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ABSTRACT

Magnetoelectric effects in ferromagnetic metal-oxide junctions via

modulation of interfacial magnetic anisotropy

Angshuman Deka, Doctor of Philosophy
Supervisor: Prof. Y. Fukuma

Kyushu Institute of Technology, lizuka, Japan 2020

Spintronics refers to the field of study which aims to overcome the limitations of charge
currents using the spin angular momentum of electrons. Conventionally, in the field of information
technology, efficient computing power has been targeted by increasing the density and switching speeds
of field effect transistors (FETs) in the chips. However, as FETs are being scaled down to the nanometer
regime, losses due to tunneling and capacitive effects increase drastically, in addition to Joule heating
arising from an increase in the current driven interconnects’ density in the chips. One of the preferred
solutions to circumvent such issues is to eliminate the use of charge flow and transition towards
magnetic devices for computing and storage. Naturally it then becomes important to have an efficient
method to control such magnetic devices, in the same way as charges are being used for electronic
devices. Spin currents and waves are emerging as a potential candidate in this regard. In addition, an
efficient mechanism to generate magnetization dynamics for spin currents and waves is of utmost
importance. Of particular interest today, is the ability to generate short wavelength and high frequency

spin waves, which opens the route for miniaturization of spin wave based computing devices.

Traditionally, Oersted fields have been used to control magnetization for use in magnetic
devices. But it was soon observed that the spin of an electron can also manipulate the magnetization via
spin-transfer torque (STT) or spin-orbit torque (SOT). But at present, charge current densities of

~10"°Am? is required for exciting magnetization dynamics via STT and SOT. Controlling



magnetization using electric-fields, on the other hand, can eliminate the need for charge flow. Of
particular interest in the pursuit for power efficient computing is the ability to control magnetization of
metallic ferromagnets using voltage controlled magnetic anisotropy (VCMA). Experimental
demonstration of the control of coercive fields in FePd thin films using electric fields' spurred a series
of research towards the control of magnetization in ultrathin ferromagnetic films using VCMA?Z.
Pioneering research on high frequency magnetoelectric effects in ferromagnetic metal/oxide junctions
were recently reported using VCMA of perpendicular magnetic anisotropy (PMA) viz. ferromagnetic
resonance (FMR) excitation, followed quickly by demonstration of magnetization switching and spin
wave excitations using electric-fields*¢. However, electric-field excitation of magnetization dynamics
in perfectly in-plane and out-of-plane magnetized films was not possible using voltage-controlled PMA
because the corresponding torque on magnetization is a function of sinfcosé, 6 being the elevation
angle of the magnetization from the film plane. This proves to be counterintuitive for VCMA as a
magnetic field is required to initiate voltage-controlled magnetization dynamics. Therefore, in order to
achieve purely voltage-controlled magnetization dynamics, it becomes essential to have a non-zero
electric-field torque on magnetization vector when it is oriented along its easy axis. In this thesis, we
will discuss how the easy cone state can be used to control magnetization using electric fields.
Subsequently, we will discuss another technique wherein we modulate the symmetry of the interfacial
magnetic anisotropy of a ferromagnetic metal-oxide junction. Such a control of the interfacial symmetry
of magnetic anisotropy enables us to have non-zero electric-field torque on magnetization oriented

along its easy axis.

We chose the CoFeB/MgO junctions for studying the electric-field induced mechanisms. These
junctions can be stabilized in the easy cone state which can potentially be used for purely voltage-
controlled magnetization. We performed micromagnetic simulations to understand the magnetization
switching behavior of an MT]J free layer as a function of anisotropy. It is seen that the electric-field can
be used to excite magnetization dynamics and thereby switch the magnetization when the sample is in

an easy cone state. While the effective PMA energy of the easy cone state is fundamental in determining



the minimum switching fields as expected, we find that the switching speeds are dependent on the angle

of the easy cone state.

A non-zero electric-field torque can also be expected for in-plane magnetized films if the
interfacial magnetic anisotropy has an in-plane uniaxial component K, ;, which is expressed in the form
Kucos’Ocos’d, ¢ being the azimuthal angle. Using temperature dependent measurements of magnetic
anisotropy fields, we observed that in addition to the PMA, the in-plane magnetic anisotropy (IMA)
could also have an interfacial origin in ultrathin CoFeB/MgO junctions. This is confirmed by our ability
to control both using electric-fields. The high frequency response of both the anisotropy fields were
confirmed by the electric-field induced ferromagnetic resonance (FMR). The most important aspect of
our observations is that we were able to excite FMR using electric-fields for in-plane magnetized
junctions. Using a combination of finite element method simulations and theory, we developed a
phenomenological model to confirm the contribution of VCMA of IMA in the process of exciting FMR.
This kind of an excitation can be used to generate spin current and spin waves that can be very useful
towards the emerging field of spin-based logic devices.

Using micromagnetic simulations, we investigated the magnetization trajectories during FMR
because they determine the spin current generation via spin pumping. It reveals that in CoFeB/MgO
junctions, the spin pumping efficiency could be expected to be highest for the value of PMA where the
corresponding ellipticity of precession trajectory is ~ 0.5. The corresponding effective demagnetizing
field Hyfr is found to be > 0 indicating an in-plane easy axis. Following the micromagnetic simulations,
we fabricated devices to study spin pumping efficiency from CoFeB/MgO junctions into Ta underlayer.
The spin current generation was found to be higher for samples where the PMA field is slightly lower
than the demagnetizing field, confirming our observations from the simulations. A maximum spin
current density generated in our electric-field controlled device of ~ 1.5x10° Am? when Hyer~ 100 mT,
while the corresponding spin current density for a sample with Hger ~ -100 mT was estimated to be 1

order less for an equal input power.



Increase in the excitation power results in higher precession cone angles as observed from
micromagnetic simulations. It also shows that the frequency of magnetization component parallel to the
static field is twice of the applied frequency. Such an oscillating component can give rise to parametric
excitation in the high-power regime, useful for excitation of exchange wavelength spin waves’.
Therefore, finally the results on non-linear magnetization dynamics in CoFeB/MgO junctions are
presented. Excitation of parametric resonance using electric-fields was observed in the high input power
non-linear regime. The origin of this parametric excitation is estimated to be due to VCMA of IMA.
The most interesting aspect is that parametric resonance for in-plane CoFeB/MgO junctions allow us
to access higher frequency magnons towards lower magnetic fields compared to similar perpendicular
magnetized junctions. This is therefore an important step for device miniaturization in the field of high
frequency spin wave logic applications.

In conclusion, we have explored the ability to excite purely electric-field induced magnetization
dynamics in this thesis. At first, we investigated the electric-field effects in an easy cone magnetization.
Using micromagnetic simulations we studied the electric-field induced magnetization switching of
samples as a function of their easy cone angles. Subsequently, we also controlled the symmetry of
interfacial magnetic anisotropy and used it to overcome the limitations posed by VCMA of PMA. The
VCMA of IMA was shown to enable excitation of magnetization dynamics using microwave electric-
fields for in-plane magnetized CoFeB/MgO junctions. Such an excitation allows us to inject spin current
from the CoFeB/MgO junctions into the adjacent layers. Spin pumping efficiency, which depends on
precession trajectories during FMR, was found to be able to be controlled using the magnetic anisotropy.
Using electric field, which is an efficient source of magnetic excitation, we were able to excite
parametric resonance in in-plane CoFeB/MgO junctions. In addition to its CMOS compatibility,
parametric resonance in these junctions enable us to excite exchange interaction dominated spin waves
that have higher frequencies towards lower fields. Therefore, the culmination of experimental,
simulation and theoretical results presented in this thesis could significantly enable us to understand
and devise efficient ways to control magnetization purely using electric-fields in future computing

technologies.
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Chapter 1

Introduction

Recent developments in the field of information technology has enabled us to communicate
faster, store data more efficiently and increase the computing speeds significantly. This can largely be
attributed to the efficient design of our computers that is based on the so-called von Neumann computing
architecture using complementary metal oxide semiconductors (CMOS) technology. The fundamental
aspect of this architecture is that the logic and memory devices in a computing machine, both of which
have different circuit designs, are fabricated side by side on the same wafer and are interconnected by
layers of wires. However, the separation poses a limitation in terms of increasing the communication
speeds between the logic and memory devices. In addition, with reduction in device sizes to the
nanometer scales, tunneling and capacitive losses emerge from the capacitive memories and field effect
transistors used in the logic devices. Thus there is an imminent need for alternative architecture to
improve the computing efficiency further. Recently significant progress has been made in the field of
spintronics that gives us the idea for a new kind of architecture wherein the properties of spins can be
utilized to integrate the logic and storage functionalities of computing elements. This could eliminate
the need for having separate logic and memory devices. Such a feature of the spin based electronics i.e.
spintronics promises to overcome the challenges faced in the von Neumann computing mechanism and

thereby enable us to further improve the computing efficiency.

In this chapter the evolution of the various methods to control the magnetization using electric
techniques will be first discussed. Following this, the use of these techniques towards storage and logic
applications will be discussed with a focus on the importance of electric-field controlled magnetization.
Subsequently, a brief discussion on the reason for choosing CoFeB/MgO junctions will be presented
along with a major shortcoming of electric-field controlled magnetization. This shortcoming will form
the purpose behind the work performed in this thesis. Finally, a brief overview of the simulations and

experiments performed to achieve that purpose will be given in the last section of this chapter.



Section 1.1. Evolution of magnetization control using electrical techniques

Spintronics is the field of study that utilizes the property of the spin angular momentum of an
electron instead of, or in addition, to its charge that is typically used in electronic devices. The discovery
of giant magnetoresistance (GMR) effect in 1988 gave rise to a surge in research that tried to utilize the
property of electrons spin to add new functionalities in electronic devices [1]. The sheer importance of
this discovery of GMR, which refers to the magnetic-field dependent change of resistance in a magnetic
multilayer, was acknowledged by the scientific community when its’ discoverers Prof. A. Fert and Prof.
P. Gruhnberg were awarded the Nobel Prize in 2007. Following the discovery of GMR, spin valve
structures were invented in 1991, which came to be widely used in storage devices as magnetic field
sensors owing to their sensitivity at low magnetic fields [2,3]. Another milestone in this field was in
1995 with the discovery of tunnel magneto resistance (TMR) junctions which is the combination of two
metallic ferromagnetic electrodes separated by a 1-2 nm thick insulating tunnel barrier [4,5]. These
magnetic tunnel junctions (MTJs) enabled magnetoresistance values to reach upto 500% [6-8]. Being
magnetic devices, they also possess the property of non-volatility and thereby can be potentially used
for memory applications. Yet another phenomenon that emerged from these junctions was that of spin
dependent tunneling of electrons through the tunnel barrier that could give rise to a spin polarized
current [9,10]. This has potential applications in logic device applications. Such properties could enable
us to have both logic and memory functionalities in the same device, which can overcome the
limitations posed by von Neumann computing. The very next requirement is of an efficient mechanism
to manipulate the magnetization of an MTJ free layer. An electrical technique to control the
magnetization is desirable since it can be compatible with the CMOS processes. Therefore, traditionally,
Oersted fields generated from charge currents flowing in close proximity to the MTJs were used to

control their free layers.

An important aspect of spin currents that was observed from the spin polarized currents in an
MT]J is that spin current can also enable us to actuate magnetic devices. The simplest example would

be the phenomenon of spin transfer torque (STT) on magnetization arising from the spin polarized



currents in a magnetic multilayer structure [11,12]. STT was predicted in 1996 independently by
Slonczewski and Berger and experimentally demonstrated soon after [13]. It arises due to the exchange
interaction between spins of the incoming polarized electrons and that of the local magnetization. A
major achievement of this discovery was that it laid the foundation for spin currents as a source to
control magnetization, instead of magnetic fields [13-15]. A schematic description of the phenomenon
of STT is shown in Fig. 1.1a. Such an alternative mechanism for controlling the magnetization in a
magnetic layer enables us to reduce the current densities and in turn the Joule heating. Infact, STT based
magnetic random access memories (MRAMSs) are in the final stages of development and are soon

expected to be introduced in the market.

Figure 1.1, Schematic of the spin transfer torque (STT) phenomenon. FM1 and FM2 represent the two
ferromagnetic layers separated by a non-magnetic (NM) layer. Magnetization of the two corresponding
layers are M; and M». Spin polarized current (circles with arrows) is represented by I;. M can be

manipulated via STT if it is non collinear with M.

Soon thereafter, yet another alternative technique to manipulate magnetization was discovered,
namely spin-orbit torque (SOT). As the name suggests, SOT originates from the spin-orbit coupling
(SOC) in structures lacking inversion symmetry [16,17]. When an electron moves in such a structure,
it experiences a net electric field. Such an electric field translates into a magnetic field in the electron’s
rest frame as a result of which the spin of the electron is coupled to its orbital motion. Following
theoretical predictions that such a spin-orbit field might intrinsically exist in ferromagnets, SOT induced
magnetization switching [18-20], ferromagnetic resonance (FMR) [21], nano-oscillators [22] and spin-

wave excitations [23] were demonstrated. It should be noticed that the SOT is fundamentally different



from STT in the fact that orbital angular momentum can be directly transferred to the spin angular
momentum through spin orbit interaction intrinsic to the ferromagnet. STT, on the other hand, transfers
the angular momentum of one ferromagnetic layer to another. Hence, SOT doesn’t necessarily require
two non-collinear ferromagnetic layers to manipulate magnetization like STT. Technologically, this is
one of the most important achievements of SOT over STT because of the possibility of new spintronic
device architectures [18-20]. The most common example of this can be seen from Fig. 1.2 which
describes an SOT phenomenon. It can be seen that magnetic manipulation can be realized in a single
ferromagnetic layer. This helps us to overcome one of the major drawbacks of STT based devices
wherein the read and write paths interfere to cause effects detrimental to the performance of the devices.
Another advantage of SOT was the reduction in current densities required to excite magnetization
dynamics or switching. For example, recent experiments on magnetization switching and spin-wave
excitation using SOT reported current densities of about 10 Am™ [23,24]. On the contrary, typical
current densities reported for the similar purposes using STT are atleast one order higher [25,26].
However, the current densities for exciting magnetization dynamics using SOT still give rise to
significant Joule heating. Thus, for ultralow power spintronic devices, alternative techniques to further

reduce current densities is desirable.

Fig. 1.2 Schematic of the spin orbit torque (SOT) phenomenon. A charge current passing through a
heavy metal (HM) can be converted to a transverse spin current due to its high spin Hall angle. This
spin current (circles with arrows) can exert torque on the magnetization of an adjacent ferromagnetic
layer (FM). Such an SOT can be used to switch the magnetization from an initial Min; to final position

Miinai state. Typically, such experiments are performed in the presence of an external field H.



One of the major successes of modern computing technology lies in the development of field
effect transistors (FETs) where an electric-field is used to control the output properties of a transistor.
The highly localized nature of electric-fields has enabled the scaling down of FETs down to few tens
of nanometers and in turn enhanced computing power significantly. Following the success of FETs, it
became desirable to be able to control the magnetization using electric-fields. Infact, in 2000, Ohno et
al. reported the electric-field control of semiconducting ferromagnets by modulating the Curie
temperature 7. of (Ir,Mn)As system [27]. This was soon followed by the demonstration of
magnetization reversal in a ferromagnetic semiconductor [28]. However, it should be noted that
magnetization in semiconductors typically exist below room temperatures and therefore, control of

ferromagnetism at room temperature is desired.

An ideal candidate would be the metallic ferromagnets Fe, Co and Ni, which have 7. much
higher than room temperature. In 2007, Weisheit et al. demonstrated the electric-field control of
coercive fields in FePd and FePt ultrathin films with a high surface-to-volume ratio [29]. Theoretical
studies by Duan et al. and Nakamura et al. on the 3d transition ferromagnetic metals showed that giant
modification of interfacial magnetocrystalline anisotropy is possible using electric-fields [30,31].
Following this, a series of research in the field of electric-field control of magnetization ensue, most
notably the demonstration of voltage controlled magnetic anisotropy (VCMA) in ultrathin Fe films [32].
The origin of VCMA was proposed to be from the electric-field dependent electron occupancy in the d
orbitals of Fe [32]. In 2012, demonstration of FMR excitation using electric-fields by Nozaki et al. and
Zhu et al. showed that electric-fields can be used to control magnetization in the high frequency regime
[33,34]. This was followed by the demonstration of magnetization switching and excitation of spin
waves using electric fields mediated via VCMA [35-37]. Such developments established electric-fields
as a power efficient avenue to control magnetization compared to STT and SOT, especially because of
the elimination of the need for flowing electrons in the process of magnetization control. In particular,
VCMA appeared to be a promising avenue towards reaching the Landeur limit of kg7In2 (ks is the
Boltzmann constant) in the computing processes, which is not possible in STT and SOT mechanisms

owing to the Joule heating from charge currents involved [38-40].



Section 1.2. Utilizing electrical magnetization control techniques for storage and logic

device applications

One of the major applications for the spintronic devices is in the field of storage devices owing
to the property of non-volatile magnetic memories. With the advent of big data and artificial intelligence,
there is a requirement for faster operation and an increase in the memory density, along with a fast
power efficient accessibility to the various computing elements [39-41]. One of the potential solutions
in this regard is the use of MRAMs which are non-volatile, unlike their present-day counterparts that
are based on capacitive memory elements [41]. MRAMs use MTJs as a building block for coding
memory based on the relative magnetization orientations of the two magnetic layers. Switching of the
free layer i.e. the write task has been shown to be possible using torques arising from STT, SOT and
VCMA as mentioned earlier. Of particular interest is VCMA because it doesn’t require the need for a
charge current to control magnetization. In addition to this, it is tempting to attempt to replace the charge
currents that are used for communication between the various computing elements with a spin current.
Therefore, not only is it important to understand the torques arising from VCMA towards magnetization

switching, it is also equally important to efficiently use it as a source of spin current generation.

Technologically, it is desirable to generate spin current spin current without necessarily flowing
a charge current through the fixed layer of an MTJ, a major drawback of the spin filtering effect. One
of the most intensively researched area in this regard is the spin Hall effect (SHE) first proposed by
Hirsch [42]. It refers to the generation of a transverse spin current from a charge current via SOC. Such
a pure spin current is fundamentally different from the spin polarized currents in the sense that there is
no effective transfer of the electronic charge along with the spins unlike in the latter. Other techniques
to generate pure spin currents include non-local spin injection in lateral spin valves and spin Seebeck
effect [43,44]. In 2002, Tserkovnyak et al. proposed that a precessing ferromagnet could pump spin

currents into an adjacent material [44]. This was particularly attractive because it paved the way for the



generation of high frequency spin currents via magnetization precession induced not only by magnetic

fields but also by STT, SOT and VCMA alike.

Apart from storage devices, another major emerging application of spintronics is in the field of
magnonic computing which utilizes the collective excitation of magnetization moments i.e. spin waves
towards developing a new class of logic devices [46-49]. Conventionally, in logic devices, efficient
computing power has been targeted by increasing the density and switching speeds of field effect
transistors (FETs) in the chips. However, as FETs are being scaled down to the nanometer regime,
losses due to tunneling effects increase drastically in addition to Joule heating arising from an increase
in the current driven interconnects density in the chips. One of the potential solutions to circumvent
such issues towards future computing technology, is by replacing the charge based electronics with the
properties of spin angular momentum of electrons [48]. Spin waves, known quantum mechanically as
magnons, possess several advantages over the use of electrons in computing technologies [46-48].
Firstly, the substitution of a scalar variable such as electrons using spin waves allow us to have an added
functionality of its phase, in addition to the amplitude of the wave as depicted in Fig. 1.4 [49]. Such a
property is promising towards the development of beyond-CMOS computing technologies in the future.
Spin waves can exist not only in metals but also in insulators, thereby opening an option to utilize
insulating ferromagnets in the computing processes. In addition, the spin waves have a much larger
decay length unlike the spin currents which usually decay within few nanometers. It can range from
millimeter range in metallic ferromagnets upto centimeters in the insulating counterparts [46-47]. The
wavelength of spin waves can be tuned down to the exchange interaction limit (few nanometers) by
changing the magnetic fields [50]. The corresponding frequency increases with a decrease in
wavelength, which not only enables spin wave based devices to be scaled down, but also simultaneously
increase the speed of computing [48]. Finally, a number of demonstrations showing the benefits of non-
linearity of the magnons such as parametric amplification and transmission over large distances without

loss of distortion promise to bring added functionalities to magnonic computing in future [46,47].



A typical magnonic device can be considered to be made up of four major parts viz. (a) a spin
wave waveguide for transmitting the spin wave, (b) an excitation source that can be done using
microwave electric or magnetic fields, STT, SOT or mediated thermally, (c) a detector for detection of
the incoming spin waves and (d) additional functional elements such for tasks such as amplification,
manipulation or channeling [49]. In order to make such devices compatible with the existing CMOS
technologies, it is quite desirable to achieve the excitation and detection aspects of a magnonic device
using electrical techniques. And as expected from the major motivation of developing efficient
computing techniques via magnonics, power efficient magnon excitation avenues such as STT and SOT
for these tasks are typically preferred over Oersted fields. However, it should be noted that the use of
STT and SOT necessitates the use of charge currents within or in close proximity to the devices. Use
of charge currents proves detrimental to the device functionalities as they are scaled down. Electric
fields on the other hand have emerged as an efficient mechanism to excite magnons, as demonstrated
recently by the spin wave excitation in ultrathin CoFeB/MgO junctions [37]. In addition, it was also
demonstrated that parametric amplification could be achieved for a perpendicularly magnetized
CoFeB/MgO junction, paving the way for generating magnons with wavelengths down to the exchange
scale [51]. Based on such developments in the field of VCMA, we are motivated to explore this field

of electric-field controlled magnetization dynamics for ultralow power spintronic devices.
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Fig. 1.4a, Schematic describing the various parameters associated with a spin wave. b, Schematic of a

typical magnonic device. Image is reproduced with permission from B. Rana et a/ [48].



1.3. Importance of CoFeB/MgO junctions and a major shortcoming of VCMA

Section 1.1 highlighted the importance of the emergence of TMR structures in the field of
spintronics. Initially most MTJ structures used an Al,O3 tunnel barrier but a modest TMR ratio of ~
70% was a major limitation for device performances [4,5]. In 2004 Yuasa et al. and Parkin et al.
independently demonstrated that by replacing the Al,Os3 barrier with an MgO tunnel barrier, much
higher TMR ratios of over 200% could be realized at room temperatures [6-8]. Of particular interest
was that the ferromagnetic electrodes such as Fe or CoFe alloys used in these experiments could be
deposited using scalable technologies such as sputtering [6]. Almost parallel to these discoveries,
studies on magnetoelectric effects in metallic ferromagnetic films emerged, which attributed the
electric-field effects to interfacial SOC [29-31,38]. Subsequent studies in 2010 revealed that interfacial
anisotropy in CoFeB/MgO structures could be large enough to overcome the demagnetizing field of the
ferromagnet [52]. In addition, the interfacial nature of the PMA enabled electric field modulation of
magnetic properties [40]. Following this, in the same year, using the interfacial PMA of CoFeB/MgO
junctions, a perpendicular anisotropy MTJ was demonstrated by lkeda ef al. [35]. In addition to greatly
simplifying the design for a perpendicular anisotropy MTJ, these CoFeB/MgO/CoFeB junctions
showed TMR ratios of over 120% and high thermal stability [35]. These findings established the

CoFeB/MgO junctions as a preferred system for studying VCMA.

The PMA in these junctions arise from the hybridization between the interfacial 3d orbitals of
the ferromagnetic atoms with that of the 2p orbitals of the interfacial O atoms in MgO layer [52]. This
allowed the electronic occupancies to be modified not only by DC electric fields, but also microwave
electric-fields leading to electric-field induced FMR and spin wave excitations in CoFeB/MgO
junctions [53,37]. However, a drawback of the VCMA of PMA in the ferromagnetic metal — oxide
junctions was that the electric-field torque on magnetization is zero for in-plane and perpendicular
orientation of magnetization vector. Therefore, a bias magnetic field is always needed to initiate VCMA
induced dynamical processes such as magnetization switching or excitation of spin waves. The need

for bias fields necessitates the need for electric currents in close proximity to the devices that hampers



the power efficient nature of electric-field controlled magnetization dynamics. Thus, there is a need for
solutions to overcome this limitation of VCMA for initiating dynamical magnetization processes. This

can enable us to develop ultralow power devices that can be controlled purely using electric-fields.

Electrode

Figure 1.5a, High resolution transmission electron microscopic image of a CoFe/MgO/CoFe junction.
Image is reproduced with permission from doi:10.1038/nmat1256. b, Mechanism of VCMA in
ferromagnetic metal oxide junction. In case of CoFeB/MgO junctions, magnetic anisotropy arises from
hybridization between the 3d orbitals of the ferromagnetic (FM) atom and 2p orbitals of the O atoms in
the metal oxide interface. VCMA occurs via change of electron occupancies in the out-of-plane and in-
plane oriented 3d orbitals of the interfacial FM atoms. Image is reproduced with permission from doi:

10.1038/nnano.2008.406.
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1.4. Overview of the thesis

In this thesis, we present a series of experiments and simulations in order to understand
mechanisms towards achieving purely electric-field control of magnetization in ferromagnetic metals.
First of all, in Chapter 2 we explain the various deposition, fabrication, measurement and simulation
techniques used in this thesis. Following this, in Chapter 3, we present our experiments on the magnetic
anisotropy of CoFeB/MgO junctions. We utilize magnetic annealing to control the symmetry of
magnetic anisotropy in these junctions. Quite surprisingly, we observe that both PMA and in-plane
magnetic anisotropy (IMA) can exhibit similar temperature dependences in ultrathin CoFeB/MgO
junctions. This indicates a similar origin for both i.e. interfacial hybridization between 3d and 2p orbitals

of Fe (Co) and O respectively.

Subsequently, we present our investigations towards purely -electric-field controlled
magnetization in CoFeB/MgO junctions. At first in Chapter 4, we present the micromagnetic
simulations on electric-field induced magnetization switching in MTJs with an easy cone magnetized
free layer. In addition to this, we note that the control of the symmetry of interfacial anisotropy seen in
Chapter 3 could also be used towards purely electric-field controlled magnetization. In Chapter 5, we
present our findings on VCMA. Electric-field effect is detected using spin pumping and inverse spin
Hall effect measurements. We observe that both PMA and IMA could be modulated by DC electric-
fields in ultrathin CoFeB/MgO junctions. We demonstrate that using an electric-field controllable IMA,
FMR can be excited in CoFeB/MgO junctions magnetized along its in-plane easy axis. This can be used
to eliminate the bias fields required to initialize electric-field induced magnetization dynamics. Finally,
in Chapter 6 we focus on the efficiency of electric-field controlled magnetization dynamics towards
generating spin currents and waves. We observe over 6 times higher spin pumping efficiency in electric-
field controlled devices. In addition, we show that VCMA of IMA can also be used to pump parametric
resonance modes. Finally, we conclude with a note regarding the main findings of this thesis and future
outlook to achieve purely voltage controlled spintronic devices in future vis-a-vis the electric-field

control of magnetization in easy cone and in-plane magnetized films.
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Chapter 2

Methods: Experimental and Simulations

The methods used for experiments and simulations that went into the work behind this thesis
are presented in this chapter. We begin with the thin film deposition method, followed by the magnetic
annealing and patterning of those these films. Finally, we describe the measurement techniques that

were used to analyze the properties of our thin films.

Section 2.1: Thin film deposition

Multilayer stacks were deposited using DC Sputtering technique at room temperature at a base
pressure of ~1x107 Pa. Thermally oxidized Si (100) substrates have been used for depositing the
multilayer stacks. Typical multilayer stack used for the experiments presented in this thesis is of the
type Substrate/Ta(5)/Ru(10)/Ta(5)/CoFeB(t)/MgO(2)/Al,03(10). The nominal thicknesses of each
layer mentioned in the parentheses are in nanometers (nm). The thickness of the CoFeB layers are
varied from ¢ =1.5 to 5.0 nm in this study. A low thickness is essential to maintain high value of surface
to volume ratio so that interfacial anisotropy is dominant in the films. As mentioned in Chapter 1, the
role of MgO adjacent to the CoFeB layer is to induce PMA and therefore highly crystalline MgO is
desirable for high value of PMA. However, MgO thin films are typically hydrophyllic and hence an
additional capping layer is necessary. The Al,O; layer serves as this capping layer to maintain the

quality of the MgO layer which is very important for interfacial magnetic anisotropy.
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Section 2.2: Magnetic annealing

For this process, the multilayer stacks were first cut into sizes of ~ 2 mm x 2 mm. These samples
were annealed in vacuum at different temperatures ranging from 100 °C to 400 °C in the presence of a
magnetic field of 500 mT. A pressure level of ~ 3x10~ Pa was maintained during annealing process.
The samples were placed in a carbon sample holder inside the quartz tube to ensure uniform heating as
shown in Fig. 2.1. An infrared lamp placed right above the quartz tube was used as the heat source in

the process of annealing. The recipe used for annealing is mentioned as follows:

(a) Temperature was first risen from room temperature to the annealing temperature (e.g. 300°C)
in 10 minutes.

(b) Then temperature (e.g. 300°C) was maintained for 30 minutes.

(c) Then the temperature is quenching down to room temperature in 10 minutes.

(d) The magnetic field of 500 mT was applied during the entire annealing process starting from
step (a) to step (c¢). The direction of this magnetic field in the samples could be varied by rotating

the sample with respect to the magnetic poles.

Fig. 2.1, Experimental setup used for magnetic annealing. The sample is placed on a carbon stage. A

theromocouple wire (red) is placed close to the sample to note the temperature during the process.
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Section 2.3. Deposition of coplanar waveguides (CPW) for ferromagnetic resonance

(FMR) measurements

In order to perform FMR measurements of the magnetic thin films, we deposited 200 nm Au
CPW onto patterned Sapphire substrates. Sapphire substrates were used for fabricating the CPW for
FMR measurements because they allow less microwave dissipation compared to oxidized Si substrates.
The signal line of the CPW used for FMR measurements was designed to be 50 um wide. An oxide
layer was deposited on the part of the CPW to provide insulation of the CPW and the magnetic thin
films during FMR measurements. The oxide layer is not deposited on the open end of the CPW. This
allows us to connect the microwave probe that serves as an input for microwave signals. The microwave
current flowing in the CPW generates an AC microwave field that acts as the oscillating field required

for FMR measurement. A typical CPW design has been shown in the Fig. 2.3a below.

500 nm

Sapphire

Top view S

Cross section

Figure 2.2, Optical image of a coplanar waveguide deposited on top of sapphire substrate. On the right
is the cross sectional view of the area marked in red. Al;O; is not deposited on the open end of the CPW

which serves as the input port of microwave current.
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Section 2.4. Fabrication of current and electric field controlled spin pumping devices

Two different types of devices were fabricated to study the electric-field effects. The first type
of devices allowed us to study the effect of a DC voltage applied using the top (T) electrode while the
FMR excitation is performed using Oersted fields generated from an AC current flowing in the CPW
as shown in Fig. 2.3a. The second type was to study the microwave voltage effects as shown in Fig.
2.3b. Here FMR excitation was done using an electric-field applied across the top (T) and bottom (B)
electrodes. Rectified voltages were detected across the Ta/Ru/Ta bottom (B) electrodes. The
experimental set-ups are shown in Chapter 4. Both these devices were fabricated simultaneously on the
same multilayer stack using the same steps for photolithography and etching techniques as will be
explained in the next paragraph. This allows us to have the same magnetic properties in the devices
which is essential while comparing the current and electric-field effects. We fabricated these devices

for a wide range of multilayer stacks with CoFeB thicknesses ranging from 2.0 nm to 1.6 nm.

Ta/Ru/Ta/CoFeB/MgO/AIOx/Ti/Au

A\
Ta/Ru/Ta/CoFeB/MgO/AlOx/Ti/Au

Figure 2.3a, Optical microscope image of the device used for electrical detection of FMR excited by
microwave field generated by a current flowing in the coplanar waveguide (CPW). The top electrode
(T) allows us to apply a DC bias voltage on the CoFeB/MgO junction. b, Optical microscope image of
the device used for electrical detection of FMR excited by an AC electric field at the CoFeB/MgO
junction. The AC electric field is applied between the top and bottom (B) electrodes. In both devices

the rectified voltage is detected across the bottom electrodes.
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The process of fabrication followed has been shown pictorially in the Fig. 2.4. In order to
fabricate these devices, first process was to coat the multilayers with resist after proper cleaning. This
is shown in the top left of Fig. 2.4. Cleaning was done by first washing the films in acetone for 15
minutes in a sonicator, followed by another 15 minutes in isopropyl alcohol and finally washed with
clean water. The resist coating was done in the following steps: (a) deposit OAP (adhesion layer) using
spin coater and bake at 80°C for 1 minute, (b) deposit AZ-1500 resist (positive resist) using spin coater
and bake at 100°C for 1 minute. After resist coating, the first pattern was exposed onto the films using
maskless photolithography. Following this, the samples are developed in NMD for 1 minute and washed
in clean water for 1 minute. After confirming the correct formation of patters, the multilayer stack was
patterned into a rectangular shape of different dimensions by using Ar-ion milling. After milling, the
sample was once again cleaned and the same process was repeated once again to fabricate the bottom

electrodes.

Following this, we once again cleaned the samples and made the patterns using maskless
photolithography for depositing an oxide layer that will serve as the insulating layer between the top
and bottom electrodes. 80 nm AlOs was deposited as this insulating layer. This was once again
followed by cleaning and resist coating. Finally, we make the pattern for depositing the top electrodes

using maskless photolithography. Ti(10)/Au(200) was deposited as electrodes.

19



AZ1500 Pre-baking at 100°C for 60s

Pre-baking at 80°C for 60s
MgO/Al,0,

CoFeB

EYLOVAE

si/sio,

Irradiation &
development

lon milling down

I l to Si substrate

]
e

Remove resist

Resist coating

Irradiation &
development

lon milling down

I to Si substrate

Remove resist

e

n. Pre-baking at 100°C for 60s

Pre-baking at 80°C for 60s
|

—
1

Irradiation &
development

Deposit Al,05 insulation
layer between top and
bottom electrodes

2

H o

Resist coating

Resist coating

Pre-baking at 100°C for 60s
Pre-baking at 80°C for 60s

Irradiation &
development

Deposit Ti/Au for
electrodes

‘ Top electrode
Remove resist -7

&~ B Bottom

«--"_ electrode

Final device

Figure 2.4, Flowchart of the process used to fabricate the spin pumping devices.
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Section 2.5. Measurement techniques

2.5.1. FMR measurements

Ferromagnetic resonance spectra were recorded using a Agilent Vector Network Analyzer
(VNA). The multilayer stacks used for FMR measurements were first cut into pieces of sizes < 2x2
mm?. These were then placed face down on a coplanar waveguide (CPW). The ends of the CPW was
connected to the VNA which provided a microwave field of frequency fto the ferromagnetic layer via
electromagnetic induction in the CPW. The VNA was calibrated using a Infinity CS5 calibration
substrate by following the standard processes in the VNA Calibration wizard. FMR spectra were
recorded using the Si; reflection coefficient in the field sweep mode. In this mode, the frequency is kept
constant while sweeping the external field between -250 mT to +250 mT. A typical FMR measurement
set up is shown in Fig. 2.5. The direction of the external magnetic field applied in the film plane could
be varied by 360°. Such an in-plane rotation of external magnetic field is useful for estimating the
magnetic anisotropy fields, as will be discussed in Chapter 3. For low temperature FMR measurements,
the setup shown in Fig. 2.5 is placed inside a cryogenic probe station that uses a He compressor for

reaching temperatures down from room temperature to 10 K.

VNA

Figure 2.5, Schematic of the experimental setup used to detect FMR signal depicting the ground (G)
and signal (S) terminals of the co-planar waveguide (CPW) and the direction of the applied microwave
field /.. The open ends of the CPW are connected to a vector network analyzer (VNA) to measure the

S11 reflection parameter as the external magnetic field Hex a fixed frequency.
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2.5.2. Spin pumping and ISHE measurements

For the experiments on electrical detection of FMR in this thesis, the spin pumping and inverse
spin Hall effect (SP-ISHE) were performed using two methods based on the two types of devices as
shown in Fig. 2.4. In case of the current controlled devices, a microwave current is passed in the CPW
while for the electric-field controlled devices, a microwave voltage was applied at the CoFeB/MgO
interface through the Ti/Au gate electrode. The amplitudes of the microwave signals are modulated
with the frequency of 79 Hz. For both the cases, a magnetic field could be applied in a 360 degrees
inplane rotation, while the out of plane direction of the field could be varied from in-plane (= 0 degree)
to perpendicular (= 90 degree) directions. ISHE voltage was detected by a standard lock-in technique
across the ends of the Ta/Ru/Ta bottom electrodes. A typical experimental setup during measurements

is shown below in Fig. 2.6.

Signal Generator

Figure 2.6, Experimental set up where the signal generator is connected to the coplanar waveguides to
provide oscillating fields. The magnetic poles apply a static magnetic field. Two DC probes are used to

detect rectified voltage using a lockin amplifier. Device images are shown in Fig. 2.3.
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Section 2.6. Micromagnetic simulations

The micromagnetic simulations performed in throughout the thesis were performed using the
Landau-Lifshutz-Gilbert (LLG) micrmagnetic simulator developed by M.R. Sheinfein and E.A. Price

[1]. The simulator package works by solving the standard LLG equation as shown below:

am /4 ya
— =L (MxH)-—— (M x(MxH,)), (21
i lra o) (1+a2)MS( ( or))> ()

where, the term on the left represents the time ¢ evolution of magnetization M, y is the gyromagnetic
ratio, a is the damping constant and Her is the effective field. The simulations that have been reported
in this thesis can be broadly classified into the following sub-categories and have been elaborated

therein.
2.6.1. Ferromagnetic resonance (FMR) simulations

FMR simulations for understanding the dependence of magnetization trajectories on
perpendicular magnetic anisotropy were performed on samples of dimensions 100 nm x 100 nm x 1
nm. The saturation magnetization is taken as uoMs = 1500 mT. to match the M; obtained for our
multilayers (see Chapter 3). Additionally, the samples were assumed to be single domain ferromagnetic
elements with damping constant a = 0.02. Such a damping constant is chosen to match the damping
constant values of our multilayer structures with similar CoFeB thicknesses and is close to that reported
in literature. The perpendicular magnetic anisotropy during these simulations was varied from 0 to 1500
mT. FMR in the frequency sweep mode, was excited by applying a fixed static external field on the
sample as the frequency of a microwave field was swept. The frequency of the rf-magnetic field is
typically varied from 1 to 20 GHz in steps of 0.2 GHz. For exciting FMR 1in the field sweep mode, a
microwave field of fixed frequency was applied in the sample while the field was swept. The analysis

of the obtained simulation data will be explained in Chapter 5.
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2.6.2. Magnetization switching simulations

Simulations were performed on samples of dimensions 100 nm % 100 nm X 1 nm. The saturation
magnetization was kept fixed at xoM; = 1500 mT. The second order PMA energy corresponding to H,
is varied from K,» = 1.0x10° kJm™ to 1.8x10° kJm?, while the fourth order PMA K4 corresponding to
H,» is changed from 0 to — 4x10%> kJm>. Based on the demagnetizing field of the sample and a
competition between the second and fourth order PMA terms, the samples relaxed to one of the in-
plane, perpendicular or easy cone states. After entering these values, the samples were allowed to relax
to its equilibrium condition. The equilibrium state or the easy axis is defined as the magnetization state

after a time ¢ when the change in unit magnetization vector Am becomes less than 10°°.

After estimating the easy axes, magnetization switching simulations were performed in order
to understand the electric-field controlled switching of easy cone magnetized samples. The electric field
effect can be modelled as a change in H.r due to the presence of a z-axial field pulse H, which is
equivalent to the change in PMA in presence of an interfacial voltage. Before applying H,, we apply a
small bias field of 1 mT along x-axis to ensure that azimuthal angle ¢ = 0 degree and let the sample
relax to its equilibrium state which is determined by its effective anisotropy energy, as described in the
previous section. Subsequently, a z-axial magnetic field pulse with a fixed duration of 10 ns and rise
and fall times of 0.1 ns is applied at # = 0 ns and the resultant magnetization trajectory is observed.
Switching condition of the samples are studied by varying the field pulse amplitudes. Switching time
tswit 18 taken as the time when the z-component of magnetization m, crosses the equator defined by m,
= 0. Hy, which is defined as the minimum amplitude of H, required for switching the magnetization

vector, was estimated as a function of PMA.
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Section 2.7. COMSOL Multhiphysics simulations

In order to understand the field distributions when microwave voltage is applied to our CoFeB
junction, we calculated the Oersted field distribution in our devices by using the finite element method
(FEM) with COMSOL Multiphysics simulator [2]. The main use of these simulations was for the
analysis of the angular dependence of rectified voltages arising from the electric-field induced spin
pumping measurements as will be discussed in Chapter 4. Although the actual experimental devices we
fabricated using a Ta(Snm)/Ru(10nm)/Ta(5nm) buffer layer, for simplicity in the simulations, the entire
buffer layer has been taken in the form of a single heavy metal layer of 20 nm Ta. The resistivity values
were taken from the literature. The mesh grids were taken as triangular elements with a dimension of
about 10 nm on a side after consulting the literature. However, such a mesh dimension depends on the
size of samples studied. For example, while 10 nm mesh grids are necessary to get continuity in the
field distributions while studying a .1 x 1 pum? sample, higher mesh sizes could be successfully used
when the sample sizes are increased. The top surface is taken as the input port and the bottom is

grounded. The sample sides are insulated.

The input microwave signal of frequency f is applied on the upper Al.O; surface while the
bottom Ta surface is grounded. The applied power is scaled according to the simulated and the actual
device size ratio. For example, while simulating the field distributions of an actual device of size 20 um
x 200 um, we used a sample size of 0.1 x 1 um?. If the applied power during measurement is 100 mW,
the simulations were performed at a power of 10 uW because the calculated sample size is 10* times
smaller than the actual device. The COMSOL simulations were performed for a range of frequencies
upto 20 GHz and input power that ranged from 0.1 uW to 1 W. Such a wide range of simulations are

necessary to obtain conclusive results that can explain the field distributions in our devices.
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Chapter 3

Control of interfacial magnetic anisotropy in CoFeB/MgO

junctions using magnetic annealing

3.1. Introduction

Ferromagnetic materials exhibit a property wherein they tend to magnetize favorably in specific
orientations. Such a property is called magnetic anisotropy, which has evolved to be of significant
technological relevance in terms of spintronic device applications [1]. Magnetic anisotropy can be
classified into magnetocrystalline anisotropy (MCA) which refers to the anisotropy based on
crystallographic orientation and the shape anisotropy that arises due to the shape of the ferromagnet.
Broadly speaking, magnetic anisotropy energy (MAE) has effects on the thermal stability and switching
of the free layer of a magnetic tunnel junction to precession cone angles that determine spin pumping,
spin wave excitation and nano-oscillator microwave emission efficiency [2-3]. Magnetic anisotropy, in

general, has two major origins: (a) the dipole-dipole interactions and (b) spin-orbit coupling (SOC) [4].

The effect of magnetic dipolar interactions on MCA is negligible compared to the SOC. One
of the most commonly observed consequence of dipolar interactions is the shape anisotropy in
ferromagnetic thin films [4]. The dipole-dipole interactions give rise to the demagnetizing fields in
ferromagnetic thin films that arises perpendicular to the thin film plane. This is a consequence of the
reduced dimension along the growth direction of thin films as a result of which the dipole-dipole
interactions are higher perpendicular to the film plane compared to the lateral directions. Typically, the
demagnetizing field in a ferromagnet is given by Hq = n M+ n My + n M, [5]. For thin films ny, = ny =
0 and n, =1, due to which demagnetizing fields become equal to the saturation magnetization i.e. Hqg =

M. However, it should be noted that in nanostructures where the lateral dimensions are comparable to
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the thicknesses, we can have ny # 0, ny # 0 and n, < 1. In terms of device applications, such a

phenomenon is still widely exploited in device designs to give rise to shape magnetic anisotropies by

controlling the device dimensions [6].

SOC in ferromagnetic materials is the dominant origin of MCA. Such an effect indicates that
the MAE is related to the crystal lattice because magnetic moments are coupled to the lattice via SOC.
Typically, in cubic crystals (e.g. CoFeB), such an anisotropy is estimated to be negligible because of
the symmetric ordering. However, as far back as in 1954, Neel proposed the concept of interfacial MCA
(IMCA) arising due to SOC from the reduced symmetry of magnetic atoms at the interfaces i.e.
interfacial magnetic anisotropy [7]. Such an interfacial anisotropy has become particularly important as
we aim for higher density in memory and logic chips in ultrathin magnetic films, because perpendicular

anisotropy materials have faster switching times and require lower switching currents [8,9].

Interfacial SOC is the origin for the second order PMA H, in technologically relevant materials
like CoFeB/MgO junctions, as discussed earlier in Chapter 1. More specifically, PMA in CoFeB/MgO
junctions arises at the interface due to a hybridization between the 3d orbitals of the ferromagnetic
atoms (Co and Fe) with the 2p orbitals of O at the interface [10]. Although both Co and Fe atoms have
a possibility of bonding with the O atoms, theoretical studies predict that this hybridization is stronger
for Fe compared to the Co atoms [11]. The resulting anisotropy field typically acts perpendicular to the
film plane and therefore acts in a way to reduce the effective Hy. The effective demagnetizing field Hy s
then becomes H¢-Hp. PMA of CoFeB/MgO junctions which originates from the interfacial SOC,
increases with a decrease in thickness of the CoFeB thin films and can be large enough to overcome the
Hy [9-11]. Such a condition results in the shift of the in-plane easy axis of the ferromagnetic thin film
junction into a perpendicular easy axis because the MAE becomes lower along the perpendicular
direction to the film plane, as schematically shown in Fig. 3.1. The PMA in CoFeB/MgO junctions was
recently demonstrated to be large enough to fabricate magnetic tunnel junctions that have both the free

and fixed layers with perpendicular easy axis [15]. It was also shown in the same paper that PMA in
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CoFeB/MgO junctions can be high enough to obtain a thermal stability factor of A ~ 40 for devices with

diameter less than 50 nm. A is a figure of merit for storage devices given by the relation W ,

kT
where V is the volume of the device, kg is the Boltzmann’s constant and 7'is the temperature of operation.
It can be seen that with a decrease in the device dimensions, higher value of Hq,sr is required in order
to maintain the thermal stability required for memory retention. It should be mentioned here that apart
from H,, a higher order PMA H,,, that arises from the 4™ order PMA energy, is also found in
CoFeB/MgO junctions. Although the exact origin is not known for H,,, theoretical investigations
indicate that it might arise from interfacial inhomogeneties [18]. The overall PMA energy due to the

presence of H, and Hy» can be written as E(6) =K, , cos’ 0 - K, , cos* @ where, Ky and K4 are

energies corresponding to H, and H,>. But such a higher order PMA energy Ku4 is found to be
negligible in our samples. In addition, although 2™ order PMA can be modulated using electric-fields,
H,» cannot be controlled using voltages [10,11]. Given the purpose of our studies in this thesis, we
focus only on the voltage controllable part of PMA 1i.e. H,. In the following part of this thesis, PMA
would unambiguously refer to the 2" order perpendicular anisotropy, unless specifically mentioned

otherwise.
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Figure 3.1 Schematic to illustrate the normalized magnetic anisotropy energy (MAE) as a function of
the angle of the magnetization from the film normal 0 for a thin film with an in-plane (red) and

perpendicular (green) easy axes.
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The saturation magnetization and magnetic anisotropies are always temperature dependent.
Using a classical picture, a lattice site can be understood to be surrounded by other magnetic atoms with
a short-range magnetic order. The origin of a temperature dependence can be understood to arise from
thermal fluctuations of the local magnetizations of such regions. Using this assumption, Bloch derived

the temperature dependence of saturation magnetization of a ferromagnet to follow

x
M (T)=M,(0) l_[Tl] , Tc is the Curie temperature of the ferromagnet and the Bloch’s

C

coefficient y = 1.5 [19]. Subsequently, it was shown by Callen and Callen that the magnetic anisotropy

follows a power law of magnetization and is given by

K, (T) _ {MS (7)

/4
] , where K, is the magnetic

anisotropy energy and y is a scaling exponent [20]. Although these relations have been proven to be
valid in a wide range of ferromagnetic systems, recent experimental and theoretical advances in our
understanding of magnetic properties in ultrathin films, have enabled us to observe that the temperature
dependences of bulk and interfacial anisotropies have different temperature dependences. As will be
discussed in Sec. 3.5 in detail, such a difference in the temperature dependences can be used as a tool

to identify the origins of magnetic anisotropy fields in our CoFeB/MgO junctions.

In this chapter, we first establish the method used for estimation of in-plane and perpendicular
magnetic anisotropy fields. Since the crystalline structure of a ferromagnet can be modified by
temperature, we subsequently explain the effect of annealing on magnetization and anisotropy fields.
Finally, we discuss the temperature dependence of saturation magnetization and anisotropy fields in
ultrathin CoFeB films. The conclusions drawn from the experiments performed in this chapter will be

used subsequently for our studies on electric-field induced magnetization dynamics.
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3.2. Estimation of magnetic anisotropy fields using in-plane angular dependence of

ferromagnetic resonance fields.

Given the importance of magnetic anisotropy of ferromagnetic systems, it is of utmost importance
for us to first devise a method to accurately estimate the magnetic anisotropy fields. One of the more
common methods to estimate in-plane Hy and perpendicular magnetic anisotropy fields H, is from the

fitting of the frequency f dependent resonance fields H.s to the Kittel formula given below:

f=yJH, +H -M)H, +H), (3.1

where v is the gyromagnetic ratio and the effective demagnetizing field Mcxr= M — H,,.

Due to the high value of H, at lower CoFeB thicknesses, the M. in the above formula can vary
from 1500 mT in CoFeB(20 nm)/MgO junctions to close to 0 mT in CoFeB(1.5 nm)/MgO junctions.
This results in a high degree of error in estimating the in-plane anisotropy fields in CoFeB/MgO

junctions, which are typically found to be of the order 10° mT.

One of the other techniques to estimate magnetic anisotropy fields is by solving the Smit-Beljers
relation [21] for a specific magnetic system, using which we can estimate the relationship between a
resonant magnetic field of FMR and an azimuthal angle of the magnetization for an in-plane magnetized
film. Let us consider that the direction of the magnetization M and external magnetic field He is given
by (¢, 0) and (a, f), respectively, where a and ¢ are the azimuthal angles and f and 8 are the elevation

angles from the film plane as schematically shown in Fig. 3.2.

The Smit Beljers relation in this ferromagnetic system is given as follows:

(i) [, cose?| SEOF —[ or j , (3.2)
y 06> o¢* | 0609

where f'is the frequency and vy is the gyromagnetic ratio.
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Figure 3.2: The elevation angle and azimuthal angle of M and Hex are (6, ¢) and (f, &) respectively.

The equations are derived for the case where M is parallel to Hex in the film plane.

The magnetic free energy F can be expressed as a sum of the Zeeman energy, demagnetization energy

and magnetic anisotropy energy as below:

F:‘UOMS —2H€x(cosﬁcosﬂcos(a—¢)+sin«9sin,8)+(Ms—Hp)sinze
2 |-H, cos’ ¢cos’ 6

, (3.3)
where Hj is the in-plane anisotropy field directed along ¢ = 6 = 0°, H, is the perpendicular magnetic
anisotropy field along 6 = 90 °.

We can obtain the free energy differentials with respect to ¢ and 6 as below:

O*F —Hex(—sin Osin [ —cos [ cos(ax —¢)cos0)—(Ms —H )cos260
— = UM , (3.4
o0 — H, cos® ¢sin 26
O°F [ ) ]
W = UM, Hex(cosﬁcosﬂcos(a —¢))+ H, cos” Ocos24|, (3.5
2
680 g ;" — 1M, {Hﬂ (sin @ cos Ssin(a — @)+ %sin 20sin 24 . (3.6)
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For the estimation of H, and Hi, FMR measurements were performed for in-plane magnetized
films in the condition that M is parallel to Hex. Using 8 = f=0° and ¢ = a in Eq. (3.4) ~ Eq. (3.6) and

substituting the resulting expressions in Eq. (3.2), we obtain:

2
1
[f} = F((IUOMSH&\' + IUOMS (Ms _Hp)+ IUOMSH/( COSZ ¢) (/uOMsHex + IUOMSHI( 0052¢))(37)

s

Replacing H.x with the term of resonant magnetic field Hrs in Eq. (3.7), we obtain the relation
between Hi.s and ¢ for estimating the values of H, and Hy as below:
1
Hsin"¢+(M, ~H,)’+2(M —H,)H,sin’¢ |

M, -H
H,,ES:—HkJrszsinzqﬁ—MJrl Y . (3.8)
2 2 2044

Hoy

The advantage of this equation over the standard form of Kittel equation is that it poses an additional
constraint in terms of ¢. This reduces the error in determination of Hy which is typically of the order
few mT. It is unlike H, which is of the order ~10° mT for the range of thin films used in experiments

performed for our study.
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3.3. Annealing temperature dependence of saturation magnetization.

One of the characteristic magnetic properties of ferromagnetic materials is its saturation
magnetization. As mentioned earlier in Sec. 3.1, it becomes especially important while studying
magnetic anisotropies because M; also determines the strength of demagnetizing fields of ferromagnetic
thin films. The magnetization is strongly dependent on the kind of magnetic atoms that are present in
the ferromagnetic material because it is determined by the isotropic exchange interactions between the
magnetic atoms in the ferromagnet. Therefore, it can vary strongly depending on the composition of
the ferromagnet. Throughout the entire thesis, we have used CoFeB thin films with a fixed composition
ratio of Co:Fe:B as 20% : 60% : 20%, which are grown on top of a Ta/Ru/Ta underlayer as mentioned
in Chapter 2. However, during to the process of annealing, it has been reported that B atoms tend to
migrate into the Ta layer as it has an affinity towards Ta [13]. This might affect the saturation
magnetization because reduction of B in the alloy could lead to a change in the composition of CoFeB

[13,14].

Therefore, we estimated the M; values of our samples as a function of the annealing temperature
using superconducting quantum interference device (SQUID). A typical signal obtained from the
SQUID measurement with the external field in the in-plane and perpendicular directions is shown in
Fig. 3.3a and 3.3b respectively. The obtained magnetic moments are the sum of magnetizations of all
the magnetic materials present in the multilayers namely, paramagnetic SiO» and ferromagnetic CoFeB.
The magnetization vs magnetic field (M-H) plot of ferromagnetic CoFeB is extracted by subtracting the
magnetization of SiO; from this signal, followed by dividing the magnetization with the volume of the
ferromagnetic layer in the multilayer. Typical example of a refined signal after we subtract the
paramagnetic signal from Fig. 3.3a and 3.3b is shown in Fig. 3.3c. It shows that the sample has an easy
axis in the film plane as it is easier to magnetize the sample in the film plane compared to the

perpendicular direction.
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Figure 3.3 Magnetic moments obtained from SQUID measurements when the external magnetic field
is applied in the a, in-plane and b, out-of-plane directions on the multilayer. ¢, Magnetization versus
magnetic field (M-H) plots extracted from a and b after subtracting the paramagnetic signal are plotted
together to show the magnetic easy axis in our samples. d, Magnetization vs in-plane field data are
presented for multilayers with 2.0 nm thick CoFeB layers annealed at temperatures ranging from 200

°C to 600 °C. All the multilayer stacks in these figures have 2.0 nm thick CoFeB layers.
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It should be noted that although SQUID is an excellent tool to measure magnetization, it is
tough to extract accurate information about magnetic anisotropy in the samples. This is because our
multilayers are grown on paramagnetic Si/SiO» substrates which gives rise to an additional background
in addition to the signal obtained from the ferromagnetic layer. Typically, the field at which the
magnetization saturates in the ferromagnetic hard axis gives us a measure of the effective demagnetizing
field Hy.rr in the sample and hence the perpendicular anisotropy field (H, = Ms — Hafr). But because we
need to subtract the paramagnetic signal in our samples, the accuracy of the field at which the
magnetization saturates is not well defined. In addition, as mentioned in the previous section, the in-
plane magnetic anisotropy for our samples are much less compared to H,. Therefore, we need an
alternative technique to estimate magnetic anisotropy accurately. A direct measurement technique is
desirable that detects the ferromagnetic properties as a function of fields (instead of voltages that depend
on magnetic flux in SQUID measurements). Such a condition is fulfilled by the ferromagnetic resonance

measurements.

Nevertheless, we can extract the saturation magnetization of our samples to a good degree of
accuracy from these measurements. Typical annealing temperature dependence of the M-H plots for
multilayers with a 2-nm-thick CoFeB layer is shown in Fig. 3.3d. Based on this measurement, we see
that the M; is roughly constant at 1500 mT for our thin films in the annealing range of 100 °C — 400 °C.
At higher annealing temperatures like 600 °C, Ms reduces drastically. Such a drastic reduction of M; at
high annealing temperatures is due to the intermixing of the ferromagnetic and oxide layers [14]. A

similar behavior of saturation magnetization is obtained for films with 5 nm CoFeB layers.
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3.4. Estimation of magnetic anisotropy using ferromagnetic resonance.

In this section, the effect of annealing the CoFeB/MgO junctions in the presence of a bias
magnetic field Hy on magnetic anisotropy will be discussed. Magnetic anisotropy of ferromagnetic thin
films has been shown to be strongly enhanced by annealing conditions [13,22,23]. Temperature
treatment enhances the crystallinity of CoFeB/MgO junctions that leads to an improvement in the lattice
matching between the CoFeB/MgO layers. This strengthens the hybridization between Co (Fe) atoms
in the ferromagnetic layer with the interfacial O atoms of the MgO layer. Since PMA originates from
such a hybridization, it can be controlled by changing the annealing temperature as has been observed
in several recent studies [13,14]. In addition, annealing in the presence of A, has been shown to induce

an anisotropy field along Hy, [24-26], which is the main purpose of this section.

The magnetic anisotropy fields are estimated by ferromagnetic resonance (FMR) spectroscopic
studies that is performed using a vector network analyzer (VNA) as discussed in the Chapter 2. An
example of the real and imaginary parts of the S;; parameter recorded in the VNA based FMR

measurement is shown along with the setup in Fig. 3.4a. The obtained data are fitted by:

J— LXde +DXdHX(H€X_H/”€S)
(H,-H,) +dH*> (H, -H,) +dH"

+axH, +b, (3.9)

11

res res

where L and D are the weights of the Lorentzian and dispersive parts, respectively, dH is the half width
at half maximum, a and b are constants. By fitting the data using Eq. 3.9, we can obtain the values of
Hies = 137.2 mT and dH = 3.6 mT. We measured the FMR spectra as a function of the azimuthal angle
to obtain the resonance fields. Figure 3.4b shows the azimuthal angle dependence of resonance fields
for multilayers with a 2-nm-thick CoFeB layer prior to annealing. A sinusoidal behavior indicates the
presence of an in-plane magnetic anisotropy IMA, in addition to PMA. Upon fitting the data using Eq.
3.8, we obtain poHx as 1.2 mT while poH, is estimated to be 966 mT. An inherent IMA typically appears
in random directions during the deposition process. Magnetic annealing allows us to define the direction

of IMA as will be discussed in the next paragraph.
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Figure 3.4a, A typical FMR spectra is shown that consists of imaginary and real parts of reflection
parameter S;; (symbols) with fits (lines) to Eq. (3.9). b, In-plane angle ¢ dependence of the resonant
field Hes (squares) at frequency /= 9.0 GHz for a multilayer with a 2.0-nm thick CoFeB layer prior to
annealing. Line is fit using Eq. (3.8).

The bias magnetic field H, applied during annealing is applied in three orthogonal directions to
the multilayers as discussed in Chapter 2. Using Fig. 3.5, we discuss the effect of magnetic annealing
in case of a multilayer with a 2-nm-thick CoFeB layer. When the film is annealed in the presence of Hy
in an in-plane direction which is perpendicular to the inkherent in-plane magnetic anisotropy (x-axis),
we observe minima along ¢ = 0 degree in the Hrs vs ¢ plots as shown by the red symbols. On the other
hand, if we anneal the film with H,, parallel to the inherent anisotropy of the films (y-axis), we can see
a 90 degree phase difference between x- and y-axial annealing, accompanied by an increase in the
sinusoidal amplitude. Meanwhile, if we anneal the film with H, perpendicular to the sample plane (z-
axis), the amplitude of the sinusoidal behavior for Hs vs ¢ is clearly suppressed (blue). Upon fitting
the experimental data in Fig. 3.5b using Eq. 3.8, we can obtain poHyx and poH, as 1.3 and 1083 mT, 1.8
and 1088 mT, 0.4 and 1096 mT for the x-, y-, z-axis magnetic annealing, respectively. The small in-
plane component for perpendicular H, and the different magnitude of the anisotropy field between x-

and y- axis magnetic fields may be due to the misalignment in the experimental setup during annealing.
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Figure3.5: In-plane angle ¢ dependence of the resonant field H.s (squares) at frequency /= 8.0 GHz
for a 2.0-nm thick CoFeB layer annealed at 200 °C in presence of a magnetic field Hy in three orthogonal

directions (arrows of corresponding color on the block in inset). Lines are fits to Eq. (3.8).

In order to see the effect of annealing temperature on magnetic anisotropies, we measure the
Hy and H, as shown in Fig. 3.6a and 3.6b, respectively, for different CoFeB thicknesses of 1.5 nm, 1.8
nm and 2.0 nm. Please note that Hx in all the samples were induced by annealing. It is observed that Hx
for all the thicknesses decrease with increasing annealing temperature. On the other hand, H, increases
with increasing annealing temperature, reaching to a maximum at around 300 °C, and then drastically
decreases with the further increment of annealing temperature because of intermixing of the interface,

as reported in previous studies.

There have been many experimental and theoretical studies on IMA induced by magnetic
annealing for bulk samples [24-26]. The easy axis of the IMA is parallel to the direction of an external
magnetic field during annealing. One plausible model to explain its mechanism in a cubic lattice such
as NiFe and CoFe is directional ordering of atomic pairs: in alloys consisting of A and B atoms, an
anisotropic distribution of different atom pairs such as AA, BB and AB yields a uniaxial anisotropy [5,

24-26]. In this study, Hx decreases with increasing annealing temperature because migration of atoms
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Figure3.6a, In-plane magnetic anisotropy field Hx plotted (solid symbols) as a function of annealing
temperature for CoFeB layers with thicknesses ranging from 1.5 nm to 2.0 nm. b, Corresponding
perpendicular magnetic anisotropy H, for the samples (solid symbols) measured from FMR
measurements. Error bars represent the maximum deviation of the anisotropy fields obtained for
different frequencies from the average value. H, from SQUID measurements for multilayers with 2 nm

and 5 nm thick CoFeB layers is shown as red and black circles respectively.

causes an isotropic distribution of atom pairs among Co, Fe and B. Higher temperature annealing leads

to improved crystallinity as well as atomic order at CoFeB/MgO interface, and therefore H, is enhanced.

It should be mentioned here that we have also measured the PMA of a multilayer stack that has
a 5 nm CoFeB layer using SQUID and FMR. While the in-plane and perpendicular MH measurements
give us H, = 0 mT, FMR measurements gives us a value of A, ~ 500 mT as shown in Fig. 3.6b. Although
we mentioned that estimation of PMA from SQUID is not accurate due to reasons discussed previously,
we note that such a high deviation from the FMR measurements cannot be expected. This can be
understood from the comparable PMA obtained from FMR and SQUID measurements for 2 nm data in
Fig. 3.6b. Although we do not know the precise reason for such a large deviation in the Snm thick
CoFeB films, we believe it could be due to measurement errors in the SQUID setup or non-uniformity
of microwave during FMR measurements. Therefore, we have not considered the data for thicker films

in our discussion. Nonetheless, Hyx shows similar annealing temperature behavior as the rest of the films.
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3.5. Temperature dependence of saturation magnetization and magnetic anisotropy

The temperature dependence of saturation magnetization My(T) was measured using SQUID.
The temperature dependent magnetization measurements were performed at a low magnetic field of 5
mT so as to minimize the paramagnetic contribution form SiO,. Owing to the low in-plane magnetic
field required to saturate the multilayer stack with a 2.0-nm-thick CoFeB layer (see Fig. 3.3), the
obtained magnetization can be attributed entirely to the ferromagnet. The corresponding data for the
2.0-nm-thick CoFeB layer annealed at 200 °C is shown in Fig. 3.7a. The monotonic change with respect
to temperature implies that the annealing process does not give rise to any oxide interlayer in the
CoFeB/MgO junctions [27]. A decrease in the saturation magnetization at higher temperatures is due
to the increment of thermal fluctuations and excitation of spin wave modes that tends to destabilize the
orientation of magnetic moments. The experimental data were fitted using the Bloch’s law given below

[19]:

MS(T)=MS(O)E1—(TLJ J , (3.10)

C

where Tc is the Curie temperature and y is the Bloch’s exponent. In the empirical form of Bloch’s law,
the interactions between the excited spin wave modes was not considered and therefore y = 1.5 was
obtained. In the low temperature range upto T = 50 K, the experimental data fits well to the Bloch’s law
using Tc = 1150 K and y = 1.5 as shown by the green line in Fig. 3.7. The data in the measurement
range of 50 K to 300 K was fitted to the Bloch’s law using Tc = 1150 K and y = 1.8 as shown by the
red line in the same figure. Although such an assumption holds well for low temperatures, at higher
temperatures the spin waves might also interact among themselves [28]. Thus, a difference in the
exponents between lower and higher measurement temperatures can be expected due to the magnon-
magnon scattering. We have also measured the data for multilayers with 5.0 nm CoFeB layers as shown
in Fig. 3.7b. Upon fitting the data using Eq. (3.10), for T < 50 K, we obtain x = 1.6 while in higher

temperatures T > 50, we obtain a much higher value of y = 2.5.
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Figure 3.7a, Saturation magnetization M; as a function of temperature. Upon fitting using Bloch’s law
(Eq. (3.10)), Tc = 1150 K and y = 1.5 is obtained for T < 50 K (green line) and 7c = 1150 K and y = 1.8
for T > 50 K (red line). b, The corresponding data for a multilayer with 5.0 nm thick CoFeB layer. We
obtain y = 1.6 and 2.5 in low and high temperatures respectively (by fixing 7c = 1150 K during fitting)

indicating a higher deviation from the Bloch’s law.

The temperature dependence of anisotropy fields, H, and Hx, of the corresponding sample were
estimated using temperature dependent FMR measurements. Both H, and H are found to be increased
monotonically with decreasing temperature as shown in Fig. 3.8a. Figure 3.8b shows the temperature
dependence of the corresponding magnetic anisotropy energies. Since the dominant contribution to
PMA in CoFeB/MgO junctions comes from the interface between the two layers, we can approximately
equate Ki/t, K; being the interfacial PMA, to the energy corresponding to the PMA field

M (H ,(T)
——

K, (T)=
The experimental data are then fitted to the Callen-Callen power law of the magnetization [20]

which can be written as:

K, _(MD) o
K. \M©) 7
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using scaling exponent y = 2.1. According to the Callen-Callen model, the anisotropy energy scales as
a function of temperature with y = 3 for a ferromagnet, which has a single site origin of magnetic
anisotropy. However, a scaling exponent of y ~ 2 has been observed in VCMA systems with interfacial
magnetic anisotropies like Ta/CoFeB/MgO [29,30] and Ru/Co.FeAl/MgO [31]. Such a deviation from
the Callen-Callen model is due to the presence of interfacial hybridization between the 3d orbitals of
Fe and 2p orbitals of O atoms in the CoFeB/MgO junction. Callen-Callen law is derived assuming a
uniform exchange interaction in the ferromagnet i.e. the x-, y- and z-components of the exchange
interaction matrix are equal. Based on this model, it was shown using simulations that interfacial
magnetic anisotropy scales as a power law of magnetization with an exponent of 3. However, due to
the presence of interfacial hybridation in CoFeB/MgO junctions, the exchange interactions vary
between the in-plane and perpendicular orientations. Due to this, simulations show that the exponent is

lowered from 3 to 2.

Upon estimating the energy corresponding to IMA K, using a similar relation, as shown in Fig.
3.8(b), we are able to fit the temperature dependence of the anisotropy energies to the power law of
magnetization using y = 2.3. We have measured the temperature dependences for different thicknesses
as well. Similar dependence of PMA and IMA has been obtained for the films that have CoFeB layer
with thickness close to 2.0 nm. Such a behavior has been shown in Fig. 3.8 using the data for a
multilayer 2.2 nm thick CoFeB layer. This indicates that, in addition to PMA, even IMA can have

interfacial origin in CoFeB/MgO junctions.
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3.6. Conclusion

In conclusion, a systematic study of magnetic annealing on the magnetic anisotropy of
CoFeB/MgO junctions has been presented in this chapter based on the results obtained from simulations
and experiments [32,33]. An expression to estimate the in-plane and perpendicular magnetic anisotropy
fields has been derived from the Smit-Beljers’ relation. Subsequently, the results of annealing effect on
the saturation magnetization was presented, which shows that our multilayer structures maintain a
roughly constant value of saturation magnetization upto 400°C. Following this, the results of magnetic
annealing were presented. Magnetic annealing was found to induce a magnetic anisotropy along the
direction of a bias field applied during the process of annealing. In addition, the annealing temperature
effect was also found to significantly control the magnitudes of magnetic anisotropy fields. This effect
was studied for CoFeB thicknesses ranging from 1.5 nm to 2.0 nm, all of which showed similar

behaviour.

In the latter part of the chapter, we studied the measurement temperature effect on the
magnetization and magnetic anisotropy fields. Saturation magnetization was found to follow the
Bloch’s law with different coefficients in low and high temperature ranges. Below 50 K, we obtain y =
1.5, while in the range of 50 K — 300 K, y was estimated to be 1.8 for multilayers with a 2.0 nm thick
CoFeB film. The in-plane and perpendicular magnetic anisotropies showed a monotonous decrease with
increasing temperatures. Upon fitting the corresponding anisotropy energies to the Callen-Callen law,
we obtain similar scaling exponents. This indicates they could have similar interfacial origins in
ultrathin CoFeB/MgO junctions. Such a finding is especially interesting because it opens up avenues to
control not just the perpendicular, but also the in-plane magnetic anisotropy using electric-fields as will

be discussed in the following chapters.
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Chapter 4

Micromagnetic simulations on the effect of magnetic anisotropy on

switching of an easy cone magnetized free layer

4.1. Introduction

Magnetic tunnel junction (MTJ) based magnetoresistive random access memory (MRAM) have
emerged as a promising candidate for high performance non-volatile storage devices. As mentioned earlier
in Chaper 1, magnetization direction in the free layer of the MTJs can been controlled by magnetic fields
[1], spin transfer torques [1, 2] and spin orbit torques [3,4], all of which require a flow of charge current in
close proximity or inside the device. As a result, when the device sizes are scaled down, the need to remove
unwanted Joule heating caused by the flow of charge currents becomes very important in order to maintain
the device performance. Typically, in MRAMSs, the the Oersted fields generated around a current carrying
wire is used to switch the free layer of an MTJ that is placed near to it. But since these Oersted fields are
spatially dispersed, there is a possibility of affecting neighboring memory elements. Thus a localized
excitation mechanism is required. STT, being a localized mechanism, promises to address this issue but the
requirement of an overlapping read and write current paths in the device architecture leads to switching of
the memory element during the read process. This makes the process of device miniaturization difficult
beyond a certain limit. SOT promises to overcome this issue via reduced current densities and possibility
for a new MRAM circuit design where the read and write current paths are separated. However, current
densities required are typically over 10'® Am? which can give rise to significant Joule heating. Recently
the effect of magneto-electric coupling through selective electron-hole doping in interfacial bonding states
of ferromagnetic metal-oxide interfaces by application of voltage was demonstrated [5]. The advantage of

such a control of magnetization via voltage in metallic ferromagnets is that it has the potential to eliminate

48



the charge currents required for magnetization switching and in turn help in development of ultralow power
MRAMs. This motivates us to understand the switching process of a MTJ free layer element using

micromagnetic simulations.

The first MTJs that were developed had two ferromagnetic layers with in-plane easy axes and
separated by a thin tunnel barrier. Soon materials with perpendicular easy axes were developed which
allowed us to have the option for perpendicular magnetized fixed and free layers too. Therefore, typical
MTlJs have a free layer that has either an in-plane or out-of-plane magnetic easy axis. However, the torque
exerted by electric field on magnetization being a function of sinfcos6, is zero for an in-plane and out-of-
plane magnetized film [6,7]. Therefore, an external bias magnetic field is typically used to tilt the
magnetization away from the film plane or the normal during dynamical magnetization control via AC
electric fields [8] — [10]. One of the potential solution to overcome the need for this bias magnetic field is
by substituting the free layer of the MTJs with a ferromagnetic layer that has an easy cone state of
magnetization [11, 12,13]. This easy cone state arises out of the competition between the second and fourth
order PMA [11]. CoFeB/MgO junctions can also exhibit an easy cone state due to a 4™ order PMA H,»,
whose corresponding anisotropy energy Ky is reported to vary from — 0.4x10° Jm™ to 1.0x10° Jm™ [11].
In this chapter, we present our results about the investigation on the transition of a ferromagnetic thin film
from an out-of-plane easy axis into an easy cone state due to PMA. Such an easy cone can only be possible
when the 2™ order PMA field H, is higher than the demagnetizing field Hy. Subsequently, we discuss about
the thermal stability of the same samples as a function of the PMA. Finally, the magnetization switching
mechanism is studied. A comparison of the switching fields and times as a function of inclination angle

from the film normal 0 of the easy cone state is made.
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4.2. Easy cone state and thermal stability

The process of estimating the stable state of magnetization is mentioned in Chapter 2. If we take into

account the fourth order PMA K, 4, the effective magnetic anisotropy of a ferromagnet can be written as:

E(G) = _Ku,ejf COS2 60— KL4,4 COS4 0’ (41)

where, the first term Ky e = Ku.a— Ku2 and K, g is the demagnetization energy.

In the absence of K4, the magnetic easy axis is determined by the competition between K, 4and
K2, both of which have a cos?0 dependence. As a result, easy axis is possible either in the in-plane or out-
of-plane directions, as shown in Fig. 4.1a and 4.1b respectively. When H,, the field corresponding to second
order PMA, overcomes the field corresponding to the demagnetizing energy, the minimum of £ is along
the normal to the film plane (6 = 0 degree) which gives rise to a perpendicular easy axis. In this state, when
a negative K, 4 is introduced, a special kind of minimum for Eq. (4.1) is possible wherein it lies at a value
of 6 between 0 and 90 degree because K, 4 has a cos*d dependence. This state is called the easy cone state

because the easy axis forms a cone of angle 0 around the film normal as shown in Fig. 4.1c.
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Figure 4.1a, MAE as a function of 0 for a film with an a, in-plane easy axis b, out-of-plane easy axis and

¢, easy cone state. Inset in (¢) showing the coordinate axes.
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We estimated the equilibrium state of magnetization as a function of PMA and the evolution of the
easy axis from a perpendicular to an easy cone state is shown by the dependence of 8 with PMA in Fig.

4.2a. The value of 8 can be analytically estimated by minimizing Eq. (4.1) to be of the form:

K,.
O@=cos’ |—L (4.2)

2K, ,
Upon fitting the values of & obtained from the simulations as a function of PMA to (4.2), we can obtain a
good accuracy with theory as shown by the lines in Fig. 4.1b. It can be seen from (4.2) that the out-of-plane

easy axis state (6 = 0 degree) transitions into an easy cone state when K4 > Ky /2.

Subsequently the thermal stability factor 4 which gives a measure of the energy barrier separating the

easy cone state from the in-plane hard axis can be estimated as follows [14]:

_ E(90 deg)— E(8)
- k,T

A

A, (43)

where A4 is the volume of the device, kg is the Boltzmann’s constant and T is the temperature of operation
which is taken as 300 K. During calculation of 4 for the easy cone state, we initialized our simulation with
the magnetization in the film plane and allow the magnetization vector to relax to the nearest lowest energy
state. The difference in the energies between the initial and final states gives us: E(90 deg) — E(6).
Substituting this value in Eq. (4.3), we obtain the value of 4 as shown in Fig. 4.2a. It can be seen from (1)
that a negative K, 4, can also result in a decrease in £ which in turn reduces the thermal stability factor that
is a key parameter of memory devices. Typically, for the condition of non-volatility in memory devices, 4
= 60 is required for a retention period of about 10 years. Therefore, during the discussion of magnetization
switching conditions for easy cone magnetized samples in the subsequent section, we ensured that the

samples have 4 > 60.
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4.3. Magnetization switching using electric-fields

Whenever the effective magnetic field Hesr in a ferromagnet changes, the magnetization M precesses
around the new Hr and aligns parallel to it to reach the new energy minima. This process is well defined
by a sum of precessional and damping torques given by Eq. (2.1). In the presence of an electric field at the
interface of the ferromagnet, PMA can be modified by the change of electron occupancies in its interfacial
3d orbitals [6]. Such an effect is typically quantified by the voltage controlled magnetic anisotropy (VCMA)
coefficient { which represents the change in magnetic anisotropy energy per unit electric field at the
interface of the ferromagnet. The application of a voltage results in a change of effective magnetic
anisotropy energy. As a result, H.sr, which can be estimated from the derivative of the magnetic free energy
(see Sec. 5.3) with respect to the magnetization vector m, changes and the magnetization precesses to the
new minimum. If { of the ferromagnet is sufficient enough, so that during this precession M crosses the
equatorial film plane, the magnetization can be switched from the upper (lower) cone to the other side by
turning off the voltage. Typical reported values of { for second order PMA range from about 0.01 pJV-'m
! for CoFeB/MgO junctions [14] upto about 0.25 pJV-'m™ for FePt/MgO junctions [15]. Based on this,
corresponding voltage induced change in the second order PMA field of up to 150 mT can be expected in

such materials.

Since our micromagnetic simulator does not allow us to apply electric fields, the electric field effect
can be modelled as a z-axial field pulse H, which is equivalent to the change in PMA in presence of an
interfacial voltage. Switching condition of the samples are studied by varying the field pulse amplitudes.
Switching time fwit is taken as the time when the z-component of magnetization m, crosses the equator
defined by m, = 0. Hy, which is defined as the minimum amplitude of H, required for switching the
magnetization vector, was estimated as a function of PMA. As shown in Fig. 4.2b, it is observed that the

Hy decreases with a decrease in K, » and K, 4. This can be understood in terms of a reduced potential barrier
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between the easy and hard axes. Also, as can be seen in the same figure, it is possible for samples with
different combinations of K., and K.4 to have equal values of Hy. Therefore, for discussing the
magnetization switching times, we selected samples S-1 to S-5 that have an equal value of poHs =104 mT.
The values of K., and K, 4 for these samples, as given in Table 1, are such that they have equal 4 and
corresponding 6 = 4, 19, 29, 34 and 41 degrees respectively. This enables us to make a comparison of the

magnetization switching dynamics as a function of 6.

Figure 4.2c shows estimated #wit as a function of H, for S-1 to S-5. Switching times decreased with
increasing amplitude of the field pulse and inclination angle. The reduction in switching times with
increasing fields can be understood in terms of a higher torque on magnetization given by M x Hesr. In order
to explain the switching behavior as a function of the inclination angle of the easy cone state, we plot the
time dependence of the magnetization components of S-3 and S-5 in Fig. 4.2d — 4.2f. Interestingly, even
though all the samples have the same poHs = 104 mT, for any fixed field amplitude, the switching process
depends on the inclination angles of the easy cone state. While the switching time at Hy is lowest for S-5
that has @ = 41 degree, it increases as 6 decreases. This points towards an increase in torque on
magnetization when 6 is increased. Such an increase is confirmed from a faster magnetization precession
for S-5 compared to S-3, as shown in the time evolution of my and my in Fig. 4.2e and 4.2f respectively.
The torque on m is applied in the film plane because H.r is perpendicular to the film. For a fixed damping
factor, an increase in the torque will consequently increase the Gilbert damping torque that is orthogonal to
the torque. This in turn gives rise to a lower switching time as the inclination angles are increased. In this
way we can explain the phenomenon of magnetization switching using electric-fields in an MTJ that has a

easy cone magnetized free layer.
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Figure 4.3a-d, Time evolution of the magnetization components when a magnetic field pulse of 100 mT is
applied. The field amplitude is equivalent to the change in PMA change due to voltage is applied and so it
is depicted in the figures a, to d, as voltage pulse (green). The cases shown correspond to a film with a,
perpendicular easy axis and easy cone state stabilized films with easy cone angles of b, 10 degrees, ¢, 20
degree and d, 30 degrees. The change of e, critical switching fields with respect to PMA and f, switching

times as a function of pulse amplitude and inclination angle of the easy cone state.
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4.4. Conclusions

The dependence of the magnetic state on perpendicular magnetic anisotropy was investigated. VCMA
of PMA can’t be used to excite magnetization dynamics when the samples are aligned in the in-plane or
perpendicular directions. Such a constraint makes it necessary for us to use a bias magnetic field to tilt the
magnetization during voltage controlled switching processes in storage devices. But an MTJ free layer
magnetized in the easy cone state can be used to overcome this requirement. It showed that a competition
between the second and fourth order PMA can give rise to an easy cone state of magnetization which is due
to differences in angular dependences of the second and fourth order PMA. Thermal stability was found to
decrease with decreasing effective anisotropy due to a decrease in the energy barrier separating the easy
cone state from the in-plane direction. Upon comparison of samples with equal values of minimum
switching fields but different 0, varying from 4 to 41 degrees, switching time was found to be lowest for
the sample with an easy cone angle of 41 degrees. This could be understood in terms of an increase in the
torque with an increase of the inclination of the easy cone state with respect to the film normal. It should
however be mentioned here that the values of K., and K, 4 required for these processes to ensure both an
easy cone state and A = 60 for memory applications is beyond those typically reported for CoFeB/MgO
junctions. Therefore, although theoretically it is possible to use them for magnetic-field free switching
applications, magnetic anisotropy and electric-field effects in the easy cone state of a CoFeB/MgO junction
are not suffient for storage devices. This calls for alternative mechanisms to explore the possibility of a
magnetic-field free control of magnetization in ferromagnetic metals. We will show our experimetal and

simulation results towards this goal in the next final two chapers of this thesis.
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Chapter 5

Electric-field induced magnetization dynamics in an in-plane

magnetized CoFeB/MgO junction

5.1. Introduction

In the previous chapter, magnetization switching was investigated as a function of PMA using
which we could observe that the benefits of VCMA in the storage technology is limited by the low
VCMA coefficients reported so far. This motivates us to explore the benefits of VCMA in other
spintronics devices such as in the field of spin current and spin wave generation. Recent discoveries
such as spin-transfer torque, spin-orbit torque and electric-field torque provide a new strategy for
designing future spintronic devices which require power efficient excitation of magnetization dynamics.
In this regard, spin-transfer torque has been mainly utilized for exciting the magnetization dynamics in
magnetic nano-structures [1,2]. However, there is an inevitable effect of Joule heating because of a high
charge current density of ~10'" A/m*in the devices. Spin-orbit torques generated at an interface between
non-magnetic metals with strong spin-orbit interaction and ferromagnetic metals could be a promising
approach for energy-efficient manipulation [3,4], yet recently reported charge current densities required
for magnetization switching or exciting spin waves remain too large to be ignored [5,6]. Further
significant reduction of power consumption is envisaged by electric-field control of magnetization [7].
Although magneto-electric effects have been realized through several mechanisms such as
piezoelectricity [4] and reversible oxidation [5], voltage controlled magnetic anisotropy (VCMA) is

particularly interesting because it allows us to excite magnetization in the sub-nanosecond regime.

As discussed in Chapter 1, the effect of an electric-field on magnetic properties has been reported

for various systems, such as magnetic semiconductors, multiferroic materials and magnetic metal/oxide
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bilayers [8]. The demonstration of modulation of coercive fields of FePt using electric fields by Weisheit
et al. in 2008 generated lot of interest in the electric-field control of magnetization in ferromagnetic
metals [9]. In particular, CoFeB/MgO junctions have emerged as an attractive system for studying
VCMA related phenomena because of its great potential to realize ultra-low power spintronic
nanodevices, thanks to its giant tunneling magnetoresistance [10,11] and strong perpendicular magnetic
anisotropy (PMA)[12]. The magneto-electric coupling at the CoFeB/MgO interface allows us to control
magnetization dynamics by using electric-fields. Based on this, a variety of dynamical magnetization
phenomena such as ferromagnetic resonance (FMR) excitation, magnetization switching and spin wave

excitation have been demonstrated [7,13-18].

One mechanism to explain the electric-field effect is that magnetic anisotropy energy is changed
by selective electron-hole doping into 3d orbitals of the interfacial ferromagnetic atoms through spin-
orbit interaction [19,20]. This interfacial PMA shows uniaxial symmetry where its energy is expressed
in the form of K,;sin%@, with K, being the uniaxial PMA energy and 6 being the elevation angle of the
magnetization from the film plane. The energy density contour arising due to such an uniaxial PMA is
shown in Fig. 5.1a. The corresponding electric-field torque caused by VCMA is estimated to be a
function of sinfcosf obtained from the derivative of the energy terms. Therefore, VCMA experiments
have so far used an external magnetic field for titling the magnetization direction because electric-field
torque is zero in the in-plane (6 = 0 degree) or out-of-plane (6 = 90 degree) magnetized samples [7].
This makes it necessary for VCMA experiments to have a bias magnetic field in order to tilt the
magnetization away from the easy direction to initiate magnetization dynamics [6-9]. Although non-
linear magnetization dynamics such as spin waves have been predicted to be possible using electric-
field induced parametric processes in perpendicular and in-plane magnetized ferromagnetic metal-oxide
junctions, it should be noted that they are threshold processes which limits the feature of power
efficiency [21-23]. Thus, there is a need for alternative avenues to excite purely electric-field induced

magnetization dynamics in the linear regime.
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In Chapter 3, it was shown that both perpendicular and in-plane magnetic anisotropy, i.e. PMA
and IMA respectively, can follow the power law of magnetization with comparable scaling exponents,
which indicated their interfacial origin. In this chapter, experiments on the electric-field control of
interfacial magnetic anisotropy using a DC bias voltage are presented. We demonstrate that it is possible
to control both PMA and IMA using electric-fields in CoFeB/MgO junctions. The presence of both
PMA and IMA significantly modified the energy contour as shown schematically in Fig. 5.1b. In
addition, a non-zero electric-field torque is expected for the in-plane magnetized films if the interfacial
magnetic anisotropy has an in-plane uniaxial component K.,, which is expressed in the form
Kucos*Ocos®d, ¢ being the azimuthal angle. Such a modification of the electric-field torque offers an
interesting opportunity to explore purely voltage-controlled spintronic devices. Subsequently, a
phenomenological model for the angular dependence of the torques arising out of VCMA of both in-
plane and perpendicular magnetic anisotropy fields is developed. Such a torque is then fitted to the spin
pumping model to obtain the angular dependences of the rectified voltage arising from spin pumping
and inverse spin Hall effect measurements. Finally, experimental results on the excitation of
ferromagnetic resonance using electric-fields in an in-plane magnetized CoFeB/MgO junction are

presented which fits well with the phenomenological model to prove that VCMA of Hy indeed plays a

role in excitation of FMR using electric-fields.

Figure 5.1 a, Anisotropy energy contour arising from uniaxial perpendicular magnetic anisotropy H,.
b, Schematic to illustrate the resulting anisotropy energy contour when, in addition to H,, an in-plane

magnetic anisotropy Hy is present along x-axis. Such an anisotropy has been demonstrated to be induced

by magnetic annealing in Chapter 3.
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5.2. Modulation of magnetic anisotropy using a DC bias voltage

In this section, the effect of a DC electric-field on Hy and H, of the CoFeB/MgO junction via spin
pumping and ISHE measurements is presented. The fabrication process of devices for this purpose was
explained in Chapter 2. A typical schematic of the experimental set up used in this process of electrical
detection of FMR is shown in Fig. 5.2a. In this setup, the microwave magnetic field 4., was applied
perpendicular to the CoFeB layer from a nearby CPW. Figure 5.2b shows the detected rectified voltage
signal as a function of an external magnetic field He for frequency /= 3.0 GHz when ¢ = 0 degree. The

rectified voltage is fitted to the following equation to characterize its lineshape:

LxdH* DxdH x(H,,—H,,,)
= ~ > >+ ~ 2 =, (5.
(H,—-H,) +dH (H,—-H,) +dH

res res

where, L and D are the weights of the Lorentzian and dispersive parts, respectively, dH is the half width
at half maximum (HWHM). From the fitting of the data using Eq. (5.1) we obtain L = -2.42x10° pV
and D = 3.13x10® pV in the positive field direction, indicating that the lineshape is highly symmetric.
Upon fitting the data in the negative field direction using Eq. (5.1), we obtain L = 2.45x10¢ pV and D
= 5.15%10® uV. This shows that when the field direction is reversed, the symmetric voltage signal is
reversed. Such a lineshape indicates the origin of this rectified voltage could be spin pumping and

subsequent conversion to charge current via spin Hall effect.
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Figure 5.2 a, Schematic of the experimental setup used to detect FMR signal electrically via spin
pumping and inverse spin Hall effect (ISHE). b, Visue spectra for A4 frequency of 3.0 GHz when ¢ =0

degree.
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It is reported that the lineshape of the rectification voltage in spin pumping measurements strongly
depends upon the microwave magnetic field distribution in the sample and contributions from
anomalous Hall effect (AHE) or anisotropic magnetoresistance (AMR)[24]. According to Harder et al.,
in this setup, AHE and AMR of the ferromagnet shows dispersive and Lorentzian lineshape, respectively,
and ISHE shows Lorentzian lineshape. However, the AMR and ISHE spectra amplitudes show angular
dependent behavior of the types sin2¢ and sing respectively. Therefore, an angular dependent
measurement of the electrical detection of FMR was performed to investigate its origin. Figure 5.3a
shows the rectified voltage when ¢ = 80 degree, which is highly symmetrical (like Fig. 5.2b). The
Lorentzian and dispersive components are plotted as a function of ¢ in Fig. 5.3b. The data fits well to
the function of sing. This confirms that the rectified voltage originates from inverse spin Hall effect

where the FMR is excited by a z-axial microwave field.
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Figure 5.3 a, Visue spectra for A frequency of 3.0 GHz when ¢ = 80 degree. b, In-plane angle ¢
dependence of the Lorentzian and dispersive amplitudes (symbols) of the rectified voltage Visug

lineshapes. Line is fitted for a sing dependence.
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The rectified voltages are recorded for frequencies ranging from 1.0 GHz to 5.0 GHz as shown in
Fig. 5.4a. The magnitude of the rectification voltage in the spectra increases with increasing frequency
up to 3.0 GHz, and then starts to decrease with the further increase of frequency. This behavior is due
to the fact that the spin current increases with increasing frequency for the spin pumping mechanism,
but the increase of Hex during FMR decreases the cone angle of magnetization precession, and therefore
the generation of the spin current is suppressed at high frequencies [25]. The dependence of Visue on
the microwave frequency and H. is plotted as a color map in Fig. 5.4b. The increase of resonant

magnetic field monotonically with frequency is consistent with Kittel formula.
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Figure 5.4 a, External magnetic field Hex dependence of Visug at different frequencies. b, Color-coded
Visue spectra. Measurements were performed at an input power of 15 dBm and the bias voltage at the

gate electrode was zero.
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DC bias voltage Ve is applied in the sample, as shown in Fig. 5.2a. The effect of V4. on the ISHE spectra
is plotted in Fig. 5.5a. The resonant field poHres is monotonically changed from 80 mT to 94 mT by
applying V. In order to understand the origin of the change of Hrs on V., firstly, the gyromagnetic
ratio y in Eq. (3.1) is estimated. We used a process similar to a method described by Shaw et al. [26],
which shows that the error in simultaneous estimation of the effective magnetization M.y and
gyromagnetic ratio from the Kittel equation can be minimized by recording the FMR spectra up to Hex
well above the M. The FMR spectra was detected electrically with an in-plane poHex up to 800 mT
along ¢ = 0 degree. Hy.s obtained are plotted as a function of frequency as shown in Fig. 5.5b. In case
of ¢ = 0 degree, Eq. (3.8) reduces to the typical form of Kittel equation Eq. (3.1). The in-plane
anisotropy can be assumed to be absent in this process since its effect was found to be negligible for
our purposes. We obtain M= 50 mT and y = 0.0298 GHz/mT from the fitting. Furthermore, we could

not detect any effect of electric-field on the gyromagnetic ratio in the applied bias voltage range.

2.0 GHz

40 60 80 100 120 140 100 200 300 400 500 600 700 800
lJ'OHeX (mT) “’oHres (mT)

Figure 5.5 a, Dependence of Visue spectra on bias voltage Ve at f= 2.0 GHz (symbols). The lines are
fits to experimental data by using Eq. (5.1). b, Resonance fields H as a function of f/ (symbols) with
fits to Eq. (3.1).
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Since the gyromagnetic ratio is found to be invariant with Vg, secondly, the change of H, and Hx
on the application of V. is estimated. The Visue spectra were measured as a function of in-plane
magnetic field angle ¢ at different bias voltages, as discussed in the previous paragraph. Surprisingly,
the sinusoidal amplitude in the ¢ dependence of Hys, as shown in Fig. 5.6a, is strongly modulated by
applying V., implying voltage-control for Hi. Upon fitting the experimental data using Eq. (3.8), it can
be observed that H, and Hy are controlled by bias voltage with a mutually opposite dependence on V.
Figure 5.6b shows the change of the anisotropy fields and the corresponding anisotropy energies on the
left and right axes respectively, as a function of V4 with respect to the unbiased condition (Vg = 0 V)
for frequencies from 1.0 GHz to 3.0 GHz. When the top electrode is at a lower potential than the bottom
CoFeB electrode (negative bias voltage), H, is observed to increase, whereas Hy remains almost
unchanged. On the other hand, a positive bias voltage decreases H, and increases Hx.

The penetration depths of the electric-field in metallic ferromagnets is about 0.1 nm and therefore
the change of H, and Hx with bias voltage suggests that PMA and IMA of the CoFeB/MgO junction are
of interfacial origin. VCMA in ferromagnetic metal/oxide interface is understood by a relative change
in electron density for the in-plane and out-of-plane oriented 3d orbitals of the interfacial ferromagnetic
atoms in the presence of an electric-field [27]. The electron filling factor in the d,, orbital is reduced by
applying a negative voltage, which leads to increase in PMA. On the other hand, when a positive voltage
is applied, the electron filling factors in the out-of plane and in-plane oriented 3d orbitals are enhanced
and suppressed respectively, leading to a decrease in PMA, accompanied by an increase in IMA. The
asymmetric trend of VCMA with respect to the sign of voltage in the samples is predicted for buffer
layer/ferromagnetic metal/oxide multilayers which lack spatial inversion symmetry perpendicular to

the film plane [28].
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Figure 5.6 a, In plane angle ¢ dependence of Hy. at different Vg at f= 2.0 GHz. The lines are fits to
experimental data using Eq. (3.8). b, The change of anisotropy fields po4Hani (symbols with lines) with
respect to Vg is shown on the left while the corresponding change in energies 4K, is shown on the right

axis. PMA and IMA refer to perpendicular and in-plane magnetic anisotropy respectively.
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5.3. Angular dependence of torque on magnetization and rectified voltages from spin

pumping

As discussed in Section 5.1, an ability to control the in-plane component of magnetic anisotropy
could enable us to have a non-zero torque without the need to tilt the magnetization direction from its
easy state. With this purpose, we derive the expression for the torque arising from VCMA of both H,
and Hy in this section. In order to gain a comparative picture, the torques from x-, y- and z- axial
microwave fields are also estimated. Subsequently, we fit these torque expressions in the spin pumping
model to obtain the angular dependence of rectified voltages arising from spin pumping and inverse

spin Hall effect experiments.

The torque on the unit magnetization vector m can be estimated using the following relation:

roo;gqu (5.2)

eff

AN

where m has the components (cosfcosg, cosfsing, sind) and Heyr is the effective magnetic field given

by the differential of magnetic free energy F as follows:

H, =1 % (53
) M A
/uo am

The generalized expression of F can be written as the sum of Zeeman, demagnetizing and anisotropy

energies.
Fe uM, | —2H, (cosfcos fcos(a — @) +sinOsin B) + (M, — Hp)sin2 0 (5.4)
2 |- H, cos’pcos’ O

For the sake of simplicity, let us consider only the terms that have a time dependent characteristic as

follows:

Mm[ oH ol
Hy [ pV_,.mi——aV" Vr.f-mf+h,_~f-’xmx+hrf,ymy+k,f’zmz}, (5.5)
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OH, v, are the voltage modulated parts of H, and Hi respectively, Ay, iy and A,
V r

where 6HP v, and

A
are the x-, y- and z-axial microwave fields and my, my and m, are the x-, y- and z-components of m .

Due to the electric-field effect on the anisotropy fields, we can assume the anisotropy fields as the sum

of H =(H,)y,+ ag[;’“' V,, . where the first term is the anisotropy in the unbiased condition i.e V =

0, while the second term accounts for the voltage modulated increase or decrease of H, or Hx due to a
microwave voltage of amplitude V. Using Eq. (5.3) and the VCMA terms of Eq. (5.5), we can estimate

the torque arising from VCMA of both H, and Hx from Eq. (5.2) as:

oH ) ]
——=V,, sin ¢sin 6 cos @
ov

oH, oH

o | (

LY . cos@sin @cosd |. 5.6
ov 8V) i 089 (56)
OH
—erf sin ¢ cos gcos’ @

oV

Tycma

Following a similar process for the third, fourth and fifth terms of Eq. (5.5), we can obtain the

following relations for torques arising from x-, y- and z-axial microwave fields:

0
hrfx .
T OO‘T’ sin & , (5.7)
—cosdsin ¢
" ing
hrfy o
T ooT’ 0 , (5.8)
| cos@cosg
[—cos@sin ¢
T 0 ;Z cosf@cosg | ,(5.9)
0

The Egs. (5.6) — (5.9) have been plotted as three dimensional colour maps in Fig. 5.7.
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From the theory of spin pumping, DC component of inverse spin Hall effect voltage Visge in

our device geometries is given by Vs, = 46’ cosgcosd[29]. Here, 0. is the precession cone angle and

N
A= _Mtanr{ij , e being the charge of electron, fis frequency of applied microwave
2

GT a lTa sd

signal, g is the spin mixing conductance of CoFeB/Ta interface, Asq, Ora, tra and Lr, are spin diffusion
length, conductance, thickness and length of Ta strip. The expression for 4 assumes a circular
precession of magnetization which is possible in the low excitation power regime. Precession cone
angles are strongly dependent on the torque on magnetization. Assuming a linear relationship between
the two in the linear excitation regime, i.e. 8. = # 7, we can obtain the following expression for the

angular dependent behavior if Visug originates from electric-field induced FMR Vishe vema:

OH, 0oH

oH H
Vst vema =AV,12.(( an sin ¢sin @) + (( L) cos gsin 0)° +(62V"sin pcosgcosd)’)cosgcos’ 6.

P
o oV
(5.10)

Following a similar process, we can obtain the corresponding relations for Visug arising out /Ay, Aty

and /i, as follows:

2

Vise e = 4 4/1 (sin? @ + cos” @sin” ¢)cos gcos b, (5.11)
2
Vistiz 5y =4 Zl (sin’ @ + cos® B cos® ¢)cospcos b, (5.12)
h2
Vistz e = A%cosqxﬁcos3 0. (5.13)

The normalized angular dependences of Visue arising out of the equations derived above have been
plotted in Fig. 5.8. One of the most interesting aspects observed in Fig. 5.8d is that the VCMA of Hy

can give rise to a non-zero Visug, which is not possible with the voltage modulation of only H,.
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Figure 5.8 The angular dependence of normalized inverse spin Hall effect votages Visue expected from

a, hix b, iy €, hii, and d, voltage controlled magnetic anisotropy (VCMA) of H, and Hi. Equations
used for simulating the plots are Egs. (5.11), (5.12), (5.13) and (5.10) respectively.
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5.4. Field distribution in CoFeB/MgO junctions due to microwave voltages

Microwave electric-fields ferromagnetic metal/oxide junctions can also give rise to additional
Oersted fields as has been observed in earlier studies [14]. Therefore, we performed finite element
method (FEM) analysis using COMSOL Multiphysics simulator [30] in order to understand the field
distributions of our device structures, upon the application of a microwave electric-field at the
CoFeB/MgO interface. As described in Section 2.6, the multilayer structure used is
Ta/CoFeB/MgO/Al,Os, similar to the experimental device multilayer structure. Figure 5.9a shows the
typical structure used for the simulation purposes, where the sample is divided in mesh of dimension
10 nm. Figure 5.9b shows the corresponding electric-field distribution as a function of thickness when
a microwave power is applied across the junction. It shows that the electric-field is restricted to the
CoFeB/MgO interface and is zero inside the Ta/CoFeB metallic layers. As shown by the arrows in the
same figure, it also reveals the presence of x- and y-axial Oersted field contributions arising from the
microwave electric-fields, while the z-axial Oersted fields are zero. Such magnetic fields should be
taken into account, in addition to voltage controlled magnetic anisotropy, in order to completely
understand the rectified voltages arising from electric-field induced magnetization dynamics in devices.
As further shown in Fig. 5.9c-e, we see that the ratio of the x- and y-axial microwave fields are strongly
dependent on the dimension of the devices. For the devices used in the experiments reported in the
following section for electric-field induced magnetization dynamics, we use a device which has [:w =
12:1, the Oersted fields along the shorter in-plane dimension are very small compared to those oriented

along the longer one i.e. Agx << firy.
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Figure 5.9 a, 20 nm Ta/ 2 nm CoFeB/ 2 nm MgO/ 10 nm Al203 multilayer structure of size 1 x 0.1

um?2 discretized into triangular mesh elements of size around 10 nm. b, Electric-field distribution in the

multilayer structure when a power of 10 uW is applied on the top surface is color coded as a function

of the thickness while the corresponding magnetic field induced due to the applied power is shown as

arrows. Normalized Oersted field distribution (arrows) is shown for samples with I:w = ¢, 1:1 d, 1:5

and e, 1:10.
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In addition, the effect of input power on the magnetic and electric field distributions were also
investigated. Such a study is especially important in order to understand the dynamical non-linear
magnetization processes because, microwave signals can induce magnetic fields which can significantly
affect the process of spin pumping. Figure 5.10 shows the effect of an input power on the magnetic field
distributions in the CoFeB layer, when the frequency is fixed at 3 GHz. An increase in the /.y is
observed which can be expected because the corresponding current density induced in the CoFeB layer

due to the microwave signal increases.

Z
y\../
Y.LX w008 5 A 008 Oe X w.011 57 A011 Oe

Figure 5.10 Oersted field distribution shown by the arrows for an input frequency of 3 GHz a, 0.025
mW and b, 0.05 mW. The cross section of y-axial Oersted field in the CoFeB layer is shown as a color

map with the maximum values indicated in the color scale below.
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Following this, we investigated the effect of an input frequency on the magnetic field distributions.
Figure 5.11 shows that the strength of 4., increases with increasing frequency. This can be attributed
to an increase in the current densities with frequency owing to a reduction in the impedance of the
device structure. It should be noted that in both Fig. 5.10 and 5.11, the maximum values are shown only
to indicate the increase or decrease with power and frequency respectively. They are not same as the

absolute values in the devices.

Z Z
YLX w007 - A 007 YLX w11 - A011 Oe

Z Z
y
Y.LX w015 - A 015 X w021 - A 021 Oe

Figure 5.11 Oersted field distribution shown by the arrows for an input power of 0.05 mW for
frequencies a, 1 GHz b, 3 GHz ¢, 5 GHz and d, 10 GHz. The cross section of y-axial Oersted field in

the CoFeB layer is shown as a color map with the maximum values indicated in the color scale below.
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5.5. Excitation of magnetization dynamics using electric-fields

For the excitation of FMR using electric-fields and subsequent detection, a microwave voltage
Vac was applied in the CoFeB/MgO junction, while an in-plane magnetic field was swept from —250
mT to +250 mT. The corresponding experimental setup is shown in Fig. 5.12a. The microwave voltage
Vae modulates the magnetic free energy of the system, which acts as an oscillating field in the
subnanosecond regime. This gives rise to FMR, thereby giving us a non-zero rectified voltage that is
detected across the Ta/Ru/Ta underlayer, as shown in Fig. 5.12b. In order to obtain the resonance field
H., the rectified voltage is fitted using Eq. (5.1). The monotonous increase of H.s with increasing
frequency in Fig. 5.12b, is consistent with the Kittel formula. Following our analysis in Section 5.2, we
can ignore the effect of AMR and AHE in this thin film stack. This allows us to attribute the origin of
this rectified voltage to SP-ISHE. During FMR excitation spin current J; is pumped from the CoFeB
layer into the Ta layer. Due to the spin Hall effect of Ta, this spin current is converted into charge

current J. that gives us a non-zero rectified voltage Visue.
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Figure 5.12 a, Experiemental set up showing the multilayer structure and application of microwave
voltage Vac across top and bottom electrodes. Visue is detected across the the Ta/Ru/Ta underlayer i.e.
bottom electrodes. b, Visue obtained from the electric-field controlled devices as a function of the

frequency of V.
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In order to determine the origin of the underlying FMR in the process of electric-field induced
spin pumping, we perform an angular dependent study of the Visue amplitudes. Figure 5.13a shows the
in-plane angle dependence of the normalized Visug when FMR is excited using electric-fields in our
devices. One interesting feature of this angular dependence is that although the Visye is maximum
around ¢ = 35 degree, it is not zero for ¢ = 0 degree as is expected from the VCMA of Hi shown
previously in Fig. 5.8d. A non-zero voltage along 6 = ¢= 0 degree can arise from y- and z- axial Oersted
fields contribution in our device as can be understood from Fig. 5.8b and 5.8c. In the previous section
finite element method (FEM) analysis using COMSOL Multiphysics simulator were presented to show
the field distributions of our device structures. It reveals the presence of x- and y-axial Oersted field
contributions arising from the microwave electric-fields, while the z-axial Oersted fields are zero. This
shows that the non-zero voltage along 8 = ¢ = 0 degree is due to Ay. We see that for our devices which
have l:w = 12:1, the Oersted fields along the shorter in-plane dimension are very small compared to
those oriented along the longer one i.e. /rx << hrty. Additionally it also indicates that the ¢ dependence
of the Visue amplitudes arises either from a combined effect of 4.« and /.ty or a combination of VCMA
of Hy and A.y. The in-plane angle dependence of each of these cases can be obtained from Eq. (5.7)-
Eq. (5.10) as follows:

Vit 5 = A(h2 _sin’ gcosg+h’ cos’ ¢) , (5.14)

1,

2
Viste g = A[{% V. j sin” ¢ + hz/) Jcos3 ¢. (5.15)

Equation (5.14) can give us the observed angular dependence only if Ahz/ > Ahi . However,

from the FEM analysis, we can see that such a condition is not possible for our device geometry because

oH, ., Y
heex << Iy, The data in Fig. 5.13a are fitted using Eq. (5.15) with the values 4A( 5 Vk VrfJ =2 and

Ah?

.r.y= 0.8. The elevation angle dependence of Visue amplitudes is also studied to further confirm this

observation. Figure 5.13b shows the normalized Visue as a function of 8 when ¢ = 0 degree. Since we
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had estimated A:x << Ay, We can once again eliminate the possibility of /. contribution. Using

Eq.(5.10) and (5.12) we can obtain the following elevation angle dependence when ¢ = 0 degree:

OH, oH,
ov. oV

2
Visue o = A 4[ J Vyisin®@cos’ @+h,  |cosh.  (5.16)

2
The data in Fig. 5.13b are fitted to this Eq.(5.16) using the values 4 A(OHP _oH, j V/Z_ =2.1and
oV ov )"’

Ah}

.= 0.8. Based on this analysis we can conclude that the observed electric-field induced FMR in
our devices is due to a combination of VCMA and Oersted fields generated from the microwave
electric-fields. More importantly, it shows that the in-plane magnetic anisotropy can be modulated by

an AC voltage, which in turn contributes towards excitation of magnetization dynamics in an in-plane

magnetized CoFeB/MgO junction.
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Figure 5.13 Dependence of normalized Visue on a, azimuthal angle ¢ and b, elevation angle 6. Lines

are fits using Egs. (5.15) and (5.16) respectively.
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5.6. Conclusion:

To summarize this chapter, spin pumping measurements were performed on
Ta/Ru/Ta/CoFeB/MgO multilayers which was detected using inverse spin Hall effect of Ta. Electric-
field can modulate the resonant field. Since the gyromagnetic ratio was found to be constant in our
measurement range, we can attribute this change to voltage controlled magnetic anisotropy. We have
shown that in addition to interfacial perpendicular magnetic anisotropy, an in-plane magnetic anisotropy
can also be modulated by a DC gate voltage [31]. The negative bias voltage increases perpendicular
magnetic anisotropy, on the other hand, the positive bias voltage decreases perpendicular magnetic
anisotropy and increases the in-plane induced uniaxial magnetic anisotropy. This behavior is understood
by a change of electron density for the in-plane and out-of-plane 3d orbitals of the ferromagnetic metal

in the presence of electric-field at the CoFeB/MgO junction.

So far, magnetization switching and excitation are reported for magnetization direction tilted
with the application of magnetic field which is not in-plane and out-of-plane direction of the sample.
However, we demonstrate that ferromagnetic resonance and spin pumping can be induced by electric-
field modulation of Hy and H, in an in-plane magnetized CoFeB layer in the GHz frequency regime.
We believe that such a control of symmetry of the magnetic anisotropy by magnetic annealing and its
control by gate voltage is a crucial development towards realizing purely voltage-controlled spintronic

devices with ultralow power consumption.
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Chapter 6

Efficient generation of spin current and excitation of parametric resonance

using electric fields.

6.1. Introduction

In the previous chapter, the electric-field induced control of magnetization was discussed where using
the voltage control of magnetic anisotropy (VCMA), magnetization dynamics was shown to be excited
in CoFeB/MgO junctions. Of particular importance was the demonstration of ferromagnetic resonance
(FMR) in an in-plane magnetized junction which was achieved using VCMA of in-plane magnetic
anisotropy (IMA). Such a control of magnetization has immense potential in the realization of magnetic
field free control of magnetization which is one of the most researched avenues towards power efficient
spintronic logic devices. The basic mechanism of such an FMR excitation technique using VCMA is

illustrated in Figure 6.1 below.

Figure 6.1, Schematic of the orientation of the perpendicular magnetic anisotropy H,, in-plane magnetic
anisotorpy Hy, elevation angle 0, azimuthal angle ¢, spin current generated due to spin pumping from

CoFeB Jsand charge current generated due to inverse spin Hall effect (ISHE) of Ta J..
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Efficient generation of spin current, which is the flow of spin angular momentum of electrons, is a
crucial area of research in the field of spintronics because effect of Joule heating increases due to large
charge current density in the nano-dimensions. Generation of spin current has been targeted from
various mechanisms such as spin Hall effect [1] or non-local spin injection technique [2]. Additionally,
it was demonstrated that temperature gradients in ferromagnets can be used to generate spin currents
via spin Seebeck effect [3]. Yet another technique to generate spin current is via spin pumping wherein
magnetization dynamics inside a ferromagnet can be used to emit spin current [4]. The advantage of
spin pumping is that the excitation of magnetization dynamics can be achieved using electric-fields in
ferromagnetic metal-oxide junctions [5-7]. Such a feature of spin pumping promises to make it a low

power alternative for efficient spin current generation.

In addition, to spin currents, the ability to excite spin waves using electric-fields also has a great
potential in the field of ultralow power spintronic devices [8-10]. Spin wave are collective excitation of
magnetic moments, known quantum mechanically as magnons. Such excitations can also be utilized to
overcome the need for flowing electronic charge during information transfer [11]. The advantage of
spin waves over spin currents lies in their larger decay lengths. Spin waves in metallic ferromagnets,
on the other hand, have been shown to exist up to distances over several micrometers and in insulators
upto several millimeters [12-13]. The larger decay lengths of spin wave in insulators is attributed to the
lack of scattering of the magnons by conducting electrons. Conventionally propagating spin wave
modes in ferromagnetic thin films have been mostly realized by localized magnetization excitations
using charge currents and, more recently, electric-fields [14-15,7]. However, a major limitation of such
excitations lies in the fact that wavelengths are strongly limited by the size of the excitation area used
in the processes. Typically, the corresponding wavelengths generated from such processes can be tuned
down to the um regime, which corresponds to the dipole-exchange wavelength spectra. Therefore, for
applications in the field of nanoscale devices, it becomes imperative for us to find alternative techniques
for exciting magnons with shorter wavelengths. In this regard, parametric excitation of ferromagnetic
resonance has emerged to be a potential solution for exciting spin waves with wavelengths down to the

exchange interaction length scales [17-20].
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Parametric resonance modes have been typically excited using Oersted fields and have been
more extensively studied in magnetic insulators such as YIG than the metallic ferromagnets. This is
partially because of the relatively higher damping in metallic ferromagnets compared to their insulating
counterparts, which in turn increases the threshold power required for parametric FMR mode excitation
in the former [21]. Additionally, the need for higher excitation power gives rise to Joule heating, which
is associated with the flow of charge currents needed to generate the Oersted fields. Therefore, just as
electric-fields can be used for generating spin currents via spin pumping, it can also be an alternative

technique to excite parametric resonance.

In Chapter 5, we discussed the electric-field induced magnetization dynamics. This chapter deals with
efficiency of electric-field induced magnetization dynamics, more precisely, spin pumping and
excitation of parametric resonance. Intrinsic properties like resistivity of Ta has been shown to be
dominant in determining the spin to charge interconversion via spin Hall effect [22]. Additionally,
interface engineering by MgO insertion between NiFe and Ag layers was shown to greatly improve
spin current generation in lateral spin valves [23]. Such studies demonstrate that in addition to the
factors such as external field and applied power, internal parameters are just as important in determining
efficiency of spin current generation from ferromagnetic nanostructures. As is evident from the
mechanism of spin pumping, trajectories during excitation of magnetization dynamics play an important
role in determining the amount of spin current generated during the process. In addition to spin
pumping, the trajectories also determine the excitation efficiency of spin waves and emission power of
spin torque oscillators. Although magnetization trajectories can be controlled to a great extent by the
amplitudes of static and oscillating fields [24-26], two major internal factors that limit the dynamical
magnetization components are the demagnetizing and magnetic anisotropy fields. As discussed in the
previous chapter, electric-fields can control the effective demagnetizing fields in metallic ferromagnets

via voltage controlled magnetic anisotropy (VCMA) [27].

In the first part of this chapter, the effect of PMA on dynamical magnetization trajectories during

FMR is presented. The magnetization trajectories are estimated using micromagnetic simulations. It is
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found that when the demagnetizing field is almost overcome by the PMA, the area under the
magnetization trajectory is found to be maximum. The corresponding easy axis is in the film plane and
the ellipticity of the magnetization trajectory is ~ 0.5. Since the spin current generation is the transfer
of spin angular momentum from the ferromagnet, its generation efficiency depends on this area of
magnetization trajectory. So following the results of our simulations, we fabricated devices with
comparable effective demagnetizing field like the simulations. Spin current densities upto ~1.5x10°
Am? is found to be generated in our electric-field controlled devices. Interestingly, the corresponding
Js for current controlled devices of equal dimensions are over 2 orders smaller. The rectified voltage
spectra are studied as a function of input power. It showed significant change of the Visur spectra in the
non-linear regime. Most importantly, it was seen that parametric resonance peak emerged at higher
excitation powers. Using a combination of lineshape analysis at high excitation powers and angular
dependent behavior of parametric resonance amplitude, we can attribute the origin of such a parametric
resonance excitation to the VCMA of IMA. Finally, in the concluding section, we will discuss about
the importance of these findings and how they address the motivation behind this thesis in terms of

potential spintronic devices in future.
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6.2. Dependence of magnetization trajectories on perpendicular magnetic anisotropy.

As discussed in the Section 6.1, magnetization trajectories play an important role in determining
the efficient generation of spin current or parametric resonance excitation. This motivates us to study
the dynamical magnetization trajectories during FMR excitation as a function of PMA using LLG
micromagnetic simulator [29]. These simulations were performed using LLG micromagnetic simulator
on samples of dimensions 100 nm x 100 nm x 1 nm under the assumption of a macrospin model.
Damping constant was taken as a = 0.02. In order to excite FMR using frequency sweep mode, we
apply an rf-magnetic field along the x-direction poh.x = 0.1 mT and a static external field Heyy to pin
the magnetization direction along the y-axis as shown in Fig. 6.2a. The frequency of the rf-magnetic
field is varied from 1 to 20 GHz in steps of 0.2 GHz. For exciting FMR in the field sweep mode, a fixed
frequency of 0.1 mT amplitude was applied in the x-direction while the field was swept from 0 to 400
mT in the y-direction. For the field sweep FMR simulation results presented in this paper, we have used
a frequency of 9 GHz. The saturation magnetization of the sample was taken as Ms = 1500 mT, while

the PMA energy K,» was varied from 0 to 9 x10° Jm™, in order to match typically reported values for

CoFeB/MgO junctions [30]. Using the relation K, = MSZHP , we can estimate that the corresponding

PMA fields H, are varied from 0 to 1500 mT.

Figure 6.2b shows the resulting real and imaginary parts of the FMR spectra obtained from
frequency sweep mode simulations when K> = 0 and pofexy= 100 mT. We can obtain the resonance

frequency fr by fitting the data using:

Lxdf*  Dxdfx(f-1,)

IFMR = 2 2 2 2 (61)
(f=f) +df = (f =) +df

where L and D are the Lorentzian and dispersive parts of the spectra, f is the resonance frequency and
df'is the linewidth of the FMR signal. Upon fitting the FMR spectra for the range of K, studied, we

notice that the fis varies from 11 GHz to 1 GHz as p.H, is increased from 0 to 1500 mT as shown in
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Fig. 6.2¢c. From the H, dependence of f.s, we can estimate the out-of-plane demagnetizing field for our

sample as poHq = 1400 mT, using the simple form of Kittel equation:

frw =7J(H,—H,+H, )H

ex,y ex,y 2

(6.2)

where y = 0.0298 GHz.mT"'. Ideally for thin films where the x- and y- dimensions are infinite compared
to the thickness along z-axis, we have demagnetizing components (7x, #y, #2) = (0,0,1). This results in
the demagnetizing field to be equal to the saturation magnetization i.e. Hq = #,Ms = M; [31]. However,
in nanostructures where the lateral dimensions are comparable to the thicknesses, we can have #x# 0

and 77y # 0. Since the components of demagnetizing tensor are related by 7’ + n+n2 =1, we will have

n, < 1. This can explain our observation of p.Hq¢ < 1500 mT.
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Figure 6.2 a, Schematic of the sample along with dimensions and directions of microwave field h,rand
static external field Hexy used for simulations. A single domain model was assumed throughout and
damping constant is taken as o = 0.02. FMR simulations are performed in frequency sweep mode. b,
Typical FMR spectra obtained in the frequency sweep mode simulations for poHexy = 100 mT,
microwave amplitude pohix = 0.1 mT and perpendicular magnetic anisotropy field p.Hp = 0 mT. Lines

are fits using Eq. (6.1). ¢, Resonance frequencies fis as a function of H, along with fit using Eq. (6.2).
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Magnetic free energy of a ferromagnetic thin film is given by the sum of Zeeman,
demagnetizing and anisotropy energy terms. A frequency dependent FMR study helps us to fix the
Zeeman energy of the ferromagnetic system, during our investigation of the effect of PMA on the
magnetization trajectories. Figure 6.3 shows the corresponding three dimensional plots when PMA is
varied from poH, = 0 to puoH, = 1500 mT. One of the major characteristics that we can observe from
Fig. 6.3a, where poH, = 0, is that the trajectory is elliptical as seen from the x-z plane projections in the
same figure. This is due to the presence of a strong effective demagnetizing field of magnitude poHq.esr
= WoHya= 1400 mT. Such a field restricts the movement of the magnetization in the out-of-plane direction

as a result of which we obtain an elliptical trajectory with M, < M.

The presence of PMA enables us to reduce Hqcsr in the sample which is given by the difference
of Hq and H,. In CoFeB/MgO junctions, PMA arises due to hybridization between the 3d orbitals of Fe
and 2p orbitals of O atoms at the interface [32]. Such a PMA in CoFeB/MgO junctions can be large
enough to overcome Hy so that Hy i becomes negative and the easy axis shifts from the in-plane to the
out-of-plane direction. Figure 6.3b and 6.3c shows the trajectories when the sample has p.H, = 1200
mT, 1365 mT. We can see that as the poHa.sr is reduced, the z-component of the magnetization during
precession increases compared to Fig. 6.3a. The increase in the z-component can be understood in terms
of a reduced demagnetizing field which allows the magnetization to preccess more freely around the
external magnetic field. When the H, overcomes the Hy i.e. when the easy axis of the sample is
perpendicular to the film plane, the magnetization motion would be restricted in the in-plane direction.
Therefore, we observe that the long axis of the ellipse changes from the in-plane direction to the out-of

plane when poH, = 1500 mT as shown in Fig. 6.3d.

Magnetization components are constrained by the relation Ar? + M? + M? = M, due to which

the tip of the elliptical magnetization trajectory lies on the surface of a sphere, also known as the Bloch’s
sphere. This results in a time dependent component of magnetization parallel to the external magnetic

field M, whose frequency is twice of the transverse magnetization components My and M,, as shown in
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Fig. 6.4a. It is worth mentioning here that such a component of magnetization that oscillates at twice
the resonance frequency can be utilized for non-linear parametric FMR excitation. However, such
effects can be neglected since our simulations are performed using a small oscillating field of 0.1 mT.
The extrema of magnetization components during FMR are plotted as a function of PMA in Fig. 6.4b.
The maximum deviation of magnetization in the y-axis is negligible as seen from the values of My min ~
1500 mT in Fig. 6.4b. Therefore, the area of the elliptical trajectory on the Bloch’s sphere can be
assumed to be equal to that of the projection on the x-z plane. We define the ellipticity A = m,/my and

the area of the trajectory as mm.m,, where my and m, are the normalized values of maximum values of

My and M, with respect to Ms.
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Figure 6.3 a — d, Magnetization precession trajectories for p,Hy= 0 mT to 1500 mT during FMR.

Simulations are performed in a frequency sweep mode at poHexy = 100 mT and microwave amplitude

Wohrex = 0.1 mT.
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Figure 6.4c shows the change of ellipticity with respect to PMA in the sample poHexy= 100 mT
to 150 mT. The ellipticity approaches 1 as the H, is increases upto the point where the Hgerr = 0, while
further increase in H, results in 4 > 1 because M, > M,. The corresponding areas of precession
trajectories are plotted as a function of PMA for different values of Hey in Fig. 6.4d, which shows that
it increases upto woH, ~ 1000 mT and then gradually decreases for puoH, > 1150 mT. Such a behavior
can be explained by the fact that while M, increases monotonically with increasing PMA, M, increases
upto poH, ~ 1000 mT. Beyond this My starts to decrease, until it falls below M, when H, > Hgas shown
in Fig. 6.4b. From this analysis, we see that the ellipticity and the area of precession can be controlled
significantly by the PMA. The spin current generated during such a precession is dependent on the
magnitudes of the magnetization components which are transverse to the direction of external magnetic
field, i.e., M and M,. It was shown that spin pumping efficiency is directly proportional to the area of
the elliptical trajectory [24,25]. From our simulations we can see that this area, and hence the pumping
efficiency, is strongly dependent on the PMA. The results presented in Fig. 6.4 show that the pumping
efficiency during FMR in an in-plane magnetized CoFeB/MgO junction can be expected to be
maximum for H, < Hg, just before the transition of its easy axis from in-plane to perpendicular direction.
In terms of spin wave excitation, larger precession cone angles are desirable for improving the spin
wave amplitudes [7]. The cone angles which are proportional to the values of My and M, are dependent
on the PMA. In CoFeB/MgO junctions, PMA is inversely proportional to the CoFeB thicknesses.

Therefore, spin wave amplitudes can be controlled by selecting the CoFeB layer thickness accordingly.

Spin pumping efficiency has been shown to be strongly determined by the ellipticity of a precession
trajectory [24,25]. From Fig. 6.4, it can be seen that the ellipticity 4 ~ 0.50 for the case of 1000 mT <
o, < 1150 mT, where the area of precession is found to be maximum. In order to check the validity
of this result, simulations were performed at different amplitudes of microwave field. Figure 6.5a shows
the magnetization precession trajectories during resonance as a function of the excitation amplitude
when poH, = 0 mT. The ellipticities are found to be independent of the amplitudes of microwave fields
as shown in Fig. 6.5b. The corresponding areas of trajectory as a function of PMA are plotted in Fig.

6.5c. It shows that for the range of the applied microwave amplitudes, the area of precession trajectory
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always has a maximum close to the value of PMA for which 4 ~ 0.5. It should be noted that the error
in estimating the area of trajectory on the Bloch’s sphere from its projection on the x-z plane is highest
around pof, = 1000 mT because the oscillation amplitude of My is maximum (Fig. 6.4b). Due to this,
at higher microwave amplitudes, area is underestimated around p,H, = 1000 mT and as a result the

PMA dependence of area appears to be relatively flatter as microwave amplitudes increase in Fig. 6.5c.
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Figure 6.4 a, Magnetization components My, My and M, as a function of time during FMR for a sample
with poHy= 1250 mT. b, Dependence of the maximum values of My and M, and minimum value of My
as a function of perpendicular magnetic anisotropy. Simulations are performed in a frequency sweep
mode at poHexy = 100 mT. ¢, Effect of H, on the ellipticity of the magnetization trajectories during
FMR. d, The corresponding area as a function of H,. The effective demagnetization field Hqcfr
corresponding to the PMA field are shown in the top x-axis. Simulations are performed in a frequency

sweep mode at poHexy= 100 mT, 125 mT and 150 mT and microwave amplitude pohsx = 0.1 mT.
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Figure 6.5 a, Magnetization trajectories during FMR at different microwave amplitudes h.x at a fixed
poHp= 0 mT and poHexy = 100 mT. b, Ellipticity and ¢, area of magnetization precession trajectories as

a function of H,, at different h.sx. The areas are normalized with respect to the maximum value obtained

for each hy.
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6.3. Enhanced spin pumping using electric fields

Following the findings of Section 6.2, we investigated if the spin pumping efficiency could be
enhanced when the effective demagnetizing field of the CoFeB/MgO junction fulfils the conditions
obtained from simulations. For this purpose, we fabricated devices similar to the one described in
Section 5.5. As observed in Section 6.2, spin pumping can be expected to be maximum for a sample
with an in-plane easy axis, where the demagnetizing field is almost compensated by the PMA field.
Therefore, we chose a multilayer stack with CoFeB thickness of 1.9 nm for fabricating spin pumping
devices as described earlier in Section 2.4. Typical rectified voltage Visue spectra obtained from the
electric-field excitation device at frequencies 2 — 8 GHz applied at a power 15 dBm is shown in Fig.
6.6a. Upon fitting using Eq. 5.1, we can obtain the resonance fields corresponding to the particular
frequency of applied microwave voltage. Figure 6.7a shows the resonance fields as a function of
frequency. We obtain an M ~ 90 mT by fitting the data using Eq. 3.3. This shows that the easy axis

of the sample is in the film plane and that the PMA field almost compensates the demagnetizing field.
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Figure 6.6. Inverse spin Hall effect voltages (Visue) from uniform resonance modes for a, electric-field

and b, current controlled device at input frequencies f=2 GHz to 8 GHz applied at 22 dBm.
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Figure 6.7 Resonance fields Hyes as a function of frequency f along with fit (line) using Eq. (3.1).

The effect of input power on the amplitude of the rectified voltage spectra is shown for an input
microwave signal of 3 GHz in Fig. 6.8a. It can be seen that the amplitude of the rectified voltage
increases linearly with the input power upto about 56 mW (17.5 dBm), beyond which it deviates from
the linear behaviour and the rectified voltage saturated at about 75 uV. The corresponding data for 7
GHz is also plotted in the same figure which showed the highest rectified voltage in Fig. 6.6a and it
also exhibits a similar behaviour as Visue for 3 GHz. Rectified voltage obtained from inverse spin Hall

effect Visue is directly related to the spin current J; generation by the following relation:

Vi = O 2l tanh( s ) (63)

NM tNM 2/1sd
where the conductivity of the Ta(5)/Ru(10)/Ta(5) was estimated to be oxm = 4.3x10° Q'm!, while its
thickness and length are /v = 20 nm and Lxum = 250 um respectively. Spin diffusion length Ay is taken
as 1.4 nm, which is equivalent to that of Ta. In order to estimate the spin Hall angle of the Ta underlayer,
we fabricated spin torque ferromagnetic devices (ST-FMR) [33]. The spin Hall angle is estimated to be
Osu ~ 4.5% from the ST-FMR devices. Using these values, we estimated the spin current densities as

shown in Fig. 6.8b. For the frequency of 3 GHz, we can see that spin current densities increase linearly
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up to ~ 0.5x10° Am™2, beyond which is saturates. The spin current density for 7 GHz was found to reach

upto 1.5x10° Am™.

Subsequently, we compared the rectified voltages between electric-field and current controlled
devices. For this purpose, we fabricated devices using the same multilayer stack with equal dimensions.
The current controlled devices are similar to the ones used for the study in Section 5.2. Visue obtained
in the electric-field controlled device is found to be clearly higher than that obtained from the current
controlled device at an input power of 20 dBm, as seen from Fig. 6.6b. The Visue is found to be
maximum at 3 GHz. The input power dependence of Visue at /=3 GHz in the current controlled device
is shown in Fig. 6.8a. Using Eq. (6.3) we can estimate the corresponding current densities. A maximum
Js~ 8.7 x 10" Am™is obtained for current controlled device as shown in Fig. 6.8b, which is comparable
with that reported by Feiler ef al. and Gupta et al. [34,35]. A two order increase in the spin current
densities for the electric-field compared with the current controlled devices points towards the power

efficiency of electric-field controlled magnetization dynamics in spintronic devices.
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Figure 6.8a, Inverse spin Hall effect voltages (Visue) and b, corresponding spin current densities Js
from uniform resonance modes for electric-field (squares) and current controlled (circles) devices at

input frequencies =3 GHz.
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6.4. Power dependent inverse spin Hall spectra

Following our observations of enhanced spin pumping in the electric-field controlled devices,

we investigated the effect of input power Pi, on the rectified voltage spectra. As discussed in Section

6.1, magnetization dynamics at high Pj, are especially important to understand various spintronic device

operations. Figure 6.9 shows the Visur spectra at =2 GHz as a function of Pj, from 0 dBm to 27.5

dBm. Aside from an obvious increase in the rectified voltage intensity of the uniform ferromagnetic

resonance peak at poHex = 32 mT, several distinct features emerge from the spectra at higher excitation

powers. Firstly, at high excitation powers, the lineshape of the rectified voltage obtained at poHex~ 33

mT deviates from purely symmetric behavior. The second, and most remarkable, is the emergence of a

subsidiary peak at poHex ~ 11 mT. Such a peak is due to the parametric excitation of FMR. Both these

scenarios are discussed in this section.
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Figure 6.9a, Inverse spin Hall effect voltages (Visug) spectra as a function of input power for the electric

field controlled device at a frequency f = 2 GHz. b, Corresponding data is shown as a color map

indicating the positions of uniform and parametric resonance fields (arrows).
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6.4.1. Change of lineshapes of uniform resonance peak at higher excitation power.

As observed in Fig. 6.9a, the rectified voltage of the uniform resonance peak increases with an
increase in the input microwave power. Since the corresponding ac magnetic field is proportional to the

Y2 in Fig. 6.10. It can be seen

Pi,'?, the maxima of the rectified voltages are plotted as a function of P,
that upto P!> = 7.5 mW"2, Visug of the uniform FMR (UFMR) mode increases as a function of P,
beyond which it starts to saturate. This can be understood from the deviation of Visue from the fit to

square dependence on Pi,'?

at higher powers. Typically, at low excitation powers, only UFMR mode
is excited. The deviation from the fit in Fig. 6. 10a happens because along with the UFMR mode, spin
wave modes with k # 0 are also excited. Such an excitation also gives rise to additional effects such as
enhancement of the resonance linewidth and contributes to the asymmetric lineshape of the rectified
voltage spectra as observed earlier in Fig. 6.9a. Lustikova et al. investigated the effect of excitation
powers on Visue lineshapes in YIG/Pt systems [36]. Although it is possible for the opening up of cone
angle or heating up of the sample to give rise to asymmetry in the lineshapes, it was found that such

origins could not explain the observed asymmetry at high powers in YIG/Pt bilayers. Based on this, the

asymmetry was explained using the non-linearity in the samples arising from spin wave excitations.

In addition, an increase in Hy.s of UFMR mode is also observed, which is more pronounced in
lower frequencies as shown in Fig. 6.10b. Such an increase in H;.s can be attributed to the decrease in
demagnetizing field Hq because of a reduced static magnetization M; of the sample at high excitation
powers. Zhang et al. measured the FMR spectra of YIG thin films under different orientations of static
and microwave fields and explained that both spin wave instabilities and larger precession cone angles
have to be considered to quantitatively account for such a decrease [37]. Additionally, the frequency
dependence of such a shift has been explained using the excitation of forward volume waves at lower
magnetic fields by Khivintsev ef al. [38]. It is interesting to note that the onset of the non-linear regime
also marks the emergence of the parametric resonance peak as shown in Fig. 6.10a. The parametric

resonance will be discussed in the following section.
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Figure 6.10 a, Inverse spin Hall effect voltages (Visue) amplitudes of the uniform and parametric peaks
as a function of square root of input power for the electric field controlled device at a frequency /=2
GHz. b, Change in the resonance field 6H:.s with respect to Hrs at 5 dBm in case of the uniform

resonance mode as a function of power.
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6.4.2. Parametric resonance using electric-fields.

Parametric excitation is typically classified into two types, depending on the orientation of the
external magnetic field that defines the direction of the magnetization vector M and the microwave field.
Experiments carried out by Bloombergen and Wang revealed two interesting anomalies in the FMR
spectra at high excitation powers [20]. When an ac magnetic field is applied perpendicular to M, a
uniform precession mode can be excited. FMR occurs when the frequency of the ac field matches with
that of such a uniform precession mode. As the excitation power increases, precession amplitude
increases upto a certain point, beyond which it is expected to saturate. However, their experiments
revealed that the threshold power required to saturate the FMR amplitude can be achieved at a hundredth
of the field expected from earlier theory. Additionally, a subsidiary peak was observed at similar power
levels at a field much below the uniform resonance peak. Suhl first developed the theory for such
anomalies in the FMR at high excitation power [19]. The major consideration behind his theory was
the fact that uniform ferromagnetic resonance and spin wave modes present in the magnetic system are
coupled to each other. Therefore, when the ac field of frequency w, excites a uniform magnetization
precession, it can subsequently amplify the spin wave modes. The threshold ac field required to excite

such spin wave modes is given by Eq. (6.4) below:

1 1)
h; 2—\/a’fk +(7p—60k)2 ,(6.4)

o)

where, p is the and o« is . From this equation it can be easily seen that the threshold is lowest for spin
waves with frequency wk1 = wy/2. This explains the emergence of the subsidiary peak the experiments
by Bloombergen and Wang. Since the ac magnetization that mediates as the pumping mode is transverse

to the static magnetization, this case is called perpendicular pumping.

In addition to the perpendicular pumping, Kavanov and Tsukernik first predicted the possibility
of absorbing energy from an ac magnetic field applied parallel to the static magnetization i.e. parallel

pumping [39]. It was first experimentally observed by Schlomann, Green and Milano wherein instead
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of an ac magnetization, the parametric resonance was seen to be excited if an ac magnetic field of
sufficient magnitude is applied parallel to the static magnetization [40]. As discussed earlier in Section
6.2, whenever the magnetization trajectory follows an elliptical trajectory around an external magnetic
field, the component of magnetization parallel to He oscillates at twice the frequency 2w, of the
transverse components. Such oscillations or spin wave modes can typically exist in ferromagnets owing
to thermally induced stochastic processes. Therefore, even when an oscillating field of frequency  is
applied parallel to the static magnetization, there is a possibility for such spin wave modes to absorb
energy from the pumping field. The absorption of energy from the pumping field in this mechanism is
maximum when ® = 2my,. It should be noted that the ellipticity of a magnetization trajectory is a

necessary condition for this type of parametric excitation process [17].

The threshold field of parallel pumping mechanism hl// is given by the minimum value of the

expression below:

o .. AH
h! =—min(—*%
@®,, sin” 6,

,(6.5)

where, owm is the frequency corresponding to effective demagnetizing field, AH is the linewidth and 6
is the angle between the spin wave vector and He.. Such a dependence indicates that this excitation
mechanism is most likely to couple with spin waves travelling at an angle 6 = 90° with respect to Hex.
An important outcome of Eq. (6.5) is that the threshold field is low for samples with higher M.
However, as seem earlier from Fig. 6.4b, the amplitude of M, (i.e. the component of magnetization
oscillating at twice the natural frequency) is lower at higher value of M. This would lower the coupling
of the driving rf field to the spin wave modes of the ferromagnet via parallel pumping mechanism.
Maximum amplitude of the magnetization component My was seen to be achieved for Hyerr~ 300 mT.
Additionally, the linewitdth of ferromagnetic systems are a major factor in determining the ability to
excite parametric pumping. This is why a majority of the early reports on parametric excitation is for

magnetic systems such as YIG with low demagnetizing fields and ultralow damping [13-14]. Recently,
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ultralow damping of 0.002 was demonstrated for 10 nm thick thin films of Co — Fe based alloys [41].
It should be noted that we obtain a damping factor of ~0.005 for our multilayers with 5 nm thick CoFeB
layers. In case of the electric-field controlled devices which have a CoFeB thickness of 1.9 nm, the
damping factor is ~ 0.018, which is reasonable due to the reduced thickness. An increase in the damping
in ultrathin films can be expected due to an increase in the contributions from interfacial spin orbit

coupling.

Microstrips and coplanar waveguides have emerged as a popular candidate for exciting forced
spin wave excitations towards developing spintronics applications. Typically, in case of parametric
excitations using microstrips and waveguides for the flow of currents, both parallel and perpendicular
pumping components are present. Using a systematic study of for microstrip and dielectric resonators,
Neumann et al. explained the differences in the excitation regimes where the parallel and perpendicular
pumping mechanisms are dominant [42]. For a microstrip resonator, a critical field H. is defined upto
which parallel pumping is dominant. For Hex > H., a significant jump in the threshold field is observed.
Such an increase is attributed to the onset of perpendicular pumping mechanism above H.. The

expression for H. can be written as follows:

2 2
M, (M,
Ho=—"21 | =L ] 2] (66
2 2 2y

Electric-fields are not only localized but are also highly directional. Nonetheless, it should be
noted that both parallel and perpendicular pumping fields could be possible in our samples magnetized
along 0 = ¢ = 0 degree. While the former is the oscillating field generated by the VCMA of Hj, the
possibilities for the latter are the VCMA of H, and y-axial microwave field as explained using the
COMSOL simulations in Section 5.4. Therefore, it becomes imperative for us to consider all scenarios
during our investigation of the origin of parametric pumping process in our samples. Following the
findings of Neumann et al., we measured the rectified voltage spectra at different frequencies. Figure
6.11a shows the spectra at 22 dBm input power from frequencies /= 1.0 GHz to 4.0 GHz. The fields

corresponding to the emergence of the parametric peaks at threshold power is plotted in Figure 6.11b.
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These fields as a function of pumping frequency fit well to Eq. (6.6) using M = 88 mT, which is
similar to the value obtained from the Kittel fitting of the uniform resonance mode of the same device
as shown in Fig. 6.7a. In addition, as seen earlier from the power dependent spectra in Fig. 6.9a, the
excitation of parametric instability at Hex > H. is highly suppressed, unlike at Hex < Hc. Such a behaviour
indicated that the mechanism of excitation of parametric resonance in our samples is parallel pumping

due to the VCMA of an in-plane magnetic anisotropy.

Subsequently, if this excitation is due to the parallel pumping, it should scale as a function of
sin®Ok. In our device geometry, spin waves are most likely to propagate along the y-axis i.e. ¢ = 90
degree. We measured the in-plane angle dependence of the parametric resonance peak amplitude as
plotted for f=3 GHz in Fig. 6.11c¢. The peak amplitudes can be fit using cos®@. Kurebayashi et al. have
shown that detection of magnons using ISHE is independent of the wavenumber & [43]. As discussed
in Section 5.4, detection of magnetization dynamics using ISHE should scale as a function of sin¢ for
our sample geometry. A cos’¢ dependence shows that the decrease in parametric amplitude is not only
because of detection efficiency but also due to excitation efficiency as ¢ increases from 0 to 90 degree.
This can be attributed to the decrease in excitation efficiency as a function of sin?0x. Additionally, it
should be mentioned here that electric-field modulation of H, is always perpendicular to He, in the in-
plane magnetized film geometry. Therefore, if the parametric excitation is due to VCMA of H,, it should
only scale as a function of sinf. By using such a symmetry argument, we can nullify the effect of VCMA

of H, in this case.
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Figure 6.11 a, Inverse spin Hall effect voltages (Visue) spectra as a function of frequency for the electric
field controlled device at input power of 22.5 dBm. b, External field at which the parametric peak first
emerges at threshold power (Hpara) as a function of frequency with fit using Eq. (6.6). Peak amplitude

of the parametric peak V), as a function of ¢, with fit using cos’¢.
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6.5. Conclusions

In conclusion, we discussed the effect of PMA on the dynamical magnetization trajectories
during FMR in nanostructured CoFeB using micromagnetic simulations. The two magnetization
components transverse to the static field applied in the y-direction was found to have different PMA
dependent behavior. While the M, component increased monotonically with increasing PMA, the Mx
component increased upto uoH, ~ 1000 mT, beyond which it decreased. This results in a non-
monotonous PMA dependent area of magnetization trajectory during excitation of FMR. This area is
found to be maximum around the condition where M,: My ~ 1:2. Such a behavior is found to be
independent of the excitation power in the range of applied microwave field amplitudes. Subsequently
spin pumping efficiency is compared between an electric-field and a current controlled device. Spin
current density pumped from the electric-field controlled excitation of FMR was found to be upto 2
order higher than the current controlled excitation in our devices. Finally, we demonstrated that
parametric pumping can be excited using VCMA of IMA in an in-plane magnetized CoFeB/MgO
junction. We believe these findings are a significant step towards the development of both spin current

and magnon based information processing.
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Conclusions and future outlook based on the results reported in this thesis

In this thesis we performed a series of experiments and simulations to investigate the possibility of
controlling magnetization purely using electric-fields in an easy cone state and by controlling of the
symmetry of interfacial anisotropy. We use CoFeB/MgO junctions owing to their VCMA and high value
of interfacial anisotropy. Initially we perform a systematic study of magnetic anisotropy in CoFeB/MgO
junctions using magnetic annealing and temperature dependent FMR measurements. We notice that the
symmetry of interfacial anisotropy can be controlled to have an in-plane component, in addition to the
perpendicular anisotropy. Micromagnetic simulations were performed to investigate the use of easy cone
state of CoFeB thin films in the field of purely voltage induced magnetization switching. Since the stable
state is at an intermediate direction from the in-plane and perpendicular to the film plane, a non-zero electric
field can be expected in the stable configuration. This is useful for purely electric-field control of
magnetization. The switching speeds were found to decrease with an increase in the cone angle of stable
state in the easy cone state. The cone angle on the other hand depends on the magnetic anisotropy of the
sample. Thus, such an understanding can enable us to design MRAMSs by tuning the magnetic anisotropy

of the devices.

Following this, we investigated purely voltage-controlled magnetization by changing the symmetry
of interfacial anisotropy. Typically, interfacial anisotropy is perpendicular to the film surface. However,
our FMR measurements indicated that an in-plane magnetic anisotropy (IMA) can also be interfacial, in
addition to perpendicular magnetic anisotropy (PMA). So using an electrical detection of FMR, we studied
the change in magnetic anisotropy by applying bias electric fields at the CoFeB/MgO junction interface.
We demonstrated that both IMA and PMA could be modulated by a DC voltage. Following this, we
investigated the effect of microwave voltages and saw that the VCMA of IMA enables us to have non-zero

electric-field torque on the magnetization and thereby allows us to excite FMR in an in-plane magnetized
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CoFeB/MgO junction. Such an electric-field excitation is useful for purely voltage-controlled

magnetization of a metallic ferromagnet.

Micromagnetic simulations indicated that the optimum condition for spin current generation using
spin pumping is achieved when the ferromagnet has an in-plane easy axis with the PMA slightly lower than
the demagnetizing field. Experimental results from electric-field controlled devices with different values of
effective demagnetizing fields exhibit a similar behavior. Most interesting observation was that the spin
current generation in electric-field controlled devices generated upto 2 order higher spin current density
compared to the current controlled device. Pure spin currents can act as a non-scalar quantity because they
are caused by flow of the electronic spins. Thus they can be useful for control of magnetic logic devices.
The existing logic device architectures face limitations due to higher current densities and tunneling effects
as the size of field effect transistors are reduced. This could be overcome using spin current based FET,

which is where our findings of enhanced spin pumping can be applicable.

However, it should be noted that most spin currents in metals disappear in very short length scales
due to the low diffusion lengths. Such a limitation can be overcome by the transmission of information
using spin waves instead of spin currents. Spin waves can have upto three order higher diffusion lengths in
metals and also coherently carry the information of phase. This is very useful to overcome the limitations
of spin currents in logic applications. The wavelengths of spin waves are limited by the excitation area.
This is a major drawback towards device miniaturization. Therefore, a mechanism to excite spin waves
with shorter wavelengths is desirable. This is often attempted using parametric excitation of resonance
which can help us to reach wavelengths down to the exchange interaction ranges. Parametric excitation is
typically excited using electric currents. Being a non-linear process, current excitation results in a high-
power consumption. Thus electric-field excitation of parametric resonance is desirable. We demonstrated
that using VCMA, parametric resonance can be achieved in our CoFeB/MgO junctions. This can enable us

to excite spin waves shorter than the excitation area. Therefore, the ability to excite spin waves with
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wavelengths tunable down to few nanometers using electric-fields can be useful for low power spinwave

based logic devices along with an ability to scale down such magnonic logic devices.

In conclusion, we studied the possibilities for purely electric-field control of magnetization using
CoFeB/MgO junctions in this thesis. At present spin transfer torque and spin orbit torques are most
commonly utilized to achieve magnetization switching in MRAMSs and spin wave excitation. Compared to
STT and SOT, VCMA promises to further reduce power consumption in spintronic devices because it does
not require the flow of charge currents. But purely electric-field control of magnetization has not been
possible so far due to a perpendicular symmetry of interfacial anisotropy. We have demonstrated that such
a limitation of electric-field controlled magnetization can be overcome using an easy cone state or by
controlling the symmetry of interfacial anisotropy. The experiments and simulations performed in this
thesis help us to understand the control of magnetization in metallic ferromagnets purely using electric-

fields and enable us to design power efficient spintronic devices for memory and logic applications.
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