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INTRODUCTION

Today we cannot imagine our lives without ”smart” devices, like smartphones, com-
puters, smart watches and even cars. Various sensors are hidden inside each of the
modern devices, that are responsible for their ”smartness”. These tiny helpers can de-
tect magnetic fields, acting as a compass, recognize acceleration and tilt rotations of the
phone screen or diagnose various diseases and even save lives by triggering an airbag
in a car [1–4]. Nowadays for example, every car has about 60 to 100 sensors inside and
according to predictions, this number is going to increase to 200 [5], while in 1970 a car
was nearly sensorless [6].

The sensors purpose is only to detect specific properties, e.g physical or chemical in
quality or quantity, and send the acquired information to electronics for further process-
ing. Depending on the parameter of interest, various types of sensors exist, including
magnetoresistive (MR) sensors, micro-electrical mechanical systems (MEMS), chemi-
cal and optical sensors. The global sensor market was about 139 billion $ in 2017 and
predict to grow up to 287 billion $ by 2025 [7], where the magnetic sensor market is
predicted to reach 4.22 billion $ worldwide by 2026 [8].

Even though magnetic sensors account for only ≈1.6% of the global sensor market
as of 2018, they are utilized for various applications, as for instance angle sensors in
automotive [9], industrial and consumer areas [4, 10, 11], biomedical [12, 13], flexible
devices [14–16], navigation [17], space exploration [18–20].

With increasing device miniaturization as well technological progress, the require-
ments for the MR sensors of tomorrow include ultra-high sensitivity, low noise and high
signal-to-noise ratio (SNR), robustness as well as low production cost and environmen-
tal friendliness.

The main focus of this thesis is the development of highly sensitive MR sensors for
early diagnosis of Alzheimer’s (AD) and Parkinson’s (PD) diseases in the frame of the
EU Horizon 2020 MADIA Project [21]. Today worldwide around 50 million people
are living with dementia, the most common type of the neurodegenerative diseases,
including AD and PD. Current predictions estimate that by 2050 the number of people
suffering from dementia will increase to about 152 million people [22]. At present there
are no available cures for both of the disease, but most importantly, there are no means
to early diagnose them.

The state-of-the-art magnetoresistive sensors, especially based on the planar Hall
effect (PHE), were developed in the frame of this thesis and are a cornerstone of a
multidisciplinary diagnostic platform. The main working principle of this platform is
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based on detection of stray magnetic fields of magnetic nanoparticles (MNPs), which are
functionalized with AD and PD specific biomarkers and can flow in a solution inside
of a microfluidic channel, built on top of the MR sensor. The sensors are operated
at an AC current, which excites a second harmonic response, that in turn is sensitive
to the magnetic nanoparticles’s stray fields and changes the sensor’s second harmonic
signal accordingly. As the MNPs used here are of sizes between 25 and 35 nm and
their magnetic fields decay as ≈ 1/r3, where r is a distance between a particle and the
sensor’s surface, it is of extreme importance not only to achieve high sensitivity, but
also to bring the sensors as close as possible to the MNPs solution. One of the novel
approaches utilized here, is the use of the so-called compensated thin film stack, where
a top Ru layer thickness is adjusted as such to set the second harmonic response as close
as possible to zero. On top of that, the noise of the device has to be characterized to
properly choose the AC input current frequency and to ensure the best SNR.

Among various MR effects that are being used in today’s electronics, novel promis-
ing MR effects are being discovered, as for example, so-called unidirectional spin-Hall
magnetoresistance (USMR) [23]. This effect is of particular interest for modern appli-
cations, as it allows to distinguish in-plane magnetic field direction, unlike other MR
effects that are quadratic with magnetization m. Therefore, it is a perfect candidate for
future magnetic field sensors.

The USMR effect is a spintronic effect, which means it combines spin and electronic
properties of a system. In this work, various thin film stacks with Co/Pt as a core were
studied, in order to develop a material system with large USMR effect. This effect is
relatively small. It accounts only for ∼ 0.002% - 0.005% of the total device resistance
[24] in comparison, for example to anisotropic magnetoresistance (AMR) (∼ 2-4%) or
giant magnetoresistance (GMR) in spin-valves (∼ 20%) [25, 26]. Therefore one estab-
lished method of measuring is by utilizing the second harmonic voltage measurements
for longitudinal and transverse voltages. In comparison to the DC current injection, in
this method an AC current is injected into the system, which allows to separate various
effects present in the device.

One of such interesting effects that emerges in systems with Pt in the vicinity of
a ferromagnet (FM) is the magnetic proximity effect (MPE). It describes the spin-
polarization up to a few atomic layers of Pt at the interface with the FM. Such a presence
of an additional magnetic layer in a material system might lead to the emergence of new
or changes in existing effects. In this work the synchrotron based technique x-ray reso-
nant magnetic reflectivity (XRMR) was used to study the MPE. It is a powerful method
to obtain a depth-resolved magnetic profile of a thin film stack.
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In the following chapters, the relevant theoretical background as well as the experi-
mental methods, used to obtain the data, will be introduced.

The experimental results chapters are distinct by topic and they will put in light the
details of development and characterization of the corresponding samples.

The results presented in this thesis have already been published in various peer-
reviewed journals or are in preparation for publication. The corresponding articles are
referenced in the respective chapters.
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CHAPTER 1

THEORETICAL BACKGROUND

In the modern world scientific progress helps in all areas of human life. In the con-
tent of the health and disease treatment, state-of-the-art science can not only improve
people’s lives, but also diagnose life-threatening diseases. In this chapter a brief in-
troduction to the two neurodegenerative diseases, Alzheimer’s and Parkinson’s, will be
given. Further in this chapter, the physics behind the magnetic sensors, used for the de-
tection of the biomarkers, associated with the AD and PD, will be discussed. As a last
point, the theory behind the spin Hall-based effects, as well as the magnetic proximity
effect will be given, since they might be present in a magnetic thin film system and thus
influence the output of a MR sensor.

1.1 Alzheimer’s and Parkinson’s diseases

Alzheimer’s disease is one of the neurodegenerative diseases, which main symp-
toms are progressing loss of memory and cognitive decline, including the time or place
confusion. Additionally, behavioral symptoms as personality changes and depression
often occur [27]. Presently, there are no cure available, moreover, there are no reliable
diagnostic methods, and none of the existing methods can identify the AD at the early
stages, before any symptoms occur. To better understand the mechanism behind the AD
progression, a closer look into the nervous system must be taken.

The AD starts to develop as early as 20 years before the first symptoms are notice-
able. When people reach final stage of the disease they are bed-bound and are in need of
constant care. Ultimately, AD is fatal and in 2016 accounted for over 2 million deaths
globally, out of which almost half a million in Western Europe [28].

There are two proteins in the brain that are heavily involved in Alzheimer’s progres-
sion. One of them is β-amyloid, which reaches abnormal levels in the brain of someone
with Alzheimer’s and forms plaques outside neurons that collect between neurons and
disrupt cell function (see Fig.1.1). These β-amyloid plaques contribute to cell death
as they interfere with neurons’ communication at synapses [27]. The second protein,
called tau (τ ) protein, forms neurofibrillary tangles inside neurons and thus blocks the
neuron’s transport system. At the early stages of the disease the immune system is acti-
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CHAPTER 1. THEORETICAL BACKGROUND

vated and clears the plaques and tangles, however with time it cannot keep up and that
is the time, when a patient starts to show the first symptoms.

Diseased 

neuron

Disintegrating

 microtubules

Disintegrating

 microtubule

Microtubules

subunits fall apart

Tangled clumps

of � proteins

Healthy 

neuron

Microtubules

Stabilizing �

 molecules

Figure 1.1: Comparison of the healthy and AD-damaged neurons (Diagram via Wiki-
media Commons).

Unfortunately, it is not clear, how exactly these proteins relate to each other, or what
makes them to accumulate to such damaging levels [22].

Parkinson’s disease is another type of progressive neurodegenerative disorder, that
affects the dopamine producing nerve cells in the brain. Parkinson’s disease symptoms
include muscle rigidity, rest tremors, changes in speech, gait and bradykinesia, as well
as other non-motor symptoms like depression and sleep disorder. Current detection
methods are based on clinical criteria, as there is no definitive test for the diagnosis
except for the confirmation of the hallmark Lewy body on autopsy [29]. Additionally,
it is challenging to identify the PD at the early stages, when the signs and symptoms
overlap with the other syndromes [30]. However, unlike in case of AD, Parkinson’s
patients do not loose their identity and can live long with the disease.

One of the main protein linked to the PD progression is α - synuclein [31], which
is a natively unfolded presynaptic protein. When fibrillar α - synuclein is present in
the brain it acts as a major structural component of Lewy bodies in PD progression.
When accumulated, α - synuclein disrupts basic cellular functions and leads to death
of dopamine-generating cells in the substantia nigra, a region of the midbrain [31].
Current treatments of PD include Levodopa, the most commonly prescribed medicine,
which is transformed into dopamine by the brain cells. Among other medications and
treatments are dopamine agonists, the drugs that act like dopamine in the brain, and deep
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brain stimulation. The treatments can help to relieve the symptoms, but the disease is
incurable.

As both AD and PD start developing decades before the first symptoms are visible
and there are no reliable methods to detect the diseases at early stages, yet, it is crucial
to develop accurate and versatile early diagnoses tools. This could help not only to start
an early treatment and possibly decelerate the disease progression, but also to boost
research and development of the AD and PD cure.

One of the solutions for the early diagnostics can be the combination of the various
state-of-the-art technologies from different fields (biology, chemistry, physics, medicine)
into building a multidisciplinary platform, which can quickly and accurately detect the
targeted biomarkers corresponding to the disease of interest in the patient’s sample. Ide-
ally, this would involve saliva or blood samples, as they are easy to collect and handle
in comparison to the cerebral spinal fluid, which is used nowadays.

Such a technology is a fundamental milestone of the EU Horizon 2020 MADIA
project [21]. In this project magnetoresistive sensors of different types have been de-
veloped for further use as sensors of magnetic nanoparticles, which bind to the targeted
biomarkers. The main results of the work within the MADIA project is discussed later
in this thesis (see Chapter 3).

1.2 Magnetoresistive effects

Magnetoresistive effects play an important role in today’s electronics and are the
basis of many MR devices available nowadays. Among the wide variety of applications,
ones of the most common are the hard disk drives (HDDs), magnetic random access
memory (MRAM) [32–34], magnetometers, biomedical devices and others [4, 10–17].

As the name suggests, magnetoresistance is a change of the electrical resistance in
the presence of a magnetic field. The first experiments were conducted in the 19th cen-
tury and currently there is a whole family of MR effects, that differ in their underlying
mechanisms, but ultimately are characterized by the MR ratio, which is the change of
the electrical resistance in the presence and absence of the external magnetic field.

In this work, the MR sensors based on several magnetoresistive effects, in particu-
lar anisotropic magnetoresistance, the planar Hall effect, tunneling magnetoresistance
(TMR) and unidirectional spin-Hall magnetoresistance will be discussed. The effects,
being different in their working principle, also differ in the production cost, as well as
in such important parameters like sensitivity, noise and robustness. Depending on the
target the parameters can vary in their significance. For example in space-related appli-
cations the ability to function under harsh environmental conditions may be a deciding
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factor [20].

1.2.1 Anisotropic magnetoresistance and planar Hall effect

The first observation of a magnetoresistance was carried out by William Thomson
(Lord Kelvin) in 1856. He discovered that the resistance of an iron piece increases if the
current and magnetic field are applied in the same direction [35]. If the current is applied
perpendicular to the magnetic field, the resistance of the iron piece decreases. After the
initial experiments with an iron slab, Thomson continued his experiments with nickel.
He detected the similar behavior as previously, however, stronger in amplitude [35].
This effect is known today as the anisotropic magnetoresistance effect. The change of
the electrical resistance in this case is caused by the simultaneous action of spin-orbit
interaction and the magnetization of the ferromagnet [36].

The AMR effect is measured in the longitudinal geometry as shown in the Fig.1.2
(a) (green curve). The resistivity, then depends on the angle between the magnetization
and the current and can be expressed as follows

ρxx = ρ⊥(1 +
ρ∥ − ρ⊥

ρ⊥
cos2 θ), (1.1)

with ρ∥ and ρ⊥ being the resistivities along and perpendicular to the magnetization, and
θ is the relative angle between the magnetization vector and the current [37]. The AMR
ratio is a measure of the effect’s amplitude and can be expressed as [25, 38]

∆ρ

ρ
=

ρ∥ − ρ⊥
ρ⊥

. (1.2)

It took over a century to detect the equivalent of AMR in the transverse geometry,
which is called planar Hall effect [39]. Similarly as for AMR, the equation for the PHE
can be derived as [37]

ρxy = (ρ∥ − ρ⊥) sin θ cos θ. (1.3)

Figure 1.2 shows an example of the AMR and PHE measurements in a four-point
geometry for a Hall cross structure. Here, ρxx corresponds to AMR and ρxy to PHE,
while j denotes the direction of the applied current. As the result of such a measurement,
an angular dependence of both effects can be determined (see Fig.1.2 (b)).

Ultimately, the both effects have the same origin as was shown for the nanocrys-
talline Co20Fe20B20 [37]. The major mechanism behind the effects depend on the mate-
rial. In strong ferromagnets it is linked to the spin-orbit coupling (SOC), which enables
the s-d scattering. Campbell et al. [40] demonstrated, that when spin-orbit coupling
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�xx

j

M

�
�xy

(a) (b)

Figure 1.2: AMR and PHE effects comparison. (a) Shows a typical Hall cross structure
and measurement geometry for the longitudinal ρxx (AMR) and transverse
ρxy (PHE) resistance cases. (b) Represents an exemplary angular depen-
dence of the both effects.

in the d band is present in a system, it makes the mixing of spin-up electrons from the
d band into the spin-down d band possible. Furthermore, the calculations show that
during the mixing process there is a part of resistivity originating from the spin-down
electrons, is shifted to the spin-up electrons resistivity and here is where the anisotropy
comes from, since this effect appears to be about two times stronger, when the traveling
direction of the electrons relative to the magnetization is parallel.

Both AMR and PHE are widely used for sensing applications, mostly as magnetic
field sensors [18, 41], rotational sensors [42] and others. Although both effects are uti-
lized nowadays, PHE has a number of advantages over AMR, e.g. linearity near zero
field, low signal offset (< mV) [43]. The effect size in case of AMR varies for different
materials, however typically do not exceed few percents at room temperature. The AMR
amplitudes of 2.0 % for fcc Co and 2.2 % for fcc Ni were reported by Malozemoff et

al. [44]. While in the case of CoFeB the AMR amplitude of 0.22 % was measured [37].
However, with the discovery of giant magnetoresistance and later tunneling magnetore-
sistance, most of the attention has been shifted towards the newer effects with higher
MR ratios.

1.2.2 Giant and tunneling magnetoresistance

In 1988 A. Fert and P. Grünberg independently reported a new magnetoresistance
effect [45, 46] for Fe/Cr layers with antiferromagnetic interlayer exchange coupling.
In both cases the measurements were performed at low temperatures regime and the
measured effect size was 50% at 4 K and 10% at 5 K. The new effect was called Giant
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Magnetoresistance (GMR) and has a different physical origin as compared to AMR
and PHE. For the discovery of Giant Magnetoresistance A. Fert and P. Grünberg were
awarded the Nobel Prize in Physics in 2007.

Unlike the AMR, the GMR effect occurs in tri- or multilayer systems, with two
ferromagnetic materials being sandwiched between a non-magnetic conductor (eg. Cu,
Cr, Ru etc), with layer thicknesses of tenth to few nanometers. Due to the Ruderman-
Kittel-Kasuya-Yosida (RKKY) [47–49] interlayer exchange coupling, the ferromagnets
can be coupled ferromagnetically or antiferromagnetically. Figure 1.3 depicts the oscil-
lating nature of the RKKY coupling, in which the positive sign of the coupling strength
corresponds to antiferromagnetic (AFM) and negative sign to ferromagnetic (FM) cou-
pling, respectively. In the presence of an external magnetic field, the magnetization of
both ferromagnetic layers is forced to align parallel to each other.

AFM

FM

Figure 1.3: RKKY interlayer exchange coupling strength as a function of interlayer ma-
terial thickness, in this example Ru sandwiched between Ni80Fe20 ferromag-
nets (adapted from Ref. [50]).

Figure 1.4 represents the two distinct states with maximum and minimum resis-
tances. If the layers are magnetized in the opposite direction with no external magnetic
field applied (Fig.1.4 (a)), the resistance is higher, when compared to the parallel align-
ment in the presence of a strong magnetic field (Fig.1.4 (b)).

Such a behavior can be explained by the spin-dependent scattering. This mechanism
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FM FMNM

R

R

(b)(a)
FM FMNM

R

R R

R R

R

Figure 1.4: GMR effect shown for a trilayer structure FM/NM/FM, with FM and NM
being ferromagnetic and non-magnetic materials respectively. (a) Describes
a case of the AFM alignment. (b) Represents the ferromagnetic alignment
of the two FM. The parallel resistances scheme shown below visualizes high
(R↓) and low (R↑) resistance states.

can be explained by the two channel model, first proposed by Mott in 1936 [51]. In
this model Mott describes the electrical current in metals separated in two independent
parts, one with spin-up (↑) and one with spin-down (↓) electrons. Thus, the difference
in the resistance occurs from different scattering of the majority and minority electrons.
Therefore, the GMR ratio can be expressed as [52, 53]

∆R

R
(%) =

(R ↓ −R ↑)2

4(R ↑ R ↓)
, (1.4)

in which ∆R
R

is the GMR ratio and R↑(↓) are the resistance of the spin up (spin down)
electrons.

The above discussed basics of the GMR effect are shown for simple multilayer struc-
tures. In general, the GMR systems can be sorted into three groups, with different con-
trol of the magnetic order [54]:

• Ferromagnetic multilayers, coupled antiferromagnetically. The simplest structure
FM/NM/FM as used in [45, 46].

• Multilayers with different FM layers coercive fields, e.g. FM1/NM/FM2, as for
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example Ni80Fe20/Cu/Co/Cu, first shown by Shinjo et al. [55].

• Spin valves, with one of the FM layers being pinned by a neighboring AFM layer,
thus making this ferromagnet ”fixed” or ”pinned”, while the second FM layer is
then free to rotate. Such a concept was first introduced by Dieny and colleagues
[56] and became widely used due to high sensitivity in near-zero fields.

Each of the above mentioned groups have their advantages and disadvantages, and used
depending on the application, available production facilities etc.

Already in 1975, i.e. long before the GMR, another MR effect was reported, in
which the non-magnetic conducting layer is substituted by an isolator, only few atomic
layers thick. This effect is called tunneling magnetoresistance, due to the quantum
tunneling process of the electrons through the insulating barrier. A typical system to
realize TMR device is a magnetic tunnel junction (MTJ), as depicted in Fig. 1.5 (a).

E

E = EF

DOS(b) (c)

Figure 1.5: (a) An example of a MTJ in the current-perpendicular-to-plane (CPP) ge-
ometry. (b) The tunneling process in the case of the parallel alignment of
the magnetizations of both FM electrodes. (c) Illustration of the antiparallel
alignment of the magnetizations.

The first reported TMR ratios were measured at low temperatures and did not exceed
few tenth of percent [57, 58]. These works did not gain enough attention back in their
time and only after the discovery of GMR, a significant amount of research was put
towards improvement of the TMR effect. Moodera and colleagues as well as Miyazaki
and Tezuka [59, 60] reported the first TMR observations at room temperatures with
the effect size of 10% for CoFe/Al2O3/Co and and Fe/Al2O3/Fe structures, in which
amorphous Al2O3 was used as an insulating barrier. Later, the typical TMR ratios of
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1.3. NOISE IN MAGNETORESISTIVE SENSORS

35% [61, 62] were achieved with alumina barriers and a maximal value of 80% was
reported by Wei et al. [63] for microscale ring-type MTJs.

With the start of utilization of the single crystalline MgO barriers, the TMR ratios
improved as high as 604% at room temperature as reported by Ikeda et al. [64]. MgO
single crystal barrier promotes the coherent tunneling through the MTJ, thus improving
drastically the TMR ratios as compared to the amorphous alumina barriers [65–67]. One
of the direction towards the TMR enhancement, is the usage of Heusler alloys or spinel
as FM material [68–70], with a predicted TMR of 1000% for spinel MTJs [71].

1.3 Noise in magnetoresistive sensors

Noise, as any random undesirable disturbance in a system which interferes with its
intended operation [72], is important whenever the amplitudes of the processed signals
are similar to those of the existing noise. Noise is responsible for errors in measuring
the level of a weak analog signal. Consequently, noise establishes the ultimate limit
of measurement sensitivity. In general, noise can be divided into intrinsic (everything
coming from inside) and extrinsic (everything coming from outside), with the terms
inside and outside being relative to a system under study.

The total intrinsic noise, typically present in a magnetoresistive sensor, can be de-
scribed as the square root of the sum of the squares of all the incoherent noise sources

Stotal =
√
S2
1/f + S2

thermal + S2
shot (

V√
Hz

), (1.5)

with S1/f corresponding to the flicker noise, called sometimes pink noise and it has a
1/f spectrum. This type of noise can have both magnetic and electrical origin and can
be typically described as following [73]

S1/f =

√
V 2γH

NCf
, (1.6)

with V being the applied voltage, γH is Hooge constant, NC is charge carrier density.

The terms Sthermal + Sshot are thermal and shot noise, respectively, which are fre-
quency independent and called white noise. Thermal noise is present in every system
due to random motion of free electrons within a piece of a conductor. In 1928 H. Nyquist
derived a formula for an idealized resistor, while J.B. Johnson confirmed it experimen-
tally in the same year, hence, thermal noise is often called Johnson-Nyquist noise [74,
75]
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Sthermal =
√
4kBTR, (1.7)

in which kB is Boltzmann’s constant, T the temperature (on the Kelvin scale) and R the
resistance of the material.

Shot noise, on the other hand, emerges due to fluctuations of the charge current and
can be described by the Schottky formula, expressed for voltage by [76]

Sshot =
√
2eIrmsR2, (1.8)

with e being the electron charge and Irms the root mean square AC charge current am-
plitude.

Another important parameter is the so-called 1/f knee, that gives a frequency, above
which white noise is dominant. It is paramount to know this frequency when operating
in the AC regime, to be sure no flicker noise is present. In general, even in case of highly
sensitive MR sensors, large noise in the operating frequency range can be an obstacle
and reduce signal-to-noise ratio.

In principle, an objective comparison of the noise in various MR sensors is problem-
atic since the size, magnetic materials and their thickness, as well as shape and overall
complexity of the system typically vary considerably. Overall, the requirements to noise
and SNR are usually set by the final application of the MR sensor.

1.4 Spin Hall effects

The ability to create, propagate and control spin currents is at the heart of today’s
spintronics. One of the main mechanisms behind is the spin Hall effect (SHE), which
arises in materials with strong spin-orbit coupling. SHE thus allows to convert a charge
current into a transverse spin current. Nowadays, many spintronic devices utilize SHE
based phenomena, such as the spin Hall magnetoresistance (SMR), unidirectional SMR
and spin-orbit torques (SOTs). For instance, unlike a conventional spin-transfer torque
(STT) MRAM, for which high charge current densities are required to switch the mag-
netization, SOT based MRAM could need two to three orders of magnitude less charge
current density to flip the magnetization state. Hence, such a memory cell would be
more robust and thermally stable as less Joule heating affects the system [77–79].

In 1879, Edwin Hall performed experiments with metallic conductors and found that
such materials generate a charge voltage in transverse direction [80] as depicted in Fig.
1.6 (a). This behavior was attributed to the Lorentz force acting on the electron charge
current [81]. However, later he reported a different effect of magnetic and non-magnetic
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conductors. In case of a ferromagnetic material, in addition to the contribution propor-
tional to the magnetic field, there was another, magnetization dependent, component.
This additional component is today known as anomalous Hall effect (AHE) (see Fig.
1.6(b)).

jc B jc B

Figure 1.6: A schematic representation of the different Hall effects. (a) Hall effect in
metals, with jc being the charge current density, B the magnetic field, ap-
plied perpendicularly to the sample plane. (b) AHE in ferromagnetic mate-
rials. (c) The SHE, for which in the absence of an applied magnetic field
electrons with different spins are deflected transversely, js spin current can
be measured perpendicularly to the injected charge current.

In contrast, in paramagnetic materials with strong SOC (e.g. Pt, Ta, W), a net trans-
verse spin current is detected when a charge current is driven into the material, as shown
in Fig. 1.6(c), without any additional out-of-plane magnetic field.

The first theoretical prediction of the possibility to transform charge current into
spin current by means of SOC was discussed in 1971 by Dyakonov and Perel [82]. The
pioneering experimental confirmation followed few years later, when Chazalviel and
Solomon measured quantitatively the spin Hall effect of InSb [83] and in Ge [84] with
exceptionally high accuracy. However, the more intensive research emerged with the
works of Hirsch et al. and Zhang et al. three decades later [85, 86], which revived
interest on the topic. The subsequent experimental observations of the SHE were then
reported for semiconducting GaAs and InGaAs [87, 88].

There are several mechanisms, responsible for the SHE, which can be divided into
intrinsic and extrinsic effects. Figure 1.7 depicts a schematic representation of the three
mechanisms, which include skew scattering and side jump (extrinsic), and intrinsic.

In the case of the spin skew scattering mechanism (see Fig. 1.7(a)), SOC creates an
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(a) (c)(b)

intrinsicside jumpskew scattering

scattering 

   center

Figure 1.7: A sketch of the different SHE mechanisms. (a) Spin skew scattering. (b)
Side jump. (c) Intrinsic Spin Hall effect.

effective magnetic field gradient. Thus, a net force to or away from a scattering center
exists. Hence, when SOC is present in a system, spin skew scattering generates the SHE
[81, 89]. Side jump scattering arises via difference in spin dependent acceleration and
deceleration. After a number of scattering processes this creates an effective transverse
displacement of the electron (see Fig. 1.7(b)). In contrast, intrinsic SHE arises in the
absence of scattering due to the Berry curvature of the crystal’s band structure, as shown
in Fig. 1.7(c).

As a measure of charge to spin current conversion effectiveness, a spin Hall angle
θSH is introduced as

θSH =
js
jc
, (1.9)

with js and jc being spin and charge current densities, respectively. Spin Hall angle
θSH values vary for different materials. Among the largest reported θSH are -33% for
β-phase W [90] and ∼ 10% for Pt. However, the θSH values vary strongly depending
on the deposition method and parameters, such as temperature and impurities, as it was
shown for Pt by Sagasta et al. [91]. They measured the spin Hall angle of 10% for
sputtered Pt films which correspond to the moderately dirty regime. In contrast, the
authors report θSH < 3% for the superclean metal regime, obtained via evaporated Pt.
Alternatively, instead of single materials, various alloys are investigated nowadays in
order to enhance the spin Hall angle, for example W0.7Hf0.3 all amorphous alloy (θSH =
20%) [92] or Pd0.1Pt0.9 (θSH =18%) [93].

The SHE is responsible for various phenomena in spintronics applications. For in-
stance, a new type of magnetoresistive effect, based on SHE, was reported in 2012 [94,
95] and is called spin Hall magnetoresistance (SMR). Various explanations exist for
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the origins of the SMR, as for example Huang et al. discuss SMR in terms of a static
magnetic proximity effect in Pt for Pt/yttrium iron garnet (YIG) bilayers [96]. It was
also shown that SMR can be explained by a non-equilibrium proximity effect, which is
generated by SHE and inverse spin Hall effect (ISHE) [95].

1.4.1 Unidirectional spin Hall magnetoresistance

Recently, another type of SHE-based magnetoresistance was discovered by Avci et

al. [97], for which the resistance of a sample changes, when either charge current or
magnetization direction is reversed. Therefore, it was named unidirectional spin Hall
magnetoresistance. Unlike other MR effects (AMR, GMR, TMR), this effect is linear in
magnetization, meaning 0◦ and 180◦ in plane magnetization states can be distinguished.
Thus, USMR can be potentially used as an in-plane magnetic field sensor, as well as for
memory applications [24].

The USMR was first detected as nonlinear longitudinal resistance term of second
harmonic order (2ω). Such detection is possible, when an alternating charge current is
injected into the system (more details on the measurement technique will be given in
Chapter 2). The detected signal was found to have a distinct angular dependence R2ω ∼
sinθ sinφ ∼ My, for which θ and φ are the angles depicted in the inset of Fig. 1.8.

x
y

z

�

�

jc

FM

NM

FM

NM

jc

Figure 1.8: A schematic description of the USMR. The inset on the left hand side shows
the axes, with φ being the angle between the injected charge current jc and
the FM magnetization. Due to the SHE, a spin accumulation at the FM/NM
interface is generated. (a) Represents the case when the spin accumulation
at the FM/NM interface has the same direction as the magnetization of the
adjacent FM. (b) Depicts the case when the charge current direction is 180◦

- rotated, resulting in the opposite directions of the spin accumulation at the
interface and the magnetization.

Figure 1.8 describes in detail the USMR effect for the case of FM/NM bilayer. When
a charge current is injected into such a system, a spin accumulation in the NM will be
generated due to the SHE at the FM/NM interface. Hence, when the direction of the
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spins at the FM/NM interface and the magnetization of the ferromagnet are matching,
a high resistance state is observed (Fig. 1.8(a)). On the other hand, when the direction
of the injected charge current is reversed, as can be seen in the Fig. 1.8(b), the system
is in the low resistance state. Such a difference of the resistances arises from the spin
dependent electron mobility in FM, similarly to the current-in-plane GMR effect [97,
98].

The USMR effect has common features of the current-in-plane GMR and SHE.
It can be described by the drift-diffusion model, for which two separate conduction
channels for the majority and minority electrons exist. When the SHE is present in
a system, a splitting of the spin-dependent electrochemical potentials occurs. Thus, a
net spin accumulation at the interface µs = µ↑ − µ↓ exists, with µ↑ and µ↓ being the
spin-dependent electrochemical potentials for spin ↑ and spin ↓, respectively. As was
theoretically calculated by Zhang and Vignale [98], the USMR depends strongly on
both FM and NM layer thickness. When one of the layer thickness (t) is smaller than
the spin diffusion length (λ), the USMR would be non-existent. While for the case
of thicker films, with t ≫ λ, a larger portion of the current is shunted into the bulk
and consequently the interfacial effects are non-pronounced, leading to decrease of the
USMR effect, as it was studied experimentally in detail by Yin et al. [99].

Usually, other SHE-related phenomena are also present in systems exhibiting the
USMR effect. One of those effects is the SOT.

1.4.2 Spin-orbit torques

In materials with strong spin-orbit coupling like Pt, Pd, W, Ta, due to SHE, SOTs
can emerge, which can affect and eventually switch the magnetization of an adjacent fer-
romagnet [100–103]. The first discussion on the possibility of switching magnetization
via current was suggested by Slonczewski in 1996 [104]. The SOTs can be described
by the Landau-Lifshitz-Gilbert-Slonczewski equation

∂−→m
∂t

= −γ−→m ×Heff + α−→m × ∂−→m
∂t

+
γ

Ms

−→
T , (1.10)

in which γ is the gyromagnetic ratio, α is the Gilbert damping term, Ms is the saturation
magnetization and −→

T is the sum of all torques. The unitary magnetization direction −→m
can be defined as

−→
M
Ms

.

In the case of SOTs, the term −→
T can be described as

−→
T =

−→
T FL +

−→
T DL, (1.11)
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Figure 1.9: A schematic depiction of the SOTs generated by the SHE in a FM/NM bi-
layer. Here, the case of the out-of-plane magnetized FM is shown, with the
magnetization vector −→M represented by a black arrow.

with −→
T FL and −→

T DL being the field-like (FL) and damping-like (DL) SOTs, respectively.
These torques can be represented via the effective magnetic fields −→B FL,DL as [79]

−→
T FL,DL =

−→
M ×−→

B FL,DL. (1.12)

When a charge current jc is applied along the x direction as depicted in Fig.1.9, the
effective fields can be rewritten as

−→
B FL = BFL

−→y , (1.13)

−→
BDL = BDL

−→m ×−→y . (1.14)

From the Eq. (1.13), it can be seen that −→B FL originating from the field-like SOT acts on
the magnetization as a transverse magnetic field, as shown in Fig. 1.9 (in red color). DL
effective field BDL, in contrast, is also called ”longitudinal field” and is acting similarly
to the Gilbert damping, as depicted in Fig. 1.9 with a green arrow. Figure 1.9 shows
an example of both FL and DL effective fields acting on the magnetization in case of
an out-of-plane magnetized FM. The origin of the DL and FL torques are being under
debate in the past years. It has been proposed that the DL SOT originates from the SHE,
while FL SOT is associated to a simultaneous action of spin Hall and Rashba effects
[105]. The typical values of the BDL and BFL are of the order of 0.1 to 10 mT, whereas
for the case of DL torque, the sign correlates with the θSH sign of the NM.

As the DL and FL effective fields depend strongly on the injected current density, a
spin torque efficiency term has been proposed in order to compare the SOT strength in
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various systems. The spin torque efficiency is defined as

ξDL,FL =
2e

h̄
MstFM

BDL,FL

jc
. (1.15)

Here, e is the electron charge, h̄ is the Planck constant, tFM is the thickness of the
ferromagnetic layer. The value of ξ reflects the ratio between the effective spin current
absorbed by the FM and the charge current injected in the NM. Therefore, in the case
of the DL torque, the efficiency is equal to the spin Hall angle θSH . As a result, the
determination of the SOTs in a system is one of the most efficient ways to extract the
bulk θSH values in the limit of a transparent interface and insignificant memory loss
[79].

1.5 Magnetic proximity effect

It was mentioned before that in some cases, when a material such as Pt is in the
vicinity of a ferromagnet, the magnetic proximity effect (MPE) arises, thus leading to a
spin-polarized Pt layer at the Pt/FM interface. Pt and Pd have a large θSH and, therefore,
are often used as spin-current generator or detector. The detection of various effects such
as spin Seebeck, SMR and others can be hampered, if there is MPE in Pt. Hence, it is of
great importance to study and analyze the MPE in spintronic systems in order to obtain
a clear picture of the origin of the effects.

A number of materials, which are close to the Stoner criterion [106], can become
magnetic due to the MPE, including Pt [107], Pd [108, 109], V [110, 111], Cr [112] and
Ru [113].

Figure 1.10: Schematic view of the density of states (DOS) in FM and NM. (a) DOS for
ferromagnetic 3d metals. (b) DOS of a 3d paramagnetic metal. EF denotes
the energy at the Fermi level (adapted from Ref. [114]).

To better understand the nature of the MPE, it is helpful to look back at the origins of
ferromagnetism. In 1928 Heisenberg [115] introduced a theory, in which the interaction
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energy between two spins S1 and S2 can be described as

w12 = −2JexchangeS1 · S2, (1.16)

with Jexchange being the exchange integral. Ferromagnetic alignment occurs in systems
with Jexchange > 0, while in the case of Jexchange < 0, antiferromagnetic alignment is
favorable [116]. This behavior is the consequence of the energy minimization in Eq.
(1.16), in which energy is lowest when Jexchange > 0 and S1∥ S2.

One of the main features of any ferromagnetic material is the presence of a sponta-
neous magnetization. Such a magnetization results from the filling of incomplete energy
shells (3d and 4f ). Figure 1.10 depicts a comparison of the density of states (DOS) be-
tween a 3d ferromagnet (e.g. Co, Ni, Fe) and a paramagnetic 3d metal. Here, for the
case of the NM, the electrons fill empty states above the Fermi level due to the Pauli
exclusion principle [117]. In such a case the kinetic energy of the whole system is high.
However, for the FM case, due to the 3d electron band the DOS at the Fermi level is
higher and therefore the kinetic energy is smaller. Thus, minimizing the overall en-
ergy of the system and making ferromagnetic ordering energetically favorable. Hence,
a Stoner criterion of ferromagnetism [106] can be introduced as

JexchangeD(EF ) > 1, (1.17)

with D(EF ) being the density of states at the Fermi level. This means that materials
with either a large exchange integral or a high DOS at the Fermi level can be stable
ferromagnets.

Materials such as Pt, Pd and some others, with the Stoner criterion <1 (0.65 and
0.8 for Pt and Pd, respectively [118]) can still become ferromagnetic up to a few atomic
layers, when brought in vicinity of a stable ferromagnet. Such a phenomenon occurs
due to the exchange interaction with the adjacent FM and this can alter the exchange
energy to promote spin dependent band splitting, thus making the NM ferromagnetic.

Up to recently, this phenomenon has been studied mostly by x-ray magnetic circu-
lar dichroism (XMCD) [119–124]. XMCD influences the x-ray refractive index and
changes it relative to the magnetization of the whole sample. The refractive index of a
material is given as

n = 1− δ + iβ. (1.18)

However, due to magnetic circular dichroism in the magnetic material, the optical pa-
rameters δ and β are altered by a fraction ±∆δ and ±∆β, depending on the helicity
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of the x-rays (↑ for circularly right and ↓ for circularly left polarizations, respectively),
thus modifying the refractive index as

n↑(↓) = 1− (δ ∓∆δ) + i(β ∓∆β). (1.19)

Therefore, the change of the reflected light intensity can be measured and further an-
alyzed. The XMCD effect is especially beneficial for experiments on transition metal or
rare earth L2,3 and M4,5 edges, respectively [125, 126]. Quantitative element and sym-
metry specific properties of the sample can be extracted from the XMCD data, making
it possible to separate spin and orbital magnetic moments. Yet, the extracted data do not
provide information on the structural properties. Additionally, the XMCD signal scales
with the thickness of the probed element, and in order to extract the thickness indepen-
dent information it is necessary to measure a thickness series. This technique requires
tunable energies, highly circularly polarized x-rays and therefore is only available at
synchrotron facilities.

However, recently another synchrotron based technique, x-ray resonant magnetic
reflectivity (XRMR) has been proven to be more advantageous over XMCD in magnetic
depth profile studies [127–129]. Moreover, it has been shown by XRMR measurements
that the MPE is mostly independent from the Pt [130] as well as FM thickness [131].
In addition, the strength of the MPE increases linearly with the FM moment [132, 133]
and can be manipulated by the use of a Ta buffer layer [134]. The XRMR measurement
technique and the fitting procedure of the experimental data will be discussed in more
detail in Chapter 2.
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CHAPTER 2

EXPERIMENTAL METHODS

In this chapter, the details of various techniques used throughout the work are dis-
cussed.

Magnetization measurements were performed using a 7 T Cryogen Free Magnet sys-
tem with a vibrating sample magnetometer (VSM). The measurements were performed
at room temperature and with in-plane magnetic fields. Additional information on sat-
uration, anisotropy and coercivity fields were obtained from magneto-optic Kerr effect
(MOKE) measurements, performed in the magnetic field range up to 2 T.

2.1 Fabrication of sensors

The thin film stacks studied in this work were deposited by magnetron sputtering
using a LEYBOLD high vacuum sputtering chamber, with a base pressure of down to
1 × 10-7 mbar. This sputtering tool is equipped with seven sources, onto which single
materials, alloys or composite targets can be assembled. All the metallic layers were
sputtered using direct current (DC) sputtering, while the MgO layer was produced by
radiofrequency (RF) sputtering. In the case of USMR samples, the protective top layer
TaOx was obtained via natural oxidation of a metallic Ta layer at ambient atmosphere.

Figure 2.1 depicts a typical fabrication process, starting from the deposition of a
thin films stack (Fig. 2.1(a)). The thin film stacks were further patterned into the desired
structures via several steps of lithography, as shown in Fig. 2.1(b) and (d). Both electron
beam (e-beam) and optical lithography techniques were used in this work. The samples
underwent a set of standard lithography steps: resist coating (photo or e-beam), heat
treatment, exposure, and development. The uniform resist coating was obtained by
manual dispersion of the resist and subsequent spincoating for 60 s at 4 krpm and 30
s at 5 krpm for optical and e-beam lithography, respectively, resulting in 1 µm and
0.35 µm thick resist. In both cases, a thermal treatment at 100 ◦C for 4 min (85 ◦C for
2.5 min for e-beam resist) was necessary.

Depending on the design, non-inverted or inverted masks were used for the lithog-
raphy. For the optical lithography, non-inverted masks, in combination with a positive
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Figure 2.1: Example of the fabrication process of a planar Hall effect sensor with a
single Hall cross patterned. (a) Thin films deposition. (b) First lithography
to define the sensor. (c) Definition of the sensor via SIMS and consequent
resist removal. (d) Second lithography step for the contact pads definition.
(e) Deposition of Ta/Au and lift-off.

resist, were utilized for the first lithography step to define the sensor’s area, while the
inverted masks were used for the definition of the electrical contacts (depicted in Fig.
2.1(d)).

To define the sensor area and remove unwanted material, secondary-ion mass spec-
trometry (SIMS) was utilized. This technique is a type of dry etching, allowing to
remove all the material, not protected by resist, via ion bombarding at an Ar pressure of
2.4 × 10−5 mbar. Here, the sample was rotating during the etching and angled at about
30◦ with respect to the ion beam. With the implementation of a mass spectrometer, it
is possible to precisely control the etching through complex stacks and thus stop the
process at the desired layer or substrate.

Finally, most of the samples fabricated within this work include a definition of the
Tantalum/Gold contact pads (as depicted in Fig. 2.1(d)). Here, an inverted mask was
used in contrast to the sensor definition step (b). After the lithography, the sample areas,
which were not covered with resist, were filled with the sputtered Ta 10/Au 80 (thickness
in nm), while the rest of the sample was protected by the resist. The contacts were then
finally defined via the so-called lift-off process, with unexposed resist being lifted off
from the sample, leaving Ta/Au only on exposed areas. The final sensor design is then
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shown in Fig. 2.1(e).

In the case of samples used for the detection of magnetic nanoparticles, further fab-
rication steps were performed, as the deposition of a protective isolating layer and the
definition of a microfluidic channel. The isolating layer (20 nm Al2O3) for PHE sen-
sors was deposited at IFW (Dresden, DE) by atomic layer deposition (ALD). Selected
sensors were then sent to SCRIBA (Bologna, IT) [135] for the microfluidic channel fab-
rication on top of the sensor. A detailed discussion on the sensors design for magnetic
nanoparticles detection will be given in Chapter 3.

2.2 Basics of the lock-in detection

Lock-in detection technique was used extensively within this work for various mea-
surements (PHE effect characterization, USMR and SOTs measurements). This tech-
nique allows to detect tiny AC signals, even if the signal of interest is obscured by noise
[136, 137]. In order to perform such measurement, lock-in amplifiers are used. Usually,
a lock-in amplifier requires a reference signal with a fixed frequency ωref , generated
either by an internal or an external oscillator. The lock-in amplifier multiplies an input
signal by the reference and integrates the result over set time, defined as a time constant.
For the sinusoidal waves the output response can be written as Vsig sin(ωref t+θsig), with
Vsig and θsig being the measured signal amplitude and phase, respectively.

The detected response can be described in the polar format by the magnitude R and
phase θ

R =
√
(X2 + Y 2) = Vsig, (2.1)

θ = arctan(
Y

X
), (2.2)

in which X and Y are the outputs in the Cartesian format and are proportional to cosθ
and sinθ, respectively. These outputs can be described as follows

X = Vsig cos θ Y = Vsig sin θ. (2.3)

The output X is typically called an ”in-phase” component, while Y is referred to as
”quadrature” component.

Usually, the input signal amplitude can be generated as peak-to-peak or rms value.
The peak-to-peak values were used for signals generation throughout this work. It is
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possible to recalculate peak-to-peak values into rms as follows

Vrms =
Vpeak−to−peak

2
√
2

. (2.4)

The rms signal was used for the calculation of the current density for all the cases, as it
describes the average current flowing through a sample.

2.3 Magnetic nanoparticles detection

The PHE sensors developed within this work were characterized utilizing a multi-
demodulator lock-in amplifier (Zurich Instruments MFLI-MD). A sensor was stimulated
by an alternating current at a frequency f = 767.13 Hz (ω = 2πf ) and first (1ω) and
second (2ω) harmonics of the transverse voltage were then measured, as depicted in
Fig. 2.2. This technique gives an advantage for the detection of magnetic nanoparticles,

0
.8

 c
m20 µm

Gold contact lines

0.9 cm

Area for

 �fluidics

The whole chip

Area for �fluidics

Hall cross from the sensor stack
Vxy

IAC

Figure 2.2: Schematic representation of the PHE sensor geometry for the harmonics
characterization.

since there is no need in using an external magnetic field in order to magnetize the
MNPs. Moreover, the 2ω signal is smaller in comparison to the 1ω or DC response (few
µV vs. few mV, respectively), hence it is more sensitive to the small changes of voltage
output, associated with the presence of MNPs.

The detection of magnetic nanoparticles is realizable due to the combination of sev-
eral principles. When an AC current is applied to the sensor, as depicted in Fig. 2.2, it
generates an AC magnetic field (Oersted field) in its vicinity. The nanoparticles, being
superparamagnetic, become magnetized due to the Oersted field, when they are above
the sensor. Consequently, the magnetized nanoparticles possess AC stray fields, which
interact with the magnetic field in the sense layer, changing the magnetization of the

26



2.3. MAGNETIC NANOPARTICLES DETECTION

sense layer. The transverse voltage, resulting from the planar Hall effect, is proportional
to the product of the in-plane magnetization components mx · my. The PHE signal has
two components, corresponding to the first and second harmonics. The 2ω component
is the one sensitive to the MNPs stray fields and changes, when a magnetic particle is
present in sensor’s vicinity.

The magnetic field of any particle can be described as a function of a distance r

between the particle and the sensing layer and can be written according to the Biot-
Savart law as follows

|B⃗(r⃗)| ∼ mMNP

r3
, (2.5)

with mMNP being the magnetic moment of the particle.

x

y
z

r

sensing layer

Figure 2.3: A depiction of a magnetic particle with its stray field above a magnetore-
sistive sensor in a Hall cross design, in which r is a distance between the
particle and the sensing layer.

Figure 2.3 shows the case, in which a single particle is located on top of the sensor.
For accurate particle detection several requirements must be met:

• Isolation of the structures, to avoid short circuiting, fluid leakage and/or material
corrosion.

• The distance r must be as small as possible, according to the Eq. 2.5.

• Ideally, no external magnetic field should be present, as it will saturate the sensor
and disturb the detection procedure.

• The sensors must exhibit high sensitivity and low noise.

• The sensors’ magnetic field dependence must have a linear-regime at zero field,
as well as no hysteresis.

27



CHAPTER 2. EXPERIMENTAL METHODS

There are several ways to detect MNPs, two of which were used in this work. The
first method is static detection, with a drop of a diluted MNP solution placed on top of
the sensor with a micropipette. The sensor’s output signal was measured before and after
the drop placement and then compared, where a change in signal was then associated
with the particles.

Another detection method is based on the combination of the magnetoresistive sen-
sor and a microfluidic channel, fabricated directly on top of the sensor allowing con-
trolled flow of the MNP solution, making it a dynamic method. The measurement setup
for this case is shown in Fig. 2.4.

a
ir

Figure 2.4: Schematic representation of the flow of the magnetic nanoparticles inside
the microfluidic channel fabricated on top of the MR sensor. The flow of
the MNPs is controlled via a microfluidic pump and the sensor’s response
signal is then measured by a lock-in amplifier.

Here, a microfluidic pump was used to move the MNP solution within the microfluidic
channel. The experiment protocol consisted of several steps, starting with pumping of
a reference solution (typically deionized water). After measuring the sensor’s response
for a certain time with no changes observed, the nanopartcile solution was pumped
through the channel. In this case, as depicted in Fig. 2.4, an air bubble was introduced
as an interface between the deionized water and the MNP solution. This step allowed
for a clear optical distinction between the two solutions and made it possible to precisely
define the time, when the MNP solution entered the area above the MR sensor.

2.4 Noise characterization

High quality MR sensors typically exhibit a high signal- to-noise ratio. This can
be achieved by either maximizing the MR ratio and/or minimizing the sensor’s noise.
Therefore, it is of high importance to evaluate noise levels, as it also helps to choose the
frequency of injected AC charge current, where the noise is minimal.
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The noise characterizations were performed using a multi-demodulator lock-in am-
plifier (Zurich Instruments MFLI-MD) with the sample placed into a shielding holder
(see Fig. 2.5), to minimize the noise from the surroundings. The sensor was stimulated
by an AC current and the resulting first (1ω) and second (2ω) harmonics of the Hall
voltage response were measured. The frequency sweeps were performed in the range
from 1 Hz to 24 kHz at four fixed AC voltage amplitudes. The applied AC voltage am-
plitudes were chosen in such a way, that the total current density was equal for the Hall
crosses of the same size on different substrates. The standard deviation (SD) of the X
and Y channels, corresponding to the signal deviation of 1ω and 2ω, respectively, was
detected. The SD was then recalculated into the noise S following the relation

S =
SD√

ENBW
(

V√
Hz

), (2.6)

with ENBW being the equivalent noise bandwidth. A single stage RC filter has an
equivalent noise bandwidth of 1/4TC, with TC being the time constant [136]. In this
work, the time constant was set to 200 ms and a double stage filter was used (12 dB/oct
rolloff) resulting in an ENBW of 625 mHz.

(a)

(b)

Figure 2.5: (a) Shielding sample holder for noise measurements. (b) Close up of the
chip carrier placement with the wirebonded sample.

One of the important parameters to characterize is the setup noise, in this case com-
ing from the lock-in amplifier itself. The device noise depends on the input range [137]
and the lowest noise of 2.5 nV/

√
Hz for frequencies > 1 kHz can be achieved for the in-

put ranges below 30 mV. A number of experiments were performed in order to confirm
it and compare to the sample’s noise. Figure 2.6 shows the results of such comparison,
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in which a black solid line corresponds to the sample’s noise, measured separately. It is
evident, that for both applied voltages of 1 V (in Fig. 2.6(a)) and 8 V (in Fig. 2.6(b)) the
noise of the sample coincide with the noise of the empty lock-in amplifier at the input
range of 10 mV. The sharp changes of the noise at 10 Hz for both voltages are attributed
to the input signal overload.
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Figure 2.6: Comparison of the MFLI noise levels at various input ranges at the applied
AC voltage amplitude of (a) 1 V and (b) 8 V. Black solid line represents
noise measured separately for the 20 µm Hall cross.

In Chapter 3 the dependence of the applied voltage and Hall crosses size on the noise
amplitude will be discussed in detail. Knowing the noise levels it is then possible to
estimate the sensor’s detectivity, which corresponds to the smallest detectable magnetic
field at a specific frequency. In order to obtain the detectivity of the sensors, sensitivity
measurements have to be performed.

2.5 Sensitivity measurements

The sensitivity of a sensor Σ was probed by the direct measurement of an AC mag-
netic field, generated by a copper bar in vicinity of the sensor’s surface (see Fig. 2.7).
The AC current was applied to the bar in phase with the sensor’s current and generated
an AC magnetic field with the same frequency as the sensor’s input current. By chang-
ing the amplitude of the current sent through the copper bar, it was possible to change
the AC magnetic field strength down to mOe range.

Finally, the most important parameter of a sensing device is the detectivity DB,
which gives information on the lowest detectable magnetic field at a given frequency in
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Set of resistors for the adjusting 

of the AC magnetic field range

Top view Side view

Rotatable sample holder

with a chip carrier socket

Current line for the generation

 of the AC magnetic field

Helmholtz coil

Figure 2.7: Sensitivity measurement setup.

T /
√
Hz. It can be calculated as

DB =
Stotal

Σ
(

T√
Hz

), (2.7)

with Σ being represented in µV/mT and Stotal is the total noise, as described in detail
in Chapter 1. This step is a crucial part of the sensor characterization, determining the
later performance of the sensor in terms of the detection of nanoparticles.

2.6 Harmonic voltage measurement technique

For the USMR and SOT studies, the harmonic voltage measurement technique was
used [97, 138], where, unlike for PHE sensors, both longitudinal and transverse first
and second harmonics were detected. Here, the measurements were carried out inside
a dual Halbach cylinder array with a rotating magnetic field up to 1.0 T (MultiMag,
Magnetic Solutions Ltd.). Two Signal Recovery SR7230 lock-in amplifiers, each having
two demodulators, were used to simultaneously detect first and second harmonics. The
AC current was modulated at a frequency f = 1.176 kHz with the time constant of
200 ms and the RC filter being 24 dB, with the amplitudes between 2.0 and 2.5 mA.

Figure 2.8 represents a measurement geometry of a Hall bar, used for USMR and
SOT studies. Here, the width of the Hall bar is w = 4 − 10 µm, while the width of
the voltage pick up lines was kept constant at w/3. The pick up lines were separated by
a distance of 5w, which assures good signal quality and lower noise. Such a Hall bar
geometry allows for simultaneous measurements of both, longitudinal and transverse
voltages, as depicted in Fig. 2.8 in red and blue, respectively.

When an AC current I(t) = I0 sin(ωt) with constant amplitude I0 and frequency
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200 µm

IAC

V

w

Figure 2.8: (a) An SEM image of a 10 µm Hall bar after wirebonding. The green line
represents the AC current injection path, while longitudinal and transverse
pick up contacts are shown in red and blue, respectively. (b) A schematic
configuration of the Hall bar structure.

ω = 2πf is injected into a system, it results in the emergence of n-harmonic components
in such a way, that the total measured voltage can be described as the sum of the voltages
of all harmonics

V =
∑
n

niV
i. (2.8)

The measured AC voltage can be then described, independently of the measurement
geometry, as [97, 138]

V (t) = R(t)I0 sin(ωt). (2.9)

Several effects of the different origins can be measured by this technique. The first
harmonic resistances in longitudinal and transverse geometries are excited via AMR
and Hall resistance and read

Rω = Rz + (Rx −Rz) sin2 θ cos2 φ+ (Ry −Rz) sin2 θ sin2 φ. (2.10)

RH
ω = RAHE cos θ +RPHE sin2 θ sin 2φ, (2.11)

with θ and φ being the polar and azimuthal angles of the magnetization vector −→
M ,

respectively.

The main origins of the second harmonic effects measured in this work are SOTs,
thermal and non-linear effects (here USMR). In general, the measured longitudinal and
transverse second harmonic resistances can thus be written as [97, 138]
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R2ω ∝ I0(R
SOT
2ω +R∇T

2ω +RUSMR
2ω ). (2.12)

RH
2ω ∝ I0(R

H,SOT
2ω +RH,∇T

2ω ). (2.13)

(b)

(a)

Bext
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wirebonded
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z
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Figure 2.9: The measurement setup used for the SOTs and USMR characterizations.
(a) A rotational sample holder (highlighted in green). The sample holder
is typically covered with a cylinder and placed inside a rotational magnetic
field. (b) A close-up of the wirebonded sample placed in the sample holder.
The sample can be rotated freely in-plane and out-of-plane.

The measurement setup is shown in Fig. 2.9. In Fig. 2.10, the main effects measured
for each harmonic and geometry are presented. As was shown by Eqs. (2.10) - (2.13),
the 2ω resistances are a sum of different effects. Additionally, Fig. 2.10 gives informa-
tion on the angular dependence of the effects, for the measurements performed in the
xy plane, hence varying the angle φ between 0◦ and 360◦ (as shown in Fig. 2.9).

In order to extract the information on USMR and SOTs, the separation of the ef-
fects must be performed. As was shown by Avci et al. [139], by measuring the angular
dependence in the xy plane for various applied magnetic fields, one can extract the re-
sistance originating from the thermal gradient due to the Joule heating, thus identifying
RH,∇T

2ω . As it can be seen from the Eq. (2.13), RH
2ω consists of two components with dis-

tinct angular dependencies. While the FL SOT is proportional to (2 cos3 φ− cosφ), the
DL component is proportional to cosφ. At the same time, the effects originating from
the thermal gradients (here mainly out-of-plane gradient), like the spin Seebeck effect
(SSE) and the anomalous Nernst effect (ANE) follow a cosφ angular dependence. Ad-
ditionally, magnetic thermopower effect (AMTP) may occur with the cos 2φ angular
dependence. It must be noted, that the thermal contributions may also occur in the lon-
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Figure 2.10: Harmonic longitudinal and transverse voltage measurements scheme. An-
gular dependencies for each effect represented in blue.

gitudinal resistance and end up in a sin φ dependence. Thus, by fitting the raw data with
a sum of these functions, it is possible to extract the corresponding effects.

Avci et al. [139] discussed a technique for separating the thermal effect and DL
SOT, which have the same cosφ angular dependence. Here, the amplitude of the cosφ

fit function is plotted as a function of the inverse total magnetic field 1
Btotal

, in which
Btotal is a sum of the external applied magnetic field, anisotropy and demagnetizing
fields, Btotal = Bext + Bdemag − Banis. It is expected that the thermally induced
effects do not depend on the external magnetic field and are constant, while the DL
SOT changes with the applied external magnetic field. Hence, by linearly fitting the
data, it is possible to extract the RH,∇T

2ω as an intersection with the y-axis.

Similarly, the amplitude of the USMR effect can be expressed as

RUSMR
2ω = R2ω −R∇T

2ω . (2.14)

Here, it is important to note that the temperature effects in longitudinal and transverse
geometries are differently scaled and can be converted by RH,∇T

2ω = l
w
R∇T

2ω , with l

and w being the separation between the voltage pick up contacts and Hall bar width,
respectively (see Fig. 2.8). A more detailed discussion on the separation of the different
effects can be found in the Chapter 4.
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2.7 X-ray reflectivity

In order to determine the thickness and roughness of the layers in various samples,
x-ray reflectivity (XRR) was used. Here, XRR was performed utilizing a Philips X’Pert
Pro MPD x-ray diffractometer tool with Cu Kα radiation, corresponding to the wave-
length of λ = 1.5419 Å and energy of E = 8041 eV. The measurements were done in
Bragg - Brentano θ − 2θ geometry.

The typical θ − 2θ geometry for XRR is presented in Fig. 2.12. Here, the incident
x-rays shine onto a sample. Part of the radiation is reflected, while another part is
absorbed. The refractive index of a material can thus be written [140, 141] as

n = 1− δ + iβ, (2.15)

in which δ and β are the dispersion and absorption, respectively, and can be represented
as

δ =
λ2

2π
reρ, (2.16)

β =
λ

4π
µ, (2.17)

in which re is the electron Lorentz classical radius (2.818 × 10−15 m), µ is the coefficient
of attenuation and ρ is the density. When the incident angle θ is smaller than the critical

(a)

n2

n1 � ���

q

ki kr

Figure 2.11: (a) XRR θ − 2θ geometry, with ki and kr being the vectors of the incident
and reflected x-rays, respectively, with q=kr-ki being the scattering vector.
(b) Geometrical footprint correction, with h being the beam width, D is
the illuminated area of the sample and L is the total sample length.

angle θc, total external reflection is observed, which means that all incoming x-rays are
reflected (not taking any evanescent x-rays into account). The critical angle θc scales
with the electron density θc ∝

√
ρe, and is typically below 1◦, for example θc = 0.424◦

for Ni and θc = 0.57◦ for Au [140].
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When an incident angle is larger than the critical angle, the intensity of the reflected
x-rays decays proportional to q4. If the sample is a thin film system, the intensity os-
cillates with a characteristic period while decaying due to interference at the thin film
interfaces. These oscillations were first described by H. Kiessig [142] and are called
Kiessig fringes. From the oscillation period the film thickness can be derived as

d =
2π

∆qz
≈ λ

∆2θ
, (2.18)

with qz = 4π
λ
sin θ. In case of relatively small angles (θ < 5◦), it can be assumed that

2∆ sin θ ≈ ∆2θ with ∆2θ being the oscillation period.

The size of the beam is a major parameter, as the starting angle of the XRR mea-
surements is usually below the critical angle of the external reflection. Typically, the
XRR measurements conditions are such that due to the finite beam width only a part of
a sample is illuminated, as depicted in Fig. 2.12(b). Here, the x-ray beam with width
h shines at a sample at the angle θ, thus illuminating only the area D out of the whole
sample length L. Therefore, it is necessary to perform the so-called footprint correction,
in which the footprint of the beam on the surface of the sample along the beam direction
is

D =
h

sin θ
. (2.19)

Hence, the angle θfp, at which the footprint length coincides with the sample’s length
can be calculated as

θfp = arcsin(
h

L
). (2.20)

Finally, using the recursive Parratt algorithm [143], it is possible to fit the experi-
mental data with the simulated reflectivity curve. Thus, when the fitted curve is such
that it describes the experimental data, the thickness of the layers as well as roughness
and density can be extracted. In this work, GenX [144] and ReMagX [145] software
tools were used to simulate the XRR curves and to extract the structural parameters.

XRR is a powerful and reliable technique for the determination of the structural pa-
rameters with high precision. By adding a magnetic field into the measurement setup
and using circularly polarized x-rays, not only the structural parameters space, but ad-
ditional magnetism-related parameters can be probed.

2.8 X-ray resonant magnetic reflectivity

In order to access the depth profile of an induced magnetization, x-ray resonant mag-
netic reflectivity, a synchrotron-based measurement technique, was used. The XRMR
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measurements were performed at the resonant scattering and diffraction beamline P09
[146] at the third generation PETRA III synchrotron facility at DESY (Hamburg, Ger-
many). The beamline allows to execute measurements at room and low temperatures, in
vacuum as well as in ambient atmosphere, with an available energy range of 2.7 to 50
keV.

water cooling

coils

sample

Figure 2.12: XRMR setup at P09 beamline at DESY. A four coil vector electromagnet
with adjustable distance and integrated water cooling.

For investigation of the MPE in bi- and trilayers containing Pt, the XRMR measure-
ments were carried out at the Pt L3 absorption edge with a photon energy of 11566.5 eV
(corresponding to the wavelength λ = 1.07192 Å). The resonant XRR curves were mea-
sured in θ - 2θ scattering geometry using circularly polarized x-rays. The degree of
circular polarization of x-rays was 99 ± 1 %. An external magnetic field (± 90 mT)
was applied in the scattering plane parallel to the sample surface. The reflected inten-
sity was detected, where for each scan the helicity of the circularly polarized x-rays was
kept fixed, while the magnetic field direction was alternated. The measurement setup
with the four coil vector electromagnet is shown in Fig. 2.12. The distance between the
poles is adjustable, so samples of various sizes can fit. The magnetic field strength can
be adjusted by varying the applied coil current.

It was shown by Kuschel et al. using ab initio calculations for Pt L3 edge, that
∆δ ≈ 0 and ∆β is at maximum at 1 eV below the whiteline of the Pt L3 absorption
edge [130]. Based on this finding, an x-ray absorption spectrum (XAS) was taken prior
to the reflectivity curves, in order to precisely determine the resonance energy of each
sample and thus to be able to set the measurement energy 1 eV below the corresponding
L3 absorption edge. The calculated ∆β profile was further used in this work to relate
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the depth profile, obtained by XRMR, to the final magnetic moment values per Pt atom.
The non-magnetic reflectivity was obtained by averaging the two curves, measured

with circularly left and right polarized x-rays, and is defined as I = I++I−
2

, with I+
and I− corresponding to the XRR intensity at positive and negative magnetic fields,
respectively. The XRMR asymmetry ratio is defined as ∆I = I+−I−

I++I−
.

In the case of simple bilayers, such as Fe/Pt, in which no oxidization or marginally
interdiffusion states between the layers is expected, the fitting procedure is rather straight-
forward as described by Klewe et al. [132]. However, when the samples under study
consist of multilayered thin films, with a complex oxide capping layer, more unknown
parameters must be added into the simulation, hence complicating the analysis proce-
dure. Therefore, the advanced analysis procedure was used in this work, as described in
detail by Krieft et al. [147].

For the analysis of the obtained data, first the averaged resonant XRR curves were
fitted, utilizing the recursive Parratt algorithm [143] and ReMagX software [145]. In
the simulations the stack is represented as a list of layers corresponding to different
compounds within the so-called layer mode. The roughness is modeled with the matrix
formalism, utilizing the layer segmentation approximation of the ReMagX tool. The
extracted information on the thicknesses of the layers as well as roughness is later used
for the asymmetry ratio fitting.

The asymmetry ratio was modeled with the Zak matrix formalism [148], in which
the additional magnetic contribution is simulated by a convolution of a Gaussian spin
polarization depth profile with the interface roughness at the Co/Pt interface resulting
in a Gaussian-like magnetic Pt depth profile. The goodness of fit (χ2) is defined as the
sum of the squared error, logarithmically weighted for XRR and linearly for XRMR.
It represents the differences between the experimental and simulated reflectivity curves
and asymmetry ratios. The maximum value of ∆β and the effective thickness of the
spin-polarized layer, defined as full width at half maximum (FWHM) of the Gaussian-
like profile, were then extracted.
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CHAPTER 3

ULTRASENSITIVE SENSORS FOR MAGNETIC PAR-
TICLES DETECTION

This chapter reports on the development and characterization of ultrasensitive mag-
netoresistive sensors for Alzheimer’s and Parkinson’s diseases early detection within
the EU HORIZON 2020 MADIA project.

The sensors developed in this work were further used as a corner stone of a di-
agnostic platform, where the main working principle lies in the detection of magnetic
nanoparticles by MR sensors. The results obtained on magnetic nanoparticles detec-
tion at various stages of the project were mostly obtained from the joint work between
MADIA project partners: CNR-Lecce, SCRIBA and CNR-Bologna.

The work presented here was done in the close collaboration with Luca Marnitz,
who participated in MADIA project from the Bielefeld University side as well. The
corresponding references to his work are placed accordingly.

Parts of the results reported within this chapter were presented at the IEEE MagFron-
tiers conference, spring meeting of DPG-2019, as well as various project reports. Some
of the results are also a part of the peer-reviewed article A. Elzwawy, H. Pişkin, N.
Akdoğan, M. Volmer, G. Reiss, L. Marnitz, A. Moskaltsova, O. Gurel, and J.-M.
Schmalhorst, ”Current trends in planar Hall effect sensors: evolution, optimization,
and applications”, J. Phys. D 54, 353002 (2021) [149] and a book sub-chapter: G.
Reiss, L. Marnitz, A. Moskaltsova, and J.-M. Schmalhorst ”Magnetic biosensors” in
”Nanomagnetic Materials Fabrication, Characterization and Application” [150].

Finally, the method of the thin films stack compensation has been jointly developed
and a German patent was issued on 11.02.2021 ”Vorrichtung und Verfahren zum Detek-
tieren von magnetischen Partikeln” [151].

3.1 Optimization of the magnetoresistive sensors sensitivity

In the frame of MADIA project three types of magnetoresistive sensors were studied
as potential candidates for the final application, which are PHE, GMR and TMR sensors.
Each of them has advantages and drawbacks. This section is focused on comparison
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between the sensors of various types.

3.1.1 Tunneling magnetoresistance effect sensors

Tunneling magnetoresistance sensors are known for their extremely high sensitiv-
ity. However, their fabrication process is rather complex, as it requires state-of-the-art
sputtering facilities to deposit high quality ultrathin MgO barriers, which is the corner
stone of the highly sensitive TMR sensor. Additionally, three steps of lithography are
usually necessary to define bottom and top electrodes, as well as to deposit protective
oxide layer, in order to achieve the electrical transport via the tunnel barrier only.

For the purpose of being able to answer the question whether the TMR sensors are
good candidates for the MADIA project needs, the main focus was put into magnetic
and electrical characterization of an already optimized stack design. The samples were
grown via magnetron sputtering deposition as described in Chapter 2. The details on
the stack growth and optimization can be found elsewhere [152, 153].

Figure 3.1(a) shows a DC magnetic field loop of a typical TMR sensor with a MTJ
pillar size of (22.5 × 22.5) µm2. The loop was obtained by applying an AC current of
10 mA at the modulation frequency of 88.3 Hz and the first harmonic of the signal was
then detected. The inset in Fig. 3.1(a) gives information on the TMR stack, where the
buffer consists of Ta 5/Ru 30/Ta 10/Ru 5 (thickness in nm) and capping is made of Ta
2/Ru 2.

Figure 3.1: (a) Hysteresis field loop for a MTJ pillar with (22.5 × 22.5) µm2 size. The
inset depicts the thin films stack with thickness given in nm. (b) Second
harmonic signal corresponding to directly measured sensitivity of the MTJ.
The sensor was supplied with 10 mA AC current at 88.3 Hz.

The TMR stack contains two synthetic antiferromagnets (SAF) comprised of MnIr
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20/CoFe 3/Ru 0.9/CoFeB 3 (bottom layer) and CoFeB 5/Ru 1.05/CoFe 3/MnIr 7.5 (top
layer). The Ru interlayers on both sides are responsible for the RKKY coupling between
the two FMs. The 5 nm CoFeB layer above the tunnel barrier is the sensing layer and
it is weakly coupled, while the bottom 3 nm CoFeB layer acts as a reference layer and
the coupling is set to be very strong [152]. In order to achieve the desired coupling, the
blank TMR films were annealed twice at different temperatures and magnetic field ori-
entation. The first annealing step was performed at 360 ◦C for 60 min. The consequent
annealing step was then implemented at 260 ◦C for 30 min and the direction of the mag-
netic field was perpendicular to the first annealing, so a crossed magnetizations state was
achieved (more details can be found here [152]). The maximum TMR ratio measured
for this sensor was 103 % with a sensitivity at near zero magnetic field of 15.3 %/mT.
Although, small hysteresis is observed at zero field, it is possible to overcome this issue
by applying a small DC offset field of -0.3 mT during sensitivity measurements, where
no hysteresis is observed, as indicated by a grey vertical line in Fig. 3.1(a).

The main effort in the investigation of TMR sensors was put into direct sensitiv-
ity measurements, where the conditions of the magnetic nanoparticles above the sensor
were simulated by sending an AC current through a copper bar above the sensor, which
generated an AC magnetic field. By adjusting the distance between the bar and the sen-
sor’s surface, as well as varying the AC current amplitude, it was possible to access the
information on the detection limits of the TMR sensor. More details on the sensitivity
measurement setup are given in Chapter 2.

Finally, Fig. 3.1(b) depicts the resulting sensitivity as a change of the second har-
monic (2ω) signal, which emerges only when an AC current is sent through the sensor,
in-phase and with the same frequency as the AC magnetic field in the copper bar. As
mentioned previously, due to the hysteretic behavior of the magnetization switching at
zero magnetic field, a constant DC offset field of -0.3 mT was applied during both sensi-
tivity experiments. As was determined from these measurements, the lowest detectable
magnetic field in the second harmonic is in the few µT range, which makes this TMR
sensor a great candidate for the MNPs detection application. However, it must be men-
tioned, that the TMR sensor, as shown here, is a CPP-type and hence it requires a top
electrode, which typically consists of Ta 10 nm/Au 80 nm layers. Hence, the distance
between the sensing layer (CoFe 3) and sensor’s surface, where a magnetic nanoparticle
can be measured, is rather large and estimated to be at least 110 nm. Another challeng-
ing fact is that a way to magnetize the magnetic nanoparticles, without saturating or
disturbing the magnetization state of the sensor, still has to be developed.
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3.1.2 Giant magnetoresistance effect sensors

Another type of MR sensors, studied within this work, were GMR sensors. Unlike
TMR, GMR sensors typically exhibit lower MR ratios and, as a result, lower sensitiv-
ities. Nevertheless, these sensors are robust and easier in production, as they do not
require ultrathin barrier deposition and various complex lithography steps.

Three GMR stacks were investigated within this thesis: Si/SiO2/Ta 5/Pt 8/Co 3/Cu t/Co
2.5/Ta 2 (stack A) and Si/SiO2/Ni81Fe19 5/MnIr 10/Co 3/Ru 0.9/Co 3/Cu 2.1/Co 3/Ru
5 (stack B) and finally Si/SiO2/Ni81Fe19 5/Ta 10/Co 3/Cu 2.1/Co 0.5/Ni81Fe19 2.5/Ta 2
(stack C), in which Ni81Fe19 is Permalloy (Py). All thicknesses are indicated in nm.
In the case of the stack A, there are two ferromagnetic Co layers, separated via a non-
magnetic Cu layer, while the remaining Ta layers serve as buffer and capping. The Cu
interlayer promotes the RKKY coupling between the two FMs. The thickness of Cu
layer t was varied between 1.8 to 2.2 nm with 1 Å step, since the strength of RKKY
coupling, as well as its type (ferromagnetic or antiferromagnetic) depends on the thick-
ness of the NM layer, as discussed in Chapter 1. It is known for Cu, that the first
antiferromagnetic coupling maximum (AFCM) is at 0.9 nm, while the second AFCM is
at 1.8 nm [154]. However, due to high sputtering rates of Cu (≈0.94 nm/s at 115 W),
there is a large uncertainty, when depositing 0.9 nm Cu to hit the first AFCM. Hence, in
the case of the stack A, the Cu thickness was varied around the second AFCM. Figure
3.2(a) shows the GMR curves for various Cu thicknesses.
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Figure 3.2: (a) Hysteresis loops for the GMR stack A with various Cu thicknesses t.
The maximum GMR effect of 6.8% was obtained for the Cu thickness of
2.0 nm. The inset depicts the thin films stack. (b) A hysteresis loop of the
GMR stack B. The inset shows the full thin films structure. The maximum
GMR of 5% was measured.
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For the case of the stack B, a SAF structure was introduced, as shown in the inset
in Fig. 3.2(b). In comparison to the stack A, here three FM layers are present, with
the combination of Co 3/Ru 0.9/Co 3 being the SAF, with the bottom Co layer pinned
antiferromagnetically by the underlying MnIr. Such a structure, however, requires a
magnetic annealing, which for this stack was performed at 260 ◦C for 60 min. Thus, the
resulting mechanism fixes the magnetization direction of the second FM layer, allowing
the top FM to rotate freely in the presence of magnetic field, making the top Co 3 nm
the sensing layer. The thin Ru interlayer enables RKKY coupling between the two Co
layers. The thickness of 0.9 nm was chosen to match the first AFCM [50]. The use of
Ru instead of Cu allows to control the deposition rate more precisely, thus resulting in a
better quality of the film.
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Figure 3.3: (a) GMR hysteresis loop measured applying a DC current of 1 mA. The
inset is a schematic representation of the thin film stack. A DC offset field of
-1 mT was applied (marked with a grey vertical line) to ensure a hysteresis-
free linear behavior for the sensitivity measurements. (b) Sensitivity of the
patterned GMR sensor with 1 mA AC current at 88.3 Hz.

Figure 3.3(a) demonstrates the GMR curve of the stack C, depicted in the inset.
The maximum GMR achieved for this sample is 4.8%. Among all the three stacks, only
stack C exhibits a linear hysteresis-free behavior near zero field, with the maximum sen-
sitivity at -1 mT. Hence, the DC offset field of -1 mT was applied during the sensitivity
measurements. This stack was further patterned and used for the sensitivity measure-
ments. Furthermore, Fig. 3.4 represents the final design of the GMR sensor, proposed
for the incorporation with the microfluidic channel, where arrays of GMR sensors are
patterned. As one can see in Fig. 3.4(b), the GMR sensor is patterned into a form of a
meander and two sensors share one current line, which allows to have a reference signal,
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when one of the meanders does not lay under the microfluidic channel. The direction of
the easy axis is along the meander. The easy axis direction was set during the annealing
step. As the GMR effect is usually strongly dependent on the temperature, it is essential
to have a good control of the experiment.

Figure 3.4: (a) Single GMR element, with reference and measurement channels high-
lighted in red and blue, respectively. (b) An enlarged view of the sensing
channels, rotated 90 ◦.

Overall, various GMR stacks were developed within this work, where all of them
exhibit an average GMR ratio between 4.8 and 6.8 %. Yet, only one stack was chosen for
the further MNPs detection experiments, with almost no hysteresis in the linear range.
All of the GMR stacks discussed here got only 2-5 nm capping layers and no contact
electrodes on top. Therefore, the distance between the sensing FM layer to particles is
rather low compared to the previously described TMR stack. However, one important
question regarding the particles magnetization remains. In principle, it is possible to use
current lines to produce Oersted fields, strong enough to magnetize the MNPs, but this
required a lot of optimization and development time, which was not available within the
project.

3.1.3 Planar Hall effect sensors

In parallel, planar Hall effect sensors were developed and investigated as poten-
tial candidates for the final MADIA sensors. The development of various stacks and
their properties are described in more details elsewhere [155, 156]. The final PHE
stack developed within the scope of MADIA project is as follows: substrate/Ru 3/MnIr
10/Ni81Fe19 4/Ru 1.7/Ni81Fe19 10/Ru 5.6, with the top Ni81Fe19 layer being the sensing
layer. The stack is schematically depicted in the inset in Fig. 3.6(a). The antiferromag-
netic MnIr layer, as in the case of the above discussed TMR stack, pins the magnetiza-
tion state of the 4 nm thick Py layer above it, thus making it the reference layer. The
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thin 1.7 nm Ru layer promotes the RKKY coupling between the two ferromagnets, so
the sense layer is weakly ferromagnetically coupled to the bottom pinned Permalloy.
The hysteresis loops for the 1ω and 2ω harmonic signals are presented in Fig. 3.6(a).
The 2ω signal, shown in red circles, follows an expected shape of ∂ V1ω/∂B and is
highly sensitive at zero field. Finally, the thickness of the topmost Ru was optimized in
such a way, that the resulting signal-to-current ratio is as small as possible, ideally zero.
In order to find the optimal thickness, a series of thin film stacks were prepared with
varying Ru thickness in the range from 5.3 to 6 nm in 1 Å steps. The Ru thickness of
5.6 nm yielded the minimum signal-to-current ratio, and thus was used for all the future
samples (see Fig. 3.6(b)). The findings of this work on the Ru thickness optimization
served as the basis for a German patent application [151].
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Figure 3.5: (a) Hysteresis loops for the first (in black) and second (in red) harmonics.
Inset in (a) depicts the thin films stack. (b) PHE sensitivity. A minimum
magnetic field that can be detected is down to 0.1µT. Inset in (b) shows the
dependence of the signal-to-current ratio on the Ru thickness. The optimal
thickness of 5.6 nm is highlighted in green.

As can be observed from the Fig. 3.6(b), the resulting sensitivity achieved for the
optimized sensor stack is about 0.1µT, which makes PHE sensors the perfect candidate
for magnetic nanoparticles detection application within the MADIA project.

A comparison between the different MR sensor types, which were investigated
within this work, is shown in Table 3.1. Although, sensitivity is typically the main
criteria for a sensor, here it was also important to evaluate the distance between the
sensing layer and a magnetic particle, as well as to consider the fabrication complexity
(see column ”N. litho steps”). Another paramount property, not shown in Table 3.1, is
the possibility to magnetize MNPs without disturbing the magnetic state of the sensor.
The PHE sensors developed here, allow to magnetize the MNPs by using the sensors’
Oersted field, generated in the stack layers, without a need for an external field. This

45



CHAPTER 3. ULTRASENSITIVE SENSORS FOR MAGNETIC PARTICLES DETECTION

Table 3.1: A summary of evaluation of various MR sensors

type production N. litho sensitivity max MR robustness distance to
cost steps % particles

TMR high 3 15.3%/mT 103 low >110 nm
GMR moderate 2 0.57%/mT 5 moderate ∼20 nm
PHE low/moderate 1-2 200 µV/mT - high ∼20 nm

is, however, not the case for TMR and GMR sensors. Both sensor types would require
a special solution, in order to be able to magnetize the MNPs, without disturbing the
magnetic state of the sensor and thus changing its sensitivity. Hence, it was decided to
put all the efforts into the further development of the PHE sensors and their final imple-
mentation into the multidisciplinary platform for the early diagnosis of Alzheimer’s and
Parkinson’s diseases.

3.2 Magnetic nanoparticles detection

The magnetic nanoparticles utilized at all stages of the work were superparamag-
netic iron oxide (Fe3O4) nanoparticles produced by the MADIA project partner Uni-
versity of Santiago de Compostela. The MNPs were typically coated with a protective
shell, for example silica and magnetic core diameters were different at various stages
of this work, ranging between 20 nm to 150 nm. The details on the fabrication of the
MNPs and their properties can be found elsewhere [157, 158].

The first experiments on the detection of magnetic nanoparticles were conducted
using both GMR and PHE sensors with MG-105 nanoparticles (20 nm Fe3O4 coated in
silica). These experiments were the initial tests to assess the overall detection principle
and were performed without a microfluidic channel on top of the sensors. Instead, a
0.1 µl sized drop of a solution with diluted MNPs was placed on top of a sensing area.
The experiment protocol was as following: 1 min shaking of the diluted MNPs solution
followed by 1 min of ultrasonic bath and finally another shaking step for 15 s. Magnetic
DC field loops were recorded right before the MNPs placement to serve as a reference
signal, and immediately after the placement, to observe any difference in the shape of
the loops, which is attributed to the presence of the MNPs.

Figure 3.6 reports the results of such static MNPs detection by means of GMR sensor
(Fig.3.6(a) and (c)) and PHE sensor (Fig.3.6(b) and (d)). It is evident, that for the case
of the GMR detection, a slight change of the signal is present, which is attributed to
the MNPs presence. The microscope image shown in Fig.3.6(a) demonstrates the outer
ring of the MNPs drop and that the ring’s edge lays exactly on top of the sensing area
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Figure 3.6: Static magnetic nanoparticles detection with a GMR sensor a PHE sensors.
Microscope images of (a) the GMR sensor and (b) PHE sensor with a dried
MNPs drop. The outer ring of the drop is highlighted in blue. The sensing
area for both sensors is marked with a blue rectangle. Hysteresis loops
measured without any MNPs (black lines) and with MNPs (red lines) for
the (c) GMR sensor and (d) PHE sensor.

of the GMR meander. In the case of the PHE sensor, there is a detectable change of the
signal as well, however, not significant enough to be surely correlated with the MNPs.
As can be seen from Fig.3.6(b), unlike in the case of the GMR sensor, there are no large
amounts of particles concentrated in the middle of the PHE sensing area.

In conclusion, the static detection experiments showed, that it is indeed possible to
qualitatively detect the presence of magnetic nanoparticles using both GMR and PHE
sensors. However, the detection method, in which a drop of a MNPs solution is placed
manually on top of the sensor area is not optimal. One of the reasons, is that it is ex-
tremely difficult to precisely place a drop onto a desired area. Another reason, is that the
number of particles in a drop cannot be determined, thus excluding quantitative MNPs
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detection. Ultimately, it was decided to pursue the concept of utilizing magnetic field
lines in a stack to magnetize particles and PHE sensors. Ultimately, all the consequent
measurements were performed on a combined platform with a microfluidic channel fab-
ricated on top of an isolated PHE sensor (as discussed in more detail in Chapter 2), thus
enabling the detection of a controlled number of particles in a fluid and not a dried drop.

One of the first experiments, in which a dynamic detection method was imple-
mented, utilized an array of PHE sensors connected to each other. Figure 3.7(a) depicts
a sample containing two separate arrays with a microfluidic channel on top and con-
nected to a SAMTEC connector board provided by a MADIA partner CNR-Lecce. As
can be seen from Fig. 3.7(b), there are two arrays of Hall crosses connected together in
a line and each Hall cross can be read out separately. All the electrical contact lines end
at top and bottom edges, so the sample can be inserted into the connector board, which
means only one side (one array) can be connected at the same time.

Figure 3.7: (a) Image of the PHE sensor array (marked in magenta) connected to the
measurement board (marked in yellow) with a microfluidic channel fabri-
cated on top. (b) CAD mask of the half of the PHE sensor array. The
sample consists of two mirrored halves. (c) Schematic representation of the
measurement board.

First, the Hall crosses in an array were characterized by measuring their hysteresis
loops of the first and second harmonic signals and compared to the loops measured pre-
viously for a single Hall cross of the identical stack. When 1ω signals are compared, as
shown in Fig.3.8(a), it can be seen, that the hysteresis loops shape and the overall signal
of few mV are comparable to the previously characterized single Hall cross. However,
in the case of 2ω signal an unexplained behavior was detected and no comparable re-
sponse was measured for any of the Hall crosses in the array. Additionally, the 2ω signal
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level is two orders of magnitude larger than expected.
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Figure 3.8: (a) Measured first harmonic response for a Hall cross in an array with a mi-
crofluidic channel. Inset in (a) depicts the expected first harmonic response
detected for a single Hall cross without a microfluidic channel. (b) Second
harmonic signal measured for a Hall cross in an array with a microfluidic
channel on top. Inset in (b) shows the expected behavior.

Nevertheless, the sample was used further for the experiments with DI water and
MNPs solution to test the sealing and change of the signal. A first test comprised of DI
water being pumped through the microfluidic channel and several Hall crosses in the
array were simultaneously contacted and their signal was monitored. The sensors were
fed with 10 mA AC current and the resulting magnitude R, phase, X and Y responses of
both harmonics were detected simultaneously. To move DI water or later MNPs solu-
tion through the channel, a microfluidic pump was used, as described in Chapter 2. This
experiment proved stability of the sensors, since no change of the signal was detected,
apart of that coming from the cooling effect. The whole system (sample + microflu-
idics) was found to be leakage-free and the hysteresis loops measured afterwards were
identical to the ones measured previously.

The next step was to inject a MNPs solution through the channel and monitor any
changes in the sensors’ signal, related to the presence of the nanoparticles. As can be
observed from the Fig. 3.9(a), at the beginning, when no particles were present in the
channel, a reference signal was measured for some time. Afterwards, the MNPs solution
was pumped and after the channel was filled, a change of signal for both harmonics and
all sensors was observed. The solution was further pumped until the channel was empty
again. It was expected, that when the MNPs solution was pumped away completely, the
response of the sensors should go back to the initial levels. It is evident from Fig. 3.9(a)
that this was not the case, as all the senors exhibit strange behavior after the microfluidic
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channel was empty. Figure 3.9(b) depicts the current applied to the sensors and it can
be seen, that shortly after the channel was filled with the solution, there a was a drop
from 10 mA to around 10 µA, even though the sensors’ signal did not vanish. Optical
inspection of the sample revealed a damaged microfluidic channel, as shown in the inset
in Fig. 3.9(b). This indicates that the measured sensors’ responses after the damage
occurred are related to some additional effects, not coming from the PHE.
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Figure 3.9: (a) First and second harmonic signals detected while MNPs flowing through
the microfluidic channel. (b) Current flowing through the sensors during the
experiment. Inset in (b) shows an optical image of the sample with the
damaged microfluidic channel highlighted in yellow.

Ultimately, all the gathered information was then thoroughly analyzed and it was
concluded that the strange 2ω behavior and the signal detected with the damaged mi-
crofluidic channel are associated to cross-talk emerging due to capacitive coupling in
the Si substrate. This coupling was not detected previously for single Hall crosses and
was found for the first time in the Hall crosses array, designed specifically to fit the
SAMTEC connector board. When a closer look at the overall sample and board design
is taken (see Fig. 3.7), it is evident that the long conducting lines close to each other
are responsible for the generation of parasitic signals of the 2nd order, that add up to the
sensor signal. The use of Si/SiO2 substrate with only 50 nm Si dioxide is, thus, not op-
timal, as the conducting layer of Si underneath induces large capacitive coupling from
the lines in the Si. To avoid all these issues it was decided to utilize a fully insulating
single crystal MgO substrate, placed into a standard 1×1 cm chip carrier for further
experiments.

The final experiments, in which a quantitative magnetic nanoparticles detection was
successfully performed, were based on the static detection principle. For this case, a
sample containing a single Hall cross deposited onto fully isolating MgO substrate was
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used. Here, a drop of 1 µl of nanoparticle solution with 25 nm total diameter (8 nm mag-
netic core), diluted in proportion 1:10 with DI water was used. The sensors’ response
with and without MNPs was measured by sweeping the applied AC voltage from 100
mV to 12 V for five different frequencies. Before a MNPs drop was placed, the sensor
was characterized and cooled down to room temperature for two hours. Afterwards, the
sensor response with particles was detected, as presented in Fig. 3.10(a) (red squares)
for one selected frequency of 367.713 Hz, where the largest signal difference was ob-
served.
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Figure 3.10: (a) Second harmonic signal of the Hall cross with (red squares) and without
(blue squares) a MNPs drop. (b) The relative signal change ∆ as a function
of the applied current. Inset in (b) shows a SEM image of the MNPs in the
drop.

The relative signal change was then determined as following

∆ =
VMNPs − VNoMNPs

VNoMNPs

, (3.1)

and it is shown in Fig. 3.10(b) as a function of the applied current, with the maximum
change of 33% at 40 mA. As the last step the number of particles, located on the sen-
sor’s surface was estimated by SEM-inspection and a selected SEM image is shown
as the inset in Fig. 3.10(b). The details on the MNPs measurements and the particles
calculations can be found elsewhere [155, 156].

In conclusion, it was demonstrated that the optimized single Hall cross PHE sensors
deposited onto fully insulating MgO substrate are indeed able to detect low concentra-
tions of magnetic nanoparticles. With a sensor’s area of 400 µm2 it was possible to
detect 105 particles with a 8 nm magnetic core. These finding can be further improved
by decreasing the sensor’s area. For example, by optimizing the design of the microflu-
idic channel, the sensor’s area down to 50 µm2 is feasible. Alternatively, MNPs with
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larger magnetic core can be used, since the strength of the stray fields is expected to be
larger.

3.3 Noise characterizations

As discussed previously, noise is an important parameter, which needs to be charac-
terized, since noise establishes the ultimate limit of measurement sensitivity. The noise
characterizations within this thesis were performed for two PHE samples, with the same
thin film stack, but deposited onto different substrates, one being 525 µm thick Si with a
conductivity of σ = 0.2 - 1 S/m and Boron doping, with the top 50 nm being comprised
of silicon dioxide, obtained by thermal oxidation. The second substrate used here was
fully insulating single crystal MgO(100) and is a commercial substrate from CrysTec
[159], with the thickness of 500 µm. The choice of substrates is based upon the conclu-
sions of the magnetic particles detection experiments, as discussed previously. The thin
films stack consisted of: substrate/Ru 3/MnIr 10/Ni81Fe19 4/Ru 1.7/Ni81Fe19 10/Ru 5.6,
with substrate being either Si/SiO2 or MgO (thicknesses are given in nm). The stack
used here was developed as discussed above (see Subsection 3.1.3). The samples were
patterned into Hall crosses with various widths between 6 µm and 24 µm by means of
optical (for MgO) and e-beam (for Si) lithography. Figure 3.11(a) shows a microscope
image of a Hall cross, while Fig. 3.11(b) depicts the CAD mask used for both samples.
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Figure 3.11: (a) Microscope image of the Hall cross. (b) CAD mask used for fabrication
with various Hall cross sizes.

After patterning, the resistances of both longitudinal (Ryy) and transverse (Rxy) arms
were measured. The obtained resistances and their ratios are shown in the Table 3.2. It is
expected for an ideally patterned Hall cross, that Ryy/Rxy = 1, however due to even small
misalignment during the lithography process the Ryy and Rxy may differ, thus changing
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Table 3.2: Electrical resistance measured for Hall crosses of various sizes for both sub-
strates

substrate w (µm) Ryy (Ω) Rxy (Ω) Ryy/Rxy

6 93.2 104 0.9
8 95.6 96 ≈1

Si 10 94.6 90.5 ≈1
20 86 83 ≈1
24 75.6 81.4 0.93
10 160.7 132.5 1.21
12 134.5 126.9 1.1

MgO 16 117.4 111.5 1.1
20 101.5 101 ≈1
24 97.1 93.2 1.04

this ratio. It can be seen, that for most Hall crosses the Ryy/Rxy is indeed ≈1, yet for the
case of MgO substrate, there are more deviations. Additionally, the overall resistance
values for the MgO sample are higher for all the sizes. It ix expected, that resistance
decreases with increasing size as 1/w. Nevertheless, as can be seen from the Table 3.2,
there is a constant resistance term, which is independent from the Hall cross size and
corresponds to the resistance of the Ta/Au contacts. This contact resistance is found to
be 50 Ω and 72 Ω for MgO and Si samples, respectively.

The samples’ magnetic and electrical properties were characterized by measuring
their DC magnetic field loops. Here, an AC current with amplitudes between 10 and 80
mA (peak-to-peak) and modulation frequency of 767.713 Hz was injected into the Hall
crosses in the x direction, as depicted in Fig.3.11(a), with jx being the applied AC charge
current density. A DC magnetic field in the range from -20 to 20 mT was then applied
along the current direction. The 1ω and 2ω components of the transverse voltage were
detected, as shown in Fig.3.12.

When a detailed look at the 1ω signal is taken, it can be seen, that both samples
yield an expected shape with linear field dependence and high slope around zero field
(see Fig.3.12(a) and (c) for Si and MgO, respectively). It is, however, striking that the
MgO sample exhibits rather high offset voltage and the signal is not centered around
zero, unlike in the case of Si. This is a puzzling finding, since the main difference
between the sample is the substrate material. This question will be discussed later in
this section in more detail. The 2ω signal, on the other hand, shows high sensitivity at
zero field, as can be concluded from the field dependence shown in Fig.3.12(b) and (d).

The noise spectra were measured, following the procedure described in Chapter 2.
Figure 3.13 shows the noise spectra for the 20 µm Hall crosses at four AC applied
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Figure 3.12: Hysteresis loops of the (a) first and (b) second harmonic response of the
8 µm Hall cross on the Si/SiO2 substrate. Hysteresis loops of the (c) first
and (d) second harmonic response of the 20 µm Hall cross on the MgO
substrate. The loops were measured at four distinct AC current amplitudes.

voltages and both substrates for the first Fig.3.13(a) and (c), and second (b) and (d)
harmonics.

Using the experimentally obtained noise spectra, the linear fits of the flicker noise-
dominant range and white noise-dominant range were performed separately and the 1/f
knee frequency was the extracted as an intersection of the both fits (see an example in
the inset in Fig.3.13(d)). The noise levels at 10 Hz (for the first harmonic) and 20 Hz
(for the second harmonic) were then extracted from the measured spectra for the further
analysis. Finally, white noise levels were derived, as these values give the important
information on the ultimate detectivity limitation. Selected values of the extracted pa-
rameters for the 20 µm Hall cross at maximum applied AC voltage are shown in the
Table 3.3.

It can be observed from the Table 3.3 and Fig.3.13, that the Si sample exhibits lower
white noise for both first and second harmonic components. This finding is surprising,
since the thin film stacks are identical and the only significant difference is the substrate
material. Therefore, a closer look at various parameters and their dependence is taken
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Figure 3.13: Noise measured at the four distinct applied AC current amplitudes for (a)
first and (b) second harmonics for the 20 µm Hall cross on Si/SiO2 sub-
strate. Noise levels of (c) first and (d) second harmonics for the 20 µm
Hall cross on MgO substrate.

in an attempt to find a root cause of this difference.

Following Persson et al. [160], a current dependence was studied, to understand the
origin of the pink noise. If the this noise is coming only from the PHE sensor itself, it
must follow a linear dependence on current, according to Eq. 1.6. Figure 3.14 displays
the extracted 1/f and white noise for both harmonics and it can be observed, that the
1/f noise for the case of both 1ω and 2ω exhibit the linear dependence on current, as
expected.

The white Swhite dependence is presented in Fig.3.14(b). According to Eqs. 1.7 and
1.8, only shot noise depends on the current as

√
Irms. Nevertheless, it is evident from

the extracted and raw data, that MgO sample yields higher noise values for both flicker
and white noise terms.

The first hypothesis was to compare thermal properties of the substrates, in assump-
tion, that the lower noise levels for Si as compared to MgO sample are connected to
the difference in thermal conductivity. The Si/SiO2 substrate from Siegert wafer con-
sisted of 525µm thick Si and only 50 nm thermally oxidized SiO2 layer, thus thermal
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Figure 3.14: Current dependence of (a) the 1/f noise and (b) white noise, for the first
and second harmonics and both substrates. The inset in (b) is a zoomed in
region, showing details of the 2ω behavior.

Table 3.3: Extracted parameters for the 20 µm Hall cross and max applied voltage

1/f knee (Hz) Stherm (nV/Hz1/2) Σ (µV/mT) DB (nT/Hz1/2)
MgO 1ω 70 80.2 - -
MgO 2ω 880 8.60 0.8 13
Si/SiO2 1ω 39 30.5 - -
Si/SiO2 2ω 398 2.88 0.7 7.8

conductivity of Si of ∼ 150 W/mK [161, 162] dominates and acts as a more effective
heat sink as in the case of MgO substrate, with thermal conductivity of ∼ 30 W/mK.
According to Eq.1.7, an increase of temperature and/or resistance leads to higher noise
levels. According to Raquet [163], a high current density (107 A/cm2) flowing through
a thin film stack promotes heating effects and can potentially activate new magnetic
sources, like new domains or fluctuations. Therefore, a significantly lower noise levels
for both harmonics in case of Si/SiO2 substrate could be explained by the difference in
thermal conductivity. On the other hand, the AC excitation current density used in the
measurements here is in the range 0.05 - 0.4 × 107 A/cm2 and, therefore, is not expected
to induce significant overheating.

Another reason for the higher overall noise in the MgO sample can be attributed to
the quality of the lithography, since the MgO sample was patterned via optical lithog-
raphy setup, while the Si sample by means of the e-beam lithography. Figure 3.15
demonstrates the SEM images of the Hall crosses for both samples. A clear difference
in the structures’ quality can be recognized. While the Hall cross on Si substrate pos-
sesses sharp, well-defined edges and equal widths of all arms, as can be seen in Fig.
3.15(b), the Hall cross patterned on the MgO substrate has rounded edges and unequal
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widths of top and bottom arms (Fig. 3.15(c)). This alone can explain the large 1ω signal
offset in the hysteresis loops of the MgO sample (see Fig. 3.12(c)).

The voltage offsets were then investigated in more detail for all the sizes and sub-
strates. The results are presented in Fig. 3.15(a). When the offsets are plotted as a
function of the applied voltage, it is evident, that they all follow a linear dependence
and converge to zero in the absence of applied voltage for both substrates. All the Hall
crosses patterned on the MgO substrate yield significantly higher slopes (between 0.2
and 0.15) of the linear fits, when compared to the Hall crosses patterned on the Si sub-
strate. In the case of Si substrate sample, only 10µm Hall cross shows slightly increased
slope of ∼ 0.04, while the other Hall crosses yield rather small and constant offset below
0.2 mV.

Figure 3.15: (a) Offset voltage extracted from the hysteresis loops. SEM images of a
Hall cross for the (b) Si and (c) MgO samples.

The working frequency range is typically of ∼ 700 Hz, which is above the 1/f knee
frequency. Based on these parameters, detectivities of the PHE sensors with the 20 µm
Hall cross width and Swhite are calculated, since this type of noise is dominant above
the 1/f knee frequency. Thus, the noise at lower frequencies is not taken into account
when calculating the detectivity.

The connection between the offset voltage and the increased noise can be explained
as following:

• Misalignment of the transverse arms of the Hall cross leads to the emergence of
an additional longitudinal component.

• This additional component is then picked up together with the planar Hall voltage
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Figure 3.16: Noise dependence on voltage and Hall bar width for both harmonics (a)
and (c) Si/SiO2 substrate and (b) and (d) MgO substrate.

in the transverse measurement geometry. This is observed as the voltage offset in
the 1ω signal.

• Thus, the noise measured in such a case corresponds not only to the planar Hall
voltage response, but a combination of of PHE and longitudinal voltages.

Ultimately, Figure 3.16 summarizes the noise dependence on both applied voltage
and the size of the Hall crosses in the contour plots for both substrates and harmonics.
Having such a graphical map of the noise before using the sensor for its final application
could help to determine the most optimal parameters, in this case the structure size and
applied voltage. Of course, additional limitations may be imposed, such as in the case
of MADIA project, with the optimal Hall cross size being equal to the width of the
microfluidic channel of 20µm.
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CHAPTER 4

SPIN TRANSPORT IN BI- AND TRILAYERS

This chapter reports the results of the investigation of bi- and trilayers of HM/FM
and HM1/FM/HM2 structure. In the first section, the samples containing the HMs Pt
and Ta are discussed. The detailed analysis of the SOTs, temperature-induced non-
linear effects and, ultimately, the USMR has been performed and is shown here. The
experimental data was obtained utilizing the harmonic voltage measurement technique
as described in details in Chapter 2. The second section focuses on the bi- and trilayer
systems, in which Ta is exchanged by W, to study the influence of material choice on
the above mentioned effects. Since the W resistivity lays in a wide range, depending on
the deposition conditions, the first part of that section is dedicated to the W layer growth
optimization.

Parts of the results reported in this chapter were presented at various conferences,
including an oral presentation at International Conference on Magnetism and Mag-
netic Materials MMM-2019. Additionally, the manuscript is under preparation: A.
Moskaltsova, D. Dyck, J.-M. Schmalhorst, G. Reiss, and T. Kuschel, ”Unidirectional

spin Hall magnetoresistance and spin-orbit torques in HM1/Co/HM2 trilayer systems”

(in preparation) (2021).

4.1 Pt and Ta systems

4.1.1 Samples description

In this chapter, the following reference samples containing the HM materials Pt
and Ta were studied: sub/Pt 6/Co 2.5/MgO 2/TaOx and sub/Ta 6/Co 2.5/MgO 2/TaOx,
further mentioned as Pt/Co and Ta/Co bilayers, respectively. The main set of samples
consisted of sub/Pt 6/Co 2.5/Ta 6/MgO 2/TaOx and sub/Ta 6/Co 2.5/Pt 6/MgO 2/TaOx,
which are later called Pt/Co/Ta and Ta/Co/Pt trilayers, respectively. The substrate used
for all the samples discussed in this chapter and mentioned above as sub is Si/SiO2 with
525 µm Si and 50 nm of thermally oxidized SiO2. The thicknesses of the layers are
indicated in nm. The MgO 2/TaOx is a capping layer, in which the top Ta oxide layer
was obtained by natural oxidation of 2 nm metallic Ta. All the studied thin films stacks
are represented graphically in Fig. 4.1. More details on the preparation of the samples

59



CHAPTER 4. SPIN TRANSPORT IN BI- AND TRILAYERS

are given in Chapter 2.

Pt 6 nm

Si/SiO2

Pt 6 nm
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MgO 2 nm
TaOx
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Figure 4.1: Thin films stacks studied in this chapter. (a) and (b) bilayers HM/FM/cap
and (c) and (d) trilayers HM1/FM/HM2/cap.

4.1.2 Spin-orbit torques and thermal contributions

The main focus of the Pt and Ta bi- and trilayer systems studies was the analysis of
the SOT and USMR effects in complex systems with various HM materials at the inter-
face to an FM. An enhancement of the USMR effect in trilayer systems HM1/FM/HM2

as compared to a bilayer system HM1/FM was expected, with HM1 and HM2 having the
opposite sign of the SHA. In this work, in-plane magnetized Co with the thickness of
2.5 nm was used as an FM. As it was described in Chapter 2 (see Fig. 2.10), in order to
extract the pure USMR effect, the SOT and thermal contributions have to be analyzed
first and consequently subtracted from the experimental data. Thus, in this section, the
details on thermally induced effects as well as SOTs and their separation are discussed.

Before patterning, the thin films stacks were characterized by VSM to ensure their
magnetic properties and determine the saturation magnetization Ms and saturation fields
Hs. The Pt/Co bilayer is saturated at 1 T, while the Ta/Co bilayer and both trilayers
are saturated already at 0.4 T. The thicknesses and roughness of the individual layers
were confirmed by XRR. The experimental data and its evaluation will be presented in
the next Chapter. All the samples were patterned into Hall bar structures with various
widths, as described in detail in Chapter 2.

Figure 4.2 shows the raw data for the second harmonic transverse (Hall) resistance
R2ω

H measured as a function of the in-plane rotation angle φ for the bi- and trilayers.
Figures 4.2 (a) and (b) represent the Pt/Co and Ta/Co bilayers data, respectively. In
this measurement geometry FL and DL SOTs can be detected. It can be seen, that at
1 T (red circles) the measured signals of Pt/Co and Ta/Co have an opposite sign as
expected, since θPt

SH > 0 and θTa
SH < 0. The shape of the signal follows cosφ function,

which corresponds to the DL SOT (see Eq. (2.13)). On the other hand, the measured
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(a) (b)

(d)(c)

1 T

50 mT

Fit

Figure 4.2: Second harmonic Hall resistances (a), (b) for the bilayers and (c), (d) for
the trilayers. Red and blue circles correspond to the measured data at 1 T
and 0.05 T, respectively. The fits with Eq. (2.13) are shown in black dashed
lines.

signal at 50 mT (blue circles) does not change its shape drastically in the case of the
Ta/Co bilayer (Fig. 4.2(b)), while for the Pt/Co case additional effect emerges with a
higher amplitude and different angular dependence, compared to the signal at 1 T. This
additional effect is FL SOT, which becomes more pronounced in the unsaturated state,
e.g. for the magnetic fields below 0.4 T and can be described with a (2 cos 3φ - cos φ)
function (see Eq.2.13).

For the trilayers, which are represented in Figs. 4.2 (c) and (d), the sign of the effects
correlates with the sign for the corresponding bilayer. Both Pt/Co/Ta and Ta/Co/Pt tri-
layers exhibit FL SOT contributions in the field range < 0.4 T (see blue curve measured
at 50 mT).

The measurements were performed at a number of fixed magnetic fields from 50 mT
to 1 T, to be able to further separate the effects as described in Chapter 2.

Following the analysis method developed by Avci et al. [97, 139], the transverse
second harmonic voltage measurements were analyzed, to obtain the information on the
SOTs as well as to extract the transverse thermal effects. These effects arise from SSE
and ANE and must be taken into account. As was shown in Ref. [97], it is important
to convert the transverse contribution to the longitudinal one via the geometrical factor
for the further USMR analysis. The second harmonic Hall voltage can be described as
[105, 164]
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V 2ω
H = [−HFL+Oe

Hext

RPHE cos 2φ+ (−1

2

HDL

Heff

RAHE + α′I0)]Irms cosφ, (4.1)

with HFL and HDL being the FL and DL SOT fields, respectively, RPHE is the PHE
resistance, while RAHE is the AHE resistance. Irms is the rms current amplitude. Af-
terwards, the transverse second harmonic resistance can be described as

R2ω
H = R2ω

DL +R2ω
∇T +R2ω

FL+Oe (4.2)

with R2ω
∇T corresponding to the temperature effects driven by out-of-plane thermal gra-

dients (SSE, ANE). The raw data was fit with a function A · cos φ + B · (2 cos3φ - cos
φ), as described in detail in Chapter 2. As a result, two main contributions were then
extracted from the fit: one with the prefactor A, corresponding to the sum of DL SOT
and temperature effects (proportional to cos φ); and second with the prefactor B being
a sum of FL SOT contribution and Oersted fields (proportional to (2 cos3φ - cos φ)).

The next step was to separate the DL SOT and temperature contributions by plotting
the corresponding fit parameter against the inverse total magnetic field 1/Htotal. The
example of such separation is shown in Fig. 4.3 for bi- and trilayers. The DL SOT is
expected to have no influence in the large field regime and the only contribution left is
related to the temperature effects. Thus, the transverse contribution corresponding to
the temperature effects R2ω

∇T was defined as the y-axis intercept.

(a)

Figure 4.3: R2ω
H cos φ contribution plotted against inverse magnetic field for (a) bilayers

and (b) trilayers. Linear fits performed for the in-plane saturated regime >
0.4 T measured at an applied charge current amplitude of 2.5 mA.

It is evident from Fig. 4.3(a) that Pt/Co bilayer exhibits negligible R2ω
∇T value of 15
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µΩ, while the Ta/Co bilayer possesses a significantly higher value of 0.54 mΩ. On the
other hand, both trilayers yield lower, however non-negligible, R2ω

∇T values of 34 µΩ

and 0.122 mΩ for Pt/Co/Ta and Ta/Co/Pt, respectively.
As can be seen from the Eq. (4.1), RAHE is needed to calculate the DL SOT field.

The AHE measurements were performed using a Cryogenic Ltd. Cryostat at room tem-
perature and maximum applied out-of-plane magnetic field of 4 T. The measured data
is shown in Fig. 4.4 for all the samples.

Figure 4.4: RAHE measurement data for (a) bilayer and (b) trilayer samples with the
magnetic field applied out-of-plane.

Figure 4.4 (a) shows the raw data for the bilayer samples. The Ta/Co sample (red
squares) exhibits the highest AHE amplitude of 1.1 Ω among all the samples. The AHE
of the Pt/Co bilayer (depicted in blue squares) was measured only in the range of -2
to 2 T and yields RAHE of 0.35Ω. In the case of trilayers, represented in Fig. 4.4 (b),
both samples exhibit comparable AHE amplitudes of 0.23 Ω and 0.24 Ω for Pt/Co/Ta
(turquoise squares) and Ta/Co/Pt (orange squares), respectively.

For the determination of the DL and FL SOT fields (HDL and HFL+Oe, respectively),
Eq. (4.1) was used. The extracted SOT fields for bi- and trilayers at 2.5 mA applied
current are shown in Figure 4.5. As expected, there is no dependence on the magnetic
field, except for the unsaturated regime in the field range < 0.4 T (in-plane). It can
be seen, that Pt/Co and Pt/Co/Ta samples (open blue and turquoise circles, respectively)
yield comparable DL SOT fields of 0.721 mT and 0.84 mT, respectively. In contrast, the
Ta-based samples exhibit rather different DL SOT fields, with H

Ta/Co/Pt
DL (open orange

squares) being 5× larger than for Ta/Co bilayer (open red squares). The measured
values are -0.71 mT and -0.133 mT for Ta/Co/Pt and Ta/Co, respectively.

The extracted term HFL+Oe is a sum of FL SOT and Oersted field, generated by the
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charge current flowing in Pt and/or Ta layer(s). The Oersted field can be then calculated
as µ0I/2w, in which w is the width of the current line and µ0 is the vacuum permeability,
µ0 = 1.2566 × 10-6 H/m. For the current amplitude of 2.5 mA and Hall bar width of
4 µm, HOe = -0.39 mT. This value was later subtracted for the correct SOTs efficiency
calculations. The HFL+Oe fields are rather low in comparison to the DL SOT, with only
Ta/Co/Pt sample exhibiting FL+Oe SOT field of 0.335 mT (filled orange squares). The
remaining samples show HFL+Oe values with a negative sign and lower than 0.2 mT.

 Pt/Co  

 Pt/Co/Ta

 Ta/Co 

 Ta/Co/Pt

 HFL+Oe  HAD

0.0 0.3 0.6 0.9 1.2

-0.5

0.0
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T
)

Magnetic field (T)

Figure 4.5: DL and FL SOT fields as a function of external magnetic field. The devia-
tions in the low field regime are due to the unsaturated magnetization state.

As discussed in Chapter 1, one way to evaluate the SOTs is to compare the SOTs
efficiencies (ξDL and ξFL), which were calculated as following

ξDL(FL) =
2e

h̄
HDL(FL)

MstFM

jHM

, (4.3)

with e being the electron charge, h̄ is the Planck constant, Ms is the saturation magneti-
zation of the FM, tFM is the thickness of the FM layer and jHM is the current density in
the HM layer.

Following a model, in which the DL torque is entirely ascribed to the absorption of
the spin current produced by the bulk spin Hall effect in the HM [165, 166], the DL SOT
efficiency is equal to the spin Hall angle of the HM: ξDL = θSH (for the case of bilayers).
Thus, spin Hall angles θPt

SH = 10%, θTa
SH = - 3.5% were obtained, which are in agreement

with the literature [91, 139]. For the trilayers, however, the extracted values correspond
to the effective spin Hall angle θeffSH , with both HMs contributing to the spin-polarization
at both interfaces. The obtained values yield 20% for Pt/Co/Ta and -13% for Ta/Co/Pt
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(see Table 4.1 for more details). The lower value for the latter trilayer may be attributed
to the Ta oxidation at the substrate or poor interface. The θSH values obtained in this
work are slightly lower than was previously reported (34%) for the same trilayer system,
however with perpendicularly magnetized Co [167].

4.1.3 Unidirectional spin Hall magnetoresistance in Pt and Ta- based systems

After the detailed analysis of the second harmonic Hall voltages, a closer look at
the second harmonic longitudinal voltages was taken. The corresponding data and fits
are shown in Fig. 4.6. A similar behavior as for the transverse case is observed, where
for the samples containing Pt, FL SOT contributions arise at lower magnetic fields (here
shown for 50 mT in blue circles) at the angles φ = 45◦, 135◦, 270◦ and 315◦. In contrast,
the signals measured at 1 T (in red circles) all display a sin φ angular dependence with
a different sign depending on the underlying HM, positive for Pt (Figs. 4.6 (a) and (c))
and negative for Ta (Figs. 4.6 (b) and (d)). The raw data was then fitted with the A · sin
φ + B · (2 cos3φ - cos φ) function, in which the sin φ contribution gives information on
the USMR effect amplitude, while the (2 cos 3φ - cos φ) contribution describes the FL
SOT and is only present at lower magnetic fields.

(a) (b)

(d)(c)

1 T
50 mT
Fit

Figure 4.6: Longitudinal second harmonic resistance for (a) Pt/Co and (b) Ta/Co bilay-
ers, (c) Pt/Co/Ta and (d) Ta/Co/Pt trilayers. Blue and red circles correspond
to measurements at 1 T and 50 mT, respectively.

Following Avci et al. [168], a closer look at the R2ω field dependence was taken.
Figure 4.7(a) shows the raw signal dependence on the applied magnetic field at 2.5 mA.
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The data was then fit with a const.·H−p function (represented by dashed lines). It is clear
that in the saturated regime there is no dependence on the magnetic field. However, Pt
containing samples show a variation of the effect magnitude in the unsaturated state,
which was attributed to the pronounced FL SOT, which is confirmed by the absence of
the magnetic field dependence in the Ta/Co bilayer systems (red squares). The fitting
procedure was performed for different current amplitudes and the dependence of the fit
parameter p on the current was then analyzed. Figure 4.7(b) reports the p values for
all the samples. It is evident that for all the systems there is no current dependence
within the studied range. However, as was shown by Avci et al. [168] for Co(2.5)/Pt(6)
bilayers, the exponent p increases monotonically from 0.6 to 0.9 with increasing current.
It is important to note, that the authors utilized current amplitudes in the range from
4.25 mA to 21.25 mA, which is significantly larger, than used in this work. Nevertheless,
the Pt/Co/Ta trilayer exhibits a comparable p value of 0.71 even at the lower current
amplitudes.

The USMR effect amplitude was then calculated as: R2ω
USMR (at 1 T) = R2ω- l

w
R2ω

∇T ,
with R2ω being the raw second harmonic longitudinal signal, l

w
≈ 5 is the geometrical

ratio and R2ω
∇T is the transverse thermal contributions, extracted previously.
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Figure 4.7: (a) R2ω magnetic field dependence. (b) Extracted exponent p dependence
on applied current.

Finally, a detailed analysis of R2ω
USMR current dependence is shown in Fig. 4.8(a).

The experimental data was fit with a linear function, converging to 0 with vanishing
current. For further comparison, the values at 1 × 107 A/cm2 (slope of the linear fit) are
discussed. It can be seen, that for the Ta-based systems, the bilayer exhibits the highest
value of 0.95 mΩ, while the respective trilayer yields R2ω

USMR = 0.23 mΩ. In the case
of the Pt based samples, the difference between the extracted USMR values is not large
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(R2ω
USMR = -0.79 mΩ for the bilayer vs. R2ω

USMR = -0.66 mΩ for the trilayer), however,
no enhancement for the trilayer is found. Since Ta has resistivity ∼4 times higher than
Co, it is anticipated that most of the current flows through the Co and Pt layers.

Thus, to correctly compare the USMR effect between the different samples, the
ratio of the USMR effect R2ω

USMR to the HM(s) resistance was calculated. Figure 4.8(b)
displays the dependence of the normalized USMR on HM current density jHM . A
modest enhancement of the effect of about 20% as compared to the respective bilayer
was obtained for both trilayers with the absolute value of the maximum normalized
USMR of -0.32 × 10−5 per 107 A/cm2 was observed in Pt/Co/Ta trilayer.
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Figure 4.8: (a) R2ω
USMR dependence on the total current density. (b) Normalized USMR

dependence on the current density in the HM(s).

Nonetheless, after closer inspection of the experimental data fits, it is evident, that
there is still a large uncertainty. For example, if the measured data point at maximum
current is ignored for the Pt/Co bilayer, the extracted normalized USMR would be at
least the same as for the respective trilayer. The similar picture is observed for the Ta-
based samples, where, first of all, only measurements at two different currents were
successfully performed and, secondly, the measured points of the trilayer show higher
scattering and thus uncertainty of the fit.

Furthermore, taking a closer look at the bilayers, it can be seen that the normalized
USMR effect is stronger for Pt than Ta, |RTa/Co

USMR| = 0.11 × 10−5 per 107 A/cm2 vs.
|RPt/Co

USMR| = 0.26 × 10−5 per 107 A/cm2. All of the extracted values are reported in Table
4.1. Such a behavior of the Ta-based systems in comparison to Pt can be explained first
of all by the difference in the θSH values, as Ta yields θSH of ∼ 3% while θPt

SH ∼ 10%.
Additional factors could also play a significant role, such as:
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Table 4.1: A summary of the results for the Pt and Ta-based samples.

sample I RPHE RAHE
RUSMR

RHM
×10−5 HDL HFL+Oe ξDL ξFL

(mA) (Ω) (Ω) per 107 A/cm2 (mT) (mT)
Pt/Co 0.11 0.35 2.0 -0.26 0.782 -0.092 0.098 0.013

2.25 -0.32 1.064 -0.13 0.12 0.008
2.5 -0.24 0.721 -0.194 0.07 0.0006

Ta/Co 0.12 1.1 2.0 0.04 -0.135 -0.092 -0.034 0.027
2.5 0.06 -0.133 -0.136 -0.027 0.013

Pt/Co/Ta 0.07 0.23 2.0 -0.15 0.75 -0.056 0.185 -0.014
2.125 -0.16 0.84 -0.056 0.19 -0.013
2.25 -0.15 0.86 -0.084 0.186 -0.018
2.375 -0.16 0.98 -0.028 0.2 -0.006
2.5 -0.14 0.84 -0.056 0.17 -0.011

Ta/Co/Pt 0.05 0.2 2.0 0.05 -0.52 0.196 -0.135 0.05
2.125 0.044 -0.47 0.284 -0.11 0.07
2.25 0.023 -0.39 0.218 -0.09 0.05
2.375 0.027 -0.5 0.218 -0.11 0.05
2.5 0.89 -0.71 0.3348 -0.15 0.07

• intermixing at the Ta/Co interface,

• oxidation of Ta at the substrate,

• spin-transparency of the interface.

Unfortunately, no significant increase of the USMR effect was found for Ta and Pt thin
films systems discussed in this section, as predicted by Zhang and Vignale [98]. The
authors discussed that for a such a structure, with FM being sandwiched between Pt and
Ta, the orientations of the spin accumulations on opposite sides of the FM will be equal,
therefore the interface contributions to the USMR expected to add up and enhance the
USMR. Hence, another attempt to tune the USMR in HM1/Co/HM2 systems was un-
dertaken, in which Ta was exchanged with W. The details are discussed in the following
section.

4.2 W-based systems

4.2.1 Sample preparation

Tungsten is a HM with a negative sign of SHA [90], which can exhibit resistivity
in a wide range from ∼25 to ∼300 µΩcm depending on the deposition condition and
crystallographic phase (e.g. α, β or the mixture of both phases). In this work, the
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Table 4.2: W sputtering parameters for calibration.

thickness thickness Power throttle sputter R (Ω) ρ
nominal (nm) XRR (nm) (W) position (%) time (s) (µΩ cm)

6 6.22 15 21 61.37 67.8 190
8 8.11 15 21 81.62 40.1 145

15 15.5 15 21 152.47 11.33 79
6 7.69 3 21 300.6 55.56 193
8 10.25 3 21 400.6 39.02 181

15 17.94 3 21 700.6 18.5 150
6 5.86 30 10 26.54 48.7 129.35
6 7.02 30 10 30.95 27.1 86
8 7.86 30 10 35.18 16.6 59.14

W thin films were deposited using magnetron sputtering technique, while varying the
sputter power and throttle position. Consequently, in order to assess the quality of the
W thin films crystallographic structure and extract the information about the phase,
XRD investigations were performed. The thickness and roughness were determined by
means of XRR. Another crucial parameter to monitor after sputtering is the electrical
resistivity, as the resistivity in the range 50 < ρ < 150 µΩ cm was targeted. The
measurements were performed using the four-point probe method immediately after the
deposition, before the W films could significantly oxidize. The amount of oxygen in the
films, however, was not measured. The resistivity measurements were performed only
once and the change of the resistivity over time was not monitored.

Table 4.2 summarizes the utilized sputter power and the respective sputter times, as
well as the nominal thicknesses, used to prepare tungsten calibration samples.

Figures 4.9(a) and (b) illustrate the XRR and XRD measurements of the selected
calibration samples, respectively. The experimental XRR data was fitted utilizing the
recursive Parratt algorithm and GenX software [144]. The W layer thickness as well as
roughness were extracted from the corresponding best fits, as presented in Fig. 4.9(a) in
black solid lines. The determination of the crystallographic phase was carried out using
XRD technique.

Finally, resistivity measurements were performed and further compared to the liter-
ature values reported by Pai et al. [90]. The W layer resistivity was extracted as follow-
ing: ρ = π

ln2
R t, with R being the electrical resistance of the film, measured directly after

sputtering with a four-probe technique (see Fig. 4.10(b)) with four equidistant needles
in a line, and t is the layer thickness, determined from the XRR measurements.
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Figure 4.9: (a) XRR measurements to determine the layers thickness. (b) XRD mea-
surements to confirm the phases/crystallographic orientation.

It can be seen from Fig. 4.10(a), that the resistivity values for the samples deposited
at 30 W correlate well with the values reported in [90] and are in the targeted range
50 < ρ < 150 µΩ cm. Hence, these sputtering conditions were chosen for further
deposition of the bi- and trilayers.

Thus, after a detailed study and optimization of the deposition parameters for W and
investigation of their influence on resistivity and phase, the following set of samples with
W instead of Ta, as a material with θSH < 0, has been prepared for the consequent SOTs
and USMR studies: sub/ W 7/Co 2.5 /MgO 2/TaOx and sub/W 8/Co 2.5/MgO 2/TaOx

and trilayers sub/Pt 6/Co 2.5/W 8/MgO 2/TaOx and sub/W 8/Co 2.5/Pt 6/MgO 2/TaOx.
The thin films stacks are depicted in the Fig. 4.11. As for the previously discussed Pt
and Ta systems, the W thin films were patterned via electron beam lithography into Hall
bar structures with various widths between 4 µm and 10 µm.

4.2.2 Spin transport effects

As for the case of Pt and Ta samples, the samples with tungsten studied in this section
were measured using the harmonic Hall measurement technique, in which both first
and second harmonics of both longitudinal and transverse voltages were simultaneously
detected. As it was discussed previously, the analysis of the transverse voltage was
performed first to separate the SOTs and the thermal effects.

Figure 4.12 shows the raw data for the (a) and (b) bi- and (c) and (d) trilayers at two
selected magnetic field strengths of 1 T (orange circles) and 0.2 T (violet circles). All
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Figure 4.10: (a) Resistivity of the calibration samples at various sputter powers (circles)
compared to the literature values taken from Pai et al. [90] (red stars). (b)
Four-point measurement scheme with equidistant needles.
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Figure 4.11: Thin films stacks with W. (a) and (b) bilayers HM/FM/cap and (c) and (d)
trilayers HM1/FM/HM2/cap.

samples were measured at applied magnetic fields from 50 mT to 1 T, as for the case
of Pt and Ta samples described previously. However, for W samples the data measured
below 0.2 T were showing higher noise levels and thus were not evaluated and not shown
here. It can be seen, that the W 7/Co bilayer and the W 8/Co/Pt trilayer systems depicted
in Figs. 4.12(a) and (d), respectively, follow the expected cos φ angular dependence.
At the same time, the W 8/Co bilayer and the Pt/Co/W 8 trilayer (Figs. 4.12(b) and
(c)) do not yield a reliable experimental data and cannot be unambiguously fitted. Thus,
the further data analysis procedure was applied only to the W 7/Co bilayer and the W
8/Co/Pt trilayer.

The AHE was measured for all four samples and the experimental data is shown in
Fig. 4.13. The inset in (b) demonstrates the measurement geometry. The bilayers de-
picted in Fig. 4.13 (a) yield very similar shape of the curve and rather comparable RAHE

values: RAHE
W 7/Co = 0.1 Ω (shown in magenta circles) and RAHE

W 8/Co = 0.076 Ω (olive
circles). In case of the trilayers, the Pt/Co/W 8 trilayer (dark cyan circles) exhibits the
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1 T

0.2 T

Fit

(a) (b)

(c) (d)

Figure 4.12: Second harmonic Hall resistances for (a) and (b) bi- and (c) and (d) trilay-
ers with W. Orange and purple circles correspond to the measured data at
1 T and 0.2 T, respectively. The fits with the Eq. (2.13) are shown in black
dashed lines.

same RAHE value as W 8/Co bilayer, while the trilayer (violet circles) with the switched
HMs order yields the lowest value among all four samples of 0.053 Ω. Additionally, the
out-of-plane saturation fields were extracted from the AHE measurements, since they
are necessary for further data analysis. The Hsat of 2.8 T for both bilayers were found,
while the Pt/Co/W and W/Co/Pt trilayers exhibit Hsat = 1.05 T and 2.05 T, respectively.

After fitting the transverse second harmonic data for various applied magnetic fields
with the A · cosφ + B · (2 cos3φ - cosφ) function, the DL and FL SOT contributions
were extracted. Figure 4.14(a) presents the extracted R2ω

H cosφ contribution dependence
on the inverse total magnetic field. As discussed previously, it is expected that the cosφ
contribution is a sum of temperature effects, which are field-independent, and DL SOT,
typically exhibiting a linear 1/Htot dependence. As can be seen from the Fig. 4.14(a), the
trilayer sample yields a constant value of 26 µΩ, while the bilayer converges to 43 µΩ

and indeed shows a linear 1/Htot dependence. However, when these results are compared
to the previously studied Pt and Ta systems, as shown in Fig. 4.14(b), the extracted
contributions for W samples are extremely low and, thus, negligible. Additionally, it can
be seen, that unlike Pt and Ta stacks, W-based samples yield negligible field dependence,
which indicates the absence of the DL SOT in these samples. Hence, the USMR effect
for W systems can be written simply as R2ω = R2ω

USMR, since no significant temperature
effects have been found.
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Figure 4.13: RAHE measurement data for W-based (a) bilayer and (b) trilayer samples.
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Figure 4.14: (a) R2ω
H cosφ contribution plotted against the inverse magnetic field for W-

based samples. (b) Comparison to the Pt and Ta systems.

Finally, the USMR analysis for the W-based samples have been performed in the
same manner as discussed previously (see Section 4.1). The measured raw second har-
monic resistances for the four samples are shown in Fig. 4.15. Here, unlike for the
transverse case, both W 7/Co and W 8/Co, as seen in Figs. 4.15(a) and (b), respectively,
exhibit sin φ dependence attributed to the USMR effect. However, due to the large un-
certainty of the data and its fits, the W 8/Co bilayer was not further analyzed. As for the
Pt/Co/W trilayer depicted in Fig. 4.15(c), no identifiable signal was detected for both
1 T and 0.2 T fields.

The field dependence of the second harmonic longitudinal resistance is shown in
Fig. 4.16(a). Here, for a direct comparison the data for Pt and Ta systems is included
as well. It is evident, that when compared to Pt and Ta samples, W-based systems,
firstly, yield relatively low R2ω values and, secondly, do not show any significant field
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(d)

(a) (b)

(c)

1 T
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Fit

Figure 4.15: Longitudinal second harmonic resistances for (a) and (b) bi- and (c) and
(d) trilayers, orange and purple circles correspond to the measurements at
1 T and 0.2 T, respectively.

dependence. When a zoomed-in region as shown in Fig. 4.16(b) is analyzed in detail,
one can see, that the W/Co bilayer (in violet stars) exhibits a low field dependence and,
when fit with the const.·H−p function, the value for the exponent p of 0.21 is extracted,
which is slightly lower as for Ta/Co/Pt trilayer, p = 0.26. For the case of W/Co/Pt trilayer
(magenta stars), the extracted exponent p = 0.07, which is higher compared to the Ta/Co
bilayer, where no field dependence was found (p = 0.01).

Regarding the charge current dependence of the USMR effect, a comparison of all
investigated samples (see Fig. 4.16(c)) reveals that the W-based samples yield a slightly
higher normalized USMR slope, compared to the Ta-based samples. Still, no significant
enhancement of the effect was observed. The extracted normalized USMR of the W
bilayer is RUSMR

RHM
= 0.147 × 10−5, while for the Ta/Co bilayer it is 0.11× 10−5. An

enhancement of the USMR effect was observed for W- and Ta- based trilayer systems
as compared to the respective bilayers. An increase of 10% was measured for W-based
sample, whereas Ta-based sample show an increase of 27%. However, the W/Co/Pt
trilayer yields the highest normalized USMR effect of 0.162 × 10−5, which is ∼ 16%
higher than for the Ta/Co/Pt trilayer system.

The low values of the W systems may be attributed mainly to the crystallographic
phase, since the α - W or the mixture of α and β-phase usually exhibit modest θSH , un-
like pure β phase with a giant spin Hall angle of θSH = 33% [90]. Resistivity is another
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Figure 4.16: (a) R2ω magnetic field dependence in comparison to the Pt and Ta sys-
tems. (b) Zoom-in of the W samples data and the respective fits with the
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USMR charge current dependence
for all samples.

major parameter, playing a crucial role in the current distribution in a thin film system
and consequently the amount of the spin-current created via the SHE. Another possible
reason for rather low USMR values can be W oxidation at the substrate or even on top
of the FM, even though a cap of MgO/TaOx was used for all the samples. Nevertheless,
several alternatives for the USMR enhancement have been reported recently, for exam-
ple by inserting a Cu interlayer, where an USMR increase of 36% due to spin-dependent
scattering is observed [169].

In conclusion, the studies of the SOTs and USMR in HM1/FM/HM2 systems with Pt,
Ta and W showed, that it is indeed possible to tune the USMR effect by adding a second
FM/HM interface as compared to the bilayers. Nevertheless, further investigations are
needed in order to further improve the thin film systems and thus the achieved tuning of
the USMR effect.
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CHAPTER 5

MAGNETIC PROXIMITY EFFECT IN BI- AND TRI-
LAYER SYSTEMS WITH CO/PT INTERFACE

In this chapter, studies of the MPE in bi- and trilayer systems with Pt/Co and Co/Pt
interfaces are reported. Additionally, a comprehensive comparison of the total magnetic
moment and the influence of the MPE is discussed. The MPE was studied by means of
XRMR and the measurements were conducted at the scattering and diffraction beamline
P09 of the third generation synchrotron PETRA III at DESY (Hamburg, Germany). The
details on the XRMR experiments as well as the analysis procedure are described in
Chapter 2. The total magnetic moment of the samples was obtained via VSM at room
temperature.

The results discussed in this chapter were presented at the International Conference
on Magnetism and Magnetic Materials - MMM-2019 and published as a peer-reviewed
article A. Moskaltsova, J. Krieft, D. Graulich, T. Matalla-Wagner, and T. Kuschel, ”Im-

pact of the magnetic proximity effect in Pt on the total magnetic moment of Pt/Co/Ta

trilayers studied by x-ray resonant magnetic reflectivity”, AIP Advances, 10 015154
(2020) (Editor’s Pick) [170]. Some of the results were also used for developing an
advanced fitting procedure and are part of the publication J. Krieft, D. Graulich, A.
Moskaltsova, L. Bouchenoire, S. Francoual, and T. Kuschel, ”Advanced data analysis

procedure for hard x-ray resonant magnetic reflectivity discussed for Pt thin film sam-

ples of various complexity”, Journal of Physics D: Applied Physics, 53 375004 (2020)
[147].

5.1 Magnetic proximity effect in bilayers and trilayers with Pt/Co interface

The samples studied in this section are the bi- and trilayers Si/SiO2 50/Ta 6/Co
2.5/MgO 2/TaOx 2, Si/SiO2 50/Ta 6/Co 2.5/Pt 6/MgO 2/TaOx 2 and Si/SiO2 50/Pt 6/Co
2.5/Ta 6/MgO 2/TaOx 2. Here the nominal thicknesses are given in nm and the samples
are further referenced as Ta/Co, Ta/Co/Pt and Pt/Co/Ta, respectively. The Ta/Co bilayer
does not contain Pt and is not expected to have any MPE, thus this system is used as a
reference sample in this study.
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INTERFACE

(b)

Figure 5.1: (a) XRR data and fits for the three samples. (b) Stack representations with
the structural parameters obtained from the XRR fits (thicknesses in nm).
Z-axis is defined vertically to the film plane with 0 being located at the
substrate/stack interface.

As reported by Klewe et al. [132], the first step in the XRMR experimental pro-
cedure is measuring the off-resonant XRR curves to extract the structural parameters
thickness, roughness and density. For the trilayers, the resonant XRR curves were ob-
tained at a wavelength λ = 1.07192 Å (11566.5 eV), while for the Ta/Co bilayer, the
off-resonant XRR was obtained by the Philips X’Pert Pro MPD x-ray diffractometer at
wavelength λ = 1.5406 Å (8047.7 eV), corresponding to Cu Kα energy (see Fig. 5.1(a)).
The experimental XRR curves were then fitted using the recursive Parratt algorithm
[143], as described in Chapter 2. The corresponding experimental XRR curves and
their fits, as well as the extracted thicknesses of the stacks are shown in Fig. 5.1(b).

To calculate the MPE-induced Pt magnetic moment, a closer look at the asymmetry
ratio curves has to be taken. Figures 5.2(a)-(c) present the asymmetry ratio for the
Ta/Co/Pt trilayer sample. As discussed previously in Chapter 2, one measure for the
quality of the fit is the so-called goodness of fit (GOF) χ2 value. In order to study
the χ2 dependence on various parameters, 2D χ2 mapping [147] was performed by
varying the Gaussian profile parameters, namely variance and z position, keeping the
profile amplitude fixed. The χ2 2D mapping is part of the advanced fitting procedure,
developed for complex stacks, as the ones studied in this work. The obtained χ2 map
is shown in Fig. 5.2(d). By using the calculated landscape it was possible to narrow the
parameter range and perform a more detailed analysis of the fits. Figures 5.2(a)-(c) show
various asymmetry ratio fits obtained from different depth profile models, corresponding
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Figure 5.2: (a), (b), (c) Asymmetry ratio and various fits for the Ta/Co/Pt trilayer. (d)
χ2 map plot of the Gauss variance vs. the Gauss z position. The +, ❋ and ×
symbols identify the respective asymmetry ratios.

to the highlighted areas in the χ2 landscape (the +, ❋ and × symbols). If the Gauss
profile parameters (variance and z position) are chosen far from the χ2 minimum, the
resulting asymmetry ratio does not fit the experimental data neither qualitatively, nor
quantitatively (Figs. 5.2(b) and (c)). For those cases, the convoluted ∆β depth profiles
are not physically meaningful, due to the median being inside Co layer (Fig. 5.3(b)
green line) or far into Pt layer (Fig. 5.3(b) light blue line). The final Gauss parameters
for the best fit lie inside the global χ2 minimum area, as shown in Figure 5.2(a), with
the minimal goodness of fit χ2 = 5.47 ×10−5. The physically most meaningful optic
and magnetooptic profiles are presented in Fig. 5.3(a). The optic profile (solid blue
line) shows the δ depth profile along the sample stack. The top TaOx layer indicates in
both cases a change of δ within the layer, which can be explained by different stages of
oxidation of the metallic Ta.

A similar procedure was performed for the Pt/Co/Ta system with reversed stacking
order and the resulting asymmetry ratio simulation as well as the optic and magnetoop-
tic profiles are represented in Fig. 5.4. Here, two selected fits are shown, corresponding
to different χ2 values. Figure 5.4 (b) describes a zoomed-in region to highlight a se-
lected asymmetry feature. One can clearly see that, even though both fits describe the
experimental data rather well, the fit with higher GOF (solid green line) χ2 = 16× 10-5

deviates stronger from the experimental data. Although both fits do not describe the
experimental data perfectly, the fit with lower GOF χ2 = 8.47 × 10-5 is chosen for the
further MPE analysis. As compared to the other stacking order, this modeled asym-
metry ratio yields a slightly higher χ2 value (χ2

Pt/Co/Ta = 8.47 ×10−5 vs χ2
Ta/Co/Pt =
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Figure 5.3: (a) Optic δ depth profile (solid blue line) and best fit magnetooptic ∆β depth
profile (solid red line). (b) Corresponding magnetooptic Pt depth profiles
from the various asymmetry ratio fits.

5.47 ×10−5). This might result in a higher uncertainty of ∆β and the final Pt magnetic
moment per atom. Thus, the fit with the lowest χ2 was chosen for further analysis.

By comparing the obtained ∆β values to the ab initio calculations, as described in
detail by Kuschel et al. [130], the induced Pt magnetic moments of 0.56 µB per Pt atom
at the interface for Ta/Co/Pt and 0.42 µB per atom at the interface for Pt/Co/Ta have been
extracted. These obtained moments are comparable with the previously reported values
for Pt/Fe [132] or Pt/Co1-xFex [133] bilayers. The difference in the induced moments
among the trilayers might arise due to differently textured crystal growth for Pt grown
on Co compared to Pt grown on the substrate Si/SiO2. For example, it was recently
shown that different textures of Pt thin films result in a different magnitude of the MPE
[134].

The extracted thicknesses of the Pt spin-polarized layer are 0.9 nm and 0.8 nm for
Ta/Co/Pt and Pt/Co/Ta, respectively. These thicknesses are slightly lower than the pre-
viously reported values for the MPE in Pt/Fe bilayers [132].

5.2 Magnetic moment comparison

To understand the influence of the induced magnetism in Pt due to the MPE, this
section is dedicated to the comparison of the magnetic moment values per Pt atom ob-
tained in the previous section and the total magnetic moment of the samples measured
directly via VSM.

The corresponding VSM curves are shown in Fig. 5.5, from which the saturation
magnetic fields and saturation magnetic moments are extracted. It is important to note
here, that the samples have different dimensions (see Table 5.1). Therefore, the resulting
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Figure 5.4: (a) Asymmetry ratio and chosen representative fits for the Pt/Co/Ta trilayer.
(b) Close up of a region of the asymmetry ratio curve, comparing two fits.
(c) Optic δ (solid blue line) and magnetooptic ∆β (solid red and green lines)
depth profiles.

absolute magnetic moments µVSM in emu vary. If the MPE does not contribute to the
total magnetic moment of the sample, then the measured moment should correspond to
the literature value of Co for the given Co thickness and geometry of the sample. Thus,
the obtained total magnetic moments are first compared to the literature value expected
for Co which is 1.7 µB per Co atom according to the Slater-Pauling curve [116] (see
Tab. 5.1).

For the Ta/Co reference bilayer, with no MPE, the measured magnetic moment is
indeed close to the literature value and thus µVSM = µCo,lit. However, when comparing
the trilayers containing Pt in proximity to Co, the measured magnetic moment is higher
than expected for Co only. Hence, it can be concluded, that the magnetic moment in Pt
is in the same direction as the Co moment, and the MPE contributes to the total magnetic
moment in the case of the trilayer samples.
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Figure 5.5: VSM hysteresis loops for the reference Ta/Co bilayer and the trilayer sys-
tems.

In order to quantitatively characterize the MPE induced magnetic moment, the ex-
tracted information is further used to recalculate the magnetic moment in µemu and to
compare with the measured moment of the sample. The µPt = mPt · µB ·NPt formula
was used for the calculations, in which mPt is the moment per Pt atom in µB as found
from the asymmetry fitting, µB is the Bohr magneton, µB = 9.274 × 10-24 J

T
and NPt is

the number of Pt atoms in the specific volume. NPt is then defined as

NPt =
NA · ρPt · A · tPt

massPt

, (5.1)

with NA being the Avogadro constant, NA = 6.022 × 1023 mol-1, ρPt Pt density, ρPt = 21.45
g/cm3, A the sample area, tPt the thickness of the Pt spin-polarized layer as derived
from the asymmetry analysis, and finally massPt corresponding to the Pt atomic mass,
massPt = 195 g/mol.

Using the above mentioned equations, it was found that the Pt moment is 2.8 µemu
for Ta/Co/Pt trilayer, while for the reversed order trilayer it is 2.2 µemu. When these
values are added to the Co literature values, the resulting moments are comparable to
the measured ones (see Table 5.1). Thus, the measured magnetic moments, which are
higher compared to the literature values for Co alone, can be represented as a sum of
the Co moment and the induced magnetic moment of the Pt, µVSM = µCo,lit + µPt,XRMR.

In conclusion, it has been shown that when the MPE is present in a system, it is nec-
essary to correctly take it into account for the total magnetic moment estimation. While
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CHAPTER 5. MAGNETIC PROXIMITY EFFECT IN BI- AND TRILAYER SYSTEMS WITH
CO/PT INTERFACE

Table 5.1: Co literature values, Pt induced magnetic moments and magnetic moments
measured by VSM.

Sample A µCo,lit [116] µPt,XRMR µCo,lit + µPt,XRMR µVSM

(cm2) (µemu) (µemu) (µemu) (µemu)
Ta/Co 0.15 ±0.04 53.6 0.0 53.6 53.0 ±4.9

Ta/Co/Pt 0.09 ±0.03 32.0 2.8 ±1.0 34.8 ±1.0 35.6 ±1.1
Pt/Co/Ta 0.12 ±0.04 42.8 2.2 ±0.9 45.0 ±0.9 44.9 ±1.9

XRMR allows to probe the spin-depth profile of complex stacks, the VSM technique
has been proven to aid in accessing the quantitative estimation of the induced magnetic
moment of Pt. With the help of the χ2 landscape mapping it is possible to compare
different combinations of fit parameters yielding the best fit and physically consistent
spin-depth profiles. The obtained magnetic moments of 0.56 µB and 0.42 µB per Pt atom
at the interface are comparable to the previously reported values for simple bilayers con-
sisting of Pt and 3d magnetic metal alloys. The calculated induced magnetic moments
of the spin-polarized Pt layer correlate well with the additional increased total moment
for the samples containing Pt.
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CHAPTER 6

SUMMARY AND OUTLOOK

This last chapter summarizes the results obtained within this work. Several specific
points are highlighted and future steps in the corresponding field are discussed.

This thesis focuses on the development of novel magnetoresistive sensors and the
optimization of the known ones. The first part of this work is dedicated to the advance-
ments in magnetoresistive sensing of magnetic nanoparticles, emphasizing the planar
Hall effect sensors, due to their robustness, high sensitivity, comparably low-cost pro-
duction and low noise levels. The latter was studied in detail for the applied voltages in
the range of 1 to 8 V and for two different substrate materials, Si and MgO, as it was
found previously that additional capacitive coupling can emerge in Si substrate itself
and, thus, interfere with the sensor’s output signal. Therefore, a fully insulating sub-
strate, in this case single-crystal MgO(001), was used for the fabrication of the samples
at the final stage of the work. The influence of the Hall cross width on the noise levels
in PHE sensors was also investigated, where Hall crosses with the widths between 6
and 24 µm were patterned. The optimized PHE sensors exhibit noise levels as low as
2.88 nV/

√
Hz (Si substrate) and 8.6 nV/

√
Hz (MgO substrate) for 20 µm Hall cross

width and applied ac current of 80 mA. Higher noise values for the MgO substrate were
found to be related to the patterning method, as the optical lithography system was used
leading to lower structure quality as compare to the e-beam lithography.

High sensitivity was achieved by adjusting the thickness of the topmost Ru layer and
thus achieving almost fully compensated thin films stack. This novel method ensured
near-zero sensor signal in the second harmonic in the absence of an external magnetic
field, for example induced by magnetic nanoparticles. Such an approach was success-
fully patented [151]. Finally, the PHE sensors developed within this work were com-
bined with the microfluidic channels, where a MNPs solution flows in close distance
on top of the sensor. Ultimately, it was demonstrated that the optimized sensors with
an area of 400 µm2 are able to detect concentrations of magnetic nanoparticles down to
105 particles. It is possible to decrease the sensing area to 50 µm2 for a sensor layout
in a microfluidic channel. Thus, taking average numbers from the experiment, a sensor
with 50 µm2 surface area can possibly detect about 5000 MNPs with an 8 nm magnetite
core.
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CHAPTER 6. SUMMARY AND OUTLOOK

The second part of this work is dedicated to the study of the spin Hall-based mag-
netoresistive effect, the so-called unidirectional spin Hall magnetoresistance, which can
be potentially used for in-plane magnetization sensing, since this effect is not quadratic
with the magnetization m, unlike other MR effects. In order to investigate the effect
dependence on the thin films stack and its order, various sample systems were prepared
and characterized, where a ferromagnetic material for all the samples was an in-plane
magnetized Co layer with a thickness of 2.5 nm. Following the work of Avci et al. [97],
first the bilayer systems HM/FM/cap, where HM and FM correspond to a heavy metal
and ferromagnetic materials, respectively, were fabricated. After a characterization of
these samples, the Hall bar design and the measurement technique were validated, since
the obtained results for the USMR and SOTs correlated well with the previously re-
ported. The main question, inspired by theoretical work of Zhang and Vignale [98],
was to investigate systems with two HM/FM interfaces, and how the spintronic effects
changed, when the stack order is changed. According to Zhang and Vignale, adding an-
other HM interface to a ferromagnet would enhance the USMR effect, since it brings an
additional source of spin-current injection. However, the material choice plays an im-
portant role, since the HMs must have opposite signs of SHA. The obvious HMs choice
at the beginning of this work were Pt and Ta, typically demonstrating spin Hall angles
of θPt

SH ∼ 10% and θTa
SH ∼ -3%. The USMR effect in such trilayer structures, when

normalized to the resistance of the HM, was proven to be indeed enhanced by about
20 % for the Pt/Co/Ta system as compared to the Pt/Co bilayer. Nevertheless, later in
the work the next question arose, namely, how to increase the effect even further. Thus,
the samples with W were studied, where a low resistance phase was targeted, after the
reports on giant spin Hall angle values of -33% for this material [90]. The W-based
systems have been characterized and a slight increase of the USMR effect (< 20 %)
was found as compared to Ta-based samples, studied within this work.

Additionally, a closer look at the magnetic proximity effect in the above discussed
thin films systems was taken by using a synchrotron-based technique XRMR, allowing
to probe magnetism of individual layers at a resonance energy of a material of inter-
est. In this case, induced magnetism in the Pt layer via the magnetic proximity effect
was studied at the Pt L3 edge resonant energy of 11566.5 eV. The induced Pt moments
of 0.56 µB and 0.42 µB per Pt atom at the interface were extracted for Ta/Co/Pt and
Pt/Co/Ta samples, respectively. The extracted thickness of the spin polarized Pt layer
were found to be 0.9 nm (Ta/Co/Pt) and 0.8 nm (Pt/Co/Ta), which is in good agreement
with the expected values. Finally, it was found that the extracted induced magnetic mo-
ments of Pt in the studied systems correlate well with magnetic moments measured via
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VSM.
As a progression of this work, final stage of the experiments is planed, where

the PHE sensors in combination with microfluidics will be tested for the detection
of Alzheimer’s and Parkinson’s biomarkers attached to MNPs in the solution, flow-
ing through the channel. It is expected, that the aforementioned diseases’ biomarkers
can be found in blood or saliva samples, thus facilitating the early diagnosis procedure.
Considering, that the amount of the AD and PD biomarkers in blood and saliva are sig-
nificantly lower as in cerebrospinal fluid, sensing devices with extraordinary sensitivity,
low noise and high robustness are required.

The work presented here on the spin Hall magnetoresistance can be a base point for
the further investigations of more complex thin films structures, like multilayers, where
HM1/FM/HM2 part repeated several times. As a continuation of this thesis, a closer
look at the combination of antiferromagnetically coupled FMs and HM in one system
can be studied in order to engineer a sensing device, based on USMR effect, following
the first works of Avci et al..

Additionally, investigation of systems with alternative materials may be necessary,
since it was shown recently that Pt is associated with high global warming potential
[171]. At the same time Ta and W are included in the Conflict Minerals Regulation of
the European Union [172] and thus their extensive usage should be avoided.
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Wollschläger, S. Francoual, J. Strempfer, A. Gupta, M. Meinert, G. Götz, D. Meier,
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Physik 10, 769 (1931).

143L. G. Parratt, “Surface studies of solids by total reflection of x-rays”, Phys. Rev. 95,
359 (1954).

144M. Björck and G. Andersson, “GenX: an extensible X-ray reflectivity refinement pro-
gram utilizing differential evolution”, J. Appl. Crystallogr. 40, 1174–1178 (2007).

145S. Macke, ReMagX - x-ray magnetic reflectivity tool.

146J. Strempfer, S. Francoual, D. Reuther, D. K. Shukla, A. Skaugen, H. Schulte-
Schrepping, T. Kracht, and H. Franz, “Resonant scattering and diffraction beamline
P09 at PETRA III”, J. Synchrotron Radiat. 20, 541–549 (2013).

https://www.scriba-nanotec.com/
http://www.thinkSRS.com/


147J. Krieft, D. Graulich, A. Moskaltsova, L. Bouchenoire, S. Francoual, and T. Kuschel,
“Advanced data analysis procedure for hard x-ray resonant magnetic reflectivity dis-
cussed for Pt thin film samples of various complexity”, J. Phys. D: Appl. Phys. 53,
375004 (2020).

148J. Zak, E. Moog, C. Liu, and S. Bader, “Universal approach to magneto-optics”, J.
Magn. Magn. Mater. 89, 107 (1990).
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