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Abstract

In this thesis two topics in the field of magnetotransport properties of thin ferro-
magnetic layered structure in current in-plane (CIP) geometry are studied.

First the magnetoresistance effects in Ni/Pt system were investigated in the tem-
perature range of 4.2 < T < 295K. In Pt/Co/Pt the resistivity behaves as
p(p,0) = pi+ Apip cos? psin? O+ Ap,p, cos? 0 where ¢/0 is the angle between magne-
tization and current direction/film normal. While Ap;, is caused by the conventional
AMR (bulk effect) a Apop, o< 1/t behavior was found for Pt(5nm)/Co(t)/Pt(3nm)
sandwiches revealing that Ap,, originates at the Co/Pt interfaces (anisotropic in-
terface magnetoresistance (AIMR)). In order to study interfacial MR contribution
in stacking isoelectronic materials Ni/Pt systems were investigated. We prepared
Pt(5nm)/Ni(t)/Pt(3nm) sandwiches with Ni thicknesses of 1-50nm by DC mag-
netron sputtering on SizNy substrate. As a result, in contrast to previous findings,
the p(f) behavior can only be satisfactorily described when considering higher or-
ders in the expansion of the MR: p(0) = py + 3, Apop.an cos?™ 0 with n < 3. The
thickness dependence of the amplitudes Apep 2, behaves according to 1/t revealing
that also the higher orders have their origin at the Ni/Pt interfaces.

The second topic of this thesis deals with investigation of the impact of aging on the
various magnetoresistance effects in Pd/Co/Pd sandwiches at room temperature.
By means of sputtering techniques two Pd(5nm)/Co/Pd(3 nm) samples with 2 and
7nm Co thicknesses were fabricated on SizN, substrate and the longitudinal and
transverse resistivity of the sandwiches were measured repeatedly over 600 days.
The results show strong variations of the MR properties in the first three months
followed by a slower change to equilibrium values. However, there are significant
differences between both samples reflecting different behavior of Co/Pd systems gov-
erned by bulk-like or interface contributions. In order to find a correlation between
the changes occurring in MR effects and the structural properties of the samples,
XRR measurements accompanied the transport investigations over time. It is con-
cluded that gradual intermixing of Co and Pd at the interfaces and absorption of
hydrogen are the two mechanisms responsible for the aging effect in Pd/Co/Pd
systems.






Kurzzusammenfassung

Im Rahmen dieser Doktorarbeit werden zwei Themen aus dem Feld der Magne-
totransporteigenschaften von ferromagnetischen Systemen untersucht, wobei der
Strom entlang der Schichtebenen eingepragt wurde.

Zum einen werden die Magnetowiderstandseffekte in Ni/Pt-Schichtsystemen im
Temperaturbereich von 4.2 < T < 295 K untersucht. In Pt/Co/Pt-Schichtsystemen
kann der Widerstand mit p(p, ) = p, + Apyp cos? psin? 6 + Ap,, cos? § beschrieben
werden, wobei /0 der Winkel zwischen der Magnetisierung und der Stromrich-
tung/Filmnormalen ist. Wéahrend Ap;, durch den normalen AMR (Bulk Effekt)
verursacht wird, wird ein Ap,, o< 1/t Verhalten fiir Pt(5nm)/Co(t)/Pt(3nm) Multi-
lagen gefunden. Dies zeigt, dass Ap,, an der Co/Pt Grenzfliche entsteht (anisotrop-
er Grenzflichenmagnetowiderstand (AIMR)'). Um den Grenzflichenbeitrag des
Magnetowiderstandes in geschichteten isoelektrischen Materialen zu studieren
wurden Ni/Pt Systeme untersucht. Dafiir wurden Pt(5nm)/Ni(t)/Pt(3nm)-
Sandwichstrukturen mit einer Ni-Dicke von 1-50nm mittels DC-Magnetron-
Sputtern auf SigN, als Substrat hergestellt. Im Gegensatz zu fritheren Unter-
suchungen wurde festgestellt, dass das p(f) Verhalten nur dann zufriedenstellend
beschrieben werden kann, wenn hohere Ordnungen in der Entwicklung des MR
beriicksichtigt werden: p(6) = p; + 3=, Apopan c0s?™ 6 mit n < 3. Da die Dickenab-
héngigkeit der Amplitude Ap,p 2, einem 1/t Verhalten folgt, konnte gezeigt werden,
dass auch die hoheren Ordnungen ihren Ursprung in der Ni/Pt-Grenzfliche haben.
Das zweite Thema, das in der vorliegenden Arbeit untersucht wird, behandelt den
Einfluss der Probenalterung auf diverse Magnetowiderstandseffekte in Pd/Co/Pd-
Schichtsystemen bei Raumtemperatur. Zwei Pd(5nm)/Co/Pd(3 nm) Proben mit 2
und 7 nm Co-Dicke wurden mittels Sputterdeposition auf SigN4-Substrate gewachsen
um anschliefend den longitudinalen und transversalen Widerstand der Schichtsys-
temen iiber 600 Tagen wiederholt zu messen. Die Ergebnisse zeigen eine starke An-
derung der MR-Eigenschaften in den ersten drei Monaten, welche sich anschliefend
langsam einem Gleichgewichtswert annédhern. Dennoch existieren signifikante Unter-
schiede zwischen beiden Proben, welche auf den unterschiedlichen Einfluss der Bulk-
ahnlichen- oder Grenzflichenbeitrage in den Co/Pd-Proben zuriickgefiihrt werden
kénnen. Um einen Zusammenhang zwischen den Anderungen in den MR-Effekten
und strukturellen Eigenschaften der Proben zu finden haben regelméflige XRR Mes-
sungen die Untersuchung begleitet. Es kann geschlussfolgert werden, dass die bei-
den verantwortlichen Mechanismen fiir den Alterungseffekt in Pd/Co/Pd-Systemen
sowohl die graduelle Vermischung von Co und Pd an den Grenzflachen als auch die
Absorption von Wasserstoff ist.

Lengl. anisotropic interface magnetoresistance
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Chapter 1

Introduction

Nowadays research in the field of magnetic materials is largely driven by the fast
moving pace in the development of information technology, especially data storage
and memory applications [1]. Moreover, conventional magnetic materials have long
been used for various applications including electric motors and sensors [2]. Among
all kind of sensors, magnetic sensors have assisted mankind in analyzing and con-
trolling thousands of functions for many decades. Computers have nearly unlimited
memory through the use of magnetic sensors while airplanes fly with higher safety
standards because of the high reliability of non-contact switching with magnetic
sensors. Automobiles use magnetic sensors to track the position and operational
state of several components such as the engine crank shaft and wheel braking
[3, 4]. They also play an important role in many security and military systems [5, 6].

Magnetic thin films are technologically important as they exhibit novel physical
phenomena as a result of their reduced size and dimensionality [7]. Sensors based
on thin magnetic films found many industrial and commercial applications in the
past 20 years. By far the most important of them are magnetoresistive sensors (e.g.
anisotropic magnetoresistance sensors), which have reached a 100 times higher field
resolution than Hall sensors with the same size and power consumption [8].

In materials used as anisotropic magnetoresistance (AMR) sensors, the resistance
depends on the direction of magnetization with respect to the current flow [3, 9].
Due to AMR, the resistance changes with the cos? of the angle between magnetiza-
tion and the direction of current. Permalloy (an alloy containing about 80% nickel
and 20% iron) is the most common material for magnetoresistive sensors because it
has a relatively high magnetoresistive coefficient [4]. Such magnetoresistive sensors
have a sensitivity range of 103-5 x 10°nT.

Giant magnetoresistance (GMR) effect was first observed in the late 1980s and the
2007 Nobel prize in Physics was awarded to Fert and Griinberg for their discovery of
GMR. The GMR effect occurs in multilayers in which thin layers of magnetic mate-
rial are separated by thin layers of nonmagnetic metals. Notably the typical GMR
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values are one order of magnitude larger than those in AMR materials, however,
GMR is not observed in all systems.

Accordingly, in systems without GMR like Co/Pt and Co/Pd layered structures
another interesting magnetoresistance behavior was found in our group. As a result
in 2011 a new magnetoresistance effect in Co/Pt system was found by A. Kobs
et al. which originates from the Co/Pt interfaces [10]. Therefore, the effect was
coined anisotropic interface magnetoresistance (AIMR) [10, 11]. Due to this effect
the resistance shows a cos? behavior when the magnetization is rotated in the plane
perpendicular to the current direction. According to AIMR, the resistivity of Co/Pt
is maximum when the magnetization is directed parallel to the film normal n.
Investigating the magnetization dependence of resistance in similar layered systems
(e.g. Ni/Pt and Co/Pd) was the motivation of this work. This led to the
observation of a completely different behavior for Ni/Pt when the magnetization
is rotated perpendicular to the current direction. Notably, Ni is one of the strong
3d ferromagnetic elements and already one of the most encountered components
in spintronics applications because of its relatively high AMR ratio [12, 13]. It is
observed in many studies that Ni perform different physical properties from other
materials, e.g., Fe and Co [12].

Within the framework of this thesis the magnetoresistance properties of Ni/Pt and
Co/Pd layered structure are presented and discussed. For this purpose, the theoret-
ical basics of magnetic anisotropy and galvamagnetic effects used in this work are
briefly introduced in chapter 2.

In chapter 3, I present the experimental methods used for magnetoresistance mea-
surements and structural investigations. Furthermore, the setup used for sample
preparation is explained.

Chapter 4 deals with the magnetoresistance effects measured for Pt/Ni/Pt sand-
wiches. The observation of higher order contributions to the out-of-plane-AMR
(op-AMR) is the main achievement of this work. It is found that, in contrast to
Co/Pt, when the magnetization rotates by an angle 6 in the plane perpendicular to
the current, the resistivity can be described by 3 cos®" @, n < 3. This behavior
was found in the whole temperature range of 4-300 K studied in this thesis.
Co/Pd multilayers with perpendicular anisotropy are one of the interesting topics in
ultrahigh density magnetic recording media and spintronics devices [14-16]. How-
ever, in contrast to Co/Pt system, it is reported recently that some magnetoresis-
tance properties of Co/Pd system are changed after preparation [17-19]. Therefore,
I illustrate the impact of aging process on magnetotransport effects and structural
properties occurred in Co/Pd layered structure in chapter 5. In a time span of 600
days after preparation, it is found that AMR and AIMR effects of Co/Pd system
change with time. Moreover, the trace of aging also observed in XRR measurements
proves the correlation between MR effects and the changes of structural properties.



Chapter 2

Theory of magnetism

In this work the magnetotransport properties of Ni/Pt and Co/Pd systems are
studied. For this purpose, the necessary fundamentals of ferromagnetism in thin
films are introduced briefly in this chapter. I start with introducing the energy
contributions of a ferromagnet in Sec. 2.1, and continue with explaining these
energy contributions shortly after that.

Subsequently, in Sec. 2.2 the magnetoresistance effects, which are utilized to de-
scribed the transport properties of studied systems, are presented. It is worth notic-
ing that a comprehensive description of micromagnetism can be found in relevant
textbooks [20-23].

2.1 Micromagnetic energy

Generally, a ferromagnetic material can be defined as a material that possesses a
spontaneous magnetization M,, independent on an applied magnetic field. The total
free energy of such a material consists of four types of magnetic energy contribution
[24]:

Etot = Exc + Emca + Ed + EZ (21)

The first three terms due to exchange (Fy.), magnetocrystalline anisotropy (Fuca)
and demagnetizing field (Ey) are always existent to some extent in thin layered struc-
tures that we have studied in this thesis. Basically, F,. is caused by the exchange
interaction and has the largest contribution. The demagnetizing field is another
contribution which correlates the shape of the sample with magnetic anisotropy.
Furthermore, Zeeman energy (Ey) is the response of material to the external mag-
netic field. In the following the corresponding energy contributions to this work are
briefly discussed.
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2.1.1 Exchange interaction

Exchange interaction is a pure quantum mechanical effect and is a result of Coulomb
interaction and Pauli’'s exclusion principle. In a two-spin system, the exchange
energy is defined as the energy difference between the parallel and antiparallel spin
configuration.

According to Pauli’s exclusion principle and the fact that electrons are fermions,
the wave function of this two-spin system must be antisymmetric. Therefore, it
can obtain one of these two options: a symmetric spatial part combined with an
antisymmetric spin wave function or vice versa [25|. This means that the total wave
function can be written as

s = jﬁwa(rl)%(m) + ou(ra)b(r1)) - X517 (2.2)

The idea of expressing the exchange interaction as an effective interaction between
electron spins and neighboring atoms was first applied by Heisenberg. The correla-
tion can be expressed in the form of dot product of the spins.

ch =—-2 Z Jl]SZ : Sj (23)

i>j
where J;; is the exchange integral. If J > 0, the exchange energy has a minimum
in the case of parallel spins and has a maximum in the case of antiparallel spins.
Therefore, a positive value of J;; is a necessary condition for ferromagnetism to

occur. Values of J ~ 0.01-0.02eV have been determined for ferromagnetic metals
(Ni and Fe) by Hofmann et al. [26].

2.1.2 DMagnetocrystalline anisotropy

The dependence of magnetization orientation on the crystallographic direction is
known as magnetocrystalline anisotropy, which is an intrinsic property of the ma-
terial. The physical origin of magnetocrystalline anisotropy is spin-orbit coupling.
Due to the inadequate accuracy in quantitative evaluation of the spin-orbit inter-
action, anisotropy energies are normally written as phenomenological expressions.
Thus, the best way to express these anisotropies is by using power series expansions
based on the crystal symmetry. Therefore specific expressions are given for a spe-
cific crystalline symmetry, i.e., cubic crystal and uniaxial crystal. Before going into
details the spin-orbit coupling is biefly introduced.

Spin-orbit interaction

In contrast to spin-spin interaction (see Sec. 2.1.1), which is strong and isotropic,
the interaction between the spin and the orbital motion of electron is a weak (fields
of a few tens of kA/m is enough to rotate the spins) and anisotropic coupling.

4



It is the origin of some phenomena in magnetism, including magnetocrystalline
anisotropy, magnetostriction, anisotropic magnetoresistance and spin Hall effect.
From the electron’s point of view, a positive charge (nucleus) is rotating around it
and therefore produces a magnetic field at the origin that can interact with the spin
of electron. So, the potential energy can be expressed as

A
Ul’S:—uS-B:ﬁL-S (2.4)
4
where ps is the spin magnetic moment and A o« —, L and S are orbital and

spin angular momentum, respectively, while Z is the atomic number and n is the
quantum number. The Z proportionality demonstrates that spin-orbit interaction
is weak for light elements and becomes much more important for heavy elements,
specially for inner shells. More details can be found in Ref. [27].

In the next section, the magnetocrystalline anisotropy is explained and some certain
crystal symmetries are reviewed.

Anisotropy in cubic crystals

An appropriate way to expand the magnetocrystalline energy for cubic crystals is
in powers of the direction cosines, ay, as, and as, of the magnetization relative to
crystal axes. Under the symmetry of the crystal, the odd powers are ruled out and
the first non-vanishing order is proportional to a2 + a3 + a3, which is a constant and
equal to 1 for arbitrary «;. Hence, the expansion of energy starts with forth power
and can be written as

Epea®/V = Ko+ K™ (afo} + ajaj + ajof) + K5 (ajajf) +--- (25
where the values of K" and K$" are anisotropy constants which are taken from
experiments. Because K| is independent of the magnetization direction, it is mean-
ingless in anisotropy properties. Generally, the experience proves that the constants
K¢ and K$' are sufficient for a good agreement between experiment and calcula-
tion [22]. In addition, the coefficients depend on material and temperature. On the
other hand, sign and ratio of the constants determine the easy magnetization axis
or the preferred axis. As an example the magnitude of anisitropy constants K; =
—126.3kJ/m? and Ky = 57.8kJ/m? were measured for fce-Ni at T = 4.2K by Get-
zlaff et al. [25], while at room temperature the both constants were found negative
for nickel (K7 = —5.7kJ/m? | Ky = —2.3kJ/m?) [28]. considering only the dominant
constant, K" > 0 yields an easy magnetization directions along < 100 > which is
called iron-type anisotropy (see Fig. 2.1(b)). Similarly, for K{"* < 0 the preferential
magnetization direction are parallel to < 111 > and known as nickel-type anisotropy
(see Fig. 2.1(c)).
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(a)

[0001]
easy

Ki >0 K; <0
hcp Co fcc Ni

Figure 2.1: The energy density in polar plot of (a) hep Co (b) bee Fe and (c) fee Ni.

However, considering the additional anisotropy constant K$" may significantly vary
the magnetic properties. For example, it was observed that the ratio of K; /K5 for
Fe is about 250 and for Ni is about 2 [25].

Anisotropy in Hexagonal crystals

The ¢ axis in hexagonal crystals is the direction of easy magnetization and all di-
rections in the plane perpendicular to ¢ axis are found to be hard. Such a crystal
with a single outstanding axis is called a uniaxial crystal. Therefore the anisotropy
of these materials (such as hep-Co) is a function of the angle 6 between ¢ axis and
the direction of magnetization:

E™ YV = Ko+ K™ sin?0 + K™ sin* 0 + - - (2.6)

where K™ and K3 are anisotropy constants of first and second order which depend
strongly on temperature and Ky again means a shift in the definition of the zero
energy. Fig. 2.2 illustrates the temperature dependence of K™ and Ky for Co
(23, 25]. According to Ibach and Liith [28] the magnetocrystalline anisotropy K™ =
410kJ/m?® and Ky = 100kJ/m? were obtained for hep-Co at room temperature.
In most hexagonal crystals, where the ¢ axis is an easy axis, K is positive (see Fig.
2.1(a)). However, there are materials with negative K3, in which the easy plane is
perpendicular to ¢ axis. Fig. 2.1 shows the shape of the energy surface for Co, Fe,
and Ni according to Eq. 2.5 and 2.6, respectively.

Surface or interface anisotropy

Another anisotropic energy term, first introduced by Néel in 1954 [29], is a surface
contribution which considerably differs from the magnetic anisotropy in the bulk.
Because the spin at the surface has a nearest neighbour on one side and none on the



anisotropy constants [10° J/m’]

-100°C 0°C 100°C  200°C  300°C

temperature

Figure 2.2: Temperature dependence of the magnetocrystalline anisotropy constants
of hep-Co [23].

other side, so that the exchange energy cannot be the same as in the bulk [22]. The
perpendicular magnetic anisotropy (PMA) in many thin films is a result of surface
anisotropy due to broken symmetry at the surface or interface. Surface anisotropy
can be expressed as

2K, sin?

E./V = 2K, [1— (m-n)’| /t ;

(2.7)

where n is the surface normal, m = , and @ is the angle between both quantities.

M
M|
The energy should be integrated over the surface and the factor 2 is due to the two
interfaces of the magnetic layer. Surface anisotropy was first measured by Gradmann
and Miiller on NiFe samples [30]. They showed that there is a proportionality
between magnetic anisotropy and inverse of the thickness t. Afterwards the magnetic
surface anisotropy of ferromagneic layers in contact with Pd, Pt, Cu, --- has been
investigated in different temperature [31-35]. As an example, Chafai et al. have
measured the surface anisotropy of Ni/Pd multilayers K, = 0.03mJ/m? at 295K,
which approximates the value obtained by den Broeder et al. and Jeong and Shin
[33 35]. In addition, the value of K = 0.27-1.29mJ/m? can be found for Co/Pt
systems in literature [33, 36, 37|

2.1.3 Shape anisotropy

Shape anisotropy is a measure for the difference in the energy density associated
with magnetization in the shortest and longest dimension of a ferromagnetic body.
It means that for non-spherical samples there are specific directions which represent
easy magnetization axes that are caused only by shape. The shape anisotropy

7
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originates from the classical interactions among the dipoles and for a continuous
material it follows from Maxwell’s equation V-B =0= V- -M = —V - Hy. The
so called demagnetization energy can be evaluated from the interaction between
magnetization M and demagnetizing field Hy (see below)

BV = —% M - Hy(r) (2.8)

where the integration is over the ferromagnetic body. The factor % is introduced in
order to avoid counting each dipole’s interaction two times.

Demagnetizing fields and factors

When a ferromagnetic material is magnetized with the magnetization pointing per-
pendicular to the surface, magnetic poles are formed at the surface. These poles
cause within the specimen a magnetic field opposite to the direction of magneti-
zation M which creates it. This field is called demagnetizing field Hyq. The self-
demagnetizing action of a magnetized material strongly influences the behavior of
magnetic materials in many practical devices. The intensity of the demagnetiz-
ing field Hy is proportional to the magnetic free pole density and therefore to the
magnetization, so we have

Hy= -NM (2.9)

The constant proportionality W is called the demagnetizing factor and is a tensor of
second rank. The demagnetization field is a function of position and magnetization
orientation therefore, should be a tensor function of position and orientation in a
given sample. For an ellipsoid which is uniformly magnetized N is a diagonal tensor
and can be calculated [20].

The demagnetization factors for any principle axis of an ellipsoid of any shape have
been calculated by Osborn [38]. For a simple case shown in Fig. 2.3 the demagne-
tizing factors for the three principle axes have a relationship

Ne+Ny+ N, =1 (2.10)

According to Brown-Morrish theorem, any uniformly magnetized ferromagnetic
body behaves in the same way as an ellipsoid which has the same volume [22].
Therefore, it can be easily obtained that for a sphere N, = N, = N, = 3 is valid.
For a sample in the shape of a prolate spheroid with major axis ¢ and minor axes a
of equal length (Fig. 2.3), the shape anisotropy according to Eq. 2.8 can be written
as

1 1
Ey)V = §u0M2/\/Z + E“OW" — N,)M?sin® 0 (2.11)

ellipsoid
Kd



Figure 2.3: Prolate ellipsoid.

This expersion has the same mathematical form as the first-order uniaxial anisotropy
term of section 2.1.2; although their physical origins are different. Kj is the shape
anisotropy constant. For a very thin film which is infinitely expanded in zy plane,
we have N = N, =0 and N, = 1. Therefore

1 1
Ey)V = §“°M2 —§u0M2 sin® 0 (2.12)
N———
Kéilm

In principle, the demagnetizing factors can be calculated by evaluating the potential
of the surface charge in Maxwell equations and solve them for boundary conditions
[22]. Details of such evaluation of demagnetizing factors can be found in literature
and are outside the scope of this thesis [39].

2.1.4 Effective magnetic anisotropy

The effective magnetic anisotropy of multilayers can be expressed as a phenomeno-
logical model by superposition of volume anisotropy and surface/interface contribu-
tion as

Kier = Kiven + 2K/t (2.13)

with Kjv s being the volume dependent anisotropy constant and K the surface de-
pendent magnetocrystalline anisotropy constant. The factor 2 is due to appearance
of two surfaces. As explained above the origin of the surface anisotropy lies in the
symmetry restrictions at the surface of the crystal according to Néel model [29].
Plotting the thickness dependence of K ¢ -t diagram allows to determine Ky g
as the slope of the resulting line and 2K, as the intercept on y-axis. The structural
studies on Ni/Pt and Co/Pd (only for tc, > 2nm) layered structure show that
these systems perform out-of-plane fce(111)-textured behavior and can be regarded
as a uniaxial polycrystalline with easy inplane-axis and perpendicular hard-axis
(see chapter 4 and 5). Therefore, the volume anisotropy term contains uniaxial
magnetocrystalline anisotropy and shape anisotropy as

Kien-t= <K1V — 'uQOMSQ> 1+ 2K, (2.14)
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The linear dependence of K ¢ -t as a function of Ni or Co thickness is observed as
predicted by the model and will be discussed in chapter 4 and 5, respectively. In
principle, the negative slope is due to the stronger shape anisotropy in these systems.

2.1.5 Zeeman energy

Until now, we have considered all energy contributions in magnetic materials without
applying an external field. In a uniform external field (uoH # 0), the interaction
energy of the magnetization and the field is simply given by

E; )V = —puoM - Hey = —poMsH cos @ (2.15)

where ® is the angle between M and H. This energy term is referred to as Zeeman
energy.

2.2 Galvanomagnetic effects

In this section first of all the basics of electronic transport will be briefly reviewed. In
addition, some important magnetoresistance effects related to my work are described
subsequently.

In a macroscopic point of view, when an electric field E is applied in a metal, a
current density j flows in the material as

j=% -E (2.16)

where 7 is called the electrical conductivity and is a tensor of second rank which
depends on temperature. Equation 2.16 is usually called Ohm’s law and also can be
written as

E=% -j (2.17)

1
where o = s is the resistivity tensor and depends on the magnetic field. In

about 1900, Dr({lde described metallic conductivity using the assumption of an ideal
electron gas in the solids [40]. Under applying an electric field in a metal, electrons
experience a force and accelerate. For an electron emerging from a collision with
velocity vg, the velocity after time ¢ is given by v = vy — %Et Because of randomly
scattering of the electrons after collision, vy will be zero. By considering the time
t = 7, the drift velocity is given by vq = —eE7/m* based on Newton’s second law,

while 7 is the relaxation time that electrons can travel without any scattering event

10



and m* is the effective mass of the charge carriers. Consequently, the Drude relation
will be obtained by

E = -= (2.18)

. . . . k3.
where A = vp7 is the mean free path with Fermi velocity vy = ’Zﬁf ,and n = 355 s

the electron density. Therefore, the Drude relation can be written as

S\ 1/3 o2
N o)l = () € 23 2.19
aeoot= () (2.19)
As the effective mass is proportional to band curvature (m* = #%(9*E(k)/0k*)™1),
noble metals with a half-filled s-band have the e~ of low effective mass and hence,
they exhibit high mobility and low resistivity (e.g. copper).

Temperature dependence of resistivity

Here, in this study, I have investigated the resistivity of Ni/Pt sandwiches, influenced
by temperature (Sec. 4.8). Therefore, in this section I describe the sources of
temperature dependence of electrical resistance in materials, briefly. Generally, the
temperature dependence of ferromagnetic metals arises from residual resistivity pg,
lattice resistivity ppn, and magnetic resistivity pmag, as

Ptot (T) = pPst T pph(T) + pmag(T) +o (2'20)

where pg comes from impurities and defects at T" = 0K; ppn and pnae represent
the temperature-dependent resistivities, which are caused by the scattering of the
electrons at phonons and magnons. Eq. 2.20 is a representation of Matthiessen’s
rule, which states that the resistivity of a material can be calculated from the sum
of the resistivities of the individual scattering processes. Fig. 2.4(a) indicates the
source of resistivity in Ni vs temperature.

According to Matthiessen’s rule, it is possible to disentangle the static scattering
process from the temperature-dependent processes. It is mentioned that the temper-
ature dependence of resistivity is related directly to the phonon concentration. For
temperature above Debye temperature, there is a linear dependency between resisi-
tivity and temperature, while at 7" < ©p the phonon concentration is proportional
to T5. Therefore, the so-called Bloch-Griineisen formula describes the temperature
dependence of resistivity within the whole span of temperature [41, 42|

pon(T) = Aclpn <(_Z;>R/OGD/T (e = 1)93(1 — e_z)da: (2.21)
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Figure 2.4: (a) Different sources of resistivity of Ni and their relation to the tempera-
ture, while lattice resistivity pp), increases with temperature, magnetic resistivity pmag
approaches a temperature-independent saturated value when 7' > T, [44]. (b) Tem-
perature dependence of the resistivities of Ni and Pd. Below the Curie temperature,
Ni shows anisotropic behavior due to magnetic scattering [25, 45].

where Agpn is a material constant proportional to the electron-phonon coupling
constant, the Debye frequency, and the plasma frequency. ©p is the Debye
temperature, while the constant n generally takes the values 2, 3 and 5 depending
on the nature of interaction. For simple metals n = 5 implies that the resistance is
due to scattering of electrons by phonons [43].

Fig. 2.4(b) compares the resistance of a non-magnetic transition metal (Pd) with
the total resistance of Ni, extracted from Fig. 2.4(a). Both Ni and Pd are valence
isoelectronic and have ten electrons outside the noble gas shell. Therefore, their
electronic structures are quite similar. Ni exhibit a reduced resistance below the
Curie temperature which is due to appearance of spontaneous magnetization. This
occurrence in ferromagnetic elements is a result of an exchange splitting of d-states
(see Fig. 2.5(a)). Mott explained this phenomenon with s — d scattering model [46].
In the following a descriptive explanation of the model is given.

Mott s — d scattering model

As explained in Ref. [1, 47], the resistivity of transition metals is higher than simple
metals like Al. The explanation of the phenomenon was given by Mott, namely,
s — d scattering model. In transition metals, the Fermi level is located in the middle
of d-band, therefore, the density of states at the Fermi level is higher than for
metals, where s— and p—states exist at Er. Moreover, the scattering probability of
the conduction electrons is proportional to the density of states at the Fermi level.
Consequently, the higher density of states at the Fermi level would result the higher
resistivity in transition metals.
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Figure 2.5: (a) Density of state in valence band for pure Ni at room temperature.
There is a shift between spin-up and spin-down bands due to exchange interaction.
(b) A comparative illustration for density of states between a paramagnetic and a
ferromagnetic material.

In ferromagnetic transition metals, the spin-up band is displaced to higher energies
relative to the spin-down band due to exchange energy as mentioned above (see
Fig. 2.5(b)). According to Mott s — d scattering model, at low temperature, during
scattering, the spin-orientation of conduction electrons must be unchanged. It
means that spin-up electrons can not make transitions to the spin-up d-band be-
cause it is full (see Fig. 2.5(b) right). Therefore, spin-up electrons acquire a longer
mean free path comparing to spin-down electrons resulting the lowering of the re-
sistivity in the ferromagnetic materials like Ni. On the other hand, above the Curie
temperature, both spin-up and spin-down electrons participate equally in s —d tran-
sition, since ferromagnetic material becomes paramagnetic [47] (see Fig. 2.5(b) left).

Magnetoresistance (MR) is a term widely used which deals with the change in re-
sistivity of material when subjected to a magnetic field. The first magnetoresistive
effect was discovered by Lord Kelvin in 1856 [48]. Up to now several types of MR
effects are introduced and found their ways to industrial applications.

In the following, some of the most important types of magnetoresistance like ordi-
nary magnetoresistance (OMR), anisotropic magnetoresistance (AMR), anisotropic
interface magnetoresistance (AIMR), spin-disorder magnetoresistance (SMR), and
Hall effect are reviewed.

2.2.1 Ordinary Magnetoresistance

Almost all of the conductive materials show normal or ordinary magnetoresistance
(OMR) effect. When both a magnetic field and an electric field are applied to a
conductor, electrons follow cyclic motions around magnetic field due to Lorenz force
and do not contribute to the current density until they are scattered. Thus, the
effective mean free path A (the component of the mean free path along the direction

13
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Figure 2.6: (a) Schematic illustration of comparing mean free path in magnetore-
sistance mechanism at H = 0 and H # 0. Note that the component of mean free
path along the applied electric field is smaller in non-zero field (from Ref. [20]). (b)
Quadratic behavior of transverse magnetoresistance in Ni containing impurities (Co,
Fe, Mn, Ti, ...) according to Kohler’s rule [49].

of applied electric field) is reduced comparing to zero magnetic field situation (See
Fig. 2.6(a)). Since mean free path is proportional to relaxation time (A = vp7) and
according to Eq. 2.18, the resistivity is increased, so that the corresponding effect
is called positive magnetoresistance or OMR (R(H) > R(H = 0)) [20]. Kohler was
the first who described OMR analytically by

ar f (E) o H* (2.22)
0 Po

where f is a function that depends on the direction of the current with respect to
magnetic field and crystalline axes. Fig. 2.6(b) represents the quadratic behavior of
Kohler’s rule in Ni-based alloys [49, 50]. In contrast, it is more difficult to express
Fe-based alloys in form of Kohler’s rule while a linear extrapolation is a better fit

[51].

2.2.2 Anisotropic Magnetoresistance

The anisotropic magnetoresistance effect (AMR) is a phenomenon in ferromagnetic
materials in which the resistivity depends on the orientation of the magnetization
with respect to the direction of the electric current.

It was 1857 that W. Thompson discovered the change in the resistivity of nickel-
iron alloys based on relative directions of magnetization and current [48]. It is well
known that the effect results from anisotropic scattering of the charge carriers by
spin-orbit coupling as suggested by Smit [53] and is a fairly small effect. The largest
value of AMR at room temperature so far reported in the literature is 6.5% for the
NizCoyy alloy, which increases to 10% at 77K [47, 54|, therefore, it was used as a
reading head in HDD in the late 80’s improving the storage density [25, 47].
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Figure 2.7: (a) Resistivity as a function of an external magnetic field for Ni [52]. (b)
Angular dependence of AMR for Pt(5nm)/Ni(9nm)/Pt(3nm) sandwich, measured at
constant field of 6 T. The dashed line is a fit according to Eq. 2.23.

Normally the resistivity of a ferromagnet is maximum (minimum) when the current
is parallel (perpendicular) to the magnetization direction p; (p1). Fig. 2.7(a) ex-
hibits the result of AMR obtained for Ni in two geometries, namely, when a magnetic
field is applied parallel (p;) and perpendicular (p,) to the direction of the current.
At H = 0 there is no difference between two geometries. After applying a magnetic
field p (p.) increases (decreases) to a maximum (minimum) point which is called
H, due to a complete reorientation of magnetization along the field. Above H., in
both geometries p decreases monotonically due to spin-disorder MR which is the
topic of Sec. 2.2.6. To obtain the strength of AMR effect, both measured curves are
extrapolated to zero field as shown by red dashed line in Fig. 2.7(a).

The angular dependence of AMR can be described phenomenologically by a cos?
behavior

pamr(p) = pL + (p) — po) cos® ¢ (2.23)
———

ApAMR

where ¢ is the angle between M and J. Fig. 2.7(b) shows, as an example, depen-
dence of AMR on the angle between the current direction and the magnetization
for Pt(5nm)/Ni(9nm)/Pt(3nm) sandwich, measured at constant external field of
6T. It is seen that the resistivity is highest (lowest) when the magnetization is
parallel (perpendicular) to the direction of current density.

The result of thickness dependence of AMR for Ni/Pt sandwiches is discussed in
chapter 4.
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Figure 2.8: Resistivity of 20nm Co film at room temperature for the three principal
directions of the field. p, < p; is attributed to the GSE effect which is due to texture
of the film. The data are taken from Ref. [55].

2.2.3 Geometrical Size Effect

Generally when the mean free path in the bulk material is comparable to the di-
mension of the sample, i.e., thin films or wires, there is always extra scattering of
electrons by the surface and interfaces, which results in enhancement of the resis-
tivity. Such a specimen is supposed to exhibit a finite size effect.

In 1971, Chen et al. [56] reported for the first time, a size effect while measuring
transport properties in polycrystalline and single-crystal Ni thin films in the tem-
perature range of 4 K up to room temperature. They found that the resistivity is
smaller when the magnetization oriented along the film normal (polar geometry, p,)
than the magnetization directed in the film plane but perpendicular to the current
(transverse geometry py): pp < pi. It has to be mentioned that in both geometries
the magnetization orientation is perpendicular to the current direction. Moreover,
when the magnetization is rotated around the current, resistivity showed a similar
angle-dependence behavior to the AMR

p(0) = pi+ (pp — pi) cos® (2.24)
——

Apcse

with the difference that in this case 0 is the angle between magnetization and the
film normal. The authors could not explain the effect with the previous theoretical
models because of the lack of thickness variation investigation. Therefore the effect
was called as Geometrical Size Effect (GSE), which is a misleading interpretation.

Afterwards, Rijks et al. [57] carried out a systematic study of resistivity in both
textured and untextured polycrystalline permalloy thin films, with the magnetiza-
tion vector rotating in the film plane as well as out of the film plane. They found
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that the op-ratio is considerably larger than ip-ratio, which depends strongly on the
degree of texture.

In order to find the relation between GSE and texture of the film, Gil and coworkers
[55] have investigated the magnetoresistance of 10-200nm thin polycrystalline Co
films in the three principal directions with respect to the current. Similar to the
previous studies, they observed that the resisitivity in polar geometry is up to twice
larger than transverse field. They explained the effect with an anisotropic effect of
the spin-orbit interaction on the s — d scattering of the minority spins due to a film
texture, based on Potter’s theory [58]. It is shown, additionally, that the size of
GSE is independent of temperature. Fig 2.8 from Ref. [55], shows as an example,
the GSE effect in 20 nm pure Co at room temperature: p, < p;.

2.2.4 Anisotropic interface magnetoresistance

Anisotropic Interface magnetoresistance is another effect which is reported in mag-
netotransport properties of ferromagnets with reduced dimension. It was observed
by A. Kobs that the resistivity of Pt/Co/Pt structure depends on magnetization
orientation when it rotates in the plane perpendicular to the current direction [10].
Due to the AIMR the resistivity is lower for the magnetization M oriented within
the film plane (transverse resistivity p;) than for M oriented out of plane (polar resis-
tivity pp). This is opposite to the so called geometrical size effect (GSE), explained
above, which is a consequence of the texture of the films.

On the other hand, by studying the angular dependence of the resistivity, a cos?
behavior was obtained for AIMR, similar to the AMR effect, and given by

panr(0) = py + (pp — pi) cos® 0 (2.25)
~——

ApPATMR

where @ is defined as the angle between magnetization and the film normal. It has
to be mentioned that in AIMR the magnetization is always perpendicular to the
current, therefore, the AMR can be excluded as a cause for this behavior.

By investigating the thickness dependence of AIMR ratio, a Apamr & 1/tco be-
havior was found for Co/Pt sandwiches revealing the presence of an anisotropic
magnetic scattering mechanism of electrons at the interface. Therefore the effect
named as Anisotropic Interface Magnetoresistance (AIMR). The AIMR effect could
be qualitatively modeled in a fully relativistic description of the magnetotransport
where the spin orbit interaction is inherently included [59].

So far, the AIMR effect was observed also in Py/Pt and Co/Pd layered structures
experimentally [60, 61].
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Figure 2.9: (a) The geometry of Hall effect experiment. The current is driven through
the slab in z direction and magnetic field is applied in z direction, while Uy is measured
from the sides as shown in the sketch [28]. (b) Hall resistance in dependence of magnetic
field for difference temperature for Nig;Ptss alloys [70].

2.2.5 Normal and Anomalous Hall effect

Nearly 18 years before the discovery of the electron, Edwin Hall observed an effect,
that now bears his name and opened a new field in physics and became a source of
many future achievements [62].

The geometry of the Hall effect can be understood from Fig. 2.9(a). When an
external magnetic field pgH is applied perpendicular to a conducting material with
a current flowing in x direction, the charge carrier will be deflected to the sideways
due to the Lorenz force. The buildup of charge carriers at the sides of the conductors
will balance the magnetic influence, producing a measurable voltage between the two
sides of the conductor. This measurable transverse voltage is given by

1 ]zMOHz I:z:MOHz
20T — Ry
Ne€ t t

Uy = — (2.26)

s called ordinary Hall coefficient,

where n, is the charge carrier density, Ry = (n.e)”
and ¢ is the sample thickness. For polycrystalline Ni film the values —R)' = 5.9-
6.1 x 107" m?3/C were reported in literature at room temperature [63-66], whereas
for polycrystalline Pt was found smaller: —R}* = 1.5-2.4 x 107" m?®/C [67-69].

The anomalous Hall effect (AHE) is another transport phenomena in magnetic ma-
terials. In 1981, it was discovered by E. Hall that in ferromagnets the resistivity of
the sample in the direction perpendicular to current and magnetic field acquires an

additional contribution due to the magnetization of the sample [71]:

I,
Uy = (RoH, + RSJ\L)“(;t (2.27)
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Figure 2.10: (a) The transverse magnetoresistance of 10nm Ni sample measured
at temperature ranging from 2K to 300K. At high field the resistivity decreases
monotonically with applied field [74]. (b) Temperature dependence of MR slope of
32nm FePt system. The solid line is the fit according to Eq. 2.31 [75].

while Rg is the anomalous Hall coefficient. Rg is associated with a break of right-
left symmetry during spin-orbit scattering in magnetic materials and can be much
larger than Ry. It has been established that there is a direct correlation between
Rg and longitudinal resistivity as

Rg o p" (2.28)

where n depends on the predominant scattering mechanism: n = 1 for skew scat-

tering and n = 2 for side jump. Superposition of two effects is usually presented
as

Rs = ap + bp* (2.29)

where a and b are coefficients corresponding to the skew scattering and side jump,
respectively. It is assumed that in low-resistivity systems, the dominant mechanism
is skew scattering, while it is claimed that in ferromagnets with relatively high
resistivity the side jump mechanism is the dominant one [72]. Rg is measured
and reported at 300K for pure Ni in literature as: —RY' = 7.9-12.3 x 1072 m?/C
(64, 67, 73].

Fig. 2.9(b) shows the dependence of Hall resistance in NiPt with 67% Ni constant
at different temperatures [70]. According to their study, dR,,/dH at low fields
decreases with increasing temperature.

2.2.6 Spin-disorder Magnetoresistance

The contribution of magnon scattering to the electrical resistivity which provides
a linear dependence of the resistance on the applied field can be regarded as spin-
disorder magnetoresistance (SMR). In 2002, Raquet et al. showed for 3d-metal thin
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films that the magnon-electron interactions are the source of a linear dependence
of the resistivity on an applied field [76]. In high field region which is enough to
saturate the magnetization, because of annihilation of magnons the magnetization
enhances with the field. As a result of decreasing electron-magnon scattering the
resistivity of the system decreases with the field.

Moreover, a temperature dependence of resistivity at high field is proposed by Ra-
quet et al. as

Ap(T,H) ~ p(T,H) — p(T,0) x

HT H
foll1 (MBMO ) (2.30)

D12 "\ kT

where D is the exchange stiffness and from the derivation of this expression, the
temperature dependence of the MR slope results as

T
o T(1+2d;T%)1In o (2.31)

0

i dpmag
dH

where Tj is a temperature-independent term and d; presents the temperature de-
pendent change in the magnonic mass. More details about temperature dependence
of resistivity can be found in Ref. [11, 76, 77].

Fig 2.10(a) shows the linear dependence of resistivity for Ni samples at temperature
ranging 2 K to 300 K measured by Madduri et al. [74]. According to Eq. 2.31, Mihai
et al. measured the MR slope of 32nm FePt sample vs temperature shown in Fig.
2.10(b) [75].

In chapter 4, the thickness dependence of SMR effect of Ni/Pt systems is presented.
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Chapter 3

Sample preparation and
experimental setup

The main focus of this work is on magnetotransport properties of Ni/Pt and Co/Pd
thin films that are discussed in details in following chapters. Before going through
the results, I prefer to describe briefly in this chapter the sample preparation process
and the experimental setup have been used within this work. Accordingly, the first
section of this chapter outlines methods utilized for sample preparation, namely
direct current (DC) magnetron and electron-cyclotron resonance (ECR) sputtering
deposition, as well as a short presentation of our preparation chamber. In section
3.2 the experimental setup used for magnetoresistance measurements of the samples
will be shortly reviewed. The chapter will be closed by introducing the techniques
used to investigate the structural properties of Ni/Pt and Co/Pd layered structures.

3.1 Sample preparation

There are many different ways to deposit materials such as metals, ceramics, and
plastics onto a surface (substrate) to form a thin film. Among these techniques,
sputtering has become one of the most common ways to fabricate thin films.

It was discovered over a hundred years ago and was first reported by Grove [78] in
1852 and independently by Pliicker [79] in 1858. As long ago as 1877, sputtering
was used to coat mirrors [80].

Sputtering is the ejection of atoms by the bombardment of a solid or liquid target
by energetic particles, mostly ions. It results from collisions between the incident
energetic particles, and/or resultant recoil atoms, with surface atoms (see Fig. 3.1).
The most commonly used incident species are inert gas ions (e.g. Art, Krt, Xe™),
but sputtering can also result from the bombardment of other energetic ions, neu-
trals, electrons and even photons. The ejected atoms then travel some distance until
they reach the substrate and start to condense into a film. As more and more atoms
reach on the substrate, they begin to bind to each other and forming an atomic layer.
One or more layers of such atoms can be created depending on the sputtering time.
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Figure 3.1: A simple illustration of scattering process. In a UHV chamber the
sputtering ions (created in a procedure explained below) hit the target atoms and
eject them to the substrate.

Besides, the structure of the deposited material can be modified by deposition rate,
the substrate temperature, and so on (working pressure, energy of ions, element of

ions- -+ ) [81].

The basic principle explained above can be applied to all types of sputtering deposi-
tion methods. In the following only the two sputtering techniques that were utilized
in fabricating my samples will be introduced in detail.

3.1.1 Direct current (DC) magnetron sputtering deposition

Magnetron sputtering falls to a group of Physical Vapor Deposition (PVD) tech-
niques, which is utilized for the deposition of a wide range of industrially important
coatings [82, 83].

The basic process is as follows. Electrically neutral Ar atoms are introduced into a
vacuum chamber. A magnetic field is created via a permanent magnet in front of
the target. As a result, the electrons are forced to travel in a spiral way and increase
the probability of further ionizing Ar atoms. This tends to generate a stable plasma
with high density of ions. By applying a voltage to the target, the Ar*-ions are
accelerated away from the target as it is negatively charged. The higher ejection
rate, and hence deposition rate, minimizes impurities to form in the thin film, and
the increased distance between the plasma and substrate minimizes damage caused
by stray electrons and Ar ions. More details about Magnetron sputtering can be
found in Ref. [84, 85].
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3.1.2 Electron-cyclotron resonance (ECR) sputtering depo-
sition

Electron-cyclotron resonance (ECR) plasma, belongs to the group of Chemical Va-
por Deposition (CVD), has been widely used for film deposition [82]. The main
points of ECR technique is similar to the magnetron sputtering method. Here, mi-
crowaves, which are created by a magnetron, are introduced to the plasma chamber
through an antenna. Ar gas is inserted to the chamber. There are permanents
magnets in the chamber in order to force electrons to move in circular motion with
resonance frequency (the electrons were created by the collision of Ar gas atoms).
Once the input microwave frequency matches to the electron cyclotron frequency
(ECR condition), the energy of the wave is transferred to the electrons and gener-
ates more ionized atoms. The ionized atoms are accelerated with high voltage from
the plasma chamber to the target, which is placed face to face to the substrate. Con-
sequently, the target is bombarded by the accelerated ions and causes releasing the
target material. One of the advantages of this method is that the working pressure
in the UHV chamber is low due to the creation of plasma in a separate chamber
(with much higher pressure). More details about ECR can be found in Ref. [86-90]
and references therein.

3.1.3 Preparation of Ni/Pt and Co/Pd samples in sputter
chamber

In order to investigate the magnetoresistance properties of ferromagnetic thin films,
a series of Pt/Ni/Pt samples with different thicknesses of Ni were prepared in our
preparation chamber. Furthermore, we have fabricated a series of Pd/Co/Pd sam-
ples with varying Co thickness to investigate the influence of aging on the structure
and magnetotransport properties.

Fig. 3.2(a) shows the exterior view of our UHV preparation chamber which is base
on sputtering deposition as mentioned before with pressure less than 2 x 10~ mbar.
The chamber is equipped with both magnetron and ECR sputtering devices and
both processes were combined in the growth of Ni/Pt films. According to the result
of Stillrich et al. [91], the perpendicular magnetic anisotropy of Co/Pt layered
structures enhances when the seed layer is first deposited by ECR and then is covered
by 1nm magnetron sputtering technique. He explained that the intermixing of
the material at the interfaces reduces due to the lower ion energy in the case of
magnetron sputtering and provides a smoother surface. Moreover, ECR sputter
deposition on substrate results textured films with rather rough interfaces.

Fig. 3.2(b) shows the schematic construction of the samples. SisN, was used as a
substrate with 200nm thickness to grow the layers on top. As a seed layer 4 nm
Pt were deposited with ECR technique. The Ar working pressure for deposition
was 5 x 107" mbar and the deposition rate of Pt was about 0.08 nm/s, which was
calibrated by x-ray reflectometry. As explained above, the growth procedure was
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Figure 3.2: (a) A photograph of preparation chamber which has been used to prepare
Pd/Co/Pd layer structures. The ECR is equipped with a Pt target. 2-inch targets are
used for the ferromagnetic elements (Co, Fe), while 1-inch targets are used for non-
ferromagnetic elements (Pt, Pd, Cu, Au) [77]. In order to prepare Pt/Ni/Pt samples
one of the ferromagnetic targets is replaced with Ni-target. A schematic view of (a)
Ni/Pt and (b) Co/Pd samples construction. The thickness of Ni varies from 1 to 50 nm,
while there are only two Co/Pd samples with 2 and 7nm Co thicknesses.

combined with magnetron sputter deposition. Hence, all the rest layers were created
by magnetron sputtering, which consists of 1 nm Pt, Ni layer with various thicknesses
from 1 to 50 nm, and 3nm Pt as a cap layer to protect Ni from contamination. The
magnetron chamber is equipped with different magnetron targets like Pt, Ni, Co,
and Pd. Besides, the voltage applied between cathode and anode is varied from 250
to 600V and the current flow is kept constant for each deposition layer.

Tow Pd/Co/Pd samples were fabricated with DC magnetron sputtering deposition,
namely 5nm Pd as a seed layer and 3nm Pd as a cap layer. One of the samples has
2nm and the other 7nm Co in between (see Fig. 3.2(c)).

In the following the experimental setup used to measure magnetoresistance proper-
ties of the samples at room temperature as well as low temperatures will be reviewed.

3.2 Magnetoresistance measurements setups

As stated before, the main purpose of this work is to investigate the influence of
interface in magnetotransport properties of Ni/Pt layered structures. Moreover, the
other part of my thesis is allocated to inquire the variation of magnetoresistance
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Figure 3.3: (a) A photograph of Warm-bore magnet. (b) A cross-sectional view of
the system. The sample manipulator is not shown in the sketch.

properties of Co/Pd thin films through aging. The magnetoresistance measure-
ments through this work were performed by two setups; Warm-bore magnet and
Spectromag, which are explained shortly in the following.

3.2.1 MR measurement setup at room temperature

Fig. 3.3(a) shows a photograph of the experimental setup that was used to measure
the MR properties of Pt/Ni/Pt and Pd/Co/Pd sandwiches at room temperature.
The system has a superconducting magnet which can provide homogeneous magnetic
field up to £11 T and is called Warm-bore magnet'. A bore with 6 cm diameter is
designed vertically in the middle of cryostat and the magnetic field is produced
vertically, too. The magnets were mounted in a liquid helium reservoir surrounded
in turn by a liquid nitrogen shield. A vacuum vessel is allocated to isolate the whole
system in order to reduce liquid helium consumption (see Fig. 3.3(b)).

The magnetic field can be controlled by the current flow through the superconducting
coils.

The sample is positioned in the homogeneous magnetic field utilizing a sample ma-
nipulator. With help of the manipulator it is possible to rotate the sample by 180°
with a twister wheel assembled on top of it. The sample orientation can be tuned for
different rotational planes. In addition to the rotational measurements, the magne-
toresistance of the samples have been measured in three generic geometries with field
sweep in a range of 6 T. In this case the field is swept with rate of 0.2 or 0.4 T /min.

1Oxford instruments B-T environment, project number 37791
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3. Sample preparation and experimental setup

Sample rod

Helium reservoir

Nitrogen reservoir

Vacuum

Helmholtz coils

Sample space

Figure 3.4: (a) Exterior view of Spectromag setup. (b) A cross-sectional view of
Spectromag. All important parts are labeled in the sketch. (c¢) A schematic view of
sample rod. The sample is attached to the bottom part with help of sample holder.

Details about the measurement geometries and sample layout are presented in Sec.
4.2.

3.2.2 MR measurement setup with variable temperature

The system that was used to measure the MR properties of the samples at variable
temperatures consists of superconducting magnets (Helmholtz coils) that provide
homogeneous magnetic field up to +7 T, horizontally, and is called Spectromag? (see
Fig. 3.4(a)). As shown in Fig. 3.4(b), the spectromag cryostat is shielded with
liquid nitrogen reservoir and the coils are situated and welded into a liquid helium
reservoir. Both reservoirs are thermally isolated by using materials with low thermal
conductivity and also high vacuum chamber with pressure up to 10~%mbar.

A variable temperature insert (VTI) is situated in the middle of cryostat and used
to adjust the temperature of the sample from 1.5 to 300 K. This is done by bal-
ancing the cooling power of a flow of liquid helium through a needle valve with a
heater. The flow can be controlled by an auto needle valve motor while the liquid
helium is drawn from the main reservoir. Fig. 3.4(c) shows the sample rod that is
designed to bring the sample into the magnetic field and also carry a heater and

20xford instruments, project number 52398
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Figure 3.5: (a) A typical setup of XRR experiment. Here Cu is used as anode
material, where the Cu Ko line with a wave length of A =1.5406 A is utilized. (b)
Schematic sketch of refraction and reflection effect occurring at the boundary of two
different media that can be described by Snell’s law and Fresnel equations.

thermometer. The samples are connected to the end of sample rod with help of two
different sample holders which provide the possibility of rotation of the sample in
different rotational planes (see Fig. 4.7(d)). Unlike the Warm-bore magnet, here,
no mechanical converter is necessary to rotate the sample. As a result, in addition
to MR measurements performed by Warmbore setup, the temperature variation of
MR measurements can be carried out by Spectromag setup.

A high-precision power supply (IPS)? is also designed to produce magnetic field
which is proportional to the current flow. The power supply is capable of sourcing
and sinking current and it also accurately controls the slew of the current.

3.3 Structure characterization techniques

Since structure and functionality are related properties in any material, the charac-
terization of structural properties is a very relevant issue in thin film investigation.
Although there are various technologies for characterization of the magnetic sam-
ples, only those concerning x-ray scattering (x-ray reflectivity and x-ray diffraction)
as well as transmission electron microscopy were used in this work. There is a num-
ber of references dealing with the fundamentals of these experimental techniques,
therefore in the following only aspects which are necessary to understand the results

will be addressed.

3.3.1 X-ray reflectivity

Since many properties of thin films are thickness dependent, it seems to be essential
to determine the thickness of layers with high precision in many technological appli-

30xford instruments
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3. Sample preparation and experimental setup

cations. X-ray reflectivity (XRR) is a non-destructive technique which has become
a rather common tool in chemistry, physics, and materials science for thickness de-
termination in nanometer range with a precision of a few A. In addition to thickness
determination, this technique is also employed for the determination of density and
roughness of films and also multilayers with a high precision.

Fig. 3.5(a) schematically shows a typical experimental setup for reflectivity measure-
ments. This method involves monitoring the intensity of the x-ray beam reflected by
a sample at grazing angles. A monochromatic x-ray beam of wavelength \ irradiates
a sample at a grazing angle 6 and the reflected intensity at an angle 6 is recorded
by a detector (see Eq. 3.2).

The basic principle of XRR is described as follows. When light changes its direction
of propagation at an interface between two materials, it is well known as refrac-
tion and reflection effect. The reflection at the surface and interfaces is due to the
different electron densities in the different layers (films), which corresponds to dif-
ferent refractive indexes n in the classical optics. For x-ray radiation the complex
refraction index of material is slightly less than 1 and given by

n=1-06—if (3.1)

Where § and [ represent the dispersion and absorption, respectively. 0 is propor-
tional to the product of Thomson scattering length (i.e., the electron radius) and the
electron density p and it is in the order of 1075, while 3 is one order of magnitude
smaller [92].

During the transition from a material with refraction index n to another material
with refraction index n’ the angles of incidence and refraction, respectively, are
related through Snell’s law

ncosf = n'cost’ (3.2)

where ¢ and 0 are measured with respect to the surface (see Fig. 3.5(b)). For
incident angles below the critical angle (6.), total reflection occurs. By considering
cos expansion? for § ~ 0 and set n = 1, the critical angle 6, is given by

0, = V26 (3.3)

The 6, values can be estimated from the electron densities between 0.1° and 0.4° if
Cu Ka is used [93].

For the determination of the reflectivity, a plane x-ray wave at an ideal smooth
surface, presented in Fig. 3.5(b), has to be considered. The incident wavevector is k;
, and the amplitude is a;. Similarly the reflected and the transmitted wavevectors are

1Cosine expansion = cosf =1—62/21 +61/4! — ...
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Figure 3.6: Diffraction of x-ray by two atoms in neighboring planes. The path
difference is two times djp sin 0.

ki and kp, respectively, and the amplitudes are ap and ap. Moreover, it is required
that the wave and its derivative at the surface and interface are continuous:

ar+ag =ar; ak;+ agkg = arky (3.4)

From these expressions the Fresnel equations for the reflected and transmitted am-
plitude are derived as

ap _ 0-0"  ap 20
a;79+9” t—a1~9+9, (35)

r

Finally the reflected and transmitted intensity can be introduced as

RO)=T =l ; TO) =7 =P (3.6)
i i

As stated above, the incidence angle beyond which total reflection occurs is referred
to as the critical angle . and the respective reciprocal lattice vector ¢.. Above g,
due to the interference of x-rays reflected from different interfaces, layers and mul-
tilayers on flat substrates give rise to oscillations called Kiessig fringes in the XRR
intensity plot [94]. Basically, fringes period depends on layer thickness, while fringes
amplitude depends on surface and interface roughness and the relative electron den-
sities of the materials. More details about XRR can be found in Ref. [92, 95, 96]
and references therein.

3.3.2 X-ray diffraction

There are multiple X-ray techniques used to study the sample properties, each of
which is suitable for different kinds of the structures. Among these methods, x-ray
diffraction (XRD) is a powerful and reliable tool in studying a large diversity of
micro- and nanoscale objects [96].
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3. Sample preparation and experimental setup

Let us consider a crystal which can be described as a lattice of points with trans-
lational symmetry as schematically shown in Fig. 3.6. When the incident x-rays
are reflected specularly from two neighboring crystal planes with spacing djpey (in-
terplanar spacing), a constructive superposition of the beams occurs whenever the
path difference of the reflected beams is an integer of the x-ray wavelength \. For a
given @ (the angle between the incident beam and the surface), the path difference
is 2djpxy sin 0. This leads to the well known Bragg’s law

2d[hkl] sinf = n\ (37)

where n is called the order of diffraction and is an integer. From the geometrical
point of view, the angle between the diffracted beam and the transmitted beam is
always 20, which is known as the diffraction angle, and usually measured experi-
mentally.

In order to predict the diffraction direction for any set of planes, the Bragg’s law
and the interplanar spacing equation (corresponding to the particular crystal) have
to be combined. As an example, for a cubic crystal

2
4a?

where h, k,[ are known as Miller indices, a is the edge of the cubic unit cell, and the

sin? 0 = — (h* + k> + I?) (3.8)

interplanar spacing equation for a cubic crystal is defined as

1 h? + k2 + 2
&2 @2

Therefore, diffraction directions are determined only by the shape and the size of the

(3.9)

unit cell [97]. For instance, Ni has a face-centered cubic lattice with @ = 0.352nm
[98]. In the diffraction pattern no reflections occur for planes with mixed odd and
even Miller indices (hkl) like (100), (210), (112), etc. but reflections may appear for
planes with solely odd or even Miller indices. The reason behind is explained below.
According to equation 3.8 diffracted patterns can be detected for (111) planes at
20 = 44.6° and for (200) planes at 20 = 51.91°, if A\ =1.5406 A.

Generally, the intensity of a diffracted beam is affected by any change in atomic po-
sitions, and hence, atomic positions can be determined by observations of diffracted
intensities.

When an x-ray beam encounters an atom, each electron in it scatters part of the
radiation coherently in accordance with Thomson’s equation. The atomic scattering
factor f is a quantity to describe the efficiency of scattering of x-ray at a given atom
in a given direction:

amplitude of the wave scattered by an atom

f= (3.10)

amplitude of the wave scattered by one electron
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Obviously, f = Z for any atom scattered in the forward direction and f decreases
with increase in 6. To derive an expression for the intensity of diffracted beam,
all the waves scattered by the individual atoms in a unit cell simply have to be
added together. The scattering amplitude generated by crystal unit cell is called
the structure factor and defined as [97]

N
Fou = Z fn627rz(hun+kvn+lwn) (3.11)
1

where NN is the number of atoms and uvw is the coordinate of each atom in a unit
cell. The absolute value F', represents the amplitude of the resultant wave in terms
of the amplitude of the wave scattered by a single electron.

The intensity of the diffracted beam by all atoms of the unit cell is simply propor-
tional to |F |2, and other factors like Lorentz factor and polarization factor. The
intensity of the diffracted beam by the whole crystal can be written as

(3.12)

V F? (1 + cos? 28)
I x

V2 2sin 20

where V' is the volume of the crystal and V, is the volume of a unit cell. The
trigonometric term presents the Lorenz-polarization factor. More details about the
polarization factor can be found in Ref. [93, 97, 99-101] and refrences therein.

As stated above with help of Eq. 3.11, it is possible to predict for which set of
planes the diffracted pattern occurs and which one dose not exist. For example, let
us consider the structure factor for Ni with fcc lattice. The unit cell of fcc structure
contains four atoms, located at (0,0,0), (1/2,1/2,0), (1/2,0,1/2), and (0,1/2,1/2).
By substituting these uvw’s in 3.11, we have

Fiee = Fe2mi0) 4 po2milh/2Hk/2) | po2milk/24U/2) | go2mi(h/2+1/2)
chc = f[l + eﬂ'i(hﬁLk) + ewi(k+l) + eﬂi(h+l)]

For planes with even or odd Miller indices, the structure factor F' = 4f, while the
forbidden reflections come from mixed (even and odd) Miller indices and clearly
F = 0. Thus, reflections may occur for such planes as (111), (200), and (220) but
not for the planes (100), (210), (112), etc. In the following two chapters the result of
XRR and XRD measurements on Pt/Ni/Pt and Pd/Co/Pd will be discussed before
representing the magnetotransport findings.
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Chapter 4

Investigation of

magnetorersistance effects in
Pt/Ni/Pt layered structures

The magnetotransport properties of Ni/Pt sandwiches and the causes of the observed
effects are discussed in this chapter. First of all, the structural properties of the sam-
ples are studied utilizing different techniques such as X-ray reflectivity (XRR), X-ray
diffraction (XRD), and high resolution transmission electron microscopy (HRTEM)
in order to obtain a proper foundation for the interpretation of the MR effects in
Pt/Ni/Pt layered structure (Sec. 4.1). In Sec. 4.2 the geometries of the measure-
ments and the sample layout are introduced. The magnetic anisotropy and the
result of thickness dependence of K .¢ are shown and described in Sec. 4.3.

By studying the magnetoresistance measurements as a function of sweeping magnetic
field, it is seen that p, < pi, which is against the similar result of Co/Pt system.
Therefore, the angular dependence of resistivity of Ni/Pt was investigated and led
to observation of higher order contributions to the op-AMR effect. This is the main
achievement of this work, as it has not been studied or reported in literature so far
(sections 4.4 and 4.5).

In sections 4.6 and 4.7, I present the thickness dependence of MR effects consisting
of AMR, op-AMR, SMR, and Hall effect constants measured for Ni/Pt system. It
has to be mentioned that the results of MR effects in Ni/Pt have been compared
step by step with similar Co/Pt structure studied by A. Kobs [10, 11, 102].
Finally, the resistance (resistivity) of Ni/Pt system is investigated in the temperature
range of 2-300 K.

4.1 Sample characterization

Before introducing the magnetoresistance effects, investigated in Pt/Ni/Pt stacks, I
would like to present the structural properties of the samples. As stated in previous
chapter, an X-ray diffractometer is used to determine the orientation and also the
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4. Magnetoresistance effects in Ni/Pt structure

lattice planes

Figure 4.1: Sketch of the XRD measurement. It is possible to varry § and w separately
in order to fulfill Bragg’s law conditions. The figure is obtained from Ref. [11].

structure of crystallites. X-ray reflectivity method is also applied to obtain details
about interface roughness and thickness of the layers. To complete the study and
for a cross check, Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM) are used to measure the lateral size of grains and the layers
topology. The X-ray measurements have been performed by G. Winkler, and D.
Lott in Helmholtz-Zentrum Geesthacht (GZG). The results are discussed in the
following sections.

4.1.1 X-ray Diffraction (XRD)

The crystallinity of Ni/Pt samples are analyzed by high angle X-ray diffraction
(XRD). Fig. 4.1 shows a schematic sketch of the XRD measurement. In a XRD
map a series of f-measurements are recorded at different w. It means that for each
angle w, the detector sweeps 6 angle and records the intensity which is proportional
to the number of X-ray photons of a particular energy. The intensity is expressed
in arbitrary units because usually the relative intensities of the peaks are more
interesting rather than the absolute intensity. Generally, the recorded diffraction
pattern has a background signal, which is subtracted here to obtain smooth peaks.

Fig. 4.2(a) shows a representative diffraction map of Pt/Ni/Pt sandwiches with
50nm Ni thickness on SizNy4 substrate. The pattern consists of two sharp peaks.
The intensity is plotted on the ordinate and the measured diffraction angle, 26, along
the abscissa.

Fig. 4.2(b) displays the integrated intensity 1(20) = >, I(w,20) of the diffraction
map shown in Fig. 4.2(a). Two sharp peaks can be seen clearly at 26 = 39.6° and
20 = 44.6° which correspond to fcc (111) Pt and fee (111) Ni, respectively.

It has been pointed out in Sec. 3.3.2, and according to Eq. 3.11, fece-structure shows
reflection peaks only when h, k, and [ are even or odd values, therefore, peaks in
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Figure 4.2: (a) Diffraction map I(w,26) of Pt(5nm)/Ni(50 nm)/Pt(3nm) sandwich
on top of SigsNy substrate. The intensity is color coded according to the given color
bar. (b) X-ray diffraction pattern extracted from the map is shown with open circles,
while the red line is the Gaussian fit to the data. By determining the position of Pt
fce (111) and Ni fee (111) peaks it is possible to calculate the lattice parameters of Pt
an Ni. (c) and (d) The cross-section I(w) at the fixed peak position of 20p; = 39.6°
and 20N; = 44.6°, respectively. The red lines are the Gaussian fit to the data. b, is a
measure for the texture of the layer.
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4. Magnetoresistance effects in Ni/Pt structure

(111)-direction are expected to occur, as it is observed for all the samples. Further-
more, the peak-position of fcc (111) for bulk Pt and Ni are reported as 20p; = 39.8°
and 20n; = 44.6°. Ni and Pt peaks were observed for the measured samples in the
vicinity of bulk positions. Only for the sample with 2nm Ni thickness there was no
peak at Ni position detectable. This is due to less amount of Ni material comparing
to Pt.

These peaks correspond to the fcc lattice parameters apy = 0.392nm and ayn; =
0.352nm, respectively [98]. The ratio of integrated intensities, which is the ratio of
integrated peak intensities in Fig. 4.2(b), can be achieved from Eq. 3.12

Do oI5 I (4.1)

Ipy tpt tpt
where the structure factor for fee (111) structure is F? = FF* = (4f)? (Eq. 3.11)
and unit cell volume for cubic crystal is a3. Moreover, the atomic scattering factors
for Ni and Pt are fy; = 20.5 and fpy = 19.5, which were taken from references
(103, 104]. As an example, for the sample shown in Fig. 4.2, x =0.158 4+ 0.003
is calculated from the ratio of integrated intensities (the area under the peaks).
The whole thickness dependence of ratio intensities is shown in Fig. 4.3(b) and is
discussed in the results.

Generally, the crystallite size and the presence of strain in crystals can be estimated
from the full width at half maximum (FWHM) of an individual peak by Scherrer’s
formula as follows [104]

0.94)\

[og cos 0 (42)

dgrain -
here, dgpin is the average crystallite size measured in a direction perpendicular to
the surface of the specimen, # is the Bragg angle, and [y is the angular width
(FWHM) in radians. The equation is commonly used for cubic samples and suitable
for Ni/Pt structure and was derived based on assumption of Gaussian line profiles.

Additionally, the distribution of the crystallite orientations in a polycrystalline thin
film is not always isotropic. In contrast, it was found in many studies that a certain
crystallographic direction [hkl] is preferentially oriented with respect to the sample
reference frame. This anisotropy of crystallite orientation is called texture or pre-
ferred orientation. Since many physical properties of polycrystals sensitively depend
on the texture, it is essential to determine this structural anisotropy.

Fig. 4.2(c) and (d) show the cross-section Iy(w) of the diffraction map at the peak
positions 20p; = 39.6° and 260y; = 44.6°, respectively. The peaks are fitted to normal
distribution function. It is seen that the maximum of the peaks occur around w = 0.
The observation of maximum at w = 0 together with the peak positions of fcc
Pt (111) and Ni(111) (Fig. 4.2(b)) indicate that the crystallites are preferentially
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Figure 4.3: (a) Peak position (20) of Pt and Ni layer vs tx;. (b) The ratio of intensities
as a function of ty;/tpy is calculated from XRD pattern. The black dashed line is the
calculation according to Eq. 4.1. The experimental data is in good agreement with
Eq. 4.1 obtained from the tabulated values for atomic scattering factors of Ni and Pt.

oriented with the (111) lattice planes parallel to the film surface. Therefore, Ni/Pt
films exhibit an out-of-plane (111) texture. As a result a quantitative measure for
the degree of the texture is obtained from the FWHM of I(w). Here in the case of
50nm Ni thickness sample bY' = (9 & 1)° and b.* = (11 & 1)° are measured from
Fig. 4.2(c) and (d), respectively. Furthermore, the absence of (200) peak is another
indication for the (111) texture of the films.

The XRD-map measurement has been done for samples with Ni thickness 6, 30, and
50 nm and linescan measurements (1(260) at w = 0) has been done for samples with
2, and 9nm Ni thickness. In the following the peak position, the ratio of intensities,
the grain size as well as the texture of the structures are discussed and compared.

Results and discussion of XRD measurements

Fig. 4.3(a) shows the position of the Ni and of the Pt peak in dependence of the Ni
thickness. It has to be mentioned that for the samples with fy; < 9nm two peaks
were observed at the position of Pt peak. Therefore, the envelope Gaussian fit is
used in these cases. Shown in Fig. 4.3(a) the Pt peak position does not change with
thickness within the error margin of the experiment. The mean value of 20py111) =
(39.56 £ 0.05)° was found, which corresponds to an interplanar spacing of dp; =
(2.276 + 0.003) A. The obtained value is about 0.6% larger than the Pt bulk value
(dpt puix = 2.263 A), which means that the Pt seed layer grows slightly strained.
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4. Magnetoresistance effects in Ni/Pt structure

In contrast to Pt, the position of Ni peak changes with Ni thickness. It is observed
that by increasing ty; the position of the peak increases leveling for the two thickest
samples (30 and 50 nm Ni thickness) into the bulk value. According to kinematic
approximation® it is expected that in the case of thickness-independent interplanar
spacing d and coherent growth the position of the Ni peak increases with the Ni
thickness. Details about coherent model can be found in Ref. [11]. Similar behavior
was observed for Co/Pt and Co/Pd [77]. For the two thickest samples the mean
value of peak position is determined to 20y; = (44.55 £ 0.03)°, which corresponds to
an interplanar spacing of dy; = (2.034 £ 0.003) A. This value is about 0.1% smaller
than the bulk value dy;j pux = 2.036 A. Therefore, it can be concluded that at least
parts of the Ni layer exhibit the bulk crystal lattice.

Another interesting information can be extracted from the XRD pattern is the crys-
tallite size in depth. It is seen that the width of the Pt peak is independent of ty;.
Utilizing Scherrer Eq. (4.2) and substituting the FWMH of Pt peak reveals that
dyyin =(4.8£0.1)nm. This corresponds to the thickness of the Pt seed layer and
reveals the dominance of the seed layer in the signal. As a result, it can be concluded
that the Pt layers consist of single crystalline phases along the stacking direction
[11].

Unlike the grain size of Pt which is almost constant for measured samples as it is
expected, the obtained values for Ni grain size are in dependent of thickness. It is
found that the width of the Ni peak is almost similar for the two thicker samples (30
and 50 nm Ni thickness) with 85 = (0.62 & 0.02)°. According to Scherrer equation
and using the mean value of Ni peak position (20x; = (44.55 £ 0.05)° for thicker
samples) a coherence length of dgfain = (15.9+ 0.5) nm is calculated. This might
be due to a loss in long-range crystalline order within the Ni layer at large Ni
thicknesses. Additionally, the width of Ni peak for the two thinner samples (6 and
9nm Ni thickness) are not constant values and it seems that for ¢x; < 15nm the
crystallinity of Ni layer depends on Ni thickness. In this regime the crystallite size
is almost dgﬁain

single crystalline phase in thicknesses below 15nm.

= tni. Therefore, it can be concluded that the Ni layer is also in the

As shown in Fig. 4.2) Ni/Pt thin film demonstrates a pronounced out-of-plane (111)
texture in general result. While the distribution of the orientation of the grains is
well fitted by a Gaussian, a quantitative measure of the degree of texture is the
full width at half maximum b,, which is independent of ¢y;. The mean value of
bPt = (124 1)° and bY' = (10 £ 1)° are obtained for the measured samples. It
can be concluded from the thickness independence of b, that the texture is already
determined by the growth of the seed layer on the substrate and does not change
during Ni growth. Moreover, the comparable values obtained for Ni and Pt reveals
that Ni grows very well on top of Pt.

!The kinematical approximation assumes that contributions from multiple scattering are negli-
gible, it neglects interference between scattered and incident beams, and assumes that the reduction
in intensity of the scattered wave inside the crystal lattice (due to extinction and absorption) is
small [105].

38



@ | (b)

Figure 4.4: (a) Image of Pt/Ni/Pt sandwich with 50 nm Ni thickness taken with
scanning electron microscopy (SEM). (b) Fast Fourier transformation pattern from
the entire image in (a).

Fig. 4.3(b) displays the ratio of intensities Ix;/Ip; for each sample as a function
of txi/tp. The dashed line presents the calculation according to Eq. 3.12 and
4.1. Obviously, the experimental data are in good agreement with the calculation
revealing that the bulk parameter (atomic scattering factors) of Pt and Ni used in
the model can perfectly describe the experimental data.

In addition to determination of grain size in depth, SEM has been used to specify
the lateral grain size of Ni/Pt layered structures. Fig. 4.4(a) shows a recorded
SEM image of the sample with ty; = 50nm. Using Fourier transformation (see Fig.
4.4(b)), a lateral grain size of die®! = (14 & 2) nm was found for Pt/Ni(50 nm)/Pt.
This is an indication of a structure with columnar growth occurring during the
subsequent magnetron sputtering of the Ni and Pt layers.

Transmission Electron Microscopy is another useful tool for investigating the mor-
phology of surface and interfaces of thin films. Therefore, high resolution TEM
measurements have been preformed on the samples with ¢y; = 2, 9, and 30nm by
Dr. Andrey Chuvilin from CIC nanoGUNE, Spain. Fig. 4.5(a) shows a representa-
tive TEM image of the cross section of the sample with 30 nm Ni thickness. In this
technique, a delicate destructive sample preparation is required to get a thin slab
piece of the sample which is done by Focused lon Beam (FIB). In order to protect
the sample, a layer (Pt+C) has to be deposited on top. Columnar growth of Ni can
be recognized as another proof of XRD result.

Moreover, a 2D spectrum of energy profile from Fig. 4.5(a) is shown in Fig. 4.5(b).
The colorful map (down part) has the depth coordinate in y-axis and energy coordi-
nate in x-axis. The image to the left and the spectrum on top give information about
scales. Appearance of a special peak at particular depth reflects unambiguously the
existence of the element at this depth. First of all, it is seen that carbon and gallium
are everywhere. The first one is due to the contamination by SEM beam and the
protection Pt layer containing 70% carbon, while the latter one is because of the
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Figure 4.5: (a) Cross-sectional HRTEM image of Pt(5nm)/Ni(30 nm)/Pt(3nm) on
top of SizNy as a substrate. The columnar growth of Ni can be seen. (b) A 2D
spectrum energy profile obtained from (a).

implantation during FIB milling. Copper is a background signal from the grid and
is correlated to the density of material. Existence of argon in the substrate is be-
cause of using Ar' ion-assisted sputtering with high Ar energies for the Pt seed layer
growth. Silicon and nitrogen are in the substrate. Pt and Ni are in the layer that
they should be, while weak peak of Pt is also observed in protection layer. A very
thin layer of oxygen is detected in the substrate and on top of the sample. Carbon
and silicon together with oxygen observed on top of the sample should be due to
some organic contamination. The most important result achieved by the HRTEM
measurement is that there is no NiO layer observed in the Ni layer.

4.1.2 X-ray Reflectometry (XRR)

In order to obtain information about the interfacial properties of Ni/Pt sandwiches,
in this section, I present the experimental results of X-ray reflection measurements.
It has to be mentioned that the same setup is used for X-ray reflectometry as XRD
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Figure 4.6: The specularly reflected intensity as a function of wave vector for a
sample with 6 nm Ni thickness. The red line is the fit to the data.

measurements only with incidence angles less than 10°.

As mentioned in Sec. 3.3.1, the reflection of a single layer on a substrate can be
described as the interference of the reflection at two interfaces leading to oscillatory
pattern. By solving the Fresnel equations for reflection and transmission includ-
ing multiple scattering from the two interfaces, the reflectivity can be obtained [106].

In the reciprocal space, incident and reflected wave are described with their wave
vectors k; and kg, where |k| = 27/\. In our geometry k;, ky, and normal to the
sample surface lying in the refraction plane. Therefore, the transferred momentum
in the case of specular reflectivity is @), = 4w sin /A, where 6 is the angle of inci-
dence/reflection. Beside presenting reflectivity data versus 26, it is also common to
plot reflectivity data versus transferred momentum, ().. The total thickness, tiotal,
of the layers can be determined from the oscillation distance, AQ,, by

2
AQ, = =

ttotal

(4.3)

The reflectivity features of a multilayer system can be described in the same way as
for a single layer which means that Fresnel equations for reflection and transmission
have to be solved for all interfaces. Fig. 4.6 shows as an example the specular X-ray
intensity for sample with #x; = 6 nm over the Q, range 0.005A~'< Q. < 0.6 A1,
Using Eq. 4.3 and AQ), shown for both periods the total thickness of the stack was
determined and this value verifies the nominal total thickness (obtained from used
deposition rates) of the sample.

In order to analyze the reflectivity curves different algorithms were developed and
used in literature [107, 108]. However, in this work I have used MOTOFIT package
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which runs in the IGOR Pro? environment [109]. Utilizing this model it is possible
to determine the width of the roughness/interdiffusion region from the specular
reflectivity curve. To fit the data the scattering length density of Ni and Pt has
to be known. The real and imaginary part of scattering length density (8 and )
can be calculated for a particular wave length A = 1.5406 A and element from the
homepage of the center of X-ray optics database (CXRO)?. These parameters are
given in table 4.1.

SLD(8) (A=2) | iSLD(3) (A~?)
Ni 6.4 x 107° 1.3 x 1076
Pt 1.4 x 107 1.3 x 107
SisNg || 2.9 x 107° 4.4 x 1077

Table 4.1: Scattering length density of Ni, Pt, and SigNy.

It is seen that the fit model can describe the experimental data very well. Concerning
the thickness of Ni and Pt layers the result of the analysis of XRR measurements
does not show any dependency on ty;. An average value of tp seed = (49.7 £ 1.0) A
and tpycap =(29.9 £ 1.0) A are deduced from the fit which are in good agreement,
with nominal Pt thicknesses. The thickness of Ni layer achieved from the fit verifies
the nominal thickness within the error margin of the experiment. Furthermore, it
should be mentioned that the thickness of individual layer from XRR investigation
are similar to the result of TEM measurements.

In addition to the thickness results, roughness/interdiffusion region of interfaces
again does not show any significant changes with Ni thickness. From the analysis of
the measurements a mean value of (4 +2) A and (8 & 2) A were found for the width
of roughness/interdiffusion region of Pt(seed)-Ni and Ni-Pt(cap), respectively. It can
be concluded that the degree of roughness/interdiffusion at the interfaces remain
constant, so that their influence on the magnetic properties do not change with
thickness.

4.2 Sample layout and measurement geometries

In order to investigate the MR effects of Ni/Pt sandwiches, a series of samples were
fabricated simultaneously with reference samples? (laterally homogeneous films)
with sputtering methods, explained in Sec. 3.1. In the fabrication procedure, we
use a shadow mask on top of substrate (Si3zNy) to make a wire-shape film with di-

2. Using wire-shape samples make the calculation

mension of w x [ = 0.5x6 mm
of the resistance and subsequently the resistivity from the measured data (voltage)

straightforward:

2https://www.wavemetrics.com
3http:/ /henke.lbl.gov/optical _constants/pert_ form.html
4The reference samples were utilized for the structural characterization.
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Figure 4.7: (a) Layout of Ni/Pt sample on top of SigNy with the wire-shaped film
and 6 contact pads. The current flows through the sample via contacts 1 & 2. Lon-
gitudinal voltage U, measured between contacts 3 & 4, while transverse voltage U, is
simultaneously recorded between contacts 5 & 6. (b) Photo of sample electrically con-
tacted to the chip carrier. (¢) MR measurements were done in these three geometries.
Longitudinal (11) geometry is the case when the external magnetic field is applied par-
allel to the current direction, transverse (t) geometry is measured when the magnetic
field is applied perpendicular to the current direction in the film plane, and polar (p)
geometry is defined with the magnetic field parallel to n (surface normal). The sketch
is from Ref. [11]. (d) The angular dependence of the resistance was probed by rotating
the magnetization within two different planes: in-plane rotation py(p,6 = 90°) and
out-of-plane rotation pyx(p = 90°,6). The sketch is from Ref. [102].

w it

=i (4.4)

Us

where ¢ is the film thickness. The electrical resistance of the films was measured at
room temperature utilizing a DC four-probe method under an external magnetic
field (poH) up to 6 T. In order to apply current and measure simultaneously the
longitudinal and transverse voltage, the samples have to be electrically contacted
with 6 chrome/gold contact pads as illustrated in Fig. 4.7(a). Moreover, the
samples are attached to chip carriers, while the electrical connection between the
contacts on the sample and the contacts of chip carrier is provided by aluminum
wires with 25 pm thickness, produced by ultrasonic wire bonding. Fig. 4.7(b) shows
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4. Magnetoresistance effects in Ni/Pt structure

a prepared sample attached to a chip carrier.

As explained in Sec. 3.2, the MR measurements were carried out at room tempera-
ture using a warm-boremagnet setup, which provides a vertical magnetic field with
a superconducting magnet. All the current inplane MR measurements in this thesis
were performed with two different methods, shown schematically in Fig. 4.7(c) and

().

Method 1: First of all, the MR of the sample was measured in three different
fixed geometries while the magnetic field was swept from -6 T to +6 T. According
to Fig. 4.7(c), these three geometries are commonly known as longitudinal (1),
when the magnetic field is applied parallel to the current direction, transverse
(t), and polar (p), when the magnetic field is applied perpendicular to the current
direction in the film plane and out of the film plane, respectively. The sweep rate
was set to 0.2T/min and every 3s the longitudinal and transverse voltage were
being recorded by two nanovoltmeters.

Method 2: In contrast to the first method, the sample is rotated in two different
directions while the magnetic field is fixed to the constant value of ug|H|= £6T,
which is sufficiently large to saturate the magnetization. The so-called in-plane (ip)
rotation is related to the angular dependence of resistance with respect to the current
direction in the film plane. In this case the sample was rotated around n between
longitudinal and transverse geometries. ¢ = 0 corresponds to longitudinal geometry.
In addition, out-of-plane (op) rotation concerns to a rotation of magnetization in
the plane perpendicular to the current direction while the magnetic field was kept
constant (see Fig. 4.7(d)). The rotation axis is the current direction with ¢ = 0
denoting the polar geometry. In both cases the sample is rotated in 5-10° steps in the
range of —95° < 60, ¢ < +95°. It is worth mentioning that due to the shorter time-
span of rotation measurements comparing to the method 1, the impact of thermal
drift is significantly reduced.

4.3 Determination of magnetic anisotropy
In the presence of external magnetic field the total free energy of the system can be
written as

E/V = Ky gsin?© + Kysin*© — pg H Mg cos @ (4.5)

with the latter term corresponds to the Zeeman energy contribution and the free
energy density is applied in second order approximation of anisotropy. © is the angle

between M and the sample normal n, while ® describes the angle between M and
H.

44



——0.08 ——
° exp.data | 0t ~—wl s, N

— fit function - | e 5_200 LA G \@
< 0-04 NE \.’\ ;% mean value
. = _2_ ‘\ -300 E
c 2 e

000v§ = - ¢ (nm)
mﬁ: \l-%.4- \\ .
N . ‘_" 3 \\@ o
0.04 X ol &* |
04k ., .+ . 4 . ., 4-0.08
-2 -1 0 1 2 0 10 20 30 40 50
#oH (T) t.. (nm)

Figure 4.8: (a) Out-of-plane remagnetization measurement of Ni/Pt with ¢tx; = 9 nm.
In order to obtain the anisotropy constant the fit (red line) is applied below technical
saturation. (b) Variation of effective anisotropy times Ni thickness K 1,eff tNi versus Ni
thickness in Pt/Ni/Pt sandwiches determined at room temperature using AHE. K ~
(0.015 4 0.030) mJ/m? and Kiv e ~ (—133 & 3) kJ/m?® were obtained from the linear
fit (dashed line). K g versus ty; is given as inset.

In order to determine the anisotropy constants an external magnetic field has to be
applied in the direction of hard axis of magnetization. In all of the Ni/Pt structures
in this work the easy axis is in-plane and the hard axis is out-of-plane. There-
fore, with applying an out-of-plane external field we have the condition © = .
By minimizing the total free energy 0(F/V)/00 and using the latter condition, it
follows:

2K e cos © + 4K cosOsin? O = —po H Mg

2K ot 4K2> 4Ky 4
(TR + 30 mo+ Smd = o Hima) (16)
where m; = M, /Mg = cos© is the component of magnetization in the direction
of magnetic field and with the help of Eq. 4.6 the anisotropy constants can be

obtainable from the magnetization behavior of the sample.

Fig. 4.8(a) shows the result of Ragg(H,) measurement for Pt/Ni (9nm)/Pt. Above
technical saturation R, (H,) curves follow a linear negative slope as a consequence
of ordinary Hall effect (see Fig. 4.11). Here, the high field behavior was extrapolated
to zero field and the extrapolated curve was subsequently subtracted from R,,(H,)
measurement. The remain curve is M,(H,) (Ranr(H,)) which is used to determine
anisotropy constant (Fig. 4.8(a)).

Using Eq. 4.6 to fit the data below technical saturation reveals that the obtained
values for K, changes randomly in the range of 1-40kJ/m3. Moreover, due to the
lack of investigations of anisotropy constants in special systems like Pt/Ni/Pt in
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literature, I could hardly compare my results with other studies. For the following
analysis I set Ky to zero to avoid an impact of varying Ky on K .g(7, tx;) as a fit
parameter. Here, in the case of the sample with ¢x; = 9nm the effective first order
anisotropy is determined to be —148kJ/m?® which is one order of magnitude smaller
than for similar Co/Pt layered structure studied by A. Kobs [11]. The thickness
dependence of K ¢ is shown as inset in Fig. 4.8(b). It is seen that the anisotropy
is almost constant within the error margin of the experiment with the mean value
of K" = (—126 & 20) kJ/m®.

Fig. 4.8(b) presents the thickness dependence of K e tx; of all samples which is
commonly used to disentangle the surface and effective bulk anisotropies according
to Eq. 2.14. The dashed line is a linear fit to the data with a negative slope and
a positive (almost zero) intercept on y-axis. The slope is an indication of shape
anisotropy and magnetocrystalline volume anisotropy (Kives = Kiv — %MSQ R~
(=133 £ 3)kJ/m?) (see Sec 2.1.4). With the saturation magnetization of Ni bulk
at room temperature MM N = 0.493 MA/m [98], the shape anisotropy can be
calculated as Kq = —42 M3 = —153kJ/m? and consequently the effective first order
volume anisotropy is Ky = 20kJ/m?. In addition, the surface anisotropy from the
linear fitting of Fig. 4.8(b) is K = (0.015 4 0.030) mJ/m? which is one order of
magnitude smaller than K&° in Co/Pt systems [11, 77] and Co/Pd structure [61, 77].
The measured value for K are within the span of values reported in literature for Ni-
based systems like Ni/Pd multilayers —0.48-0.51 mJ/m? [31-36, 110]. The effective
first order anisotropy calculated for Ni/Pt sandwiches here, is also similar to the
Ni/Pd systems investigated by Chafai et. al and den Broeder (Ki.g = —125 to
—140kJ/m?) [33, 34] within the error margin of the experiment.

4.4 Dependence of resistivity on sweeping mag-
netic field

After studying the structural and magnetic properties of Pt/Ni/Pt sandwiches
the results of magnetoresistance measurements and corresponding effects will be
presented and discussed in this section.

pu(H): First of all, according to the first method explained above, the field sweep
of all samples has been measured while the external field is fixed in longitudinal,
transverse, and polar geometries with respect to the current direction. Fig. 4.9
presents as an example the magnetoresistance measurement of Pt/Ni(15nm)/Pt as
a function of magnetic field. It has to be mentioned that all the samples exhibit
the same qualitative behavior shown in this figure. It can be seen that at high
field above technical saturation, where M is aligned in parallel to the field, the
resistivity reduces linearly, for all three geometries, with external magnetic field
due to the spin-disorder magnetoresistance effect (SMR) (see Sec. 2.2.6) [9].
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Figure 4.9: Magnetoresistance measurements of Pt(5nm)/Ni(15nm)/Pt(3nm) in
longitudinal H, transverse Hy, and polar Hy, geometries. Apj, is the typical AMR
effect. The blue axis show the resistivity of Ni layer after elimination of current shunt
through Pt (see Sec. 4.6.1).

For both longitudinal and transverse geometries, a linear decrease of resistivity
Pex(poH) (resistance R,.(uoH)), has been found on increasing the absolute value
of external field almost in the entire range of measurement. As we will see below,
this behavior is expected for specimens with in-plane easy axis of magnetization.
At zero field, a sudden jump of the resistivity happens, which is due to the fact
that the magnetization is a multi-domain state with no preferred in-plane direction.
Hence, the measured resistance corresponds to an average value of all orientation of
the magnetization in the sample plane. In other words, this sudden jump (or fall)
is attributed to multi-domain state during switching of the magnetization, leading
to an increase or decrease of resistivity.

Applying a field perpendicular to the film surface yields the resistivity in polar
geometry. The parabolic behavior observed in polar geometry is due to the coherent
rotation of the magnetization into the direction of hard axis (ugH < 1T). This
quadratic shape can be well described by AMR and AIMR, in which the resistivity
depends on the angle between the magnetization and current [9, 10]. At high
fields (above 1T) the magnetization aligns along the external field, and only the
electron-magnon scattering (spin-disorder MR) with negative slope is observed.
Notably, the isotropic behavior of p,, for all geometries at high field reveals that
rotation of the sample in saturation field provides access to AMR and AIMR effects.
Therefore, the angular dependence of resistivity on magnetization direction were
measured and is the topic of the following section.

In this work, the magnetogalvanic effects investigated in Pt/Ni/Pt structures are
compared step by step with the result for Pt/Co/Pt sandwiches, which was studied
in detail by A. Kobs [11]. This is due to the fact that the starting point of my study
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Figure 4.10: (a) The longitudinal resistivity pgz, of Pt(5nm)/Co(6nm)/Pt(3nm)
plotted against magnetic field oriented along the three generic directions (polar, lon-
gitudinal, and transverse) with respect to the current direction and film normal [10].
(b) High field magnetoresistance of 20 nm pure Co film at room temperature for the
same directions of the field. p, < pt is due the texture of the film [55].

is the discovery of Anisotropic Interface Magnetoresistance (AIMR) effect found
in Co/Pt sandwiches [10]. As stated briefly in Sec. 2.2.4, the magnetoresistance
properties of Co/Pt layered structures was investigated in current in-plane (CIP)
geometry at room temperature in our group by A. Kobs. It was found that the
resistivity depends on the magnetization direction when it rotates in the plane
perpendicular to the current direction. In order to find the origin of this effect, in
that study, a series of Pt/Co/Pt samples were fabricated with the same preparation
procedure here for Pt/Ni/Pt.

For comparison, Fig. 4.10(a) shows the typical magnetoresistance results measured
for a Pt/Co/Pt sample with 6 nm Co thickness from Ref. [10]. The interesting part
is that in Ni/Pt sample (Fig. 4.9) the polar resistivity p, is less than the transverse
one py which is obviously opposite to the findings of Co/Pt specimen shown in Fig.
4.10(a). This difference was enough to draw my attention towards investigating in
detail the magnetoresistance effects in Ni/Pt sandwiches.

Looking into literature, the geometrical size effect (GSE) can cause a difference
between in plane and out of plane resistivity with p, < p; as it is observed in Co,
Ni, and permalloy [56, 57, 111, 112]. As an example, Gil et al. [55] reported the
same performance (p, < p¢) for 20nm pure Co at 295K which is shown in Fig.
4.10(b). It was explained in Sec. 2.2.3 that in contrast to its name, GSE is caused
by the crystalline texture of the sample.

Similar to the findings of Co/Pt layered structure, the resistivity difference in Ni/Pt
stacks between p; and p; (Apip) can be attributed to the conventional AMR. effect
which is a bulk effect. On the other hand, as is explained in Ref. [10], the resistivity
difference from in-plane to out-of-plane configuration (Ap,p in case of Co/Pt) comes
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Figure 4.11: Magnetic field dependence of Hall resistance at room temperature for
Pt(5nm)/Ni(15nm)/Pt(3nm). The field is applied perpendicular to the film plane.
Both Hall constants (Ry and Rg) have negative values. For 15nm Ni thickness
Ry =(—0.046 £ 0.002) x 10~?m?/C and Rg =(—1.13 +0.06) x 10~ m3/C were cal-
culated.

from scattering mechanism at interfaces, therefore, coined Anisotropic Interface MR
(AIMR). By comparing figures 4.9 and 4.10, the question arises what is the origin
of Apop < 0in Ni/Pt, is it the presence of GSE effect or the existence of AIMR with
negative sign?

In order to find the origin of this effect additional MR measurements according
to the second method stated above have been performed and are explained in the
following sections (see Sec. 4.5).

pay(Hy): Fig. 4.11 shows R,,(H,) measurement for Ni/Pt layered structure with
15 nm Ni thickness at room temperature. The magnetic field is applied perpendicular
to the film plane which is the direction of hard-axis of magnetization and the curve
contains a superposition of anomalous- and ordinary Hall effect. All the samples
show the same behavior as Fig. 4.11. At low field (—0.7T < poH < 0.77T) it is
found initially a steep linear rise of the resistance with increasing magnetic field,
followed by a second linear behavior having a relatively smaller gradient. The first
one is regarded as anomalous Hall effect and the second one is ordinary Hall effect.
Therefore, it is possible to calculate Hall constants (Ry and Rg concerning p,,(H,)
measurement.

In Sec. 4.6.3 the behavior of Hall constants versus Ni thickness is discussed.

4.5 Angular dependence of longitudinal resistiv-
ity on magnetization direction

The resistivity vs. the magnetization orientation have been investigated accord-
ing to the second method explained in Sec. 4.2. A constant magnetic field
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Figure 4.12: (a) Resistivity pgz of Ni/Pt sample with 9 nm Ni thickness as a function
of angle between magnetization and current direction (black symbols). For comparison
the result of Co/Pt sample with the same Co thickness is plotted in the same graph
(red symbols). The dashed line is a cos?(p) fit. (b) Scheme of in-plane rotation.
¢ = +90° indicates M in transverse geometry while ¢ = 0° in longitudinal direction.

of 6T (strong enough to saturate the magnetization) is applied along one of
the geometries and the sample is rotated at first around the surface normal (ip
rotation) and then around current direction (op rotation). In both cases the
resistivity is measured as a function of the direction of applied magnetic field
which is almost the same as magnetization direction®. Mentioned above the
isotropic high field behavior of sweep measurement confirms that rotational mea-
surement of resistivity is a consequence of magnetization and not the magnetic field.

In Fig. 4.12(a) the resistivity of Pt(5nm)/Ni(9nm)/Pt(3nm) is plotted (black
stars) as a function of angle ¢ between magnetization and current direction (see
scheme in Fig. 4.12(b)). In addition, the in-plane rotation of magnetization of
Co/Pt structure with 9 nm Co thickness (similar to Ni/Pt sample) has been plotted
on the same graph for comparison (red circles). According to Eq. 2.23, typical cos?
behavior of magnetization rotation in the film plane is found as we expected for
AMR effect. As shown in the plot, the magnitude of AMR effect can be obtained by
the amplitude of cos? fit. In the case of this sample Apﬂﬂi = (0.236 4+ 0.001) pQ2cm

is measured for Ni/Pt and Ap{° = (0.340 £ 0.002) pQcm is obtained for Co/Pt,
which is same order of magnitude.

Rotation of magnetization in the plane perpendicular to the current according to
Fig. 4.13(a) was the next step in our measurements. Although a cos? symmetry

5There is a difference between the direction of external magnetic field and magnetization in the

case of rotation from easy axes to hard axes, which is discussed and calculated in corresponding
section.
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Figure 4.13: (a) Scheme of rotation of magnetization in the plane perpendicular to
the current direction. 8 = £90° indicates M in transverse geometry while § = 0° in

polar direction. (b) Resistivity p,, of Ni/Pt sample with 9 nm Ni thickness as a function
of 6 between magnetization and film normal (black symbols). Out-of-plane rotation

of magnetization of similar Co/Pt sample is plotted in red symbols for comparison.
Dashed lines are fit functions to the data.

was reported for Co/Pt and also other systems [10, 56, 60, 61, 113], the op rotation
of magnetization in Ni/Pt structures shows a completely different behavior. In Fig.
4.13(b), a representative op rotation of a Ni/Pt structure with 9nm Ni thickness
is shown as a function of # in black symbols. For comparison the result of the
same measurement from Co/Pt stack with 9nm Co thickness is plotted with red
symbols as well. In contrast to Co/Pt sandwiches, surprisingly, the p(6) behavior

of Pt/Ni/Pt structures can only be satisfactorily described when considering higher
orders in the expansion of MR as

p(0) = pi+ > Apopancos™ @,  n <3 (4.7)

where 6 is the angle between M and n. Traditionally, AMR has two-fold symmetry.
Four-fold symmetry of the AMR, which corresponds to the appearance of an extra
higher-order term proportional to cos*, has been observed first in bulk Fe and Ni
single crystals [114-116] and has been reported afterwards for various epitaxial thin
films [117-121]. Recently, a four-fold symmetric AMR of single-crystalline Ni(001)
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Figure 4.14: (a) Comparing the absolute value of prefactor of cos(2nf) and cos®™(f) in
AMR expansion for Pt(5nm)/Ni(9nm)/Pt(3nm) sample. The prefactors of cos(2n0)
can be obtained by utilizing Fast Fourier Transform (FFT) algorithm on resistivity
data. (b) The significant contributions (only even orders) to the op-AMR have been
plotted separately with the experimental data to highlight the role of each contribution.

film is reported by Xiao et al. even at room temperature [12]. From the thickness-
dependent measurements, he found that the two-fold and four-fold terms originate
from interfaces. As another example, the fourth-order contribution to the AMR has
been found in (Ga, Mn)As [122] which is related to the long range ferromagnetic
phase at T' < Tp.

Li et al. have pointed out that the four-fold symmetric AMR of Lay/3Ca;/3MnO3
epitaxial films originates from the four-fold symmetry of the lattice [123]. It has
to be mentioned that higher order contributions to the op-AMR in polycrystalline
structures have not been detected so far. However, the higher order contributions
have been observed in this work for all Ni/Pt samples with polycrystalline structure
in out-of-plane rotation.

In Eq. 4.7, all the cos®(0) has the same period (27) in the expansion. Therefore
the coefficients of cos?” in the fit function may depend on each other. In order
to avoid this problem the Fast Fourier Transform (FFT) algorithm has been per-
formed on the resistivity data. Fig. 4.14(a) compares the coefficients of cos?* () with
cos(2n#) obtained from the fitting with Eq. 4.7 and FFT algorithm, respectively, for
Pt(5nm)/Ni(9 nm)/Pt(3 nm) sample. Due to the imperfect layout of the sample (see
Fig. 4.7(b)) the parasitic Hall effect contribution proportional to cos(f) superim-
poses on the longitudinal resistivity, detected in both expansions and shown in Fig.
4.14(a). The odd contributions (3rd and 5th), Obviously, one order of magnitude
smaller than 2nd and 4th orders, thus they may be treated as experimental errors.
Using only even coefficients, Fig. 4.14(b) presents the contribution of each order as
well as the experimental data of op-AMR measurement (symbols) for Ni/Pt stack
with 9nm Ni thickness. The fourth order contribution, surprisingly, has a negative
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Figure 4.15: Sketch of spherical coordinates with polar angle # and azimuthal angle
©.

sign and for ty; > 2nm it is the dominant coefficient that superimposes the second
order, while the sixth order is negligibly small comparing to the other contributions.
The second order contribution has a positive value for ty; < 30nm (see Sec. 4.6).
In order to analyze the resistivity behavior, I expand the magnetization dependence
of resistivity in spherical coordinates 6 and ¢ is given by

p(0, ) =p, + ApPUk cos? psin? @ + Api™ cos? psin? A+

ip ip
ip-AMR
Apotcos® 6 + Aplt cos® 0 + Apl™ cos® 0+ Apl cos® §+O(cos®)  (4.8)
2nd ord(::(;pAAMR 4th order op-AMR

where Ap coefficients are separated for bulk and interface contributions. In order to
find the role of each contribution, it is essential to study the thickness dependence
of ip- and op-AMR effects. In the next section the origin of this higher order is
studied based on a phenomenological description.

4.5.1 Phenomenological description of angular dependence
of resistivity

In order to understand the mechanism related to higher order terms in AMR be-
havior of Ni/Pt system, it is useful to look at the details of the origin of AMR in
ferromagnets. Phenomenologically, AMR shows a twofold symmetry for polycrys-
talline materials because the magnetocrystalline effect is averaged out. However in
single crystals and epitaxial films, it contains higher order terms which reflect the
symmetry of the crystals [117]. According to the structural studies on Ni/Pt sand-
wiches (see Sec. 4.1), the samples are polycrystalline with fee(111) direction parallel
to the film normal in the grains; therefore these (111) out-of-plane textured films
can be treated as uniaxial crystal.
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4. Magnetoresistance effects in Ni/Pt structure

Based on the phenomenological expression of Doring [114], the relative change in
resistivity for arbitrary current and magnetization directions can be given as

Ap 1
— = k(B + a3 + a3 — 3)
Po

+ 2ks(aaafB1 fa + o3 fBafs + azar B3f1)

1
+ k3(8 - g)
2 1
+ ka7 + a5 + azBs + 35 5)
+ 2ks (10931 oy + a3 BBz + iz B3 B1003) (4.9)

where s = a?a3 + a2a2 + a2a? and k; are the magnetoresistance constants. a; and
[; are the direction cosines of magnetization and current with respect to the cubic
axes, respectively.

For our purpose, I adapt Eq. 4.9 to the specific geometry of out-of-plane textured
Ni/Pt(111) films using spherical coordinates (see Fig. 4.15) with arbitrary direction
of magnetization and current as

a; = sin @’ cos ¢’ B1 = sinf cos ¢
apy = sin @' sin ¢’ By = sin @ sin @
az = cosf' f5 = cos O (4.10)

Here z is the direction of film normal and xy plane is the film surface. As the current
flows in the film plane, 6 should be set as 90°, therefore 3 = 0. To sum up the
current in the film plane, Eq. 4.9 has to be integrated over ¢ from 0 to 27 as

A 2
2o / [Eq. 4.9] dy
Po 0
2
=7 {kl (Sin2 0 cos? ¢ + sin? @' sin? ¢’ — 3)
1
+ 2k (sin4 0’ cos? ' sin? ¢’ + sin? @' cos? 0’ sin? ¢’ + sin? ' cos® §' cos? ¢’ — 3>
4
+ ky <sim4 ¢ cos* ¢’ + sin @' sin* ' + 3 sin? 0/ cos? ¢’ sin?

4 4 2
+ 3 sin? @' cos® 0 sin® ¢’ + 3 sin? 0’ cos® 0 cos® ¢’ — 3)] (4.11)

When the magnetization rotates in the film plane (AMR) ¢’ is 90° and Eq. 4.11
leads to

A
2P Co + Cycos2¢" + Cycos 4y’ (4.12)
Po
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here C; is a function of k; and ¢’ is the angle between magnetization and current
direction. Although the fourth order contribution is not observed in Ni/Pt system,

Eq. 4.12 is reported and observed in single crystal and epitaxial films in literature
quite often [117, 124-126].

On the other hand, when the magnetization is rotated in the plane perpendicular
to the current direction (op-AMR), by setting ¢’ = £90°, Eq. 4.11 is reduced to

A
=P Cpy + Cycos 20" + Cj cos 46 (4.13)
Po

here Cj is the term independent of magnetization direction, Cy = —n/2 (ki + kq)

and C) = —m /4 (ks + k4/6) are the prefactors. With ignoring the sixth-order in the
experimental data, which is negligibly small comparing to fourth-order, Eq. 4.13 can
describe the data very well and is similar to Eq. 4.7 with Fourier transformation.
In the following the result of magnetoresistance effects in Ni/Pt samples as a function
of Ni thickness is shown and discussed.

4.6 Thickness dependence of MR effects

This section deals with the thickness dependence of MR effects (AMR, op-AMR,
SMR, OHE and AHE), which I have investigated in Ni/Pt sandwiches on SizN,
substrate.

4.6.1 Elimination of current shunt through Pt

In order to describe and discuss the MR behavior of Ni in Pt/Ni/Pt sandwiches, it
is necessary to find a model that can basically eliminate the Pt-shunt. Moreover,
the current that flows through the Pt layers strongly depends on the thickness of Ni
layer. By keeping the thickness of Pt layers (5 nm seed and 3 nm cap layer) constant
in all samples, it may be practical to consider the system as two parallel resistors.
Utilizing the total current I = In; + Ip¢ in parallel model, we have

1 1 1
— + 4.14
R(tni; M) Ryi(tni, M) Rpy ( )

where R(tni, M) is the total resistance of the system which is directly obtained
from the measurement data according to Eq. 4.4, while Ry;(txi, M) and Rp; are the
pure resistance of Ni and Pt, respectively. Obviously the resistance of Ni depends
on the magnetization direction and the thickness of Ni.

On the other hand, it is known since 1901 that the resistivity of a system might
be influenced by the reduction of one dimension of the system [127]. Generally if
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4. Magnetoresistance effects in Ni/Pt structure

the thickness of the film is comparable to the mean free path of the electrons in a
bulk material, the resistivity increases because of diffusive scattering of electrons at
the film surfaces. In 1938, Fuchs introduced a size effect theory for a free electron
model based on the Boltzmann transport equation [128|. The theory is developed
by Price for ellipsoidal Fermi surfaces [129] and Sondheimer elaborated the Fuchs
theory for the explanation of the galvanomagnetic effects [130]. In Fuchs-Sondheimer
theory the boundary conditions imposed by the external surfaces are included by the
phenomenological specularity parameter p, which describes the fraction of electrons
that is scattered elastically at the surface.

On the basis of Fuchs-Sondheimer model, the total film conductivity o, x; of the Ni
layer is given by

Um,Ni(tNia Pm, )‘m Ni bulks Om,Ni bulk) = Om,Ni bulk X

75 INi
1— §)\m Ni bulk /dZC ) (1 B exp(— m,,Nl\iI bulkx))
2 tni 1 — ppexp(— ¢x)

‘m Ni bulk

(4.15)

where 0., i = 1/pmni and index m = t, 1, p is representative for the magnetization
orientation, while A, ni buk is the mean free path of bulk Ni. More details about
Fuchs-Sondheimer model can be found in Refs. [11, 77]. In the following the results
of combination of Fuchs-Sondheimer model and parallel resistors applied to the
experimental data will be discussed.

As the Fuchs-Sondheimer model can be solved only numericaly, it is common to
reduce the number of parameters by Eq. 2.19. Here the electron effective density
n* is determined by the normal Hall constant Ry = 0.57 x 107 m?3/C, which
I measured according to Fig. 4.11 for the sample with 50nm Ni thickness. It
should be mentioned that the measured Hall constant is similar to Ry ~ 0.6 x 10~*°
m?/C obtained by Lavin et al. for bulk Ni at room temperature [64]. With n* =
1.1 x 10 m~3, we obtain

Am,Ni bulk * Pm,Ni bulk = 999 X 107" Qm?® (4.16)

where both Ay, ni buk and py, ni buk depend on magnetization direction. It is possible
then to eliminate A, ni buk as a variable in fit function 4.15.

Fig. 4.16(a) shows the resistance of the Pt/Ni/Pt structures in transverse field
geometry plotted vs Ni thickness. The resistance decreases clearly with increas-
ing Ni thickness, which is known for other ferromagnets’ resistance behavior
(57, 77, 102, 131]. The red solid line represents the fit according to Egs. 4.14 and
4.15, which describes the data very well. The parameters obtained from the fit
function are summarized in table 4.2.
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Figure 4.16: (a) Total resistance (transverse) of Ni/Pt layered structures as a function
of Ni thickness fitted by Fuchs-Sondheimer model (red line). (b) Indicates the total
resistivity of the samples along with the fit calculated from (a). Resistivity of pure Ni
is shown as green line which is obtained via Eq. 4.14 and fit parameters.

’ Rpy () ‘ pry (n€2cm) ‘ PuNi bulk (R€2cm) ‘ P ‘
| 403£7 ] 403+0.7 | 131+05 |=0|

Table 4.2: Parameters obtained via combination of Fuchs-Sondheimer and parallel
resistors model fitted to experimental data Ry.

The calculated resistance for 8 nm Pt in Ni/Pt layered structures (Rp, =(403 £ 7) )
is comparable to the Co/Pt samples (Rp; =(385 4+ 10) Q) within the error margin
of the measurement [102]. The mean free path of electrons in bulk Ni derived from
Eq. 4.16 and the fit parameters is Anj pux = (4.23 £ 0.20) nm. It is less than the
lateral grain size (14 &+ 2)nm (see Sec. 4.1.1) indicating that the major scattering
contributions occur within the grains. Additionally, the specularity parameter
pm Obtained from the fit is almost zero, which means nearly all electrons scatter
diffusely at the surfaces.

Fig. 4.16(b) shows the total resistivity of samples (black dots) together with fit
function (red line) and both of them are calculated from data and fit function in
Fig. 4.16(a) (py = M) The green line, indicating the resistivity of pure Ni,
results from the fit parameters and Eq. 4.14, while the blue dashed line shows the
resistivity of bulk Ni. Therefore, with the help of the parameters from Table 4.2, it
is possible now to calculate the pure Ni contributions to the MR effects.

4.6.2 Thickness dependence of AMR and op-AMR

As stated above, in the simple model used to describe the resistivity of the ferromag-
netic layer for Ni/Pt structure, I assume the resistance of the system as a parallel
circuit. Therefore any changes in MR (i.e., Apip/op), Observed on applying external
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Figure 4.17: (a) The difference resitivity of AMR (Apipni) as a function of Ni
thickness. The data is shunt corrected and fitted with exponential model (black dashed
line). (b) For comparison Apy, /., of Co/Pt layered structure is displayed from reference
[102]. Both AMR and AIMR effects are fitted with F'S model (black and red solid lines).
The black dashed line is F'S model in the absence of interfacial contribution. The inset
highlights the results for ¢, > 2nm.

magnetic field, is due to the change in resistivity of Ni layer. In addition the resis-
tance of Pt layer is assumed to be constant and determined from Fuchs-Sondheimer
model (previous section).

In order to determine the difference in resistivity occurring within the Ni layer when
changing the magnetization direction, first I calculate the resistivity of the Ni layer
for all measured data points (rotation and sweep measurements) via

w -t 1 1\ !
i(tniy 0, ) = = - 4.17
pri(txis 0, ) l (R(tNi,QaSO) RPt) ( )

where R(tni,0,¢) is attributed to the total resistance of the layers (measured
value), Rp; = 403 Q2 is obtained from FS model, w and [ are, respectively, the width
and the length of the wire. To find Apip ni and Apep ni, the next step is to fit the
corresponding rotation data with Eq. 2.23 and 4.8, respectively.

The result of the pure ip-resistivity difference of the Ni layer Api,ni is plot-
ted as a function of Ni layer thickness in Fig. 4.17(a). It is evident that for
thicknesses below the mean-free path (Anipux = (4.23£0.20)nm) the AMR
rises gradually with ¢y; and above &~ 5nm approaches a constant bulk value of
(0.261 £ 0.007) pQcm. The constant AMR value above 5nm is consistent with
Potter and McGuire whose earlier work indicated no dependence of Ap;, on the
film thickness in the range of 5-200nm [9]. However, a distinct increase or decrease
of the effect has been reported for lower thicknesses in a significant number of
literature, so far [77, 102, 132-134]. As an example, Rowan-Robinson et al.
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reported a rapid decrease of the AMR ratio and Ap;, for Ni films as the film
thickness was reduced below 6nm [133]. They concluded that the loss of AMR is
a consequence of enhanced electron-magnon spin-flip scattering in the thinnest films.

In order to describe the AMR behavior I used a phenomenological fit based on
exponential law given by

Apipni(tni) = ApipNi bu (1 — exp(—tni/Eamr)) (4.18)

where the characteristic length of éayr = (4.0 £0.4) nm is obtained. The black
dashed line on Fig. 4.17(a) indicates the fit to the data. It is seen that the charac-
teristic length is similar to the mean free path determined for the Ni layer. Observing
a constant value of AMR for thicknesses above 5nm is expected due to symmetry
reasons when the magnetization is rotated in the film plane. This means that scat-
tering of the electrons at the surfaces plays no role in AMR. However, because of
different coordination chemistry at the interfaces, that atoms exhibit comparing
to the atoms in Ni layer, it is expected that scattering at the interfaces provides
thickness-dependence of Apy,.

Moreover, the observed increase of Ap;, at low Ni thicknesses may originate from
NiPt interdiffusion regions. According to Leroux et al. the resistivity of NiPt alloy at
T = 4K follows an inverted parabola (Nordheim’s rule) with a maximum at ~ 45%
Ni [135]. As a result it must be expected that the alloyed interface regions provide
a higher Ap;, compared to the value of Ni layer. Therefore, the NiPt interdiffusion
region cannot cause the increase of Ap;, at low Ni thicknesses. As the structural
properties are also unlikely to be the reason, it might be concluded that increasing
of AMR is due to the finite size.

For comparison, the AMR and AIMR (op-AMR) of Co/Pt sandwiches vs Co
thickness investigated by A. Kobs, is displayed in Fig. 4.17(b) [102]. It is seen that
Apyp, decreases with increasing ¢c, up to 5nm. The thickness dependence of both
effects (shunt corrected) were fitted with F'S model reveals that surface contribution
plays role in these effects.

Fig. 4.18(a) displays the normalized op-rotation of magnetization for all thicknesses
in a polar diagram. All the samples are fitted according to Eq. 4.7. For ty; <
4nm the second order contribution is positive and larger than the 4th order. There-
fore, the behavior of the first two samples (tn; < 4nm) are qualitatively similar to
each other and different from the others. This is due to the difference in sign and
amplitude of Apyp 2, for different thicknesses.
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Figure 4.18: (a) Angular dependence of out-of-plane AMR for different thicknesses
of Pt/Ni/Pt layered structure in normalized polar diagram. For ¢y; < 4nm the second
order of Apg, is larger than the fourth order contribution. (b) Higher order contri-
butions of Ape, i as a function of Ni thickness. The dashed lines (red and green)
are the fit results using Eq. 4.19. The black dashed lines are F'S model which cannot
describe the experimental data. The data is shunt corrected and reflects the resistivity

difference of the Ni layer only.
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In the following the thickness dependence of Apep 2, is discussed.

Fig. 4.18(b) presents the thickness dependence of higher order contributions to the
op-AMR for Pt/Ni/Pt films. It should be recalled that the out-of-plane rotation
of magnetization measurements were also corrected for Pt-shunt according to Eq.
4.17. Although the sixth order contribution exists in the whole range of ty;, it is
negligibly small and does not show a significant trend vs Ni thickness. Therefore 1
consider just the second and fourth orders in the following discussion.

2nd
op

30nm. Qualitatively, Apggd curve shows a 1/ty; behavior similar to Co/Pt layered

structure [102] (see red symbols in Fig. 4.17(b)) and Co/Pd structure [77]. For the

4th
op,Ni

As we can see Ap:2® decreases gradually and obtains negative values for ty; 2

whole range of Ni thickness Ap is a dominant contribution with negative values.
The absolute value of fourth order increases with ty; up to 9nm and from this point
decreases monotonically. It seems that both orders are dominated by interface effect
above ty; = 9 nm because of 1/tx;-behavior. Therefore, the Fuchs-Sondheimer model
was used to fit the data, while a difference in specularity parameters Ap,, was set
as fit parameters. The black dashed lines in Fig. 4.18(b) shows the fit based on
FS-model. Clearly the fit cannot describe the data particularly for low thickness
due to suppression of both orders in low thicknesses similar to AMR (fitted with
exponential model). This point was the motivation to use an exponential term in
Fuchs-Sondheimer model. The green and red dashed lines in Fig. 4.18(b) present

the phenomenological model given by

Ap? i(tni) = (1 — exp(—txi/éamr)) X FS model (4.19)

op,Ni

where ¢ is again the characteristic length and Apgp, ni(fni) in FS model is defined as

ApopNi(tni) = pp.Ni(ENis Ppy ApNi bulk) — PuNi(ENis Di, AbNi bulk) (4.20)

Here an anisotropy in the interfacial specularity parameter Ap,, = p, — p,, is taken
as a fit parameter.
The fit parameters obtained from the applied model are summarized in table 4.3.

H Apop ‘ Apop puk (1€2cm) ‘ {avr (nm) ‘
274 order || (0.019 4 0.007) | (—0.017 £0.008) | (4.1 +2.1)
4% order || (—0.1240.04) | (—0.735 4 0.070) | (5.3 4 1.0)

Table 4.3: The fit parameters to the op-AMR obtained from phenomenological model
according to Eq. 4.19.

This model can describe both orders better than FS-model. Similar to AMR, the
characteristic lengths obtained for both orders are in the range of mean free path
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Figure 4.19: (a) Thickness dependence of the shunt corrected spin disorder mag-

netoresistance (SMR) effect obtained from the polar MR sweep measurements. The
dashed line is an exponential fit to the data. (b) Thickness dependence of ordinary
and anomalous Hall constants calculated from Ry, of Pt/Ni/Pt system. The dashed
lines are 1/tn; fit to the data.

of bulk Ni (Anipux = (4.23 £ 0.20) nm). The difference in the specularity param-
eters for magnetization orientations transverse and polar confirms the existence of
interface contribution in both orders (AIMR), while the suppression of both contri-
butions at low thicknesses reveals the presence of finite size effects (similar to AMR).
Moreover, the non-vanishing Apgg at high thicknesses reveals that the so-called ge-
ometrical size effect (bulk effect) superimposes the AIMR. I should recall that GSE
is a crystalline AMR contribution that is a consequence of the texture of the films
(see Sec. 2.2.3).

4.6.3 Thickness dependence of SMR, OHE and AHE con-
stants

In this section the results of magnetoresistance effects obtained from longitudinal
and transverse field sweep measurements are presented. In order to disentangle p,.,
of Ni layer from Ni/Pt layered structure, Eq. 4.17 was applied on the longitudinal
sweep measurements. With the simple parallel model (Eq. 4.17) it is impossible to
subtract Pt resistance from the the total resistance of the films in transverse sweep
measurements (R,,). Therefore, the results (Hall constants) related to R, are not

shunt corrected.

As stated in Sec. 4.4, all Ni/Pt stacks show similar longitudinal field sweep behavior
in high field as the one showed in Fig. 4.9 for all three generic geometries (Hj, Hy
and H,). The strength of spin-disorder MR effect (SMR) can be determined from
the slope of high field resistivity i |dpni/dH |qyg, which is almost the same in all
geometries.
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Fig. 4.19(a) displays the SMR effect as a function of Ni thickness. Qualitatively,
SMR presents similar behavior as AMR (Fig. 4.17). It means that SMR increases
with increasing tx; up to tn; = 4nm while for thicknesses above 4nm it exhibits
a constant value of #—10 |dpni/dH |qyr = (0.014 4 0.001) pQcm. Similar to the AMR
the thickness dependence of the SMR can be phenomenologically described by an
exponential law as

1 1
o [dpni/dH [gyg (Eni) = o |dpnibui/dH | gy (1 — exp (—tni/Esmr)) (4.21)

where &gypr is the characteristic length and is about (0.76 £ 0.13) nm, which is
smaller than for the AMR. Raquet et al. reported in their publication that SMR
is almost thickness-independent for Fe, Co, and Ni epitaxial thin films in the range
of 7 to 80nm [76]. This is consistent with the result found for Ni/Pt above 4 nm.
Moreover, the structural changes cannot be a reason for the thickness dependence of
the SMR as structural variations were not observed in Ni/Pt system and according
to Raquet et al. cannot influence SMR significantly [76]. Therefore, the thickness
dependence of the SMR might be caused by suppression of electron-magnon
scattering at low Ni thicknesses.

Besides SMR effect, Fig. 4.19(b) also presents the ordinary and the anomalous Hall
constants versus Ni thickness. It was explained in Sec. 4.4 that Ry and Rg are
calculated from R,, measurement according to the following equations.

Ry = tni - sonk
~ ARang - tni

Rg = 4.22
° 210 Ms (4.22)

where ¢ is the Ni thickness of the sample and pugMs = 0.627T is provided from
Ref. [98]. For all thicknesses Ry (black symbol) is negative, which is also the
case for pure Ni and Pt (electron-type) [67]. The ordinary Hall constant de-
creases slightly with increasing ¢y; and merges into a constant value of Ry ni bux =
(—0.055 £ 0.003) x 107" m?/C for thicknesses above 20nm. This is one order of
magnitude larger than for Pt (Rop¢pux &~ —0.06 x 1071%m3/C). An increase of
OHE constant with decreasing Ni thickness in the range of {x; < 20nm has been
reported by Reimer, Ghosh, Wedler [136-139].

On the other hand Rg(fn;) shows a similar behavior versus ty; as the ordinary
Hall constant and is a negative value for all thicknesses. Here, for ty; > 20nm
AHE follows the constant value of ~ (—1.45 4 0.05) x 107" m?/C. This behavior
can be attributed to the thickness-dependent current shunt through Pt layers.
It was reported also by Gerber et al. that the AHE of Ni films in the thickness
range of 5- 100 nm increases significantly with decreasing the thickness [72, 140, 141].
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Figure 4.20: Comparing the angular dependence of resistivity of

Pt(5nm)/Ni(30nm)/Pt(3nm) (black symbols) with Pt(5nm)/Co(30nm)/Pt(3nm)
(red symbols). Both data sets are corrected for the current shunt through Pt. Higher

order contributions exist in Co/Pt as well but they are one order of magnitude smaller
than Ni/Pt.

In the following section investigation of higher order contributions to the op-AMR
in other systems like Co/Pt and Ni/Pd are presented.

4.7 Higher order contributions in p(f) for Co/Pt
and Ni/Pd

In the previous section, I presented the thickness dependence of magnetoresistance
effects for pure Ni in Ni/Pt structure and the result were discussed. Importantly,
I observed for the first time the higher order contributions to the op-AMR in
Pt/Ni/Pt layered structure. Moreover, Ni/Pt results were compared with Co/Pt
sandwiches studied by A. Kobs [11]. Finding higher order contributions of p(#) in
Ni/Pt was the main reason, which draw my attention to search for higher orders in
Co/Pt samples as well.

As we can see in Fig. 4.17(b), the thickness dependence of AIMR calculated for
pure Co shows that Ap,, is almost zero around tc, = 35nm. In the thickness range
around 35nm, due to the suppression of second order, it is more likely to detect
higher order contributions to AIMR in Co/Pt, if there are any. Therefore, I have
chosen a Co/Pt sample with 30 nm Co thickness to have a comprehensive study of
possible higher orders.

Fig. 4.20 presents the angular dependence of op-AMR for both Ni/Pt (black sym-
bols) and Co/Pt (red symbols) with thickness of 30 nm of the ferromagnet. Appar-
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Figure 4.21: Comparison between the angular dependence of resistivity of

Pt(5nm)/Ni(9nm)/Pt(3nm) (black symbols) and Pd(5nm)/Ni(9 nm)/Pd(3 nm) (pink
symbols) for out of plane rotation of magnetization. The dashed lines are fits to the
data. The second and fourth order contributions to the op-AMR in Ni/Pd exist but
they are significantly smaller than similar contribution for Ni/Pt.

ently the trace of higher order contributions in Co/Pt resistivity is detectable at the
first glance. The dashed line is the fit to the data according to Eq. 4.7.

The fit parameter on Co/Pt shows that Apith

op.co — —0.008 p€2ecm which is one order
of magnitude smaller than Apliy; = —0.068 pQem for the Ni/Pt sample. However

the fourth order contribution in both cases has a negative sign.

On the other hand, comparing the second order contribution in Ni/Pt and Co/Pt
reveals that Apggfico is one order of magnitude larger than the second order
contribution in nickel. Therefore, the higher order contributions to the AIMR
effect in Pt/Co/Pt are generally overcompensated by the dominant second order
contributions and are difficult to detect experimentally.

App® (nfem) | Apgt (u€em) | |Apgy/Apgye
Ni(30 um) /Pt 0.002 —0.068 ~ 34
Co(30nm) /Pt 0.018 —0.008 ~ 0.4
Ni(9nm)/Pt 0.038 —0.113 ~ 3
Ni(9nm)/Pd 0.017 —0.006 ~ 0.3

Table 4.4: Comparing higher order contributions to the op-AMR in Ni/Pt, Co/Pt,
and Ni/Pd layered structures.

Finding higher order contribution to the op-AMR in Co/Pt samples leads to the
question if the element (ferromagnet; Ni or Co) or the stacking of iso-electronic
materials is the driving force for the prominent role of higher orders in the interfacial
AMR. In order to answer this question study of the other iso-electronic system like
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4. Magnetoresistance effects in Ni/Pt structure

Ni/Pd was preformed. One Pd(5nm)/Ni(9nm)/Pd(3 nm) sample was sputtered and
prepared with the same procedure as Ni/Pt specimens on SizN, substrate.

Fig. 4.21 shows the result of op-AMR measurement of Ni/Pd (pink symbols) and
Ni/Pt (black symbols) with 9nm Ni layer. Even though the angular dependence
shows different trend, higher orders, obviously, exist in Ni/Pd sandwich. Comparing
the results, both Ap2® and Apjl" are significantly smaller in Ni/Pd than in Ni/Pt.
This can be attributed to the difference in atomic number (Z) of Pd and Pt, since
spin-orbit interaction (SOI) is proportional to Z* (see Eq. 2.4). In a related work
it was found by Lee et al. that Ap,, is smaller for Co/Pd than Co/Pt layered
structures [61]. The measured values of higher order contributions to the op-AMR
in Ni/Pt, Co/Pt, and Ni/Pd are listed in Tab. 4.4. From the obtained values for
‘Apﬁltah / Apggd it is concluded that the iso-electronic stacking plays a prominent role
of higher orders in the interfacial AMR.

In the following section, I study the temperature dependence of resistiviy of Ni/Pt

thin films in the temperature range of 2- 300 K.

4.8 Temperature dependence of p(M,H) in Ni/Pt
layered structures

The relatively low Curie temperature of Ni of ~ 630 K allows us to study nickel in a
wide range of temperature, in comparison to other ferromagnetic materials like Co
and Fe [142]. As we have seen in chapter 2, the main sources of the temperature
dependence of the resistivity in 3d transition metals are scattering of conduction
s-electrons at phonons and their interaction with the magnetic spin system (spin-
disorder resistivity). Based on Matthiessen’s rule, the electrical resistivity has con-
tributions from static disorder, i.e. the residual resistivity (pg ), the electron-phonon
scattering (ppn), and the spin-disorder resistivity (pmag) (see Eq. 2.20). In order to
determine the individual contributions in Pt/Ni/Pt sandwiches, the resistivity was
measured while the temperature was swept from 4.2-300K. All the temperature
dependence experiments of the following section have been performed in the Spec-
tromag setup (see Sec. 3.2.2).

In the following, first the result of the temperature dependence of resistivity at zero
field and, second, the temperature dependence of the magnetotransport properties
found in Ni/Pt are discussed.

4.8.1 Temperature dependence of zero-field resistivity

Fig. 4.22 shows the temperature dependence of resitivity for Pt/Ni/Pt layered
structure with tnx; = 6 and 50 nm, which is measured without external field. Clearly,
both samples display similar behaviors, namely from about 50 K on the resisitivity
increases monotonically with temperature up to 300 K. The residual resistivity ratio
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Figure 4.22: Temperature dependence of the resistivity for Pt/Ni/Pt layered struc-
ture with tx; = 6 and 50nm. The red and pink lines are fits to the data according to
Eq. 4.24, 4.25, and 4.26.

(RRR) which is defined as the ratio of resistivity of a material at room temperature
and at liquid Helium temperature:

RRR = P1=20 K (4.23)
PT=4.2 K

is calculated as RRR = 1.51 for ty; = 6nm and RRR = 2.16 for ty; = 50nm,
shown in Fig. 4.22. The RRR value for a single material depends on the amount of
impurities and other crystallographic defects [143]. Since resistivity usually increases
as defect increases, a large RRR is associated with a pure sample. Comparing RRR
of Ni/Pt with Co/Pt sandwiches (1.28 < RRRc,/py < 1.50) [11] shows that the
obtained value for RRRy;/p; is almost similar to Co/Pt samples. This indicates
that the structural disorder in both sandwiches is similar.
The red and pink solid lines are the fit function to the data. In the following I
introduce the applied model. In order to obtain a suitable model, first it has to be
mentioned that the system consists of two parallel resistance as

R(tni, T) = < . (thi’ 7 + Rptl(T)>_ (4.24)

Mentioned before (Sec. 2.2), the resistance of Ni and Pt can be described separately
according to Matthiessen’s rule as follows

, Npy = 3.7

_ T \"P* (Oppe/T T"Ptdy
Rpy(T) = Rs Ae— o /
pe(T) t,Pt T Ael-ph,Pt < ) 0 (e —1) (L —e2)

Ob,pt

Rpn,pe(T)
(4.25)
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4. Magnetoresistance effects in Ni/Pt structure

Rxi(T) = Ryni + aniT?
——

Rmag,Ni(T)
12{ T MNi eD,Ni/T .TnNid.T 3 1
() R
PN O 0 (e"—1)(1—e2) Y
Rpnxi(T)
(4.26)
Here for the phonon contribution, I use the constants nyx; = 3.1 and np; =

3.7 which were found for bulk Ni and Pt [144]. In addition, for the Debye
temperatures of Ni and Pt the bulk values Opxi = 390K and ©ppy = 225K
are applied [144]. To further reduce the number of fit parameters the resis-
tance of Pt at room temperature, determined in Sec. 4.6.1 (Rpi(T = 295K) =
(403 £+ 7) Q) was used. Clearly, the model describes the experimental data very well.

The results of applying the fit to the measured R(T') according to Eqs. 4.24, 4.25
and 4.26 are given in Tab. 4.5.

2(:Ni Pst, Pt Ael—ph Pt Pst,Ni Ael—ph Ni 2

’ ’ ’ ’ : (2 K
(nm) | (pQem) (nQ2em) (nQ2em) (nQ2em) o (12em/K5)
6 2794+ 2 26.1 +£2 14.6 =2 1424+ 1 (0.4 + 0.2) x 104
50 28.0 £ 2 259+ 2 6.4+ 2 150+ 1 (0.3 + 0.2) x 1074

Table 4.5: The intrinsic parameters, obtained by the fitting procedure of R(T') curves
for Pt/Ni/Pt with ¢x; = 6 and 50 nm.

The intrinsic values have been calculated from the fit parameters according to pg ; =

Ry - %, Apni = Apnyi - %, and an; = ay; - “’fi, where [ and w are the dimensions

of the sample and ¢; is the layer thickness. The results found for Pt-parameters,
pst.pt and Aepn py, are nearly the same for both samples within the error margin of
the experiment, which means that there is no dependency on ty; observed. This is
expected since the Pt layers (seed and cap layer) have the same thickness in both
samples. In contrast to the results of Pt layer, the residual resistivity of the Ni layer
pst.Ni increases with decreasing Ni thickness by a factor of two, while the obtained
values of Aeppnni and ay; for both samples are almost similar.

Additionally, the temperature-dependent part of the resistivity ppnpi(7’) and
PohNi (L) + pmagni(T) for tni = 50nm are calculated and shown in Fig. 4.23. For
comparison the experimental results for bulk Pt and Ni reported by White and
Woods [144] are plotted as well. Utilizing Eq. 4.25 in Fig. 4.23(a) for bulk Pt
(black line) the fit parameter A pnpe = 22 pflem was obtained, which is smaller
than the calculated value for tpy = 8 nm (see Tab. 4.5). Similar to the result of Pt,
PonNi(T) + pmagni(T) of bulk Ni is fitted according to Eq. 4.26. The fit parame-
ters AerphNi = 8.6 pQdem and an; = 0.5 X 1074 pﬁcm/K2 are obtained. Decreasing
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Figure 4.23: Temperature-dependent part of the resistivity (a) pph,pt(7") and (b)
PphNi(T') + pmagNi(T') calculated for tn; = 50nm according to Eqs. 4.25 and 4.26.
The experimental results of White and Woods [144] for bulk Pt and Ni are shown for
comparison.

of Aeph with increasing Ni layer thickness is in accordance with the observations
of Kim et al. [145]. They explained this enhancement of electron-phonon constant
with the presence of additional surface phonon modes which is decaying fast into the
bulk material. The reported values of ar; for bulk Ni are smaller than the measured
value for Pt/Ni/Pt sandwiches and are in the range of 0.09-0.16 x 10™* pQem/K?
(74, 146-148].

In Ref. [11] the temperature dependence of resistivity has been investigated and
discussed for three Pt/Co/Pt sandwiches with tc, = 2, 6 and 20nm. Comparing
the result of Ni/Pt with Co/Pt layered structure shows that the Pt-parameters are
in good agreement with each other revealing that Pt layers in both systems grow
similarly. In addition, ps co, decreases with increasing tc, similar to the result of
Ni/Pt, although the obtained value for Ni/Pt is much smaller than for Co/Pt with
similar ferromagnet thickness.

4.8.2 Temperature dependence of resistivity on applied field

In order to investigate the higher order contribution to the op-AMR found in
Ni/Pt sandwiches below the room temperature, I measured the magnetoresistance
curves of the sample with ¢x; = 50nm in temperature range of 4.2 < T < 300 K.
Fig. 4.24(a) displays the sweep measurements of Pt(5nm)/Ni(50 nm)/Pt(3 nm)
sandwich at 7" = 4.2 K revealing the same hierarchy p, < p; < p| than at room
temperature (Fig. 4.9). However, above technical saturation, instead of a linear
decrease of the resistivity with increasing the absolute value of the applied field,
the resistivity is almost constant in all three geometries. This isotropic behavior is
typical for the SMR effect.
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Figure 4.24: Magnetoresistance measurement of Pt(5nm)/Ni(50nm)/Pt(3nm). (a)
Typical field sweep measurements, (b) and (c) in- and out-of-plane rotation of magne-
tization measurements at 7' = 4.2 K. The dashed lines are fits to the data according to

Eq. 4.7. (d) Temperature dependence of the effective first order anisotropy constant
K o for the same sample.

Fig. 4.24(b) and (c) present the dependence of the resistivity with respect to the
orientation of magnetization measured for the same sample at 7" = 4.2K. The
in-plane rotation of magnetization shows a cos? behavior, while the higher order
contribution to the out-of-plane curve is observed according to Eq. 4.7, similar

to the room temperature results. It reveals that higher order contributions to the
op-AMR exist at low temperatures as well.

Moreover, the anisotropy constant of the same sample was determined from py,, (H,)
curves according to the procedure explained in Sec. 4.3. As the second order
contribution to the anisotropy constant K5 does not change with temperature
within the error margins of the experiment, similar to the investigation at room
temperature I set K to zero. Fig. 4.24(d) shows the effective first order anisotropy
constant K ¢ in dependence of temperature for the sample with 50 nm Ni thickness.
It is seen that K .4(T) decreases linearly with temperature. In the temperature
range investigated the anisotropy constant decreases by about 33kJ/m?®. Simi-
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Figure 4.25: (a) Temperature dependence of Pt resistance according to Eq. 4.25 by
using the parameters listed in Tab. 4.5 for 50 nm Ni thickness sample. (b) Apip i
measured for the same sample as a function of temperature. The data is corrected for
Pt shunt.

lar behavior was also observed by Co/Pt with 20nm Co thickness with 80kJ/m?
decreasing with increasing the temperature from liquid He to room temperature [11].

The temperature dependence of AMR, op-AMR, and SMR effects are presented in
the following.

4.8.3 Temperature dependence of AMR, op-AMR, and
SMR effects

Before presenting the result of the temperature dependence of MR effects, I
explain briefly the elimination of current shunt through Pt. Fig. 4.25(a) shows
the resistance of Pt layer (8nm in total) as a function of temperature according
to Eq. 4.25. In this calculation I use the parameters from Tab. 4.5 for the
sample with #x; = 50nm. With the calculated Rpi(T") curve and substituting it
in the Eq. 4.17, it is possible to correct all the measured data points for the Pt shunt.

Fig. 4.25(b) shows the shunt-corrected values of Ap;, x; as a function of temperature
for 50nm Ni thickness sample. Qualitatively, Ap;, ni shows no perceptible change
under 50 K, while above this point it increases by a factor of &~ 2.5 up to the room
temperature. This means that the scattering of electrons by phonons and magnons
leads to a significant contribution to the AMR in Ni/Pt sandwiches.

In contrast to the result of Ni/Pt structure, Api,co, in Co/Pt sandwiches shows
only 10-15% change in the temperature range of 4.2 < T < 300 K considered for
tco = 2, 6, and 20nm. This relatively small temperature dependence of the AMR
has been attributed to the scattering at non-spherical defects, since this causes a
lower scattering anisotropy compared to the scattering at spherical defects [11]. It
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Figure 4.26: (a) Apop i is plotted vs temperature for Pt(5nm)/Ni(50 nm)/Pt(3 nm)
sandwich, while the data is corrected for Pt shunt. Clearly, higher order contributions
to the op-AMR exist in the whole range of temperature. (b) Temperature dependence
of spin-disorder MR for the same sample. The solid line is the fit function according
to Raquet model (Eq. 2.31) [76].

can be concluded here that the scattering at phonons and magnons in Ni/Pt has a
dominant role than the scattering at the static defects.

Fig. 4.26(a) presents the difference resistivities Ap,, ni Versus temperature for sam-
ple with 50 nm Ni thickness. Notably, all contributions exist in the whole range of
temperature, while 2nd and 6th order contributions have negative values. For T' <
50K, I find ‘Apgg’Ni to be almost constant and above 50K all prefactors decrease
slightly up to the room temperature. Quantitatively, the 4th and 6th order contri-
butions change by a factor of ~ 2.5 in the whole range of temperature compared to
the values at room temperature, while the second order changes by a factor of ~ 5.
It is worth to mention that the 6th order contribution plays a significant role in the
temperature below RT.

Since the temperature dependence of higher order contributions to the op-AMR in
Ni/Pt layered structure is not investigated so far, I cannot compare my results with
other studies. I should also mention that the changes in Apgp, copt (second order)
are only in the range of 10-15% revealing that they are basically governed by the
scattering of the electrons at static defects, i.e., the Co/Pt interfaces [11].

In addition, the slope of high field MR measurements is studied for 2 < T" < 300 K.
Fig. 4.26(b) shows the behavior of the slope of high field MR measurements as
a function of temperature. It is assumed by Raquet et al. that in the case of

ferromagnets, the temperature dependence of —dz‘;;g follows the expression (see

Sec. 2.2.6)
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where A is a constant depending on s—d interaction, while d; = D;/Dy is determined
by the ratio of the mass renormalization coefficient D; and the zero-temperature
stiffness of the spin wave Dy [76]. Qualitatively, the fit describes the data very well.
In order to compare the result of the fit function to other works, I set Tj to 1. The fit
provides the coefficients A = (3.7 4+ 0.4) pQem /KT and d; = (6.4 + 1.4) x 107° K2.
The value of A was found by Raquet et al. in the range of 3-4pQem /KT for
thick Co films [76]. Moreover, the similar prefactor (A = (3.1 £ 0.4) pQcm /KT)
was obtained for Co/Pt sandwiches by A. Kobs [11]. On the other hand, the cal-
culated parameter d; in the literature is in the range of 1-2 x 1079 K2 for Ni and
Nip.98500.015, respectively, which is less than our result in this work [73, 76]. This dif-
ference may be a consequence of different range of temperature in the measurement
(from 200 to 450 K).

Finally, it is worth mentioning that in order to have a complete overview to the
temperature dependence of magnetoresistance effects in Ni/Pt films it is better to
measure also a sample with intermediate thickness (e.g. txi = 9nm) and compare
the data. Here, because of time limitation only the temperature dependence of one
sample were measured and discussed.
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4.9 Conclusion

In this chapter the magnetoresistance of Pt/Ni/Pt layered structure fabricated
by means of sputtering techniques was investigated in the temperature range of
4.2 <T < 295K. Previous studies on Pt/Co/Pt sandwiches showed that resistivity
behaves as p(p,0) = p, + Api, cos? psin? 0 + Ap,, cos? @ where /0 is the angle be-
tween magnetization and current direction/film normal. While Ap;;, is caused by the
conventional AMR (bulk effect) a Ap,, o< 1/t behavior was found for Co/Pt system
revealing that Ap,, originates at the Co/Pt interfaces (anisotropic interface magne-
toresistance (AIMR)). In contrast to Co/Pt, the MR measurements in Ni/Pt reveals
that the resistivity is larger when the magnetization oriented perpendicular to the
current in the film plane (p;) than out of the film plane (p,): Apop < 0. Utilizing
a constant magnetic field of 6 T, rotation of the magnetization in the plane perpen-
dicular to the current direction for Ni/Pt presents a completely different behavior
to the Co/Pt system. It was observed that p(f) behavior can be described with
considering higher orders in the expansion of the MR: p(6) = py +32,, Apop 2n cos*™ 6
with n < 3. This was the key result of this chapter.

The thickness dependence of R, (tx;) shows a 1/tx; behavior that can be described
with phenomenological Fuchs-Sondheimer model with the specularity parameter
p ~ 0. This indicates that the interface scattering is completely diffusive. In addi-
tion to this result, with the fit parameter from the model it is possible to calculate
the resistance of Pt layer (8 nm) Rpy = (403 4+ 7) Q which enables us to eliminate
current shunt through the Pt layer from the MR data. As a result, the pure thickness
dependence of Ap, n; arising from the Ni layer increases with ¢y; for thicknesses be-
low tn; & Apui revealing the presence of a finite size effect. A\pu = (4.23 £ 0.20) nm
is the bulk mean free path of the electrons within the Ni layer. At higher thicknesses
the AMR remains constant as we expected for a bulk effect.

Besides AMR effect, the thickness dependence of higher order contributions to the
op-AMR for pure Ni layer of Ni/Pt sandwiches was investigated. As the sixth order
contribution does not show a significant trend vs Ni thickness and it is negligibly
small, we consider just second and forth orders. Apggd is a positive value for ty; <
30nm while the fourth order is a dominant contribution and negative for all thick-
nesses. Utilizing a phenomenological model to fit both contributions we concluded
from 1/ty;-behavior for tn; > 9 nm that both contributions originate from interfaces.
However, the suppression of both effects at lower thicknesses is an indication of finite
size effects. In addition, at large Ni thicknesses Apyp 2, is overcompensated by the

texture induced geometrical size effect (GSE).

The interpretation of the MR effects is based on a detailed investigation of the
structural and magnetic properties of the samples. The crystal structure of the
sample is polycrystalline with a (111) out-of-plane texture and a lateral grain size of
(14 £ 2) nm that was initiated during the growth of Pt seed layer. It was observed
from XRR measurements that the interface roughness/interdiffusion zone is in the
range of 2-3 MLs. The coherence length of d¥., = (15.9 + 0.5) nm (for {x; < 30 nm)

grain
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and dgrain

= (4.8+£0.1)nm (for all samples) obtained from XRD suggest single
crystalline phases along the stacking direction, while at large Ni layer thicknesses
certain degree of structural disorder was observed. The orientation of (111) lattice
planes of the crystallites is the pronounced texture of the film with the average tilting
of ~ (11 & 1)° respect to the film normal also obtained from XRD. Concerning the
magnetic anisotropy of the samples, a linear characteristic of the effective first order
anisotropy constant K eq - txi(tni) was found with Ky eq &~ (—133 £ 3)kJ/m? and
K, =~ (0.015 4 0.030) mJ /m?2.

The temperature variation (4.2 < T < 295 K) also shows that the AMR and op-AMR
change with temperature strongly. The higher order contributions to the op-AMR
exist in the whole range of temperature. Moreover, it was found for Pt/Ni(50 nm) /Pt
that the higher contributions are larger at low temperature than RT. It might be
concluded that the scattering at the phonons and magnons governs the scattering
at the static defects.
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Chapter 5

Impact of aging process on the

magnetotransport properties of
Pd/Co/Pd layered structure

The stability of magnetic thin films is an important issue for their industrial appli-
cation in data storage media. Since the late 80s Co/Pd systems with perpendicular
magnetic anisotropy (PMA) are studied similar to Co/Pt stackings, making them
promising candidates for perpendicular data storage media [149 151]. However,
it took until 2010 that aging processes in Co/Pd were observed and reported.
The first observation of aging in Co/Pd was made by Rosenblatt et al. [152].
They found that the resistivity of Co/Pd multilayer increases over a few months
after preparation, which was attributed to oxidation or roughening of the surface.
Moreover, another investigation on Pd/Co/Pd trilayer with perpendicular magnetic
anisotropy studied by Li et al. showed a drastic time-dependent decrease of
saturation magnetization and coersivity for ¢c, < 1nm [17]. It was suggested that
the effect arises from the absorption of gaseous elements (for example, hydrogen).
Other mechanisms were put forward to explain the aging process in Co/Pd like
gradual intermixing and formation of interfacial CoPd alloys [153, 154], while
sophisticated studies about structural changes over time are missing so far.

The thickness dependence of the MR effects (AMR, AIMR, and SMR) of Pd/Co/Pd
thin films were studied at room temperature by G. Winkler in our group [77]. In
contrast to Ni/Pt, the finding results in Co/Pd were similar (qualitatively) to Co/Pt
thin film studied by A. Kobs [10, 11]. Furthermore, it was found that the strength
of the MR effects show significant changes over time. Fig. 5.1 presents as an
example for the temporal resistivity change Apy, of Pd(5nm)/tc,/Pd(3nm) for two
time intervals from Ref. [77]. Clearly, the resistivity shows a drastic change for
all thicknesses especially in the first 6 months. In order to systematically study
the aging phenomenon the magnetotransport is repeatedly measured for Co/Pd
within 600 days. The tranport investigations were accompanied by X-ray reflectivity
measurements in order to trace back the underlying structural changes.
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Figure 5.1: Changes in resistivity Apyy of Pd(5nm)/tc,/Pd(3nm) for two time
intervals of 6 months. Red symbols present Apyy for the fist 6 months and the black
symbols for the second 6 months after preparation. The plot is from Ref. [77].

In the first part of this chapter (Sec. 5.1) the magnetoresistance measurements are
briefly explained and for comparison the MR curves are shown for different dates
after preparation. The XRR measurements and their changes over 600 days are
presented in Sec. 5.2. Finally, the influence of aging on magnetoresistance effects
are investigated and discussed.

5.1 Sample preparation and magnetoresistance
measurements

In order to follow the aging process of Co/Pd system, we prepared two samples
with Co thicknesses of 2 and 7nm via sputtering techniques on SizN, as a
substrate. As seed and cap layer, 5 and 3nm Pd are used respectively. More
details about sample preparation and sputtering techniques can be found in Sec. 3.1.

At certain dates after preparation the magnetoresistance measurements in current
inplane (CIP) geometry were repeatedly performed. The first measurement was
done 6 hours after preparation while the last one was 600 days after that. In
addition, the structural properties (XRR measurements) were investigated at the
same time at Helmholtz-Zentrum Geesthacht (HZG). Details about the geometry
of MR measurements (sweep and rotations) can be found in Sec. 4.2.

Fig. 5.2 presents as an example the MR measurements of the prepared Co/Pd
samples at different times after preparation. The trace of aging can be seen clearly
on both samples over time. As expected, the in-plane and out-of-plane rotations of
magnetization with respect to the current direction follow cos? behavior, which are
typical for AMR and AIMR effects in Co/Pd layered structure.
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Figure 5.2: Magnetoresistance curves for Pd(5nm)/Co(2nm)/Pd(3nm) and
Pd(5nm)/Co(7nm)/Pd(3nm). (a) Resistance as a function of the in-plane and out-of-
plane angle (¢, #) measured in a saturation field of 6 T. The dashed lines are cos? fits.
(b) Typical field dependence of resistance measured in polar geometry for both samples
at certain dates after preparation. The changes in spin-disorder MR are obtained from
the longitudinal measurements R,,(H}), while the aging in magnetic anisotropy and
Hall constants are determined via the transverse measurements R, (Hp).
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Figure 5.3: X-ray reflectrometry of Pd(5nm)/Co(2nm)/Pd(3nm) and

Pd(5nm)/Co(7nm)/Pd(3nm) on SisNy substrate (black symbols) measured 1
day after preparation. The red solid lines are fits to the curves utilizing Paratt’s
recursive formalism.

It is possible to investigate the resistivity pco/pda, Apamr, and Apanr as a function
of time from rotational measurement (Fig. 5.2(a)).

Additionally, the longitudinal and transverse field sweep measurements for both Co
thicknesses are shown in Fig. 5.2(b). In order to study the time-dependence of
magnetic anisotropy K ., OHE, and AHE effects the sweep measurements in polar
geometry were preformed.

The following section deals with introducing the XRR measurements done for the
samples.

5.2 Structural properties of Pd/Co/Pd sandwich

Fig. 5.3 shows an exemplary result of XRR data for Co/Pd samples with tc, = 2
and 7nm, measured one day after preparation. The red solid lines are the fits based
on Paratt’s recursive formalism. The IGOR Pro' software with Motofit package was
used to apply the fit. More details about the fit function were explained in Sec. 4.1.2.

Here, the fit parameters were thickness and roughness of the layers, while the scat-
tering length density (SLD) of each layer was fixed. The real and imaginary parts
of scattering length density (dispersion and absorption) for Co and Pd are obtained
from Center of X-ray Optics database (CXRO)?. These parameters are given in table
5.1.

Thttps://www.wavemetrics.com
Zhttp://henke.lbl.gov/optical _constants/pert_ form.html
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Figure 5.4: (a) XRR measurements of Pd(5nm)/Co(2nm)/Pd(3 nm) thin film mea-
sured for 5 different times after preparation. (b) A zoom-in to the first oscillation

shown in (a).

SLD(0) (A=2?) | iSLD(B) (A?)
Co 6.3 x 107° 9.2 x 107°
Pd 8.9 x 107° 7.7x107°
SisNg || 2.9 x107° 4.4 x 1077

Table 5.1: Scattering length density of Co, Pd, and SigNy.

As we see, the data can be described very well with a three-layer model. According
to Eq. 4.3 the total thickness of each stack can be calculated from AQ), between the
maxima of a period. Here the total thickness of 100.9 A and 149.6 A are obtained
for Fig. 5.3(a) and (b) respectively, revealing 0.9% and 0.4 % difference from the
nominal thickness, which is within the resolution of the experiment. These values
verify the deposition rates for the sample preparation.

Within the time span of 600 days, the XRR measurements on Co/Pd samples with
tco = 2 and 7nm show visible changes. This is shown as an example for 2nm Co
thickness in Fig. 5.4(a), while Fig. 5.4(b) displays an enlarged representation of
one oscillation of (a). Clearly the amplitude of this oscillation changes with time.
Moreover, a weak difference in damping of the curve is detectable for the oscillations,
which reflects changes of the roughness and interdiffusion region at the interfaces.
In order to have a quantitative description of these changes over a time span of
600 days, the result of the fit parameters have to be plotted and discussed. This is
done in the following section after presenting the results for the MR effects.
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5. Aging on MR properties of Co/Pd structure

5.3 Influence of aging on resistivity, AMR, and
AIMR effects in Co/Pd layered structure

In this section, I present the aging process of the magnetoresistance effects of two
Co/Pd samples in a time span of 600 days. Fig. 5.5 displays the time-dependence of
resistance, magnetic anisotropy, AMR, and AIMR effects for 2nm (black symbols)
and 7nm (red symbols) Co thickness samples.

First of all the result of Ryy (pxx) 1S discussed®. It is seen that both samples behave
differently. The resistance increases sharply in the first 60-90 days and from this
point Ry of the sample with 2nm Co decreases slightly while the resistance of the
thicker sample levels out to a constant value. I have to mention that the thinner
sample is more sensitive to the amount of Pd (80% of the film) comparing to the
thicker sample with ~ 50% Pd. Hence, the aging process in these two Co/Pd samples
arises not only from the interfaces but also from the bulk.

Qualitatively, at least two mechanisms can be suggested for the changes in resistance.
Intermixing and formation of interfacial CoPd alloys results in increasing R,, in the
first phase (60-90 days), while decreasing the resistance in thinner sample can be
attributed to the absorption of gaseous elements (hydrogen) during exposure to the
air. The latter is reported frequently for Co/Pd system in literature [17, 18, 155].
The main composition of the air are Ny and O,. Li et al. showed that Ny can
not change the magnetic properties of Co/Pd multilayers [17]. Moreover, Pd is
commonly used as a material for prevention of oxidation [156-158]. Therefore, O,
can be ruled out as well. Although it is reported that CO and NO have influences
on magnetic anisotropy of the Co thin films [159], it is hardly possible to argue that
they might be able to penetrate into Co layer through the Pd capping layer due to
their very large atomic radius for penetration through Pd [17].

Furthermore, it is well known that Pd can absorb a large amount of H [18]
and this is used in the industry to purify H [160, 161]. It is observed that the
susceptibility y of Pd decreases with increasing H concentration. This is due
to the gradual filling of 4d band holes by electrons coming from H [162, 163].
Wen et al. reported that due to the absorption of H in Co/Pd multilayers, the
saturation magnetization and the coercivity demonstrate a drastic decrease [17, 155].

The results for the aging of AMR and AIMR are shown in Fig. 5.5. The ARaumgr
(Apamr) of both samples follow a completely opposite behavior while the ARapvgr
(Apamvr) behavior is much more complicated. It is found that the most changes
occur already in the first ~ 100 days in both effects.

Additionally, the magnetic anisotropy K7 g of the samples is determined from trans-
verse sweep measurement R, according to Sec. 4.3. Fig. 5.5(c) demonstrates that
the magnetic anisotropy in both samples do not change significantly over time.

3For the sake of completeness it is mentioned that the resistivity of Co/Pd samples are calculated
according to Eq. 4.4 with the total thickness of the film.
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5. Aging on MR properties of Co/Pd structure

In the case of the thinner sample, K .4 changes are about 6%, while for the thicker
sample it is only 2%. As I stated at the beginning of this chapter, the aging process
of magnetic properties of Co/Pd thin films were not found or studied in details be-
fore 2010. This might be due to the small changes of magnetic anisotropy in Co/Pd,
where the aging process sets in. In contrast to our findings (no change in Mg and
almost constant K7 ), however, it is reported recently that aging also influences
the magnetization saturation and magnetic anisotropy of Co/Pd system [17, 164].
Mentioned before, Li et al. observed a decrease in the saturation magnetization of
Co/Pd system, which was strongly related to the Co layer thickness. During expo-
sure of the samples to the air, Mg drops 10%, 50%, and 90% for tc, = 6, 5, and
3 A, respectively, over time span of 13 days [17]. Therefore, in the case of tc, =
2nm (my thinner sample) it was not expected to observe a drastic change in satura-
tion magnetization and magnetic anisotropy over time. In another investigation of
changes in magnetic properties of Co/Pd multilayers by Munbodh et al., it was re-
ported that Mg and K¢ decrease upon exposing the samples to 1 atm of Hy at room
temperature [164]. In this case, clearly, a drastic changes in magnetic properties is
more probable comparing to exposure of the samples to the air.

5.4 Influence of aging on Hall constants in Co/Pd
layered structure

This section deals with the other MR effects obtained from sweep measurements in
Pd/Co/Pd samples over time. Fig. 5.6 shows the result of aging for Hall constants
and for both samples separately. It is worth mentioning that the Hall constants are
calculated according to Eq. 4.22 with the total thickness of the film.

Obviously, there is a significant difference between the results for the two samples.
The changes in the thicker sample show a sharp increase or decrease in Hall constants
during the first 60 days since preparation and then follow a relatively stable behavior,
while the thinner sample experiences a complicated behavior.

Although both samples demonstrate different behavior, the ordinary Hall constant
changes about 10% for both samples while the values for anomalous Hall constants
change only 2.5% over 600 days. It is reported that the polarity of AHE in Co/Pd
system changes over time [152, 153]. As an example, Winer et al. demonstrated
recently that the reversal of AHE polarity is due to intermixing and formation of
CoPd alloys at the interfaces of Co/Pd multilayers [153]. Notably, in the case of our
samples the reversal of AHE polarity was not observed.

For the sake of completeness the aging process in SMR effect for both samples is
shown in appendix.
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Figure 5.6: (a) Ordinary Hall constant (OHE) and (b) anomalous Hall constant
(AHE) are shown for Pd/Co/Pd sandwiches with tc, = 2 and 7nm as a function of
time elapsed after preparation. The solid lines are guides to the eyes.

5.5 Time-dependence of XRR fit parameters for
Co/Pd structure

As stated in Sec. 5.2, in order to evaluate the XRR measurements rough-
ness/interdiffusion region of each interface and the thickness of the layers were set
as fit parameters.

Fig. 5.7 presents as an example the changes of roughness/interdiffusion region for
Pd/Co(7nm)/Pd as a function of time since preparation. It has to be mentioned
that the result for tc, = 2nm is similar to the thicker sample. In the case of
our trilayer Co/Pd sandwiches there are four interfaces/surfaces. It is seen that
the maximum values are obtained for Co-Pd interface which is less than 1nm. In
the first month, a fluctuating behavior can be observed for the extension of the
roughness /interdiffusion region of all interfaces which is less than 1 A. Afterwards,
all the trends follow almost constant values and do not show any aging. The
average values of 9A, 7A, 7A, and 5A are calculated from the fit parameters for
Co-Pd, Pd-air, Pd-Co, and substrate-Pd interfaces respectively.
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Figure 5.7: Changes of roughness/interdiffusion region for Pd/Co(7nm)/Pd layered
structure as a function of time elapsed after preparation.

Moreover, the changes in the thickness of each layer from the utilized model as a
function of time do not show any special trend. Similar to the result of rough-
ness/interdiffusion region, the thickness shows fluctuations over the first month and
then the thickness graph (which is not presented here) of each layer remains fairly
static.

Although the changes in the structural measurement illustrated in Fig. 5.4
occur undoubtedly over a time span of 600 days, it is hardly possible to describe
quantitatively the structure of Co/Pd system by using the applied model. It seems
that an alternative model to describe the structural changes of Co/Pd system is
needed.
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5.6 Conclusion and outlook

In this chapter the aging process on magnetoresistance effects of Pd/Co/Pd layered
structure was investigated. For this purpose, two Pd(5nm)/Co/Pd(3 nm) samples
with 2 and 7nm Co thicknesses were fabricated by means of sputtering techniques.
The MR effects and structural properties (X-ray reflectometry) were measured
simultaneously at room temperature over 600 days.

The changes in resistivity, AMR, and AIMR effects were obtained as a function of
time from in-plane and out-of-plane rotation of magnetization with respect to the
current direction. Different behavior of both samples might be influenced by the
relative amount of Co to Pd in these samples (80% Pd in thinner sample vs 53% in
thicker one). Additionally, the changes in the resistivity indicated that at least two
mechanisms are responsible for the aging procedure in Co/Pd. The enhancement of
resistivity in the first 90 days is attributed to intermixing and formation of CoPd
alloys at the interfaces while slight decrease of resistivity after 90 days is due to the
absorption of H.

Besides, the magnetic anisotropy of the samples did not show significant variation
over time (2-6%). This may be the reason of lack of aging study in Co/Pd
system from 1990 till 2010. The time-dependence of Hall constants of Co/Pd
were also determined from field sweep measurements. Again different behavior of
both samples were observed, which make them more complicated to explain the
mechanisms behind.

In order to understand and clarify the origin of aging effect in Co/Pd layered struc-
ture, XRR measurements were performed. The goal was to find a correlation be-
tween the evolution of magnetoresistance effects and structural properties over a
period of several months.

It was observed qualitatively that the structural measurements show aging over time.
In order to describe the aging process quantitatively a fit model based on Paratt’s
recursive formalism was applied with roughness and thickness as fit parameters.
Unfortunately the outcome of the fitting does not show any significant variation
of the fit parameters over time that can explain the evolution occurring in MR
properties.

The next step might be focusing on the scattering length densities, in a way that
the thickness and roughness of each layer are set as fixed values while the SLD of
Pd layer is assumed as fit parameters. Using this procedure it might be possible to
detect H in Pd layer or to visualize at least the time-dependence of H penetration.
For further studies, it is also interesting to fabricate a similar Co/Pd sample and
trace the magnetic properties before and after putting the sample in hydrogen at-
mosphere in order to hydrogenate the sample. Then might be possible to distinguish
between the H absorption and the intermixing mechanism.
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Figure 1: Changes in spin-disorder magnetoresistance (SMR) for both Pd/Co/Pd
samples as a function of time elapsed after preparation.

The strength of spin-disorder MR was determined from the slope of high field R,
(see Fig. 5.2). The figure above shows the result of changes of SMR for 2 and 7nm
Co thicknesses samples over time. Again both samples follow different behavior.
Here, the changes in SMR effect for thicker sample is about 10% vs 6% for the
thinner one. In order to explain the influence of aging on SMR effect in Co/Pd
system one has to understand completely the mechanisms related to the changes in
resistance and other MR effects.
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