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Abstract 

Spintronics is the use of charge carriers' spin in electronic circuits and systems. The main 

studies concern the electron intrinsic properties, like the spin and its associated 

magnetic moment, and the orbital angular momentum, in solid-state devices. Due to 

the spin-orbit interaction (SOI), the charge and angular momenta of conduction 

electrons at the edges of a conductor can be used to change the magnetic properties of 

a ferromagnetic in contact with the conductor. In the last decades, the use of magnetic 

ultrathin multilayers has proven essential for spintronics due to the structural inversion 

asymmetry at the interface between the layers, combined with the reduced thickness, 

which gives rise to important interfacial phenomena such as spin Hall 

magnetoresistance (SHE) and perpendicular magnetic anisotropy (PMA) among others. 

One efficient way to alter these magnetic and spintronic effects is through alloying or 

the insertion of impurities into the magnetic layer. 

In this project, the changes in the saturation magnetization (MS), anomalous Hall effect 

(AHE), PMA, square sheet resistance (Rsq) and magnetoresistance (MR) of Pt/TixCo1-x 

bilayers are studied, as the concentration of Ti is increased. The results obtained show 

enhanced AHE and PMA under certain xTi values; and a general increase of Rsq and MR, 

as well as a decrease of saturation magnetization, as the Ti impurities are increased. 

These results indicate that Ti is a viable material for regulating several spin-orbit 

contributions, however, more research is needed for a fully understanding of the effects 

involved and to ensure the persistence of observed behavior. 
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List of abbreviations 

AHE   Anomalous Hall Effect 

FM   Ferromagnetic Metal 

HM   Heavy Metal 

IP   In-Plane 

MR   Magnetoresistance 
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1 Introduction and Theoretical Concepts 

1.1 Fundamentals of spintronics: spin-orbit interaction 

The field of spintronics is the study within solid-state devices of the intrinsic spin of the 

electron and its associated magnetic moment, combined with its fundamental electronic 

charge, focusing on spin-charge coupling in metallic systems [1]. In spintronics, electron 

spin orientation (up or down) is managed as a further degree of freedom, with many 

consequences in data storage and/or transfer efficiency. 

Localized electrons (e-) orbiting around the nucleus (Z+e) with a velocity v, experience the 

radial E-field created by the nucleus. Considering the electric and magnetic fields from the 

two reference frames (the electron and the nucleus), the Lorentz transformations show: 

𝐸||
′ = 𝐸||  𝐸⊥

′ = 𝛾(𝐸⊥ + 𝑣 × 𝐵)     ( 1 ) 

𝐵||
′ = 𝐵||  𝐵⊥

′ = 𝛾(𝐵⊥ −
1

𝑐2
𝑣 × 𝐸)    ( 2 ) 

being 𝛾 =
1

√1−𝑣2 𝑐2⁄
 the Lorentz factor, and c the speed of light in the vacuum. These 

relations indicate that the electron orbiting the nucleus also experiences a B’-field along 

(𝑣 × 𝑟), where r is the radial vector that goes from the nucleus towards the electron. To 

reduce its internal energy, the electron spin is aligned antiparallel to the B’-field acting on 

it, locking it to its orbital momentum, a process called spin-orbit coupling. 

An altered spin-orbit interaction (SOI) at the interfaces of certain magnetic and 

nonmagnetic materials, due to structural inversion asymmetries and hybridized orbitals, 

such as Pt/Co bilayers, generates a preferential magnetization direction perpendicular to 

the interface, which then gives rise to perpendicular magnetic anisotropy (PMA). 

In addition to that, conduction electrons also interact with the atomic potentials and 

impurities, giving rise to other phenomena such as magnetoresistance (MR) and the Hall 

effects among others. 
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1.2 Saturation magnetization 

Saturation magnetization, MS, is a ferromagnetic state where all the magnetic moments 

within the material are fully saturated along a certain direction, either spontaneously or by 

applying an external field, H. 

This property is caused by the magnetic domains, microscopic regions within the magnetic 

materials where the magnetic moments of the atoms are all pointing in the same direction. 

Without the presence of H, the domains are oriented in random directions, and the net 

magnetization is considerably small; however, if H is applied, the domains will align with 

the field, and the material will be magnetized. The level of magnetization depends on the 

magnitude of domains alignment, which in turn depends on the H intensity. At a certain 

limit, Hsat, all magnetic moments are saturated along the field forming a single domain, and 

magnetization reaches its maximum, MS [2]. 

 
Fig. 1.1 –Ferromagnetic hysteresis curve expressed as M vs. H. Figure adapted from Ref. [2] 

Since saturation magnetization forces a limit on the practical usability of the ferromagnetic 

materials as electromagnets or in electronic circuits, exploring methods to tune this 

property are crucial for the development of new ferromagnetic devices. 

1.3 Magnetoresistance 

Contrary to ideal crystals, where electrons move within a periodic potential of the lattice 

with stationary states having infinite lifetime, and thus zero resistivity, real metals exhibit 
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a wide range of interactions and deviations from perfect periodicity such as impurities, 

interfaces, grain boundaries, phonons, etc. This makes it more difficult to determine a 

metal exact resistivity, and although this issue has been the subject of extensive research 

over the past century [3-6], much remains unknown. 

Moreover, in ferromagnetic materials, resistance can change depending on the orientation 

along X-, Y- or Z-axis due to additional interactions coming from both external factors 

(temperature, external field...) and material characteristics (composition, structure…). Of 

relevance to this thesis, anisotropic and spin Hall magnetoresistance will be explained in 

the following two subsections. 

1.3.1 Anisotropic magnetoresistance 

In anisotropic MR (AMR), the atomic orbitals align depending on the magnetization (m) 

orientation, giving rise to larger scattering cross-section when j ∥ m and smaller scattering 

when j ⊥ m [6,7], as shown in Fig. 1.2. 

 

Fig. 1.2 - Origins of AMR and PHE. Atomic orbitals (gray areas) change their shape with the magnetization 
direction. Left:  m ∥ j increases scattering with the cross-section and higher resistance. Center: m ⊥ j reduces 
scattering and lowers resistance. Right: m and j make a 45º angle, which induces a preferential scattering 
direction, creating a transverse charge accumulation (planar Hall effect). Figure extracted from ref [7]. 

From this alignment, the angular symmetry of AMR can be defined as:  

𝜌𝑥𝑥 = 𝜌⊥ + (𝜌∥ − 𝜌⊥) · 𝑐𝑜𝑠
2𝜑 · 𝑠𝑖𝑛2𝜃     ( 3 ) 

where  = Y  Z and ∥ = X. Note: along this project, X-axis is considered ∥ to j, Y-axis ⊥ 

to j and in-plane (IP), and Z-axis is out-of-plane (OP) [Fig. 3.3]. 

Moreover, in the case of thin film ferromagnets, the geometric confinement gives rise to 

additional contributions to the above effect, which receive the name of geometrical size 

effect (GSE). This additional contribution to the AMR arises from the SOI due to a scattering 
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of the minority spins caused by the film texture [8], rising resistivity () along the Y-axis 

compared with the Z-axis.  

On top of that, if the film thickness is lower than the mean free path of electrons, a vertical 

confinement also induces y > z, due to a purely dimensionality effect: whenever m ∥ Y, 

the electrons would suffer lower resistance along X and Z, however they are constrained 

along Z; and whenever m ∥ Z, both X and Y present lower resistance for the electrons, and 

are both unconstrained [9]. 

1.3.2 Spin Hall magnetoresistance 

In spin Hall magnetoresistance (SMR), the conductive electrons from a current (j) applied 

through a material with high SOI like Pt, suffer a deviation dependent on their spin 

orientation, generating a spin current at the sides of the material [Fig. 1.3].  

 

Fig. 1.3 - SHE. Electrons from a current j are deviated depending on their spin orientation. Spin accumulation 
is produced at the edges of the thin film layer. 

This phenomenon has several origins from extrinsic mechanisms like skew-scattering and 

side-jump and also, by intrinsic contribution [10]. 

In the Mott-skew scattering, a conducting electron approaching an impurity with velocity v 

experiences its associated magnetic field H’. This field exerts a force 𝐹 = ∇(𝑆𝐻′) in the 

electron, inducing a spin-dependent deviation, where electrons with spin upwards are 

scattered to the left and spin-down ones to the right [Fig. 1.4]. 
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Fig. 1.4 - Mott-skew scattering mechanism. 

In addition to the skew-scattering, the side-jump effect (a purely quantum mechanical 

effect with no analogous in classical mechanics) also takes place, contributing positively to 

the generated spin-current [11]. 

The intrinsic contribution to spin Hall effect does not require scattering. It arises from a 

nonequilibrium state of conduction electrons with a k-vector along ±Y. Under an E-field 

along –X, electrons gain an overall velocity along +X, and a spin polarization component 

along +Y. This induces a magnetic torque, creating an out-of-plane spin population with 

opposite sign for electrons having initial k-vector component towards +Y or -Y [Fig. 1.5]. 

 

Fig. 1.5 - Intrinsic contribution to the spin Hall effect. 

All these mechanisms can also induce the opposite effect, where a spin current is turned 

into an electrical one, a process called the inverse SHE for obvious reasons. Both SHE and 

inverse SHE cause a change in the resistivity experienced by j, called Spin Hall 

magnetoresistance (SMR) [12]. 

This resistivity variation is especially relevant in HM/FM bilayers, and its magnitude is 

greatly dependent on the magnetization orientation. When the FM magnetization is 
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aligned with the spin accumulation at the HM, the inverse SHE causes a back-flow of spin 

current, generating a charge current in the same direction as the applied j, increasing the 

longitudinal conductivity; on the other side, the electrons spin orientation may change if 

adjacent layers absorb magnetic moment, resulting in a charge current generated in the 

opposite direction as j [Fig. 1.6]. 

 

Fig. 1.6 – Representation of SMR in a paramagnetic thin film with high SOI attached to a ferromagnetic layer. 
Left: when m ∥ to the polarization of SHE spin current, the backflow reflection induces an ISHE current that 

contributes to the longitudinal current. Right: when m is  to the polarization of SHE spin current, the spin 
current is absorbed, and no ISHE current contributes to the longitudinal current. Extracted from [12]. 

This results in a characteristic SMR relation y < z ≈ x, attributed to contributions in the 

HM/FM interface being comparable to the bulk [13,14], and qualitatively distinct than 

previously seen AMR, with can be defined with the following angular symmetry: 

𝜌𝑥𝑥 = 𝜌𝑍 + (𝜌𝑌 − 𝜌𝑍) · 𝑠𝑖𝑛
2𝜑 · 𝑠𝑖𝑛2𝜃     ( 4 ) 

Another recently reported MR phenomenon in Pt/Co multilayers is the anisotropic 

interface magnetoresistance (AIMR), which arises from the interaction at the interface 

between the two metals, causing a Z > Y, with the following angular symmetry: 

𝜌𝑥𝑥 = 𝜌𝑌 + (𝜌𝑍 − 𝜌𝑌) · 𝑐𝑜𝑠
2𝜃      ( 5 ) 

1.4 Ordinary, anomalous and planar Hall effects 

The application of a longitudinal current through a conductor exposed to a magnetic field 

⊥ to j induces a transverse spin accumulation at the edges of the conductor [15]. This is 

because the conduction electrons experience the Lorentz force generated by the magnetic 

field:  

𝐹 = 𝑞 · (𝑉 × 𝐵)        ( 6 ) 
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This phenomenon is usually called ordinary Hall effect (OHE). 

As for the case of ferromagnetic materials, the spin-orbit coupling induces an extremely 

large transverse voltage, in addition to OHE, which receives the name of anomalous Hall 

effect (AHE). This effect does not depend on Bext, but rather on the out-of-plane component 

of m, and even though the origins of AHE are still under study, it is generally accepted that 

the mechanisms contributing to the SHE are equally valid for explaining the emergence of 

AHE [16]. 

Meanwhile, the planar Hall effect (PHE) is the result of a transversal preferential direction 

when conduction electrons are scattered from the d-orbitals at a 45º orientation with 

respect to j, as seen with the longitudinal AMR. Therefore, the origin of PHE is 

fundamentally different than OHE and AHE. 

Taking into account these three Hall effects, we can correlate them with the transversal 

resistance as: 

𝑅𝜔,𝐻 =
𝑉𝐻

𝐼
= 𝑅𝐴𝐻𝐸 𝑐𝑜𝑠 𝜃 + 𝑅𝑃𝐻𝐸 𝑠𝑖𝑛

2 𝜃 𝑠𝑖𝑛(2𝜑) − 𝑅𝑂𝐻𝐸𝐵𝑒𝑥𝑡 𝑐𝑜𝑠 𝜃𝐵  ( 7 ) 

Note that since AHE and PHE are several orders of magnitude larger than the OHE in 

ferromagnetic materials, the latter can be safely neglected in the analysis. 

1.5 Perpendicular magnetic anisotropy 

Usually, the equilibrium magnetization of FM thin films is oriented in-plane, due to a 

demagnetization field, which makes the magnetic energy smaller when the magnetic 

direction is aligned IP instead of OP. 

However, at the interface of a FM/normal metal bilayer, the SOI force the magnetic 

moment of the atoms perpendicular to the interface, due to an orbital hybridization 

between magnetic and nonmagnetic atoms which favors this orientation, called anisotropy 

energy. If the anisotropy energy is large enough to overcome the demagnetizing field, the 

equilibrium magnetization of the FM realigns into OP orientation. This phenomenon 

receives the name of perpendicular magnetic anisotropy (PMA). 
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Since this effect is based on the spin-orbit interaction, asymmetric deformations of the 

electrons orbital in one direction greatly enhance these interactions, and therefore the 

PMA. 

Perpendicular magnetic anisotropy can be separated into two components: when the 

deformation is caused by a crystal spacial asymmetry inside the layer, the effect is called 

the bulk PMA [17]; if the asymmetry is caused by a broken periodicity at the interface of 

the material, the effect is called interfacial PMA [18]. 

The latter component usually has larger coefficient values, since the orbit deformation of 

the electrons at the interface is more pronounced compared with the generated by crystal 

asymmetries in the bulk electrons; however, it is narrowly limited to the interface of the 

thin films. Therefore, changes at the interface (roughness, impurities) and to the thickness 

of the thin films are two major factors enhancing or suppressing PMA, as many research 

articles can corroborate [19,20]. 
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2 Objectives 

Before explaining the project, it should be noted that its focus has been changed 

significantly along the way, due to multiple complications with the materials and 

experimental instruments.  

The initial objective, studying and designing devices based on ferroelectric/ferromagnetic 

interactions, proved to be extremely laborious due to the complex range of effects involved 

in their analysis, as well as the external factors entailed in the synthesis process. Due to this 

complexity and external factors, the project had to be refocused in March towards the 

study of ferromagnetic/normal metal bilayers. 

The new objective was the identification and quantification of the spin-orbit torques and 

the unidirectional SMR in Ti-alloyed HM/FM bilayers. However, problems quantifying the 

2nd harmonic signals, due to a low signal/noise relation in the initial setup, and 

malfunctioning measures from the lock-in amplifier later used, forced to attempt 

alternative procedures, such as inverting the samples structures from Co/Pt to Pt/Co (in 

order to enhance 2nd harmonic signals), or using a DC current (as offset) in addition to the 

AC source, to later separate all signals from the 1st harmonic using mathematical 

calculations not explained in this work. 

However, these alternatives proved unsuccessful and as a result, the project had to be 

refocused once again in June to the final objective: analyze and quantify the magnetic 

signals of Pt/Co devices due to Ti-insertion via 1st harmonic measurements, as detailed 

below. 

2.1 Motivation 

Within the field of spintronics, the electrical and magnetic properties from a system such 

as the saturation magnetization, magnetic anisotropy and MR are crucial from the point of 

view of their usability. As a result, exploring new methods for measuring and/or tuning 

these properties its key for the development of potential new devices. 
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Considering that Ti is a light, nonmagnetic metal in nature, with a weak spin-orbit coupling 

[21], its insertion within the Co layer is expected to greatly affect the magnetic properties 

of the system, as well as the Pt-Co interface. 

Inspiration for this project comes from published research papers [22] and [23]. In the 

former, the presence of Cr in CoCr/Pt bilayers changes some magnetic properties of the 

material, inverting the sign of the bulk spin scattering coefficient, and thus affecting the 

unidirectional magnetoresistance under high field regimes; as for the latter, the insertion 

of thin metal spacers at the Pt/Co interface also affects numerous magnetic properties, 

such as the spin-orbit torques, magnetoresistance and magnetic anisotropy among others. 

2.2 Scope of the work 

The main goal of this project is to observe and quantify the magnetic changes in Pt/Co1-xTix 

bilayers as the xTi is increased. For that, we aim to: 

 Identify the saturation magnetization of the Pt/Co1-xTix samples, as a function of the Ti 

insertion. 

 Measure the transversal resistance of the samples under an out-of-plane field, in order 

to obtain information about the anomalous Hall effect, and the perpendicular 

magnetic anisotropy energy. 

 Evaluate the longitudinal resistance of the Pt/Co1-xTix devices under rotation along the 

three planes (XY, ZX, ZY), to analyze the changes in magnetoresistance induced by the 

presence of Ti atoms.  
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3 Experimental Methods 

3.1 Samples preparation 

All samples used in this project were provided by colleague researcher Silvia Damerio, from 

the MAGNEPIC research group, where this project has been carried out.  

They were grown on thermally oxidized Si wafers by dc magnetron sputtering, and have 

the structure //Ti(2)/Pt(4)/TixCo1-x(2.5)/Ti(3), where numbers in parenthesis indicate the 

thickness of each layer in nm, and x at the TixCo1-x alloy indicates the thickness fraction of 

Ti. In these samples, the Ti bottom layer acts as buffer, while the top one serves as capping. 

All metals were deposited at room temperature, under 3 mTorr of Ar, and a background 

pressure below 5·10-5 mTorr. The pure layer deposition conditions were:  

Metal layer Ti Pt Co 

Power (W) 200 100 200 

Growth Rate (nm/s) 0.057 0.37 0.104 

Table 3.1 – Deposition conditions of the metal layers under DC sputtering. 

As for the Ti-Co alloy layers with different composition, the co-deposition parameters of Co 

and Ti were:  

Ti Thickness Fraction 0 0.05 0.1 0.15 0.2 0.25 

Power [Co] (W) 200 200 200 200 200 200 

Growth Rate [Co] (nm/s) 6.24 6.24 6.24 6.24 6.24 6.24 

Thickness [Co] (nm) 2.5 2.375 2.25 2.125 2 1.875 

Power [Ti] (W) 0 19.2 40.5 64.4 91.2 122 

Growth Rate [Ti] (nm/s) 0 0.328 0.693 1.10 1.56 2.08 

Thickness [Ti] (nm) 0 0.125 0.25 0.375 0.5 0.625 

Table 3.2 – Deposition conditions of the Ti-Co alloy, with varying Ti thickness fraction.  

Two samples were simultaneously grown for each composition of TixCo1-x, one on a 

continuous 5x5 mm Si substrate in order to measure the saturation magnetization (MS) of 

each layer, and another on a patterned Si substrate with Hall bars. 
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The Hall bar structures, shown in Fig. 3.1, were fabricated through standard optical 

lithography followed by a lift-off, with a current linewidth w = 7.5 μm and a longitudinal 

distance between the two Hall arms, l = 30 μm. 

 

Fig. 3.1 – Left: Optical microscopy image of the Hall bar structures fabricated using optical lithography, with 
wire connections indicated. Right: Scanning electron micrograph of the active region of the Hall bar, with 
dimensions and coordinate system.  

Samples were expected to show easy-plane magnetic anisotropy, as their Co layer thickness 

(2.5 nm) is larger than the approximate threshold (1 nm) for the transition between OP 

and IP spin reorientation of Pt/Co [19,24,25]. This was confirmed in the magnetization 

curves carried out through SQUID measurements as shown later. 

3.2 Electrical setup 

As for the electrical measurements, the samples with the Hall bars were wire-bonded and 

mounted on a motorized platform, which allowed for both in-plane and out-of-plane 

rotation, regarding on the sample holder used. This platform was placed in an 

electromagnet producing fields up to ∼2 T. All experiments were conducted at room 

temperature, using an ac current density with amplitude j = (3.6 – 3.9) · 106 A/cm2 and 

frequency ω/2π = 11.092 kHz. A lock-in amplifier was used for both providing the current 

applied and collecting the voltage response [Fig. 3.2]. 
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The current density was obtained dividing the total current by the cross section of the Pt 

and Co layers, since the current flowing through the Ti buffer and cap layers can be 

neglected, considering the much lower conductivity of Ti (∼2.38 · 106 S/m) compared with 

Pt (∼9.4 · 106 S/m) and Co (∼1.7 · 107 S/m), as well as their partial oxidation due to 

reduction of the SiO2 at the substrate interface (buffer layer), and exposure to the air (cap 

layer). 

  

Fig. 3.2 – Left: picture taken of the disposition of electrical components used throughout this project. Right: 
simplified schematic view of the same disposition. 

3.3 Magnetic anisotropy and magnetoresistance 

For the magnetic properties characterization of the Ti/Pt/TixCo1-x/Ti samples, 

measurements of the 1st harmonic for both the Hall resistance (R,H) and longitudinal 

resistance (R,L) were carried out. The angle definitions and coordinate system used 

throughout this research are indicated below in Fig. 3.3. 

 

Fig. 3.3 – Indication of the angle and plane rotation definitions   

In the case of R,L, it was measured using a resistor of 9.9  coupled in series with the 

sample [see Fig. 3.2] instead of the standard measurement straight from the sample. Since 

the lock-in amplifier outputs constant voltage, measuring the voltage drop along the device 
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(between 𝑉1
± and 𝑉2

± in Fig. 3.1) would be insensitive to the magnetoresistance changes. 

Therefore, the mentioned method was used as alternative, measuring the voltage drop 

along a constant resistance connected in series with the sample, which would reflect the 

magnetoresistance of the device due to changing total current. 

R,L can be easily obtained measuring the change in voltage in the resistor box, considering 

Ohm’s law,  𝐼 = 𝑉/𝑅: 

𝑅𝜔,𝐿 =
𝑉𝑠𝑎𝑚𝑝𝑙𝑒

𝐼𝑠𝑎𝑚𝑝𝑙𝑒
=

𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑−𝑉𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟

𝑉𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟 𝑅𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟[=9.9 Ω]⁄
    ( 8 ) 

As previously mentioned in Chapter 1.4, the 1st-harmonic Hall resistance is mainly 

composed of the anomalous Hall effect (RAHE) and the planar Hall effect (RPHE) contributions, 
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𝑅𝜔,𝐻 = 𝑅𝐴𝐻𝐸 cos 𝜃 + 𝑅𝑃𝐻𝐸 𝑠𝑖𝑛
2 𝜃 sin 2𝜑     ( 9 ) 

Meanwhile, the 1st-harmonic longitudinal resistance corresponds to the standard dc 

measurement, and so it can be written as [14]: 

𝑅𝜔,𝐿 = 𝑅0 − Δ𝑅𝑍𝑋𝑠𝑖𝑛
2𝜃𝑐𝑜𝑠2𝜑 − Δ𝑅𝑍𝑌𝑠𝑖𝑛

2𝜃𝑠𝑖𝑛2𝜑    ( 10 ) 

where R0  R (m ∥ x), ΔRZX is the difference in resistance between the magnetization 

pointing along the Z-axis and the X-axis, and ΔRZY is, similarly, the difference in resistance 

between the magnetization pointing along the Z-axis and the Y-axis. 

Values for ΔRXY can be directly obtained subtracting ΔRZX from ΔRZY, since: ΔRXY = ΔRZY - 

ΔRZX. This method allows for more accurate results, neglecting the high variability found 

when making use of different sample holders (IP and OP) for the resistance 

measurements.  

 

4 Results and discussion 

4.1 Magnetic and electrical properties 

First 
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In 

Fig. 

Fig. 
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Note: 

Once the saturation magnetization analysis was done, R,H was measured while sweeping 
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𝑅𝜔,𝐻 = 𝑅𝐴𝐻𝐸 cos 𝜃 + 𝑅𝑃𝐻𝐸 𝑠𝑖𝑛
2 𝜃 sin 2𝜑

𝑤ℎ𝑒𝑛 𝜃 = 0
→       𝑅𝜔,𝐻 = 𝑅𝐴𝐻𝐸   ( 11 ) 

 

Fig. 4.2 - Rω,H of Pt/Co and Ti0.25Co0.75 as a function of OP field. 

Taking the Bz from which absolute RAHE value is maximum [Fig. 4.2], we can obtain the OP 

saturation field (Bsat), which is clearly lower with the presence of Ti in the alloy. 

 Using Bsat for each sample in combination with the MS values obtained previously, the 

effective PMA energy was obtained [10], considering:  
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𝐾⊥ = 𝑀𝑆(𝜇0𝑀𝑆 − 𝐵𝑠𝑎𝑡)       ( 12 ) 

Fig. 4.3 shows an initial increase of the K⊥, up to a 10 % xTi, where it reaches its maximum 

value, followed by an almost constant reduction as the Ti increases in the Co layer.  

This phenomenon may be explained considering that two different components contribute 

to K⊥: the bulk PMA, due to crystal asymmetries, and the interfacial PMA, caused by the 

interaction between the Pt and Co layers. 

For low concentrations, Ti atoms are mostly located within the Co bulk layer, increasing the 

crystal asymmetries while the Pt/Co interface remains mostly unaffected, raising the total 

K⊥; however, as xTi becomes considerable, more Ti atoms are located at the layer surface, 

disturbing the Pt/Co hybridization and reducing the interfacial PMA. Since K⊥ is mostly due 

to this component, further Ti insertion above this point results in a net decrease as a 

consequence. 

 

Fig. 4.3 - K of TixCo1-x samples, obtained from MS and Bsat values. 

Values of RAHE from each sample also plotted to observe its relation with xTi. RAHE values 

were calculated as (𝑅𝐴𝐻𝐸[𝑚𝑍] − 𝑅𝐴𝐻𝐸[−𝑚𝑍])/2.  



 17  

 

 

Fig. 4.4 - RAHE obtained for the TixCo1-x samples. 

Fig. 4.4 show a significant increase between 10 % and 15 % xTi, followed by a reduction 

when further increasing Ti concentration.  

A tentative explanation of this initial rise may be due to an increase in the scattering of the 

conduction electrons within the Co layer, caused by the Ti impurities, followed by a drop in 

the net magnetization of the ferromagnet as we further increase xTi, causing RAHE to 

diminish as well. However, this is a crude hypothesis, and more studies would certainly be 

needed in order to explain this complex behavior of RAHE. 

The square resistance (Rsq) was also calculated for each sample, taking into account the 

dimensions of the Hall bars and considering:  

𝑅 =
𝜌

𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠

𝑙

𝑤
= 𝑅𝑠𝑞

𝑙

𝑤
   
𝑡ℎ𝑒𝑟𝑒𝑓𝑜𝑟𝑒
→          𝑅𝑠𝑞 = 𝑅0

𝑤

𝑙
    ( 13 ) 

where R0  R,L · (m∥x). This method of obtaining the sheet resistance is approximate, 

considering the fabrication imperfections arising from different bonding and device 

conditions, which may affect the results obtained. 
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Fig. 4.5 - Sheet resistance of TixCo1-x samples. 

A general positive correlation between Rsq and the xTi can be observed in the graph (Fig. 

4.5), in spite of the anomalous low value of sample xTi = 0.15. This result is expected due to 

increased scattering of conduction electrons from Ti impurities and the resistivity 

difference of bulk-Ti (4.20×10-7 ·m) compared with bulk-Co (1.52x10-7 ·m).  

The unusual value of sample xTi = 0.15 is probably due to the fabrication imperfections 

mentioned previously. 

4.2 Magnetoresistance 

In order to study the magnetoresistance (MR), the longitudinal resistance R,L was obtained 

using the resistor box of 9.9  coupled in series with the sample, as explained in chapter 

3.3, while rotating the samples in a magnetic field of constant value in the three orthogonal 

planes [Fig. 3.3]. By measuring the change in voltage in the resistor box, R,L can be easily 

obtained considering Ohm’s law,  𝐼 = 𝑉/𝑅: 

𝑅𝜔,𝐿 =
𝑉𝑠𝑎𝑚𝑝𝑙𝑒

𝐼𝑠𝑎𝑚𝑝𝑙𝑒
=

𝑉𝑎𝑝𝑝𝑙𝑖𝑒𝑑−𝑉𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟

𝑉𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟 𝑅𝑟𝑒𝑠𝑖𝑠𝑡𝑜𝑟[=9.9 Ω]⁄
     ( 14 ) 

The field used, Bext  870 mT, was much larger than the Bsat obtained for any of the samples, 

so as to ensure full saturation of the magnetization (m) along the coordinate axis in each 

measurement, allowing for a proper quantification of the MR in each plane rotation. 
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Fig. 4.6 - Rω,L of xTi = 0 (left) and xTi = 0.25 (right) samples measured by rotating along the three planes in a 
fixed external field of 0.87 T. 

Fig. 4.6 shows R,L of samples [xTi = 0, 0.25] for the three plane rotation scan, as 

representative examples for all the samples. In all cases, the MR effect is much stronger 

when m is oriented along the Y axis, since in this situation the spins of the conducting 

electrons are aligned parallel with the magnetic field [14].   

Also, a notable increase in theRZX can be seen within the samples with Ti. This 

phenomenon will be better observed in Fig. 4.7, where the normalized magnetoresistance 

in the three planes, calculated as 100 · [∆𝑅𝑋𝑌, ∆𝑅𝑍𝑌]/𝑅0 (remember: R0  R[m ∥ x]), is also 

shown as a function of xTi. 

         

Fig. 4.7 – Magnetoresistance in the XY (left), ZY (center) and ZX (right) planes, expressed as a percentage of 
the corresponding R0 for each sample. 

In Fig. 4.7 the magnetoresistance is similar in XY and ZY planes, being around 0.46 % in the 

case of the reference sample with the pure Co layer, and decreasing as the layer 

composition is changed, down to around half the reference value for xTi = 0.25. This change 

in the MR is due to the decrease in the magnetization of the Co as the layer Ti concentration 
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is increased. To confirm this, RXY/R of each sample was also plotted against its 

corresponding MS in Fig. 4.8 (note that sample with xTi = 0.10 was omitted, due to its largely 

anomalous magnetic values, as seen in Fig. 4.1, probably due to impurities or defects). In 

the graphic, a reduction in the RXY/ magnetoresistance is observed alongside the decrease 

in MS of the Pt/TixCo1-x samples. 

 

Fig. 4.8 – Magnetoresistance in the XY plane as a function of the saturation magnetization. 

As for the ZX case, the MR seen in Fig. 4.7 is much smaller (almost one order of magnitude 

lower) compared with the XY and ZY planes. Interestingly, it also shows opposite sign in 

comparison with the anisotropic magnetoresistance (AMR) corresponding to bulk Co [8], 

as well as opposite behavior compared with the XY and ZY planes, as any Ti concentration 

causes a significant increase of over 3 times the MR of the reference sample [Fig. 4.7]. This 

unexpected behavior is similar to results from recent published papers [14,26,27], where 

the interaction between Co and Pt at the interface generates a MR effect different than 

seen previously, with aZ larger than Y, called the anisotropic interface MR (AIMR). This 

effect could be responsible for the RZX increase, nevertheless, further investigations 

would be needed to understand the origins of this AIMR effect. 

Overall, the resistance of the samples is always the lowest when m is oriented in-plane 

along the Y-axis, and higher whenever it is orthogonally oriented, being the largest when 

m is out-of-plane. This magnetoresistive behavior is in concordance with several 

experiments performed on FM/HM ultrathin films in the last years, where they show Rxy 
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≈ Rzy > 0 and Rzx ≈ 0 with several different explanations [14,28-31], like the scattering of 

electrons in multilayer systems due to interfacial SOI or the SMR. At the same time, the 

results obtained are contrary to the AMR observed values for bulk FM materials, where the 

resistance is usually enhanced when m is parallel to j, since the conduction electrons suffer 

from s-d scattering, showing Rxy ≈ Rzx > 0 and Rzy ≈ 0 [6]. 

Altogether seems to indicate a predominant SHE contribution to the magnetic behavior of 

the Pt/TixCo1-x devices, which is progressively reduced as xTi is increased in the Co layer. 

 

 

 

 

 

 

 

5 Outline and conclusions 

In this project the changes in the electrical and magnetic properties of a bilayer, consisting 

of HM a with high SOI in contact with a FM thin film (Pt/Co), have been studied as Ti is 

inserted in the FM layer. As a result, it was observed that MS, AHE, resistivity, magnetic 

anisotropy and MR are drastically modified with the xTi in the Co layer.  

MS is almost linearly decreased down to ∼43.4 % with a 25 % Ti, compared with the 

reference sample, due to a drop of the Co effective magnetization, since Ti is a nonmagnetic 

metal. 

As for the AHE, the initial increase followed by a posterior reduction seems to indicate a 

rise in the electrons scattering in the Co layer, later overcomed by a significant decrease in 

the m as the xTi is being increased in the samples. 
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It was also found that for low levels of Ti (lower than ∼5%), K reaches a maximum, 

indicating the presence of both bulk and interfacial PMA, being the latter the biggest 

contribution to the overall K. 

Finally, the different changes found in the MR between the three planes indicates a gradual 

reduction of the Co layer magnetization with the Ti insertion, which is in concordance with 

the results from the MS analysis. Also, the relatively similar values of Rxy and Rzy, and 

much lower Rzx indicates the SHE as the predominant effect for the observed MR, as the 

spin current induced by this phenomenon generates these large magnetoresistances when 

rotated in the XY and ZY planes, possibly along with AIMR, a new MR relatively recently 

discovered. 

To sum up, and considering the results obtained, Ti insertion has proven to be a viable 

mechanism to successfully affect several electrical and magnetic properties of a HM/FM 

bilayer devices (specifically Pt/Co bilayers).  

Further research with samples of xTi within the studied would be useful for a better 

observation of the alterations in properties analyzed, as well as concentrations above the 

limits of this work, to confirm if the changes persist for higher values. Also, second 

harmonic measurements would be of great interest, as a way to characterize and quantify 

the spin-orbit torques, since this would give some better insight on the phenomena 

involved in the results obtained, in order to possibly control the above properties by 

interface engineering. 

Finally, considering the high susceptibility of the MR and spin-orbit effects observed with j 

and B applied, an optimized and systematic process for wire-bonding and mounting the 

samples would be convenient for more accurate measures, since variability in wire 

connections generate considerable changes in Rsamples, entangling the analysis. 
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