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Abstract

The recent discovery that a spin-polarized current can exert a large torque on a fer-
romagnet, through direct transfer of spin angular momentum, offers the possibility of
electrical current controlled manipulation of magnetic moment in nanoscale magnetic
device structures. This so-called spin torque effect holds great promise for two appli-
cations, namely, spin torque oscillators (STOs) for wireless communication and radar
communication, and spin transfer torque RAM (STT-RAM) for data/information
storage.

The STO is a nanosized spintronic device capable of microwave generation at
frequencies in the 1-65 GHz range with high quality factors. Although the STO is
very promising for future telecommunication, two major shortcomings have to be
addressed before it can truly find practical use as a radio-frequency device. Firstly,
its very limited output power has to be significantly improved. One possibility is
the synchronization of two or more STOs to both increase the microwave power and
further increase the signal quality. Synchronization of serially connected STOs has
been suggested in this thesis. In this configuration, synchronization relies on phase
locking between the STOs and their self-generated alternating current. While this
locking mechanism is intrinsically quite weak, we find that the locking range of two
serially connected spin-valve STOs can be enhanced by over two orders of magnitude
by adjusting the circuit I-V phase to that of an intrinsic preferred phase shift between
the STO and an alternating current. More recently, we have also studied the phase-
locking of STOs based on magnetic tunnel junctions (MTJ-STO) to meet the power
specifications of actual application where the rf output levels should be above 0 dBm
(1 mW). In addition to the spin torque terms present in GMR spin valves, MTJs
also exhibit a significant perpendicular spin torque component with a quite complex
dependence on both material choices and applied junction bias. We find that the
perpendicular torque component modifies the intrinsic preferred I-V phase shift in
single MTJ-STOs in such a way that serially connected STOs synchronize much
more readily without the need for additional circuitry to change the I-V phase.

Secondly, equal attention has been focused on removing the applied magnetic
field for STO operation, which requires bulky components and will limit the minia-
turization of STO-based devices. Various attempts have been made to realize STOs
operating in zero magnetic field. By using a tilted (oblique angle) polarizer (fixed
layer) instead of an in-plane polarizer (standard STO), we show zero field operation
over a very wide polarizer angle range without sacrificing output signal. In addition,
the polarizer angle introduces an entirely new degree of freedom to any spin torque
device and opens up for a wide range of additional phenomena.

The STT-RAM has advantages over other types of memories including conven-
tional MRAM in terms of power consumption, speed, and scalability. We use a set
of simulation tools to carry out a systematic study on the subject of micromagnetic
switching processes of a device for STT-RAM application. We find that the non-zero
k spin wave modes play an important role in the experimentally measured switching
phase boundary. These may result in telegraph transitions among different spin-wave
states, and be related to the back-hopping phenomena where the switching probability
will decrease with increasing bias in tunnel junctions.

Keywords: Spin Torque Oscillator, Giant Magnetoresistance, Tunneling Magnetoresis-
tance, Synchronization, Phase locking, Spin Torque Switching, Spin Transfer Torque
Random Access Memory
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Chapter 1

Introduction

1.1 Background

The 2007 Nobel Prize in Physics was awarded to the Frenchman Albert Fert and
the German Peter Grünberg for their independent discovery of the phenomenon
known as giant magnetoresistance (GMR) effect in 1988 [1,2]. A typical GMR
system is a trilayer structure where two ferromagnetic layer is separated by
a metallic conductor. The relative orientation of the ferromagnetic layer mag-
netization can be changed by an applied magnetic field. This magnetization
orientation change will cause changes in conductance of the structure. When
the two ferromagentic layers have the same magnetic orientation, electrons of a
single spin type can move easily through the system. While the magnetization
of the two ferromagnetic layers are opposed, however electrons of both spin
types are strongly scattered, causing higher electrical resistance.

The effect of resistance change of magnetic materials depending upon the
relative orientation of the applied magnetic field was already discovered 150
years ago by W. Thomson (Lord Kelvin) [3]. It is now referred to as anisotropy
magnetoresistance (AMR), originating from the electron spin-orbit coupling of
ferromagnetic materials. It is a relatively weak phenomenon, as general elec-
trical resistance variations of such system can be only a few percent at most.
While the resistance variation of a GMR system was measured to be about
50% [1], more than one order larger than the previously known AMR effect,
it soon spurred interest at companies such as IBM to pursue research of ul-
trasensitive magnetic sensors for hard drive read heads. In 1997 IBM launched
the first read-out head based on the GMR effect and this soon became the
standard technology for computer hard disks. The GMR read head technology
prompted the hard disk data storage density to increase by ∼ 100% per year.

Magnetic tunnel junction (MTJ) based spintronics started in 1995 with
the demonstration of high tunneling magnetoresistance (TMR) at room tem-
perature [4, 5]. The basic structure of an MTJ comprises of two ferromagnets
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2 CHAPTER 1. INTRODUCTION

separated by a thin insulator (∼ 1nm). The dramatic improvement of magne-
toresistance from the magnetic tunnel junction boosts the storage capacity by
allowing more information to be stored in smaller area of the HDD and it also
promotes realization of novel spintronics devices.

The GMR effect also opened the door to a new field of science, spintronics
(also known as magnetoelectronics), which combines not only the electron’s
charge but also its spin to realize novel devices with previously unattainable
performance or functionality. It is a newly developed subject and has triggered
extensive research and development effort in novel GMR-based nano-devices
for new applications of nanotechnology. Other recent significant success in
spintronics include Magnetoresistive Random Access Memory (MRAM), which
was made commercially available by Freescale Semiconductor (today Everspin)
on July 10, 2006. MRAM offers much superior switching speed, endurance,
power-saving properties compared to other types of silicon based solid-state
memory such as SRAM and DRAM, while maintaining the nonvolatility and
high-density comparable to that of a flash memory [6].

Some of the most recent advances in spintronics include the prediction by
John Slonczewski and Luc Berger that a spin-polarized current can apply a
large torque to a ferromagnet, through the spin momentum transfer (SMT)
effect, that switches its state and in some cases also induce magnetic excita-
tions [7,8]. These theoretical predictions were experimentally verified in GMR
nanopillars of Co/Cu/Co [9,10]. It offers the possibility of electrical current con-
trolled manipulation of magnetic moment in nanoscale magnetic device struc-
tures and results in two very promising applications, namely, STT-RAM for
data/information storage and STOs for wireless communication [11].

1.1.1 Spin Torque Oscillator

Broadband microwave oscillators, such as the Yttrium Iron Garnet (YIG) os-
cillator, play an important role in communication, radar applications and high-
precision instrumentation. Two drawbacks of the YIG oscillator is its bulk na-
ture, which foils any attempt of monolithic integration, and its magnetic tun-
ing, which is both complicated and consumes high power. A modern nanoscopic
analog of the YIG oscillator is the STO [7, 8, 10, 12–14]. It is extremely broad
band (multi octave), can achieve high spectral purity, and is magnetically tun-
able with a similar transfer function related to ferromagnetic resonance. The
STO currently receives a rapidly growing interest thanks to its significant ad-
vantages, such as easy on-chip integration and current tunability instead of
only field tunability.

There are two types of STO device geometries which are mostly investigated
in this field: nanopillars in which the magnetization precession occurs in a
finite disk of the magnetic material of the pillared structure [12, 15–17] and
nanocontact where the precession is excited within a small region of the whole
extended magnetic thin film below the contact [13,18–21]. In this thesis, we only
focus on the nanopillar STOs. In standard nanopillar spin valve STOs, the GHz
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precession regime due to the current induced spin torque is observed when the
current density and the external magnetic field exceed certain critical values,
and the magnetic oscillation is converted back to a RF voltage through the
GMR effect of the multilayer [22]. While STOs have been demonstrated with a
current- and field-tunable range of 5-45 GHz [18], the upper limit is so far only
set by measurement limitations and the intrinsic frequency should continue well
above 100GHz. The large degree of coherence of the oscillation signal leads to
Q values as high as 18000 [18]. This nano-patterned ferromagnetic device, in
which high-quality tunable microwave oscillations can be generated by a small
DC current, opens new perspectives in microwave engineering design. None of
the RF oscillators existing today combines a high-quality resonance, wideband
tunability and a high integration level, necessary for low-power and low-cost
applications.

Although the STO shows great potential for broadband high-quality mi-
crowave generation in a nanoscopic device, the most investigated GMR-based
STOs with in-plane anisotropy have very limited power output and can only
be operated under the influence of large external magnetic fields, which re-
quires a bulky source, typically a large electromagnet [23]. These two techno-
logical challenges have to be overcome before STO can truly find any practical
telecommunication applications [23]. This thesis work mainly focuses on resolv-
ing these two major problems which hinder the dominance of STO technology,
as in Chapter 4 and Chapter 5.

1.1.2 Spin transfer torque random access memory

In 2006, Freescale Semiconductor successfully launched the first generation
MRAM as a commercial product. The core functional part of typical MRAM
elements consists of two ferromagnetic layers, separated by a thin insulator
layer. One of the ferromagnetic layers is called the pinned layer, whose mag-
netization is fixed in the film plane due to the coupling with an adjacent SAF
layer that in turn is pinned by an AF layer. The magnetization of the other fer-
romagnetic layer (free layer) is free to rotate in response to an external applied
magnetic field. The writing for MRAM is achieved by this mean. To generate
this magnetic field, some nearby perpendicular write lines are required. When
the electrical currents flow through the bit line and the additional perpendic-
ular write word lines, a synthetic magnetic field is formed to switch the bit
of interest. The reading for the MRAM is conducted by measuring the elec-
trical resistance difference of the cell at different magnetization configurations,
through the TMR effect.

MRAM is believed to have all the best attributes of conventional memory
technologies, in that it could simultaneously achieve high speed, high density,
and nonvolatility. Therefore it has been promoted as a "universal memory",
able to replace SRAM, DRAM and Flash [6]. However, the writing method
using external magnetic fields to rotate the magnetization in the free layer of
conventional MRAM has two serious shortcomings. First, with the decrease of
the bit size to achieve higher integration, a higher density electric current in
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the write line is required to switch the storage-layer magnetization of the MTJ
bit element. In other words, the switching current doesn’t scale down with the
element size. Second, when the high current flows through the word and bit
lines, the generated magnetic field will also affect the other elements and a
high current will cause break down of the write lines. The current field writing
schemes is not suitable for integration with CMOS on a large scale to achieve
high packing density without cross-talk. A new technique using spin momentum
transfer (SMT), called STT-RAM, offers the potential of orders of magnitude
lower switching currents. In addition, the SMT effect becomes more efficient
when the bit size shrinks and thus STT-RAM has superior scalability over
conventional MRAM. This is very important to ensure that MRAM technology
can be scaled down to 65 nm and below. In December of 2005, Sony announced
the first 4kbit STT-RAM prototype. However, the switching current for present
STT-RAM is still too high for integration with CMOS and thus reducing this
switching current has triggered intensive R&D efforts. More recently, STT-
RAM based on MTJ with perpendicular anisotropy has attracted attention
due to their much smaller switching current and improved thermal stability
compared to STT-RAM with in-plane anisotropy.

1.2 Outline of the thesis

This thesis focuses on addressing the two shortcomings on the road towards
realistic STO applications and their future commercialization. It also covers
part of magnetization switching study for STT-RAM application.

Chapter 2 gives a brief review of the spin transfer torque. In section 2.3, we
describe spin transfer torque in GMR trilayer systems. Since MTJs have much
larger tunneling magneoresistance than GMR systems, they have stimulated a
lot of interest and research effort in recent years. In section 2.4, SMT in MTJ
system is explained and some specific properties of STT in tunnel junctions
are reviewed.

The macrospin model is adopted to study the magnetodynamics of the
STO devices in section 3.1 of Chapter 3. Micromagnetic simulation becomes
an important tool for studying the dynamic properties of magnetic system
especially when the sample size is not small. We give a general description of
micromagnetic methods in section 3.2.

Chapter 4 focuses on the solution to one of the two major obstacles on the
road to STO technology commercialization - improvement of output power by
synchronization of STO arrays. In addition, we have studied the interaction be-
tween a free-running STO and injected rf currents to great detail and correlate
the findings with the mutual phase-locking of serially connected STO pairs.

Another intensively researched topic for STOs today is to remove the rela-
tively high magnetic fields for operation. We have demonstrated a solution to
this highly topical problem - the TP-STO and show that zero field operation
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is possible over a very wide polarizer angle range in Chapter 5.

In Chapter 6, we have briefly introduced some preliminary work concerning
the micromagnetic simulation of a nanostructured spin torque device for STT-
RAM application.

The major conclusions of the thesis are summarized in Chapter 7. Chapter
8 lists the author’s work and contributions in the published journal papers
related to this thesis.





Chapter 2

Spin transfer torque

2.1 LLG equation with Slonczewski spin torque

The time evolution of an observable depends on its Hamiltonian. For the spin
operator, the expectation value of a spin Ŝ obeys the Heisenberg equation of
motion:

i~
d

dt
〈Ŝ〉 = 〈[Ŝ, H ]〉 (2.1)

Here H is the Hamiltonian of the free layer spin system in a typical
GMR/TMR structure. The simplest Zeeman type Hamiltonian can be writ-
ten as,

H = −gµB

~
Ŝ ·Happ (2.2)

where Happ is applied magnetic field acting on the magnetic material.

After some mathematical manipulation [Appendix A], the temporal re-
sponse of the collective spin magnetization of the free layer, can be derived
as follows (for the consideration of only Zeeman Hamiltonian),

dm̂

dt
= −|γ|m̂×Happ (2.3)

where γ is the gyromagnetic ratio.

In real spin-valve or MTJ based devices, the spins within the free layer
will experience an effective field Heff comprising of the external applied field
Happ, anisotropy field Hk, demagnetization field Hd, and the spin-spin exchange
coupling field Hex (Hex is not included in the macrospin model since the whole
system is treated as a single spin). Thus by replacing Happ with the effective
field Heff in Eq. 2.3, we get [Appendix A],

7



8 CHAPTER 2. SPIN TRANSFER TORQUE

dm̂

dt
= −|γ|m̂×Heff (2.4)

The SMT effect proposed by John Slonczewski and Luc Berger in 1999 opens
a door to control the magnetization state of ferromagnetic structures by elec-
tric current [7,8]. The Hamiltonian which includes the energy and momentum
transfer by electrons to the local free layer magnetization of the GMR/TMR
structure can be rewritten as [24]

H = −gµH

~
Ŝ ·Heff − 2

Jsd

~
Ŝ · ŜM (2.5)

where Jsd is the s-d exchange constant, and ŜM is the out-of-equilibrium spin
density of the itinerant electrons from the fixed layer [24].

According to the commutation rules [Appendix A], one gets

dŜ

dt
= −gµH

~
Ŝ ×Heff − 2

Jsd

~
Ŝ × ŜM

(2.6)

Figure 2.1: (a)Illustration of the Landau-Lifschitz equation. The magnetization
(red) precesses around the locale effective field (blue) without damping. (b) The
magnetization precession with Gilbert damping term towards the low energy
equilibrium state of the system. From Ref. [25]
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We need to include the damping of the localized spin in the Hamiltonian
to account for the energy dissipation in nature, which leads to the Landau-
Lifshitz-Gilbert-Slonczewski equation (LLGS):

dŜ

dt
= −gµB

~
Ŝ ×Heff − 2

Jsd

~
Ŝ × ŜM + αŜ × dŜ

dt
(2.7)

or in the format of magnetization [Appendix A],

dm̂

dt
= −γm̂×Heff + αm̂× dm̂

dt
+

γ

µ0Ms
τ (2.8)

where m̂ is the unit vector of the free layer magnetization, Ms its saturation
magnetization.

The quantity τ in Eq. 2.8 is the Slonczewski spin-transfer torque density
[26].

τ = ajm̂× (m̂× M̂) + bj(m̂× M̂), (2.9)

where aj is the in-plane torque efficiency and bj is the perpendicular torque ef-
ficiency, both of which are proportional to the time-dependent current through
the free layer I(t). M̂ is the unit vector of the fixed layer magnetization. The
torque direction is defined with respect to the plane of m̂ and M̂ . A sub-
stantial perpendicular torque bj is measured in MTJ while it is negligible in
metallic spin-valves. The mechanism of the spin transfer torque is also differ-
ent for metallic spin-valves and tunnel junctions, and will be addressed in the
following sections.

2.2 Phenomenological description of STT

Detailed theoretical quantum mechanical derivation of the spin transfer torque
can be found in e.g., [8, 26–28] and references therein. Here we only give some
phenomenological description of spin transfer torque developed by Stiles et
al [29].

They studied the mechanism of transfer of spin angular momentum from
the itinerant electrons to the ferromagnet. In the free-electron model, the origin
of the spin torque can be ascribed to three distinct processes that contribute
to the spin angular momentum transfer through a perfect interface.

(1) The spin-dependent reflection and transmission induces a discontinuity
in the transverse spin current. Because the reflection probabilities are spin
dependent, the resulting spin-filtering effect will lead to the discontinuity of
the spin components and one part of the transverse spin current is adsorbed at
the interface. This discontinuity will give rise to a torque in the plane formed
by free layer magnetization m̂ and fixed layer magnetization M̂ and tend to
align them (the first term in Eq. 2.9).
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(2) Rotation of the scattered spins from the interface will lead to another
component of the spin torque, which is perpendicular with the plane formed by
m̂ and M̂ (the second term in Eq. 2.9). This is the origin of the perpendicular
torque.

(3) First principle electronic calculations based on the free-electron model
show that the transverse component of the itinerant spins will be nearly zero
after averaging over the whole Fermi surface. The complete adsorption of the
transverse component occurs at a length scale of λJ ≈ 1 nm for most systems
of interest.

It should be noted that the above mechanisms exist in both GMR and MTJ
systems. However, due to the fundamental difference of quantum spin transport
in the two systems, i.e., the difference between the multi-electrons conduction
through the metallic spacer in GMR and the single electron tunneling nature
of the MTJ, there will be fundamentally different spin transport properties and
spin torque forms as briefly described in the following two sections.

2.3 STT in GMR

In GMR samples, the perpendicular torque is negligible and thus the spin
torque density is given as follows,

τ = η(ϕ)
~J
2ed

m̂× (m̂× M̂), (2.10)

where ϕ is the angle between m̂ and M̂ , J is the electrical current density, d
is the free layer thickness, and

η(ϕ) =
q+

A + B cos(ϕ)
+

q−
A−B cos(ϕ)

. (2.11)

where q+, q−, A, B are all material dependent parameters [30].

In the original paper regarding the theoretical prediction of SMT effect by
Slonczewski and Berger [7, 8], the authors assume that the electron spin only
remains in the plane formed by free and fixed layer magnetization and thus the
bj term is essentially zero in their models. It is subsequently found that the
spin precession in the transport model for spin valve structures may enhance
this term [26]. However, bj is nevertheless much smaller (about two orders)
than the in-plane or Slonczewski torque amplitude. This is mainly due to the
fact that in metallic systems the whole Fermi surface contributes to the spin
transport so that the spin-dependent reflection angle is very small, leading to a
very small perpendicular torque. In addition, the influence of spin accumulation
(the longitudinal spin current density) on the transverse spin current density
is much more enhanced in GMR materials, suppressing the bj term to a great
extent [24].



2.4. STT IN MTJ 11

It should noted that this angular dependence of the spin torque term is
derived from a matrix Boltzmann equation formalism based on the circuit
model [28]. The deviation from the standard sine-dependence of STT is also
due to the multi-electron nature of the diffusive transport in the GMR structure
and spin-dependent scattering at the interfaces.

2.4 STT in MTJ

Spin transport in MTJ is mainly ballistic and there is essentially no spin diffu-
sive components involved. This is due to the single electron tunneling nature of
the MTJ spin transport process. As opposed to the GMR system, only incident
electrons possessing the perpendicular/normal incident wave vector can tunnel
through the barrier and thus contribute to the transmission process. By taking
into account the above k-selection (k is the spin wave vector of the impinging
electrons) and the strong dependence of reflection angle on the in-plane wave
vector, the transmitted electrons exerts a much enhanced perpendicular torque
(perpendicular to the m̂ and M̂ plane) compared to metallic spin valves [29].
In short, the spin-dependent tunneling and much reduced effect of the spin
accumulation on the out-of-plane spin current components are the two major
attributors giving rise to the large bj in tunnel junctions.

In tunnel junctions, the angular dependence of the aj term is determined
by the transmission matrix and yields a sinusoidal dependence [31]. Thus η in
Eq. 2.10 is essentially a constant and the STT for MTJs is given by:

τ =
~ηJ

2ed
[m̂× (m̂× M̂) +

bj

aj
(m̂× M̂)], (2.12)

However, the quantitative dependence of bj term on the bias current is
highly controversial [32]. We simply assume a linear dependence of bj (bj/aj is
constant) on the electric current as in Ref. [33].





Chapter 3

Macrospin and micromagnetic
simulation

In this Chapter, we first review the macrospin model that is widely used to
study the magnetization dynamics of magnetic materials. It treats the magne-
tization of a sample as a single macroscopic spin, and thus the detailed magne-
tization dynamics of the system becomes much easier to trace. The macrospin
model is sufficient to capture some features of magnetic materials qualitatively
and has been a very useful tool for studying the fundamental aspects of the
spin torque induced magnetization precession and switching to a zeroth-order
accuracy.

However, the macrospin approximation fails for many systems of interest,
especially when the sample size is not so small (typically above 30 nm). Thus
full micromagnetic simulations become necessary to even qualitatively under-
stand the magnetization dynamics of such systems. A general overview of the
micromagnetic simulation is presented in section 3.2.

3.1 Macrospin

In the framework of macrospin, the free layer magnetization of the system is
treated as a single spin and we assume that the modulus of the magnetization
is a constant, i.e., m2

x + m2
y + m2

z = 1. Since the free layer only evolves on the
unit sphere surface, it removes one degree of freedom and the three components
Cartesian coordinates can be replaced by spherical coordinates. The coordinate
system used in the model is shown in Fig. 3.1. In spherical coordinate, the
energy landscape of the sample can be written in the format as follows,

13
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Free layer

m
 

 Free layer

z M

 
Spacer

Fixed layer

I

x

y

z M

x

Happ

Figure 3.1: The coordinate system used in the macrospin simulation for a typ-
ical Co/Cu/Co GMR structure.

E =
µ0M

2
s Vf

2
[−2Happ sin θ cos φ + (Hdx −Hcry)sin θ2 cos φ2

+ Hdysin θ2sinφ2 + Hdzcos θ2] (3.1)

which takes into account the three most relevant energy terms (Zeeman energy,
magnetocrystalline anisotropy energy and magneostatic energy). Here Hcry de-
notes the magnetocrystalline anisotropy field, and Hdx,y,z represents the three
components of the demagnetization field along x−, y− and z− directions. For
the interest of the samples in this thesis work, we assume the demagnetization
tensor matrix is a diagonal matrix.

In the most common cases we deal with in this thesis, we neglect the mag-
netocrystalline anisotropy Hcry = 0 and rewrite the shape anisotropy into:
Hk = Hdy −Hdx, Hz = Hdz. Thus the temporal evolution of the polar angle θ
and azimuthal angles φ can be written in the form of

θ̇ =
γ

α2 + 1
(αU + W ),

φ̇ =
γ

α2 + 1

(
αU −W

sin θ

)
,

(3.2)

with U =
[
Happ cos θ cos φ+Hk cos θ sin θ cos2 φ+Hd cos θ sin θ−αj cos β sinφ

]
,

and W =
[−Happ sinφ−Hk cos φ sin θ sinφ−αj (cos θ cos φ cos β − sin θ sinβ)

]
.

In the macrospin model, we neglect the spin pumping and the associated
back-reaction torque, as well as the torque generated by the current induced
ampere field acting on the free layer. The above LLGS differential equations are
numerically solved by the standard 4th order Runge-Kutta (RK) algorithm.
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3.2 Micromagnetics
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x
!

O

Figure 3.2: The coordinate system used in the micromagnetic modeling. The
film is divided uniformly into many cells, and periodic boundary conditions are
used in the calculations.

For micromagnetics simulations, the sample is usually divided into finite size
grids as shown in Fig. 3.2, where each of these cells has the same magnitude
of dipole moment. The numerical procedures in micromagnetic simulations are
similar with macrospin calculation. However, it is much more computationally
demanding due to the additional internal degrees of freedom. The exchange
energy and demagnetization energy need to be reformatted at each iteration
step something that is not needed in the macrospin model.

The exchange coupling in micromagnetics is a short range interaction in
nature and a typical exchange energy for the dipole pair can be expressed in
terms of the relative angular orientation of the coupled spins,

Eexch =
2Aex

d2
[1− cos θ1 cos θ2 − sin θ1 sin θ2 cos(φ1 − φ2)], (3.3)

where (θ1,φ1) and (θ2,φ2) are the angles of the exchange coupling dipole pairs
with a distance d on the lattice. Aex is the macroscopic exchange stiffness
coefficient. In the micromagnetic calculation, the Heisenberg Hamiltonian only
includes the nearest neighbor spin pairs due to the short-range nature of the
exchange coupling.

Calculating the demagnetization field acting on each of the dipoles from all
the other dipoles of the many cells in the sample is a computationally heavy
task. To relieve the load of the computation, a series of FFT algorithms are
carried out to transform the time-domain problem to the frequency domain.
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In this way, all the calculation involving demagnetization coupling coefficients
will be performed through standard accelerated fast Fourier transformation
algorithms. Thus it saves a lot of runtime of the program by linearizing the
calculation.

The thermal fluctuation will introduce additional degrees of freedom into
the 3D system in numerical modeling. A simple way to include the thermal
effect is to introduce a stochastic thermal magnetic field in the effective field
in Eq. 2.8. The statistical properties of the Langevin random field are given by

< Hi
T (t)Hj

T (t′) >=
2kBTα

γµ0MsV
δijδ(t− t′), (3.4)

where i and j are the Catesian indices. The numerical schemes for solv-
ing the Langevin equation with the inclusion of thermal effects are not trivial.
One has to be careful since different numerical methods converge to different
stochastic integrals. Thus the choice of the stochastic calculus is of primary
importance for micromagnetic simulations. We use the commercial micromag-
netic package - LLG developed by M. Scheinfein, which use the RK method
converging to the Stratonovich solution [34,35].



Chapter 4

Solution of the STO power
problem: Synchronization

The Spin Torque Oscillator (STO) is a spintronic device capable of microwave
generation at frequencies in the 1-40 GHz range with quality factors (Q=f/∆fFWHM)
as high as 18,000 [7, 8, 10, 11, 15, 18, 36–45]. The microwave frequency can be
tuned both by the drive current and an applied magnetic field, which opens
up for extremely compact and versatile oscillators easily integrated with most
semiconductor technologies.

Before STOs can truly find practical use as radio-frequency (RF) devices,
their very limited output power has to be significantly improved. At present
the microwave power emitted from a typical GMR STO is less than 1 nW,
significantly limiting the usefulness of this device. In 2005, Kaka et al. [20] and
Mancoff et al. [21] independently demonstrated synchronized precession of two
individual STOs connected in parallel, interacting through spin waves [46] in
a common magnetic free layer. As the synchronization was accompanied by
both a significant increase in output power and a dramatic reduction in fre-
quency linewidth, synchronization seems essential to enable actual STO based
applications with sufficient RF power.

In a recent paper, Grollier et al. have theoretically studied the synchroniza-
tion of serially connected STOs [47]. In this configuration, the synchronization
is governed by phase-locking to the ac current [48] generated by the STOs
themselves. This offers a more manufacturable approach to fabricating tens
or even hundreds of synchronized STOs necessary for RF output levels closer
to 0 dBm (1mW). Thus it is very important to study the detailed interaction
between a free-running STO and an external ac current in order to understand
the coupling mechanism of serially connected STOs.

In Section 4.1 of this chapter, we first present some simulation results and
analytical derivations of a novel preferred phase shift ∆φ0 between a spin torque
oscillator (STO) and an ac current (Iac) injected at the intrinsic frequency

17
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(fSTO) of the STO. In the following section 4.2, we show that the intrinsic ∆φ0
has direct consequences for phase locking in networks of serially connected
STOs. We propose a novel circuit design where the I-V phase relation of the
circuit can be controlled by coupling a capacitor with the serially connected
STOs in Section 4.3. In the last part of the chapter, we find that the perpen-
dicular spin torque term can promote the phase-locking of MTJ-STO, and we
have compared Slavin’s analytical theory of synchronization of STOs with our
results in Section 4.4.

4.1 Interaction between a STO and a RF current

4.1.1 Intrinsic phase shift between a STO and a RF current

To model the STO we choose a typical giant magnetoresistance (GMR) trilayer
system, with one free and one fixed ferromagnetic layer separated by a nonmag-
netic spacer, such as the Co/Cu/Co nanopillars used in experiments by Kiselev
et al [12]. The magnetodynamics of the free layer magnetization is determined
by solving the LLGS equation, i.e., Eq. 2.8. Ĥeff = Happêx + Hk(m̂ · êx)êx −
Hd(m̂ · êz)êz is the effective magnetic field acting on the free layer, which in-
cludes an applied magnetic field Ĥapp, the uniaxial magnetic anisotropy field
Ĥk, and the demagnetization field Ĥd. êx, êy and êz are the unit vectors along

the x, y and z axes respectively. In Eq. 2.9, aj =
ηI

2µ0MSeVf
is the in-plane

spin torque magnitude [8,27,30,49,50], with η being the polarization ratio. The
perpendicular torque bj is set to be zero.

The total current I is a superposition of a dc current Idc as well as a small
ac current Iac = Iac0sin(2πft). Iac0 is the amplitude of the ac current and f is
the ac current frequency, which was deliberately chosen to be identical to the
intrinsic STO frequency for the dc current value to avoid extrinsic phase shift
from frequency pulling or pushing.

In the most typical I -V measurements on GMR pillar structures, the ref-
erence layer is fixed along the applied field direction (êx) and the associated
magnetoresistance and the corresponding output voltage are proportional to
the projection mz(t) of the free layer magnetization along êx [51]. The output
signal consequently becomes:

V (t) = I ·R(θ) = I ·
{

RP + RAP

2
− RAP −RP

2
cos [θ(t)]

}
(4.1)

In order to simulate typical Co/Cu/Co nanopillars, the following material
and sample parameters were adopted [12,30,47,52]: α=0.007, γ=1.85×1011Hz/T,
η=0.35, Happ=0.2T, Hd=4π Ms=1.6T, Hk=0.05T, RP=10Ω, RAP=11Ω. The
calculated magnetization components of the STO free layer were normalized
by the saturation magnetization.
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Figure 4.1: A single simulation run when fSTO=27.7GHz, Idc=11.4mA and Iac0=22.8µ A.
Bottom figure shows the entire 40ns simulation. Upper left figure shows the STO resistance
and Iac vs. time with an initial phase shift of ∆φ0=-45°. Upper right figure shows the
preferred intrinsic phase shift of ∆φ0=-86° after the STO has been allowed to accommodate
its precession to Iac.

In Fig. 4.1 we show a typical simulation illustrating the existence of an
intrinsic phase shift. With only the dc current turned on, the STO is allowed
to settle into a steady state precession for about 24 ns. At that instant, the ac
current is turned on and the STO immediately starts adjusting its precession.
It should be noted that we define zero phase shift when a maximum in the STO
resistance (i.e. the voltage) coincides with a maximum in the drive current. The
sign of the phase shift is defined such that a positive phase shift corresponds
to the resistance (voltage) lagging the current.

A typical STO oscillation frequency vs. dc current drive relation is shown
in Fig. 4.2a. At low current the STO precesses in-plane with a frequency that
decreases with the Idc drive. Such precessions of decreasing frequency with
increasing current in symmetrical spin valves are called "clamshell" or "in-
plane" (IP) modes. At higher current the precession goes out of plane (OOP)
and the STO frequency increases with Idc.

Fig. 4.2b shows the relative phase shift ∆φ0 between the STO output volt-
age signal V(t) and the external drive signal Iac. To make sure that the ac cur-
rent does not change the original trajectory by any significant amount, we limit
the ac amplitude to less than 20% of Idc. As described above, the frequency of
the superimposed ac current is identical to the intrinsic STO frequency (f STO).
In the in-plane (IP) precession state, ∆φ0 varies continuously from about 88° at
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Figure 4.2: (a). The STO oscillation frequency vs. dc current without ac current on (the
black line) and with ac on (the red line). (b)The relative phase shift ∆φ0 between the ac
current and the STO vs. dc current drive. The insets show the precessional trajectory of the
STO for different oscillation modes: in-plane, mixed-mode, and out-of-plane precession.

the onset of oscillation to about 93° just before the STO switches over to out-
of-plane (OOP) precession. As the precession changes to the OOP mode ∆φ0
jumps about 180° and instead of lagging Iac, the STO resistance now precedes
Iac by 86°. It is noteworthy that for moderate Iac, ∆φ0 is not a function of
Iac. We varied Iac0 from 1% to 20% of Idc without any change in the preferred
phase shift.

4.1.2 Temporal evolution of the intrinsic phase

Fig. 4.3 shows the temporal evolution of the relative phase shift ∆φ(t) between
the STO resistance Rt and the external drive signal Iac. From the figure, we can
see that ∆φ(t) gradually transits to the same steady state value ∆φ0, regardless
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Figure 4.4: Time to reach steady state vs. initial angle. Black solid curve represents the ac
current peak; the red solid and dashed curves are the STO resistance peaks at equilibrium
state and initial states, respectively.

On the other hand, the time for the system to reach steady state depends se-
riously on the initial phase difference between STO and the alternating current
as shown in Fig. 4.4. When -180º<∆φ(t0)<-86º, the STO will move rightward
as illustrated by the first red arrow on the top of Fig. 4.4 until it reaches the
preferred phase shift. When -86º<∆φ(t0)<94º, the STO will move leftward
as illustrated by the second red arrow on the top of Fig. 4.4 until it reaches
the preferred phase shift, i.e., -86º. At ∆φ(t0)=94º, the initial phase difference
reaches the largest as 94º-(-86)º=180ºand thus leads to a maximum ∆ts. Be-
yond 94º, the STO will move rightward as illustrated by the third red arrow on
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the top of Fig. 4.4 until it reaches the nearest locking position (in the following
cycle, not shown in the figure). In conclusion, the time to reach steady state
∆ts will increase as the initial phase difference increases.
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Figure 4.5: The under damped, critically damped and over damped curves of the relative
phase shift.

-180 -120 -60 0 60 120 180
0

10

20

30

40

I
ACamp

=1/400 I
dc

I
ACamp

=1/500 I
dc

I
ACamp

=1/600 I
dc

 

 

Ti
m
e 

(n
s)

Initial Angle (degree)
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Depending on the ac current amplitude, the system can be under damped
(Iacamp = 19µA), critically damped (Iacamp = 57µA), and over damped (Iacamp =
228µA) as shown in Fig. 4.5. For larger ac driving current, the system under-
goes an under-damped ringing transition before it finally settles down in the
steady state. The ringing behaviour will significantly affect the robustness of
locking states of two serially connected STOs, which will be discussed in a
future work. As already indicated in Fig. 4.5, Iacamp also has an significant
impact on ∆ts. In Fig. 4.6, we vary Iacamp from 19 µA to 28.5 µA and found
that a larger Iacamp will generally lead to an increase in ∆ts.
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4.1.3 Novel dynamic mixed modes precession

At the very boundary between the IP and OOP precession modes, there ex-
ists a small region where the ac current mixes the two modes (mixed-mode
precession). In fig. 4.7a we show the free layer precessional trajectory of the
STO driven by a dc current of Idc=4.875mA after an ac current with ampli-
tude Iamp=487.5µA is added. It can be seen that the STO stabilizes into a
steady state of one IP oscillation followed by two OOP oscillations. This is
accompanied by both an increase in the fundamental frequency as well as the
appearance of subharmonic terms since the mixed mode can be decomposed
into a short-period OOP precession superimposed on a long-period IP oscilla-
tion (Fig.4.7b).
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Figure 4.7: (a) Precessional trajectory (insets) of STO for the mixed mode when
f STO=8.14GHz, Idc=4.875mA and Iac0=487.5µA. (b) Output voltage spectrum vs. fre-
quency with and without RF injected current. Same parameters as in (a). (c) Precessional
trajectory of STO for the chaotic mode when f STO=8.33GHz, Idc=4.85mA and Iac0=485µA.
(d) Output voltage spectrum versus frequency with and without the presence of ac injected
current. Same parameters as in (c).

The mixed-mode precessional state is extremely sensitive to the exact con-
ditions, and besides the periodic mixed-mode precession we also observe chaotic
precession by varying the dc current value (that is we change the intrinsic oscil-
lation frequency of the STO). Fig.4.7c shows the chaotic precessional trajectory
of an STO driven by a dc current of Idc=4.85 mA superimposed with an ac
current with frequency of f = 8.33 GHz and amplitude of Iamp=485 µA. In this
regime the STO switches in a chaotic manner between the IP and OOP mode.
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Just as for the periodic mixed-mode oscillation, the fundamental frequency is
blue-shifted, but a key difference is the absence of well-defined peaks in the
power spectrum of the chaotic precession (see Fig.4.7d).

4.1.4 Analytical study of the tunable intrinsic phase of STO

In this section we present an analytical derivation of the intrinsic phase shift
and show how the STO locks to the ac current in a non-trivial but predictable
way. We explain the mechanism behind both the phase shift and the observed
phase jump by about 180◦ at the in-plane/out-of-plane precession boundary.
∆φ0 can furthermore be fine-tuned by the applied field and the dc current,
which provides an additional control of the exact I-V phase relation in an STO
driven circuit. We also suggest an approximative solution to finding ∆φ0 in any
STO circuit, which relaxes the need for complete magnetodynamic simulations.
To illustrate the capability of our approximation we find a smaller than 5◦ error
in ∆φ0 at all frequencies, which should be accurate enough for large-scale STO
circuit simulations.
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Figure 4.8: a) Oscillation frequency vs. Idc. At low current the STO precesses in-
plane (IP) and its frequency decreases with Idc. At higher current the precession
goes out of plane (OOP) and the STO frequency increases with Idc. b) Same
oscillation vs. total (average) precessional energy, E. Inset: ∂f/∂E vs. E.

As our STO model we choose a typical GMR trilayer [51]. The time-
evolution of the free layer magnetization m̂ is found from a numerical solu-
tion [7, 8, 30, 49] of the LLGS equation. Now we rewrite the LLGS equation
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as
dm̂

dt
= −|γ|m̂×Heff + αm̂× dm̂

dt
+ |γ| ηIdc

2µ0MSeVf
m̂× (m̂× M̂) (4.2)

The same simulation parameters are adopted as in Section 4.1.1. Above the
critical current Ic, the free layer magnetization precesses around Ĥeff with
frequency f(Idc) following an orbit L(Idc). Just above Ic, L(Idc) has an ap-
proximately elliptical shape around the easy axis (Fig. 4.8a). As Idc increases,
f decreases and L(Idc) develops a clam-shell shape. At the in-plane/out-of-
plane boundary (IP/OOP), L(Idc) changes into one of the two degenerate
quasi-circular shapes that make up the clam-shell in the IP regime, and f
again increases with Idc.

In Fig. 4.8b we show the precession frequency vs. the (average) orbit en-
ergy E. f(E) is an even function about E-EIP/OOP (the energy at the IP/OOP
boundary) and follows a square-root energy dependence similar to the Kittel
formula for ferromagnetic resonance [53]. It is important to realize that even
at constant direct current drive, the instantaneous magnetic energy E(t) oscil-
lates with the precession along L(Idc) [49]. While the energy balance over one
precession period

δE ≡ ∮
L(Idc)

dE =
∮
L(Idc)

[
ηIdc

2µ0MSeVf
m̂× M̂ − α(m̂×Heff )

]
dm (4.3)

can be non-zero in a transient regime, a steady-state orbit is however always
characterized by δE=0 [54, 55]. In other words, along an orbit, the oscillating
energy returns to the same instantaneous value after a 2π rotation. To study
how this orbit interacts with an alternating current we add Iac to the dc current
in the spin torque term of Eq. (4.3), and evaluate δE as a function of the
relative phase ∆φ between the ac current Iac and the corresponding ac voltage
V. The injected alternating current frequency is chosen to be identical to the
STO intrinsic frequency to avoid extrinsic phase shift from frequency pulling
or pushing. It should be noted that the addition of Iac may perturb the original
orbit L(Idc) into L(Idc+Iac), which ideally should be found by solving Eq. (4.2)
after replacing Idc with Idc + Iac. However, since we keep Iac small, we only
expect a negligible error when we approximate L(Idc + Iac) with L(Idc) in
Eq. (4.3).

From Fig. 4.9 one realizes that the non-zero Iac immediately leads to a
non-zero δE, with the exception of two points that represent the new possible
orbits. However, only one of them represents a stable orbit (∆φ0) whereas the
other orbit (∆φ∗0) is inherently unstable.

If an external perturbation (e.g. thermal energy, magnetic field noise or
current noise) pushes ∆φ away from the orbit point δE=0, the total energy E
will either grow or decay. This leads immediately to a change in precessional
frequency (through ∂f/∂E) and a corresponding adjustment of ∆φ. For a stable
orbit the STO should slow down (f should decrease) whenever it is ahead
(∆φ>∆φ0) of the ac current, and correspondingly speed up (f should increase)
whenever it is behind, and then come back to fac. The stability criterion hence
becomes
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Figure 4.9: Energy difference per cycle (δE) vs. relative phase (∆φ) between
the STO and the alternating current at various Idc corresponding to points 1-5
in fig. 4.8. Inset: Peak value of δE vs. Idc with points 1-5 highlighted.
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At the unstable orbit point (∆φ∗0), the situation is reversed and any devia-
tion from the orbit point will continue to grow (until it again locks at ∆φ0).

By plotting ∂f/∂∆φ vs. ∆φ (Fig. 4.10) and using Eq. (4.4) one can im-
mediately predict some fundamental properties of the phase-locked state and
the intrinsic phase shift. Since ∂f/∂E changes sign between the IP and OOP
regime, ∆φ0 and ∆φ∗0 should swap places, i.e. ∆φ0 should jump by about 180◦
at the IP/OOP border. This exact behaviour has indeed been observed in sim-
ulations [56]. The stability of the locked state should also be the greatest at
this border since ∂f/∂E diverges, and it should be the weakest at Ic where
∂δE/∂∆φ flattens out to zero. This is consistent with the locking frequency
range (or detune frequency) being maximum at the IP/OOP border, but es-
sentially vanishing at Ic [57].

We now compare the analytically calculated approximate phase shift above,
using the non-perturbed orbit L(Idc), with a numerical simulation using the
actual orbit L(Idc + Iac). In Fig. 4.11 we plot ∆φ0 for two values of the ap-
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Figure 4.10: ∂f/∂∆φ vs. ∆φ at points 1-5 in Fig. 4.8 . Note that the data for
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plied field, together with two analytical fits, i) an approximate fit using the
unperturbed L(Idc) and ii) an exact fit using the fully simulated L(Idc + Iac).
We find perfect agreement between the simulation and the exact fit, which
confirms the validity of the stability criterion Eq. (4.4), and near-perfect agree-
ment even for the approximate fit. The approximate fit is excellent near the
IP-OOP boundary but gradually deteriorates at both lower and higher drive
currents. The ac current seems to perturb the original orbit the most at the
onset of oscillation, but has essentially no effect on the orbit at the IP-OOP
boundary. We also conclude that the intrinsic phase shift is tunable through
the applied field. By simultaneously varying the drive current and the applied
field, it is hence possible to vary the I − V phase relation in the STO circuit,
while keeping the frequency constant. We also find that the STO parameters
(Hk and Hd) have a direct but limited impact on ∆φ0 in Fig. 4.12.
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Figure 4.12: Impact of the STO material parameters. Neither Hk nor Hd

changes ∆φ0 significantly.

The phase error of the approximate fit is less than 5◦ in the entire frequency
range and hence represents a quite reasonable approximation. This is a crucial
result for future large circuit STO simulations, where the exact simulation of
each individual STO can be replaced by the approximate free-running STO
characteristics without any significant loss of accuracy.
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4.2 Phase-locking of STOs

In this section, we carry out the first detailed simulation study aimed at the
manufacturability of serially connected STOs. From a manufacturing point of
view, one has extremely (sub-Ångström) good control of layer thicknesses and
one hence expects very little variation in Hd. On the contrary, the lithography
of 100-nm-sized devices is far from trivial and significant shape variations and
deviations are very common. We study synchronization of serially connected
STOs where the shape anisotropy Hk of one of the STOs is varied over a wide
range with respect to the other. We find a very rich phase diagram with several
distinct synchronization modes. While the synchronized state is originally very
sensitive to STO process variations and can only sustain up to 4% variation
in Hk, the addition of a small time delay dramatically improves its robustness
and allow as much as 53% Hk variation over the entire frequency range. The
observed improvement correlates well with the preferred intrinsic phase shift
between an STO and an external ac current in the section 4.1 which hence
is essential for device design and optimization of tunable phase-locked STO
microwave generators.
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Figure 4.13: (a) Sketch of the single STO to be studied, which consists of a nonmagnetic
spacer layer sandwiched between a “fixed” ferromagnetic layer and a “free” ferromagnetic
layer, and the corresponding coordinate system employed in this work. x -y plane is the easy
plane, with x -axis being the easy axis in the film plane. The free layer magnetizationm makes
an angle θ with the z -axis. The current I is defined as positive when the negative electrons
flow from the fixed layer to the free layer. (b) The two oscillators (labelled by STO1 and
STO2) connected in series and coupled to a I-V phase shifter (or time delay control element)
Z, a load RC (RC = 20Ω).
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We consider two serially connected GMR based STOs (denoted STO1 and
STO2) consisting of a thick magnetically fixed layer, nonmagnetic spacer layer,
and a thin free (sensing) layer (for example, Co/Cu/Co nanopillar in the ex-
periment by Kiselev et al. [12]). The STOs are connected in series with an ideal
dc current source Idc (see Fig. 4.13). A resistive load Rl is connected in parallel
with the two STOs. The current sharing between the STO branch and the load
results in a net ac current through both branches, driven by the oscillating STO
resistances. The instantaneous current I(t) flowing through the STO branch is
given by

I(t) =
RlIdc

Rl + RP + RAP − (RAP −RP ) · [cosθ1(t− τ) + cosθ2(t− τ)]/2
(4.5)

where RP and RAP are the resistances of the oscillator in its parallel and
antiparallel magnetic configuration respectively; θ(t) is the angle between the
magnetization of the fixed layer and the magnetization of the free layer. In a
real experimental measurement, there can be a phase shift (time delay) between
the magnetization induced voltage change and the resulting current variations.
Therefore we introduce a time delay parameter τ in equation 4.5 to model the
realistic situations, which may physically corresponds to the incorporation of
a phase shifter in Fig. 4.13 to artificially modulate the I − V phase shift.

Magnetization dynamics of the free layers of STO1and STO2 are described
by the generalized Landau-Lifshitz-Gilbert equation

dm̂1

dt
= −|γ|m̂1 ×Heff1 + αm̂1 × dm̂1

dt
+ |γ|ajm̂1 × (m̂1 × M̂1)

dm̂2

dt
= −|γ|m̂2 ×Heff2 + αm̂2 × dm̂2

dt
+ |γ|ajm̂2 × (m̂2 × M̂2)

(4.6)

where aj is spin torque magnitude, also the only parameter that connects the
two STO magnetization dynamics.

To model a typical Co/Cu/Co nanopillar, [12, 30, 47, 52] we use the fol-
lowing parameters in our simulation: α=0.007, γ=1.85×1011Hz/T, η=0.35,
Happ=0.2T, Hd=4πMs=1.6T, RP=10Ω, RAP=11Ω, and Rl=20Ω. To model
the impact of processing variations, we hold the anisotropy field Hk1 of STO1
constant at 0.05 T while varying Hk2 of STO2 from 0.05 T to 0.12 T.

In Fig. 4.14 we show how the intrinsic oscillation frequency of a single STO
depends on Idc for different values of Hk. As Hk increases, so does the minimum
current needed to start the IP precession. The opposite trend is observed for the
onset of OOP precession. As a consequence the current range of the IP regime
shrinks and that of the OOP regime increases significantly with Hk. There
also exist three degenerate points (1-3 in Fig. 4.14) where Hk has virtually no
impact on f .

Fig. 4.15 shows the simulated synchronization phase diagram as a function
of Idc and Hk2, and without any time delay (τ=0). The diagram can be di-
vided into three main regions: i) synchronized oscillation, ii) non-synchronized
oscillation, and iii) static state of one or both of the STOs. Non-synchronized
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Figure 4.14: STO oscillation frequency vs. Idc for Hk=0.05-0.2T. Note the
existence of three degenerate points (1-3) where the STO frequency does not
change with Hk.
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Figure 4.15: Simulated synchronization phase diagram as a function of Idc and
∆Hk.

precession largely dominates the phase diagram. For example, as little as 4%
deviation in Hk is enough to destroy the synchronized state in the entire OOP
regime. From a manufacturing point of view, Fig. 4.15 is quite disappointing
since this amounts to extremely high demands of pattern fidelity on the lithog-
raphy process.

The degenerate points in Fig. 4.14 show up as synchronized regions in Fig.
4.15. At very high Idc, synchronization seems to reappear. In this region, STO1
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would not precess by itself but the ac current from STO2 slightly wiggles STO1

around its equilibrium position with a vanishingly small amplitude.
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Figure 4.16: Magnetization trajectories of STO1 and STO2 in a synchronized
state of both IP and OOP precession.

It is interesting to note that synchronization at point 2, i.e. just below the
IP/OOP boundary for STO1, involves both an IP state and an OOP state, as
shown in Fig. 4.16.

We now turn on the time delay. As shown in Fig. 4.17, the robustness against
Hk variations improves dramatically when we introduce just a small amount of
time delay between the magnetization precession and the ac current. Forcing
the current to lag the magnetization just τ=1.2 ps, increases the acceptable
amount of Hk variation by almost an order of magnitude. With yet longer
time delay the synchronized state grows even more robust and tops out at
about 145% Hk variation in the 10 ps range. Beyond 10 ps, the synchronized
region again shrinks and there is no more benefit from a further increase in τ
. We can hence increase the robustness against process variations close to two
orders of magnitude, i.e. well within the capabilities of today’s best lithography
technologies.

To better understand this dramatic improvement we note that a time delay
of 10 ps at f=26.7 GHz (at Idc= 0.016 A) corresponds to a phase shift of
about 90◦. This is identical to a recently discovered intrinsic preferred phase
shift between a single STO and a small ac current. We hence conclude that a
pair of electrically coupled STOs synchronize much more strongly when they
are allowed to lock to their self-generated ac current with the preferred phase
difference of about 90◦.

Fig. 4.10 explains why ac current mediated synchronization of serially con-
nected STOs can be enhanced tremendously by introducing a small additional
time delay (or tuning the I-V phase shift away from zero). It is noteworthy
that zero phase shift is essentially the least favorable situation for STO syn-
chronization. STO synchronization at zero phase shift is extremely sensitive to
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Figure 4.17: Same phase diagram as in Figure 4.15 with added time delay of
(a) τ=1.2ps and (b) τ=10ps. The arrows and numbers indicate the maximum
Hk variation that still preserves synchronization in the entire OOP regime.

any frequency difference between the STOs, since here there is very little room
to adjust the frequency of the STOs in response to a momentary deviation of
their relative phase.

While Fig. 4.10 indicates that the optimum I-V phase relation for synchro-
nization should be close to 90 degrees, it also predicts an oscillatory behavior
of the synchronization strength with increasing I-V phase shift. In Fig. 4.18
we plot the synchronization phase diagram obtained using the designated sim-
ulation approach [58], but with a much larger time delay. At a constant I-V
time delay, the increasing STO frequency (with increasing Idc) results in an
increasing I-V phase shift which effectively runs through all phase values of
Fig. 4.18. As can be seen, the sensitivity to STO frequency separation indeed
oscillates and there now exists several regions of synchronization, separated by
nodes where no synchronization exists except for truly identical STOs.
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Figure 4.18: Simulated synchronization phase diagram when the time delay
τ=28 ps. There exists a number of strong synchronization regions separated by
nodes (at about 7, 13, and 35 mA) where no synchronization is possible.
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Figure 4.19: Same phase diagram as in Figure 4.17b with (a) half the MR (5%)
and (b) double the MR (20%). The maximum allowable Hk variations are 76%
and 230% respectively, i.e. approximately proportional to MR.

In addition, it is found that this improvement is present at both lower and
higher MR (Fig. 4.19), making this quite a universal approach to promote
synchronization in serially connected STOs. The maximum allowable Hk vari-
ations are about 76% (Fig. 4.19a) and 230% (Fig. 4.19b) respectively, for the
two STOs with half the MR (5%) and double the MR (20%). As expected, the
synchronization robustness will increase with larger MR.

4.3 Capacitance enhanced phase-locking of STOs
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Figure 4.20: (a) Schematic structure of the oscillator with a nonmagnetic spacer
layer sandwiched between “fixed” and “free” ferromagnetic layers with unit mag-
netization vectors represented by M and m. The x-z plane is the easy plane
for m; x is the easy axis. The current I is defined as positive when electrons
flow from the fixed layer to the free layer. (b) Sketch of two serially connected
oscillators STO1 and STO2 in parallel with a load Rl and an electric capacitor
C.

Our proposed circuit is shown in Fig. 4.20, where two STOs (denoted STO1
and STO2) are serially connected. A resistive load Rl and an electric capacitor
C are connected in series and are then parallel coupled with the two STOs.
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Together these two branches (STOs branch and RC branch) are connected to
an ideal dc current source Idc. Due to the process variation (especially due
to the lithography limitation), the shape of STOs will differ from sample to
sample, leading to a distribution of the anisotropy field Hk. In order to model
the shape distribution, we assume that the two STOs have different anisotropy
field Hk1 and Hk2.

The presence of a capacitor will only allow the AC current to flow through
without shunting the total DC current from the STO branch. Considering
the continuity of total current and equal voltage drop across the two paral-
lel branches, we have the following equation

Is(t) +
CdVC(t)

dt
= Idc

{Idc − Is(t)} ·Rl + VC(t) = Is(t)
2∑

i=1

Ri(t)
(4.7)

where VC(t) is the voltage of the capacitor, and Is(t) is the current flowing
through the STO branch (see Fig. 4.20).

Eq. 4.7, after some manipulation, yield

d[Is(t)]
dt

=
Idc − Is(t)− CIs(t)d[

2∑
i=1

Ri(t)]/dt

C[Rl +
2∑

i=1

Ri(t)]
(4.8)

The simulation time step is 0.5 ps, below which the simulation result doesn’t
depend on the time step. To model a typical Co/Cu/Co nanopillar, [12,30,47,
52] we use the following parameters in our simulation: α=0.007, γ=1.85×1011Hz/T,
η=0.35, Happ=0.2T, Hd=4πMs=1.6T, RP=10Ω, RAP=11Ω. To model the im-
pact of process variations, we hold the anisotropy field Hk1 of STO1 constant
at 0.05 T while varying Hk2 of STO2 from 0.05 T to 0.17 T. It should be noted
that the calculated magnetization of the oscillators has been normalized by the
saturation magnetization.

Fig. 4.21 shows the simulated synchronization phase diagram as a function
of Idc and ∆Hk for different Rl. The diagram can be divided into three main
regions: i) synchronized oscillation, ii) non-synchronized oscillation, and iii)
static state of one or both of the STOs (see the inset colormap in Fig. 4.21b.
Here we define ∆Hkc as the maximum acceptable amount of ∆Hk to yet sustain
synchronization in most of the entire OOP regime. From a manufacturing point
of view, the demands of sample variations are reduced for larger ∆Hkc. With
increasing Rl, AC current flowing through the circuit will be smaller, leading
to a decrease in the synchronization as shown in Fig. 4.21 a, b and c. In Fig.
4.21d, we plot ∆Hkc vs. Rl. As shown in the figure, ∆Hkc is exponentially
decreasing with Rl.

Fig. 4.22 shows the simulated synchronization phase diagram as a function
of Idc and ∆Hk for different C when Rl = 0. As shown in Fig. 4.22, the robust-
ness against Hk variations improves when we increase the coupling capacitance



36
CHAPTER 4. SOLUTION OF THE STO POWER PROBLEM:

SYNCHRONIZATION

Figure 4.21: Simulated synchronization phase diagram as a function of Idc and
∆Hk for different Rl when C=0.1 pF: (a) Rl = 0Ω (b) Rl = 40 Ω and (c)
Rl = 100Ω (d) The dependence of ∆ Hkc on Rl.

for 0.01 pF<C<0.06 pF (Fig. 4.22b and c) and tops out at C = 0.06 pF. Be-
yond 0.06 pF, the synchronized region again shrinks and there is no more
benefit from a further increase in C. Therefore, we have shown there exits
an optimum capacitance where the synchronization robustness against process
variation reaches a maximum. One naive way of interpreting the effect of ca-
pacitance on the phase-locking is that the capacitance effectively introduces
additional phase shift (around 90 degree in general electronics theory) in the
STO circuit and thus pushes the total circuit phase to the optimum value. Some
more in-depth physics on the interplay of the intrinsic and extrinsic phases are
elaborated in Section 4.4.

Grollier et al. have recently proposed Grollier et al. have recently proposed
an electronically connected STOs circuit to study the synchronization of STOs
in series [47]. We use Grollier’s circuit to calculated the maximum synchro-
nization region the two serially connected STO [see Fig. 4.23 (a)]. It is shown
that the synchronized state is very sensitive to STO process variations and can
only sustain up to 4% variation in Hk variation. In comparison, we have found
that the maximum accepted Hk deviation can be as much as 145% to still sus-
tain synchronization for the entire out-of-plane (OOP) region by adopting our
proposed circuit configuration [see Fig. 4.23 (b)]. In addition, only about half
of the DC current supply is required to drive the STOs since the capacitor will
not shunt away any DC currents.
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Figure 4.22: Simulated synchronization phase diagram as a function of Idc and
∆Hk for different C when Rl = 0, (a) C = 0.01pF (b) C = 0.06pF and (c)
C = 1pF (d) The dependence of ∆ Hkc on C, in which the three points a, b,
and c corresponds to the phase diagram (a), (b), and (c). The color scale is the
same as shown in Fig. 4.21.
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Figure 4.23: Simulated synchronization phase diagram as a function of Idc and
∆Hk for different circuit configuration: (a) Grollier’s circuit ( [47]), (b) our
proposed circuit when C = 0.06pF .

4.4 Synchronization of MTJ-STOs

In this section we use the macrospin model to study the magnetodynamics
of MTJ-STOs. We study the effect of bj on the intrinsic phase shift and the
corresponding impact on the synchronization of MTJ-STOs.
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The CoFeB thin film free layer has a circular shape with diameter of 100 nm.
The thickness is 3 nm. The values of some parameters used in the calculation are
listed as follows [59]: α=0.01, |γ|=3×1011 Hz/T, Ms=1270 kA/m, Happ=0.05
T, Hd=1.27 T.

The form of the Slonczewski spin-transfer torque density τ in Eq. 2.8 can
be written as follows [32,60,61]:

τ = ajm̂× (m̂× M̂) + bj(m̂× M̂), (4.9)

where aj is the in-plane torque efficiency and bj is the perpendicular torque ef-
ficiency, both of which are proportional to the time-dependent current through
the free layer I(t). The torque direction is defined with respect to the plane of

m̂ and M̂ . We consider a symmetric in-plane spin torque aj =
~ηI(t)
2eVf

, where ~

is reduced planck constant and Vf stands for the volume of the free layer. η is
the spin polarization efficiency and is assumed to be a constant for MTJ [43].
Since the detailed bias dependence of bj is still controversial, we simply assume
a linear dependence of bj on the electric current as in Ref. [60] to not obscure
the main results.
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Figure 4.24: Oscillation frequency vs. drive current for different ratios of bj/aj .
Insets: precession orbits for a typical OOP mode precession (I=12 mA) for
different values of bj/aj .

In Fig. 4.24, we show the free layer precession frequency vs. drive current
for different bj values. The overall current dependence is similar to that of
GMR-STOs (bj = 0), with a red-shifting in-plane (IP) regime at low current
and a crossover into blue-shifting out-of-plane (OOP) precession as the current
increases [30,47,56]. While the IP regime and the crossover point are virtually
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independent of bj , both the precession frequency and orbit (L) are clearly
affected in the OOP regime. A positive bj effectively increases the torque along
the perpendicular direction and pushes the orbit away from the film plane.

We extend the analytical approach developed in Section 4.1.4 to include
the effect of perpendicular spin torque components and calculate the intrinsic
phase difference (∆φ0) between a superimposed alternating current (Iac) and
the oscillating V of an STO locked to Iac. ∆φ0 is found from evaluating the
energy balance over one precession period

δE ≡ ∮
L dE =

∮
L

[
~η(Idc + Iac)(1− bj/aj)

2µ0MSeVf
m̂× M̂ − α(m̂× Ĥeff )

]
dm

(4.10)
for different relative phase ∆φ between Iac and V , using the stability criterion
∂2f

∂φ2
|∆φ0 > 0 to find which of the two orbits (δE = 0) is stable. The left

and middle insets of Fig. 4.25 shows the dramatic impact of bj on δE vs. ∆φ,
both in the IP and OOP regimes. As a consequence, the preferred phase shift
∆φ0 shows a strong dependence on bj (Fig. 4.25). In both regimes, a positive
(negative) bj will reduce (increase) ∆φ0.
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Figure 4.25: alculated MTJ-STOs intrinsic phase shift vs. direct current for
different ratios of bj/aj , where the color representation is the same as in Fig.
4.24. The left (IP regime) and middle (OOP regime) insets show the energy
difference per cycle δE vs relative phase ∆φ corresponding to various bj , where
E0 = µ0Ms

2Vf . In the right inset, we plot ∆φbj
as a function of bj for typical

IP and OOP conditions.

As shown in Ref. [58], ∆φ0 governs the strength of synchronization between
two serially connected STOs. Slavin and Tiberkevich have recently expressed
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this analytically as an expression for the locking bandwidth 4ω0 [62,63], which
we here adapt to the MTJ-STO case

4ω0 =
√

1 + ν2Ω| cos(∆φaj
+ ∆φbj

+ ωτ)| (4.11)

where ν is nonlinear frequency shift coefficient, Ω is the coupling frequency,
∆φaj

≈ arctan(ν) is the phase shift in GMR-STOs, ∆φbj
is the phase shift

due to bj (Fig. 4.25), and τ is an intentional or parasitic time delay between the
STO and Iac. Since the STO is a strongly non-linear oscillator (ν À 1) [62,63],
∆φaj is always very close to π/2. Synchronization of serially connected GMR-
STOs is hence extremely weak but can be strongly enhanced by the intentional
introduction of an I − V delay, τ [58].

It is obvious from Eq. 4.11 that ∆φbj
could play the role of τ and conse-

quently should have the same dramatic impact on 4ω0. In the right inset of
Fig. 4.25 we plot ∆φbj as a function of bj for two typical IP and OOP operating
points in a reasonable range of bj . When bj/aj increases from -0.5 to 0.5, ∆φbj

gradually evolves from 66◦ to −60◦ in the IP regime and from 72◦ to −40◦ in
the OOP regime, in other words ∆φaj

+ ∆φbj
can reach values which should

lead to strongly enhanced synchronization for non-zero bj .
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Figure 4.26: Effect of bj on the synchronization of MTJ-STOs. Black: at least
one STO is static; gray: both STOs show asynchronous oscillations; white:
synchronized oscillation. (a) bj = 0 and (b) bj/aj = 25%. Inset in (a): locking
range vs. bj .

To demonstrate enhanced synchronization we simulate two serially con-
nected MTJ-STOs in parallel with a purely resistive load and driven by a
common direct current source [47, 58]; MR=10% and τ=0 in all simulations.
In Fig. 4.26a we show a phase diagram for synchronization of two GMR-STOs
(bj=0) as a function of Idc and intrinsic frequency difference ∆f between the
two STOs. As expected, the locking bandwidth is limited to about 5-10 MHz
in most of the OOP regime. By turning on the perpendicular spin torque term
(bj=25%) the synchronized region grows dramatically and the acceptable ∆f
is greater than 125 MHz in the entire OOP regime. The inset in Fig. 4.26a
further shows how the bandwidth increases quasi-linearly with bj , mimicking
the dependence of ∆φbj on bj . The locking range will continue to grow with bj

to eventually saturate, however at unrealistic values for bj . It should be noted
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that a similar analysis has also been done for negative bj and it is found that
the locking bandwidth increases quasi-linearly with |bj |.

While the above analysis was carried out for conventional in-plane oriented
STOs, the conclusions still hold for the perpendicular-polarizer STO [64], the
tilted-polarizer STO [65] and the wavy-torque STO [66]. In all three types
of STOs, bj has a strong impact on ∆φ0 and consequently a strong positive
influence on their respective synchronization strength and locking range.





Chapter 5

Solution of the STO applied field
problem: Tilted Polarizer STO

As said in the previous chapters, the STO currently receives a rapidly growing
interest thanks to its significant advantages, such as easy on-chip integration
and current tunability instead of only field tunability. However, STOs still typ-
ically require a large, static, magnetic field for operation; removing the need
for this field is currently an intensely researched topic. As suggested by Redon
et.al. [67, 68], a perpendicularly polarized fixed layer may drive an in-plane
magnetization into an out-of-plane precessional state even in the absence of
an applied field, which was recently experimentally demonstrated [64] using
a perpendicularly polarized Co/Pt multilayer as fixed layer. However, due to
the axial symmetry of the fixed layer magnetization and the precession, an
additional read-out layer was required to break the symmetry and generate
any signal, which complicates the structure and its fabrication; the signal qual-
ity is so far also quite limited compared to conventional STOs. A different
solution, suggested by Xiao et al. [28] and developed in detail by Barnas et
al. [69], is based on a wavy angular dependence of the spin torque, obtained
by judicially choosing free and fixed layer materials with different spin diffu-
sion lengths. Boulle et al. recently fabricated such a "wavy torque" STO and
demonstrated current tunable microwave generation in zero field [66]; the out-
put signal is again quite limited, partly caused by the associated asymmetric
magnetoresistance (MR). A radically different approach was taken by Pribiag
et al., who introduced a magnetic vortex in a thick free layer and excited zero-
field gyromagnetic precession of the vortex core through the spin torque from
a conventional fixed layer [70]. While the signal quality of this vortex-STO is
excellent, its frequency range is quite limited, so far only demonstrated below
3 GHz.

In this chapter, we show that a novel STO design, where the magnetization
of the fixed layer is tilted with respect to the free layer, is capable of generating
microwave signals in zero applied magnetic field and without the need of an
extra readout layer. In Section 5.1, we first suggest L10 (111) FePt and L10

43
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(101) FePt with tilt angles of β = 36◦ and 45◦ respectively, as a realistic choice
of fixed layer material. Then we extend our discussion for these two particular
angles to cover the angular range between 0 and 90 degrees and find somewhat
unexpectedly that zero field operation should be possible at almost all fixed
layer angles. In Section 5.2, we map out the static and dynamic phase diagram
in zero applied field of TP-STO by non-linear system theory and numerical
simulations.

5.1 Zero field operation of TP-STO

5.1.1 TP-STO with L10 FePt fixed layer

(a)

m

C
u

rr
e
n

t 
s
o

u
rc

e

NM

M

M
x

M
z

x

y

z

O

M

x'

y'

m

O'

(b)

J

Figure 5.1: (a) schematic of a TP-STO. M is the tilted fixed layer magneti-
zation. The free layer magnetization m is separated from the fixed layer by a
nonmagnetic layer (NM); (b) the coordinate system used in this work. M lies
in the x -z plane with angle β w.r.t. the x -axis.

In this section, a Tilted-Polarizer STO (TP-STO) has been studied where
the fixed layer magnetization (M) is tilted out of the film plane. The spin po-
larization hence has both in-plane components (px, py) and a component along
the out-of-plane direction (pz). We show that pz can drive the free layer into
precession without the need for an applied field, while the in-plane compo-
nent Mx of the fixed layer magnetization generates a large magnetoresistance,
i.e. an rf output without the need for an additional read-out layer. While M
may have any out-of-plane direction in the general situation, we limit our dis-
cussion to the x -z plane, M=(Mx, 0,Mz)=|M|(cos β, 0, sinβ), and β=36◦ and
45◦ (Fig. 5.1), since these two particular angles can be achieved using different
crystallographic orientations of FePt.

The time-evolution of the free layer magnetization m̂ and the STT are found
using Eq. 2.8, Eq. 2.10 and Eq. 2.11. Setting the applied field to zero and sep-
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arating the effect of the demagnetizing tensor into a positive anisotropy field
along x, and a negative out-of-plane demagnetizing field we getHeff=(Hkêxmx-
Hdêzmz)/|m|. We define positive current as flowing from the fixed layer to the
free layer. In this study, the lateral dimension of the NiFe thin film free layer is
assumed to be an elliptical shape of 130 nm×70 nm, with a thickness of 3 nm.
The thickness of the fixed layer FePt is 20 nm. The values of some parameters
used in the calculation are listed as follows [30]: α=0.01, |γ|=1.76×1011 Hz/T,
Ms=860 kA/m, Hk=0.01 T, Hd=1 T. In our simulations below we use Cu as
spacer, Permalloy (Py) as the free layer, and FePt as the fixed layer. Due to the
lack of available parameters for the Cu/FePt interface, we approximate η(ϕ)
in our Py/Cu/FePt stack using literature values for Py/Cu/Co [28, 30, 69, 71].
This approximation may be justified if a thin polarizing layer of Co is used
at the Cu/FePt interface. The following parameters are adopted for calculat-
ing the spin transfer torque coefficient η(ϕ) based on the asymmetric Slon-
czewski model [28, 72]: Py, bulk resistivity ρbulk=16 µΩcm, spin asymmetry
factor β = 0.77, and spin-flip length lsf = 5.5 nm; Cu, ρbulk=0.5 µΩcm, and
lsf = 450 nm; Co, ρbulk=5.1 µΩcm, β = 0.51, and lsf = 60 nm. For the Py/Cu
interface we assume the interfacial resistance per unit square 0.5× 10−15Ωm2,
interface spin asymmetry factor 0.72, and for the Co/Cu interface we assume
the interfacial resistance per unit square 0.52×10−15Ωm2, interface spin asym-
metry factor 0.76. Using the above parameters, we can calculate the coefficients
q+, q−, A, B, and the angular dependence of spin transfer torque η(ϕ).

We use the following generalized form for describing the angular dependence
of MR [73,74],

r =
R(ϕ)−RP

RAP −RP
=

1− cos2(ϕ/2)
1 + χ cos2(ϕ/2)

, (5.1)

where r is the reduced MR, χ is an asymmetry parameter describing the de-
viation from sinusoidal angular dependence, and RP and RAP denotes the
resistance in the parallel and antiparallel configurations respectively.

The asymmetric torque and the asymmetric magnetoresistance are derived
for in-plane spin polarizations and magnetizations, and should still hold as long
as spin-orbit coupling is weak. While this is true for Py, it might be questionable
for FePt due to its large magnetocrystalline anisotropy. Any deviation due to
strong spin-orbit coupling will not change the general result of our study and
is likely further weakened by the thin polarizing layer of Co on top of FePt.

Fig. 5.2a shows the precession frequency vs. drive current density for the two
selected angles. We observe precession at both positive and negative current
and the frequency increases with the magnitude of the current density, similar
to perpendicularly polarized STOs [68, 75,76]. The precession starts along the
equator and continues to follow increasing latitudes of the unit sphere through-
out the entire frequency range (f increases due to the increasing demagnetizing
field) until it reaches a static state at the north (south) pole for large negative
(positive) current (Fig. 5.2c). We highlight six orbits (A-F), which correspond
to points in Fig. 5.2a and 5.2b.m precesses in the north hemisphere for negative
J and in the south hemisphere for positive J in an attempt to allign/anti-align
with M. We hence conclude that the precession is largely dominated by the
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Figure 5.2: (a) Precession frequency vs. drive current for β=36◦ (solid line)
and β=45◦ (dash dot line). Inset: Normalized spin torque τ∗=4edτ/~J vs. ϕ.
(b) Effective MR vs. J for β=36◦(solid line) and β=45◦ (dashed line). Inset:
Reduced MR vs. ϕ. (c) Precession orbits on the unit sphere for different J and
β=36◦.

perpendicular component pz of the spin polarized current and virtually inde-
pendent of px and py. The asymmetry of the dependence for different current
polarity is due to the asymmetric spin torque form as shown in the inset of
Fig. 5.2a.

Fig. 5.2b shows the effective MR (MReff) as a function of current density
for the two tilt angles and different choices of χ. MReffJ2 is a measure of the
expected rf output where MReff is the difference between the maximum and
minimum resistance values along the orbit normalized by the full RAP -RP . As
the precession orbit contracts with increasing |J |, one may expect MReff to be
maximum at the equator and exhibit a monotonic decrease with increasing |J |.
While symmetric MR (χ=0) indeed yields a maximum MReff at the onset of
precession, the higher the MR asymmetry, the more the MReff peak gets shifted
to higher positive current. For asymmetric angular dependence of MR, it is
hence favorable to precess at a finite latitude with a larger average angle w.r.t
to M. For optimal output it is consequently desirable to use positive currents
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and tailor χ as to position MReff in the middle of the operating frequency
range. While there are no χ values reported for NiFe/Cu/FePt, χ may range
from 0 to 4 in other trilayer involving NiFe [74,77].

Despite the large in-plane component of the spin polarization, the initial
static states are virtually identical to the north and south poles where the
spin torque and the torque from the demagnetizing field balance each other.
If we further increase |J | we expect this equilibrium point to move towards
(anti)alignment with M̂ . As shown in Fig. 5.3, m̂ starts out at θ ≈ 1◦ and
177◦ and then gradually follows a curved trajectory to align with M̂ at very
large negative current and anti-align at very large positive current. The resis-
tance will change accordingly and at very large currents reach RP and RAP

respectively.

There are several experimental ways to achieve easy-axis tilted hard mag-
nets [78–82]. For example, an easy axis orientation of 36◦ can be achieved by
growing L10 (111) FePt on conventional Si (001) substrate [81] or on MgO(111)
underlayer [82]. The 45◦ orientation can be achieved by epitaxially growing
an L10 (101) FePt thin film on a suitable seed layer (e.g. CrW (110) with
bcc lattice) at a temperature above T=350◦C [78]. L10 FePt has high magne-
tocrystalline anisotropy (Ku=7×107 erg/cm3), high saturation magnetization
(Ms=1140 emu/cm3), and a high Curie temperature (Tc=750 K). In both cases,
a thin Co layer may be deposited on top of the fixed layer to promote a high
degree of spin polarization.
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5.1.2 Microwave generation of TP-STO for 0◦ ≤ β ≤ 90◦

In this subsection we extend the angular range to all angles between 0 and 90
degrees and find somewhat unexpectedly that zero field operation should be
possible at almost all fixed layer angles. We study the detailed magnetization
dynamics as a function of drive current and fixed layer angle, and also the
associated microwave frequency and effective magnetoresistance of our device.

70

90
(a)

0.45

J<0

J>0
30

f (GHz)

e
g

re
e

)

50

70

0 00

0.15

0.30
J>0

J
c
 (

1
0

8
 A

/c
m

2
)

10

20

 (
d

e

30

0 15 30 45 60 75 90
0.00

 (degree) 0

10

90
(b)

r0

e
e
)

70

r
100%

50%
-1

-0.5

0

z

A
B
C

 (
d
e
g
re

30

50

0%

-1 0 1-1
0

1

xy

C

10 A
B

C

J (10
8

A/cm
2
)

-1 0 1 2 3 4 5 6 7 8

J (108 A/cm2)

Figure 5.4: (a) Frequency and (b) effective MR versus drive current density at
tilt angles from 0◦ to 90◦, respectively. Inset in (a): critical current density vs.
tilt angle for both current polarities. Inset in (b): precession orbits for different
points A (β = 10◦), B (β = 20◦), and C (β = 30◦) at J=1×108 A/cm2.

The dynamic phase diagram of frequency f as a function of the driving
current density J and tilt angle β is shown in Fig. 5.4a. The critical current
for the onset of the STO precession is plotted in the inset of Fig. 5.4a for
both current polarities. While the critical current is very high at small tilt
angles, it gradually decreases with increasing β and approaches values that
have been attained in perpendicularly polarizer STOs. It can also be seen that
the working current window has a non-monotonic dependence on the tilt angle
and is very asymmetric w.r.t the current polarity. For positive J the current
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window has a maximum around β ∼22◦. Above this angle, the full frequency
range is accessible by varying the current. However, below β=22◦, the frequency
range is essentially cut off at the lower end. For negative J the β dependence
is much less dramatic and the entire frequency range is accessible at all tilt
angles.
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Figure 5.5: TP-STO operating frequency vs. current density at different tilt
angles.

In Fig. 5.4b, we plot the effective MR as a function of the driving current
density J and tilt angle β. The effective MR is calculated by the difference
between maximum value and minimum value of resistance for each oscillation
and normalized by the maximum resistance variation between parallel and
antiparallel configurations of the spin-valve structure. Thus it is correlated
with the output power from the device. The effective MR is generally larger
at lower angles than at higher angles for both current polarities, as shown in
Fig. 5.4b. In the inset, we show the development of the precession orbits with
increasing β at fixed current density J=1×108 A/cm2. With increasing tilt
angle, and hence a larger perpendicular component of the spin polarization
current, the orbit will be pushed further away from the film plane (x-y plane).
The farther away from the film plane (i.e. the smaller the cone angle) the
smaller the effective MR. Fig. 5.4b also suggests that positive drive current is
favorable for large output TP-STO operation; only in a very limited beta range
does negative current polarity produce any sizeable effective MR. To optimize
the effective MR it appears that a choice of β=10◦ ∼ 40◦ should be reasonable.

The oscillation frequency dependence on driving current at selected angles
is plotted in Fig. 5.5. It is noteworthy that the maximum operating frequency
(29 GHz) is independent of tilt angle at negative drive current, and only starts
depending on β for values below 35◦ at positive current polarity. For yet smaller
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angles in the positive current range, the maximum operating frequency drops
dramatically and also exhibits a non-monotonic current dependence (the com-
plete plots for 15◦ and 25◦ are not shown). The strong curvature and final
decrease in operating frequency is due to the asymmetric spin torque employed
in the calculation [28,30].

5.2 The static and dynamic states of TP-STO

In this section, we study the static and dynamic phase diagram of a TP-STO.
We determine the stable precessional states using magnetodynamic macrospin
simulations, and study the hysteretic switching between both different static
states and between static and dynamic states. The coexistence of static and
dynamic states in zero field is unique to the TP-STO and disappears for po-
larizer angles outside of 1◦ < β < 19◦. As a consequence, the TP-STO can
exhibit unexpected large current-driven hysteresis in both the upper and lower
threshold currents for precession.
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Figure 5.6: Phase diagram of static and dynamic states of a TP-STO with
nodes (N), spirals (S) and Limit cycles (L). Parentheses denote states only
found through dynamical simulation. Inset I: The TP-STO structure: m and
M are the magnetization vectors of free and fixed layer respectively. M lies
in the x -z plane with angle β w.r.t. the x -axis. θ and φ are the polar and
azimuthal angles of the free layer magnetization m. Inset II: Phase diagram of
the high-J region.

Inset I in Fig. 5.6 shows the schematic structure of the TP-STO. While all
films are deposited in the x -y plane, the fixed layer magnetization, M, lies in
the x -z plane, with an angle β w.r.t. the x -axis. The time-evolution of the unit
vector of the free layer magnetization m̂ is found from Eq. 2.8 and Eq. 2.10.
αJ = cJ , with J being the electric current density and c a constant including
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material parameters and fundamental constants. The electric current is defined
as positive when it flows from the fixed to the free layer and normalized by J0 =
108 A/cm2. The effective field Heff carries the contribution of an anisotropy
(easy axis) field Hk along the x -axis and a demagnetization (easy plane) field
Hd. It should be noted that the applied magnetic field is set to zero. For
the results presented here, |γ| = 1.9 · 1011 Hz/T, α = 10−2, µ0Hd = 1 T,
µ0Hk = 10−2 T, with µ0 being the vacuum magnetic permeability. We use a
symmetric torque term, i.e., η(ϕ) = constant, and a sinusoidal angular GMR
dependence to not introduce further complications which would obscure the
main results.

Eq. (2.8) can be transformed into the following set of differential equations
in spherical coordinate system:

θ̇ =
γ

α2 + 1
(αU + W ),

φ̇ =
γ

α2 + 1

(
αU −W

sin θ

)
,

(5.2)

with U =
[
Hk cos θ sin θ cos2 φ + Hd cos θ sin θ − αj cos β sinφ

]
, and W =

[ −
Hk cos φ sin θ sinφ− αj (cos θ cos φ cos β − sin θ sinβ)

]
.

By setting (U,W ) = 0, we get a series of possible equilibrium solutions
θ̄i = θ̄i(β, J), φ̄i = φ̄i(β, J), where i ≤ it is the ith solution of total it solutions.
However, these it equilibrium states are not all stable. We linearize Eq.(5.2) in
the vicinity of (θ̄i, φ̄i) and get:

[
θ̇

φ̇

]
=

[
A(β, J, θ̄i, φ̄i) B(β, J, θ̄i, φ̄i)
C(β, J, θ̄i, φ̄i) D(β, J, θ̄i, φ̄i)

]
·
[

θ̂

φ̂

]
, (5.3)

where A, B, C and D are the explicit functions of variables β, J and other
material parameters. Following Ref. [83], the eigenvalues of the corresponding
Jacobian, which determine the stability of the system, can therefore be solved
and can always be expressed as: µ1,2 = E(β, J)±

√
F (β, J). For a solution to

be stable, it must satisfy <{µ1,2} < 0. For real eigenvalues and F > 0, the
eigenvalue with larger magnitude dominates and defines the only eigenvector
governing the approach towards the final state, in this case a node (N). For
F = 0 the two eigenvectors are identical and again define a node. For F < 0
the complex conjugate eigenvalues define two complex eigenvectors generating
an oscillatory trajectory towards equilibrium, characteristic of a spiral-like (S)
solution [84].

As an illustrating example, we show the procedure for determining the
stability and type of solution for the case β = 0◦, i.e. for a conventional in-
plane spin torque MRAM cell in zero field. The well known solution for negative
current is (θ, φ) = (π/2, 0), i.e. parallel alignment of the free and fixed layer
magnetizations. Expanding Eq. (2.8) around this point yields:

[
θ̇

φ̇

]
=

[
αJ − α (Hd + Hk) −Hk − ααJ

Hd + Hk + ααJ αHk + αJ

]
·
[

θ̂

φ̂

]
, (5.4)
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with eigenvalues:

µ1,2 = −αHd

2
+ αJ ±

√(
αHd

2

)2

+ Hk(Hk + Hd) (α2 − 1) + f(αJ), (5.5)

where f(αJ) = ααJ (Hd − 2Hk − ααJ). By entering the parameters into Eq.
(5.5), we see that the type of solution and its stability depend upon the value of
αJ (i.e. J), if all other parameters are fixed. For |J/J0| < 1.5 the solution is of
spiral type (S), while outside this region, where the torque is larger, the solution
is a node (N). Point A in Fig. 5.6 denotes the S → N transition at negative
currents. This result is well known in conventional spin torque switching where
switching between S states proceeds by slow spiraling out of the unstable state
and into the stable S state, while large currents will switch the magnetization
without much precession into a stable N state [50].

Following this procedure, we now construct the static part of the phase
diagram in Fig. 5.6 by finding all eigenvalues in the parameter space 0◦ <
β < 90◦ and |J/J0| < 1.6 · 103. While the entire parameter range was studied,
Fig. 5.6 focuses on 0◦ < β < 30◦ and |J/J0| < 10, where coexistence of
several different stable solutions are observed. It should be noted that only the
static solutions (S and N) can be found from the eigenvalue analysis. To find
the precessional states (L) we have to resort to numerical simulations below.
However, according to the Poincare-Bendixson theorem [85], the only possible
final states of the system are either static states (fixed points) or limit-cycles
(self-oscillation) and chaos is precluded since the free layer evolves on the unit
sphere surface (m̂ = 1) [54, 86]. In regions where there are neither S nor N
solutions we can hence infer that steady precession (L) must take place.

For small enough J there is a single S state at all tilt angles β, corre-
sponding to the usual P/AP orientation of the free layer with respect to the
in-plane projection of the fixed layer magnetization. For β > 2◦ this static
state disappears with increasing current, and as discussed above, we can infer
a precessional L state in this region. The crossover between S and L regions
defines the critical current for the onset of precession (Jc1), where the negative
damping from the spin polarized current destabilizes the S state and sustains
continuous precession. It is hence possible to have zero-field TP-STO operation
down to very small tilt angles if only large enough current densities can be re-
alized. At yet smaller tilt angles (as in the in-plane case above) the eigenvalue
analysis indicates that the S state changes into a node (N) with increasing
current. It will however become apparent in the magnetodynamic simulations
below that for β > 1◦ this region also contains a precessional state (hence the
additional label (L)).

If the current is increased further, precession stops at an upper threshold
current (Jc2) where the L state turns into a single spiral state located close to
the north/south pole of the unit sphere. If we increase the current in the N/(L)
region the same L → S transition occurs but in addition, the node also remains
stable. We hence observe a region S/N where two different stable static states
coexist. The two states are located far from each other at two different points
on the unit sphere: the north/south pole (S), and at P/AP alignment (N)
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respectively. As will become clear in the magnetodynamic simulation below,
this separation allows both states to be realized by only sweeping the current.

Finally, at large currents (inset II of Fig. 5.6) there is a node state at P/AP
alignment for β < 40◦ and a spiral state close to the north/south poles for
β > 40◦. At extremely high currents, the S state gradually turns away from
the poles, approaches P/AP orientation, and finally replaces the N state at
about J/J0 > 103 as the free layer magnetization aligns completely with the
fixed layer. At these current densities (J ∼ 1011 A/cm2) any real sample would
break down; we include this region for completeness.

To determine the dynamic states and also study the hysteretic switching
between the coexisting static states, we now solve Eq. (2.8) using numerical
simulation within the macro-spin approximation. To simulate actual hysteresis
loops as a function of current, we start out at very large negative current, let
the simulation reach a steady state, determine the type of state and its dynamic
or static properties, and then let this state be the initial condition for the next
simulation at the next current step. At very large negative (positive) currents,
the free layer always aligns (anti-aligns) with the fixed layer, as was confirmed
by a large set of random initial conditions. There is hence no dependence on
the initial high-current state in our simulation.
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Figure 5.7: Precession frequency f as a function of tilt angle and current swept
from (a) negative to positive and (b) positive to negative. Inset: the onset
critical current density for precession vs. β.

The oscillation regions are shown in Fig. 5.7, for (a) increasing and (b)
decreasing current and for the angular region of interest. The precession fre-
quency varies from 0 to about 31 GHz. The critical current for the onset of
magnetization precession depends strongly on the tilt angle β and is reduced
almost two orders of magnitude when β increases from almost in-plane (β = 2◦)
to perpendicular (β = 90◦). Both the trend and the quantitative values agree
well with experiments and other simulations [30,64,68,87].

One observes in Fig. 5.7 that the precession region is asymmetric and de-
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pends on the direction of the current sweep. In the low angle region, both the
lower and upper threshold currents for precession exhibit hysteresis. We define
|Jc1,+| and |Jc2,+| as the lower and upper (absolute) threshold currents for
increasing |J |, and similarly |Jc1,−| and |Jc2,−| as the corresponding currents
for decreasing |J |. As seen in Fig. 5.7(a) |Jc2,+| can be more than five times
greater than |Jc2,−| at small β. The hysteresis in Jc1 is less obvious in Fig. 5.7,
but will be discussed in detail in Fig. 5.9.
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Figure 5.8: Current-driven hysteresis loops for different β = 3◦, 8◦, 15◦, and
20◦, showing large hysteresis in both the upper threshold current Jc2 and the
transition between the static S and N states.

Using Fig. 5.7, we can now add information about the dynamical steady
states and their boundaries to the phase diagram in Fig. 5.6. It is noteworthy
that the boundaries in the two figures agree. Fig. 5.7 first confirms our assump-
tion that the lack of a stable static state infers the existence of a limit cycle in
the L region. Secondly, it adds a steady dynamic state to the region where our
eigenvalue analysis only indicated N ; we hence label this region N/(L). While
Fig. 5.7 indicates that this state only exists for β > 2◦, it does indeed extend
all the way to the N/(L) − N boundary at about β = 1◦, as was confirmed
by choosing initial conditions closer to precession. For β > 2◦ the S state at
P/AP orientation must transform into L, but below β = 2◦ it can simply turn
into the equivalent N state at P/AP orientation. Once in the N state there
is no energetically favorable path to the L state. Finally, one realizes that the
asymmetry in Fig. 5.7 stems from the selective realization of either the N or L
state in the N/(L) region. When approaching this region from above in a node
state, the systems stays in the node; if this region is approached from above in
a spiral state, the systems enters the dynamic precessional state L. To confirm
this picture, we simulated minor loops where we limited the current sweep to
remain in the S/N region before reversing the current direction. In this case
the high current N state is never realized and the S state again nucleates a
precessional state already at the high value of |Jc2,+| and not at the much lower
|Jc2,−|.
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Figure 5.9: Reduced MR vs. J for β = 2◦. Inset I shows the wide-angle orbit
of the L state within the S/(L) region. Inset II shows the angular dependence
of the hysteretic threshold current Jc1.

Not only is the precessional state hysteretic, the two static states in the S/N
region also exhibit hysteresis. In Fig. 5.8 we plot the reduced magnetoresistance
r = (R − RP )/(RAP − RP ), where RP and RAP denote the resistance in the
parallel and antiparallel configurations respectively, at four different polarizer
angles. Close to J = 0 we observe the usual spin torque switching region be-
tween P and AP states. As the current is increased we first observe a linear r vs.
J region at all angles characteristic of the average resistance within the preces-
sional state L. As precession stops at |Jc2,+|, r reaches a plateau characteristic
of the S state located close to the north/south poles. At a certain current value
(JS→N ), this state becomes unstable and m switches to its N state close to
P/AP alignment. If the current is again decreased, m stays within its N state
well below JS→N and only switches back at a much smaller current, either to
an S state at JN→S (β > 5◦) or to an L state at |Jc2,−| (β < 5◦). At about
β=20◦, this hysteresis disappears and m rotates continuously S ↔ N .

We now finally turn to the hysteresis in the onset current of precession,
Jc1. In Fig. 5.9 we plot r vs J in the low-J region for β = 2◦. Jc1 is clearly
hysteretic with |Jc1,+|=0.3J0 and |Jc1,−|=0.15J0. For 0.15 < J/J0 < 0.3 the S
type P/AP states hence coexist with a precessional L state with a very wide
cone angle (inset I in Fig. 5.9). This hysteresis persists at all polarizer angles
as shown in inset II in Fig. 5.9.





Chapter 6

Switching study of a spin torque
device for STT-RAM

Spin momentum transfer provides an effective means to switch the magnetiza-
tion of a nanostructured free layer of a spin-valve or magnetic tunnel junction.
It is under intensive investigation for possible application in random access
memory applications (STT-RAM) [11]. To study the switching performance of
such nanostructures, micromagnetic simulation becomes a necessary and pow-
erful tool especially when the sample size is not so small (typically above 30
nm) and thus the higher order (k > 0) spin wave modes become important.
Recent experimental work has also suggested that, unlike the case of all-metal
spin valves, spin-torque-driven switching in MgO-barrier-based magnetic tun-
nel junctions (MTJs) involves more non-macrospin, higher energy magnetic
excitations, and thus it requires full-scale micromagnetic simulation for a bet-
ter understanding of the switching processes [88].

In some spin-transfer experiments using a |Co|Cu|Co| current-perpendicular
(CPP) spin-valve nanopillar [89], it was found that the measured switching
phase boundary in current-magnetic field (I;H) space gives an intercept with
the applied field axis of only 430 Oe, which is well below the value of 2πMs

of cobalt close to 9,000 Oe as expected from single domain model. The ef-
fect of finite temperature alone is insufficient to account for this discrepancy.
In this work, we have performed full-scale micromagnetic analysis and found
that the higher order spin wave modes can be excited in the case under study.
The calculated intercept agrees with the experimental value. Our simulations
are done at zero Kelvin. Even so, there appears to be large parameter space
regions where the spin transfer torque could generate a large amount of inco-
herent magnons, effectively softening the material magnetically, leading to a
distributed, probabilistic switching behaviour.

The simulation parameters for the typical Co material are the same as in
Ref. [89]. It has a lateral dimensions of 50 nm× 30 nm, with a thickness of 3
nm. Fig. 6.1 is the phase diagram we calculated with an unrealistically large
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Figure 6.1: Phase boundaries in (I;H) when exchange constant A=30 µerg/cm.
Blue: Parallel state (P); Yellow: Anti-parallel state (AP): Gray: Oscillation
dynamics state (O). Inset: The temporal evolution of average magnetization
along easy-axis (x) for different phase states P, O, and AP. The two dotted lines
represent the instability and switching boundaries in the figure, the details of
which is explained in the main text.

exchange constant A=30 µerg/cm, which is one order larger than typical ex-
change constant for Co A=3 µerg/cm. This is done to emulate the macro-spin
limit. For this set of materials parameters, the switching threshold positions in
(I,H) phase-space can be mainly divided into three regions, P, AP and O, i.e.,
the transition region which separates P and AP. In the region O, the free layer
magnetization is driven into a coherent rotation with spin wave vector value
k = 0. The inset figures show three typical time-domain traces as examples of
the system’s response to a small disturbance away from the easy-axis. For very
small current and when the applied field is smaller than the anisotropy field,
only P state is stable. With increasing current up to the onset of instability
boundary, the cone angle of the magnetization starts to open up. And we found
the occurrence of coherent oscillation (labeled with O), where nonlinearity can
stabilize the limit cycle without necessitating a global magnetization reversal.
Beyond the switching boundary line, we get complete magnetization rever-
sal. The large A micromagnetic simulation (blue dashed line) and macrospin
model’s small-angle linearized analytical solution (green dashed line) give ap-
proximately the same switching phase boundary, indicating larger exchange
constant will substantially suppress inhomogeneous excitations of the magne-
tization. The small difference is due to the non uniform magnetostatic field in
the sample edge since is the sample shape is assumed to be a simple rectangle
and not an ellipsoid.
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Figure 6.2: Phase boundaries in (I;H). Blue: Parallel state (P); Yellow: Anti-
parallel state (AP): Gray: Chaotic dynamics state (C). Inset: different phase
states P, C, and AP with increasing the driving current at an applied field
of 300 Oe. The solid red circle and solid gray circle in region C represent a
typical incoherent spin wave excitation and a complete reverting of the free
layer magnetization, respectively. The Instability line separates P and C states
and the deterministic switching line gives the boundary of C and AP states.

Next we use a more realistic exchange constant of A = 3 µerg/cm for mi-
cromagnetic simulation, still at zero temperature. The corresponding phase
boundaries in (I;H) is plotted in Fig. 6.2. With increasing driving current at
an applied field of 300 Oe, the system is driven into different phases. For small
current (e.g., I=3.8 mA), we find the occurrence of static non-uniform canting
of the spins in the free layer (the first inset figure). In this mode, the magneti-
zation is slightly tilted away from the equilibrium parallel state. With further
increment of the DC current, different chaotic dynamic phases appear, repre-
senting incoherent spin wave and switching, as shown by the solid red circle
and solid gray circle in region C, respectively. This chaotic dynamic region is
where incoherent spin waves lose or regain its stability over very small current
or field intervals. Further increasing of the current leads to a complete and
deterministic reversal of the free layer magnetization (see the last inset where
I=5.5 mA). The Instability line separating P and C states and the deterministic
switching line give the boundary of C and AP states.

Such chaotic dynamics corresponding to a realistic exchange constant is
partially due to the competition of exchange-stiffness energy and the energy
resulting from nonuniform magnetostatic interactions. In addition, the current-
induced Oersted field may also play an important role in initiating such high



60
CHAPTER 6. SWITCHING STUDY OF A SPIN TORQUE DEVICE FOR

STT-RAM

0 2 4 6 8 10 12 14
0

2000

4000

6000

8000

10000
 Single domain model
 Experiments
 Micromagnetic simulation

 

 

I (mA)

H
ap

p (O
e)

Figure 6.3: The boundary lines separate different states, given by single domain
model, micromagnetic simulation and experiments. The red circle highlights
the comparison of the boundary line with Happ axis between micromagnetic
simulation and experiment.

order incoherent spin wave modes due to its highly inhomogeneous spatial dis-
tribution. The excitation of incoherent spin-wave can be reduced by a decrease
of the magnetostatic energy to exchange energy ratio such as in the case of
increased value of exchange-stiffness constant A as shown above. We have also
checked several intermediate exchange constant values, and found the lower on-
set of instability current doesn’t change much with A but the upper boundary
of the current region where the chaotic excitation exists increases with decreas-
ing A. We also checked that the critical thickness of the free-layer cobalt for
the transition of the system from single domain to chaotic behaviours decreases
with decreasing A, consistent with the findings by other groups [90].

One naive way of comparison between simulation and experiment is to com-
pare the ratio of Ic(H = 0)/(dIc/dH), or the intercept value of the switching
I-H curve at the applied field axis. In analytical, small amplitude instability
analysis this ratio doesn’t depend on the details of the spin-current interaction,
and should give a net intercept value of Hint = 2πMs + Hk + Dk2/2µB , with
D = (4µB/Ms)A, for the instability threshold of each given mode of spin-wave,
with k designating the wavelength of the spin-wave. This value of Hint can be
readily extracted from the above figures and is highlighted in Fig. 6.3 with the
red circle. As in Fig. 6.3, the micromagnetic simulations give closer agreements
to switching boundaries obtained in experiments, while the single-mode spin-
wave model gives a much higher value of Hint. This suggests the modification
of switching boundary involves a collection of spin-wave modes, whose system-
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atic dependence in terms of threshold values as well as occupation numbers on
spin-torque-providing current I as well as the applied field H give rise to addi-
tional field-current dependence, resulting a different global switching threshold
from those predicted by single-mode models.





Chapter 7

Conclusions and future work

This PhD thesis covers some applied aspects of both STT-RAM and STOs, as
well as the fundamental physical mechanism behind these spintronics devices.
We have carried out macrospin and micromagnetic simulations to address the
two most important shortcomings of STOs - weak output signal and the need of
strong magnetic fields for operation, we have also used it to study the switching
phase diagram of a spintronics device for STT-RAM application.

To address the STO weak output power problem:

• We discover an unexpected preferred phase shift when a spin torque os-
cillator (STO) locks to an alternating current, and demonstrate how this
preferred phase shift can be utilized to enhance the synchronization of
serially connected STOs. We have determined the driving mechanism for
∆φ0 and shown how it depends on external parameters such as Idc and
Happ.

• We have proposed a phase-locking circuit by coupling the serially con-
nected STOs to a capacitor. By tuning the capacitance in the system,
the synchronization of the oscillators is much enhanced and the severe
demands on limited STO variability are reduced by almost two orders of
magnitude.

• We have investigated the effect of the perpendicular spin torque term bj

on synchronization of MTJ-based STOs. We find that bj has a strong im-
pact on the intrinsic preferred phase shift, and it consequently promotes
a dramatic improvement in the synchronization of STOs. We hence con-
clude that MTJ-based STOs have the double benefit of both much larger
intrinsic signal and a strong propensity for synchronization. We believe
that this study is a very important step on the path of realization of large
arrays of MTJ-STOs and should inspire further experimental efforts to-
wards this goal.

To address the STO applied field problem:
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We have investigated a new type of tilted polarizer spin torque oscillator
which combines both high frequency tuning range, zero field operation
and relatively high effective MR. We have shown by non-linear system
analysis and magnetodynamical simulations that the TP-STO possesses
a surprisingly rich phase diagram of static and dynamic states in zero
magnetic field. The coexistence of several of these states leads to a mul-
titudes of large hysteretic switching behaviors between both static and
dynamic states and in particular to hysteresis in the threshold currents
for magnetic precession.

To study the switching of a nanodevice for STT-RAM application:

We show that incoherent spin waves can be excited over a wide range
of current and field at zero temperature. And decreasing A will lead
to a smaller critical thickness for the transition from single domain to
multi domain of the switching and precession behaviour, while the up-
per boundary for the current range where chaos still exists will increase.
The non-zero k spin wave modes play an important role in the experi-
mentally measured switching phase boundary. These may result in tele-
graph transitions among different spin-wave states, and be related to the
back-hopping phenomena where the switching probability will decrease
with increasing bias in tunnel junctions [91]. This study examines only
the zero-temperature limit. In reality, finite temperature and additional
bias-dependent, magnetic-field-like torque will also affect the spin-torque
switching characteristics and thus need to be considered in order to fully
understand the switching process.

This thesis provides many interesting insights into the most popular top-
ics in the applied spintronics research area, and serves as important guidelines
for directing future experimental research work. However, so far, most of the
simulations were done at zero temperature and in the framework of the macro
spin model (except in Chapter 6). More realistic simulations at finite tempera-
ture require the addition of thermally driven magnetic noise as well as electric
noise. Furthermore, the macro spin approximation is too ideal and more ac-
curate micromagnetic simulations must be implemented. For the future work,
most of the claims of circuits dramatically enhancing the STO performance
in the macrospin approximation should be compared and validated by more
realistic micromagnetic simulation.

Also most of our study concerns the GMR- or MTJ- based ferromagnetic
structures with in-plane magnetic anisotropy except the TP-STO in Chapter
5. Recently, it has been demonstrated that MTJs with perpendicular magnetic
anisotropy in both the free and fixed layer have some intriguing properties,
such as lower switching current, faster switching speed and larger thermal sta-
bility etc than in-plane MTJs. Thus it will be very interesting to extend the
theoretical and simulation studies of the in-plane GMR/MTJs in this thesis to
the pMTJ for STOs and STT-RAM applications.



Chapter 8

Summary of contributions

Paper I: Yan Zhou, J. Persson and J. Åkerman. "Intrinsic phase shift between
a spin torque oscillator and an alternating current", Journal of Applied Physics,
Vol. 101, pp. 09A510, (May 2007).

We report on a preferred phase shift ∆φ0 between a spin torque oscillator
(STO) and an ac current (Iac) injected at the intrinsic frequency (fSTO) of
the STO. In the in-plane precession mode (IP) the STO adjusts to a state
where its resistance (or voltage) lags Iac about a quarter of a wave length
(∆φ0=87-94°). In the IP mode ∆φ0 increases somewhat with the dc current.
As the precession changes into the Out-Of-Plane (OOP) mode, ∆φ0 jumps by
about 180°, i.e. the STO resistance now precedes Iac about a quarter of a wave
length (|∆φ0|=86°). At the IP/OOP boundary, the ac current mixes the two
oscillation modes and both periodic and chaotic oscillations are observed. As
a consequence of mixing, subharmonic terms appear in the STO signal. The
intrinsic ∆φ0 will impact any circuit design based on STO technology and will
e.g. have direct consequences for phase locking in networks of serially connected
STOs.

Contributions: Co-constructed the physics model, performed the simulation
and wrote the first draft of the manuscript.

Paper II: J. Persson, Yan Zhou and J. Åkerman. "Phase Locked Spin Torque
Oscillators: Impact of Device Variability and Time Delay", Journal of Applied
Physics, Vol. 101, pp. 09A510, (May 2007).

We have carried out detailed LLG simulations of pairs of serially connected
Spin Torque Oscillators (STO), in parallel with a resistive load. To study the
impact of realistic process variations on STO synchronization we let the two
STOs have different in-plane anisotropy field (Hk). The simulation also provides
for a time delay (τ). We construct a phase diagram of the STO synchronization
as a function of Hk, dc current (Idc), at different τ . The phase diagram turns out
to be quite rich with different types of synchronized precession modes. While
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the synchronized state is originally very sensitive to STO process variations
and can only sustain up to 4% Hk variation, the addition of a small time delay
dramatically improves its robustness and allow as much as 145% Hk variation
in the entire out-of-plane precession regime.

Contributions: Part of the idea of enhancing synchronization robustness by
tuning the time-delay in the STO circuit, performed the simulation and wrote
the first draft of the manuscript.

Paper III: Yan Zhou, J. Persson, S. Bonetti and J. Åkerman. "Tunable in-
trinsic phase of a spin torque oscillator, Applied Physics Letters, Vol. 92, pp.
092505, (March 2008).

We show analytically why a Spin Torque Oscillator (STO) locks to an alter-
nating current (Iac), having the same frequency as the STO, at a non-trivial,
intrinsic, phase value ∆φ0. We determine both the stability and the exact phase
of the locked state and explain the recently observed phase jump by about 180◦
at the in-plane-to-out-of-plane precession boundary. ∆φ0 depends on the STO
material parameters and is tunable through both the applied field and the dc
current, which provides an additional control of the exact I-V phase in an STO
driven radio frequency circuit.

Contributions: Part of the analytical model, carried out the mathematical
derivations and wrote the first draft of the manuscript.

Paper IV: Yan Zhou, J. Persson, S. Bonetti and J. Åkerman. "Spin-torque
oscillator based on tilted magnetization of the fixed layer", Applied Physics
Letters, Vol. 92, pp. 262508, (March 2008).

A spin torque oscillator with a fixed layer magnetization tilted out of the film
plane, is capable of strong microwave signal generation in zero magnetic field.
Through numerical simulations, we study the microwave signal generation as a
function of drive current for two realistic tilt angles. The tilted magnetization
of the fixed layer can be achieved by using a material with high out-of-plane
magnetocrystalline anisotropy, such as L10 FePt.

Contributions: Part of the ideas about TP-STO novel design, performed
the simulations, and wrote the first draft of the manuscript.

Paper V: Yan Zhou, J. Åkerman. "Perpendicular Spin Torque Promotes Syn-
chronization of Magnetic Tunnel Junction based Spin Torque Oscillators", Ap-
plied Physics Letters, Vol. 94, pp. 112503, (March 2009).

We study how the perpendicular spin transfer torque term (bj), present in
magnetic tunneling junctions (MTJ), affects the synchronization of serially con-
nected MTJ-based spin torque oscillators (MTJ-STO). We find that bj modifies
the intrinsic preferred I-V phase shift in single MTJ-STO in such a way that
serially connected MTJ-STOs synchronize much more readily without the need
for additional circuitry to change the I-V phase. This result strongly suggests
that synchronization of serially connected MTJ-STOs should be significantly
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more straightforward than the previously attempted serial synchronization of
GMR-STOs.

Contributions: Performed the analysis and simulations, wrote the first draft
of the manuscript.

Paper VI: Yan Zhou, S. Bonetti, J. Persson and J. Åkerman. "Capacitance
Enhanced Synchronization of pairs of spin-transfer oscillators", IEEE Trans-
action of Magnetics, (in press).

Macro-spin simulations have been performed to study the synchronization
of pairs of serially connected spin torque oscillators in parallel with a capac-
itor. The sensitivity to the STO process variation, which is modeled by the
anisotropy field distribution for different STO samples, can be dramatically
decreased by the coupling of a capacitor in the circuit. There exists an opti-
mum capacitance where the multi-STO synchronized state develops the highest
robustness.

Contributions: Came up with the idea of utilizing capacitance to tune the
circuit I-V phase shift and dramatically improve the synchronization robust-
ness, performed the macrospin simulations, and wrote the manuscript.

Paper VII: Yan Zhou, S. Bonetti, C. L. Zha and J. Åkerman. "Zero field
precession and hysteretic critical currents in spin torque oscillators with tilted
polarizer", New Journal of Physics, (under review).

Using non-linear system theory and numerical simulations we map out the
static and dynamic phase diagram in zero applied field of a spin torque oscillator
with a tilted polarizer (TP-STO). We find that for sufficiently large currents,
even very small tilt angles (β > 1◦) will lead to steady free layer precession
in zero field. Within a rather large range of tilt angles, 1◦ < β < 19◦, we
find coexisting static states and hysteretic switching between these using only
current. In a more narrow window (1◦ < β < 5◦) one of the static states turns
into a limit cycle (precession). The coexistence of static and dynamic states in
zero magnetic field is unique to the tilted polarizer and leads to large hysteresis
in the upper and lower threshold currents for TP-STO operation.

Contributions: Performed the nonlinear system theory analysis for TP-STO,
carried out the simulations, and wrote the first draft of the manuscript.

Paper VIII: Yan Zhou, J. Åkerman and Jonathan Z. Sun "Micromagnetic
study of switching boundary of a ferromagnetic nanodevice", IEEE Transaction
on Magnetics, (manuscript).

We show that incoherent spin waves can be excited over a wide range of
current and field at zero temperature. And decreasing A will lead to a smaller
critical thickness for the transition from single domain to multi domain of the
switching and precession behaviour, while the upper boundary for the current
range where chaos still exists will increase. The non-zero k spin wave modes play
an important role in the experimentally measured switching phase boundary.
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These may result in telegraph transitions among different spin-wave states, and
be related to the back-hopping phenomena where the switching probability will
decrease with increasing bias in tunnel junctions. This study examines only
the zero-temperature limit. In reality, finite temperature and additional bias-
dependent, magnetic-field-like torque will also affect the spin-torque switching
characteristics and thus need to be considered in order to fully understand the
switching process.

Contributions: Performed the micromagnetic simulations, and wrote the
manuscript.



Appendix A Quantum mechanical
derivation of LLG Equation

In quantum mechanics, the time evolution of the expectation value of a spin is
determined by its Hamiltonian:

i~
d

dt
〈Ŝ〉 = 〈[Ŝ, H ]〉 (A-1)

The Hamiltonian due to the effective field acting on the free layer spin
system is:

H = −gµB

~
Ŝ ·Heff (A-2)

which is the same as Eq. 2.2 in Chapter 2 except Happ is replaced by Heff =
Hxêx + Hy êy + Hz êz.

The three components of the right hand side of Eq. A-2 can be expanded
as follows:

[Sx,H ] = −gµB

~
[Sx, SxHx + SyHy + SzHz]

[Sy,H ] = −gµB

~
[Sy, SxHx + SyHy + SzHz]

[Sz,H ] = −gµB

~
[Sz, SxHx + SyHy + SzHz]

(A-3)

According to the definition of the commutation rule, the commutator of one
operator σ with itself will be zero [92],

[σ, σ] = 0 (A-4)

Eq. A-3 can be simplified as:
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[Sx,H ] = −gµB

~
([Sx, Sy]Hy + [Sx, Sz]Hz)

[Sy,H ] = −gµB

~
([Sy, Sx]Hx + [Sy, Sz]Hz)

[Sz,H ] = −gµB

~
([Sz, Sx]Hx + [Sz, Sy]Hy)

(A-5)

The Pauli matrices obey the following commutation relations [92],

[σa, σb] = 2iεabcσc (A-6)

And εabc is the Levi-Civita symbol,

εabc =





+1 if (a, b, c) is (1, 2, 3), (3, 1, 2) or (2, 3, 1),
−1 if (a, b, c) is (3, 2, 1), (1, 3, 2) or (2, 1, 3),
0 otherwise: a = b or b = c or c = a.

(A-7)

By applying the above Pauli matrices commutation relations and bearing

in mind that the spin operator is given by S =
~
2
σ for a spin 1/2 particle, Eq.

A-5 can be rewritten as,

[Sx,H ] = −gµB

~
i~(SzHy − SyHz)

[Sy,H ] = −gµB

~
i~(SxHz − SzHx)

[Sz,H ] = −gµB

~
i~(SyHx − SxHy)

(A-8)

So we have,

dŜ

dt
=

gµB

~
Ŝ ×Heff

(A-9)

The angular momentum generated by an electron is related to its spin
through the following equation,

m̂ = γŜ (A-10)

where γ =
gqe

2me
=

gµB

~
< 0 is the gyromagnetic ratio.

By substituting Eq. A-10 into Eq. A-9, we have,
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dm̂

dt
= −|γ|m̂×Heff (A-11)

which is the same as Eq. 2.4 in Section 2.1 of Chapter 2.

We apply the commutation rule to approve Eq. 2.6 in Section 2.1 of Chap-
ter 2 by using the Hamiltonian expression of Eq. 2.5 and following the same
procedure as above.
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