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Abstract
Spin-torque nano-oscillators (STNOs) are nanoscale spintronic devices capable of
generating highly tunable broadband microwave signals. In this thesis, I study
nanocontact (NC)-based STNOs using strong perpendicular magnetic anisotropy
(PMA) free layers, where a novel magnetic soliton—a magnetic droplet—exists.
This work is devoted to further understanding the characteristics of the magnetic
droplet in diverse magnetic structures, including orthogonal and all-perpendicular
(all-PMA) spin valves (SVs) and orthogonal magnetic tunnel junctions (MTJs). The
nucleation, transition, and collapse of magnetic droplets are observed, tailored, and
analyzed by engineering the magnetic properties of the thin films’ stacks. This thesis
consists of three main parts:
Orthogonal SVs with [Co/Ni]/Cu/Cox NiFe1−x : Magnetic droplets were
first observed in orthogonal SV STNOs. We engineered the fixed layer magnetization
Ms,p by cosputtering different compositions of Cox NiFe1−x (x = 0−1). The nucleation
boundaries of a magnetic droplet in a current-field phase shift to a lower region as
Ms,p decreases. The nucleation boundary is also examined under canted fields in
order to better understand the drift instability of the droplets. The observations
not only confirm the theoretical predictions of nucleation boundary, but suggest a
method for controlling the nucleation boundary.
All-PMA SVs with [Co/Ni]/Cu/[Co/Pd]: In contrast to orthogonal SVs,
all-PMA NC-STNOs show many novel features. First, thanks to the dramatic
improvement in droplet stability that results from using a [Co/Pd] PMA fixed
layer, the droplets are directly imaged by a scanning transmission x-ray microscopy
(STXM). The transition between static bubble and magnetic droplet is also observed
and imaged. Moreover, to investigate the effect of PMA, He+ irradiation is conducted
on the all-PMA NC-STNOs, progressively tuning the PMA. The transitions of the
normal FMR-like mode and droplet mode are demonstrated. The behavior of
frequency tunability versus PMA is systematically studied. These investigations of
all-PMA and irradiated NC-STNOs show that it is feasible to engineer the magnetic
properties of STNOs through He+ irradiation. Besides, the dynamic droplets and
static bubbles have great potential applications in next-generation information
carriers.
Orthogonal MTJs with CoFeB/MgO/CoFe: The existence of droplets in
orthogonal MTJs is still debated. Instead, the magnetodynamics are investigated
here. Very importantly, we find that the frequency tunability is determined by the
spin-transfer torque (STT), the voltage-controlled magnetic anisotropy (VCMA),
and thermal heating. This paves the way to improving tunability by combining
these contributions. This study will contribute greatly to real applications, such as
microwave generators and detectors.
Keywords: Magnetic Droplet, Magnetic Tunnel Junction, Perpendicular Magnetic
Anisotropy, Spin-torque Nano-Oscillators, Spin-Valve.

Sammanfattning
Spinmoments-nano-oscillatorer (STNOs) är nanoskopiska spintronikkomponenter
som kan generera avstämbara bredbandiga mikrovågssignaler. I denna avhandling
studerar jag nanokontaktbaserade STNO:er (NC-STNO:er) vars fria lager har en
stark vinkelrät magnetisk anisotropi (PMA), där en ny magnetisk soliton—en magnetisk droppe—existerar. Detta arbete ägnas åt att ytterligare förståmagnetdroppens
egenskaper i olika magnetiska strukturer inklusive ortogonala, helt vinkelräta (allPMA) spinnventiler (SV:er) och ortogonala magnetiska tunnlingselement (MTJ). De
magnetiska dropparnas bildande, omvandling och kollaps observeras, skräddarsys
och analyseras genom att modifiera de magnetiska egenskaperna hos lagerstackens
uppbyggnad. Avhandlingen består av tre huvuddelar:
Ortogonala SV:er med [Co/Ni]/Cu/Cox NiFe1−x : Magnetiska droppar observerades först i ortogonala SV-STNO:er. Vi varierar magnetiseringen hos det fasta
lagret, Ms, p genom att sam-sputtra olika kompositioner av Cox NiFe1−x (x = 0 − 1).
Gränsen för när en magnetisk droppe bildas skiftar till en lägre region i ett fasdiagram
över ström och fält när Ms, p minskar. Gränsen undersöks ocksåmed snedställt fält
för att bättre förstådropparnas instabilitet under drift. Observationerna bekräftar
inte bara de teoretiska förutsägelserna av bildningsgränsen, utan påvisar en metod
för styrning av bildningsgränsen.
All-PMA SV:er med [Co/Ni]/Cu/[Co/Pd]: I motsats till ortogonala SV:er
visar all-PMA NC-STNO:er många nya egenskaper. För det första, tack vare den
dramatiska förbättringen av droppstabilitet som härrör från att använda [Co/Pd]
PMA som fast skikt såkan dropparna avbildas direkt med röntgentransmissionsmikroskopi (STXM). Övergången mellan statisk bubbla och magnetisk droppe
observeras ocksåoch avbildas. Vidare, för att undersöka effekten av PMA såutförs He+
bestrålning påall-PMA NC-STNO:er vilket gradvis ökar PMA. Övergångarna i det
normala FMR-liknande läget och i droppläget demonstreras. Beteendet hos frekvensjusterbarhet kontra PMA studeras systematiskt. Dessa undersökningar av all-PMA
och bestrålade NC-STNO:er visar att det är möjligt att variera STNO-komponenters
magnetiska egenskaper genom He+ -bestrålning. Dessutom har dynamiska droppar
och statisk bubblor stor potential i tillämpningar i nästa generations informationsbärare.
Ortogonala MTJ:er med CoFeB/MgO/CoFe: Förekomsten av droppar i
ortogonala MTJ:er ifrågasätts fortfarande. Här undersöks istället MTJ:ers magnetodynamik. Ett mycket viktigt resultat är att vi visar att frekvensavstämningsförmågan bestäms av spinmomentet (STT), den spänningsstyrda magnetiska anisotropin
(VCMA) och uppvärmningen. Detta banar väg för att öka avstämningsområdet
genom att kombinera dessa bidrag. Denna studie kommer att starkt bidra till
verkliga tillämpningar, såsom mikrovågsgeneratorer och -detektorer.
Keywords: Magnetisk droppe, Magnetiskt tunnlingselement, Vinkelrätt magnetisk
anisotropi, Spinmoment Nano-Oscillator, Spinnventil.
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Chapter 1

Introduction and Thesis Outline
1.1

Introduction and Motivation

Spintronics, or spin electronics, is an active and growing research and development
field that utilizes the spin of the electron to manipulate or sense the magnetic
moments in condensed materials. In contrast to conventional electronics, where
only the electron’s fundamental charge is taken into consideration, spintronics aims
to exploit the functionality of both the intrinsic spin and the charge. As the spin
has 1/2 momentum, which can interact with magnetic moments, the fundamental
research and applications of spintronics always involve magnetic materials, such as
Fe, Co, Ni, and their alloys. Although the concept of spin was put forward almost 100
years ago, the applications of spin to electronics devices have only been realized in
the last two decades. The first step was the discovery of the giant magnetoresistance
(GMR) effect by Peter Grünberg [1] and Albert Fert [2] in 1988. GMR read heads
were then commercialized within the following decades. Both Peter Grünberg and
Albert Fert were awarded the Nobel Prize in 2007 for their discovery.
In addition to the GMR effect, many spin-related phenomena have been uncovered, including tunneling magnetoresistance (TMR) [3, 4, 5, 6, 7], spin-transfer
torque (STT) [8, 9], spin-orbit torque [10, 11, 12], spin pumping [13, 14, 15], (inverse)
spin Hall effect [(I)SHE] [10, 16], spin Seebeck effect [17, 18, 19], and Rashba effect
[20]. Spin-based effects are crucial to proposals for the next generation of spintronics devices, such as (STT-)magnetoresistive random access memory (MRAM)
[21, 22, 23, 24, 25], magnetoelectric random access memory (MeRAM) [26, 27],
spin-torque nano-oscillators (STNOs) [28, 29], microwave-assisted magnetic recording (MAMR) [30, 31], racetrack memory [32], and neuromorphic computing [33].
Among these effects, the STT effect is one of the most promising and exciting
phenomena and is being extensively investigated due to its ability to operate on
magnetic moments—through switching or steady precession—corresponding to the
applications of STT-MRAM and STNOs, respectively.
STNOs, as the main interest of the present thesis, are a type of nanoscale
1
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spintronic devices. It holds great promising for a variety of applications, such as
broadband microwave generators [34, 35, 36, 37], detectors [38, 39], and magnetic
field sensors [40]. As a microwave generator, the oscillation frequency of STNOs is
highly tunable over three orders of magnitude, from a few hundred MHz to tens
of GHz. Another merit is that the device’s size can be reduced to nanometer scale,
allowing compatibility with complementary metal-oxide-semiconductor (CMOS)
technology. Such advantages make STNOs envisioned as nanoscale microwave generators for communications and wireless applications, or even (as recently proposed) as
magnonic and neuromorphic building blocks [25, 37, 41]. For instance, The current
4G wireless communication (mobile phnoes) uses the frequencies up to 2 GHz, while
the next generation of wireless communication—called as 5G—needs to utilize the
frequency up to 100 GHz. The STNOs offers a pathway to generate such high
frequency signals. While the challenges for STNOs as microwave generators are
to provide signals with high power (> 1 µW) and narrow linewidth (< 1 MHz) for
commercialization. To tackle these issues, we have to understand the fundamental mechanisms (the dynamical characteristics) of STNOs. From the fundamental
physics point of view, the novel magnetodynamical objects that are generated in
STNOs—such as propagating spin-waves, localized bullets, dynamical vortexes,
magnetic droplets, and dynamical skyrmions—are also interesting. Besides, each of
these objects has its own properties, which lead to related applications.
STNOs commonly consist of two magnetic layers separated by a spacer [either
a normal metal, forming a spin-valve (SV) structure [42, 43], or a thin insulator,
known as a magnetic tunnel junction (MTJ)] [44]. To achieve sufficient STT density,
the operation dc current must be confined to the nanoscale by a nanocontact (NC)
or a nanopillar structure [37, 45]. The operating principle of the STNO is to combine
the STT and magnetoresistance (GMR or TMR) effects [1, 2, 3, 7]. One of the
ferromagnetic (FM) layers (referred to as the fixed layer) spin-polarizes the charge
current, which then exerts a torque on another FM layer (called the free layer) to
maintain the steady-state precession. In the early stages of STNO development, both
FM layers with an easy in-plane (IP) axis (e.g., NiFe and Co) have been explored
extensively. This type of easy-plane STNOs is capable of generating a vortex in
nanopillar structures [46, 47, 48] and propagating spin-waves and localized bullets
in NC structures [49, 50]. Vortex gyration normally has a narrow linewidth, though
in the low-frequency range (< 2 GHz); Spin-waves pave the way to synchronizing
multiple NC-based STNOs, which will improve the output power and linewidth
[51]. However, these IP STNOs suffer from their requirement of a high magnetic
field. Orthogonal SVs with a strong perpendicular magnetic anisotropy (PMA) free
layer (such as [Co/Pt], [Co/Ni], and [Co/Pd] multilayers) and easy-plane fixed layer
were then studied. A Dynamical magnetic droplet, a novel manomagentic structure,
was experimentally discovered [52, 53, 54]. Its interest for fundamental physics and
inherent high emission power—useful in applications to microwave generators—have
attracted much attention. Again, a high magnetic field is needed.
In this thesis, the main motivation is to further study magnetic droplets,
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especially their current–field phase diagram (or nucleation boundary) and the
relevant dynamics by engineering the magnetic properties. In order to tackle the
high magnetic field requirement in all-IP and orthogonal spin-valve STNOs, we both
use IP materials [Cox (NiFe)1−x ] and strong PMA materials ([Co/Pt]) as fixed layers.
These different magnetic configurations display rich phenomena.
Except for aforementioned SV STNOs, another type of system—MTJ— is also
studied here. As the TMR effect of MTJ [55, 34] can be optimized by as much as
two orders of magnitude more than in the case of GMR in SVs, MTJs are widely
investigated and are employed in most nanopillar-based STNOs [56, 57, 58, 59,
60, 61, 36, 62, 63]. However, designing NC-STNOs with MTJs can be challenging,
since the relatively high resistivity of the tunneling barrier compared to the top
metallic layers leads to large lateral current shunting. Nevertheless, a hybrid NC MTJ
with gradually narrowing metallic capping layers (termed “sombrero” structures)
[36, 64] has been recently fabricated and investigated in IP NC-STNOs. In this
thesis, motivated by this hybrid NC-STNO and with the aim of producing magnetic
droplets in MTJs, we study the magnetodynamics of orthogonal MTJ NC-STNOs.

1.2

Thesis Outline

This thesis is devoted to further studying the novel magnetic droplet solitons and
magnetodynamics in NC-STNOs. The work performed in this thesis is organized
into six chapters:
● Chapter 1 is a brief introduction to spintronics and STNOs. The motivation
is presented, leading to the thesis outline.
● Chapter 2 consists of three sections: i) An introduction to the underlying
physics, in order to help understand the experimental results presented here; ii)
a detailed description of the fabrication of NC-STNOs through film deposition,
lithography, etching, and membrane etching; iii) a description of experimental
techniques used in this thesis, including of the ferromagnetic resonance (FMR) setup
and the dc and microwave measurements.
● Chapter 3 focuses on engineering the nucleation boundary of the magnetic
droplet in orthogonal SV NC-STNOs. First, we extend the previous analytical
theoretical equation on nucleation boundary to the wider field region by considering
the effects of the Oersted field (Paper I). We then engineer the boundary by using
different fixed Cox (NiFe)1−x layers (Paper II). In addition, the effects of canted
fields at the nucleation boundary are considered (Paper III).
● Chapter 4 studies the magnetic droplet in all-PMA STNOs. This type of
devices shows nucleation of a droplet at a very low field (Paper IV), and the
transition from dynamical droplet to magnetic bubble is observed. Then, and He+
irradiation is utilized to engineer their PMA of [Co/Ni]/Cu/[Co/Pd] SV. This allows
us to tune the magnetic configuration (Paper V), the precession frequency, and
the nonlinearity (Paper VI), which paves the way to tailoring the functionality of
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spintronic devices.
● Chapter 5 presents observations and analysis of spin dynamics in orthogonal
MTJ NC-STNOs. In contrast to the SV NC-STNOs, the magnetodynamics show
interesting behaviors, due to additional contribution in the MTJs—including fieldlike torque (FLT) and voltage-controlled magnetic anisotropy (VCMA) (Paper
VII).
● Chapter 6 summarizes and emphasizes the original work presented in this
thesis. Moreover, an outlook for further research is put forward, based on our current
results.
Figure 1.1 shows the high frequency words in this thesis in order to emphasize
the key concepts.

Figure 1.1: The most frequently used words in this thesis.

Chapter 2

Background and Methodology
2.1

Theory

2.1.1

Magnetoresistance in Magnetic Multilayers

Magnetoresistance (MR) is a well-known phenomenon in which the electrical resistance of a material varies with the direction of the applied magnetic field. In the
field of spintronics, there are a variety of MR effects in magnetic materials, such as
anisotropic magnetoresistance (AMR) [65], giant magnetoresistance (GMR) [2, 1],
tunnel magnetoresistance (TMR) [3, 7, 6], and colossal magnetoresistance (CMR)
[66]. For the magnetic multilayer structures studied in this thesis, GMR and TMR
play important roles regarding the microwave signals of STNOs.
● Giant Magnetoresistance (GMR)
The giant magnetoresistance effect involves a change in the electric resistivity of
a nonmagnetic metal layer when there is a change in the relative orientation of the
magnetization of adjacent magnetic layers. This effect was demonstrated independently by Albert Fert [2] and Peter Grünberg [1] in a Fe/Cr/Fe multilayer system in
the 1980s. The MR value was as high as 80%, which is an order of magnitude larger
than that of the AMR effect. Taking a simple ferromagnet/nonmagnet/ferromagnet
(FM/NM/FM) trilayer spin-valve system as an example, the GMR effect can be
explained by the spin-dependent scattering of spin-polarized electrons: when the
relative magnetization direction of the FM layers is antiparallel, the resistance of
the spin valve shows a maximum value, since both spin-up and spin-down electrons
experience strong scattering; when the two FM layers are in a parallel state, only one
of the spin-polarized (up or down) electrons is strongly scattered, so the resistance
shows a minimum value. The GMR ratio is defined as:
GMR =

RAP − RP ∆R
=
,
RP
RAP

(2.1)

where RAP and RP are the resistance when the relative magnetization direction of
the FM layers is antiparallel or parallel, respectively. Figure 2.1 shows the MR as a
5
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Figure 2.1: Typical magnetoresistance measurement of an all-PMA
[Co/Ni]/Cu/[Co/Pd] spin valve. The applied magnetic field is normal to the
film plane. The GMR is calculated to be 1% by Eq. 2.1. The schematics show the
magnetic states of the all-PMA SVs at different fields. The black arrows indicate the
field sweep directions.

function of the magnetic field in a perpendicular magnetized [Co/Ni]/Cu/[Co/Pd]
SV. Due to the different switching fields of [Co/Ni] and [Co/Pd], both AP and P
states can be reached. The GMR is calculated as 1%. Except for these two specific
AP and P states, it is also possible to see the intermediate states; if the two FM
layers have a relative angle of θ, the GMR value is proportional to cos θ.
● Tunneling Magnetoresistance (TMR)
Tunneling magnetoresistance (TMR) is similar to GMR, except that ferromagnetic layers are separated by a thin insulating (I) layer. This type of FM/I/FM
trilayer is called a magnetic tunnel junction (MTJ). The electrons can tunnel through
the insulator with a probability that varies dramatically, depending on whether the
magnetic configuration of the ferromagnetic layers is in the parallel or antiparallel
state; this in turn can be controlled by a magnetic field. The TMR ratio is defined
in the same way as the GMR ratio (Eq. 2.1). In fact, the TMR effect was discovered
earlier than the GMR effect by Jullière in 1975 in Fe/Ge-O/Fe MTJs [3]. Twenty
years layer, Miyazaki et al. [4], and Modera et al. [5] used aluminum oxide as an
insulating layer, achieving TMR ratios as high as 18% at room temperature. In
2001, the theoretical calculations of Butler et al. [6], and Mathon and Umerski [7]
first predicted the possibility of achieving TMR ratios of up to 1000% with MgO
barrier layers. These theoretical predictions were soon followed by experimental
verification [67, 68]. By 2006, the TMR of MgO-based MTJs had reached 600%
[69]. Such MgO-based MTJ have been intensely studied because of their promising
applications in (STT-)MRAM [70, 71].
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Perpendicular Magnetic Anisotropy

Magnetic anisotropy refers to the directional dependence of magnetic properties. In
magnetic thin films with perpendicular magnetic anisotropy (PMA), the perpendicular direction is the energetically more favorable direction for the magnetic moments.
PMA can result from a magnetic anisotropy at an interface that considerably differs
from the magnetic anisotropy in the bulk. In theory, the effective magnetic anisotropy
energy Keff consists of two phenomenological contributions: a volume contribution
Kv and an interface/surface Ks contribution, which obey the relation:
Keff = Kv + 2Ks /t,

(2.2)

where t represents the thickness of the magnetic layer. This type of magnetic
anisotropy was predicted in 1954 by Néel [72]. Materials with PMA have attracted
great attention and are regularly investigated due to their applications in magnetic
recording and storage devices [70, 73, 71]. In this thesis, two different types of PMA
materials are studied in our STNOs: ferromagnetic multilayers and CoFeB-based
thin film systems.
● Ferromagnetic Multilayers. Ferromagnetic multilayers with PMA have
to date been prepared mostly by combining transition metals (Co, Fe, and Ni)
and nonmagnetic metals (such as Pt, Pd, Cu, and Au, etc) [74, 75, 76, 77, 78].
These multilayers result in strong PMA mainly because of the strong interfacial
anisotropy, which is in turn due to the lattice mismatch between the magnetic and
nonmagnetic layers. These were initially studied for applications in perpendicular
magnetic recording, magneto-optics, etc. [79]. Later, these multilayer systems also
attracted tremendous interest for their applications in spintronic devices, such
as (STT-)MRAM and nano-oscillators [73, 52, 71], as their magnetic properties
can be engineered by controlling the growth parameters, thickness of magnetic
and nonmagnetic layers, and even through post-processing. In this thesis, we have
optimized our [Co/Pd] and [Co/Ni] as the fixed and free layers in STNOs, as shown
in Chapters 3 and 4. In Chapter 4, we have also tuned the PMA of [Co/Ni] and
[Co/Pd] using He+ irradiation.
● CoFeB-based Thin-Film Systems. CoFeB-based PMA materials have
attracted attention recently because of their promising applications in p-MTJ
MRAM and nano-oscillators [70]. It has been shown that the Ta/CoFeB/MgO
structure allows PMA when the CoFeB is thinner than a critical thickness of 1.5
nm, combined with an annealing process. The PMA of CoFeB is mostly due to
the crystallized bcc (001) structure and the interface anisotropy. Many methods
have been used to attempt to achieve higher TMR and PMA in CoFeB-MgO-based
MTJs, such as inserting Ru, Hf, or Mo dusting layers between CoFeB and Ta
[80, 81, 82, 83, 84, 85, 86, 87]. In Chapter 5, we study STNOs based on orthogonal
MTJ stacks, in which the free layer has a strong PMA while the pinned layer is
magnetized in the plane. The stacks are obtained by collaborating with the INL
group.
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Figure 2.2: (a) Schematic of STT in a FM/NM/FM trilayer. (b) Illustration of the
terms of the LLGS equation (Eq. 2.3).

2.1.3

Spin-Transfer Torque and Magnetodynamics

It is known that electrons have two intrinsic properties: charge and spin. Spin-transfer
torque (STT) [8, 9] is an effect that utilizes the spin of the electron. Figure 2.2
illustrates the STT effect. When a charge current flows through magnetic multilayers,
such as those in a SV or an MTJ, it becomes spin-polarized by the first magnetic layer
(the fixed layer). This partially spin-polarized current carries angular momentum
and can exert a torque on the next magnetic layer (the free layer), thus resulting in
switching or stable precession of the magnetization at certain conditions. The STTgenerated dynamics can be described by the Landau–Lifshitz–Gilbert-Slonczewski
(LLGS) equation,
dM
α
dM γaj
= −γM × H eff +
M×
−
M × (M × P) − γbj M × P
dt
Ms
dt
Ms

(2.3)

where γ is the gyromagnetic ratio, α is the Gilbert damping constant, M s is the
saturation magnetization of the free layer, H eff is the effective field, and M and P
are the unit magnetization vectors of the free and fixed layers, respectively. The first
two terms correspond to the precessional and damping torques, respectively The
last two terms on the right-hand side of the equation are the STT and the field-like
torque (FLT) terms [55], and aj and bj are proportional to the current density j. In
metallic spin valves [88], bj has been shown to be very small [89, 90, 91]. In MTJs,
both aj and bj contribute to the dynamics [92, 34, 88]. The directions of the torques
are illustrated in Fig. 2.2(b). As we can see that the STT and the damping torques
can be opposite and balanced if the current-induced STT is strong enough, so that
precession is maintained and stable as the dash circle shown in Fig. 2.2(b). Further
details of STT theory can be found in Refs. [93, 94].
In NC-STNOs, the STT-generated magnetodynamics exhibit a diversity of
spatially varying modes, that strongly depend on a number of factors, including
the device’s magnetic configuration, the strength of the magnetic field, and the
angle of the applied magnetic field. The aforementioned LLGS equation (Eq. 2.3)
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Figure 2.3: Schematic diagrams of (a) a propagating spin-wave, (b) a localized bullet,
and (c) a magnetic droplet.

can be solved numerically and shows in great agreement with the experimental
observations. Here I summarize some of the most relevant STT-induced dynamical
modes in NC-STNOs. Figure 2.3 schematically presents three modes.
● Propagating Spin-wave. When the applied dc current is higher than the
threshold current, the magnetic spins underneath the NC are excited. At the same
time, the surrounding spins can be driven due to the exchange coupling. Hence, these
dynamics are propagated radially away from the NC, accompanied by amplitude
decay. This is referred to as a propagating spin-wave (PSW); see Fig. 2.3(a). This
PSW was observed experimentally by microfocused Brillouin light scattering (µ-BLS)
[50, 95, 96, 97].
● Localized Bullet. Under some conditions, such as with an easy IP axis
NiFe in an IP magnetic field, the surrounding spins are not driven by the excited
spins underneath the NC. This object is called a localized bullet, and is shown
in Fig. 2.3(b); it has been theoretically predicted and observed experimentally in
NC-STNOs [98, 50]. In addition, the numerical simulation based on LLGS equation
has well reproduced the experimental results.
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● Magnetic Droplet. Magnetic droplets are localized magnetic solitons
that occur in magnetic thin films with strong PMA; they exhibit a reversed core
with a precessing boundary, as illustrated in Fig. 2.3(c). They were first predicted
theoretically 40 years ago [99], and the possibility of realizing them in STNOs
with a PMA free layer was later described [100]. The first experimental realization
of magnetic droplets was reported in 2013 in NC-STNOs using [Co/Ni] as the
free layer [52]. The droplet has interesting characteristics, such as high power
emission [52], nonlinear dynamics [101, 102, 103], and a range of possible applications
[30, 31]. Many theoretical [102, 104, 105, 106, 107, 108, 109] and experimental
[53, 110, 111, 112, 113, 114, 54, 115, 116, 117] studies on magnetic droplets have
since been presented.
It is worth noting that the existence of those modes is determined by their
nonlinearity, as described by the theory of Andrew Slavin [118]. The nonlinearity
N is determined by the materials and by the amplitude and angle of the applied
field. When N > 0, the PSW is observable. If N < 0, localized modes, such as
bullets or droplets, are favored. Detailed explanations and studies are presented in
Chapter 4.4. Other dynamical modes also exist in NC-STNOs, such as dynamical
vortices and dynamical skyrmions. More detailed information can be found in
Refs. [119, 120, 121, 122, 123, 124].

2.2

Fabrication

This section describes in detail the entire fabrication process of the NC-STNOs used
in the thesis. This fabrication process was developed by the Applied Spintronics
Group at KTH. My contributions here are i) I optimized and redesigned the NCSTNOs to meet the requirements of the He+ irradiation described in Chapter 4, ii) I
contributed the device design and fabrication method for the scanning transmission
X-ray microscopy (STXM) measurements. The details of the process of fabricating
NC-STNOs are given below.

2.2.1

Thin-Film Deposition: Magnetron Sputtering

Sputtering is a useful and common technique used to deposit materials onto a
substrate, in which a gaseous plasma is created; the ions are then accelerated onto
a source material (the target). This target material is ejected and travels to the
substrate, becoming deposited as a thin film. This technique has a low deposition
rate and can suffer from overheating. To solve these problems, magnetron sputtering
uses strong permanent magnets behind the targets to trap the free electrons above
the target surface. The number of ions thus increases significantly and they are used
much more efficiently.
The multilayer stacks used in this thesis were deposited using a commercial
AJA Phase II-300 ultra-high vacuum magnetron sputtering system containing seven
confocal sputtering targets. The chamber base pressure was below 5×10−8 Torr.
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Figure 2.4: Sputtered SV stacks: the left panel shows the orthogonal SV studied in
Chapter 3 and the right panel shows the all-PMA SV investigated in Chapter 4. The
arrows indicate the easy axis of magnetization.

Sputtering was performed at less than 5 mTorr of Ar pressure. This magnetron
sputtering system was used to deposit the SV and top electrodes (Cu/Au) of the
NC-STNOs.
Figure 2.4 shows the SV structure used in this thesis, consisting of the seed, fixed,
spacer, free, and capping layers. The left-hand panel in Fig. 2.4 shows the orthogonal
SV stack with a perpendicular magnetized [Co/Ni] free layer and in-plane magnetized
Cox (NiFe)1−x fixed layer. Cosputtering was used to deposit the Cox (NiFe)1−x fixed
layer, where the different compositions of Cox (NiFe)1−x (x = 0, 0.25, 0.5, 0.75, and
1) were controlled by varying the respective deposition rates of the NiFe (Permalloy)
and Co targets. The orthogonal SV-based STNOs are studied in Chapter 3. The
right-hand panel in Fig. 2.4 shows the all-perpendicular (all-PMA) SV stack where
the fixed layer is a [Co/Pd] multilayer, as studied in Chapter 4. Both [Co/Ni] and
[Co/Pd] have strong PMA—that is, they are perpendicularly magnetized. The stacks
were deposited on a four-inch thick Si substrate capped with either SiO2 (1 µm) or
Si3 N4 (0.3 µm). The uniformity of sputtering on the full wafers was confirmed to be
about ±2%.

2.2.2

Mesa Etching: Ion Milling

After depositing the full stack on the wafer, as shown in the schematic in Fig. 2.5(a),
the wafer was coated with 1.2 µm Megaposit SPR 700-1.2 photoresist (PR), followed
by 120 seconds of soft baking at 90○ C on a hotplate. The exposure was then
performed using a Nikon NSR TFHi12 Stepper, which is an I-line (365 nm) stepper
with 500 nm resolution. Exposure was followed by 60 seconds of hard baking at
110○ C and development for 37 seconds in a 1165 developer. Before processing to mesa
etching, 40 minutes of baking was conducted in an oven at 110○ C. The photoresist
thus covered the mesa areas, as can be seen in Fig. 2.5(b).
To etch the unwanted parts on the wafer, ion milling with an Oxford Instruments
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ion beam etching (IBE) system was employed. IBE was performed by a bombardment
with Ar, with weak material selectivity. The etching process had two steps: i) ion
milling at 20○ , which is the angle between the normal to the sample’s surface and
the bombardment direction, in order to effectively etch the whole stack; ii) the
angle was rotated to 75○ to remove the sidewall redeposited in the first step of
the ion-milling process. Etching of each layer was carefully controlled by in situ
secondary ion mass spectroscopy (SIMS) endpoint detection. The photoresist was
then removed in a hot bath of 1165 remover with ultrasonic. Figure 2.5(c) shows a
schematic of the mesa after etching and removing the PR.

2.2.3

Insulator Deposition: CVD

In the third step, silicon dioxide (SiO2 ), an insulator, is normally deposited by using
chemical vapor deposition (CVD). In the work described here, a Plasmalab 80 Plus
Oxford plasma-enhanced CVD (PE-CVD) system was used to form a 30–40 nm thick
layer of high-quality SiO2 on the etched stack (the mesa), as shown in Fig. 2.5(d);
this is crucial to device’s performance. The reactant gases used in PE-CVD were
SiH4 and N2 O. The SiO2 produced by the chemical reaction between them was
solid phase and was deposited onto the full four-inch wafer surface. The chemical
reaction is:
SiH4 (gas) + 2N2 O(gas) → SiO2 (solid) + 2H2 (gas) + 2N2 (gas).

(2.4)

It is worth noting that the suggested processing temperature on this instrument
was 300○ C, at which the magnetic properties of the stack would be damaged. To
avoid this, we limited the temperature to 180○ C and optimized the deposition
condition to maintain the magnetic properties of the stack and the high quality of
the SiO2 . The deposition rate of SiO2 was about 20 nm/min.

2.2.4

Nanocontact and Bottom-Contact Etching

To obtain a sub-100-nm scale nanocontact (NC) in the NC-STNOs, the photolithography previously employed is not suitable, due to its limited resolution. E-beam
lithography (EBL) is therefore preferable. Before EBL, an e-beam alignment mark is
necessary to accurately locate the NC in the center of the mesa. The alignment mark
pattern was achieved by photolithography. We then utilized reactive ion etching
(RIE) to etch SiO2 or Si3 N4 through and to reach the Si substrate. The RIE chamber
was used in an Applied Materials 5000 Mark II system. With the use of the helium
cooling system on the wafer’s reverse side in the chamber, the etching processing
temperature was low enough to avoid degrading the material stack properties and
burning the photoresist.
After the e-beam alignment mark was etched, EBL was carried out on an
electron beam lithography system (JEOL JBX-9300FS) in collaboration with our
colleagues at the University of Gothenburg. The NC area not protected by e-beam
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Figure 2.5: The entire NC-STNO fabrication process.
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resist is shown in Fig. 2.5(e). The SiO2 was etched away by highly selective RIE
(Oxford Plasmalab 80 Plus System) to etch the SiO2 insulation layer, as shown in
Fig. 2.5(f). Ar and CHF3 gases were utilized. The chemical reactions that occur on
the surface of the SiO2 are:
CHF3 + plasma → CF4 + HF,
SiO2 + HF → SiF4 + H2 O.

(2.5)

To obtain a reproducible and reliable NC, the etching recipe, including the gas flow
and the applied bias, was carefully optimized; the etching rate was 40 nm/min. A
scanning electron microscopy (SEM) system was used to check the NC quality.
Having confirmed the NC opening, lithography processing was employed in
a manner similar to the mesa steps to produce the BC pattern. The SiO2 for the
BC was then etched using the same RIE recipe. Figures 2.5(g) and (h) show this
process.

2.2.5

Top-Electrode Deposition: Lift-off

To facilitate the electrical measurements, top electrodes (waveguides) were fabricated to allow the NC-STNOs to be accessed to manipulated. A photolithography
combined lift-off process was used here to define the top electrodes. First, two-layer
photoresists were coated, followed by soft-baking; the first layer is a 500-nm-thick
MicroChem LOR 5A, and the second layer is a 1.8-µm-thick PR700-1.2. Next, the
top contact pattern was exposed with the NSR Stepper. A similar development and
baking process (previously described) was carried out immediately after exposure.
Figure 2.5(i) shows an undercut in the first layer, due to the higher sensitivity of
the LOR 5A photoresist. This undercut allowed the thick Cu/Au to be successfully
lifted off. I also used a mask aligner (MA6/BA6 Karl Suss) instead of the NSR
Stepper to expose the small pieces, as the He+ irradiation facility (see Chapter 4)
only accepts sizes below 12 mm × 12 mm, and not the entire four-inch wafer. A
400-nm Cu/100-nm Au top electrode was then sputtered onto the coated wafer. The
lift-off was performed in an 80○ C bath of photoresist 1165 remover with ultrasonic.
This lift-off technique leaves behind the desired top-electrode pattern on top of the
mesas, as shown in Fig. 2.5(j).
By this step, the normal NC-STNOs devices are ready for electrical measurement.
Figure 2.6 shows (a) a 3D schematic diagram of an STNO and (b) images of a real
STNO device.

2.2.6

Reverse Side Etching: Silicon Deep Etching

The previously described process is suitable for dc and microwave measurements.
These electrical measurements are indirect methods of demonstrating the magnetodynamics of the STNOs; to directly observe nanoscale magnetic solitons and spin
waves, a scanning transmission X-ray microscopy (STXM) can be used: the magnetic
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Figure 2.6: (a) A 3D schematic of a normal STNO. (b) Optical micrographs of a
fabricated STNO device. The zoomed-in image was taken by SEM before Cu/Au
electrode deposition.

structures are imaged by X-rays on the principle of X-ray magnetic circular dichroism
(XMCD). This technique has to minimize the absorption of the substrate and top
electrodes, as the measured signal is of the same intensity as a transparent X-ray.
To meet the requirements of STXM measurements, we designed and fabricated the
STNOs on 500-µm-thick Si substrate with 300 nm Si3 N4 on top as a membrane.
Similar processing to that described above was carried out, with the difference that
the top electrode occurs in two steps: i) the top electrode connected to the BC and
NC was decreased to Cu(200 nm)/Au(50 nm); ii) Ti(20 nm)/Au(100 nm), which
is suitable for the wire-bonding, was deposited to connect the first Cu/Au parts
in Fig. 2.7(a). The mesa is designed with a neck (see Fig. 2.7) to more easily find
the NC in the STXM measurements. The silicon substrate needs to be etched away
from the reverse side to allow the X-ray to pass through the devices.
The wafer was first coated with 10-µm AZ9260 photoresist on the back of
the wafer (not the device side); exposure was then performed with a mask aligner,
followed by development and hard backing. The silicon was sent into the RIE
chamber with an Applied Materials system, where the recipe for each circle for
etching the Si includes break-through, etching, and deposition steps. The recipe
was carefully calibrated to achieve a nearly straight etching sidewall. As the etching
process is very aggressive, the dry etching of silicon was stopped with around 50
µm of Si remaining. Wet etching was then followed by leaving the wafer’s reverse
side in KOH for 30 minutes. Figures 2.5(k) and (l) show the process of etching
the reverse side. The Si was finally fully etched and only the Si3 N4 membrane
and the device remained. To improve the heating conduction, 300 nm of Al was
deposited on the reverse membrane. Before going to STXM measurement, we first
characterized the device by normal dc and microwave measurements to confirm the
device’s performance. The real fabricated devices on Si3 N4 are shown in Fig. 2.7

16

Background and Methodology

Figure 2.7: Optical micrographs of (a) the front side and (b) reverse side views of
the STNOs fabricated for STXM measurement. Each chip consists of 6 devices. The
reverse side image was taken after deep Si dry and wet etching.

from both the front and reverse side views.

2.3
2.3.1

Characterization
Ferromagnetic Resonance

Ferromagnetic resonance (FMR) is a conventional technique for studying the basic
magnetic properties of magnetic materials, such as anisotropies, exchange coupling,
the damping constant, and so on [125, 126]. Its working principle is that magnetization precession of magnetic materials can be excited by applied microwaves
with a frequency that coincides with the precessional frequency (determined by the
applied magnetic field and the material). If the resonant absorption of the microwave
power reaches its maximum, then the absorption spectrum can be recorded and
used to extract information on the magnetic properties of the material. To find this
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Figure 2.8: Schematic of the CPW-FMR setup.

resonance condition, either the magnetic field or the frequency of microwave source
is swept continuously. Several FMR techniques have been developed, such as cavity
FMR, coplanar waveguide (CPW)-FMR, and vector network analyzer (VNA)-FMR.
Detailed descriptions are reviewed in Ref. [125, 127]. In this thesis, CPW-FMR was
carried out to extract the magnetic properties of ferromagnetic thin films.
Figure 2.8 shows the CPW-FMR configuration. The microwave signal is generated and sent to CPW. The transmission of the microwave signal through the CPW
is then affected by its absorption and dispersion by a nearby thin film sample, which
is placed upon the CPW. The output microwave signal is converted to a voltage
by a RF diode and recorded with a lock-in amplifier. Helmholtz coils are used here
to modulate the applied magnetic field at 313 Hz as a reference frequency for the
lock-in amplifier. The applied field (up to 1.3 T) is swept and measured using a
Hall sensor. The instruments are connected by GPIB cables and controlled through
LabView software. The operational microwave frequency f can be varied between 3
and 40 GHz.

2.3.2

Microwave and dc Measurements

As described in Section 2.1, a NC-STNO is a type of nanoscale device that generates
microwave signals by applying a dc current. This dc current is first polarized by the
fixed layer and exerts an STT on the free layer to balance the intrinsic damping, so
that the magnetization of the free layer can maintain a steady precession within the
GHz range (dependent on the dc current and applied field). This precession results
in a time-varying resistance change due to the GMR or TMR effect and manifests
itself as an ac voltage signal. To characterize the microwave signal generated in
NC-STNOs, a broadband spectrum analyzer (Rhode & Schwarz FSV-40, up to 40
GHz) is used. Since the power of the signals studied in the present study is too weak
to be detected (being much lower than the noise level of the spectrum analyzer), a
low-noise amplifier (LNA) with a gain of 30–50 dB and a noise level below 3 dB
was installed to amplify the signal. This amplified signal is then recorded with the
spectrum analyzer. A bias-T is employed to decouple the applied dc current and the
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Figure 2.9: Schematic of sample structure and microwave measurement setup.

generated microwave signals. Meanwhile, the resistance is recorded using a Keithley
Comb (Keithley 6221 AC and DC Current Source and Keithley 2182 Nanovoltmeter).
The device is probed by a commercial GSG picoprobe. The magnetic field (up to
2 T) is produced by a magnet with a power supply. The relative angle between
the field direction and device plane can be realized by either rotating the device
or the magnet. The spectra thus obtained are processed in MATLAB, where they
are corrected for the amplified gain and impedance mismatch between the device’s
resistance and the 50 W impedance designed into the measurement circuit. The
spectra are then fitted with the symmetric Lorentzian functions to extract the autooscillation frequency, the linewidth, and the integrated output power. Figure 2.9
shows a schematic diagram of the measurement setup.
In addition, scanning transmission x-ray microscopy (STXM), which is among
the conceptually most simple and most direct microscopy techniques, is used to image
the magnetic structures, and especially the magnetic droplets. The results shown in
Chapter 4.1 were produced in collaboration with Joachim Gräfe’s Group. This was
carried out at the MPI IS-operated MAXYMUS end station of the UE46-PGM2
beam line at the BESSY II synchrotron radiation facility.

Chapter 3

Magnetic Droplet Nucleation Boundaries in
Orthogonal Spin-Valve STNOs
Magnetic droplets, as novel dynamical solitons, have received a great deal of attention
not only due to their fundamental interest for nanomagnetism and nonlinear dynamics [102, 101, 103], but also on account of their promising applications as information
carriers [100, 101, 128, 104], microwave generators, and in microwave-assisted magnetic recording (MAMR) [30, 31]. Many theoretical [102, 104, 106, 107, 107, 109] and
experimental [53, 129, 115, 111, 112, 113, 54, 117, 130] investigations into magnetic
droplets have since been carried out.
To further understand these droplets, their nucleation conditions have recently
been experimentally characterized in a current–field phase diagram, accompanied by
an analytical model [54, 115]. This nucleation boundary model is derived from the
LLGS equation (Eq. 2.3) [100]. The physical origins of the nucleation boundary of
magnetic droplets is well understood in STNOs in terms of the orthogonal spin-valve
structure. The droplet nucleation boundary can be described accurately using a
simple equation [54]:
In = αAH + B/H + C,
(3.1)
where In is the nucleation dc current and α is the Gilbert damping constant of
the free layer. A, B, and C are coefficients associated with the magnetic properties
of the fixed and free layers, such as the perpendicular magnetic anisotropy field
Hk,p , the magnetization Ms,p , and so on. This theoretical model thus suggests the
possibility of tuning droplet boundaries by manipulating their parameters, and of
further optimizing the device’s design for practical applications, where lower currents
and applied magnetic fields are needed to meet reasonable energy consumption.
In this chapter, focusing on the nucleation boundary of the orthogonal SV
STNOs, we have first engineered the nucleation boundaries by using cosputtering
Cox (NiFe)1−x as a fixed layer, while the saturation magnetization Ms,p varies from
1.01 to 1.69 T when x ranges from 0 to 1. We characterize the nucleation boundaries
through microwave and dc measurements. In addition, the optimized analytical
19
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model from Eq. 3.1 has been adapted to our experimental results by embedding the
Oersted field contribution. We find that the nucleation boundaries shift to higher
magnetic fields as Ms,p increases. The asymmetry λ and the spin-torque efficiency
ε are calculated. Then, to understand the drift stability of droplets, the effects of
canted fields are studied, observing that higher current and field are necessary as
the tilt angle increases, as a result of the different angular dependence of the Co
fixed layer and the instability of the droplets.

3.1
3.1.1

Engineering the Nucleation Boundary with a
Cox (NiFe)1−x Fixed Layer
Basic Magnetic Properties of Cox (NiFe)1−x Thin Films

As Ms,p of the fixed layer is one of the key factors affecting the nucleation boundary
of magnetic droplets, we aimed to optimize it by alloying Co and NiFe with different
compositions, as we already know that Ms,p for pure Co and NiFe is about 1.7
and 1.0 T, respectively. Hence, we sputtered the full stack on thermally oxidized
Si wafers, consisting of Ta (4)/Cu (12)/Ta (4) seed layers, a Cox (NiFe)1−x (6)/
Cu (7)/[Co (0.25)/Ni (0.6)]×4/Co (0.25) orthogonal spin-valve, and Cu (2)/Pd (2)
capping layers (the numbers in parentheses are the layer thicknesses in nanometers).
The different compositions of Cox (NiFe)1−x are x = 0, 0.25, 0.5, 0.75, and 1, achieved
by cosputtering the NiFe and Co targets with different DC power during deposition.
FMR and magnetoresistance measurements were then conducted to obtain their
Ms,p on Cox (NiFe)1−x /Cu/[Co/Ni] orthogonal spin valves. Figure 3.1(a) shows the
resonance field Hres as a function of frequency f . The Hres are then fitted to Kittel’s

Figure 3.1: (a) Resonance field as a function of frequency, measured by FMR for
Cox (NiFe)1−x . The magnetic field is parallel to the film plane. (b) Magnetoresistance
vs. magnetic field. Shifts are added to distinguish between the curves. Arrows indicate
saturation fields. (c) The effective magnetization µ0 Meff obtained by the FMR and
saturation fields µ0 Hs determined by MR from STNOs as a function of Co composition
x.
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equation,
f=

γµ0 √
Hres (Hres + Meff ),
2π
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(3.2)

where µ0 is the permeability of free space, γ/2π is the gyromagnetic ratio, and Meff
is the effective magnetization of Cox (NiFe)1−x ; here Meff = Ms,p − Hk,p . The fits are
shown as solid lines in Fig. 3.1(a). Since the in-plane magnetic anisotropy Hk,p is
negligible for Cox (NiFe)1−x , Meff ≈ Ms,p . We extract Ms,p , plotted with solid black
dots in Fig. 3.1(c). In Fig. 3.1(b), MR was measured at low current (Idc = −1 mA)
under a magnetic field H perpendicular to the film plane on the STNOs. As H
increased, Ms,p was tilted gradually and saturated along the field direction; the
saturation fields Hs are determined and indicated by arrows in Fig. 3.1(b). In
Fig. 3.1(c), µ0 Ms,p and µ0 Hs are similar in both values and linearly increase from
1.01 to around 1.69 T as x increases.

3.1.2

Characterization of Nucleation Boundaries by Microwave
and dc Measurements

We confirmed the feasibility of tuning Ms,p by cosputtering Cox (NiFe)1−x . Microwave
and dc measurements were conducted to define the nucleation boundaries of the
magnetic droplets on the STNOs. The measurement setup is described in Section

Figure 3.2: Frequency, MR, and integrated power P as functions of (a) perpendicular
field at Idc = −12 mA and (b) dc current at µ0 H = 0.5 T for a RNC = 40 nm NC-STNO
with x = 0.5. “FMR” and “Droplet” refer to FMR-like mode and normal droplet mode,
respectively. Droplet nucleation is monitored by a jump in MR, microwave frequency
jumps, increases in the integrated power, and the appearance of low-frequency (< 2 GHz)
signals. The vertical dotted lines indicate nucleation boundaries of the magnetic droplet
for the given conditions.
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2.3. Figure 3.2 shows some typical experimental results. The nominal NC radius of
this device is RNC = 40 nm and its composition is x = 0.5. In Fig. 3.2(a), a constant
current Idc = −12 mA was applied while a perpendicular magnetic field was swept.
As the field increased, moderate microwave signals (labeled with FMR) appear first,
as expected from the normal FMR-like precession in NC-STNOs. At µ0 H = 0.38 T,
a dramatic frequency drop occurs, accompanied by an increase in the integrated
emission power P (the power is shown as red dots in Fig 3.2. Meanwhile, there is
clear low-frequency noise below 2 GHz because of the drift instability of the droplet
[54, 112]. All of these observations point to the nucleation of a magnetic droplet at
µ0 H = 0.38 T, which was maintained up to a field of 1.77 T, where MR shows a
significant drop, indicating that the droplet was annihilated. Similar current-sweep
measurements at a fixed magnetic field of µ0 H = 0.5 T are presented in Fig. 3.2(b),
which shows similar characteristics to the droplet nucleation when Idc = −10.3 mA.
Briefly, all these experimental observations—frequency drops, MR jumps, and
the appearance of the low-frequency noise—allow us to trace the nucleation and
annihilation of magnetic droplets, as shown in previous works [52, 53, 112, 115, 54].

3.1.3

Analytical Model Embedding Oersted Field Effects

By conducting detailed current-sweep and field-sweep measurements, the full droplet
nucleation boundary can be extracted, as shown in the pioneering Refs. [52, 54, 115].
This experimentally characterized boundary has been quantitatively described by an
analytical model with an Eq. 3.1. As known from Eq. 3.1, the nucleation current In
decreases inverse-linearly with H in the low-field regime, and then start to increase
linearly with H in the high-field regime. This behavior results from two different
types of underlying physics [100, 52, 53, 112, 115, 54]. On one hand, as H increases,
the critical current condition is fulfilled for the onset of a magnetic droplet from
the uniformly magnetized state. Slonczewski’s critical current condition [131, 132]
clearly demonstrates the linear dependence (In ∝ H, the first term of Eq. 3.1). On
the other hand, the perpendicular component of the fixed layer magnetization Mz
increases with increasing magnetic field along the z-direction which, in turn, leads
to a proportional increase in the magnitude of the STT [52, 54], and consequently
lowers the current required to nucleate a droplet (In ∝ 1/H, the second term of
Eq. 3.1). Both mechanisms contribute to the nucleation boundary of magnetic
droplets.
It is worth noting that i) the analytical model (Eq. 3.1) only validates up to
the saturation of Ms,p in the fixed layer [54]; after saturation, Ms,p is aligned to the
perpendicular direction and Mz reaches its maximum value of Ms,p , so the inversely
linear term B/H becomes a constant, replaced by B/Ms,p . The boundary should be
linear:
In = αAH + B/Ms,p + C.
(3.3)
ii) the effect of the Oersted field [133, 50, 95, 49, 121, 134] was ignored in this
analytical model. To resolve these two issues, we first study the effect of the Oersted
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Figure 3.3: (a) Calculated Oersted field of a current-carrying cylinder with Idc =
−15 mA. The cylinder radius stands for the NC radius with 45 nm. The field HOe
has only an in-plane component—that is, the Oersted field is parallel to the film
plane. The red line indicates the average Oersted field HOe,avg inside the NC region.
Inset: A schematic of field configuration. (b) Simulated two-dimensional Oersted field
distribution;the arrows show the Oersted field direction and amplitude. The dashed
circle is the NC. Reprinted from Ref. [135] with permission. © 2018 IEEE

field on the droplet nucleation boundary by embedding this Oersted field in the
analytical model. This improved model is then confirmed to be valid even for H >
Ms,p .
Here, HOe is generated by a dc current both inside and outside the NC area.
By simply assuming the current density is uniform underneath the NC, HOe is then
calculated based on Ampère’s Law,
⎧
µ0 In r
⎪
2
⎪
NC
HOe (In ) = ⎨ 2πR
µ0 In
⎪
⎪
⎩ 2πr

(r < RNC )
(r ⩾ RNC )

,

(3.4)

where r is the radial distance from the center of the NC. Figure 3.3(a) shows an
example of a radial distribution of the Oersted field for RNC = 45 nm at Idc = −15 mA.
Although the average Oersted field within the NC is zero due to the continuously
changing direction, this in-plane Oersted field decreases the perpendicular component
Mz regardless of the direction of the Oersted field. For simplification, we use the
average azimuthal component of the Oersted field HOe,avg within the NC area for
µ0 In
the calculation later; here HOe,avg = 3πR
by taking a spatially weighted average
NC
within the NC. Thus the total effective field Heff tilts away from the normal direction
of the film plane as shown in the inset to Fig. 3.3(a). We also carried out a COMSOL
simulation and obtained a 2D colormap of the Oersted field for RNC = 45 nm
with Idc = −15 mA, shown in Fig. 3.3(b). The black arrows indicate the Oersted
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Figure 3.4: (a) Mumax simulation result of the perpendicular magnetization component Mz at magnetic field µ0 H = 1 T. The dashed circle indicates the NC. (b)
Simplified calculation of the tilted angle of Ms,p (the red line) and Mz (blue lines)
as functions of µ0 H; the dashed lines are those without the Oersted field. The solid
dots are the average angles within the NC area, as simulated by Mumax. All of the
calculation and simulation results are based on the approximation of a cylinder wire
with RNC = 45 nm at Idc = −15 mA. Reprinted from Ref. [135] with permission. © 2018
IEEE

field’s direction and magnitude, which is rather consistent with our calculation.
The Oersted field further affects the direction of Ms,p . Figure 3.4(a) simulates the
distribution of Mz when the Oersted field is considered. We see that Mz can be 10%
lower around the NC.
Accordingly, the angle θ of Ms,p can be determined as a function of Heff by
solving the magnetic free energy equation under the equilibrium condition
F = −Ms,p Heff cos(θ − θH ) +

2
Ms,p

2µ0

cos2 θ,

(3.5)

√
2
2
where Heff = HOe,
avg (In ) + H ; here HOe,avg is calculated using the experimental
nucleation current (In ). Without the Oersted field (HOe,avg = 0), the equilibrium
condition dF /dθ = 0 dictates that Ms,p is fully saturated and aligns along the
magnetic field direction at H = Ms,p , as shown by the dashed line in Fig. 3.4(b).
Taking HOe,avg into account, θ smoothly approaches but does not reach 0°, even at
a magnetic field as high as 2 T. In other words, the magnetization of the fixed layer
is never fully saturated, as plotted by the solid red line in Fig. 3.4(b). The average
tilted angle of Ms,p under the NC was obtained by the Mumax simulation, and is
in good agreement with the results of the simplified calculation [see the red dot
and the solid red line in Fig. 3.4(b)]. The problem of the validity of the numerical
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Figure 3.5: (a) Nucleation boundary and fits for NiFe (x = 0). The solid and dashed
lines indicate the calculated boundary with and without the Oersted field, respectively.
The vertical dotted line is where the magnetic field equals Ms,p of NiFe. (b) Nucleation
current difference ∆In with and without the Oersted field. Reprinted from Ref. [135]
with permission. © 2018 IEEE

equation for the nucleation boundary at H > Ms,p is thus solved by considering HOe ,
because the fixed layers will not be fully saturated in a real environment. The values
of Mz were calculated and are shown as blue solid (dashed) lines with (without) the
Oersted field in Fig. 3.4(b).
This Oersted field affects the Mz , since Mz = Ms,p cos θ. With that, Eq. 3.1 can
be rewritten to accommodate HOe into the second term, because it is assumed that
1/H = 1/Mz = 1/Ms,p cos θ [52, 54, 53]:
In = αAH +

B
+ C.
Ms,p cos θ

(3.6)

The first term remains as before, since it is related to Slonczewski’s critical current
condition [131, 132], dominated by the perpendicular component of Heff —i.e., magnetic field H. With the values of θ obtained from Eq. 3.5 [shown in Fig. 3.4(b)], the
numerical fitting was carried out using Eq. 3.6, shown as the solid lines in Fig. 3.5(a);
the dashed lines illustrate the fitting using Eqs. 3.1 and 3.3, where the Oersted field
is ignored. The discrepancy between the solid lines (with HOe ) and the dashed lines
(without Oersted field) is shown in Fig. 3.5(b). It should be noted that the In with
the Oersted field is higher than that without the Oersted field, suggesting that the
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Oersted field makes droplet nucleation more difficult. This difference ∆In is clear
when the field is lower than µ0 Ms,p , while it is weaker when µ0 H is much higher
than Ms,p . ∆In becomes more obvious at the low-field regime resulting from the
much higher In . Because of the larger validation region of this extended Eq. 3.6, the
fitted parameters, (αA, B, and C) are more accurate, which is crucial for calculating
the spin-torque efficiency and asymmetry, as we will discuss in the next section [54].

3.1.4

Nucleation Boundary Fitting and Discussion

With the optimized analytical model (Eq. 3.6), the nucleation boundary with
different NC radii and fixed layer compositions can be fitted, as shown by the solid
lines in Figs. 3.6(a–e). The solid dots are obtained from detailed field-sweep and
current-sweep measurements. The fitting boundaries were mostly in good agreement
with experimental data. A few exceptional cases of discrepancy, such as in the
device with RNC = 50 nm and x = 0.75 in the field range 0.4 and 1.0 T [Fig. 3.6(d)],
arguably originate from i) drift instability [54, 112, 136], as high dc currents increase
the motion velocity of the magnetic droplet around the NC area on a very fast
timescale that cannot be traced by our instruments, and ii) dc current induces
thermal fluctuations, which can cause a deterministically magnetic droplet to be
expelled from the region underneath the NC. The fitting coefficients in Eq. 3.6, αA
and B, were then extracted and plotted in Figs. 3.6(f–j) as functions of the nominal
2
NC area (Area = πRNC
) for different values of x. The linear dependence of area on
both parameters is in agreement with the analytical model, as the solid lines show
in Figs. 3.6(f–j).
We now turn to see how the Ms,p (x) of the fixed layer affects the nucleation
boundaries. Each fitting curve shows a minimum point (Hmin , Imin ) that can be
extracted from the fitting results. To illustrate the ability to engineer the nucleation
boundary, the Hmin are presented in Fig. 3.7(a) for different values of x. As x
(Ms.p ) increases, Hmin also increases monotonically with a little fluctuation. This
fluctuation could originate from the intrinsic magnetic properties of the fixed layer,
such as the exchange length lex , or from physical defects in the devices. This means
that the nucleation boundary shifts towards higher fields as the Co concentration in
the fixed layer increases. Meanwhile, Imin fluctuates from device to device and is
therefore not shown.
As mentioned in Eqs. (24–25) of Ref. [54], αA and B are linearly proportional
to the NC area. Their respective slopes, SαA and SB , are:
ανj0
,
πMs

(3.7)

αj0 Ms,p Hk
(
− 1) ,
π
Ms

(3.8)

SαA =
SB =

̵ 2 ) is the scaling current density, ν = (λ2 −1)/(λ2 +1)
where j0 = (λ2 +1)Ms2 eµ0 πδ/(hελ
is the normalized asymmetry coefficient, e is the electron charge, and α = 0.03, Ms
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Figure 3.6: (a–e) I–H maps of magnetic droplet nucleation boundaries in NC-STNOs
with different fixed layer compositions and NC radii, fitting to curves including the
Oersted field effects. (f–j). Extracted coefficients αA and B as functions of NC area
2
(Area = πRNC
) for different x. Solid lines are linear fits.
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Figure 3.7: (a) µ0 Hmin as a function of x for different NC sizes. (b) Calculated
spin-torque asymmetry λ and efficiency ε as functions of x; the red arrows mark the ε
of NiFe and Co, calculated from Ref. [137].

is the saturation magnetization of the free layer. The spin-torque efficiency ε and
the spin-torque asymmetry λ can therefore be extracted from Figs. 3.6(f–j). The
parameters ε and λ are plotted as functions of x in Fig. 3.7(b). The value of ε is
almost constant at around 0.35, while λ shows a gradual increase from 1.5 to 3.0 as
x increases. This is the first systematic study of both λ and ε in different materials,
and only a few items in the literature [138, 139, 53] have reported the ε of NiFe
and Co. It is noteworthy that this approach relies on two different contradictory
behaviors in magnetic droplet nucleation boundary, and so provides a more accurate
way to determine the intrinsic STT parameters ε and λ. In addition, compared with
the extraction of ε alone by linear fitting of the Slonczewski critical current from a
single device, as indicated in the red arrows in Fig. 3.7(b) [53, 138], the simultaneous
extraction of both parameters from a set of devices with different NC sizes offers
high accuracy and dramatically reduces random variation. These parameters are
critical for the potential application of STT devices, since their performance and
energy consumption could be improved by optimizing ε and λ.

3.2. Nucleation Boundaries in Canted Magnetic Fields
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Figure 3.8: (a) Calculated angles of Co fixed (θfixed ) as functions of magnetic field.
(b) Extracted nucleation boundaries and their fits at different canted angles θH . (c)
and (d) fitting coefficient αA and B vs. θH .

3.2

Nucleation Boundaries in Canted Magnetic Fields

In this section, we investigate how the nucleation boundary is affected by the canted
magnetic field on a Co/Cu/[Co/Ni] orthogonal STNO, where the canting angle θH
varies from 0° (normal to film plane) to 20°.
As described earlier, the perpendicular component of fixed layer’s magnetization,
Mz = Ms,p cos θ, is one of the main determinants of the nucleation boundary. As a
consequence of the canted field, the behavior of Mz (H) differs. We thus calculated
the tilted angles as functions of the magnetic field at different canted angles by
using Eq. 3.5. As can be seen in Fig. 3.8(a), the tilted angles of the fixed layer’s
magnetization were strongly affected. The difference between θH = 0° and 20° at
1.6 T reaches as high as 50°.
The detailed nucleation boundaries were extracted with the same method shown
in Section 3.1. Figure 3.8(b) shows the current-field phase diagram of the nucleation

30

Magnetic Droplet Nucleation Boundaries in Orthogonal Spin-Valve STNOs

boundaries at different canted angles. As can be seen, the boundary shifts to higher
current and field regimes as θH increases. To quantitatively study the boundaries, the
analytical Eq. 3.6 has been utilized to fit the boundaries. All nucleation boundaries
are consistent with the theoretical fits. The fitting parameters are summarized in
Figs. 3.8(c) and (d). It is worth noting that there are small discrepancies between
the fitting lines and the experiments below 0.45 T, probably because the droplet is
highly unstable and not detectable in dc measurement, as we described in previous
work [54]. This drift instability is mainly caused by the in-plane field component,
which causes the the droplet to be expelled away from the NC and to disappear; the
dc current nucleates a new one underneath the NC. The local variation in magnetic
anisotropy and the high local temperature may also contribute to this discrepancy
[112, 140, 136].
Regarding the coefficients αA and B in Figs. 3.8 (c) and (d), αA is independent
of θH , while B increases significantly, almost doubling, as a function of θH . This
significant variation in B can be understood as a consequence of the drift instability
induced by an in-plane component of a canted magnetic field. Another possible
reason for this variation is the current-induced Oersted fields [141, 49, 134, 142]
that produce the asymmetric energy landscape around the NC. It is known that
this asymmetric energy landscape forces the magnetic droplet to become delocalized
and eventually to pass into a drift instability state [100, 101, 52, 53]. Thus, in the
low magnetic field regime, the magnetic droplet nucleation requires more STT,
which acts as an attractive force toward the NC center [136], overcoming and being
stabilized against the effects of the drift instability.

3.3

Summary

In conclusion, we have presented detailed studies of the nucleation of magnetic
droplets in orthogonal STNOs. Motivated by analytical theory, the nucleation
boundaries were tuned using Cox (NiFe)1−x as fixed layers, where the Ms,p show a
linear dependence on the composition x. The boundaries shift to higher magnetic
field regimes as Ms,p increase, which is consistent with the analytical theory and
predicted by it. Moreover, we find that the Oersted field plays a role in the nucleation
boundary that was ignored in the previous analytical theory. The analytical equation
to fit the nucleation boundary was limited to less than Ms,p , but now has been
extended to the higher field regime by embedding the Oersted field contribution.
Furthermore, the spin-torque efficiency ε and asymmetry λ of Cox (NiFe)1−x were
calculated to high accuracy. Finally, we investigated the effects of the canted field on
the nucleation boundary: the boundaries again moved towards the region of higher
field and current, as the result of the different tilted behavior of the Co fixed layer
and the in-plane magnetic field inducing drift stability.

Chapter 4

He+-irradiation in All-PMA Spin-Valve
STNOs
In the previous chapter, the magnetic droplet nucleation boundaries were systematically studied in orthogonal STNOs. Many efforts have been made to lower the
nucleation boundary in the current–field phase diagram by modifying the fixed layer
magnetization. So far, all experimental studies on droplets have been based on orthogonal STNOs, since their dynamics can usually be detected as microwave signals
in the noncollinear magnetization configuration [143, 52, 110, 53, 112, 54, 115, 117].
In fact, the theoretical studies originally dealt with an all perpendicular magnetic
system [100, 101, 102, 104, 128, 136], while the collinear configuration is inconvenient when it comes to electrically sensing the auto-oscillation signals. As mentioned
earlier, the orthogonal magnetic system has a few drawbacks for real spintronic
applications: i) Strong magnetic fields are unavoidable, even though they could
be reduced to some extent by engineering the fixed layer magnetization; and ii)
the in-plane component of the STT from the easy-plane fixed layer causes drift
instability in the nucleated droplets. These demerits have limited further studies
on magnetic droplets, such as merging multiple droplets [104, 106] and nucleating
droplets at low fields and low currents. To resolve these issues, we propose all-PMA
NC-STNOs where both the free and fixed layers have strong PMA.
In this chapter, we study the magnetodynamics in [Co/Ni]/Cu/[Co/Pd] allPMA STNOs. In Section 4.1, the magnetic droplets nucleate under a very low
magnetic field. Meanwhile, a new magnetic object—a static magnetic bubble—is
described. STXM is introduced to gain further insights into magnetic droplets and
bubbles, such as their size. In Section 4.2, we progressively engineer the PMA of
[Co/Ni] and [Co/Pd] by He+ -irradiation. The basic magnetic properties of bulk films,
such as the PMA and damping, are studied at different irradiation fluences. Having
confirming that the PMA of [Co/Ni]/Cu/[Co/Pd] can be continuously engineered,
Section 4.3 investigates the magnetodynamics versus PMA in irradiated NC-STNOs.
Taking advantage of the intermediate strength of the PMA, transitions between
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Figure 4.1: (a) Full (black circles) and minor (red and blue dots) hysteresis loops of
the bulk film under a perpendicular magnetic field. The schematics show the magnetic
configuration at each state. (b) Full (black circles) and minor magnetoresistance (MR)
loops (red dots) at dc current Idc = −0.6 mA for a patterned NC-STNO. The interlayer
coupling is about µ0 Hex = −0.03 T. Reprinted from Ref. [144] with permission. © 2018
APS

the droplets and the normal FMR-like modes are observed. As the nonlinearity of
auto-oscillation frequency is theoretically predicted to be related to the PMA, we
show the experimental evidence for the tunable nonlinearity of tuned PMA STNOs
in Section 4.4.

4.1

Direct Observation of Magnetic Droplets

The all-PMA SVs [Co/Pd]/Cu/[Co/Ni] were deposited using DC/RF magnetron
sputtering. The entire stack consists of Ta (5)/Cu (15)/Ta (5)/Pd (3) seed layers, a [Co (0.5)/Pd (1.0)]×5/Co (0.5)/Cu (6)/[Co (0.3)/Ni (0.9)]×4/Co (0.3) allperpendicular SV, and Cu (3)/Pd (3) capping layers on thermally oxidized Si
substrate (numbers in parentheses are thicknesses in nanometers). The magnetic
properties were first characterized by alternating gradient magnetometry (AGM)

4.1. Direct Observation of Magnetic Droplets

33

with a magnetic field normal to the film plane. Figure 4.1(a) shows the major
and minor M –H loops of the bulk film; two-step switching fields (µ0 H = 0.05 and
0.12 T) were observed, corresponding to the reverses of the free [Co/Ni] and fixed
[Co/Pd] layers respectively. The magnetic configurations are presented as individual
schematics in Fig. 4.1(a). Figure 4.1(b) shows the MR of STNOs having about 0.9%
MR and about µ0 Hex = 30 mT interlayer coupling after patterning. The switching
fields are two to three times larger than the unpatterned bulk film in Fig. 4.1(a),
due to the different switching mechanisms [145, 146, 147, 148].
The checked all-PMA SVs were then fabricated to NC-STNOs by using the
process described in Chapter 2.2. To generate magnetodynamics in all-PMA STNOs,
we conducted microwave and MR measurements at relatively higher dc currents.
Figures 4.2 (a) and (b) plot the MR and low-f noise (f < 1 GHz) at Idc = −6 mA
by sweeping the magnetic fields backward and forward, respectively. From the MR,
except for the low-resistance (parallel, P) and high-resistance (antiparallel, AP)
states, an intermediate state of MR exists, accompanying by low-f noise when the
field sweeps from the high to the low region. The intermediate resistance could result
from the partial reverse of the [Co/Ni] free layer under the NC due to strong STT.
The accompanying low-f noise corresponds to a dynamical state. This noise shows
that the partially reversed state is consistent with the dynamic droplet. Only low-f
noise is detectable and the droplet precession frequency is not observed because of
the collinear magnetic configuration. The low-f noise and the previously observed
MR behaviors are the two key pieces of evidence for dynamic droplets, in good
agreement with previous predictions and reports [52, 53, 112, 54, 115, 117]. We
therefore concluded this to be a magnetic droplet.
At higher current (Idc = −7.4 mA) in Figs. 4.2(c) and (d), the intermediate
states of MR and low-f noise reappear immediately after [Co/Pd] switching, which
indicates possible nucleation in an even higher field region when the current increases.
Figures 4.2(a)–(d) show a good correlation between the intermediate state of MR and
the appearance of the low-f noise signal, while this low-f signal suddenly disappears
at around 0.04 T, regardless of field-sweep direction and different currents. This will
be discussed later.
We investigate this intermediate state in further detail by measuring the MR
at fine current steps. Figures 4.2(e) and (f) show the MR colormaps obtained from
the field-sweep measurement at different currents ranging from -1 to -11 mA for
both forward (from +0.5 kOe to -5 kOe) and backward (from -0.5 kOe to +5 kOe)
field sweeps, respectively. All data are normalized to between 0 (parallel) and 1
(antiparallel), after removing the offset resistance. In the low-current region (-3.5 mA
< Idc < -0.5 mA), MR shows only two distinguishable states, colored blue (marked
“P” for parallel) and red (marked “AP” for antiparallel), where the switching fields
for both [Co/Ni] and [Co/Pd] remain constant—this indicates dominant magnetic
field-driven switching. As Idc increases up to -4 mA, the switching fields of [Co/Ni]
are reduced, as a result of a current-induced STT switching. As Idc increases further,
a striking result is seen: an intermediate value of MR appears. This intermediate
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Figure 4.2: (a), (b), (c) and (d) Magnetoresistance (MR) and microwave spectra
at the selected current Idc = −6 and -7.4 mA for backward and forward field sweeps.
Normalized MR phase diagrams at current and field coordination for both backward
(e) and forward (f) directions of field sweeping in all-PMA STNO devices. “P”, “AP”,
“B” and “D” stand for the parallel, antiparallel, magnetic bubble, and droplet states,
respectively. The yellow arrows indicate the field-sweep directions. Magnetic fields are
normal to the film plane.

MR state is considered to represent the existence of a partial area of magnetization
switching beneath the NC relative to the area outside of the NC.
Furthermore, in Figs. 4.2(a) and (b), the boundary of the dynamic magnetic
droplet state moves linearly to higher fields as the dc current increases, corresponding
to the Slonczewski STT theory [8, 131, 132]. Further details and discussions regarding
this linear boundary can be found in Paper V.
In the following, we turn to demonstrate the state with an intermediate MR
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Figure 4.3: Resistance as a function of dc current at µ0 H = 0.1 (black) and 0 T
(red). The inset is the resistance difference after removing the background due to the
Joule heating. The colored arrows indicate the respective current-sweep directions.

but lacking the low-f noise in the low-field region. As it has no low-f noise, it is
more likely to be a static state than a dynamic droplet. To further understand
this unknown state, current-sweep measurements were performed at µ0 H = 0 and
0.1 T in Fig. 4.3. As this is a current sweep towards a negative current, similar
resistance steps occurred at Idc = −4.5 and -6.5 mA for two different fields. On the
other hand, the hysteresis behavior only appears at zero field as the current moves
back towards positive values; this contrasts with the lack of hysteresis at 0.1 T. This
discrepancy indicates that the dynamic droplet (µ0 H = 0.1 T) favors no hysteresis.
The intermediate state at µ0 H = 0 T could be a partial reverse static object, referred
to as a magnetic bubble. This bubble is stable once formed, even without current
and field. Looking at Figs. 4.2(a)–(d) again, the dynamic droplets turn to static
bubbles when the magnetic field is not strong enough, arguably suggesting that the
magnetic droplet needs the external field to sustain its precession. In contrast, the
static magnetic bubble is stable and external fields are not necessary to maintain it.
Even though the different behaviors of the magnetic static bubble and dynamic
droplet can be coordinated through indirect MR and microwave measurements,
there are many properties that still need to be studied—such as size, shape, and
degree of the reversal of magnetization. Direct observation of this nanoscale magnetic
objects could prove very interesting. To date, STXM is one of the most promising
candidates [149, 150, 151]. Figure 4.4(a) shows the resulting spatial STXM map of
the normalized perpendicular component mz of the Ni moments. The spatial map
of the mz shows a fully reversed core and a diameter of 160 nm. In addition, we
find that the minor deviations of the droplet perimeter from a perfect circle can
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Figure 4.4: Spatial STXM maps of the Mz component of the Ni moments of the
free layer; the yellow dashed circles outline the nanocontact at (a) µ0 H = 180 mT and
Idc = −14 mA and at (b) µ0 H = 0 mT and Idc = 0 mA.

be ascribed to measurement noise and are not intrinsic to the droplet. It is worth
noting that the droplet diameter directly measured by STXM is much larger than
the NC diameter (100 nm), although theory and micromagnetic simulations have
predicted a similar size. The mechanisms underlying this enlargement are i) the
spread of current distribution under the NC, which pushes the droplet boundary
radially away from the NC; and ii) Zhang-Li torque [152, 153] from the in-plane
current exerts an outward pressure on the droplet perimeter [154]. More detailed
analysis can be seen in Paper V. Figure 4.4(b) shows STXM colormaps of the Ni
moments at zero field. It is interesting that the static bubble is much larger than
the dynamic droplet in Fig. 4.4. The obvious larger diameter of the bubble may be
attributed to the competition between Zhang-Li torque and field-driven DW motion.

4.2

Engineering PMA by He+ -irradiation

In the previous section, we demonstrated magnetic droplets in all-PMA STNOs,
where both [Co/Ni] and [Co/Pd] have strong PMA. The theory predicted that the
PMA of [Co/Ni] plays an important role in both the FMR-like and droplet dynamics
[54]. We here propose a method to control the magnetodynamical behaviors by
tuning the PMA of [Co/Ni] free layer. It is well-known that the PMA of [Co/Ni]
and [Co/Pd] multilayers originate from the interface and surface crystallization
[74, 75, 76, 77, 78]. Recently, ion irradiation, such as with Ar+ , He+ or Ga+ , has
proved capable of modifying the magnetic properties of multilayers, whose PMA is
sensitive to surface and interface structures [155, 156, 157, 158, 159]. We thus try to
tune the PMA by using He+ -irradiation. As a first step in this section, we study the
magnetic properties in the extended thin films with all-PMA [Co/Ni]/Cu/[Co/Pd]
SVs. The STNOs will then be fabricated with the He+ -irradiation process.
The all-PMA SV has a similar structure to that studied in Section 4.1. The
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Figure 4.5: (a) Normalized hysteresis loops, as measured by AGM and (b) magnetoresistance (MR) vs. He+ -irradiation fluences ranging from 0 to 50×1014 He+ /cm2 .
The magnetic fields are normal to the film plane. An offset has been applied to separate
the curves.

sample was cleaved into nine pieces of 7×7 mm. Different fluences (F ) of He+ ions
were applied, ranging from 2 to 50×1014 He+ /cm2 . Figure 4.5(a) shows the hysteresis
(M –H) loops measured by AGM. The nonirradiated film (F = 0) shows clear two-step
switching, corresponding to [Co/Pd] (µ0 Hc = 93 mT) and [Co/Ni] (µ0 Hc = 67 mT)
multilayers. As He+ fluence increases, Hc undergoes continuous reduction, suggesting
that the PMA values were modified by He+ -irradiation. At F = 30×1014 He+ /cm2 ,
the magnetization shows only one clear switching and another continuous change,
indicating that one FM layer remains OOP magnetized while the other layer favors
the easy plane, which is referred to as an orthogonal spin-valve. For the highest
fluence (F = 50×1014 He+ /cm2 ), there is only a continuous increase, which means
that both [Co/Ni] and [Co/Pd] layers could be switched to easy plane.
OOP MR measurements were then carried out on irradiated SVs in Fig. 4.5(b).
It is clear that the switching fields Hs show similar decreasing trends as the M –H
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Figure 4.6: (a) Coercivity µ0 Hc and switching field µ0 Hs extracted from hysteresis
loop and MR. (b) GMR vs. He+ fluence.

data in Fig. 4.5(a). The MR curve in Fig. 4.5(b) for 30×1014 He+ /cm2 shows a
clear MR jump at µ0 H = 40 mT, which is consistent with the Hc of Co/Pd at the
same fluence in Fig. 4.5(a). Both measurement methods confirm that the PMA are
engineered by the He+ -irradiation. The Hc and Hs from both the M –H and MR
measurements are extracted in Fig. 4.6(a). As expected, Hc and Hs are in good
agreement with each other. GMR decreases from 1.14% to 0.4% as fluence increases,
due to the He+ ions intermixing the interfaces of [Co/Ni]/Cu and Cu/[Co/Pd]
[160, 161].
The magnetodynamical properties of He+ -irradiated SVs were measured by
OOP FMR. The FMR frequency f was between 3 and 40 GHz. Figure 4.7 shows the
typical FMR spectra for different fluences at f = 25 GHz. To extract information
on the resonance field Hres and the linewidth ∆H, the spectra are fitted with a
sum of symmetrical and antisymmetrical Lorentzian functions [162, 163] (the solid
lines in Fig. 4.7). For fluences from 0 to 10×1014 He+ /cm2 , only one resonance peak
shows up; this is from [Co/Ni], since the PMA of our [Co/Ni] is weaker than that
of [Co/Pd], and the [Co/Pd] resonance peaks are beyond the measured frequency
ranges on account of its stronger PMA. As the fluences increase, the PMA of [Co/Pd]
decreases, and the [Co/Pd] peaks can be observed at 20 and 30×1014 He+ /cm2 . For
50×1014 He+ /cm2 , the [Co/Pd] peak might be too weak to detected.
By fitting all the resonant peaks at different frequencies with the OOP Kittel
0
equation f = γµ
(Hres − Meff ), where Meff is the effective magnetization; γ/2π is the
2π
gyromagnetic ratio, which shows a weak dependence on fluence but remains between
30.5±0.4 and 31.6±0.2 GHz/T for [Co/Ni] and [Co/Pd], respectively. The extracted
µ0 Meff values are plotted in Fig. 4.8(a). µ0 Meff of [Co/Ni] shows an increasing trend
from -0.60 to 0.31 T as the fluence increases. It is worth noting that the negative
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Figure 4.7: Typical FMR spectra for all-PMA [Co/Ni] and [Co/Pd] SVs under
different He+ -irradiation at a frequency of f = 25 GHz. Solid lines are fits with a sum
of symmetrical and antisymmetrical Lorentzian functions. The numbers on the lines
are the fluences in units of He+ /cm2 .

value of µ0 Meff at low fluences implies that the PMA is sufficient to overcome the
demagnetizing energy, meaning that the easy axis is perpendicular to the film plane.
Interestingly, the Meff of [Co/Ni] changes sign to positive at 30×1014 He+ /cm2 ,
indicating that [Co/Ni] turns to IP, while [Co/Pd] remains negative, and so still
OOP, which is consistent with the results in Fig. 4.5. When the fluence is too high
(50×1014 He+ /cm2 ), both [Co/Ni] and [Co/Pd] lie in the film plane, as confirmed by
the positive µ0 Meff value of [Co/Ni] in Fig. 4.8(a) and the only continuous switching
in Fig. 4.5(a). The saturation magnetizations µ0 Ms are calculated to be 1.0 ±0.1 T
and 1.2 ±0.1 T for [Co/Ni] and [Co/Pd] by AGM, respectively. These exhibits weak
dependence on fluence. Since Meff = Ms − Hk , the anisotropy field Hk shows the same
decreasing trend with Meff . It can be concluded that the magnetic structures can be
tuned from all-PMA, through orthogonal, to all-easy-plane by precisely controlling
the fluences.
In Fig. 4.8(b), the damping α of [Co/Ni] and [Co/Pd] are extracted from the
linewidth of FMR spectra. The α of the [Co/Ni] is found to decrease from 0.03
for nonirradiation to 0.017 for the highest irradiation, with some fluctuations. The
improvement in the damping of [Co/Ni] could be a consequence of the intermixing
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Figure 4.8: (a) Effective magnetization µ0 Meff ; (b) damping as a function of fluence
for [Co/Ni] and [Co/Pd].

of Co and Ni layers, ultimately becoming an alloy. The damping of Co (αCo = 0.005)
and Ni (αNi = 0.028) single layers [164] is much smaller than, and respectively
comparable with, that of our [Co/Ni] multilayers. The damping of the alloy of
Co1−x Nix in Ref. [164] shows a monotonic decrease as Ni concentration decreases.
Regarding our He+ -irradiated [Co/Ni], the irradiation-induced intermixing of the
Co and Ni layers is analogous to the alloying of Co and Ni. This explains the
improvement of damping with increasing fluence. For [Co/Pd], the damping seems
unaffected (α = 0.04), based on two values in Fig. 4.8(b). The damping of the
free layer in STNOs is directly associated with the magnetic dynamics. Hence,
the deduction of damping in [Co/Ni] will demonstrate the device’s functionality,
especially for the threshold current.

4.3

Transition between Droplet and FMR-like Modes

Having confirmed that the PMA of [Co/Ni] and [Co/Pd] can be precisely engineered
by He+ -irradiation, the NC-STNOs were then fabricated with the He+ -irradiation
process (details in Section 2.2). Our previous studies have shown that the PMA
plays a key role in the magnetodynamics. In this section, we therefore focus on
how the magnetodynamical behaviors are affected by the PMA of the free layer in
NC-STNOs.
Firstly, the MR is characterized in NC-STNOs devices in Fig. 4.9. The selected
MR curves are plotted in Fig. 4.9(a). As the fluence F increases, the Hs of both
[Co/Ni] and [Co/Pd] decrease. For F = 20 and 30×1014 He+ /cm2 , MR shows
continuous change when H sweeps through zero, meaning that the [Co/Ni] layer
turns to easy-plane. The GMR values also decrease as the fluence increases in
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Figure 4.9: (a) Magnetoresistance (MR) vs. OOP magnetic field at an applied low dc
current (-2 mA); the numbers on the curves represent the irradiation fluences in units
of He+ /cm2 . Shifts of 1.5% were added to distinguish between curves. (b) Switching
field µ0 Hs vs. fluence, extracted from five different devices.

Fig. 4.9(b). All these observations are consistent with the previous studies on the
bulk films in Section 4.2. Note that the Hs of NC-STNO devices is much larger than
their coercivities. In the nonirradiated case, µ0 Hs of [Co/Pd] and [Co/Ni] STNOs
are 0.71 and 0.17 T, respectively, which are seven and three times larger than that
of the bulk films in Fig. 4.6(a). This discrepancy is well understood in patterned
devices by different switching mechanisms [145, 147].
Figure 4.10 shows the out-of-plane (OOP) angular dependence results for
different fluences at µ0 H = 0.44 T, as we know that both [Co/Pd] and [Co/Ni] are
OOP with different PMA strengths when the fluence is lower than 20×1014 He+ /cm2 .
In Figs. 4.10(a–c), as the angle sweeps from normal (90○ ) to IP (0○ ), the droplet
signals are observed first as the dashed circles marked in Figs. 4.10(a–c). The
accompanying strong low-f noise is more evidence of the droplet states, arising
from the drift instability under the tilted fields, as described in Chapter 3.2. In
the nonirradiated case, the droplet is maintained almost to the in-plane orientation
(5○ ) on account of the strong PMA in Fig. 4.10(a). No FMR-like signal shows up
at this condition. The yellow lines are the calculated FMR frequencies (see details
below). As the fluence increases (i.e., as PMA decreases), there are strong angular
dependence signals when θ < 45○ in Figs. 4.10(b) and (c), which are identified as
FMR-like signals, whereas the droplet state region is reduced to a higher angle. In
Fig. 4.10(b), there are weak signals between 20 to 40○ , representing a state between
the droplet and FMR-like modes. This could be due to either mode coexistence or
mode hopping.
In Figs. 4.10(d) and (e), the signals show a decreasing trend as the angle
increases, suggesting that the magnetization of the [Co/Ni] free layer has turned
to easy-plane; this is also in good agreement with the extended films at the same
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Figure 4.10: (a)–(e) Out-of-plane angular dependence of the microwave frequency
for five different He+ -irradiation fluences at a constant magnetic field 0.44 T. The
nominal NC radius of STNOs is 35 nm. The angle is defined between applied field
direction and film plane—that is, 90○ is normal to the film plane. The solid lines are
the FMR frequency calculated with Eq. 4.1. (f) Calculated FMR frequency versus
angle with different Meff , corresponding to each curve in (a–e).

fluences. For this reason, the droplet is unable to nucleate at any angle. Here again
the yellow lines represent the FMR frequency. We can see that the signals are
higher than the calculated FMR frequency when the angles are larger than 40○ ,
and lower when the angles are less than 40○ for both comparable high fluences.
We suggest that the higher signal is the propagating spin wave (PSW) and the
lower one is a localized bullet, as has been demonstrated in Refs. [142, 49, 129].
The calculated FMR frequency vs. OOP angle is summarized in Fig. 4.10(f). The
effective magnetization Meff is taken from the extended film results in Section 4.2.
Here the FMR frequency is calculated using equation [51]:
γµ0 √
fFMR =
Hint (Hint + Meff ⋅ cos2 θint )
(4.1)
2π
where Hint and θint are the internal field and angle. Their values are determined by
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Figure 4.11: (a)–(c) Microwave signal vs. applied magnetic field at three different
currents. (d)–(e) Microwave signal vs. dc current at different magnetic fields for
F = 10 × 1014 He+ /cm2 . The magnetic field is applied 30○ from the film plane.

solving the magnetostatic equilibrium conditions:
H ⋅ cos θext = Hint ⋅ cos θint
H ⋅ sin θext = (Hint + Meff ) ⋅ cos θint

(4.2)

It is worth noting that the calculated FMR frequency originates from the bulk
magnetic films. The STNO’s precession frequency is affected by many factors
[49, 129], though it is still valuable to qualitatively compare them with each other.
As the droplet state is determined by many factors, such as PMA of the free
layer, applied current, field, and angle, we now study the transition between the
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FMR-like and droplet modes. Figure 4.11 shows the microwave spectrum versus
current and field at 30○ for F = 10 × 1014 He+ /cm2 at Idc = −9 mA. In Fig. 4.11(a),
the high-frequency mode with a relatively narrower linewidth can be identified as
the FMR-like mode. The droplet mode appears at µ0 H less than 0.2 T, where
strong low-f noise and moderate linear frequency dependence signals exist, in good
agreement with the angular-sweep results in Fig. 4.10(c). As the current increases to
-13 mA in Fig. 4.11(b), the droplet mode expands to a higher field region and the
FMR-like mode moves to a lower region. Finally, the droplet and FMR-like modes
become smoothly connected at Idc = −17 mA in Fig. 4.11(c). Meanwhile, the low-f
noise remains as far as 0.6 T. All these observations suggest that only the droplet
mode exists under the measurement condition. This can be explained by the fact
that the higher current generates stronger STT, and so the droplet is maintained
over a higher field range.
To further analyze this behavior, we conducted current–sweep measurements at
magnetic fields of µ0 H = 0.2, 0.3, 0.4 T, as shown in Figs. 4.11(d–f), respectively. As
we can see in Fig. 4.11(d), the FMR-like mode shows a strong negative frequency
dependence as the current increases, before transferring to a droplet which has a
larger linewidth and is accompanied by low-f noise. The droplet has been found to
exhibit a weak frequency dependence [52, 54, 123]. For higher fields (µ0 H = 0.3 T),
the droplet forms at a comparably higher current, as shown in Fig. 4.11(e). Both
modes are smoothly connected at 0.4 T in Fig. 4.11(f). Unlike the sharp transition
at 90○ in the orthogonal STNOs described in Chapter 3.1, in the all-PMA STNOs
here, the FMR-like mode is continuously connected to the droplet mode, as shown
in Figs. 4.11(c) and (f); the transition region might be a hybrid state that combines
the droplet and FMR-like modes.

4.4

Experimental Evidence of Tunable Nonlinearity

As we have previously described, STNOs are among the most promising candidates
for broadband microwave generator applications, and one of the key features for such
applications is frequency tunability [165, 118, 37]. The frequency is usually tuned
either by a magnetic field or an applied dc current. The former complicates using
an STNO as a unit of tunable magnetic field, and the latter is a more feasible way,
as it simply involves adjusting the current amplitude, although it does suffer from
low frequency tunability [166, 167, 118, 168, 121, 169]. In addition, the mechanism
of tunability is still obscure and has not yet been systematically studied. In this
section, we explore the frequency tunability of He+ -irradiated all-PMA STNOs. The
tuned Meff provides a way to systematically investigate how the Meff reacts to the
f tunability.
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Figure 4.12: (a) The extracted auto-oscillation frequency as a function of in-plane
magnetic field for various irradiated NC-STNOs with RNC = 70 nm. Inset: Typical power
spectral density (PSD) of a NC-STNO with irradiation fluence F = 10 × 1014 He+ /cm2
at Idc = −14 mA. (b) Calculated FMR frequency based on the Meff obtained from bulk
films (see Section 4.2).

4.4.1

Field-Induced Frequency Tunability

It is known that the magnetic droplet mode has a weak current tunability [52, 54]. In
this section, we therefore study the normal auto-oscillation modes (propagating spin
waves and localized bullets) [170, 118, 37, 98]. Prior to the microwave measurements,
all devices were initialized in a 2 T perpendicular magnetic field to make the
magnetization of both fixed and free layers more uniform. Figure 4.12(a) shows the
measured microwave frequency for all the different irradiated [Co/Ni] and virgin NiFe
free layers at IP magnetic fields. The inset to Fig. 4.12(a) shows a colormap of PSD
for F = 10×1014 He+ /cm2 . This PSD was then fitted with a Lorentz function and the
extracted frequency was plotted as the blue solid dots in Fig. 4.12(a). Similarly, the
f from other irradiated STNO devices are summarized in Fig. 4.12. It is found that
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the frequency shifts to a lower region as the PMA is decreased by He+ -irradiation.
This behavior can be illustrated by a similar trend in the theoretical FMR frequency
fFMR in Fig. 4.12(b). The FMR frequency is calculated from Eqs. 4.1 and 4.2. Here
the Meff values are adapted from the FMR measurements of the bulk films (see
Section 4.2). The calculated FMR frequency in Fig. 4.12(b) shows similar behaviors
and trends. It is already known that the auto-oscillation frequency [Fig. 4.12(a)]
is either lower or higher than the FMR frequency, depending on whether we are
dealing with the propagating spin-wave (PSW) or the localized bullet mode. For
PSW, fbullet < fFMR , while fPSW > fFMR [50, 37, 98]. As the Meff shows some
variation between devices and the PMA might also be slightly modified during the
fabrication, further careful study is needed to determine the Meff for the specific
devices. The spin-torque FMR technique could be a feasible method of measuring
these parameters in the future.
As for the field-induced tunability df /dH, assuming that the auto-oscillation
f follows the same behavior as fFMR , one obtains df /dH by simply taking the
derivative of Eq. 4.1. df /dH depends on the amplitude and direction of external
fields and the free layer’s Meff .

4.4.2

Current-Induced Frequency Tunability

Having demonstrated the field-induced frequency tunability df /dH, we now study
the frequency tunability using dc current. Figures 4.13(a)–(e) shows the colormaps
of PSD vs. dc current at µ0 H = 0.7 T for different irradiated [Co/Ni] and virgin
NiFe free layers in the NC-STNOs. The f was extracted by fitting the PSD with
a Lorentz function. We note that f seems to show linear dependence. The f is
then linearly fitted shown as the red dashed lines in Figs. 4.13(a)–(e). The currentinduced tunability df /dIdc —that is, the slopes of the linear fits—are summarized
as a function of the perpendicular anisotropy field Hk = Ms − Meff in Fig. 4.13(f),
where the Ms and Meff are obtained from the bulk FMR results. Two conclusions
can here be drawn from the experimental results: i) The sign changes from negative
(NiFe) to positive ([Co/Ni]), consistent with the easy axis changing from IP for
NiFe to OOP for [Co/Ni], which will be explained later; ii) as the Hk increases, the
tunability df /dIdc increases from -0.133 GHz/mA for NiFe to 0.501 GHz/mA for
nonirradiated [Co/Ni]. This dramatic increase happens for the PMA [Co/Ni] free
layer, suggesting that an efficient way to improve the tunability df /dIdc is to tune
Hk .
To systematically study the frequency tunability, detailed measurements were
conducted at different magnetic field magnitudes in all the STNO sets. Figure 4.14(a)
shows a representative extracted frequency at magnetic field values ranging from 0.35
to 1.10 T in 0.05 T steps for F = 6 × 1014 He+ /cm2 . All show linear dependencies on
the dc current at all magnetic fields. The slopes were again determined by linear fits,
shown as solid lines in Fig. 4.14(a). These slopes (df /dIdc ) are presented as red dots
in Fig. 4.14(b). Similarly, the other four devices were measured and their tunabilities
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Figure 4.13: (a–e) The PSD as functions of Idc in NC-STNOs with different irradiated
fluences at fixed in-plane magnetic field µ0 H = 0.7 T. The red dotted lines are the
linear fits of the auto-oscillation frequency. (f) The slope df /dIdc extracted from the
fits of (a–e). The solid line is theoretical predictions of the frequency tunability.

are summarized in Fig. 4.14(b). It should be noted that the df /dIdc first decreases
in the low-field region and then shows a weak dependence on the magnetic field for
all device sets. On the other hand, the overall tunability df /dIdc decreases as Hk
decreases (as the fluence increases). It reaches zero as Hk ≈ 0—that is, as Ms ≈ Meff .
The sign of df /dIdc becomes negative for the NiFe free layer. This observation could
be explained by nonlinear auto-oscillation theory [171, 98, 172, 118].

4.4.3

Theoretical Analysis of the Frequency Tunability

To understand the magnetodynamics in STNOs, the LLGS equation (Eq. 2.3 in
Chapter 2) can be used directly to numerically describe experimental observations.
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Figure 4.14: (a) Extracted auto-oscillation frequency as a function of Idc at different
magnetic fields for F = 6 × 1014 He+ /cm2 (b) The frequency tunability of NC-STNOs
obtained for different Meff at different magnetic fields. Inset: Theoretical prediction of
nonlinearity as a function of magnetic field for various Meff .

However, it has trouble describing the experimental results analytically, even in a
simple case of a single LLGS equation. This limitation has been avoided by treating
the damping, STT, and external sources as perturbations while mapping the LL
equation onto a Hamiltonian equation of motion. This idea was demonstrated by
A. Slavin and V. Tiberkevich [171, 98, 172, 118]. The LLGS equation is eventually
converted into a nonlinear auto-oscillating equation:
dc
2
2
2
+ iω(∣c∣ )c + Γ+ (∣c∣ )c − Γ− (∣c∣ )c = 0,
dt

(4.3)

where c(t) is the complex amplitude of magnetization dynamics, ω = 2πf is the precession frequency, Γ+ and Γ− are the intrinsic and external damping, corresponding
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to the Gilbert damping and STT, respectively. The precession frequency ω generated
by an STNO can be expressed as
ω = ω0 + N

ζ −1
,
ζ +Q

(4.4)
2

ζ−1
where ω0 is the FMR frequency, N is the nonlinearity factor, ζ+Q
= P0 = ∣c∣ is the
power of the stationary precession, ζ = Idc /Ith is the dimensionless supercriticality
parameter, and Q is the nonlinear damping coefficient. From Eq. 4.4, the frequency
shift is determined by the nonlinearity N . The current-induced frequency tunability
df /dIdc is derived as
df
N
1+Q
=
.
(4.5)
dIdc 2πIth (ζ + Q)2

The nonlinear frequency shift coefficient N for STNOs dominates the frequency
tunability and may be either positive or negative, depending on the direction of the
magnetic field and the magnetic anisotropy.
To explain this experimental observation with the analytical theory, we derived
N by setting the experimental condition (i.e., with the IP magnetic fields larger
than the effective magnetization Meff ). The nonlinearity is then expressed as
ωH ωM (ωH + ωM /4)
,
ω0 (ωH + ωM /2)

(4.6)

⎧
ωH = γH
⎪
⎪
⎪
⎪
⎨ ωM = 4πγMeff
√
⎪
⎪
⎪
⎪
⎩ ω0 = γ ωH (ωH + ωM ).

(4.7)

N =−

Note that the nonlinear Eqs. 4.6 and 4.7 are valid for the IP magnetic field, and that
its amplitude is larger than Meff . Using Eq. 4.5 and assuming that 2πI 1+Q
2 = 8,
th (ζ+Q)
the calculated tunability is shown as the black line in Fig. 4.13(f), which is in good
agreement with the experimental results. Furthermore, the nonlinearity for different
values of Meff at different magnetic fields is shown in the inset to Fig. 4.14. Again, the
experimental results show the same trends as the theoretical predictions. It is worth
noting that the tunability dramatically increases when the magnetic field is close to
the absolute value of Meff , and the sign can be altered for the IP magnetized NiFe.
In summary, our experimental observations not only strongly confirm the theoretical
prediction of nonlinearity, but also suggest a method of increasing the frequency
tunability, which is essential to the next generation of microwave generators.

4.5

Summary

In conclusion, we have studied stable magnetic droplets in all-PMA STNOs and a
current–field phase diagram was demonstrated. In addition, the droplet and bubble
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were studied using conventional microwave and dc measurements, as well as the
newer STXM technique. We then systematically studied how the PMA affects the
operation of the all-PMA STNOs. First, we confirmed that PMA can be tuned by
different fluences of He+ -irradiation. With moderate PMA, it is possible to observe
the transition between the FMR-like mode and the droplet mode. Furthermore, the
frequency tunability shows a similar trend to the PMA. This study paves the way
to engineering spintronic devices with ion irradiation.

Chapter 5

Magnetodynamics in Orthogonal MTJ
STNOs
Magnetic tunnel junctions (MTJs) are multilayer stacks consisting of two ferromagnetic (FM) layers separated by an insulating tunnel barrier, such as AlOx and MgO
[5, 4, 67, 68]. Compared to all-metallic SVs, the tunnel magnetoresistance (TMR)
in MTJs can be optimized to reach two to three orders of magnitude higher than
the GMR. This advantage has led to MTJs being intensely investigated. Initially,
studies focused on pursuing high TMR [7, 67, 68, 69]. Interest then shifted to practical applications, such as MRAM, STNOs, and diode detectors [70, 71]. Recently,
voltage-controlled magnetic anisotropy (VCMA) [55, 173, 88, 34, 174, 175] in MTJs
has attracted much attention for next-generation spintronic applications, such as a
highly energy-efficient magnetoelectric random access memory (MeRAM) [26, 27],
voltage-induced switching, and oscillators [28, 29, 24, 25].
MTJ-based STNOs have the potential for high emission power owing to their
high TMR, making them capable as nanoscale microwave generators [28, 29]. Their
magnetodynamics, directly related to the generated microwave signals, have been
studied and mostly understood through STT theory and thermally excited FMR.
This is true for MTJs with an easy-plane FM layer. On the other hand, the magnetodynamics of MTJ-STNOs with perpendicular magnetized free layers have not
yet been fully explored, and both STT and VCMA could play considerable roles in
them. In this chapter, we study the magnetodynamics of MTJ-based STNOs with a
PMA free layer and IP magnetized synthetic antiferromagnetic (SAF) layers.

5.1

Characterization of Basic Magnetic Properties

The magnetron-sputtered MTJ stack on an SiO2 substrate shown in Fig. 5.1(a)
consists of a Ta (3)/CuN (30)/Ta (5) seed layer, a PtMn (20) antiferromagnetic
(AFM) layer, a Co70 Fe30 (2.0) pinned layer, a Ru (0.7) spacer, a Co60 Fe40 B20
(2)/Co70 Fe30 (0.5) reference layer, an MgO (0.7) tunneling barrier, a Co60 Fe40 B20
51

52

Magnetodynamics in Orthogonal MTJ STNOs

Figure 5.1: (a) Schematic of an MTJ-STNO with the material stack and coordination
of in-plane (IP) and out-of-plane (OOP) magnetic fields. (b) Hysteresis loop of the
MTJ stack for a bulk film, with the magnetic field applied along the IP easy axis. The
inset in (b) is the minor hysteresis loop under OOP field. The magnetic states of the
three magnetic layers—the free (FL), reference (RL), and pinned (PL) layers—are
depicted by the three arrows at five field points. (c) Magnetoresistance (MR) of an
MTJ-STNO vs. magnetic field along the easy axis showing an MR of 13%. The inset
in (c) is the MR as a function of OOP field.
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(1.4) free layer, and a Ta (3)/Ru (7) capping layer; the numbers in parentheses are
layer thicknesses in nanometers. The free CoFeB layer has a strong PMA induced
by the interface anisotropy. The MgO tunneling barrier was adjusted to give a low
resistance-area (RA) product of 1.5 W µm2 . The stack was then fabricated into
NC-STNOs, as shown in Fig. 5.1(a). To force a higher proportion of the current
through the MTJs, “sombrero” NCs were fabricated, in which the capping layer is
gradually thinned as it extends away from the NC [35, 36, 51]. This ensures that a
larger proportion of the current passes through the MTJ. The detailed processing
of the NC-STNOs is described in Ref. [51].
Figure 5.1(b) shows the magnetic hysteresis loop of the unpatterned MTJ stack
in a magnetic field applied along the in-plane easy axis (EA) of the magnetic layers.
The schematic insets show the magnetic states at each magnetic field. The inset
hysteresis loop shows the M –H curve at a perpendicular magnetic field, and the
clear switch indicates the strong PMA of the free layer. The slope of M results
from the magnetization of the SAF layer. Figure 5.1(c) shows the corresponding
magnetoresistance (MR) of an MTJ-STNO with a nominal radius of RNC =125 nm.
The TMR is about 13% in Fig. 5.1(c), confirming that the current does tunnel
through the MgO barrier. Again the inset in Fig. 5.1(c) shows the MR as a function
of OOP magnetic field, where the reference layer tilts to OOP, so that MR decreases
as H increases, while it remains unsaturated even up to 2 T on account of the large
Ms and the AFM exchange coupling between the reference and pinned layers. The
good agreement between the field dependence of the unpatterned stack and the fully
processed MTJ-STNO suggests that only weak changes are induced in the magnetic
layers by the processing.

5.2

Magnetization Dynamics

Figures 5.2(a) and (b) show the generated microwave spectral density (PSD) versus
magnetic field for IP (θH = 0○ ) and OOP (θH = 90○ ) directions with a nominal NC
radius RNC = 125 nm at Idc = −7 mA, respectively. The negative current represents
the flow of electrons from the free layer to the fixed layer. For the IP field-sweep
measurements in Fig. 5.2(a), the emitted microwave frequency first decreases in
the low field region (µ0 H < 0.1 T) and then increases almost linearly at higher
fields. For the OOP field sweep measurements in Fig. 5.2(b), there is a clear linear
dependence signal, consisting of one main peak and a few weaker side peaks. These
main signals arise from the procession of free CoFeB layer. The power (intensity)
for both IP and OOP cases decrease as the magnetic field increases, suggesting that
the precession angle of the free layer decreases with the magnetic field. We find that
microwave signals (f ∼ 3 GHz) appear even at zero field, and this holds promise for
the application to field-free oscillators. The overall frequency dependence behavior
is in good agreement with the FMR frequency for strong PMA materials, shown by
the purple dashed lines in Fig. 5.2. The FMR frequency is calculated on the basis of
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Figure 5.2: Power spectral density (PSD) vs. magnetic field for (a) IP (θH = 0○ ) and
(b) OOP (θH = 90○ ) fields at Idc = −7 mA. The nominal NC radius is RNC = 125 nm. The
dashed lines are the calculated FMR frequencies for IP and OOP fields at Meff = −0.12 T.
The dashed rectangle indicates the signals that probably arise from the precession of
the reference layer.

Kittel’s equation:
√
⎧
γµ
⎪
⎪ 2π0 Hres (Hres + Ms − Hk ), θH = 0○
f =⎨
γµ0
⎪
(Hres − Ms + Hk ),
θH = 90○
⎪
2π
⎩

(5.1)

where f is the microwave frequency, γ/2π = 30 GHz/T is the gyromagnetic ratio,
µ0 is the permeability of free space, and Meff = Ms − Hk = −0.12 T is the effective
magnetization. This confirms that the free layer has strong PMA. In Fig. 5.2(a),
there are other peaks at higher frequencies for positive magnetic field, which could
be caused by the precession of the reference layer.
Figure 5.3 summarizes the bias current-induced microwave signals at OOP and
IP magnetic fields. The frequency f , linewidth ∆f , and power P are extracted.
It is clear that both positive and negative currents generate precession, unlike in
the SV-based STNOs studied in Chapters 3 and 4. As for MTJs, in addition to
STT-induced magnetization precession, it is well-known that the thermal excited
magnetization fluctuations can also generate microwave signals [55, 92, 34]. The
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Figure 5.3: PSD as a function of bias current with (a) OOP and (b) IP fields at
µ0 H = −0.3 T. The frequency f , linewidth ∆f , and integrated power P are extracted.
The function f = A ⋅ I 2 + B ⋅ I + C is used to fit the extracted f as shown with red solid
lines; the blue dashed lines represent the linear and constant components (B ⋅ I + C)

signals at positive current most likely originate from the thermal effect, while at
negative currents both thermal and STT effects contribute to the emitted microwave.
This STT effect is described by the LLGS equation (Eq. 2.3). As we discussed
γa
in Chapter 2.3, the third term Msj M × (M × P) and the fourth term γbj M × P
represent the Slonczewski in-plane spin-transfer torque (STT) and the perpendicular
field-like torque (FLT), respectively [55]. In metallic spin-valves [88], bj has been
shown to be very small [89, 90, 91], while in MTJs, both aj and bj contribute to the
dynamics [92, 34, 88].
The frequency dependence on dc current shows clear asymmetrical behaviors
for both IP and OOP applied fields in the second panels of Figs. 5.3(a) and (b).
The frequency versus current can be fitted well using a quadratic, a linear, and
a constant term: f = A ⋅ I 2 + B ⋅ I + C. The quadratic term can be attributed
to Joule heating and the Oersted field. The dc current heats the NC area and
increases the temperature, and this affects the magnetic properties related to the
resonance frequency, such as magnetization and PMA. In addition, this thermal
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effect is only sensitive to the current amplitude, regardless of its polarity, and so
the frequency shift shows symmetric behavior for the opposite polarity of current.
Besides, the Oersted field induced by the dc current modifies the effective fields,
independent of the current sign. One mechanism explaining this asymmetric behavior
(the linear term) is current-induced FLT; many theoretical and experimental studies
[55, 173, 88, 34, 174, 175] have reported that the FLT in MTJs shows an asymmetrical
bias dependence on the frequency. This phenomenon further affects the frequency
response [34, 55, 59]. For the perpendicular magnetized free layer, another possible
contribution is voltage-controlled magnetic anisotropy (VCMA), which has recently
been found in perpendicular MTJs [176, 177, 178, 179, 180, 181]. It has been reported
that the perpendicular magnetic anisotropy field Hk exhibits a linear dependence
with the applied voltage. By taking the resistance R = 20 Ω, the voltage lies within
-0.24 V < U < 0.24 V. As Hk ∝ V , the slope of the frequency dependence df /dIdc
should show opposite features for the IP and OOP magnetic fields, which could be
derived from Eq. 5.1. This is consistent with the experimental results, shown by the
dashed lines in Fig. 5.3.
It has been pointed out that the variation in the linewidth ∆f is principally
determined by the in-plane STT variation [34, 55]. In the third panel of Figs. 5.3(a)
and (b), the linewidth ∆f mainly shows an increase as the current increases from
-12 to 12 mA for both IP and OOP fields. The negative current-induced STT
acts to compensate for the damping, so that ∆f is smaller, while the positive
current increases the effective damping. In consequence, ∆f increases. The fourth
panels in Figs. 5.3(a) and (b) show the extracted power P . As P is determined
by the amplitude of magnetization precession, the negative current motivates the
precession—that is, the larger the negative current, the higher the amplitude (power);
in contrast, the positive current suppresses precession, so the higher positive current,
the lower the power. The power at negative current is thus higher than at the same
magnitude of positive current, in good agreement with experimental results. We
also observe that the power increases as the absolute value of current increases.
We argue that this phenomenon is due to the device’s temperature increasing with
the dc current. The higher temperature contributes to stronger thermally induced
magnetization fluctuation.

5.3

Summary

In conclusion, we have demonstrated the magnetodynamics of the orthogonal MTJ
NC-STNOs. The basic magnetic properties were investigated by AGM and MR. By
conducting microwave measurements, STT and thermally induced auto-oscillations
were observed, and their characteristics were explained by theory. The current
dependence of the frequency shows asymmetrical behaviors that result from both
FLT and VCMA.

Chapter 6

Conclusions and Future Work
6.1

Conclusions

In this thesis, magnetodynamics, especially the magnetic droplet, have been investigated in three types of NC-STNOs: i) orthogonal SVs with [Co/Ni]/Cu/
Cox NiFe1−x , ii) all-PMA SVs with [Co/Ni]/Cu/[Co/Pd], and iii) orthogonal MTJs
with CoFeB/MgO/CoFe. The achievements of this thesis are as follows:
i) Orthogonal SVs with [Co/Ni]/Cu/Cox NiFe1−x
The nucleation boundaries of the magnetic droplet were tuned by controlling the
saturation magnetization Ms,p using Cox NiFe1−x as the fixed layer. An optimized
boundary analytical mode that took into account the Oersted field effects was
proposed. With the extended model used to fit the experimental nucleation boundary,
the boundary was found to shift to higher field as Ms,p increased. In addition, the
effects of canted fields were investigated. It was found that drift instability contributes
to the behavior of the nucleation boundary. My investigation here has contributed
to further understanding this novel magnetic soliton and has achieved control over
the droplet nucleation boundary.
ii) All-PMA SVs with [Co/Ni]/Cu/[Co/Pd]
The stability of the magnetic droplet is extremely high in this type of device.
The droplet nucleation boundary was also studied. At the same time, the static
bubble and the dynamical droplet were observed and directly imaged by STXM.
The droplet diameter as determined by STXM images proved to be twice the size
of that of NCs, as a result of the Zhang–Li torque and the spreading of current
underneath the NC. Another major piece of work performed here was on the
magnetic properties: the PMA was engineered by He+ irradiation. The PMA was
progressively tuned and NC-STNOs with different PMA were explored. Thanks to
the moderate PMA, the transition between the magnetic droplet and the normal
FMR-like modes was observed. In addition, a systematic study of the tunability
of the frequency was carried out, with the frequency proving very amenable to
tuning through adjustments of the PMA. These investigation not only developed our
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understanding of all-PMA STNOs—which is very promising for the potential use
of magnetic dynamical droplets and static bubbles as next-generation information
carriers—but also demonstrated that it is feasible to engineer the magnetic properties
of STNOs through He+ irradiation.
iii) Orthogonal MTJs with CoFeB/MgO/CoFe
Although the magnetic configuration of this type of MTJ-STNO is similar to
that of the orthogonal SVs studied in Chapter 3, the existence of magnetic droplets
in such devices is still unknown. Instead, the basic dynamics were investigated. Most
importantly, we determined that the frequency tunability is determined by VCMA,
thermal, Oersted field, and STT effects. By selectively combining those contributions,
the tunability can be improved dramatically. This study thus contributes to many
potential applications, including microwave generators and detectors.

6.2

Future Work

Magnetic droplets have attracted a great deal of attention since their first experimental observation five years ago. Many theoretical and experimental studies have been
performed since then. However, many issues remain to be addressed and improved.
Here I present potential studies that could profitably be carried out in future.
i) Time-resolved droplet nucleation and merging by STXM.
Stable droplets have already been imaged by STXM in all-PMA NC-STNOs,
which has provided a great deal of information and evidence. The evolution of nucleation and the collapse of droplets in time-resolved STXM would be an interesting and
promising project. Second, although the merging of two droplets has been simulated
micromagnetically, experimental observations continue to be challenging, due to the
similarities of single and double droplets in indirect electrical measurements. The
direct observation of multiple interacting droplets would thus be very interesting.
ii) Further insight into He+ irradiation of all-PMA NC-STNOs.
The PMA, which has known-on effects on many properties of NC-STNOs, has
been continuously tailored by He+ irradiation. For instance, frequency, emission
power, and linewidth—the key factors for microwave applications—are associated
with PMA. No systematic study has yet been performed on this topic. Other
behaviors, such as modulation by microwave injection and improvement of output
power and linewidth, still require further efforts. In addition, spin-torque FMR will
give more information about the material parameters.
iii) VCMA in the MTJ NC-STNOs.
As mentioned earlier, the PMA can be controlled by the applied voltage,
which suggests a new way to switch magnetization at lower energy levels. The
effect of VCMA also contributes to frequency tunability. The understanding of the
contribution of VCMA and other effects needs more investigation.
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