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Chapter 1

Introduction

The Information Age brought about many new inventions and innovations.
Our environment is increasingly wired, sensor-filled, and digitally connected.
It is a wide consensus that the corner stone of information age is the invention
of Internet. As a result, enormous amounts of data have been generated in
the first decade of 21* century, which may exceed the amount generated in
the whole 20" century. The field of data storage technology is confronted
with the challenge to manage the continuously growing unbounded volume
of data. Towards this approach, volatile and non-volatile memories are valued
for their significant contribution in the field.

Volatile memories (e.g. dynamic random access memory (DRAM), static
random access memory (SRAM)) require constant power to maintain the
stored information. Whereas, the non-volatile ones retain the stored informa-
tion even after the power is turned off. There are several types of non-volatile
memories which can be categorized according to their writing mechanism.
A type of non-volatile memory which has attracted considerable scientific
interest is the magnetoresistive random access memory (MRAM) [1, 2], which
takes an advantage of the tunnel magnetoresistance (TMR) effect [3]. The
core element of an MRAM cell is the so called magnetic tunnel junction (MTJ)
which is composed of a thin insulating barrier film sandwiched by two ferro-
magnetic (F) ones. MTJs with a fully epitaxial (001) MgO barrier sandwiched
by (001) bec F electrodes, such as Fe, Co, and CoFe, were first theoretically
predicted to show high TMR ratio of several 100 %, as a consequence of the
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coherent tunneling of A, electrons [4-6]. The experimentally discovered
large TMR amplitude of in-plane magnetized MTJs with a crystalline MgO
barrier rendered a major breakthrough for these materials [7, 8]. It is worth
mentioning that the theoretical foundation and route to develop MRAM was
established in 1988 by Fert and Griinberg with the groundbreaking discovery
of giant magnetoresistance (GMR) effect [9, 10].

Nevertheless, for memory applications, the interest rapidly changed towards
out-of-plane (OOP) magnetized systems. MTJs with perpendicular magnetic
anisotropy (PMA) have several advantages as compared with their in-plane
(IP) counterparts. Firstly, an increasing density of memory cells on a wafer
can be realized since no elliptical shape is required to stabilize the anisotropy
direction [11]. Furthermore, the PMA energy is usually much larger than
the energy related with the shape anisotropy that can be obtained in planar
MTJs, allowing long memory retention at small size [12]. Additionally, for a
given retention time, the critical current density to write information by spin
transfer torque (STT) switching is strongly reduced, provided that the Gilbert
damping remains low enough [13].

However, neighboring MTJs in a memory array as well as the reference
layer of the STT-switched MTJ will be magnetically disturbed. This is of
major importance since even after a large number of STT switching events
the magnetic states of the MTJs do not “creep” either to some intermediate
state or completely reverse. One distinct advantage of MTJs with exchange
bias (EB) layers is the robustness of the reference magnetization against such
perturbation [14].

Another widespread commercial use of MTJs is also found in sensor tech-
nology. The areas of magnetic field sensor application are virtually unlimited,
starting from automotive industry (e.g. CT219 and RR111 proposed by CRO-
CUS technology and RedRock) until biomedical technology [15]. A wide array
of magnetic sensors exploit different magnetorestive effects (e.g. anisotropic
magnetoresistance, GMR, and TMR). Nowadays, the most highly-sensitive
magnetic sensors are composed of TMR elements in which a considerably
large output can be obtained. In the ideal TMR sensor, a hysteresis free
electrode (sensing electrode) with linear response to the applied magnetic
field is combined with a pinned one which is usually accomplished through
the EB effect. To achieve this behaviour, the sensing and pinned electrode
magnetizations are set orthogonal to each other and the external magnetic
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field is applied perpendicular to the sensing layer but parallel to the reference
one [16]. Unlikely, such designs necessitate the use of complicated sensor
design, suffer from magnetization fluctuation and magnetic noise when re-
ducing the sensor size [17]. Towards tackling this issue the use of sensing
electrodes presenting strong PMA [18, 19] or superparamagnetism [20] could
be an alternative solution and pave the way for the development of nano-
scale magnetic sensors with simple design, high sensitivity, and low power
consumption.

The plethora of spintronic applications based on MTJs underscore their
fundamental importance of the investigation. This work offers a valuable
insight about the realization of p-MTJs with EB by using a natural antifer-
romagnet (AFM), i.e., Mnlr in the pinned electrode and different capping
layers (i.e Ta, Hf, Zr) in the soft one. We investigate the correlation of several
magnetic properties with the TMR ratio and we provide information about
the adjustment of the TMR ratio via alternating the magnetic properties. Fur-
thermore, we study the impact on the TMR ratio from the placement on the
soft electrode of several capping layers with different degree of boron (B)
absorption material.

The herein thesis is organized as follows: Chapter 2 contains the funda-
mentals of spintronics, the underlying effects, and the functional principles of
spintronic devices. A number of the physical models which govern the TMR
processes in MTJs with crystalline (e.g. MgO) and amorphous (e.g. AlO,)
barriers are presented first. In turn, the origin of magnetic anisotropy in thin
films is discussed, along with the physical mechanisms which give rise to
the establishment of PMA in trilayer systems where a ferromagnet (FM) is
sandwiched by an underlayer material and an MgO barrier. Additionally, the
EB models categorized into macroscopic, mesoscopic, and microscopic are
analyzed. Simultaneously, the mechanisms which occur in Mnlr/CoFeB/MgO
systems responsible for the establishment of perpendicular EB are presented.
Moreover, the magnetostatic coupling effects which take place in FM/NM/FM
systems are in detail discussed (where NM is a non magnetic spacer). We
perform a thorough analysis about the models which govern the magneto-
static coupling in FM/NM/FM systems and we present a methodology for its
determination. Also, two categories of MRAM are analyzed together with
their principle of operation. The advantageous use of the p-MTJs compared
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to the MTJs with in-plane orientation for MRAM applications is highlighted
in the last section of Chap. 2.

Chapter 3 includes all of the experimental methods and their underlying
physics used to fabricate and analyze the thin film samples and devices.
Chapter 4 presents the experimental results for the pinned/soft electrodes,
as well as, the full p-MTJ stacks. First, we provide a detailed analysis of
the magnetic properties of the pinned (e.g., Mnlr/CoFe-based stacks) and
soft electrodes (MgO/CoFeB/A where A=Ta, Hf, Zr, Mo) which compose
the investigated full p-MTJs. In the pinned electrode, we point out the
tunable character of several magnetic properties via modifying the thickness
of certain layers. Via this procedure, we extract the films with the most
suitable characteristics, from the magnetic standpoint, for the fabrication of
the pinned part of the full p-MTJs. For the soft electrode, we perform an
extended study of a number of parameters which possess a decisive role in
the establishment of PMA in a series of trilayer systems. Simultaneously, we
elucidate the role of the diffusion mechanisms in the individual systems for
the realization of strong PMA. After the examination of the pinned and soft
electrodes, we analyze the magnetic properties of the p-MTJ stacks capped
with Ta in the soft electrode, and we reveal the correlation of them with the
TMR ratio. Furthermore, we examine the influence of the magnetic properties
and the TMR ratio of the p-MTJs by changing the capping layer material
(e.g. Hf, Zr). The use of a series of capping layers with different degree
of B absorption unveils the significant importance of the presence of B in
the FM/NM interfaces of such stacks towards the achievement of p-MTJs,
acquiring high TMR ratios and desired magnetic characteristics (e.g. strong
PMA). In the last two sections, we present the voltage-controlled magnetic
anisotropy and the Auger measurements, which were implemented on p-MTJ
stacks capped with Ta and Hf.

Most of the presented results here have already been published in peer
reviewed journals. The corresponding articles are referenced in the respective
chapters.
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Chapter 2

Fundamentals

2.1 Spintronics

2.1.1 GMR effect

Spintronics is a merger of magnetism and electronics. The groundbreaking
discovery of the GMR effect has been a landmark in the history of the spintron-
ics field. In 1988, Albert Fert and Peter Griinberg introduced independently
the GMR effect [9, 10], reporting the observation of spin-dependent trans-
port phenomena in superstructures consisting of magnetic and nonmagnetic
layers. GMR can be considered as the backbone of spintronics bringing the
“spin-dependent transport” which is a new physical approach compared to
the magnetoresistance known before. Specifically, the spin valve is the core
GMR device consisting of two F layers separated by a NM metal spacer. In
this structure, one F layer behaves as a “hard” layer presenting robustness in
changing its magnetic state and the other one acts as a “soft” layer, susceptible
to change its magnetic state easily. When the magnetization vectors of the two
F layers are parallel, the electrons with spins parallel to the magnetizations
are less probable to be scattered leading to a low electric resistance state.
Conversely, when the magnetization vectors are antiparallel, both spin-types
should pass through the layers but considerably scattered, which leads to a
high electric resistance state. GMR has been primarily utilized as spin-valve
magnetoresistive heads in magnetic hard disk drives between 1998 and 2004,
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contributing to the increase in the density of the magnetic storage capacity. In
turn, it was replaced by TMR heads which present larger magnetoresistance
amplitude. GMR sensors are being used in the automotive industry, robotics,
and biotechnological applications. Furthermore, GMR-based memories are
being used mainly for space applications because of their radiation hardness
[21].

2.1.2 TMR effect

After this undeniable breakthrough in spintronics, Miyazaki et al. [22] and
Moodera et al. [23] discovered the TMR effect at room temperature (RT),
providing an opportunity for the evolution of nonvolatile solid-state mem-
ory devices, MRAM, and fast programmable logic circuits. The fundamental
structure in which the TMR effect takes place is a MTJ and from the magnetic
respect is similar to the spin valve with the major difference that the NM spacer
consists of a very thin insulating layer, e.g., MgO or Al,O;. The tunneling
probability of electrons depends on the relative orientation of the magneti-
zation vectors of the two F electrodes. Particularly, when the magnetization
vectors are aligned in parallel the tunneling probability is high, whereas, the
tunneling probability is low in the antiparallel orientation of the magnetiza-
tion vectors. Then the TMR ratio is given by the formula, TMR= RA;;RP , Where
Rapp) is the resistance in the antiparallel (parallel) state and quantifies the
efficiency of the TMR effect .

Although nowadays the astonishing TMR ratios have been reported in

literature, the research for TMR holds already from 1975. That year, Julliére
et al. [3] reported a TMR ratio equal to 14% at 4.2K in a MTJ consisting of
Fe/GeO/Co. Moreover, in 1995 Miyazaki et al. [22] and Moodera et al. [23]
independently reported TMR ratios larger than 10% at RT in Fe/Al,O,/Fe
and FeCo/Al,0;/Co MTlJs, respectively. Up to now, TMR ratios of about 600 %
at RT [24] and 1995 % at 4.2K [25] have been reported for IP magnetized
MTJs. In addition, TMR ratios ranging from (120-250) % have been realized
for p-MTJs consisting of CoFeB/MgO/CoFeB electrodes [26-28].
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(@ E E (b)

Barrier Barrier

FM;, FM, FM;
DOS FM, DOS FM, DOS FM; DOS FM,

Figure 2.1. Qualitative draw of the spin-dependent tunneling process through an
insulating barrier when the magnetizations of F electrodes acquire (a) parallel or (b)
antiparallel relative orientation.

2.2 Physical mechanisms of TMR effect

2.2.1 Julliére’s Model

The earliest attempt in 1975 for explaining the physical mechanisms which oc-
cur in TMR devices was performed by Julliére [3]. According to the proposed
model, the origin of the high and low resistance state is a direct outcome of
the relative orientation of the spin states of the individual F electrodes.

Assuming the absence of coupling between these two spin states, we can
treat them as channels that conduct independently. This approach concerns
the “two current” model. In the F transition metals and alloys case, each
spin channel can be considered separately within transport theory and the
total spin current is the sum of the individual ones. The tunneling current
is predominantly carried by the electrons whose states are near the Fermi
energy. The transmission probability (T,) for the majority (1) and minority
(]) carriers of each channel, is proportional to the product of the density of
states (DOS) of the two electrodes (D, (Eg, )1, D2(Eg,)1()) at their respective
Fermi levels following the equation

T4y ©< Dy (Ep, Dpy Do (Er, )r- 2.1
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In the parallel state (PAR), the majority (spin up) electrons tunnel to the
majority (spin up) unoccupied states and the minority (spin down) ones to
the corresponding minority (spin down) unoccupied states, as depicted in
Fig. 2.1(a). Thus, a large spin polarized tunneling current is present, if a bias
voltage is applied to the MTJ. Following the two current model, the tunneling
probability can be expressed by

Tonr O< Dy1Dyy + Dy Dy, (2.2)

On the contrary, in the antiparallel state (AP) the majority (spin up) elec-
trons tunnel to the minority (spin up) unoccupied states, while the minority
(spin down) electrons tunnel to the majority (spin down) unoccupied states,
as shown in Fig. 2.1(b). Therefore, a small number of spin up (spin down)
electrons can tunnel, which leads to a small tunneling current. In this case,
the transmission probability is described by the formula

Typ O Dy;Dy; + Dy Dy (2.3)

Using the definitions for TMR, spin polarization (P) of a FM, and the general
relation which connects the conductance G with the tunneling probability

Gpr — G
AP
Diap = Dyay,
P1(2) - ﬁ, (25)
1)1 12))
GoceT, (2.6)

where Gpyg (Gyp) is the conductance in the PAR (AP) state, we derive the
relation

(2.7)

which connects the TMR ratio with the relative spin polarizations of the
individual F electrodes. It is worth noting that in this model all the band
structure effects in the magnetic electrodes and in the barrier are neglected.
However, this model predicts successfully the amplitude of TMR in amorphous
aluminum-oxide (AlO, )-based MTJs.
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In the case of MTJs based on epitaxial barriers, notably of MgO, the model
fails to successfully predict the amplitude of TMR. The erroneous way of
the estimation of the actual amplitude of P of a certain F material and the
different nature of tunneling compared to the AlO,-based MTJs, which will
be briefly analyzed in the next paragraphs, are two of the basic reasons for
this failure.

2.2.2 The Slonczewski model

In 1989, Slonczewski [29] performed analytical calculations of the electron
wave functions across the barrier, after matching appropriate boundary condi-
tions at the FM/NM interfaces of a FM/NM/FM trilayer system and extended
Julliére’s model. In this approach the Ty, is not only determined by the
Dy (Eg, )11y D2(Eg, )y as previously discussed, but also by their wave vector
at the Fermi level k;. The additional dependence of T, on k; can provide
an initial simple basis to understand the large TMR ratio in MgO-based MTJs.
In this model the G and TMR ratio are given by the formulas

G = Go[1+ PP cosh], (2.8)

ff peff
2Peipe

TMR = 1 pefipeft’
1y

(2.9)

where 6 and Pleg)

vectors and the effective spin-polarization of the electrodes, respectively. In

stand for the relative angle between the two magnetization

addition, Pfg) is connected with the decay coefficient (k) inside the barrier

and the wave vectors ki, and kg | for majority and minority electrons at the
Fermi level (Ep), through the relation

Pef k2 - kF,TkF,l

f
= 1210, e kFTkFl. (2.10)

It’s worth mentioning that k;;, = k;(f) and kp| = k;(f), since the two F elec-

trodes are assumed to be identical [29]. From Eq. (2.10) considering the

limit of large barrier thickness which results in large k, Pfg) becomes equal

to Py(,), as it was predicted by Julliére model. Consequently, Slonczewski’s

k2 —kg 1k,
k2+kg 1 kg |

model through the factor introduces the role of the band structure
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effects in the effective polarization of the electrodes and, thus, the measured
TMR.

2.2.3 Incoherent and coherent tunneling

(@) Fe(001) A,

Figure 2.2. Incoherent and coherent tunneling through (a) an amorphous AlO,
barrier and (b) a crystalline MgO barrier.

In crystalline materials the electrons’ wave function are described by Bloch
states. Assuming for simplicity a perfect and infinite atomic crystal represented
by a periodic potential, the Bloch states are wave function solutions of the
Schrédinger equation. In particular, in crystalline F materials, e.g., Fe, Co, Ni
as well as their corresponding alloys, the Bloch states obey certain symmetries
such as A, A,, and A,.

The Bloch states following the A, symmetry are spd hybridized states, filled
only by majority electrons and usually have a large positive spin polarization at
E;. Whereas, the Bloch states with A, and A symmetries regard d hybridized
states, having smaller polarization compared to the A; states and being filled
with majority and minority electrons.

In AlO, -based MTJs, the electron wave functions of the F electrodes couple
to any tunneling or evanescent states in the barrier, independent on their sym-
metry. The reason which dictates that physical mechanism is the amorphous
structure of the barrier. As a result, the initial Bloch states, regardless of their
symmetry, will equally decay. This tunneling process can be regarded as an
incoherent tunneling as shown in Fig. 2.2(a). According to Julliére’s model,
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2.2 Physical mechanisms of TMR effect

the tunneling probabilities for all Bloch states are equal. The consequence of
this assumption is that the momentum and coherency of Bloch states are not
conserved during tunneling.

Nevertheless, this statement is not even valid in AlO,-based MTJs. It
suffices to note that although the predicted P for Co and Ni is negative, the
experimentally observed P is positive when combined with AlO, barrier [30,
31]. The discrepancy between theory and the experimental results indicates
that the tunneling probability in actual MTJs depends on the symmetry of
Bloch states.

The essential difference between the MTJs with crystalline F electrodes
based on amorphous, e.g., AlO,, and crystalline, e.g., MgO, barriers is that in
the latter case the symmetries of the tunneling wave functions are conserved.
In this case, the tunneling process is defined as coherent as depicted in Fig.
2.2(b). As an outcome, the symmetries can play a role of “selective” spin
polarized tunneling channels, promoting a high (low) tunneling probability
for the carriers with positive (negative) P, resulting in large TMR ratio.

2.2.4 Coherent tunneling: Prominent features and consequences

In Subsec. 2.2.3 we introduced the two types of incoherent and coherent
tunneling and highlighted their basic difference. In this subsection, we will
present the prominent features of coherent tunneling, such as the conservation
of symmetry and the selective decay of Bloch states inside the MgO barrier,
along with the spin-filtering effects leading to high TMR ratios. In turn, we
will emphasize on a number of experimental consequences which are directly
related to the aforementioned features.

Let us assume a crystalline MTJ composed of Fe(001)/MgO(001)/Fe(001)
in which an ideal coherent tunneling occurs. According to theory, there are 4
Bloch states: A;, A,, A}, Ay arising from the crystalline body-centered-cubic
(bcc) (001) symmetry, as a result of the linear combination of the atomic
orbitals s, p, d. In the MgO, for k; = O there are three following evanescent
states: Ay, A,, and A;. As a corollary of coherent tunneling, the conservation
of the symmetry of Bloch states takes place leading to the coupling of the
Fe-A; 55 Bloch with the MgO-A, ;) evanescent states.

Additionally, a selective decay of the previously mentioned three evanescent
states occurs in the MgO barrier [4]. It is demonstrated that among the three
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evanescent states in MgO the A, has the slowest decay. As a result, the
MgO barrier acts like a spin-filter on the wave functions which follow certain
symmetry, allowing to A, states to mainly survive after entering the MgO
barrier.

In the parallel alignment of the electrodes, the A; Bloch states correspond
to majority electrons, whereas, for the antiparallel alignment there are no
minority electrons with A; symmetry and the conduction is dominated by A..
Consequently, the tunneling conductance in the parallel state is considerably
larger than in the antiparallel one resulting in large TMR ratios.

The experimental consequences of the close relation between the DOS near
E; with the TMR ratio, can be revealed from the estimation of TMR ratio in
pure and contaminated with impurities MTJs at the FM/MgO interfaces. In
the work of Zhang et al. [32], the impacts of the presence of oxygen (O) on
the TMR ratio are examined in Fe/FeO/MgO/Fe MTJs.

Employing first-principles calculations of the electronic structure and tun-
neling magnetoconductance of Fe/FeO/MgO/Fe and Fe/MgO/Fe MTlJs, it was
found that an atomic layer of iron-oxide at the Fe/MgO interface substantially
reduces the TMR ratio. The introduction of the O atom to the top Fe layer
strongly reduces the DOS in the interlayer region between Fe and MgO. As a
result, the reduction of coupling of A; state to the MgO reduces the tunneling
current of the majority spin channel and inescapably the TMR ratio drops.

In a similar way, Burton et al. [33] theoretically predicted that the presence
of B at the interfaces of CoFeB/MgO/CoFeB MTJs is detrimental to the TMR
ratio. The significant suppression of the majority spin channel of conductance
through the states with A; symmetry is the reason for this considerable
decrease. Based on the aforementioned theoretical prediction, one part of
this thesis investigates the impacts on the TMR ratio of the introduction of
strong B absorber materials as capping layers in CoFeB-based p-MTJs. The
results and the drawn conclusions are briefly presented in the experimental
part.

2.3 Origin of magnetic anisotropy in thin films

In the following section we will analyze the origin of magnetic anisotropy
in magnetic metal/oxide bilayers. The etymology of the word anisotropy
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comes from the ancient Greek words anisos “unequal” and tropos “turn”.
Therefore, anisotropy defines preferential (easy), intermediate and hard
directions of a physical property. As a result, magnetic anisotropy is defined
as the dependence of the ground energy state of a FM on the magnetization’s
direction.

In the case of low-dimensional systems, e.g., magnetic thin films or multi-
layered systems, the presence of symmetry breaking elements such as surfaces
and interfaces can have a major impact in the determination of magnetic
anisotropy. Specifically, the variation of the thickness and the choice of the
appropriate elements give rise to the manipulation of magnetic anisotropy.
One of the most important consequences of the aforementioned manipulation
is the observation of PMA. In particular, a magnetic thin film presents prefer-
ential direction of the magnetic ground energy to the direction perpendicular
to the film.

There are two main sources of magnetic anisotropy stemming from the
magnetic dipolar and the spin-orbit interaction. Due to the long range of dipo-
lar interaction, a shape-dependent contribution in the magnetic anisotropy
is induced leading to IP contributions. However, with the combination of
spin-orbit interactions, a small orbital momentum is induced and couples the
magnetic moment with the crystal axes. Resultantly, the total magnetic energy
is directly connected with the orientation of the magnetization, adopting the
crystal symmetry and this is defined as magnetocrystalline contribution. In the
case of thin films the lowered symmetry strongly modifies this contribution,
resulting in the emergence of the surface anisotropy as pointed out by Néel
[34] giving rise to PMA.

2.3.1 Surface and volume contributions

To accurately identify the magnetic anisotropy of a thin film, one should
distinguish between surface/interface (K,) and volume (K,) contributions, in
line with Néel’s framework. The sum of both contributions leads to the deter-
mination of the measured effective anisotropy (K.4). Figure 2.3 illustrates
a simple representation of a trilayer system underlayer/FM/capping layer,
indicating the individual contributions to the measured K. K, is equal to
K, =K, +K,,, arising from both interfaces.
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KSI + - Interface atoms

t  Bulk atoms-
Al AAAAAAA A FM
K oassssssssssssss :

Atoms-underlayer

Figure 2.3. Qualitative draw of the contributions to the effective anisotropy in an
underlayer/FM/capping layer system. The surface/interface and volume contribu-
tions arising from the interface atoms (red-points) and bulk atoms (yellow-points),
respectively.

In particular, K, contains two contributions, the magnetocrystalline (K;)
and shape (K,) anisotropy. In 3d transition metals, such as Co, Fe, Ni, K,
originates from spin-orbit interactions. In such cases, the orbital magnetic
moment has usually small contribution to magnetism and, thus, a low K
is expected, e.g., K, = 4.1 Merg/ccm for Co [35]. The K, term equal to
—27'CMS2 stems from dipole-dipole interactions, creating a favorable energy
term for magnetization aligned along the longitudinal axis of a thin film and
an unfavorable one for magnetization aligned along the surface normal to
the thin film. Therefore, K.« is given by the equation

K

K=K, —2nM?>+ —, (2.11)
: tFM

where M, and tg, stand for the saturation magnetization and the F thickness.
A plot of K gtr,, as presented in Fig. 2.4, is commonly used in experimental
studies providing with valuable information for the determination of (K, —
2nM?) and K considering the slope of the curve and the vertical axis intercept,
respectively.

In general, we can distinguish between three cases of K4
a) Positive (K ; > 0): K, outweighs (—27mM?) leading to a perpendicularly
magnetized system.
b) Zero (K. = 0): indicates a critical F thickness (t:") where the transition
of magnetization between IP to OOP occurs.
¢) Negative (K < 0): The (—2nM 82) term dominates K, leading to an IP
magnetized system.
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slope : K -2nM; il

Keff tFM
o

Figure 2.4. The K 4tpy as a function of tyy. The slope and the y-axis intercept of
the straight line fit determine the K, and K contributions.

Due to the reason that K, << Ky, the K 4ty VS tpy plot presents usually
negative slopes, as indicated in Fig. 2.4. Additionally, it’s worth mentioning
that the ability of the system to become perpendicularly magnetized is pro-
portional to the increase of the factor :;—M In other words, the fabrication of
films with PMA necessitates the increase of K, and/or the decrease of tg,.

2.3.2 Direct and indirect contributions on the formation of PMA
in underlayer/CoFeB/MgO systems

In this subsection we will analyze a number of mechanisms which promote
the large PMA in a trilayer system such as underlayer/CoFeB/MgO. In order
to gain a deeper insight into the underlying physical mechanisms which
take place and promote the PMA, we will distinguish between the favorable
direct effects occurring in the individual CoFeB/MgO and underlayer/CoFeB
interfaces and the indirect ones stemming from their interdependence.

In the CoFeB/MgO interface a large number of first principal calculations
[36] and experimental works [37-40] have pointed out the emergence of

23



2 Fundamentals

PMA from the hybridization of 3d Fe(Co) and 2p O orbitals. Furthermore,
the aforementioned hybridization seems to have a universal character in the
determination of PMA since it has also been reported in magnetic metal/oxide
interfaces [41, 42].

Apart from the emergence of PMA in magnetic metal/oxide interfaces
related to the formation of Fe(Co)-O bonds, the interfacial PMA first observed
in the Co/HM system, where HM corresponds to a heavy metal, e.g., Pt, Pd
[43]. The large PMA in such systems is an outcome of the hybridization of 3d
Co orbitals with 5d orbitals of the HM.

In a recent work, Chen et al. [44] examined the establishment of PMA in
an underlayer/CoFeB/MgO system (underlayer = Ti, V, Cr, Zr, Nb, Mo, Ru,
Rh, Pd, Ag, Hf, Ta, W, Re, Os, Ir, Pt, and Au). They concluded that the major
factor promoting the formation of PMA in the underlayer/CoFeB interface is
the interfacial d-d hybridization of 4d/5d orbitals of the underlayer material
with the 3d Fe(Co) electrons.

Apart from the two aforementioned mechanisms which contribute to the
establishment of PMA in such trilayer systems, the removal of B atoms from
the CoFeB/MgO interface could further contribute to the enhancement of
PMA. As demonstrated in subsec. 2.2.4, B is theoretically predicted to be
located at the CoFeB/MgO interface. Consequently, if the underlayer is a
strong B absorber material, it would potentially remove more B atoms from
the interface, enhancing the Fe(Co)-O bonding which is beneficial for the
formation of strong PMA.

2.4 Exchange bias

In 1957, Meiklejohn and Bean [45] discovered a new type of unidirectional
magnetic anisotropy in a system containing Co nanoparticles coated by a
layer of AF CoO. This phenomenon usually referred to as EB. The origin of
EB effect focuses on the coupling between the F and AF spins at the interface.
Considering a M-H plot, the EB effect is reflected by the displacement of
the hysteresis loop along the axis of the magnetic field (H) with respect to
H=0. This displacement of the hysteresis loop was initially attributed to the
existence of an oxide layer surrounding the Co particles. However, the authors
in order to delve deeper into the effect’s mechanism, conducted zero-field
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cooled (ZFC) and field-cooled (FC) measurements at temperatures below the
Néel temperature (Ty), recording the hysteresis loops of the aforementioned
system. Remarkably, in the FC measurements they observed a displacement
of the hysteresis loop accompanied with its broadening, whereas for the ZFC
measurements no displacement was present. Although the EB effect has
been extensively studied for more than four decades in a variety of FM/AFM
systems, its microscopic origins remain controversial and under investigation.
In the next subsections, we will separate the models used to explain the EB
effect into three categories according to the length scale of the area with the
same magnetic moment: macroscopic, mesoscopic, and microscopic.

2.4.1 Macroscopic models
Exchange bias phenomenology

In macroscopic models the AF and F layers are considered as homogeneous
in the x-y plane. In addition, the spins of the AF layer are assumed to be
uncompensated and parallel to the interface plane. In some of the models
described here, i.e., Néel’s [46] and Mauri’s [47] models, the detailed spin
structure in the z-direction of the FM and/or the AFM is also considered.
Figure 2.5 presents a qualitative draw of the EB in a F/AF bilayer, following
the review of Nogues et al. [48]. The upper left part of Fig. 2.5 presents
the initial state of the system with the AF layer being in the paramagnetic
state since T > Ty. After the cooling down of the system through Ty and
under the application of an applied magnetic field (Hg.), there is a transition
of the initial paramagnetic state to an AF one. This procedure is called field
cooling and due to the interfacial exchange interactions between the AF and
F spins, the first monolayer of the AFM aligns parallel to the FM. In turn, the
neighbouring monolayers in the AFM follow the interfacial pattern in a way to
produce zero bulk magnetization. When reversing the field, the F spins tend
to rotate to the opposite direction. However, due to the interfacial interactions
between AF and F spins, the latter experience a torque from the former spins
forcing them to remain in their initial position. Consequently, a stronger
external magnetic field is needed to outweigh this coupling and rotate the
F spins, resulting in the increase of the coercive field. When switching from
negative to positive fields, the F spins require a smaller force in order to
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Figure 2.5. Phenomenological model of EB for an AF/F bilayer. Panels 1-5 present
the individual spin configurations in the AF and F layers at different stages of the
hysteresis loop.

rotate back to their original direction. This is an outcome of the energetically
favorable torque which is induced on the F spins from the AF ones. Finally,
the magnetization curve is shifted to negative values with respect to H=0 and
this displacement of the center of the hysteresis loop is called EB field (Hgg).

The ideal Meiklejohn-Bean Model

Based on the phenomenology of the previous description, Meiklejohn and
Bean (M-B) [45] developed a model under assumptions which treat the FM
and the AFM individually as well as their interface, as indicated in Fig. 2.6(a).

* The FM rotates coherently and has uniaxial anisotropy with the easy
axis being IP

* Both the FM and AFM are in a single domain state.
* The AF layer has an IP uniaxial anisotropy and is magnetically rigid.

* The spins of the AF interface are fully uncompensated.
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(a) Ideal Meiklejohn-Bean Model (b) Meiklejohn-Bean Model
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Figure 2.6. Schematic illustration of the angles and vectors used in the (a) ideal and
(b) realistic Meiklejohn and Bean model.

» The AF/F interface is atomically smooth.

* The AFM and the FM are coupled at their interface with an exchange
interaction. The exchange interaction is parameterized through the
interfacial exchange coupling energy per unit area (Jgz).

Starting from the Stoner-Wohlfarth model [49, 50] for describing the co-
herent rotation of the magnetization vector, the energy per unit area (E,) can
be written as

E, = —poH Myt €0S(—P) + Ky tsin® B, (2.12)

where My, is the saturation magnetization per unit volume of the FM, Kp,, is
the magnetocrystalline anisotropy constant, and f is the angle between the
magnetization and the anisotropy axis of the FM. The first term of Eq. (2.12)
describes the Zeeman energy of the system and the second one concerns the
uniaxial anisotropy.

Meiklejohn and Wohlfarth in order to quantify the interface exchange
coupling between the FM and the AFM inserted in Eq. (2.12) the phenomeno-
logical energy term Jgzcos(f3) such that [51]

E, = —uoH Mgy tpcos(—B) + Kyt psin? 8 + Jgpcos(B). (2.13)

After attaching stability conditions to the total magnetic energy with respect
to the angle f3, they resulted in the following formula for the Hg
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J,
Hpp=—2—, (2.14)
UoMpntem

Despite the simplicity of the model’s assumptions, the inverse proportional-
ity of Hgp and tp, is well established in literature [48], reflecting the interfacial
character of the effect. However, the relation is no longer valid in some sys-
tems where tp, is relatively thin, probably attributed to the discontinuous
development of the F layer.

Moreover, in the previous analysis a positive character of the effect is
assumed so as Hgz; < 0 when Hy. > 0. The vast amount of hysteresis loops
shown in literature are shifted oppositely to the Hy. direction. However, in
MnF,/FM [52] and FeF,/FM [53, 54] systems there is the observation of a
negative character of the effect (Hg; > 0 when Hy > 0). For such systems, a
more complicated analysis is required, taking into account the dependence of
the EB on the magnetic domain sizes which are formed in the F and the AF
layers.

A crucial parameter which should be considered in order to establish the
EB in the field-cooling procedure is the temperature. For T < Ty, there is
a critical temperature called blocking temperature (T) at which the EB is
established. Tj is influenced by many parameters, e.g, roughness, thickness,
grain size as well as the order of the AFM. However, Ty &~ Ty is reported for
thick films and single crystals [48].

Furthermore, within the model’s framework the Hyj is expected to be several
orders of magnitude larger compared to the experimentally observed one.
The assumption of fully uncompensated AF interface plane is the reason of the
anticipated large Hyy. A realistic F/AF interface deviates strongly from this
assumption since the surface roughness and the complex interface chemistry
lead to a complex magnetic structure.

The realistic Meiklejohn-Bean model

In the realistic approach of M-B model [45], as shown in Fig. 2.6(b), a new
degree of freedom for the AF layer was introduced to account for the rotational
hysteresis observed during the torque measurements. Particularly, the AFM
is still rigid satisfying the previously introduced condition, but it can slightly
rotate during the magnetization reversal as a whole. Therefore, a new energy
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term is introduced in the Eq. (2.13) stemming from the anisotropy of the AF
layer. Defining the small rotational angle (a) of the AF layer, the Eq. (2.13)
takes the form [51]

Ej = —UoH My tpy€08(0—P )+ Ky trysin(8)+K g Eapyisin® (@) —Jgpcos(f—a),
(2.15)

where t,p, is the AF thickness and K, is the magnetocrystalline anisotropy
constant. After the numerical analysis of Eq. (2.15) with minimization of E,
with respect to the a and 8 angles and having assumed that K,p, is infinitely
large, the expression of Hpg is extracted as follows

HY = _Jm (2.16)

oMty

The parameter R which defines the ratio between the AF anisotropy energy
and Jgg is given by the formula

R — Karularu (2.17)
JEB

We can distinguish between two cases in a AF/F system:

* R > 1: The AF anisotropy energy is able to hold the AF order during
the magnetization reversal, although there is the degree of freedom for
the small rotation of angle a. Therefore, the Hyy is anticipated with the
simultaneous absence of coercivity He.

* R < 1: The absence of Hy; is expected since the Jp; outweighs the AF
anisotropy energy leading to the simultaneous rotation of the AF and F
spins. The H. # 0 suggests a typical hysteresis loop.

The Macroscopic domain wall models

As highlighted previously, one distinct failure of the M-B model regards the size
of the EB effect which is expected to be several orders of magnitude higher than
the experimentally determined one. In order to reconcile the experimental
observations with the theoretical predictions, Néel [46] introduced a model
with new assumptions allowing for the loss of the exchange coupling energy.
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Later on, Mauri et al. [47], Kiwi et al. [55], Geshev et al. [56], and Kim et
al. [57] in the spirit of Néel’s approach used similar arguments for proposing
their EB models.

The loss of the exchange coupling energy is attributed to the development of
partial domain walls in the AFM or the FM during the magnetization reversal.
According to Néel’s model, the coupling between a FM and a low anisotropy
AFM gives rise to the formation of either an AF or a F domain wall parallel
to the interface. As a result, the planar domain wall will absorb a fraction
of the interface exchange coupling energy, lowering the Hy;. Néel extracted
quantitative results for Jz; and K, through a differential equation providing
a magnetization profile in the AFM.

In summary, in the macroscopic domain wall models the formation of
domains introduces the corresponding energy terms to the energy expression,
influencing substantially the Hg. The minimization of magnetic energy will
determine the formation of domain walls in the FM and/or the AFM. In the
equilibrium state, a significant weakening of the effective coupling will occur
and it will be reflected as a drop of Hyy. In the strong interface coupling limit,
the Hyp becomes

V KAFMAAFM

H., o< , (2.18)
£ UoMpntem
or
v KenA
Hyp o< NV EWEM (2.19)

PoMpyiten
where Aupy gy is the AFM (FM) stiffness considering the formation of the
domain wall in the AF (F) side of the interface.

2.4.2 Mesoscopic models

In contrast to the macroscopic models, the mesoscopic models suggest the
existence of different spin configurations in the x-y plane. A representative
model of this category concerns the one from Malozemoff [58-60]. The
fundamental assumption of the model is a non atomically smooth F/AF inter-
face. The interfacial inhomogeneities produce a random field leading to the
breaking up of the AFM into domains with domain walls perpendicular to the
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interface. In contrast to Néel’s model, the AF domain walls are normal to the
interface. The Hyy is given by the equation

2 V KAFMAAFM
Hp~N ———m, (2.20)
T>Mpyteum
where A,py = Japm/ Aapm, With Japy to be the exchange coupling energy and
apy the lattice constant of the AFM.

Historically, the first mesoscopic model was proposed by Kouvel et al. [61]
suggesting some lateral spin distributions in the AF domains in CuMn alloys
to explain the presence of the EB effect. Further significant contributions were
made by Fulcomer et al. [62], considering the effects of grain size distribution
in EB. Based on this assumption, Stiles and McMichael [63] considered an
assembly of AF crystallites of different sizes and anisotropy directions to
compose a AF layer. The crystallites with strong AF/F coupling and easy
axes close to the Hy. axis, have the tendency to switch together with the FM
contributing to the H.. In addition, the crystallites with weak AF/F coupling
and easy axes deviating from the Hy axis, will contribute mainly to the Hpg
and less to H. Apart from the aforementioned models, more sophisticated
ones are summarized in the review paper by Nogués et al. [64].

2.4.3 Microscopic models

In the microscopic models the detailed spin configuration of each atom (or
groups of atoms) in the total examined volume is taken into account. To-
wards this approach there are models using Monte carlo simulations [65-67],
micromagnetic simulations [68, 69] or different types of spin lattice models
[70].

A well-known contribution in the category of microscopic models is the one
of Koon [68]. In particular, in thin films with compensated F/AF interfaces the
minimization of magnetic energy suggests the F and AF spins to get coupled
perpendicularly to each other. The aforestated physical picture suggests
a “spin-flop”-like state which occurs in AFMs. As a direct outcome, a new
term Jp(SapuSevcos(a — 8))? is introduced in the energy equation (see Eq.
(2.13)), with Sypy ryy to be the net magnetic moments of the AFM (FM).
Furthermore, for the interpretation of EB Koon suggested that the AF spins
are restricted to move in the plane of the interface during field reversal. As a
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result, there is a completely reversible (no hysteresis) curve with Hgy close
to the experimentally observed one in Co/CoO systems at low temperatures
[45]. As new ideas and experiments continue to emerge in this field, more
detailed picture of the underlying physics continues to develop.

2.5 Perpendicular EB in Mnlr/CoFeB/MgO systems

Exchange-biased stacks have been framed by a strong technological inter-
est in memory and sensor technology which is related with their properties
to improve significantly the retention time of MTJs and to provide a wide
sensing field range, respectively. In particular, after a large number of STT
switching events, the magnetic states of the MTJs do not either “creep” to
some intermediate state or completely reverse. For that reason, IP magne-
tized exchange-biased stacks were widely utilized in MTJs. Nevertheless, the
interest rapidly changed towards the OOP magnetized systems for a plethora
of practical reasons. Specifically, in the OOP magnetized systems the den-
sity of memory cells on a wafer can be considerably increased, the critical
current density which is required to write information by STT switching is
substantially smaller, and the retention of the memory is fairly longer. As a
result, the realization of OOP magnetized stacks with large EB is of significant
practical importance. In most common embodiments, the EB stacks act as a
reference for readout of the stored information and are defined as “pinned”
layers, e.g., CoFeB/MgO pinned by Mnlr [71]. In the following, we will
highlight a number of mechanisms of crucial importance which give rise to
the establishment of perpendicular EB (PEB) in such stacks.

The first mechanism regards the enhancement of Mnlr (111)-fcc texture
which directly affects the observation of EB. In particular, it has been reported
that the EB effect depends on the existence of the (111) Mnlr texture in
Ta/CoFe/Mnlr/CoFe multilayers [72]. The enhancement of the (111)-fcc
Mnlr texture provokes an increase of both the averaged Ty and K,p, of Mnlr
and, thus, the size of the effect increases [73].

The second mechanism is related with the competition of the IP and OOP
components of anisotropy in the vicinity of the MnlIr/CoFeB interface. Specif-
ically, the Mnlr/CoFe interface favors an IP magnetization and, therefore,
PEB is not favored. In order to overcome this natural limitation Zhang et al.
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[71] suggested the enhancement of the OOP components of anisotropy via
inserting an ultra thin layer, i.e., dusting layer, of CoFe/Ta between Mnlr and
CoFeB.

The procedure of the enhancement of the OOP components via the intro-
duction of a dusting layer seems to have a universal character since it has
also been reported in Mnlr/[Co/Pt], [74] and Mnlr/CoFe/Co/[Pt/Co] [75]
systems, where the PEB is drastically enhanced in a proportional way. In a
phenomenological approach, these findings could be interpreted using the
formula for Hg given by the M-B model [74]

SP .SP

Hgp = Jgp e > (2.21)
0%ariMpmten
where Sy @ 1S the net magnetic moment for the AFM (FM) perpendicular

to the film. The enhancement of the OOP components would lead to the
enhancement of Sp, resulting in large PEB. Conclusively, the use of buffer
layers, such as Pd, Pt, Cu, Ru, together with the introduction of a dusting
layer between Mnlr and CoFeB contribute significantly to the establishment
of PEB in MnlIr/CoFeB/MgO based stacks.

Additionally, the EB effect is influenced by the chemical nature, i.e., possible
atomic intermixing, as well as the interface roughness. As an example, in the
Mn,Pt, . /Co system [76] the interdiffusion of the highly miscible materials Co
and Mn during the annealing procedure [77] leads to the degradation of Hgg.

According to Malozemoff model [58-60], the reduction of the overall EB
energy is an outcome of the interface roughness which may induce magnetic
frustration [76]. The introduction of a non magnetic dusting layer can de-
crease the magnetic frustration and simultaneously increase the Hy;. However,
there is a critical thickness of the non magnetic dusting layer above which the
AFM and FM become totally decoupled. In the Mnlr/CoFeB/MgO based stack
examined in this thesis, a number of Ta atoms of the dusting layer probably
reach the AF/F interface through the pin holes of the FM, forming a non
magnetic layer with analogous impact on the Hgg.
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2.6 Magnetostatic coupling effects in FM/NM/FM
systems

As analyzed previously in the thesis, the FM/NM/FM trilayer system is the
backbone of the magnetoresistive devices which are widely used in magnetic
field sensor and MRAM applications. Elucidating the role of the magnetostatic
interactions between the F layers is critical for the development of advanced
magnetoresistive devices. Therefore, huge research efforts have been invested
towards the realization of the magnetostatic coupling effects.

The interlayer exchange coupling (IEC) is one of the proposed mechanisms
to explain the magnetostatic coupling effects. In a Fe/Cr/Fe trilayer system,
the observed oscillatory behaviour of IEC as a function of the NM layer thick-
ness, was related by Mathon, Villeret, and Edwards [78] to the confinement
of Fermi surface electrons in the NM. Some years later, M. Stiles [79] and P
Bruno [80, 81] extended the model to include the interfacial NM/FM contri-
butions to the spin-dependent electron reflectivity. In a FM/NM/FM trilayer
system where NM is an insulating barrier, the IEC was interpreted through
the spin-current model [29, 81].

The magnetostatic interactions between the F layers give rise to additional
magnetostatic coupling mechanisms. In particular, rough interfaces lead to a
surface magnetic charge density and consequently to dipolar coupling. This
type of coupling is widely know as “orange peel” coupling and introduced
by Néel in 1962 [82] to interpret the magnetostatic coupling in FM/NM/FM
IP magnetized systems. In 2004, Moritz et al. [83] extended the model in
perpendicularly magnetized systems.

2.6.1 IEC: Slonczewski and Bruno models

In 1989, Slonczewski [29] explained the IEC in a trilayer FM/NM/FM system
with insulating spacer in the framework of the spin-current model. The tunnel
spin current induces a magnetic torque which is exerted by one F layer on the
other, leading to exchange coupling effects. According to the model, the IEC
strength (J) presents a non-oscillatory exponential decay with increasing the
spacer thickness (D) which stems from the exponential decay of the F wave
functions into the insulating spacer.
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In Bruno’s model [81], the core idea is based on the quantum interference
of the spin-dependent reflected electron waves, arising from the NM/FM
interfaces. The multiple internal reflections in a magnetic layer of finite
thickness create the analogous physical picture with the reflection oscillations
in an optical Fabry-Perot cavity. In FM/NM/FM systems, the FM/NM interfaces
represent the two highly reflecting mirrors of the Fabry-Perot cavity.

Specifically, the J of a FM/NM/FM system under the assumptions of rela-
tively large spacer thickness (D) and finite tg, (L), is described by the equation
[81]

2 12 2 s
J= 8:2m1m[%°exp(2ikFD)[% —2(1— rii)(k% + k%) exp(2iklﬁL)]},
(2.22)
where rio is the reflection amplitude and ké is the Fermi vector for the minority
spin (|) of the F layer. Considering the presence of the term exp[2ikzD] in the
Eq. (2.22), we extract the oscillatory behaviour of J with D for metallic spacer
(kr real) and the corresponding exponential decay for the case of insulating
spacer (ky imaginary). Moreover, the presence of the term exp[ZiklﬁL] suggests
an oscillatory behaviour of J with L having a period of 7/ klﬁ.
In addition, Bruno’s model predicts the thermal variation of J for the two

previously mentioned kinds of spacer given by the equation

(2.23)

J(T) = J(0) anBTDm/ﬁzkE .
sinh(27tky TDm/h"kg)
From Eq. (2.23) a strong decrease (increase) of J is expected for the case of
metallic (insulating) spacer with the increase of temperature since k;, is real
(imaginary) for the metallic (insulating) spacer.

2.6.2 Orange peel coupling in systems with PMA

In 1962, Néel [82] first studied the magnetostatic coupling between two F
electrodes IP magnetized in a FM/NM/FM trilayer system. The core idea of
“orange peel” coupling is based on the fact that the surface topography, in
particular the interface roughness, leads to a surface magnetic charge density
and, consequently, to dipolar coupling. Assuming that the buffer magnetic
layer has a sinusoidal roughness, the NM spacer will follow that interfacial
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(a) Low PMA (b) Large PMA
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Figure 2.7. Ilustration of the magnetization configuration in a FM; /NM/FM, trilayer
system in films with (a) low and (b) large PMA. For the systems with low (large)
PMA the interfacial (volume) charges dictate the F (AF) coupling between the two
electrodes.

pattern reproducing an identical roughness to the one of the buffer layer. In
turn, the capping F layer will adopt the roughness profile of the NM spacer.
As a result, the successive interfaces present the same in-phase waviness and,
thus, can be regarded as correlated. The IP magnetization combined with
the rough interface will give rise to the creation of dipole charges in both F
layers. Additionally, in the parallel (antiparallel) alignment of the F layers,
the magnetic dipoles form a closed (open) magnetic pattern suggesting an
energetically favorable (unfavorable) state. The coupling energy could be
represented by the exponential relation of

_ pem?h?M M, 27+/2D
— B (- 22520,
V22 A

where u,, is the permeability of free space, M, ,, is the magnetization of the

J (2.24)

F,(, electrodes, h and A the amplitude and the wavelength of the waviness
of the correlated interface of the spacer.

Some years later, Moritz et al. [83] suggested that in films with PMA the
antiparallel magnetic orientation of dipoles can be also energetically favorable
as an interplay of the magnetostatic, exchange, and anisotropy energy. As
depicted in Fig. 2.7(a), for films with low PMA the magnetization remains
parallel to the z-axis because of the exchange stiffness and the minimization
of the surface charges. The surface charge densities are opposite promoting
the F coupling. On the contrary, for films with strong PMA the magnetization
remains perpendicular to the interface, as depicted in Fig. 2.7(b). Due to
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the magnetization’s x-components, the creation of volume charges is favored
locally, promoting the AF coupling.

2.6.3 Methodology for the determination of magnetostatic
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Figure 2.8. Examples of (a) F and (b) AF coupling in p-MTJs with EB.

In order to identify the character (F or AF) and the strength (J) of magne-
tostatic coupling between both F electrodes, one can examine the shift (H,)
of the hysteresis loop with respect to H = 0 which corresponds to the soft
magnetic electrode. Figure 2.8 presents hysteresis loops for a p-MTJ with EB,
containing a dominant F (cf. Fig. 2.8(a)) and AF (cf. Fig. 2.8(b)) coupling.
In Fig. 2.8(a), when H; is negative (J < 0) a parallel orientation between the
pinned and the soft electrode is achieved at zero field (red point), suggesting
a F coupling. On the contrary, in Fig. 2.8(b) when H; is positive (J > 0) an
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antiparallel orientation of both electrodes at zero field is observed, dictating
an AF coupling between the electrodes.
The strength of the magnetostatic coupling is given by the equation

J = uHMF e, (2.25)

where M%* and tgg = tgy — tp, are the saturation magnetization and the
effective F thickness of the soft electrode. The effective F thickness stems from
the subtraction of tg,; with the dead layer (tp;) thickness. The M, and t,; can
be extracted via a series of measurements of the saturation magnetization
per unit area (M, t;lf\fl) as a function of the F thickness. When fitting the
experimental data with a linear regression, the M, and t,; correspond to the
slope and the intercept of the linear fit, respectively. The determination of tp
allows us to quantify the effective F volume and, thus, to accurately identify
the coupling strength.

2.7 Magnetic memories and sensors

The advent of MTJs concerns the landmark point for magnetoresistive tech-
nology. Nowadays, most of the MRAM embodiments exploit MTJs as memory
unit cells. Simultaneously, in a plethora of magnetic field sensors MTJs are
utilized in order to convert an external magnetic field into a resistance value.
In the subsecs. 2.7.1 and 2.7.2 two types of MRAM will be discussed, the
field-driven and the STT-MRAM. We will analyze the principles of reading and
writing operations, as well as, we will highlight the advantages of the STT-
MRAMs over their field-driven counterparts. Additionally, in subsec. 2.7.3 we
will present a number of engineering strategies which provide the optimum
sensing scheme in an MTJ-based magnetic field sensor.

2.7.1 Field-driven MRAM

The first development of MTJ-based MRAM was the field-driven MRAM,
combining a cross point architecture, as illustrated in Fig. 2.9(a). It consists
of two arrays of conducting wires running perpendicularly to each other
on a chip. At the crossing points, the placed MTJs are connected in series
with a selection transistor. The high (low) resistance state of the junctions
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Figure 2.9. (a) Schematics of the writing principle in a Field-driven MRAM. The
two driven currents (purple arrows) in the bit and word lines are presented, along
with their corresponding magnetic fields (red arrows). (b) The Stoner—Wohlfarth
astroid curve. With light brown (green) colour is indicated the region with two (one)
minima (minimum) of the free energy. The magnetization switching occurs when
the applied magnetic field lies in the green region.

corresponds to logic 1 (0) bit and as a result one bit can be stored. The basic
principle to read the information is based on the application of a read current
which flows through the MTJ and senses its magnetic state from the value
of the cell resistance. In addition, in order to write at a particular addressed
cell, two simultaneous pulses of current are sent in the bit and word lines
which cross each other at the addressed MTJ cell. These currents create a
large enough local magnetic field at the addressed cell to switch its storage
layer magnetization. Specifically, Fig. 2.9(b) shows the Stoner-Wohlfarth
astroid of a idealized soft layer (single magnetic domains) which undergoes
two perpendicular field pulses. With H, (H,) is symbolized the switching
field parallel (perpendicular) to the easy axis. The Stoner-Wohlfarth astroid is
the geometric representation of the Stoner-Wohlfarth model. According to the
model, any applied magnetic field can be resolved into two components along
the hard and easy directions. When the applied magnetic field vector lies
in the light brown coloured region, there are two minima of the free energy
one stable and one metastable and, thus, the initial magnetization direction
remains unchanged. Whereas, when the total magnetic field vector falls out
of the Stoner—-Wohlfarth astroid (green regions), a magnetization switching
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occurs [84, 85]. Consequently, a sequence of logic bits is selectively created
corresponding to stored information [21].

2.7.2 Spin-Transfer Torque Magnetic Random Access Memory
(STT-MRAM)

M (b) it line

eff pinned
a

da m,

"’I,g
A

ﬂ
source
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Figure 2.10. (a) Illustration of the magnetization precession according to
Landau-Lifshitz—Gilbert-Slonczewski equation. With green and orange arrows are
symbolized the damping and spin transfer torques, respectively. (b) Qualitatively
draw of the writing principle in STT-MRAMSs. A current density (purple) is sent
through the MTJ leading to a selective flip of the magnetization depending on the
current flow direction.

As mentioned in subsec. 2.7.1, the writing process of the information in an
MRAM cell necessitates the use of a local magnetic field which stems from a
pulse current in the bit and word lines. However, two of the most significant
obstacles arising from this process regard the large energy consumption to
generate such fields and the independence of the writing current’s amplitude
on the size of the MTJ. The latter, leads to a drastic limitation of the down-
scaling of the MTJs which is a criterion of high technological importance.
The exploitation of STT in MRAM [86, 87] was proposed to overcome this
limitation establishing a new era in the field of spintronics with the advent of
STT-MRAM (see qualitative draw in Fig. 2.10(b)). STT regards the effect in
which the magnetization of a F layer in a MTJ/spin valve can be modified using
a spin-polarized current. Specifically, in a FM; /NM/FM, trilayer system an
applied charge current in FM; becomes spin polarized with spin polarization
along the magnetization orientation of FM;. In turn, under the consideration

40
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that the electrons propagate ballistically through the barrier and reach the
NM/FM, interface, the electrons align their spin orientation with the local
magnetization direction of FM,. In order the spin angular momentum to
be conserved, a magnetic torque will be created to the FM, which tends to
align its magnetization with the magnetization of FM,. The magnetization
orientation of FM, can be switched if the magnetic torque is sufficiently large.
The magnetization dynamics in STT-MRAM applications are described by the
Landau-Lifshitz—Gilbert-Slonczewski (LLGS) equation [88]

a—M——Mx( H)+ian—M+ !
ot Y Mot ef M, ot 11 M
which stems from the Landau-Lifshitz-Gilbert (LLG) [89] with the introduction

of a STT term (7) from Slonczewski given by

T, (2.26)

TIC[MX[MXH]]-I-d[MXn], 2.27)

where 7 is the gyromagnetic ratio, M is the magnetization of the soft electrode,
H._; stands for the effective magnetic field in which M is aligned at equilibrium,
a is the Gilbert damping constant, ¢ and d are current-dependent functions
for the IP and the perpendicular torque, and n is the normalized vector of the
magnetization of the pinned layer.

Figure 2.10(a) depicts the magnetization precession according to LLGS
equation. Specifically, the first term of the right hand side of Eq. (2.26)
describes the precession of the magnetization of the soft electrode around the
H_ i, which is determined by the pinned electrode. The second term predicts
the establishment of a stable magnetic state after a certain time, due to the
energy dissipation processes and is defined as damping term. The third term
refers to the magnetic torque which is imposed to the soft magnetic electrode
from the pinned one that is provided via the 7 term.

Figure 2.10(b) illustrates qualitatively the principle of writting in a STT-
MRAM. In particular, in this configuration the relative parallel (antiparallel)
magnetic configuration between both electrodes is accomplished, since the
current flows from the soft (pinned) electrode towards the pinned (soft) one.
In both cases, the two F electrodes will exchange torques which can, above
a critical current density, lead to a flip of the magnetization of the FM as
illustrated in Fig. 2.10(b).
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This procedure concerns a powerful tool for the selective writing by simply
changing the sign of the current. In STT-MRAM systems considerably smaller
writing currents, e.g., 13 uA, are calculated (for further details see Ref. [21])
compared to the field-driven MRAM ones, e.g., some mA, leading to much
more energetically favorable devices. In addition, the downsize scalability of
the elements is favored since the required critical writing current decreases
in proportion to the cell area [21]. Moreover, in STT-MRAM a very good
write selectivity is accomplished since the STT current flows only through the
selected cells. On the contrary, in conventional MRAM the writing current
flows in the entire word line with the risk of writting an unselected cell.
Apart from the high number of advantages, a potentially serious disadvantage
concerns the magnetic disturbances to the MTJ which are induced during read
events, as a consequence of the usage of the same path from both the writing
and reading currents. As a result, an undesired change of the magnetic state
can occur causing a bit reverse. In order to prevent possible parasitic writing
events during reading, the reading current must present much lower values
compared to the STT critical writing current for switching.

2.7.3 Magnetic sensors

A magnetoresitive device is a solid-state transducer which directly converts
an external magnetic field into a resistance value. All these devices have
a minimum and a maximum resistance plateau and the path from the one
level to the other can be engineered to be linear, allowing them to work as
magnetic sensors.

A typical MTJ sensor consists of two F electrodes separated by a NM spacer.
The magnetization direction of the one F electrode is fixed through the EB
effect (reference layer), while the other electrode is free to rotate in response
to a low external field (sensing layer). For an ideal magnetic sensor the mag-
netoresistance loop of the sensing electrode must be linear and hysteresis free
within the intended field operating range and its magnetization to be rotated
coherently. Therefore, the sensing and reference layers are set orthogonal to
each other and the external magnetic field is applied perpendicular to the
sensing electrode and parallel to the reference one.

Several strategies can be followed to achieve this magnetic configuration
using different effects [16]. One of the strategies takes advantage of the
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self-demagnetizing field of the sensing layer [90]. In such systems, the sensor
designing utilizes the shape anisotropy as the sensing electrode is patterned
in a rectangular shape, with its longest dimension orthogonal to the reference
one. One additional technique exploits superparamagnetic sensing electrodes
[91]. Using a thin enough CoFeB layer, a linear hysteresis-free response is
achieved with simple designs and low power consumption. In this case, the
requirement of pattern elements with large aspect ratios is not necessary. The
most widely used technique incorporates the use of weak exchange biased
sensing layers [92, 93]. In this sensor structure, an AF layer is not only used
in the pinned electrode but also in the sensing one. Also, the Hyy in the
sensing electrode must be small as it will define the sensor saturation field
and, therefore, its sensitivity. In order to achieve the orthogonal magneti-
zation direction of both electrodes, the exchanged coupled interfaces in the
pinned and the sensing electrode are chosen with different thermal stabilities.
Different blocking temperatures are obtained between both electrodes either
by the use of different AF materials or by the use of the same material with
different thickness. Last but not least, the achievement of orthogonal orienta-
tion between the magnetization directions of the electrodes is additionally
accomplished via the use of sensing films with strong PMA. This engineering
strategy paves the way for the fabrication of nano-scale magnetic sensors with
simple design, high sensitivity, and low power consumption [19].

2.8 p-MTJs vs. i-MTJs for MRAM applications

In Sec. 2.5 some of the advantages of the OOP magnetized systems over
their IP counterparts for their use in MTJs were exhibited in broad terms. In
this section, these advantages along with some additional features will be
analyzed in detail, pointing out the significance of the use of p-MTJs compared
to IP magnetized MTJs (i-MTJs) in memory applications.

p-MTJs have the potential of delivering the downsize scaling easier and,
thus, increasing the density of the memory cells in a magnetic memory. Since
shape anisotropy does not play any role to stabilize the magnetic anisotropy,
magnetic cells can be made circular instead of elliptical, increasing signifi-
cantly the available space for the development of MTJs in an MRAM.
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Furthermore, a key characteristic for memory applications is the retention
time which quantifies the time for which the system is capable to keep the
written information unchanged. However, in MRAM the information may get
corrupted by unintended switching of the magnetization of the storage layer
due to thermal fluctuations or magnetic STT switching events, as described
in Sec. 2.5. Consequently, the fabrication of MRAM storage elements with
large retention times necessitates the consideration of thermal effects. p-MTJs
are valued for their thermal robustness at small device sizes retaining the
magnetic state in the storage layer. In particular, the reduction in size must be
compensated by an increase in the anisotropy field (Hy) to maintain a desired
thermal stability factor. In the case of p-MTJs, the Hy has an intrinsic character
dictated by the large K., [40, 94]. This implies that the down-scaling of the
devices doesn’t affect the Hy considerably. On the contrary, the Hy in i-MTJs
is strongly dependent on the geometrical characteristics of the devices and,
therefore, it is significantly affected by the reduction of the device size.

Additionally, the critical current density (J,,) for the p-MTJs is expected to
be smaller. According to LLGS equation [88] the J.. which is necessary for
the magnetization switching is given by

2aepoM;tey
Jcr = hP
The expression of J, dictates a number of engineering strategies to realize

He. (2.28)

which parameters must be modulated for reducing the power consumption for
spin-transfer-induced switching. Highly polarized materials (large P) with a
strong tendency to switch their magnetic state under the application of a STT
(low a) current are the optimum candidates. Therefore, p-MTJs with large
K. dictating a high polarization are expected to have a positive contribution.
Materials which meet the aforementioned criteria are p-MTJs based on CoFeB
with MgO barrier. Indicatively, for CoFeB, Co/Pd, and Co/Pt, the damping
constant is reported to be equal to ac,gz = 0.01 [95], ac,pq = 0.1 [21], and
co/pe = 0.2 [21], respectively, ranging within one order of magnitude. The
reason of that pronounced difference is that a depends on the amplitude
of the spin—orbit interactions in a proportional way. In particular, in Co/Pt
and Co/Pd systems a strong spin-orbit coupling has been reported, stemming
from the hybridization of the 3d Co with the 5d Pt or Pd orbitals. Whereas,
in CoFeB/MgO systems a weak spin-orbit coupling has been realized due to
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the hybridization of the 3d Co and Fe with the 2p O orbitals, with analogous
impact on a.

Furthermore, the effective switching field is equal to H.; = Hy —4nmM, and
H.y = Hy + 21tM for p-MTJs and i-MTJs, respectively, and via Eq. (2.28) the
lowest J, is expected in the first case. Phenomenologically, in i-MTJs the shape
anisotropy term tries to keep the magnetization in the plane, introducing an
additional energy barrier to be overcome for switching the magnetization
compared to the p-MTJs.

Another interesting feature of p-MTJs regards the reduction of dipole field
interactions between neighboring cells in high bit density layouts. The ellipti-
cal shape patterned i-MTJs create a dipole field larger in range compared to
the circular p-MTJs. Thus, in the i-MTJs it is highly probable for the magnetic
state of neighboring cells to feel the magnetic disturbances affecting the stored
information.
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Chapter 3

Sample preparation

In the herein thesis thin film stacks for spintronic applications are
investigated. The experimental methods used for their fabrication,
analysis, and characterization are introduced in the following sections.
The deposition of thin films of the order of several nanometers by
magnetron sputtering and the annealing treatment are discussed in
Sec. 3.1. The preparation of p-MTJs via electron beam (e-beam)
lithography is analyzed in Sec. 3.2. Simultaneously, an introduction
to the crystal structure analysis methods is given in Sec. 3.3. The
magnetic and chemical analysis of the films are discussed in Secs. 3.4
and 3.5, respectively.

3.1 Thin film fabrication

The layer stacks investigated in this thesis are deposited by RF and DC mag-
netron sputtering on an SiO, substrate, from high purity elemental targets
(99.9% or higher) in an ultra high vacuum (UHV) sputtering chamber (base
pressure 10~ mbar). In this case the elemental targets are bombarded by
an argon (Ar) plasma, with a typical pressure of 2x 10 >mbar, having been
stemmed from the collisions between the Ar gas atoms and the emitted elec-
trons of the target. The outcome of the aforementioned bombardment of
the target is the ejection of surface atoms which in turn are deposited on



3 Sample preparation

the substrate positioned above the source (sputtering) as depicted in Fig.
3.1. In order to increase the sputter yield, a suitable magnetic field is placed
under the target material which forces the electrons to cause more ionizing
collisions with Ar atoms near the target surface and, thus, higher deposition
rates (magnetron sputtering). After the deposition of a multilayer stack a step
of thermal annealing is performed under certain vacuum (< 3 - 1077 mbar),
temperature/time conditions in the presence of a magnetic field of 7kOe
applied perpendicular to the film plane. This step is necessary to obtain the
desired physical properties in the system, i.e., the crystallization of the initially
amorphous CoFeB electrodes, the emergence of PMA, and the establishment
of EB.
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sample carrier-

gas inlet __manipulator
_— cover
film thickness —
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Figure 3.1. Schematic representation of BESTEC Co-sputtering system [96].

3.2 p-MTJ preparation via e-beam lithography

After the deposition and thermal annealing, the sample stacks are patterned
via using two e-beam lithography steps. Firstly, the MTJ pillars are developed
by e-beam lithography and subsequent Ar ion etching. In these steps, the
redundant material between the circular pillars is removed via Ar etching
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down to the bottom contact. During the etching process, the secondary ion
mass spectroscopy is performed in order to obtain and control precisely the
depth profile of the structure. In order to isolate the individual junctions
electrically, 120 nm of Ta,O, is sputtered next to the MTJ pillars. In turn,
5nm of Ta and 60 nm of Au are deposited on the whole sample and patterned
into bond pads. The material sequence of the stack is the same in all cases,
apart from the capping layer of the soft F electrode as depicted in Fig.3.2. In
addition, the individual layer thicknesses of the stack can vary. The numbers
in parentheses present the nominal thicknesses in nm.

MgO MgO(2)

CoFe(1) CoFe(1) CoFe(1)

Figure 3.2. Sketches of the p-MTJs with EB stacks using different Ta (red), Hf (green),
Zr (yellow) capping layers along with the schematic view of the patterned MTJs.

3.3 Structural analysis

In order to gain insight into the structural properties of our samples and
precisely estimate the film crystallinity as well as the layer thickness and
roughness, x-ray diffraction (XRD) and x-ray reflectivity (XRR) investigations
were conducted. Wilhelm K. Rontgen was the German Physicist who received
the first Nobel prize in Physics in 1901 for his discovery of x-rays [97]. Since
then, a plethora of x-ray based characterization techniques have been devel-
oped as powerful tools to investigate the crystal and electronic structure as
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well as the composition, due to the fact that x-rays enable a non-destructive
vision into regions buried deep within the probed material. In the following
subsections, the techniques used to analyze the structural properties in this
work are summarized.

3.3.1 X-ray diffraction

XRD concerns an analytical technique which reveals information about the
structural properties of solids such as crystal structure determination, phase
identification, texture analysis, crystallite size and micro-strain analysis. When
a sample is irradiated with a parallel beam of monochromatic x-rays, the
atomic lattice of the sample cause the diffraction of the impinging x-rays to
specific angles. In particular, depending on the angle of the incident beam 6
with respect to the surface of the sample, the outcoming beam will undergo
constructive interference according to the Bragg’s law [98]

kk = 2dhklsin9, (31)

with k as an integer, A as the wavelength of the x-rays, d,,, as the distance
between two neighbouring lattice planes, and (hkl) as the corresponding
Miller indices. Considering a cubic system, the lattice spacing between crystal
layers is given by

a
g = ————,
/ey SEN B

with a as the out-of-plane lattice parameter. The total intensity of the XRD

(3.2)

spectrum I, is measured by the detector and presents an analogy to the
structural factor F(hkl) such that I,,; oc |F(hkl)|?, considering the Laue
conditions. The structural factor can be expressed by [98]

F(hkl) =) fie'"1, (3.3)
i=1

considering the multiplication of the sum of the atomic factors f; of every atom
with a phase factor e, where r denotes the position vector of each atom
and g concerns the scattering vector. As a next step, the electronic density
can be determined via using the Fourier transformation which unveils the
distribution of the atoms in the unit, identifying the structure of the crystal.
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Figure 3.3. (a) Bragg-Bretano configuration utilized for the structural sample analy-
sis. (b) XRR measurement sketch in a multilayer structure. Reflection and transmis-

sion of the incident beam at the surface and interfaces in several optically different
media with the corresponding refractive indices n.

The XRD experiments in this work have been conducted in a Philips X'Pert
Pro MPD diffractometer, in a Bragg-Brentano geometry (6 /26). This geometry
necessitates the source-to-sample distance to be constant and equal to the
sample-to-detector distance, while the x-ray source and the detector are
moved against each other as sketched in Fig. 3.3(a). The x-ray tube generates
Cu K, radiation of A = 1.5419A and the detector side is equipped with a
graphite monochromator.

3.3.2 X-ray reflectivity

XRR is a well established surface- and interface- sensitive technique, providing
a powerful tool for the characterization of single- and multilayer thin films.
In particular, the analysis of the XRR pattern of a multilayer film can yield
information regarding the thickness, density, surface or interface roughness,
and optical parameters of the corresponding layer. In addition, a major
advantage of this technique is that it can be applied in amorphous materials,
under the restriction that their interfaces are distinct enough. The XRR
method is based on the reflection of the incoming x-ray beam by the sample’s
surface and interfaces (cf. Fig. 3.3(b)). The outcoming x-rays may interfere
constructively or destructively with each other, leading to an oscillation pattern
presenting the characteristic Kiessig fringes. The analysis of the corresponding
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Kiessig fringes can provide information regarding the thin film structural
parameters. The layer thickness can be estimated by the formula [99]

B A(m—1)

~ 2(sin(6,,) —sin(6,))’
where 6,, and 6, denote the corresponding angular positions for the oscillation
maxima/minima of order m and I, respectively. Moreover, the oscillation
amplitudes provide information regarding the roughness of the corresponding
layer, e.g., in imperfect surfaces/interfaces diffuse scattering of the x-ray beam
decreases the measured intensity. Similarly to the XRD measurements, the XRR
scans were collected in the Philips X’Pert Pro MPD diffractometer. In order to
acquire the aforementioned information, the XRR scans are numerically fitted
with the Parratt algorithm [100]. Since the reflection pattern is simulated
by modeling the optical properties of the material, information about the

(3.4)

composition is required. During the analysis the layer thickness, roughness,
and mass density are fit parameters. As will be discussed later on in this thesis,
the performance of functionable p-MTJs necessitates the precise estimation
of the layer thickness and roughness. XRR method was employed to extract
accurate sputter deposition rates and, thus, adjust the targets powers during
the film deposition, by evaluating the XRR scans of several test samples.

The complex refractive index for monochromatic x-rays is given by the
formula [98]

n=1—o+ip, (3.5)

where f3 concerns the absorption and o the reflection coefficient, respectively,
connected via the Kramers-Kronig relation. In x-rays, typical values for 8 and
o are in the range of 107® and 107>, respectively [101]. In comparison to
XRD, XRR occurs in lower angles (26 < 5°) in the Bragg-Brentano geometry,
since the incoming the x-rays undergo total reflection when the incident angle
is smaller than the critical one 6, ~ v/20 (x-rays do not penetrate into the
material). Above 6., the x-rays penetrate the sample and the reflectivity
exponentially decays. By neglecting absorption (8 = 0), one can extract that
6. provides information about the density of the corresponding layer, hence
being an element-specific parameter.
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3.4 Magnetic analysis

To identify the magnetic properties of our samples, two different methods
are utilized including direct measurement of the magnetization using the
alternating gradient magnetometer (AGM) and other magnetic characteris-
tics, e.g. coercivity, anisotropy field, squareness, etc, via the exploitation of
Magnetooptic Kerr effect (MOKE). In the following subsections, we discuss
the basic principles of the aforementioned techniques.

3.4.1 Alternating Gradient Magnetometer

(a) ' (b) Type of sample holder

out-of-plane in-plane

Lock-in

Piezoelectri(/ .
Amplifi
Bimorph l a mplifier

X

Sample holder I
\ y z
Hall probe
Sample
Alternating gradient
field coil Electromagnet

Figure 3.4. (a) Schematic illustration of alternating gradient magnetometer. (b)
Type of sample holder used for the determination of magnetic characteristics in the
out-of-plane and in-plane configurations.

The alternating gradient magnetometry concerns a fast and reliable method
to extract the magnetization of a magnetic thin film. In this work we use
a highly-sensitive (down to 10 nemu) and compact magnetic susceptibility
measurement system, the Micromag 2900 AGM from Princeton Measurement
Corporation. Figure 3.4(a) presents a schematic illustration of the AGM and
the coresponding OOP/IP sample holder used to determine the magnetic

53



3 Sample preparation

properties of the films are shown in Fig. 3.4(b). Initially, the sample is
mounted on the end of a cantilever rod which incorporates a piezoelectric
element and undergoes a dc magnetic field and a small alternating field
gradient (ac field) stemming from the large and gradient electromagnetic
coils, respectively. As a result the sample is magnetized and subjected to an
alternating force, which is proportional to the magnitude of the field gradient
and to the magnetic moment of the sample and is given by the equation

F, = mBZ%, (3.6)
where m is the total magnetic moment, B, is the magnetizing field strength,
and b, is the gradient field strength to the z direction. The application of an
alternating force causes the cantilever rod with the sample to oscillate. If the
frequency of vibration is tuned to a mechanical resonant frequency of the
system (sample+cantilever rod), the amplitude of vibration increases by a
factor equal to the quality factor Q of the vibrating system, which can be of
the order of 100 [102]. The piezoelectric material converts the amplitude of
the vibration to an electrical voltage which is proportional to the magnetic
moment of the sample. The voltage output of the piezoelectric is detected
and amplified by a lock-in amplifier.

3.4.2 Magnetooptic Kerr Effect

The magneto-optic Kerr effect (MOKE) was discovered in 1877 by John Kerr
[103] in an attempt to characterize the interaction of light with a magnetic
system. In particular, the polarization state of the reflected beam was changed
when a plane-polarized incident beam shone on the surface of a horseshoe
magnet.

Over the last decades, the utilization of MOKE as a characterization tool
for the study of magnetism of thin films and multilayers regards a widely
employed form of magnetometry. The high sensitivity of the technique to the
magnetization within the skin depth region of metallic materials (10-20 nm),
renders the effect a strong candidate for the study of surface magnetism.
Furthermore, the technique provides the opportunity of the investigation of
magnetic reversal processes in very small regions of materials or even in real
micro-devices for applications. Moreover, the domain observation via Kerr
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Figure 3.5. Schematic illustration of the three principal geometries of MOKE. De-
pending on the orientation of the magnetization M with respect to the incidence
plane of light and to the sample surface, we can distinguish between (a) P-MOKE,
(b) L-MOKE, and (c¢) -MOKE.

microscopes [104] provides a solid basis for the fundamental understanding
of magnetization reversal processes on a surface of magnetic material. Apart
from that, the working principle of the commercially magneto-optic drivers
which are used nowadays is based on the Kerr effect.

In a next step, the MOKE basic principle as well as the setup geometries are
analyzed. An incident linearly polarized light is modified after the reflection of
a magnetized surface. Specifically, the polarization of the linear polarized light
is transformed into elliptic and its polarization axis is rotated from the initial
polarization. In a phenomenological approach, the linear polarized light can
be treated as the sum of a right- and a left-handed circularly polarized wave of
the same phase and amplitude. After their reflection from the magnetic surface
in the right- and the left-hand circularly polarized light waves is induced a
phase shift and their corresponding wave amplitudes become unequal. As
a result, it is obtained a rotated and elliptically polarized wave. The three
basic geometries which depend linearly on the respective magnetization
components are the polar MOKE (P-MOKE), longitudinal MOKE (L-MOKE),
and transversal MOKE (T-MOKE). In these geometries the Kerr effect results
from the relative orientation of the magnetization direction with respect to the
incidence plane of light and to the sample surface. In the P-MOKE geometry,
the magnetization vector is perpendicular to the sample surface and parallel
to the plane of incidence of light, as depicted in Fig. 3.5(a). Whereas, in
L-MOKE case the magnetization is parallel to both the sample surface and
the plane of incidence, as shown in Fig. 3.5(b). T-TMOKE occurs when the
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magnetization is parallel to the sample surface and perpendicular to the plane
of incidence of light, as sketched in Fig. 3.5(c). In this thesis, the P-MOKE
and L-MOKE geometries were utilized in order to determine the magnetic
quantities such as Hc, Hgg, SQR, etc. of the probed stacks.

3.5 Chemical analysis

In order to determine the elements’ interdiffusion in our p-MTJs, which can
influence significantly the desired physical properties of the system, we per-
formed Auger electron spectroscopy (AES) analysis. AES is a widely applied
technique to extract information regarding the chemical composition of sur-
faces. The Auger effect concerns the core of this method and is schematically
illustrated in Fig. 3.6. In particular, the ionization of an electron from an
inner core shell due to external excitation (e.g. x-rays) is followed by the
recombination process of the emerging hole with a second electron from an
outer core shell. The released energy can be either emitted in a form of x-ray
photon or transmitted to another electron and excite it from an outer shell.
The aforementioned procedures concern two competitive phenomena, the x-
ray fluorescence and Auger effect, respectively. X-ray fluorescence dominates
in heavier elements whereas lighter elements prefer the emission of Auger
electrons [105]. In addition, AES is rather surface sensitive technique and
mainly probes the topmost few nm.

Auger
electron

hole,
nucleus
N(ek) L
external -
excitation

primary
electron @

Figure 3.6. Schematic illustration of KLM Auger process in an atom.

The kinetic energy of the Auger electron is denoted by the difference in all
three involved energy levels from low to high. Since the distance between
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the energy levels is a fingerprint of each element, AES is an element specific
method. As an example, considering the XYZ transition where X, Y, and Z
denote the involved shells, the kinetic energies of the Auger electrons can be
estimated by the formula

Eyy, = Ex—E,—E, — U(YZ), (3.7)

with Ey, Ey, and E, as the energy of the X, Y, and Z electron, respectively.
Furthermore, a correction term has to be added since the kinetic energy is
influenced by the Coulomb interaction U(YZ) of the generated holes. In order
to obtain the AES depth profile of a multilayer stack, Ar ions are employed to
etch the atomic layers sequentially. Further details regarding the technique
can be found in Ref. [106].
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Chapter 4

Experimental

This chapter addresses results on the correlation of magnetic proper-
ties with the TMR ratio in Ta-capped p-MTJs with EB as well as on
the influence of different capping layers on a number of magnetic
quantities and the TMR ratio. In the first section, we demonstrate
the establishment of the large PEB in Mnlr-based stacks. We provide
a detailed analysis of the magnetic properties of Hy,, Hy, He, M,
and tp;, pointing towards their tunable character by modifying the
thickness of a CoFe/Ta thin layer between the Mnlr and CoFeB films.

In the second section, we discuss the magnetic analysis of several
trilayer CoFeB-based systems, capped with different materials (i.e. Ta,
Hf, Zr, Mo). We extract the optimum parameters in terms of t. g5 and
T, for the establishment of PMA in the individual films. Additionally,
we make a thorough analysis of the several diffusion mechanisms
which may occur in the investigated systems and determine the emer-
gence of PMA.

The third section focuses on the dependence of several magnetic
(i.e. Hegg, M, tggl, J) and magnetotransport properties (i.e. TMR ratio)
on the F thickness of the soft electrode, T,,,, post annealing time, and
tmgo in Ta-capped p-MTJs with EB. In addition, the correlation of the
TMR ratio with the magnetic properties is discussed.

The fourth section exhibits the influence of the magnetic properties
and the TMR ratio from the introduction of several capping layers
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with different degree of B absorption in the vicinity of the soft CoFeB

electrode. In the fifth section we investigate the role of diffusion

effects in two p-MTJs with EB capped with Ta and Hf, via performing

Auger measurements. In the last section we probe the efficiency of

the voltage-controlled magnetic anisotropy (VCMA) effect in Ta- and
Hf-capped p-MTJs with EB via examining the electric field dependence
of H.. Most of the obtained results have been published in Refs. [107,

108].
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Figure 4.1. (a) OOP hysteresis loops of the samples

Ta/Pd/Mnlr/CoFe/Ta/CoFeB/MgO (blue) and Ta/Pd/Mnlr/CoFeB/MgO (red). (b)
OOP hysteresis loops for variable tiTr:. (c) Hysteresis loops in the OOP (blue) and
IP (red) directions for the sample with tiTr; = 0.40nm. (d) Hg (left-axis) and Hgp
(right-axis) as a fuction of tiT’;t. The inset shows the dependence of H; on tiTr;t.
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4.1 Pinned electrode stacks based on Mnlr/CoFe bilayers

Magnetic properties of Mnlr-based stacks In Sec. 2.5, the necessity of
the EB establishment in MTJs was analytically discussed by virtue of the
enhancement of the retention time. From the magnetic standpoint, the
fabrication of p-MTJs with EB involves two primary requirements. Firstly, the
pinned electrode of the junction must display large EB along with low H,
establishing a well defined plateau between the magnetic switching of the
soft and pinned electrodes. In this way, the simultaneous switching of both
electrodes can be prevented. Secondly, the soft and pinned electrode stacks
should present high PMA to ensure a parallel (low resistance) or antiparallel
(high resistance) relative orientation of the electrodes’ magnetization in the
perpendicular direction. The bottom part of the junction is preferred for the
development of the pinned electrode, since Mnlr acts as an additional seed
layer that promotes the (111) texture of the subsequent F layer and, therefore,
enables the establishment of higher PMA as van Dijken et al. reported [74].

In this thesis, the pinned electrode stack displaying large PEB and strong
PMA is of the materials sequence Ta/Pd/Mnlr/CoFe/Ta/CoFeB/MgO. In this
stack, the presence of a CoFe/Ta dusting layer between Mnlr and CoFeB
plays a significant role in the satisfaction of the previously discussed magnetic
criteria. Indicatively, in Fig. 4.1(a) two hysteresis loops in the OOP direc-
tion are shown for the stack Ta/Pd/Mnlr/CoFe/Ta/CoFeB/MgO (blue) and
Ta/Pd/Mnlr/CoFeB/MgO (red). An EB field equal to 730 Oe with a reduced
PMA at H = 0 Oe is visible for the stack without the CoFe/Ta dusting layer.
On the contrary, the emergence of PEB with an Hyz; = 690 Oe can be realized
sustaining a strong PMA at H = 0 Oe for the series of stacks with the presence
of CoFe/Ta interlayer.

Moreover, Fig. 4.1(b) depicts four representative hysteresis loops in the
OOP direction for £ = 0.30 nm (purple), £ = 0.40 nm (blue), £ = 0.45 nm
(orange), ti = 0.50nm (green) where the tunable character of PEB as a
function of the t. is visible. Additionally, a substantial change of the hysteresis
loop’s shape can be extracted unveiling the significant influence of anisotropy
while varying the ¢,

Figure 4.1(c) presents two hysteresis loops for the stacks with ' = 0.40 nm
recorded in the IP (red) and the OOP (blue) direction, collected via AGM. The
establishment of an OOP easy axis is visible when comparing the relatively
higher saturation field and lower remanent magnetization of the IP hysteresis
loop compared to the OOP one. The Hy, is defined as the hard-axis saturation
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field and measured at the intersection of the IP and OOP hysteresis loops,
as indicated by the dashed line. From the OOP (IP) loops the behaviour
of Hyg (Hy) is extracted and plotted against ¢ in Fig. 4.1 (d). An inverse
relation between Hy and Hyy can be realized, presenting a monotonic decrease
(increase) of Hyy (Hy) from 103 Oe to 1003 Oe (5029 Oe to 6204 Oe), with
increasing the ¢t from 0.30nm to 0.55 nm. Furthermore, from the OOP loops
the H_ is identified for each stack and presented in the inset of Fig. 4.1(d) as
a function of 1. The stacks with ' = 0.40nm present a larger H, = 191 Oe
compared to H; = 118 Oe for the stacks with ¢t = 0.30 nm.
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Figure 4.2. (a) M; tligl plotted against the total F thickness for the samples with
tr = 0.30nm (red squares), t;)' = 0.40nm (green circles), t = 0.55nm (blue
triangles). The indicated lines represent the corresponding linear fits in which tp;
and Mg are determined by the intercepts and the slopes for each case, respectively.
(b) The Mg (left-axis) and tp; (right-axis) as a function of tiT‘;t.

In order to further elucidate the underlying mechanisms which contribute to
the establishment of EB along with PMA, the M, and tj,; have been determined

in a series of stacks with variable tiT‘;t. Figure 4.2(a) illustrates the M, t::lf\f[ asa
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4.1 Pinned electrode stacks based on Mnlr/CoFe bilayers

function of the F thickness with the corresponding linear fit for the sample
series with tiTr: = 0.30nm (red squares), tiT‘: = 0.40 nm (green circles), and
ti" = 0.55 nm (blue triangles). The dead layer thickness t},, and the saturation
magnetization M, are estimated by the intercept of the linear fit with M, t‘;f& =0
and the slopes of the curves, respectively. In addition, the determination of tggl
was performed via subtracting the tg, with ty; as discussed in subsec. 2.6.3.
Figure 4.2(b) depicts the dependence of M, (left-axis) and t;; (right-axis) on
ti. The M, shows a slight decrease for increasing ! and for ¢ > 0.4 nm
it remains constant displaying a value of 1210 emu/ccm. On the contrary, a
monotonic increase of ty, is observed with increasing .

The observed behaviour of M, could be explained through the existence of
two competitive mechanisms in its final determination, as earlier discussed
by Sinha et al. [109] in Ta/CoFeB/MgO layer systems. On the first hand,
the determination of M, depends on the amount of B located in the CoFeB
electrode and, on the other hand, on the t;;. The deficiency of B would
enhance the crystallization of CoFeB and, thus, the resulting M,. Whereas, the
formation of t,,; would lead to the decrease of the determined M; as visible
from Fig. 4.2(b) for tiTr;t > 0.4nm. The domination of the one mechanism over
the other dictates the final result. Consequently, the formation of the dead
layer obscures the effect of B absorption for tiT‘;t > 0.4 nm, resulting in lower
M values. Whereas, for t* < 0.4nm the M, increases revealing that the
mechanism of the dead layer formation is outweighed by the enhancement of
B absorption.

Finally, the stacks with t* = 0.30nm and ¢} = 0.40 nm are chosen to
be the most suitable ones for the fabrication of the pinned part of the full
p-MTJs. In the case of stacks with tiTr: = 0.30nm, the considerably large
Hp = 1000 Oe is the characteristic which renders them promising candidate
for their implementation in the pinned part. For stacks with tiT‘;t =0.40nm,
although the exhibited Hyy equal to 690 Oe is smaller compared to the previous
case, the obtained Hy equal to 5500 Oe is significantly larger compared to the
previous ones (5000 Oe).
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4.2 Soft electrode stacks based on CoFeB

4.2.1 Ta-capped soft electrode

In subsec. 2.3.2 we analyzed the mechanisms for the establishment of PMA
in the underlayer/CoFeB/MgO systems concluding that 4d and 5d suitable
candidate materials for the underlayer. As a next step, we investigated the
T.nn and tcrs dependencies on the following magnetic properties: squareness
(SQR) defined as the ratio between the remanent (M,) and the saturation
magnetization, H., and Mg t;f\f[ of the MgO/CoFeB/Ta/Pd layers system. We
will thoroughly discuss the physical mechanisms which influence the estab-
lishment of PMA and we will extract the T, and t.; range where the PMA
is obtained.

Figure 4.3(a) presents three indicative hysteresis curves collected under
the application of OOP magnetic fields for MgO(2) /CoFeB(x)/Ta(3)/Pd(4)
stacks, with x =1.05 (blue), 1.20 (black), and 1.35 (red) nm, annealed at
T..n = 280°C. In the sample with t .z = 1.20 nm the PMA is clearly observed
and reflected by the large SQR exceeding 90 %. On the contrary, the film with
tcores = 1.35 nm shows IP anisotropy instead of PMA indicated by the poor
SQR value around 10 % and large Hy ~ 4 kOe. Interestingly, the stack with
tcores = 1.05nm presents a hysteresis free loop with the combination of a
small saturation field (H, ~ 0.4kOe), a possible reason for this behaviour is a
transition to a superparamagnetic state, i.e. that the magnetization switches
thermally activated at a frequency much higher than the measurement time.

In Fig. 4.3(b) the evolution of H. with the thickness of CoFeB is presented.
Specifically, for tqyrs < 1.05nm the H. obtains constant values around 2 Oe,
while in the thickness range 1.05nm < top < 1.20nm the H shows a
constant increase with a maximum of 72 Oe. For t¢gp > 1.25nm, a progres-
sive decrease of H can be identified, bottoming out for tc s = 1.50 nm.
Moreover, as illustrated in Fig. 4.3(c), which shows the SQR as a function
of the F thickness, the magnetic anisotropy changes from perpendicular to
IP for types = 1.35nm, due to the increase of magnetostatic energy. In addi-
tion, the magnetic character becomes probably superparamagnetic (SM) for
tcores < 1.05nm. Thus, the thickness region which provides the establishment
of PMA with SQR values around 0.9 is limited between 1.1 nm and 1.3 nm
and drops abruptly at the boundary region.
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Figure 4.3. (a) OOP hysteresis loops of the MgO(2)/CoFeB(x)/Ta(3) /Pd(4) stacks
with x = 1.05,1.20,1.35nm annealed at T,,, = 280 °C for 60 min. Inset: Close-up
of the hysteresis loops around zero field. The magnetic properties of (b) H; and
(c) SQR (SQR= %) measured in the OOP direction are plotted against the CoFeB
thickness. With yellow colour is indicated the thickness range of CoFeB in which the
PMA is obtained. The superparamagnetic regime region is labelled as SM.

Figure 4.4(a) depicts three indicative hysteresis loops for the MgO(2) /CoFeB
(1.2)/Ta(3)/Pd(4) stacks annealed at T,,, =280 (black) °C, 340 (red) °C,
350 (blue) °C. It is clearly observed that the stacks annealed at T,,, < 340°C
acquire PMA, whereas for the stacks annealed at T,,, =350 °C the PMA dis-
appears. From a series of hysteresis loops at several T,,,, we drew Fig. 4.4(b)
which presents the dependence of SQR on T,,,. For T, ., <340 °C, the samples
exhibit almost constant SQR values around 90%, indicating the existence
of PMA at this T,,, range. Further increase of T,,, (T,,, = 350°C) causes a
significant weakening of PMA which is reflected on the small SQR values of
the order of 10%. Previous spectroscopic studies in Ta/CoFeB/MgO [110,
111] have correlated the Ta diffusion into the CoFeB layer with the emergence
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Figure 4.4. (a) OOP hysteresis loops of MgO(2)/CoFeB(1.20)/Ta(3)/Pd(4) stacks
annealed at T,,, = 280°C (black), T,,, = 340°C (red), and T,,, = 350°C (blue).
(b) The dependence of SQR on the T,,, for the MgO(2)/CoFeB(1.20)/Ta(3)/Pd(4)
samples. With yellow colour is defined the T,,, region where PMA is well established.
(c) Schematic illustration of the structure of MgO/CoFeB/Ta after annealing with the
zoomed-in region of the CoFeB/MgO interface. The arrow indicates the crystallization

orientation.

of PMA. Specifically, during the post-annealing treatment the as-prepared
(A.P) amorphous CoFeB layer crystallizes in bec (001) structure, coherently to
the MgO (001) [112]. During this process, Ta acts as an efficient B absorber
material, favouring the B out-diffusion and allowing for crystallization to
occur. Simultaneously, the B atoms get stacked on the Ta/CoFeB interface
creating a layer of TaB with thickness of tpz &~ 0.2nm [113]. However,
the increase of T,,, causes the Ta diffusion into the CoFeB layer up to the
CoFeB/MgO interface, which deteriorates the CoFeB (001) orientation, de-
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Figure 4.5. (a) Saturation magnetization per unit area plotted against the CoFeB
thickness for the samples annealed at T,,, = 280°C (red) and T,,, = 300°C (green)
along with the corresponding linear fits (dashed lines). (b) The saturation magne-
tization (left-axis) and magnetic dead layer thickness (right-axis) as a function of

Tann .

creases the CoFeB/MgO interface anisotropy, and finally destroys the PMA
(cf. Fig. 4.4(c)).

Figure 4.5(a) presents the M tl‘f;lf\f[ plot as a function of tq. with the corre-
sponding linear fits for the stacks MgO(2)/CoFeB(1.2)/Ta(3)/Pd(4) annealed
at T,,, = 280°C (red) and T,,, = 300°C (green), respectively. From the
corresponding slopes and the x-intercepts of the linear fits, we extracted
the Mg (left-axis) and tp,; (right-axis) of the A.P and the annealed stacks, as
shown in Fig. 4.5(b). It can be realized that the creation of a dead layer
coincides with the beginning of the annealing process, showing t; & 0 in the
AP state. In the rest T, , region, the dead layer ranges from t; = 0.22nm
to tp, = 0.28 nm. Since ty; ~ tp, We can possibly attribute the existence
of the magnetic dead layer to the formation of the TaB layer. Furthermore,
the monotonic increase of Mg with T,,, underpins the enhancement of CoFeB
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crystallization upon annealing. At this point, it is crucial to mention that the
determination of the Mg and ¢, in trilayer systems (e.g. MgO/CoFeB/Ta)
is of fundamental importance for their utilization as the soft electrodes in
p-MTJs. Both parameters are inextricably linked with the determined TMR
ratios and the establishment of thermally stable p-MTJs.

4.2.2 Alternative capping layers for the soft electrode

Apart from the use of Ta as a capping layer in the soft electrode, alternative
materials could be utilized such as Mo, Hf, and Zr, which promote the estab-
lishment of PMA in such stacks and combine additional desirable properties
for their implementation in p-MTJs. Particularly, Mo is valued to improve
the thermal stability of the perpendicular CoFeB/MgO stacks, as Liu et al.
[114] reported in their work. In addition, Hf and Zr are stonger B absorber
materials compared to Ta and Mo and, thus, it is expected to enhance the
TMR ratios in CoFeB/MgO/CoFeB based MTJs, as analyzed in subsec. 2.2.4.
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Figure 4.6. (a) OOP hysteresis loops of MgO(2)/CoFeB(1.2)/A/Pd(4), where
A =Mo (orange), Zr (green), Hf (red) annealed at T,,, = 300°C. (b) The T,,, de-
pendence of SQR for Mo (orange)-, Zr (green)-, and Hf (red)-capped samples.

Figure 4.6(a) presents three hysteresis loops of the stacks MgO(2)/CoFeB
(1.2)/A/Pd(4), with A=Mo (orange), Zr (green), Hf (red) annealed at T,,, =
300°C for 1h. From the hysteresis loops, we extracted the T,,, dependence of
SQR for all samples with different capping layers, as presented in Fig. 4.6(b).
For T,,, > 325°C, the high (low) SQR values around 90% (10%) for the
Mo-capped (Hf-, Zr- capped) samples can be pointed out indicating their
high (low) thermal stability of PMA. On the contrary, at T,,, = 280°C the Hf-
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4.2 Soft electrode stacks based on CoFeB

and Zr-capped samples present high SQR values above 0.8, compared to the
Mo-capped one which is identified around 0.1.

Since the establishment of PMA in trilayer stacks such as MgO/CoFeB/cap-
ping layer is determined to a certain extent by the interfacial PMA induced by
the Fe-O hybrid orbital, it is necessary to examine the tendency of the capping
layer to influence the aforementioned hybridization positively or negatively.
In particular, two crucial parameters which are involved to the hybridization
of Fe-O orbitals are related to the presence of B and the capping layer atoms in
the interface of MgO/CoFeB, as it was previously discussed in subsec. 2.3.2.

Table 4.1. The predicted formation enthalpies in (kJ/mol) [115] of transition metal
borides which may be anticipated within a typical half-MTJ structure.

M= | Ta | Mo | Hf Zr
M,B |-56 | -35 | -67 | -72
MB | -78 | -48 | -95 | -103
MB, | -74 | -43 | -95 | -104

In Table 4.1 the formation enthalpies in (kJ/mol) of the transition metal
borides M,B, MB and MB, where M=Ta, Mo, Hf, and Zr are presented, as
calculated by Niessen et al. [115]. The Ta-, Hf-, and Zr-capped samples exhibit
significantly larger negative formation enthalpies compared to the Mo-capped
ones, indicating the ability of the first ones to act as B absorber materials.
As a result, we expect the establishment of PMA to take place at lower T,,,
for the stronger B absorber materials compared to the weaker ones. As the
T.., increases, the interdiffusion of the elements is enhanced and, resultantly,
the atoms of the capping layer reach the MgO/CoFeB interface weakening
the hybridization of 3d Fe with 2p O orbitals, as previously indicated for the
Ta-capped samples case.

However, this general mechanism seems to be more enhanced in the case
of Ta-, Hf-, and Zr-capped samples compared to the Mo-capped ones, which
can be identified by the observation of PMA at elevated T,,, for the latter
case. This behaviour could be attributed to the lower interdiffusion of Mo
compared to Ta, Hf, and Zr which can be realized by the significantly smaller
negative formation enthalpies of the relevant oxides. Indicatively, the pre-
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Table 4.2. Formation enthalpies in (kJ/mol) of Hf, Zr, Ta, and Mo oxides which may
be anticipated in MgO/CoFeB interface.

A= Hf Zr Mo Ta
AO, | -1144.7 | -1100.6 | -588.9 -
AO, - - -745.1 -
AOq - - - -2046.0

dicted formation enthalpies of Ta, Hf, Zr, and Mo oxides [116] that may be
anticipated in the interface of MgO/CoFeB are summarized in Table 4.2. This
underpins that Mo is much less diffusive material among the four, favouring
the hybridization of Fe-O orbitals and, thus, promoting the thermal stability
of PMA.

Since one core topic of this thesis focuses on the dependence of TMR
ratio on the introduction of strong B absorber materials as capping layers
in CoFeB-based p-MTJs, we will analyze the T,,, dependence of M tl‘j:lf\f[, M,
and ty;, for the Hf- and Zr-capped samples. Figure 4.7(a) illustrates the
Mgt as a function of the tg,p; for the Hf (red squares)- and Zr (green
circles)-capped samples annealed at T,,, = 280°C. Moreover, Figs. 4.7(b)
and 4.7(c) depict the Mg and ty; for the Hf-, Zr-, and Ta-capped samples,
respectively. From Fig. 4.7(b), a trend of higher M, values for stronger B
absorber materials can be identified. Particularly, the stacks with the strongest
B absorber material as a capping layer, i.e. Zr, present the highest M, values
for the entire T,,, range compared to their Hf- and Ta-capped counterparts.
In a phenomenological approach, the stronger B absorption leads to the
enhancement of the CoFeB crystallization, as previously analyzed, with a
positive impact on the determined Mg values.

In addition, as shown in Fig. 4.7(c) the tp; values of the Ta and Hf-capped
stacks are comparable around 0.25 nm, whereas the t,; values of the Zr ones
are almost 0.12 nm. From the previously described physical picture for the
creation of tp; in MgO/CoFeB/Ta stacks, one should expect that Zr, as the
strongest B absorber material, would form the thickest t;, among the three
series of stacks. However, it must be underlined that the origin of t; in such
stacks does not only dependent on the nature of the capping layer material,
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Figure 4.7. (a) Mg t;f\f[ plotted  against  tcrp  for  the  stacks
MgO(2)/CoFeB(x)/A(3)/Pd(4) where A=Zr(green), Hf (red) annealed at
Tonn = 280°C. The T,,, dependence of (b) Mg and (c) tp,, for the Zr (green circles)-,

al

Hf (red squares)-, and Ta (black triangles)-capped samples.

but also on the precise control of the sputtering conditions [117], stack order,
and base layer structure [118]. Consequently, the thinner t;,; observed in the
Zr-capped stacks could be an outcome of possible changes in the sputtering
conditions (e.g. Ar pressure), which would lead to smoother interfaces and,
thus, smaller ty;. For example, in literature a large variation of t,; is reported
for Ta/CoFeB/MgO stacks, ranging from Onm [114, 119] to 0.6 nm [109,
120].
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Figure 4.8. (a) Major hysteresis loops of sub/Ta(0.4) /CoFeB(0.8) /MgO(2) /CoFeB(x)
/cap annealed at T,,, = 280°C for 60 min. (b) Coercivity measured in the OOP

direction as a function of 25, ., acquired via MOKE.

4.3 Ta-capped p-MTJs with exchange bias

4.3.1 Magnetic properties

Figure 4.8 (a) illustrates three major hysteresis loops for the stacks sub/Ta(0.4)/
CoFeB(0.8)/MgO(2)/CoFeB(x) /cap, with t3 . =1.05 (yellow), 1.20 (purple),
1.30 (blue) nm. The layer stacks Ta(4) /Pd(2) / Mng,Ir,,(8) / CosoFes, (1) and
Ta(3) /Pd(3) will be symbolized as “sub" and “cap", respectively. The two
distinct magnetic steps are clearly observed arising from the correspond-

ing soft and pinned electrodes. However, no apparent hysteresis of the soft

electrode for tggFeB = 1.05nm is observed while a hysteretic behaviour is
evident for the rest samples with ¢35, . = 1.20nm and t5, , = 1.30nm.

Figure 4.8(b) presents the H of the soft electrode as a function of tggFeB,

extracted from the minor loops (not shown). As visible, the H. varies in
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a range of (1.2 —67. 8) Oe reaching its maximum for ¢t3* . = 1.25nm and

CoFeB
bottoming out for ¢3¢ = 1.05nm. Consequently, it can be pointed out that

CoFeB

for t3%. , = 1.05nm the magnetic properties of the soft electrode illustrate

the characteristics of superparamagnetism [121].
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Figure 4.9. (a), (¢) Major and (b), (d) minor loops of (a), (b)
sub/Ta(0.4)/CoFeB(0.8) /MgO(x)/CoFeB(1.2)/cap and (c), (d) sub/Ta(0.3)
/CoFeB (0.8) /MgO(x)/CoFeB(1.2)/cap stacks, after annealing at T,,, = 280°C for
60 min, collected via MOKE.

Figure 4.9 shows a number of representative perpendicular major/minor
hysteresis loops for the stacks sub/Ta(0.4)/CoFeB(0.8) /MgO(x) /CoFeB(1.2)
/cap (cf. Figs. 4.9(a) and 4.9(b)) and sub/Ta(0.3) /CoFeB(0.8) /MgO(x)/CoFeB
(1.2)/cap (cf. Figs. 4.9(c) and 4.9(d)), for ty,,o = (0.6 —2.4)nm. A notice-
able difference between both series of stacks is the enhancement of Hy, from
640 Oe to 1000 Oe, as tiTr;t decreases. A possible explanation for the observed
behaviour is that the decrease of tiTI: from 0.4nm to 0.3 nm causes a reduction
in the number of Ta interlayer atoms which are deposited on Mnlr through the
pinholes of CoFe sublayer, leading to the increase of Hy [71]. Alternatively,
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the decrease of tI' could lead to the enhancement of the direct coupling
from the CoFeB to the CoFe and, thus, the increase of Hy;. Furthermore, as
illustrated in Fig. 4.9(a), the two clear magnetic steps come closer to each
other with decreasing ty,o, while for ty,, = 0.6nm there is the formation of
one magnetic step from the two initial.

Moreover, the magnetostatic character and strength are extracted following
the methodololgy which is discussed in subsec. 2.6.3. As depicted in Figs.
4.9(b) and 4.9(d), the magnetostatic character is AF except for the stack
with ty,o = 0.8nm (cf. Fig. 4.9(b)) where a change in the character of
coupling takes place, due to the F nature of the direct coupling between the
two electrodes [122]. Moritz et al. [83] suggested that in the case of films
with strong PMA, the AF coupling can also be energetically favorable as an
interplay of the magnetostatic, exchange, and anisotropy energy. In addition,
the AF state between the electrodes denotes that we are in the beginning
of the hole-formation in the MgO barrier. The contribution of the magnetic
surface charges which is responsible for the F coupling may reduce, whereas
the contribution of the magnetic volume charges promoting the AF coupling is
enhanced. As a result, the finally determined coupling presents an AF nature.
Additionally, in Figs. 4.9(b) and 4.9(d) a change of H. is observed with the
variation of ty,q. This behaviour can be possibly attributed to the different
roughness between the examined stacks induced by the change of ty.

From the minor loops of the two series of stacks with ¢} = 0.4nm and
tlnt 0.3nm, J is acquired using Eq. (2.25). The calculated M?* as well as
tp; for both samples are determined from a series of films where the thickness
of CoFeB in the soft electrode varies.

Figure 4.10(a) depicts one indicative M, t¢ff

S "FM
direction for a stack with ¢ = 0.4nm, ty,, = 2.0nm, and

loop acquired in the OOP
o 5 =1.25nm,

where the contributions of the soft and pinned electrodes in the M, t;lf\f[

indicated with double arrows. Figures 4.10(b) and 4.10(c) show the M, t;f\f[
as a function of ty, for the stacks with tlnt 0.4nm and tlnt 0.3nm. The
M?® and tp, for the sample with ¢ = 0.4nm (¢} = 0.3 nm) is extracted to
be equal to M** = (1166 + 45) emu/ccm (M = (1161 £ 77) emu/ccm) and
tp. = (0.53 £ 0.05)nm (tp;, = (0.53 + 0.05)nm).

The dependence of J on ty,, for both stack series is illustrated in Fig.
4.10(d). As displayed in the graph, there is a strong dependence of J on the

barrier thickness, with an AF (F) character for ty,o > 0.8 nm (ty,o < 0.8 nm),
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Figure 4.10. (a) The OOP M, teff hysteresis loop of a stack with t”‘t = 0.4nm,
tmgo = 2.0nm, and tggFeB =1.25nm. (b) ((c)) the M, tfﬁ plotted against the total
FM thickness for a stack with t““ = 0.4nm (tlnt = 0.3nm). The points with blue,
green, and red colour depict the MS et MSE tgg, and MPinned ¢off - along with the
corresponding linear fits. (d) The dependence of J on tmgo with t‘m =0.4nm (red
squares) and t”“ 0.3nm (green circles) in the EB part. The green and red lines

represent the Correspondmg linear fit arising from Néel model.

which is combined with an additional dependence on t“‘t Specifically, the
stacks with t”“ 0.4nm show smaller values for J compared to the stacks
with t = 0.3nm. The higher J values of the stacks with ¢t = 0.3nm
compared to the stacks with tiT‘;t = 0.4nm, could be possibly attributed to
their higher roughness [123]. According to Néel, the coupling strength could
be represented by the exponential relation

M?h*
J o< Ho AS exp( — 2;d) = pexp( —ad), 4.1

where d is the thickness of the spacer, h and A is the amplitude and the wave-
length of the correlated interface waviness of the insulating layer, respectively.
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Consequently, £ oc h* which is a measure of roughness. In Fig. 4.10(d) the
fitting functlons for the stacks with £ = 0.3nm and t}' = 0.4nm are indi-
cated with green and red colour, respectlvely From the ratio of the extracted
parameters zzzz: = 22 =16.14mA’nm? and Zizz SZZ =10.81 mA?nm?,

we conclude that the samples with tlT‘;t = 0.3nm acquire larger roughness
values compared to the samples with tiTr: = 0.4 nm and, thus, present larger J

values.
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Figure 4.11. The dependence of M, (left-axis) and teff (right-axis) on tlm

Figure 4.11 depicts the dependence of M, (left-axis), and teff v (right-axis)
of the total stack on tI. The M, and t& are obtained from a series of stacks
with variable CoFeB thickness. An example of the estimation of M, and ty, for
the sample with ¢ = 0.4nm annealed at T,,, = 280°C can be found in Fig.
4.13(a). As V1s1b1e in Fig. 4.11 the M, plot against t”lt presents a constant
behaviour with increasing ', while the Sl and M, t;lf\f[ (not shown) decrease.

Figures 4.12(a) and 4.12(b) show a number of representative normalized
major and minor loops for ty,, = 2nm and ti" = 0.4nm at several T,,,,
respectively. In particular, Fig. 4.12(a) demonstrates the loss of EB in the
pinned part at T,,, = 330°C. Figure 4.12(b) unveils the gradual reduction of
H, of the free layer with increasing T,,,. In both cases, the observed behaviour

can be correlated with the increased interlayer diffusion effects during post-

76



4.3 Ta-capped p-MTJs with exchange bias

S il I S——
7 " S——
D BN U =,

Normalized Signd
PR R B Rb R

-1
3 2 -1 0 1 2 3 -0.1 0.0 0.1
H_(kOe) H_(kOe)
6 8 o ; ; o
_— & ~ _ 1E
- —"~n '\./l - 6.5 % Z-Q—+ -0 0\§ | %
X 8 27 « :
o o
g’ iy A e E i-a |-E
g2t 4% \ ] VE o 1t g 18
s | + A 21 ;\3 " \9 E"V%
C — _ "‘; d —> 1% w
0_( ) . l u 0 s 0 ( ) . . j =
270 300 330 360 280 320 360 400
T,..CC) T,,(0

Figure 4.12. (a) Major and (b) minor normalized magnetic loops of stacks with
tymgo = 20, tiTr;t = 0.4nm, and tcopercores = 30m, for T,,,=280 (red), 300 (green),
320 (blue), 330 (orange) °C. (c) The dependence of J (left-axis) and Hyp (right-axis)
on Tyyy. (d) The Ty, evolution of Mteh and MSEtEl for a stack with ty,o = 2nm,
ti = 0.4nm.

annealing, in line with previous reports for Ta/CoFeB/MgO layer systems [24,
111, 124, 125] and Mnlr-based CoFeB/MgO/CoFeB MTJs [126].

Figures 4.12(c) and 4.12(d) illustrate the dependence of J, Hgy, M, t;ﬁ,
and MSSEtngf on T, .. From the minor and major loops, acquired via MOKE
measurements at several T, , J and Hyy are calculated and presented as a
function of T,,, in Fig. 4.12(c). As visible from the graph, the high T, causes
a significant degradation of J (left-axis) and Hgg (right-axis) bottoming out at
Ton = 340°C and T,,,, = 330°C, respectively. Similar temperature dependent
behaviour of the coupling energy density was reported by Yakushiji et al.
[127], in perpendicularly magnetized synthetic antiferromagnetically coupled
reference structures.

Additionally, in Fig. 4.12(d) the M.t (left-axis) presents stable values for

S“FM
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270°C< T,,, < 330°C noting a strong decrease for T, , = 340°C, reaching
a low value at T,,, = 400°C. Moreover, the M SSEtgg (right-axis) illustrates
a slight increase for 270°C< T,,, < 340°C noting a strong decrease for

T,on = 400°C.
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Figure 4.13. (a) Saturation magnetization per unit area Mst;;g[ plotted against tpy;.
(b) Magnetic dead layer thickness t; (left-axis) and saturation magnetization M,
(right-axis) as a function of the annealing temperature T,,,.

In order to further investigate the influence of diffusion effects on the
magnetic properties of the stack, magnetic measurements are performed in a
series of films with variable thickness of the top CoFeB, at various T,,,. Figure
4.13(a) illustrates the saturation magnetization per unit area Mst‘;f\f[ as a
function of the F thickness with the corresponding linear fit for post-annealing
temperatures equal to T,,, = 280, 340, 400 °C for the sample series with ¢ =
0.4nm. In Fig. 4.13(b) the ty; (left-axis) and M, (right-axis) are presented for
T..n = 280, 340, 400°C. Specifically, the M, values are found to be equal to
M, = (1176+43) emu/ccm for T,,, = 280°C, M, = (1150%+108) emu/ccm for
Tonn = 340°C, and M, = (559 £ 48) emu/ccm for T,,, = 400 °C. Furthermore,
the tp, are extracted to be equal to t,;, = (1.05+0.11)nm for T,,, = 280°C,
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4.3 Ta-capped p-MTJs with exchange bias

tpr = (1.56 £0.31)nm for T,,, = 340°C, and t,; = (1.91 + 0.30)nm for
T..n =400°C. It is worth noting that the extracted values of t; correspond
to the total F volume of the pinned and soft electrodes. These results are
in line with previous publications [128], where M, and t,; present similar
dependency on T,,,. Nonetheless, Jang et al. [129] reported an increase of
M, with increasing T, as a consequence of the enhanced crystallization of
the CoFeB layer. As it was earlier analyzed in Sec. 4.1, in the determination of
the parameter M, two competitive mechanisms (i.e. B absorption, formation
of dead layer) participate, which may lead to different results. Therefore, the
observed behaviour of M, with increasing T, could be an outcome of the
dead layer formation which obscures the effect of B absorption, resulting in
lower M values, as Sinha et al. [109] have reported in their work.
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Figure 4.14. (a) Major and (b) minor normalized hysteresis loops of stacks with
tpmgo = 21m, tiT‘;t = 0.4nm, and tcgpercopes = 31M, for T,,, = 300°C and annealing
time = 15 (black), 30 (red), 60 (purple), 90 (green) min. (c) The dependence of J
(left-axis) and Hgp (right-axis) on annealing time for T,,, = 300°C.

Furthermore, Figs. 4.14(a) and 4.14(b) show a number of representative
normalized major and minor hysteresis loops for ty,, = 2nm and ti" = 0.4nm
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at T,,, = 300°C and for several annealing times equal to 15 (black), 30 (red),
60 (purple), 90 (green) min, respectively. Specifically, from Fig. 4.14(a) the
loss of EB in the pinned part can be extracted for the annealing time equal
to 90 min. In addition, Fig. 4.14(b) illustrates the progressive reduction
of H, of the free layer with increasing the annealing time. Figure 4.14(c)
shows the dependence of J (left-axis) and Hyy (right-axis) on the annealing
time, extracted from the minor and major loops. As visible, the increase in
annealing time causes a progressive degradation of J. On the contrary, the
Hgp presents stable values for the annealing time range (15-60) min and

disappears for annealing time equal to 90 min.

50+ (a) — et (Q4nm) | 3 (b)
. it 2|
_ 40+ t15 (0.3nm) | Ddevice=06 um
S 3t 1t
€ ' 2o
E 10 - .‘-.‘:‘ - -1r tygo=2M T
I : -2 —=— AP
0 .l—'-/ 3 P
-2 -1 0 1 2 -600 -300 0 300 600
Hp (kOe) Vi (MV)
50l © * { 106} (d) .
< 45} + '} * s | S107 )
x S
= 40+ X 102 | ]
= é I . -
i '} Vye=10mV | 100: . _
10 15 20 25 30 10 15 20 25 30
tygo(NM) tygo(NM)

Figure 4.15. (a) Major TMR loops for the stacks with ty,,=1.8nm, tiTr;t = 0.4nm
(red), and tlTr;t = 0.3nm (green) in the EB part. (b) I-V characteristics for the
parallel (P-orange) and antiparallel (AP-blue) states of the stack with tpMgo=21m,
tiT‘;t = 0.4nm, and Dy = 0.6um. (c) TMR ratio values collected at RT with
Vhias = 10mV plotted against ty,o. (d) The resistance area product (RA) plotted
against the MgO barrier thickness for samples with ' = 0.4 nm.
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4.3.2 TMR properties

Figure 4.15(a) depicts two representative major TMR loops for a series of
stacks with t = 0.3nm (green) and ' = 0.4nm (red), for ty,, = 2nm
at Vi, = 10mV with Dy, = 0.6um. In Fig. 4.15(b), the I-V curves of
the stack with ty,o = 2nm and ti"=0.4nm are illustrated for the parallel
(orange) and the antiparallel (blue) magnetic alignment of both electrodes.
From a series of I-V curves for stacks with ty,, = (1.2 —2.8)nm, the TMR
ratio equal to TMR = % can be extracted, where I, (I,p) is the current in
the parallel (antiparallel) state. Figure 4.15(c) displays the averaged TMR
ratio extracted from 8 devices at V;;,,, = 10 mV, acquired from the I-V curves,
plotted against ty,o with Dy, = 0.6 um. The TMR ratio increases with
the ty,0, reaching a saturation for ty,,, = 1.4nm with a slight decrease for
large tygo- In a phenomenological approach, the TMR ratio increase with
tugo can be attributed to the increase of the tunnel probability for electrons
with an off-normal incidence, which results in an increase of the effective
polarization of the tunnel current and, therefore, the measured TMR ratio [8].
Nevertheless, for large t,, a decrease of TMR ratio has been reported [130]
due to the significant contributions of the inelastic hopping and variable range
hopping conductance mechanisms due to an increased number of defects in
the barrier. Figure 4.15(d) presents the dependence of the resistance area
product (RA) on the ty,, for the samples with tiTI:ZOA nm.
Figure 4.16 illustrates the dependence of TMR ratio on the T, for annealing
=300°C, and t3¢__ extracted

CoFeB

from the I-V characteristics, for the stacks with ty,,, = 1.8 nm, tiT‘;t =0.3nm

(circles) and ty,o = 2nm, tiT‘: = 0.4nm (squares). Specifically, in Fig. 4.16(a)

time equal to 60 min, annealing time for T,

nn

the TMR ratio initially increases with increasing the T, reaching a maximum
of (65.5+3.2)% ((65.5+0.5)%) at T,,, = 300°C for the sample series with
ti = 0.3nm (t2 = 0.4nm), presenting Hgz = 1000 0e (Hg; = 640 Oe).
At T, = 320°C there is a gradual decrease of TMR ratio to 60 % possibly
attributed to the presence of Mn atoms in the MgO barrier [126]. For T, >
330° a steep reduction of the TMR ratio can be observed. Moreover, a similar
trend is presented in Fig. 4.16(b) with increasing TMR ratio for increasing
the annealing time, peaking at 60 min and strongly decreasing at 90 min.
The observed behaviours of increasing TMR ratio with increasing the T,

and annealing time result from the crystallization of the amorphous CoFeB

81



4 Experimental

80 (a) Annealing time =60 min. -
< 60r /i\ Vi=10mV |
@ i
S 40f _ i
= —e—1,,=18m, th=03nm

20+ _ int _ §

——1,,=200m, th=04nm .
280 290 300 310 320 330 340
T,.(C)

sl (b) s V,=10mV “(C) V,.=10 mEV |
S /
> 5 /!/

s 40+ E/ T N 1
— ./

200 1., @300°C T Tapn @ 280°C/ 60 min.

30 60 90 10 11 12 13
Annealing time (min) teorea(NM)

Figure 4.16. TMR ratio dependence on (a) T,,,, (b) annealing time, (c) thFeB for

the stacks having Dyeyice = 0.6 um with ty,0 = 1.8 nm, tiT‘;t = 0.3nm (circles) and

tygo = 21, ti = 0.4nm (squares).

electrodes and the improvement of crystalline structure of MgO (001) barrier
[131].

Taking into account the T,,, and annealing time dependence of J, EB,
TMR, and M.t (only T, dependence), the steep reduction of TMR ratio

S"FM
at T,,, = 330°C for 60 min and T,,, = 300°C for 90 min annealing time,

ann
coincides with the EB loss at these specific conditions. Therefore, among
these three magnetic parameters the EB appears to have the most important
influence on TMR. The EB loss leads to the lack of antiparallel configuration
between the electrodes, which is necessary for the establishment of two well-
defined resistance states. The aforementioned behaviour is also reported
by Gan et al. [132] in CoFeB-based p-MTJs, where the lack of antiparallel
configuration originates from the different temperature dependence of the
H¢ of the individual electrodes.

In Fig. 4.16(c) the monotonic increase of TMR ratio with increasing the
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t3 5 can be extracted. Specifically, the TMR ratio is equal to (32.5 + 1.4)%
for t3. , = 1.05nm taking its highest value of (57.6 £ 3.8)% for t3". . =

CoFeB
1.30 nm. The enhancement of the TMR ratio with increasing the t3*_  could

oFeB
be interpreted as an outcome of the enhanced spin polarization of tche d[001]
states as Yang et al. reported in their work [133]. As an example, in Fig. 4.8(a)
for t3¥. . = 1.05nm the soft electrode follows a superparamagnetic behaviour
which results in a significant weakening of the effective spin polarization

leading to small TMR ratio values.

4.4 Zr- and Hf-capped p-MTJs with exchange bias
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Figure 4.17. Normalized (a), (b), (c) major, (d), (e), (f) minor perpendicular (L)
hysteresis loops of Zr (blue)-, Hf (red)-, and Ta (green)-capped films, respectively
(MOKE at RT).

4.4.1 Magnetic properties

Figure 4.17 shows the OOP hysteresis loops of the stacks Ta/Pd/Mnlr/CoFe/Ta/
CoFeB/MgO/CoFeB/A/Pd where A=Zr (blue), Hf (red), and Ta (green), re-
spectively, with the Ta interlayer thickness of 0.5 nm. The major loops are
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presented in Figs. 4.17(a)-(c) while Figs. 4.17(d)-(f) illustrate the corre-
sponding minor ones. In Figs. 4.17(a)-(c) two distinct magnetic steps are
observable which correspond to the soft and the pinned electrode. The in-
duced Hyy are smaller compared to the examined stuctures in Sec. 4.3 around
-500Oe, as a result of the slightly thicker t* = 0.50 nm. Additionally, the
direction of the Hgg is opposite to the applied field during annealing like in
the previous case. Moreover, from the shift of the minor loops with respect to
zero magnetic field, which are indicated in Figs. 4.17(d)-(f), we can extract
the magnetostatic coupling strength and character (F or AF) by Eq. (2.25).

The calculated M, as well as t; for all the samples are determined from
a series of films where the thickness of CoFeB in the soft electrode varies.
The M, values for the soft electrodes of Zr-, Hf-, and Ta-capped samples
are determined to be equal to M, = (1166 £+ 13)emu/ccm, M, = (1140 +
13)emu/ccm, and M, = (1121 £+ 13)emu/ccm, respectively, and presented
in Fig. 4.18(a). The corresponding t; in the soft electrodes of Zr-, Hf-, and
Ta-capped samples are extracted to be equal to tp; = 0.39nm, t,; = 0.56nm,
and tp; = 0.52nm, respectively. The obtained values for the M, are in good
agreement with previous reports [134]. In addition, the magnetic shift for
the Zr-, Hf-, and Ta-capped samples is identified to be equal H; = 30.5 Oe,
H, = 22 0e, and H, = 20 Oe, respectively, and consequently J is extracted
to be equal to J = (2.87 + 0.10)merg/cm?, J = (1.60 £+ 0.10) merg/cm?,
and J = (1.48 £ 0.11) merg/cm?, respectively as visible in Fig. 4.18(b). The
positive value of J for all the samples reflects the AF character of coupling of
both electrodes.

As analytically discussed in subsec. 2.6.2, the alignment of the magnetiza-
tions of two F layers separated by a non-magnetic spacer prefers such type of
AF coupling when the PMA in the system is relatively large, which promotes
the magnetic volume charges (MVC) to have a dominant contribution to the
coupling between the two F layers.

A further characteristic to be pointed out is the difference between the
PMA of the soft electrodes of all the samples. Figs. 4.18(c) and 4.18(d)
show the anisotropy fields Hy and the uniaxial magnetic anisotropy energy
density K, respectively. Hy corresponds to the minimum field strength applied
perpendicular to the easy axis that is able to force the magnetization to become
perpendicular to the easy axis. The K|, is calculated from Eq. (2.11) where
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Figure 4.18. (a) Saturation magnetization (M), (b) coupling constant (J), (c) ani-
sotropy field (Hy), and (d) uniaxial magnetic anisotropy energy K, at RT, for the Zr
(blue)-, Hf (red)-, and Ta (green)-capped films.

the term tCKj corresponds to the K, for each sample and Kj, is extracted to be
negligible.

As depicted in Fig. 4.18(d), the Hf-capped samples present the largest
values for K, and Hy reflecting the significantly larger PMA of the soft elec-
trode compared to the corresponding Zr- and Ta- capped ones. In turn, the
Ta-capped samples present the second larger K, and Hy values which are
significantly higher than the corresponding Zr-capped ones. One would expect
that since the largest B absorption among all the investigated capped samples
is identified in the Zr-capped ones, this would lead to higher K, values and,
therefore, to higher Hy and K,. However, the K, term contains the sum of
two contributions. The first one is K arising from the interface of CoFeB/A
(where A=HTf, Ta, Zr) and the second one K; results from the MgO/CoFeB
interface. Therefore, the observed behaviour could be attributed to possible

smaller K, values for Zr-capped samples compared to the rest.

4.4.2 TMR properties

Figure 4.19 summarize the results of the TMR at RT for the Zr-, Hf-, Ta-
capped samples, respectively. In Figs. 4.19(a)-(c) three representative major
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Figure 4.19. (a), (b), (c) Representative major TMR loops of the Zr (upper
left)-, Hf (upper middle)-, and Ta (upper right)-capped samples for W;,, =
—120 (red), 20 (green), 120 (blue) mV. (d) Bias dependence of TMR for Zr (blue)-
, Hf (red)-, and Ta (green)-capped films. (e) Averaged TMR ratios of six contacts
acquired at V;,; = 10mV for Zr (blue)-, Hf (red)-, and Ta (green)-capped films.

TMR loops are displayed as a function of the perpendicular magnetic field
for the Zr-, Hf-, and Ta-capped samples, respectively, acquired in different
bias voltages (V;;,, = —120 (red), 20 (green), 120 (blue) mV). From the I-V
curves of six MTJs with Dy = 0.6 um and annealed at T, , = 280°C, we
calculated the TMR ratios as illustrated in Fig. 4.19(d). It is clearly observed
that the Zr-capped sample (blue triangles) possesses the highest TMR ratio
compared to Hf-capped sample (green squares) and the Ta-capped one (red
circles). Moreover, the averaged TMR ratios are presented in Fig. 4.19(e) for
Viias = 10mV, for all samples at T,,, = 280°C and T,,, = 300°C (except from
the Hf-capped). In particular, at T,,, = 280°C the TMR ratio are extracted
to be equal to (66.2 = 3.8)%, (47.2 + 1.4)%, (42.6 = 0.7)% for the Zr-, Hf-,
Ta-capped samples,respectively. In addition, at T,,, = 300°C the TMR ratio
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are identified to be equal to (69.9 + 1.9)% and (58.8 £ 2.3)% for the Zr-
and Ta-capped sample, respectively. This is consistent with the claim of J.
D. Burton et al. [33] that the presence of B at the CoFeB/MgO interface,
suppresses the coherent tunneling in the A, band, leading to the reduction
of TMR. Thus, preventing the presence of B at the interface should enhance
the TMR in these junctions. Moreover, this is in agreement with the fact that
Zr is the strongest B absorber material compared to Hf and Ta, which can be
extracted by the formation enthalpies values as summarized in Table 4.1.

90— ¢ @ o ®)
—_ —— 50K —— 20K
S’E, 60¢ Hf-capped T Tacapped
=
= 30t
0 1 1
-4 -2 0 2 -4 -2 0 2 4
H, (kOe) H.(kOe)
1.6t . " © 1 oo (d)
o 1.2t 2 e
o) S
< 0.8} 1
Io Tel o N
0.4} Tae e .
00t , , R | N
O 4 8 12 16 0 4 8 12 16
T1/2 (K1/2) T1/2 (K1/2)

Figure 4.20. (a),(b) Major TMR loops of the Hf (upper left)- and (Ta) (upper right)-
capped samples for 4, = 20(60) mV at T = 50(20),100(100), 300 (300) K, respec-
tively. (c), (d) H, of the soft electrode versus T/2 (squares: experimental values,
dashed line: model following Eq. (4.2) for the Hf (red)- and Ta (green)-capped films,
respectively.

Figure 4.20(a) (Fig. 4.20(b)) presents the OOP TMR loops for Hf (Ta)-
capped samples at different temperatures T = 50(20),100(100),300(300)K
for V;;,, = 20(60) mV, respectively. In Figs. 4.20(c) and 4.20(d) the H, of the
soft electrodes of the Hf- and Ta-capped samples, which were extracted from
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the corresponding minor TMR loops (not shown), are plotted as a function of
T'/2 . The temperature dependent behaviour of H, for both samples can be
described by Stoner-Wohlfarth model [50] under thermal fluctuations. In this
model the temperature dependence of H, is given by [135]

H,=H.[1—(=)"], 4.2)
0 TB

where Ty is the blocking temperature and H,, is the coercivity at OK. The
extracted fitting parameters for the Hf (Ta)-capped sample is: H, = (1.88 +
0.14)kOe (H,, = (1.84 + 0.10) kOe) and T = 318.4K (T = 289.2K). For
both samples, the experimentally observed values for H, are in reasonable
agreement with the values predicted by Eq. (4.2). However, some slight
deviations are observed especially at low temperatures. One reason could
be the interaction of the soft electrode with the reference system that is also
temperature dependent and prefers the antiparallel state, thereby adding an
extra torque to the soft layers’ magnetization. Another option is a magnetiza-
tion reversal via domain wall nucleation and movement, that could induce
an exponential dependence of H. on T.

4.5 Auger measurements

As analyzed in Sec. 3.5, a versatile method to deliver a precise information
regarding the diffusion mechanisms which take place in multilayer systems is
AES. Thus, a possible stronger B absorption in the Hf-capped compared to the
Ta-capped stacks which leads to the higher TMR ratios (see analysis subsec.
2.2.4), could be substantiated by AES measurements.

Figure 4.21 depicts the acquired AES sputter depth profile of the Hf- (upper)
and Ta-capped (bottom) samples before (right) and after (left) annealing
at 280°C. The Pd element is symbolized with red and B with black colour.
The points of interest in both stacks are the soft electrodes (left parts of each
figure), since these are the only parts which differ between both stacks and
could be exclusively responsible for any changes in the determined TMR
ratios. Particularly, a reduction of the B signal in the CoFeB/MgO interface is
expected for the Hf-capped case compared to the Ta-capped one.

Moreover, the slight difference of Hf and Ta thicknesses (5nm and 3nm,
respectively) could potentially result in an easier diffusion of Pd towards
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Figure 4.21. AES profiles of (a), (b) Hf- and (c), (d) Ta-capped samples. (a), (c)
After post annealing at 280°C. (b), (d) A.P samples.

the CoFeB/MgO interface in the Ta-capped case, which in turn would be
observable with an enhancement of Pd signal. Comparing the AES depth
profiles before and after annealing for both stacks, we find no evidence of
diffusion of Pd in the stack which was created by the annealing procedure.
Consequently, the TMR ratios are not influenced by the thickness difference
of Hf- and Ta-capping layers. In a first glance, comparing the B signal in
Hf-capped (cf. Fig. 4.21(a)) and Ta-capped stacks (cf. Fig 4.21(c)) the
concentration of B near the CoFeB/MgO interface seems to be higher in the
latter case. However, this conclusion would be erroneous due to the physical
limitation to distinguish between B and Ta atoms, since the kinetic energies
of their Auger electrons are similar. Thus, a number of Ta electrons could
parasitically contribute to the B signal.
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4.6 Voltage Control Magnetic Anisotropy
measurements

soft
electrode

MgO T
) E

pinned
electrode .

—

—

Figure 4.22. Schematic representation of electric-field assisted switching in a p-MTJ.

The VCMA effect plays a significant role in the field of voltage-controlled
spintronic devices, since it provides the opportunity to modify the magnetic
anisotropy of a MTJ via the application of an electric field [136]. In particular,
in a p-MTJ structure as presented in Fig. 4.22 the application of an electric
field can markedly alter the interfacial magnetic anisotropy to the extent that
a voltage-induced resistance switching can be achieved. Phenomenologically,
the most possible explanation of the VCMA effect mechanism is that the
electric field modulates the charge distribution at the interface [137].

First principles studies have attributed the modification of magnetic ani-
sotropy by an electric field to the change of the 3d-orbitals occupancies via
spin-orbit interaction [138, 139]. From the applications aspect, the utilization
of the VCMA effect offers a more energy-efficient route to manipulate the
magnetization in MTJs, compared with the STT effect route [140]. Alzende
et al., reported one order of magnitude smaller switching energies from AP to
P in CoFeB-based MTJs using the VCMA effect compared to the STT-based
devices [136].

In our work, we performed a quantitative comparison of the VCMA effect
magnitude in the stacks with material sequence Ta/Pd/Mnlr/CoFe/Ta/CoFeB
/MgO/CoFeB/X/Pd where X=Hf and Ta, via examining the electric field
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Figure 4.23. (a) Electric field dependence of the H, of soft electrodes for (a) Hf- and
(b) Ta-capped samples.

dependence of Hg, as illustrated in Fig. 4.23. The H is determined from the
corresponding average TMR minor loops of 5 contacts collected under various
electric fields. As shown, the application of a positive (negative) bias decreases
(increases) the H of the soft electrode for both samples. A linear electric
field dependence of H, can be pointed out with a slope of (98 £+ 6) Oe-nm/V
((50 £ 4)0Oe-nm/V) for the Hf (Ta)-capped sample. It is worth mentioning
that for the Hf-capped sample the slope is larger compared to the Ta-capped
one, indicating a higher efficiency of the VCMA effect. Therefore, the Hf-
capped p-MTJs which are investigated in this thesis might be of potential
interest for VCMA-p-MTJ-based MRAM applications.
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Chapter 5

Summary & Outlook

MTJs are the key devices in modern spintronics with an exceptional place in
the MRAM and sensor technology. In recent years, the p-MTJs have attracted
major scientific interest as compared with their in-plane counterparts for a
plethora of technological reasons. In this thesis we focused on the preparation
and investigation of p-MTJs with EB utilizing a natural antiferromagnet (i.e.
Mnlr) on the pinned electrode for their potential implementation in MRAM
and magnetic sensor devices. The applicability of these structures in both
cases is inextricably connected with the magnitude of the TMR ratio and
the underlying mechanisms which give rise to it. Consequently, a systematic
investigation of the occurring physical mechanisms which influence the TMR
ratio and its possible correlation with the magnetic properties in such systems,
might offer valuable insight.

In a first step, we fabricated and investigated separately two sub-stacks
for the soft and pinned electrodes, respectively, which composed the full
p-MTJ stack. The soft electrode consisted of MgO/CoFeB/A/Pd films, where
A=Ta, Hf, Zr, Mo are materials with different degree of B absorption, in
which we varied the T,,,, and the CoFeB thickness (only for Ta-capped). For
the Ta-capped soft electrode the establishment of PMA was achieved for
films with 1.1nm < trp < 1.3nm and dropped abruptly at the boundary
region. In addition, the magnetic properties showed the characteristics of
superparamagnetism for tq. s < 1.05nm. Moreover, a well established PMA
was realized for the films with 270 °C < T,,, < 340°C. Further increase of T,,,
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(T,,, = 350°C) caused significant weakening of PMA which was attributed to
the migration of Ta atoms to the MgO/CoFeB interface.

Additionally, we studied the T, -behaviour of PMA for the Hf-, Zr-, and Mo-
capped electrodes. For the case of Hf and Zr, the establishment of PMA showed
a similar T, -behaviour (strong for low T, and weak for high T, ) compared
to the samples with Ta-capped electrode. Whereas, the PMA in samples
with Mo presented the opposite behaviour (weak for low T, , and strong
for high T, ). Thus, we extracted that the strong B absorption mechanism,
which is dictated by Ta, Hf, Zr, compared to Mo, might be responsible for
the establishment of PMA at low T,,,. For high T, , less diffusive capping
materials (Mo) promoted the establishment of PMA.

The pinned electrode was composed of Ta/Pd/IrMn/CoFe/Ta/CoFeB/MgO
materials stack in which we observed the modulation of the Hyy and the
Hy with varying the tiTT. We reported the establishment of large PEB and
anisotropy field with values of Hyz = 1000 Oe, Hy = 5000 Oe for ! = 0.3nm
and Hg = 690 Oe, Hy = 5500 Oe for " = 0.4nm. In turn, we fabricated a
series of p-MTJs with EB of materials sequence Ta/Pd/IrMn/CoFe/Ta/CoFeB/
MgO/CoFeB/Ta/Pd where we systematically studied the correlation of mag-
netic properties with the measured TMR ratio. We observed the modulation
of J, M tggl, Hgg, from the parameters T,,,, annealing time, t%t in the pinned
electrode. In particular, after the variation of T,,, and annealing time we
realized a TMR ratio in the range of (10 — 65.5)% noting its steep reduction
at T,,, = 330°C for annealing time of 60 min and T,,, = 300°C for annealing
time of 90 min. Comparing the T, , and annealing time dependence of J, EB,
TMR, and Mt (only T,

S“FM
the major factor for the large decrease of TMR ratio in the examined stacks.

nn

. dependence), we concluded that the loss of EB is
Controlling the TMR ratio by changing the magnetic properties in such stacks
is of great interest for the magnetic field sensor industry.

Furthermore, we investigated the influence of B concentration in the
MgO/CoFeB interface of the soft electrode on the magnetic and magneto-
transport (TMR) properties. In particular, we fabricated and investigated three
series of p-MTJs with EB stacks of materials sequence: Ta/Pd/IrMn/CoFe/Ta
/CoFeB/MgO/CoFeB/Zr/Pd (stack 1), Ta/Pd/IrMn/CoFe/Ta/CoFeB/MgO
/CoFeB/Hf/Pd (stack 2), Ta/Pd/IrMn/CoFe/Ta/CoFeB/MgO/CoFeB/Ta/Pd
(stack 3). At T,,, = 280°C the TMR ratios were extracted to be equal to
(66.2+£3.8)%, (47.2+1.4)% and (42.6 £ 0.7)% for stack 1, stack 2, and stack
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3, respectively. In addition, at T,,, = 300°C the TMR ratios were identified
to be equal to (69.9 +1.9)% and (58.8 & 2.3)% for stack 1 and stack 3, re-
spectively. Thus, we concluded that the larger TMR values obtained for the
Zr-capped compared to the Hf- and Ta-capped samples were attributed to the
enhanced B absorption of Zr. The introduction of high B absorber materials
in the soft electrode leads to the enhancement of TMR via preventing the
suppression of conductance through the A; band.

In a next step, we probed the temperature dependence of the H, of the soft
electrodes for stacks 2 and 3 within the Stoner-Wolfram model. We observed
a slight deviation from the model for both samples which was interpreted
qualitatively by an additional torque from the interactions occurring between
the AFM/FM double layer and the soft electrode. In turn, we investigated the
efficiency of VCMA effect in stacks 2 and 3, via examining the electric field
dependence of H of the soft electrodes. A linear electric field dependence
of H, was extracted with slopes of (98 £ 6) Oe-nm/V and (50 &+ 4)Oe-nm/V
for stack 2 and 3, respectively. Thus, a higher VCMA effect efficiency for the
Hf-capped samples was identified compared to the Ta-capped ones. This result
could render the proposed stacks as a candidate material for the realization
of VCMA-based MRAMs.

Since one potential future deployment of the proposed p-MTJs could be in
MRAM and sensor applications in which processing temperatures of 350 °C
or higher are required, the enhancement of thermal stability of the proposed
stacks is of crucial importance. The limited thermal stability of the examined
stacks is probably attributed to the diffusion of Ta interlayer and/or the Mn
atoms in the pinned electrode. As a continuation of this thesis, a replacement
of Ta interlayer with a series of different materials which provide strong PMA,
low interdiffusion, and strong B absorption [141] or the replacement of Mnlr
with MnN/CoFe bilayers [142, 143], could potentially increase the thermal
stability of the stack, maintaining sufficiently large EB.

So far, the thermally asisted MRAM has been realized for in-plane magne-
tized systems [144]. In such stacks, EB-films consisted of different AFMs are
utilized for the pinned and soft electrodes, exhibiting sufficiently different
blocking temperatures and EB fields [145]. One equally challenging issue of
this work concerns the potential implementation of the proposed stacks for
the realization of thermally-assisted MRAM in perpendicularly magnetized
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systems. More specifically, the combination of the proposed Mnlr-based stacks
and Co/Pt synthetic AFM, could be highly desired.

Last but not least, a potential applicability of the proposed p-MTJ stacks
could be focused on the field of magnetic sensor devices. However, it would
be necessary to eliminate the role of the generated stray fields. Several
techniques could be used to tackle that issue, either via trying to reduce the
offset field directly from the reference electrode or via trying to introduce
layers that counteract the fields emanating from the reference electrode.
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