientation.[102] In Fig.3.15 (a) the signal-to-noise
ratio for the SbyTe3 peaks is progressively reduced due to the rising of the background
produced by the Co fluorescence, which increases linearly with the Co thickness. As a
result of the simultaneous increase of the Co thickness and the lowering of the SbyTes
signal, the Co reflections are more evident in the sample with the thickest Co layer
(Fig.3.15(a) top pattern), due to the higher volume of Co involved in the diffraction pro-
cess. During the Co deposition, as a consequence of the thermal budget provided to the

samples, the SbhyTes crystallinity is progressively enhanced, favoring a further orienta-
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tion of the film along the [00¢] direction. Moreover, we know that this annealing process
promotes the oxygen dissociation from the SbyTes surface [102], preparing the latter for
the Co growth. On the contrary, the oxidation of the Pt substrate should be unaffected
by the extremely mild temperature exposure. [119] In the Co/SbyTe3 samples, the pres-
ence of the peaks positioned at 20 ~ 45° and 20 ~ 75° correspond respectively to the
reflections from the (002) and (110) planes belonging to the Co hexagonal-closed-packed

(hep) crystalline structure.
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Figure 3.15: GIXRD pattern of the Co/SbyTes3 and the Co/Pt set of samples. The Co-hep and Co-
fce crystalline phases were identified respectively on the SbyTe3 and Pt substrates. Figure taken from
Ref.[44].

In fig.3.15 (b), the presence of the cubic Pt phase is confirmed by the correspondence
between the collected Pt reflection and the Pt powder diffraction pattern. Also in this
case, the consideration about the Co fluorescence are valid, thus a lowering of the Pt
peaks intensity was observed with the increase of the Co thickness. Differently from what
happens on top of the SbyT'es substrate, on top of Pt the Co reflection with the highest
intensity is located at 20 ~ 76°. By calculating the angle between the different families
of planes within the hep or the fce structures of Co, we demonstrated that the presence
of the Co peak at 20 ~ 76° can be attributed to the (220) reflection of [111] OOP
oriented fce Co (Supplementary Information of Ref.[44]).In order to get more insight

about the orientation of the crystalline grains of our heterostructures, we performed
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BBXRD measurements on the Co(50 nm)/SbyT'e3 and the Co(35 nm)/Pt samples which
are shown in Fig. 3.16. In this BBXRD patterns, the rocking angle w was varied in the
2°-25° range and the diffracted photons were collected using the same position-sensitive
gas detector adopted for GIXRD. In this configuration we detected both the symmetric
(w = 0) and the non-symmetric reflections from the crystalline planes, determining the
OOP orientation and the mosaicity of the measured thin films. We racall here that the
mosaicity is a measure of the grains orientation broadening, which provides information
on the structural isotropy in a thin film. In Fig.3.16(a) the BBXRD spectrum for the
Co(50 nm)/SbyTes sample is reported. Here, at 20 ~ 8.5°, 20 ~ 17° and 20 ~ 26°, we
observe three lines corresponding to the SbyT'e; (003), (006) and (009) reflections.

Hidden region
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Figure 3.16: XRD measurements in Bragg-Brentano geometry of the thickest samples (1,000 ALD
cycles): Co/SbaTes on the left and Co/Pt on the right. The hidden region in the BB-XRD measurement
on the left is present due to a geometrical limitation of the adopted instrumental set up. Figure taken
from Ref.[44].

The presence of lines and not just spots is an indication of the strong mosaicity charac-
terizing our SbyTes granular thin film. Hence, we can consider such grains out-of-plane
oriented along the [00¢] direction, with a broadened orientation on a relatively wide solid
angle. Beside the ShyTes reflections, at 26 ~ 26° is present a clear line corresponding to
the Co-hcp (002) reflection. The presence of such line proves the broad distribution of
the Co grains orientation. Moreover, it demonstrates that “grain-by-grain” the Co layer

replicates the same orientation and mosaicity of the underlying Sb,T ez, with OOP lattice
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parameter ¢ = 4.05 + 0.01A. Due to the lack, in GIXRD, of significant diffracted inten-
sity from asymmetric reflections of OOP (002) oriented hep Co, the IP lattice parameter
cannot be determined. From trivial calculations, if we consider aco_per = 2.51A and
ASbyTes = 4.26A, it is however interesting to notice that agp,re;/ V3 = 2.46A is very close
t0 aco—hex, suggesting that the diagonal of the Co lattice is commensurate with agsp,res,
therefore favoring the epitaxial grain-to-grain growth with Co(001)//SbyTe3(001). At
20 ~ 40° the diffraction corresponding to the (111) planes of the fcc Pt is strongly ev-
ident. Beside the Pt (111) reflection, the peak at 20 ~ 45°s broadened similarly to
the latter. Taking into account the GIXRD analyses, this peak can be attributed to
the Co fcc (111) reflection. Epitaxial growth of fcc Co on Pt by physical methods has
been already reported.[120, 121] Comparing the Co thin films studied in this thesis with
those reported in literature, we can confirm their high quality in terms of crystallinity,
conformality and interface sharpness. From our analyses of the (111) and (220) peak
positions we estimated the lattice parameter to be a = 3.51 + 0.01A, in agreement with
the one reported in the databases for cubic Co [23], and suggesting that, for the analyzed
thickness, Co can fully relax OOP. Thus, in the Co/Pt heterostructures the Co grains
mosaicity is lower when compared to the Co/ SbyTes case, and the Co is organized in
the fcc phase. The comparison between the Co/Pt and Co/SbyTe; X-ray data (Figs.
3.15 and 3.16) confirms the key-role played by the substrate to determine the structural
properties of the Co thin films grown by ALD. Importantly, apart from its advantageous
and well-known conformality,the developed ALD process demonstrates the possibility to

conduct a local epitaxy that tunes the Co structure through the substrate selection.

Complementary information about the layers and the interface of the Co/SbyTes struc-
ture and morphology were obtained employing cross sectional high resolution transmis-
sion electron microscopy (HRTEM) and energy dispersive X-ray spectroscopy (EDS) on
a cross sectional lamella of the Co(8.1 nm)/SbyTes sample, as prepared with the focused
ion beam (FIB) method. HRTEM analyses (Fig.3.17), clearly show how the Co layer
adheres with a very high conformality to the underneath granular SbyT'es surface. On
the right side of Fig.3.17, fast Fourier transform (FFT) analyses are reported for the
highlighted region of the TEM image. By FFT the hexagonal crystalline structure of
the SbyTe3 and the Co layers were investigated, elegantly confirming the XRD analyses
(Figs. 3.15 and 3.16). The Pt layer was deposited to protect the sample during the FIB
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lamella preparation. The FF'T of this Pt layer is also shown and its fcc crystal structure
identified.

FFT Pt-fcc region

FFT Co-hcp region

FFT Sb,Te;-hex region

Figure 3.17: HRTEM cross section of the Co(8.1nm)/SbyTe3) heterostructure.On the right the FFT
analysis of the highlighted region in the TEM image. Figure taken from Ref.[44].

Figure 3.18 shows the elemental depth profile extracted from the red box in the TEM
image inset. The spatial distribution of the Co, Sb and Te elemental signals shows that
their overlapping extends over a distance comparable with the surface roughness of the
SbyTes granular layer. Thus, the EDS results confirm the absence of an intermixed layer
at the Co/SbyTes interface, in agreement with XRR (Table 3.7). The O evolution (green
line) along the stack indicates a partial oxidation of the Co layer, which is attributed
both to the lack of a capping layer on top of Co and to the oxygen exposure of the whole

heterostructures during the TEM lamella preparation.

The development of different IP crystallographic ordering depending on the underlying
substrate has been already reported for the ALD deposited oxides. [122, 123] Due to the
structural continuity and the absence of developing interfacial oxides and /or under-layers
between the substrate and the grown metal, the promotion of the observed IP ordering
follows the rules of commensurability of interatomic distances as for physical deposition.

Actually, for Co ultra-thin films deposited by ultrahigh vacuum RF magnetron sputter-
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Figure 3.18: Elemental profile of the Co(8.1nm)/SbsTes samples. the signalsare integrated along the
red rectangular region in the inset (the distance is measured from the bottom of the red box). Figure
taken from Ref.[44].

ing, when an appropriate template is used, deposition in the hexagonal or in the cubic
frameworks should take place at the same temperature.[124] The lower growth rate mea-
sured for the growth on Pt when compared to that on SbyTes can be attributed to a
“cube-on—cube” growth and therefore related to the more ordered arrangement of atoms
of the fcc than of the hep unit cell, corresponding to the larger unit volume of the fcc
cell. The adatoms mobility is promoted by the thermal budget, which is equal in both
the SbyTe3 and Pt cases. Therefore, the more ordered fcc structure when compared to
the hcp, could require a longer time in order to arrange the Co atoms, and this turns
out in a slower growth rate.

To conclude, the possibility to synthesize by ALD high quality metallic Co ultra-thin
films on top of the granular topological insulator SbyT'es has been demonstrated. We pre-
sented evidences of a local epitaxy driving the as-grown Co structure depending on the
underneath substrate, with metallic Pt promoting fcc-Co, while SbyTe3 promoting the
hep-Co. In particular, in Ref.[44] different IP orientations following the rules of atomic
distances commensurabilities has been observed, similarly to what happens for physical

deposition methods. The achieved local epitaxy, jointly with the excellent conformality
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and the extreme thickness-control of the ALD-grown Co layers, opens perspectives for
the cost effective inclusion on large areas of the presented Co/(SbyTes, Pt) systems in

emerging spintronic devices.

3.2 Integration of Co thin films with epitaxial-Sb,7T'e;

The topological properties of TIs are closely related to their crystalline quality. Even
if topological properties have been reported also in granular materials, [125] highly or-
dered TIs are expected to display stronger topologically-protected states. [35, 36, 61]
Indeed, such highly ordered materials are able to host more robust linearly dispersed
topological surface states (TSS) as compared to disordered materials, which is crucial
for an optimized employment of TIs for spintronic applications.

In Section 3.1, I summarized the efforts spent towards the integration of the granular
SbyTes TI with Fe and Co thin films, demonstrating the possibility to produce highly
sharp and stable Fe,Co/SbyTes interfaces. While carrying out those studies, I was also
involved in the optimization of the structural/morphological properties of SbyTes thin
films, a research activity that is active at CNR-IMM of Agrate Brianza. Indeed, the
content of Section 3.2.1 is largely based on the results reported in Ref.[42], where my
contribution was a thorough XRD and XRR analysis on the optimized MOCVD-grown
SbyT'es thin films, which gave us the possibility to investigate their structural properties
identifying the epitaxial fashion of such a film. Subsequently, in Section 3.2.2 1 will
present the integration of Co thin films with epitaxial SbyTes, together with the imple-
mentation of a Au capping layer in order to protect Co from oxidation in Au/Co/SbyTe3
heterostructures. Here, I also reported the VSM measurements on Au/Co/SbyTe;s sys-
tems conducted at the Politecnico di Milano by Prof. Matteo Cantoni and Dr. Christian
Rinaldi, in order to investigate on the quality of our deposited FM thin films also by the

magnetic point of view.

3.2.1 SbyTes thin films: from polycrystals to epitaxy

The granular SbyT'es thin films grown on top of Si0, substrates are demonstrated to
be highly OOP oriented along the [00¢] direction of their rhombohedral crystalline cell.

Moreover, their texturization can be enhanced if their are subjected to proper thermal
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treatments (Section 3.1.2.1). However, the amorphous structure of SiOy thin films is
inherently unsuitable to promote an epitaxial order when used as substrates. For that,
a crystalline substrate is necessary, which should be also characterized by a moderate
lattice mismatch as compared the SbyTes film. Commonly employed substrates in TIs
growth, such as Si(100), Si(111), and AloO3(0001), show a significant lattice mismatch
with SbyTes (and TIs in general) that therefore grows as poorly oriented polycrystalline
layers in the presence of rotational domains, [126-128] with only a few exceptions.[129,
130] Recently, to overcome this issue, way less common materials, such as BaFy(111)[131]
and, for instance, a ZnTe or GaN buffer layer on Aly0O3(0001), have been identified to
lattice match with telluride-TIs and effectively adopted as substrates to enhance the
quality of the films.[131]

Most significantly, the large area deposition of high-quality SbyT'es epitaxial layers on Si
substrates with thickness control below 100 nm would be much attractive for integration
in CMOS compatible devices. In MOCVD processes, alike other chemical methods such
as ALD, the selection of precursors plays a relevant role in governing the growth and mor-
phology of the films. So far, the most promising results in SbyT'e3 growth were achieved
employing trialkylstibines (such as SbMesz, Sb'Pr3) and diallyltellanes (T'eEty, Te' Pry)
as precursors; however, temperatures greater than or equal to 400 °C were required,
along with a dihydrogen partial pressure, to sustain the precursors’ pyrolysis. In the
following,we report a RT MOCVD process to obtain epitaxial SbyT'e3 thin (30 nm) films
in direct contact with Si(111) substrates and show the effect of pre-growth (substrates
annealing) and post-growth (film processing) treatments on the film morphology, surface
roughness, crystallinity, and crystallographic orientation (Section 2.1.1).[42] For the sake
of clarity, in this section we will use the following notation to indicate the different ther-
mally treated samples: as deposited SbyTe3/Si(111) (1), pre-annealed SbyT'e3/Si(111)
(2) and post-annealed SbhyT'e3/Si(111) (3).

In Fig. (3.19) the SEM and AFM analyses on samples 1, 2 and 3 is reported. Apart
from the marked granularity and non uniform crystalline grains, sample 1 is structurally
continuous and very similar to the granular SbyTe3/SiOs discussed in Section3.1. The
AFM on 1 substantiated a non-directional growth and RMS roughness around 4-4.5 nm
(these values found reproducible in several growths). In order to improve the film quality,

an in situ Si(111) substrate thermal annealing was tested(500 °C and 20 mbar under N
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atmosphere for 1 h). Fig. 3.19 shows the tilted cross-section SEM image of SbyT'es films
deposited on the treated substrate (2), which clearly evidence the enhanced crystallinity
and significantly improved morphology of the film. Moreover, granularity was largely
diminished to the extent that SbyTe3 appeared as a continuous film no longer composed
of juxtaposed grains of various sizes and, consequently, the surface roughness was lowered
(RMS roughness of 1.5-1.8 nm). AFM data highlighted interesting features in the fine
structure of the films (Fig. 3.19). The sample 1 exhibited a non-uniform granularity
consisting of a bimodal grains size distribution centered at ca. 18 and 33 nm. On the
other hand, the film in sample 2 can be described by a narrower distribution of smaller
grains — mostly within the 11-14 nm range — specifically accountable for the lower surface
roughness. Aiming at further structural improvement, an in situ post-growth treatment
was performed; the sample 2 was subjected to a thermal annealing at 300 °C under Ns
atmosphere for 15 min, at a relatively high pressure (900 mbar) to prevent or minimize
desorption phenomena (Fig. 3.19, 3). This post-growth processing step neither did
alter the film thickness nor was detrimental to its uniformity. It triggered instead a
reorganization of the grains throughout the film.

As qualitatively demonstrated from SEM and AFM images, the most intriguing char-
acteristic is relative to the film orientation, which became uniform and poorly spread.
Moreover, this is accompanied by a further lowering of the film roughness (RMS rough-
ness of 0.9-1.3 nm), an aspect which is of major importance in the view of integrat-
ing additional layers on top of the optimized SbyTez (see below in Section 3.2.2). An
AFM profile extracted from sample 3 (Fig. 3.19) evidences steps of 1 nm (consistent
with an antimony telluride quintuple layer), supporting an improved ordering with re-
spect to the parent SbyTe; materials 1 and 2. The MOCVD average growth rate of
0.44 £+ 0.01nm min~!, extrapolated from films prepared with different deposition times,
resulted appreciably lower than literature values that fall within the 8-50 nm min !
range.[126, 129] However, dissimilar experimental conditions, including the choice of the
precursors (their chemical reactivity), the higher deposition temperature (up to 450 °C),
and the use of dihydrogen rather than an inert gas can significantly impact the growth

rate and are therefore accountable for the observed low values.

The morphology and structural properties of the films were studied in detail by perform-

ing TEM analyses.[42] Typical cross-sectional high-resolution views of the three different
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Figure 3.19: (Left) Tilted cross-section SEM images, (center) AFM images (Rq values are specific
to the shown AFM images), (Right) grains size distribution histograms (as determined by AFM) of
SbaTes — As Deposited (1) and SbaTes — Substrate Annealing (2), and a selected AFM surface profile
of SbaTe3 — Post-Growth Annealing (3). Figure taken from Ref.[42].

types of samples are reported in Fig. 3.20, including the corresponding Fast Fourier
Transform (FFT) (insets). In general, crystalline planes and van der Waals stacks were
observed in all samples, although each one showed a different degree of ordering and ori-
entations. Amongst the three samples, 1 appeared to be the most granular and defective
in nature.

Its FFT also highlights the essentially random orientation of its grains, even though
sometimes the c-axis was found to be almost perpendicular to the substrate. Consistently
with the SEM and AFM data, the structure of 2 revealed a much lower granularity and
a more ordered growth. However, different crystallographic orientations were detected
throughout the sample. Lastly, the sample 3, in agreement with SEM and AFM results,

appeared to be composed of larger building units. The c-axis of the SbyT'es crystalline
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Figure 3.20: Cross sectional high resolution TEM images of the SboTe3 films: SbyTes — As Deposited
(1), SbaTes — Substrate Annealing (2), and SbyTes — Post-Growth Annealing (3). Insets: fast Fourier
transform analyses. Figure taken from Ref.[42].

cell was almost always found to be perpendicular to the silicon substrate, while grains
with very low misalignment were rarely observed. The van der Waals gaps of the SbyT'es
quintuple layer structure are clearly visible and parallel to the substrate. The (003)
periodicity along the c-axis, measured over many pictures, was 1 nm, consistently with
the one calculated for the SbyT'e3 rhombohedral structure.

Regardless of the morphological and structural differences between the three films, their
thickness, probed via XRR (Fig.3.21), remained almost unchanged. In fact, films 2 and
3 showed thicknesses (32.5 and 32.0 nm, respectively) only slightly reduced respect to 1,
fact that is principally explained by their higher crystallinity and enhanced packing.
Table 3.8: Thickness (nm), Electron density (¢~ /A3), and Roughness (nm) of SbyTes - As Deposited

(1), SbaTes - Substrate Annealing (2), and of SbyT'es - Post-Growth Annealing (3) extracted from XRR
measurements in Fig. 3.21.

Thickness (nm) = Electronic density (¢/A%)  Roughness (nm)

ShyTe; - As Deposited 33.7 1.75 3.1
Sb:Te; - Substrate Annealing 32.5 1.68 2.0
SbyTe; - Post-Growth Annealing 320 1.80 1.5

Also, their composition, as determined from the ratio of the Sb and Te lines detected
by TXRF, was found consistent with the SbyTez stoichiometry(not shown, please see
Ref. [42]). XRD studies were undertaken to probe the SbyTes films crystallinity and
evaluate the relevance of the substrate annealing and post-growth processing on their
structural properties. The GIXRD pattern of 1 (Fig. 3.22a, black) exhibited intense
reflections at 20= 8.46°, 17.3°, 26.0°, 28.26°, and ca. 38.4° corresponding to the 003, 006,
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Figure 3.21: XRR measurements of SbyTe; - As Deposited (1) (black, top), SbyTes - Substrate
Annealing (2) (red, middle), and of SbyTes - Post-Growth Annealing (3) (blue, bottom).Figure taken
from Ref.[42].

009, 015, and 1 0 10 reflections, attributed to the rhombohedral crystalline structure in
the R-3m space group. The relatively small linewidths of the (00¢) peaks indicated high
crystallinity while the (015) peak — the peak with the highest intensity in the powder
diffractogram — indicated the polycrystalline nature of the film, and its broadening,
possibly, a structural amorphous component.

Interestingly, the 015 reflection was no longer observed in 2 (Fig. 3.22a, red), whereas
the 003 reflection was drastically enhanced, indicative of grains predominantly oriented
along the [00¢] direction and, consequently, of a more crystalline structure. Moreover,
the GIXRD of the 3 revealed an overall reduction of the peaks intensity (Fig. 3.22a,
blue) suggesting substantial changes in the structure, compatible with a crystallinity
improvement. To assess the SbyT ez crystalline nature, XRD measurements were set up

specifically to probe out-of-plane and in-plane orientations.

The XRD patterns collected in the Bragg—Brentano geometry (Fig. 3.23a) revealed the
scattering of the reflections’ intensity across w (plot’s y-axis), feature informative of the
broadening in the (00¢) out-of-plane orientation. While the FWHM of the w scan, (see
plots in Fig. 3.23a) was substantial in 1 (up to 9°), it appeared much reduced in 2 (2.6°)
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Figure 3.22: (a) Grazing incidence X-ray diffraction pattern of (bottom, black) SbyTes — As De-
posited, (red, middle) SboTe3 — Substrate Annealing, and (blue, top) SbaTe3 — Post-Growth Annealing;
(b) powder XRD pattern reference for SbyTe3 measured at RT and atmospheric pressure. Lattice pa-
rameters: a = 4.264 A and ¢ = 30.458 A. Figure taken from the supporting information of Ref.[42].

and strongly contained in 3 that showed an FWHM value of 0.46°, indicating a mosaicity
typical of epitaxial films and suggestive of single crystal-like materials. These data, along
with the absence of the 015 reflection (both in 2 and 3, consistently with the GIXRD
— Fig. 3.22) indicated strongly (00¢) out-of-plane oriented grains in 3. Moreover, the
in-plane orientation, probed through a ¢ angle scan here optimized on the 015 reflection
(20 = 28.26°), appeared positively affected by Substrate Annealing and Post- Growth
Annealing, too (Fig.3.23b).

In fact, while 1 showed almost no in-plane ordering, 60°-spaced peaks distinctive of
the 3-fold symmetry of the SbyTe; rthombohedral cell (and related to the 015 reflec-
tion) emerged in the 260—¢ plot of 2, as result of a preferential in-plane orientation (Fig.
3.23b). However, the faint line connecting the (015) peaks revealed residual disorder, in-
dicative of a minor fraction of randomly oriented grains. Differently, the intense, precisely

positioned, and narrow peaks of the 015 reflections observed in 3 indicates an almost
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Figure 3.23: a) XRD pattern collected in Bragg—Brentano geometry, including the profile of the
(006) peak and the mosaicity values, and (b) ¢ angle scan of SbyTes — As Deposited (1), SbyTes —
Substrate Annealing (2), and SbyTes — Post-Growth Annealing (3). The dashed line in (a) evidences
the Bragg—Brentano condition. The most intense signal in (a) is the 111 reflection pertaining to the
silicon substrates and it is very close to the (015) peak. (c) Graphical representation of the SbyTes
crystalline ordering and orientation relative to the Si(111) substrate. Figure taken from Ref.[42].

complete in-plane ordering (Fig.3.23b). Combining the data from the Bragg—Brentano
and the ¢ scan, the epitaxial relationship between the SbyTe3 and the substrate is found
as SboTe3[00¢] || Si[111] and SbyT'e3[015] || Si[011]. The latter epitaxial relationship
was deduced by a careful positioning of the sample, in the way that the ¢ = 0 position
corresponds to the Si[011] direction parallel to the X-ray beam. The set of structural
information attained from the microscopies and diffraction measurements can be ratio-
nalized as sketched in Fig. 3.23c. This visual representation highlights the structural
and morphological transition from a highly granular and poorly oriented film (1) to a

smoother and crystallographically out-of-plane ordered one (2), and, finally to an epi-
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taxial layer, consisting of crystallites both in-plane and out-of-plane oriented (3). The
quality improvement observed comparing samples 1 and 2 is the result of the Si(111)
substrate annealing. A high temperature substrate treatment likely favors the removal of
adventitious physisorbed or chemisorbed water, preventing from a disorderly initial-stage
deposition, whereas we tend to exclude surface reconstruction phenomena that are known
to take place at higher temperatures.[132] In fact, as the MOCVD process was performed
at room temperature, therefore not requiring the precursors’ pyrolysis, residual surface
water and hydroxyl groups would readily react with the protolyzable organometallic pre-
cursors, compromising the integrity of the silicon/SbyT'e3 interfacial van der Waals layers
and possibly resulting in an uncontrolled deposition and an unordered and highly granu-
lar growth. While some structural enhancement (out-of-plane orientation) was obtained
upon substrate annealing, the most remarkable improvement was indeed achieved with
the post-growth processing. This step is specifically responsible for the in-plane ordering.
We speculate that the thermal treatment triggers a rearrangement of the grains into a
thermodynamically preferred configuration allowed by the symmetry match between the
substrate and the film. The crystallites preferential orientation is possibly induced by the
surface-exposed crystalline lattice of Si(111). The working hypothesis for the selection
of Si(111) as preferred substrate in the present study relies indeed on its surface lattice

symmetry, analogous to the SbyT'e3 crystalline cell.

3.2.2 Scaling of evaporated Co thin films and Au capping

In sections 3.1.2 and 3.1.3, we widely discussed the chemical-structural properties of
Fe,Co/SbyTes-granular heterostructures, where the Fe and Co ferromagnetic thin films
were deposited by PLD and ALD respectively. Several bottlenecks have been identified.
Certainly, in order to exploit the peculiar TIs properties in contact with FMs, there is
the interest of controlling the FM thickness to the nanometer-scale. At the same time,
to prevent the surface oxidation of the FM is demanding. In the following I present the
chemical, structural and magnetic characterization of Au/Co/SbyTes heterostructures,
where Au/Co have been produced in situ by e-beam evaporation (Section 2.1.3), on top
of the optimized SbyTes.

In the following, we present the data relative to the XRD/XRR and VSM measurements

on Au/Co/SbyTes heterostructures. These results are a selection of a systematic activity
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focused on the production and the optimization of evaporated Au/Co bilayers on top
of epitaxial SbyTe3 substrates conducted in our laboratory at the CNR-IMM Unit of

Agrate Brianza.

Fig.3.24 shows the XRR collected signals for a set of Au(5 nm)/Co(t)/SbyTes samples,

where the nominal Co thickness ¢ spans in the range of 2-15 nm.
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Figure 3.24: XRR collected data for the Au(5 nm)/Co(t)/SbsTes heterostructure as a function of
the Co thickness ¢ (black lines). Each curve is fitted with a multilayer model and the obtained XRR
parameter are summarized in Table 3.9.

Table 3.9: Thickness, Electronic density and Roughness for each layer composing the Au/Co/SbyTes
samples as a function of the Co thickness extracted from XRR measurements in Fig. 3.24. In the first
two rows of the table, we reported the average values for the parameters relatively to the Au and SbyTes
layers, being them similar in all the samples and not related to their magnetic properties. On the other
hand, the detail of the Co parameters for each Co layer thickness is reported.

Nominal Thick A ed Thick P Roughness
(nm) (nm) (e /A%) (nm)
Sh,Te; 30 3143 1.610.1 1.35+0.3
Au 5 45105 42101 1.510.1
Co 2 1.6 2.15 1.4
4 33 2.15 1.57
o 4.1 2.15 1.6
6 4.73 2.15 1.77
7 6.2 2.15 1.52
10 9.5 Zis5 15
15 14.1 2.15 1.57

The XRR signal oscillations evolve coherently as a function of the Co thickness, con-
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firming the successful thickness control of the deposition technique. In order to extract
information about the effective thickness, roughness and electronic density (p) of each
layer, the XRR spectra are fitted with a multilayer model and the extracted values re-
ported in Table 3.9. Due to the shape of the oscillations of the XRR signals and the
presence of different layers in the stack, several models could fit well the collected data.
Thus, in order to minimize the convolution between the XRR parameters, the best model
for the whole stack was obtained fixing the p value for the Co layer (p = 2.15 e~ /A3).
Such strategy reproduced values for the Au and SbyT'es layers compatible with those
already measured in similar structures and compatible with literature, supporting the
validity of the adopted model (Table 3.9). As a complementary structural characteri-
zation, we performed GIXRD measurements on the same Au/Co/SbyTes structures. In
the top panel of Fig. 3.25 the GIXRD spectra for the Au(5 nm)/Co(15 nm)/SbyTes

sample is reported.
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Figure 3.25: GIXRD pattern for the Au(5 nm)/Co(15 nm)/SbsTes heterostructure (top panel). The
powder diffraction patterns of the materials of interest are reported for a direct comparison with the
experimental data. As discussed in the main text, the most visible peaks are associated to the diffraction
of the Au crystalline planes, due to the strong fluorescence of Au which hides the peaks belonging to
the other crystalline phases.
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From the comparison between the collected data and the powder diffraction patterns of
Au, Co and SbyTes materials, it is clear as the most visible reflections are those associated
with the (111) and (200) peaks of the polycrystalline Au layer. Indeed, despite the
presence of a 15 nm thick Co layer, it is only visible a very weak and broadened diffraction
peak likely attributed to the (101) reflection from the hexagonal crystalline structure of
Co. As previously discussed in section 3.25 for the Co, here the Au fluorescence increases
the GIXRD signal background, hiding the reflections from the Co and SbyTe3 crystalline
structures. It is important to underline that the GIXRD pattern reported in Fig.3.25 is
the result of a 4 hours long measurements, which helps to understand the role of a high
level of fluorescence in a XRD measurement.

Figure 3.26 shows the hysteresis loops of the same set of samples summarized in Table

3.9, where the the magnetization (M) as a function of the external magnetic field (H,.;)
applied IP is recorded by VSM.
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Figure 3.26: (a) In-plane VSM measurements on the Au/Co(t)/SbeTes samples. The shape of the
recorded magnetic hysteresis loops indicates that the magnetization of all the Co thin films lies IP.
(b) Values of the saturation magnetization (M) extracted by the curves showed in (a) and plotted as
a function of the inverse of the thickness. The value of the intercept with the y-axis My = 1315 &+
62emu/cm? compares well with the M values for the Co bulk.

The shape of the hysteresis loops indicates that the easy axis of the magnetization lies IP
for all the Co thicknesses. Moreover, VSM demonstrates how the value of the saturation
magnetization M, decreases with the scaling down of the Co thickness, as expected.[133,

134] Importantly, even for the thinner Co sample (real thickness 1.6 nm from XRR,
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Table 3.9) the M, value of ~ 950 emu/cm?) indicates the good magneto-structural
quality of the film. VSM clearly confirmed that the employed Au capping preserved the

Co magnetic properties by efficiently preventing the unwanted oxidation.

3.3 Broadband - FMR on FM/Sbh,Te; heterostruc-

tures

In this chapter the main results obtained by measuring the FMR response on a se-
lection of the FM/SbyTes heterostructures studied in this thesis are reported. As a first
attempt, in Ref.[44], we discussed the magnetic properties of the Co thin films deposited
by ALD on both the granular SbyT'e; and Pt substrates (Section 3.1.3). Here, a compar-
ison in terms of magnetic anisotropy and damping constant is provided, demonstrating
that the different Co structural propeties obtained (Section 3.1.3), are reflected in dif-
ferent magnetic behaviour. The content of this section is partially based on the results
obtained in Ref.[135] and my main contribution was to perform XRD/XRR and BFMR
measurements for all the presented samples.

In Section 3.2, a BFMR study on the capped Au/Co/SbyTe3-epitaxial samples as a func-
tion of the Co thickness (2-30 nm) is presented, providing information on the spin mixing
conductance (g.ss) in such samples.

In the last Section 3.4, T present the results on Au/Co/Au/epitaxial-SbyTes, for which
ISHE was also measured as convincing marker of the presence of SCC mechanisms at
the interface with the SbyTes TI.

3.3.1 BFMR in Co/granular — SbyTe3 heterostructures

In Fig. 3.27, the MFM images of the Co/SbyTe3 stacks discussed in Section 3.1.3
are shown. It is evident that the sample with the thicker Co (50 nm) film (Fig. 3.27(a))
shows the strongest magnetic contrast and the largest magnetic domain size (few pm).
In Fig. 3.27 (b) the size of the magnetic domains is reduced to hundreds of nm with
a consequent lowering of the magnetic contrast. In the case of the thinnest sample the

magnetic contrast disappeared, likely due to the almost-full oxidation of the Co (3.5
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nm) layer. In the following, we focus our attention on the thinnest Co layers showing
magnetic contrast, i.e. the sample shown in Fig. 3.27(b). It is known that the magnetic

properties of Co-hcp and Co-fce are different as due to the different crystal symmetry.
(68, 136, 137]

Co(50 nm)/Sbh,Te, Co(8.1 nm)/Sh,Te, Co(3.5 nm)/Sb,Te,

Figure 3.27: MFM measurements for the Co/SbsTes samples. (a) The Co (50 nm) layer is charac-
terized by a strong magnetic contrast with very sharp magnetic domains few pm large; (b) the thinner
Co (8.1 nm) film evidences a weaker magnetic contrast as compared with (a), with a reduced magnetic
domains size of hundreds of nanometers. (¢) In this sample no magnetic contrast was evidenced, likely
due to the complete oxidation of the Co layer. Figure taken from Ref.[135].

In the following, the investigation on the magnetic anisotropy properties of the developed
Co/SbyTe3 and Co/Pt systems is presented. Fig 3.28 shows the M(H) curves of the
Co(8.1 nm)/SbyTes and Co (6.3 nm)/Pt samples (Table 3.28), as measured by VSM
with the external magnetic field oriented along the film plane. Both samples clearly
show an in-plane easy axis. The extracted values for the saturation magnetization (M)
are M, = 922 emu/cm? for the Co-hcp/SbyTes sample and M, = 612 emu/cm? for the
Co-fce/Pt, being compatible with those reported for chemically-grown Co thin films,[138]
and slightly lower than for the bulk Co-hep and Co-fce. The lower M in thin films, when
compared to the bulk counterpart, is mainly attributed to the presence of magnetic dead
layers at the Co surface, which are certainly present in our samples, due to the absence
of any capping layer. From the thorough structural analysis conducted on these systems,
it turned out that the polycrystalline Co films exhibit a preferred OOP crystallographic
orientation, which is the [00¢] direction for Co grains on SbyT'e3 and the [1 1 1] direction
for Co on Pt substrates. [139] Therefore, the hard axis of the magnetization is associated
to the [00¢] direction in the Co/SbyTes structure and to the [1 1 1] direction in the
Co/Pt samples, respectively. Importantly, as due to the polycrystalline nature of the
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underneath SbyTe3 and Pt layers, no preferential orientation of the Co grains in the film
plane has been observed, preventing us to correlate the easy axis direction with a specific

orientation of the Co crystalline structure.
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Figure 3.28: In-plane VSM measurements on the Co(8.1 nm)/SbyTez (blue line) and the Co(6.3
nm)/Pt (red line) samples. Figure taken from Ref.[135].

A magnetic anisotropy study has been carried out on samples Co (8.1 nm)/SbyTes and
Co(6.3 nm)/Pt through BFMR. Fig. 3.29 shows the f.es(H,es) data for the Co(8.1
nm)/SbyTes (blue squares) and Co(6.3 nm)/Pt (red triangles) heterostructures. As
introduced in Section 2.2.3.3, the FMR signal acquired for these samples was the fitted
with Eq. 2.28, because a direct measurement, without the use of a lock-in amplifier, was
conducted. The BFMR data are fitted with the Kittel equation for the IP configuration
(Eq.2.31), in order to extract the values for M.y, which is related to the anisotropy field
H,, by Eq.2.32. From the fits in Fig. 3.29, we measure M(Scjthp/SbQTes = 554 emu/cm?®
and M ecfiff /Pt — 636 emu/cm3. By substituting the M, values obtained from the VSM
measurements in Eq. 2.32, we finally obtain H "% /Sbales _ 4626 Oe and H Comhep /Pt _
- 312 Oe. From Section 2.2.3.3, we know that the anisotropy field Hy can be written as
Hy = K.s¢/M;, where K.ss is known as the effective anisotropy constant and takes into

account the crystalline structure of a ferromagnetic material, which is intimately related
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to its magnetic properties. [68, 133]
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Figure 3.29: f,..(Hres) of the Co(8.1 nm)/SbeTes(blue squares) and Co(6.3 nm)/Pt (red triangles)
samples for the IP BFMR configuration. The red solid line represents the fitted data with Eq.2.31.
The inset shows a typical FMR absorption curve, in which the resonant magnetic field H,.s; and the
linewidth AH are indicated. Figure taken from Ref.[135].

From the literature, it is well known that Co-hcp and Co-fcc exhibit large differences
in terms of magnetocrystalline anisotropy, due to the different symmetries of their crys-
talline structures. [140] In general, when the relative orientation of M with respect to a
specific crystalline plane is known, it is possible to expand K.;¢ as a series of multiple
terms which contribute to the calculation of the free energy density for a certain crystal
symmetry.[68] Being the preferential orientation of M in a polycrystalline Co film not
defined, we considered the total effective anisotropy constant K.¢; as a marker of the
different magnetic anisotropy characterizing the hep and fee Co polymorphs. We obtain
Kgcof_th/SbQTe?’ = 4.26 x 10°erg/cm?® and Kec;cof_th/Pt = 0.43 x 10%erg/cm?. The Co-hcp
phase on top of SbyT'es presents an order of magnitude higher K.y value as compared
the cubic Co on top of Pt, as it is expected when comparing hep and fee phases. [140]
In order to have a further confirmation on the validity of the BFMR collected data,

in Fig.3.30 complementary Brillouin Light Scattering (BLS) measurements are shown
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as conducted on the sample Co(8.1nm)/SbyTes. [96, 97] Here, the good accordance

between the two collected datasets is evident, nicely reinforcing our results.

Frequency (GHz)
>

54

0 T T T T T

H,., (kOe)

Figure 3.30: Resonance field values for different frequency of incident radiation extracted from BLS
measurements of the Co/SbyTes heterostructure (green squares). The blue squares refer to the Co(8.1
nm)/SbsTes data collected by BFMR, while the red curve represents the trend fitted on BFMR points.
BLS technique shows an evident agreement. Figure taken from Ref.[135].

Solely considering the shape anisotropy energy density (defined by %,uOM 2 which is re-
spectively 0.43 x 10% erg/cm?® and 0.19 x 10% erg/cm? for Co-hcp/SbyTes3 and Co-fee/Pt,
it is not possible to interpret the order of magnitude for the difference between the mea-
sured K¢y values, which is therefore mainly attributed to the different MC anisotropy.
The BEMR results elegantly prove the possibility to tune the magnetism of ALD-Co thin
films through an appropriate substrate selection. From the data reported in Fig. 3.29,
the g factor values for the Co(8.1 nm)/SbyTe3 and Co(6.3 nm)/Pt heterostructures are
obtained, resulting in g¢%/%%27¢ = 2.4 + 0.2 and ¢©°/"* = 2.1 £ 0.2. As already men-
tioned, the IP configuration and the large width of the FMR absorption peaks make the
determination of the H,.s; values in the low frequency region of Fig. 3.29 very challeng-
ing. This is the main reason for the relatively large error bars in determining the g factor
values. On the other hand, by comparing these values with those already reported [141],

Co/Pt shows a good agreement. The apparent higher g©°/5%27¢s value

we underline that g
will be the subject of further investigations, since according to Beaujour et al.[142], the

increase of the g factor is attributed to a possible lowering of symmetry at the Co/SbyTe3
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interface, which can cause an enhancement of the /s = |g — 2|/2 ratio, where p, and
s are the orbital and the spin moments, respectively [68]. Motivated by the observed
enhancement of the g factor in the Co/SbyTe3 heterostructure, in Fig.3.31 we plotted
the frequency-dependent linewidth for the Co (8.1 nm)/SbyTe3 sample. Here, from the
fit of the collected data with Eq.2.37, we extracted the values for the damping parameter
and for the inhomogeneous term AHj. Interestingly, we found that acos.inm)/se.re; =
0.095 £ 0.04. This is a considerably high value when compared to the intrinsic damping
parameter () for pure Co, independently of its crystalline structure, which is usually
reported as being in the range of 0.0052-0.0085 [136].
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Figure 3.31: Frequency-dependent linewidth (AH) for the Co(8.1 nm)/SbsTes heterostructure. The
red line indicates the fit of the data with Eq.2.37. Figure taken from Ref.[135].

Furthermore, this enhanced value has been found to be almost one order of magnitude
higher also as compared to Co/Pt heterostructures, as reported by Verhagen et al. [143].
In several cases, the enhanced damping parameter has been attributed to a possible SP
effect from the FM to adjacent non-magnetic (NM) layers. Indeed, Ref.[136] underlines
how the intrinsic damping of a FM could be influenced by a spin current flowing across
the FM/NM interface, in terms of the spin-mixing conductance (g7¢//) of a multilayer
heterostructure. This picture is reinforced by considering the TEM and EDS analysis
of the Co/SbyTes interface (Fig. 3.17)[44], which rules out the presence of secondary
phases that could impede the successful SP from Co to the SbyTes topological insulator.

The results we obtained on the Co/SbyTe3 and Co/Pt heterostructures demonstrated

109



the possibility to exploit ALD to engineer the magnetic anisotropy of Co thin films by
controlling their crystalline structure through the appropriate substrate selection. Inter-
estingly, we also reported an enhanced Gilbert damping parameter («) for Co/SbyTes
when compared to those typically reported for Co/Pt. A possible origin for this damp-
ing enhancement could be attributed to the establishment of spin currents across the
Co/SbyTes interface, exploiting the topological surface state of the SbyTes3 TI (Section
2.2.3.5). In order to investigate on the origin of the a value in FM thin films when in
contact with SbyTes, in the next sections we study the BFMR signals in FM/SbyTes
heterostructures as a function of the FM thickness. In particular, in order to optimize
the interface sharpness and stability in terms of elemental interdiffusion, the epitaxial

SbyT'es thin films described in Section 3.2 are employed.

3.3.2 BFMR comparison between polycrystalline Fe and Co on
epitaxial SbyTes

As a next step towards the investigation of SCC effects in optimized (epitaxial)
SbyTes thin films (see Section 3.2.1), I compare here the BEFMR of Au/Fe/SbyTe; and
Au(5 nm)/Co(5 nm)/SbyTes heterostructures, synthesized as described in Section 3.2.2.
All the BFMR signals here reported are collected by means of a lock in amplifier as
explained in Section 2.2.3.3 and thus fitted with Eq.2.34. In Fig. 3.32 (a) and (b),
the acquired fres(Hyes) signals for the Au/Fe/SbyTes and Au(b nm)/Co(5 nm)/SbyTes
samples (black squares) are reported respectively. The red lines in Fig.3.32 indicate the
fit of the datasets using the Kittel equation for the IP configuration (Eq.2.31). From this
fit, I extracted the effective magnetization values for the 5 nm thick Fe and Co thin films,
which are respectively MeFf‘} = 1172 4+ 40 emu/cm?® and Mgf} = 569 =+ 34 emu/cm?.
VSM measurements conducted on the same samples revealed that the values for the
saturation magnetization are M® ~ 1092 emu/cm® and ME° ~ 1190 emu/cm? for Fe
and Co respectively. It is important to notice that the M, is reduced in both samples
as compared to the tabulated values (MI¢ ~ 1700 emu/em?3, ME° ~ 1400 emu/cm?),
which is an indication of the presence of structural disorder or magnetic dead layers in
our samples, but also a very frequent condition in the case of thin films. As introduced
in Section 2.2.3.3, if M.s; and M, are known, through Eq. 2.32 it is possible to extract

the values for the surface magnetic anisotropy constant Kg in a FM film. As a result,
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we obtained K¢ = 0.34 £0.01 erg/em? and K§° = 0.99 & 0.01 erg/cm?, values which

reflect the influence of the surface-induced magnetic anisotropy.
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Figure 3.32: The f,.s(H;.s) dispersion for the samples (a) Au(5 nm)/Co(5 nm)/SbyTes and (b) Au(s
nm)/Co(5 nm)/SbyTes is reported. The evolution of the two curves (black squares) is well fitted with
the Kittel equation (Eq.2.31)(red solid line). From the fit the M.;; and g-factor values are extracted
for the two samples and reported in the text.

The latter values are in accordance with those reported in literature for similar FM thin
films [134, 136]. K, embeds all the surface-magnetic contributions, thus, in this case,
coming from both the Au/FM and FM/SbyTes interfaces. The same Kittel fits reported
in Fig.3.32 allow the determination of the Fe and Co g-factors, yielding gr. = 2.0540.03
and go, = 2.54+0.06. For the case of evaporated Co, the extracted g-factor value is com-
patible with that one obtained for the ALD-grown Co thin films (garp_co = 2.4 +0.2)
discussed in Section 3.1.3. The remarkable difference between the Fe and Co g-factors
is supported by literature [68, 136] and in 3d transition metals correlated with their fine
electronic structure, which depends on the interaction between the exchange Hamilto-
nian and the spin-orbit energy. [68] It has to be underlined here that the determination
of the g-factor is challenging for the IP geometry due to the non-linearity of Eq. 2.31,

thus measurements over a large frequency range are required to obtain reliable fits.

In Fig.3.33 (a) and (b), the frequency dependent linewidth of the BFMR signals for
samples Au(5 nm)/Fe(5 nm)/SbyTe3 and Au(5 nm)/Co(5 nm)/SbyT'es are reported re-
spectively. From the linear interpolation of the data with Eq.2.37, the value of the
damping parameter («) and the inhomogeneous broadening (AH,) are extracted for the
two samples. As a result, it is obtained ap, = 0.022 + 0.001, a¢c, = 0.036 + 0.002,
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AHF® = 42 4+ 40e and AH§? = 64 £+ 13 0e. As explained in Section 2.2.3.5, the en-
hancement of the damping constant in the sample with Co could correspond to a higher
spin mixing conductance (gjnﬁ.x, Eq. 2.41) in this sample and, as a consequence, to a SP
effect at the Co/SbyTes interface, when compared to the Fe/SbyTes case.
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Figure 3.33: FMR signal linewidth (AH) as a function of the resonant frequency ( f.s) for the samples
(a) Au(5 nm)/Co(5 nm)/SbyTes and (b) Au(5 nm)/Co(5 nm)/SbyTez. From the linear fit (red solid
line, Eq. 2.37) are extracted the o and Ay, values which are reported and discussed in the text.

In the following sections my focus is directed to get deeper insight into the origin of this
apparent o enhancement in the Co/SbyTes case. In particular, a thorough BEFMR study
as a function of Co thickness, and the influence of additional interlayers, are presented
(Section 3.3.3).

3.3.3 Broadband-FMR in Au/Co/epitaxial — SbyTe3 heterostruc-

tures

A series of Au(5 nm)/(Co(t)/SbyTes3 samples, with nominal t = 2,4,5,6,7,10,15,30 nm,
has been prepared by evaporating the Au(5nm/Co(t) bilayers on the top of the epitaxial
MOCVD-deposited SbyT'es T1. In order to investigate on the magnetization dynamics in
the Co thin films when in contact with the epitaxial SbyTe3, a thorough BFMR study
as a function of the Co thickness was performed. In Fig.3.34 (a) the evolution of the
fres(Hyes) plots as a function of the Co thickness is shown. Here, for each Co thickness
the acquired dataset (colored squares) was fitted with Eq.3.34 (red solid lines) and the

M, and g-factor values extracted.
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Figure 3.34: (a) Dependence of the fr.s(Hyes) signal as a function of the Co thickness (colored squares)
in the Au(5nm)/Co(t)/SbaTes samples. The solid red lines indicate the data fit with the Kittel equation
for the IP geometry (Eq.2.31). (b) Values of M.y extracted by the fits in (a) and plotted as a function
of the inverse of the Co thickness (1/t¢,)) measured by XRR. From the fit with Eq.2.32 we have
M, = 10304 70Oe and K, = 0.99 + 0.29 erg/cm?.

The evolution of the Kittel fit as a function of the Co thickness is in accordance with
similar measurements conducted by others [134, 136] and confirms the accurate Co-
thickness control in our evaporator system (Section 3.2.2). Due to the weak FMR signals
for the sample with Co(2 nm) (pink squares in Fig.3.34 (a)), in this case the fres(Hyes)
signal was acquired by BLS measurements (Section 3.30). In Fig.3.34 (b) the values
of M.ss extracted by the fit showed in Fig. 3.34(a) are plotted as a function of the
inverse of the Co thickness. Here, from the fit of the data (black squares) using Eq.2.32
(red solid line), we obtained M, = 10304 70 Oe and K, = 0.994-0.29 erg/cm?. The M,
value extracted by BEMR results quite lower as compared the VSM measurement for the
same samples (Fig.3.26), likely due to the reduced number of points in the graphic and
their scattered linear dispersion. The M. ;s value for each sample and further relevant
parameters are summarized in Table 3.10, along with the nominal and real thicknesses
of the Co thin films (measured by XRR, Section 2.2.2), the g-factor, AHy and « values.
The K, extracted by the M.rs(1/tc,) curve and the Kittel curve from a single Co thick-
ness (as for the sample with the 5 nm thick Co layer) have the same value, even if with
a different error bar and confirms the reliability of the study. Beside the M.¢; values,
the g-factor for each Co thin film was calculated and reported in Table 3.10. The value
of the extracted Co g-factors varies with the Co thickness but not with a clear trend.

As already discussed, such variation can be attributed to both the difficulty to extract
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Table 3.10: Summary of the main quantity extracted from the fits in Fig.3.34 and Fig.3.35.

Nom. Real. Thick. | &g, ! M sf AHg [
Thick. (am) | te,am) | (wm) L | EPT | emwem?) | (00) (103
2 16 0.625 | 245+009 | 399+44
1 3.9 0256 | 245£014| 526+82 | 207£19 | d44%3
5 45 0222 | 254401 | 569461 | 64+13 36+2
6 4.7 021 | 264005 | 545+28 | 24%7 30+1
7 6.2 0161 |253+0.04| 716427 | 1547 20+1
10 95 0105 | 246%005| 84541 x4 15406
Is 14.5 0.069 |234+001| 1024+16 | 11+2 12£02
30 30 0.033 | 237003 1010£28 | 25+2 | 05+03

this value from an IP FMR configuration and to possible modification of the Co inter-
faces properties (Section 3.3.1). Nevertheless, the g-factor values are in the range of
g% = 2.37 — 2.64, which are typical for Co thin films. [136] In Fig.3.35(a) the AH (f,cs)
curve as a function of the Co thickness is reported. According to Eq.2.37, from the slope
of the linear fits showed in Fig.3.35(a) (red solid lines), it is possible to extract the value
for the damping parameter « for each Co thickness (Table 3.10). Unfortunately, the
quality of the FMR signal for the 2 nm sample was not enough to reasonably estimate

the AH and « values.
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Figure 3.35: (a) FMR signal linewidth as a function of the resonant frequency for each Co thickness
(colored squares) of the Au(5nm)/Co(t)/SbeTes series. From the linear fit with Eq.2.37 (red solid lines)
the o and AHj values were extracted. (b) Here the « values extracted from the fit in (a) are plotted as
a function of the inverse of the Co thickness. The red line is the linear fit with Eq.2.41.

From the SP theory it is possible to link the trend of the a value as a function of the
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inverse of the thickness of a FM thin film extracting the gZ}f value (Section 2.2.3.5),
a quantity which is proportional to a spin current density flowing from the FM layer
into the TI while the FMR is occurring. At a first glance, in order to calculate the
gl}f value from our set of samples, in Fig.3.35(b) I plotted the « values extracted from
Fig.3.35(a) (red circles), fitting their evolution with Eq.2.41. From this fit it results that
apur = 0.005 £ 0.01 and gZ}f =65+ 0.9-10m 2. The apyy value results slightly
lower than those reported in literature for Co thin films, usually in the range 0.008-0.011
[54, 134]. The extracted g;%f is comparable with many FM/TI or FM/HM systems and
in this case also higher than in Co/Pt systems (g}, = 4.5 -10"m~?) [54], a benchmark
in the context of SP.

However, it is clear from Fig.3.35(b), that for Co thickness below 6 nm the a(1/t¢,) curve
does not follow a linear trend. Despite the adopted fitting procedure is a standard for the
interpretation of the a(1/t¢,) curve in terms of SP effects across a FM/NM interface, the
data collected in Fig.3.35(b) cannot be interpreted straightforwardly by means of Eq.2.41.
The deviation from the linearity suggests the coexistence of additional contributions to
«, which are predominant at lower thicknesses of the Co layer. A possible origin of
the enhanced o values can be attributed to a magneto-structural disorder present in
the Co films, which can be evaluated qualitatively by considering the inhomogeneous
term AHy. Indeed, for the thinnest samples the intercept with the y-axis is larger when
compared to the thicker samples, indicating the presence of a higher magneto-structural
disorder. As a consequence, the presence of impurities and defects in the Co thinner
films could serve as scattering center for the precessing magnetization, which quickly
damps towards the external magnetic field. On the other hand, the XRR and VSM
measurements on these samples evidenced the high quality of the Co layer both by the
structural and magnetic point of view (Section 3.2.2). Therefore, in order to attempt a
more phenomenological description of the unconventional trend observed in Fig.3.35(b),
we looked for a more comprehensive theoretical model. In a recent paper of L. Zhu et
al.(2019) [54] the authors analysed the FMR response in several FM/HM nanometric
heterostructures, pointing out that in the majority of the studied systems the SP is a
relatively minor contribution to «, when measured in the gigahertz frequency region.
Indeed, they suggested that two further terms have to be accounted to properly describe
the a(1/tc,) curve, which are the Spin Memory Loss (SML) and Two-Magnon Scattering
(TMS). The SML is an interface effect where the spin current pumped from the precessing
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magnetization in a FM crosses the interface with an adjacent layer can be partially back-
scattered. Recently, the main source of SML was attributed to the presence of an abrupt
interruption (the interface) between a FM and a material with high SOC, such as HMs
or TIs.[72] The other possible effect which needs to be taken into account is the TMS,
which is an energy transfer mechanism between the FMR uniform mode and degenerate
spin waves. [138, 143-146] As deeply discussed in Ref.[144, 147], the source of the TMS
are defects and imperfections at the surfaces and interfaces of FM thin films, which act
as a source of scattering. Indeed, the TMS is often related to the morphological and
magnetic roughness at the FM/(HM or TI) interface. According to Ref.[54] the total

damping can be seen as

O = Qi + Qsp + Qs (3.5)

which explicated is expressed by the following parabolic function

u gup 1 1
a = Qpuk + iz T — + ) 3.6
butk + (Gef fmiz + Gers.sML) M T Prus (3.6)
where ng;f,mix and gerrsmr are respectively the spin mixing conductance of the con-

ventional SP theory (Eq.2.41) and the SML term taking into acount the spin current
backflow at the FM/TT interface. The prefactor of the parabolic term f7pss is the TMS
coefficient, which is proportional to (%)2 and the density of the magnetic defects at
the FM/(HM or TI) interface.[147] In Fig.3.36 the same dataset reported in Fig.3.35 is
shown and fitted with Eq.3.6. In this thesis, we did not perform any measurement to
separate the g;% f.miz 1TOM Gepp sarr, term of Eq.3.6, which are here treated as a single term
renamed as gespsp. Thus, from the global fit in Fig.3.36 we obtained apy, = 0.0871,
Gesrsp = (0.8£1)-10" m™2 and Brys = (4.5+£0.9) - 1079 m~2.

From this result emerges clearly how the values of the apg,;; are now in accordance with
the values generally reported for bulk Co,thus demonstrating how the inclusion of the
TMS contribution is necessary in order to interpret our FMR data set, over the whole
range of thicknesses. g.sssp results drastically reduced as compared the value extracted
with the conventional linear dispersion (Fig.3.35). Nevertheless, the g.rf sp is affected by
a very high error bar, which is the natural consequence of the limited number of points

in the linear region. It is very interesting to notice that, even if the SML contribution
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Figure 3.36: « vs. 1/tc, dispersion (red circles), the same reported in Fig.3.35. The red solid line
here indicate the fit of the collected points with Eq.3.6. The black and green lines indicate respectively
the TMS and SP components extracted from the fit.

is expected to be large in systems characterized by high interface SOC, for our set of
samples the linear region is very reduced as compared the parabolic one, suggesting that
the SML is a negligible contribution to the FMR linewidth as compared to TMS. To our
knowledge, so far the detection of TMS by means of BFMR measurements was observed
only in FM/HM heterostructures.|[54] Therefore, in this thesis I likely reported the first
evidence of the importance of TMS also at the interface between FM and TI. As a
result of the BFMR analysis on the Au/Co/SbyTe3 samples, we learned that, within the
detection limit of the XRR and VSM techniques, the overall quality of our evaporated
Co thin films is good, but a more spatially confined chemical, structural and magnetic
disorder at the Co/SbyTes interface is likely present and turns out detrimental for the
injection of pure spin currents from the Co into the SbyTes layer (i.e. through TMS).
In order to test the possibility to reduce TMS contribution at the Co/SbyTes interface,
a set of Au(5 nm)/Co(t)/Au(b nm)/SbyTes3 samples has been produced, with t= 2.5, 4,
5,7,20 nm. In Fig.3.37(a) the Kittel curve for the Au(5 nm)/Co(t)/Au(5 nm)/SbyTe;
samples is reported, where t = 2.5, 4, 5, 7, 20 nm are the nominal Co thicknesses.
Here, the evolution of the curves as a function of the Co thickness is in accordance with
the same measurements discussed above. In Fig.3.37(b) the values of the M, extracted

from the fit in Fig.3.37(a) are reported as a function of the inverse of the Co thickness
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Figure 3.37: (a) Dependence of the fr..s(Hy.s) signal as a function of the Co thickness (colored circles)
in the Au(5nm)/Co(t)/Au(5nm)/SbyTes samples. The solid red lines indicate the data fit with the
Kittel equation reported in Eq.2.31. (b) Values of M.ss extracted by the fits in (a) and plotted as a
function of the inverse of the Co thickness (1/t¢,)) (clack squares). From the fit with Eq.2.32 we have
M, =921 £+ 550¢e and K, = 0.58 +0.18 erg/cm2.

and fitted with Eq.2.32. As a result, we obtained M, = 921 + 55 emu/cm?® and K, =
0.5840.18 erg/cm?. These values are quite lower than those extracted for the Co samples
directly in contact with the SbyTes layer. A possible reason can be attributed to the fcc
crystalline structure of the Au substrate, which could promote the formation of a higher
fraction of cubic crystalline grains in the polycrystalline film, as compared the same Co
deposition on top of the hexagonal SbyTez. Indeed, as also reported in Ref.[136], for bulk
fece-Co M, ~ 1100 emu/em?, which is a lower than in the hex-Co (M ~ 1400 emu/cm?).
On the other hand, the K values are in accordance with previous studies on Au/Co/Au
sandwiches [133], suggesting that the Co magnetic moment remains close to the bulk
value also for very thin Co thicknesses (down to 2.5 nm in this study). A confirmation
of the homogeneity of the Co electronic structure over the whole range of thicknesses
is given by the poorly dispersed values for the g-factors, which are all close to g ~ 2.5
(Table 3.11), compatible with typical values for Co thin films.[136, 148] In Fig.3.38(a)
the AH(1/te,) data for each Co thickness for the Au(5nm)/Co(t)/Au(5nm)/SbyTes
samples are reported (colored circles). As done previously for the set of Au/Co(t)/SbeTes
samples, the data are fitted with Eq.2.37 in order to extract the o and AH, values
for each dataset. The obtained values are summarized in Table 3.11. A first remark

concerns that here the AH values are lower than those extracted for the Au/Co/SbyTes
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heterostructures, indicating the higher magneto-structural quality of the Co thin films

when grown on top of Au as compared to SbyTes.
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Figure 3.38: a) FMR signal linewidth as a function of the resonant frequency for each Co thickness
(colored squares) of the Au(5nm)/Co(t)/Au(bnm)/SbsTes samples. From the linear fit with Eq.2.37
(red solid lines) the o and A Hy values were extracted. (b) A comparison between the «a values reported
in Fig.3.35 (red circles) and those extracted from the fit in (b) (blue circles). The red line indicates the
linear fit of the blue circles with Eq.2.41, from which the ag,r and g;ff values reported in the main
text are extracted.

In Fig.3.38(b), the « values obtained from the linear fits in Fig.3.38(a) (blue circles) are
plotted as a function of the inverse of the Co thickness and compared with the same values
extracted from the Au/Co/SbyTes samples reported in Fig.3.35(b) (red circles). As it is
clear from Fig.3.38(b), for the Au/Co/Au/SbyTe; sample the parabolic component of the
a(1/te,) curve is completely suppressed within the examined thicknesses range, and the
Au/Co/Au/SbyTes data can be perfectly interpreted with Eq.2.41. No TMS is present
with the insertion of the Au interlayer, and the extracted « values can be attributed to
genuine SP from Co across the Au(5 nm) interlayer into the epitaxial SbyT'e3. From the
fit the cpur = 0.0085 & 0.0002 and g/, = (2.11 &+ 0.12) - 10 m~2 are obtained. In
this case, the extracted ap,; value is well in the range of the typical values for Co thin
films [136] and the g% ; a value consistent with most of the (FM/HM or TI) systems (see
below Fig.3.39 for a comparison between our data and those of interest in the literature).
The main parameters extracted from the fits in Fig.3.37 and Fig.3.38 are summarized
in Table 3.11. Anyway, it is important to highlight that through the FMR analysis
discussed above, it is not possible to quantify the SML contribution affecting the slope

of the linear fit of the blue points in Fig.3.38, which could lead to an overestimation of
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the gl}f value.

Table 3.11: Summary of the main quantity extracted from the fits in Fig.3.37 and Fig.3.38.

T -1
Thi:lznz;:m) (flf:l)*l Elactos (emﬂ:;?c"tlf;la) (A(iu) (1(;1 -3
25 04 | 248%009| 573:46 | 6714 | 26%2
4 025 |243+005| 605+42 | 3056 | 194009
5 02 | 258+005| 670+32 | 305 | 18+08
7 014 |254:005| 742431 | 17410 | 14+03
20 005 | 245%004| 930-34 | 2%08 | %02

In the context of the SP theory, to determine the g;ic 7 barameter is crucial to calculate the
efficiency of a SP process across a generic FM/NM interface (Section 2.2.3.5). Indeed,
gg}f enters directly in the calculation of the generated spin current density in a FM
as reported in Eq.2.42. From literature, it turned out that the most frequent values
for g;{f in FM/HM, FM/TI and FM/Interlayer/(HM or TI) are typically in the range
of 10'® — 10?° m~2. In order to have a more complete picture, in Fig.3.39 the g;%f
values for some of these systems reported in literature and calculated with different
approaches are shown. As we can see, the g;icf values extracted from our samples are
of the same order of magnitude of the majority of the reported heterostructures. If a
FM thin film is in contact with a good spin sink NM layer, the generation of pure spin
currents from the FM into NM should be related to a high value of the measured gl}f
in this heterostructure (Eq.2.41). In principle, in a FM /Interlayer/NM structure, the
spin transport could be dependent from the thickness of the interlayer, due to the finite
value of A\;(Eq.2.55). Therefore, the introduction of interlayers could be detrimental for
an efficient spin transport from FMs into the NM layers. From a comparison between
the reported g;icf values in Fig.3.39, it is not possible to identify a trend which can be
used to clarify the role about the use of interlayers to generate higher spin currents.

The latter considerations suggest that the role of the intermixing between materials is
the key aspect to consider. For instance, from the theory of TIs, we know that the
topological surface states are robust against the disorder of non-magnetic origin (i.e.
non-magnetic impurities), but clearly in FM/TI systems some intermixing occurs be-

tween the materials, possibly modifying the properties of the TT layer. [149, 150]

120



Au/Co-poly/Au/Sb2Te3 - This Thesis
Au/Co-poly/Sb2Te3 - This Thesis
Co-fecTallr/Co-hep/lIriTa - Ref.[136
Co-hcpl/lIriTa - Ref.[136]
Co-fcc/Cul/Ta - Ref.[136
Co-hcp/CuiTa - Ref.[136

Py/Pt - Ref.[56

Co/Pt - Ref.[56

CoFeB/Pt - Ref.[54

Py/Pt - Ref.[54

Co/Pt - - Ref.[54

Py/AlOx/Au - Ref.[55

Py/PyOx/Au - Ref.[55

Py/Au - Ref.[55

Ni/Pt(2) - Ref.[55

Ni/Ag/Pt - Ref.[55

Ni/NiO/Pt - Ref.[55

Ni/Pt - Ref.[55

CoFeB/Bi2Se3(5) - Ref.[62
CoFeB/Bi2Se3(4) - Ref.[52
CoFeB/Bi2Se3(3) - Ref.[52
CoFeB/Bi2Se3(2) - Ref.[52
CoFeB/Bi2Se3(1) - Ref.[52

TP SN NP TP P PO PN S P P PO IS IS S P AP P IS I P P B |
[

e ne
g™ (m?)

_\
=
[=2]

Figure 3.39: A collection of several g;f 7 values for different SP systems is shown (x-axis). On the
™
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the gT}fvalues extracted from the Au/Co/SbyTe; and Au/Co/Au/SbyTes heterostructures studied in

€

this thesis.

y-axis the structure and the reference paper are indicated for each g 7. value. The pink stars indicate

3.4 Spin Pumping in Au/Co/Au/epitaxial—SbyTes het-
erostructures

In the following, the spin-to-charge conversion mechanism in the Au(5 nm)/Co(5
nm)/Au(5 nm)/SbyTes heterostructure previously discussed in Section 3.3.3 is investi-
gated through SP measurements. Moreover, in order to isolate the contribution asso-
ciated to each layer of the stack, complementary SP measurements on Au(5 nm)/Co(5
nm)/Au(5 nm)/Si(111) and Co(5 nm)/Au(5 nm)/Si(111) were performed. Along this
section, the latter samples are respectively indicated with S1, S2, S3.

In Fig. 3.40 (a) the DC voltage signal V,,;, acquired for sample S1 is given for an RF-
power of 73 mW and RF-frequency at 10.5 GHz (black circles). Here, the red circles
represent the FMR signal for the same sample. Clearly, V,,;, is related to the FMR
response of the system (see Section 2.2.3.5).

According to the SP theory (see Section 2.2.3.5), if the direction of the applied mag-
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Figure 3.40: (a) SP DC voltage signal for sample S1 acquired at f = 10.5 GHz (black circles). The
FMR signal at the same resonant frequency is acquired (red circles), showing the match of the resonant
magnetic field as compared to the SP signal.(b) The same SP measurement reported in (a) is performed
also for negative values of the external magnetic field. Here, it is evident as the asymmetric component
Vasym does not depend on the sign of the magnetic field, which is typical for rectification effects due to
AMR and AHE. On the contrary, the symmetric component Vg, changes the sign according to the sign
of the magnetic field, indicating a magnetic field dependent spin accumulation. The latter condition is
in accordance with SP effects.

netic field is reversed also the sign of the DC voltage relative to the SP contribution
is reversed. In Fig. 3.40(b), a comparison of the V,,;, spectra for S1 obtained for pos-
itive and negative magnetic fields is shown. The two curves (black circles) are fitted
with the Lorentzian function reported in Eq.2.45, from which the symmetric (V) and
anti-symmetric (Vagy,) parts are separated. As discussed in Section 2.2.3.5, Vagym, is
originated from the AMR and the AHE of the Au/Co/Au trilayer and Vs, from the
spin-to-charge conversion. The Vg,,, component can be also affected by the thermal
Seebeck effect [48], thus in order to extract the DC signal arising only from the pure SP
effect, we define an effective SP voltage as
Vap = VeI — Vaym(+Heat) — Vsym(—Hegt)

Sym — 2 (37)

The value of Vgp extracted from the measurement in Fig.3.40(b) is Vgp = 3.52 V. The

generated 2D charge current density can be calculated as
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Vsp
J*P = R (3.8)
where W and R are the width of the samples and their sheet resistance (see Section
2.2.3.5, Fig. 3.4). In particular, the R values for all the measured samples are ex-
tracted by independent four points measurements. In Table 3.12 the main parameters

characterizing sample S1, S2 and S3 are reported.

Table 3.12: The stack, the main geometrical and electrical quantity needed to extract the SCC effi-
ciency in the studied systems are reported. In the column indicating the samples stack the numbers in
brackets represent the thicknesses of each layer expressed in nm. W indicate the width of each sample,
R the sheet resistance, Vg the symmetric Lorentzian extracted from the fits in Fig.3.42 and J2D the
2D charge current density generated during the SP experiment.

Sample Stack (nYYn) (g) Xi’% J2P (1073 %)
S1 Au(5)/Co(5)/Au(5)/Sb,Te;(27) 3.25 14 D02 0.077
S2 Au(5)/Co(5)/Au(5)/Si(111) 3.10 12 1.31 0.035
S3 Co(5)/Au(5)/Si(111) 3.20 20 1.48 0.023

In Fig.3.41(a) the V,,;, value for sample S1 is reported at fixed frequency (10.5 GHz) as a
function of the RF-power. In Fig.3.41(b), the Vg, and Vs, values extracted from the
panel (a) are plotted as a function of the RF-power, showing their linear behavior. The
SP arises as a consequence of the magnetization-precession relaxation, which generates
a pure spin current in the FM layer proportional to the damping term of Eq.2.39. The
DC component of J2P is proportional to the projection of the M x % term on the
external magnetic field direction. According to the SP theory [151], such projection is
proportional to the square of the magnetization precession amplitude. Thus, J2P, or
the ISHE DC voltage signal as well, is proportional to the square of the magnetization
precession amplitude or the square of the applied microwave amplitude. In virtue of
that, the ISHE signal Vgy,,, should be linear in the RF-power, which is consistent with

the trend observed in Fig.3.41(b).
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Figure 3.41: (a) The SP DC voltage plotted as a function of the RF-power. (b) Modulus of the V,,;,
symmetric and anti-symmetric components as a function of the RF-power acquired at negative (top
panel) and positive (bottom panel) external magnetic fields. The linear evolution is consistent with the
SP theory. [151]

The data fitted in Fig.3.40 and Fig.3.41 demonstrated the presence of SCC in sample

S1, but the complexity of its structure makes difficult a straightforward identification of

As reported in Ref.[152], the Au has a non negligible 65y which is expected to be in the
range 0.0004 - 0.008. Therefore, a non zero contribution in the generated J2P is expected
from the Au layers composing S1. In order to isolate the effect of the SbyTes layer,
complementary samples S2 and S3 were produced. In Fig. 3.42 the V,,0(Hept — Hyes)
curves for sample S1, S2 and S3 are reported. In order to compare the effective charge
current density generated in each sample, in Fig. 3.42(b) the J2P values for the sample

reported in Fig.3.42(a) are extracted using the following parameters summarized in Table

Comparing the J?P values for sample S1 (black line) and S2 (blue line) in Fig.3.42(b)an
enhancement of the 120% is observed, which demonstrates that the presence of the
SbyT'es TI produces a clear extra contribution to the SCC. Moreover, the different JfD
values for samples S2 and S3 indicate that the spin current J3P is simultaneously pumped
from Co in both the Au layers. Thus, most likely, in sample S1 the spin current pumped
into the Au capping layer is reflected back at the Au/air interface and subsequently
absorbed by the SbyTes substrate. Considering that A\, for Co and Au is ~ 10 nm and
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Figure 3.42: (a) V. signal acquired for samples S1 (black dots), S2 (blue dots) and S3 (green dots)
and normalized for the R value for each sample. (b) 2D charge current density extracted by the Vgym,
component of the V,,,;, signals reported in (a) and calculated using Eq. 3.8.

~ 35 nm respectively [82, 153], a tentative sketch of the J3P scheme in S1, S2 and S3
is depicted in Fig. 3.43. Here, the J3P back-flows for the Au/SbyTes and Au/Si(111)

interfaces are not considered.

As discussed is Section 2.2.3.5, the SCC efficiency in a FM/TI heterostructure is pro-

portional to the ratio o JC;Z, where J3P depends on the ¢/¥, as reported in Eq. 2.41.
73 s eff

In order to extract the additional contribution to spin pumping (and therefore to SCC)
purely coming from the the SbyTes layer, the gZ}f,SbQT% was calculated by taking the
difference between the gl}f for sample S1 and that in the reference S2 one as depicted
in Eq.3.9, and similarly as previously reported. [52, 53, 58, 82, 154]

gzjff,SbgTeg = %(AHSI — AHg») (3.9)
In the latter equation, AHg; = 66.9 & 0.7 Oe and AHg, = 63.9 & 1.1 Oe are the
HWHM of the SP signals for S1 and S2 extracted from the data showed in Fig. 3.42(a),
being AHgy — AHgo ~ 3 Oe. A lower AHg; — AHgy ~ 1 Oe is obtained by ex-
tracting the linewidth from the FMR signals at 10.5 GHz for the two samples, but a

larger experimental error prevents to draw firm conclusions. Therefore, by considering
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Figure 3.43: A sketch of the stack of samples S1 (a), S2 (b) and S3 (¢) is shown and a possible model
of the generated J2P currents in each system is reported.

the (more conservative) estimation of AHg; — AHgs ~ 3 Oe to calculate gZ}f’Sbﬂ% a
gg}f75b22T63 = 1.78 x 10'®m~2 is obtained, by using the M, v and g parameters extracted
from the BFMR measurements reported in Fig.3.37 for to, = 5 nm. The corresponding
value of the 3D pure spin current injected in the SbyTes layer is J3P = 1.32 x 105 Am™2.
For sample S3 the HWHM is larger than S1 and S2, likely due to the lack of a capping
layer which favored the partial oxidation of the Co film. Indeed, the disorder introduced
in the Co crystalline structure is reflected on the magnetic properties of the Co film

provoking an enhancement of the « value, which is connected to the larger AH.

In Section 2.2.3.5, we discussed two possible models to describe the SCC efficiency in
a FM/TI systems. If the spin diffusion in the TI layer is neglected, the spin current
generated in the FM layer will be fully absorbed by the surface/interface states of the
FM/TTI heterostucture according to the EE description (see Section 2.52). On the con-
trary, if also the bulk states of the TI contribute in the SCC, the spin diffusion in the
TT layer must be taken into account in terms of the ISHE (see Section 2.48). In absence
of further insights about the nature of the SCC in the studied systems, in this thesis the
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SCC efficiency for sample S1 is extracted following both approaches.

If the SCC in sample S1 involves solely the surface states of the SbyTes; TI, accord-
ing to the EE model (see Eq.2.52) the SCC efficiency is A\;gp = 0.6 nm. This value
for the SbyTes T1 is surprisingly high, being one order of magnitude larger than the
majority of the chalcogenide-based TIs reported in literature, and typically grown by
MBE (see Section 1.4). However, as introduced in Section 2.52, for a TI it turns out
that A\;gg = A\np, which is in this case in the nanometer range, constituting the upper
limit for the electronic ballistic transport across the SbyT'es3/Au interface. Interestingly,
this value is lower than those reported for free standing SbyT'es surfaces, where A, can
reach several tens of nanometers, as reported in Ref.[155]. In the latter work, the Fermi
velocity for the electrons flowing in the T'SS of a crystalline SbyT'e3 3D-TT thin film was
extracted from scanning tunnel spectroscopy measurements as being vy ~ 4.3 x 10° m/s.
Using this value and the \;gg extracted by the SP experiments conducted on sample S1,
a relaxation time 7, ~ 1.4 fs is obtained. Despite of being non-FM, the Au interlayer in
the Au/Co/Au/SbyTes system is therefore effective to suppress undesired effects at the
Co/SbyTes interface (such as TMS, see Section 3.3.3). On the other hand, the presence
of a metallic layer in contact with the SbyT'es layer could introduce additional relaxation
mechanisms for the electronic current generated in the SbyT'es TSS with the adjacent
metallic layer. In view of that, as proposed for instance in Ref. [49, 60|, the use of an
insulating interlayer could be a better strategy, preserving more efficiently the TSS and

consequently pushing the A\;pr towards higher values.

Alternatively to a pure 2D charge current generation, if the SCC efficiency is attributed
to the (bulk) ISHE, the value of fsyp can be obtained through Eq.2.57. It has to be
underlined that, through the SP measurements reported in this thesis only the sy g,
is a measurable quantity, therefore an independent estimation of the A\, is needed to
extract the Osyp value. In order to quantify A;, magnetotransport measurements on
the bare SbyTez T1 were performed (not shown). By extrapolating the low temperature
magnetotransport data at RT, a phase coherence length [, = 22 nm is extracted. As
deeply discussed in Ref. [156], in general [ is different from A, but as a first approxi-
mation, we assumed that [, >~ \;. As a result, ngq: 22mm ., ().05, which is consistent with

values extracted for chalchogenide-based TIs for instance in Ref.[38, 52] and two order
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of magnitude larger than in Ref.[157]. However, in several works the A\, value is assumed
starting from many different hypothesis [55, 157] or from values reported by someone
else in literature (Sup.Info of Ref.[52]), and in very few cases directly calculated. The
latter condition makes difficult to identify a universal approach to compare our results
with those found in literature. Therefore, in order to provide a more general description
of our system and its potentiality, we considered also a lower A\; = 5 nm for the SbyTes
TI, a typical value assumed for other more studied chalcogenide-based T1 such as BisTes
and BiySes.[52] According to the latter condition, we calculated 035 "™ ~ 0.12. The
0.05 < Osyr < 0.12 range provides a realistic forecast for the sy value in our 30 nm
thick MOCVD-grown SbyTes TI, demonstrating that it is very competitive in terms of
SCC efficiency with those already reported in literature.[32, 158]
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Chapter 4
Conclusions

This thesis summarizes the main scientific results that I collected during my three
years long PhD career. During this period, I spent my efforts in studying the chemical-
structural and magnetic properties of Fe and Co thin films in contact with the SbyTes
3D-TI, in order to obtain an efficient SCC at the (Fe,Co)/SbyTes interface for applica-
tion in spintronics.

In Chapter 1, I provided an overview on the general concepts concerning the evolution
of the spintronic devices throughout the history, with particular care in the description
of the state of the art of the most promising spintronic devices studied in the recent
literature (see Section 1.4). The possible industrial transfer of the technology discussed
in this thesis covered a central role during my research activity, therefore the production
of the SbyTe3 and parts of the FM thin films was performed using large-area (4 inch)
chemical methods (i.e. MOCVD, ALD) as reported in Chapter 2. In this chapter, also
the basics of XRD/XRR, FMR and SP-FMR were discussed, being the main techniques

that I personally adopted for the samples characterization.

Chapter 3 is divided in four main sections, where I presented the results obtained on
the (Fe,Co)/granular-SbyT'es, Au/Co/epitaxial-SbyTe3 and Au/Co/Au/epitaxial-SbyTes
heterostructures.

In Section 3.1, I studied the chemical-structural and magnetic properties of the Fe/granular-
SbyTes interface, evidencing a marked intermixing between the materials and a general

tendency of Fe atoms in forming the FeTe compound. Subsequently, rapid and mild
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thermal treatments performed on the granular-SbyTe3 substrate prior to Fe deposition
demonstrated to stabilize a sharper and chemically stable Fe/granular-SbsTes interface.
In the same section, ALD-grown Co thin films were studied when in contact with the
granular-SbyT'es substrate, showing the possibility to produce high quality Co/granular-

SbyTes interface and the area selectivity of the deposition process.

In Section 3.2, the possibility to improve the structural quality of the SbyTes thin films
through thermal treatments was deeply discussed. Here, an enhancement of the SbyTes
thin film texturization was observed, leading the initial SbyT'es granular fashion towards a
nearly single crystalline structure. Moreover, the integration of Fe and Co thin films with
the epitaxial-SbyTes was discussed and the improved chemical-structural and magnetic
properties of the Fe,Co/epitaxial-SbyTes heterostructures were pointed out in compari-

son with similar systems with the granular-SbyTes.

In order to investigate on the magnetization dynamics in Co/SbyTe3 systems, their FMR
response was analyzed in Section 3.3. What emerged from this study can be summarized

in three points:

1. The use of the ALD to deposit metallic Co thin films on top of the granular SbyTes
turned out to be a valid strategy to tune the structural properties of Co which are

inherently related to its magnetic anisotropy;

2. The use of epitaxial SbyT'e3 thin films and a Au capping layer to produce Au/Co/epitaxial-
SbyTes heterostructures gave the possibility to investigate on the spin transport
across the Co/epitaxial-SbyTes interface (i.e. spin pumping). As a result, the mag-
netization dynamics in such a system was explained considering a dominant TMS
contribution likely arising due to the presence of an unwanted magnetic roughness
at the Co/epitaxial-SbyTes interface;

3. The introduction of a Au interlayer at the Co/epitaxial-SbyTes interface was shown
to be beneficial for the complete suppression of the TMS contribution evidenced
in the structure without the Au interlayer, producing sharper and "magnetically

cleaner" interfaces;
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In Section 3.4, SP-FMR experiments on the optimized Au/Co/Au/epitaxial-SbyTes het-
erostructures are discussed, highlighting the role played by the SbyT'e3 3D-TI in the SP
process. This system was studied adopting two theoretical models for the data inter-
pretation, which, in both cases, showed the high SCC efficiency achieved in such system
(Arge = 0.6 nm and Ogyp = 0.05 — 0.12).
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